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6 Abstract

Candida albicans is a typical member of the human microbiome which can also cause a range of
infections from superficial to systemic. The ability of C. albicans to survive the broad range of conditions
it encounters in the human host is partially attributed to its genomic instability. This instability generates
diversity and allows selection of fitter genotypes which can thrive in the hostile host
microenvironments. Consequently, C. albicans clinical isolates have diverse karyotypes. C. albicans
chromosomal rearrangements often occur around repetitive elements including the Major Repeat
Sequence (MRS), a conserved repeat array of unknown function occurring on seven of the eight C.
albicans chromosomes. We hypothesise that MRS elements serve as instability hotspots to facilitate

genomic rearrangements and rapid evolution.

This study aims to establish a cause-and-effect relationship between MRS-driven chromosome
rearrangements and generation of novel, fitter genotypes. To this end, we have used a CRISPR-Cas9
approach to generate double strand breaks within the MRS, inducing chromosome rearrangements in
unstressed standard laboratory growth conditions. These unstable strains have then been evolved in

clinically relevant stresses, including antifungal drugs.

Long read sequencing shows numerous translocations have been successfully generated around the
MRS in these unstable strains. CRISPR-Cas9 can therefore be used to generate chromosomal
rearrangements in C. albicans. Strains bearing translocations had morphological and fitness changes,
indicating that rearrangements at the MRS can generate diversity. Evolution experiments showed that
MRS-destabilized strains had higher genome instability than WT C. albicans, undergoing significantly
more rearrangements throughout. In one instance, this increased plasticity resulted in faster adaptation

to stress.
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This study demonstrates the ability to generate karyotypic alterations in C. albicans using CRISPR-Cas9.
Furthermore, it supports the evolutionary role of the MRS as a facilitator of genome plasticity, helping to
generate karyotypic diversity. There is some evidence that this enables Candida to adapt to

environmental stress, but this requires further investigation.
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7 Introduction

7.1 Candida Taxonomy and Phylogeny

Candida albicans is a pleomorphic yeast of the order Saccharomycetales, a division of the fungal phylum
Ascomycota. Within the genus Candida, there are over 200 species, but these do not all share a single
evolutionary origin. Most Candida species, including three of the five most associated with disease, are
part of the CTG clade (fig. 1) (Butler et al., 2009; Maguire et al., 2013). The defining feature of this clade
is that the CTG codon which usually encodes leucine, instead encodes serine (Santos et al., 1993). This is
true for around 97% of instances where this codon is translated in C. albicans (Suzuki et al., 1997).
Addition of leucine is still tolerated in C. albicans, the rate of which increases under stress (Gomes et al.,
2007; Turner and Butler, 2014). The CTG clade can be further divided by ploidy, with some species

including C. albicans usually or always diploid, while others are haploid.

100 Candida albicans
ﬂ':l: Candida dubliniensis
100 Candida tropicalis
100 p=—————— Candida parapsilosis
Candida__ 100 L I odderomyces elongisporus

/ 100 Candida guilliermondii
Debaryomyces hansenii i

Candida lusitaniae

Diploid

100 — Saccharomyces cerevisiae

— 100 Saccharomyces paradoxus
WGD 100 Saccharomyces mikatae
*
1 OO\. — Saccharomyces bayanus
Candida glabrata
Saccharomyces 100 ‘———————— Saccharomyces castellii

100 Kluyveromyces lactis
| | Ashbya gossypii
100 Kluyveromyces waltii

Yarrowia lipolytica

0.1 substitutions per site
—

Figure 1. Candida and Saccharomyces phylogenetic tree. From Butler et al., 2009.

Tree based on whole genome sequences. Constructed with MrBayes, a program for Baysian inference, utilizing the Markov chain
Monte Carlo method. Branch lengths indicate sequence divergence and posterior probabilities are written on each branch. C.
albicans is most closely related to C. dubliniensis followed by C. tropicalis. C. glabrata is more closely related to Saccharomyces
species than to other Candida species.
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7.2 Epidemiology of Candida Infection

In over 60% of healthy humans, C. albicans forms part of the microbiome, colonising the oropharynx,
oesophagus, gastrointestinal tract, genitourinary tract, and skin (Bertolini and Dongari-Bagtzoglou, 2019;
Pappas et al., 2018). The fungal component of the microbiome, the mycobiome, often contains multiple
Candida species, which have been identified as the most frequently fungal genus of the oral cavity

(Ghannoum et al., 2010).

C. albicans is also an opportunistic pathogen and alterations to the host environment, host health or
bacterial microbiome can initiate this pathogenicity. This change in pathogenicity state is typically

associated with a morphological switch from yeast to filamentous growth (Jacobsen et al., 2014).

Candidiases, the infections caused by Candida species vary significantly in severity. These include
superficial skin or mucosal infections including oral and vulvovaginal candidiasis as well as invasive
candidiases (IC) which affect the blood (candidemia), brain, eyes, bones, liver, and any other tissue. At

the extreme, IC can lead to fulminant sepsis, which has a mortality rate of >70% (Pappas et al., 2018).

IC is particularly prevalent in immunocompromised individuals including neonates (Greenberg and
Benjamin, 2014), HIV patients (Torssander et al., 2009) and those undergoing chemotherapy (Teoh and
Pavelka, 2016). Furthermore, prolonged ICU stays, organ transplants, surgery (especially abdominal),
central vascular catheter use (Cleveland et al., 2015), dialysis and antibiotic use are also significant

factors which are associated with elevated rates of IC (Kullberg and Arendrup, 2015).

This association with immunocompromised individuals and medical treatment, in addition to the
ubiquity of Candida species means Candida account for a significant proportion of hospital acquired
infections, including around 20% of all healthcare-associated blood stream infections (Pappas et al.,
2018; Simonetti et al., 2013; Vincent et al., 2009; Wisplinghoff et al., 2004). Such interaction with other

diseases makes it difficult to determine the mortality rate of systemic Candida infection. Unadjusted
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estimates range from 29-75% (Pfaller and Diekema, 2007; Strollo et al., 2017), but actual rates are likely

closer to 10-20% (Pappas et al., 2018). This does however vary geographically and temporally.

At least 15 Candida species can cause Candidiasis, however C. albicans is the most common, generally
responsible for half of all Candidiases (Cleveland et al., 2015; Guinea, 2014; Pfaller et al., 2011;
Wisplinghoff et al., 2004). Along with C. glabrata, C. tropicalis, C. parapsilosis and C. krusei, C. albicans is
also responsible for most IC cases (Cleveland et al., 2015; Pappas et al., 2018; Wisplinghoff et al., 2004).
While C. albicans is almost always the most prevalent, the incidence of the non-albicans Candida species
varies geographically. Of the non-albicans species, the most common agent of IC in Northwestern
Europe, North America and Australia is C. glabrata, which is not a member of the CTG clade and is
morphologically and phylogenetically closer to S. cerevisiae (fig. 1) (Astvad et al., 2018; Chapman et al.,
2017; Lortholary et al., 2017; Pappas et al., 2018; Pfaller et al., 2011; St-Germain et al., 2008). In South

America and Asia, C. parapsilosis dominates (Doi et al., 2016; Morii et al., 2014; Pappas et al., 2018).

Globally, IC is estimated to affect at least 250,000 people every year, and accounts for >50,000 deaths
(Kullberg and Arendrup, 2015). Large population studies in the US have estimated occurrence of IC as
being between 3 and 5 in 100,000 individuals (Pappas et al., 2018; Strollo et al., 2017). The cost per case
in the US is estimated around $45,000 (Strollo et al., 2017), where in 2017, Candida infections were

estimated to have cost over $3 billion, including >51.2 billion for IC (Benedict et al., 2019).
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7.3 Drug Treatment of Candida Infection

7.3.1 Classes and Modes of Action of Current Antifungal Drugs

Despite the global impact of IC and other fungal diseases, only three classes of antifungal drug are
available: polyenes, echinocandins and azoles. Polyenes such as Amphotericin B (Am B) were the first
developed antifungals. This drug readily aggregates outside of cells and fungicidally extracts ergosterol
from the fungal cell membrane (Anderson et al., 2014; Lee et al., 2021) (fig. 2). The risk of toxicity
towards the human host due to similarity between ergosterol and cholesterol makes this class of drug
unfavourable (Lee et al., 2021; Ostrosky-Zeichner et al., 2010). Resistance to Am B is low in C. albicans
due to fitness costs associated with acquired resistance, which leave the yeast very susceptible to stress

and severely impair its pathogenicity (Vincent et al., 2013).

Echinocandins, including Caspofungin competitively bind (1,3)-B-D-glucan synthase, impairing (1,3)-B-D-
glucan biosynthesis, resulting in cell wall destabilisation and osmotic stress with fungicidal effects (Lee et
al., 2021; Letscher-Bru and Herbrecht, 2003) (fig. 2). The lack of cell wall in human cells significantly
reduces the risk of host toxicity making this class of drugs favourable to polyenes, however both have

poor oral absorption and are predominantly used intravenously (Lee et al., 2021).

Azoles are the most widely used class of antifungal and act by inhibiting the cytochrome P450 (ERG11)
binding to the haem group in its active site. This impairs ergosterol biosynthesis, destabilising the
membrane with toxic effects (fig. 2). Stalling of this synthesis also results in the accumulation of sterol
intermediates which are cytotoxic (Lee et al., 2021; Ostrosky-Zeichner et al., 2010; Robbins et al., 2016).
One such intermediate is 14-a-methyl-3,6-diol, which is produced by an A-5,6-desaturase, encoded by
ERG3 (Lee et al., 2021). Azoles are generally fungistatic rather than fungicidal which can allow the

evolution of drug resistance (Lee et al., 2021; Robbins et al., 2016; Roemer and Krysan, 2014).
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Figure 2. Modes of action of antifungal drug classes. From Lee et al., 2021

Cartoons display the modes of action of the key classes of antifungal drugs. Skeletal structure of the most common drug of each
class is shown adjacent. Polyenes (A) accumulate into a ‘sterol sponge’ which extracts ergosterol from fungal cell membranes.
Azoles (B) prevent ergosterol biosynthesis by Erg11, destabilizing the membrane and generating toxic intermediates.
Echinocandins (C) target fungal cell walls by inhibiting (1,3)-8-D-glucan biosynthesis.

7.3.2 Development of antifungal drugs

The very limited range of classes of antifungal drugs is partially responsible for the high mortality rates
of systemic Candida infections. Development of these drugs is however challenging; fungi are eukaryotic
organisms, which are significantly closer related to the human host than bacteria or viruses.
Consequently, molecules with toxic effects on fungi are more likely to have a similar effect on the host
(Roemer and Krysan, 2014). Clinical trials looking at invasive mycoses are also challenged by the

epidemiology of the diseases, which often occur alongside other conditions or diseases (Tollemar, 2001).
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This slow progress in developing new antifungals, coupled with the global increase in antifungal drug

resistance (Lee et al., 2021), is concerning and illustrates the importance of studying fungal pathogens.

7.3.3  Occurrence and Mechanisms of Azole Drug Resistance in Candida Species

Resistance to Fluconazole is more common than other antifungals due to both the fungistatic nature of
the drug, and it being among the most prescribed antifungals (Whaley et al., 2017). Candida isolates
vary in their susceptibility to fluconazole as demonstrated by the variation in Minimal Inhibitory
Concentration (MIC) (tab. 1). This depends on both intrinsic resistance, which differs between species,
and acquired resistance. Relatively, C. albicans has high intrinsic Fluconazole susceptibility while species
including C. glabrata and C. kruseij are intrinsically more resistant (Lee et al., 2021) (tab. 1). In C.
glabrata, this is attributed to elevated efflux of Fluconazole by ABC transporters, as regulated by the TF
Pdr1 (Ferrari et al., 2011; Lee et al., 2021). The mechanism of resistance is poorly understood for C.
krusei (Lee et al., 2021). Perhaps most concerning is the extremely high (>90%) frequency of Fluconazole
resistance among isolates of the emerging pathogen C. auris, in which multi-drug resistance is common

(Lee et al., 2021; Lockhart et al., 2017; Montoya et al., 2019; Rhodes and Fisher, 2019).

Table 1. Fluconazole resistance among common Candida species. From Espinel-Ingroff et al., 2014

Antifungal agent  Species No. of isolates/no. MIC (range)  MIC Mode
of labs (ng/ml) (ng/ml)

Fluconazole C. albicans 5,265/9 0.06-2128 0.12

C. dubliniensis 162/7 0.06-64 0.25

C. glabrata 7,538/14 0.12->128 4

C. guilliermondii 373/11 0.12-64 2

C. krusei 1,073/11 0.25->128 16

C. lusitaniae 574/10 0.12-64 0.5

C. parapsilosis 6,023/15 0.06- >128 0.5

C. tropicalis 3,748/14 0.06- 2128 0.25
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In addition to intrinsic resistance, Candida species readily acquire Fluconazole resistance via various

mechanisms (fig. 3). While different mechanisms have been observed in different Candida species (fig.

3), these generally involve increased drug efflux and alteration or elevated expression of drug targets

(Lee et al., 2021). These genetic mechanisms are summarised in the figure but will be discussed in

section 7.7.2.
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Figure 3. Mechanisms of Fluconazole resistance among common Candida species. From Whaley et al., 2017.

Figure illustrates the eight mechanisms by which Candida species can acquire azole resistance and lists beneath each

mechanism the Candida species in which it has been confirmed to occurred. In the cartoon, the top of the figure, above the cell

membrane is the external environment, bellow the membrane is the intracellular space.
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7.4 Biofilms

While many studies looking at C. albicans and its drug resistance study the species in suspension, this is
not the state in which the yeast is usually found in the environment. Instead, C. albicans typically grows
as biofilm on abiotic surfaces which can also form on mucosal surfaces (Andes et al., 2004; Chandra et
al., 2001; Gulati and Nobile, 2016; Tsui et al., 2016; Williams et al., 2013). Biofilms are structures formed
by a community of cells adhering to a surface, and producing an extracellular matrix (fig. 4) (Costeton et
al., 1995; Mathé and Van Dijck, 2013). Importantly, cells within a biofilm have attributes which
distinguish them from planktonic cells, including greater resistance to physical and chemical stress,
including antifungal drugs (Gulati and Nobile, 2016; Lee et al., 2021; Nett et al., 2007; Ramage et al.,
2002). Biofilm also protect C. albicans from host immune defences including phagocytes (Chandra et al.,
2007; Katragkou et al., 2010; Mathé and Van Dijck, 2013). This protection is largely attributed to the
extracellular matrix of polysaccharides and other macromolecules which encase the biofilm, as well as
the upregulation of drug efflux pumps (Gulati and Nobile, 2016; Ramage et al., 2002; Zarnowski et al.,

2014).

The pleomorphic nature of C. albicans, whereby it switches between yeast and filamentous growth is
key to its ability to form biofilm as this structure consists of different cell types (fig. 4) (Tsui et al., 2016).
Briefly, a biofilm forms when yeast cells aggregate together, adhere to a surface, and proliferate to form
a basal layer. From this layer, hyphae then grow and act as a scaffold as the biofilm continues to be
populated by yeast, hyphae, and pseudo-hyphae. During this maturation phase, the extracellular matrix
is formed. From this mature biofilm, yeast cells can disperse and colonise other surfaces (fig. 4) (Gulati

and Nobile, 2016).
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Figure 4. Four stages of biofilm formation in Candida albicans. From Nobile and Johnson, 2015

(1) Planktonic yeast cells aggregate and adhere to a surface. (2) Hyphae then start to grow from this basal layer. (3) Yeast,
pseudo-hyphae, and hyphae form a mature, dense biofilm surrounded by extracellular matrix. (4) Yeast cells are released and
colonize new sites (1).

Biofilms are key to Candida pathogenicity and a common cause of candidemia is implantation of
intravenous catheters or medical devices which are colonised by Candida biofilms (Gulati and Nobile,
2016). Indeed, >50% of central venous catheters implanted in the USA result in biofilm infection (Fox
and Nobile, 2012). The biofilms on these abiotic surfaces act as reservoirs from which Candida can
disseminate, leading to recurrent candidemia. Further, the drug-resistant nature of biofilms results in
mortality rates of ~50% (Douglas, 2003; Gulati and Nobile, 2016; Li et al., 2018; Ponde et al., 2021;
Tumbarello et al., 2012) and often necessitates removal of the device (Andes et al., 2012; Kojic and

Darouiche, 2004).
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C. albicans biofilms do not necessarily only contain this species. Polymicrobial biofilms are clinically
significant and in addition to C. albicans, can contain other Candida (Coco et al., 2008; Pathak et al.,
2012), or bacterial species (Ellepola et al., 2017; Ponde et al., 2021; Valentine et al., 2019). Such
interactions can be synergistic or antagonistic and can lead to increased virulence and further
complications in treatment (Ponde et al., 2021). Most famous is the interaction between C. albicans and
Streptococcus mutans in oral plaque, in which the bacterium binds directly to Candida yeast and hyphal
cells, forming a dual-species biofilm (Ellepola et al., 2017; Hwang et al., 2015). This biofilm increases the
ability of S. mutans to colonize the mouth, and increases oral pathology (Khoury et al., 2020; Ponde et
al., 2021). This demonstrates the importance of inter-species interactions within the host microbiota

and alludes to the plethora of ways in which C. albicans can affect human health.
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7.5 C. albicans Reference Genome

Candida albicans is a diploid organism with eight chromosomes (2n=16) in its 15.47 Mb haploid genome
(Skrzypek et al., 2017). These chromosomes are numbered according to size, with chromosome 1 being
the largest at 3.19 Mb, and chromosome 7 the smallest at 950 kb (fig. 5). The exception to this is

chromosome R, which carries the ribosomal DNA (rDNA) locus and is second largest.

Genome data are based on Assembly 22 of the common/reference lab strain SC5314, which was used in
this study. Indeed, SC5314 is the most common C. albicans WT lab strain. It is a clinical isolate obtained
from a patient with a generalized Candida infection and is virulent in mouse models. This strain is in the
most common C. albicans clade, which includes ~40% of all C. albicans strains (A. Tavanti, A.D. Davidson,

N.A.R.G., M.C.J. Maiden and F.C.0O., unpublished observations; Odds, Brown and Gow, 2004).

Assembly 22 covers the entire C. albicans genome, including >6000 ORFs, of which, less than a third
have been verified (Skrzypek et al., 2017). The assembly was constructed predominantly using lllumina
sequence data. This short-read sequencing is very accurate at the nucleotide level but is poor at
sequencing repetitive elements such as the rDNA locus and telomeres. Sanger sequences from previous
assemblies were used to resolve these loci, but it is recognised that long read sequencing technologies

such as Oxford nanopore is necessary to completely resolve these (Skrzypek et al., 2017).

Diversity is relatively high between C. albicans genomes, with a SNP approximately every 330-390 bp-
significantly more than in C. dubliniensis, closest relative to C. albicans (Butler et al., 2009; Jackson et al.,
2009). This variation is also evident when considering individual C. albicans genomes, which have a high
degree of heterozygosity. The extent of this heterozygosity has led to the hypothesis that C. albicans

originated from a hybridisation of two distinct species (Mixdo and Gabalddn, 2020).

C. albicans chromosomes can be separated by CHEF electrophoresis to karyotype strains. This technique

separates whole chromosomes by alternating the direction of current while the DNA migrates through
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the gel over several days. The banding patter of WT SC5314 is below (fig. 5) along with the reference
lengths of the chromosomes corresponding to each band. Note two to four bands are often visible at
the bottom of the gel and are caused by chromosome 6 and 7 homologues. The chromosome length
polymorphisms of these homologues are visible as CHEF has a higher resolution for shorter
chromosomes. Chromosome R typically appears as a smear due to the length polymorphism generated

by the rDNA encoded thereon.

Chr 1:3,188,341

Chr R: 2,286,237
Chr 2: 2,231,883

Chr 3: 1,799,298

Chr 4: 1,603,259

Chr 5: 1,190,869

Chr 6: 1,033,292
Chr 7: 949,580

Figure 5. CHEF banding pattern of WT SC5314.
Gel shows three replicates of strain SC5314 imaged as part of this study with chromosome numbers and their length as of

Assembly 22 adjacent the corresponding band. Note poor resolution of chromosomes 1 and R due to the frequency of length
polymorphism at the rDNA locus.
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7.6 C. albicans Parasexual Cycle

C. albicans usually divides mitotically and lacks traditional meiosis. Classically, it was believed that C.
albicans was obligately diploid and asexual, but a mating type locus (MTL) (Hull et al., 2000) in addition
to haploid (Hickman et al., 2013) and tetraploid (Legrand et al., 2004) forms have been identified. This

led to the identification of a parasexual cycle in C. albicans and other related species.

During parasexual reproduction, two diploid C. albicans cells join to form a tetraploid (Chibana et al.,
2000; Hull et al., 2000). Tetraploids are unstable and undergo concerted chromosome loss (CCL) during
division to generate diploid or aneuploid offspring. During CCL, chromosomes are reorganised and there
is evidence of significant recombination between homologous chromosomes. Despite the lack of
meiosis, Spol1l is expressed. This protein is responsible for inducing DSBs during meiosis across the
Eukaryotes. Deletion of the Spo11 gene results in a significant reducing of recombination, indicating this
meiotic function was conserved and that this cycle evolved from classical meiosis (Forche et al., 2008;

Keeney, 2008; Wang et al., 2018).

In addition to the diploid and tetraploid forms, C. albicans has been observed in a haploid state
(Hickman et al., 2013). This is thought to arise from further CCL and is less fit that the heterozygous
diploid. Haploid cells of opposite mating types can join to make a heterozygous diploid, or haploid cells
can undergo auto-diploidization to produce a homozygous diploid, likely by mitotic defects (fig. 6). The
haploid state is typically unstable and transient, with significantly impaired fitness relative to the diploid
(Hickman et al., 2013; Mba et al., 2022). Indeed, there is a ploidy drive, whereby lab evolved haploids or

tetraploids eventually become stable diploids (Gerstein et al., 2017).

The MTL of C. albicans is found on chromosome 5 and is approximately 8.8 kb. As in S. cerevisiae, two
alleles exist, a and a. Rates of heterozygosity at this locus are >90% for diploid C. albicans isolates (Odds

et al., 2007; Ropars et al., 2018) which are generally fitter and more virulent that MTL homozygotes (Wu
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et al., 2007). To become mating competent, C. albicans must first undergo a phenotypic change, from a
white to an opaque state. White cells are round, and form domed, white colonies on solid media, while
opaque cells are elongated, forming flatter, darker appearing colonies (Miller and Johnson, 2002; Slutsky

et al., 1987; Soll, 1997).

White-opaque switching is initiated through environmental stress. This is regulated by homeodomain
proteins at the MTL and results in alterations to the chromatin structure of the MTL (Lockhart et al.,
2002; Miller and Johnson, 2002). Heterozygosity at the MTL represses the switch to the competent
opaque phenotype and so only homozygotes can sexually reproduce (Lockhart et al., 2002; Miller and
Johnson, 2002; Soll, 2007). Homozygotes are produced either by loss of heterozygosity (LOH) at the

MTL, or auto-diploidization (Mba et al., 2022).

Opaque diploid cells signal one another using pheromones (Alby et al., 2009; Bennett et al., 2003), which
initiates the formation of a conjugation tube to facilitate nuclear and cell fusion (Usher, 2019). Mating
can be homothallic or heterothallic, meaning that while the two diploid cells must be MTL homozygous

to mate, they can have either the same, or different MTL alleles (Alby et al., 2009; Usher, 2019) (fig. 6).

The ability to reproduce both asexually and sexually is advantageous. Sexual reproduction is favourable
in heterogenous environments (Becks and Agrawal, 2010), as it generates diversity, thus facilitating
adaptation (McDonald et al., 2016). It is however energetically costly and in addition to generating fitter
genotypes, generates deleterious or less fit genotypes. Asexual reproduction is favourable in
homogenous environments, where selection maintains beneficial allele combinations which are not
disrupted by sex (Becks and Agrawal, 2010; Wang et al., 2018). C. albicans is believed to be primarily

asexual (Nébavi et al., 2006).
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Figure 6. Candida albicans parasexual cycle. Made in adobe illustrator.

Cells are colour coded based on ploidy, white/opaque switching and MTL allele. Ploidy is indicated as multiples of the haploid
genome (N), ‘X’ indicates a mating event. Boxes A and B indicate diploidization of haploid C. albicans cells, generating
heterozygous cells (A) or homozygous cells by auto-diploidization (B). C shows typical asexual replication, in contrast to both
types of sexual replication, homothallic (D) and heterothallic (E). Diploid cells can undergo further LOH or errors during mitosis
to generate haploid cells and complete the cycle (F).
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7.7 C. albicans Intraspecific Variation

Despite its predominantly clonal lifecycle, C. albicans isolates display a high degree of diversity, and the
population is divided into five large and thirteen small clades based on molecular data (Odds et al.,
2007; Shin et al., 2011; Sitterlé et al., 2019). This diversity allows C. albicans to colonise a vast range of
niches, including within human (da Silva Dantas et al., 2016) or animal (Barnett, 2008) hosts or less
commonly on plants (Bensasson et al., 2019) or transiently on abiotic surfaces (Gulati and Nobile, 2016).
It also facilitates adaptation to stresses including drug treatment. Diversity can be considered at both

the phenotypic level, and the genetic level which will both be briefly discussed.

7.7.1 Phenotypic Variation

C. albicans isolates have a range of phenotypic attributes, including divergent metabolic abilities, growth
rates, morphologies, and virulence. For example, clinical isolates of C. albicans exhibits signification
variation in virulence during murine and Galleria melonella infection models (Allen and Beck, 1983;
Frenkel et al., 2016; Hirakawa et al., 2015; MacCallum et al., 2009; Schénherr et al., 2017). Virulence is a
complex trait and differences between strains can result from various sources, including variation in the
expression levels or coding sequences of virulence factors (Braunsdorf and Leibundgut-Landmann, 2018;
Moyes et al., 2016; Schonherr et al., 2017), and differences in the ability to form biofilms (Li et al., 2003).
C. albicans strains also display a high degree of variability in antifungal drug resistance as previously

discussed (Espinel-Ingroff et al., 2014).

Furthermore, C. albicans strains can reversibly switch between a range of morphological states,
including yeast, hyphae, pseudo-hyphae, and chlamydospore (fig. 7). Cells of these states differ
morphologically and transcriptionally and switching occurs in response to environmental cues (Noble et

al., 2017). Hyphae are generally more associated with disease, typically superficial infection due to their
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ability to invade tissue (fig. 7) (Dalle et al., 2010; Moyes et al., 2010; Noble et al., 2017). Yeast, pseudo-

hyphae, and hyphae are all involved in disseminating disease (Chin et al., 2014; Noble et al., 2017).

In addition to the white, ‘true’ yeast state, there are yeast-like states: opaque cells, grey cells, and GUT
cells which are all ellipsoid in shape and have distinct properties (Noble et al., 2017). Grey cells are a
third state which some strains can form and are the smallest cell type (Tao et al., 2014). GUT
(gastrointestinally induced transition) cells are another distinct state which is induced in the host

gastrointestinal tract (Noble et al., 2017; Pande et al., 2013).
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Figure 7. Morphological states of C. albicans and their association with disease. From Noble, Gianetti and Witchley,
2017.

(A) Yeast cells are round or ovoid and upon cell division, separate completely into two independent cells. Hyphae and pseudo-
hyphae form multicellular structures, where daughter cells do not separate from parents. Hyphae are cylindrical and form a
continuous tube whereas pseudo-hyphae are ellipsoid with indentations at cell septa. Strains can reversibly switch between

these three states. (B) Chlamydospores are a rarer state and have only been seen in vitro under stringent stress conditions. They
are large cells which are produced from the end of hyphae and have thick cell walls. (C) Yeast cells are the typical commensal
state, growing on epithelial surfaces. (D) Hyphae and pseudo-hyphae can penetrate epithelial cells and are associated with
superficial infections. (E) These three cell types are seen during disseminating disease.
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7.7.2 Genomic Variation

The high degree of phenotypic diversity of C. albicans, and indeed its success both as a commensal
organism and as a pathogen are due to its genetic diversity (Braunsdorf and Leibundgut-Landmann,
2018). As already discussed, the C. albicans genome has as high degree of heterozygosity (Butler et al.,
2009) and genomes of different strains differ significantly from one another on both small and large
scales. Small scale changes include SNPs and indels, while large scale changes include LOH, segmental

deletions/duplications, translocations, inversions, and aneuploidies (Mba et al., 2022).

While C. albicans is primarily asexual, its parasexual cycle can generate novel genotypes, with altered
virulence and drug resistance and facilitates gene flow between genetic clusters (Hirakawa et al., 2017;
Ropars et al., 2018). This rare event is however insufficient to account for the extensive genomic
diversity of C. albicans. Large scale genomic changes are due to the highly plastic nature of the C.
albicans genome which is very tolerant of chromosomal rearrangements (Fischer et al., 2006). These
events can have strong phenotypic effects as they potentially influence the gene expression levels of
many genes, often by altering their copy number and are key to Candida evolution. Large-scale genomic
rearrangements arise primarily due to repair of DSBs as well as mitotic non-disjunction and mitotic non-
allelic homologous recombination (NAHR) but also occur during parasexual recombination events (Mba
et al., 2022; Ropars et al., 2018; Wang et al., 2018). The DSB repair pathways in C. albicans will now be
briefly discussed in addition to both large, and small-scale genomic changes in the context of acquiring

azole resistance.

7.7.2.1 DSB repair pathways in C. albicans

DSBs are typically either repaired by non-homologous end joining (NHEJ), which typically incurs small
deletions, or by homology directed repair pathways, including homologous recombination (HR). There

are numerous homology-based pathways, but they all require detection of the broken ends which are
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then resected, to generate a single strand which searches for a homologous sequence to act as a repair
template (Marton et al., 2021). Following homology searching, the single stranded DNA invades the
double stranded homolog, and DNA replication occurs. The two homologous chromosomes or
chromatids then need to be separated by resolving the holiday junctions which join them. The way in
which these are resolved can lead to cross-over products- where the chromosome arms originate from
different chromosomes- or non-crossover products. Even in non-crossover products, there is a region
where heterozygosity is lost at the break point due to the phenomenon of gene conversion (Legrand et

al., 2019).

Homology based pathways are generally favourable as they prevent loss of genetic information,
however at repetitive elements, sequence similarity to other repeats can result in non-allelic
homologous recombination (NAHR). This can occur between repeats on the same chromosome (in cis)
or another chromosome (in tans). Either pathway can result in chromosomal rearrangements (Janssen
et al., 2018) (fig. 8). Failure to repair DBS results in chromosome truncations, thus generating CNVs

(Legrand et al., 2019).
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DSBs are repaired by Homologous recombination mechanisms or NHEJ. NHEJ involves resection of the blunt ends which are then
annealed, resulting in loss of genetic material. HR methods rely upon a repair template; the broken ends are resected and then
search for this homologous sequence. Upon finding it, they invade the strand and DNA replication occurs to replace the lost
nucleotides. This junction between the two chromosomes is then resolved. This can occur in various ways depending on where
the strands are cut and can produce either non-crossover, or crossover products. In both cases, gene conversion occurs, but in
crossover, there are also translocations of the downstream regions.

While there is evidence of both NHEJ and HR in C. albicans, the latter is the favoured pathway with NHEJ
being reported as inefficient and rare in the organism (Legrand et al., 2019; Ng and Dean, 2017; Vyas et
al., 2018). While this is consistent with S. cerevisiae, NHEJ is the far more frequent in other species

including C. glabrata (Vyas et al., 2018).

7.7.2.2  Karyotype changes and aneuploidies

Aneuploidy is where the copy number of whole chromosome, or segments thereof are altered. C.
albicans is diploid and thus has two copies of each chromosome. Mitotic non-disjunction, and concerted
chromosome loss following parasexual mating, can result in changes in this copy number (Selmecki et

al., 2010; Yang et al., 2021). Further karyotype changes can involve segmental duplications or deletions
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which again, can generate CNVs and exert strong phenotypic effects. Reciprocal events also occur
including translocations and inversions which do not results in any gain or loss of genetic material, but
simply shuffle the organisation of the chromosomes. These are all typically generated by DSB repair, or
non-allelic homologous recombination (NAHR). Reciprocal chromosome changes are believed to
generally have less extreme phenotypes but may influence the expression of genes or affect gene
function if the breakpoint is within a coding or regulatory sequence. Such changes are frequently
observed in drug resistant clinical isolates (Legrand et al., 2007). The true fitness costs of reciprocal
rearrangements are unclear as they have traditionally been difficult to generate experimentally without
also generating SNPs (Fleiss et al., 2019). Reciprocal translocations in S. cerevisiae can increase the
frequency of aneuploidy by generating multivalents during meiosis, leading to non-disjunction (Fischer
et al., 2000). It is unclear whether similar mechanisms affect C. albicans during parasexual mating or

mitosis.

Aneuploidies are commonly observed among drug resistant C. albicans strains (Whaley et al., 2017). This
resistance is typically due to CNVs of genes encoding drug targets. Most famously, fluconazole
treatment of C. albicans often results in the generation and fixation of isochromosome 5L, which
contains genes ERG11 and TAC1 (Selmecki et al., 2008, 2006, 2009). It is however uncertain how
common these events are outside of clinical settings. While studies looking at clinical C. albicans isolates
identified aneuploidy as a common genomic feature (Hirakawa et al., 2015), recent population genetic
studies suggest these events are only common following antifungal drug treatment (Ropars et al., 2018).
Another recent study generated C. albicans strains with trisomy of each chromosome and found that
each is survivable but incur fitness costs under normal conditions. However, in the presence of stress,
some provided a selective advantage over the euploid WT (Yang et al., 2021). This supports the
hypothesis that while aneuploidy is generated quite frequently, it is typically only maintained in

populations exposed to stresses including antifungal drugs.
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7.7.2.3  SNPs and Indels

SNPs and indels are small-scale changes and affect individual nucleotides or regions <1 kb, respectively.
They are very common in the C. albicans genome, and the rate of de novo SNPs and indels increases
during host infection (Ene et al., 2018). They are important as if they fall within coding sequences, they
can alter the functioning of proteins. Similarly, if they fall within regulatory elements, then can influence
expression of genes. These can therefore influence azole resistance in C. albicans, often by changing the
coding sequence of the drug target ERG11. This includes direct mutation of ERG11, resulting in lower
binding affinity of fluconazole to the target (Lee et al., 2021; Morio et al., 2010) (fig. 3). Alternatively,
gain-of-function mutations in UPC2, a zinc-cluster TF regulating ERG11, can result in higher ERG11

expression and azole resistance (Flowers et al., 2012; Hoot et al., 2011).

Another key mechanism in C. albicans is upregulation of drug efflux. This can be achieved by
overexpression of ATP-binding cassette (ABC) proteins, or major facilitator (MF) superfamily efflux
pumps (Lee et al., 2021; Whaley et al., 2017) (fig. 3). Hyperactivating amino acid substitutions in the
active site of Tacl, a regulator of the ABC transporters CDR1 and CDR2 increases expression of the two
efflux pumps, leading to elevated azole resistance (Coste et al., 2006; Lee et al., 2021; Revie et al., 2018;
Tsao et al., 2009). Similarly, SNPs in MRR1, TF of the MF transporter Mdr1 can result in overexpression
of the pump and increased resistance (Dunkel et al., 2008; Lee et al., 2021; Morschh&user et al., 2007;

White, 1997; Wirsching et al., 2000).

There are additional, less frequently observed mechanisms, including loss-of-function mutations in
ERG3. Such mutations have been identified as alleviating cellular stress by preventing the synthesis of
14-a-methyl-3,6-diol, instead leading to an accumulation of non-toxic 14-a-methyl fecosterol (Kelly et
al., 1997; Lee et al., 2021; Morio et al., 2012). In these strains, ergosterol deficiency is supplemented

with 14a-methyl-3,6-diol (Kelly et al., 1997; Lee et al., 2021). Further mechanisms involve stress
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signalling, including heat shock protein 90 (Hsp90) and protein kinase C (PKC) pathways (Lafayette et al.,

2010; Lee et al., 2021).

7.7.2.4 Loss of Heterozygosity

Loss of heterozygosity (LOH) is a common phenomenon which shapes the C. albicans genome by
distributing SNPs and is largely responsible for the high degree of sequence divergence among C.
albicans strains (Wang et al., 2018). A study looking at two common lab strains identified that all
chromosomes had tracts of homozygosity, and that total homozygosity varied significantly between the

strains, 30% in WO-1 compared to 15% in SC5314 (Butler et al., 2009).

LOH occurs on different scales: short-tract, long-tract, and whole chromosome (Legrand et al., 2019).
This is dependent on the cause of the LOH event. Short tracts are often generated during gene
conversion at the site of DSB repair as already discussed (Legrand et al., 2019). Long tracts are typically
the result of mitotic recombination or break induced replication- where one arm following a DSB is lost
and repair synthesises everything downstream of the break from the template (Marton et al., 2021;
Ropars et al., 2018). Whole chromosome LOH is a rarer event (Ropars et al., 2018) but can result from

the parasexual cycle, or mitotic non-disjunction (Legrand et al., 2019).

LOH is functionally important as it can alter the phenotype of a diploid organism by revealing the effect
of recessive alleles which are usually masked in heterozygotes (Forche et al., 2011). There are therefore
some strains which are known to harbour recessive lethal alleles because LOH is never seen at particular
loci (Feri et al., 2016). While LOH can be deleterious, it can also provide a selective advantage in some
conditions and is important for the evolution of Candida. For example, co-dominance of the WT and
hyperactive TAC1 alleles means that the full azole resistance phenotype is only seen in homozygotes,

which can be generated by LOH (Coste et al., 2006; Whaley et al., 2017). Similar mechanisms likely
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account for the increased rate of LOH in response to stress, including antifungal drug treatment

(Avramovska and Hickman, 2019; Forche et al., 2011).
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7.8 Repetitive Elements

7.8.1 Regulators of Genome Stability

Repetitive elements are responsible for modulating genome stability throughout the natural world. In
addition to promoting NAHR, they can destabilise genomes by generating chromosome length
polymorphisms (CLPs), facilitating chromosomal rearrangements, or generating indels and copy number
variants (CNVs) (Dunn and Anderson, 2019). These events are often caused by repetitive elements
forming non B-form DNA, which can result in stalling of replication forks (Dunn and Anderson, 2019;
Madireddy and Gerhardt, 2017). Stalling can lead to fork slippage which results in expansion/reduction
of repeats or can lead to the formation of DSBs. As already discussed, repair of DSBs can generate
chromosomal rearrangements. Given the lack of traditional meiosis in C. albicans, repetitive elements,
in addition to mitotic recombination, are likely key to generating and maintaining genome diversity

(Buscaino, 2019).

7.8.2 Epigenetic Regulation of Repeat Locus Heterochromatin in C. albicans

To offset the genomic instability which repeat loci incur, eukaryotic repetitive elements are usually
condensed into heterochromatin, as regulated by histone deacetylation, DNA methylation and RNAi
pathways (Buscaino, 2019; Janssen et al., 2018; Peng and Karpen, 2006). This makes DNA less accessible
and reduces the risk of DNA damage and recombination. Epigenetic control of the chromatin structure
at repetitive elements is therefore a way of regulating genome plasticity. While highly unstable genomes
are generally deleterious, some instability facilitates rapid evolution to changing environments (Janssen
et al., 2018). This regulation is therefore a dynamic process; levels of genome stability change depending

on the environment of the organism (Buscaino, 2019).
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A key regulator of chromatin structure in C. albicans is Sir2. This protein deacetylates H3K16 (lysine 16 of
histone 3) within nucleosomes, allowing them to become more compact (Freire-Benéitez et al., 2016a)
(fig. 9). These is also some evidence of 5-Methylcytosine (5mC) in some C. albicans repetitive elements
which is typical of heterochromatin, however these findings are controversial. The DNA methyl
transferases necessary to methylate these nucleotides have not yet been identified in C. albicans
(Buscaino, 2019; Erlendson et al., 2017). The C. albicans genome encodes the necessary components of
an RNA interference (RNAI) pathway, which is implicated in regulation of heterochromatin in other
yeasts (Drinnenberg et al., 2009; Volpe et al., 2002). It is however unclear whether this pathway is active

in C. albicans (Buscaino, 2019; Staab et al., 2011).
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Figure 9. Epigenetic regulation of heterochromatin in C. albicans. From Buscaino, 2019.
Heterochromatin is maintained at repeat loci by Sir2-dependant deacetylation of lysine 16 of histone 3. This may be aided by 5-

Methylcytosine formation and siRNAs as in other fungal species, although it is uncertain whether either of these mechanisms is
active in C. albicans.
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7.8.3 Repetitive Elements in C. albicans

The role of repetitive elements in regulating genome stability is understood to be a fundamental
evolutionary mechanism in pathogenic fungi, including C. albicans (Buscaino, 2019; Galhardo et al.,
2008; Selmecki et al., 2010). Indeed, serine-129 phosphorylation of histone H2A (yH2A) (a DNA damage
indicator) is enriched at C. albicans subtelomeric repeats, supporting the understanding that these are
unstable sites (Price et al., 2019). Furthermore, instability at repeat loci increases in response to host-
specific stresses including elevated temperatures and antifungal drugs (Buscaino, 2019; Forche et al.,
2011; Freire-Benéitez et al., 2016b). This instability generates karyotypic diversity, producing novel
phenotypes which may be selectively advantageous (Buscaino, 2019; Selmecki et al., 2010). This
mechanism of generating diversity is particularly important for non-meiotic organisms such as C.

albicans.

7.8.3.1 Classes of Repetitive Element in C. albicans

C. albicans has four main types of repetitive element: telomeres, subtelomeres, rDNA and the Major
Repeat Sequence (MRS) (fig. 10) (Dunn and Anderson, 2019). The MRS is the focus of this study and will

be discussed in detail after the other three repeat regions are briefly introduced.

Telomeres rDNA locus:
(5-ACTTCTTGGTGTACGGATGTCTA-3) rRNA repeat region located
repeats from 500 bp - 5 kb long on Chromosome R

—1
-

Major Repeat Sequence (MRS): Subtelomeres:
RPS unit repeats often flanked Major site for gene family
by non-repetitive RB2 and HOK expansion and LTR fragments

Figure 10. Major repetitive elements of the C. albicans genome. From Dunn and Anderson., 2019.

Figure shows the four major classes of repetitive element in the C. albicans genome. Telomeres cap the ends of chromosomes
and protect them from decay. They are formed from 23 bp repeats. Adjacent these are the subtelomeres which contain
expanded gene families, LTRs and transposons. The rDNA locus on ChrR is a long repetitive array encoding the ribosomal RNAs.
The MRS is an element unique to Candida and occurs eight times in the haploid genome. It consists of a central repeat array
flanked by non-repetitive elements.
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7.8.3.1.1 Telomeres

Telomeres protect the ends of chromosomes from fusion or degradation and are typically G-rich tandem
repeats of short sequences. The telomeres of C. albicans are 0.5-5 kb in length, made up of a 23 bp
repeat: ACTTCTTGGTGTACGGATGTCTA. This repeated sequence is unusually long and is highly divergent
from that of closely related Candida species (Dunn and Anderson, 2019; Mceachernt and Hicks, 1993).
Telomeres are lengthened by the telomerase complex following replication to overcome the
chromosome end replication problem, and by recombination (Ciudad et al., 2004; Dunn and Anderson,

2019; Lundblad and Blackburn, 1993).

Misregulation of telomere length, structure and recombination can significantly affect the length of
chromosomes, generate excess T-circles, and increases the risk of chromosome fusion (Tomaska et al.,
2000; Yu et al., 2010). T-circles are extra-chromosomal loops of telomeric DNA produced by

recombination at the telomeres (Tomaska et al., 2000).

Telomeres are typically condensed into heterochromatin, as regulated by Sir2 deacetylation (Freire-
Benéitez et al., 2016a). This chromatin structure is not fixed, and changes in response to environmental
stress. For example, at higher temperatures (39°C), there is an upregulation of heterochromatin at the
telomeres, incurring more gene silencing in the neighboring sub telomere. This may be an adaptive
mechanism to regulate gene expression in subtelomeres, or to regulate genome plasticity (Freire-

Benéitez et al., 2016b).

7.8.3.1.2 Subtelomeres

Subtelomeres are regions immediately adjacent the telomeres and are relatively gene poor. These loci
are rich in repetitive elements, including transposons and are common sites of gene family expansion
and remnants thereof (Dunn and Anderson, 2019). The subtelomeric sequences remain poorly

characterized due to their repetitive nature (Dunn and Anderson, 2019; Freire-Benéitez et al., 20163;
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Van het Hoog et al., 2007). The 55 known subtelomeric genes are involved primarily in biofilm
formation, filamentous growth, and metabolism. Many of these genes are associated with pathogenicity

of C. albicans (Dunn and Anderson, 2019).

C. albicans subtelomeres are usually organized into Sir2 dependent heterochromatin, which extends
from the telomeres. Regions of euchromatin are often found at sub telomeric genes, including the TLO
genes (Freire-Benéitez et al., 2016b, 2016a; Froyd et al., 2013). The TLO genes are highly related
paralogues which have recently expanded, existing in 14 copies in the C. albicans genome compared to
twice in the genome of C. dubliniensis. These have sequence similarity the Med2 subunit of the mediator
complex and are believed to regulate virulence factors in C. albicans (Dunn and Anderson, 2019; Freire-

Benéitez et al., 2016a; Haran et al., 2014; Liu et al., 2016; Zhang et al., 2012).

Subtelomeres frequently recombine, which is often associated with LOH. Ectopic recombination events
at the sub telomeres can change the copy number of pathogenicity associated genes, including TLOs,
and recombination events between TLOs can generate new sequences. This leads to novel phenotypes
with altered pathogenicity and may be important for the rapid evolution of C. albicans during systemic
infection (Anderson et al., 2015; Dunn and Anderson, 2019). Furthermore, the subtelomeres have a
unique TRE element which promotes recombination of TLO genes. This is usually repressed by Sir2, but

this repression is masked under stress conditions (Freire-Benéitez et al., 2016a, 2016b).

7.8.3.1.3 rDNA locus

Ribosomal DNA (rDNA) is localized to the RDN1 locus of chromosome R in C. albicans. This locus is a
repeat array of 50-200 repeats, each approximately 12 kb (fig. 11) (Dunn and Anderson, 2019; Freire-
Benéitez et al., 2016a; Rustchenko et al., 1993). rDNA encodes a large rRNA precursor, 35S, which is
processed into 18S, 5.8S, and 255 rRNAs (Hamperl et al., 2013). In the precursor, these three regions are

separated by ITS (Internal transcribed spacer) 1 and 2 which are often sequenced to confirm species
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identity. This region is transcribed by RNA pol |. Another rDNA region, encoding 5S rRNA, is transcribed
by RNA pol lll. 35S and 5S regions, as well as individual repeats are separated by Non-Transcribed

Spacers (NTS) (fig. 11).

NTS regions are condensed into transcriptionally silenced Sir2-dependant heterochromatin, marked by
histone deacetylation and DNA methylation (Freire-Benéitez et al., 2016a). Recombination events at the
rDNA locus are very frequent, and in addition to replication fork slippage, account for the high degree of
ChrR length polymorphism (Dunn and Anderson, 2019). As seen by the inability to resolve ChrR during
CHEF electrophoresis (fig. 5), it is the most variable in length of any C. albicans chromosome, and 92% of
length polymorphisms on this chromosome are due to the rDNA locus (Rustchenko et al., 1993).
Recombination at the rDNA locus can also generate extrachromosomal rDNA repeats which have been

identified in C. albicans (Dunn and Anderson, 2019; Rustchenko-bulgac et al., 1991).

ChrR
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Figure 11. The rDNA locus. From Freire-Benéitez, Price, et al., 2016.
Figure shows the structure of the rDNA array on ChrR. The array consists of 50-200 tandemly repeated subunits separated by

NTS regions. Each subunit consists of 35S and 5S regions, also separated by NTS regions. The 35S regions is a precursor to 18S,
5.8S and 25S subunits which are separated by ITS sequences.
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7.9 MRS

The Major Repeat Sequence (MRS) is a repetitive element unique to the genomes of Candida albicans,
and its closest relative, C. dubliniensis (Jackson et al., 2009). The role of the MRS is unknown, although
its conservation throughout the C. albicans genome suggests some selective advantage. Most likely, the

MRS has a role in generating karyotypic diversity and influencing gene expression.

7.9.1 Structure of the MRS

The MRS consists of three subunits: a central repeat array, the RPS which is flanked by two non-
tandemly repetitive elements, the RB2 and Hok (Chibana and Magee, 2009; Chindamporn et al., 1998;
Iwaguchi et al., 1992) (fig. 12). The MRS is transcriptionally accessible, with the heterochromatic marker:
H3K4 hypomethylation in addition to euchromatic markers: H3K9 and H4K16 acetylation (Buscaino,

2019; Freire-Benéitez et al., 2016b).

Chr5 CENS5 MRS
+ '

Sfil sites

| A )
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HOK RPS RPS RPS RB2

variable tandem repeats

Xhol Xhol

Figure 12. MRS structure on Chr5. From Selmecki, Forche and Berman, 2010
The MRS consists of a central array of RPS subunits which are also intrinsically repetitive. Flanking this array are the non-

repetitive Hok and RB2 subunits. Xhol restriction sites flank the MRS and have classically been used in conjunction with the Sfil
restriction sites in the RPS repeats to study MRS structure.
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7.9.1.1 RPS

The RPS is an approximately 2 kb sequence tandemly repeated. Each repeat is in turn made of 172 bp
sequences known as ‘alt’ sequences which are tandemly repeated (Chibana et al., 1994). These alt
sequences each contain 29 bp elements known as COM29. COM29 contains an Sfil endonuclease
recognition sequence which have been utilised in MRS research (fig. 12) (Chu et al., 1993; Selmecki et

al., 2010).

The repetitive nature of this array results in frequent expansion or reduction, meaning that RPS
elements often vary in length between homologues (Chibana and Magee, 2009; Iwaguchi et al., 1992).
While the assembly 22 genome only shows a single 2 kb RPS repeat at each MRS, the arrays are typically
much longer. Long read sequencing shows the RPS array of Chrl in SC5314 is >37 kb (Price, unpublished
data), and studies indicate the overall length of the MRS can range from 10 kb to 100 kb in different C.
albicans strains (Chibana et al., 1994; Freire-Benéitez et al., 2016b; Iwaguchi et al., 1992; Lephart et al.,
2005). A study which used T7 insertion and haploinsufficiency to identify genes responsible for
filamentation noted that of the 45 strains with insertion within the RPS, 73% had hyperfilamentous
morphology (Uhl et al., 2003). This indicates a role of the MRS in regulating filamentation, a phenotype

considered instrumental to the pathogenicity of C. albicans.

7.9.1.2 Hok

Hok is a non-repetitive sequence. It is widely reported as being 8 kb (Chibana and Magee, 2009;
Chindamporn et al., 1998), but as of Assembly 22, ranges from 6.2-6.8 kb, with the exception of Hok-5

which is significantly truncated, at 2.9 kb.
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7.9.1.3 RB2

RB2 is another non-repetitive sequence. It is ~6.1 kb at full length, but several chromosomes carry
truncated copies. RB2 elements are the most numerous of the three MRS elements, frequently

appearing independently of the other MRS subunits (Chibana and Magee, 2009).

The RB2 subunit contains an ORF, named FGR6 (filamentous growth regulator 6) (Uhl et al., 2003). This
1539 bp ORF has no homologues in S. cerevisiae. The gene is believed to be involved in regulation of
filamentation; T7 insertion into a single copy of FGR6 induces hyper or hypo-filamentation (Uhl et al.,

2003).

7.9.2 Distribution

The MRS accounts for approximately 1-3% of the C. albicans genome on average (Chibana and Magee,
2009; Paul R. Lephart et al., 2005) and is found on every chromosome, except Chr3 which only has RB2
subunits (Chindamporn et al., 1998) (fig. 13). Chr4 and 7 each have two complete MRS elements. Chr2
and 4 have partial Hok subunits, independent of the other subunits, and all chromosomes except Chré
have at least one partial RB2 subunit, outside of an MRS (fig. 13). Complete MRS elements are always
proximal to centromeres- the furthest being 0.4 Mb away on ChrR- and are orientated such that the Hok
subunit is towards the centromere. The significance of this distribution, and the relationship between

the MRS and centromeres is unclear (Chibana and Magee, 2009).
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Figure 13. Distribution of MRS elements in C. albicans.

Made in Adobe illustrator based on long read MinlON data from Price (unpublished data). This data differs slightly from
Assembly 22 data discussed above. Centromeres, complete MRS elements and two MRS subunits: RB2 and Hok are plotted on
the eight chromosomes. Note while chromosomes are to scale, these elements are not as they have been enlarged to be more
visible. All MRS elements are found proximal to centromeres, and where there is a complete MRS the Hok element is closest to
the centromere. A full MRS occurs on every chromosome except Chr3, which has two partial RB2 subunits. Chr4 and Chr7 have

two complete MRS elements.

7.9.3 Evolutionary Significance of the MRS

The role that the MRS performs is unknown. However, numerous studies have identified that
translocations are highly enriched at the MRS in both clinical isolates and lab strains of C. albicans
(Butler et al., 2009; Chibana et al., 2000; Chu et al., 1993). Additionally, the C. dubliniensis genome,
despite high sequence similarity to that of C. albicans, appears to have undergone multiple
translocations at MRS elements since the divergence of the two species (fig. 14) (Magee et al., 2008).
These observations suggest that the MRS has a significant evolutionary role in promoting karyotypic
diversity, and that this can contribute to the generation of novel strains and species with divergent
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phenotypes. Insertion of a Ura cassette into the RB2 subunit, but not RPS or Hok has been shown to
generate translocations, further supporting the role of the MRS is generating karyotypic diversity

(lwaguchi et al., 2004).

The repetitive nature of the MRS makes it a likely target for non-allelic homologous recombination,
which can generate chromosomal rearrangements, inducing inversions, deletions, and translocations.
was further hypothesised that the MRS also acts as a recombination hotspot, which would also help
explain the high frequency of translocations at these loci (Pujol et al., 1999). Analysis of the

recombination rate of MRS-5, compared to an adjacent genomic region has indicated no significant

It

increase in recombination in the MRS (Lephart and Magee, 2006). It is however unknown whether this

observation is applicable to other MRS elements throughout the genome (Chibana and Magee, 2009),

and further investigation would be useful.

Calb C. dub

IX
ViLvil
Vi

Figure 14. CHEF of C. albicans and C. dubliniensis. From Magee et al., 2008.

Whole chromosomes are separated by length. Despite sequence similarity, the karyotype of C. dubliniensis differs significantly

from that of C. albicans resulting from multiple structural rearrangements.
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Chromosome length polymorphism (CLP) is a common source of diversity in C. albicans (Magee and
Magee, 1987; Rustchenko-bulgac et al., 1991). While the MRS is implicated in the generation of CLP by
facilitating translocations, it also frequently generates them by repeat array expansion/reduction. This is
evident in clinical isolates (Chibana et al., 2000; Chibana and Magee, 2009) and occurs when replication
fork slippage at the RPS results in the nascent DNA strand having either more or less copies of the

repeats.

This generation of MRS elements of different lengths is an important factor in generating karyotypic
diversity as it can contribute to mitotic non-disjunction, leading to aneuploidies. The repetitiveness of
the MRS means that it separates late in anaphase, and chromosomes with longer RPS subunits have a
greater risk of non-disjunction (Lephart, Chibana and Magee, 2005). This results in chromosomes with
large MRS elements being preferentially lost from the population. Indeed, deletion of a single MRS-5

copy resulted in preferred loss of the full length Chr5 (Lephart, Chibana and Magee, 2005).

While the MRS has a significant impact on shaping the C. albicans genome, it is unclear whether the
element is essential to the survival of the yeast. It is generally reported as being non-essential, based on
the viability of strains generated with a homozygous MRS-5 deletion (Lephart, Chibana and Magee,

2005), however to date, no study has reported the effect of deleting all MRS elements.

7.9.4 MRS in Non-albicans Candida Species

The MRS is almost unique to C. albicans. Whole MRS elements have only been identified in the closest
relative, C. dubliniensis (fig. 1) which has 9 complete MRS elements (Joly et al., 2002, 1999). Despite very
high genome-wide sequence similarity between the two species, the C. dubliniensis genome has
numerous chromosomal rearrangements relative to C albicans. Some such arrangements appear to have
occurred around the MRS, implicating it in the speciation event ~10 MYA (Chibana and Magee, 2009;

Joly et al., 2002; Magee et al., 2008; Singh-Babak et al., 2021).
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There is some sequence similarity between the MRS and the C. tropicalis genome (fig. 1) (Butler et al.,
2009; Zhang et al., 1997). Again, C. tropicalis has a divergent karyotype from that of C. albicans and this

may have been influenced by the MRS (Butler et al., 2009).

7.10 Experimental Generation of Chromosome Rearrangements

Chromosomal rearrangements have been identified many times in C. albicans isolates and lab strains,
including around the MRS (Butler et al., 2009; Chibana et al., 2000; Chu et al., 1993; Legrand et al.,
2004). Studies have also identified rearrangements following passage of C. albicans though mice (Forche
et al., 2009) and during murine models of oral infection (Forche et al., 2018). To understand the effect of

these genomic events however, they must be generated experimentally in a controlled setting.

Experimental generation of chromosomal rearrangements has been challenging with traditional genetic
strategies which have limited our understanding (Fleiss et al., 2019). Random rearrangements have been
generated with low efficiency in S. cerevisiae by inducing DSBs with ionizing radiation (Argueso et al.,
2008), and targeted rearrangements have been generated via recombination strategies (Fasullot and
Davis, 1988), but such approaches are limited in utility. More understanding has come from recent
studies using Cre-loxP recombination systems in Schizosaccharomyces pombe (Teresa Avelar et al.,
2013) and synthetic yeast chromosomes based on S. cerevisiae (Annaluru et al., 2014; Hochrein et al.,
2018). However, these approaches typically have low efficacy, and leave markers in the genome (Fleiss

et al., 2019).

CRISPR-Cas9 technology has revolutionized genetics and made genome editing far more efficient and
precise. Using this system, any genomic region adjacent to a PAM (protospacer adjacent motif, typically
NGG), can be targeted. A single guide RNA (sgRNA) is designed with homology to the desired cut site,
which directs the Cas9 endonuclease to the locus, where it then generates a DSB. Typically, exogenous

repair templates are provided to induce genome editing by homology directed repair pathways (Fleiss et
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al., 2019). In addition to the specificity and efficiency with which DSBs can be generated, the system is

easy to customize as only the sgRNA needs to be altered.

A recent study in S. cerevisiae has successfully used a CRIPSR-Cas9 system to induce chromosomal
rearrangements. This study targeted long tandem repeats (LTRs) in the genome and did not provide a
repair template. This meant that uncut copies of the LTS elsewhere in the genome were used as repair
templates, resulting in the generation of chromosomal rearrangements and distinct phenotypes (Fleiss

et al., 2019).

The efficiency of this approach makes it an attractive option for studying the evolutionary role of
chromosomal rearrangements in C. albicans. To the author’s knowledge, chromosomal rearrangements

have not been generated in C. albicans by genome editing.

7.10.1 CRISPR-Cas9 Generation of Chromosomal Rearrangements in C. albicans

This study designed a sgRNA to target a conserved region of the RB2 subunit of the MRS which occurs on
all eight chromosomes. This guide directs the CRISPR-Cas9 system to make DSBs within the RB2,
potentially cutting multiple sites in the genome simultaneously. By not providing a repair template, we
aimed to promote the use of other, uncut MRS elements as repair templates, leading to chromosomal

rearrangements as has been achieved in S. cerevisiae (Fleiss et al., 2019).

The way in which DSBs are repaired can result in numerous translocations (fig. 15). Repair in cis- where
the two ends being repaired originate from the same chromosome- can result in reconstruction of the
WT chromosome. However, resolution of the Holliday junctions formed during repair can generate a mix
of crossover and non-crossover products. Crossover products will have translocations between the cut
chromosome and the repair template chromosome. Repair in trans- where the two halves being

repaired are from different chromosomes- will always generate translocations. The non-crossover
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products will leave the template chromosome intact but join the two halves from different
chromosomes together. The crossover products will generate multiple translocations, affecting the cut

chromosome arms in addition to the repair template chromosome (fig. 15).

(e T [Co TN | eI ] [Eo] [

MRS MRS MRS MRS
DSB repair without donor DNA

in cis in trans
| - l % E
non-CO J l Cco non-CO 1

WT karyotype MULTIPLE TRANSLOCATIONS
Figure 15. Generation of translocations using CRISPR-Cas9. Adapted from Fleiss et al., 2019.
DSBs are induced at multiple MRS elements by Cas9. Repair of these breaks utilized uncut MRS elements as repair templates.

Repair of chromosome arms from the same chromosome (in cis) or different chromosomes (in trans) can generate non-crossover
or cross-over products. This repair can result in multiple translocations.
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7.11 Hypothesis and Aims

Genome plasticity is an important evolutionary mechanism for C. albicans as it facilitates chromosomal
rearrangements, which can lead to distinct, novel genotypes. Generating this diversity provides the basis
for evolution as these changes can be selected for, or against. This enables C. albicans to rapidly adapt
to new niches, including during systemic infection and drug treatment. It is well documented that repeat
loci in the genome can facilitate chromosomal rearrangements via various mechanisms and this appears
to be common in C. albicans, as many clinical isolates have rearrangements around such loci. The MRS is
an intriguing repetitive genomic element and its conservation in C. albicans suggests it has some
selective advantage. Many strains have been identified with translocations around the MRS and so it is
likely it acts as a hotspot for chromosomal rearrangements. Such mechanisms are key to generating

diversity in this largely asexual species which lacks meiosis.

This study hypothesises that the MRS acts as a hotspot for chromosomal rearrangements and that this
mechanism allows C. albicans to rapidly adapt to stress. This study therefore aims to establish a cause-
and-effect relationship between MRS-driven chromosome rearrangements and generation of novel,
fitter genotypes. To this end, we used a CRISPR-Cas9 system to induce DSBs at the MRS elements. By not
providing a repair template, homology directed repair will use uncut MRS elements as repair templates.
This should generate chromosomal rearrangements representative of those which naturally occur at
these loci. Strains with such rearrangements have then been evolved in clinically relevant stresses. In

doing so, this study aims to show that:

I A CRIPSR-Cas9 system can be used to induce chromosomal rearrangements in C. albicans.
Il. Constantly targeting the MRS elements with Cas9 acts as a model of increased genome

instability.
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Chromosomal rearrangements around the MRS can generate distinct phenotypes which can be

selectively advantageous and facilitate rapid adaptation to clinically relevant stresses.
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8 Materials and Methods

All strains used in this study are derivatives of SC5314 which have been generated in this study (tab. 2).

Oligonucleotides and primers were ordered from Sigma Aldrich unless otherwise specified (tab. 3). At

times in this study YPD (tab. 4) was supplemented with Caffeine (Sigma-Aldrich) to a concentration of 12

mM and Nourseothricin (NAT) (Melford) to a concentration 1 ul/ml. SC media (tab. 5) was

supplemented with Fluconazole (Sigma-Aldrich) to various concentrations.

Table 2. Strains used in this study.

Strain Parental Description Reference

SC5314 WT C. albicans lab strain. Usually grows as white, round Gillum et al.,
colonies. 1984

1095 SC5314 RB2 targeted with CRIPSR. Cassette still in. Pseudohyphal  This study
growth. Extra band on CHEF gel.

1096 SC5314 RB2 targeted with CRIPSR. Cassette still in. WT-like This study

growth after initial observation of hyphae on NAT plate.
Two additional band on CHEF gel.

986 SC5314 RB2 targeted with CRIPSR. Cassette still in. WT-like colony This study
morphology. Extra band on CHEF gel.
1097 1096 Strain 1096 with cassette removed. This study
1098 986 Strain 1097 with cassette removed. This study
Table 3. Primers used in this study.

ID Name Sequence Source

Ab_796 ITS1 TCCGTAGGTGAACCTGCGG Villa-Carvajal et al.,
2006

Ab 797 ITS4 TCCTCCGCTTATTGATATGC Villa-Carvajal et al.,
2006

Ab_ 1179 Ca_RB2_His/FLP CGTAAACTATTTTTAATTTGGATCGGATAAAC This paper, based on:

CGTCCCAGGTTTTAGAGCTAGAAATAGC Hernday et al., 2017

Ab_1137 AHO1096 GACGGCACGGCCACGCGTTTAAACCGCC Hernday et al., 2017

Ab_ 1138 AHO01098 CAAATTAAAAATAGTTTACGCAAG Hernday et al., 2017

Ab_1139 AHO1097 CCCGCCAGGCGCTGGGGTTTAAACACCG Hernday et al., 2017

Ab_1140 AHO1237 AGGTGATGCTGAAGCTATTGAAG Hernday et al., 2017

Ab 1141 AHO1236 TAAAGCTGCCACAAGAGGTATTTC Hernday et al., 2017
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Table 4. Plasmids used in this study.

ID Name Description Source
pAB_264 pADH99 C.albicans HIS/FLP CAS9 expression plasmid Hernday et al., 2017
pAB_266 pADH147 C.albicans HIS/FLP plasmid template for Fragment Hernday et al., 2017
B for cloning-free stitching of gRNA expression
cassette.
pAB_240 pADH110 Half gRNA plasmid for fusion PCR gRNA cassette Hernday et al., 2017

Table 5. Recipes for media used in this study.

Media Volume Recipe

SC 1L 2.002 g Supplement mix (Formedium DSCK1000), 6.70 g Yeast nitrogen base
without amino acids (Difco 291940), 20 g Agar* (Melford), 20 g Glucose
(Fisher Chemical), 10 mL 32.8 mM Uridine (Sigma), 990 ml H20.

YPD 1L 10 g Yeast extract (Melford y1333), 20 g Bacto-peptone (BD 211677),20 g
Agar* (Melford), 20 g Glucose (Fisher Chemical), 20 ml 37 mM Adenine
(Sigma), 10 ml 32.8 mM Uridine (Sigma), 970 mL H20.

*Agar added for solid media only.

Table 6. Composition of uncommon Buffers and reagents in this study.

Buffer Volume Recipe

LET 1L 200 ml 0.5 M EDTA (Fisher Chemical), 10 ml, 1 M Tris-HCL (pH 7.5), 790 ml H,O

NDS 1L 200 ml 0.5 M EDTA (Fisher Chemical), 50 ml 1M Tris-HCL (pH 7.5), 50 ml 10% SDS
(Sigma), 700 ml H,0

PLATE 1L 875 ml 50% PEG 3350, 100 ml 10X TE (100 mM Tris pH 7.4, 10 mM EDTA pH8), 25

ml 1 M LiOAc, pH 7
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8.1 General Lab Methods

8.1.1 Yeast Maintenance and Culturing

C. albicans stocks were made by suspending colonies in 50% glycerol in 1.8 ml cryotubes (Thermo
Scientific) and stored at -80°C in an Ultra-low temperature Freezer (New Brunswick Scientific). Unless
otherwise specified, when needed strains were taken from the -80°C, streaked onto YPD (tab. 5) plates

and grown at 30°C.

Overnight (o/n) cultures were generally made by inoculating 5 ml YPD liquid media with cells of a single
colony, collected with a pipette tip which remained in the test tube. These cultures were grown at 30°C

and shaken at 180 rpm to prevent sedimentation.

The optical density at 600 nM (ODsoo) of cells in the cultures was measured with a Kinetic
BioSpectrometer (Eppendorf), following dilution in Milli-Q (Merck) water sufficient to obtain a raw ODegoo
reading <1. This ODeoo reading was then used to approximate the concentration of Candida cells based

on the typical estimate of an ODeyo reading of 1 being equivalent to 3x107 cells per ml.

When more accurate quantification was necessary, or where ODgoo readings became inaccurate due to
sedimentation/flocculation, haemocytometry was used to estimate cell concentration. A glass coverslip
was placed over a haemocytometer, and 10 pl of o/n media, diluted 1:100 was added to the edge of the
coverslip, passing underneath it and into the counting chamber. A light microscope was used at 10x
magnification to view the cells in the 5x5 grid. Cells in five of these squares were counted and this was

used to estimate the concentration of cells in the o/n culture.
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8.1.2 PCR

PCR cycles were run in 0.2 ml Eppendorf tubes in a C1000 Thermo Cycler (BioRad). Enzymes used,
buffers and cycling conditions varied depending on the reaction and are specified in the relevant

section. If not specified, Tag DNA polymerase (PCRBIO) was used as per the manufacturer’s instructions.

8.1.3 Gel Electrophoresis

Typical electrophoresis gels were made by dissolving agarose in 0.5x TBE to a final concentration of 1%.
Ethidium bromide (Sigma) was added to a final concentration of 0.005%. Set gels were added to
electrophoresis chamber filled with TBE. 5 ul sample was combined with 1 pul 6x loading dye and loaded
into wells alongside 5 pl PCRBIO Ladder Il: 250 bp-10 kb. Electrophoresis was run at 100 v for typically
20-25 minutes depending on DNA length, using a Fisher Scientific Power300. Gels were then imaged
with a Syngene GBox Chemi XX6 Gel imaging system with 302 nm UV transilluminator which excites the

DNA-bound EtBr.

8.1.4 Spotting Assays

Spotting assays are a qualitative test to compare the relative fitness of strains on solid media. Known
volumes and concentrations of strains are spotted onto a plate, each strain serially diluted across the

plate.

Overnight cultures were diluted to an ODego of 1 and this dilution was added to the first column of a 96-
well plate (Greiner). These were then serially diluted 10-fold across the five adjacent wells with a
multichannel pipette. A sterilized 8x6 replica plater (Sigma-Aldrich) was inserted into the wells for 30
seconds and then pressed gently onto the solid medium. Each assay was performed in technical

triplicate. Where drugs were used, a drug-free control plate was also included. Additionally in drug
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assays, overnight cultures were centrifuged and washed with sterile water to prevent changes to the

drug concentrations.

Plates were typically incubated for 48-72 hours depending on the media and/or conditions, after which
time they were imaged with an Epson Perfection V33 scanner. The ability to form colonies at lower cell

concentrations was taken as an indication of higher relative fitness.

8.1.5 Growth Curves

1 ml of overnight culture was taken for each strain, centrifuged at 3000 rpm for 3 minutes and washed
twice with sterile water. ODgoo readings were taken, and media was inoculated to an OD of 0.1. 200 pl of
media inoculated with each strain was added to three wells of a flat bottom 96-well plate (Griener) to
act as technical replicates. Samples were loaded onto the plate, preferentially using central wells;
outermost wells were not used. Blank wells were filled with media alone and empty wells filled with
sterile water to prevent evaporation of sample media. For growth assays at 37 °C, three sides of the
plate were wrapped in parafilm to prevent evaporation. Plates were then put into a BMG Labtech
SPECTROstar Nano and put on a cycle of two programs each with double orbital shaking at 400 rpm,

recording the ODggo every 120 seconds. These runs typically lasted for 48 or 72 hours.

8.1.6  MIC Calculations

Wells of a Griener flat bottom 96-well plates were filed with 100 pl SC media containing serially diluted
concentrations of Fluconazole (fig. 16) (tab. 5). Blank wells around the edge of the plate were filled with
200 pL SC, except two which acted as DMSO controls. 1 ml of overnight cultures were washed twice with
sterile water before their concentration was estimated by haemocytometry. SC media was then
inoculated to a concentration of 2000 cells/ml and 100 pl of this inoculated media was added to the

remaining wells. Plates were then sealed with parafilm along three edges.
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Plates were incubated at 37°C, shaken at 750 rpm for up to 72 hours in Grant-bio Thermo-shaker PHMP.
At hour 0 of incubation, an ODggo reading was taken of each well using a BMG Labtech FLUOstar Omega.
Subsequent readings were then taken every 24 hours. Data was analyzed with Growthcurver in R Studio

(http://www.r-project.org/).

. O Blank (media)

DMSO contol
strain 1

DMSO contol
strain 2

Strain 1

Strain 2

0.5 0.25 0.125

Fluconazole concentration (ug/ml)
Figure 16. MIC plate layout. Made in Adobe Photoshop.

All outermost wells except A1 and H1 (top and bottom left) are filed with blank SC medium. A1 and H1 are filled with SC +
DMSO. The volume of DMSO is equivalent to that in the highest fluconazole concentration wells. Central wells are filled with SC +
Fluconazole. The concentration of fluconazole is 32ug/ml in column 2 and halves until column 10, column 11 has no fluconazole.

Medium inoculated with 2 different strains were added to the wells as seen. The three rows for each strain act as technical

replicates.

8.1.7 Microscopy and Quantification of Filamentous Morphology

Strains S5314, 1095, 1096 and 986 were grown overnight in YPD at 30 and 37°C. These cultures were
then diluted 20x and 3 pl of diluted cultures were added to microscope slides and covered with a cover
slip. Images were taken using an Olympus IX2-ILL100 microscope with an 60/1.35 oil objective and
Andor Xyla 4.1 cMOS camera with CoolLED illumination. Images were captured using Metamorph. At
least 8 images were taken for each strain/condition with a total of at least 100 cells between the images.
Images were also taken with an 100/1.40 oil objective for better visualization of morphology, but these

were not quantified. The frequency of yeast and hyphae cells was then quantified in Imagel for each
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image, excluding daughter cells which were not approximately the same size as the parent. Averages of
these percentages were taken for each strain/stress in R, where Chi-squared tests were then performed
(http://www.r-project.org/). Where cell images are presented in this thesis, they have been cropped to
highlight specific morphologies and as such not to scale. Size comparisons therefore cannot be made

between images. Original data is available upon request.

For visualization of colony morphology, the same overnight cultures in YPD were diluted and 100 cells of
each strain were plated onto YPD. After Three days these colonies were imaged using a Leica S9I scope
with integrated 10 MP CMOS-camera. Colony morphology can also be seen in whole-plate images taken

at various stages throughout the study with an Epson Perfection V33 scanner.
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8.2 CRISPR Protocol

This study adapted a CRIPSR-Cas9 protocol from Nguyen, Quail and Hernday, 2017. This protocol is
designed for genome editing in C. albicans, is highly efficient, does not use molecular cloning and
integrates into the HIS1 locus. Adaptation of this system to target different sequences is cloning-free. A
60 bp oligonucleotide with two 20 bp non-variable ends complementary to the pSRN52 promoter and a
central 20 bp target-specific sequence is designed and ordered. The non-variable 20 bp ends are then
used in two sequential PCR reactions to assemble half of the cassette (fig. 17). In the first reaction, this
custom sgRNA is used as a primer to amplify a fragment of the cassette containing a flip recombinase
target, and a HIS1 homology region from pADH147. This amplicon is then stitched to another amplicon
which is amplified from pADH110 which contains a promoter and half of a Nourseothricin N-acetyl

transferase (NAT) resistance gene (fig. 17).

This gRNA cassette is then co-transformation with a Cas9 cassette which both integrate into the HIS1
locus. Each cassette contains half of a NAT gene, which come together to form a complete, functional
form of the gene upon correct co-integration (fig. 17). Integration into the genome ensures continued
expression of the Cas9 and sgRNA, so the system will continue to act until all available targets have been
destroyed, or the cassette is removed by the maltose induced FLP recombinase (fig. 17-18). Following
removal of the cassette, the genome is left with only one FLP recombinase target (FRT) integrated in the

HIS1 locus.
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Figure 17. CRSPR cassette assembly and insertion. From Nguyen, Quail and Hernday, 2017.

Plasmid pADH99 is digested to release the Cas9 cassette (A). The promoter cassette is PCR amplified out of plasmid pADH110 to
make fragment A and the gRNA cassette is PCR amplified out of plasmid pADH147 with a primer containing the variable 20 bp
gRNA sequence to make fragment B (B). Fragments A and B are PCR stitched together to make fragment C (C). The Cas9 and
gRNA cassettes are co-transformed into the C albicans HIS1 locus (D). Upon successful cointegration, the two halves of the NAT
gene come together to make a complete, functional gene allowing selection with Nourseothricin.
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8.2.1 PCR

8.2.1.1 Fragment A

Fragment A, containing half of the NAT gene and the pSNR52 promoter was first PCR amplified out of
plasmid pADH110. The reaction mixture contained 20 ul 5x Phusion HiFi buffer (PCR BioSystems), 1 ul 3
ng/ul pADH110, 5ul 10uM AHO1096, 5 pl 10 uM AHO1098, 0.5 pl Phusion polymerase (PCR BioSystems)
and 2 pl of a dNTP mix, with each dNTP at 10 mM. This mix was made up to 100 pl with Milli-Q water
(Merck). The PCR cycle then began with a 30 second initial denaturation at 98°C, before 30 cycles of 20
second 98°C denaturation, 20 second 58°C annealing and 30 second 72°C extension in a C1000 Thermo

Cycler (BioRad).

8.2.1.2 Fragment B

Fragment B was then amplified out of plasmid pADH147 with one generic primer as well as the target-
specific oligo. The reaction mixture comprised 4 pl 5x Phusion GC buffer (PCR BioSystems), 1 pl 10 uM
AHO1097, 1 pul 10 uM specific gRNA, 0.6 pl 1ng/ul pADH147, 0.2 pl Phusion polymerase (PCR
BioSystems) and 0.4 pl of the above dNTP mix. This was made up to 20 ul with water. The PCR cycle then
began with a 30 second 98°C initial denaturation, followed by 10 cycles of 20 second 98°C denaturation,
20 second 65°C annealing (reducing by 1°C each cycle) and 30 second 72°C extension. After the 10"
cycle, when the annealing temperature had dropped to 55°C, the conditions remained constant for

another 15 cycles.

8.2.1.3 Fragment C

Gel electrophoresis was then preformed to check the A and B amplicons, expected to be 1066 and 704
bp, respectively. Thereafter, the fragments were PCR stitched together to make fragment C. 10 ul 5x
PCRBIO reaction buffer (PCR BioSystems), 1 ul of each fragments A and B, 0.5 pl PCRBIO HIFI polymerase

(PCR BioSystems) were added to 35.5 pl water. Stitching PCR was then done with 1-minute initial
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denaturation at 95°C followed by 5 cycles of 15 second denaturation at 95°C, 15 second annealing at
58°C and 1 minute extending at 72°C. Thereafter, 2 ul of the each 10 uM AHO1236 and 10 uM AHO1237
was added to the reaction mixture which cycled with an initial denaturation of 1 minute at 95°C,
followed by 30 cycles of 15 second 95°C denaturation, 15 second 66°C annealing, 1 minute 72°C
extension, with a final extension time of 2 minutes. Fragment C was then checked by gel

electrophoresis, with an expected size of 1730 bp.

8.2.2 Plasmid Digest

pADH99 was digested in the following mixture, 2 ug pADH99 (tab. 4), 1 ul 10X Fast Dig buffer (Thermo
Scientific), 0.5 pl Mssl (Thermo Scientific) and 10ul water. This was heated to 37°C for at least 30

minutes.

8.2.3 C. albicans Transformation

WT SC5314 was gown overnight in standard conditions. Overnights were then diluted in fresh YPD to
achieve an ODggo of around 0.2. Cultures were grown in conical flasks at 30°C with agitation for 4-6 hours
until an ODggo of 0.5-0.8 was achieved. Once the desired ODeoo Was achieved, cultures were transferred
to 50 ml falcons (Sarstedt) and centrifuged at 4000 rpm for 5 minutes at 4°C in a 5810 R Centrifuge
(Eppendorf). The pellet was washed twice with 1ml sterile water before being resuspended in water

1/100" of the volume of the culture.

50 ul of this cell suspension was then added to 2 g of the digested pADH99, 50 ul of fragment C, 10 pl
10 mg/ml denatured salmon sperm DNA and 1 ml PLATE (tab. 6). This mixture was then incubated

statically at 30°C overnight.

The following day the mixture was heat shocked at 44°C for 15 minutes, and the cells pelleted for 2

minutes at 5000 rpm and washed twice with 1 ml YPD. 1 ml YPD was added to a 15 ml falcon and
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inoculated with this 1 ml cell suspension. This culture was then incubated at 30°C, agitated for 5 hours.
The culture was then centrifuged for 2 minutes at 5000 rpm, the supernatant poured away, and the
pellet resuspended in the residual supernatant. This suspension was then plated onto YPD plates

supplemented with 1 pl /ml nourseothricin (YPD+NAT). Plates were incubated at 30°C for 3 days.

8.2.4 Screening

The transformation was performed on two separate occasions, each time with four replicates. On the
first occasion, few colonies grew and so all those large enough to re-streak were screened. On the
second occasion there were many more colonies and seven were selected from each plate, representing
a range of colony sizes and morphologies. Colonies were then taken and re-streaked onto YPD and
YPD+NAT (tab. 5) plates to confirm nourseothricin resistance. Screening was then performed by CHEF

electrophoresis. Colonies screened by CHEF were first stocked in glycerol.

8.2.5 Cassette Removal

Overnight cultures were made in 5 ml YP maltose. The following day cultures were diluted and
approximately 1000 cells were plated onto YP maltose and incubated at 30°C for 3 days. Colonies were
again re-streaked on YPD and YPD+NAT to confirm removal of the cassette, with successful colonies

having lost nourseothricin resistance. These colonies were then stocked in glycerol.
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Figure 18. Removal of CRIPSR cassette. From Nguyen, Quail and Hernday, 2017.

Strains with the CRISPR cassette integrated can be plated onto YP maltose to induce removal of the cassette. This medium

activates maltose induced FLP recombinase which acts upon the FLP recombinase target (FRT) sequences flanking the cassette.
This removes the cassette, leaving only one FRT remaining in the HIS1 locus. Removal of the cassette is confirmed by the loss of
nourseothricin resistance.
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8.3 CHEF Electrophoresis

Clamped homogenous electrical field (CHEF) electrophoresis is a type of pulsed-field gel electrophoresis
where electric fields generated around the gel change direction to allow the separation of DNA strands
between 10 kb and 9 Mb in length (fig. 19). This technique allows the accurate separation of C. albicans
chromosomes which are too large to be separated by normal gel electrophoresis (Magee et al., 1988).
The voltage, run time, switch time and in some cases, angle can be adjusted for the separation of
different sized DNA molecules. Switch times are the length of time the electric field is pulsed in either

direction and are often ramped, gradually increasing from an initial to a final time over the run.
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Figure 19. CHEF electrophoresis electrode potential and sample migration. From Bio Rad, 1992.
Figure shows the potential of electrodes when Net vector angle of +60° (A) and -60° (B) is applied. The 24 electrodes are
arranged in a hexagon in the electrophoresis chamber. The size of the +/- signs indicate the relative potentials of electrode pairs.
The highest potential switches between the bottom right, and bottom left segment and decreases along the neighboring

segments. These two net vectors produce an overall field angle of 120° which drives the migration of the DNA samples from the
wells, down the gel.

Strains were grown overnight in 5 ml YPD at 30°C, shaken at 180 rpm. Low melting agarose (LMA) was

added to 100 mM EDTA to a concentration of 1%, heated until dissolved then kept at 50°C. ODgoo of the
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overnight cultures was measured and the volume required to make a 1 ml dilution of ODego 7 was added
to 1.5 ml Eppendorf tubes. Cultures were then centrifuged at 3000 rpm for 3 minutes to pellet the cells
which were subsequently washed with 50 mM EDTA. 20 pl 10 mg/ml zymolyase (Amsbio) was then
added to degrade the Candida cell wall and 300 pul LMA was quickly added, before pipetting the mix into

the plug mold.

Once set, plugs were transferred to 5 ml tubes containing 3 ml LET (tab. 6). 25 ul B-mercaptoethanol
(Sigmg-Aldrich) was then added to each of the tubes which were then incubated overnight statically at

37°C.

LET was then removed from the tubes and the plugs were washed twice with 50 mM EDTA (Fisher
Chemical) for 30 minutes. Proteinase K (Melford) was then added to NDS (tab. 6) to a final concentration
of 0.2 mg/ml. 3 ml of this solution was added to each tube. Tubes were then incubated at 50°C for two
nights after which, the Proteinase K solution as removed. The plugs were then washed with, and

resuspended in EDTA and stored at 4°C until needed.

The gel was made from 1.5 g megabase agarose (BioRad) dissolved in 150 ml 0.5x TBE and allowed to set
before plugs were cut and inserted into the wells. Wells were then sealed with remaining megabase
agarose solution. The electrophoresis chamber of the CHEF-DR® Il Pulsed Field Electrophoresis System
(BioRad) was filled with 2 L 0.5x TBE and cooled to 14°C. The gel was inserted, and the machine

programmed as below.

e Block 1: 60-120 (initial-final switch time in seconds), 6 V/cm, 12 hours.

e Block 2: 120-300 (initial-final switch time in seconds), 5 V/cm, 26 hours.

Upon completion, the gel was removed and stained with 20 pl ethidium bromide (EtBr) in 400 ml 0.5x
TBE for 45 minutes and de-stained with 400 ml water for 20 minutes. It was then imaged with a Syngene

GBox Chemi XX6 Gel imaging system with 302 nm UV transilluminator.
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8.4 ITS Sequencing

Colony PCR was performed to amplify ITS regions for species confirmation. 40 ul 0.02 M NaOH was
added to a 1.5 ml Eppendorf. Using a sterile tip, a small amount of one colony was collected, then
suspended in this solution. The tube was then boiled for 10 minutes at 105°C, and then iced for another

10 minutes. The tube was then centrifuged at 5000 rpm in room temperature for 2 minutes.

2 ul of supernatant was added to a PCR tube with 10 pl 5x PCRBIO reaction buffer, 0.5 pl PCRBIO HiFi
polymerase, 2 ul each 10 mM ITS1 and ITS4 (ab_796 and ab_797) primers (tab. 3) and 33.5 ul water. The
tube was added to a C1000 Thermo Cycler (BioRad) and underwent an initial denaturing at 95°C for 1
minutes, followed by 30 cycles of 95°C 15 second denaturing, 55°C 15 second annealing and 72°C 30

second extension.

Gel electrophoresis was done to identify the presence of the expected band at 535 bp. The
concentration of each amplicon was estimated and diluted to 5 ng/ul. 15 ul of this dilution was added to
2 ul of ITS1 primer and added to a Eurofins Mix2Seq kit. Samples were Sanger sequenced by Eurofins

and sequences were then run in NCBI BLAST to confirm species identity.

8.5 MinION Sequencing

Genomic DNA extractions were performed using Qiagen Genomic DNA Buffer set and Qiagen Genomic-
tip 100/g columns. The purity and yield were then calculated using a Nanodrop spectrophotometer
(Thermo Fisher Scientific). Adequate samples had a yield of >300 ng/ul, a 260:280 of approximately 1.8
(+/-0.1) and a 260/230 around 2.0 (+/-0.1). These samples were then kept at 4°C before being sent to

NIAB EMR for MinlON long read sequencing.
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8.6 Sequence Analysis

Sequence data (FASTA) was initially viewed by aligning assembled contigs to the reference SC5314 using
D-genies. This allowed crude identification of translocations or karyotype abnormalities for the haploid
genome. To assess read depth and identify CNVs, the reads were plotted against the reference genome
using Circos. Reads from SC5314 genome long read sequencing (Price, unpublished data) were also

mapped to the reference to compare coverage.

To characterize rearrangement, the raw read data was sorted with Samtools and mapped to the
reference genome using Minimap2. BAM alignment files were then exported and viewed in IGV, where
changes in read depth could be identified. Breakpoint loci apparent from the D-genies alignment were
identified in IGV, where chimeric reads spanning translocation breakpoints were identified to confirm
translocations. These reads identified in IGV were chosen if they were long (>30 kb), spanned the
breakpoint and mapped to multiple chromosomes. Such reads were copied from IGV and then analyzed
in Snapgene, and the regions either side of the breakpoint were run through NCBI BLAST to confirm they
could only have originated from different chromosomes. Reads were only regarded as significant if they
extended outside of the MRS region as this is highly homologous between chromosomes. Searches for
telomeric repeats were also performed on reads around breakpoints which were extracted with
Samtools to try to characterize the rearrangements which had occurred. In all cases, the proximity of the
predicted breakpoints relative to the sgRNA target was mapped to ensure all observed rearrangements

were at the MRS.
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8.7 Evolution Experiment

Once MRS targeted strains with chromosomal rearrangements were identified, an evolution experiment
was conducted to assess (1) the genome stability of these strains in different conditions compared to
the WT and (2) whether the rate of adaption to stress differed between MRS targeted strains and the
WT. During the evolution experiment, karyotypes and relative fitness of these strains and the evolved
WT were assessed at regular intervals. It was expected that genome instability would be greater in the
MRS targeted strains than the evolved WT and that these strains would be able to adapt to stress more
quickly. MRS targeted strains with the CRIPSR cassette still integrated were used in the evolution

experiment to simulate increased genome instability at the MRS.

8.7.1 Solid Media

Most of the evolution experiments were done on solid media to allow visualization of colony
morphology. This allowed changes in colony morphology to be more easily identified throughout the

experiment.

Strains were grown overnight in liquid YPD and then plated onto solid media with the number of CFUs
plated depending on the culture conditions (tab. 7). The conditions used were all on YPD media (tab. 5),
and were: 30°C, 37°C, 37°C + 5% CO,, or 30°C with 12 mM caffeine. 30°C acted as a non-selective
control. 37°C and 37°C + 5% CO2 are clinically relevant stresses as they are conditions which Candida
would encounter within a human host. Caffeine (1,3,7- trimethylxanthine) was used as it has previously
been used in our lab and is a fungal cell wall stress which inhibits adhesion and biofilm formation (Fuchs
and Mylonakis, 2009; Raut et al., 2013). SDS was also used as a stress in preliminary experiments, and a
concentration of 0.1% was chosen as an optimal stress, eliminating ~90% of WT SC5314 colonies. This
concentration proved too high for the MRS mutant strains which did not grow, and this condition was

abandoned.
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Table 7. Culture conditions for evolution experiment on solid media.

Media Conditions Number of cells plated
YPD 30°C 100

YPD 37°C 100

YPD 37°C5% CO> 100

YPD + 12 mM caffeine 30°C 1000

Plated strains were then grown for one week before being imaged and three colonies from each plate
were stocked and re-streaked onto the same media and condition (fig. 20). Thereafter, a blob of cells
was taken from each strain and re-streaked in the same way every two days for three weeks. At
approximately weekly intervals, each plate was imaged, and the strains stocked. This continued until the
end of the experiment, when final stocks were made of the evolved strains four weeks from when they

were originally plated.

Upon completion of the evolution, spotting assays were performed to identify the relative fitness of the
evolved strains relative to their parental strain in addition to both the evolved, and parental SC5314 WT

in the condition (fig. 20). These were done in the conditions to which the strains had been evolved.

Once particularly evolved strains were identified, CHEF electrophoresis was performed again, to identify

any chromosomal rearrangements relative to both the WT and the pre-evolved parental strain.
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Figure 20. Flowchart of evolution experiment.

Strains are grown in stresses on solid media, being regularly re-streaked. They are then karyotyped and changes in fitness are
identified by spotting assay. For fluconazole evolution, a base MIC is calculated, then strains are evolved in liquid media
supplemented with Fluconazole. Changes in MIC and karyotype are then calculated.

8.7.2 Evolution Experiment in Liquid Media

As it is the drug most frequently used to treat C. albicans infection, this study was particularly interested
in understanding how Candida become resistant to Fluconazole. To assess this, strain 1096 and WT

SC5314 were evolved in liquid SC (tab. 5) containing Fluconazole.

The MICs of the strains were ascertained. Overnight cultures of the strains in SC media were then
washed with sterile water. Tubes containing SC media and 10x of each strain’s MIC of Fluconazole, or
the equivalent volume of DMSO were inoculated with each strain to an OD of 0.1. These tubes were
incubated at 37°C, shaken at 180 rpm for 72 hours. A glycerol stock was then made of each, before
removing 1 ml of the culture and adding it to a tube containing 9 ml of fresh SC containing
Fluconazole/DMSO. This was then repeated every 72 hours for 15 days. After the 15 days, the MIC of the
evolved strains was then calculated, with the Fluconazole and DMSO evolved derivatives of each

parental strain on the same plate. These strains were also karyotyped again by CHEF electrophoresis.
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9 Genomic Results and Identification of MRS Mutants

9.1 CRISPR-Cas9 System

This study aimed to generate chromosomal rearrangements around the MRS to understand the
evolutionary significance of this repetitive element. We induce DSBs at the MRS, and by not providing a
repair template, intend on promoting homology-based repair using uncut MRS elements as templates,

resulting in rearrangements.

To achieve this, we adapted a CRISPR protocol which had been developed for gene editing in C. albicans
(Nguyen, Quail and Hernday, 2017). This system overcomes limitations of previous systems as changing
the target sequence does not require cloning into large plasmids and does not disrupt the ENO1 antigen
gene (Vyas et al., 2015). The integration of the Cas9 cassette into the genome also facilitates lasting
expression, better suited to this study than the transient expression achieved by non-integrating

systems (Min et al., 2016).
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9.2 Design of a sgRNA to Target the RB2 Subunit

The CRIPSR sgRNA was designed based on maximizing the number of MRS-specific targets within the

genome. However, targets which were tandemly repeated within the same element, or across the MRS

were excluded. This was to promote translocation rather than segmental deletions or repeat array

expansion/reduction.

All RB2, Hok and RPS sequences in assembly 22 were downloaded from the Candida genome database

(http://www.candidagenome.org/). RB2 sequences were available for chromosomes 1, 2, 3, 4, 4a, 5, 5a,

6, 7a, 7b and R, RPS sequences were available for chromosomes 1, 2, 4, 6, 7a, 7b, R and Hok sequences

were available for chromosomes 1, 2, 4, 5, 6, 7a, 7b, R. The homologues were aligned in Jalview, using

Clustal with defaults (fig. 21).
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22/RB2-4A1-3695(4)
22/RB2-3/1-2198 (+)
22/RB2-5A/1-1765(+)
22/RB2-51433  (+)

Start

Starl

Start

Alignment

End

Figure 21. Alignment of RPS (A), Hok (B) and RB2 (C) homologues.
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Constructed on NCBI Multiple Sequence Alignment Viewer version 1.22.0 following alignment in Jalview. Consensus for each
element is at the top, followed by the homologues. Red bars indicate mismatches between that homologue and the consensus,
grey areas match the consensus and white areas are present in the consensus but not in the homologue.

Of the three elements, the RPS was the most conserved, with very high sequence similarity between the

chromosomes (fig. 21). The RB2 and Hok elements had a similar degree of homology, with significantly

more mismatches than the RPS elements. Furthermore, chromosome 5 had a truncated Hok region,
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around half the length of its homologues and chromosomes 3, 4A, 5 and 5A had truncated RB2 elements

(fig. 21).

Non tandemly repetitive regions of at least 20 bp which were well conserved between chromosomes
were then identified. Regions of greatest homology were then loaded into Benchling
(https://www.benchling.com/) to identify potential CRIPSR targets based on a 20 bp sgRNA and nGG
PAM sight. Targets were chosen based on high on-target scores. Off-target scores were ignored due to

the intention of having multiple targets.

Prospective target sequences were then put into NCBI BLAST (https://blast.ncbi.nim.nih.gov/Blast.cgi) to
identify any homology to non-MRS elements and identify the frequency of their occurrence in the
genome. Targets with homology to other genomic regions, particularly those within or proximal to

coding regions were rejected.

This led to three potential targets, with one in each of the MRS elements. The RB2 target was chosen for
this study due to it having the highest on-target score (75.3) and because the RB2 is the most commonly
occurring MRS element. This target had a low off target score (4), indicating multiple sites in the genome

would be targeted by the same gRNA as intended.

The RB2 target is around 2.4 kb from the FGR6 coding region of the RB2 and is near the distal end of the
element. The target sequence is completely conserved between all the RB2 units for which data was

available expect for chromosome 4A, which was truncated at this region.

9.2.1 Identification of all sgRNA Targets in C. albicans Genome

RB2 sgRNA targets were identified in Snapgene. A search was done on each chromosome to identify
sequences within 2 mismatches of the 20 bp sequence (fig. 22). The presence of a PAM site was also

checked for each.
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There are 11 exact matches to the RB2 sgRNA sequence in the haploid C. albicans genome (Assembly
22). Each is also adjacent a PAM site and are therefore viable cut sites. Each chromosome has at least
one of these sites and chromosomes R, 5 and 7 have two. An additional two sites were identified which
were highly similar, one on chromosome 1 bearing a single mismatch, and another on chromosome 3,
with a mismatch and an insertion. These are also adjacent PAM sites and are potential, but less likely cut

sites.

Clearly, this exceeds the number of MRS elements in the genome. There are however 14 partial RB2
subunits in the C. albicans genome (Assembly 22). BLAST analysis was conducted to identify all RB2
elements to the reference genome chromosomes which were mapped on Snapgene. This was done to

ensure all sgRNA targets were in RB2 elements. All 13 potential sgRNA targets are within RB2 elements.
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Figure 22. sgRNA targets in the Candida albicans genome.

Figure as in section 7.9.2, constructed from Long read data. Data differs slightly from Assembly 22 discussed above. Onto the
figure, the sgRNA targets have been added to show the distribution of potential cut sites. Green arrows mark perfect matches
with 20/20 matching bases, while red arrows are partial matches, allowing for up to two mismatches, gaps, or insertions. Note
is at least one potential target on each chromosome. While it is possible for sequences with more than two mismatches to still

be targeted, it is far less likely.
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9.3 Screening Transformed Colonies by CHEF Identifies Multiple Rearrangements

The RB2 CRISPR transformation was performed on two occasions, each time with four replicates.
Successful integration of the complete CRISPR cassette allowed colonies to grow in Nat. These colonies

varied in size and some displayed filamentation as may be expected by targeting the MRS (fig. 23).

A total of 62 colonies were screened by CHEF electrophoresis. CHEF separates whole chromosomes by
size, and so allowed the identification of large chromosomal rearrangements. Colonies were selected to
represent the different morphologies. A random selection of colonies was selected matching the
approximate proportion of large, medium, and small colonies on the plates and all those with increased
filamentation were also screened. Two colonies were particularly unusual: strain 1095 and 1096 (fig. 23).
1095 formed dense pseudo hyphae and its high degree of filamentation made it difficult to re-streak or
suspend in liquid. Strain 1096 grew at the edge of the plate and had hyphae which subsequently

radiated out across the media (fig. 24).

Figure 23. YPD + NAT plates 1 and 4 flowing RB2 transformation.

Ten days following transformation, a range of colony morphologies were present. Most colonies were smooth and round and
differentiated as small, medium, or large. Arrows indicate pseudohyphal morphology of strain 1095 identified on plate 1, and
the unusual hyphal morphology of strain 1096 on plate 4.
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1096

Figure 24. Hyphal morphology of strain 1096.

Strain 1096 can be seen on the bottom right edge of the YPD + NAT plate. This is the same plate as figure 23, following another 7
days of growth. After 17 days, it had grown long hyphae and was morphologically distinct from neighboring colonies.

CHEF electrophoresis of the 62 colonies following transformation identified three strains with distinct
karyotypes (fig. 25). The first, strain 986 was chosen at random and did not have a distinct morphology,
growing as a circular, entire, raised colony. It has an additional band corresponding to a chromosome of
around 1.9 Mb (fig. 25). Both stains which were identified as having particularly irregular morphologies:
1095 and 1096 were subsequently found to also have atypical karyotypes. It therefore seems that

filamentation is a good indicator of successful generation of rearrangements around the MRS.

Strain 1095 has an additional band corresponding to a chromosome of around 1.1 Mb. Strain 1096 has
two additional bands corresponding to around 2.1 Mb and 1.5 Mb and appears to have lost the band

corresponding to chromosome 7 (fig. 25).
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Figure 25. CHEF electrophoresis of MRS mutants.

Figure shows the CHEF banding pattern of WT SC5314, alongside three strains with mutant karyotypes identified following
transformation of SC5314 with a CRISPR cassette containing sgRNA targeting the RB2 subunit of the MRS. The figure is a
composite from four independent CHEF runs and non-WT bands or the loss of WT bands are marked with asterisks (*). The
chromosome corresponding to each band is labelled against the WT SC5314 lane. Each original gel was run with a WT control.
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9.4 Species Confirmation by ITS Sequencing

The ITS (internally transcribed spacer) region of the three strains: 986, 1095 and 1096 was PCR amplified
and the amplicons sanger sequenced (Eurofins Genomics) to confirm that these strains were indeed C.
albicans and not contaminants. The sequences were then analyzed on NCBI BLAST. The ITS amplicons of
strains 1095 (E=0), 1096 (E=0) and 986 (E=0) only aligned to the C. albicans genome with high sequence

identity (fig. 26). This confirms that the strains, despite karyotypic divergence and morphological

abnormalities, are C. albicans.

NCBI Multiple Sequence Alignment Viewer, Version 1.22.0

Sequence ID Start Alignment End

1 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 52C

| S i e e e -+ttt
consensus (+) 1 520
SC5314/1-520  (+) 1 Il 520
1095/1-519 1 | 519
10961512 (+) 1 I 512
986/1-513 (+) 1 | 11 513

Figure 26. Sequence alignment of ITS amplicons.
ITS amplicons from strains 1095, 1096 and 986 were sequenced and aligned to the ITS region of the SC5314 reference genome.

Red lines indicate mismatches. Note there are few mismatches at the ends of the amplicons, but that sequence identity is 100%
for 480 bp of the 520 bp. Generated in NCBI Multiple Sequence Alignment Viewer version 1.22.0 following alignment in Jalview.
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9.5 Removal of CRISPR Cassette

The CRISPR cassette contains a gene encoding FLP recombinase and has a FLP recombinase target (FRT)
at each end. This FLP recombinase is maltose induced, and so growth on maltose media results in
excision of the cassette from the genome. Removal of the cassette results in loss of NAT resistance.
Cassettes were removed where possible prior to sequencing to maintain genome integrity and prevent

further rearrangements.

1000 cells of strains 986, 1095 and 1096 were plated onto YP maltose to induce the FLP recombinase.

Colonies grew successfully for each strain (fig. 27) but were significantly larger for strain 1096.

Figure 27. Plating transformed strains on YP maltose.

Strains 1095, 1096 and 986 were plated on YP maltose to induce removal of CRISPR cassette by FLP recombinase.

Five colonies of each strain grown on YP maltose were re-streaked onto YPD + Nat and YPD as a positive
control. Successful removal of the cassette would include removal of the NAT gene, and so strains

should grow on the YPD plate only.

While all five colonies of 1096 and 986 grew on YPD but not in the presence of Nat, all five colonies of
1095 grew on both plates (fig. 28). This indicates that the cassette was not successfully removed from

strain 1095. 1095 was plated again onto YP maltose and then 10 colonies were screened from this plate.
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All colonies retained Nat resistance. It appears that the cassette cannot be removed from strain 1095,

likely due to mutations to the FLP recombinase gene, its promoter, or either FLP recombinase target.

Figure 28. YPD+NAT and YPD plates, screening for cassette removal.

From right to left, five colonies of each strain 1095, 1096 and 986 were streaked onto both plates. All colonies grow on YPD as
expected and all colonies of 1096 and 986 do not grow in the presence of Nat, indicating removal of cassette. All 1095 colonies
grow in presence of Nat, indicating retention of cassette.

CHEF electrophoresis was performed on the strains from which the cassette had been removed to
ensure doing so had not altered their karyotype. Two of the five screened colonies above were run for
each strain 1096 and 986. These were run along their corresponding strain with the cassette still
integrated, the WT, and strain 1095 (fig. 29). This identified that one of the cassette-removed
derivatives of strain 1096 had the same karyotype as 1096, while the second had a karyotype which
appeared to match that of the WT. Both strains from 986 appeared to maintain the same karyotype (fig.

29).
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SC5314 1096 1097 MS_130 986 1098 Ms_132 1095

Figure 29. CHEF of MRS mutants following removal of CRISPR cassette.

CHEF was performed on WT SC5314, MRS mutants 1096, 986 and 1095 as well as two strains derived from CRISPR cassette
removal from each strain 1096 and 986. The cassette could not be removed from 1095. Once cassette-removed strain from 1096
(1097) maintained its parental karyotype and went on to be sequences, while the other (MS_130) appears to have a WT-like
karyotype- the differences in banding pattern between this strain and 1096 are marked with asterisks (*). Both cassette-
removed strains from 986 maintained their parental karyotype and 1098 went on to be sequenced.
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9.6 Long Read Sequencing of MRS Mutants

To better understand the chromosomal rearrangements in strains 1095, 1097 (1096 without cassette)
and 1098 (986 without cassette), MinlON long read sequencing was performed. Long read sequencing
allows identification of chromosomal rearrangements as reads are long enough to span the breakpoints
and extend into unique flanking sequences. Conversely, short read sequencing technologies, including
Illumina, would be unlikely to identify such changes. Similarly, short read sequencing is poor at resolving
repetitive elements whereas long reads can extend straight across them and accurately represent their
length, and distribution in the genome. As this study aimed to generate chromosomal rearrangements

at a repetitive element, long read sequencing was clearly most suitable.

9.6.1 Coverage of Genome Suggests CNVs in Strains 1095 and 1098

Following sequencing of the 1095, 1097 and 1098 genomes, reads were mapped to the SC5314
reference genome Assembly 22 to view the coverage of each region of the genome and identify CNVs.
This was compared to reads from SC5314 genome MinlON long read sequencing (Price, Unpublished
data). The overall read depth varies between the three mutant strains; 1095 being the lowest, followed

by 1097 and then 1098.

Coverage of strain 1097 is highly consistent with the SC5314 genome sequencing, with no fluctuations in
read depth along the chromosomes and peaks in coverage conforming with those in the SC5314 read
alignment (fig. 30). This indicates no CNVs, including segmental or chromosomal aneuploidies have
occurred which suggests that all chromosomal rearrangements which took place were reciprocal (fig.

30).

The strain 1095 genome sequence has very low coverage overall (fig. 30), which could be indicative of
haploidy or may be simply due to less efficient genomic DNA extraction. Indeed, the latter is highly likely

due to the pseudo-hyphal colony morphology of the strain, which did not readily resuspend. The read
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depth of chromosomes 5 and 6 appears significantly higher than the other chromosomes in strain 1095,
which may indicate aneuploidy of these two chromosomes. This observation however requires further
analysis. There are also numerous peaks seen in the reference strain and strains 1097 and 1098, which
appear to have been lost from strain 1095 (fig. 30). This observation also needs further investigation as

does the reason for the inability to excise the CRISPR cassette from this strain.

The genome sequencing of 1098 had very high coverage (fig. 30), however this was consistent between
chromosomes and is not believed to be significant. Nearly all peaks in coverage conform with strain
SC5314, however, there is increased coverage of Chr3 between 633-786 kb (fig. 30). At the center of this
region, is a partial RB2 sgRNA target sequence. This locus was also where the contigs corresponding to
Chr3 each end. Contig 11, 11.6 kb, maps within this region but has low homology. Analysis of raw reads
identified a long (>100 kb) read spanning this region. Pairwise BLAST analysis of this read against itself
identified it as an inverted repeat. The same alignment was then done between the read and the Chr3
reference. This showed that this strain has an inverted duplication at this locus, which is not present in
the reference genome. As this occurs at the site of a partial sgRNA target sequence, it seems highly likely
this is due to Cas9 action, despite the absence of a complete MRS on Chr3. This would account for the
increased coverage identified in this region (fig. 30). This duplication is ~153 kb and contains 17 verified
genes and many additional unconfirmed ORFs. This lengthening of Chr3 is very likely to account for the

extra chromosome band identified by CHEF which is appears slightly longer than Chr3 (fig. 25).

Overall, only this one CNV, on Chr3 of 1098 was identified with certainty. This CNV can explain the CHEF
banding pattern of the strain. No CNVs were identified in the 1097 genome, indicating that the non-WT
CHEF banding pattern of this strain is due to reciprocal chromosomal rearrangements which will be
identified in the next section. The coverage of the 1095 genome sequencing appears to show some
changes in copy number, but these require further analysis, and the genome of this strain will not be

further analyzed in the present study.
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Figure 30. Circos plot of WT SC5314 and strains 1095, 1097, 1098.

Figure shows the read depth of the sequenced genomes mapped against the reference genome Assembly 22. Coverage of Chr5
and 6 in strain 1095 are significantly higher than the other chromosomes and several peaks present in all other strains are
absent (marked with arrows). Coverage of the strain 1097 genome appears to conform with the WT. The 1098 genome has a
segmental duplication on Chr3 (marked by arrows) which is evident from the high coverage of the corresponding region.

9.6.2 Sequence Alignment and Characterization of Translocations

Reads from the sequencing of the 1097 genome were assembled into contigs which were then aligned

to the reference genome using D-genies to identity chromosomal rearrangements. Initially, these were
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identified when a contig mapped to more than one chromosome. Most small inversions were ignored as
they likely represent repeat loci, which are omitted or poorly represented in the reference genome.
Chromosomes were characterized as WT-like if they mapped to only one reference chromosome,
matched its approximate length (allowing for discrepancy due to repeats) and had telomeric repeats at
both ends. Often, the whole chromosome appears as one contig, but in some instances these could not
be assembled. In such cases, chromosomes were deemed WT-like if the sections on different contigs
overlapped, covered the whole reference chromosome between them and between them, had two

telomeres.

Upon identifying translocations, the position of the breakpoint on each chromosome was identified
relative to the sgRNA target. Read spanning these breakpoints were then identified in IGV and
characterized using NCBI BLAST and Snapgene. Importantly, the alignments only represent the haploid
genome. As C. albicans is a diploid organism, additional karyotype changes may not be represented.
Indeed, while analyzing raw reads spanning breakpoints, evidence of additional translocations was

found which were not apparent from the alignment.
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9.6.2.1 The 1097 Genome has Multiple Translocations around MRS Elements

Alignment of the 1097 contigs to the reference genome showed that at least four contigs align to

multiple chromosomes, indicating translocations have occurred (fig. 31-32). These involve chromosomes

1,4and7.
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Figure 31. D-genies alignment of strain 1097 contigs to Assembly 22.

Figure shows the alignment of the 1097 contigs against the reference genome. Contigs and chromosomes of interest are marked
by asterisks. Contigs which align continuously to a complete chromosome can be considered WT, whereas contigs 1, 3, 4 and 9
each align to two reference chromosomes, indicating multiple translocations have occurred. Contig 12 is very short and overlaps
with contig 6- this will require further investigation but may be as artifact of assembly. It appears Chr 1 and 4 have been cut
once and chr 7 has been cut twice.
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Figure 32. Circos plot of 1097 mapped to Assembly 22.

This plot represents the same data as the above alignment. Again, translocations involving Chr 1, 4 and 7 can be seen as several
contigs each map to two of these chromosomes. The unlabeled, small alignment at the top is the mtDNA and can be ignored.

Contig 1 indicates a translocation between chromosomes 1 and 7 forming a 2.081 Mb chimeric
chromosome (fig. 31). This contig has telomeric repeats at both ends, and the breakpoints on Chrl and
Chr7 are at the MRS. The other half of Chrl is on contig 3. No overlap exists between these two halves
of Chrl, indicating that both originate from the same copy of Chrl, cut at the MRS and not homologous

chromosomes. No read spanning this breakpoint has been identified yet but analyses are ongoing.

This second half of Chr 1 on contig 3 appears to be joined to a central region of Chr7 (fig. 31). This contig
only has telomeres at the end of the Chrl arm. Further analysis is needed to identify whether reads at
the Chr7 end have telomeric repeats. These have not yet been identified. This end of Chr7 is proximal to

the Chr7 centromere, which may have affected the assembly. Interestingly, this central region of Chr 7
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on contig 3 overall overlaps with a region of contig 9, which maps to a larger central region of Chr3 (fig.
31). A~41 kb read was identified which spanned this breakpoint, extending significantly outside of the
MRS in both directions (fig. 33). BLAST analysis of this read confirmed that the regions flanking the MRS
on either side can only be from Chr 7 and Chr 1, respectively, and that it is therefore a chimeric

chromosome formed by a translocation at the MRS.
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Figure 33. Chr7-Chr1 translocation breakpoint.

Generated in Snapgene. A read spanning the Contig 3 breakpoint was extracted from IGV. The MRS elements were mapped, and
BLAST analysis confirmed that the flanking regions originate from Chr 7 and Chr 1.

Contig 9, 765.3 kb, contains the whole central region of Chr7, between the two MRS elements, with
each breakpoint around the MRS (fig. 31). This indicates that both sgRNA targets on Chr7 were cuton a
single copy of the chromosome. The rest of contig 9 maps to a distal region of chromosome 4 (fig. 31).
The breakpoint on Chr 4 is also proximal to a sgRNA target. This contig only has telomeres at the end of
the Chr4 section. Further analysis needs to be done to try to identify telomeric repeats in reads covering
the Chr7 breakpoint to confirm whether this contig represents a whole chimeric chromosome as well as

to identify reads spanning the breakpoint where Chr 7 joins Chr 4.

The rest of Chr4 appears on contig 4, attached to the remaining end of Chr7 (fig. 31). Both breakpoints
have already been discussed and are proximal to the sgRNA target. This contig has telomeric repeats at
both ends indicating it represents an entire chimeric chromosome. A 64 kb read has been identified

which spans this region (fig. 34). This read extends outside of the MRS on both sides, with flanking
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regions aligning to chromosomes 7 and 4 only. Another two reads of 49 kb and 30 kb were subsequently

identified also spanning this region (not shown).
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Figure 34. Chr4-Chr7 translocation breakpoint.

Generated in Snapgene. This read spans the MRS, and flanking regions map to Chr 4 and Chr 7.

Contig 12 is very short, at 101 kb, has telomeric repeats only at one end, and maps only to Chr6. This
region of Chr6 also appears on contig 6, which spans the entire chromosome and has telomeres at both
ends (fig. 31). No reads have been identified which map to Chr 6 and any other chromosome. Because of
these reasons, it is assumed that this contig an artifact of assembly and does not signify chromosomal

rearrangements involving Chr6.

The two chimeric chromosomes which are completely resolved, appearing as contigs 1 and 4, could
account for the extra bands seen on the CHEF gel (fig. 25, 31). These contigs are 2.081 Mb and 1.491

Mb, respectively which match the estimated sizes of the additional bands (fig. 25).

The assembly shows Chr: 2, 3, 5, 6 and R as being WT-like (fig. 31). Although Chr5 and R are split over
two contigs, these contigs overlap and each only have a telomere at one end. It therefore appears that
this is an assembly issue and that these WT-like chromosomes are present in the strain. However,
analysis of individual reads implicated some of these chromosomes in structural rearrangements which

are not apparent from the alignment.

A 42 kb read was identified which spans the MRS with flanking regions mapping exclusively to

chromosomes 5 and 7 (fig. 35).
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Figure 35. Chr5-Chr7 translocation breakpoint.

Generated in Snapgene. This read spans the MRS and flanking regions map to Chr 5 and Chr 7.

A ~57 kb read was identified which contains the MRS and flanking regions with homology to Chr 1 and

Chr 4 only (fig. 36).
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Figure 36. Chr1-Chr4 translocation breakpoint.

Generated in Snapgene. This read spans the MRS, and flanking regions map to Chr 1 and Chr 4.

Another 69 kb read also maps to chrl and a 15 kb region of chr4. This second break does not appear to
be at MRS. A 42 kb read was also identified which mapped to Chr 7 and a 3 kb region of Chr R. This
again, does not appear to be proximal to an MRS element and both require further investigation. If
these reads are valid, then it seems both copies of Chr 1, 4 and 7 may have been cut. Due to their

absence from the alignment, it is difficult to characterize these events presently.
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9.7 Assessing the Phenotypic Effect of MRS-Driven Chromosomal Rearrangements

The phenotypes of the MRS mutants were also assessed to determine the impact of the observed
chromosomal rearrangements on morphology and fitness. We aim to show that chromosomal
rearrangements around the MRS can generate phenotypic diversity which would support the predicted
evolutionary role of the MRS: facilitating chromosomal rearrangements to generate phenotypic

diversity.

Growth rates at 30°C (non-stress) and 37°C (host-specific stress) were assessed to indicate fitness.
Thereafter, morphology was assessed by colony and cell microscopy, with the specific goal of identifying
and quantifying variations in filamentation. Filamentation is both easy to identify and is also strongly
associated with virulence in C. albicans. Note that phenotyping was generally done with strains with the

CRISPR cassette integrated: 1095, 1096 (1097 parental) and 986 (1098 parental).

9.7.1 MRS-Driven Rearrangements Alter Growth Rate and Temperature Sensitivity

Growth rate in YPD at 30°C was significantly reduced for strain 1095, while both 986 and 1096 were
approximately consistent with the WT (fig. 37a). This reduction in growth of 1095 was exacerbated at
37°C, and 986 also exhibited a moderately reduced growth rate compared to the WT at this elevated
temperature but not to the extent of 1095 (fig. 37b). 1096 had a growth rate equivalent to that of the
WT at both temperatures (fig. 37). Growth rates were also assessed for strains 1097 and 1098 to ensure

that cassette removal had not affected their phenotype (not shown).
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Figure 37. Growth curves of MRS mutant strains.
Figure shows the growth data of WT SC5314, and MRS mutants 1095, 1096 and 986 at 30 (A) and 37 (B) degrees Celsius in YPD

media. Data is from 12 technical replicates. Lines have been fitted using a generalized additive model (GAM) and shaded areas
indicate 95% confidence intervals.
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9.7.2 MRS-Driven Rearrangements Produce Pseudohyphal Colony Morphology

As previously discussed, strains 1095 and 1096 were initially screened due to hyper-filamentous
phenotypes. 1095 grew as a darker, wrinkled, pseudohyphal colony which was difficult to streak or
suspend, tending to remain clumped (fig. 23). 1097 was a very white, large colony which grew on the
YPD + Nat media and up the side of the plate. Further, 1096 grew long hyphae which extended across
the plate (fig. 24). 986 was screened randomly, and nothing about its colony morphology was

exceptional, forming WT-like white, circular, raised colonies.

While the pseudohyphal colony morphology of 1095 has remained highly consistent, the hyphal

phenotype of 1097 has not been replicated since this initial observation (fig. 38).

SC5314

Figure 38. Colony morphology of SC5314 and MRS mutants.

Colony morphology of 986 and 1096 are consistent with that of SC5314 on YPD at 30°C. This is despite the original observation
of 1096 as forming hyphae. These colonies are all roughly circular, entire, raised colonies of approximately equal size. They are
all white with a shiny appearance. 1095 is constantly distinct from the other strains in that it forms pseudohyphal colonies which
appear wrinkled and irregular in shape.

9.7.3 MRS-Driven Rearrangements Generate Hyperfilamentous Cellular Morphology

The proportion of filamentous to yeast cells was measured by light microscopy for WT SC5314 and the
three MRS-targeted strains (1095, 1096 and 986). This was measured at both 30 and 37°C. At least 100
cells were counted in total for each strain. Quantification was done from images taken at 60x

magpnification. A minimum of eight images were taken for each strain, chosen at random co-ordinates.
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The percentage of yeast and filamentous cells was calculated for each image and the mean of these

percentages was calculated and plotted (fig. 9).
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Figure 39. Frequency of filamentous morphologies at 30 and 37°C.

The stacked percentage plot shows the proportion of yeast and filamentous cell morphologies of WT SC5315 and the three MRS
targeted strains. This was measured at both 30 and 37°C. Strain 1095 has significantly more filamentation than the other three
strains at both temperatures. At 37°C, strain 1096 also has significantly more filamentation than WT and strain 986.
Filamentation significantly increases with temperatures for strains 1095 and 1096. The opposite trend is seen with strains
SC5314 and 986, this is not however significant. Error bars show the standard error of the mean.

Filamentous morphology was significantly associated with strain at both 30°C (X?=122.91,df =3, p <
2.2e-16) and 37°C (X?= 64.336, df = 3, p= 6.958e-14). Strain 1095 has consistently more filamentation at
both temperatures, significantly increasing between the two temperatures (X?>= 5.0837, df = 1, p-value =
0.0242). Observed differences between the other strains at 30°C are non-significant. At 37°C, 1096 also
has more filamentation than the WT. These results are consistent with colony morphology observations,
with 1095 being consistently filamentous, 1096 occasionally showing filamentation and neither SC5134

nor 986 showing any filamentation under normal lab conditions. In addition to hyphae and
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pseudohyphae, a range of yeast forms were visible under light microscopy, including large, ovoid yeast

cells, particularly at 37°C (fig. 40).

SC5314

30°C

37°C

Figure 40. Cellular morphologies of SC5314 and MRS mutants at 30 and 37°C.

Images were captured at 100X and have been cropped and magnified to highlight morphological differences between strains
and at different temperatures. They are not to scale. Images were selected to represent the typical morphology of the strain.
Only 1095 had significant filamentation at both temperatures. 1096 had significant filamentation at 37°C only. A greater range
of yeast cell sizes is seen at 37°C for strains SC5314, 1096 and 986. Cell sizes cannot be compared between images.
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10 Evolution Experiment: Results

Evolution experiments were performed to assess the genome stability of the MRS-targeted strains
relative to WT SC5314 as well their ability to adapt to stress. These experiments included strains 1095,
1096 and 986, which still have the CRIPSR-Cas9 cassette integrated into their genomes, in addition to
the WT. Each strain was evolved with three independent replicates. The expectation was that Cas9
would continue to cut available target sequences throughout the experiment to artificially increase the
rate of MRS-driven rearrangements and genome instability. This increased rate can be compared to the

evolved WT. This is intended to show that:

1. Continued expression of Cas9 can simulate increased genome instability.

2. MRS-mediated genome instability can facilitate rapid evolution and adaptation to stress.

These strains were evolved at 30°C (non-stress), 37°C, 37°C + 5% CO, and 12 mM caffeine, each in
triplicate. At the end of week 1, and at the end of week 4, evolved strains were karyotyped by CHEF
electrophoresis and their stress-specific fitness was assessed. Karyotype data for CO; and Caffeine

evolved strains at week 4 are unavailable.

Table 8. Strains generated during evolution experiment.

ID Strain name Parental Condition Timepoint Replicate
MS_8 55/30/1/1 SC5315 30 Week 1 1
MS_9 55/30/1/2 SC5315 30 Week 1 2
MS_10 55/30/1/3 SC5315 30 Week 1 3
MS_11 1/30/1/1 1095 30 Week 1 1
MS_12 1/30/1/2 1095 30 Week 1 2
MS_13 1/30/1/3 1095 30 Week 1 3
MS_14 986/30/1/1 986 30 Week 1 1
MS_15 986/30/1/2 986 30 Week 1 2
MS_16 986/30/1/3 986 30 Week 1 3
MS_17 55/37/1/1 SC5315 37 Week 1 1
MS_18 55/37/1/2 SC5315 37 Week 1 2
MS_19 55/37/1/3 SC5315 37 Week 1 3
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MS_20
MS_21
MS_22
MS_23
MS_24
MS_25
MS_26
MS_27
MS_28
MS_29
MS_30
MS_31
MS_32
MS_33
MS_34
MS_35
MS_36
MS_37
MS_38
MS_39
MS_41
MS_42
MS_43
MS_44
MS_45
MS_46
MS_47
MS_48
MS_49
MS_50
MS_51
MS_52
MS_53
MS_54
MS_55
MS_56
MS_57
MS_58
MS_59
MS_60
MS_61
MS_62
MS_63

1/37/1/1
1/37/1/2
1/37/1/3
986/37/1/1
986/37/1/2
986/37/1/3
55/C02/1/1
55/C02/1/2
55/C02/1/3
1/C02/1/1
1/C02/1/2
1/C02/1/3
986/C02/1/1
986/C02/1/2
986/C02/1/3
55/Caff/1/1
55/Caff/1/2
55/Caff/1/3
1/Caff/1/1
1/caff/1/2
986/Caff/1/1
986/Caff/1/2
986/Caff/1/3
1/Caff/1/3
55/30/2/1
55/30/2/2
55/30/2/3
1/30/2/1
1/30/2/2
1/30/2/3
986/30/2/1
986/30/2/2
986/30/2/3
55/37/2/1
55/37/2/2
55/37/2/3
1/37/2/1
1/37/2/2
1/37/2/3
986/37/2/1
986/37/2/2
986/37/2/3
55/C02/2/1

1095
1095
1095
986
986
986
SC5315
SC5315
SC5315
1095
1095
1095
986
986
986
SC5315
SC5315
SC5315
1095
1095
986
986
986
1095
SC5315
SC5315
SC5315
1095
1095
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986
986
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1095
1095
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37

37

37
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37

37

Cco2

Cco2
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Cco2

Cco2

Cco2

Cco2

Cco2

Cco2
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12mM Caffeine
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MS_64
MS_65
MS_66
MS_67
MS_68
MS_69
MS_70
MS_71
MS_72
MS_73
MS_74
MS_75
MS_76
MS_77
MS_78
MS_79
MS_80
MS_81
MS_82
MS_83
MS_84
MS_85
MS_86
MS_87
MS_88
MS_89
MS_90
MS_91
MS_92
MS_93
MS_94
MS_95
MS_96
MS_97
MS_98
MS_99
MS_100
MS_101
MS_102
MS_103
MS_104
MS_105
MS_106

55/C02/2/2
55/C02/2/3
1/C02/2/1
1/C02/2/2
1/C02/2/3
986/C02/2/1
986/C02/2/2
986/C02/2/3
55/Caff/2/1
55/Caff/2/2
55/Caff/2/3
1/Caff/2/1
1/Caff/2/2
1/Caff/2/3
986/Caff/2/1
986/Caff/2/2
986/Caff/2/3
55/30/3/1
55/30/3/2
55/30/3/3
1/30/3/1
1/30/3/2
1/30/3/3
986/30/3/1
986/30/3/2
986/30/3/3
55/37/3/1
55/37/3/2
55/37/3/3
1/37/3/1
1/37/3/2
1/37/3/3
986/37/3/1
986/37/3/2
986/37/3/3
55/C02/3/1
55/C02/3/2
55/C02/3/3
1/C02/3/1
1/C02/3/2
1/C02/3/3
986/C02/3/1
986/C02/3/2

SC5315
SC5315
1095
1095
1095
986
986
986
SC5315
SC5315
SC5315
1095
1095
1095
986
986
986
SC5315
SC5315
SC5315
1095
1095
1095
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Cco2
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12mM Caffeine
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MS_107
MS_108
MS_109
MS_110
MS_111
MS_112
MS_113
MS_114
MS_115
MS_116
MS_117
MS_118
MS_119
MS_120
MS_121
MS_122
MS_123
MS_124
MS_125
MS_126
MS_127
MS_128
MS_143
MS_144
MS_145
MS_146
MS_147
MS_148
MS_149
MS_150
MS_151
MS_152
MS_153
MS_154
MS_155
MS_156
MS_157
MS_158
MS_159
MS_160
MS_161
MS_162
MS_163

986/C02/3/3
55/Caff/3/1
55/Caff/3/2
55/Caff/3/3
1/Caff/3/1
1/Caff/3/2
1/Caff/3/3
986/Caff/3/1
986/Caff/3/2
986/Caff/3/3
2/30/1/1
2/30/1/2
2/30/1/3
2/37/1/1
2/37/1/2
2/37/1/3
2/Co2/1/1
2/Co2/1/2
2/Co2/1/3
2/Caff/1/1
2/Caff/1/2
2/Caff/1/3
55/30/4/1
55/30/4/2
55/30/4/3
1/30/4/1
1/30/4/2
1/30/4/3
986/30/4/1
986/30/4/2
986/30/4/3
55/37/4/1
55/37/4/2
55/37/4/3
1/37/4/1
1/37/4/2
1/37/4/3
986/37/4/1
986/37/4/2
986/37/4/3
55/C02/4/1
55/C02/4/2
55/C02/4/3

986
SC5315
SC5315
SC5315
1095
1095
1095
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986
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1096
1096
1096
1096
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MS_164
MS_165
MS_166
MS_167
MS_168
MS_169
MS_170
MS_171
MS_172
MS_173
MS_174
MS_175
MS_176
MS_177
MS_178
MS_179
MS_180
MS_181
MS_182
MS_183
MS_184
MS_185
MS_186
MS_187
MS_188
MS_189
MS_190
MS_191
MS_192
MS_193
MS_194
MS_195
MS_196
MS_197
MS_198
MS_199
MS_200
MS_201
MS_202
MS_203
MS_204
MS_205
MS_206

1/C02/4/1
1/C02/4/2
1/C02/4/3
986/C02/4/1
986/C02/4/2
986/C02/4/3
55/Caff/4/1
55/Caff/4/2
55/Caff/4/3
1/Caff/4/1
1/Caff/4/2
1/Caff/4/3
986/Caff/4/1
986/Caff/4/2
986/Caff/4/3
2/30/2/1
2/30/2/2
2/30/2/3
2/37/2/1
2/37/2/2
2/37/2/3
2/Co2/2/1
2/Co2/2/2
2/Co2/2/3
2/Caff/2/1
2/Caff/2/2
2/Caff/2/3
2/30/3/1
2/30/3/2
2/30/3/3
2/37/3/1
2/37/3/2
2/37/3/3
2/Co2/3/1
2/Co2/3/2
2/Co2/3/3
2/Caff/3/1
2/Caff/3/2
2/Caff/3/3
2/30/4/1
2/30/4/2
2/30/4/3
2/37/4/1

1095
1095
1095
986
986
986
SC5315
SC5315
SC5315
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1095
1095
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MS_207  2/37/4/2 1096 37 Week 4 2
MS_208  2/37/4/3 1096 37 Week 4 3
MS_209 2/Co2/4/1 1096 CO2 Week 4 1
MS_210 2/Co2/4/2 1096 CO2 Week 4 2
MS_ 211  2/Co2/4/3 1096 COo2 Week 4 3
MS_212  2/Caff/4/1 1096 12mM Caffeine Week 4 1
MS_213  2/Caff/4/2 1096 12mM Caffeine Week 4 2
MS_214  2/Caff/4/3 1096 12mM Caffeine Week 4 3
MS_239  55/DMSO SC5314 DMSO 15 days 1
MS_241  2/DMSO 1096 DMSO 15 days 1
MS_242  55/Flc SC5314 5ug/ml Flc 15 days 1
MS_244  2/Flc 1096 5ug/ml Flc 15 days 1

10.1.1 Continued Expression of Cas9 Simulates Increases Genome Instability

10.1.1.1 All MRS-Targeted Strains have Higher Genome Instability than WT

No karyotype changes were observed in any evolved WT strain throughout the experiment (fig. 41) (tab.
9). Overall, 33% of the evolved MRS-targeted strains had further karyotype changes after 1 week. This
rose to 61% after 4 weeks (tab. 9). The number of strains which had undergone structural
rearrangements was recorded, as opposed to the frequency of individual rearrangements due to the
poor resolution of CHEF. It is important to consider that some evolved strain underwent multiple

rearrangements.

Of note, only one strain 1096 evolved derivative appeared to have a karyotype change at week 4 (Wk4)
but a strain which had karyotype changes at Wk1, had reverted to a WT-like karyotype. This Wk4 strain

is still regarded as having undergone karyotype change.

Table 9. Frequency of karyotype changes at week 1 and week 4 of solid media evolution experiment per strain.

Strain Karyotype changes Wkl Karyotype changes Wk4
55 0/12 0/6
1095 7/12 6/6
1096 4/12 2/6
986 1/12 3/6
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55 143 144 145 1095 146 147 148

Figure 41. CHEF karyotype of 30°C-evolved SC5314 and 1095 after 4 weeks.

Evolved strains are shown adjacent their parental strain. Karyotype changes are marked with asterisks. All three of the evolved
1095 strains have undergone structural rearrangements. All three evolved SC5314 strain have maintained WT-like karyotypes.

10.1.1.2 Karyotype Changes are More Frequent in Stress Conditions

The highest frequency of karyotype changes was seen in strains evolved at 37°C (fig. 42), followed by
Caffeine and CO; (tab. 10). 30°C acts as a non-stress control and gives a baseline for genome stability.
Importantly, the karyotypes of CO, and Caffeine evolved strains are not known for Wk4. As these
conditions generate more karyotype changes in Wk1 than the non-stress condition, it seems likely that

the actual proportion of karyotype changes at Wk4 is higher than estimated.
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Table 10. Frequency of karyotype changes at week 1 and week 4 of solid media evolution experiment per

condition.
Stress/condition Karyotype changes Wkl Karyotype changes Wk2
30°C 1/12 4/12
37°C 5/12 6/12
CO; 2/ 12 N/ a
Caffeine 4/12 N/a

160

1096

206

207 208

Figure 42. CHEF karyotype of 37°C-evolved 986 and 1096 after 4 weeks.

Evolved strains are shown adjacent their parental strain. Karyotype changes are marked with asterisks. Three of the six evolved

strains have undergone structural rearrangements. Strain 158 appears to have experienced multiple rearrangements.

10.1.2 Frequency of Fitness Changes Varies Between Strains and Stress Conditions

Changes in fitness were identified by spotting assay and were measured by comparing the fitness of the

evolved strain to its parental strain, not to the WT. This is because strains 1095, 1096 and 986 parentals

have significantly different stress-specific fitness to one another and the WT. Changes in fitness are
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reported simply as increase or decrease, those which are not reported do not significantly differ in

stress-specific fitness from their parental strain.

10.1.2.1 Changes in Fitness are More Frequent in MRS Targeted Strains

Fitness changes were observed in all evolved MRS targeted strain and evolved SC5314 (tab. 11). At WKk1,
986 increased in stress-specific fitness significantly more frequently than any other strain. 1095 was the
only strain to experience decreases in fitness at week one. At Wk4, the frequency of fitness increase was
approximately equal between strains and 1095 and 986 both experiences fitness decreases. 1095 had
6/11 evolved strains decrease in fitness at Wk1 (in 37°C and CO>), but only 3/11 at Wk4, three of these
strains (three CO, replicates) underwent fitness increases in this time. This increase did not exceed the
fitness of parental 1095. Note that 1095 is out of 11 as one replicate of 1095 in Caffeine never grew
following re-streaking of the colony. Evolved strains 986 appear to have decreased in fitness between
Wk1 and Wk4, following an initial increase in fitness. Both SC5314 and 1096 only changed in fitness

during caffeine evolution.

Table 11. Frequency of fitness changes at week 1 and week 4 of solid media evolution experiment per strain.

Strain Fitness increase Fitness decrease Fitness increase Fitness Decrease
Wk1 Wk1 Wk4 wWk4

SC5314 3/12 0/12 3/12 0/12

1095 5/11 6/11 2/11 3/11

1096 3/12 0/12 3/12 0/12

986 9/12 0/12 3/12 3/12

10.1.2.2 Caffeine Selects for the Most Fitness Increases

At Wk1, 30°C, 37°C and CO;selected for the same frequency of fitness improvements while fitness
declines were only experienced in 37°C and CO,. Caffeine is the strongest selective force, with all strains

evolved in this condition increasing in fitness at both timepoints (tab. 12). No fitness improvements
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were seen in the other three conditions at Wk4, while half of the strains evolved in 37°C decreased in

stress-specific fitness (tab. 12).

Table 12. Frequency of fitness changes at week 1 and week 4 of solid media evolution experiment per stress.

Stress/condition Fitness
increase Wk 1

Fitness decrease
Wk 1

Fitness increase
Wk 4

Fitness Decrease
Wk 4

30°C 3/12
37°C 3/12
CO; 3/12
Caffeine 11/11

0/12
3/12
3/12
0/11

0/12
0/12
0/12
11/11

0/12
6/12
0/12
0/11

Overall, there appears to be no clear relationship between karyotypic rearrangements and improved

fitness. There are however some cases where MRS-targeted strains increased in stress-specific fitness

faster than the evolved WT (fig. 43).

SC5314

SC5314

1095

evolved

evolved

B

Figure 43. Spotting assays of Caffeine evolved strain 1095 and WT.

Figure shows spotting assay of 1095 evolved in caffeine for 1 week. It also has the parental strain as well as the evolved WT
from the same timepoint and the parental WT. The third replicate of 1095 is a mixed stock while other are from single colonies.
Greater relative increases in caffeine-specific fitness are achieved by strain 1095 than SC5314. Fitness is compared to the
parental strain. Cell suspensions are spotted at an OD of 1 in the first column, diluted 10-fold sequentially thereafter. Plates are

YPD + 12 mM caffeine. Fitness is inferred from the ability to grow from higher dilutions.
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10.1.3 Fluconazole Evolution Experiment

Another evolution experiment was conducted with strain 1096 and WT SC5314 in the presence of
Fluconazole (Flc). Fluconazole is the most frequently prescribed drug to treat Candida infections and so

understanding how C. albicans can acquire resistance is of the utmost clinical importance.

Strain 1096 was chosen as it has the most chromosome rearrangements, and its genome is the most
studied of the three mutants. 1096 and the WT were evolved in SC liquid media supplemented with 5
pg/ml Flc or the equivalent volume of DMSO (control) (tab. 5) for 15 days, with media replaced every
three days. This was done in liquid culture because a pilot study in liquid media yielded more definitive
results than the alternative on solid media, and because the MIC testing protocol is in liquid media. A
concentration of 5 ug/ml Flc was chosen as it is approximately 10x the MICso of the two strains. Again, at
the end of the experiment, the evolved strains were karyotyped by CHEF electrophoresis and their

stress-specific fitness was measured.

10.1.3.1 Fluconazole Selects for Chromosome Rearrangements

No karyotype changes were observed in either Fluconazole or DMSO-evolved WT SC5314 (fig. 44). The
DMSO-evolved strain 1096 retained its parental karyotype, but the Flc-evolved 1096 appears to have
lost a chromosome compared to its parent (fig. 44). This indicates that Flc was a strong enough stress to
select for karyotype changes, while the DMSO control was not. It also provides more evidence that the

MRS-targeted strains do indeed have higher levels of genome plasticity than the WT.
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SC5314 1096
Parent DMSO Flc Parent DMSO Flc

Figure 44. Karyotype changes following Fluconazole evolution.

No structural genomic rearrangements are observed in either the Flc or DMSO evolved WT (SC5314), or DMSO evolved 1096.
One rearrangement is apparent in Flc-evolved 1096- marked with an asterisk.

10.1.3.2 Relative Increase in Flc Resistance is Greater in WT than MRS Mutant

Both strains 1096 and SC5314 began with the same MICso, of 0.5 pug/ml. Increases in Fluconazole
resistance were observed in both the evolved WT and evolved 1096 (fig. 45-46). In all cases, fluconazole-
evolved strains had higher fluconazole resistance than DMSO-evolved controls (fig. 45-46). The greatest

increase in resistance was achieved by the evolved SC5314.
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Figure 45. MIC of DMSO/FIc evolved WT SC5314.

DMSO evolved SC5314 has an MICso of 0.5 ug/ml but grows slightly up to 32 ug/ml. All three replicates of the Flc evolved SC5314
grow at 32 ug/ml and the MICs is approximately 2 ug/ml.
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Figure 46. MIC of DMSO/Fic evolved 1096.

DMSO evolved 1096 has an MICso of 0.5 ug/ml and shows very little growth at higher concentrations. Flc evolved 1096 can grow
slightly more at higher Flc concentrations but still has an MICsp of 0.5 ug/ml.
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11 Discussion

11.1 CRISPR-Cas9 Driven Chromosomal Rearrangements around the MRS Produce

Distinct Phenotypes

This study, for the first time used genome editing techniques to generate chromosomal rearrangements
in C. albicans. Directing Cas9 to form DSBs at the MRS in the absence of an exogenous repair template
successfully promoted the use of other copies of this repetitive element as a template for homology
directed repair. As intended, this resulted in the generation of chromosomal rearrangements which
were identified by CHEF electrophoresis (fig. 25). Due to the relatively low resolution of CHEF, including
the inability to resolved chromosomes 1 and R, it is highly likely that generation of such structural
changes was more efficient than results initially indicated. Indeed, analyses of long read genome
sequencing data from strain 1097 indicate multiple interchromosomal translocations which were not
evident during initial screening (fig. 31).

Alignment of the assembled contigs from this 1097 genome sequencing to the reference genome
identified multiple chromosomal rearrangements, resulting in at least four chimeric chromosomes. The
breakpoints of which all occur at the MRS. Additional events are apparent from analysis of individual
reads. These cannot be seen in the alignment due to the diploid nature of the C. albicans genome. The
full extent of the chromosomal rearrangements which have been generated is therefore uncertain.
Overall, these data suggest that this CRISPR-Cas9 technique can be used to rapidly generate diverse
karyotypes, which facilitates the study of their effect on Candida host adaptation and acquired drug

resistance.

As there appears to be no CNVs in strain 1097 (fig. 30), all genomic rearrangements are assumed to be
reciprocal. This system therefore provides a means of studying the phenotypic effect of structural

rearrangements without generating CNVs which have thus far been very difficult. Further, as repair has
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occurred at the MRS, it seems likely that coding sequences will not have been altered; the only gene in
the MRS is 2.4 kb from the cut site. Therefore, observed phenotypes are due solely to rearrangement of
the genetic material. As this strain had a distinct phenotype from the WT, this study provides evidence
that rearranging the genome can generate phenotypic diversity, independent of CNVs and/or alterations
to coding sequences. Such an effect would account for the high frequency of karyotype changes
observed in clinical isolates and following passage of C. albicans though murine systems (Forche et al.,

2018, 2009).

Conversely, analysis of the strain 1098 genome indicated that the action of Cas9 resulted in an inverted
duplication on Chr3. This demonstrates that the CRISPR-Cas9 technique used in this study can generate
a diverse range of structural variants. This strain did not have a significantly divergent phenotype. As the
effect of CNVs depends largely upon the genes they impact, further work is needed to characterize the
genes which have been duplicated in this strain. Generally, Candida is highly amenable to CNVs, which

are well studied in the organism and were not the primary focus of the present study.

This study also supports the role of the MRS in facilitating genome plasticity as these elements were
sufficiently homologous to serve as endogenous repair templates, leading to gross chromosomal
rearrangement. Furthermore, rearrangements specifically at these loci were able to generate
phenotypic diversity. This not only suggests that reciprocal translocations are an important evolutionary

mechanism for Candida but supports the hypothesized role of the MRS is facilitating these events.

Initial phenotyping of the strains in this study was limited to colony/cell morphology, growth rate and
temperature sensitivity. This however identified that some strains with atypical karyotypes had reduced
growth rates. Strain 1095 had severely reduced growth under physiological conditions (37°C), which
warrants further investigation for clinical application. Hitherto, the karyotype changes in this strain have

however not been characterized. Further, two of the strains identified as having aberrant karyotypes

114



following CRIPSR transformation were initially hyperfilamentous (fig. 23). While filamentation is a key
pathogenicity factor this observation is perhaps unsurprising given the existing association between
genotoxic stress and polarised growth as well as between insertion into the RPS and hyperfilamentation

(Da et al., 2010; Legrand et al., 2019; Uhl et al., 2003).

The CRISPR protocol used in this study (Nguyen et al., 2017) incorporated a FLP recombinase system
which facilitated excision of the cassette from the genome with minimal alteration to the HIS1 locus and
no permanent markers. Intriguingly, this was not the case for strain 1095, from which the cassette could
not be excised; there was no loss of the NAT marker, and the cassette was subsequently identified in the
genome sequencing (data not shown). Further analysis will be conducted to understand this

phenomenon, but it is assumed that either the FLP recombinase or its targets were mutated.
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11.2 Targeting the MRS with Cas9 Models Increased Genome Instability and can Affect

Adaptation to Stress

The evolution experiment in this study served to estimate the stability of the MRS targeted strains,
relative to the WT, as well as their relative ability to adapt to stress. Throughout the experiment,
karyotype changes were only observed in the MRS-targeted strains which continually expressed Cas9
and not in any evolved WT (tab. 9). This confirms that the observed rearrangements were due to the
action of Cas9, thereby demonstrating that this strategy provides a model of increased genome
instability. Importantly, we would eventually expect to see rearrangements in the WT as we are
modelling a natural phenomenon, simply at a faster rate. Indeed, further work may be done to estimate
the rate of karyotypic change in the WT under the same stresses, by continuing this evolution

experiment over a longer time.

A second observation was that karyotype changes were observed more frequently in stronger stress
conditions (those which inhibited the growth of SC5314 most) (tab. 10). While more stringent stresses
may promote rearrangements, it seems more likely that rearrangement only provide a selective
advantage under stress and are otherwise lost from the population by drift. Similar observations have
been made of aneuploidies in C. albicans, whereby they are generally deleterious under standard
conditions but can be beneficial in particular stresses (Yang et al., 2021). Future experiments may

therefore use more stringent stresses.

Throughout the experiment, there were few cases where the MRS targeted strains adapted to stress at a
faster rate than the WT (tab. 11). This was true even when accounting for the generally reduced fitness
of these strain prior to the evolution experiment. There was however an example where strain 1095 had
a greater relative increase in fitness compared to the evolved WT following one week of evolution in 12

mM caffeine. This therefore suggests that increased genome instability at the MRS can increase the rate
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of evolution. However, further work is needed to support this, which again, would likely benefit from

the use of more stringent stresses.
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11.3 Limitations

This study was the first time where chromosomal rearrangements have been induced in C. albicans
using CRISPR, and despite the success of this strategy, there were some limitations to the study which

should be considered in subsequent experiments.

Designing the sgRNA for this study, the RB2 subunit of the MRS was chosen as a target. While this
sequence is itself non-repetitive, it is adjacent the RPS repeat array. Though chromosomal aberrations
may have been generated at higher frequency by targeting the RPS itself, this would have resulted in up
to hundreds of target sequences per chromosome. It was decided that this would fragment the genome
too much, and generate array expansion/reduction, which is not the aim of the study, and would not be

identifiable by CHEF electrophoresis and would therefore confound results.

While screening these strains following CRIPSR transformation, it was not immediately known whether
translocations evident from the CHEF were due to the directed action of Cas9 and if they involved the
MRS. Subsequent genome sequence alignment of strains 1095 and 1097 to the WT confirmed that all
events had involved the MRS and were therefore almost certainly due to Cas9 action. Analysis of
individual reads however then indicated the presence of some additional events which may not involve
the MRS. This highlights the difficult of working with a diploid strain. Further work is needed to confirm
and characterise these rearrangements. Another unlikely possibility is that the strains identified in this
study as having aberrant karyotypes, may have less stable genomes by chance, and not due to the action
of Cas9. This would account of their abnormal CHEF banding pattern initially, and their increased rate of
change during the evolution experiment. This eventuality is almost certainly untrue, but to address
these concerns, another evolution experiment will be conducted with the MRS targeted strains from
which the CRISPR cassette has been removed (1097 and 1098), although clearly this cannot be done for

strain 1095. It would be expected that strains without the cassette have higher genome stability, and
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that karyotype changes may occur in these strains at a rate between that of the strains with the cassette

integrated and that of the WT.

While we evolved the WT SC5314 in triplicate alongside the MRS-targeted strains to act as a control, this
WT had not undergone any transformation. While unlikely, it is possible that integration of the cassette
itself influences genome stability and fitness. HIS1 is however a common locus for cassette integration
and should not have such effects (Nguyen et al., 2017). Future evolution experiments may transform WT

SC5314 with a version of the cassette lacking the sgRNA sequence to act as a better control.

The nature of this study- generating karyotype changes around the MRS almost at random- also
excludes the possibility of generating true biological replicates for the evolution experiment. While this
is important to consider, it is an inevitability of this type of experiment and technical replicates are

sufficient.

Furthermore, despite the continued expression of Cas9 providing a model of elevated genome
instability, this system is not sustainable for long durations. It is likely that upon repair of DSBs, the
target sequence or PAM site may be altered or lost. It is unclear how quickly these sites would be
exhausted; gene conversion will conserve them in some instances, but there are numerous repair

pathways, not all of which will maintain the sequence.

As already mentioned, during the evolution experiment, greater changes were seen in both fitness and
karyotype under more stringent stresses: elevate temperatures and 12 mM caffeine. Therefore, future
studies will use stronger stresses with the intention of selecting for karyotype changes which may not be
beneficial under the current conditions. This will include higher concentrations of fluconazole. Stronger
stresses will be identified as those which significantly reduce the growth rate of WT SC5314 or prevent it

from growing from higher dilutions of inoculum during spotting assay.
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While the elevated genome instability of the MRS targeted strains during the evolution experiment was
as expected, the changes in relative fitness were very surprising. Not only did the WT evolved at a
greater rate under most conditions, but some MRS targeted strains decreased in fitness throughout.
While again, this may be due to insufficiently stringent conditions, it may also signify inconsistency in
fitness measurements. Spotting assays were used as a measure of fitness due to their simplicity.
However, these are not quantifiable and have relatively low reliability. Particularly the filamentous
nature of strain 1095 may have distorted initial OD readings and may confound the spotting assay
results. In future, haemocytometry may be used for all strains prior to spotting assay to quantify cell

concentrations more reliably.
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11.4 Next steps

Despite the issues with the evolution experiment which have already been addressed, this study was
successful in using CRIPSR to generate chromosomal rearrangements and increase genome instability in
C. albicans. Further work will focus initially on fully characterizing the genome sequences of the three
MRS-targeted strains; 1095, 1097 and 1098, to completely understand the events which have taken
place. Once this is done, we will identify genes which have been affected by these changes to see if they
could account for the observed phenotype changes. We will then also repeat/continue the evolution
experiment under harsher conditions, including higher concentrations of fluconazole, and addition
stresses with a more accurate fitness calculation procedure. Subsequently we plan to delete all MRS
copies from the C. albicans genome and evolve this AMRS under stress conditions to better understand

its evolutionary significance.

We also intend to generate individual, deliberate translocations, as in Fleiss et al., (2019), by providing a
chimeric exogenous repair template. Establishing such a protocol to generate translocations in Candida

would facilitate the study of their phenotypic effects in a highly controlled setting.

Thereafter we will shift our attention to other repetitive elements in the C. albicans genome. While the
MRS is particularly interesting due to its uniqueness and size, chromosomal rearrangements are also
enriched at other repetitive elements. It would therefore be interesting to compare the effects of
chromosomal rearrangements around different repetitive elements. Such data may then translate more

to other species which do not have MRS elements.

In this study, we have demonstrated the utility and efficacy of a CRIPSR-Cas9 system to generate
chromosomal rearrangements in C. albicans. Furthermore, we have alluded to the significance of
repeat-facilitated genome instability in fungal pathogen evolution. With this in mind, we may utilise our

established CRIPSR system to target the MRS-like elements of C. dubliniensis or C. tropicalis as well as
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other repetitive elements in these, and further fungal pathogens to establish a broader understanding of

this evolutionary mechanism.
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12 Conclusion

This study highlights the role of repeat-associated chromosomal rearrangements and demonstrates how
they can rapidly generate diverse phenotypes and influence evolution. While our focused has been C.
albicans, this mechanism is ubiquitous throughout eukaryotic life. Chromosomal rearrangements are
implicated in adaptation and speciation in animals (Fuller et al., 2019), plants (Wang et al., 2020), and
fungi (Shi-Kunne et al., 2018). They are also associated with various human genetic diseases and cancers
(Holland and Cleveland, 2012; Jiang et al., 2016; Pellestor, 2019). Equivalent mechanisms of genome
reordering are also present in archaea (Ausiannikava et al., 2018), bacteria (Darling et al., 2008) and

viruses (Karamitros et al., 2020).

CRISPR-Cas9 technology has revolutionized our ability to study these events and their impact. Methods
similar to those used for this study have demonstrated the evolutionary role of chromosomal
rearrangements in Saccharomyces (Fleiss et al., 2019), Arabidopsis (Beying et al., 2020) and
Cryptococcus (Yadav et al., 2020). The utilization of CRIPSR-Cas9 approaches in mouse embryonic stem
cells (Jiang et al., 2016) and human cells (Torres et al., 2014) has also improved our understanding of the

role of chromosomal rearrangements in cancer.

The present study further supports the evolutionary role of chromosomal rearrangements in generating
novel phenotypes, as well as the utility of CRISPR in their study. This is the first study to apply this
approach to a diploid human fungal pathogen and to the authors best knowledge, it the first instance
where Cas9 has been continually expressed to generate rearrangements throughout the course of an
evolution experiment. This is a powerful tool which could help us to understand the effects of increased

genome instability throughout the natural world.
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