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Abstract 

Genome plasticity is commonly observed during speciation, the somatic evolution 

of cancer, and during the rapid adaptation of fungi to novel environments. In the human

fungal pathogen Candida albicans, genome plasticity resulting in copy number variations

(CNVs) and loss of heterozygosity (LOH) confer increased virulence and antifungal drug 

resistance, yet the mechanisms and dynamics that drive these types of genome plasticity 

are not completely understood. In this dissertation, we build on foundational studies that 

identified recurrent, adaptive CNVs that occurred during antifungal drug treatment in C. 

albicans. We begin by describing the types of genomic diversity that is generated during

adaptation in C. albicans, and the genomic structures involved in driving these large-

scale, adaptive genomic changes. We identify an extensive array of long repeat sequences 

(65-6499 bp) that are associated with CNVs, LOH, and chromosomal inversions during 

the acute stages of adaptation to azole antifungal drugs. Additionally, we describe the 

occurrence of complex CNVs that are associated with a decreased sensitivity to multiple 

azole antifungal drugs. We describe how these complex CNVs are generated via an intra-

chromosomal recombination event between two, distinct long inverted repeat sequences, 

leading to the formation of a dicentric chromosome. The copy number of these CNVs is 

rapidly expandable in the presence of antifungal drug, due to successive rounds of the 

breakage-fusion-bridge cycle and homologous repair. Importantly, we describe how 

removal from antifungal drug promotes rapid loss of the complex CNVs, resulting in the 

ancestral genotype and azole antifungal drug susceptibility These findings, while focused 

on fungal adaptation, have broad implications in understanding how genome plasticity 

contributes to rapid adaptation during the development of human diseases. 
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Chapter 1 
 Introduction1

1.1.   Genomic Plasticity and Adaptation 

The ability of an organism to faithfully replicate and segregate its genome is vital 

for the organism’s survival and for the production of future generations. Failure to 

replicate or segregate the genome faithfully can lead to changes in the genome copy 

number per cell (ploidy), an abnormal number of chromosomes (aneuploidy), 

amplifications or deletions of genomic regions (copy number variants, (CNVs)), and loss 

of genetic diversity in heterozygous organisms (loss-of-heterozygosity, (LOH)). While 

these types of genomic changes can be detrimental to the cell, they can also provide a 

fitness benefit during cellular stress. 

In this dissertation, I describe how genome plasticity contributes to adaptation and 

pathogenesis in the human fungal pathogen, Candida albicans. The work presented in 

this dissertation builds on foundational studies describing how large scale genomic 

changes, such as ploidy shifts, aneuploidy, and LOH can be selected for during periods of 

cellular stress and provide fitness benefits. I begin by describing the types of genome 

plasticity seen across many diverse organisms, ranging from viruses to humans, and the 

important roles that these large scale genomic changes have on adaptation. While the 

main body of this work focuses on adaptation of a human fungal pathogen, the results 

presented in this dissertation can contribute to understanding the mechanisms that 

facilitate genome instability in human developmental diseases and in cancer. 

1.1.1 Ploidy 

An organism’s ploidy is the number of complete genome copies contained within 

a cell. Ploidy can range from haploid, one copy of the genome per cell, to polyploidy, 
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more than two copies of the genome per cell. Shifts in ploidy are often achieved by whole 

genome duplication (WGD) or through hybridization events, and have been observed 

across in plants, fungi, and animals (Otto 2007, Semon and Wolfe 2007, Albertin and 

Marullo 2012, Soltis et al. 2015). A decrease in cellular ploidy can be generated by a one-

step reductional division event, or through a multiple-step process via intermediate ploidy 

states (Nasmyth 2001, Forche et al. 2008, Gerstein et al. 2008, Sherwood and Bennett 

2009, Hickman et al. 2015).  

1.1.1.1 Molecular detection of genome size and copy number 

Ploidy is most commonly measured by flow cytometry of fluorescently labeled 

cells (e.g. propidium iodide) where the relative fluorescence of an unknown isolate is 

compared to strains of known ploidy (Krishan 1975). More than 30,000 single cells can 

be analyzed within seconds and linear increases in ploidy are detected with great 

accuracy (Figure 1.1A). Aneuploid isolates are detectable by flow-cytometry with the 

caveat that isolates with a single aneuploid chromosome may not be significantly 

different in the fluorescent signal compared to the known ploidy control. In addition, the 

fluorescent signal of isolates with multiple aneuploidies (e.g. gain of one and loss of 

another chromosome) may not show different DNA fluorescence by flow cytometry 

because these specific aneuploidies cancel each other out. Instead, more quantitative 

methods must be used to identify the specific aneuploid chromosomes. Flow cytometry 

coupled with additional molecular methods such as comparative genome hybridization 

(aCGH), quantitative PCR (qPCR), and double-digest restriction site-associated DNA 

sequencing (ddRADseq) is the most comprehensive approach to detect ploidy changes 

and identify specific aneuploidies (Pinkel et al. 1998, Wilhelm et al. 2003, Peterson et al. 
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Figure 1.1 Methods for detection of genome size and copy number 
(A) Ploidy is determined with flow cytometry. Total genome fluorescence, measured using a 
fluorescent nucleotide label (e.g. propidium iodide or Sytox Green). Cells are first fixed (in ethanol) 
and RNA is removed with RNase, then gDNA is fluorescently labeled and analyzed on a flow 
cytometer. Cells are passed through a laser and the number of cells are plotted as a function of 
fluorescence intensity. Cells in a population typically have two fluorescent peaks, representing cells 
in either G1 or G2 phases of the cell cycle. Flow cytometry plots for yeast with the following ploidy 
levels are shown: haploid (1N), diploid (2N), triploid (3N), tetraploid (4N), and a near-tetraploid 
aneuploid. (B) Chromosome copy number is determined with whole genome sequencing (WGS) 
and microarray comparative genome hybridization (aCGH). Y-axis represents Log2 fold change 

of sequence reads relative to reference sequence, and chromosome number increases from left to 
right starting with chromosome I and ending with chromosome XVI (X-axis).Chromosome copy 
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number plots for S. cerevisiae with the following ploidy levels indicate euploid genome for 

haploid (1N), diploid (2N), triploid (3N), and tetraploid (4N). However, the near-tetraploid isolate 

(bottom panel) is aneuploid for ChrXII (pentasomic), ChrXIV (trisomic) and contains a 

segmental aneuploidy of ChrIV. Figures generated from data obtained in {Selmecki, 2015}. 

(C) Allele frequencies obtained from whole genome sequencing data also can be used to 

determine the ploidy of a strain. Y-axis is the heterozygous allele frequencies ranging from zero 

to one, plotted as a function of chromosome number starting with chromosome I and ending 

with chromosome XVI (X-axis). Allele frequency plot of example haploid strain with SNPs at 

allele frequencies at 1.0; diploid strain with SNPs at allele frequencies of 0.5 and 1.0; triploid 

strain with SNPs at allele frequencies of 0.33 and 0.66; and tetraploid strain with SNPs at 

allele frequencies at 0.25, 0.5, 0.75, and 1.0. Images obtained from reference {Zhu, 2016}. (D) A 

diploid strain that is trisomic (three copies of a chromosome) for chromosome XII (left 

panel). Interestingly, the allele frequency plot has SNPs at allele frequencies of 0.5 and 1.0 

for all chromosome except ChrXII, which is at allele frequencies of 0.33 and 0.66, supporting 

that this chromosome is aneuploid (right panel). 
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2012). The ploidy level and chromosome copy number of isolates can also be determined 

using whole genome sequencing (WGS). The copy number of each chromosome is 

determined relative to the entire genome based on the number (depth) of aligned 

sequence reads. Aneuploidy is detected as an increase or decrease in read depth relative 

to the entire genome (Figure 1.1B) Segmental chromosome aneuploidies and small gene 

amplifications/deletions are also detected. Additionally, WGS bioinformatics tools use 

allele frequencies to determine the baseline ploidy of the sequenced genome (Zhu et al. 

2016, Gompert and Mock 2017). For example, a haploid (1N) genome will have allele 

frequencies at 1, a diploid (2N) genome will have allele frequencies at 0.5 and 1, while a 

triploid (3N) genome has allele frequencies at 0.33, 0.67, and 1, and a tetraploid (4N) 

genome has allele frequencies at 0.25, 0.5, 0.75, and 1 (Figure 1.1C & D). While limited 

to strains with significant heterozygosity, WGS simultaneously detects cellular ploidy 

level, chromosome copy number, and sequence polymorphisms. Further studies are 

needed to truly understand the extent of ploidy variation in natural populations within and 

between species. 

1.1.1.2 Ploidy variation within a species 

While typically thought to be a defining characteristic of a species, ploidy levels 

can vary wildly within a multicellular organism or between individual single-celled 

organisms of the same species. These variations in ploidy are generally associated with 

different developmental stages or adaptation to cellular stress. While humans are 

normally considered to be diploid organisms with two complete copies of the genome per 

cell, haploid gametes are produced during the sexual cycle which then go on to fuse to 

produce a diploid zygote (Primakoff and Myles 2002). In addition to ploidy reduction, 
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certain populations of human cells increase in ploidy throughout their lives. Human 

hepatocytes undergo genome duplication followed by programed cytokinesis failure to 

produce cells with multiple nuclei (Duncan 2013). These tetraploid cells continue to 

undergo genome duplication followed by successive rounds of programed cytokinesis 

failure to produce cells of varying polyploidy within a single human liver. The presence 

of a heterogeneous population of hepatocytes is thought to be a response to cellular stress 

and may help the liver regenerate after damage (Guidotti et al. 2003, Margall-Ducos et al. 

2007, Duncan 2013). Like hepatocytes, human megakaryocytes also undergo 

programmed ploidy increases throughout their lives, indicating that ploidy shifts are vital 

for survival and provide a benefit to the organism as a whole (Garcia 1964, Nadal and 

Zajdela 1967, Wheatley 1972). 

Increases and decreases in ploidy are not a unique feature to human development. 

In many fungi, ploidy shifts are often observed during adaptation (Table 1.1). The human 

fungal pathogen, Cryptococcus neoformans, is normally found as a haploid organism 

with 14 chromosomes. Upon colonization of the pulmonary tissue, around 20% of the C. 

neoformans population undergoes dramatic ploidy amplifications (Velagapudi et al. 

2009). These polypolid titan cells have ploidy levels ranging from 4N up to over 64N 

(Feldmesser et al. 2001, Ene and Bennett 2014). In conjugation with the ploidy increase, 

the titan cells greatly increase their volume by nearly 10 times (Okagaki et al. 2010, 

Zaragoza et al. 2010). These titan cells are less vulnerable to phagocytosis by host 

immune cells and also generate a diverse pool of progeny during antifungal drug 

treatment, with each daughter cell containing a different karyotype that could provide a 
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Fungi Stress Timeframe Ploidy Change/Aneuploidy Reference
S. cerevisiae YPD, high salt 1800 generations 1N→ 2N and 4N→ 2N (Gerstein et al. 2006)
S. cerevisiae YPD, high salt 186 generations 4N→ 2N and 3N→ 2N (Gerstein et al. 2008)

S. cerevisiae Raffinose 250 generations

4N→ 4N-2N Aneuploidies common; 
2N→ 2N and 1N→ 1N (no ploidy 
change) (Selmecki et al. 2015)

S. cerevisiae Ethanol 200 generations 1N→ 2N and 4N→ 2N (Voordeckers et al. 2015)

S. cerevisiae
Low Glucose (LiAC 
transforamation) 88-132 generations 1N→ 2N

(Levy et al. 2015, 
Venkataram et al. 2016)

C. albicans
L-sorbose, Pre-sporulation at 
37°C 5-7 days 4N→ 2N and Aneuploid 2N

(Bennett and Johnson 2003, 
Forche et al. 2008)

C. albicans L-sorbose 2 days 2N→ 2N monosomic for Chr5 (Janbon et al. 1998)
C. albicans YPD 28 days 4N→ 4N, 3N, or 2N; 2N→ 2N (Hickman et al. 2015)

C. albicans
Rich medium and nitrogen 
depletion 140 generations 1N→ 2N and 4N→ 2N (Gerstein et al. 2017)

C. albicans
Minimal medium and 
phosphate depletion 140 generations 1N→ 1N and 4N→ 2N (Gerstein et al. 2017)

C. albicans FLC (2-10 µg/ml) 8-12 hours
2N→ 4N, 8N, 16N Trimeras (20% 
of cells in the population) (Harrison et al. 2014)

C. albicans FLC (100mg disk) 12-16 hours 2N→ 1N (Chang et al. 2014)

C. albicans FLC (increasing MIC) 330 generations

2N→ 2N–3N Aneuploidies 
common: whole chromosome, 
isochromosomes, and telomere-
telomere fusions

(Selmecki et al. 2006, 
Selmecki et al. 2009, 
Selmecki et al. 2010)

C. albicans Murine host 1-5 days 2N→ 1N and Aneuploid 1N (Hickman et al. 2013)
C. albicans Murine host single passage 2N→ 2N Aneuploid (Forche et al. 2009)
C. albicans Heat shock (51°C) 90 seconds 4N→ 2N (Hilton et al. 1985)
C. tropicalis L-sorbose 8-10 days 4N→ 2N (Seervai et al. 2013)

C. tropicalis
Rich medium and nitrogen 
depletion >120 generations 4N→ 2N (Seervai et al. 2013)

C. neoformans FLC (32 µg/ml) 3-5 days 1N→ 1N Aneuploidies common
(Sionov et al. 2010, 
Ngamskulrungroj et al. 2012)

C. neoformans FLC (8 µg/ml) 48-96 hours
Polyploid Titan cells→ 1N and 2N; 
Aneuploidies common (Gerstein et al. 2015)

C. neoformans
YPD, oxidative and 
nitrosative stress 48 hours Polyploid Titan cells→ 1N (Gerstein et al. 2015)

C. neoformans Murine host 3 days
1N→ Polyploid Titan cells (20% 
of population) (Okagaki et al. 2010)

C. neoformans Unisexual reproduction 2 weeks 1N→ 2N and Aneuploidies common (Ni et al. 2013)

A. gossypii NaCL, ZnSO4 6 hours

Polyploid and Aneuploid→ Euploid 
1N (distribution of ploidies shifted 
towards haploid) (Anderson et al. 2015)

A. gossypii Caffeine 6 hours
Polyploid and Aneuploid→ 
Polyploid and Aneuploid (Anderson et al. 2015)

Table 1.1 Summary of experimental evolution studies in fungi and the ploidy and
aneuploidy associated with different environmental stresses. Ploidy levels of haploid (1N),
diploid (2N), triploid (3N), tetraploid (4N) are euploid states, while aneuploidy is indicated if
known. Summary of experimental evolution studies in fungi and the ploidy and aneuploidy
levels associated with different environmental stress.
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fitness benefit in the presence of antifungal drugs (Okagaki and Nielsen 2012, Gerstein et 

al. 2015). 

The budding yeast Saccharomyces cerevisiae contains16 haploid chromosomes 

and reproduces by mating and meiosis, or asexually via budding. Environmental isolates 

of S. cerevisiae include haploids, diploids, and polyploids (Ezov et al. 2006, Carreto et al. 

2008, Albertin et al. 2009, Liti 2015, Strope et al. 2015). Clinical and industrial isolates 

also show a wide range of ploidies and aneuploidy (Strope et al. 2015, Zhu et al. 2016). 

For example, whole genome sequencing of 145 S. cerevisiae clinical isolates found that 

34% were triploid or tetraploid and 36% of them were aneuploid (Zhu et al. 2016). Many 

of these ploidy changes are thought to be adaptive, however the correlation between 

environmental selection and ploidy changes is not well characterized (Zorgo et al. 2013). 

Ashbya gossypii, a filamentous fungus, has a single syncytium with multiple 

nuclei, and each nucleus can have a different ploidy (Anderson et al. 2015). In A. 

gossypii, ploidy increases with age while stress exposure can shift a population with high 

ploidy variation towards a more homogenous, haploid population (Anderson et al. 2015). 

Ploidy level variation and aneuploidy are also common in isolates of the amphibian 

chytrid pathogen, Batrachochytrium dendrobatidis (B.d.) and in plant pathogens such as 

the fungal pathogen Fusarium oxysporum (Farrer et al. 2013, Kasuga et al. 2016, 

Vlaardingerbroek et al. 2016). In fact, karyotype variability in B.d. seems to be the norm 

rather than the exception; out of 22 isolates analyzed by whole genome sequencing, 18 

were aneuploid with base ploidies ranging from diploid to tetraploid (Anderson et al. 

2015). 
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The most common human fungal pathogen, Candida albicans, contains 8 

homologous chromosome pairs. Previously considered an obligate diploid organism, 

alternative ploidy states have been described including haploid, triploid, and tetraploid 

cells (Riggsby et al. 1982, Suzuki et al. 1982, Jones et al. 2004, Selmecki et al. 2010, 

Abbey et al. 2014, Ford et al. 2015). No meiosis has been observed in C. albicans. 

Rather, it undergoes a parasexual cycle in which cells of opposite mating type fuse to 

form tetraploids (Hull and Johnson 1999, Magee and Magee 2000, Tzung et al. 2001, 

Forche et al. 2008, Alby et al. 2009). Under nutrient starvation, tetraploid cells show an 

increase in genome instability that leads to the loss of individual chromosomes over time 

returning progeny cells to either diploidy or (more often) near-diploidy (Hull and Johnson 

1999, Bennett and Johnson 2003, Forche et al. 2008, Hickman et al. 2015). Ploidy 

changes also occur in response to specific environmental conditions. For example, 

growth on alternative carbon sources (e.g. L-sorbose), exposure to antifungals (e.g. 

fluconazole (FLC)), high temperature, and interactions with the host all result in ploidy 

changes and aneuploidy within a few cell divisions (Hilton et al. 1985, Janbon et al. 

1998, Forche et al. 2005, Kabir et al. 2005, Selmecki et al. 2006, Forche et al. 2009, 

Selmecki et al. 2009, Harrison et al. 2014, Ford et al. 2015). The molecular mechanisms 

driving these ploidy changes are currently unknown. While these are only a few examples 

of ploidy changes that are known to occur in the fungal kingdom, they highlight that 

ploidy changes play a central role in adaptive evolution and genomic diversity. 

1.1.1.3 Impact of ploidy on cellular physiology 

Ploidy changes have large effects on multiple cellular processes. These effects 

include altered cell size, growth rates, and gene expression patterns. Each of these 
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cellular effects of ploidy can have multiple, complex interactions within the cell, making 

the study of the physiology of ploidy difficult, especially in multicellular organisms. The 

use of single cellular, isogenic fungi with varying ploidy has allowed scientists to better 

understand how ploidy affects the physiology of eukaryotic organisms. 

In many eukaryotes, an increase in ploidy corresponds to increased cell size. 

However, the mechanisms behind this increased cell size remain poorly understood 

(Watanabe and Tanaka 1982, Conlon and Raff 1999, Okagaki et al. 2010, Wu et al. 2010, 

Zaragoza et al. 2010, Tsukaya 2013 , Miettinen et al. 2014). As cells grow larger, the cell 

volume to surface area ratio decreases impacting nutrient import, growth rate, and cell 

signaling. Polyploid cells, in comparison to isogenic diploid cells, have a 2-fold increase 

in cell volume. Importantly, the surface area of polyploid cells only undergo a 1.57-fold 

increase in comparison to their isogenic, diploid progenitors (Weiss et al. 1975, Galitski 

et al. 1999, Storchova et al. 2006). This reduction in surface area to volume ratio is 

hypothesized to cause fitness disadvantages in nutrient-limiting environments. However, 

little evidence has been found to support the surface area-to-volume ratio nutrient 

deprivation hypothesis (Mable and Otto 2001). In one study, isogenic populations of 

haploid and diploid yeast were grown in 33 different growth conditions. While ploidy 

accounted for around 70% of the growth rate differences between strains, the results did 

not agree with the surface area-to-volume ratio hypothesis. Instead, it appeared that 

different growth conditions selected for different ploidy states independently of surface 

area constrictions (Zorgo et al. 2013). These findings indicated that ploidy has a larger 

effect on cellular physiology than just cell surface area-to-volume ratio alone. 
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Altering the genome copy number within a cell was shown to alter the 

transcriptome in a ploidy dependent manner. In fungi, RNA sequencing (RNAseq) of 

isogenic haploid and tetraploid S. cerevisiae cells revealed 65 differentially regulated 

transcripts when grown in rich medium (Wu et al. 2010). The majority of upregulated 

genes in the tetraploid lineage encoded cell surface proteins. Mutant haploid cells with an 

engineered increased cell size showed a more similar expression profile of cell surface 

proteins to tetraploids than to haploids, indicating that the size of the fungal cell had a 

larger impact on the transcriptional differences than ploidy itself (Wu et al. 2010). 

In plants, transcriptomic differences are also seen in individuals of the same 

species that only differ by ploidy. In Ma Bamboo (Dendrocalamus lafiflorus Munro), 

transcriptome comparisons between anther derived triploid (3N), hexaploid (6N), and 

dodecaploid (12N) plants, as well as a hexaploid F1 progeny, revealed 8396 differentially 

expressed genes (Qiao et al. 2017). A majority of the genes identified as significantly up- 

or down-regulated were involved in cell growth and differentiation. The ploidy levels of 

each plant also drastically altered anatomical structures and the physiology of the plant, 

including leaf thickness, number of shoots produced, and the rate of photosynthesis (Qiao 

et al. 2017). These findings exemplified the importance of ploidy in economically 

important agriculture species. 

In rat hepatocytes, bulk transcriptomic analysis of diploid, tetraploid, and 

octoploid hepatocytes revealed 3080 differentially regulated genes (Katsuda et al. 2020). 

In octoploid hepatocytes that formed due to genome replication followed by programmed 

cytokinesis failure, differentially expressed cell-cycle genes were significantly enriched 

in comparison to the diploid and tetraploid hepatocytes. Surprisingly, diploid hepatocytes 
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were enriched for liver progenitor cell markers leading to the hypothesis that diploid 

hepatocyte populations were responsible for the regenerative properties found in the liver. 

This analysis also demonstrated a differential spatial localization of cells of different 

ploidy within the rat liver, with the diploid hepatocytes differentially expressing the liver 

progenitor markers in the pericentral region of the liver (Katsuda et al. 2020). 

Shifts in ploidy are not necessarily permanent events. In many organisms, 

including plants, fungi, and animals, an increase in cellular ploidy is often accompanied 

by increased genomic instability (Matzke et al. 1999, Comai et al. 2000, Comai 2005, 

Hufton and Panopoulou 2009, Duncan et al. 2010). This instability can be due to multiple 

physiological reasons, including an increased number of chromosomes required to 

undergo pairing during sexual and asexual reproduction, altered dynamics of the spindle 

apparatus, and alterations in how the genome is repaired. For instance, in the yeast S. 

cerevisiae, isogenic tetraploids have a 200-1000-fold increased rate of chromosome loss 

than in isogenic diploid cells (Mayer and Aguilera 1990, Andalis et al. 2004, Storchova et 

al. 2006). This phenomenon is also seen in the human fungal pathogens C. albicans and 

C. neoformans in which chromosome loss often occurs after polyploidization (Bennett

and Johnson 2003, Gerstein et al. 2006, Seervai et al. 2013, Gerstein et al. 2015, Hickman 

et al. 2015, Selmecki et al. 2015).  

In some organisms, the decrease in ploidy is not generated via a single-step 

reductional division, but by sequential loss of single chromosomes resulting in aneuploid 

intermediates (Bennett and Johnson 2003, Selmecki et al. 2015). In tetraploid C. albicans 

cells exposed to nutrient limited environments, this ‘concerted chromosome loss’ often 

does not return the organism to a true euploid diploid state (Bennett and Johnson 2003). 
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The majority of the progeny derived from the tetraploid cells contained one or more 

aneuploid chromosomes. In some progeny, recombination was observed at multiple 

positions across the genome indicating that some fraction of the population had become 

competent to undergo recombination during concerted chromosome loss (Forche et al. 

2008). Interestingly, these recombination events were dependent on the meiosis specific 

endonuclease, SPO11. These findings indicate that ploidy reduction occurred via a step-

wise manner and that at least one meiosis specific gene had been recruited to aid in 

recombination during concerted chromosome loss in C. albicans, an organism with no 

known canonical meiosis. 

1.1.2 Aneuploidy 

Aneuploidy refers to a chromosome number that is not a multiple of the complete 

haploid chromosome number. Unlike segmental aneuploidies and CNVs which often are 

derived though DNA recombination errors, whole chromosome aneuploidy is often the 

result from errors in chromosome segregation. While polyploidy is found frequently in 

nature and is generally well tolerated, aneuploidy was previously thought to be found less 

frequently in nature and was often associated with disease states or decreased organismal 

fitness in the absence of selection (Otto and Whitton 2000, Torres et al. 2007). However, 

studies in plants and fungi have begun to shed light onto the importance of aneuploidy 

during adaptation to novel environments (Selmecki et al. 2006, Selmecki et al. 2008, 

Selmecki et al. 2009, Chang et al. 2014, Ford et al. 2015, Hirakawa et al. 2015, Hose et 

al. 2015, Zhu et al. 2016, Ropars et al. 2018, Todd et al. 2019, Hose et al. 2020). 

1.1.2.1 Disease states and aneuploidy 
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Preliminary experiments into the physiological effects of aneuploidy were 

conducted in sea urchins derived from a single egg that was fertilized concurrently by 

two sperm, resulting in a triploid zygote with multiple centrosomes (Boveri 1902, Boveri 

1904). During the first cell division post-fertilization, chromosomes were segregated into 

four daughter cells instead of two. The uneven segregation of chromosomes during this 

division often led to the formation of highly aneuploid embryos which had severe 

physiological defects and died shortly after the first cell division (Boveri 1902, Boveri 

1904). Similar physiological defects in fruit flies, round worms, and mammals have been 

descried (Bridges 1921, Lejeune et al. 1959, Lindsley et al. 1972, Hodgkin et al. 1979). 

How an uneven number of chromosomes can disrupt cellular physiology and lead to 

disease has been of key interest to researchers trying to understand developmental 

disorders and the development of human cancers. 

Perhaps one of the most straight forward explanations as to why aneuploidy is 

poorly tolerated in some contexts is due to a dysregulation of the transcriptome and in the 

disruption of protein stoichiometry. The addition or loss of a copy of an autosomal 

chromosome rapidly alters gene dosage within a cell, leading to disease state. In diploid 

organisms, chromosome loss is generally less well tolerated than chromosome gain. The 

fitness cost associated with chromosome loss is likely due to not only a disruption in 

protein stoichiometry, but to a decrease in protein levels.  

Aneuploidy disrupts gene dosage and the proteome of the cell. In S. cerevisiae, 

gain (trisomy) or loss (monosomy) of a chromosome increases or decreases RNA levels 

within the cell, respectively (Torres et al. 2007). Additionally, in human patients with 

Down Syndrome (trisomy of Chr21), there is a dosage-dependent increase in 
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transcription levels of Chr21 across multiple cell types (Mao et al. 2005). In conjunction 

with the altered RNA levels due to the aneuploid chromosomes, protein abundance also 

increases as chromosome copy number increases. Using quantitative mass spectrometry, 

protein levels scaled with chromosome copy number (Pavelka et al. 2010). Together, 

these findings indicated that the altered chromosome copy number in aneuploid cells 

alters the transcriptome and proteome of the cell. 

Chromosome loss can also result in haploinsufficiency, where one copy of a wild-

type allele is not sufficient to produce the wild-type phenotype. In S. cerevisiae deletion 

of 3% of the genes within the genome causes a haploinsufficiency in rich medium 

(Deutschbauer et al. 2005). Functional analysis revealed that genes involved in 

metabolism were enriched in this haploinsufficiency dataset. These findings were further 

validated when the haploinsufficiency was alleviated in a minimal medium that reduced 

cell growth rates, indicating that a decrease in protein levels is driving the 

haploinsufficiency phenotype. Similar results have been recapitulated in other organisms, 

including Drosophila and humans (Fisher and Scambler 1994, Deutschbauer et al. 2005, 

Marygold et al. 2007).  

Altered gene dosage due to aneuploidy does not only affect genes located on 

aneuploid chromosomes. Transcriptional regulators located on aneuploid chromosomes 

can alter the transcription of genes located on non-aneuploid chromosomes, generating 

complex transcriptional landscapes in aneuploid cells. In one example, specific trisomies 

were induced in model cancer cell lines with stabilized karyotypes, and the global 

transcriptome was analyzed using cDNA arrays (Upender et al. 2004). While the 

transcriptional activity of the trisomic chromosome was increased across cell types, 
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numerous other genes on the non-aneuploid chromosomes also became differentially 

regulated in comparison to the euploid progenitor cells (Upender et al. 2004). Further 

studies into the transcriptional landscape of cell lines containing single or multiple 

complex chromosome aneuploidies uncovered a conserved transcriptional landscape, 

regardless of the aneuploidy (Durrbaum et al. 2014). This study identified multiple 

differentially regulated genes, the majority of which were previously linked to cancer 

development, that were consistently up- or down-regulated in the aneuploid cells and 

may signify novel biomarkers for aneuploidy and cancer (Durrbaum et al. 2014). Indeed, 

additional studies in S. cerevisiae using randomly generated aneuploidies identified 

common aneuploid gene expression (CAGE) patterns that suggest that aneuploid yeast 

cells upregulate genes involved during hypo-osmotic stress due to proteome imbalance 

(Tsai et al. 2019). Together, these studies provide important insights into conserved 

transcriptomic markers of aneuploidy that could be used as diagnostic markers for fungal 

infections and cancer development. 

Chromosome instability (CIN), the elevated frequency of chromosome 

segregation errors during cell division leading to aneuploidy, is a hallmark of human 

cancers and is often a predictive measure of cancer progression and clinical marker of 

poor disease prognosis (Carter et al. 2006, Bakhoum et al. 2011, McGranahan et al. 2012, 

Alaizari et al. 2018, Stopsack et al. 2019, Xu et al. 2019). Identification of transcriptional 

signatures of aneuploid cancers could be a promising method for classifying and treating 

cancer patients in the future. For instance, a transcriptional profile (termed CIN70) of 70 

genes located across the genome, many involved in chromosome segregation and cancer 

progression, was used to generate a signal of CIN and total functional aneuploidy. 
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Therefore, a high CIN70 score correlates with high levels of CIN and aneuploidy, and is 

predictive of a poor clinical outcome in multiple cancer types (Carter et al. 2006).  

In some instances, extra copies of genes are lethal to a cell or can cause disease. 

Overexpression of beta-tubulin (TUB2) is lethal in S. cerevisiae (Burke et al. 1989). 

Likewise, multiple human diseases are caused by gene amplification events.  

Overexpression of the human methyl-CpG-binding protein 2 (MECP2) in mice lead to 

the occurrence of seizures, and was associated with the human disease, MECP2 

Duplication Syndrome (Collins et al. 2004, Ramocki et al. 2009). Additionally, multiple 

human neurodegenerative diseases are caused by gene duplications, including 

amplifications of the genes encoding alpha-synuclein which contributes to Parkinson’s 

Disease and PMP22 which causes Charcot-Marie-Tooth disease (Hanemann and Muller 

1998, Nishioka et al. 2006).  

1.1.2.2 Aneuploidy and adaptation 

While aneuploidy and CNVs have been associated with fitness costs and multiple 

disease states, there is a mounting body of evidence that aneuploidy provides a fitness 

benefit to cells during periods of stress and during adaptation. In fungi, aneuploidy is 

often found in wild isolates and laboratory derived strains. In a set of 132 clinical S. 

cerevisiae isolates, 36% of the isolates were identified as having at least one aneuploid 

chromosome (Zhu et al. 2016). In conjunction with the studies that identified aneuploidy 

within wild yeast isolates, aneuploidy is commonly found in the laboratory grown fungi 

during in vitro evolution experiments. In one example, 31 out of 152 diploid S. cerevisiae 

strains evolved for ~2062 generations were found to be aneuploid (Zhu et al. 2014). In an 

additional study, 47 industrial, wild, and clinical S. cerevisiae isolates were examined, 
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and nearly one third of all strains were aneuploid (Hose et al. 2015). Together these 

findings indicate that aneuploidy is commonly found in both wild and laboratory evolved 

yeast isolates. 

In clinical settings, aneuploidy is often correlated with the appearance of 

antifungal drug resistance. Amplification of the 14α-lanosterol demethylase, CYP51, in 

Candida glabrata was shown to confer antifungal drug resistance to the azole family of 

antifungal drugs (Marichal et al. 1997). In C. albicans, a clinical isolate derived from a 

bone marrow transplant patient containing an isochromosome consisting of two copies of 

the left arm of Chr5 (i(5L)) was associated with antifungal drug resistance to the azole 

antifungal drug, fluconazole (FLC) (Selmecki et al. 2006). Removal of the antifungal 

drug pressure and subsequent loss of i(5L) resulted in the loss of antifungal drug 

resistance. Importantly, two genes located on the left arm of Chr5, ERG11 and TAC1, 

drive resistance to FLC in a copy number dependent manner (Selmecki et al. 2006, 

Selmecki et al. 2008). Shockingly, C. albicans can acquire i(5L) in as little as ~4 

generations when exposed to FLC in vitro, indicating that aneuploidy is a rapid 

mechanism for the acquisition of antifungal drug resistance (Selmecki et al. 2009). In the 

haploid fungal pathogen, C. neoformans, in vitro exposure of susceptible strains to FLC 

resulted in multiple chromosome aneuploidies. These aneuploidies, including the 

amplification of Chr1 and Chr4, were tightly correlated with the acquisition of FLC 

resistance (Sionov et al. 2010, Ngamskulrungroj et al. 2012). Upon removal of FLC, 

these resistant cells reverted to their ancestral euploid haploid karyotype (Sionov et al. 

2010). Together, these findings indicate that aneuploidy allows for rapid acquisition of 

antifungal drug resistance across distantly diverged fungi. 
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To determine if aneuploidy was a sustainable adaptive event, researchers used 

heat shock to determine the effects of aneuploidy long term adaptation (Yona et al. 2012). 

In four independent replicates, diploid S. cerevisiae were grown in rich medium under 

chronic heat stress (39°C) for 450 generations. A trisomy of ChrIII was identified in all 

four independently evolved lines and was correlated with increased heat tolerance. 

Surprisingly, prolonged exposure to heat resulted in the eventual loss of the ChrIII 

trisomy, indicating that aneuploidy was only transiently beneficial during stress until a 

more subtle, targeted solution can be achieved, like the increased transcription of multiple 

heat shock proteins (Yona et al. 2012). 

The generation of adaptive aneuploidies in response to one specific stress can 

confer adaptive benefits in other environments as well. In S. cerevisiae, heat shock 

(50.9°C) and inhibition of HSP90 resulted in a marked increase in chromosome 

instability and the occurrence of aneuploidy, likely due to disruption of the kinetochore 

machinery (Jarosz and Lindquist 2010, Chen et al. 2012). Growth of cells under minor 

HSP90 stress for two days generated a heterogeneous population with diverse karyotypes. 

Individual populations were then tested for their susceptibility to multiple different 

cellular stresses, including tunicamycin, FLC, and benomyl (Chen et al. 2012). Each of 

the aneuploid progenitor populations developed drug resistant colonies that shared 

common aneuploidies that were different than the aneuploidies found in the starting 

population, suggesting that aneuploidy could drive rapid adaptation to multiple cellular 

stresses (Chen et al. 2012). 

Beyond HSP90 inactivation, other environmental stressors select for the 

formation of adaptive aneuploidies in fungi. Amplification of ChrXIII was observed in 
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industrial isolates of S. cerevisiae used during wine production and during adaptation to 

the carbon source raffinose (Guijo et al. 1997, Selmecki et al. 2015). The ChrXIII 

aneuploidy amplified the copy number of two genes, ADH2 and ADH3, that were 

involved in the oxidation of ethanol. Likewise, in the industrial S. cerevisiae strain ZTW1, 

large segmental and whole chromosome aneuploidies were associated with the beneficial 

characteristics of decreased byproduct generation and increased fermentation rates 

(Zhang et al. 2016). Additionally, loss of one copy of Chr5 in C. albicans was observed 

during growth in the presence of the toxic sugar, L-sorbose (Janbon et al. 1998, Janbon et 

al. 1999). Reduction of the copy number of Chr5 resulted in a downregulation of a 

negative regulator of the sorbose utilization gene, SOU1, located on Chr5 (Kabir et al. 

2005, Ahmad et al. 2012). Together these findings indicate that aneuploidy is not merely 

an adaptive outcome to antifungal drug stress, but is a general adaptive mechanism in 

many fungi. 

Nutrient limitation was shown to select for CNVs, or partial chromosome copy 

number amplifications, of nutrient transporters in S. cerevisiae. The amino acid 

permease, GAP1, was upregulated in nitrogen-limited environments and GAP1 

amplifications were often selected for in glutamine and glutamate limited medium 

(Grenson et al. 1970, Stanbrough and Magasanik 1995, Gresham et al. 2010, Hong and 

Gresham 2014). The dynamics of GAP1 CNV formation identified that in nitrogen 

limiting environments, multiple independent CNV lineages were often rapidly generated. 

These independent lineages consisted of different types of genome rearrangements, 

including tandem duplications, nonreciprocal translocations, aneuploidies, and complex 

CNVs. Analysis of CNV copy number breakpoints revealed that most breakpoints 
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occurred at short, inverted repeats (~8 bp) that were separated by ~40 bp (Lauer et al. 

2018). Molecular barcodes were used to identify 102 to 104 independent GAP1 CNV-

containing lineages within the population, resulting in high levels of clonal interference 

(Lauer et al. 2018). These findings further highlight the rapid generation of diverse CNVs 

during adaptation, and give insight into CNV dynamics during selection.  

Amplification of SUL1, a high affinity sulfate transporter, occurred in 15 of 16 S. 

cerevisiae lineages cultured in sulfate limiting medium and ranged from two copies per 

genome up to 16 copies per genome (Gresham et al. 2008). Much like GAP1, multiple 

independent CNV lineages with SUL1 amplifications were detected during adaptation to 

sulfate limited environments (Payen et al. 2014). While no novel mutations were 

identified in the clones with SUL1 amplifications, conserved point mutations were 

identified in genes not contained within the CNV in multiple lineages, suggesting the 

possibility of convergent evolution triggered by the formation of a CNV (Gresham et al. 

2008, Payen et al. 2014).  

The CUP1 gene in S. cerevisiae encodes for metallothionein and is often present 

in high copy numbers within the cell (Fogel and Welch 1982, Fogel et al. 1983, Zhao et 

al. 2014). In the presence of environmental copper, CUP1 becomes activated to rapidly 

sequester excess copper (Prinz and Weser , Karin et al. 1984). Growth of S. cerevisiae in 

medium containing CuSO4 identified coper tolerant evolved isolates that had increased 

the copy number of CUP1 by up to 7-fold (Adamo et al. 2012). Additional stimulation of 

CUP1 containing CNVs by increasing copper concentrations further induce CUP1 

amplification (Hull et al. 2017). CUP2, the transcriptional regulator of CUP1, has also 

been shown to undergo copy number amplification in a set of wild yeast isolated from 
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Evolution Canyon in Israel exhibited a decreased sensitivity to copper (Chang et al. 

2013). How these large amplifications can form and are maintained without selection 

could lead to further studies into mutations that confer genome stability.  

1.1.3 The evolutionary benefits of copy number alterations 

          Three evolutionary advantages have often been assigned to organisms that contain 

a whole or partial genome duplication event. First, a copy number increase in the genetic 

material of a heterozygous organism can mask deleterious recessive mutations that could 

confer a fitness defect, or could amplify beneficial alleles (Gu et al. 2003). The second 

proposed advantage is that genes within a duplicated region of the genome can undergo 

neofunctionalization or subfunctionalization that allow for rapid adaptation to novel 

stressors or environments (Adams and Wendel 2005, Moore and Purugganan 2005, 

Lynch 2007). Finally, the third proposed evolutionary advantage that is assigned to 

organisms with a whole or partial genome duplication event is the increased mutational 

target size for which selection can act upon (Otto 2007, Gerstein and Otto 2009, 

Selmecki et al. 2015). All three of these proposed advantages alter the rate of mutation, 

the fitness effects of possible beneficial mutations, dominance of mutations, and the 

effective population size that can alter rates and trajectories of adaptation (Paquin and 

Adams 1983, Gerrish and Lenski 1998, Zeyl and DeVisser 2001, Otto and Yong 2002, 

Zeyl 2005, Desai et al. 2007, DeLuna et al. 2008).  

It has long been hypothesized that polyploid cells are buffered from the effects of 

deleterious recessive mutations. In a heterozygous diploid organism, at a given locus, 

only one copy of a deleterious recessive mutation can persist. In a heterozygous tetraploid 

organism, the same deleterious recessive mutation can persist in three copies per genome. 
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Therefore, polyploid cells or cells with copy number amplifications can acquire more 

recessive mutations than their isogenic euploid relatives.  Polyploidy cells or cells with 

partial genome duplications also benefit from having a higher probability of obtaining a 

beneficial mutation (Otto and Whitton 2000, Selmecki et al. 2015). 

Additional copies of genes generated via whole or partial genome duplication 

events are important drivers of adaptation. In many organisms, duplicated genes have 

persisted within the genome for millions of years post duplication. In yeast, nearly 8% of 

the identified duplicated genes have been maintained for ~100 MY post WGD (Seoighe 

and Wolfe 1999). This trend is also seen in plants, with ~72% of duplicated genes have 

been maintained for over ~11 MY, and in vertebrates where ~33% of duplicated genes 

have been maintained for over 500 MY (Ahn and Tanksley 1993, Nadeau and Sankoff 

1997). How duplicate copies of genes evolve over time has been of key interest to 

evolutionary biologists.  

It is hypothesized that, in the absence of selection, mutations inactivate one copy 

of the gene. Indeed, inactivation of one copy of a duplicated gene is more likely to occur 

than gene neofunctionilization via a de novo beneficial mutation when population sizes 

and rates of beneficial mutations were low (Walsh 1995). However, selective pressures 

that maintain duplicated genes often include the benefit of increased gene expression and 

establishment/maintenance of heterozygosity (Kondrashov et al. 2002, Otto and Yong 

2002). Duplicate genes can also temper environmental noise through the generation of 

responsive backup circuits. In S. cerevisiae, the duplicated glucose transporters Hxt1 and 

Hxt2 are separately regulated by extracellular glucose levels, and in the case of Hxt2, also 
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by intracellular glucose levels, generating complex feedback loops to temper the cells 

response to environmental fluctuations (Kafri et al. 2006).  

Whole or partial genome amplification events can alter both the types and rate of 

mutations. Increasing the size of the genome increases the mutational target size and 

alters the fitness effect of a given mutation (Sellis et al. 2011, Elde et al. 2012, Gerstein 

2013, Selmecki et al. 2015, Sellis et al. 2016). In Poxvirus, copy number amplification of 

a maladapted antihost factor, K3L, lead to the acquisition of a beneficial mutation in K3L 

that was subsequently selected for within the population (Elde et al. 2012). Further 

passaging of the poxvirus with the new beneficial allele lead to the eventual resolution 

and loss of the copy number amplification, removing the fitness cost associated with 

replicating a larger genome size, while still maintaining the beneficial mutation (Elde et 

al. 2012).  

In addition to altering the rate of beneficial de novo mutation acquisition, copy 

number also alters the types of mutations that can occur. Unlike haploids that only have a 

single copy of the genome, heterozygous diploid or polyploid cells can undergo LOH to 

reveal potential beneficial recessive alleles or homozygous beneficial de novo mutations 

(Orr and Otto 1994, Otto and Whitton 2000, Anderson et al. 2004, Dunkel et al. 2008, 

Niimi et al. 2010). Additionally, whole genome duplication events, particularly in fungi, 

are often followed by genome instability which can result in aneuploidies that are 

beneficial during adaptation to novel or stressful environments (Rancati et al. 2008, Song 

and Petes 2012, Selmecki et al. 2015). Taken together, whole genome ploidy changes and 

the transient acquisition and loss of whole or partial chromosome aneuploidy can lead to 
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the buffering of deleterious mutations, alter gene expression, and increase the mutational 

target size.  

1.1.3 Loss of heterozygosity (LOH) 

In normally heterozygous organisms, the loss of one (or more) allele(s) has 

profound effects on organismal fitness. LOH occurs due to chromosome nondisjunction 

leading to whole chromosome LOH, or through recombination events in which only 

small regions of the chromosome undergo LOH (short-track LOH). LOH is a hallmark of 

human cancers, and is also commonly found in heterozygous human fungal pathogens 

(Purdie et al. 2007, Chen and Chen 2008, Ford et al. 2015, Hirakawa et al. 2015, Ropars 

et al. 2018). LOH acts by revealing recessive alleles and phenotypes normally masked by 

a dominant allele, as well as homozygosing possible gain-of-function mutations. 

Exposure to cellular stress increases the rate of LOH in fungi, indicating that LOH is an 

important mechanism for adaptation to novel or stressful environments (Bouchonville et 

al. 2009, Forche et al. 2011, Forche et al. 2018). 

LOH is commonly identified during tumorigenesis and during the development of 

various human cancers (Champeme et al. 1995, Velickovic et al. 2001). In a study of 62 

colorectal tumor cell lines, 245 LOH events were detected (Thiagalingam et al. 2001). Of 

these LOH events, 139 were partial chromosome, short-track, LOH events that only 

homozygosed a portion of a chromosome, while the remaining 106 LOH events were due 

to whole chromosome homozygosis. Interestingly, the types of LOH observed differed by 

chromosome, suggesting that the LOH events observed were selected for during cancer 

development (Thiagalingam et al. 2001). Indeed, gain-of-function mutations in 

oncogenes that provide a fitness benefit to the cell are often observed to become 
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homozygous (Li et al. 2003, Sabapathy 2015). Similarly, LOH of specific alleles can lead 

to haploinsufficiency in tumor suppressor genes, leading to the formation of various 

tumor types (Payne et al. 2000, Kolasa et al. 2006, Smith et al. 2006). Of clinical 

importance, chemotherapy treatment has been associated with an increased rate of LOH, 

further confounding treatment options and possibly leading to chemotherapy failure and 

the development of secondary cancers (Kamat et al. 2014). 

In fungal pathogens like C. albicans, the rate of LOH is increased during 

exposure to multiple cellular stresses, including elevated temperatures (39°C), oxidative 

stress, and exposure to the antifungal drug FLC (Forche et al. 2011). Importantly, 

different cellular stresses induced different types of LOH. For example, increased 

temperature resulted in an increase in whole chromosome LOH while oxidative stress 

resulted in an increase in short-track LOH (Forche et al. 2011). Both the increased rate, 

and different types of LOH indicate that the C. albicans genome can rapidly adapt to 

multiple different stresses. A similar rate of LOH was observed between in vitro and in 

vivo passage of C. albicans though a mouse model. However, the distribution of LOH 

events and the type of LOH acquired was significantly different between the two 

treatments, again, indicating the selection of LOH for different stressful environments 

(Forche et al. 2009). In C. albicans, LOH of important drug response genes has also been 

associated with the acquisition of antifungal drug resistance (discussed below) (Dunkel et 

al. 2008, Niimi et al. 2010). Therefore, LOH can act via multiple mechanisms to increase 

organismal fitness during periods of stress, including revealing beneficial recessive 

mutations, purging deleterious mutations, and the generation of homozygous beneficial 

gain-of-function mutations. 
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1.2 Mechanisms of large scale genome structure alterations 

1.2.1 Mechanisms of ploidy change 

The underlying mechanisms that drive ploidy changes are not completely 

understood (Ezov et al. 2006). Some genes encoding ploidy regulators have been 

identified in yeast deletion mutant screens and gene overexpression studies (Chan and 

Botstein 1993). However, in many mutants the ploidy-altering phenotype is not 100% 

penetrant, indicating that there are redundant mechanisms that regulate genome copy 

number. Alternatively, the mutant genotype may stochastically acquire fitness-associated 

ploidy changes in which case the ploidy change would be secondary to the initial gene 

mutation. 

Mutations that affect cell cycle, spindle pole body, kinetochore attachment, 

cohesion, chromatin formation, and cytokinesis, can all impact ploidy changes. Many 

mutations that affect CIN can also cause ploidy increases or decreases. Importantly, 

because chromosome aneuploidy is frequently observed in mutants that undergo ploidy 

change, it is difficult to determine if aneuploidy itself is driving whole genome ploidy 

changes. For example, a mutation may cause aneuploidy, which then gives rise to a 

whole genome ploidy change. Alternatively, this mutation may first induce a whole 

genome ploidy change, and subsequent aneuploidy results from increased genome 

instability. The examples provided below support that the mechanisms driving changes in 

whole genome ploidy and chromosome copy number are extremely complex and often 

involve the essential machinery of the cell. 

Alterations in cell cycle control can cause ploidy amplification. Endoreplication, 

the process in which DNA replication is not followed by cytokinesis, but instead by 
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another round of DNA replication, has been described in multiple organisms (Edgar and 

Orr-Weaver 2001, Porter 2008, Neiman et al. 2017). In the fission yeast, 

Schizosaccharomyces pombe, Cyclin B (p53cdc-13) regulates the temporal order of DNA

replication and mitosis. Control of Cyclin B levels and the timing of this cell cycle 

regulator is important; formation of the p34cdc-2–p53cdc-13 complex specifies that the cell 

is in the G2 phase of the cell cycle. Loss of this complex will re-define a cell in the G2 

phase to a G1 phase cell, and the cells can then reenter S-phase and re-replicate their 

genomes causing unscheduled whole genome duplication. Reentry into S-phase can occur 

multiple times and can lead to ploidy shifts from 1N to 32N (Hayles et al. 1994). 

Interestingly, 42 uncharacterized genes were recently identified in human cells for their 

role in preventing endoreplication (Vassilev et al. 2016). 

Under certain circumstances endoreplication is an environment-induced or 

programmed cell event. For example, environment-induced endoreplication likely leads 

to ‘titan’ cell formation in C. neoformans (Feldmesser et al. 2001, Okagaki et al. 2010, 

Zaragoza et al. 2010). The exact mechanism of cell cycle alteration is not known for 

‘titan’ cell production, but like in S. pombe, the control of cyclin B level is a potential 

candidate. In the human liver, hepatocytes undergo genome replication followed by 

programmed cytokinesis failure to produce a bi-nucleate daughter cell that is 4N (Duncan 

2013). These bi-nucleate tetraploids can then undergo another round of DNA replication 

followed by cytokinesis to generate mono-nucleate tetraploid cells. This cycle can 

continue to produce octoploid cells and so on. In addition, these polyploid hepatocytes 

can undergo mitosis with multipolar spindles, resulting in ploidy reduction and 

aneuploidy (Duncan et al. 2010). It has been hypothesized that these aneuploid daughter 
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cells may provide adaptive benefits during periods of cellular stress and allow for 

repopulation and restoration of the liver (Guidotti et al. 2003, Margall-Ducos et al. 2007, 

Duncan 2013). 

Accurate spindle pole body (SPB) function and attachment of the spindle 

microtubules to the chromosomes is required for proper chromosome segregation, and 

ploidy changes can occur when different components of the SPB complex are altered. 

During normal cell division, sister chromatids are attached to opposite SPBs and are 

pulled apart, thereby segregating the sister chromatids. NDC1(nuclear division cycle 1) 

encodes a subunit of the nuclear pore complex in S. cerevisiae, and is required for SPB 

duplication and insertion into the nuclear membrane (Winey et al. 1993). 

Mutant ndc1 cells have only a single functioning SPB to which all chromosomes attach 

and are then segregated into a single daughter cell, resulting in whole genome 

duplication. 

Proper attachment of the SPB microtubules to the kinetochore is a major point of 

regulation during cell cycle progression. In S. cerevisiae, mutations in the essential 

gene IPL1 can result in aneuploidy and/or elevated ploidy level. IPL1 encodes aurora 

kinase, which is involved in the attachment of the spindle microtubules to the 

kinetochores, chromosome segregation, and checkpoints including mitotic spindle 

dis/assembly and DNA damage (Francisco and Chan 1994, Biggins et al. 1999, He et al. 

2001). Ipl1 is also responsible for sensing mitotic spindle attachment at the kinetochore 

and preventing segregation in cases where the chromosome is attached to only one SPB. 

Using a temperature sensitive mutant of IPL1, Chan & Botstein (1993) observed that 

haploid cells rapidly acquire multiple aneuploid chromosomes when grown at the 
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restrictive temperature and some of these mutants gain enough chromosomes to result in 

a ploidy increase (Chan and Botstein 1993). 

In addition to SPB subunits, ploidy is affected by defects in chromosome 

cohesion. After replication, sister chromatids are packaged together by cohesion, a 

protein complex that holds the sister chromatids together until they are separated during 

anaphase (Guacci et al. 1997). Improper loading or disassembly of the cohesion complex 

during the cell cycle leads to aberrant chromosome segregation that can lead to ploidy 

shifts and aneuploidy (Covo et al. 2014). Defects in the cohesion complex, as well as 

regulators of the complex, lead to release of sister chromatids before proper attachment to 

the SPB. This increases the chance that sister chromatids will be inherited together 

because the sensing of microtubule attachment does not occur and segregation of sister 

chromatids is no longer inter-dependent (Covo et al. 2014). 

Chromatin structure and regulation are important regulators of ploidy. The 

dynamics of chromatin structure is determined by histone conformation and 

modifications. Mutations within the globular domain of histone 4 (H4) result in 

heterogeneous colony sizes and an increased frequency of whole genome duplication and 

aneuploidy in S. cerevisiae (Yu et al. 2011). Further analysis of these colonies shows that 

small colonies consist of a mixed population of haploid and diploid cells, while large 

colonies are completely diploid, suggesting extensive autodiploidization. Alterations of 

the amino acids in the globular domain of H4 (L97, Y98, or G99 to alanine) do not alter 

the ability of H4 to interact with other histones. Instead, these mutations alter the H4 

interaction with the histone chaperones Rtt106 and Caf-I. Disruption of these interactions 

prevents the nucleosome from being loaded onto the DNA. This decrease in histone 

30



occupancy could disrupt kinetochore architecture and assembly, leading to the increase in 

aberrant chromosome segregation and autodiploidization (Yu et al. 2011). 

Just as histone modification can affect genome stability, nucleosome stability at 

centromeres is necessary for kinetochore assembly and proper chromosome segregation. 

Nucleosome stability is achieved through proper distribution of histone variants. The 

histone variant H2A.Z is conserved across all fungi and higher eukaryotes and is enriched 

at pericentric DNA, but excluded from CENP-A (Cse4) nucleosome binding sites (Albert 

et al. 2007). Ies6 is an essential subunit of the INO80 chromatin-remodeling complex and 

loss of Ies6 results in polyploidization (Chambers et al. 2012). Loss of Ies6 function leads 

to increased pericentric H2A.Z localization, resulting in changes to chromatin structure 

that inhibits centromere/kinetochore function. Furthermore, overexpressing H2A.Z in 

an ies6 mutant strain further increases chromosome instability leading to more rapid 

polyploidization (Chambers et al. 2012). 

After genome replication and chromosome segregation, the cell undergoes a 

cleavage event controlled by the contraction of an actin ring found between the mother 

and daughter cell. Myo1, the sole myosin II motor in S. cerevisiae, associates with the 

actin ring and promotes cleavage between the mother and daughter cell (Watts et al. 

1987). Haploid strains with a myo1 deletion often undergo whole genome duplication 

events in order to survive, causing ploidy level increases from 1N to 4N (Rancati et al. 

2008). Many of the polyploid myo1 evolved clones are mononucleate and contain 

multiple aneuploid chromosomes. These polyploid myo1 evolved clones are not only 

viable, but have restored cytokinesis through a variety of mechanisms, unlike most of 
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the myo1 cells that remained haploid. Therefore, the mutations that disrupt cell division 

and alter ploidy level can provide increased adaptability (Rancati et al. 2008). 

Several S. cerevisiae mutations have been identified that lead to genome reduction 

from diploid to haploid. For example, diploid cells with a null mutation in RAD52  

(involved in strand exchange during recombination and DNA damage repair), undergo 

chromosome loss via sequential aneuploid transitions (Song and Petes 2012). Loss of 

Rad52 leads to a failure of the repair mechanism that keeps the chromosome homologs 

together after a double strand break (DSB). Functional loss of this pathway gradually 

leads to genome reduction towards haploidy over ~500 generations. Interestingly, cells 

with higher ploidy show increased Rad52 dependency because RAD52 is essential for 

growth of tetraploid cells but not isogenic diploid cells (Storchova et al. 2006). This 

supports that increasing ploidy results in an increased frequency of double-strand breaks 

(DSBs) that must be repaired by Rad52, and diploids, but not tetraploids, can resolve 

some of this damage by sequential chromosome loss and eventual ploidy reduction. 

In addition to mutations in RAD52, null mutations in CTF18 (involved in sister 

chromatid cohesion) also lead to rapid genome reduction from diploidy to haploidy 

(Alabrudzinska et al. 2011). This reduction in ploidy occurs over a relatively short 

amount of time (~50 generations), and suggests that the haploid cells have a fitness 

advantage over the diploid progenitor. Surprisingly, genome duplications are also 

observed within the diploid ctf18 population, resulting in a heterogeneous population 

(haploid, diploid, aneuploid, and polyploid cells). This suggests that specific mechanisms 

of genome instability may simultaneously induce aneuploidy, ploidy loss, and ploidy 

gain. 
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At all ploidy levels, DSBs are repaired by two main pathways, non-homologous 

end-joining (NHEJ) and homologous recombination (HR). NHEJ repairs DSBs via 

ligation of the broken DNA ends with little or no processing of the DNA ends. NHEJ is 

considered error-prone because this process can introduce novel mutations. Alternatively, 

HR uses a homologous DNA sequence to serve as a donor for recombination and DSB 

repair (Haber 1992, Mehta et al. 2017). The availability of homologous DNA sequences 

(sister chromatid, homologous chromosome, or an ectopic sequence) is influenced by the 

ploidy of the cell and phase of the cell cycle: haploid cells have homologous DNA 

sequences available during S/G2 only, while diploid and polyploid cells have 

homologous DNA sequences available throughout the cell cycle. Therefore, diploid and 

polyploid cells have an increased preference for HR to repair DSBs resulting in increased 

frequencies of recombination, gene conversion, cross over events, and gross 

chromosomal rearrangements (Chen and Kolodner 1999, Hiraoka et al. 2000, Skoneczna 

et al. 2015). 

Isogenic yeast strains with different ploidies exhibit different mutation rates and 

sensitivity to DSBs. The forward mutation rate at either the CAN1 or URA3 locus is two 

orders of magnitude higher in diploids than in haploids, and diploids are less sensitive to 

DSBs than haploids as well (Ohnishi et al. 2004, Storchova et al. 2006, Alabrudzinska et 

al. 2011). Interestingly, the forward mutation rate at CAN1 is lower in tetraploids 

compared to diploids (Storchova et al. 2006). Ploidy also affects sensitivity to DSBs: 

both haploids and tetraploids are more sensitive to DSBs than diploids. One reason for 

these observations may be the different requirements for DSB repair at different ploidy 

levels (Skoneczna et al. 2015). 
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Ploidy-specific genome maintenance mechanisms may exist, but many questions 

still remain (Skoneczna et al. 2015). For example, in S. cerevisiae there are ploidy-

specific stress responses to gross chromosomal rearrangements and tetraploid yeast also 

have a greater requirement for genes involved in recombination and mitosis than haploids 

or diploids (Storchova et al. 2006, Jung et al. 2011). This phenomenon, called “ploidy-

specific lethality”, was used to identify the physiological alterations that accompany 

tetraploidy. Of the 3740 deletion mutants screened, only 39 genes exhibited ploidy-

specific lethality. Almost all of these mutations affect genomic stability by impairing 

homologous recombination, sister chromatid cohesion, or mitotic spindle 

function (Storchova et al. 2006). Why tetraploid cells have an increased requirement for 

these genes remains unknown (Storchova and Kuffer 2008). The rate and spectrum

of mutations available to each ploidy level is remarkably different, therefore genome

maintenance mechanisms could play an important role during adaptation.

1.2.2 Mechanisms of CNV formation 

Multiple models have been proposed to describe how CNVs arise during 

adaptation, the majority of which involve DNA damage and repair via recombination and 

DNA replication (Figure 1.2) (Lee et al. 2007, Payen et al. 2008, Hastings et al. 2009, 

Brewer et al. 2011, Arlt et al. 2012, Brewer et al. 2015, Lauer et al. 2018). Non-allelic 

homologous recombination (NAHR) generates CNVs when DSBs are repaired using non-

allelic templates, oftentimes involving repetitive sequences (Stankiewicz and Lupski 

2002). DSBs that occur at stalled or broken replication forks can resolve into CNVs via 

break-induced replication (BIR), microhomology mediated BIR (MMBIR), origin-
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Figure 1.2 Mechanisms of CNV formation. (A) Non-allelic homologous recombination (NAHR) 

occurs via a crossover event (denoted as ‘x’) between two non-allelic homologous sequences (blue 

boxes) producing a tandem duplication and a truncation event. Each line represents a single, double 

stranded DNA molecule. (B) Break-induced replication (BIR) occurs when only a single DNA 

strand is available for replication. Following 5’ – 3’ resection, the 3’ end of the single strand DNA 

invades a non-allelic homologous sequence (blue box) and reinitiates DNA synthesis forming a 

replication fork that proceeds to the end of the chromosome, generating a tandem duplication. Each 

line represents a single strand of DNA. (C) In the absence of Rad51, replication fork collapse leaves 

an exposed 3’ DNA strand that templates with any homologous single stranded DNA (blue box), 

likely within a second replication fork. Non-processive DNA synthesis resumes, copying non-
allelic sequence (blue). Fork collapse and strand separation again reveals an exposed 3’ DNA end 

that can bind homologous single stranded DNA (orange box), in this case on the sister chromatid 
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(gray bar) and continue with replication, generating complex rearrangements including a copy 

number amplification of the blue genome segment. Each line represents a single strand of DNA. 

(D) Fork stalling and template switching (FoSTeS) occurs during replication fork stalling and 

collapse due to secondary structure formation or a DNA lesion (red bar). The exposed 3’ single 

stranded DNA end invades an independent replication fork (blue replication fork) and templates 

off of a region of microhomology (orange box). DNA synthesis resumes, copying non-allelic 

sequence (blue). Strand release and templating on a region of microhomology (blue box) back in 

the original replication fork (black replication fork) generates a complex DNA rearrangement with 

the inclusion of new (blue) DNA sequence. Each line represents a single strand of DNA. (E) Origin-

dependent inverted repeat amplification (ODIRA) occurs when two distinct inverted repeats (blue 

and orange arrows) occur in close proximity to an origin of replication that generates a bidirectional 

replication fork. Fork stalling and regression releases the 3’ end of the newly synthesized DNA 

allowing it to template off of a proximal region of homology. Ligation between the leading and 

lagging strand forms a ‘dog bone’ structure that, after DNA replication, forms a double stranded 

extrachromosomal circular DNA (eccDNA) structure. Integration of the eccDNA back into the 

native locus generates a complex, inverted CNV. Each line represents a single strand of DNA. 
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dependent inverted repeat amplification (ODIRA), or through fork stalling and template 

switching (FoSTes) (Lee et al. 2007, Payen et al. 2008, Hastings et al. 2009, Brewer et al. 

2011, Brewer et al. 2015). The formation of each CNV, and the type of recombination 

and DNA synthesis during CNV formation is dependent of the type of DNA damage as 

well as the surrounding genomic environment, including the presence of repetitive or 

homologous sequences. 

NAHR occurs between two non-allelic sequences that often share high sequence 

identity. This recombination event results in the amplification of the sequence on one 

chromosome, while generating a deletion on the other chromosome (Figure 1.2A) 

(Carvalho and Lupski 2016).  NAHR has been implicated in the expansion and 

contraction of many repetitive elements within the human genome, with up to 5% of the 

genome consisting of low copy number repeats (Bailey et al. 2002, Sasaki et al. 2010). In 

yeast, single strand annealing (SSA) between tandem non-allelic repeat sequences leads 

to sequence deletion, while inverted non-allelic repeats have been shown to generate 

fold-back structures that can lead to dicentric chromosome formation (Ramakrishnan et 

al. 2018).  

CNVs formed via BIR occur at DSBs that only have one free end available to 

initiate repair (Figure 1.2B). During BIR, this single free 3’ DNA strand undergoes strand 

invasion at a homologous sequence and reinitiates replication and DNA synthesis (Anand 

et al. 2013, Malkova and Ira 2013, Mehta and Haber 2014, Kramara et al. 2018). If the 3’ 

strand invasion and replication occur at a non-allelic sequence, BIR can lead to CNV 

formation, translocations, or deletions (Hastings et al. 2009). BIR was proposed as the 

mechanism of formation of both i(5L) and i(4R) in C. albicans, with long repeat 
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sequences flanking the centromeres on both Chr4 and Chr5 being used as repair 

templates (Selmecki et al. 2006, Todd et al. 2019). In addition to CNV formation, BIR 

was shown to generate long range LOH events, emphasizing the importance of this 

mechanism of DNA repair on generating genomic diversity (Llorente et al. 2008). 

In the absence of RAD51, the 3’ single strand DNA generated after replication 

fork collapse cannot invade homologous sequences, limiting the ability of the cell to use 

BIR for DNA repair (Davis and Symington 2004). During MMBIR, regions of 

microhomology between the 3’ free single strand DNA any other single stranded DNA 

(likely found within another replication fork) facilitate annealing and CNV formation 

(Figure 1.2C) (Hastings et al. 2009). Like MMBIR, FoSTes generates CNVs when the 

DNA replication fork reaches a lesion or break in the DNA that results in fork stalling. 

However, unlike in MMBIR, during replication fork stall the lagging strand associates 

with a region of the genome that shares high sequence identity and reinitiates replication, 

leading to either the duplication or deletion of a genomic region (Figure 1.2D) (Lee et al. 

2007). 

Proximity of origins of replication and short inverted repeat sequences were 

proposed to be permissive for aberrant recombination and gene amplification. In this 

model for CNV formation, termed ODIRA, replication fork stalling and regression 

followed by the annealing of leading and lagging strands forms an extrachromosomal, 

double stranded ‘dog-bone’ loop structure. This structure then re-integrates into the 

genome at the native locus creating a palindromic CNV (Figure 1.2E) (Brewer et al. 

2011). Intermediates of replication fork regression and annealing of leading and lagging 

strands have been identified, however, the dog-bone loop extrusion and reintegration into 
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the genome has not been documented (Brewer et al. 2015). Importantly, the production of 

eccDNAs via ODIRA could lead to further genomic variability and could explain why 

eccDNAs appear to be so common in S. cerevisiae. Indeed, ODIRA has recently been 

proposed as a possible mechanism of GAP1 CNV formation during nitrogen starvation 

(Lauer et al. 2018). 

Extrachromosomal circular DNAs (eccDNAs) have been described in diverse 

organisms (Moller et al. 2015, Moller et al. 2018, Paulsen et al. 2018, Hull et al. , Wu et 

al. 2019). Amplification of the ribosomal DNA array in S. cerevisiae is often generated 

via amplification of eccDNAs and contribute to cell aging (Sinclair and Guarente 1997). 

In S. cerevisiae, ~18,000 eccDNAs were identified ranging in size from 1 kb up to 38 kb 

in length, covering nearly 23% of the entire genome, suggesting that eccDNAs are 

commonly found in yeast and could greatly contribute to genomic diversity (Moller et al. 

2015). Recently, cancer genomes have also revealed an extensive array of eccDNAs, 

many of which contain oncogenes that become overexpressed in the cell (Turner et al. 

2017, Wu et al. 2019, Koche et al. 2020). The amplification of these oncogenes via 

eccDNA generated tumor heterogeneity and promote the development and evolution of 

cancerous cells during tumorigenesis.   

The rate of CNV formation (2.1x10-6 – 3.4x10-6) is orders of magnitude higher 

than the rate of de novo point mutations (0.33x10-9) in the absence of selection (Lynch et 

al. 2008). While DNA replication and repair has been linked to CNV formation, the 

selective pressures that allow for the maintenance of a CNV within a population remain 

poorly understood. In chapters 3 and 4 I address the important genomic features that 
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allow for rapid, yet reversible CNV formation during adaptation to antifungal drugs in the 

human pathogen, C. albicans. 

1.3 Epidemiology and Pathogenesis of Candida albicans 

C. albicans is a commensal fungal organism commonly found within the human

gastrointestinal tract and mucous membranes (Gow and Yadav 2017). While normally 

harmless, C. albicans is an opportunistic pathogen and can lead to severe mucosal and 

systemic infections with mortality rates of over 50%, primarily in immunocompromised 

individuals (Perea and Patterson 2002, Pfaller et al. 2010, Vandeputte et al. 2012). Nearly 

500,000 severe Candida infections are reported globally each year (Brown and Netea 

2012). In addition, thousands of dollars are incurred in increased hospital costs per 

patient due to invasive candidiasis (Pfaller et al. 2010). Currently, only five classes of 

antifungal drugs are available to treat systemic fungal infections, and pan-class resistance 

is of growing concern (Ghannoum and Rice 1999, Chen and Sorrell 2007, Lockhart et al. 

2017). How C. albicans responds and adapts to antifungal drug treatment is a primary 

concern to human health globally.  

1.3.1 Molecular mechanisms of drug resistance in C. albicans 

One mechanism of drug resistance in C. albicans is through the acquisition of 

mutations in genes associated with drug efflux, and the molecular targets of the 

antifungal drugs, themselves. However, the mechanism, rate, and dynamics of how these 

mutations are obtained and maintained within a population remain understudied. With 

only five classes of antifungal drugs available for treatment, understanding how these 

mutations arise within a population is vital for novel drug development, as well as 

combating antifungal drug resistance. 
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Resistance of C. albicans to echinocandins, including micafungin, caspofungin, 

and anidualfungin, remains relatively rare (Castanheira et al. 2010). However, the rate of 

resistance acquisition to echinocandins, particularly in other Candida species, is on the 

rise (Pfaller 2012). Echinocandins disrupt the function of the fungal specific subunit of 

glucan synthase, FKS1 (Douglas et al. 1997, Perlin 2015). Inactivation of FKS1 disrupts 

the biosynthesis of the important cell wall component, beta-1,3-glucan, which in turn, 

leads to cell death (Douglas et al. 1997). Resistance to echinocandins in C. albicans 

primarily occurs through the acquisition of mutations within FKS1 that render the drug 

inactive (Garcia-Effron et al. 2009, Perlin 2011). These mutations, while beneficial in the 

presence of echinocandins, confer a fitness cost by increasing cell wall density and 

decreasing virulence when compared to wild-type strains (Ben-Ami et al. 2011). Of 

clinical importance, prophylactic treatment with micafungin has been associated with the 

emergence of echinocandin resistant C. albicans strains in vivo, and prophylactic use of 

echinocandins within in the clinic must be used with caution (Ruggero and Topal 2014).  

Polyene antimycotics, of which Nystatin and Amphoteracin B are the most 

commonly prescribed, disrupt the integrity of the fungal cell membrane (White et al. 

1998). These amphipathic molecules are thought to interact with fungal specific sterol, 

ergosterol, within the fungal membrane to create channels that disrupt the 

electrochemical gradient across the fungal membrane (Vanden Bossche et al. 1994). 

While effective against multiple fungal infections, acute toxicity and renal dysfunction 

prevent the broad utilization of Amphoteracin B (White et al. 1998). Fungal resistance to 

polyenes has primarily been documented in hospitalized and immunocompromised 

patients, however the mechanisms involved in polyene resistance remain under 
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investigation in C. albicans (Fan-Havard et al. 1991, Conly et al. 1992, Sterling and Merz 

1998).  In 35 haploid S. cerevisiae lineages, exposure to the polyene, nystatin, resulted in 

the acquisition of 20 unique mutations in four genes involved in ergosterol biosynthesis 

that increased the cells growth rate in the presence of nystatin (Gerstein et al. 2012). In 

contrast, in the filamentous fungi, Aspergillus terreus, catalase production, not ergosterol 

biosynthesis correlated with decreased susceptibility to polyenes (Blum et al. 2008). The 

study of polyene resistance in other fungi may provide important information as to how 

resistance can be acquired in C. albicans. 

Allylamines also target ergosterol, however, unlike polyenes, they target the 

enzyme squalene epoxidase to disrupt ergosterol biosynthesis. Fungal resistance to 

allylamines has been described in the dermatophyte, Trichopyton rubrum, in S. 

cerevisiae, and in C. albicans (Osborne et al. 2005). Sequence comparison between the 

squalene epoxidase genes in terbinafine resistant and susceptible isolates of T. rubrum 

identified a single missense mutation. Introduction of the same squalene epoxidase 

mutation into susceptible isolates of S. cerevisiae and C. albicans strains conferred 

resistance to terbinafine (Osborne et al. 2005). In an additional study, a UV mutagenesis 

screen identified ten S. cerevisiae isolates that were resistant to terbinafine. Sequencing 

revealed seven base pair substitutions that lead to three distinct amino acid substitutions 

in the S. cerevisiae squalene epoxidase, ERG1, further implicating this gene’s important 

role in allylamine resistance (Leber et al. 2003).  

Flucytocine is a pyrimidine analog commonly used in conjunction with 

amphotericin B to treat serious systemic Candida infections. Flucytocine enters the 

fungal cell and is metabolized through the pyrimidine salvage pathway (Waldorf and 
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Polak 1983). During metabolism, flucytocine is converted into flurodeoxyuridine 

monophosphate which inhibits the activity of thymidylate synthetase (Hartmann and 

Heidelberger 1961, Waldorf and Polak 1983). Additionally, 5-flurouridine triphosphate is 

also generated from the metabolism of flucytocine and disrupts fungal protein synthesis 

(Polak 1974). In C. albicans, resistance to flucytocine occurs through a mutation in the 

uracil posphoribosyltransferase, FUR1 (Hope et al. 2004). Homozygous mutations within 

FUR1 confer bona fide resistance while a heterozygous mutation confers decreased 

susceptibility, indicating the importance of both mutation acquisition and LOH in the 

acquisition of flucytocine resistance (Hope et al. 2004).  

Originally developed in the late 1940’s, azole antifungal drugs impact fungal 

growth by targeting the cytochrome P450 lanosterol 14α-demethylase, ERG11. 

Disruption of ERG11 function blocks the biosynthesis of ergosterol, and thus, disrupts 

fungal cell membrane integrity (Vanden Bossche et al. 1994, White et al. 1998). Azole 

resistance is of particular concern in HIV and other immunocompromised patients, with 

some studies identifying the prevalence of azole resistant C. albicans in up to 41% of 

patients screened (Maenza et al. 1997). Azole resistance can be acquired via multiple 

mechanisms. Mutations in ERG11 can alter the physical structure of the protein and 

prevent interactions with azole antifungal drugs (White et al. 1998). For example, 

sequencing of ERG11 in 63 FLC resistant isolates revealed that 55 isolates contained at 

least one of 26 unique ERG11 mutations that conferred a fitness benefit during azole 

treatment (Flowers et al. 2015). Azole resistance is also acquired via the upregulation of 

ERG11 by gain-of-function mutations in the transcription factor Upc2 (Dunkel et al. 

2008, Flowers et al. 2012). 
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Overexpression of drug efflux pumps has also been associated with azole 

resistance in C. albicans. Expression of the multidrug resistance pump, Mdr1, is 

controlled by the transcription factor, Mrr1. Disruption of MRR1 in drug-resistant isolates 

decreased the expression of Mdr1 and increased the susceptibility of these isolates FLC 

(Morschhauser et al. 2007). Conversely, the induction of two amino acid substitutions 

(P683S and G997V) into drug-susceptible isolates increased the expression of Mdr1 and 

decreased the susceptibility of these isolates to FLC (Morschhauser et al. 2007). 

Subsequent studies revealed that these gain-of-function mutations in MRR1 often become 

homozygous, keeping the beneficial allele (Dunkel et al. 2008).  

The ATP-binding cassette transporters, Cdr1 and Cdr2, are transcriptionally 

controlled by the zinc-cluster transcription factor, Tac1 (Coste et al. 2004). Gain-of-

function mutations in TAC1 lead to overexpression of both Cdr1 and Cdr2, and are 

correlated with decreased sensitivity to FLC. The homozygosis or amplification of these 

gain-of-function alleles through LOH and aneuploidy of Chr5 also plays an important 

role in azole antifungal drug resistance (Selmecki et al. 2006, Coste et al. 2007). 

Amplification of the left arm of Chr5 is often found in azole resistant C. albicans isolates 

(Selmecki et al. 2006). This aneuploidy, i(5L) (discussed above), has been shown to be 

both necessary and sufficient to confer resistance to FLC by increasing the copy number 

of both TAC1 and ERG11 (Selmecki et al. 2006, Selmecki et al. 2008). Importantly, 

deletion of TAC1 and ERG11 in strains containing i(5L) resulted in an increased 

susceptibility to FLC in a copy number dependent manner, indicating that the primary 

mechanism of resistance acquisition in isolates containing i(5L) is through the 

amplification of TAC1 and ERG11 (Selmecki et al. 2008).  In addition to i(5L), a CNV 
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located on the left arm of Chr3 was shown to confer decreased susceptibility to the 

antifungal drug, miconazole (Mount et al. 2018). In this instance, amplification of the 

transporter NPR2 was sufficient to confer decreased susceptibility, and overexpression of 

NPR2 within the disomic progenitor isolate phenocopied the susceptibility profile of 

strain that contained the Chr3 CNV (Mount et al. 2018). 

Taken together, point mutations, LOH, and aneuploidy have all been shown to 

play an important role in the acquisition of antifungal drug resistance. How these three 

important sources of genomic diversity interact to generate resistance phenotypes remains 

poorly understood. 

1.4 The genome of C. albicans 

The nuclear genome of C. albicans is spread across eight chromosomes, Chr1 

through Chr7, and ChrR which contains the ribosomal DNA array. The diploid assembly 

was released in 2004 followed by the release of the phased, heterozygous diploid genome 

in 2013 which identified 69,688 heterozygous positions within the reference strain, 

SC5314 (Jones et al. 2004, Muzzey et al. 2013). The diploid C. albicans genome size is 

~28.6 Mb in length and contains ~6200 open reading frames (ORFs). Of these identified 

ORFs, only ~3400 have been verified and the majority of all ORFs remain 

uncharacterized. 

Canonical meiosis has not been described in this organism, so any genetic 

diversity must be generated via asexual mitotic recombination (Lephart and Magee 2006, 

Forche et al. 2008, Forche et al. 2011, Anderson et al. 2019). The genome of C. albicans 

is surprisingly plastic and isolates often display extensive genomic diversity due to 

mutations (de novo base substitutions and indels), ploidy shifts, LOH, and aneuploidy 
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(Suzuki et al. 1982, Rustchenko-Bulgac 1991, Chibana et al. 2000, Magee and Magee 

2000, Selmecki et al. 2006, Forche et al. 2011, Hickman et al. 2013, Hirakawa et al. 

2015, Todd et al. 2019). Comparative studies of C. albicans and other yeast identified 

that C. albicans contains a diverse repertoire of repetitive sequences (Jones et al. 2004, 

Braun et al. 2005, Muzzey et al. 2013).  These repeats include the 23bp tandem repeat of 

telomeric sequences, the major repeat sequences (MRS) located on almost every C. 

albicans chromosome, and the ribosomal DNA array located on ChrR (Wickes et al. 

1991, Rustchenko et al. 1993, Chibana et al. 1994, Chindamporn et al. 1998, Jones et al. 

2004, Lephart and Magee 2006, Freire-Beneitez et al. 2016).  

Additionally, short repeat sequences have been identified throughout the C. 

albicans genome. These trinucleotide and short-tandem repeats are more frequently 

found in the C. albicans genome than they are in either S. cerevisiae and S. pombe (Jones 

et al. 2004, Braun et al. 2005). Expansion of multi-gene families has also been found to 

be more prevalent in C. albicans than in S. cerevisiae. These multi-gene families often 

encode proteins involved in host interactions and virulence (Levdansky et al. 2008, 

Wilkins et al. 2018). Recombination and DNA slippage between repeat units of these 

genes has led to extensive allelic variation and the generation of functional diversity 

(Kunkel 1993, Hoyer et al. 1995, Richard et al. 1999, Zhang et al. 2003, Zhao et al. 2004, 

Pearson et al. 2005, Verstrepen et al. 2005). The majority of genomic studies into repeat 

sequences in yeast primarily focused on short repeat sequences found in protein-coding 

regions of the genome. However, less is known about how long repeat sequences found 

across the genome lead to genome instability in C. albicans. 
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Repetitive sequences also contribute to large genomic rearrangements and 

inversions. The C. albicans genome was found to have thousands of chromosomal 

inversions relative to S. cerevisiae (Seoighe et al. 2000). These inversions that rearranged 

syntenic blocks across the genome were more prevalent in C. ablcains than in eleven 

other hemiascomycete species, indicating that genome instability in C. albicans was due 

to a higher incidence of recombination between repeat sequences or due to a less efficient 

DNA repair process (Fischer et al. 2006). 

Genomic plasticity in C. albicans increases during cellular stress. In one example, 

exposure to antifugnal drugs selects for adaptive mutations and genome rearrangements. 

In response to treatment with FLC, 50% of resistant isolates have at least one aneuploidy, 

the most common of which is the isochromosome structure consisting of two copies of 

the left arm of Chr5, discussed above (Selmecki et al. 2006, Selmecki et al. 2008). In 

addition, rates of LOH increase during exposure to antifungal drug, increased 

temperature, during DNA transformation, and during in vivo models of infection (Forche 

et al. 2008, Bouchonville et al. 2009, Forche et al. 2011, Ene et al. 2018, Forche et al. 

2018). However, the genome structures and mechanisms that allow for such adaptive 

genome plasticity remain poorly understood.  

1.5 Rational for studying genome plasticity in Candida albicans 

The genome plasticity of multiple fungal pathogens was well appreciated since 

before the era of whole genome sequencing (Suzuki et al. 1982, Rustchenko-Bulgac 

1991, Chibana et al. 2000, Magee and Magee 2000). The widespread use of whole 

genome sequencing technologies has further identified the rate and range of genomic 

rearrangements that contribute to adaptation in novel environments (Dunham et al. 2002, 
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Selmecki et al. 2009, Stukenbrock et al. 2010, Forche et al. 2011, Croll et al. 2013, Ford 

et al. 2015, Gerstein and Berman 2015, Hirakawa et al. 2015). However, the mechanisms 

that lead to these rapid, adaptive genomic changes remain poorly understood. 

CNVs have been shown to increase organismal fitness during periods of cellular 

stress, such as antifungal drug treatment. In C. albicans, amplification of the left arm of 

Chr5 with a copy number breakpoint at the centromere was shown to confer antifungal 

drug resistance to FLC (Selmecki et al. 2006, Selmecki et al. 2009). Importantly, the 

centromere on Chr5 contains a long inverted repeat sequences, and recombination 

between the repeats at each centromere can generate a homozygous amplification of an 

entire chromosome arm (Selmecki et al. 2006, Selmecki et al. 2008). How long repeat 

sequences located throughout the C. albicans genome play a role in generating genome 

plasticity has to this point, remained poorly understood. 

In this dissertation, I describe the structures and mechanisms involved in the 

generation of genomic plasticity in C. albicans, and the role genome plasticity plays 

during adaptation. Using a multifaceted approach, including ploidy analysis, 

chromosome karyotyping, whole genome sequencing, susceptibility testing, and in vitro/

in vivo evolution studies, I describe how previously undescribed long repeat sequences 

located across the C. albicans genome drive the acquisition of large scale genomic 

changes (CNVs, LOH, and sequence inversions) that provide adaptive advantages during 

periods of cellular stress. In addition, I describe how physiological concentrations of 

azole antifungal drugs drive the rapid acquisition of complex CNVs via a dicentric 

chromosome intermediate. These complex CNVs provide a fitness advantage in multiple 

azole antifungal drugs, provide a mechanism of generating heterogeneous populations, 

and are rapidly resolved in the absence of antifungal drug leaving a scar of LOH. Given
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the frequency of long repetitive sequences within the human genome, understanding the 

mechanisms that rapidly drive adaptive genome rearrangements in C. albicans can 

contribute not only to our understanding of antifungal drug resistance, but also to our 

understanding of human developmental diseases and cancer. 

1 Portions of this chapter were originally published in Microbiology Spectrum. Todd R, Forche A, Selmecki A. 2017. Ploidy 
Variation in Fungi: Polyploidy, Aneuploidy, and Genome Evolution. Microbiol Spectrum 5(4):FUNK-0051-2016. 
doi:10.1128/microbiolspec.FUNK-0051-2016. 
Permission for use in this dissertation obtained: February 19, 2020. 
2017 American Society for Microbiology. All rights reserved. 
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Chapter 2 

Standardization of Flow Cytometry Analysis for Rapid, Reproducible Detection of 
Fungal Ploidy1

2.1  Abstract 

Ploidy, the number of sets of homologous chromosomes in a cell, can alter 

cellular physiology, gene regulation, and spectrum of acquired mutations. Advances in 

single cell flow cytometry have greatly improved our understanding of how genome size 

contributes to diverse biological processes including speciation, adaptation, pathogenesis 

and tumorigenesis. For example, fungal pathogens can undergo whole genome 

duplications during infection of the human host and during acquisition of antifungal drug 

resistance. However, the accurate quantification of ploidy is dramatically affected by the 

nucleic acid staining technique and the flow cytometry analysis of single cells. Ploidy in 

fungi is also impacted by samples that are heterogeneous for both ploidy and 

morphology, and control strains with known ploidy must be included in every flow 

cytometry experiment. To detect ploidy changes within fungal strains, we have developed 

the following protocol to accurately and faithfully interrogate single cell ploidy.  

2.2  Introduction 

Flow cytometry is the analysis of single cells in suspension. Hydrodynamic 

focusing of cells within a stream of liquid allows for single cell interrogation by lasers of 

different wavelengths. These lasers generate data characterizing cell size, membrane 

complexity, and abundance of internal fluorescent markers/dyes and external fluorescent 

components of the membrane. The power of flow cytometry lies within its ability to 

separate single cells from within a population and generate a numerical data output. 
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However, factors that interfere with cell separation lead to skewed results that are not 

representative of the true single cell shape, size, or cellular content.  

Ploidy variation can occur between isolates of a single fungal species, including 

many fungal pathogens and in fungi grown in certain environments. For example, 

industrial and clinical isolates of S. cerevisiae have uncovered ploidy levels that are 

haploid, diploid, and polyploid (Ezov et al. 2006, Carreto et al. 2008, Albertin et al. 2009, 

Liti 2015, Strope et al. 2015, Vassilev et al. 2016). Similarly, C. albicans, the most 

prevalent human fungal pathogen, is generally considered to be a diploid organism, but 

ploidy levels ranging from haploid to polyploid are observed in some clinical and 

antifungal drug resistant isolates (Suzuki et al. 1982, Hilton et al. 1985, Janbon et al. 

1998, Forche et al. 2005, Kabir et al. 2005, Selmecki et al. 2006, Forche et al. 2008, 

Selmecki et al. 2010, Hickman et al. 2013, Harrison et al. 2014, Ford et al. 2015). 

Additionally, the ploidy changes that occur in S. cerevisiae and C. albicans populations 

can result in chromosome instability and aneuploidy, gain or loss of individual 

chromosomes. The genome size changes that occur as a result of aneuploidy can often be 

detected with flow cytometry as well. 

The fungal pathogen Cryptococcus neoformans is known for its ability to cause 

respiratory infections and Cryptococcal meningitis in immune compromised individuals 

(Reid et al. 1992, Lindell et al. 2005). While normally haploid, C. neoformans undergoes 

an astonishing transformation while in the host to produce “titan” cells. These cells can 

achieve ploidy levels of > 64N and make up a large percentage of the 

infectious population (Feldmesser et al. 2001, Okagaki et al. 2010, Ene and Bennett 

2014). While the mechanism of this rapid genome amplification is currently unknown, 
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mechanistic insights gained from future flow cytometry research may lead to new 

breakthroughs in treatment of fungal pathogenesis. 

While different ploidy levels are common in fungi, cell morphology changes can 

interfere with ploidy analysis. Filamentous species of fungi contain elongated hyphal 

cells with nuclei separated by septa. Hyphal cells can form thick mats and clog the 

microfluidic system within a cytometer. For example, analysis of ploidy in Aspergillus 

and Ashbya species is not possible with a flow cytometer due to their complex 

morphology and polarized cell growth, but fluorescent microscopy experiments have 

identified ploidy differences within a single hyphal cell (Anderson et al. 2015). Some 

dimorphic or polymorphic fungi, including C. albicans, can grow in yeast, pseudohyphal, 

and hyphal forms. For this protocol, we will address ploidy analysis of fungi using flow 

cytometry for yeast-form cells only. 

Single-cell flow cytometry analysis has greatly increased the power and 

throughput available to researchers for the detection of ploidy across many species. In 

this chapter, we present a robust method for ploidy analysis in yeast-form fungi. 

Complex cellular morphologies and heterogeneous populations of fungal cells can 

confound ploidy, resulting in erroneous interpretation of the data. We describe essential 

controls necessary for every ploidy experiment enabling reproducible ploidy analysis of 

fungal samples. The findings presented in this chapter will aid in future research into 

understanding the diversity, mechanisms, and rate of ploidy shifts during adaptation. 

2.3  Results 

Flow cytometry has drastically improved over the last few decades. Several 

developments in both multidimensionality and sample throughput provide new flow 
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cytometers an edge over previous versions (ONeill et al. 2013). While traditionally used 

to categorize different cells found in human blood, the flow cytometer’s versatile 

dynamics can easily be applied to the study of fungal genomes. Each event or cell that 

passes between the laser and one of the photo-multipliers within the flow cytometer 

generates an electrical pulse which is converted into numerical data points that can be 

used in the comparison of different samples. Thus, flow cytometry allows for high-

throughput experiments using fluorescent markers that would not be possible using 

conventional light microscopy. 

The techniques for this protocol were validated over the course of several months. 

First, yeast ploidy controls were cultured and prepared for the flow cytometer, these 

controls represent a range of ploidy levels that were most-commonly observed for two 

distantly related species, C. albicans and S. cerevisiae (haploid, diploid, and tetraploid, 

Figure 2.1). Controls were used for each experiment and provided the reference 

fluorescent values to which all experimental samples were compared. Samples of known 

ploidy also validated that the cytometer was functioning properly and that changes in 

laser voltage, which alters data output, had not occurred (discussed below). Importantly, 

non-stained cells were analyzed to account for autofluorescence, which is of particular 

importance in transgenic yeast which already contain fluorescent markers. It was 

important to isolate and fix actively dividing cells within both G1- and G2-phases of the 

cell cycle using 70% ethanol. If the cells were stalled in either phase of the cell cycle, for 

example the G1-phase due to starvation, the ploidy of the cells could not be verified by 

the presence, or lack thereof, G2-phase fluorescence. Clear separation between G1- and 

G2-phase fluorescence can support the identification of samples containing cells with 
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Figure 2.1 Samples of known ploidy size act 
as a genome size control. 
Histogram of cell height by propidium iodide 

(area) of haploid, diploid, and tetraploid cells. The 

green solid line indicates the 1C (one copy of the 

genome) value as the G1 of the haploid 

population. The blue dashed line indicates the 2C 

(2 copies of the genome) value as the G2 value of 

the haploid sample and the G1 value of the diploid 

sample. The orange dotted line indicates the 4C (4 

copies of the genome) value as the G2 value of the 

diploid sample and the G1 peak value of the 

tetraploid sample. Where each line falls on the x-

axis (propidium iodide (area)) is the value that is 

used to determine ploidy relative to control 

strains. 
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different ploidy levels, including a heterogeneous population of aneuploid and euploid 

cells (Todd et al. 2017, Xie et al. 2017).  

Different methods of single-cell separation were compared, including sonication 

and proteinase-K digestion, as well as the type of suspension buffer used during the 

processing of the samples. For this experiment, cells collected from the same culture 

were prepared for analysis either with or without sonication or proteinase-K digestion, 

and then compared. We found that sonication was necessary, especially for C. albicans, 

and was preferred over proteinase-K digestion (Figure 2.2). Since all sonicators are 

different, various powers and durations of sonication were tested until a setting and 

duration that works best for the assay was found. Settings that resulted in shearing or cell 

fragmentations were avoided, while settings that resulted in uniform, single-cell 

suspensions were used for downstream analysis. 

Verification of uniform cell suspensions was conducted using a 40x light 

objective microscope. During sonication, some cell debris was generated; however, the 

production of cell debris should not affect the outcome of the experiment as long as 

sufficient sample was collected at the beginning of the experiment. In addition to single-

cell separation methods, we also compared sodium citrate cell suspension buffer with a 

50:50 Tris-EDTA (pH 8) cell suspension buffer. Cell suspensions in sodium citrate 

resulted in cleaner G1 and G2 fluorescent peaks during data acquisition than cells 

suspended in the 50:50 Tris-EDTA cell suspension buffer. This protocol, with the use of 

sonication and sodium citrate cell suspension buffer, offers a higher degree of sample 

standardization and reproducible results. 
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Figure 2.2 Sonication disrupts cell aggregates and separates them into individual cells 
C. albicans cells grown to a final OD600 of 0.6 (1×107 cells) and fixed in 70% ethanol overnight at

4°C. Fixed cells were split into two samples: one to be sonicated and one with no sonication. All

other steps were followed for both samples. (A) No sonication sample. Histogram of cell count by

propidium iodide (area). Three peaks are present (1C, 2C, 4C), suggesting the population contains
cells of two different ploidies. (B) No sonication sample. Scatterplot of forward scatter (height) by

side scatter (height). Each dot represents a single event. Red indicates highest density of events and

blue indicates lowest density of events. A subpopulation of cells with a higher forward scatter

(height) and side scatter (height) radiate from the main population. (C) Sonicated sample.

Histogram of cell count by propidium iodide (area). Two peaks are present (1C, 2C), suggesting

the population contains only cells of a single ploidy. Sonication removed the 4C peak found in

Figure 2.2A. (D) Sonicated sample. Scatterplot of forward scatter (height) by side scatter (height).

Each dot represents a single event. Red indicates highest density of events and blue indicates lowest

density of events. Compared to Figure 2.2B, there is a decrease in the population of cells with a

higher forward scatter (height) and side scatter (height).
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Propidium iodide (PI) is a fluorescent DNA and RNA interchelating agent used to 

determine the amount of nucleic acid present within a cell. Since PI binds to both RNA  

and DNA, RNase A (0.5 mg/ml) was used to remove all RNA from the cell while still 

maintaining the DNA content within the cell after a two-hour incubation at 37°C. 

Importantly, PI only stains cells that have been permeablized and will not work with live 

cells. The concentration of PI used across each sample was kept constant across all 

experiments. Staining of cells collected from the same culture with increasing 

concentration of PI increases the fluorescence of both the G1- and G2-phase fluorescent 

peaks, incorrectly indicating that the genome had increased in size (Figure 2.3). 

Conversely, under-staining the cells with PI reduced the resolution of the G1- and G2-

phase fluorescent peaks, resulting in a single broad peak with a much weaker fluorescent 

signal. Therefore, we found that if the concentration of PI was not kept constant between 

different samples and experiments, the results could not be compared.  

After sample preparation, laser levels of the flow cytometer were adjusted so that 

all of the standard controls fit in a single plot of propidium iodide (area) and forward 

scatter (height) by side scatter (height) (Figure 2.4A, B, D, E). These laser levels were 

used throughout the experiments to maximize reproducibility, and the laser levels for the 

controls were confirmed with all repeat experiments. Like the sonication steps discussed 

previously, every cytometer is different and needs to be calibrated before each use.  

Clumping or aggregation of yeast cells is common, and can confound ploidy 

analysis. If two cells pass through the flow cytometer interrogation point at the same 

time, twice the DNA concentration is detected, resulting in a PI fluorescence level that is 

higher than the actual genome content. If many of these two-cell events are analyzed, the 
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Figure 2.3. Mean G1 fluorescence (ploidy) is altered by concentration of propidium iodide
C. albicans cells grown to an OD600 of 0.6 (1×107 cells) were split from a single culture into 9

separate 1.7 ml microcentrifuge tubes. Cells were prepared with modifications to the amount of

propidium iodide added to the samples for staining (0 μg/ml – 30 μg/ml). A stacked histogram of

cell count by propidium iodide (area) was generated. As the concentration of propidium iodide
increases, so does the propidium iodide (area) of both the G1 and G2 fluorescent peaks. This results

in a false increase in ploidy and indicates that the concentration of propidium iodide used must be

kept standard across ploidy experiments and in-between samples and controls.
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Figure 2.4 Selected graphical views of flow cytometry data for ploidy analysis of yeast-form 
fungi. (A) Histogram of cell count by propidium iodide (area). The left peak represents the 

number of cells present in the G1-phase of the cell cycle at the time of fixation. The right peak 

represents the number of cells present in the G2-phase of the cell cycle at the time of fixation. The 

span between these two peaks represents the number of cells in S-phase of the cell cycle at the 

time of fixation. The mean G1 fluorescence is used to determine ploidy of experimental samples 

relative to controls of known ploidy. (B) Scatterplot of forward scatter (height) by side scatter 

(height). Forward scatter measures the diameter of the cell while side scatter measures the 

internal complexity of the cell. This view can distinguish if there are different morphological 

populations within your sample. (C) Raw data from a single diploid sample. A scatterplot of 

propidium iodide (area) by propidium iodide (width). This plot compares genome size 

(propidium iodide (area)) to particle size (propidium iodide width). Single cells fall in a 

vertical line along the propidium iodide (width) axis. Cells stuck together cluster to the right of 

this vertical line. A gate is manually drawn around the single cells and used to eliminate 

doublets. (D) A scatterplot of forward scatter (height) by propidium iodide (area) provides 

information on cell size and genome size. Characteristic cell size increases are associated with 

genome duplication. This view differentiates different populations of cells based on their physical 

size and genome size. (E) Scatterplots of any parameter relative to time. In this example, 

propidium iodide (area) over time, enables assessment of the flow rate of a single sample as it 

passes the laser. Flow rates should be constant throughout the entire sample collection. (F) Data 

with gated cells removed from Figure 2.4C. A scatterplot of propidium iodide (area) by propidium 

iodide (width). This plot compares genome size (propidium iodide (area)) to particle size 

(propidium iodide width). Doublets and unstained cells have been removed to show only the cells 

that are analyzed for mean G1 fluorescence in Figure 2.4A.
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ploidy of the sample will erroneously have an increased ploidy level. To detect multiple 

cells being interrogated at the same time, the duration of each event was  

taken into account. Two-cell events had an increased propidium (width) than one-cell 

events when they pass through the interrogation point. Therefore, analysis of both 

propidium iodide (width) and propidium iodide (area) was used to confirm that only 

single cells are passing the interrogation point at a given time, and any two-cell events 

that occurred were not analyzed (Figure 2.4C & F).  

When too many cells passed through the laser in rapid succession, we observed 

the acquisition of two-cell events (doublets), similar to samples that have not been 

sonicated. To combat this phenomenon, the flow rate of the cytometer was optimized by 

comparing the data quality obtained from the exact same cell samples that were acquired 

with different flow rates. Optimal flow rate during data acquisition on the flow cytometer 

was ~1000 events per second. Approximately 1000 events per second provided 

reproducible data while not compromising throughput (Figure 2.4E).  

The goal of fungal ploidy analysis is to determine the mean G1-phase 

fluorescence intensity of each experimental sample relative to the mean G1-phase 

fluorescence intensity of the control samples of known ploidy. Haploid, diploid, and 

tetraploid strains of C. albicans or S. cerevisiae were used as controls during this 

experiment. As shown in Figure 2.4, the first peak on the left of each histogram 

represents the G1-phase of the cell cycle while the second peak on the right represents the 

G2-phase. The intervening space between the peaks represents cells in S-phase. 

Importantly, the G1- and G2-phase fluorescent peaks aligned depending on the number of 

genome copies present. For example, the haploid G2-phase fluorescent peak (blue dashed 
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line) contained two copies (2C) of the genome and lines up with the G1 fluorescent peak 

of the diploid sample. This is due to both the haploid G2- and diploid G1-phase 

fluorescent peaks containing two copies of the genome. This trend continued with the 

diploid G2-phase fluorescent (4C) peak and the tetraploid G1-phase (4C) fluorescent 

peak (orange dashed line). The average area under the curve of each G1- and G2-phase 

fluorescent peak was given as a numerical value of propidium iodide fluorescence. This 

fluorescent value was directly quantified for the controls and the experimental samples in 

order to determine ploidy. Increases or decreases in G1-phase fluorescence intensity in 

comparison to the control strains indicated an increase or decrease in genome size, 

respectively. 

2.4  Discussion 

Ploidy is the number of sets of homologous chromosomes in a cell and is typically 

constant in somatically growing cells. However, somatic ploidy changes are observed 

during normal tissue development in many species and during tumorigenesis. Ploidy 

changes are also observed in fungi, including pathogenic and antifungal drug resistant 

isolates, however the impact of fungal ploidy changes on pathogenesis or antifungal drug 

resistance is not completely understood. Single-cell flow cytometry analysis has greatly 

increased the power and throughput available to researchers for the detection of ploidy 

across many species. We present a robust method for ploidy analysis in yeast-form fungi. 

Complex cellular morphologies and heterogeneous populations of fungal cells confound 

ploidy analysis, resulting in erroneous interpretation of the data. We also describe 

essential controls necessary for every ploidy experiment enabling reproducible ploidy 

analysis of fungal samples.  
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The goal of this protocol was to provide the steps necessary to generate robust and 

reproducible ploidy data from yeast-form fungal cells. We addressed important factors 

that can alter ploidy analysis via flow cytometry including cell density, cell clumping, 

DNA stain intensity, and the flow rate of the cytometer. We described in detail the 

controls that are necessary for each experiment to ensure accurate, reproducible results. 

We have validated these methods with S. cerevisiae and C. albicans haploid (1N), diploid 

(2N), and tetraploid (4N) strains, and expect that they will easily transfer to other yeast-

form fungal species. This protocol can be used for low-throughput (single tubes) cell 

fixation and DNA staining, as well as for high-throughput experiments where all steps 

take place in a 96-well plate. 

This protocol describes in detail the preparation of yeast cells for flow cytometry 

analysis of ploidy. Yeast cells are cultured in order to acquire exponentially growing cells 

and fixed in ethanol. At the time of fixation, cells from both G1- and G2-phases of the 

cell cycle will be detected, allowing for quantification of genome size both before and 

after DNA duplication in S phase. Failure to catch actively dividing cells results in ploidy 

data that can be incorrectly interpreted, and we provide examples of this. After cell 

fixation, sonication is used to ensure that cells will be evenly dispersed in solution, 

eliminating cell clumps that can clog the cytometer and give false ploidy values. We have 

found these sonication steps to be vital for robust analysis. The flow cytometer provides 

information about cell cycle, DNA concentration, cell size, and cell membrane 

complexity. Therefore, the following should always remain constant within an 

experiment: cell density, DNA-stain concentration, cytometer laser power, and cytometer 

flow rate. Additionally, the same ploidy control strains must be included in all 
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experiments for between-experiment comparisons. The cell growth and fixation steps 

described take between one and two days to complete before analysis on the flow 

cytometer, which takes several hours. This protocol can be easily adapted for high 

throughput analysis of hundreds of yeast strains in 96-well plates. 

2.5  Materials and Methods 

2.5.1  Culturing of yeast cells for ploidy analysis 

From agar plate or -80°C frozen stock, yeast cells were inoculated into 4 ml liquid 

medium (eg. YPD) and incubate overnight at 30°C with constant agitation. The goal was 

to obtain yeast cells that were actively dividing. Cells were sub-cultured for 

approximately 3-4 hours in fresh liquid medium in order to obtain actively dividing cells. 

In addition to the strains of interest, control strains with known ploidy were prepared 

fresh with each experiment (Figure 2.1). If multiple experiments were run on the 

cytometer in one day, each experiment had every control. These controls consisted of the 

unstained cells, as well as samples with a known ploidy level to generate a genome size 

ladder. The same culture medium was used for every experimental and control strain.  

All cultures were visually checked using a bright field microscope with a 40x 

objective to ensure that all cells were in the yeast-form. Cells were diluted to a final 

optical density at 600nm (OD600nm) of 0.6 per sample (approximately 1×107 C. albicans 

cells, 1.3x107 S. cerevisiae cells). 

2.5.2  Fixation of yeast cells 

500 µl of the diluted yeast culture was transferred to a microcentrifuge tube and 

gently spun down at 500x g for 3 minutes. Cells were fixed by vigorous resuspension of 
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the cell pellet in 1 ml of 70% (v/v) ethanol. Cells were left to fix at room temperature for 

1 hour or overnight at 4°C for up to 2-3 days.  

5.2.3  Sonication of yeast cells 

After fixation, cells were spun down at 500x g for 3 minutes and washed with 500 

µl of 50mM sodium citrate twice. Samples were sonicated for 10-15 seconds at 30% 

power (Figure 2.2). The goal of the sonication step was to separate, not lyse the cells. All 

samples post sonication were visually checked using a bright field microscope with a 40x 

objective to ensure that all cells were still in the yeast-form and had not lysed.  

5.2.4  RNase treatment of yeast cells 

After sonication, cells were gently spun down at 500x g for 3 minutes and 

suspended in 200 µl of 50mM sodium citrate supplemented with 0.5 mg/ml RNase A in 

40% glycerol. Tubes were gently inverted multiple times to mix and incubated at 37°C 

for at least 2 hours with occasional inversion. 

5.2.5  Staining of genomic DNA with propidium iodide 

A 10 – 15 µl aliquot of unstained cells was taken to use as a negative stain control 

during the flow cytometry experiment. The remaining ~185 µl of fixed, RNase treated 

cells were gently suspended and 5 µl of a 1 mg/ml PI solution in water (ThermoFisher, 

cat. no. P3566) and 5 ul of 50mM sodium citrate was added. Cells were incubated 

overnight at 37°C in the dark. 

5.2.6  Analysis of yeast cells on the BioRad ZE5 Cell Analyze 

Post PI staining, samples were briefly sonicated at 15% power for 5-10 seconds. 

This final sonication ensured that all cell clumps had been disassociated and that cells 

would enter the cytometer one at a time. Cells were diluted 1/40 dilution into a PI 
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dilution buffer (25 µg/ml PI in 50mM sodium citrate). 200 µl of the cell suspension was 

added to a shallow-well 96-well plate and analyzed using the BioRad ZE5 Cell Analyzer 

with standardized laser levels and a flow rate of ~1000 events per second. At least 20000 

events were analyzed per sample. Plots were generated for 1) forward scatter (height) by 

side scatter (height) for cell morphology, 2) PI (area) by forward scatter (height) for cell 

size distribution throughout the cell cycle, 3) PI (area) by PI (width) for the detection of 

multiple cells passing the interrogation point at the same time, and 4) PI (area) by cell 

count for the determination of the G1-phase fluorescence level. Comparison of the G1-

phase fluorescence levels between the control and experimental samples was used to 

determine fungal ploidy. 

1Portions of this chapter were originally published in Current Protocols.
Todd RT, Braverman AL, Selmecki A. Flow Cytometry Analysis of Fungal Ploidy. Curr Protoc Microbiol. 2018;50(1):e58.
Permission for use in this dissertation obtained February 17, 2020.
2017 Current Protocols in Microbiology. All rights reserved.
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Chapter 3 
Genome plasticity in Candida albicans is driven by long repeat sequences1

3.1  Abstract 

Genome rearrangements resulting in copy number variation (CNV) and loss of 

heterozygosity (LOH) are frequently observed during the somatic evolution of cancer and 

promote rapid adaptation of fungi to novel environments. In the human fungal pathogen 

Candida albicans, CNV and LOH confer increased virulence and antifungal drug 

resistance, yet the mechanisms driving these rearrangements are not completely 

understood. In this chapter, we unveil an extensive array of long repeat sequences 

(65-6499bp) that are associated with CNV, LOH, and chromosomal inversions. Many of 

these long repeat sequences are uncharacterized and encompass one or more coding 

sequences that are actively transcribed. Repeats associated with genome rearrangements 

are predominantly inverted and separated by up to ~1.6Mb, an extraordinary distance for 

homology-based DNA repair/recombination in yeast. These repeat sequences are a 

significant source of genome plasticity across diverse strain backgrounds including 

clinical, environmental, and experimentally evolved isolates, and previously 

uncharacterized variation in the reference genome.  

3.2  Introduction 

Genome plasticity is surprisingly common in eukaryotes. DNA insertions and 

deletions (indels), copy number variations (CNV), and loss of heterozygosity (LOH) are 

frequently described during the evolution of organisms and of disease states such as 

cancer. In particular, the genome plasticity of fungal pathogens was recognized well 

before whole genome sequencing was available, including genome copy number 

variation (polyploidy), inter- and intra- chromosomal rearrangements, and aneuploidy 

66



(Suzuki et al. 1982, Rustchenko-Bulgac 1991, Chibana et al. 2000, Magee and Magee 

2000). Controlled in vitro and in vivo evolution experiments in combination with whole 

genome sequencing have further highlighted the speed in which specific genome 

rearrangements provide a fitness advantage that can be selected for in these fungal 

pathogens (Dunham et al. 2002, Selmecki et al. 2009, Araya et al. 2010, Stukenbrock et 

al. 2010, Croll et al. 2013, Ford et al. 2015, Gerstein et al. 2015, Hirakawa et al. 2015, 

Forche et al. 2018). 

Candida albicans is the most prevalent human fungal pathogen, associated with 

nearly half a million life-threating infections annually, predominantly in 

immunocompromised individuals (Brown and Netea 2012). C. albicans is a heterozygous 

diploid yeast capable of mating, yet true meiosis has not been observed. Instead, it 

undergoes a parasexual process that involves random chromosome loss and rare Spo11-

dependent chromosome recombination events (Bennett and Johnson 2003, Forche et al. 

2008, Wang et al. 2018).  

The majority of genomic diversity observed in C. albicans is attributed to asexual 

mitotic genome rearrangements (Lephart and Magee 2006, Forche et al. 2011). Despite 

this clonal lifestyle, C. albicans isolates exhibit extensive genomic diversity in the form 

of de novo base substitutions, indels, ploidy variation (haploid, diploid, and polyploid), 

karyotypic variation due to segmental and whole chromosome aneuploidies, and allele 

copy number variation including LOH (Suzuki et al. 1982, Rustchenko-Bulgac 1991, 

Chibana et al. 2000, Magee and Magee 2000, Selmecki et al. 2006, Forche et al. 2011, 

Hickman et al. 2013, Ford et al. 2015, Hirakawa et al. 2015). Additionally, while C. 

albicans did not undergo an ancient whole genome duplication event like Saccharomyces 
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cerevisiae (Wolfe and Shields 1997, Butler et al. 2009, Marcet-Houben et al. 2009), 

small-scale duplication events have resulted in gene family expansions, especially in sub-

telomeric regions (Butler et al. 2009, Anderson et al. 2012, Dunn et al. 2018). A 

comprehensive analysis of these duplication events, their evolutionary trajectories and 

impact on genome stability, remains largely unexplored.  

Early comparative studies of the C. albicans genome identified diverse repetitive 

loci that contribute to genotypic and phenotypic plasticity (Jones et al. 2004, Braun et al. 

2005). First, repeat analysis in C. albicans has characterized at least three major classes 

of long repetitive sequences: the 23 bp tandem telomeric repeat units and the 14 member 

telomere-associated (TLO) gene family residing in sub-telomeric regions; the Major 

Repeat Sequences (MRS) found on nearly every C. albicans chromosome and formed by 

a long tandem array of ~2.1 kb RPS units flanking non-repetitive HOK and RBP-2 

elements (Chibana et al. 1994, Chindamporn et al. 1998, Lephart and Magee 2006); and 

the ribosomal DNA repeats (rDNA) found on ChrR, which are organized into a tandem 

array of up to ~200 copies of ~12 kb units (Wickes et al. 1991, Rustchenko et al. 1993, 

Jones et al. 2004, Freire-Beneitez et al. 2016). These long repetitive sequences can 

undergo both inter- and intra-locus recombination events that rapidly generate 

chromosome length polymorphisms, chimeric chromosomes, and telomere-telomere 

chromosomal fusions (Chu et al. 1992, Selmecki et al. 2006, Selmecki et al. 2010). 

Secondly, like most eukaryotes, C. albicans also encodes many “lone” long terminal 

repeats (LTRs) and retroelements (Zorro, Tca2, Ty1/Copia) (Goodwin and Poulter 1998, 

Goodwin and Poulter 2000), however the relative copy number of many of these genes is 

hypervariable between C. albicans isolates and are expanded relative to other Candida 
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species (Butler et al. 2009, Hirakawa et al. 2015). Third, short repeat sequences (short 

tandem repeats and trinucleotide repeats) are significantly more frequent in protein-

coding sequences of C. albicans than in S. cerevisiae and S. pombe (Jones et al. 2004, 

Braun et al. 2005). Fourth, expansion of multi-gene families (identified by protein 

alignment) were both more common and larger than the orthologous gene family size 

found in S. cerevisiae. These gene families often encode proteins with roles in 

commensalism and virulence, including the agglutinin-like sequence (ALS) family (eight 

genes) and other glycosylphosphatidylinositol (GPI)-linked genes that encode large cell-

surface glycoproteins (five genes) (Levdansky et al. 2008, Wilkins et al. 2018). Among 

these gene families, recombination and/or slippage between repeat units yields extensive 

allelic variation, leading to functional and phenotypic diversity, similar to the FLO genes 

in S. cerevisiae (Kunkel 1993, Hoyer et al. 1995, Richard et al. 1999, Zhang et al. 2003, 

Zhao et al. 2004, Pearson et al. 2005, Verstrepen et al. 2005). The evolution of different 

alleles in these repeat-containing ORFs predominantly occurs by the addition, deletion, 

and rearrangement of repeat units within an ORF and between different ORFs, not by the 

acquisition of point mutations or indels (Zhang et al. 2010, Christiaens et al. 2012).  

Importantly, these genomic studies focused on short repeat sequences and repeats found 

in protein-coding sequences. Less is known about long repeat sequences found 

throughout the genome, especially those encoding multiple ORFs and intergenic regions. 

Over 19 years ago, Wolfe and colleagues showed that the C. albicans genome 

contains thousands of small chromosomal inversion events (~10 genes long) relative to S. 

cerevisiae. These inversions resulted in substantially different gene order between these 

two species (Seoighe et al. 2000). Similarly, Dujon and colleagues demonstrated that the 
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C. albicans genome had the highest rate of genome instability due to micro- and macro-

rearrangements of syntenic gene blocks, relative to 11 other hemiascomycete species 

(Fischer et al. 2006). The loss of synteny primarily resulted from chromosomal 

rearrangements, not sequence divergence of orthologous regions. A mechanism proposed 

for this genome instability was a higher incidence of repetitive sequences and/or a less 

efficient DNA repair process (Fischer et al. 2006).  

The genomic diversity of C. albicans increases during in vitro and in vivo 

exposure to stress. For example, rates of LOH increase during exposure to elevated 

temperature (37°C), DNA transformation, and antifungal drugs (Bouchonville et al. 2009, 

Forche et al. 2011, Forche et al. 2018). LOH is also increased during in vivo models of 

infection (Forche et al. 2008, Ene et al. 2018, Forche et al. 2018). LOH events occur due 

to chromosome nondisjunction leading to whole chromosome LOH or via recombination, 

in which only part of the chromosome undergoes LOH. Exposure to stress also selects for 

isolates that have acquired adaptive mutations and genome rearrangements. For example, 

aneuploidy is found in ~50% of isolates resistant to the most common antifungal drug, 

fluconazole. The most common and only recurrent aneuploidy in different strain 

backgrounds is the amplification of the left arm of chromosome 5 (Chr5L), often through 

acquisition of a novel isochromosome structure (denoted as i(5L)), comprised of two 

copies of Chr5L separated by the centromere (Selmecki et al. 2006, Selmecki et al. 2008). 

Acquisition of i(5L) conferred fluconazole resistance via the amplification of two genes, 

ERG11 and TAC1, encoding the drug target (Erg11) and a transcriptional activator of 

drug efflux pumps (Tac1) (Selmecki et al. 2008, Selmecki et al. 2009). Importantly, the 

centromere of Chr5 contains a long inverted repeat sequence, and recombination between 
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these repeats can form homozygous isochromosomes of both the left arm (i(5L)) and 

right arm of Chr5 (i(5R)) (Selmecki et al. 2006). The role of long repeat sequences in the 

formation of other segmental aneuploidies and other genome rearrangements has not 

been comprehensively addressed. 

We provide evidence that long repeat sequences are involved in the formation of 

all observed CNV breakpoints and chromosome inversions, and many LOH breakpoints, 

across 33 diverse clinical and experimentally evolved isolates. Our comprehensive 

analysis of long repeat sequences within the C. albicans genome identified hundreds of 

sequences representing novel multicopy repeats, none of which include MRS, rDNA, 

sub-telomeric repeats, known repeat families (ALS, TLOs) or known repetitive elements 

(tRNAs, LTRs, retrotransposons). Long repeats that are associated with genome 

rearrangements (CNV, LOH, and inversions) have on average higher sequence identity 

than all long repeats combined. Additionally, long repeats that contain ORFs (including 

partial ORF sequences, single complete ORF sequences (paralogs), or multiple ORFs and 

intergenic sequences) are longer and associated with more genome rearrangements than 

long repeats that contain other genomic features (such as LTRs, retrotransposons, or 

tRNAs). Additionally, repeat copies involved in genome rearrangements can be located 

up to ~1.6 Mb apart on the same chromosome, suggesting a non-conventional, long-range 

mechanism for DNA double-strand break (DSB) repair and somatic genome 

diversification. 

3.3  Results 

3.3.1 An inverted repeat within CEN4 is associated with the formation of a novel 

isochromosome 
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To identify the mechanisms by which C. albicans isolates generate genome 

plasticity, we performed a comparative genomics analysis of 33 diverse clinical isolates 

(Table 3.1). This set of isolates included 11 that underwent controlled experimental 

evolution, where a known progenitor isolate was passaged in vitro or in vivo. 

Additionally, we performed comparative genomics on newly obtained clinical isolates, 

and clinical isolates whose genomes were published previously, including the reference 

genome sequence SC5314. Given the significant impact of i(5L) on antifungal drug 

resistance, we focused first on the characterization of a novel segmental aneuploidy 

detected on Chr4 that arose during in vitro evolution in the presence of fluconazole 

(FLC). Initially, we passaged a FLC-sensitive clinical isolate P78042, which was 

trisomic for Chr4 (Lockhart et al. 2002, Hirakawa et al. 2015), in the presence of FLC 

(128 µg/ml) for 100 generations by serial dilution (See Methods). One evolved isolate 

(AMS3743) was selected, based on increased fitness in FLC (see below), and the whole 

genome was sequenced. Read depth analysis indicated that this isolate had 4 copies of the 

right arm of Chr4 (Chr4R), but only two copies of Chr4L, and the copy number 

breakpoint occurred at the centromere of Chr4 (CEN4) (Figure 3.1A). Wildtype CEN4, 

like CEN5, is comprised of a CENP-A-binding core sequence (~3.1 kb) flanked by a long 

(524 bp) inverted repeat (Sanyal et al. 2004, Ketel et al. 2009, Burrack et al. 2016).  

To test the hypothesis that this segmental aneuploidy is an isochromosome 

structure, we performed CHEF karyotype analysis. Isolate AMS3743 had a novel ~1.2 

Mb chromosome band that hybridized to a CEN4 probe via Southern blot (Figure 3.1B). 

This ~1.2 Mb band was twice the size of the right arm of Chr4 (~607 Kb). Consistent 
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Table 3.1 Strains used in this study 

Strain Progenitor Clade Isolation Source Ploidy
AMS3053 AMS3050 - in vitro evolution 2N
AMS3328 NA - Human Clinical 2N
AMS3411 SC5314 1 Murine OPC 2N
AMS3413 SC5314 1 Murine OPC 2N
AMS3420 SC5314 1 Murine OPC 2N / 4N mixed
AMS3432 SC5314 1 Murine OPC 2N
AMS3742 P75016 SA in vitro evolution 2N
AMS3743 P78042 3 in vitro evolution 2N
AMS3744 SC5314 1 in vitro evolution 2N
AMS3747 P75063 SA in vitro evolution 2N
AMS3748 T490 - in vitro evolution 2N
FH5 NA - Invasive 2N
CEC4032 NA 1 Superficial 2N
CEC4493 NA 2 Food Spoilage 2N
CEC4488 NA 1 Food Spoilage 2N
CEC3708 NA NC Superficial 2N
CEC3662 NA 1 Invasive 2N
CEC3534 NA 1 Commensal 2N
CEC723 NA NC Superficial 2N
CEC3558 NA 2 Commensal 2N
CEC3603 NA 1 Commensal 2N
CEC3711 NA 10 Superficial 2N
CEC3607 NA 4 Commensal 2N
CEC3615 NA 2 Commensal 2N
CEC3617 NA 1 Commensal 2N
CEC2871 NA 18 Invasive 2N
P78042 NA 3 Invasive 2N
SC5314 NA 1 Invasive 2N
P75063 NA SA Invasive 2N
F3120 NA - Clinical 2N
F1649 NA - Clinical 2N
F4639 NA - Clinical 2N
F3733 NA - Clinical 2N
AMS3743_1 AMS3743 3 30 passages in YPAD 2N + i(4R)
AMS3743_2 AMS3743 3 30 passages in YPAD 2N + i(4R)
AMS3743_3 AMS3743 3 30 passages in YPAD 2N + i(4R)
AMS3743_4 AMS3743 3 30 passages in YPAD 2N + i(4R)
AMS3743_5 AMS3743 3 30 passages in YPAD 2N + i(4R)
AMS3743_6 AMS3743 3 30 passages in YPAD 2N + i(4R)
AMS3743_7 AMS3743 3 30 passages in YPAD 2N + i(4R)
AMS3743_8 AMS3743 3 30 passages in YPAD 2N + i(4R)
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Figure 3.1: Inverted repeat at CEN4 causes a novel isochromosome leading to increased 

fluconazole resistance. (A) Whole genome sequence data plotted as a log2 ratio and converted to 

chromosome copy number (Y-axis) and chromosome location (X-axis) using YMAP, for the 

progenitor clinical isolate (P78042) and an isolate obtained after 100 generations in FLC 

(AMS3743). The copy number breakpoint in AMS3743 occurs at CEN4 (red arrow). (B) CHEF

karyotype gel stained with ethidium bromide (left panel) identifies a novel band (asterisk) above 

Chr5. Southern blot analysis (right panel) of the same gel using a DIG-labeled CEN4 probe

identifies the full-length Chr4 homolog in P78042 and AMS3743, and the novel band in AMS3743 

that is twice the size of the right arm of Chr4 in an isochromosome structure (asterisk, i(4R)). (C) 

PCR validation of i(4R). Schematic representation of the Chr4 homologue (top) and i(4R), where 
the location of a single primer sequence (Primer 1, Table 7) that flanks the CEN4 inverted repeat

is indicated. PCR with Primer 1 amplified the expected product of i(4R) in AMS3743. (D) 24-hour 

growth curves in YPAD (top panel) and YPAD+32 µg/ml FLC (bottom panel) for P78042 (black 

line) and AMS3743 (green line). Average slope and standard error of the mean for three biological 

replicates is indicated. The average maximum slope (n=3) of P78042 and AMS3743 in YPAD was 

not significantly different (0.046 and 0.046, respectively, p > 0.75, t-test). The average maximum 

slope (n=3) of P78042 and AMS3743 was significantly different in FLC (0.002 and 0.003, 

respectively, p < 0.0006, t-test). OD, optical density.  
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with an isochromosome i(4R) structure (a centromere flanked by inverted copies of 

Chr4R), a single primer amplified a ~4.1 kb product, from Chr4R through CEN4 and 

back to Chr4R in the isolate with i(4R) but did not amplify any sequence in the reference 

(SC5314), or progenitor (P78042) isolates (Figure 3.1C). 

Next, we determined the impact of i(4R) on fitness in the presence and absence of 

FLC over a 24-hour period. In the presence of FLC, the i(4R) isolate grew significantly 

better than the progenitor P78042 (p < 0.0006, t-test, Figure 3.1D). Interestingly, in the 

absence of FLC, the i(4R) isolate grew as well as the progenitor P78042 (Figure 3.1D). 

Furthermore, i(4R) was maintained in 12/12 populations for over ~300 generations in the 

absence of FLC (See Methods). One of the populations, AMS3743_10, appeared to be 

losing i(4R) by CHEF gel densitometry (See Methods) and was plated for single colonies 

in the absence of FLC. One colony (out of six) had lost i(4R) (AMS3743_10_S6, Figure 

3.2A). To ask if i(4R) was necessary and sufficient for the increased fitness in FLC, 

fitness was determined in the presence and absence of FLC. The colony that had lost 

i(4R) had a reduced growth rate in the presence of FLC, similar to the progenitor P78042 

(Figure 3.2B).  

Overall, these data imply that the long inverted repeat within CEN4 can generate 

an independent isochromosome structure comprised of two right arms of Chr4, and that 

i(4R) is necessary and sufficient for increased fitness in FLC. These results parallel the 

identification of isochromosomes associated with the long inverted repeat sequence 

within CEN5, which can result in the formation of i(5R) and i(5L), the latter of which 

confers FLC resistance (Selmecki et al. 2006, Selmecki et al. 2008).  

3.3.2 Inverted repeat sequences are associated with inversion of centromere sequences 
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Figure 3.2: Long inverted repeats on Chr4 are associated with a centromere inversion and an 

isochromosome that confers increased fitness in FLC. (A) CHEF karyotype gel stained with 

ethidium bromide. Passage of AMS3743_10 for 30 days in YPAD alone followed by single colony 

selection identified one single colony that had lost the i(4R) band (AMS3743_S6). (B) 24-hour 

growth curves in YPAD (top panel) and YPAD+32 µg/ml FLC (bottom panel) of P78042 (black 

line), AMS3743 with i(4R) (green line), AMS3734_S1 with i(4R) (blue line), and AMS3743_S6 

which lost the i(4R) (red line). There was no significant difference in average max slope between 

P78042, AMS3743, AMS3743_S1, and AMS3746_S6 in YPAD (p > 0.96, one-way ANOVA with 

Tukey’s multiple comparison). The average maximum slope in FLC was significantly higher in 

isolates containing i(4R) (0.003 for both AMS3743 & AMS3743_S1) than in the isolates not 

containing i(4R) (0.002 for both P78042 & AMS3742_S6) (p > 0.05, one-way ANOVA with 
Tukey’s multiple comparison). OD, optical density. (C) Location of the CEN4 inverted repeat (red

arrows and lines). Location of the Major Repeat Sequence on Chr4 (black circle). (D) CEN4 is

comprised of a ~3.6 kb CENP-A-binding core sequence (hatched box) asymmetrically flanked by 

a 524 bp inverted repeat sequence (red) separated by ~3.1 kb. PCR analysis with primers anchored 

outside or inside the inverted repeat (Primers 2, 3, & 4, see Table 7), identified two different 

orientations of CEN4 (denoted Chr4A and Chr4B) that arose due to an inversion between the repeat

sequences on one homologue, in the reference strain SC5314 all isolates analyzed.  
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During our investigation of the i(4R) structure, we unveiled a surprising feature of 

CEN4: the CENP-A-binding core sequence of CEN4 contained two different alleles. One 

homologue of Chr4 contained a ~3.1 kb sequence inversion between the inverted repeat 

associated with CEN4. The new, inverted CEN4 sequence was detected by PCR in the 

reference strain SC5314, and in the distantly related isolates P78042 and AMS3743 

(Figure 3.2C & D). Sanger sequencing indicated that a recombination event occurred 

between the two arms of the inverted repeat (Figure 3.3). Interestingly, the CENP-A-

binding core sequence of CEN4 is asymmetrically positioned on one side of the inverted 

repeat sequence (Figure 3.2D, shaded region) (Sanyal et al. 2004, Burrack et al. 2016). 

Therefore, this inversion caused a separation between the known CENP-A-binding core 

sequence of CEN4 that is located to the right and outside of the inverted repeat. 

3.3.3   Identification of long repeat sequences throughout the C. albicans genome 

Given the extensive genome rearrangements observed at the long inverted repeat 

associated with CEN4, we sought to characterize all long repeat sequences within the C. 

albicans reference genome. All long sequence matches within the reference genome 

SC5314 were identified by aligning the reference genome sequence to itself using the 

bioinformatics suite MUMmer (Kurtz et al. 2004). First, all exact sequence matches of 20 

nucleotides or longer were identified, then all matches were clustered and extended to 

obtain a maximum-length colinear string of matches, resulting in a final list of long 

repeat sequences that ranged from 65 bp to 6499 bp (median 318 bp) with sequence 

identities of ≥80% (See Methods). The genomic position and percent identity of all 

matched repeats were determined with MUMmer and manually verified using BLASTN 

and IGV (Robinson et al. 2011, Thorvaldsdottir et al. 2013). After excluding all rDNA, 
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>SC5314_CEN4_Reference_PCR_Primer2&3_Sanger_Primer2_Forward

TCACAAGTATTCTTCTTCATCATCAATATGGTTTTACTAAAACGGTAATTTACAATAAACCTCAAACGTCTGGAGATATTTCCCA

AATCGCAAACAAGAATAGCCTCTACCTTCAATTCTGGTCATTTCATCAGTTTAAAATCCAACTCCCACACATCAAAACTGTCAA

AGAGATAGTGACCAATGGAAAATCAATGCAATTAATCCTATAACAAATACCACAGTTCTATGATCAAAAACTCCCAGTTCCAAC

ACAATTCCATTCATACCAACCATGCAAAACCTCTGATAGTACAACTAAGAAGAACTCAACGGCACGACTTAAACCCACAACAA

AAAGACAATTGAATAAATGATCCTCCTGTCAACGACCAACCCTTAATTTGTAACTTCACAAATATCACCAAGAGAAATGTCACC

AATATAAATAGGGACCACCGGAACTCAAGACAAGGCTCACACCGGCCCTATCTCATTTGATTTAGCTCCTATCTCTACCCGCAA

CCACAGCCAGCTTGTCTATGCCACACAAAGGGATTCTTTACCTCTCCAAAACGTCTATACCACCGCTGTTAAATTGGTATGTTCA

TGCGTAATTCTGATAACCAAATCAAAACAGTACGCATGCTGGATCTTCTTCCCTTTGGGAAACAACACACGTAGTTTTCTAAATT

CCTTCATAACAGCTATTTTTTGAAATGTTTCCAAGGTCAATTCTCTTTCTTCTAGCCAAGTGCGGCCACCAAATTACGGGTATCA

TCATTGACTAGCCTACTCTCTAAGCTAGAATTAGCTGAAGTTATACAACCACCTCTATGATCTTAGGACCACAGTAACACAAAA

ATGCAATCATCATTATCTAAATGGCAACAGAGTGACAACTCATATAATCTAATACTTCTTTCCCTATATCT 

>SC5314_CEN4_Reference_Primer2&3_Sanger_Primer3_Reverse

TCATAATGTTTTGTAACGCCATGAGAAATCAGGGATATGACTTTCTCATACATTATTTTTAATAAGTCAAACTGTGTGATCGTTG

TGGTTTGATTTTTACAATGGGCATTTCTGATGCAAGATCTTCAAGATCTTCAAGAAAAATATCAAAACTGACTAGATCAATGAG

TATACCATTGGCAGAAACAGATACTTTCCTAATAACTTAGGTCATTATCTAGTTGTGCTAGTTAAATCAAAAATTTCTTGAACAC

ATTTAGTCAGTACTAAGTTTAAGGAAGCGTATGGTGTAGTAACATTATTCAATTGGCGATTAGGATTTGATATCACTGATGGTGT

AGGTGAGCCTAGGCTTAATTTGATCTTTATGGAAATTACAGTATTTGGGACGATATTTTGAACTCCCTAATAATAGTAGATGGTA

GAGTTCCTCCTGCACTAGATATACTGTAGTGGACAGAATTGCCCAAGATTGTATGAAGTACTGAATTTCTGTGATTGCTTGCTTA

GAACTGCCAATTGTTCTGTGGCTCTTGATATACTGGTAGAAAAGTTAATTTTTAATGAGCGGCTTGCAGAATGTATTTAGTTTGG

TCCCAAAGAAGCTCTTTCGGTTGCCTGGCTAATGGGGATTCAGGTGGCAAAGGTTTCAATTTACAGCATATTGATTCGTATGAC

AATTAATATGTAATGTTTATAATCGACGTGAAGATACTAGGTCTCAGTGAGTTGTTGTTTGNNNTATAGTATTGGTTGGTATAGT

TTAGTTAGAGGCTTGGATCAGCAGCAATACGTTGATAATTTTTTTCAAATTTGATTTTCTTCTACGAAGGGTAACAGGTTTTCAA

ATTGTGAAGTATCCTGGAATTACAGTAGAGTAGGATTACCTAATCGACGTGAA 

>SC5314_CEN4_Inversion_Primer2&4_Sanger_Primer2_Forward

CGTCCTCACAAGTATTCTTCTTCNTCATCAATATGGTTTTACTAAAACGGTAATTTACAATAAACCTCAAACGTCTGGAGATATT

TCCCAAATCGCAAACAAGAATAGCCTCTACCTTCAATTCTGGTCATTTCATCAGTTTAAAATCCAACTCCCACACATCAAAACTG

TCAAAGAGATAGTGACCAATGGAAAATCAATGCAATTAATCCTATAACAAATACCACAGTTCTATGATCAAAAACTCCCAGTTC

CAACACAATTCCATTCATACCAACCATGCAAAACCTCTGATAGTACAACTAAGAAGAACTCAACGGCACGACTTAAACCCACA

ACAAAAAGACAATTGAATAAATGATCCTCCTGTCAACGACCAACCCTTAATTTGTAACTTCACAAATATCACCAAGAGAAATGT

CACCAATATAAATAGGGACCACCGGAACTCAAGACAAGGCTCACACCGGCCCTATCTCATTTGATTTAGCTCCTATCTCTACCC

GCAACCACAGCCAGCTTGTCTATGCCACACAAAGGGATTCTTTACCTCTCCAAAACGTCTATACCACCGCTGTTAAATTGGTATG

TTCATGCGTAATTCTGATAACCAAATCAAAACAGTACGCATGCTGGATCTTCTTCCCTTTGGGAAACAACACACGTAGTTTTCTA

AATTCCTTCATAACAGCTATTTTTTGAAATGTTTCCAAGGTCAATTCTCTTTCTTCTAGCCAAGTGCGGCCACCAAATTACGGGT

ATCATCATTGACTAGCCTACTCTCTAAGCTAGAATTAGCTGAAGTTATACAACCACCTCTATGATCTTAGGACCACAGTAACAC

AAAAATGCTGTCAAACCTAGCACGCTAGTATGAGTCAACCACTGATAAGATCATATTTGAAATCTACAGTATATACACAACACC

ATTCAAAACAGCG 

>SC5314_CEN4_Inversion_Primer2&4_Sanger_Primer4_Reverse

AGAATTGGTTGAGTTGAATTTCGTGATTAATTTAGAATGGTAGTGAATTTTGAAATCTTAACTGTGAGGTAAGATATTTATCGCT

GTTTTGAATGGTGTTGTGTATATACTGTAGATTTCAAATATGATCTTATCAGTGGTTGACTCATACTAGCGTGCTAGGTTTGACA

GCATTTTTGTGTTACTGTGGTCCTAAGATCATAGAGGTGGTTGTATAACTTCAGCTAATTCTAGCTTAGAGAGTAGGCTAGTCAA

TGATGATACCCGTAATTTGGTGGCCGCACTTGGCTAGAAGAAAGAGAATTGACCTTGGAAACATTTCAAAAAATAGCTGTTATG

AAGGAATTTAGAAAACTACGTGTGTTGTTTCCCAAAGGGAAGAAGATCCAGCATGCGTACTGTTTTGATTTGGTTATCAGAATT

ACGCATGAACATACCAATTTAACAGCGGTGGTATAGACGTTTTGGAGAGGTAAAGAATCCCTTTGTGTGGCATAGACAAGCTGG

CTGTGGTTGCGGGTAGAGATAGGAGCTAAATCAAATGAGATAGGGCCGGTGTGAGCCTTGTCTTGAGTTCCGGTGGTCCCTATT

TATATTGGTGACATTTCTCTTGGTGATATTTGTGAAGTTACAAATTAAGGGTTGGTCGTTGACAGGAGGATCATTTATTCAATTG

TCTTTTTGTTGTGGGTTTAAGTCGTGCCNTTGAGTTCTTCTTAGTTGTACTATCAGAGGTTTTGCATGGTTGGTATGAATGGAATT

GTGTTGGAACTGGGAGTTTTTGATCATAGAACTGTGGTATTTGTTATAGGATTAATTGCATTGA 

Figure 3.3: Sanger sequencing of CEN4 in SC5314. Unique PCR fragments flanking the left side 

of the CEN4 inverted repeat were obtained for the reference isolate SC5314. PCR products were

amplified for both the reference and inverted orientations of CEN4. Primers are indicated as in

Figure 3.2D and Table 3.7. Sanger sequencing was performed with both forward and reverse 

primers.  

78



MRS and sub-telomeric repeat sequences, 1974 long repeat matches were identified 

(Table 3.2). The MUMmer analysis identified five ORFs and one gene family with 

known, complex embedded tandem repeat sequences (PGA18, PGA55, EAP1, 

orf19.1725, CSA1, and the ALS gene family, herein referred to as ‘the complex tandem 

repeat genes’). The complexity of these repeat sequences prohibited the assignment of 

exact repeat copy number per genome, and they were removed from analyses when 

indicated. The remaining long repeat sequences cover 2.87% of the haploid reference 

genome (See Methods). 

Long repeat matches occurred between sequences on the same chromosome 

(Intra-chromosomal repeats, Figure 3.4A), on different chromosomes (Inter-chromosomal 

repeats), or both. The number of all repeat matches per chromosome was correlated with 

chromosome size (R2 = 0.65, p < 0.016, Figure 3.4B), however regions of high repeat 

density (e.g. ChrRR near the rDNA) or low repeat density (e.g. Chr7L) were detected on 

some chromosome arms. This repeat density did not correlate with GC content (R2 = 

0.063, p > 0.32) or ORF density (R2 = 0.02, p > 0.59) on any chromosome arm (Figure 

3.5). 

We next calculated the orientation and distance between matched intra-

chromosomal repeat sequences (Figure 3.5), both important factors for reconstructing the 

evolutionary history of these duplication events and for analyzing the frequency and 

outcome of homologous recombination events that occur between repeat sequences 

(Lobachev et al. 1998, Ramakrishnan et al. 2018). Intra-chromosomal repeats are often 

generated in tandem by recombination between sister chromatids or replication slippage, 

and these repeats can move further away from each other by chromosomal rearrangement 
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Figure 3.4: Long repeat sequences are found across the C. albicans genome. Detailed results 

for all long intra- and inter-chromosomal repeat positions, orientations, and gene features are found 

in Table 3.2. Repeats associated with the rDNA, major repeat sequences (MRS), and sub-telomeric 

repeats were removed prior to the analysis. (A) Representative image of the long intra-

chromosomal repeat positions (colored lines – not to scale). Each repeat family is assigned a unique 

color within its respective chromosome. Numbers and symbols below each chromosome indicate 

chromosomal position (Mb), MRS position (black circles), and rDNA locus (blue circle, ChrR). 

(B) Number of all repeat matches (excluding the complex tandem repeat genes) on each

chromosome, ordered by chromosome size (R2 = 0.65, p-value < 0.016, gray indicates 95%

confidence interval). (C) The number of intra-chromosomal (Intra-Chr) and inter-chromosomal

(Inter-Chr) repeat matches assigned to each genomic feature: Intergenic, LTR, ORF (excluding the

complex tandem repeat genes), retrotransposon (Retro), and tRNA.
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Figure 3.5: Features of long repeat sequences. Schematic of a previously uncharacterized long 

repeat sequence (repeat family 124). The repeat sequence (red arrows) is described in terms of copy 

length (bp) and shared sequence identity (% of exact nucleotide matches) between the two matched 

sequences. The distance between intra-chromosomal repeat matches is the spacer length and their 

orientation can be inverted (reverse complement located on the opposite DNA strand), mirrored 

(reverse complement located on the same DNA strand), or tandem. Long repeat sequences are 

further characterized by the genomic features contained within the repeat. Long repeats that contain 

ORFs include partial ORF sequences, single complete ORF sequences (paralogs) or multiple ORFs 

and intergenic sequences. Repeat family 124 contains four complete ORFs (black arrows) and 

flanking intergenic sequences in each copy of the long repeat sequence. Other repeat sequences 

contain lone LTRs, retrotransposons, tRNAs, and intergenic sequences. Details of all repeat 

sequence matches are found in Table 3.2. 

81



events (including chromosomal inversions) (Achaz et al. 2000, Reams and Roth 2015). 

Indeed, intra-chromosomal repeats were predominantly tandem, although inverted and 

mirrored repeats also occurred (Table 3.2). We hypothesized that the distance between 

matched intra-chromosomal repeats (spacer length) would be predominantly short and 

that the distribution of spacer lengths on each chromosome would be similar. Strikingly, 

spacer length ranged from 1 bp to 2,856,212 bp (median ~82.8 kb, excluding the complex 

tandem repeat genes, See Methods), and was correlated with chromosome size (Figure 

3.6A, R2 = 0.066, p < 0.0001). Additionally, the distribution of spacer lengths was 

significantly different between chromosomes (Figure 3.6B, p < 0.035, Kruskal-Wallis 

test with Dunn’s multiple comparison) with the larger chromosomes (Chr1 and ChrR) 

containing many repeat matches that were separated by distances greater than ~1.5 Mb.  

The increased distance between repeat sequences likely occurred via additional large 

inversions, insertions or telomere-telomere recombination/fusion events. 

We further annotated the long repeat sequences according to the genomic features 

contained within each repeat (See Methods). The most common long repeats contained 

lone long terminal repeats (LTRs) (775), followed by ORFs (339, excluding the complex 

tandem repeat genes), tRNAs (334), and retrotransposons (40). Repeat matches 

containing ORFs included partial ORF sequences (196/339, 57.8%), single complete 

ORF sequences (114/339, 33.6%), and multiple ORFs and intergenic sequences (29/339, 

8.6%) (Table 3.2). Repeat matches containing complete ORFs and multiple ORFs 

represent paralogs and multi-gene duplication events. Additionally, there were 349 

intergenic, unannotated sequences, 231 that shared high sequence identity (> 83%) with 

an annotated sequence found elsewhere in the genome, including known LTRs, 

82



Figure 3.6: The intra-chromosomal repeats with the longest spacer length are found on the 

longer chromosomes. (A) The spacer length for all intra-chromosomal repeat matches (excluding 
the complex tandem repeat genes) for each chromosome, ordered by chromosome size in bp (R2 = 

0.06, p < 0.0001). (B) Distribution of intra-chromosomal spacer length for each of the eight C. 
albicans chromosomes (chromosome ends indicated with a black bar). There is a significant
difference in the distributions of repeat spacer lengths between chromosomes (p < 0.035, Kruskal-

Wallis test with Dunn’s multiple comparison), with the longest chromosomes having more repeat 

matches that are separated by greater spacer lengths than the smallest chromosomes. 
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retrotransposons, and ORFs (Table 3.2, ‘Unannotated Intergenic Sequence’). For 

example, an additional 54 LTRs were identified in the reference genome with this 

analysis. Interestingly, LTR matched repeat pairs were predominantly dispersed on 

different chromosomes (78%), while ORF matched repeat pairs were predominantly 

located on a single chromosome (64%, Figure 3.4C).  

Of the matched repeat pairs, the long repeat sequences containing ORFs had the 

lowest median sequence identity when compared to repeats containing other features 

(Figure 3.7A, p < 0.0001, Kruskal-Wallis followed by Dunn’s multiple comparison test). 

Conversely, repeats containing ORFs had significantly longer copy length than any other 

genomic feature (p < 0.0001, Kruskal-Wallis followed by Dunn’s multiple comparison 

test) and was the only feature that had a significant increase in copy length of intra- 

chromosomal matches relative to inter-chromosomal matches (Figure 3.7B, p < 0.0001, 

Kruskal-Wallis followed by Dunn’s multiple comparison test). The long repeat sequences 

containing ORFs were predominantly present in only two copies per genome, had 

pairwise coding sequences with similarly high identity, and therefore represent 

paralogous gene duplication events (Table 3.2). The origin, function, and evolutionary 

trajectory of these paralogs may provide insight into the evolution of fungal pathogens 

like C. albicans that did not undergo the ancient whole genome duplication event (Wolfe 

and Shields 1997, Butler et al. 2009, Marcet-Houben et al. 2009).  

The complex tandem repeat genes, for which genome copy number could not be 

determined, had low sequence identity and were predominantly found on Chr6 (Figure 

3.7C). In contrast, the full-length coding sequence of all ORFs that were contained within 

long repeat sequences, were significantly longer (Median value of 1380 bp vs. 1200 bp, 
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Figure 3.7: Key features of long repeat sequences in C. albicans. The percent shared identity 

(A) and repeat copy length (B) of intra-chromosomal (Intra-Chr) or inter-chromosomal (Inter-Chr)

repeat matches containing each genomic feature: Intergenic, LTR, ORF (excluding the complex

tandem repeat genes), Retrotransposon (Retro), and tRNA (Table 3.2). Copy length is significantly

different between repeats containing ORFs compared to repeats containing other features (p <
0.0001, Kruskal-Wallis with Dunn’s multiple comparisons). (C) Percent sequence identity of repeat

matches for each chromosome both before (pink) and after (blue) removal of the complex tandem
repeat genes. The median sequence identity of repeats on Chr6 is significantly increased after

removal of the complex tandem repeat genes (p < 0.0001, Kruskal-Wallis with Dunn’s multiple

comparisons). The length (D) and percent GC content (E) of the full-length ORF coding sequences

(CDS) within long repeat sequences (pink) and all other full-length CDSs not contained in long

repeat sequences (blue). Dashed lines represent median values. The full-length CDSs contained in

long repeats are significantly longer (p < 0.0008, Kolmogorov-Smirnov test) and have a

significantly higher percent GC content (p < 0.0001, Kolmogorov-Smirnov test) than all full-length

CDSs not contained in long repeat sequences. *** p < 0.001, **** p < 0.0001 (See Methods).
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Figure 3.7D, p < 0.0008, Kolmogorov-Smirnov test) and had a significantly higher GC 

content (Median value of 37.22% vs. 35.22% Figure 3.3E, p < 0.0001, Kolmogorov-

Smirnov test) than the full-length coding sequence of all ORFs not contained within long 

repeat sequences (genome-wide, excluding the complex tandem repeat genes, See 

Methods). Interestingly, increased GC content was correlated with increased rates of both 

mitotic and meiotic recombination events in S. cerevisiae (Kiktev et al. 2018). 

3.3.4 Identification of CNV breakpoints in isolates with segmental aneuploidies 

Next, CNV breakpoints were determined across 13 additional isolates with one or 

more segmental aneuploidies. Six of these isolates were from in vitro evolution 

experiments in the presence of azole antifungal drugs (FLC or miconazole), 4 were from 

in vivo evolution experiments in a murine model of oropharyngeal candidiasis (OPC) 

performed in the absence of antifungal drugs, and 3 were human clinical isolates (Table 

3.1). All segmental aneuploidies arose from a known euploid diploid progenitor (Abbey 

et al. 2014, Hirakawa et al. 2015), except two clinical isolates with unknown origin and 

the i(4R) isolate that arose from a trisomic progenitor, described above. 

Segmental aneuploidies were initially detected by CHEF karyotype analysis and 

ddRAD-seq, but the coordinates of the CNV breakpoints were not known (Abbey et al. 

2014, Forche et al. 2018, Mount et al. 2018, Ropars et al. 2018). The ploidy of each 

isolate was measured by flow cytometry and the DNA copy number of all loci was 

determined using whole genome sequencing (See Methods). Among the 13 diverse 

isolates, 19 segmental aneuploidies were confirmed, with at least one segmental 

aneuploidy detected on each of the 8 chromosomes (Figure 3.8A, Figure 3.9A-J). 

Segmental amplifications were more frequent (12/19, 63.2%) than segmental deletions 
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Figure 3.8: All copy number breakpoints resulting in segmental aneuploidy occur at repeat 

sequences. 

(A) Whole genome sequence data plotted as a log2 ratio and converted to chromosome copy

number (Y-axis) and chromosome location (X-axis) using YMAP. The source of each isolate is

indicated in color: in vivo evolution experiments in a murine model of oropharyngeal candidiasis

(OPC) (green), in vitro evolution experiments in the presence of azole antifungal drugs (red), and

clinical isolates (blue). Ploidy, determined by flow cytometry, is indicated on the far right. Every

copy number breakpoint occurred at a repeat sequence (red arrow), additional details are in Table

3. Location of the Major Repeat Sequences (black circle) and rDNA array (blue circle) shown
below. Example copy number breakpoints for two isolates (B-C). (B) Isolate AMS3053 underwent

a complex rearrangement on Chr3L at a long inverted repeat (Repeat 124, red lines). Read depth

(top panel) and allele frequency (IGV panel) data indicate the copy number breakpoint coincided

with LOH (blue region) telomere proximal to the breakpoint. The inverted repeat copies (~3.2 kb,

99.5% sequence identity, separated by ~11.3 kb) each contain four complete ORFs and intergenic

sequences. (C) Read depth (top panel) and allele frequency (IGV panel) data for isolate CEC2871

shows an internal chromosome deletion on ChrR with copy number breakpoints (red lines) and

LOH (blue) that occur between a long tandem repeat (Repeat family 201, red arrows). The tandem

repeat copies (~1.4 kb, 93.8% sequence identity, separated by ~55 kb) each contain one ORF.
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Figure 3.9: Segmental aneuploidies occur at previously characterized and uncharacterized 

long repeat sequences. Representative segmental aneuploidy breakpoints from Figure 3.8. Whole 

genome sequence data plotted as a log2 ratio and converted to chromosome copy number (Y-axis) 

and chromosome location (X-axis) using YMAP. Copy number variation breakpoints (red and 

green arrowheads) are indicated. Each breakpoint is associated with a long repeat sequence (red or 

green arrow) shown in the gene track, and annotated genomic features are indicated with black 

arrows, below the gene track (A-J, Table 3). Segmental chromosome aneuploidies from the 

indicated isolates occur within (A) Chr1 repeat family 14, containing ORFs HGT1 and HGT2; (B)

Chr2 repeat family 93, containing two uncharacterized ORFs; (C) Chr3 repeat family 124 

containing eight ORFs and associated intergenic sequences; (D) CEN4 repeat family 151; (E)

CEN5 repeat family 161, containing two ORFs; (F) Chr6 repeat family 137, containing the ALS
gene family; (G) a complex repeat region on Chr7 with both inverted and tandem repeat sequences 

containing five uncharacterized ORFs; and (H) ChrR repeat region containing the rDNA array. 

Two examples of complex segmental aneuploidies involving more than one repeat family (I & J). 

(I) Chr1 repeat family 65 is associated with a centromere proximal amplification, while repeat

family 40 is associated with a chromosome truncation event. (J) Example of a segmental

aneuploidy flanked by two different repeat families. An internal deletion is flanked by repeat family

14 and family 9 in clinical isolate FH5. Family 9 is the only inter-chromosomal repeat associated

with any observed copy number breakpoint.
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(3/19, 15.8%). The remaining segmental aneuploidies (4/19, 21.1%) consisted of more 

complex rearrangements that resulted in a segmental amplification and a terminal 

chromosome deletion at the same breakpoint. 

3.3.5  All segmental aneuploidies occur at long repeat sequences 

The CNV breakpoint of each segmental aneuploidy was determined using both 

read depth and allele ratio analysis (See Methods). From the 19 segmental aneuploidies, 

26 CNV breakpoints were identified because some segmental aneuploidies contained 

multiple breakpoints. Strikingly, every CNV breakpoint occurred within 2 kb of a long 

repeat sequence, ranging from 248 bp to ~4.76 kb in length. Observed breakpoints had  

significantly more overlap with long repeat sequences than expected given the total 

genome coverage of long repeat sequences (p < 0.0001, two-tailed Fishers Exact Test, 

See Methods). All but one of the repeat sequences were intra-chromosomal and separated 

by a distance ranging from ~3.1 kb to ~1.62 Mb (Table 3.3). Importantly, repeats 

containing ORFs were significantly more common than all other types of repeats at these 

breakpoints (18/26 CNV breakpoints, p < 0.001, χ2 Goodness-of-fit test).  

Three examples of CNV breakpoints in long repeats containing ORFs were 

observed in isolates AMS3053, AMS3420 and CEC2871. In both AMS3053 and 

AMS3420, a long inverted repeat sequence was associated with a complex segmental 

amplification and a terminal chromosome deletion that resulted in a long-range 

homozygosis event. In AMS3053, the breakpoint on Chr3L occurred within a ~1.7 kb 

inverted repeat sequence (>99% identity) separated by ~11.5 kb (Figure 3.8B). The left 

side of this inverted repeat contained four uncharacterized ORFs (orf19.279, orf19.280, 

orf19.281, orf19.284) and associated intergenic sequences, while the right side contained 
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three uncharacterized ORFs (orf19.296, orf19.295, orf19.292) and one characterized ORF 

(orf19.297 DTD2) plus associated intergenic sequences. Similarly, the OPC-derived 

isolate AMS3420 underwent a complex segmental amplification and deletion within a 

~1.6 kb inverted repeat sequence on Chr1L (91.5% identity) separated by ~26 kb, which 

contains the high affinity glucose transporters HGT1 and HGT2 (Figure 3.9A). Long 

internal chromosome deletions were also observed. For example, in isolate CEC2871, a 

~55 kb deletion resulted from recombination between a ~1.4 kb tandem repeat on ChrR 

(92.4% identity) containing ORFs of the PHO gene family (PHO112 and PHO113, 

Figure 3.8C). Proposed models for recombination events that would result in these 

complex segmental amplifications and deletions are described in the discussion. 

Eight CNV breakpoints occurred within other long repeat sequences, including: a 

~200 bp microsatellite repeat (1/26), intergenic repeats (1/26), MRS (2/26), LTRs (2/26), 

and the rDNA repeats (2/26) (Figure 3.8, Table 3.3). Some segmental aneuploidies were 

comprised of multiple breakpoints, each associated with a different repeat family (e.g. 

Figure 3.9I & J). Interestingly, both breakpoints that occurred at the rDNA also amplified 

the ChrR centromere (CENR), and everything either to the telomere of the opposite 

chromosome arm (ChrRL) (Figure 3.9H), or to a microsatellite repeat sequence on 

ChrRL (AMS3328, Figure 3.8A).  

 In summary, all CNV breakpoints in this collection occurred at or within long 

repeat sequences. Inverted repeat sequences predominantly coincided with segmental 

amplifications and terminal chromosome deletions, while tandem repeat sequences 

coincided with internal chromosome deletions. Some aneuploidies were comprised of 

multiple breakpoints, each associated with a different repeat family. Overall, a repeat 
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homology-associated repair mechanism appears to be driving the formation of segmental 

aneuploidies. Importantly, the involvement of long repeats in CNV breakpoints is 

independent of genetic background and environmental selection. 

3.3.6 LOH occurs at long inter – and intra-chromosomal repeat sequences 

In many of the isolates with segmental aneuploidies, the CNV also was 

accompanied by LOH (e.g., Figure 3.8B & C). To ask if long repeat sequences were 

associated with LOH breakpoints in the absence of detectable CNVs, we selected 20 

near-euploid genomes that had at least one long-range homozygous region, but the 

coordinates of the LOH breakpoint were not known (Ford et al. 2015, Hirakawa et al. 

2015, Ropars et al. 2018). These 20 isolates belong to 9 major C. albicans clades from 

different origins (e.g., superficial and invasive human infections, healthy human hosts, 

and spoiled food) (Figure 3.10A, Table 3.1).  

153 LOH breakpoints were identified in the 20 isolates (See Methods, Table 3.4) 

61/153 LOH breakpoints were found within 2 kb of a long repeat sequence, and, like the 

CNV breakpoints, these LOH breakpoints could occur on any chromosome (Figure 

3.10A). The copy length of the repeat sequences found at LOH breakpoints ranged from 

78 bp to 6499 bp (median 516 bp) with sequence identities ranging from 82.2% to 100% 

(median of 95.1%). Most of the repeats associated with LOH breakpoints were intra-

chromosomal (46/61), in all three orientations (inverted, mirrored, and tandem), and 

separated by a distance ranging from 903 bp to ~1.6 Mb (median ~35.3 kb). The vast 

majority of long-range homozygous regions contained only one LOH breakpoint and 

proceeded from the breakpoint to the proximal telomere, similar to previous analyses 
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Figure 3.10: Many LOH 

breakpoints occur at long 

intra- and inter-

chromosomal repeat 

sequences. Whole genome 

sequence data plotted as a 

log2 ratio and converted to 

chromosome copy number 

(Y-axis) and chromosome 

location (X-axis) using 

YMAP. (A) All long-range 

homozygous regions (light 

blue) that are associated 

with long repeat sequences 

(colored arrows) are 

indicated for 20 diverse C. 
albicans isolates. LOH 

breakpoints and isolate 

information are detailed in 

Tables 1 & 4. The type of 

long repeat is indicated with 

colored arrows: intra-

chromosomal (red), inter-

chromosomal (yellow), both 

intra- and inter-

chromosomal (green), 

rDNA repeat (blue), and 

MRS (black). (B-C) Two 

example LOH breakpoints 

in isolate CEC723 that occur 

at long repeats (red arrows) 

on (B) Chr1 (repeat copy 

length ~1.1 kb), and (C) 

ChrR (repeat copy length 

~3.3 kb) and continue to the 

right telomere of the 

respective chromosomes. 

Heterozygous and 

homozygous allele ratios are 

indicated in the IGV track. The position, orientation, and spacer length of the long repeat sequence 

is indicated in the gene track. ORFs (black arrows) contained within the long repeat sequences are 

indicated above the gene track. The LOH breakpoint on ChrR is within a repeat dense region; 

additional long repeats in the region are indicated (dashed arrows).  
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(Selmecki et al. 2005, Forche et al. 2008, Forche et al. 2009, Ene et al. 2018). 

Surprisingly, four isolates had  an LOH breakpoint that proceeded from one 

chromosome arm to the telomere on the opposite chromosome arm, causing centromere 

homozygosis (three events on ChrR and one event on Chr5). 

One isolate, CEC723, had two long-range homozygous regions associated with 

intra-chromosomal repeat sequences. The first LOH breakpoint on Chr1R was 

associated with a ~1.1 kb mirrored repeat sequence (>99% identity) separated by ~15 kb 

(Figure 3.10B). One copy of the repeat sequence contained a snoRNA (snR42a) and the 

other  contained an uncharacterized ORF (orf19.2800), which we predict also encodes a 

second copy of snR42a. The second LOH breakpoint on ChrRL was associated with a 

~3.2 kb tandem repeat sequence (97.7% identity) separated by ~70 kb (Figure 3.10C). 

This breakpoint was flanked by additional long repeat sequences that were associated 

with CNV in other isolates, indicating that this region is a hotspot for genome 

rearrangements (Table 3.2).  

Finally, the reference isolate SC5314 contains a well-known long-range 

homozygous region on Chr3R. We asked if this LOH breakpoint occurred within a long 

repeat sequence. Remarkably, the LOH breakpoint occurred in orf19.5880 near an 8 bp 

sequence (AACTTCTT) identical to part of the C. albicans 23 bp telomere repeat 

sequence (GGTGTACGGATTGTCTAACTTCTT). Furthermore, a second copy of this 

same 8 bp sequence was found in an inverted orientation ~3.4 kb away in the adjacent 

ORF (orf19.5884). This long-range LOH event continued to the right telomere of Chr3. 

While LOH may have resulted from a repair template on the other homolog, an 
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alternative model cannot be ruled out. We previously found that an LOH and CNV 

breakpoint that caused a segmental Chr5 truncation in the common laboratory strain 

BWP17 (Selmecki et al. 2005) was initiated at a 9 bp sequence (CTAACTTCT) that is 

almost identical to the sequence found at this breakpoint (AACTTCTT). We posit that a 

similar chromosome truncation, followed by reduplication of the monosomic portion of 

Chr3 (Figure 3.11A & B) may have generated the homozygosis of Chr3. These 8 bp and 

9 bp telomere-like sequences occur 2160 and 249 times, respectively, within the non-

telomeric portions of the C. albicans reference genome (Table 3.5). The presence of such 

a large number of potential template sequences, especially if including the telomere 

repeats at each chromosome end, might have driven this two-step model.  

3.3.7 Repeat sequences cause sequence inversions and heterozygous islands 

As expected, levels of heterozygosity were high within long repeat sequences due 

to the ability of short-read (Illumina) sequences to map to multiple positions in the 

genome (e.g. the heterozygous bases within repeat sequences in Figure 3.10B & C). 

Unexpectedly, between or adjacent to some long repeat sequences, heterozygous islands 

were observed in otherwise homozygous regions of the genome. For example, in isolate 

P75063, an LOH breakpoint on Chr4L was associated with a ~1.7 kb inverted repeat and 

resulted in a terminal homozygosis of the chromosome (Figure 3.12A). Adjacent to this 

homozygous region was an ~32 kb region that had multiple homozygous/heterozygous 

transitions (5’ homozygous-heterozygous-homozygous-heterozygous 3’). We 

hypothesized that a long sequence inversion, similar to that observed within the repeats 

flanking CEN4, accounted for the multiple heterozygous to homozygous transitions in 

this region. PCR amplification between unique sequences flanking the inverted repeat 
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Figure 3.11: Long-track homozygosis occurs on Chr3L at telomere-seed sequences. (A) 

Homozygosis of the right arm of Chr3 in SC5314 occurred near a telomere repeat sequence. 

Chromosome plot indicating the location of homozygosis (light blue) on Chr3R in SC5314. An 8 

bp unit of the C. albicans telomere repeat sequence (5’ – AACTTCTT – 3’) indicated by the two

red arrows. Read depth and allele ratios above the gene track indicates that homozygosis occurs 

near the 8 bp telomere seed sequence in the 3’ end of orf19.5880 and continues to the Chr3R

telomere. (B) Proposed model of telomere addition and subsequent homozygosis of the right arm 
of Chr3 in SC5314. (i) A double-strand DNA break occurs on one homolog of Chr3 (blue) near the 

8 bp telomere seed sequence (red arrow). (ii) Recombination between the 8 bp telomere seed 

sequence on Chr3 and a telomere on another chromosome end (iii) leads to the formation of a 

truncated Chr3 capped with a new telomere. (iv) A secondary break within the newly added 

telomere sequence and BIR of the opposite Chr3 homolog results in (v) formation of a full-length 

disomic Chr3 that is homozygous for the right arm.  
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Figure 3.12: Long repeat sequences are associated with chromosomal inversions. (A) Whole 

genome sequence read depth plotted as a log2 ratio and converted to chromosome copy number 

(Y-axis) and chromosome location (X-axis) using YMAP. Long-range homozygous regions (blue) 

on Chr4 are indicated for the isolate P75063. IGV allele ratio track indicates multiple homozygous 

to heterozygous transitions between a long inverted repeat (red arrows, repeat 144, copy length 

~1.7 kb). Primers (5, 6, and 7, see Table 7) were designed to unique sequences flanking repeat 144. 

(B) PCR amplification between Primers 6 & 7 identifies a ~32 kb chromosomal inversion in both

the reference strain SC5314 and P75063; the reference orientation did not amplify (Primers 5 & 6).
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revealed a ~32 kb inversion in P75063 and SC5314 and was the only orientation that 

amplified by PCR; the reference orientation did not amplify, suggesting that the reference 

genome may be incorrect at this position (Figure 3.12B).  

These two long inversions (at CEN4 and Chr4L), plus an additional seven 

potential sequence inversions were identified bioinformatically from a set of 21 clinical 

isolates (Hirakawa et al. 2015), however none of these inversion breakpoints were 

characterized or validated by PCR or Sanger sequencing. We found that all potential 

inversions had breakpoints within long inverted repeats, and these potentially cause  

chromosomal inversions of ~4.1 kb to ~102.6 kb in length (median ~39.0 kb, Table 3.6). 

All but one sequence inversion (8/9) occurred within repeats containing ORFs and a high 

median sequence identity (98.3%). In summary, we identified examples of chromosomal 

inversions that occurred between long repeat sequences and provide the first molecular 

validation of these inversions in both the reference SC5314 and clinical isolates.  

3.3.8 Breakpoints resulting in CNV, LOH, and inversion, occur in the longest repeat 

sequences with highest homology 

Overall, many uncharacterized long repeat sequences exist within the C. albicans 

genome. Repeats associated with breakpoints (CNV, LOH, and inversion) were 

significantly longer than all other long repeat sequences (median copy length of 785 bp 

vs. 278 bp, p < 0.0001, Kolmogorov-Smirnov test), and had a significantly higher percent 

sequence identity than all other long repeat sequences (median identity of 96.2% vs. 

94.2%, p < 0.036 Kolmogorov-Smirnov test) (Figure 3.13A). Repeats containing ORFs 

were longer than repeats containing other genomic features and were the most common 

repeat identified at breakpoints (33/53, 62.3%, Figure 3.13B & C). Furthermore, repeats 
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Figure 3.13: Breakpoints 

associated with CNV, LOH, 

and inversion predominantly 

occur at long repeats that 

contain ORFs. (A) Scatterplot 

of percent sequence identity 

and copy length of all long 

repeat matches in Table 3.2, 

excluding the complex tandem 

repeat genes. All long repeats

are indicated in gray, and 

repeats associated with the 

observed breakpoints are 

indicated as follows: LOH 

(blue), CNV (red), and 

inversion (green). Six repeats 

(black circle) were associated 

with more than one type of 

breakpoint, and two repeats 

(black star) were associated 

with all three types of 

breakpoints. Solid black lines 

indicate the median repeat copy 

length (278 bp, vertical black 

line) and median percent 

sequence identity (94.3%, 

horizontal black line). Repeats 

associated with LOH, CNV, 

and inversion breakpoints have 

a significantly higher median 

copy length (p < 0.0001, 

Kolmogorov-Smirnov test) and 

median sequence identity (p < 

0.036, Kolomogorov-Smirnov) 

than all other long repeat 

sequences (excluding the 

complex tandem repeat genes). 

(B) Scatterplot as in Figure

3.13A, where genomic features

contained within long repeats

are indicated: intergenic sequence (light brown), lone LTR (blue), ORF (pink), retrotransposon 

(dark brown), and tRNA (green). (C) The distribution of genomic features contained within long 

repeats at LOH, CNV, and inversion breakpoints. Colors indicated as in Figure 3.13B. 
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containing ORFs were the only genomic feature with both significantly longer copy 

length and significantly higher sequence identity at breakpoints than at non-breakpoints 

(p < 0.0001 copy length, p < 0.0001 sequence identity Kolmogorov-Smirnov test, Figure 

3.14A & B). Additionally, repeat matches that contain multiple ORF sequences represent 

only 8.6% of all long repeats containing ORFs, yet these extra-long repeats comprise 

26.8% of the observed breakpoints (Table 3.2). Therefore, at least under selection, 

genome rearrangements are occurring more often at repeats with high sequence identity, 

and at repeats with high sequence identity and high copy length, the latter of which 

includes ORFs.  

Nine repeat families were associated with more than one breakpoint type (CNV, 

LOH, and inversion), and two of these (124 and 151) were associated with all three 

breakpoint types. Repeat family 124 (Figures 3.8B & 3.13A), comprised of 4 ORFs, was 

one of the longest repeats (~3.2 kb) and had one of the highest percent sequence identities 

(> 99%). Repeat family 151 flanks CEN4 and was associated with the formation of the 

novel isochromosome i(4R), which was necessary and sufficient for increased fitness in 

the presence of FLC (Figure 3.1C & Figure 3.13A). Overwhelmingly, these data support 

that long repeat sequences found throughout the C. albicans genome are utilized to 

generate segmental aneuploidies, long-range LOH and sequence inversions, and that in at 

least one environment these rearrangements provide a significant fitness benefit to the 

organism. 

3.4     Discussion 

          Genomic variation caused by CNV, LOH, and sequence inversion can drive rapid 

adaptation and promote tumorigenesis. In this chapter, we examined the role of genome 
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architecture during the formation of genetic variation in the diploid, heterozygous fungal  

pathogen, C. albicans. Our genome-wide analysis of 33 isolates identified long repeat 

sequences that had prominent roles in generating genomic diversity. These long repeats 

included previously uncharacterized repeat sequences, centromeric repeats, repeats found 

within intergenic sequences, and repeats that span multiple ORFs and intergenic 

sequences. Importantly, long repeat sequences were found at every CNV and sequence 

inversion breakpoint observed, and frequently occurred at LOH breakpoints as well. 

Long repeats that were associated with all breakpoints (CNV, LOH, and inversion) have 

on average significantly higher sequence identity compared to all repeats identified (p < 

0.036, Kolmogorov-Smirnov test). Furthermore, repeats containing ORFs had both 

significantly higher sequence identity and significantly longer copy length at breakpoints 

than at non-breakpoints (sequence identity p < 0.0001, copy length p < 0.0001 

Kolmogorov-Smirnov test, Figure 3.13, Figure 3.14A & B). These results were 

independent of genetic background or source of isolation. Thus, long repeat sequences 

found across the C. albicans genome underlie the formation of significant genome 

variation that can increase fitness and drive adaptation. 

3.4.1 DNA double-strand breaks are repaired using long repeat sequences found across 

the C. albicans genome 

The genomic variants described in this study are the result of DNA double-strand 

breaks (DSBs) and subsequent recombination events resulting in CNVs, LOH, and 

sequence inversions. While the factors leading to, and the location of the initiating DSBs 

are unknown, the genomic variants recovered were all selected as viable, and perhaps 

beneficial, outcomes of the DSB repair process. DSBs are repaired by either non-
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Figure 3.14: Breakpoint-associated repeats containing ORFs have both high sequence 
identity and long copy length. (A) Percent sequence identity of long repeat matches (excluding

the complex tandem repeat genes) associated with an observed breakpoint, or not associated with 

an observed breakpoint (gray) for each genomic feature contained within the long repeat (intergenic 

sequence (light brown), lone LTR (blue), ORF (pink), and tRNA (green)). Breakpoint-associated 

repeats containing intergenic sequences (n=3) have significantly higher identity than all other 

breakpoint-associated repeats combined (p < 0.036, Kruskal-Wallis (K-W)). The sequence identity 

of breakpoints containing ORFs and intergenic sequence are significantly higher than non-

breakpoint associated repeats containing the same genomic features (intergenic sequence p < 0.023, 

ORF p < 0.0001, Kolmogorov-Smirnov (K-S)). (B) The copy length of repeats associated with an

observed breakpoint (color as in A) or not associated with an observed breakpoint (gray) for each 

genomic feature contained within the long repeat. Breakpoint-associated repeats containing ORFs 

are significantly longer than all other repeats (p < 0.0001, Kruskal-Wallis). Breakpoint-associated 

repeats containing ORFs are significantly longer than non-breakpoint associated repeats containing 

ORFs (p < 0.0001, Kolmogorov-Smirnov). Importantly, breakpoint-associated repeats containing 

ORFs were the only repeats with both significantly higher identity and significantly longer copy 

length than non-breakpoint associated repeats (Figure 3.14). 
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homologous end-joining (NHEJ) or homologous recombination (HR). HR is thought to 

be a high-fidelity repair process due to the use of an intact, homologous DNA template. 

However, recent studies have also implicated HR in an increased rate of mutagenesis and 

chromosomal rearrangements (Bishop and Schiestl 2000, Kramara et al. 2018). 

We also found that the orientation of repeat copies had a major effect on the 

outcome of the genome rearrangements observed. Inverted repeat sequences frequently 

were found within 2 kb of chromosomal amplification events, while tandem repeat 

sequences frequently were found within 2 kb of long internal chromosomal deletions. We 

propose two models of HR involved in the production of genome variation observed in 

this study (Figure 3.15).  

First, we propose that single-strand annealing (SSA) is initiated by the annealing 

of DNA repeats that become single stranded after a DSB and 5’-3’ DNA resection 

(Figure 3.15A-B) and occurs between both tandem and inverted repeat sequences 

(VanHulle et al. 2007, Malkova and Haber 2012, Mehta and Haber 2014, Bhargava et al. 

2016, Ramakrishnan et al. 2018). SSA that occurs between tandem repeats leads to 

segmental deletion of the sequence located between the repeat sequences (Figure 3.15C). 

SSA that occurs between inverted repeats can lead to the formation of complex, often 

unstable dicentric and ‘fold-back’ chromosomes which then enter the breakage-fusion-

bridge cycle leading to further genome instability (McClintock 1939, McClintock 1941, 

McClintock 1942, VanHulle et al. 2007, Aguilera and Garcia-Muse 2013, Croll et al. 

2013) (Figure 3.15A-B). Evidence for dicentric chromosomes may exist in several 

isolates that acquired a segmental amplification of the centromere (Figure 3.8), however 

102



Figure 3.15: Mechanisms for recombination between long repeats that result in segmental 
amplification, deletion, LOH, and/or inversion. (A) Intra-molecular single-strand annealing

occurs after a double strand break (DSB) on a single DNA molecule undergoes 5’-3’ resection 

exposing two copies of an inverted repeat on the single-stranded 3’ overhang. Annealing of the two 

inverted repeat copies occurs followed by DNA synthesis resulting in a fold-back structure and 

partial chromosome truncation. (B) Inter-molecular single-strand annealing occurs when a DSB

occurs on two separate DNA molecules. After 5’-3’ resection, annealing between the single-

stranded inverted repeat copies of the two different DNA molecules results in the formation of a 

dicentric chromosome and partial chromosome truncation. (C) A single DNA molecule (blue)

containing two tandem repeats (red arrows) undergoes a DSB leading to 5’-3’ resection that 

exposes the tandem repeats. The homologous sequences anneal and non-homologous 3’ tails are 

removed. The remaining gap is filled producing an intact chromosome that has undergone an 

internal deletion. (D) Break-Induced-Replication (BIR) induces loss-of-heterozygosity between
repeat sequences found on opposite homologs: Two homologs, homolog A (blue) and homolog B 

(magenta), contain inverted repeat sequences (red arrows). A double strand break occurring on 
homolog A leads to strand invasion and DNA synthesis. Upon termination of synthesis of both the 

leading and lagging strands, all sequences to the right of the DSB are homozygous. (E) Inversion

events occur due to intra-molecular recombination between inverted repeats (red arrows) flanking 

a unique sequence. The orientation of the reference sequence is indicated above chromosome (1-2-

3-4-5). Non-Allelic Homologous Recombination (NAHR) between the inverted repeats leads to an

inversion of the sequence between the repeats (1-4-3-2-5).
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we do not know from these data if the amplification is on the same molecule (generating 

a dicentric chromosome) or elsewhere in the genome. 

The second HR mechanism we propose is break-induced replication (BIR) which 

is initiated by DSBs that have only one free end available for repair. During BIR, single-

strand DNA invades a homologous sequence followed by subsequent DNA synthesis 

which can copy long, chromosomal-sized DNA segments (Anand et al. 2013, Malkova 

and Ira 2013, Mehta and Haber 2014, Kramara et al. 2018). If templating and synthesis 

occurs on a homologous chromosome, BIR can lead to long-range homozygosis of a 

chromosome (Figure 3.15D). Processes similar to BIR have been proposed for CNV  

generation in a diverse set of organisms ranging from bacteria to humans (Hastings et al. 

2009). These predominantly micro-homology mediated BIR (MMBIR) events use short 

regions of homology to repair DSBs in a Rad51-independent manner (Hastings et al. 

2009). One caveat is that the repeat sequences involved in generating genome 

rearrangements observed in this study are much longer than those involving MMBIR. 

While repair by BIR is rare in S. cerevisiae model systems, the selective benefit of the 

resulting genotypes generated by BIR could increase the apparent frequency with which 

these types of mutations are recovered in certain environments, for instance the 

acquisition of i(4R) in the presence of FLC (Figure 3.1). 

3.4.2  C. albicans repeat copy length and spacer length 

The repeat copy length associated with observed breakpoints in C. albicans are 

similar in copy length to transposable (Ty) elements in S. cerevisiae (~6 kb) and long 

interspersed nuclear elements (LINE) in the human genome (~6-7 kb), which are a major 

source of genome rearrangements (Dunham et al. 2002, Gresham et al. 2010, 
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Higashimoto et al. 2013, Chen et al. 2014, Selmecki et al. 2015). Both Ty and LINE 

elements are high copy number repeats; LINE elements are present in thousands of 

copies in the human genome (Rodić and Burns 2013). However, beyond the similarly in 

copy length, we rarely found high copy number repeats, like lone LTRs or 

retrotransposons, associated with CNV and inversion breakpoints (5.7%, Figure 3.13). 

These breakpoints predominantly occurred at repeats containing ORFs that are often 

present in only two copies per genome (Table 3.2). LOH breakpoints, on the other hand, 

were associated more often with LTRs (22.6%, Figure 3.13), which may be a result of 

selection or may suggest a preference for a different repair mechanism when a DSB 

occurs near these loci.  

The repeat copy length and spacer length associated with the observed 

breakpoints in C. albicans are much longer than typically observed in S. cerevisiae. 

Segmental amplification events in S. cerevisiae are often mediated by short inverted 

repeat sequences, for example, 8 bp long and separated by 40 bp (Brewer et al. 2011, 

Payen et al. 2014, Sunshine et al. 2015, Lauer et al. 2018). The presence of a short, 

inverted repeat sequence within a replication fork can stimulate ligation between the 

leading and lagging strands, which results in replication and formation of an 

extrachromosomal circle. This extra-chromosomal amplification may continue to 

replicate independently if it contains an origin of replication (defined as origin-dependent 

inverted-repeat amplification (ODIRA)) (Brewer et al. 2011, Payen et al. 2014, Brewer et 

al. 2015). It seems unlikely that such a mechanism operates at the long distances 

observed between repeat sequences in C. albicans. However, it is possible that a different 
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origin-dependent mechanism is mediating some of the rearrangements we observed (see 

centromere discussion below). A future challenge is to determine if/how this occurs. 

The spacer length, especially between inverted repeats, has been a major focus of 

genome instability research. Identification and characterization of inverted repeats in S. 

cerevisiae has primarily focused on those repeats that are separated by very short (~80 

bp) spacers (Strawbridge et al. 2010). Inverted repeats that were engineered to have 

variable repeat spacer lengths identified a correlation between repeat and spacer length 

and DSB repair. Increasing repeat copy length (from 185 bp to ~1.5 kb) and/or 

decreasing repeat spacer length (from ~8.5 kb to 0 bp) increases the recombination rate 

between repeats by up to 17,000-fold (Lobachev et al. 1998). Furthermore, spacer length 

alone can affect the choice of DSB repair pathway; DSB repair via inter-molecular SSA 

predominantly occurs with a spacer length of 1 kb, while intra-molecular SSA 

predominantly occurs with spacer length of 12 bp (Ramakrishnan et al. 2018).  

Astoundingly, the C. albicans CNV and inversion breakpoints are associated with much 

longer repeat spacer lengths than those described in S. cerevisiae, ranging from ~3.1 kb 

to ~1.6 Mb (median ~30 kb) and ~3.1 kb to ~94.3 kb (median ~34.6 kb), respectively. 

Recombination between such long distances requires a naturally occurring, long-distance 

homology search. It is tempting to speculate that C. albicans may have a mechanism for 

long distance resection, particular chromatin features, or a 3D-nuclear structure that 

facilitates recombination between inverted repeats separated by long distances. 

3.4.3 Inverted repeat sequences directly associated with the CENP-A-binding 

centromere core sequences facilitate isochromosome formation 
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Centromeres were common breakpoints for CNV, LOH and inversion. Twelve of 

the 33 isolates had breakpoint events that occurred within centromeres, including those 

described at CEN4 and CEN5, as well as two additional centromeres that contain one 

copy of a long repeat sequence, CEN2 and CEN3 (Table 3.2). Notably, C. albicans 

centromeres are the earliest firing centers of DNA replication (Koren et al. 2010, Tsai et 

al. 2014). Therefore, errors in DNA replication may be a common source of DSBs that 

are repaired via HR between long repeat sequences.  

Repair of a DSB within or near a centromere-associated inverted repeat can result 

in isochromosome formation or centromere inversion (Figure 3.1, Figure 3.2). Both of the 

C. albicans centromeres that are flanked by long inverted repeat sequences (CEN4 and

CEN5) can form isochromosomes (Figure 3.1 and (Selmecki et al. 2006, Selmecki et al. 

2009)). Exposure to the antifungal drug FLC selected for isochromosome formation at 

both CEN4 and CEN5. If a DSB occurs near the inverted repeat sequence, DNA synthesis 

via BIR will copy the entire arm of the broken chromosome, resulting in the homozygous 

isochromosome structures that we observed (Figure 3.1 and (Selmecki et al. 2009, 

Selmecki et al. 2010)). Acquisition of either isochromosome i(4R) or i(5L) was both 

necessary and sufficient for increased fitness in the presence of FLC (Figure 3.1 and 

(Selmecki et al. 2006)). Additionally, there was no fitness cost associated with either 

isochromosome in the absence of FLC: i(4R) was stable for ~300 generations in 12/12 

populations in the absence of FLC (Figure 3.2). These data are in contrast to other, often 

whole chromosome and multiple chromosome aneuploidies that cause significant fitness 

defects in the absence of selection (Torres et al. 2007, Pavelka et al. 2010), but support 
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observations that aneuploidy in general has less of a fitness cost in diploid and polyploid 

fungi (Tan et al. 2013, Hose et al. 2015, Selmecki et al. 2015, Scott et al. 2017).  

Similarly, repair of a DSB within or near a centromere-associated inverted repeat 

can result in centromere inversion. Inversions are the result of intra-chromosomal non-

allelic homologous recombination (NAHR) between inverted repeats flanking the 

centromere (Figure 3.15E). Here we detected an inversion that occurred between inverted 

repeats flanking CEN4. The impact of these inversions on localization of the centromeric 

histone CENP-A, or of the recombination proteins Rad51 and Rad52, which are thought 

to recruit CENP-A, are not known. Whether or not inversion of the centromere affects 

chromosome stability will be important to test in future experiments. 

In this study, Illumina short-read datasets were used to identify genomic features 

that were driving structural and allelic variation across diverse C. albicans isolates. The 

use of both new and previously published short-read datasets highlights the utility of this 

bioinformatic approach for the analysis of structural variants within this and other 

species. However, short-read data are unable to provide a key understanding of the 

molecules containing the long repeat sequences. For example, the definitive structure of 

chromosomal inversions, including the heterozygous CEN4 sequence, are difficult to 

determine with short-read data. PCR enabled rapid validation of these inversions (Figure 

3.1 and Figure 3.12), however it required knowledge of the repeat location and unique 

surrounding sequences. Future long-read sequencing is needed to address the definitive 

structure of existing DNA molecules and potential DNA intermediates involved in 

recombination and resolution of CNV, LOH, and inversions. 
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3.4.4 Long repeats containing ORFs were significantly more common at breakpoints 

resulting in CNV, LOH and inversion than any other genomic feature 

One hypothesis is that active transcription may promote DNA DSBs, due to the 

formation of R-loop structures (Aguilera and Gaillard 2014, Santos-Pereira and Aguilera 

2015). Additionally, increased transcription in certain environments may increase the 

probability of a DNA DSB that result in genome rearrangements, as was observed at the 

S. cerevisiae CUP1 locus in high copper environments (Fogel et al. 1983, Thomas and

Rothstein 1989, Adamo et al. 2012, Hull et al. 2017). Several indirect results are 

consistent with this hypothesis in C. albicans. First, all ORFs within a long repeat that 

were associated with a breakpoint were indeed actively transcribed in the reference 

isolate SC5314 during growth in rich medium (Bruno et al. 2010). Secondly, some 

breakpoint ORFs have increased expression in the selective environment from which the 

isolate with the breakpoint was obtained. For example, two different in vivo isolates, one 

bloodstream clinical isolate and one murine OPC-evolved isolate, have the same 

breakpoint on Chr1 at the inverted repeat that includes HGT1 and HGT2 (Table 3.2). 

Both HGT1 and HGT2 are induced during OPC, biofilm production and adaptation to 

serum (Pitarch et al. 2001, Nobile et al. 2012, Horak 2013). Therefore, increased 

transcription of these repeat ORFs in vivo is a potential source of DNA damage that 

resulted in DSB repair.  

3.5 Conclusion 

In conclusion, genome rearrangements resulting in segmental aneuploidies, 

sequence inversions, and LOH are associated with long repeat sequence breakpoints on 

every chromosome. These genome rearrangements can arise rapidly, both in vitro and in 
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vivo, and can provide an adaptive phenotype such as improved growth in antifungal 

drugs. Importantly, long repeat sequences are hotspots for genome variation across 

diverse selective environments. Indeed, several repeats were involved in all three types of 

genome rearrangements in different isolates. These data support the idea that the C. 

albicans genome is one of the most rapidly evolving genomes due to disruption of 

conserved syntenic sequence blocks via genome rearrangements between long repeat 

sequences (Fischer et al. 2006). Finally, given the frequency of long repeat sequences in 

the human genome, studies of C. albicans genome rearrangements can contribute to 

understanding the mechanisms that facilitate CNV, LOH, and inversions associated with 

human disease and cancer. 

3.6  Materials and Methods 

3.6.1 Yeast Isolates and Culture Conditions 

All isolates used in this study are shown in Table 3.1. Isolates were stored at -

80°C in 20% glycerol. Strains were grown at 30°C in YPAD (yeast peptone dextrose 

medium (Rose 1990) supplemented with 40 µg/ml adenine and 80 µg/ml uridine). 

3.6.2  In vivo evolution experiments 

OPC isolates were obtained as previously described (Solis and Filler 2012, Forche 

et al. 2018). Briefly, mice were orally infected with strain YJB9318 and single colony 

isolates were obtained from tongue tissue of mice on day 1, 2, 3, and 5 post infection and 

stored in 50% glycerol at -80°C for further use.  

3.6.3  In vitro evolution experiments 

Six isolates were obtained from in vitro evolution experiments in the presence of 

antifungal drug (Table 3.1). Isolate AMS3053 was obtained on 10 µg/ml Miconazole 
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agar plates as previously described (Mount et al. 2018). Isolates AMS3742, AMS3743, 

AMS3747, AMS3748, and AMS3744 were obtained from liquid batch culture evolution 

experiments conducted in 96-well format. Progenitor isolates were plated for single 

colonies on YPAD and incubated for 48 hours at 30°C. Single colonies were grown to 

saturation in liquid YPAD at 30°C. A 1:1000 dilution was made in YPAD medium 

containing either 1 µg/ml or 128 µg/ml of FLC. Plates were covered with BreathEASIER 

tape (Electron Microscope Science) and cultured in a humidified chamber for 72 hours at 

30°C. At each 72-hour time point, cells were resuspended by pipetting and transferred 

into fresh media via a 1:1000 dilution and cultured for another 72 hours at 30°C, for 10 

consecutive passages. After the final transfer, cells were immediately collected for 

genomic DNA isolation and ploidy analysis by flow cytometry.  

To obtain AMS3743 isolates that had lost the i(4R) (Figure 3.2), 12 single 

colonies of AMS3743 were selected on YPAD plates at 30°C after 48 hours. All 12 

single colonies had i(4R) (by PCR) and were used to initiate 12 YPAD-evolved lineages, 

each cultured for 24 hours in 4 ml liquid YPAD at 30°C with shaking. Every 24 hours, a 

1:1000 dilution was inoculated into fresh YPAD medium. Cultures were passaged for 30 

days. Cells from all 12 YPAD-evolved lineages were divided into tubes for -80°C 

storage, genomic DNA isolation, and CHEF analysis. All 12 YPAD-evolved lineages 

maintained i(4R) by CHEF analysis. CHEF gel densitometry analysis (see below) 

identified one lineage (AMS3743_10) that had a lighter i(4R) band density relative to the 

rest of the genome. AMS3743_10 was plated for single colonies on a YPAD plate and 

incubated at 30°C for 48 hours. Six single colonies were cultured for 24 hours in 4 ml 

liquid YPAD at 30°C with shaking, and cells were divided into tubes for -80°C storage, 
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genomic DNA isolation, and CHEF analysis. One of the six single colonies lost the i(4R) 

(AMS3743_10_S6, Figure 3.2). 

3.6.4 Contour-clamped homogenous electric field (CHEF) electrophoresis 

Samples were prepared as previously described (Selmecki et al. 2005). Cells were 

suspended in 300 µL 1.5% low-melt agarose (BioRad) and digested with 1.2 mg 

Zymolyase (US Biological). Chromosomes were separated on a 1% Megabase agarose gel 

(BioRad) in 0.5X TBE using a CHEF DRIII apparatus. Run conditions as follows: 60 s to 

120 s switch, 6 V/cm, 120° angle for 36 hours followed by 120s to 300s switch, 4.5 V/

cm, 120° angle for 12 hours. 

3.6.5 CHEF gel densitometry 

Ethidium bromide stained CHEF gels were imaged using the GelDock XR 

imaging system (BioRad). Images were exported as .PNG files, converted to 32-bit, and 

analyzed using ImageJ (v2.0.0-rc-30/1.49s). The total lane density (gray value, area under 

the curve) was collected for each sample. The density associated with i(4R) was 

determined by drawing a box around the i(4R) density peak (box distance was from each 

adjacent minimums). The fraction of i(4R) relative to the entire genome was determined 

by normalizing the i(4R) density relative to the total lane density. The population with 

lowest ratio of i(4R) relative to total genome (AMS3743_10) was used for single colony 

analysis. 

3.6.6 Southern Hybridization 

DNA from CHEF gels was transferred to BrightStar Plus nylon membrane 

(Invitrogen). Probing and detection of the DNA was conducted as previously described 

(Selmecki et al. 2005, Selmecki et al. 2008, Selmecki et al. 2009). Probes were generated 
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by PCR incorporation of DIG-11-dUTP into target sequences following manufacturer’s 

instructions (Roche). Primer pairs used in probe design are listed in Table 3.7 

3.6.7  PCR 

All primer sequences were designed to avoid heterozygous or SNP loci in the 

reference genome SC5314 and clinical isolates. Primers and primer sequences are found 

in Table 3.7. PCR conditions for i(4R) were as follows: 95°C for 3 min, followed by 32 

cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 5.5 min, and a final extension at 72°C for 

10 min. The PCR conditions for the Chr4 inversion (Figure 3.12) were the same as above, 

except the annealing temperature was at 53°C and the extension time was for 3.25 min. 

3.6.8 Flow Cytometry 

Cells were prepared as previously described (Todd et al. 2018). Briefly, cells were 

grown to a density of 1x107 in liquid medium and gently spun down (500 x g) for 3 

minutes. The supernatant was removed and cells were fixed with 70% (v/v) ethanol for at 

least 1 hour at room temperature. Cells were then washed twice with 50 mM sodium 

citrate and sonicated (Biorupter Fisher Science) for 10-15 s at 30% power to separate the 

cells. Following sonication, cells were centrifuged and resuspended with 50 mM sodium 

citrate and incubated for at least 3 hours at 37°C in 0.5 mg ml-1 RNase A (MP 

Biomedicals) + 50 mM sodium citrate (Fisher Scientific). Cells were stained with 25 µg 

ml-1 propidium iodide (Invitrogen) overnight in the dark at 37°C. Cells were sonicated for

5-10 seconds at 15% power, and 30,000 cells were analyzed on a ZE5 cell analyzer

(BioRad). Data were analyzed in FlowJo (https://www.flowjo.com/solutions/flowjo/

downloads ) (v10.4.1). 

3.6.9 Growth Curve Analysis 
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Table 3.7: Primers used in this study 

Primer Name  
(with Chr 
Position) 

Primer 
Number in 

Figures Sequence (5' -> 3') Description 

1203_Chr4_995985_995966 1 ATCCCAAAGCCGATCTCCTC PCR 

1185_Chr4_991344_991363 2 AAATACATTCGCTCCTGCTG PCR 

491_Chr4_993745_993726 3 CGGATGTCTGCTTGCTCAGA PCR / DIG Southern Probe 

1186_Chr4_995135_995155 4 ATGGTTCTGATTGTTGCCTCG PCR 

1218_Chr4_83699_83719 5 AAGGAAGGGCAATATTGAGTG PCR 

1219_Chr4_86354_86330 6 ACTACTCTTTTCTTAGTTGACCCAG PCR 

1221_Chr4_119573_119551 7 ACATTGTTGGTATTGTCTGGTGG PCR 

490_Chr4_993104_993123 NA TACATTCTGCAAGCCGCTCA DIG Southern Probe 
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Growth curves were determined using a BioTek Epoch plate reader. Culture 

medium included YPAD or YPAD+32 µg/ml FLC (Alfa Aesar) Approximately 5x103 

cells were inoculated into 200 µl culture medium in a clear, flat bottomed 96-well plate 

(Thermo Scientific). The plate was incubated at 30°C with a double orbital shaking at 

256 rpm, and the OD600 was measured every 15 minutes. Data were collected with Gen5 

Software (BioTek) and exported to Microsoft Excel for downstream analysis. All growth 

curves were conducted in individual biological triplicate on separate days. 

3.6.10 Illumina Whole Genome Sequencing 

Genomic DNA was isolated with phenol chloroform as described previously 

(Selmecki et al. 2006). Libraries were prepared using the NexteraXT DNA Sample 

Preparation Kit following the manufacturer’s instructions (Illumina). DNA fragments 

between 600 and 1,200 bp were selected for sequencing using a Blue Pippin 1.5% 

agarose gel dye-free cassette (Sage Science). Library fragments were analyzed with a 

Bioanalyzer High Sensitivity DNA Chip (Agilent Technologies) and Qubit High 

Sensitivity dsDNA (Life Technologies). Libraries were sequenced using paired-end, 2 x 

250 reads on an Illumina MiSeq (Creighton University). Adaptor sequences and low-

quality reads were trimmed using Trimmomatic (v0.33 LEADING:3 TRAILING:3 

SLIDINGWINDOW:4:15 MINLEN:36 TOPHRED33) (Bolger et al. 2014). Reads were 

mapped to the Candida albicans reference genome (A21-s02-m09-r08) obtained 7 of 

October 2015 from the Candida Genome Database website: 

http://www.candidagenome.org/download/sequence/C_albicans_SC5314/Assembly21/ar

chive/ C_albicans_SC5314_version_A21-s02-m09-r08_chromosomes.fasta.gz). The 

reads were mapped using the Burrows-Wheeler Aligner MEM algorithm using default 
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parameters (BWA v0.7.12) (Li 2013). Duplicate PCR amplicons were removed using 

Samtools (v0.1.19) (Li and Durbin 2009), and reads were realigned around possible 

indels using Genome Analysis Toolkit’s RealignerTargetCreator and IndelRealigner (-

model USE_READS -targetIntervals) (v3.4-46) (McKenna et al. 2010). All WGS data 

have been deposited in the National Center for Biotechnology Information Sequence 

Read Archive database as PRJNA510147. Sequence data obtained from published 

datasets are noted in Table 3.1. 

3.6.11 Identification of Aneuploidy and Copy Number Breakpoints 

Preliminary identification of chromosomes containing CNVs was conducted using 

Illumina whole genome sequence data and the Yeast Analysis Mapping Pipeline (YMAP 

v1.0). Fastq files were uploaded to YMAP and read depth was plotted as a function of 

chromosome location using the reference genome Candida albicans (A21-s02-mo8-r09), 

with correction for chromosome end bias and GC content (Abbey et al. 2014). The 

average normalized genome coverage was determined for 45.5 kb non-overlapping 

windows across each chromosome using the YMAP GBrowse CNV track. The largest 

absolute difference between the average normalized genome coverage of two consecutive 

45.5 kb windows was identified. To further refine CNV breakpoints, fastq files were 

aligned to the reference genome as above (Illumina Whole Genome Sequencing), read 

depth was calculated for every base pair in the nuclear genome using Samtools (samtools 

depth -aa) (v0.1.19), and normalized by read depth of the total nuclear genome using R 

(v3.5.2). The two consecutive 45.5 kb windows were further sub-divided into 5 kb 

windows. The average normalized read depth was determined for these 5 kb windows 

and a rolling mean of every two consecutive 5 kb windows was determined. CNV 
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breakpoint boundaries were identified when 75% of four consecutive means had an 

average normalized read depth that deviated from the average normalized nuclear 

genome read depth by more than 25% in tetraploids or 50% in diploids (Ford et al. 2015). 

Boundaries were confirmed by visual inspection in Integrative Genomics Viewer (IGV 

v2.3.92) (Thorvaldsdottir et al. 2013). CNV breakpoints were then determined using 

visual inspection of total read depth and allele ratio analysis (when the breakpoint was 

surrounded by heterozygous sequence) within unique, non-repeat sequences. CNV 

breakpoint positions were compared to Table 3.2 and breakpoints were assigned a repeat 

name if they fell within 2 kb of a long repeat sequence. 

3.6.12 Enrichment of CNV Breakpoints at Long Repeat Sequences 

Enrichment analysis of CNV breakpoints was conducted using a two-tailed 

Fisher’s Exact Test in Bedtools (Bedtools v2.28.0) with default parameters (Quinlan and 

Hall 2010). Briefly, two .bed files were generated with 1) the start and stop positions of 

all long repeat sequences and, 2) the start and stop positions of all long repeat sequences 

located within 2 kb of a CNV breakpoint (Table 3.2, excluding the complex tandem 

repeat genes). The overlap of observed breakpoints and long repeat sequences was 

compared to the expected overlap between CNV breakpoints and long repeat sequences, 

given the total genome coverage of long repeat sequences. The minimum overlap 

required was a single base pair between a CNV breakpoint and repeat sequence. 

3.6.13 Identification of Long-Range Homozygosity Breakpoints 

Illumina whole genome sequence data were analyzed using YMAP (v1.0) and 

IGV (v2.3.92). First, fastq files were uploaded to YMAP and the density of heterozygous 

SNPs was determined for non-overlapping 5 kb windows and plotted by chromosomal 
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position in standard SNP/LOH view (default parameters, baseline ploidy was 2N for all 

isolates except AMS3420, which was 4N). Approximate positions of all long-range 

homozygous and heterozygous transitions were determined within 20-25 kb. To further 

refine LOH breakpoints, fastq files were aligned to the reference genome as above 

(Illumina Whole Genome Sequencing) and visualized in IGV. All heterozygous to 

homozygous (and vice versa) transitions were recorded when four or more consecutive 

loci were heterozygous and transitioned to four or more homozygous loci (and vice 

versa). The minimum distance covered by the four or more consecutive loci was greater 

than 300 bp and all four of the loci were located within unique, non-repeat sequences. 

Additionally, all heterozygous loci utilized for breakpoint analysis had an alternate allele 

frequency greater than or equal to 20%, read depth greater than 10 reads, and both 

forward and reverse strands that supported the alternate allele (Selmecki et al. 2015). The 

breakpoints of these long-range homozygous tracks (‘LOH breakpoints’) were recorded 

as the last heterozygous locus and the first homozygous locus of the 

heterozygous>homozygous transition, and vice versa for the homozygous>heterozygous 

transition. Long-range LOH breakpoints were then compared to Table 3.2 and were 

assigned a repeat number if they fell within 2 kb of a long repeat sequence (Table 3.4). 

3.6.14 Identification of Inversion Breakpoints 

Additional positions of predicted chromosomal inversions were obtained from 

Hirakawa et al. 2015, Table S13 (Hirakawa et al. 2015). Coordinates corresponding to 

potential inversions were obtained using BreakDancer or NUCmer (Hirakawa et al. 

2015). The distance between the BreakDancer or NUCmer coordinates (start and stop) 

and the nearest long repeat sequence was determined. If a long repeat sequence occurred 
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within 2 kb of either BreakDancer or NUCmer coordinates, the repeat number and family 

were recorded. Disagreement between BreakDancer and NUCmer coordinates that 

coincided with breakpoints in different repeat families (representing more complex 

chromosome rearrangements or inversions) were removed from the analysis. 

Additionally, all NUCmer or Breakdancer positions that occurred within ALS gene family 

repeats were removed from the analysis because the BreakDancer and NUCmer 

coordinates did not support a consistent length of sequence inversion (likely due to 

mapping errors within and between ALS repeats). The long repeat sequences identified at 

these potential inversion breakpoints, including those shared across different isolates, are 

summarized in Table 3.6. 

3.6.15 Microsatellite Repeat Identification 

Short repetitive sequences found at either copy number breakpoints or allele ratio 

breakpoints were analyzed using REPuter (Kurtz et al. 2001) with a minimum repeat 

length of 8 bp. Analysis was conducted using the forward, reverse, complement, and 

palindromic match direction. 

3.6.16 Identification of Long Repeat Sequences 

Repeat sequences within the C. albicans genome were identified using the 

MUMmer suite (v3.0) (Kurtz et al. 2004). Whole genome sequence alignment with 

NUCmer (nucmer --maxmatch --nosimplify) identified all maximum-length matches with 

100% sequence identity (minimum match length of 20 bp) within the Candida albicans 

SC5314 reference genome (A21-s02-m09-r08, obtained 7 of October 2015 from the 

Candida Genome Database (CGD): 

http://www.candidagenome.org/download/sequence/C_albicans_SC5314/Assembly21/ar
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chive/ C_albicans_SC5314_version_A21-s02-m09-r08_chromosomes.fasta.gz). All 

maximum length matches were identified, regardless of their uniqueness (meaning all 

matches in the genome were identified). Then, all sequence matches were clustered and 

extended to obtain a maximum-length colinear string of matches if they were separated 

by no more than 90 nucleotides (NUCmer default parameters). Three repeat matches 

shared less than 80% sequence identity, therefore an 80% cutoff was used for the final 

long repeat analysis (Table 3.2), similar to previous studies (Achaz et al. 2000, Warren et 

al. 2014). All sequences that self-aligned to the same genomic position were removed. 

Repeat matches were annotated using the reference genome feature file 

(C_albicans_SC5314_version_A21-s02-m09-r08_Chromosomal_feature file) and repeat 

tracks obtained from CGD (Skrzypek et al. 2017). To highlight uncharacterized long 

repeat sequences, repeats associated with the three major classes of repetitive DNA in C. 

albicans were removed, including the rDNA locus, MRS sequences (RPS, HOK, and 

RB2), telomere-proximal regions, as well as ambiguous sequences (containing poly-N 

nucleotides). These regions are highly variable and difficult to analyze with short-read 

sequencing techniques (Chibana et al. 1994, Hoyer et al. 1995, Chindamporn et al. 1998, 

Chibana et al. 2000, Goodwin and Poulter 2000, Levdansky et al. 2008, Hoyer and Cota 

2016). Telomere-proximal regions were determined as the region from each chromosome 

end to the first confirmed, non-repetitive-genome feature, similar to previous studies 

(Hirakawa et al. 2015, Ene et al. 2018): Chr1: 1-10000, Chr1:3181000-3188548, Chr2: 1-

5000, Chr2: 2228650-2232035, Chr3: 1-15000, Chr3: 1787000-1799406, Chr4: 1-2700, 

Chr4: 1597200-1603443, Chr5: 1-3800, Chr5: 1183000-1190928, Chr6: 1-3000, Chr6: 

1031500-1033530, Chr7: 1-75, Chr7: 942300-949616, ChrR: 1-4500, ChrR: 2286355-
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2286389. Telomere-associated genes, including TLO genes, that were not positioned in 

these telomere-proximal regions were maintained.  

All long repeat sequences were verified using BLAST and IGV. Repeat copies 

that were on the same chromosome were defined as either tandem, mirrored, or inverted 

using the repeat start and end positions obtained from NUCmer and manually inspected 

in IGV. Tandem repeat sequences are in the same orientation on the same strand, 

mirrored repeat sequences are in opposite orientations on the same strand, and inverted 

repeat sequences are in opposite orientations on the opposite strand. Spacer length was 

obtained by calculating the shortest distance between repeat matches. 

After the post-alignment annotations and filtration, repeats were combined into 

repeat families if they shared an identical match. For example, if repetitive sequence A 

was matched with sequence B, sequences A and B were combined into one family. In 

some instances, a sequence matched with more than one sequence (e.g. A matched with 

B and C). In these cases, all matched sequences were combined into one family. In total, 

230 repeat families were identified with sequence identities of ≥80% (median value of 

92.9%) between all copies of the repeat within a family. Of these 230 families, 68 

included more than two copies per genome (Table 3.2).  

The fraction of the genome covered by long repeat sequences was determined by 

multiplying the average copy length of each repeat family by the number of copies of that 

repeat family found throughout the genome (excluding the complex tandem repeat 

genes). The sum of the average copy length of all repeat families (409129 bp) was then 

divided by the length of the haploid Candida albicans SC5314 reference genome 
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(excluding the mt-DNA, 14280189 bp) to determine that 2.87% of the genome is covered 

by long repeat sequences. 

3.6.17 Annotation of Repeat Sequences 

The long repeat sequences were annotated according to the genomic features 

contained within each matched repeat sequence using the C. albicans genome feature file 

described above. The genomic features included were: lone long terminal repeats (LTRs) 

lacking ORFs, retrotransposons, tRNAs, ORFs, and intergenic sequences. Repeat 

matches containing ORFs included partial ORF sequences, single complete ORF 

sequences, and multiple ORFs and intergenic sequences. In cases where one repeat copy 

contained a genome feature, but the other repeat copy contained an intergenic sequence 

(no genome feature), this later repeat was flagged as “Unannotated Intergenic Sequence” 

and both repeat copies were assigned the feature found at the annotated repeat copy 

(Table 3.2). All unannotated sequences were verified in both V21 and V22 of the C. 

albicans reference genome (Skrzypek et al. 2017). Of the known LTRs present within the 

C. albicans genome, only five were not detected in the MUMmer analysis. Analysis of

the five undetected LTRs using BLASTN revealed that they lacked an exact match of 20 

nucleotides required to establish a matched repeat pair. 

All full-length ORF coding sequences within the C. albicans reference genome 

(C_albicans_SC5314_version_A21-s02-m09-r08_chromosomes.fasta.gz ) were analyzed 

for length and GC content using EMBOSS Infoseq (http://imed.med.ucm.es/cgi-

bin/emboss.pl?_action=input&_app=infoseq). All full-length ORF coding sequences 

were divided into coding sequences that were contained within long repeat sequences or 

coding sequences that were not contained within long repeat sequences (excluding the 
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complex tandem repeat genes, Table 3.2, Figure 3.7D & E). If a long repeat sequence 

contained a partial ORF sequence, the full-length coding sequence was used in the 

analysis. Similarly, if a long repeat sequence contained multiple ORF sequences, the full-

length coding sequence of each ORF were included in the analysis.  

3.6.18 Exclusion of Complex Tandem Repeat Genes 

Five ORFs and one gene family with known, complex embedded tandem repeats 

were confirmed by NUCmer (PGA18, PGA55, EAP1, Adhesin-like orf19.1725, CSA1, 

and the ALS gene family comprised of seven ORFs, Table 3.2) (Levdansky et al. 2008, 

Wilkins et al. 2018). Assignment of a genome copy count was not possible for these 

tandem repeat genes due to the extreme complexity of matched repeat sequences. For this 

reason, all repeat copy counts and analysis using copy counts exclude the complex 

tandem repeat genes listed above and are indicated throughout the text (Table 3.2). 

3.6.19 Statistical Analyses 

For this study, biological replicates are defined as a single, independent culture 

derived from a frozen -80°C glycerol stock. Data were analyzed using GraphPad Prism 

v6 and made into graphical representations using RSudio v1.1.463. All p-values below 

0.05 were considered significant.  

1 Portions of this chapter were originally published in eLife.
Todd RT, Wikoff TD, Forche A, Selmecki A. Genome plasticity in is driven by long 
repeat sequences. Elife. 2019;8:e45954. DOI: 10.7554/eLife.45954.
Creative Commons 
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Chapter 4 
Expandable and reversible copy number amplification drives 

rapid adaptation to antifungal drugs 

4.1 Abstract 

Copy number variation (CNV) is a major source of genomic diversity in bacteria, 

fungi, and human cancer cells and can drive rapid adaptive evolution via altered gene 

dosage and mutational target size. In the primary human fungal pathogen, Candida 

albicans, CNVs amplify genes that are both necessary and sufficient to confer antifungal 

drug resistance. However, the mechanism and dynamics of CNV formation in response to 

antifungal drug treatment is not known. In this chapter, we describe the rapid and 

recurrent acquisition of novel, complex CNVs during adaptation to azole antifungal 

drugs. These CNVs amplify over 12 copies per genome of large chromosomal regions 

(164 kb to >1 MB) and decrease sensitivity to multiple azole antifungal drugs. Real-time, 

single-cell karyotype analysis indicates that these CNVs arise via a dicentric chromosome 

intermediate and successive breakage-fusion-bridge cycles that are repaired using two 

distinct long inverted repeat sequences. This leads to rapid and amplifiable CNV 

formation during antifungal drug selection. Removal from antifungal drug can lead to a 

dramatic loss of the CNV and reversion to the progenitor genotype and drug 

susceptibility phenotype. Together, these findings support a novel mechanism for the 

rapid acquisition of antifungal drug resistance and provide new genomic evidence for the 

phenotypic heterogeneity frequently observed in clinical settings. 

4.2  Introduction 

The evolution of antifungal drug resistance is an urgent threat to human 

health worldwide, particularly for hospitalized and immune-compromised individuals 
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(Perea and Patterson 2002, Pfaller 2012, Vandeputte et al. 2012). Only three classes of 

antifungal drugs are currently available and resistance to all three classes has occurred for 

the first time in the emerging fungal pathogen Candida auris (Ghannoum and Rice 1999, 

Chen and Sorrell 2007, Lockhart et al. 2017). Importantly, the mechanism and dynamics 

of acquired antifungal drug resistance, in vitro or in a patient undergoing antifungal drug 

therapy, are not fully understood. 

The primary human fungal pathogen, Candida albicans, causes nearly 500,000 

life-threatening infections each year (Brown and Netea 2012). Disseminated bloodstream 

infections of C. albicans have a high mortality rate (15-50%) despite available antifungal 

therapies (Pfaller et al. 2010, Pfaller et al. 2019). The failure of antifungal drug therapy is 

likely multifactorial and is compounded by the fungistatic, not fungicidal, mechanisms of 

most antifungal drugs (Bicanic et al. 2009, Roemer and Krysan 2014). Additionally, 

antifungal drug tolerance can cause an inability to effectively clear these fungal 

infections. Antifungal drug tolerance is the ability of susceptible isolates to continue to 

grow, albeit slowly, in the presence of drug concentrations that are above a minimum 

inhibitory concentration (Berman and Krysan). Mechanisms that cause antifungal drug 

tolerance are not fully understood, but include the induction of cell growth and division, 

core stress response regulators, and cell wall and cell membrane biosynthesis pathways 

(Sanglard et al. 2003, Onyewu et al. 2004, Mayer et al. 2013, Rosenberg et al. 2018, 

Berman and Krysan). 

C. albicans and other fungal pathogens exhibit significant karyotype and genome

plasticity (Suzuki et al. 1982, Zolan 1995, Chibana et al. 2000, Magee and Magee 2000, 

Shin et al. 2007, Sionov et al. , Croll and McDonald 2012, Gerstein et al. 2015, Bravo 
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Ruiz et al. 2019). With no observed meiosis, the genome plasticity observed in C. 

albicans isolates is somatic (asexual) and includes whole genome duplication/reduction, 

aneuploidy, segmental aneuploidy, and loss of heterozygosity (LOH) (Rustchenko-

Bulgac 1991, Selmecki et al. , Forche et al. , Hickman et al. 2013, Abbey et al. , Ford et 

al. 2015, Hirakawa et al. 2015, Gerstein et al. 2017, Ene et al. 2018, Todd et al. 2019, 

Forche et al.). From an evolutionary prospective, the genome plasticity of C. albicans 

(and other fungal pathogens) may dramatically alter the frequency in which beneficial 

mutations are acquired within a population, resulting in both drug resistance and drug 

tolerance phenotypes. 

Genome plasticity due to amplification or deletion of a chromosome segment, 

defined herein as copy number variation (CNV), is found across all domains of life 

(Anderson and Roth 1977, Riehle et al. 2001, Beroukhim et al. 2010, Elde et al. 2012, 

Zmienko et al. 2014, Zarrei et al. 2015, San Millan et al. 2016, Dulmage et al. 2018). 

CNVs are highly prevalent in human cancers, resulting in tumorigenesis, metastasis, and 

increased rates of mortality (Shlien and Malkin 2009, Beroukhim et al. 2010, Zack et al. 

2013, Heitzer et al. 2016, Hieronymus et al. 2018). Experimental evolution supports that 

CNVs can drive rapid adaptation via altered gene dosage and mutational target size (Otto 

2007, Pavelka et al. 2010, Zhou et al. 2011, Elde et al. 2012, Selmecki et al. 2015, Cone 

et al. 2017, Bayer et al. 2018). In Saccharomyces cerevisiae, copy number amplification 

of membrane transporters (eg. HXT6/7, CUP1, GAP1, and SUL1) can provide a strong 

fitness benefit in nutrient limiting or high copper environments (Brown et al. 1998, 

Gresham et al. 2008, Gresham et al. 2010, Lin and Li 2011, Adamo et al. 2012, Payen et 

al. 2014, Hull et al. 2017, Lauer et al. 2018). Some of these CNVs can exist on 
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extrachromosomal circular DNA (eccDNA) and amplify using a mechanism that relies on 

short repetitive sequences and aberrant base pairing during replication fork stalling 

(ODIRA) (Brewer et al. 2011, Brewer et al. 2015). These CNVs can arise and spread 

rapidly within a population under selection, and competition between distinct CNV 

lineages (clonal interference) is frequently observed (Payen et al. 2014, Lauer et al. 

2018). However, in the absence of selective pressure, CNVs are generally thought to 

confer a fitness defect to the cell and are removed from the population (Tang and Amon 

2013). Therefore, the mechanism and dynamics of CNV gain and loss are critical to our 

understanding of adaptive evolution and pathogenesis. 

Antifungal drug stress selects for aneuploidy and CNV formation in diverse 

human fungal pathogens, including C. albicans, C. auris, and Cryptococcus neoformans 

(Selmecki et al. 2006, Selmecki et al. 2009, Hwang et al. 2017, Munoz et al. 2018). In C. 

albicans, a single, recurrent CNV that amplifies the left arm of Chr5 in an 

isochromosome (i(5L)) structure is necessary and sufficient to cause drug resistance 

(Selmecki et al. 2006, Selmecki et al. 2008). This drug resistance is due to copy number 

amplification of two genes on Chr5L: TAC1, the transcriptional activator of the multidrug 

transporters (Cdr1 and Cdr2), and ERG11, the target of the azole antifungal drugs. The 

i(5L) CNV is frequently identified in clinical isolates and is the only CNV known to 

cause azole resistance in different genetic backgrounds (Selmecki et al. 2006, Selmecki et 

al. 2008, Ford et al. 2015, Todd et al. 2019). In addition to copy number amplification, 

acquisition of non-synonymous, gain-of-function mutations in TAC1 and ERG11 can 

cause resistance due to constitutive activation of drug efflux pumps and a decreased 

affinity to the azole drug (Coste et al. 2004, Morio et al. 2010). LOH of these gain-of-
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function alleles can further increase the level of resistance (White 1997, Sanglard et al. 

2003, Coste et al. 2006, Coste et al. 2007, Selmecki et al. 2009, Ford et al. 2015).   

Long repeat sequences (65 bp – ~6.5 kb) represent a significant source of genome 

plasticity in C. albicans isolates obtained both in the presence and absence of antifungal 

drugs (Todd et al. 2019). For example, all CNV breakpoints and many LOH breakpoints 

occur at long repeat sequences (Todd et al. 2019). Furthermore, CNV and LOH 

breakpoints frequently co-occur at the same repeat sequences. Given that CNV and LOH 

are both important mechanism of acquired antifungal drug resistance, these breakpoints 

may suggest that a conserved mechanism links CNV and LOH events while under 

selection. 

We identified a novel mechanism driving the rapid acquisition of CNVs during 

adaptation to antifungal drug stress. These CNVs amplify genomic regions to more than 

12 copies per genome and decrease sensitivity to multiple azole antifungal drugs. CNV 

formation occurs via a dicentric chromosome intermediate and successive breakage-

fusion-bridge cycles that are repaired using two distinct long repeat sequences. This leads 

to rapid and amplifiable CNV formation during antifungal drug selection. Importantly, 

the CNVs can be rapidly lost in the absence of antifungal drug selection, resulting in a 

copy number that is identical to the progenitor and leaving little evidence that the CNV 

ever occurred. The transient nature of these CNVs causes phenotypic and population-

level heterogeneity that is often observed for clinical isolates in the presence of antifungal 

drug, including: heteroresistance, trailing growth, and tolerance (Colombo et al. 2014, 

Rueda et al. 2014, Berman and Krysan 2000). Ultimately, these CNVs represent a 
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previously uncharacterized, complex mechanism of gene amplification and chromosome 

plasticity that C. albicans utilizes during adaptation to antifungal drug stress. 

4.3  Results 

4.3.1 Massive copy number amplifications occur during adaptation to antifungal stress 

To identify mechanisms driving CNV formation during adaptation to antifungal 

drug stress, we conducted 48 parallel in vitro evolution experiments with four drug 

susceptible C. albicans clinical isolates, each representing a distinct genetic background 

(SC5314, P75016, P75063, and P78042, Table 4.1) (Hirakawa et al. 2015). After 100 

generations in sub-inhibitory concentrations of the most commonly prescribed antifungal 

drug, fluconazole (FLC, 1 μg/ml), the fitness of the evolved populations was determined 

with the minimum inhibitory concentration (MIC) assay (See Methods). Seven FLC-

evolved isolates that acquired at least a two-fold increase in MIC50 relative to their 

progenitor were selected for whole genome sequencing (WGS). 

The seven selected isolates acquired one or more genome rearrangements, 

including three whole chromosome aneuploidies and ten segmental chromosome CNVs 

(Figure 4.1A). Eight of these CNVs were novel and shared several key features: the 

CNVs had high copy numbers (4 to >12 copies), occurred entirely within a single 

chromosome arm, and were not associated with centromeres or the Major Repeat 

Sequences (MRS). These complex CNVs amplified chromosome segments that ranged 

from ~164 kb to ~1.02 MB in length and contained between 57 - 462 ORFs. The two 

remaining CNVs have been observed previously, i(5L) and Chr7R, and had typical copy 

numbers (3-4 copies) that amplified from the centromere of Chr5 (CEN5) or the MRS on 

Chr7 (MRS7b), to the nearest telomere (Selmecki et al. 2006, Todd et al. 2019). 
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Table 4.1. Strains used in this study

Strain Name Alias Progenitor Ploidy Isolation Source SRR Reference
SC5314 2N Clinical isolate SRR868699 Hirakawa et al., 2015
P78042 2N Clinical isolate SRR543724 Hirakawa et al., 2015
P75016 2N Clinical isolate SRR543721 Hirakawa et al., 2015
P75063 2N Clinical isolate SRR543727 Hirakawa et al., 2015
AMS4107 P75063_1ug_8 P75063 2N in vitro evolution SRR11347407 This Study
AMS4105 P75063_1ug_6 P75063 2N in vitro evolution SRR11347409 This Study
AMS4397 P75016_1ug_10 P75016 2N in vitro evolution SRR11347414 This Study
AMS4104 P75063_1ug_5 P75063 2N in vitro evolution SRR11347410 This Study
AMS4106 P75063_1ug_7 P75063 2N in vitro evolution SRR11347408 This Study
AMS4444 P78042_1ug_9 P78042 2N in vitro evolution SRR11347413 This Study
AMS4702 YJB12746 SC5314 2N in vitro evolution SRR1635035 Abbey et al., 2014
AMS3050 CaLC_3601 CaCi-17 2N in vitro evolution SRR3593469 Mount et al., 2018
AMS3051 (MinION) CaLC_4349 AMS3050 2N in vitro evolution SRR11347406 This Study
AMS3051 CaLC_4349 AMS3050 2N in vitro evolution SRR3593470 Mount et al., 2018
AMS3052 CaLC_4353 AMS3050 2N in vitro evolution SRR3593471 Mount et al., 2018
AMS3053 CaLC_4356 AMS3050 2N in vitro evolution SRR3593474 Mount et al., 2018
AMS3054 CaLC_4358 AMS3050 2N in vitro evolution SRR3593476 Mount et al., 2018
AMS3092 CaLC_4349_BB AMS3051 2N in vitro evolution SRR11347412 This Study
AMS3093 CaLC_4349_SB AMS3051 2N in vitro evolution SRR11347411 This Study
AMS3094 CaLC_4349_SS AMS3051 2N in vitro evolution SRR6941758 Mount et al., 2018
AMS3053_A AMS3053_Single1_20ug/ml_miconazole AMS3053 in vitro evolution This Study
AMS3053_B AMS3053_Single2_20ug/ml_miconazole AMS3053 in vitro evolution This Study
AMS3053_C AMS3053_Single3_20ug/ml_miconazole AMS3053 in vitro evolution This Study
AMS3053_D AMS3053_Single4_20ug/ml_miconazole AMS3053 in vitro evolution This Study
AMS3053_E AMS3053_Single5_20ug/ml_miconazole AMS3053 in vitro evolution This Study
AMS3053_F AMS3053_Single6_20ug/ml_miconazole AMS3053 in vitro evolution This Study
AMS3053_G AMS3053_Single7_20ug/ml_miconazole AMS3053 in vitro evolution This Study
AMS3053_H AMS3053_Single8_20ug/ml_miconazole AMS3053 in vitro evolution This Study
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Figure 4.1: Complex CNVs are comprised of stair-step amplifications flanked by two, 
distinct long inverted repeat sequences. (A) Whole genome sequence data of FLC-evolved 

isolates plotted as log2 ratio and converted to chromosome copy number (y-axis, 1-12 copies) and 

chromosome position (x-axis, Chr1-R) using the Yeast Mapping Analysis Pipeline (YMAP). 

Complex CNVs amplify >12 copies of a chromosomal region ranging from 164 kb to 1.02 

MB in length. Centromeres indicated with a red arrowhead. The progenitor of each FLC-

evolved isolate and the fold increase in FLC MIC50 between the progenitor and the FLC-evolved 

isolate is indicated. The stair-step CNV breakpoints for two isolates: (B) Chr1R of AMS4107 and 

(C) Chr4L of AMS4702. The relative genome sequence read depth is plotted according to 

chromosome position using R. The left and right side of each CNV (indicated with blue and 
orange boxes along the x-axis of each chromosome) are expanded for higher resolution (left and 

right lower panels). In all isolates, the CNV is flanked by two, distinct long inverted repeat 

sequences (blue and orange arrows) that do not share homology. The highest copy number 

amplification occurs between the two, distinct inverted repeats. All CNV copy number 

breakpoints and long inverted repeat sequence details are found in Table 4.2. All genes found 

within the CNVs are found in Table 4.3. Repeat numbers refer to Supplementary File 2 from 

(Todd et al., 2019).
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4.3.2 All complex CNVs are flanked by two distinct long inverted repeat sequences 

To identify the mechanism driving the formation of these novel complex CNVs, 

we determined the copy number breakpoints associated with each CNV using a 

combination of read depth and allele ratio analyses. As observed previously (Todd et al. 

2019), all copy number breakpoints occurred within 2 kb of a long repeat sequence 

(Table 4.2). However, unlike previous observations, all of these complex CNVs were 

comprised of a two-sided, stair-step amplification. The stair-step amplifications occurred 

within 2 kb of two distinct long inverted repeat sequences, and each repeat sequence was 

further associated with two distinct copy numbers changes, generating the steps up and 

steps down (Figure 4.1B & C). For example, a CNV on Chr1R (in AMS4107) was 

comprised of an 9x ~218 kb region, flanked on the left and right by a 6x region of 

variable length (the intra-repeat spacer length), flanked again on the left and right by a 2x 

region (the basal chromosome copy number). Surprisingly, the same symmetric stair-step 

copy numbers (2,6,9,6,2 copies) were observed on three different chromosomes (Chr1, 

Chr3, Chr4) in three different genetic backgrounds (AMS4107, AMS4397, and 

AMS4702) (Figure 4.1B & C). Other recurrent copy number patterns (2,3,4,3,2 copies) 

were observed in AMS4106 and AMS4444 (Table 4.2), and the copy number determined 

by WGS was supported with droplet digital PCR (Table 4.3). The highest copy numbers 

(2,7,15,7,2 copies) occurred in AMS4104. These data support that the CNVs incorporate 

variable copy numbers of the steps between the long repeat sequences, while maintaining 

a symmetric structure. 

In addition to the recurrent stair-step amplification structure of the complex 

CNVs, recurrent CNV breakpoints were observed in isolates with different genetic 
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Table 2: Copy Number Breakpoints of Complex CNVs

Strain
INTRA or 
INTER

Repeat 
Family 
Number

General 
Feature 
Present

Copies per 
Genome

Chromosome 
Sequence 1

Start 
Sequence 1

End 
Sequence 1

Chromosome 
Sequence 2

Start 
Sequence 2

End 
Sequence  2

Copy Length 
Sequence  1

Copy Length 
Sequence 2

Spacer 
Length

Repeat 
Type

Shared 
Identity

AMS4107 INTRA 57 ORF 2 1 2117999 2118807 1 2168519 2167711 809 809 48904 Inverted 88.4
AMS4107 INTRA 57 ORF 2 1 2167711 2168519 1 2118807 2117999 809 809 50520 Inverted 88
AMS4107 INTRA 58 ORF 2 1 2271519 2274379 1 2335801 2332942 2861 2860 58563 Inverted 96.47
AMS4107 INTRA 58 ORF 2 1 2332942 2335801 1 2274379 2271519 2860 2861 64282 Inverted 96.47
AMS4105 INTRA 57 ORF 2 1 2117999 2118807 1 2168519 2167711 809 809 48904 Inverted 88.4
AMS4105 INTRA 57 ORF 2 1 2167711 2168519 1 2118807 2117999 809 809 50520 Inverted 88.4
AMS4105 INTRA 58 ORF 2 1 2271519 2274379 1 2335801 2332942 2861 2860 58563 Inverted 96.47
AMS4105 INTRA 58 ORF 2 1 2332942 2335801 1 2274379 2271519 2860 2861 64282 Inverted 96.47
AMS4105 INTRA 70 ORF 2 1 3113842 3114951 1 3134233 3133121 1110 1113 18170 Inverted 84.04
AMS4105 INTRA 70 ORF 2 1 3133121 3134233 1 3114951 3113842 1113 1110 20391 Inverted 84.04
AMS4105 INTRA 134 ORF 2 3 1300371 1301644 3 1308425 1307131 1274 1295 5487 Inverted 81.57
AMS4105 INTRA 134 ORF 2 3 1307131 1308425 3 1301644 1300371 1295 1274 8054 Inverted 81.57
AMS4105 INTRA 136 ORF 3 3 1402380 1404161 3 1457911 1456130 1782 1782 51969 Mirrored 99.83
AMS4105 INTRA 136 ORF 3 3 1404221 1407250 3 1454881 1451848 3030 3034 44598 Inverted 99.7
AMS4105 INTRA 136 ORF 3 3 1451848 1454881 3 1407250 1404221 3034 3030 50660 Inverted 99.7
AMS4105 INTRA 136 ORF 3 3 1456130 1457911 3 1404161 1402380 1782 1782 55531 Mirrored 99.83
AMS4397 INTRA 132 ORF 2 3 1048245 1049532 3 1146409 1147696 1288 1288 96877 Tandem 92.39
AMS4397 INTRA 133 ORF 2 3 1050245 1052178 3 1148409 1150342 1934 1934 96231 Tandem 92.41
AMS4397 INTRA 132 ORF 2 3 1146409 1147696 3 1048245 1049532 1288 1288 99451 Tandem 92.39
AMS4397 INTRA 133 ORF 2 3 1148409 1150342 3 1050245 1052178 1934 1934 100097 Tandem 92.41
AMS4397 INTRA 134 ORF 2 3 1300371 1301644 3 1308425 1307131 1274 1295 5487 Inverted 81.57
AMS4397 INTRA 134 ORF 2 3 1307131 1308425 3 1301644 1300371 1295 1274 8054 Inverted 81.57
AMS4397 INTRA 136 ORF 3 3 1402380 1404161 3 1457911 1456130 1782 1782 51969 Mirrored 99.83
AMS4397 INTRA 136 ORF 3 3 1404221 1407250 3 1454881 1451848 3030 3034 44598 Inverted 99.7
AMS4397 INTRA 136 ORF 3 3 1451848 1454881 3 1407250 1404221 3034 3030 50660 Inverted 99.7
AMS4397 INTRA 136 ORF 3 3 1456130 1457911 3 1404161 1402380 1782 1782 55531 Mirrored 99.83
AMS4104 INTRA 134 ORF 2 3 1300371 1301644 3 1308425 1307131 1274 1295 5487 Inverted 81.57
AMS4104 INTRA 134 ORF 2 3 1307131 1308425 3 1301644 1300371 1295 1274 8054 Inverted 81.57
AMS4104 INTRA 136 ORF 3 3 1402380 1404161 3 1457911 1456130 1782 1782 51969 Mirrored 99.83
AMS4104 INTRA 136 ORF 3 3 1404221 1407250 3 1454881 1451848 3030 3034 44598 Inverted 99.7
AMS4104 INTRA 136 ORF 3 3 1451848 1454881 3 1407250 1404221 3034 3030 50660 Inverted 99.7
AMS4104 INTRA 136 ORF 3 3 1456130 1457911 3 1404161 1402380 1782 1782 55531 Mirrored 99.83
AMS4106 INTRA 146 ORF 2 4 531791 534363 4 555788 553212 2573 2577 18849 Inverted 97.28
AMS4106 INTRA 146 ORF 2 4 553212 555788 4 534363 531791 2577 2573 23997 Inverted 97.28
AMS4106 INTRA 148 ORF 2 4 671261 672786 4 704243 702718 1526 1526 29932 Inverted 95.74
AMS4106 INTRA 148 ORF 2 4 702718 704243 4 672786 671261 1526 1526 32982 Inverted 95.74
AMS4444 INTRA 146 ORF 2 4 531791 534363 4 555788 553212 2573 2577 18849 Inverted 97.28
AMS4444 INTRA 146 ORF 2 4 553212 555788 4 534363 531791 2577 2573 23997 Inverted 97.28
AMS4444 INTRA 95 tRNA 6 4 781034 781119 4 782813 782728 86 86 1609 Inverted 97.7
AMS4444 INTRA 95 tRNA 6 4 782728 782813 4 781119 781034 86 86 1779 Inverted 97.7
AMS4702 INTRA 148 ORF 2 4 671261 672786 4 704243 702718 1526 1526 29932 Inverted 95.74
AMS4702 INTRA 148 ORF 2 4 702718 704243 4 672786 671261 1526 1526 32982 Inverted 95.74
AMS4702 INTRA 234 RB 2 4 851316 852816 4 898244 899744 1500 1500 46928 Inverted 97.7
AMS4702 INTRA 234 ORF 2 4 898244 899744 4 851316 852816 1500 1500 48428 Inverted 97.7
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Table 4.3: Droplet Digital PCR Analysis

Raw Droplet Counts Droplet Counts Normalized to ACT1
Strain ACT1 MRR1 ORF19.344 PRO2 Strain MRR1 ORF19.344 PRO2

SC5314 Biol 1 175 156 136 168 SC5314 Biol 1 0.89142857 0.77714286 0.96
SC5314 Biol 2 191 179 153 217 SC5314 Biol 2 0.93717277 0.80104712 1.13612565
SC5314 Biol 3 595 577 415 609 SC5314 Biol 3 0.9697479 0.69747899 1.02352941
P75063 Biol 1 216 209 184 221 P75063 Biol 1 0.96759259 0.85185185 1.02314815
P75063 Biol 2 847 700 723 849 P75063 Biol 2 0.82644628 0.85360094 1.00236128
P75063 Biol 3 253 240 220 237 P75063 Biol 3 0.9486166 0.86956522 0.93675889
AMS4104 Biol 1498 2750 392 420 AMS4104 Biol 1 5.52208835 0.78714859 0.84337349
AMS4104 Biol 2532 2500 365 386 AMS4104 Biol 2 4.69924812 0.68609023 0.72556391
AMS4104 Biol 3501 2361 325 489 AMS4104 Biol 3 4.71257485 0.64870259 0.9760479

Average of biological replicates Standard Deviation
Strain MRR1 ORF19.344 PRO2 Strain MRR1 ORF19.344 PRO2

SC5314 0.932783082 0.758556323 1.039885022 SC5314 0.03653601 0.06431539 0.07330638
P75063 0.914218491 0.858339338 0.987422772 P75063 0.07660282 0.00976115 0.04509041
AMS4104 4.977970441 0.707313805 0.848328436 AMS4104 0.47126704 0.0716216 0.12531549

Copy Number (Ploidy=2n) Standard Error
Strain MRR1 (Chr3R) ORF19.344 (Chr3L) PRO2 (Chr3R) Strain MRR1 ORF19.344 PRO2

SC5314 1.865566164 1.517112646 2.079770044 SC5314 0.02109407 0.03713251 0.04232346
P75063 1.828436983 1.716678676 1.974845544 P75063 0.04422666 0.0056356 0.02603296
AMS4104 9.955940883 1.41462761 1.696656872 AMS4104 0.27208615 0.04135075 0.07235093
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backgrounds and from independent evolution experiments (Figure 4.1A, Figure 4.2). In 

several examples with recurrent CNV breakpoints, the copy number of each CNV was 

unique (eg. Chr1R breakpoint at Repeat 57 & 58 in AMS4107 and AMS4105, and the 

Chr3R breakpoint at Repeat 134 & 136 in AMS4105, AMS4397, and AMS4104). 

Interestingly, the CNV breakpoints on Chr4L were not recurrent, but instead occurred at 

different long repeat sequences that amplified a common ~118 kb region in all three 

isolates (AMS4106, AMS4444, and AMS4702 (Table 4.2)). Therefore, the mechanism 

driving the formation of these complex CNVs utilizes long repeat sequences found 

throughout the genome and can result in variable copy number.  

The long inverted repeat sequences associated with the complex CNVs were all 

contained within a single chromosome arm (intra-chromosome arm). There are relatively 

few (77/233) of these intra-chromosome arm inverted repeat sequences within the C. 

albicans genome (excluding MRS and ORFs containing complex imbedded tandem 

repeats, See Todd et al., 2019). The repeat sequences found at these complex CNV 

breakpoints were some of the longest (1500 median bp) and had the highest median 

homology (95.7%) of all long repeat sequences found throughout the genome (516 

median bp, 95.1% homology), which is similar to repeats associated with breakpoints 

resulting in CNV, LOH, and large chromosomal inversions in C. albicans isolates 

obtained in the presence and absence of antifungal drugs (Todd et al. 2019).  

CNVs that result in high copy numbers can occur on extra-chromosomal DNA 

(eccDNA) circles in budding yeast and cancer cells (Moller et al. 2015, Moller et al. 

2018, Paulsen et al. 2018, Hull et al. 2019, Wu et al. 2019). To determine whether these 

complex CNVs were intra-chromosomal or extra-chromosomal amplifications, we used 
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Figure 4.2: Recurrent CNV breakpoints located on Chr3R amplify MRR1. The 

relative genome sequence read depth is plotted according to chromosome position using R. 

The left and right side of each CNV (indicated with blue and orange boxes along the x-axis of 

each chromosome) are expanded for higher resolution (left and right lower panels). Strains 

AMS4104 (A), AMS4397 (B), and AMS4105 (C) each amplify a ~208 kb region on 

Chr3R that includes MRR1 (asterisks), the transcriptional regulator of the multidrug 

transporter Mdr1.
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CHEF karyotype and allele ratio analyses (Figure 4.3). Separation of Chrs 4-7 identified 

a dramatic increase in Chr4 size in two isolates with a Chr4L CNV (AMS4702 and 

AMS4444) relative to their progenitors, indicating that these CNVs are intra-

chromosomal amplifications. Separation of Chr1 and Chr3 CNVs was prohibited by the 

size of these chromosomes and additional restriction digest analyses were required to 

characterize these intra-chromosomal amplification events (see below, e.g. Figure 4.7). 

Surprisingly, the CNVs tended to occur in chromosomal regions that were already 

homozygous in the progenitor isolates and were thus uninformative as to which haplotype 

was amplified in the CNVs (Figure 4.4). However, when the CNVs amplified 

heterozygous sequences, they were derived from only one haplotype and the allele ratio 

scaled accordingly with copy number. Therefore, while we cannot completely rule out the 

possibility of eccDNA amplifications in some of the isolates, our findings support that a 

majority of the complex CNVs are intra-chromosomal amplification events that arise via 

a stair-step amplification of just one haplotype. 

4.3.3 Complex CNVs increase multidrug fitness and tolerance 

To gain a more comprehensive understanding of fitness across these genetically 

diverse isolates, we performed growth curve and MIC analyses. In rich medium, the 

doubling time and carrying capacity was similar between all FLC-evolved isolates and 

their progenitor (Figure 4.5 A-D, left panels), with several notable increases in lag phase 

length. In the presence of 1 μg/ml FLC, the doubling time was reduced (improved) and 

carrying capacity was increased for all FLC-evolved isolates relative to their progenitor, 

and several isolates reached near-logarithmic growth (Figure 4.5 A-D, right panels, Table 

4.4). While each progenitor and FLC-evolved isolate had unique growth trajectories, 
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Figure 4.3: Complex CNVs increase chromosome size. Pulse-field gel electrophoresis 

(PFGE) of each progenitor (in bold) and FLC-evolved isolates. Chromosomes (Chr) are 

labeled to the left of the gel; some progenitors have separable homologs of Chrs 5-7. 

Extrachromosomal CNVs (circles) are not observed in any FLC-evolved isolate. An increase 

in Chr4 size due to the Chr4L CNV (Figure 4.1) is indicated for two FLC-evolved isolates 

(AMS4702 and AMS4444, asterisks) relative to their progenitor (SC5314 and P78042, 

respectively). 
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Figure 4.4: Complex CNVs are predominantly found in regions of long-track 
homozygous sequence.  Whole genome sequence data of progenitor isolates in bold 

(SC5314, P75016, P75063, and P78042) and independent, FLC-evolved isolates (AMS4702, 

AMS4397, AMS4104, AMS4105, AMS4016, AMS4017, and AMS4444) plotted as log2 

ratio and converted to chromosome copy number (y-axis) and chromosome position (x-axis) 

using YMAP. Heterozygous loci indicated with gray hashing. Half (5/10) of the CNVs 

detected occur in regions that are already homozygous in the progenitor. For example, allele 

ratios indicated the CNV breakpoints on Chr1 (AMS4105 and AMS4107), Chr3 (AMS4397, 

AMS4104, and AMS4105), and one of the Chr4 (AMS4702) occurred at regions of that 

were homozygous or were heterozygous-to-homozygous breakpoints in the progenitor. 

Several (3/10) of the CNVs coincide with novel loss of heterozygosity (LOH) 

breakpoints. Fewer (2/10) CNVs occurred in heterozygous sequence, and allele ratios 

scale with copy number. These data suggest that CNVs, when heterozygous, are from a 

single haplotype, and that many of these CNVs may be transient events that previously 

drove LOH in the progenitor. 
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Figure 4.5: Complex CNVs increase fitness in the presence of multiple azole antifungal 
drugs. (A-D) 36-hour growth curve analysis in the absence (YPAD, left) and presence of FLC 

(YPAD + 1 g/ml FLC) for each progenitor (black) and the FLC-evolved isolates with 

complex CNVs. (E-F) Heat map of isolate growth (OD600 at 24 and 48 hours) in two-fold 

increasing concentrations of the azole antifungal drugs (E) fluconazole (FLC) and (F) 
miconazole. The drug concentration at which 50% of growth is inhibited (MIC50) is 

denoted with a yellow bar on the heat map. Each heat map represents the average of three 

independent MIC50 assays. Supra-MIC growth (SMG), a measurement of tolerance, was 

calculated as the average growth at 48 hours above the MIC50 at 24 hours divided by the 

growth at 48 hours in no drug (See methods).  
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these observations support, in general, that the complex CNVs provided increased fitness 

in the presence of drug without a significant cost to fitness in the absence of drug.   

The relative carrying capacity of each isolate in 1 μg/ml FLC was consistent with the 

MIC50 in FLC (Figure 4.5E). However, the fungistatic nature of azole antifungal drugs 

can select for mutants that exhibit drug tolerance: the ability to grow at drug 

concentrations above the MIC50 after 24 hours (Sanglard et al. 2003, Delarze and 

Sanglard 2015, Rosenberg et al. 2018, Berman and Krysan 2020). We quantified the 

supra-MIC growth (SMG) as a measurement of tolerance in FLC and four other azole 

drugs (miconazole, itraconazole, ketoconazole, and posaconazole) (Rosenberg et al. 

2018, Berman and Krysan 2020). SMG was calculated from the average growth (OD600) 

of all wells at 48 hours above the MIC50 at 24 hours (Figure 4.5E & F, Figure 4.6) 

(Rosenberg et al. 2018). Four of the seven isolates with complex CNVs had higher SMG 

levels than their progenitors in FLC, and all seven had higher SMG levels in miconazole. 

AMS4444 and AMS4105 had the highest SMG level in all azoles tested (0.53 – 0.73) and 

were the two isolates that exhibited near-logarithmic growth in 1μg/ml FLC (Figure 4.5C 

& D). Therefore, all isolates that acquired a complex CNV had increased tolerance to one 

or more azole antifungal drugs, and several isolates had increased tolerance to all azoles 

tested. 

4.3.4 Genes involved in drug resistance and tolerance are amplified in recurrent CNVs 

         To identify genes located within the CNVs that could be driving the increased 

fitness in azole drugs, we first characterized genes known to cause bona fide drug 

resistance. Amplification of up to 10 copies of MRR1, the transcriptional regulator of the 

multidrug efflux pump Mdr1, was confirmed by droplet digital PCR in the three 
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Figure 4.6: Complex CNVs cause tolerance and reduce susceptibility to multiple azole 
drugs. Heatmap of OD600 values at 24 and 48 hours in two-fold increasing concentrations 

of the following azole antifungal drugs: (A) fluconazole (FLC); (B) miconazole; (C) 
itraconazole; (D) ketoconazole; and (E) posaconazole. The drug concentration at which 50% of 

growth is inhibited (MIC50) is denoted with a yellow bar on the heat map. Each heat map 

represents the average of three independent MIC50 assays. Independently evolved isolates 

are grouped by progenitor (bold). Supra-MIC growth (SMG), a measurement of 

tolerance, was calculated as the average growth at 48 hours above the MIC50 at 24 hours divided 

by the growth at 48 hours in no drug (See methods).  
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isolates with the Chr3R CNV (Figure 4.2, Table 4.3). Gain of function mutations in 

MRR1 can cause constitutive upregulation and multidrug resistance (Morschhauser et al. 

2007, Dunkel et al. 2008, Schubert et al. 2008), but copy number amplification alone has 

not been shown to cause resistance. Additionally, amplification of the multidrug 

transporters CDR1 and CDR2 occurred within the same CNV as MRR1 in two isolates 

(AMS4105 and AMS4397). Finally, the recurrent CNV on Chr1 contains orf19.4889 

which encodes a predicted major facilitator superfamily (MFS) membrane transporter and 

may have a novel role in antifungal drug efflux. 

Next, we identified genes with a possible role in antifungal drug tolerance. Since 

the mechanism of drug tolerance is not fully understood, we searched for genes that are 

required for membrane and cell wall integrity, calcium and iron availability, and core 

stress response pathways (Sanglard et al. 2003, Onyewu et al. 2004, Taff et al. 2013, 

OMeara et al. 2017 , Garnaud et al. 2018, Rosenberg et al. 2018, Berman and Krysan 

2020). The calcineurin-regulated transcription factor CRZ1, involved in maintenance of 

membrane integrity and antifungal drug tolerance (Sanglard et al. 2003, Onyewu et al. 

2004), was amplified along with MRR1, CDR1, and CDR2 in the same two isolates 

mentioned above, both with increased multi-drug tolerance (AMS4105 and AMS4397, 

Table 4.5). In addition to CRZ1, genes that encode other stress response proteins (HSP70, 

CGR1, ERO1, TPK1, ASR1, and PBS2) and proteins involved in membrane and cell wall 

integrity (CDR3, NCP1, ECM21, MNN23, RHB1 and KRE6) were amplified in the CNVs 

(Table 4.5).  There was no correlation between the copy number of these genes and the 

level of SMG observed. However, since these CNVs occurred in different genetic 
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backgrounds, with ~100,000 unique SNPs, the amplification of certain alleles will likely 

impact fitness differently in each isolate. 

We also performed gene ontology analysis to determine if any genes were 

enriched within the complex CNVs (Table 4.5). Surprisingly, the cellular component 

‘nuclear microtubule’ was the only significantly enriched term for all genes located 

within the complex CNVs (p<0.008, Bonferroni correction for multiple comparisons). 

This included genes that encode microtubule-binding proteins involved in spindle 

elongation, organization, and stabilization (ASE1, KIP3, and BIM1), chromatin 

remodeling (ISW2), and ribosome biogenesis (NEP1) (Eschrich et al. 2002, Nobile et al. 

2003, Enjalbert et al. 2006, Tuch et al. 2008, Cote et al. 2009, Singh et al. 2011, Nobile et 

al. 2012, McCoy et al. 2015) (Table 4.5). Other significantly enriched terms were 

identified for genes located within a single complex CNV, including terms for cell wall 

formation, RNA polymerase, and tRNAs (Table 4.5). In summary, the complex CNVs 

amplified genes known to have a direct role in drug resistance (MRR1, CDR1, and CDR2) 

and drug tolerance (CZR1), as well as genes that may elucidate new mechanisms that are 

important for adaptation to antifungal drug stress, including maintenance of mitotic 

spindle function. 

4.3.5  Expandable CNVs generated through a step-wise amplification of a dicentric 

chromosome  

The identification of recurrent CNV breakpoints in different genetic backgrounds 

raised the possibility that a common mechanism was driving the formation of these 

complex CNVs. To further address the mechanism of formation and to understand the 

impact of copy number on fitness, we utilized four single colony isolates (AMS3051, 
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AMS3052, AMS3053, and AMS3054) obtained from the same progenitor (AMS3050) 

after a single exposure to miconazole (Mount et al. 2018). Prior whole genome 

sequencing analysis of these isolates identified a shared CNV of Chr3L (Mount et al. 

2018). We hypothesized that these single colonies represented different recombination 

intermediates due to the short exposure to miconazole, and performed read depth analysis 

to characterize the CNV breakpoints. Strikingly, the copy number of an ~146 kb region 

on Chr3L varied between 3 - 12 copies in the single colonies, and the CNV breakpoints 

flanking this variable region were again two distinct, long inverted repeat sequences 

(Repeats 124 and 127, Figure 4.7A, Figure 4.8). Importantly, the MIC50 of the 

miconazole-evolved isolates increased as the copy number of the Chr3L CNV increased 

(Figure 4.7B), supporting that in an isogenic background the increase in copy number 

directly correlates with an increase in MIC.  

These isogenic isolates shared five genomic clues that helped identify the 

mechanism of complex CNV formation on Chr3L: I) Monosomy (and thus LOH) 

telomere-proximal to Repeat 124 (Figure 4.10); II) Variable copy number of the unique 

sequences between the two distinct long inverted repeats (Repeats 124 and 127); III) 

Trisomy of all DNA centromere-proximal to Repeat 127; IV) Trisomy of the centromere 

of Chr3 (CEN3) and all of Chr3R; and V) Amplification of a single haplotype in the 

variable copy number region of Chr3L and throughout Chr3R (Figure 4.7C & D, Figure 

4.9).  

From these observations, we hypothesized that a dicentric molecule was 

promoting breakage-fusion-bridge (BFB) cycles that resulted in the variable copy number 

amplifications between and within the long inverted repeats. To test for dicentric 

145



Figure 4.7: Complex CNVs are rapidly expandable in the presence of antifungal drug. 
(A) Whole genome sequence data of progenitor isolate (AMS3050) and miconazole-evolved 

isolates (AMS3053, AMS3054, AMS3052, and AMS3051) plotted as in Figure 1A. A conserved 

region on Chr3L has variable copy number (3 to 12 copies per genome) in the evolved isolates. 

Left (telomere proximal) of this CNV is monosomic and right of the CNV is trisomic (including 

the Chr3 centromere, CEN3). The CNV breakpoints occur at two distinct long inverted repeat 

sequences (blue and red boxes/arrows) (detailed in Figure 3 Supplement 1). (B) The MIC50 

increases with the copy number of the CNV. Heat map of isolate growth (OD600 at 48 hours) in 

two-fold increasing concentrations of miconazole. (C) Representative schematic of homologs in 

AMS3051. The wild type (gray) and dicentric CNV-containing (black) homologs with the 

positions indicated for CEN3 (circle), the long repeat sequences (blue and orange bars), and SacII 

cut sites (dashed lines). Four regions (I-IV) that support a breakage-fusion-bridge mechanism for 

the formation of complex CNVs (see main text for details). (D) Allele ratio plot of all 

heterozygous loci located within and flanking the CNV breakpoints (long inverted repeats) and 

the CEN3 (black dot). Allele ratios shift from 0.52 +/- 0.48 in the progenitor (AMS3050) to 

+0.90/-0.10 in the 12x CNV region of the evolved isolate AMS3051. Allele ratio plots for all 

five isolates are in Figure 3 Supplement 2. (E) SacII-digested PFGE karyotype of the progenitor 

and miconazole-evolved isolates (first lane of undigested AMS3050 is shown for relative size). 

The SacII digest isolates the region with variable copy number and CEN3 (schematic at far 

right). PFGE gel stained with ethidium bromide (left panel) and analyzed by Southern blot using 

a DIG-labeled probe to orf19.344, located within the complex CNV (middle panel), and CEN3 
(right panel). Both Southern blot probes detect a novel band that increases in size as the CNV 

increases in copy number.  
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Figure 4.8: The Chr3L CNV is flanked by two, distinct inverted repeat sequences. 
Relative genome sequence read depth plotted according to chromosome position for (A) the 

progenitor AMS3050 and (B) the miconazole-evolved isolate AMS3051. The CNV is 

flanked by two, distinct long inverted repeat sequences (blue and orange boxes/arrows), 

with the highest copy number amplification occurring between the two non-homologous 

inverted repeats. The left and right side of each CNV is expanded for higher resolution 

(left and right lower panels). All features of the CNV breakpoints are detailed in Table 4.2; 

repeat numbers refer to Supplementary File 2 from (Todd et al., 2019).  
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Figure 4.9: CNVs are intra-chromosomal 
amplifications between two distinct 
inverted repeat sequences. Allele ratio

plot of all heterozygous loci located within 

and flanking the CNV breakpoints (blue 

and orange arrows indicate the inverted 

repeat sequences at the CNV breakpoints) 

and the CEN3 (black dot). Allele ratios shift

from +0.52/-0.48 in the progenitor 

AMS3050 to +0.66/-0.34 in AMS3053, 

+0.77/-0.23 in AMS3054, +0.79/-0.21 in

AMS3052, and 0.90+/-0.10 in the 12x CNV

of the evolved isolate AMS3051. The

specific C. albicans chromosome A/B

haplotypes were reported previously

(Mount et al., 2018).
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Figure 4.10: Heterozygous inversion between long inverted repeat undergoes partial 
LOH during CNV formation. (A) Schematic of repeat 124 (blue arrows) showing both 

the reference and inverted orientation of the unique intra-repeat sequence (~4.2 kb). Primers 

(P1-P4) located in unique sequence are denoted as numbered black arrows. PCR of the 

reference orientation: (B) Left side (P1 & P2) and (C) Right side (P3 & P4). PCR of the 

inverted orientation (D) Left side (P1 & P3) and (E) right side (P2 & P4). The progenitor 

(ASM3050) and SC5314 are heterozygous for the reference and inverted orientation (B-E). 

The miconazole-evolved isolates all undergo LOH of the left side of the repeat (B&D). 

NTC, no template control. 
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chromosome intermediates, we performed karyotype analysis of SacII-digested 

chromosomal DNA, which isolated the centromere and variable copy number region of 

Chr3L on the same molecule (Figure 4.7D). All four evolved isolates had a high-

molecular weight band that was absent from the progenitor (AMS3050) and increased in 

size according to the copy number of the variable region in each isolate (~854 kb to ~2.16 

MB). This high-molecular weight band hybridized to both an ORF found within the 

highest amplified region of the Chr3L CNV (orf19.344) and the centromere of Chr3 

(CEN3), supporting that the SacII-digested molecules contain the complex CNV and are 

dicentric (Figure 4.7D). 

4.3.6 Recombination occurs between long inverted repeats leading to CNV formation 

Models of BFB in both fungal and human cells support that dicentric 

chromosomes form via non-allelic homologous recombination between repeat sequences 

(Croll et al. 2013, Hermetz et al. 2014, Notta et al. 2016). We used Oxford Nanopore 

Technology long-read sequencing to test the hypothesis that non-allelic homologous 

recombination between repeat sequences was involved in the formation of the complex 

CNVs. Eleven novel structural variants (spanning ~9 kb - ~111 kb) that mapped to the 

Chr3L CNV were identified in AMS3051 using split-read alignments, read mismatching, 

and read depth analyses (see Methods). Of these structural variants, three were detected 

within 2 kb of Repeat 124, and eight were detected within 2 kb of Repeat 127 (Figure 

4.11A). Each structural variant combined unique (non-repeat) sequences that were up to 

~100 kb apart into one read and also switched from the complement to the reverse 

complement within the read (Figure 4.11B & C). These structural variants represented 

fold-back inversions that were mediated by homology between the long inverted repeat 
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Figure 4.11: Long-read sequencing reveals recombination products involved in the 
formation of complex CNVs. (A) Long-read whole genome sequence data plotted as raw read 

depth (y-axis) and chromosome position (x-axis) for the Chr3 region in AMS3051 containing the 

complex CNV. Structural variants detected by Sniffles and visualized with SplitThreader are 

mapped below the read depth plot. All structural variants are ≤ 2 kb from Repeat 124 or 127. (B-
C) Example Ribbon plots of individual long-read sequences that contain novel recombination 

products (split reads) relative to the reference genome at Repeat 124 (B) and Repeat 127 (C). In 

both examples, the split read combines unique (non-repeat) sequences that are up to ~100 kb 

apart, and switches from the complement to the inverse complement within the read (a fold-back 

inversion).   
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sequences. The fold-back inversions flanked both Repeats 124 and 127, and supported 

the formation of an accordion-like, expandable CNV. 

4.3.7 CNVs are reversible in the absence of antifungal drug selection and cause LOH 

To determine the stability of the Chr3L CNV in the absence of antifungal drug, 

we isolated single colonies on rich medium after 72 hours. Heterogeneous populations of 

large and small colonies were observed for each of the four miconazole-evolved isolates 

(Figure 4.12A & B). Both a large and small colony isolated from AMS3051 were plated 

again for single colonies on rich medium: the large colony gave rise to similarly large 

colonies (AMS3092) while the small colony gave rise, again, to a heterogeneous 

population of large (AMS3093) and small (AMS3094) colonies (Figure 4.12A & B). 

WGS and read depth analysis supported that the small colony phenotype in the absence 

of miconazole was due to a fitness defect associated with the dicentric chromosome 

and/or the monosomic portion of Chr3L. In contrast, both large colonies had resolved the 

dicentric chromosome and regained the disomic portion of Chr3L (Figure 4.12A, Figure 

4.13). In one case (AMS3092), the dicentric chromosome underwent a recombination 

event that maintained the complex CNV and heterozygosity across CEN3 and Chr3R. In 

the other case (AMS3093), the dicentric chromosome underwent a recombination event 

at CEN3 that homozygosed all of Chr3L and returned this isolate to a euploid genotype 

(Figure 4.13, Figure 4.14). In both examples, the dicentric chromosome was never 

completely lost, it just recombined to resolve the dicentric.  

The impact of CNV loss on fitness was determined for the three single colonies 

derived from AMS3051 (Figure 12C). The highest MIC50 (2 μg/ml miconazole) was 

observed for both isolates with the CNV on a dicentric chromosome (AMS3051 and 
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Figure 4.12: Complex CNVs resolve in the absence of antifungal drug by eliminating the 
dicentric chromosome.  (A) Representative images of the progenitor (AMS3050) and the four 

miconazole-evolved isolates (AMS3053, AMS3054, AMS3052, and AMS3051) containing the 

Chr3L CNV grown on YPAD. Copy number of Chr3 (from Figure 4.7) shown to the right of the 

plate images. The notch in Chr3 is CEN3. Representative images Below AMS3051 of single 

colonies derived from either a small (Blue) or large (black) colony of AMS3051 on rich 

medium: The small colonies gave rise to AMS3094 and AMS3093 and the large colony gave 

rise to AMS3092. Copy number of Chr3 shown below the plate images. Whole genome 

sequencing data are provided in Figure 4.13. (B) Colony size analysis using ImageJ (see 

methods), n>113 (up to n=300) single colonies, 3 biological replicates. (C) Heat map of OD600 

values taken at 48 hours in two-fold increasing concentrations of miconazole. MIC50 indicated 

with a yellow bar. (D) PFGE of the parental strain and miconazole-evolved isolates. Whole 

genomic DNA was digested with SacII to isolate the region containing the CNV and CEN3 

(schematic to right). PFGE gel stained with ethidium bromide (left panel) and analyzed by 

Southern blot with DIG-labeled probes to orf19.344 within the CNV (middle panel) and CEN3 
(right panel).
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Figure 4.13: Loss of Chr3 CNV correlates with reduction of MIC50 to miconazole. 
Whole genome sequence data of miconazole-evolved isolates plotted as log2 ratio and 

converted to chromosome copy number (y-axis) and chromosome position (x-axis) using the 

Yeast Mapping Analysis Pipeline (YMAP). (A) The progenitor strain (AMS3050) and the 4 

evolved isolates (AMS3053, AMS3054, AMS3052, and AMS3051) with the Chr3 CNV and 

Chr7 trisomy. MIC50 at 48 hours to miconazole shown to the right. (B) The three single colonies 

(AMS3094, AMS3092, and AMS3093) derived from AMS3051. Only AMS3092 retains the 

Chr7 trisomy. AMS3094, which retains the Chr3 CNV and dicentric chromosome 

maintains the same MIC50 as AMS3051 without the Chr7 trisomy. MIC50 shown to the right. 

Read depth, single colony, and MIC50 analysis were added to data previously reported by 

Mount et al., 2018. 
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Figure 4.14: Additional loss of heterozygosity can occur during resolution 
of complex CNVs in the absence of antifungal drug. Allele ratio plots of all 

heterozygous loci on Chr3 for (A) the CNV-containing progenitor isolate AMS3051, and 

three single colonies isolated from AMS3051 in the absence of antifungal drug (B-D). 
Location of the long inverted repeats (blue and orange arrows) and CEN3 (black dot) are 

shown above each plot. (B) AMS3094 maintains the entire Chr3 CNV structure and 

allele frequency ratios similar to AMS3051. (C) AMS3092, which kept the complex 

CNV on Chr3L but became disomic for both Chr3R and the telomere proximal region 

of Chr3L, returned to a ~50% allele frequency ratio between the CNV and 

CEN3 while remaining homozygous for the telomere proximal disomic region 

of Chr3L. (D) The euploid strain AMS3093 became homozygous for the entire left arm 

of Chr3 while remaining heterozygous to the right of CEN3. Therefore, 

recombination near CEN3 resulted in LOH and loss of the CNV.
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AMS3094). Surprisingly, the MIC50 decreased (1 μg/ml miconazole) for the isolate with 

only the complex CNV (AMS3092), however, compared to its progenitor (AMS3051), 

this isolate lost the extra copy of Chr3R that contains the multidrug transporters CDR1 

and CDR2. Therefore, the decrease in MIC (between AMS3051 and AMS3092) may be 

due to reduced copy number of these two multidrug transporters (Xu et al. 2007). Finally, 

as expected, the MIC50 was lowest (1 μg/ml) for the isolate that returned to the euploid 

genotype (AMS3093). This MIC50 was still above the MIC50 of the euploid progenitor 

AMS3050 (0.5 μg/ml), but no de novo SNPs were detected between the two isolates (see 

Methods). The difference in MIC (between AMS3050 and AMS3093) may be due to the 

additional LOH of Chr3L that occurred during the resolution of the dicentric 

chromosome in AMS3093 (Figure 4.12D, Figure 4.14). 

Finally, under constant antifungal drug selection (20 μg/ml miconazole) the 

dicentric chromosome was highly stable by both colony morphology and karyotype 

analysis (Figure 4.15). Overall, these results indicate that upon removal from antifungal 

drug, the dicentric chromosome is unstable and can resolve in multiple different ways. In 

contrast, under continued antifungal drug exposure the dicentric chromosome is 

maintained within the population, which further potentiates CNV expansion.  

4.4  Discussion 

 Our results identify a novel mechanism for generating beneficial CNVs during 

adaptation to physiologically relevant concentrations of azole antifungal drugs 

(Felton et al. 2014). The formation of these complex CNVs is rapid, expandable, and 

reversible. Recurrent CNVs breakpoints occur in clinical isolates with diverse genetic 

backgrounds and can increase tolerance to multiple azole drugs. The heterozygous 
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Figure 4.15: Dicentric Chr3 is stabile in the presence of antifungal drug. 
(A) Representative image of AMS3053 colonies on a plate containing 20 μg/ml miconazole for

72 hours.(B) Colony size heterogeneity of AMS3053 in the absence and presence of 20 μg/ml

miconazole. Colony size determined using ImageJ, n=113-115 single colonies obtained from 3

individual agar plates (see methods). (C) PFGE of the progenitor (AMS3050), the initial

miconazole-evolved isolate with a dicentric Chr3 (AMS3053), and eight randomly selected

single colonies (AMS3053_A-H) derived from AMS3053 after 72 hours on 20 μg/ml

miconazole (plate pictured in A). Karyotype analysis performed as in Figure 4.12D: whole

genomic DNA was digested with SacII to isolate the region containing the dicentric Chr3 band

(schematic to right). PFGE gel stained with ethidium bromide (left panel) and analyzed by

Southern blot with DIG-labeled probes to orf19.344 within the CNV (right panel). The

dicentric Chr3 is stably inherited in all single colonies derived from AMS3053 in the presence

of miconazole.
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diploid genome of C. albicans has enabled us to determine the mechanism of CNV 

formation in real time, from population-level and single-cell karyotype analyses. 

Ultimately, the expansion and contraction of these CNVs has changed our understanding 

of the rate and dynamics in which antifungal drug resistance and tolerance is acquired, 

and provides a plausible explanation for the phenotypic heterogeneity frequently reported 

during antifungal drug susceptibility testing (termed trailing growth and heteroresistance) 

(Sionov et al. 2010, Ben-Ami et al. 2016). 

Our short-read and long-read whole genome sequencing and karyotype analyses 

support that all of the complex CNVs have copy number breakpoints that occur within 2 

kb of two distinct long inverted repeat sequences. Therefore, we propose a model of non-

allelic homologous recombination and breakage-fusion-bridge (BFB) cycles for the 

formation and resolution of complex CNVs in C. albicans (Figure 4.16). In this model, a 

DNA double-strand break occurs between the telomere and the telomere-proximal 

inverted repeat (the exact location is not known). After 5’ – 3’ DNA resection, the DNA 

break is repaired via non-allelic homologous recombination between repeat sequences 

located on sister chromatids, or via intra-chromosomal single strand annealing (SSA) 

between repeat sequences followed by break-induced-replication (BIR). This results in 

the formation of a dicentric chromosome and an acentric chromosome fragment (Figure 

4.16). The dicentric chromosome bridge is broken and repaired with a different 

centromere-proximal long repeat sequence, which amplifies the sequence between the 

two distinct inverted repeat sequences, and again forms a dicentric chromosome bridge. 

These BFB cycles rapidly generate the complex CNVs (McClintock 1938, McClintock 

1941, Haber and Thorburn 1984, Kinsella and Bafna 2012, Croll et al. 2013). The Chr3L 
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Figure 4.16: Breakage-fusion-bridge model for the formation and resolution of complex 
CNVs. Double strand DNA breaks (dsDNA breaks), recombination, and dicentric chromosome

formation drive CNV formation through successive breakage-fusion-bridge cycles. A long 

inverted repeat sequence (blue arrows) is located on Chr3L. A dsDNA break distal to the left 

copy of the repeat followed by 5’ – 3’ resection allows for either intra-molecular SSA (shown 

here) or inter-molecular SSA between copies of the repeat, resulting in a dicentric chromosome 

and telomere proximal chromosome truncation. A second long inverted repeat sequence (orange 

arrows) is located between the first long inverted repeat (blue arrows) and the centromere (black 

dot). A second dsDNA break occurs centromere proximal to the orange arrows and 5’ – 3’ 

resection during mitosis results in a second round of SSA and dicentric chromosome formation. 

The cycle of dsDNA breaks, SSA, and dicentric chromosome formation leads to further CNV 

amplification.
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CNV expansion and contraction that we observed in the presence (Figure 4.7) and 

absence (Figure 4.12) of azole antifungal drugs underscores the dynamic nature of these 

CNVs. Ultimately, the dicentric chromosome intermediate is responsible for the rapid 

generation of sub-clonal heterogeneity that was observed (Figure 4.12A). 

BFB cycles can lead to large-scale genome rearrangements, stair-step 

amplifications, and fold-back inversions in human cancers and developmental diseases 

(Hermetz et al. 2014, Notta et al. 2016). Copy number amplification of oncogenes occurs 

in multiple tumor types (including breast, colorectal, lung, and liver cancers), confers a 

growth advantage and promotes tumorigenesis (Marotta et al. 2017, Ohshima et al. 2017). 

A new link between BFB and chromothripsis suggests that the formation of a dicentric 

bridge chromosome can lead to extensive DNA damage and an increase in tumor cell 

heterogeneity (Gisselsson et al. 2000, Sorzano et al. 2013, Maciejowski et al. 2015, 

Umbreit et al. 2019). Similar patterns have long been appreciated in plant fungal 

pathogens, where BFB cycles generate/contribute to the rapid genome evolution of 

accessory chromosomes (Croll et al. 2013). 

4.4.1 Impact of CNVs on the mutational landscape 

 CNVs can dramatically alter population dynamics and mutational landscapes. The 

rate in which CNVs occur (~2.1x10-6 to ~3.4x10-6) is several orders of magnitude higher 

than the rate of SNVs (~0.33x10-9) in the absence of selection (Lynch et al. 2008). In the 

presence of strong selection, for example nutrient limitation, the rate of CNV formation 

can be much higher and can rapidly generate clonal interference between unique CNV-

containing lineages within the population (Payen et al. 2014 , Lauer et al. 2018). Our 

single-cell analyses support that formation of a dicentric 
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chromosome can generate continuous cycles of genome instability and increase 

population heterogeneity that may contribute to similar rates of clonal interference. 

We hypothesize that the complex CNVs identified were selected due to the 

presence of genes that, when amplified, provide a fitness benefit in the presence of 

antifungal drug (Selmecki et al. 2008). In support of this hypothesis, overexpression of 

NPR1, that is found within the Chr3L CNV, results in an increase in the MIC50 that is 

similar to acquisition of the Chr3L CNV (Mount et al.). In addition to the effect of gene 

copy number amplification, every cell that obtains a complex CNV also has an increased 

target size for the acquisition of rare, drug-resistance polymorphisms (Elde et al. 2012). 

Amplification of genes, such as MRR1, may result in an increased frequency of beneficial 

mutations in diverse isolates. Importantly, there are many recurrent SNPs in MRR1, 

ERG11, FUR1, and FKS1 in drug resistant isolates of C. albicans (and in other Candida 

species, including C. glabrata and C. auris) (Hope et al. 2004, Morschhauser et al. 2007, 

Garcia-Effron et al. 2009, Perlin 2011, Flowers et al. 2015, Munoz et al. 2018). 

Therefore, these complex CNVs can amplify genes that confer increased fitness in the 

presence of multiple azole antifungal drugs and increase the probability that a bona fide 

drug resistance allele will occur in those same genes.  

LOH is also an important mechanism of acquired antifungal drug resistance, and 

exposure to FLC has been shown to increase the frequency of LOH in C. albicans 

(Dunkel et al. 2008, Niimi et al. 2010, Forche et al. 2011, Gerstein et al. 2012). 

Heterozygous mutations in both MRR1 and FKS1 have been shown to undergo LOH in 

the presence of antifungal drug, selecting for homozygosis of the beneficial allele 

(Dunkel et al. 2008, Niimi et al. 2010, Gerstein et al. 2012). Here we provide direct 
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evidence that LOH can arise via the same mechanism that forms the complex CNVs 

(dicentric chromosome formation and telomere-proximal chromosome loss), and that 

additional long-track LOH events can occur during resolution of dicentric chromosomes. 

These data further support that the long repeat sequences associated with CNV and LOH 

breakpoints are a major source of genome plasticity in the presence and absence of 

antifungal drug (Todd et al. 2019), and may underlie the variable mutation rates 

(hotspots) observed across an individual chromosome in other fungi (Lang et al. 2013).  

Finally, we found that the complex CNVs frequently occurred in regions of the genome 

that were already homozygous in the euploid progenitors (Figure 4.4). We propose that 

these homozygous regions represent previous rounds of complex CNV formation and 

subsequent LOH, and that the transient nature of these CNVs may be evident in the long 

regions of homozygous sequence observed in diverse clinical isolates of C. albicans 

(Ford et al. 2015, Hirakawa et al. 2015, Ene et al. 2018). 

4.4.2 CNVs promote antifungal drug tolerance 

Antifungal drug tolerance is the ability of a subpopulation of cells within a drug 

sensitive isolate to grow at drug concentrations above the MIC50 (Rosenberg et al. 2018, 

Berman and Krysan 2020). Mechanisms that contribute to the tolerance phenotype 

remain to be identified, however genes involved in core stress pathways and cell wall/cell 

membrane biosynthesis appear to have an important role (Rosenberg et al. 2018, Berman 

and Krysan 2020). The complex CNVs highlight specific genes that may be involved in 

the tolerance phenotype including genes encoding proteins involved in stress response 

(CRZ1, HSP70, CGR1, ERO1, TPK1, ASR1, and PBS2) and cell wall/cell membrane 

integrity (CDR3, NCP1, ECM21, MNN23, RHB1 and KRE6). In addition to the complex 
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CNVs, additional whole chromosome aneuploidies detected in the isolates may further 

contribute to the increased tolerance (Mount et al. 2018, Yang et al. 2019, Berman and 

Krysan 2020). We propose that transient CNVs, formed via BFB cycles, can increase 

cellular fitness and generate the population heterogeneity that underlies antifungal drug 

tolerance.    

4.4.3 Impact of fluconazole on centromere function and CNV formation 

Whole chromosome mis-segregation resulting in aneuploidy is well documented 

in C. albicans (Rustchenko-Bulgac 1991, Janbon et al. 1998, Selmecki et al. 2009, 

Forche et al. , Selmecki et al. 2009, Forche et al. 2019). Aneuploidy provides a selective 

benefit in vitro and in vivo, and in the presence and absence of antifungal drugs, however 

the mechanisms driving chromosome instability are not well characterized. Recently, a 

rare histone H2A variant that lacks the conserved phosphorylation site of the Bub1 kinase 

and increases the rate of chromosome mis-segregation was identified in C. albicans and 

several related species (Brimacombe et al. 2019). Additionally, the centromere-specific 

histone H3, Cse4 (CENP-A), is normally enriched at centromeric DNA, but in the 

presence of high concentrations of azole drug (10 μg/ml FLC) Cse4 is depleted from 

centromeric DNA and further contributes to an increased rate of chromosome mis-

segregation (Brimacombe et al. 2019). The mechanism that is removing Cse4/CENP-A 

from centromeric DNA in the presence of FLC (and possibly other environments) is not 

known. 

We find that the acquisition of complex CNVs involves the formation of a 

dicentric chromosome intermediate. Strikingly, the dicentric chromosomes are more 

stable in the presence of high concentrations of azole drug (20 μg/ml miconazole) than in 
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the absence of drug (Figure 4.15). Removal from azole drug resulted in a ~13% increase 

in colonies that had lost the dicentric chromosome via subsequent recombination events 

that isolated the CNV on a chromosome arm or reverted to the CNV back to the euploid 

progenitor genotype (Figure 4.12A & B). We propose that the dicentric chromosome is 

stabilized in the presence of high concentrations of drug, due to the depletion of the H3 

histone variant Cse4, similar to dicentric Zea mays B chromosomes (Han et al. 2006). 

The dicentric chromosome can become unstable when Cse4 is re-established at 

centromeric DNA, both in the absence of drug and in the presence of low concentrations 

of drug (eg. like the 1 ug/ml FLC utilized in our evolution experiments). The re-

established Cse4/CENP-A induces dicentric chromosome bridge formation and BFB 

cycles that lead to the formation of complex CNVs. Therefore, our observations support a 

mechanism in which Cse4/CENP-A is actively removed from centromeric DNA in the 

presence of azole drugs (FLC and miconazole), possibly in a concentration dependent 

manner. 

FLC can also impact spindle function and ploidy levels of C. albicans (Chang et 

al. 2014, Harrison et al. 2014). For example, FLC induces cytokinesis failure and  

polyploidization of ~20% of cells in a population after just 8 hours of drug exposure 

(Harrison et al.). While all of the isolates in our study were diploid at the time of 

analysis (Table 4.1), genes involved in mitotic spindle elongation and stabilization were 

significantly overrepresented within the complex CNVs and may be under selection 

during adaptation to azole antifungal drug stress. While not significant by gene 

ontology, additional genes that encode proteins involved in spindle positioning and 

chromosome segregation were also included in the complex CNVs, including KIP3, 

KAR9, DYN1, DAM1, and DAD1. 
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Additionally, several genes in the complex CNVs encode genes that in S. cerevisiae are 

required for polyploid viability, but not for diploid viability (BUB1, BIM1, DAM1, and 

RAD54) (Storchova et al. 2006). Whether there is an increased requirement for the 

proteins encoded by these genes in diploid cells experiencing cytokinesis failure in the 

presence of azole antifungal drugs, is not known. Therefore, adaptation to low levels of 

antifungal drug stress may involve adaptation to mito-nuclear stress induced by the azole 

drug. Future studies are needed to address the contributions of these genes on fitness, 

both separately and in combination with the genes with roles in antifungal drug 

tolerance/resistance. 

4.5  Conclusion 

Complex CNVs are acquired rapidly during adaptation to azole antifungal drugs 

and cause an increase in fitness and tolerance. These CNVs are located across the 

genome, occur in diverse genetic backgrounds, and are formed via a dicentric 

chromosome intermediate and successive BFB cycles that repair via two distinct long 

inverted repeat sequences. The presence of a dicentric chromosome increased population 

heterogeneity, and could, in part, describe the cell-to-cell variability observed for clinical 

isolates during drug susceptibility assays. Identification of CNVs in other pathogenic 

fungi, including the emerging multi-drug resistant pathogen C. auris, further indicates 

that this mechanism of CNV formation may occur in diverse species. Together, these 

findings suggest a novel mechanism for transient CNV formation that increases the 

adaptive potential to antifungal drugs. 

4.6  Materials and Methods 

4.6.1 Yeast Isolates and Culture Conditions 
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All isolates used in this study are described in Table 4.1. Isolates were stored at -

80°C in 20% glycerol. Isolates were cultured at 30°C in YPAD medium (yeast extract, 

peptone, and 2% dextrose) supplemented with 40 µg ml−1 adenine and 80 µg 

ml−1 uridine. 

4.6.2 In vitro evolution experiment 

FLC susceptible progenitor isolates were plated for single colonies onto YPAD 

medium and incubated for 48 hours at 30°C. Twelve single colonies were isolated from 

each progenitor and grown to stationary phase in 5 ml liquid YPAD. A 1:1000 cell 

dilution was made in YPAD medium containing 1 µg ml−1 FLC in deep-well 96-well 

plates. Plates were sealed with Breath EASIER tape (Electron Microscope Science) and 

placed in a humidified chamber for 72 hours at 30°C. Every 72 hours, cells were 

resuspended and transferred into fresh medium containing 1 µg ml−1 FLC to a final cell 

dilution of 1:1000. In total, 10 transfers were conducted. After the final transfer, cells 

were collected for storage at -80°C, genomic DNA isolation, and MIC analysis. 

4.6.3 Microdilution Minimum Inhibitory Concentration (MIC) 

The MIC50 was measured using a microwell broth dilution assay. Isolates were 

inoculated from frozen stocks into YPAD medium and grown for 16 hours at 30°C. Cells 

were diluted in fresh YPAD medium to a final OD600nm of 0.01, and 10 µl of this dilution 

was inoculated into a 96-well plate containing 190 ul of a 0.5X dextrose YPAD medium 

with a 2-fold serial dilution of the antifungal drug or a no-drug control. Cells were 

incubated at 30°C in a humidified chamber and OD600nm readings were taken at both 24 

and 48 hours post inoculation. The MIC50 of each of the isolates was determined as the 

concentration of antifungal drug that decreased the OD600nm by ≥50% of the no-drug 
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control. Supra-MIC Growth (SMG) was calculated by taking the average 48-hour growth 

of the wells above the 24-hour MIC50 and dividing by the control well containing no drug 

(Rosenberg et al. 2018). 

4.6.4 Growth curve analysis 

Isolates were inoculated from frozen stocks into YPAD medium and grown for 16 

hours at 30°C. Cells were diluted in fresh YPAD medium to a final OD600nm of 0.01, and 

10 µl of this dilution was inoculated into a 96-well plate containing 190 ul of a 1x 

dextrose YPAD medium with or without 1 μg/ml FLC. Cells were grown at 30°C in the 

BioTek Epoch with dual-orbital shaking (256rpm) for 36 hours. OD600nm readings were 

taken evert 15 minutes and plotted in R (v3.5.2) using ggplot2. Each growth curve was 

conducted in biological triplicate in three separate experiments. Calculation of summary 

statistics of each growth curve was conducted using the R package Growthcurver using 

standard parameters (Table 4.4) (Sprouffske and Wagner 2016). 

4.6.5 Contour-clamped homogenous electric field (CHEF) electrophoresis 

Sample plugs were prepared as previously described (Selmecki et al. 2005). 

Briefly, cells were suspended in 300 µL 1.5% low-melt agarose (BioRad) and digested 

with 1.2 mg Zymolyase (US Biological) at 37°C for 16 hours. Plugs were washed twice 

in 50 mM EDTA and treated with 0.2 mg/ml proteinase K (Alpha Azar) at 50°C for 48 

hours. For samples digested with SacII, plugs were washed twice with 1x TE and 

incubated in 1 mM PMSF (Milipore Sigma) at room temperature for 30 minutes, washed 

twice with 1X TE and suspended in 1X CutSmart Buffer (New England Biolabs), and 

digested with 30 units of SacII (New England Biolabs) at 37°C for 24 hours. 

Chromosomes were separated in a 1% Megabase agarose gel (BioRad) in 0.5X TBE 
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using the CHEF DRIII Pulsed Field Electrophoresis System. For whole chromosome 

separation, run conditions as follows: 60 s to 120 s switch, 6 V/cm, 120° angle for 36 hrs 

followed by 120 s to 300 s switch, 4.5 V/cm, 120° angle for 12 hours. SacII digested 

chromosomes were separated as follows: 7 s to 100 s switch, 4.5 V/cm, 120° angle for 21 

hours followed by 80 s to 400 s switch, 3.5 V/cm, 120° angle for 21 hours. CHEF gels 

were stained with ethidium bromide and imaged with the GelDock XR Imaging system 

(BioRad). 

4.6.6 Southern blot hybridization 

Chromosomes from CHEF gels were transferred to a BrightStar Plus nylon 

membrane (Invitrogen). Hybridization and detection of the DNA was conducted as 

previously described (Selmecki et al. 2005, Selmecki et al. 2008, Selmecki et al. 2009, 

Todd et al. 2019). Probes were generated through PCR incorporation of DIG-11-dUTP 

into target sequences following the manufacturer’s instructions (Roche). Primers used in 

this study are located in Table 4.6. 

4.6.7 PCR 

Primer sequences were designed to avoid heterozygous loci in the reference 

SC5314 genome (A21-s02-m09-r08). PCR conditions for the inversion PCR of repeat 

124 were as follows: 95°C for 3 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 

s, 72°C for 4 min, and a final extension time at 72°C for 5 min. All primer sequences can 

be found in Table 4.6. 

4.6.8 Droplet digital PCR (ddPCR)  

Genomic DNA was isolated using a phenol-chloroform extraction as described 

previously (Selmecki et al. 2006). Primers and primer sequences are found in Table 4.6. 
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Table 4.6 Primers used in this study 

Primer Number in 
Figures Primer Name (With Chr Position) Sequence (5' - 3') Description

ddPCR- 1163_MRR1_Chr3_1332422_1332440 AGTGAAGAAGCCCAACAGC          
- 1164_MRR1_Chr3_1332533_1332515 CTGGTCGTGGCATGTAACC ddPCR

P1 PCR

P2 PCR

P3 PCR

P4

1440_Chr3_621069_621088 
1076_Chr3_625313_625293 
1075_Chr3_639922_639901 
1437_Chr3_635793_635812

TAATCCAGCAGTTCGTTGCC
TGGGTAGTGGGTAATTTCCCG 
CGTGACGCTGATTTGATGCCAG 
TTCTGCTCGTGTATTATTGG PCR
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Genomic DNA concentration was measured using the Qubit High-Sensitivity dsDNA kit 

(Life Technologies) and all samples were diluted to an estimated target copy number 

(based off of a genome size of 15.4 Mb) of 1000 copies/ul in nuclease-free water. The 

ddPCR master mix was comprised of 1 ul of genomic DNA, 7 ul of nuclease-free water, 

10 ul of 2x EvaGreen ddPCR master mix (BioRad), and primers at a final concentration 

of 0.2uM to bring the final reaction volume to 19 ul. Immediately before PCR, 20 units 

EcoRI (New England Biolabs) was added to the ddPCR master mix and mixed by 

pipetting. Droplets were generated using the QX200 droplet generator, and 40 ul of 

prepared droplets were used for PCR. The PCR settings were as follows: 94°C for 10 

min, followed by 41 cycles of 94°C for 1.25 min (ramp rate of 0.5°C/sec), 54.5°C for 2.5 

min (ramp rate of 0.5°C/sec), and a final extension time of 72°C for 10 min. A minimum 

of 10000 droplets were analyzed using the QX200 droplet reader (BioRad) for each 

sample. Samples were run in biological triplicate including no-template and single-copy 

gene controls. Data were analyzed using the QunataSoft Analysis software (v1.0, Bio-

rad). Copy number of target genes was determined by dividing the absolute number of 

positive target droplets by the absolute number of positive single-copy control gene 

droplets and normalized for ploidy (2N).  

4.6.9 Gene Ontology (GO) analysis 

GO analysis was conducted for all terms (process, function, and component) 

using the GO Term Finder from the Candida Genome Database (CGD accessed 

03/03/2020, http://www.candidagenome.org/cgi-bin/GO/goTermFinder). All genes 

located within the complex CNVs were included in the analysis. Genes located in other 

aneuploid chromosomes (AMS4104 - Chr7; AMS4106 - Chr3, i(5L); AMS4444 – Chr3, 
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Chr4R, Chr7R) were not included in the GO analysis. Terms were considered 

significantly enriched if p< 0.05 with Bonferroni correction for multiple comparisons. 

GO enrichment was determined for all genes included in the complex CNVs, as well as 

for each CNV individually (Table 4.5). 

4.6.10 ImageJ Colony Size Analysis 

All agar plates were imaged using the GelDock XR Imaging system (BioRad) 

using the same zoom and focal length. Images were exported as .png files, converted to 

8-bit, and analyzed with Fiji (v2.0.0-rc-30/1.49s) (Schindelin et al. 2012). An automatic 

threshold was set using the RenyiEntropy algorithm and the area of each particle was 

measured (Sezgin and Sankur 2004). Colonies were considered small if their total area 

was less than two standard deviations below the mean colony size of the progenitor 

isolate, AMS3050 in the absence of miconazole. Colony size of each isolate, in the 

absence or presence of 20 μg/ml miconazole, was obtained from three individual agar 

plates (n>113). 

4.6.11 Illumina whole genome sequencing 

Genomic DNA was isolated using a phenol-chloroform extraction as described 

previously (Selmecki et al. 2006). Libraries were prepared using either the Illumina 

Nextera XT DNA Library Preparation Kit or the Nextera DNA Flex Library Preparation 

Kit. Adaptor sequences and low-quality reads were trimmed using Trimmomatic (v0.33 

LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36 TOPHRED33) 

(Bolger et al. 2014). Trimmed reads were mapped to the C. albicans reference genome 

(A21-s02-m09-r08) from the Candida Genome Database 

(http://www.candidagenome.org/download/sequence/C_albicans_SC5314/Assembly21/ar
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chive/C_albicans_SC5314_version_A21-s02-m09-r08_chromosomes.fasta.gz). Reads 

were mapped using BWA-MEM (v0.7.12) with default parameters (Li 2013). PCR 

duplicated reads were removed using Samtools (v0.1.19) (Li and Durbin 2009), and 

realigned around predicted indels using the Genome Analysis Toolkit 

(RealignerTargetCreator and IndelRealigner, v3.4-46) (McKenna et al. 2010). All 

Illumina data have been deposited in the National Center for Biotechnology Information 

Sequence Read Archive database under PRJNA613282.  

4.6.12 Visualization of aneuploid chromosomes 

Aneuploid chromosomes were visualized using the Yeast Analysis Mapping 

Pipeline (YMAP v1.0) (Abbey et al. 2014). Fastq files were uploaded to YMAP and read 

depth was determined and plotted as a function of chromosome position. Read depth was 

corrected for both GC-content and chromosome-end bias. 

4.6.13 Read Depth Analysis Plots 

For each isolate, read depth for each position within the genome was calculated 

using samtools depth (--aa) (v0.1.19) (Li et al. 2009). A sliding window of 500 bp was 

used to calculate the average read depth over a given genome segment and normalized to 

the average read depth of the nuclear genome. Read depth analysis was visualized in R 

(v3.5.2) using ggplot2. Compiled read depth analysis found in Table 4.7.  

4.6.14 CNV breakpoint detection 

Chromosomes containing CNVs were detected using the Yeast Mapping Analysis 

Pipeline (YMAP v1.0 (Abbey et al. 2014). Fastq files were uploaded and mapped to the 

SC5314 reference genome (A21-s02-m08-r09) with correction for GC-content and 

chromosome end bias. Estimated copy number breakpoints were detected using 

172



Aneufinder (v1.10.2), with a bin width of 42.5 kb (Bakker et al. 2016). The bins 

containing estimated breakpoints were identified for further analysis.  Estimated 

breakpoints located at either the MRSs or the rDNA locus were not analyzed due to the 

repetitive nature and poor mapping of these genomic regions. To further refine copy 

number breaks, fastq files were aligned to the SC5314 reference genome (see above) and 

read depth was determined for each nucleotide in the genome (samtools depth –aa, 

v0.1.19). Read depth was normalized to the mean read depth of the nuclear genome using 

R (v3.5.2). The 42.5 kb windows containing estimated copy number breakpoints as 

determined by Aneufinder were further subdivided into 5 kb windows. The mean 

normalized read depth was determined for these 5 kb windows and a rolling mean of 

every two consecutive 5 kb windows was determined using R. Copy number breakpoints 

were identified if 75% of four consecutive 5 kb windows had a mean normalized read 

depth that deviated from the mean nuclear genome read depth by more than 50% (Ford et 

al. 2015). Boundaries were further confirmed by visual inspection in Integrative 

Genomics Viewer (IGV v2.3.92) (Thorvaldsdottir et al. 2013). CNV breakpoint positions 

were compared to the list of long repeat sequences found across the C. albicans genome 

described in Table 2 of Todd et al., 2019 and breakpoints were assigned a repeat name if 

they fell within 2 kb of a long repeat sequence (Todd et al. 2019). 

4.6.15 Allele Ratio Analysis 

Heterozygous positions were determined using the Genomics Analysis Toolkit’s 

HaplotypeCaller (v3.7-0-gcfed67) with a standard minimum confidence threshold of 

phred30 (-stand_call_conf 30) (McKenna et al. 2010). Variants were analyzed if the read 

depth was >2 and the variant was sequenced on both the forward and reverse strand. 
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Additional filtering of SNPs included the removal of ancestral homozygous positions, 

homozygous SNPs that were maintained within the progenitor and all evolved isolates 

and not the reference SC5314. SNPs contained within long repeat sequences were also 

removed due to the mapping errors with short read sequencing in repetitive regions. 

4.6.16 Variant Calling 

De novo variant detection was conducted using aligned, sorted .BAM files that 

were converted to .mpileup files using Samtools (samtools mpileup) (Li et al. 2009). 

VCFs were generated using Varscan (V2.3) (Koboldt et al. 2013). Called variants were 

filtered under the following conditions: 1) All SNPs shared by all progeny are removed 

and are assumed to be parentally derived, 2) a read depth of <5, and 3) a percent 

alternative allele of <0.2. SNPs were then classified as high impact if they generated a 

missense or nonsense mutation in a coding sequence. All high impact SNPs identified 

were validated via visual inspection in IGV (v2.3.92) (Thorvaldsdottir et al. 2013).  

4.6.17 Oxford Nanopore MinION sequencing and de novo alignment 

Two identical libraries of AMS3051 were constructed using the 1D Ligation 

Sequencing Kit (SQK-LSK108) from Oxford Nanopore following manufacturers 

protocol with slight modification. Briefly, end repair and dA-tailing was performed 

following New England Biolabs protocol for the Ultra II End-prep reaction (NEB 

E7546S) with a 30-minute incubation at 20°C followed by a 30-minute incubation at 

65°C. The DNA was then purified using 1.8x Ampure beads (Agencourt). Adapter 

ligation was allowed to incubate at room temperature for 30 minutes followed by a 0.6x 

Ampure (Agencourt) bead cleanup. Data was generated using the R9 FLO-MIN106 spot-

on flow cell. Calibration of the flow cell indicated 1171 active pores across the 4 mux 

174



groups. The library was loaded following manufacturers recommendation and sequencing 

was allowed to proceed for 24 hours before loading with the second library. Sequencing 

continued for another 24 hours before the sequencing run was terminated. 

A total of 910753 reads were obtained with a mean read length of 2210 bp 

(minimum 5 bp & maximum 352979 bp). Average theoretical coverage was 129.9x 

assuming a haploid genome size of 15.5 Mb. The Canu pipeline was used to assemble the 

AMS3051 ONT data into 133 contigs with a total length of 16.19 Mb and an N50 of 

~868 kb (Koren et al. 2017, Koren et al. 2018). Reference-based scaffolding using the 

RaGOO pipeline further coalesced the 133 contigs into the eight C. albicans 

chromosomes, the mitochondrial genome, and ~18 kb of sequence that could not be 

placed in a scaffold (Alonge et al. 2019). BLAST analysis determined that this ~18 kb of 

sequence that could not be assembled mapped to the Major Repeat Sequences found 

across the genome. The total length of the reference-based scaffolds was 16.19 Mb with 

an N50 of 2.48 Mb.  

4.6.18 Visualization of Oxford Nanopore Minion Sequencing 

Oxford Nanopore minion Fastq files from AMS3051 were aligned to the SC5314 

reference genome (A21-s02-m09-r08) using NGMLR (-x ont, v0.2.7) (Sedlazeck et al. 

2018). The resulting .SAM file was converted to a .BAM file using samtools view (-S –b) 

and was sorted and indexed using samtools sort and samtools index, respectively 

(v0.1.19) (Li et al. 2009). Structural variant detection was conducted using Sniffles 

(v1.0.11) (Sedlazeck et al. 2018) and the average binned (10 kb) read coverage was 

determined using Copycat (https://github.com/MariaNattestad/copycat ). Structural 

variants and binned read depth were visualized using SplitThreader 
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(http://splitthreader.com). Individual discordant reads were identified and visualized 

using Ribbon with a minimum alignment length of 1 kb (Nattestad et al. 2016).  
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Chapter 5  
Conclusions and Future Directions 

5.1  Introduction 

Genome plasticity is commonly found across the tree of life. Insertions and 

deletions, LOH, ploidy shifts, aneuploidy, and CNVs are frequently found during 

adaptation, speciation, and during disease progression. In my dissertation research, I have 

begun to address how genome plasticity impacts pathogenesis and the acquisition of drug 

resistance in the pathogenic fungi, Candida albicans. In particular, the work in this 

dissertation began with trying to understand the variety and breadth of the genome 

diversity that is generated in C. albicans during in vitro exposure to antifungal drugs. 

The work presented in this dissertation is based on important findings that recurrent 

CNVs can be adaptive and directly impact the ability of C. albicans to rapidly acquire 

antifungal drug resistance (Selmecki et al. 2006, Selmecki et al. 2008, Selmecki et al. 

2009). The experiments described in this dissertation sought to build on this foundational 

knowledge by investigating the types of genomic diversity generated during adaptation, 

the genomic structures and mechanisms involved in the generation of genomic diversity, 

and to describe how genome plasticity contributes the acquisition of antifungal drug 

resistance in a clinically important human pathogen. While the work presented in this 

dissertation primarily focuses on fungi, the diversity and mechanisms of genome 

plasticity described will have broad implications in understanding how genome plasticity 

allows for rapid adaptation in diverse species and during the development of various 

human diseases, including cancer. 

5.2  Results 
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5.2.1 Standardization of flow cytometry analysis for rapid, reproducible detection 

of fungal ploidy. 

Ploidy level heterogeneity and aneuploidy is frequently observed in clinical 

isolates of fungal species including C. albicans and C. neoformans (Riggsby et al. 1982, 

Suzuki et al. 1982, Feldmesser et al. 2001, Jones et al. 2004, Okagaki et al. 2010, 

Selmecki et al. 2010, Zaragoza et al. 2010, Ford et al. 2015, Hickman et al. 2015). 

However, the dynamics and diversity of ploidy changes that occur during in vivo and in 

vitro evolution and the effects of ploidy changes on host-fungus interactions has not been 

comprehensively addressed. 

Single-cell flow cytometry has been vital for identifying the genome content of 

fungal isolates. However, cell morphology changes or filamentous growth can interfere 

with ploidy analysis. Dimorphic fungi, like C. albicans, can exist in multiple 

morphologies, including yeast, pseudohyphal, and hyphal (Gow et al. 2002, Kumamoto 

and Vinces 2005, Klein and Tebbets 2007). In both pseudohyphal and hyphal 

morphologies, elongated cells with nuclei separated by septa can form thick mats that 

prevent the flow of liquid through the cytometer. In addition, the presence of adhesion 

factors on fungal cell walls can facilitate the aggregation of multiple cells as they pass 

through the cytometer interrogation point, confounding ploidy analysis. 

In chapter 2, we provide insights into how to prepare yeast form fungi for flow 

cytometric analysis of ploidy. We describe a high throughput, reproducible protocol by 

using side-by-side comparisons of a single yeast culture that was split and prepared using 

different methods. First, we identified that sonication of yeast samples post fixation was 

required to evenly separate and disperse cells within solution, and to eliminate any 
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clumps that can clog the cytometer. Second, we describe the importance of standardizing 

the propidium iodide (PI) concentrations between experiments. Increasing or decreasing 

the concentration of PI can shift the mean G1-phase fluorescence, leading to false ploidy 

values. Third, we discuss the importance of known-ploidy controls. These haploid, 

diploid, and tetraploid strains of C. albicans or S. cerevisiae were used during every 

experiment to verify proper cell dispersion and staining, and are used to estimate genome 

size of the experimental cells. These three key parameters, cell separation, staining, and 

the use of proper controls ensure reproducible ploidy analysis of fungal yeast cells, and 

will be important in future discoveries involving fungal ploidy changes during adaptation. 

We anticipate that the findings provided in this dissertation will benefit future research in 

understanding the mechanisms behind how yeast cells alter their genome content, in 

addition to gaining a more comprehensive understanding as to the breadth of ploidy 

variation generated during adaptation. 

5.2.2  Genome plasticity in C. albicans is driven by long repeat sequences. 

Shifts in ploidy are not the only type of genome plasticity that can alter how an 

organism adapts to novel or stressful environments. CNVs, LOH, and sequence 

inversions generate novel genotypes that undergo selection during adaptation and are the 

result of dsDNA breaks followed by aberrant DNA repair and synthesis (Hastings et al. 

2009). These repair mechanisms often rely on the presence of homologous sequences 

located elsewhere in the genome to act as templates for DNA synthesis and repair. In S. 

cerevisiae, copy number breakpoints are often associated with short (<20bp) inverted 

repeats that are located in close proximity within the genome (Brewer et al. 2011, Payen 

et al. 2014, Brewer et al. 2015, Sunshine et al. 2015, Lauer et al. 2018). The most 
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commonly identified CNV during antifungal drug treatment in C. albicans has a copy 

number breakpoint at the centromere of chr 5 and amplifies the left chromosome arm, 

generating an isochromosome (Selmecki et al. 2006, Selmecki et al. 2009). Unlike in S. 

cerevisiae, the i(5L) copy number breakpoints are associated with long (>2kb) inverted 

repeat sequences, leading us to hypothesize that previously undescribed long repeats 

within the C. albicans genome were involved in generating genome plasticity. 

 In chapter 3, we identified an additional adaptive CNV, an isochromosome 

comprised of two copies of the right arm of chr 4 that arose during an in vitro evolution 

experiment in the presence of FLC. This novel isochromosome conferred a fitness benefit 

in the presence of FLC, while showing little to no fitness defect when grown in rich 

medium. Analysis of CHEF karyotypes identified that i(4R) was an independent 

chromosome structure, and that the loss of i(4R) increased the susceptibility of the isolate 

to FLC back to that of the original progenitor isolate. Like i(5L), the copy number 

breakpoint in i(4R) occurred at the centromere. Importantly, only chr 4 and chr 5 contain 

centromeres that are directly flanked by long inverted repeat sequences. A comprehensive 

study into the frequency and impact of long repeat sequences throughout the C. albicans 

genome remained largely unexplored until now. 

Using a global pairwise alignment, we identified nearly 2000 long repeat 

sequences located across the C. albicans genome ranging in size from 65 bp - ~6.5kb in 

length with a shared sequence identity between 80% and 100% (Todd et al. 2019). These 

long repeat sequences occurred on the same chromosome (intra-chromosomal) or on 

multiple homologous chromosomes (inter-chromosomal). Surprisingly, many of the 

identified long repeat sequences contained full or partial ORFs and flanking intergenic 
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sequence. Many of these ORFs were not previously known to be present in multiple 

copies within the genome, and the implications of these gene duplication events remain 

unknown. Unlike S. cerevisiae, no evidence has been put forth to suggest that C. albicans 

underwent an ancient whole genome duplication event. Further research into the origin 

and prevalence of these long repeats both in C. albicans and in other related species could 

provide possible insight into if an as of yet undiscovered whole genome duplication event 

occurred in the Candida clade. 

Genome rearrangements, including CNVs, LOH, and inversions were associated 

with long repeat sequences on every chromosome, and arose both in vivo and in vitro 

from multiple distinct genetic backgrounds. Several repeats were associated with multiple 

types of genome rearrangements, indicating their importance in establishing genome 

diversity. Importantly, these genome rearrangements can provide fitness benefits, such as 

growth in the presence of antifungal drugs, and could provide insight into the 

mechanisms that drive genome plasticity seen in human disease and cancer.  

5.2.3  Expandable and reversible copy number amplification drives rapid adaptation to 

antifungal drugs 

While the work in chapter 3 described previously unrecognized long repeat 

sequences throughout the C. albicans genome that were associated CNVs, LOH, and 

sequence inversions, the molecular mechanisms that generate genome plasticity in C. 

albicans are not fully understood. CNVs are a major source of genomic diversity in 

viruses, bacteria, fungi, plants, and animals. These CNVs can rapidly alter gene dosage 

and mutational target size, and are commonly found in organisms undergoing adaptation 

to novel or stressful environments. In fungi, CNVs have been associated with the 

181



acquisition of antifungal drug resistance via the upregulation of important efflux pumps 

and drug target genes. However, the mechanism and dynamics of CNV formation in 

response to antifungal drug stress in vitro and in vivo are not fully understood. 

In chapter 4, we describe the importance of long inverted repeat sequences in the 

formation of complex CNVs in C. albicans during adaptation to antifungal drug stress. In 

an in vitro evolution experiment (100 generations in 1 µg/ml FLC) with four drug 

susceptible clinical isolates with diverse genetic backgrounds, we identified seven FLC-

evolved isolates that decreased their susceptibility by at least two-fold in comparison to 

their progenitor isolate. Whole genome sequence analysis revealed the presence of eight 

complex CNVs located entirely within a single chromosome arm and not associated with 

either a centromere or a major repeat sequence (MRS). These complex CNVs amplified 

chromosome segments ranging in size from ~164 kb - ~1.02 MB in length and amplified 

some regions of the genome to over 12 copies per genome. Examination of the copy 

number breakpoints flanking the complex CNVs revealed that each CNV was flanked by 

a stair-step amplification located at two, distinct long inverted repeat sequences 

previously described in Chapter 3 (Todd et al. 2019). Surprisingly, recurrent breakpoints 

were observed in multiple isolates from different genetic backgrounds that amplified a 

region on the right arm of chr 3. While the breakpoints were recurrent between these 

isolates, the copy number of each CNV was different, suggesting a mechanism of CNV 

formation that results in variable amplification.  

Each of the complex CNVs provided a fitness benefit in the presence of multiple 

azole antifungal drugs. We hypothesized that the fungistatic nature of these azole 

antifungal drugs had selected for mutants with increased antifungal drug tolerance, the 
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ability of a subpopulation of cells to continue growth in drug. Indeed, after characterizing 

supra-MIC growth (SMG - a measurement of antifungal drug tolerance), we identified 

that four of the seven evolved isolates had higher SMG levels than that of their 

progenitor. We next sought to determine if there were any possible candidate genes 

located within the complex CNVs that could be driving the increased fitness in the 

presence of multiple azole antifungal drugs. Three distinct evolved isolates each 

amplified a region on chr 3R that contained the transcriptional regulator of the Mdr1 

efflux pump, MRR1, providing a possible mechanism of increase fitness in the presence 

of multiple antifungal drugs. 

The identification of recurrent CNV breakpoints raised the possibility that a 

common mechanism was involved in the generation of these complex CNVs.  To identify 

possible mechanisms of formation, we isolated four single colonies derived from a 

euploid, drug susceptible progenitor after a single exposure to the azole antifungal drug, 

miconazole (Mount et al. 2018). Whole genome sequence analysis revealed that each of 

the four miconazole-evolved isolates contained a recurrent complex CNV located on the 

left arm of chr 3. Each complex CNV contained a region of variable copy number 

between two distinct long inverted repeats and was accompanied by a chromosome 

truncation that resulted in chr 3L monosomy (and LOH) telomere proximal to the long 

inverted repeat sequences. The copy number of the variable amplified region positively 

correlated with an increase in fitness in the presence of miconazole. Importantly, all 

sequences centromere proximal to the long inverted repeats, including the centromere and 

the entire right arm of chr 3 were trisomic, indicating the presence of a dicentric 

chromosome.  
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From these observations, we hypothesized that a dicentric chromosome was 

generating complex CNVs through the breakage-fusion-bridge (BFB) cycle and DNA 

repair via NAHR at long inverted repeat sequences. A combination of karyotype analysis 

of SacII-digested chromosomes and the identification of structural variants using long-

read sequencing technologies revealed that the complex chr 3L CNVs were 

intrachromosomal amplification events that included a second copy of the centromere of 

chr 3.  

We further characterized the stability of the chr 3L CNV by plating a single 

miconazole-evolved isolate on rich medium in the absence of antifungal drug selection. A 

heterogeneous population of both large and small colonies was identified, and whole 

genome sequence analysis revealed that while the small colonies retained the dicentric 

chromosome, both of the independent large colonies had lost the second copy of 

centromere 3. Interestingly, one of the isolates that lost the dicentric chromosome 

maintained the complex CNV, likely through a recombination event between 

homologous chromosomes. Taken together, these results indicated that the dicentric 

chromosome was unstable in the absence of antifungal drug and could resolve in multiple 

ways, generating further genomic diversity. 

These results identified a novel mechanism for the generation adaptive CNVs 

during exposure to physiologically relevant concentrations of azole antifungal drugs 

(Felton et al. 2014). The rapid, expandable, yet reversible, CNVs were generated via a 

dicentric chromosome intermediate and through recombination between long inverted 

repeat sequences located throughout the genome. Upon removal from antifungal drugs, 
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the dicentric chromosome was shown to be unstable, resolving in multiple different ways 

and generating further genomic diversity for which selection can act upon.  

5.3 Summary and Future Directions 

Genome plasticity generates both phenotypic and genotypic diversity that allows 

for rapid adaptation during periods of stress.  Genome plasticity has been observed in the 

development of human diseases and cancers, as well as during adaptation to antifungal 

drug stress in pathogenic fungi. The work presented in this dissertation demonstrates the 

importance of genome plasticity in driving adaptation to antifungal drug stress in the 

human fungal pathogen, C. albicans. Pair-wise sequence alignment identified 1974 long 

repeat sequences located across the genome that ranged in size from 65 bp - ~6.5 kb and 

had shared sequence identities ranging from 80% - 100% (Todd et al. 2019). These long 

repeat sequences were associated with all copy number breakpoints and sequences 

inversions, and were found at >50% of long range LOH breakpoints. We also identified 

complex CNVs flanked by two distinct inverted repeat sequences are generated via a 

dicentric chromosome intermediate and successive BFB cycles. These dicentric 

chromosomes and CNVs provided a fitness benefit in multiple azole antifungal drugs, 

and upon drug removal, the resolve in multiple different ways further generating genome 

diversity.  

The studies presented in this dissertation used C. albicans clinical isolates from 

diverse genetic backgrounds and from a wide variety of environments including 

controlled in vitro and in vivo experimental evolution experiments, indicating that the 

long repeat sequences identified drive genome plasticity independent of genetic 

background and environment. While we have implicated long repeat sequences as drivers 

of genome 
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plasticity in C. albicans, a comprehensive study into long repeat sequences in other 

fungal pathogens, including the emerging fungal pathogen Candida auris, has yet to be 

conducted. CNVs that amplify the azole antifungal drug target, ERG11, have been 

identified in multi-drug resistant clinical isolates of C. auris, highlighting the need to 

better understand how CNVs contribute to virulence and antifungal drug resistance 

(Munoz et al. 2018). 

To further the understanding of how genome plasticity drives rapid adaptation, the 

studies presented could be conducted using a different family of antifungal drugs 

(ex. Echinocandins) or other environmental stresses. We have identified genes amplified 

within recurrent complex CNV from different genetic backgrounds that provide a fitness 

benefit while in the presence of azole antifungal drugs. Therefore, we hypothesize that the 

CNVs identified  are specific to the stresses generated by azole antifungal drug treatment. 

It is tempting to speculate that different recurrent CNVs would be identified during 

different cellular stresses, for example a CNV that amplifies FKS1 during echinocandin 

treatment or HSP90 during heat stress. Future studies using a wide array of environmental 

conditions will help to elucidate some of these important questions. 

Research into how fungi acquire antifungal drug resistance has primarily focused 

on point mutations that alter the drug targets or increase drug efflux (Douglas et al. 1997, 

Hope et al. 2004, Osborne et al. 2005, Coste et al. 2007, Morschhauser et al. 2007, 

Dunkel et al. 2008, Garcia-Effron et al. 2009, Niimi et al. 2010, Perlin 2011, Gerstein et 

al. 2012, Flowers et al. 2015, Perlin 2015). Since many of the CNVs described in this 

dissertation contain important antifungal drug response genes, it is interesting to 

speculate on the interplay between CNV formation and the acquisition of beneficial 
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mutations. It was previously hypothesized that aneuploidy acts as a temporary solution to 

diverse cellular stress that are eventually replaced in the population by more refined 

solutions (Yona et al. 2012). Perhaps the amplification of important antifungal drug 

response genes acts to not only buffer the cell during acute exposure to antifungal drugs, 

but also increases the rate of de novo mutations that could result in antifungal drug 

resistance.  

Our findings also identify a novel mechanism of transient CNV formation and 

resolution that both increases the adaptive potential of C. albicans to antifungal drug 

treatment and generates genomic diversity within a population. The type of diversity 

generated during the resolution of a single dicentric chromosome could account for the 

antifungal drug tolerance phenotype observed in Chapter 4. Future studies into the rate 

and diversity of the CNVs formed during early stages of adaptation could begin to 

address how CNVs are maintained and spread throughout a population. This unbiased 

method of generating adaptive CNVs could also be used to identify novel genes, or gene 

networks involved in the acquisition of antifungal drug resistance and tolerance. Taken 

together, these data and experiments presented in this dissertation further our 

understanding of the genomic structures and molecular mechanisms involved in the 

generation of genomic diversity during adaptation to antifungal drugs in C. albicans. 
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