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Foreword

One of the most fascinating facts about living organisms is how everything is made to
favor survival. The most representative example is the preservation of the DNA molecule
integrity. This molecule carries the genetic sources necessary to the living and has to be
conserved to ensure life. Indeed, DNA replication is highly accurate but copying over
millions of bases in a little timeframe is at the origin of mistakes, generating either mutations
(with 1 mutation every 10’ bases) or DNA double-strand breaks (DSBs). DNA DSBs are the
most dangerous form of DNA damage and must be repaired to ensure cell viability. Cells
have evolved many different mechanisms to guarantee genome stability and repair DNA
DSBs. The first line of defense of a cell is the DNA damage checkpoint. Checkpoint
activation following a DNA damage allows a pause during G1-S or G2-M cell cycle phases to
leave time to the cells for repair. The repair mechanisms required for genome integrity are
various and can be distinguished by several characteristics: (i) the specific proteins involved,
(i1) the cell cycle timing of repair and (iii) the accuracy of repair. The molecular mechanisms
are classified in two categories: the homology-directed repair (HDR) mechanisms, in
particular, homologous recombination (HR) that uses the sister chromatid or the homologous
chromosome as a template to repair DNA breaks; and classical non-homologous end joining
(C-NHE)) ligating the two broken ends together. Alternatively, cells can repair a DNA DSB
by single-strand annealing (SSA) or alternative-NHEJ (alt-NHEJ). Failure to repair DSBs can
have dramatic effects to the cell and be at the origin of gross chromosomal rearrangements or
cell death.

Some living organisms are more tolerant than others to genome rearrangements:
indeed, taking into account the fact that the human cells environment is relatively constant,
one can expect that microorganisms can be more tolerant to genomic rearrangement as they
are more frequently exposed to abrupt environmental changes. Many examples either in
bacteria (1, 2) or in fungi (3, 4) show that genome rearrangements appear upon exposure to
changing environments, leading to genetic diversity and to better adaptation. Candida
albicans is found as part of the normal microflora of the human mucosa but is also known as
the most common fungal pathogen causing minor or disseminated infections in
immunocompromised hosts (5). This fungus can be exposed to various stresses within the

host such as hypoxia, oxidative stress by contact with macrophages, fever and antifungals



among others. C. albicans is a prominent representative of the Saccharomycotina subphylum
among the Ascomycota phylum (6-8) and belongs to the CTG clade, decoding leucine instead
of serine (9) (Figure 1). An estimated twenty million of years ago, C. tropicalis on one hand,

and C. albicans and C. dubliniensis on the other hand, derived from their common ancestor.

Figure 1: Current view on the phylogeny
of Candida albicans
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One particularity of C. albicans is that this organism has been proven to be a quasi-
obligate diploid: although no meiosis has been described, rare haploid cells resulting from
concerted chromosome loss have been found (10).

At a genomic level, the C. albicans 28Mb diploid genome is organized in 8§ pairs of
chromosomes with a high level of heterozygosity (11-13). Furthermore, genome studies have
shown that the C. albicans genome displays a high level of plasticity: indeed, aneuploidies
and loss-of-heterozygosity (LOH) events are observed in clinical isolates (14-17) and in
response to various in vitro stresses (18-20) and have been associated with the acquisition of
resistance to antifungals (for review: (21)). Apart from chromosomal missegregations, LOH

events can arise from DSBs occurring throughout the cell cycle and being repaired by



homologous recombination. If not repaired, the damaged chromosome is either truncated or
lost. In C. albicans, according to the stress the cells have been exposed to, the nature and/or
frequency of the resulting LOH varies (18). Relatively little is known on C. albicans genome
biology while this aspect in the model organism S. cerevisiae has been extensively studied.
However, these species have diverged some 900 million of years ago. C. albicans had
undergone rewiring of multiple biological pathways (22, 23). Thus, the commonalities and
specificities of the biology of this opportunistic pathogen cannot be understood without
detailed investigation.

First, I propose to review the recent advances in the genome structure and dynamics of C.
albicans, the molecular mechanisms controlling the DNA repair in yeasts and finally, the
tools that are already or will be used to study genome stability. Then, I will focus on my
research work that was built on two aims: (i) the development of a new tool to study DNA
repair mechanisms and recessive alleles in the C. albicans genome and (ii) the elucidation of

signaling pathways involved in genome dynamics.



I. Introduction

A. Organization of the Candida albicans genome

1. Chromosomes
The C. albicans genome is about 14 Mb (haploid) that is shared by 8 chromosomes. The
chromosomes are named according to their size, ranging from 3.2 Mb for Chrl to 0.9 Mb for
Chr7. The last chromosome is called ChrR and can vary in size according to the variability in
the number of ribosomal DNA repeats. Each chromosome bears a centromere and telomeres

that constitute protecting ends at both extremities.

i.  Centromeres

During mitosis and/or meiosis, eukaryotic cells divide to give rise to daughter cells
that would carry as many chromosomes as the parental cells. However, the whole division
process can fail if the chromosomes do not reach their destination and this important step
relies on centromeres. For review see: (24).
In S. cerevisiae, centromeres are regions of condensed chromatin providing the basis for
kinetochore assembly, a prerequisite for sister chromatid attachment. The kinetochore is a
multiprotein complex not only needed to attach the chromosomes to the mitotic spindles
(microtubules) but also ensure chromosome bi-orientation (attachment of sister kinetochores
to microtubules extending from opposite spindle poles) and provide a catalytic site for the
synchronization of chromosomal segregation along with the cell cycle. The kinetochore is
recruited to the centromere along with signaling proteins such as cyclin-dependent kinases
that allow setting a signal to the mitotic spindles. The S. cerevisiae centromeres have a 116 to
120 bp-conserved sequence among its 16 chromosomes (25). This region contains three
centromeric DNA elements (CDE), called CDEI, CDEII and CDEIII (25) and found to be
sufficient to generate stable artificial chromosomes in yeast (26) (Figure 2). Indeed, the 8 bp
long CDEI is necessary for high fidelity chromosomal segregation, CDEII is an AT-rich
region of 78-86 bp and is required for chromosome segregation, while CDEIII contains 7
conserved bases among its 26 bp sequence and mutations in one of these invariant nucleotides
would result in the abolition of centromere function (27). Because centromeric regions of S.
cerevisiae are small and as a unique microtubule attaches to each centromere, the centromeres

are called point centromeres.
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Figure 2: Centromeres of S. cerevisiae and C. albicans

In the two species, DNA is organized differently at centromeres. In S. cerevisiae, the DNA
elements are organized in a point centromere, while in C. albicans the centromeres are small
and regional. Figure adapted from Roy and Sanyal (27).

Several studies in S. cerevisiae showed evidence of the occurrence of epigenetics marks as
being the determinant that makes the difference between the surrounding chromatin and the
chromatin at the centromeric regions (28). However, the exact origin of centromere regulation
is not well understood, yet. In S. cerevisiae, two well conserved proteins, namely Cse4 and
Mif2, were found to be localized at the centromere throughout the cell cycle and are thought
to be essential for centromere functionality (29).

By contrast, in C. albicans, centromeres are called regional centromeres (Figure 2) and no
conserved motif was found between the 8 chromosomes (30). C. albicans centromeres were
first characterized by the work of Sanyal and collaborators (30) and were identified through
the binding of the orthologues of S. cerevisiae Cse4 and Mif2 to a 3 kb region, rich in AT
(65%). This 3 kb region is uniquely found within a 4 to 18 kb gene-free region flanked by
euchromatin. In addition, all chromosomes except Chr7 carry unique short repeats
surrounding centromeres: inverted repeats for ChrR, 1, 4 and 5 and long terminal repeats for
Chr2, 3 and 6 (31). The construction of an artificial chromosome carrying a 3 kb centromeric
region, resulted in mitotically unstable chromosome suggesting that centromere inheritance is
propagated by a mechanism that does not rely on the DNA sequence (32). Indeed, the
introduction of naked DNA carrying a centromeric region does not allow the spontaneous
activation of the centromere, i.e. epigenetic marks (either histone modifications or RNAIi) are

necessary to have a functional centromere (32). This was also supported by the work of
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Mishra et al. (31) who showed that the sizes (3 to 4.5 kb) and positions of the 8 centromeres
were conserved among several C. albicans strains estimated to have diverged from each other
by 1 to 3 million of years.

The study conducted by Ketel and coworkers (33) revealed new properties of C. albicans
centromeres and demonstrated that the loss of a functional centromere results in the formation
of a stable neocentromere near the initial centromere. Indeed, by replacing the centromere of
Chr5 (CENS) by URA3 or the nourseothricin resistance marker, NAT1, the authors observed
that neocentromere formation is highly efficient when the native centromere is not active.
Additionally, the position at which neocentromeres are formed is not unique. Indeed, the new
centromere could be formed at different regions on Chr5 within long intergenic regions in the
vicinity of repeated DNA sequences and were found to move over a few kb to up to 100 kb
(33). Surprisingly, while the centromeres were thought to be recombination-free loci, several
studies demonstrated that gene conversions (GC, see section 1.B.3.ii p.39) as well as mitotic
recombinations at centromeres were occurring at high frequencies in other organisms (34, 35).
In C. albicans, GC events were also detected when one of the two CEN7 was replaced by a
URA3 cassette (URA3/CEN?7) (36). Indeed, the formation of a neocentromere at another locus
on the chromosome through the inactivation of one of the two native centromeres led to either
the propagation of the neocentromere on both chromosome homologs or the reintroduction
via GC of the native centromere on the homolog that was deleted for its initial centromere. As
GC is known to be a mutagenic process in other organisms, mutations can be introduced in
the centromeric sequence (36).

Furthermore, recent work in C. albicans made by Mitra and colleagues (37) revealed a strong
link between DNA replication, DNA repair mechanisms and chromosomal segregation. They
observed that the position of centromeres is not only connected to the proximal presence of an
active origin of replication but also governs early and constitutive replication at these
proximal origins. Indeed, centromeres in C. albicans are replicated earlier than any other
locus in the genome (38). This early replication takes place within the first seconds of the S
phase and leads to the recruitment of Cse4 at the centromere locus. Again, the epigenetic
marks are required for centromere positioning and replication timing (38). Tsai et al. (39)
detected all putative replication origins within the C. albicans genome and more precisely the
replication origins close to centromeres, without prior information. They identified two types
of replication origins in the C. albicans genome: either sequence-dependent origins located

along the chromosome arms or epigenetic-dependent centromeric origins (39).
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Figure 3: Interpretative model for (neo)centromere formation

Upon fork stalling during the early replication of centromeres, the presence of single stranded
DNA would trigger the recruitment of Rad51, Rad52 and Cse4, favoring the formation of a
neocentromere. Interpreted from the work of Mitra et al. (37).

In addition, Mitra et al. (37) have also shown that, in C. albicans, Rad51 and Rad52 —
homologous recombination proteins (see Section [.B.2.ii p.37) — are detected at stalled
replication forks and upon RAD5I and RADS52 deletion, kinetochores were shown to be
unstable and not functional. Besides, in other organisms, kinetochores are known to be bi-
directional barrier DNA binding proteins and are at the origin of replication fork stalling (40)
(Figure 3). Thus, Mitra and coworkers (37) proposed the following model (Figure 3) for
neocentromere formation in C. albicans: when the replication forks coming from the nearby
replication origin stalls at the kinetochore complex, the presence of single stranded DNA
requires the recruitment of Rad51 and Rad52 proteins. Cse4 is transiently recruited to the
DNA break along with an up-to-now unknown chaperone protein stabilizing Cse4 at the
replication fork stalling, yielding a functional centromere (Figure 3). Nevertheless, despite the
importance of Rad51 and Rad52 proteins in centromeres stability, their absence is not lethal,

suggesting overlapping pathways playing a role in centromeres functionality and maintenance.

In summary, C. albicans centromeres are short regional centromeres, on which Cse4 binds a
region of 3-5 kb long having the particularities of carrying no repeated regions. The

determination of centromere formation and the characteristics needed for it to be functional
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remains a mystery. However, studies showed that origins of replication are located close to
the centromeres and replication forks pause at centromeres by the functional kinetochore,
allowing the recruitment of Cse4, Rad51 and Rad52 proteins that play an important role in

centromere biology.

ii.  Telomeres
Each eukaryotic chromosome end is characterized by a nucleoprotein structure called
telomere ensuring their protection from exonucleases and unwanted telomere fusions, through
specific DNA folding and proteins. Telomeres have a variable length. For example, in S.
cerevisiae, telomeres are 350 bp long while in humans, telomeres are large (several kb),
nevertheless their function remains the same. In S. cerevisiae, the telomeric sequences are
composed of repetitions of T(G),-3 (TG);-6 (41), and exhibits a G-rich 3’ tail (about 12nt) (G-
strand overhang) (42). Chromosomes that lack the T(G),-3 (TG);_¢ repeats tend to be highly
unstable and therefore, lost.
In C. albicans, telomeres carry long divergent repeats 5¢-
ACTTCTTGGTGTACGGATGTCTA-3’, a single-stranded 3’ overhang (43) and a common
(GT); motif despite sequence differences between the Candida species (44). Several telomere-
related proteins are known and were found to play multiple roles in telomere biology. The S.
cerevisiae proteins involved in telomere replication and maintenance are reviewed in (45).
(1) Rapl plays a central role in telomere length determination, prevents telomere-telomere
fusions, determines telomere location to the nuclear periphery and protects chromosome ends
in S. cerevisiae and in C. albicans. This protein also affects silencing via interactions via the
SIR complex in both S. cerevisiae and C. glabrata but not C. albicans (46).
(i1) Rifl and Rif2, negative regulators of telomere elongation are also involved in telomere
silencing in C. glabrata and S. cerevisiae (47, 48) — the role of the Rifl protein has not been
investigated in C. albicans, however, no Rif2 ortholog has been identified yet.
(i11) Yku70 and Yku80 forming the Ku complex, known to be involved in Non Homologous
End Joining (NHEJ, see section 1.B.2.i p.34) — a repair mechanism that should be avoided at
telomeres to prevent telomere shortening — surprisingly, play an essential role in telomere
maintenance in both C. albicans and S. cerevisiae (49).
(iv) the CST complex, composed of Cdcl3, Stnl and Tenl, is a single-stranded DNA
binding protein complex that acts as a cap in both C. albicans and S. cerevisiae impeding
telomeres to be recognized as DNA DSBs that could trigger DNA repair and impact telomeric

structure.
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(v) the S. cerevisiae SIR complex is responsible for gene silencing at the telomeric and
subtelomeric regions (telomere position effect) and has been shown to localize at the nuclear
periphery.

(vi) the telomerase, a reverse transcriptase (TERT), is found in highly replicative cells to
compensate the loss of information linked to the incapacity of the DNA replication machinery
to replicate the chromosomal ends. In S. cerevisiae, TERT is associated with the regulatory
proteins, Estl, Est2 and Est3 and is recruited by Cdc13 to ensure the replication of the 3’
single-stranded end from a RNA template (TER) and the maintenance of functional telomeres.
Replication has been described as a two-step process (Figure 4): (i) following replication of
the double-stranded DNA, the C-strand is resected allowing the formation of G-strand
overhang and (ii) the telomerase elongates the G-strand followed by the C-strand synthesis by
the primase. Finally, the telomere ends are protected from exonucleases through t-loop

formation as reviewed in (24).

) ——— H—----ﬁ
Passage of replication fork

Processing to generate
G-overhang

G-strand extension by telomerase

Reformation of t-loop and shelterin binding C-strand fill-in by Pol a/primase
Q Telomerase Il RNA primer :: End processing nucleases
—eelp |_€2ding strand telomere 44— ——— Lagging strand telomere

Figure 4: Telomere end replication

The C-strand is resected to form the G-strand overhang, then the telomerase elongates the G-
strand followed by the C-strand synthesis by the primase. Finally, the telomere ends form t-
loop to be protected from exonucleases. Figure from (24).

In S. cerevisiae, telomere length is remarkably uniform thanks to a balance between the DNA
end resection and the T(G),-3 (TG)i_6 elongation process. Interestingly, the RNA templates
(TER1) were found to be highly divergent between C. albicans and S. cerevisiae (65). In C.
albicans, TERT and TER1, associated with Estl, Est2 and Est3 are also involved in telomere
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capping, telomere maintenance, replication and regulation of the G-tail length (50, 51).
Telomerase recruitment has not been characterized in C. albicans but it is noteworthy that the
domain that is responsible for telomerase recruitment in S. cerevisiae has not been found in
CaCdcl3 (52). Thus, the telomerase recruitment process might not be conserved in C.
albicans. While the functionality of the telomerase is highly conserved among organisms,
some clear differences in the telomere regulation process have been observed between S.

cerevisiae and C. albicans, marking the divergence between these two species.

2. Ploidy

Sexual reproduction is ubiquitous within eukaryotic cells. However, until recently, C.
albicans was classified as an obligate diploid organism lacking any form of sexual
reproduction. For review, see (53).

In S. cerevisiae, the mating type is determined by the mating-type (MAT) locus that
encodes three transcription factors, Matal, Matal and Mata2 determining the a, o or a/a
identity of a cell. Interestingly, in MATa/a cells, Matal and Mato2 transcription factors
repress the haploid-specific genes, rendering the cell mating-incompetent but allowing
meiosis. By contrast, in MATa cells, Mata2 binds the Mcm transcription factor to inactivate
the transcription of a-specific genes while Matal and Stel2 bind Mcml to allow the
transcription of a-specific genes (53). In addition, in MATa cells, the a-specific genes are
constitutively expressed in absence of Mata2 and Matal inactivates a-specific genes. Both
MATa and MATo cells constitutively express haploid-specific genes via the Stel2
transcription factor favoring mating. As a consequence, in S. cerevisiae, Mat transcription
factors regulate both cell type and meiosis (53).

In C. albicans, a mating-type like (MTL) locus has been identified on chromosome 5
(Chr$5), although meiosis has never been described. Despite the fact that C. albicans and S.
cerevisiae reproduction cycles share some similarities, their regulation shows significant
divergence (54). Indeed, C. albicans seems to have retained an ancestral form of the MAT
locus (53): its MTL locus is about 8 kb larger than from S. cerevisiae MAT locus and encodes
not only 4 mating-related transcription factors, namely Mtlal, Mtla2, Mtla1l, Mtla2 but also
3 additional proteins: Pika or o (phosphinositol kinase), Papa or a (poly A polymerase),
Obpa or a (oxysterol binding protein) that have functions on their own, not related to mating
(55). In C. albicans MTLa/a cells, Mtla2 along with Mcml act as an activator of the a-
specific genes, while in MTL o/« cells, no such activator is present (53). MTLa/a and MTLo/a
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cells were engineered either by gene deletion (56) or by growth on sorbose-containing
medium that induces Chr5 homozygosis (57, 58). Remarkably, C. albicans MTLa/a and
MTLo/a cells were shown to be able to mate, generating tetraploid cells, both in vitro and in
vivo (53). Later on, mating efficiency was shown to be positively linked to the ability of the
cells to undergo a reversible phenotypic switch, from a “white” mating-incompetent to an
“opaque” mating-competent cell (59, 60). Apart from specific mating capacities, white and
opaque cells also differ in morphology (61), metabolic preferences (62) and their interactions
with host immune cells (63). In C. albicans MTLa/a cells, Mtlal and Mtla2 form a
heterodimer that blocks the mating by preventing switching from the white to the opaque
phase (53). As a consequence, only MTL homozygous cells would be able to switch and
become mating competent (Figure 5). However, a recent study demonstrated that MTLa/a
cells could undergo white-to-opaque switching under specific growth conditions (64). Indeed,
when cells are grown in 5% CO, with N-acetylglucosamine as the sole source of carbon,
MTLa/cx cells can become opaque and exhibit similar phenotypes to the MTL homozygous
opaque cells; however they are not able to mate. This phenomenon has been shown to be

regulated by three transcription factors, namely Rfgl, Brgl, and Efgl (64).

Sorbose —_—
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.
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Figure 5: The parasexual cycle of C. albicans

C. albicans cells naturally harbor both MTLa and MTLa. When the cells are not exposed to a
stress or to sorbose, they reproduce clonally. However, in stressful condition or when sorbose
is found as the sole source of carbon, a LOH at the MTL(a/a) allows homozygosity at the
mating locus (a/a or o/a). Upon white-opaque switching, the white cells become mating
competent opaque cells. Then, the opaque cells mate and form tetraploid progenies, which
undergo concerted chromosome loss and go back to a diploid or quasi-diploid state. Figure
adapted from (65).

Concerted chromosome loss

Regulation of the white-opaque switching in C. albicans MTL homozygous cells relies on

several regulators. Worl, the master regulator of the white-opaque switching (59, 66) is

17



repressed in MTLa/a cells by the action of the al-a2 heterodimer and is responsible for a
high frequency of opaque switching in M7L homozygous cells. In addition, the Wor2, Wor3,
Wor4 and Czf1 transcription factors are necessary for maintaining the opaque state and are
required to allow opaque switching at an elevated frequency (67-70). By contrast, Efgl and
Ahrl are both repressors of the white-opaque switching, favoring the white state. Recently
Hernday and colleagues (71) identified a new transcriptional regulator of this phenotypic
switch, namely Ssn6 that indirectly interacts with DNA, revealing another layer of complexity
in the regulation of the white-opaque switching by the repression of genes through interaction
with the previously described DNA-binding regulators and favoring of the switch to the
opaque state.

In eukaryotes, sexual reproduction involves meiosis as a program that consists of two
successive divisions following a DNA replication event. Many genes have been found in C.
albicans whose orthologs are known to have a role in meiosis in S. cerevisiae, such as the
RIM101 pathway genes, LIG4, YKU70-80 etc... However the absence of /MEI, the master
regulator of meiosis in S. cerevisiae, or a gene having an analogous function in C. albicans
might explain why meiosis has never been observed (53). Nevertheless, Bennett and Johnson
(72) showed that tetraploid mating progenies could re-acquire a diploid state by a process
called concerted chromosome loss. Indeed, upon culture in a pre-sporulation medium, a
glucose-rich medium that is known to facilitate sporulation in S. cerevisae, the authors
observed that cells with a downshifted ploidy had randomly lost chromosomes. This
concerted chromosome loss is thought to be due to mitotic chromosomal segregation defects
leading to unstable or transient aneuploid cells, that can go back to an euploid state through
the additional loss of extra chromosomes (73, 74). This mode of reproduction is called the
parasexual cycle (Figure 5). Nevertheless, the majority of C. albicans isolates are MTLa/c
and population genetics studies have revealed that the parasexual cycle is not likely to occur
very often in the C. albicans population (75, 76).

In addition, C. albicans aneuploid cells were also observed upon exposure to stresses such
as heat shock or fluconazole treatment or when the replication or mitotic process is defective
(21). Recently, Hickman and colleagues (10) have demonstrated that haploid cells are viable.
These haploids were first detected upon exposure to fluconazole: among the resistant colonies,
tiny colonies could be observed. DNA content analysis confirmed that cells derived from
those tiny colonies are haploid resulting probably from a concerted chromosome loss.
Hickman et al. (10) suggested that haploidization could be a mechanism to clear lethal

mutations from the diploid population. Furthermore, some haploid cells were found to be able
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to “auto-diploidize” probably due to mitotic defects. Interestingly, haploid and auto-
diploidized cells grow significantly slower and are also less virulent (10) than the diploid
reference strain SC5314. By contrast, tetraploids can grow as fast as or faster than diploids
but are less able to survive and multiply in vivo (77). Together these studies show that a
change in the whole genome ploidy may have a cost for the fitness and biological functions of

C. albicans.

3. Repeated sequences
The C. albicans genome contains four classes of repeated sequences: the major repeat

sequences (MRS), the rDNA locus, the retrotransposons and the subtelomeric regions.

i.  Major Repeat Sequences (MRS)
MRS are 10 to 100 kb long repeat elements that represent 3% of the C. albicans genome.
Each MRS is composed of three subunits, 5°-RB2-RPS-HOK-3’, always located less than 390
kb away from the centromere and orientated in the 5°-3” direction towards the centromere

(Figure 6).

Chr4 and 7

Chr1, 2, 5,
6and R

Chr3

Figure 6: Major Repeat Sequences (MRS)

The MRS are repeated sequences composed of HOK2, RPS and RB2 regions, oriented from
the centromere to the telomere. The MRS are found on each chromosome but one. While
Chrl, 2, 5, 6 and R carry one MRS, Chr4 and 7 carry two inverted MRS located on both sides
of the centromere and Chr3 carries partial MRS composed of RB2 repeats. Based on the work
of (78, 79).

The repeated sequences (RPS) are 2.1 kb long and can vary in number (80), although some
MRS can present only one RPS unit (81). The RPS carry an “alt” sequence of 172 bp that can
be found in tandem leading to RPS size variation between the different MRS (82). The “alt”

sequences contain 6 to 8 copies of a 29 bp sequence (called COM29) that includes the 8 bp
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Sfil recognition site (82). Outside of the RPS units, Sfil cuts rarely, thus allowing the
generation of the first macrorestriction maps to compare karyotype variation before C.
albicans genome sequencing (83). The RPS units are flanked by two dissimilar sequences that
are represented only once per MRS (84): (i) the HOK sequence that is about 8 kb and is on
the centromere-proximal side of the MRS and (ii) the RB2 sequence that is of 6 kb. These
repeated sequences are located on all chromosomes but one, Chr3: a single MRS is found on
Chrl, 2, 5, 6 and R while two MRSs are organized by mirror-symmetry on Chr4 and Chr7 (78,
79) (Figure 6). Moreover, genome analyses of C. albicans led to the identification of 14
partial RB2 sequences with two RB2 flanking the centromere of Chr3, despite the absence of
an MRS on this chromosome (Figure 6). Partial HOK sequences have also been located in the
genome of C. albicans. In both cases, partial MRS constituted of HOK or RB2 sequences are
localized around the centromere. Interestingly, MRS are found in C. albicans and C.
dubliniensis (85-87) and have not been so far identified in other species. The origin and
expansion of these MRS are still unknown and their proximity to the centromere raises
questions about the functional relationship between the two DNA structures. Furthermore, the
fact that no MRS is present on Chr3 demonstrates that this structure is not necessary to ensure
proper chromosomal function. Nevertheless MRS have been suggested to play a role in
chromosome disjunction (88) (see Section 1.C.2.ii p.45) and have also been linked to
translocations (89) (see Section I.C.1 p.43).

Surprisingly, the work done by Freire-Benéitez and collaborators (90) revealed that the MRS
is not assembled in a classical heterochromatin structure. MRS repeats are rather found in a
transcriptionally permissive state carrying both heterochromatin and euchromatin marks. One
of the main roles played by heterochromatin is to maintain genome stability at DNA repeats
by preventing chromosomal recombination. Hence, either the hypomethylation state of the
MRS chromatin is sufficient to limit recombination events or this role is played by another
mechanism (90). However, the lack of meiosis reduces theoretically genome variability and,
thus genome instability at repeated sequences such as MRS might be beneficial to such an
organism (90).

Furthermore, the analysis of repetitive sequences led to the identification of one ORF
localized within the RB2 subunit (91). This ORF encodes a fungal growth regulator (FGR6),
although this gene is present in eight copies (one copy within each MRS except on Chr5) and
the deletion of one of them is enough to generate altered colony morphology (91). For review,

see (92).
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ii. rDNA

In S. cerevisiae, the IDNA region contains between 150 and 200 tandem repeats. The number
of repeats depends on the S. cerevisiae strain and those repeats occupy about 60% of the
ChrXI1I (93). Each repeat is composed of four interspaced ribosomal RNA (rRNA) genes: (i)
the large 25S rRNA, (ii) the small 18S rRNA, (iii) the 5.8S rRNA — all forming the 35S
rDNA — and (iv) the 5S rRNA genes. Additionally, different kinds of spacers can be found:
two internal transcribed spacers (ITS1 and 2), two external transcribed spacers (ETS1 and 2)
and an intergenic spacer (IGS). The overall size of the S. cerevisiae TDNA region is of 1.5Mb
(94). 1t is well known that repeated DNA are silenced, in particular at rDNA regions (95).
Despite the presence of large copy numbers of rDNA, half of the genes are still transcribed.
The proportion of active versus inactive rRNA genes is not well understood yet, however,
silencing can influence transcriptional activity. Silencing is mediated through Sir2, Netl and
Cdc14, three proteins forming a complex named RENT — REgulator of Nucleolar and
Telophase exit (96, 97). As mentioned earlier, silencing is needed to limit recombination at
repeated sites (98) such as rDNA. In S. cerevisiae, IDNA repeats can also be found in an
extrachromosomal circularized DNA and those were linked to senescence (99).

In C. albicans, rDNA is found on ChrR and is constituted of tandemly repeated units of 12 kb
sequences carrying the conserved 35S and 5S rRNA separated by two non-conserved and
non-transcribed regions (78), NTS1 and NTS2. These repetitive regions are found in a
heterochromatin state (90). The number of repeats depends, here again, on the C. albicans
strain and on the growth conditions. The number can vary between 50 and 200 repeats and is
responsible for ChrR size variation that mainly results from recombination between ChrR
homologs (78). Hubert and Rustchenko (100) demonstrated for the first time the natural
presence of extrachromosomal DNA in C. albicans. Indeed, they discovered that this
extrachromosomal DNA carrying copies of tDNA could coexist in the circular and linear
forms (100). Interestingly, the copy number of repeats in the linear DNA was shown to be
dependent on the growth phase, with an increased number in dividing cells and a low number
in stationary phase cells (100). While the circular rDNA might have arisen from the loop-out
of rDNA repeats that were located on ChrR following a recombination event, the origin of the
linear DNA is still a mystery: indeed, it has been shown that this linear extrachromosome
does not result from ChrR truncation followed by telomere acquisition at the break site (100).
Overall, the control of the total copy number of rDNA repeats is thought to be facilitated
through the quantity of extrachromosomal DNA carrying rDNA units, which can be an

advantage in some circumstances or growth conditions.
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iii.  LTR-retrotransposons
Retrotransposons are genetic elements that can autonomously replicate and integrate at
various loci within the genome and are widespread in eukaryotes. There are several classes of
retrotransposons: (i) retrotransposons without long terminal repeats (LTR) (101) and (ii)
LTR-retrotransposable elements (102). As very little is known on non-LTR retrotransposons,
I will only discuss about LTR-retrotransposons.
LTR retrotransposons have been extensively studied in S. cerevisiae, and are composed of
several structures: a PBS (primer binding site) sequence for tRNA binding, gag (viral capsid),
pol (encoding for a polyprotein with RNase-H, integrase, reverse transcriptase, protease
catalytic domains) and a PPT (polypurine tract) sequence necessary for reverse transcription.
All these sequences are flanked by two LTR sequences (250-600 bp) (103).
In C. albicans, 34 families of LTR-elements were identified and are reviewed in (104). The C.
albicans LTR retroelements follow these 3 rules: (i) the size of the LTR elements ranges from
127 to 780 bp, (i1)) LTR sequences start with a 5’-TG and end with CA-3’, (iii) LTR elements
are present in low copy number.
Eighteen families are found in the C. albicans genome as either solo LTRs that arose from the
recombination between two LTRs of a LTR retrotransposon, or nonfunctional LTR
retroelements. The 16 remaining families still carry LTR-retrotransposon coding sequences
(104). Up to now, only three intact and active retrotransposons have been identified in C.
albicans, namely Tca2, Tca4, and Tca5 displaying low sequence diversity suggesting that
they might have arisen recently (104).
Tca?2 has two particularities: (i) this retrotransposon is part of dsDNA linear sequence that is
not integrated into the genome and can be present at up to 100 copies per cell, and (ii) the
genes located in the po/ domain are expressed thanks to the bypass of a STOP codon located
upstream its sequence via a secondary DNA structure called pseudoknot (105). Additionally,
the Tca2 promoter is heat shock-induced (104).
Similarly, Tca4 contains intact gag and pol genes, and its retrotranscription depends on
temperature (104).
The last well-studied retrotransposon is 7Tcaj that also carries an intact gag-pol region and is
present in low copy number. This retrotransposon has a conserved sequence when compared
to S. cerevisiae Ty5 retrotransposon family. Interestingly, S. cerevisiae Ty5 integrates

preferentially in heterochromatic region such as telomeres or subtelomeric regions (104).
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LTR retrotransposons are known to have contributed to genome evolution (106) but have also
been linked to gene expression variation (107) as well as genome instability (108) in other
organisms, highlighting that, although their function is not completely understood, they are

likely to play an important role in the biology of eukaryotes.

iv.  Subtelomeric regions

In eukaryotes, telomeric and telomere-adjacent (subtelomeric) regions exhibit variability in
size and sequence that tend to occur frequently in these genomic regions (for example, see
(109)). Subtelomeres are characterized by two regions: (i) the telomere-proximal region that
carries short tandem repeats and (ii) the telomere-distal region, harboring gene families,
repetitive elements and unique genes (110). It is now well characterized that most
subtelomeres in eukaryotes carry gene families, whose copy number varies and has been
linked to a better adaptation to an environment. In S. cerevisiae, several subtelomeric gene
families have been identified. For example, the number of subtelomeric genes involved in
carbon source degradation, such as MAL, MEL or SUC, varies according to the selective
pressures imposed by the carbon sources available for the yeast (111-113).

In C. albicans, the TLO genes are the only widespread subtelomeric gene family (78) and
encode interchangeable subunits of the tail module of the mediator complex (Med2) (114).
This complex allows interaction between transcription factors and RNA Polymerase II in
order to activate transcription. The mediator is also known to play an important role in the
regulation of virulence-associated factors in C. albicans (115-118). As reviewed in (119), the
role of these Med2 subunits is not clear yet but, although dispensable, the 7LO genes seem to
be involved in several biological functions in C. albicans and are regulated in a
heterochromatin-mediated way (119). The TLO gene family is composed of 14 genes (13
telomeric and 1 centromeric) in the reference strain SC5314. The telomeric genes are found at
all chromosome arms except at the right arm of Chr2 and Chr6, and the left arm of Chr7,
while one centromeric 7LO gene was identified on Chrl (119). The TLO gene family is
characteristic of C. albicans as only two copies of the 7LO genes are found in the very closely
related C. dubliniensis and only one copy (7L02) is found in other Candida species, thus,
suggesting that the expansion of the 7LO genes is recent and that this increase in copy
number arises from the ancestral 7202 locus (119). In addition, recombination events
between 7LO genes can result in sequence changes or copy number variation at the origin of

genotypic diversity (119).
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The TLO gene family is divided into three clades (a, B, y) based on the presence of LTR-
retrotransposons within the 3’ end of the genes (119). LTR retrotransposons can be found in
subtelomeric regions in C. albicans. In this species, rel-2 and CARE-2 elements were found at
subtelomeres (120, 121) in a region that contains a large quantity of LTRs between the
subtelomeric repeats and the first centromere-proximal unique sequence, therefore suggesting
that subtelomeres may be a hot spot for LTR retrotransposon integration (119, 122). Indeed,
this LTR-rich region is present at most chromosome ends and all share a similar pattern of
LTR retrotransposon insertion, implying that they derive from the same ancestral sequence

via multiple duplication events (122).

4. Natural heterozygosity

The natural heterozygosity of C. albicans was first reported by Whelan and coworkers (123),
showing that natural isolates were heterozygous for several genes required for the synthesis of
amino acids, purine and pyrimidines. In 2004, the genome of the C. albicans reference strain
SC5314 was sequenced by Jones and colleagues (11). The genome of C. albicans is
composed of 6,198 ORFs, and among them, about 72% are still uncharacterized, while in S.
cerevisiae, only 10% of the 6,604 identified ORFs are not characterized yet. Sequencing
confirmed the natural heterozygosity in the C. albicans genome with the detection of 65,787
heterozygous SNPs in SC5314, corresponding to an average SNP density of 1 SNP every 217
bp within the C. albicans genome (12). In comparison, in the genome of S. cerevisiae diploid
strains that have been sequenced by Magwene et al., the number of heterozygous SNPs
ranges from 337 SNPs (i.e. 1 SNP every 36,000 bp) for the laboratory strain X1278b to a
maximum of 37,148 SNPs (i.e. 1 SNP every 324 bp) in the case of a clinical strain (124).
Similarly, heterozygosity in humans is relatively low with 1 SNP every 1,900 bp (125).

Muzzey et al. showed that 54% of the C. albicans genes carry multiple SNPs and among
these, 198 alleles contain a premature STOP codon in the heterozygous state localized mainly
in the 5° and 3’ ends of the genes (12). These premature STOP codons can be at the origin of
altered phenotypes or lethality and therefore, the cause for biased homozygosity upon loss-of-
heterozygosity (LOH). The presence of lethal alleles was suggested by the analysis of the
progenies resulting from parasexual cycle in Forche et al., and led to the conclusion that there
was a strong bias towards the homozygosity of a specific haplotype for ChrR, 2, 4, 6 and 7
(74). Similarly, a rad524/rad524 C. albicans mutant exhibited an increased frequency of
spontaneous unidirectional LOH (126). This phenomenon has also been observed in haploids

with the report by Hickman and colleagues of a bias in haploid progenies: indeed, only one of
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the two haplotypes of Chr3, 4, 6, 7 and most of Chrl could be observed in the homozygous
state (10). Also, in Loll-Krippleber et al. (Appendix 1), the presence of one or several lethal
alleles on one homolog of Chr4 generating a bias in the nature of the LOH events observed in
SC5314 was suggested (20).

In addition to lethal alleles, heterozygous recessive deleterious alleles are also expected to be
found in a relative high frequency. Indeed, the identification of the first heterozygous
recessive alleles in C. albicans was made by Whelan and colleagues who identified the MET
gene, involved in the biosynthesis of methionine, as carrying a heterozygous recessive
deleterious allele along with two recessive lethal alleles located in the LET/ and LET2 genes
(127, 128). Later, Gomez-Raja et al. identified a SNP on chromosome 4 haplotype A
changing a glycine into a valine in the HIS4 gene, which when found in the homozygous state,
prevents growth on a medium lacking histidine (129). Therefore, these studies support the
presence of recessive lethal alleles on many chromosomes of C. albicans that could influence
the manifestation of LOH events following a DNA break and probably allow the maintenance
of C. albicans heterozygosity.

The importance of the heterozygous status of C. albicans was further investigated by
Hickman and collaborators by comparing haploid isolates or autodiploid homozygous to
heterozygous strains (10). Interestingly, they discovered that heterozygosity is a necessary
condition for virulence and fitness (10). This observation was supported by a recent study
revealing that heterozygosity was positively correlated with faster growth (17). In addition,
heterozygosity was found responsible for functional differences between two alleles bringing
a selective advantage in specific growth conditions such as the mutations detected in the
CDR?2 gene (130). Indeed, such CDR2 mutations were found in 81% of clinical isolates and
shown to confer a selective advantage probably linked to a better antifungal resistance;
undeniably showing the relevance of heterozygosity for such a pathogen.

Although C. albicans exhibits unique genomic features characterized by
unconventional centromeres, major repeat sequences that are specific to this species and an
atypical mode of reproduction, this species presents a high number of similarities with S.
cerevisiae notably regarding the global chromosome structures and repeated DNA, thus,

making C. albicans a valuable candidate to study the biology of eukaryotes.
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Excision repair and MMR pathways
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Figure 7: Schematic view of the DNA repair mechanisms, encompassing the excision
repair and MMR, the end-joining and homology-directed repair pathways.

RER: ribonucleotide excision repair, BER: base excision repair, NER: nucleotide excision
repair, MMR: mismatch repair, C-NHEJ: classical non-homologous end-joining, Alt-NHEJ:
alternative non-homologous end-joining, BIR: Break induced replication, GC: Gene
conversion (SDSA: synthesis-dependent strand annealing and dHJ: double Holliday

junctions), SSA: single strand-annealing. Compiled from (131-135).
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Table 1 — Proteins involved in DNA repair in S. cerevisiae and their orthologs in C. albicans

Repair pathways Excision repair pathways End-joining pathway Homology-directed repair pathways
RER BER NER MMR C-NHEJ | Alt-NHEJ BIR GC SSA
Steps SN-BER | LN-BER | TC-NER GG-NER Rad51-dependent [Rad51-independent
Rad4-Rad23- | Rad4-Rad23- | Msh2-Msh3 Mre11-Rad50-
iti RNaseH1 !
Re;‘;?:;t;?,;;:i:he e Nealvcosvinse Rad33,Rdp9, | Rad33, |Msh2-Mshe,| Yku70- | Mreli- Mre11-Rad50.xr< Xrs2, Tell,
I . o glycosy Rad26,Rad14, | Rad14, Rad1- | Mih1-Pms1, | YKu80 |Rad50-Xrs2 Sae2, Rads2,
ase Radi-Rad10 | Radi0 | MIh1-Mih3 H2A
Mrell Mrell, Sae2, | Mrell, Sae2,
. ) ) ) ) ) " |Mre11, Sae2, Exol, Dna3, Sgs1-Top3-Rmi1?-| Exol, Dna3, | Exol, Dna3,
L L) Exoslaeé;wa3 Dna2 Sgs1-Top3- Sgs1-Top3-
! Rmi1’>-Dna2 | Rmi1*-Dna2
S andiyagon - - - - - ? Rads1, Rad52 Rad52, Rad59 | Radsi, Rads2 |  Rads2
and annealing
AP-endo- Rad1- Rad1-Rad10,
3' flap end removal Rad27 Lyase |nuclease or Rad2 Exol - - - - Msh2-Msh3,
Rad10
Rad27 Sawl
PolIIL PolLv Pol1V, PolIII, Pol30 Mcm2-Mcm7?
. 1 ’ o ’ ’ - - ’ 2 - -
Strand displacement PoI30, RF-C (;FID_ZIB;(;, PoI30, RF-C PolII or PolIIl, Pol30, RF-C RE-C Rad51, RPA, Rdh54 ?
. PolII or PolII, PolIII PolIII
! ! ”
Elongation POl PollvV or PollV PollI or PoIIII PolIlI PollV PollV Poll, PollI, PolIlI Polg PolIII PoIIII?
Ligation Cdc9 Cdc9 Cdc9 Cdc9 Dnl4 Cdc9 ? ? ? ?
! Rnh35
% Nce4
* Cdca7

Most of the proteins in S. cerevisiae have orthologs in C. albicans. The orthologous proteins having a different name in C. albicans are indicated

in footnotes, and the proteins that do not have orthologs in this species are indicated in red. Compiled from (131-135).
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B. DNA repair mechanisms

Despite its nuclear location, the DNA molecule is under constant attack from -either
exogenous or endogenous factors at the origin of chemical and/or physical damages. Thus,
cells have evolved a large panel of repair mechanisms to face these constraints. These repair
pathways are lesion-specific and regulated according to the cell-cycle phase. However
misregulation of these processes or mutations in genes whose proteins play a role in the repair
mechanisms were found to be involved in genome instability and linked to human diseases.
Interestingly, very little is known on the repair pathways in C. albicans, despite the numerous
reports on its high tolerance to genome rearrangements. Here, I propose to describe the
different repair pathways from the knowledge gained in S. cerevisiae or mammalian cells and
highlight the available data in C. albicans.

All repair mechanisms that are described in this section are represented in Figure 7.

1. Excision repair and mismatch repair mechanisms
The 2015 Nobel Prize in Chemistry was attributed to Tomas Lindahl and Aziz Sancar for
their work on Base Excision Repair (BER) and Nucleotide Excision Repair (NER)
mechanisms mainly allowing the repair of either endogenous or exogenous chemical damages
of the DNA molecule. The work on the Mismatch Repair pathway was awarded by the same
Nobel Prize to Paul Modrich. Thus, I decided to dedicate a few pages to these repair pathways
along with a section on the Ribonucleotide Excision Repair (RER) pathway that repairs

essentially ribonucleoside misincorporations.

1. Ribonucleotide Excision Repair
In eukaryotic cells, even though DNA polymerases are equipped with proof reading domains
that ensure enzymatic fidelity by the recognition of incorrect base or sugar incorporation
(136), polymerases are also known to induce replication errors. Such errors include the
incorporation of ribonucleoside monophosphate, rNMPs, instead of deoxynucleotide
triphosphates, dNTPs, probably explained by the fact that INMPs are 100 times more frequent
in the nucleus of a cell than ANTPs (137). An excessive level of INMPs misincorporation can
lead to a decrease in genome stability through the generation of nicks and an altered DNA
structure caused by the distortion of the double-helix (138, 139). Cells have evolved the RER
pathway where the RNaseH1 or RNaseH2 rNMP-specific endonucleases recognize

stretches/unique misincorporated rNMP(s), respectively (140, 141). In S. cerevisiae,
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following a nick at the 5° end of the INMP by RNaseH2 or RNaseH]1, either Pollll or Polll
polymerases can proceed in strand displacement and DNA synthesis to fill in the gap (Figure
7 p.26 and Table 1 p.27). Then the S. cerevisiae flap endonuclease, Rad27, generates a second
cut at the 3’ end of the INMP to remove the DNA overhang (reviewed in (142)). However,
when the misincorporation is not repaired, Polll and Pollll can by-pass the INMP with an
efficiency of about 60% and this efficiency has been shown to decrease with the number of
incorporated rNMPs (136).

Several studies showed that mutations in the RNH2 gene (encoding RNaseH2) in S. cerevisiae
diploid cells resulted in an elevated rate of gross chromosomal rearrangements, gene
conversion and LOH events (143-145). To date, the RER pathway has not been studied in C.

albicans.

ii. Base Excision Repair
Several endogenous chemical damages can often occur within eukaryotic cells (138). Base
modifications such as oxidation, deamination, alkylation and hydrolysis are known to provoke
DNA damage. The BER is reviewed in (131).
Oxidation by reactive oxygen species (ROS), molecules that play a role in signaling
(reviewed in (146)), can induce a wide range of DNA damages in mammalian cells (131).
Indeed, many groups have worked on the identification of oxidative DNA damage,
demonstrating that the main two targets were: (i) purines or pyrimidines giving rise to 5-
methylcytosine, uracil, urea or 8-oxo derivatives upon oxidation; and (ii) deoxyribose that can
lead to either an abasic site or a single-strand break.
In the case of deamination-induced DNA damages, nitrogen is replaced by oxygen. Only 5-
methylcytosine and cytosine carry a nitrogen atom and their deamination can lead to their
replacement by either a thymine or a uracil, respectively. This DNA damage has been found
to occur mainly in CpG repeats in human cells and has been linked to cancer (147, 148).
In addition, alkylation has also been found to generate mutations in human cells. Even if these
kinds of lesions are quite rare, they have been shown to be highly mutagenic. Indeed, both
purines and pyrimidines can undergo the addition of a methyl group. Alkylating agents were
one of the first treatments used against some cancers. These drugs alter the DNA molecules
either by damaging protein functions or by stopping the cancer cells from dividing due to the
increased incorporation of mutations. However, the efficiency of DNA repair pathways is

responsible for resistance to these drugs (For review, see (149)). Finally, hydrolysis of the
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bond between the base and the phosphate-sugar backbone can occur and result in a single-
strand break.

In S. cerevisiae and human cells, the classical BER pathway corrects, in both nuclei and
mitochondria, DNA base lesions that cannot be repaired by direct base reversion. In S.
cerevisiae, this repair pathway is the result of the action of multiple DNA binding proteins: (i)
a DNA N-glycosylase that removes the base from the deoxyribose — depending on the nature
of the lesions; different DNA-glycosylases can be involved in the repair (Ntgl, Ntg2,
Oggl...) and are reviewed in (131), (ii) endonucleases, either a lyase (AP-lyase) that initiates
short patch-BER (SN-BER), resulting in one nucleotide gap or an AP-endonuclease (Apnl
and Apn2 in S. cerevisiae) or the flap endonuclease Rad27 initiating long patch-BER (LN-
BER) that removes a segment of DNA, (iii) polymerases, PollV in the case of SN-BER and
Polll, Pollll, PolIV along with the proliferating cell nuclear antigen Pol30 in S. cerevisiae, the
replication factor RF-C for LN-BER, releasing the remaining ribose-phosphate backbone and
filling in the gap, and (iv) a DNA ligase, Cdc9, to seal the remaining gap between newly
synthesized DNA and the backbone DNA ((131), Figure 7 p.26 and Table 1 p.27). The
requirement for some proteins found in other repair pathways such as the RER pathway
highlights the redundancy and overlap between DNA repair pathways.

In C. albicans, Legrand et al. (150) described the impact of disrupting genes known to be
involved in BER in other species and that have been conserved. The authors demonstrated
that mutations in NTG1, OGGI and/or APNI have no impact on oxidizing agents sensitivity
and mutation/chromosomal instability rate nor alter the response of C. albicans to
macrophages or various antifungal drugs (150). Hence, the BER pathway may be redundant

with other pathways and does not play an important role in genome integrity in C. albicans.

iii. Nucleotide Excision Repair
NER is characterized in S. cerevisiae and human cells by the recognition and removal of
DNA-distorting lesions and is particularly relevant to repair UV-induced DNA damages (151)
as thymine dimers generate a distortion of the DNA molecule. NER is reviewed in (152, 153).
More generally, NER can be divided into two subpathways: (i) GG-NER (global genome
NER) that recognizes the initiating lesions regardless of the chromatin structure or the
transcription status; and (ii) TC-NER (transcription-coupled NER) that is specific to
transcription-blocking lesions (152). While both subpathways diverge in the recognition step
of the lesions, they converge within the following steps. Indeed, upon lesion recognition, a

single-stranded dual incision on both sides of the damage is generated by endonucleases
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leaving a 25-30 nucleotides gap that is filled in by a DNA polymerase and sealed to the DNA
backbone by a DNA ligase. In more detail, in S. cerevisiae, GG-NER recognizes the
distorting lesion via the Rad4-Rad23-Rad33 complex that recruits the TFIIH transcription
factor, usually required for the initiation of transcription at RNA polymerase II promoters, to
generate an opened structure at the damaged DNA site (153-155). TFIIH along with the
stabilizing proteins RPA (high affinity for single-stranded DNA) and Rad14 (high affinity for
UV-induced DNA damages) form the pre-incision complex that recruits Radl-Radl0
complex making an incision 15-24 bp upstream the 5’ side of the lesion and Rad2, making a
2-6 bp incision dowstream the 3’ end side of the lesion (153). Following the dual incision, the
RF-C and Pol30 are positioned at the gap to allow the recruitment of Polll or Pollll DNA
polymerases (153). Finally, the DNA sealing step following resynthesis requires Cdc9 in S.
cerevisiae ((153), Figure 7 p.26 and Table 1 p.27).

In the case of transcription-stalling lesions, all the aforementioned proteins that are necessary
for GG-NER are also required for TC-NER in addition to Rad26 and Rpd9 that are specific to
TC-NER (152). In vitro, only S. cerevisiae rad26 mutants have shown UV sensitivity (152).
Studies have demonstrated that Rad26 can promote the bypass of a moderately blocking
lesion that is at the origin of ribonucleotide misincorporations and consequently, aberrant
proteins (152). In addition, if the RNA polymerase is stalled at strongly blocking lesions, the
Rad26-dependent TC-NER subpathway is triggered, leading to the remodeling of the
chromatin and the recruitment of the NER machinery. In the case of the Rad26-independent
TC-NER subpathway, Rpd9 recruits the NER proteins to proceed to the repair (152).

In C. albicans, studies of the NER pathway have been carried by Legrand et al. (150) where
deletion mutants of the conserved RAD?2 and RADI0 genes, which encode endonucleases,
were constructed. Upon UV exposure, these mutants were found to have acute growth defects.
However, the double mutants neither were sensitive to oxidative stress, antifungal treatments,
nor showed an increased mutation rate. As a result, similarly to BER, NER does not seem to
have an important role in genome stability or drug sensitivity in C. albicans.

In addition, in other organisms, NER has also been found to act as a secondary repair pathway
in case of dysfunction in BER or RER pathways (142).

Even if NER plays a role in the maintenance of genome integrity in dividing cells, it seems to
be more importantly required for the repair of UV-mediated lesions in non-dividing cells

(156).
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iv. Mismatch repair

In eukaryotes and prokaryotes, mismatch repair (MMR) is a recognition mechanism for short
insertions and deletions as well as nucleotide mismatches in a heteroduplex. MMR relies on a
bidirectional excision/ resynthesis reaction via the removal of the mismatched nucleotide(s)
and re-synthesis of the missing nucleotide(s) using the remaining strand as a template.
Nucleotide mismatches can be incorporated during replication and homologous
recombination processes both in meiosis and mitosis (157). The excision can start between
hundred(s) or several thousands nucleotides upstream or downstream the mismatch and stops
just past the mismatch (158). A clear distinction between the old and new strands of recently
replicated DNA molecules is necessary for the cell to use the correct strand as a target for
repair. This is easily achieved in Gram-negative bacteria such as Escherichia coli. Indeed, the
methylated state of the parental strand, via the Dam methylation (GATC/GA™TC), allows
targeting a scission between the guanine and the non-methylated adenine (159). However, in
Gram-positive bacteria and eukaryotes, the mechanism by which the enzyme makes the
difference between the mutated and not mutated strand is not completely clear, although
several studies showed that the incorporation of rNMPs during replication is a conserved
evolutionary process that allows the MMR machinery to distinguish between the newly
synthesized and the old strands (160). In E. coli, MMR requires the following proteins: (i)
MutS and MutL, dimeric mismatch detector and binder, (ii) MutH, an endonuclease, (iii)
UvrD — a helicase, (iv) Exol (3’-5"), ExoVII (bidirectional), ExoX (3’-5’) and ReclJ (5°-3°)
exonucleases, (v) Pollll, the DNA polymerase and finally, (vi) a DNA ligase (159).

In S. cerevisiae, Pmsl, Mlhl, Mlh2 and Mlh3 are MutL. homologues, while Mshl, Msh2,
Msh3 and Msh6 have been found to be MutS homologues. In addition, other proteins have
been proven in vitro to play a role in MMR, such as the exonuclease Exol, the proliferating
cell nuclear antigen Pol30, the replication factor C and protein A (RF-C and RPA) and the
DNA polymerase Pollll. All these proteins are reviewed in (161, 162). Msh2-Msh3 and
Msh2-Msh6 heterodimers form mispair recognition complexes undergoing a conformational
change into sliding clamps that encircle the DNA molecules in presence of ATP. These
sliding clamps recruit the accessory complex Mlh1-MIlh2 as well as the endonucleases Mlh1-
Pms1 and Mlh1-MIlh3 generating a nick. Endonuclease activity is promoted by Msh2-Msh3,
Msh2-Msh6, Pol30 and RF-C (3’ excision) or Msh2-Msh6 and RPA (5’ excision) (161, 162).
Following the scission and Exol excision, Pollll and DNA ligase are recruited to fill in the

gaps and finalize the repair ((161, 162), Figure 7 p.26 and Table 1 p.27). However, this has
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been shown in vitro and a lot more remains to be understood about how these complexes
work together in vivo and how they are coupled with DNA replication.

Other studies focused on the non-canonical actions of MMR in S. cerevisiae. Indeed, when a
mispair occurs during replication, the distinction between the newly synthesized versus the
old strand is easy to make thanks to methylation marks or rINMPs incorporation. However,
when the MMR acts outside the context of replication, the distinction between the two strands
is not possible and the MMR proteins can randomly use the strand containing the correct
genetic information as much as the defect-carrying strand and be, in this case, at the origin of
a mutation in non-dividing cells (For review see (163)).

Additionally, studies have been made to understand the impact of DNA mismatches on
homologous recombination. A study in S. cerevisiae revealed that one mismatch in a 300 bp
recombination region led to a 3-fold reduction in the recombination rate (164). One way to
decrease the recombination rate between homeologous sequences is by heteroduplex rejection.
When there is a high level of mismatches in a region undergoing homologous recombination,
the heteroduplex can get destabilized through the action of Msh2-Msh6 and the Sgs1 helicase
that would unwind the homeologous recombined DNA sequences (165), resulting in either no
repair or if repaired, no strand exchange using one of the non-crossover recombination
pathways (166-168). This raises questions regarding the efficiency of the MMR repair
pathway in C. albicans: indeed, with a relatively high level of heterozygosity, recombination
rate would be low, and thus LOH would be rare.

In C. albicans, the role of Msh2 and Pms| proteins has been investigated (169). Legrand et al.
(169) showed that the knockouts of MSH2 and PMS1 genes resulted only in an increase of the
mutational rate that was interestingly associated with antifungal resistance. A link between
MMR and antifungal resistance was recently found in C. glabrata clinical isolates in which

MSH?2 mutations promote an elevated rate of antifungal resistance (170).

2. DNA DSB repair mechanisms
As mentioned earlier, DNA DSBs can arise through the action of various cellular stresses.
The repair of such DNA DSBs is essential for the maintenance of genome integrity. The two
main repair mechanisms are homology-dependent repair and end-joining pathways. Both cell
cycle status and DNA end resection — a conserved process generating single-stranded DNA

ends — have been shown to initiate the choice for DNA DSB repair pathways.

33



i. End-Joining
End-joining pathways are conserved among bacteria, archea and eukaryotes with the
exception of C. albicans in which no proof of the existence of this mechanism has been
provided yet. However, most of the key players in end-joining pathways are conserved in this
species (171, 172).
¢ (lassical or canonical-NHEJ (C-NHEJ)

In S. cerevisiae and mammalian cells, C-NHEJ has been identified as a repair mechanism that
joins either two blunt DNA DSB ends or two compatible broken DNA ends, followed by their
subsequent ligation. No resection step is required to allow the sealing of the two broken DNA
ends. In S. cerevisiae, this repair mechanism is known to rely on Ku proteins (173) — a
heterodimer of YKu70 and YKu80 that encircles the DNA molecules with a high affinity for
DNA DSB ends — and the DNA ligase 4, Dnl4, that has an inherent tolerance to mismatches,
allowing the sealing of the DNA broken ends brought together as reviewed in (174-176).
These proteins are also associated with other factors such as nucleases, DNA-dependent
protein kinases, DNA polymerases and the Mrell-Rad50-Xrs2 complex (MRX). In S.
cerevisiae, C-NHEJ is a four-step reaction: (i) following a DNA DSB, the chromatin is
modified to allow the removal of histones and facilitate the recruitment of the C-NHEJ core
proteins. This step is processed by chromatin remodeling complexes, i.e. Ino80 and RSC,
after a hypothetical DNA damage signaling (177, 178). Additionally, Ku proteins, known to
be localized at telomeres, can relocate at the DNA DSB site followed by DNA-dependent
protein kinases that interact with HI histones and promote DNA release. (ii) Then, the two
broken ends are brought together, forming end synapsis, a conformation also called MRX
globular head. (iii) The DNA polymerase, PollV, is subsequently recruited at the DNA DSB
ends whose role is to fill in the gaps. Finally, (iv) Dnl4 is recruited to seal the DNA
extremities together ((174), Figure 7 p.26 and Table 1 p.27). Both in yeast and humans, the
choice between HR and C-NHEJ depends on several factors. First, the loss of HR genes does
not increase the efficacy of the C-NHEJ pathway (179), suggesting a regulation of these two
mechanisms instead of a competition. Second, the resection level has been shown as one of
the main regulators that dictates the choice for the repair mechanism to use (For review see:
(180)): indeed, C-NHEJ is working mainly in the G1 phase as resection of the 5’ ends is
under the control of the cell cycle and is active only during S-G2, allowing HR to be efficient
at this period of the cell cycle (181) even though C-NHEJ can also be active in the S-G2
phase (182). In S. cerevisiae Sir proteins have been shown to be required for this process by

forming a heterochromatin-like structure at double-stranded breaks (183). In addition, Astrém
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et al. described that the heterozygous state of the MAT locus represses NHEJ through the
formation of the repressor composed of Matal and Mata2 in G2. This step allows the cells to
adapt the repair pathway to the availability of the template: in G1, no homologous template is
available, therefore requiring the use of NHEJ to repair a DNA DSB while in G2, the cells
can repair the damage by homologous recombination (184). The nature of the DNA DSB
(blunt or cohesive ends) can also determine the choice of the repair pathway used. In
mammalian cells, C-NHEJ has rapid kinetics (~30 minutes) whereas the HR pathway displays
much lower kinetics (up to 7 hours) (185). However, in the G2-S phase, complex DNA DSB
structures (186) and heterochromatin can delay C-NHEJ from acting and HR can take over in
case C-NHE]J is too slow to repair (187).

However, C-NHEJ has not been described in C. albicans. Indeed, several studies assessed the
effect of the deletion of the gene encoding the key protein involved in homologous
recombination, Rad52, or studied the role of Lig4 in NHEJ (126, 171, 172, 188-190). The
authors observed that the homozygous and heterozygous deletions of the LIG4 gene and the
homozygous deletion of RADS52 did not affect the level of translocations, suggesting the
absence of NHEJ repair mechanisms. Hence, the hypothesis set in S. cerevisiae might be also
relevant in C. albicans i.e. the NHEJ pathway is inhibited by the heterozygosity at the mating
type locus, thus raising questions about the existence of NHEJ in M7L homozygous or
haploid C. albicans cells. In addition, NHEJ core proteins play a different role in C. albicans,
notably in morphogenesis, virulence and telomere length regulation (171, 172, 189).

Apart from DNA DSB repair mechanisms, the C-NHEJ pathway is involved in V(D)J
recombination — a physiologic system aiming at intentionally generating DNA DSB to create
a variety of antigen receptors in early B or T cells — and class switch recombination at the
origin of immunoglobulin heavy chain variability (For review see: (191)).

Despite translocation events, C-NHEJ is thought to be a relatively error-free repair pathway
thanks to the ligation of blunt ends or complementary broken DNA ends. However, an
alternative error-prone mechanism of C-NHEJ has been identified in the late 1980’s and is
associated with deletions and insertions of the surrounding regions to the break site. This

mechanism is called alternative-NHEJ (alt-NHEJ) and is discussed below.
e Alt-NHEJ

Early studies in S. cerevisiae demonstrated the existence of a mutagenic alternative end-

joining pathway called alt-NHEJ when C-NHEJ is disabled. It is still not clear how many
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distinct mechanisms alt-NHEJ encompasses but one mechanism, the microhomology-
mediated end-joining (MMEJ) pathway, has been widely studied over the last two decades.
This pathway was first observed in S. cerevisiae in which transformed linearized plasmids
were religated even in absence of YKu proteins, though, at a low rate (192). The recovered
religated plasmids were found to exhibit deletions surrounding 5 to 18 bp of microhomology
(193). In mammalian cells, the MMEJ pathway is not only a back-up pathway when HR or
NHE]J is not functional, but is also active when the other repair mechanisms are fully efficient.
Truong and colleagues demonstrated that 10 to 20% of the cells would repair an induced
DNA DSB by MME]J in presence of functional HR and C-NHEJ pathways and that the use of
this pathway increases at collapsed replication fork (194).

Unlike C-NHEJ, MMEJ shares the end resection step with the HR pathway in both yeast and
mammalian cells. Indeed, in S. cerevisiae, the repair of a DNA DSB by MME]J is initiated by
the exonuclease activity of Mrell, Exol and Dna2 performing a 5’ to 3’ resection at the
origin of a 3’-OH single-stranded tail. This resection is usually short except when
microhomologies are separated by more than 2 kb (194). In humans, this resection step is
initiated by the Poly-(ADP) ribose polymerase 1 (PARP-1) and conducted by the Mrel1-
Rad50-Nbs1 complex and CtIP proteins. In S. cerevisiae, the second step is the annealing of
the microhomologous sequences: in S. cerevisiae, the microhomology region has to be at least
6 bp long (195) and the larger the sequence (12-17 bp), the better the repair by MMEJ (196).
In addition, the heterologous 3’ tail resulting from the annealing of nucleotides that are
localized a few bp from the 3’0OH end has to be removed to allow the next step. In S.
cerevisiae, this task is processed by the Rad1-Rad10 proteins (197). Once the microhomology
regions are properly annealed, the single-stranded side-regions can be filled-in (Figure 7 p.26
and Table 1 p.27). The predominant DNA polymerases involved in this process are PollIl and
PollV in S. cerevisiae (195, 196, 198) and Pol6 in multicellular eukaryotes (199). The final
stage of MMEJ repair is the ligation of the newly synthesized DNA to the DNA backbone
thanks to Cdc9 in S. cerevisiae (200).

In S. cerevisiae and mammalian cells, the choice between MMEJ and HR does not depend on
the cell cycle. Indeed, MMEIJ is active throughout the G2-S phase, similarly to HR (181).
MMEJ and HR share the end resection step and are both active at the same cell-cycle phase:
thus, either the absence of extensive resection favors the MMEJ pathway or the presence of
RPA and Rad51 inhibits MMEJ, thus promoting HR repair mechanisms (200).

Similar to C-NHEJ and due to the poor DNA homology required to repair a DNA DSB by

MMEJ, this repair mechanism can lead to very dramatic genomic rearrangements such as

36



deletions of variable length, inversions and chromosomal translocations, shown to be at the
origin of many cancers through the formation of neo-oncogenes as a result of gene fusion.
Indeed, 300 gene-fusions have been identified and are thought to be responsible for about
20% of human cancers (201). On the other hand, MMEJ might also play an important role in
maintaining the stability of repetitive DNA sequences that can be at the origin of dangerous
genomic rearrangements following DNA DSB repair by HR (202).

MMEJ can also be thought to be an acquired process that allows genetic variation and
evolution. Indeed, several studies in metazoans revealed a significant amount of
microhomologies that have favored intron loss or that are present in the genome at former
break points (203, 204). In addition, MMEJ is more frequently used in mammalian cells than
in yeast. Furthermore, MME]J is not a back-up pathway in mammals. Taken together, these

data suggest a more important role of MMEJ in multicellular eukaryotes than in yeasts.

ii. Homology-directed repair (HDR)

In S. cerevisiae and mammalian cells, all HDR pathways, namely break-induced replication
(BIR), gene conversion (GC) and single strand annealing (SSA), occur in both meiosis and
mitosis. They are initiated by the resection of the 5’ broken ends, allowing a 3’ tail to be
coated by RPA and Rad51 proteins involved in the protection of the single-stranded DNA and
search for a homologous template sequence allowing repair. In BIR and GC pathways, Rad51
initiates homology search and subsequently, strand invasion of the homologous template by
the 3’-tail within 30 to 45 minutes (For reviews, see: (205, 206)). The DNA synthesis then
differs between the different repair pathways.

In C. albicans, detailed studies have been conducted on the molecular basis of homologous
recombination (126, 207). In particular, the recent work of Bellido and colleagues reported for
the first time results on interactions between HDR genes and identified Rad51 and Rad52 as
proteins having a partially redundant function in C. albicans (208). Almost all, if not all,
proteins involved in HDR pathways are conserved in C. albicans and are thought to work in a

similar manner as in other eukaryotes (172) (See section I.C.3 p.53).

* Break-induced replication
BIR has been best characterized in S. cerevisiae. Under some situations such as collapsed
replication fork, a DNA DSB presents only one end for repair. In this case, NHEJ cannot be
involved. Thus, if this DNA end shares a minimum of 63 bp of homology with a template

DNA, the repair operates through homologous recombination (HR) allowing the repair from
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the break site to the proximal telomere (209). The outcome of this repair pathway depends on
the nature of the DNA template. Indeed, if the template is located at an ectopic locus, the
resulting repair would give rise to non-reciprocal translocations; however, if the template is
the homologous chromosome or the sister chromatid, then the repair would be at the origin of
extensive loss-of-heterozygosity (LOH).

In the context of DNA repair in S. cerevisiae, DNA synthesis can be a slow process as it
requires a replication execution checkpoint to sense the presence of one or two ends at the
DNA DSB site in order to orientate the repair towards the BIR or GC pathway: indeed, while
GC is completed within 2 or 3 hours, BIR can be delayed up to 4-6 hours (210).

From a mechanistic point of view, in S. cerevisiae, BIR involves the Mcm2-7 DNA helicase
complex, Rad51 and RPA to form an opened helix structure called a displacement loop or D-
loop (also called bubble) (211). In addition, Pifl is required as an accessory protein for the
recruitment of Pollll in the D-loop (212). Pol32, a dispensable subunit of Pollll for DNA
replication in S phase, Pol30 and possibly Polll are essential for the synthesis of the leading
strand of the broken end using another DNA sequence as a template (213). Poll is involved in
the synthesis of the lagging strand (213).

The model of replication during BIR has remained unclear until the recent work of the
Malkova and Symington groups demonstrating that DNA is synthesized in a conservative
manner (133, 214) and that the lagging strand is synthesized asynchronously to the leading
strand (133): once the leading strand synthesis is completed, the lagging strand will be
replicated using the leading strand as a template (Figure 7 p.26 and Table 1 p.27). However,
during BIR, DNA synthesis is highly mutagenic due to (i) the lower fidelity of Pollll, (ii) an
increased dNTP pool known to decrease the fidelity of DNA polymerases and (iii) a lower
efficiency of the MMR pathway to correct BIR-mediated errors, leading to a frameshift rate
that is 2,800 times higher than during normal replication (215). This mutagenic state is
emphasized by the presence of template switching during DNA synthesis (216). Indeed, the
transition between Polll-independent and Polll-dependent DNA synthesis is equivalent to the
transition between an unstable to a mature stable replication fork (216). Thus, during the
synthesis of the first 10 kb, template switching proceeds through consecutive rounds of
dissociation and re-invasion between the newly synthesized DNA strand and the template,
and is facilitated by the Mphl helicase that allows the displacement of the D-loop following
Rad51-mediated strand invasion (217). Despite the widespread action of BIR in various

cellular processes, BIR can also be related to human diseases (218). Indeed, BIR can lead to
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non-reciprocal translocations in both humans and yeast when a DNA DSB occurs near
transposons or DNA repeats (219).

Although most of the BIR-mediated repair events are RadS51-dependent, some Rad51-
independent events were observed. Indeed, this pathway acts preferentially in presence of
short homology sequences (220) and requires less than 33 bp of homology (220) while for
Rad51-dependent pathway, the longer the homologous sequence, the more efficient the repair
pathway (221). Rad51-independent BIR requires Rad52, Rad59, Rdh54 and the MRX
complex (222). Nevertheless, how strand invasion occurs in absence of Rad51 remains one of
the biggest mysteries of the BIR repair pathway. In addition, the Rad51-independent
microhomology-mediated BIR (MMBIR) pathway was found to have major implications in
complex genomic rearrangements in humans (223-225). This subpathway can be initiated by
the interruption of repair-specific DNA synthesis, by the presence of DNA breaks in the
template blocking the leading-strand synthesis or by the occurrence of secondary structures
that obstructs the DNA synthesis (226). All these circumstances force the 3> DNA end to be
dissociated from its template. The repair is then reinitiated by the coupling of the 3° end with
microhomologous regions (226). Then, Pollll is replaced by the hyper mutagenic translesion
polymerase, PolC. The polymerase PolC either synthetizes short DNA fragments at the 3° end
upon the presence of microhomologous regions, or extends the 3’ end in absence of
microhomology. However, the latter process is not well understood (226). The MMBIR repair
pathway is responsible for copy number variations that can be associated with genomic
disorders in humans (224). Rad51-independent BIR is also involved in telomere maintenance
in absence of telomerase and is named alternative lengthening of telomeres (227).

In C. albicans, the studies that have been made to assess the outcomes of random DNA DSBs
showed that BIR was frequently observed, although BIR, GC with CO, MCO and
chromosome truncation could not be distinguished (18, 20). In addition, BIR events were
observed in vitro resulting from either spontaneous DNA DSBs or upon overexpression of
RADS51 and RADS53 (20) (Appendix 1), as well as upon deletion of RAD50, MRE11, RAD53
and DUNI (19), upon treatment with H,O,, fluconazole or temperature (18); or in vivo, during

commensalism (14) and passage through a mouse (15).

* Gene conversion
GC has been observed for the first time during meiosis with the occurrence of aberrant allele
segregation and proved later to result from meiotic DNA DSB in S. cerevisiae (228). The

bases of this mechanism were in agreement with the DNA DSB repair mechanism proposed
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by Szostak and colleagues (229). In eukaryotic cells, gene conversion is defined as the
nonreciprocal exchange of genetic information from one template to its homolog and leads to
localized LOH events. Initiated by end resection and followed by strand invasion, the
heteroduplex composed by the invading strand and its template forms an intermediate, which
can be repaired through pathways possibly involving crossovers. Following DNA synthesis
and ligation, double Holliday junctions (dHJ) are formed and can be resolved either with or
without crossovers (for review, see: (230)); or synthesis-dependent strand annealing (SDSA,
reviewed in (231)) pathway minimizes crossovers and can be associated with MMR
heteroduplex correction, leading to LOH events during gene conversion (232). Unlike BIR,
GC involves both ends of the DNA DSB that have arisen from the 5’-3 DNA end resection.
These 3’ tails need 337-456 bp of homology in humans (233). If several DNA DSBs occur at
the same time, GC can appear either in cis (ends belonging to the same DNA DSB) or in trans
(ends from two different DNA DSBs).

As mentioned earlier, in S. cerevisiae, the replication execution checkpoint mediates the
choice between GC and BIR based on the topology of the DNA ends (210). Very recently,
Haber’s group demonstrated in S. cerevisiae that the replication execution checkpoint favors
GC over BIR, when possible (234). In addition, during GC, DNA replication is observed
within 30 minutes following strand invasion and DNA replication machinery components
used by BIR are not required for GC completion (235). Indeed, the Poll-primase is not
necessary for the synthesis of the lagging strand because of the presence of a 3°~-OH end from
the second end and neither are Pol32 nor Pifl (212).

The length of GC tracts has been assessed in several studies using S. cerevisiae. GC tracts are
usually short (236). However, long tract GC events could not be observed due to technical
limitations. Therefore, the recent studies led by Yim and collaborators could circumvent this
limitation and revealed for the first time two classes of gene conversion sizes: 1 to 21 kb and
26 to 121 kb (237). Such variations in size can be explained by the recognition and repair of
heteroduplex formed between either the invading strand and the template DNA or by the
newly synthesized strand and its complementary strand by the MMR pathway (232, 238). For
very long tracts, it is either the MMR pathway that generates long gaps on the invading strand
thanks to M1h1-Msh6 that recognizes mismatches (239) or a double-BIR event (237): the BIR
pathway starts by repairing the DNA DSB using the homologous chromosome but instead of
finishing the DNA synthesis on the same template, BIR ends by copying DNA from the

broken chromosome (237).
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In §. cerevisiae, although GC is the least error-prone repair pathway, it is known that GC is
associated with a high mutation rate (240). As seen with BIR, DNA synthesis during GC can
undergo interchromosomal template switching (ICTS) (239) resulting from errors by Pollll
(235). However, the GC-mediated ICTS machinery seems to be different from the one
associated with BIR: neither Rad51, Mus81, Yenl, Mphl nor Pol32 are involved in the GC-
associated template switching; nonetheless, Rdh54 is known to be involved in ICTS but its
precise role still needs to be identified (239). Despite its mutagenic activity, one role of GC is
to maintain homogeneity in the number of the tandem repeats found in ribosomal DNA in S.
cerevisiae (241).

Furthermore, biased GC have been widely studied and are known to have a high impact on
genome evolution in humans (242) as well as in other eukaryotes (243). It has been shown
that gene families with genes sharing a high degree of homology are more prone to undergo
GC and fix guanine and cytosine instead of adenine and thymine (244), thus increasing the
level of substitution, a hallmark of positive selection in these species.

GC has also been linked to human diseases when GC uses pseudogenes as templates and
transfers DNA from a non-functional to a functional gene, resulting in pathogenesis but GC
can also have a therapeutic effect if GC exchanges the non-functional gene with the functional
one.

Despite the importance of this repair mechanism, little is known in C. albicans. In this species,
GC events were shown to arise in vitro either spontaneously, upon RADS53 and BIMI
overexpression (20) or upon H,O; (18), or in vivo, during commensalism (14). GC is also
known to be involved in centromere protection by conserving its function and location in C.
albicans (36) as mentioned in section I.A.1.i. p.10. The role of GC in loss-of-heterozygosity
in C. albicans will be further detailed in section I.C.3 p.53.

* Single-Strand Annealing
SSA is involved in DNA DSB repair only when the DNA DSB is flanked by direct repeat
sequences and has been best described in S. cerevisiae (245). Unlike the two other HDR
pathways, SSA does not require strand invasion by Rad51, thus relying only on strand
annealing between the resected ends of the DNA DSB. In mammalian cells, NHEJ is the
favorite pathway to repair DNA DSB (246). By contrast, S. cerevisiae uses preferentially SSA
(247). In addition, while SSA is mainly active during G1 in yeasts, it is repressed in
mammalian cells (248). If the DNA DSB occurs between repeated sequences, the DNA end

resection would uncover the repeats as single-stranded DNA, resulting in the formation of a
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heteroduplex upon annealing by Rad52 (247). However, SSA can have dramatic
consequences for the cell such as being responsible for translocation events. Indeed,
Sugawara et al. found that 3% of divergence between two repeated sequences lead to an
antirecombination mechanism such as SSA; a process called heteroduplex rejection (see
section [.B.2 p.33) (247). This is dependent on Msh2-Msh6 and Top3-Rmil complexes as
well as the Sgs1 helicase. Nevertheless, the Mlh proteins and the MMR specific proteins seem
to be dispensable (249). Additionally, Chakraborty and colleagues quantified that 80% of
cells undergo heteroduplex rejection in wild-type cells (249).

Upon SSA, the unique sequences surrounding the DNA DSB (>30 nt) and found between the
repeats become nonhomologous sequences, are removed by the Rad1-Rad10 complex, Msh2-
Msh3 and Sawl (250, 251). This results in sequence deletion making this repair pathway
highly mutagenic. However, in the case of flap ends <30 nt, the removal of the
nonhomologous DNA sequences is accomplished either by Rad1-Rad10 without the action of
Saw1 or by the exonuclease activity of Pollll (250). The gaps resulting from the flap ends
removal are filled in by a polymerase probably associated with Pol30 (249). The ends
between the newly synthesized DNA and the DNA backbone are finally bound together by a
ligase (Figure 7 p.26 and Table 1 p.27).

Several studies reported that repetitive DNA sequences are widespread throughout the
genome of humans (252) and other eukaryotes, and thus are prone to recombination events.
SSA-mediated non-allelic homologous recombination leads to copy number variations (253)
and possibly to diseases. Nonetheless, SSA has never been reported nor studied in C. albicans.
Indeed, apart from the redundant proteins playing a role in almost all HDR pathways, no role
of the orthologous genes of S. cerevisiae has been investigated in C. albicans, despite the
presence of repeated sequences such as MRS, rDNA or telomeric repeated genes and a high
level of heterozygosity that would trigger an elevated rate of heteroduplex rejections, and thus

favoring SSA in this species.
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C. Genome instability in Candida albicans

C. albicans displays a high tolerance to genome plasticity. The fact that this fungus maintains
a high level of heterozygosity while displaying a high number of genomic rearrangements is
intriguing. Following the discussion on the natural heterozygosity of C. albicans (Section
[.LA.4 p.24), we will now discuss on the genome dynamics and their effect on the biology of

this species. For review, see (21, 254).

1. Rare dynamic events: translocation events

Due to their repetitive structure, MRS are hotspots for recombination and are associated with
translocation events, when a reciprocal recombination occurs between two MRS repeats from
nonhomologous chromosomes (83, 255). For instance, Chu ef al. described 3 translocation
events in the vicinity of a MRS in WO-1, the strain in which white-opaque switching was first
observed (83). Additional studies made by Lephart and colleagues aimed at better
understanding the role of the MRS on translocation by investigating the impact of the
presence of MRS on mitotic recombination between two chromosome homologs (89). To do
so, the authors inserted two selection markers located on both side of the MRS on Chr5, with
one on the MTLa proximal side and the other, on the opposite side of the MRS, on the MTLa-
bearing chromosome. They measured a recombination rate of 2.82x10 ° events per generation,
equivalent to the known recombination rate in C. albicans (256). The measured rate is not far
from the spontaneous mitotic recombination rate in S. cerevisiae (2x107° to 1x107 events per
generation) and depends on the locus that is studied (257). Additionally, in C. albicans,
Lephart et al. showed that recombination events at MRS are stress-induced and that the
recombination rate is not higher at MRS than at non-repetitive sequences under normal
growth conditions (89).

Translocation events were observed in C. albicans clinical isolates, notably one event
involving three chromosomes (Chr2, 4 and 7) (258, 259). These studies revealed a link
between the occurrence of a translocation event and a phenotypic change. Indeed, upon
translocation between Chr4 and 7, the cells exhibited high ploidy and an unstable number of
nuclei: this phenotype was called Sps- (suppressor of ploidy shift) (258). Moreover, a clinical
strain harboring multiple translocation events (Chrl and 4, Chr2 and 4, Chr4 and 7, Chr6 and
7, and Chr2, 4 and 7) displayed incapacity to form chlamydospores (259). In addition, it has

been shown that translocations are linked to virulence. Indeed, in C. dubliniensis and C.
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glabrata, whose genome is rich in RPS and megasatellites respectively, both reciprocal and
non-reciprocal translocations were reported and associated with an attenuated virulence (260,

261).

2. Partial or complete aneuploidies
An aneuploidy is characterized by an abnormal number of chromosomes, such that either
whole chromosomes or fragments of chromosomes are deleted or present in a higher number.
In aneuploid eukaryotic cells, a change in the level of expression of a large amount of genes
may occur, possibly resulting in a stoichiometric imbalance at the protein level. Interestingly,
in C. albicans, specific aneuploidies have been shown to be under positive selection in

particular environments. For recent reviews, see (262, 263).

1. Chromosome truncation

Chromosome truncations are found in both laboratory strains and clinical isolates. The
laboratory strain BWP17 (264) and some of its parental progenitors such as RM1000 (265)
have undergone a chromosome truncation that shortened the right arm of Chr5 during HIS/
disruption (266, 267). The truncated Chr5 is approximately 35 kb-shorter, lacking a region
containing 17 genes and rendering the region distal to the HIS! gene monosomic (267).
Interestingly, a sequence of 9 bp sharing similarities with telomere repeats was identified
nearby, probably helping in the formation of a de novo telomere at the truncated end.

Another study demonstrated that the deletion of the RADS52 gene in the C. albicans laboratory
strain CAI-4 (268) was responsible for a 100-fold increase in the number of both chromosome
truncations and losses (126). In this study, the authors took advantage of the presence of a
heterozygous allele of HIS4, presenting a non-functional copy of the gene on Chr4A and a
functional allele on the other haplotype (129). The authors screened for cells that became
auxotrophic for histidine and analyzed their karyotype (126). Interestingly, while
chromosome truncation-mediated LOH could be observed in 40% of the C. albicans rad52
mutants that became his-, truncations were never observed in S. cerevisiae rad52A/rad52A
cells (269). By contrast, while translocations were not detected in C. albicans, they were the
predominant events occurring in S. cerevisiae rad52 mutants. This can be explained by the
fact that the DNA damage checkpoint favors de novo telomere addition at broken ends in
absence of Rad52 in C. albicans (126).

Moreover, as mentioned earlier, truncations were also observed in strains isolated from

patients. Indeed, Selmecki and colleagues identified a 200 kb truncation on the left arm of
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Chr5 (270) in a strain isolated from a patient treated with fluconazole following a bone
marrow transplant (271). Further analyses revealed that the breakpoint at the origin of the
truncation is located in the vicinity of several genes belonging to the same fungi-specific gene
family and presenting 73-75% of sequence similarities (270). The high resemblance between
the sequence of these genes, along with the presence of telomeric repeat-like sequences,

might have facilitated the recombination and led to chromosome truncation.

ii. Chromosome loss

Many studies in C. albicans revealed the presence of homozygous chromosomes present in a
unique copy, a state called monosomy associated with a long range LOH. The first studies
demonstrating the occurrence of chromosome loss as a response to a stress were conducted by
the Rustchenko group. The authors showed that when grown in presence of sorbose or
arabinose as sole source of carbon, the cells that were able to form colonies had lost one copy
of Chr5 or Chr6 respectively (57, 272). This is due to the presence of one or several genes on
Chr5 or Chr6 that negatively regulate(s) the genes allowing growth in presence of these
carbon sources. When present in two copies, the suppressors prevent growth of C. albicans on
sorbose or arabinose containing media. Lephart et al. (88) took advantage of this property of
C. albicans to assess the impact of MRS on Chr5 loss (see Section 1.A.3.i p.19). The authors
plated C. albicans cells on sorbose containing media in order to select cells that have lost one
of the two Chr5 homologs. By doing so, the authors were able to link MRS size to the ability
of a chromosome to be lost: they observed that between the two homologs of a chromosome
pair, the one carrying the smallest MRS tends to be maintained, while both tend to be lost
with the same frequency when they carry a MRS of equal size (88). One hypothesis to explain
this phenomenon is that the MRS size affects chromosome disjunction: the larger the MRS,
the more difficult the separation of the two homologs. Therefore, both chromatids of the
homolog carrying the large MRS along with one chromatid of the short MRS-bearing
homolog stay in the mother cell, while the daughter cell carries the second chromatid of the
homolog harboring the short MRS (88).

Later on, a study on the Rad52 protein showed that chromosome loss was the major event
observed in the absence of the RADS52 gene. This has been previously described in several
studies conducted in S. cerevisiae (for example: (269)). In this species, rad52A/rad52 A cells
that had undergone chromosome loss rarely experienced a chromosome reduplication event
(269). In C. albicans, almost all chromosome loss events were followed by the reduplication

of the remaining chromosome (126). Indeed, monosomy has been reported as highly unstable
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in C. albicans: monosomic cells return rapidly to a euploid state upon standard growth
conditions (57, 273). Moreover, in vitro experiments also showed that transformation
following a heat shock induces chromosome losses in C. albicans (274).

At the molecular level, in S. cerevisiae, an abnormal number of chromosomes often results
from a defect in the mitotic chromosome segregation process by either non-disjunction or
unequal segregation of chromosomes (275). This has been sustained by the work of several
groups showing the involvement of the chromosome segregation machinery in the
maintenance of genome stability in C. albicans. Loll-Kribpleber and colleagues demonstrated,
based on the consequences of overexpressing CDC20, that the proper regulation of the
Anaphase Promoting Complex is crucial for chromosome stability (20). Furthermore, a study
used (i) oxidative stress, mimicking the attack of C. albicans by macrophages, (ii) elevated
temperature, reflecting fever and finally (iii) fluconazole, one of the most commonly used
antifungal treatment targeting the biosynthesis of a membrane component (Ergl1) against C.
albicans infections to investigate genome instability (18). The authors not only observed that
C. albicans cells displayed a significant increase in LOH rates in response to these stresses (1
to 40-fold for temperature, 3 to 72-fold for oxidative stress and up to 285-fold for antifungal)
(Figures 8A and B), but also that the molecular mechanisms at the origin of these LOH events
change according to the nature of the stress the cells are exposed to (18). Indeed, while
oxidative stress increases the number of GC and BIR-mediated LOH events, both heat stress —
that involves a limitation in heat shock proteins playing a role in kinetochore assembly (276)
— and fluconazole — that generates trimeras at the origin of aneuploid cells (277) (see the
section [.C.2.iii p.47) or haploid cells (10, 278) — influence the segregation machinery, and
thus, amplify the number of chromosome losses (18).

Additionally, UV also induces chromosome loss events (274). Forche et al. (74) also
observed that concerted chromosome loss during the C. albicans parasexual cycle results in a
high number of aneuploidies, including cases where some chromosomes have become
monosomic before being reduplicated, as suggested by the presence of two copies of

homozygous chromosomes.
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Figure 8: Influence of stresses on the frequency and types of LOH events

(A) Exposure to elevated temperature, oxidative stress and fluconazole increases the LOH
rate of the different strains. (B) According to the type of stress the cells were exposed to, the
outcomes varied: while chromosome loss are the main LOH events occurring upon high
temperature and fluconazole, gene conversions were mainly observed upon oxidative stress.
Figure from Forche ef al. (118).

Chromosome loss has also been reported in vivo. The study of commensal isolates of C.
albicans demonstrated one occurrence of chromosome loss for one of Chr6 homologs (279).
Similarly, the impact of a single passage through a mammalian host was assessed in a study
made by Forche and coworkers. These researchers discovered that, among the recovered
colonies, some had undergone chromosome loss followed by reduplication for both
haplotypes of ChrR and Chr2 (15).

Chromosome loss events are often associated with fitness cost. The striking examples
illustrating this phenomenon are the rare occurrence of haploid cells (10) or the higher
doubling time displayed by the half haploid laboratory strain WO-2 derived from WO-1 (280).
The fitness cost associated with the loss of one copy of a chromosome is thought to be a
signal triggering chromosome reduplication, probably explaining the instability of haploids

(126).

iii.  Extra chromosomes
Aneuploidies are one of the characteristics of cancer cells and are widespread within
eukaryotes, notably in C. albicans, often conferring drug resistance. As discussed in the
previous sections, C. albicans can undergo a parasexual cycle generating tetraploids able to
return to a diploid state through a concerted chromosome loss process. However, diploidy is
not fully restored and the progenies resulting from the parasexual cycle are often aneuploid,

as shown in the study made by Forche ef al. (74). The authors demonstrated that there was a
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bias towards trisomy of Chr4 in the progenies derived from the parasexual cycle: all strains
carrying at least one aneuploidy were trisomic for Chr4. Trisomies of Chr2, 5, 6, 7 or R were
also detected in at least one of the progeny strains. This work has been supported by a recent
study showing that ploidy reduction in tetraploid progenies is highly stochastic, passing by
different aneuploid intermediates until reaching the euploid state (73). Trisomies were also
reported in the case of selective growth on different carbon sources: a gain of Chr2 or an extra
copy of the right arm of Chr4 confers the capacity to grow on arabinose and sorbose-
containing media, respectively (57, 272).

In addition, trisomies were reported in a study using 70 fluconazole resistant and sensitive
strains from both clinical and laboratory environments (281). Different antifungal drugs can
be used against fungal infections: (i) echinocandins target the cell wall, (ii) polyenes act on
the ergosterol-containing plasma membrane, (iii) flucytosine inhibits DNA synthesis, (iv)
azoles block ergosterol biosynthesis at the endoplasmic reticulum (282). Importantly,
treatment with azoles of patients infected by C. albicans can result in the appearance of azole-
resistant isolates. Among the pool of resistant strains reported by Selmecki et al. (281), 23
were found to be aneuploid. These aneuploidies were mainly trisomies and segmental
aneuploidies, mostly occurring on Chr5. Additionally, the authors revealed that the number of
aneuploidies was seven times higher in fluconazole resistant (21/42 strains) than in
fluconazole sensitive (2/28 isolates) strains (281). In another study where a combination of
azole and calcineurin was used as a treatment against the C. albicans cells, the researchers
observed multiple aneuploidies resulting in extra copies of chromosomes or fragments of
chromosomes (283). The relatively high occurrence of aneuploid cells upon treatment with
antifungal drugs can be partially explained by the recent work of Harrison and colleagues
(277) who discovered the formation of trimeras when cells were exposed to antifungals

(Figure 9).
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Figure 9: Model for aneuploid cell formation upon exposure to fluconazole

1) Exposure to azole, 2) mitosis collapse, 3) dimeras followed by trimeras formation due to
mitosis collapse, 4) formation of a tetraploid cell that can divide, 5) unequal chromosomal
segregation giving rise to aneuploid daughter cells. Figure from Harrison et al. (440).

The hypothesis that the authors proposed is the following (277): upon fluconazole treatment,
bud formation would be delayed as compared to both cell cycle progression and mitotic
spindle formation, leading to a failure to divide (collapsed mitosis). Then, the “daughter” cell
still attached to its mother cell would form a bud, producing a trimera structure. The newly
formed bud would result in either a tetraploid or a dikaryotic cell via a mitotic collapse. The
tetraploid cell would be able to give rise to viable aneuploid progenies through chromosome
missegregation (Figure 9).

Work by Bouchonville and coworkers demonstrated that aneuploidies were unstable upon
transformation with the lithium acetate protocol, displaying a shift from trisomic towards
disomic strains (274). Interestingly, aneuploidies resulting in extra chromosomes are also
frequent in strains having undergone a single passage through a mouse (15) or in clinical
isolates (16, 17, 260, 284) with a bias towards the aneuploidy of the smallest chromosomes
(17, 274, 281), as well as the presence of Chr4 and 7 aneuploidies in multiple isolates, either
being well tolerated or bringing a selective advantage (17). However, many aneuploidies were
observed in clinical isolates without being necessarily associated with antifungal resistance.
Consequently, it is important to keep in mind that aneuploidies such as a gain of
chromosome(s), can be advantageous by driving positive selection and yet intermediate until
the acquisition of beneficial mutations that would allow the cell to grow with a lower fitness

cost than the one associated with aneuploidy. This phenomenon has been reported in Ford et
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al., who showed that aneuploidies are transient events sometimes not linked to antifungal
resistance and thus, suggesting that these aneuploidies might facilitate survival until the cells
reach a more stable state (16). In addition, trisomy, as monosomy, correlates significantly
with a slow growth (17). Thus, tackling fungal infections could become possible. Indeed, cells
that, upon a drug treatment, acquire an aneuploid karyotype adapted to their environment and
leading to a confine aneuploid population (or evolutionary trap), can be targeted using another
drug for which the cells are not well fitted (285). Despite the absence of new drug targets, the
study of Chen et al. (285) opens the door to new hopes towards the development of novel

strategies to treat fungal infections as well as cancer.

iv.  Supernumerary chromosomes: isochromosomes

One of the first studies that showed a clear link between genome rearrangements and
acquisition of antifungal resistance was perfomed by Selmecki et al. (281). A detailed
analysis of resistant strains by Comparative Genome Hybridization revealed the occurrence in
some isolates of an extra chromosome called isochromosome that consists of either two
inverted copies of single chromosome regions flanking a centromere, in particular
isochromosome of the left (L) arm of Chr5 (isochromosome ChrS5L, i.e. i(5L)),
isochromosome Chr5L fused to the right (R) arm of Chr3 (i.e. i(SL)+3R) or isochromosome
SL fused to an intact Chr5, (i.e. att-i(5L)) (see figure 10A) or chromosome fragments (270,
281). An isochromosome of Chr5R (i.e. i(5R)) were also observed in sensitive strains.
Noticeably, Chr5 left arm harbors ERG1 1, whose gene product catalyzes a critical step in the
ergosterol biosynthesis pathway and is the target of azole agents; and 7AC/ that encodes a
transcription factor which controls the expression of the CDRI/ and CDR2 genes, encoding
azole efflux pumps. Amplification of ERGI1 and TACI genes through the formation of i(5L)
is sufficient to increase azole resistance (Figure 10A). It is noticeable that many isolates
carrying i(5L) had acquired other aneuploidies on chromosomes that harbor genes involved in
antifungal resistance: the higher the concentration of fluconazole, the more aneuploid
chromosomes (286). The occurrence of isochromosomes is transient: once the stress condition
disappears, the extra chromosome is lost (281). This is one proof of adaptation to a stressful
environment.

Interestingly, isochromosomes have been observed in the fission yeast, S. pombe (287-289).
For example, in the context of a failed homologous recombination-mediated repair upon
deletion of the RAD3 and RAD17 genes, Blaikley and coworkers observed that extensive end

processing led to Chrl6 loss and was associated with the formation of an isochromosome
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(287), resulting from centromere rearrangements (289).

From a mechanistic point of view, eukaryotic isochromosomes can arise by either (i) the
impaired disjunction of chromosomes during anaphase giving rise to one chromosome with
two short arms and a second chromosome with two long arms (290); (ii) U-type exchange
between two chromatids belonging or not to homologous chromosomes and resulting in the
appearance of isochromosomes upon replication (291); or (iii) upon a DNA DSB close to the
centromere, a BIR involving the inverted repeats surrounding the centromere allow the repair
by the duplication of the undamaged arm (288) (Figures 10B, C and D). Contrarily to the
advantageous effect that isochromosomes can have in C. albicans, isochromosomes have also
been observed in humans but were linked to many diseases, highlighting the dramatic effect

of such a genetic abnormality if recurrent.
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Figure 10: Isochromosomes in C. albicans and mechanisms of appearance

(A) In C. albicans, several observations made by Selmecki and colleagues revealed the
formation of isochromosomes resulting from left or right arm of Chr5 duplication (i(5L) or
i(5R)), Chr5 left arm duplication and fusion to Chr5 (att-i(SL)) or Chr5 left arm duplication
and fusion to Chr3 right arm (i(5L)+3R). Isochromosomes can arise from (B) DNA DSB in
the inverted repeats on Chr5 right arm and repair using inverted repeats located on the left
arm, (C) Misdisjunction of chromosomes or (D) U-type (recombination event for example
exchange between repeated regions belonging to two chromosomes) which upon chromosome
segregation will give rise to isochromosomes. Figure compiled from (21, 288, 291).
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3. Homologous recombination (HR)-dependent LOH

In addition to chromosome loss and truncation that generate LOH, gene conversions, BIR and
mitotic crossovers are also responsible for LOH events. These HR-mediated LOH have been
well characterized by Forche et al., (18). Indeed, as mentioned above (see section 1.C.2.ii
p.45), the molecular mechanisms leading to LOH events differed according to the nature of
the stress that is encountered (Figure 8 p.47).

The authors demonstrated a 2-fold increase of short LOH tracts upon oxidative stress, while
both fluconazole and high temperature triggered a large decrease in the number of LOH
events resulting from gene conversions (Figure 8B p.47). The work performed by Loll-
Krippleber et al. aimed at identifying genes, which upon overexpression, increase the LOH
rate (20). To this end, the authors used a fluorescent reporter of LOH to detect LOH events by
flow cytometry (Figure 11A). This system consists of a heterozygous locus on Chr4, with one
homolog carrying the blue fluorescent protein-encoding gene and the other homolog, the
green fluorescent protein-encoding gene. Thus, upon a LOH event at the BFP/GFP locus, the

cells switch from a doubly fluorescent state to a monofluorescent state.
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Figure 11: A FACS-optimized LOH reporter system.

The LOH reporter system. (A) This system consists of an artificial heterozygous locus on
Chr4 with the BFP-encoding gene placed on one homolog of Chr4 and the GFP-encoding
gene introduced at the same locus on the other homolog. Upon an LOH event at the BFP/GFP
system integration locus, the cell can go from a double fluorescent state to either a mono-BFP
(LOH event on the GFP-bearing chromosome) or a mono-GFP state (LOH event on the BFP-
bearing chromosome). (B) Cells undergoing an LOH event at the BFP/GFP locus are revealed
by flow cytometry. On a flow cytometry output, the mono-fluorescent cells are localized in
the side gates and the double fluorescent cells are found in the middle gate. (Feri ef al.,
accepted for publication, mBio).
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Interestingly, the authors showed that the overexpression of some genes not only increased
significantly the LOH rate but also influenced the outcome of the LOH events that were
observed. Indeed, Loll-Krippleber and colleagues reported that the overexpression of RADS5 1
triggered mainly BIR and chromosome loss, while upon BIMI and RAD53 overexpression,
both GC and BIR were observed in addition to chromosome loss events. Hence, this study
demonstrates that LOH outcomes can be influenced by the protein involved in repair, a
process that is probably regulated by environmental cues and thus, signaling pathways.

Moreover, many studies reported that LOH events play an important role in the acquisition of
antifungal resistance by the homozygosis of hyperactive mutations giving an advantage to C.
albicans for its survival as a pathogen. For example, homozygosis of hyperactive alleles of
TACI (Figure 12), ERGI11, MRRI and UPC2 are associated with increased azole resistance
(292-296). Indeed, all the previously cited genes encode either a direct target of antifungals
(Ergll) or transcription factors controlling genes encoding drug efflux pumps (Tacl
upregulating CDRI and CDR2 or Mrrl increasing the expression of MDRI); or genes
involved in ergosterol biosynthesis (Upc2 controlling ERG2 and ERGII). Other allelic
homozygoses have been linked to resistance to antifungals. In the case of the PAPI gene,
which is located within the MTL locus, its homozygosis (PAPa/PAPa) is linked to
hyperadenylation; enhancing the stabilization of the CDRI transcripts, thus, leading to

increased azole resistance (297).
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Figure 12: LOH and resistance to antifungals

TACI gene product is a transcription factor which controls the expression of the CDR/ and
CDR?2 genes, encoding azole efflux pumps. Gain-of-function mutations in the TACI/ gene
have been reported in clinical isolates and were associated with a resistance to azoles. Upon
LOH event rendering the hyperactive allele homozygous, the cells become fully resistant to
azole antifungals. Based on the work presented in (292).

Another example is the homozygosis of the hyperactive allele of FURI, which is the first

description of a mutation conferring resistance to 5-flucytosine (298). This mutation was
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identified in C. albicans strains from Clade 1 only. Antifungal resistance has also been
reported upon echinochandin treatment where a homozygous mutation in the GSL/ gene
(ortholog of ScFKSI) conferred an increased resistance to micafungin (299). All together
these studies suggest a positive effect of LOH on the biology of C. albicans. However, LOH
can have a negative effect on the biology of C. albicans. Indeed, as mentioned earlier in
Section 1.A.4 (p.24), several studies suggested the presence of recessive deleterious alleles in
the genome of C. albicans. For example, Ciudad and colleagues (300) identified the recessive
allele of MBPI, located on the left arm on Chr2, as responsible for methyl methanesulfonate
(MMS) sensitivity when found in the homozygous state in CAI-4 (268), a SC5314 derivative
that is naturally homozygous on the left arm of Chr2. Homozygosis of the MBPI deleterious
allele coupled with a LOH on Chr3 right arm resulted in an enhanced sensitivity to MMS, the
first report of “sign epistasis” in C. albicans. More importantly, some recessive alleles have
been reported as possibly lethal (10, 20, 74, 126, 129) and if found in the homozygous state
following a LOH event, these alleles will prevent cells from growing on rich medium.

LOH are also involved in telomere and chromosome size expansion/contraction at
subtelomeric repeats (TLO genes), MRS or rDNA (see Section [.A.3 p.19). Indeed,
recombination between subtelomeres from different chromosome ends were often followed
by LOH, resulting in the complete loss of one TLO gene and the expansion of the other (301).
This phenomenon was quantified and occurred every 5,000 generations in average and
contribute to the genome variability of the C. albicans population. Furthermore, expansion or
contraction of MRS repeats is caused by unequal HR at sister chromatids contributing to
variability in chromosome length for all but one chromosome within the C. albicans
population (88, 302). The occurrence of ChrR size polymorphisms is also observed in C.
albicans, notably through the passage in a mammalian host, and is the result of HR at rDNA
sequences between the two homologous ChrR (303, 304). However, no link between repeat
size variation and virulence was found. Together, these examples demonstrate the importance
played by LOH events in C. albicans biology. Despite the fact that most of the LOH events
found within clinical isolates or in cells exposed to stresses bring selective advantages for its
survival, the homozygous regions generated by HR-mediated LOH are irreversible and
conserved over time. The only way to regenerate heterozygosity in homozygous regions is to
undergo point mutations, a relatively slow process. Alternatively, the parasexual cycle could
contribute to restore heterozygosity as proposed by Ciudad et al. (300) (see section [.A.4
p.24).
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D. Tools used to study DNA repair mechanisms

1. Triggering DNA lesions to study DNA repair
Cells are under constant exposure to stresses, some yielding DNA damages. To investigate
the molecular mechanisms involved in the repair of stress-induced DNA lesions, a variety of
agents can be used to mimic cellular stresses, efficiently triggering DNA breaks or lesions
that have to be repaired to ensure survival. Among those, genotoxic drugs (for examples:
rapamycin, bleomycin or hydroxyurea (HU)), heat shock, UV, DNA damaging agents (for
instance: H,O, or MMS) or antifungal treatments in the case of fungal organisms affect
genome maintenance. Indeed, genotoxic agents such as HU inhibit the ribonucleoside
reductase, thus blocking the synthesis of dANTP and consequently DNA synthesis (305);
rapamycin is an antibiotic, which acts on the TOR pathway by inhibiting its cellular
proliferation function (306); and bleomycin, another antibiotic, generates single stranded
breaks directly to the DNA (307). Heat shock, as outlined in the previous sections, induces
genome instability and notably aneuploidies through a limitation of heat shock proteins that
were found to play a role in kinetochore assembly (276); while antifungals, such as
fluconazole, were proven to be at the origin of mitosis collapses caused by a delay in bud
formation (277). In the case of DNA damaging agents, H,O, mimics an oxidative stress, i.e.
the production of reactive oxygen species that can generate lesions such as §-oxoguanine, 5-
methylcytosine, urea, uracil or abasic site at the origin of single-strand breaks (308). MMS, an
alkylation agent, is also widely used in DNA repair studies as it adds methyl groups to
guanine preferentially, inducing DNA breaks (309). Moreover, UV induces DNA lesions by
triggering the formation of thymine dimers, thus inducing a torsion of the DNA molecule
(310). Although these and many other agents have been extensively used in many organisms
and for multiple studies, their action is inaccurate, generating stochastic lesions in the genome.
Hence, for a more precise study of DNA repair mechanisms, the control of the localization,

type and amount of DNA breaks is necessary.

2. Genome engineering tools
The genome editing field has made major advances over the last 30 years. Indeed, the
modification of DNA through the action of an enzyme introducing a site-specific DNA DSB,
triggering the DNA repair machinery, has brought significant progresses in genetics. In

addition, these genome-engineering tools have the potential to overcome the most ambitious
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therapeutic challenges, such as curing severe genetic diseases. These nucleases are reviewed

in 311).

1. Meganucleases

Meganucleases, also called homing endonucleases, are classified into 5 groups but the
LAGLIDADG family, named after the consensus amino acid sequence found mid-way in the
protein sequence, is by far the best-studied family. The LAGLIDADG family is reviewed in
(312). These proteins are intron-encoded selfish genetic elements that can be found in most
prokaryotes (bacteria, archea) as well as in eukaryotes (plants, fungi). These enzymes have
one function: once produced, the meganuclease facilitates the propagation of its own intron
through the generation of a DNA DSB at an accurate localization. However, no biological
role has been identified yet (312).

Meganucleases are rare-cutting enzymes as they recognize relatively long sequences (18-40
bp). A correct but modular base composition of the target site is necessary to ensure the
distortion of the DNA double helix favoring its hydrolysis (312). The originality of these
enzymes lies in that both recognition and cleavage functions are carried by a unique unit.
Several teams have explored the engineering of new meganucleases, either by generating
hybrid proteins (313) or by modifying the recognition site of the meganuclease by mutation
combinations (314). Indeed, using the I-Crel meganuclease, the authors could construct more
than 100 new nucleases recognizing different targets. However, there are limitations in using
these engineered endonucleases as their efficiency is not only driven by the efficacy by which
they recognize their target sequence but also depends on the chromatin structure where the
target site is localized (315).

The most widely used meganuclease is I-Scel (316, 317). I-Scel, a 28kDa meganuclease, is
encoded by group I intron of the mitochondrial 21S rRNA gene. [-Scel generates a DNA DSB
at a 18 bp target sequence (5’-TAGGGATAACAGGGTAAT-3’), thus triggering gene
conversions and intron propagation into intron-less copies of the 21S rRNA gene in the
mitochondrial genome. [-Scel has been used in S. cerevisiae (318, 319) and other organisms
(for examples: (320, 321)) and has been fused to a nuclear localization sequence for efficient
targeting to the nucleus. However, I-Scel or other rare-cutting enzymes have limitations such

as the need to integrate the target site into the genome, which requires efficient gene targeting.
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ii. Zinc-Finger nucleases
One way to overcome the limitations imposed by the high specificity of the meganucleases is
to separate the cleavage and recognition domains. The Type II S restriction enzyme Fokl has
physically separated domains (311). The substitution of the DNA-binding domain by another
sequence recognition domain allows generating nucleases with new substrate specificity and
efficiency similar to that of Fokl (322). Zinc fingers are DNA-binding domains that can be
found in a large number of transcription factors usually composed of 3 fingers, with each
finger recognizing 3 nucleotides. Dimerization of the Fokl cleavage domain is necessary for
its function (311). Thus, to facilitate its dimerization, two sets of 3 zinc fingers are tethered
and spaced by 5 to 7 amino acids in order to allow the correct binding of DNA and its

cleavage by the dimerized Fokl leaving a 4-5 bp long 5’ overhang (Figure 13) (323).
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Figure 13: Zinc finger nucleases

Zinc finger nucleases are composed of 3 DNA-binding domains (fingers), with each finger
recognizing 3 nucleotides, and a dimerized Fokl cleavage domain is necessary for its function.
Figure adapted from (311)

Consequently, the addition of supplementary fingers allows modulating the size of the
recognition sequence, until having a unique target site (311, 324). A study in Drosophila
showed that DNA DSB triggered by zinc finger nucleases are mainly repaired by homologous
recombination (HR), with a significant proportion that are repaired by end-joining (325).
However, the purpose to generate a DNA DSB is often to modify the genome by stimulating
HR. To circumvent this obstacle, zinc finger nucleases can be used in a cellular background
where the genes involved in NHEJ are deleted.

Zinc finger nucleases have been used in clinical trials since 2009 in order to target the CCRS5
gene to cure HIV: indeed, CCRS5 encodes the main chemokine receptor used by HIV to enter
and infect cells. The nucleases are delivered either by adenoviral vectors to T cells or upon
electroporation of mRNAs into cells, both methods requiring the delivery of two different
coding sequences for nuclease dimerization (326). Although zinc finger nucleases seem

convenient, many zinc finger dimers fail to form (311, 327). In addition to failed zinc finger
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dimers, off-target cleavage and limited target choice were reported and prompted a new hunt

to find a more reliable tool.

iii. TALEN

The transcription-activator like effectors (TALE) were first identified as virulence factors in
the Gram-negative plant pathogen, Xanthomonas (328), and orthologs have also been found
in Ralstonia solanacearum (329). In Xanthomonas, the TALE are secreted through a type III
secretion system into the plant, in which they are targeted to the nucleus thanks to a nuclear
localization sequence. In the nucleus of the plant cells, the TALE alter the expression of the
host genes (328).

The DNA binding domain of TALE is constituted of 34 amino acid repeats, but varying at the
12™ and 13™ positions, called repeat variable di-residues or RVD (Figure 14). Each RVD
recognizes with a relatively high specificity one of the four bases (A, T, C or G) (311, 330).
Therefore, the assembly of successive rearranged RVD would allow for the recognition of any
sequence. As for zinc finger nucleases, TALE do not have a cleavage activity, thus requiring
the fusion to the Fokl restriction domain (311, 331) (Figure 14). These engineered nucleases
are called TALE-nucleases or TALEN. TALEN are made of two arms composed of 12 to 24
RVD, arranged in the opposing direction and linked by a spacer to allow Fokl dimerization

(Figure 14).
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Figure 14: TALE nucleases

TALEN are made of two arms which carry 12 to 24 RVD, with each RVD recognizing one
nucleotide and a Fokl core that generates a DNA DSB upon dimerization. Figure adapted
from (311, 332).

In comparison to zinc finger nucleases, TALEN seem to be efficient and causing less

cytotoxicity in human cells (333). Regarding the high potential of such a nuclease, Kim and
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coworkers developed a library of TALEN able to target 18,740 protein-encoding genes and
274 miRNA coding sequences in the human genome (334). Furthermore, improving the
efficiency of the DNA DSB repair by HR could help increasing the mutagenesis rate in the
different organisms used to study DNA DSB repair or genome editing. Hence, the association
of a TALEN with an exonuclease (Exol or Trex2) favors HR and limits NHEJ (335). In
addition, due to the necessity for Fokl dimerization, the nuclease is twice bigger (about 3 kb
per arm) than it could have been without dimerization. Recently, new TALEN were
developed by fusing TALE with the cleavage domain of a meganuclease. By hybridizing
TALE with I-4nil (336), I-Tevl (337) or I-Scel (338) cutting-domain, the off-target rate is
reduced and the TALEN size smaller. However, these engineered nucleases necessitate
cleaving sequences close to the natural recognition site of the meganuclease restriction
domain.

Interestingly, TALEN were very recently used in the clinic to treat one patient (339) to allow
the production of T-cells harboring universal chimeric antigen receptor, (CAR)19 T-cells,
known to positively impact health of patients with leukemia (340). This new clinical trial

suggests the high potential of TALEN to treat some diseases such as malignancies.

iv. CRISPR-Cas9
Initially identified as the immune system of bacteria and archea to fight against phages and
plasmid transfers (341), CRISPR-Cas9 constitutes the major breakthrough of the last few
years in the genome edition field. The CRISPR-Cas9 system is made of clustered regularly
interspaced short palindromic repeats (CRISPR) of 20-50 bp separated by spacers (342),
called protospacers, matching with viral DNA and serving as records for phage infection (343,
344) and immunity (345) mediated by CRISPR associated proteins (Cas). There are three
types of CRISPR-Cas systems in bacteria/archea, among which the Type II system found in
Streptococcus pyogenes, requires a unique Cas protein, Cas9, and has led to the development
of a powerful genome editing tool (346) (Figure 15). Briefly, upon infection by a phage, viral
DNA is injected inside the bacterium and detected by the cell. The foreign DNA, that is
thought to undergo spontaneous DNA breaks following replication, is integrated into the
CRISPR locus as spacers. This step is called immunization (347). The second step is named
immunity (348). The CRISPR locus is transcribed and matured into short RNA molecules,
crRNA, via complementarity with a transencoded crRNA (tracrRNA) (349). The crRNA
serves as an antisense guide to the Cas9 protein thanks to its characteristic to match with the

viral DNA. The crRNA also needs to carry a protospacer adjacent motif (PAM) to promote
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Cas9 to distinguish the invader from the bacterium DNA and to bind its target (350). Once the
DNA matches the crRNA sequence, the two cleavage domains of the Cas9 proteins cut each

DNA strand from the bacteriophage (346), resulting in the non-propagation of the viral DNA.
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Figure 15: CRISPR-Cas9 — a revolutionary tool to edit genomes

CRISPR-Cas9 is an RNA-dependent DNA nuclease that generates a blunt DNA DSB (blue
arrow) 3 nucleotides upstream a PAM motif (NGG) and requires a 20 bp long crRNA fused to
a trRNA that serves as a guide RNA (sgRNA) that is complementary to a targeted genomic
region. Figure adapted from (311, 332).

Recently, Jinek and colleagues modified the natural immune system of bacteria to adapt it to
engineer genomes, a tool easily modulated, generating a blunt DNA DSB and that has very
little functional requirements (346) (Figure 15). Indeed the CRISPR-Cas9 system that these
authors developed made use of a chimeric RNA, fusing the crRNA and the tracrRNA into a
secondary-structured single guide RNA (sgRNA), offering the advantage of working with a
simple tool that can be easily adapted to various biological applications. The only requirement
is the synthesis of a 20 bp DNA sequence that, once transcribed, serves as sgRNA that is
complementary to a targeted region of interest in the genome (Figure 15). However, as
aforementioned, the selected target region has to carry a PAM sequence (NGG in the case of
the CRISPR-Cas9 system from S. pyogenes), impeding the use of this system to generate
DNA DSB in trinucleotide repeats (351).

As compared to the other cited nucleases, CRISPR-Cas9 is unique by its capacity to bind
DNA through a double interaction: (i) RNA-DNA and (ii) DNA-protein. This system is now
under constant evolution to decrease at maxima the frequency of off-target cleavage (as
reviewed in (352)) for an application in medicine and agriculture. The off-target issue can

also be solved for example by the modification of Cas9 into a single-strand break nuclease:
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thus, the use of two paired single-strand break-inducing Cas9 requires the use of two sgRNA,
increasing the specificity associated with the break, but the need of two PAM sequence limits
the choice of the target regions (353). In addition, a CRISPR-Cas9 system has been developed
to target RNA instead of DNA (354), once again demonstrating the power of this tool.
CRISPR-Cas9 is now available in a very large number of organisms, notably in C. albicans,
allowing among other applications, a significantly facilitated construction of double-mutants

that was previously knotty to make due to the absence of a haploid phase in this species (355).

v. CRISPR-Cas9 — Already out-dated?

On the same basis as CRISPR-Cas9 systems, new tools have been recently developed that
make use of nucleic acid-guided nucleases, being alternatives to the CRISPR-Cas9 system.
Up to now, two types of nucleic acid-guided nucleases have been published after the
CRISPR-Cas9 breakthrough: (i) Cpfl, a single RNA-guided nuclease that lacks tracrRNA
(356) and (ii) a programmed DNA-guided Argonaute that does not require a PAM sequence
(357).

In more detail, Cpfl can be classified as a type II CRISPR system, as it requires the use of a
unique endonuclease in bacteria. Zetsche and collaborators (356) showed that (i) this CRISPR
associated nuclease does not require a tracrRNA to have crRNA processed, (i) when
associated with ctrRNA, Cpfl cleaves its target upstream of a short PAM rich in thymine and
(ii1) the cleavage by Cpfl introduces a DNA DSB with a 4-5 bp long 5’ overhang. By
screening 16 Cpfl protein families from various bacteria species, the authors identified two
Cpfl proteins from Acidaminococcus and Lachnospiraceae species as valuable tools to
mediate genome editing in human cells. Indeed, the use of Cpfl increases the chance to insert
genes through the action of NHEJ by allowing a correct orientation of the gene (thanks to the
generation of overhang ends), as HR is rare in non-dividing cells. Additionally, the T-rich
PAM requirement can also be an advantage in organisms whose genome content is AT-rich
(356).

The second discovery took advantage of the Argonaute protein families. Argonautes are well
known for their role in RNA interference, a process that makes use of single-stranded RNA to
guide Argonaute proteins to their complementary single-stranded RNA target. Interestingly,
Argonautes have been recently identified as a natural immune system of bacteria shown to
cleave different nucleic acid targets such as mobile genetic elements (358) or foreign DNA
(359). Hence, Gao et al. (357) developed a programmable DNA-mediated DNA interference

Argonaute protein from Natronobacterium gregoryi (NgAgo) to edit human genomes. The
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two main advantages of this system are that no specific sequence is necessary to NgAgo to
cut its target efficiently and while a RNA-RNA secondary conformation is necessary in the
CRISPR-Cas9 system for correct hybridization with Cas9, no specific secondary structure is
required with NgAgo. Moreover, this nuclease is highly specific as one mismatch in the target
almost completely prevents the cleavage and the cleavage efficiency is the same as CRISPR-
Cas9 system (about 32% of cut targets at the tested locus). With a fine-tuning, this tool can

become a major player in genome engineering within the next years.

3. Tools to detect DNA DSB repair
To facilitate the study of DNA repair, many tools have been developed to detect repair events.
In yeasts, the simplest way to analyze DNA repair mechanisms is to take advantage of
auxotrophic markers. This technique is widely used in in vitro studies on genome stability. In
S. cerevisiae, the insertion of auxotrophic markers can be associated with an HO-
endonuclease recognition sequence, the nuclease necessary for MAT locus switching acting
through the generation of a DNA DSB and leading to homozygosity at the MAT locus (360);
or I-Scel meganuclease target site (319). Auxotrophic markers can also be used to detect
DNA DSB triggered by genotoxic, chemical or physical DNA damaging agents (361). Indeed,
upon the induction of a DNA DSB, the presence of one or several auxotrophic markers in the
heterozygous state will allow to detect if the repair has occurred and if so, to assess the extent
of the repaired region. This technique has been widely used to demonstrate NHEJ or HDR
repair mechanisms upon DNA DSB, for instance, through the appearance of auxotrophic cells
(loss of an auxotrophy marker via the repair using a template that does not carry the marker)
(for some examples: (200, 217, 319, 362, 363)). In addition, the loss of auxotrophic markers
can be associated with counter-selection. Indeed, URA3 encodes the orotine-5-
monophosphate decarboxylase that allows the synthesis of uracil. However, in the presence of
5-fluoroorotic acid (5-FOA), strains harboring the URA3 gene transform 5-FOA into a toxic
component: 5-fluorouracil (268). Thus, upon loss of the URA3 marker, 5-FOA is not toxic
and cells can form colonies. This experiment allows making a rapid screen on a cell
population by the counter-selection of events associated with the loss of the URA3 gene
following a DNA DSB repair. In C. albicans, counter-selection on 5-FOA or 2-
deoxygalactose (2-DG) containing-medium (364) (GALI/gallA strains are sensitive to 2-DG
while cells that have undergone a LOH at the GAL/I locus and become gallA/gallA are 2-
DG-resistant) have been used to assess the frequency of spontaneous versus induced DNA

DSB (18-20, 150, 169).
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Another method to detect LOH events following a DNA DSB uses SNP-Restriction Fragment
Length Polymorphism (SNP-RFLP) analysis. This method makes use of the presence of
heterozygous nucleotide polymorphisms that abolish a restriction site on one chromosome
homolog. Hence, SNP-typing can only be used in a heterozygous or partially heterozygous
(by using minichromosomes also known as chromosome fragments) organism. Forche and
colleagues have developed this technique in C. albicans, mapping all SNP-RFLP sites in the
genome of the laboratory C. albicans SC5314 strain (365), and this has been applied in a
number of studies to assess the length of a LOH event (18-20).

Upon stress-induced DNA DSB, whole ploidy change can occur. Such events can be
quantified by measuring whole DNA content, where DNA is stained with an intercalating dye
and the quantity of DNA is measured by flow-cytometry (366). In the case of aneuploidy, the
presence of an extra chromosome or the loss of a chromosome can be evaluated by diverse
methods. For example, karyotyping allows the detection of gross chromosomal
rearrangements by the separation of chromosomes by pulsed-field gel electrophoresis (PFGE)
(367). An alternative to this technique is the use of a contour-clamped homogeneous
electrophoretic field (CHEF) (368) that permits to separate the chromosomes by conserving a
homogeneous potential across the electric field. Furthermore, comparative genome
hybridization (CGH) can also be used to detect aneuploidies. This technique allows
quantifying the copy number variation (CNV) of genes. To do so, two genomes are used, a
test and a control, which are labeled with different fluorescent dyes (369). The genomes are
hybridized and the relative fluorescent signal intensity allows the identification of CNVs.
Although this technique has a limited resolution, array-based CGH (370) have been
developed making use of DNA probes of different lengths covering the genome and the
fluorescent dosage between a control and a test genome permits CNV detection. Nowadays,
next generation sequencing is the best tool to visualize DNA repair, allowing the mapping of
SNPs as well as the detection of CNV. However, although the price associated with the
sequencing of one genome tends to decrease, the analysis of a large number of clones remains
expensive.

In addition to the previous methods used to detect DNA repair, other techniques have been
developed and take advantage of fluorescent markers to follow DNA repair events. For
example, Loll-Krippleber and coworkers (20) (see appendix 1) developed a FACS-optimized
LOH reporter system in C. albicans that relies on an artificial heterozygous locus on Chr4,
consisting in the combination of flow cytometry and two fluorescent markers (Figure 11 p.53).

While one homolog of Chr4 carries the gene encoding the Blue Fluorescent Protein (BFP),
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the other homolog harbors the gene encoding the Green Fluorescent Protein (GFP). Cells that
have undergone a LOH at this locus will express either the BFP or the GFP, thus allowing the
LOH events to be detected and quantified by flow cytometry (Figure 11 p.53). Further
characterization of the type of LOH event is completed by SNP-RFLP or whole genome
sequencing (19, 20).

Another technique that is also used to follow the repair of a DNA break is the fusion of repair
proteins with a fluorescent marker (For example: (371)). Hence, upon DNA DSB, the
accumulation of repair proteins at the break site would form foci, easily detected by
microscopy. The kinetics and intensity of the repair response can be thus measured by time-
lapse experiments.

The previously cited tools are the most commonly used to detect DNA repair or genome
rearrangements, notably in C. albicans; nevertheless, many other techniques exist, making

yeasts valuable organisms to carry such studies.
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E. The use of genetic screens to investigate genome stability in yeasts

Significant advances in the understanding of yeast biology have been made through genetic
screens that used physical or chemical DNA damaging agents to generate random mutations
in the genome. This approach allows screening for phenotypes of interest and is followed by
the identification of the mutated gene that is responsible for the observed phenotype.
However, because mutability varies among genes (variation that rely notably on gene size and
base composition) and because the identification of the mutated gene is laborious,
necessitating back-crossing between the mutated and the parental strains to clear the genome
from unrelated mutations, random mutagenesis presents limitations that have been
circumvented by the development of new approaches. Indeed, the construction of collections
of mutants has led to the genome sequencing and the expansion of screens whereby each gene
is individually tested for its construction to a phenotype possibly in a high-throughput manner.
Indeed, in S. cerevisiae, several collections are available: deletion collections (372, 373),
conditional mutant libraries (374, 375) and overexpression collections (376-378). These
mutants can be used either in pools or alone and crossing of different mutants are possible,
thus, greatly facilitating the study of the S. cerevisiae gene pool. Nowadays, next generation
sequencing facilitates the study of the mutant(s) of interest allowing the characterization of
genetic variation. Genome sequencing was also used to go back to the mutants performed by
random mutagenesis and identify mutated genes responsible for a phenotype and that could
not be characterized by the former methods. For review on genetic screens, see (379).

These approaches allowed us to raise questions on a large number of biological processes, and
notably genome stability. Genetic screens by random mutagenesis have led to the
identification of many genes that we described earlier (see section I.B p.28) and that play
important roles in chromosome segregation, centromere and telomere maintenance, DNA
repair and cell cycle, whose proper regulation is necessary to ensure the maintenance of
genome integrity and cell viability. Therefore, we will discuss in more details, the use of

mutant libraries to study genome stability in yeasts.

1. Study of genome stability in Saccharomyces cerevisiae, using mutant
collections
Several studies made use of deletion collections to investigate the role of genes in genome

dynamics. In Huang et al., the authors used a collection of deletion mutants and investigated
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the mechanism of resistance to cisplatin, a commonly used cytotoxic anticancer drug (380).
They identified 20 additional genes to MMR genes that were associated with resistance upon
deletion and are involved in mRNA catabolism, nucleotide metabolism, RNA Polymerase II-
dependent gene regulation, vacuolar and membrane transports, cell wall, respiration, genome
stability, and other uncharacterized genes. Many of the identified genes have mammalian
orthologs, thus suggesting that this study might have found a new target to counter cisplatin
resistance (380). Another group making use of the deletion mutants collection focused their
work on determining genes involved in genome instability, increasing the number of LOH
events upon knock-out (381). The authors identified 132 genes increasing LOH events when
deleted. To follow the occurrence of LOH events, Andersen et al. made use of auxotrophic
markers whose loss resulted in a change in the color phenotype of the colony. The researchers
observed a bias on ChrXIl, the chromosome carrying the rDNA repeats. Indeed, deletion of
SIR2, responsible for the maintenance of genome integrity at rDNA loci, deletion of RPA34,
RPAI14, RIF1, RLF2, NPTI1, MSII, LRS4 and CSM1I known to reduce S/R2 recruitment or
activity, resulted in an increase in the LOH rate. Interestingly, the author could also identify
new genes involved in genome integrity at IDNA repeats: deletion of TOPI, a topoisomerase,
and DUNI, CCR4, POP2, ADKI, GLY1 notably playing a role in the regulation of nucleotide
pools were also associated with a high occurrence of LOH events at the rDNA region (381).
However, the existence of essential genes and gene families limits the study of gene function
and pathways. Thus, the overexpression or conditional expression constitutes an alternative or
a complementary tool for the study of gene functions.

Indeed, to study essential genes, a conditional temperature-sensitive mutant collection was
constructed (374). Such a collection provides a simple way to screen for essential gene
function; thus allowing a fine-tuning of gene expression by enabling permissive (wild-type
phenotype), semi-permissive and restrictive (growth defect or lethality-associated phenotype)
conditions. In Li et al. (374), the authors focused on the regulation of mitotic spindle
disassembly by combining temperature-sensitive mutants with high content microscopy-based
analyses. This technique allows a high-throughput phenotypic screening of strains based on
the spatial organization of the proteins of interest (harboring a fluorescent tag) in multiple
mutant backgrounds. By applying this method, Li and colleagues demonstrated that cohesin
and condensin were playing a role in the correct localization of the chromosome mid-zone via
an interaction with the chromosomal passenger complex (CPC — reviewed in (382)), at the

origin of proper mitotic spindle disassembly.
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In addition, genetic interactions can be visualized when multiple alleles are mutated in the
same strain and generate a phenotype that differs from the phenotype observed in the single
mutant strain. Hence, since 18 million gene-gene combinations can be made, synthetic genetic
arrays (SGA) were developed to automate the study of genetic interactions. It consists in
generating a collection of haploid double mutants via mating and meiotic recombination,
followed by replica pinning on different media. The phenotypes associated with the genetic
interaction are quantified by the size of the colony, which is used to score the cellular fitness.
Using overexpression collection, the SGA allows performing a high-throughput screening of
synthetic dosage lethality (SDL). SDL occurs when the overexpression of a wild type gene is
associated with lethality when occurring in a deletion or temperature-sensitive mutant
background, while neither the overexpression alone nor the mutant strain exhibited such a
phenotype. This approach helped for instance to uncover interactors of kinases, phosphatases
or histone deacetylases. Bian and colleagues used this method to find genes whose deletion
induces a synthetic lethality upon MAD?2 (mitotic arrest deficiency 2) overexpression (383).
MAD?2 gene is a key player in the spindle checkpoint pathway, which ensures faithful
chromosome segregation during mitosis (384). In human cells, Mad2 has been shown to
prevent from the loss or gain of chromosomes during mitotic divisions (385). However, the
overexpression of MAD?2 in mice led to chromosome rearrangements and aneuploidies (386).
Additionally, MAD2 was found to be overexpressed in numerous malignant tumors. SDL in S.
cerevisiae identified 13 candidate genes that were subsequently studied in humans cells, and
lethality was found associated with the deletion of one gene, PPP2R1A4, ortholog of ScTPD3
(383) and encoding a subunit of the protein phosphatase 2A (PP2A). This phosphatase
participates in the regulation of the cell cycle by the dephosphorylation of key proteins. Hence,
PPP2RIA can be an interesting target to treat tumors overexpressing MAD?2 as it was also

shown to occur in 7% of the ovarian carcinomas (387).

2. Candida albicans — what are the possible approaches to study genome
dynamics?

The genome of C. albicans carries 72% of uncharacterized genes, thus the study of gene

function and the assessment of the number of essential genes need to be improved by the

development of tools allowing large-scale studies. Random mutagenesis cannot be performed

in C. albicans because of its ploidy and the absence of meiosis that does not allow

backcrosses. Thus, the only methods that can be applied to study biological processes in this

species are the generation of mutant collections. Indeed, over the last fifteen years, a large

68



effort has been made to develop collections of mutants to better characterize C. albicans
cellular processes. Collections of heterozygous or homozygous deletion mutants are available
and have been applied to study several aspects of C. albicans biology, notably,
morphogenesis (388), biofilm formation (256, 389), virulence (390) or regulatory networks
(22, 391). As compared to S. cerevisiae, the homozygous disruption of a gene is laborious,
requiring a two-step gene inactivation.

In C. albicans, Noble and Johnson generated a collection of homozygous knock-out mutants,
first by constructing parental strains with a combination of auxotrophies for HIS1, ARG4 and
LEU?2 markers (266). The collection gathered 666 mutants and is available to the C. albicans
community. Moreover, derived from the parental strains constructed by Noble and Johnson, a
collection was generated to study regulatory networks in C. albicans by the construction of
317 mutant strains (22). However, the study of deletion mutants in C. albicans is limited by
the heavy work required for the generation of homozygous double mutants and the needed
verification as the genome of C. albicans is highly plastic.

Additionally, as in S. cerevisiae, the study of essential genes is hampered by the generation of
deletion mutants. Thus, techniques have been developed to allow their study through the
generation of temperature sensitive mutants, inducible mutants and reduced expression
mutants (392, 393). However, no large-scale screen was made with these techniques. Another
technique mixing gene disruption with an auxotrophic marker and the use of conditional
promoter was set up by Roemer and colleagues and was named Gene Replacement And
Conditional Expression (GRACE) (394). The disruption of the first allele is mediated by gene
replacement with a HIS3 marker flanked by two unique barcodes while the second copy of the
gene was placed under the control of a tetracyclin inducible promoter (Pzzr). The TET-OFF
system was used here: in absence of a tetracyclin derivative, the constitutive expression of the
gene of interest is achieved; upon addition of a tetracycline derivative, the association
between the transactivator and Przr is disrupted, leading to the weakening or complete loss of
the gene function. The collection gathered 1,152 mutants.

In addition, a method has been set up in C. albicans making use of transposons for the
construction of heterozygous deletion strains, leading to haploinsufficiency. Even if SGA and
SDL screens cannot be performed in C. albicans due to the lack of stable haploid strains and
meiosis, synthetic genetic studies were made. Uhl et al. initiated this approach by generating a
mutant collection carrying 18,000 transposon insertions and 146 genes were found to play a
role in the morphogenetic switch (yeast-to-hyphae transition), and among them no ortholog in

S. cerevisiae was found for about 50 genes (395). This technique was implemented by

69



Bharucha e al. who screened a transposon-mediated collection in a mutant background and
looked for synthetic phenotypes (396). Despite the encouraging data obtained from these
screens, haploinsufficiency limits the obtention of interesting phenotypes that could have
been observed upon drastic gene expression modification.

Moreover, replicative plasmids in C. albicans have been reported as unstable, thus not
suitable for overexpression studies (397). Hence, no matter the technique used, every large-
scale study has to go through integrative transformation steps. Overexpression was used at
small (393, 398), medium (399-401) and large scales (402) in C. albicans. Indeed, in
collaboration with the Munro group, the d’Enfert laboratory developed the ORFeome project
that consists in the construction of a modulable collection of overexpression plasmids and a
collection of overexpression strains encompassing over 85% of the 6,198 ORFs of C. albicans.
This project was initiated by the establishment of a primary collection of strains
overexpressing genes encoding proteins involved in signaling pathways (402). Several
screens were performed to study morphogenesis, virulence and biofilm formation using this
collection or part of this collection (402-404).

Up to now, only one study made use of a strain collection to uncover new genes involved in
genome instability in C. albicans. In Loll-Krippleber et al., a collection of 124 overexpression
mutants for genes involved in DNA processes such as replication, repair and recombination
was constructed using an inducible promoter (20) (see appendix 1). This collection was
associated with the LOH reporter system that was presented in the above sections (Figure 11
p.53). This system allows high-throughput studies of LOH events and their detection by flow
cytometry through the loss of fluorescent markers. By doing so, CDC20, RAD53, BIM1 and
RADS51 were identified as major players in genome instability. Additionally, as the mutants
that had undergone a LOH event could be sorted, we could assess the molecular mechanisms
at the origin of LOH: while both BIR and chromosome loss were observed upon BIM]I,
RADS51 and RADS53 overexpression, LOH events occurring upon CDC2( overexpression, a
gene enabling the metaphase-anaphase transition, were mainly the results of chromosome loss
(20) (see appendix 1). This study is the first to have used this approach to demonstrate the
effect of overexpression on LOH and extending the study to a larger set of overexpression

mutants might highlight signaling pathways involved in genome instability.
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F. Outlooks

LOH and aneuploidies have been reported in human cells and associated with diseases when
occurring in dividing cells. Indeed, LOH can unmask recessive deleterious alleles or
mutations in promoter regions whose homozygosis results in the misregulation of some
biological processes, either by depleting a tumor-suppressive gene or enhancing a proto-
oncogene; thus leading to cancer. A well-known instance of LOH-mediated cancer is the case
of retinoblastoma. One of the causes leading to this form of cancer is a mutation in the RB/
gene followed by a LOH (405). RB1, a tumor-suppressor gene, regulates more than hundreds
of genes, and among them transcription factors that control the transcription of genes required
in S-phase. Cancer cells are also characterized by aneuploidies, as a change in the gene copy
number is accompanied by an up- or a down-regulation of the targeted genes, thus altering
their function. Aneuploidies and LOH also arise from the treatment of tumor cells by
chemotherapy, resulting in resistance.

C. albicans is a commensal yeast but is also classified as the major fungal pathogen of
humans. C. albicans raises major concerns in the context of disseminated infections, and their
treatment can be associated with drug resistance, often resulting from LOH and aneuploidies
(270, 277, 281, 292, 293, 299). Given the importance played by heterozygosity, LOH and
chromosome ploidy, C. albicans has become an organism of captivating interest to study
genome stability. Despite the fact that no NHEJ pathway has been described in C. albicans
(171, 172), the homologous recombination pathways are very efficient and are responsible for
most of the LOH events detected within the natural population of C. albicans, at the origin of
intra-species variations (18-20). The number of molecular tools that have been developed in C.
albicans allows extensive in-depth work to be performed in order to elucidate the molecular
mechanisms involved in the control of LOH events, leaving us with important and unsolved
questions such as: how does C. albicans respond to a site-specific DNA DSB? How efficient
and faithful is the DNA repair machinery in C. albicans? Does NHEJ exist in MTL
homozygous cells? Do signaling pathways control the repair of a DNA DSB? Can we develop
new high-throughput tools to facilitate the study of the C. albicans biology? Can we
characterize more precisely the genomic population structure of the C. albicans species?
Although a lot remains to be discovered and new tools are needed to extend genetic studies to
a large scale, using C. albicans as a model to understand the mechanisms regulating genome

dynamics may bring new insights to genome instability in eukaryotes.
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II. Results and discussion

In the previous section, I have highlighted several studies depicting the importance of the
maintenance of genome integrity in human and yeast cells. In addition, the same studies shed
light on the beneficial role played by some genomic rearrangements in defined circumstances.
Candida albicans is a diploid yeast, whose genome is highly plastic and characterized by
aneuploidies and relatively frequent loss-of-heterozygosity (LOH) events. The ability of C.
albicans to undergo large-scale genome rearrangements and its apparent tolerance to such
changes are likely to be crucial for its survival upon exposure to new environments or for
proper colonization of new niches. LOH events are likely to result from segmental or total
chromosome loss or recombination events such as Break Induced Replication (BIR), gene
conversion (GC) or mitotic crossover (MCO) following a DNA DSB. Yet, very little is
known about the mechanisms controlling these events in C. albicans.

In this context, my PhD work was organized following two axes: up to now, to study genome
instability in C. albicans, DNA breaks were generated using either physical or chemical DNA
damaging agents, at the origin of random location and uncontrolled amount of DNA DSB in
the genome, thus biasing the interpretation of the DNA DSB repair outcomes (i.e. LOH
events). Hence, we carried (A) (i) a study to better characterize the molecular mechanisms
involved in the repair of a targeted DNA DSB in the C. albicans genome, which led to the
identification of recessive deleterious alleles in this species and (ii) a high resolution
characterization of repair mechanisms at the site of a targeted DNA DSB in the genome of C.
albicans, which offers a sufficient number of SNPs to follow recombination and mutation
events during repair.

Very few genes were identified as playing a role in genome dynamics in C. albicans, due to
the difficulty to achieve knock-out mutants, thus (B) we aimed at identifying such genes with
an original approach and based on the study made by Forche et al. (18) who showed that
different stresses trigger different LOH outcomes, we led investigations to characterize

signaling pathways that can be involved in genome rearrangements in C. albicans.
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A. Analysis of repair mechanisms following an induced double-strand
break uncovers recessive deleterious alleles in the Candida albicans

diploid genome.

1. Context and aim of the work

DNA double-strand breaks (DSBs) have been shown to be very potent initiators of
recombination in yeast and other organisms (406, 407) and the use of DSB repair assays
based on rare-cutting endonucleases has been applied to many organisms (408-410). Until
recently, the study of genome instability in C. albicans has used genotoxic agents or physical
stresses in order to generate DNA damages (for examples: (18-20)) This approach is limited
by the lack of accuracy in the nature of the lesions and their location. In addition, LOH events
have generally been screened through loss of auxotrophy or more often using the GALI
marker (364). In the latter case, GAL1/gallA strains are sensitive to 2-deoxygalactose (2-DQ)
while cells that have undergone a LOH at the GAL/I locus and become gallA/gallA are 2-
DG-resistant. While convenient, this LOH-monitoring system introduces a selective pressure
as it requires spreading cells on selective medium.

In order to circumvent the constraints imposed by the available tools, we have
developed a DNA DSB-inducing system, using the Saccharromyces cerevisiae 1-Scel
meganuclease that we adapted to the C. albicans codon usage. I-Scel has already been used to
generate DNA DSB in vivo in multiple organisms (320, 321) and its 18 bp long recognition
site is not found in the C. albicans genome. This DSB-inducing system was combined to a
LOH reporter system already available in the laboratory (see section 1.D.3 p.63 and Figure 11
p.53). This system relies on the construction of an artificial heterozygous locus on Chr4 at the
PGA59-PGA62 locus: while one homolog of Chr4 carries the gene encoding the Blue
Fluorescent Protein (BFP), the other homolog harbors the gene encoding the Green
Fluorescent Protein (GFP). Hence, LOH events can be detected by flow cytometry since a cell
that has undergone a LOH at this locus will express only the BFP or only the GFP (20) (See
appendices 1 and 2).

The manuscript presented below presents (i) the development and validation of an I-
Scel-dependent DSB-inducing system that allows generating a targeted DNA DSB in the
genome of C. albicans and (ii) the characterization of the molecular mechanisms involved in
DNA repair upon the induction of a targeted DNA DSB in the C. albicans genome. As noted

above, a bias towards homozygosity of one of the two haplotypes of C. albicans
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chromosomes has been previously reported, notably on Chr4 (10, 20, 74, 126, 129, 300). This
supports the presence of recessive lethal alleles on chromosome homologs that cannot be
found in the homozygous state. Hence, in this manuscript, we also present (iii) the
identification of recessive deleterious allele(s) responsible for unidirectional LOH events
observed on Chr4 in the reference laboratory strain, SC5314.

Finally, in a final section, I present a detailed characterization of the genomic rearrangements
occurring upon repair of an I-Scel DNA DSB by BIR or GC with CO. This characterization
raises hypotheses regarding the functioning of repair pathways such as BIR and GC with CO

in C. albicans with possible relevance to other organisms such as S. cerevisiae.

2. Research article

This article is accepted for publication in mBio.

Analysis of repair mechanisms following an induced double strand break uncovers
recessive deleterious alleles in the Candida albicans diploid genome

Adeline Feri**, Raphaél Loll-Krippleber*"", Pierre-Henri Commere‘, Corinne Maufrais’,
Natacha Sertour”, Katja Schwartz®, Gavin Sherlock®, Marie-Elisabeth Bougnouxa’f, Christophe

d’Enfert*® and Mélanie Legrand**

Institut Pasteur, INRA, Unité Biologie et Pathogénicité Fongiques, Paris, France®; Univ. Paris
Diderot, Sorbonne Paris Cité, Cellule Pasteur, rue du Docteur Roux, Paris, France”; Institut
Pasteur, Imagopole, Plate-Forme de Cytométrie, Paris, France®; Institut Pasteur, Centre
d’Informatique pour la Biologie, Paris, France"; Department of Genetics, Stanford University,
Stanford, CA 94305-5120, USA®, Unité de Parasitologie-Mycologie, Service de
Microbiologie clinique, Hopital Necker-Enfants-Malades, Assistance Publique des Hopitaux
de Paris (APHP), Univ. Paris Descartes, Paris, France'; §Corresponding authors: Mé¢lanie
Legrand & Christophe d’Enfert, Institut Pasteur, Unité Biologie et Pathogénicité Fongiques,
Département Mycologie, 25 rue du Docteur Roux, F-75015 Paris, France ; Phone : +33 (1) 40
61 31 26 ; E-mail : melanie.legrand@pasteur.fr, christophe.denfert@pasteur.fr

“Present address: Donnelly Centre for Cellular and Biomolecular Research, University of

Toronto, Toronto, Canada

Running title: Recessive lethal alleles and DSB repair in C. albicans

74



Abstract

The diploid genome of the yeast Candida albicans is highly plastic, exhibiting frequent loss-
of-heterozygosity events. To provide a deeper understanding of the mechanisms leading to
loss-of-heterozygosity, we investigated the repair of a unique DNA double-strand break in the
laboratory C. albicans SC5314 strain using the I-Scel meganuclease. Upon I-Scel induction,
we detected a strong increase in the frequency of loss-of-heterozygosity events at an I-Scel
target locus positioned on chromosome 4, including events spreading from this locus to the
proximal telomere. Characterization of the repair events by SNP-typing and whole genome
sequencing revealed a predominance of gene conversions but we also observed mitotic
crossover or break-induced replication events, as well as combinations of independent events.
Importantly, progeny that had undergone homozygosis of part or all of chromosome 4
haplotype B were inviable. Mining of genome sequencing data for 155 C. albicans isolates
allowed the identification of a recessive lethal allele in the GPI16 gene on chromosome 4
haplotype B unique to C. albicans strain SC5314, which is responsible for this inviability.
Additional recessive lethal or deleterious alleles were identified in the genomes of strain
SC5314 and two clinical isolates. Our results demonstrate that recessive lethal alleles in the
genomes of C. albicans isolates prevent the occurrence of specific extended loss-of-
heterozygosity events. While these and other recessive lethal and deleterious alleles are likely
to accumulate in C. albicans due to clonal reproduction, their occurrence may in turn promote
the maintenance of corresponding non-deleterious alleles and, consequently, heterozygosity in

the C. albicans species.

Importance

Recessive lethal alleles impose significant constraints on the biology of diploid organisms.
Using a combination of I-Scel meganuclease-mediated DNA double-strand break, a FACS-
optimized reporter of loss-of-heterozygosity and a compendium of 155 genome sequences,
we were able to unmask and identify recessive lethal and deleterious alleles in isolates of
Candida albicans, a diploid yeast and the major fungal pathogen of humans. Accumulation of
recessive deleterious mutations upon clonal reproduction of C. albicans could contribute to

the maintenance of heterozygosity despite the high frequency of LOH events in this species.

75



Introduction

Candida albicans is a quasi-obligate diploid yeast (10) whose 32Mb genome is organized in
eight pairs of chromosomes, with, on average, one heterozygous position every ~250 bp (11,
17, 123). Genomic studies have shown that the C. albicans genome displays a high degree of
plasticity. Indeed, aneuploidies, gross chromosomal rearrangements and loss-of-
heterozygosity events (LOH) of variable length and location were observed in both
commensal and clinical isolates and upon commensalism or passage of a C. albicans
laboratory strain in animal models (15, 279). Importantly, the ability of C. albicans to
undergo genome rearrangements and its apparent tolerance to such changes can be critical for
its survival upon exposure to changing conditions, such as antifungal treatments (16, 17, 286,
411). In this respect, LOH events contribute to the expansion of hyperactive mutations
leading to antifungal resistance (281, 293, 294, 299, 412). More generally, allelic differences
within a C. albicans strain can result in variations in gene expression, protein production or
function (12, 413). Hence, LOH events in C. albicans have been associated with phenotypic
variation, such as amino acid auxotrophy or drug sensitivity (129, 300), white-opaque
switching upon mating-type like locus homozygosis (58, 59, 414), and adaptation to growth
on alternative carbon sources (57).

LOH events can arise from the mechanisms used by C. albicans in response to DNA double
strand breaks (DSBs), or can be the consequence of chromosome non-disjunction events
during mitosis. Repair of DNA DSBs by gene conversion without crossover (GC) explains
short-range LOH, while repair by either Break Induced Replication (BIR) or mitotic crossover
(MCO) leads to LOH that extends from the DNA DSB site to the telomere. In the absence of
DNA DSB repair or upon chromosome non-disjunction, segmental or whole chromosome
losses (SCL/WCL) are observed and the loss of a chromosome is often followed by a
reduplication event (21). Interestingly, LOH events in strains derived from the C. albicans
SC5314 strain, from which the reference genome sequenced is derived, appear to be biased
towards one of the two haplotypes for several chromosomes. For instance, Forche et al. (74)
have observed that homologous recombination-mediated LOH in progeny resulting from the
C. albicans parasexual cycle (72), had a strong bias towards one of the two haplotypes for
chromosomes R, 2, 4, 6 and 7. A similar bias was observed in a C. albicans rad52A/rad52A4
mutant that shows an increased frequency of spontaneous unidirectional LOH (126). The
recent finding that C. albicans can exist in a haploid form also led to the observation that one
of the two haplotypes for chromosomes 3, 4, 6 and 7 and for most of chromosome 1 is never

observed in the homozygous state under laboratory growth conditions (10). Finally, an
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investigation of the events associated with LOH at a specific locus on C. albicans
chromosome 4 (Chr4) revealed that chromosome loss events leaving haplotype B as the sole
remaining haplotype were never observed (20). Taken together, these studies have led to the
hypothesis that recessive lethal alleles are present on C. albicans chromosome homologs and
prevent some LOH events from being detected.

DNA DSBs have been shown to be very potent initiators of recombination in yeast and other
organisms and consequently of LOH (406, 407). The mechanisms by which DNA DSBs are
repaired can greatly influence the nature of the LOH events that affect the C. albicans genome.
In this respect, genotoxic agents have been used to trigger DNA breaks (305, 309, 415) and
study DNA repair mechanisms in C. albicans (150, 169, 172, 207, 416). However, the use of
genotoxic agents (18, 20, 169, 417) or physical or chemical stresses known to induce LOH
(18, 20, 418) do not allow precise control of the nature or the location of a DNA break. In
order to circumvent this limitation, DNA DSB repair assays based on rare-cutting
endonucleases such as I-Scel have been developed in many organisms (320, 408-410, 419-
422).

Here, we show how the combination of I-Scel-induced DNA DSB and a recently developed
LOH reporter system (20) allowed us to precisely study the mechanisms involved in DNA
DSB repair at a specific genomic location in the C. albicans genome. Importantly, our
detailed analysis of LOH events resulting from an induced DNA DSB in strain SC5314
allowed us to identify recessive deleterious alleles on the C. albicans Chr4 haplotype B that
explain why the haplotype A for this chromosome cannot be lost. Furthermore, we have
expanded this work to clinical isolates of C. albicans by the identification of recessive lethal
alleles on Chr5. Taken together our results suggest that recessive deleterious alleles could

play a role in the maintenance of heterozygosity in the C. albicans species.
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Results

Development and validation of an I-Scel-dependent DNA DSB-generating system in
Candida albicans

To study the mechanisms involved in the repair of a single DNA DSB in C. albicans, we took
advantage of the I-Scel meganuclease, an intron-encoded homing endonuclease isolated from
the yeast Saccharomyces cerevisiae. 1-Scel recognizes an 18bp-long sequence (316, 317)
absent from the C. albicans genome. We also used an LOH reporter system located at the
PGA59-PGA62 locus on Chrd (19, 20) that consists of the combination between flow
cytometry and two fluorescent markers (Figure 11A p.53).

Briefly, while one homolog of Chr4 carries the gene encoding the Blue Fluorescent
Protein (BFP), the other homolog harbors the gene encoding the Green Fluorescent Protein
(GFP) (Figure 11A p.53). Hence, LOH events can be detected by flow cytometry, as cells that
have undergone an LOH at this locus will express either the BFP or the GFP (Figure 11B
p-53). Further characterization of the LOH can be achieved either by SNP-typing or whole
genome sequencing (WGS) after cell sorting (20, 365).

We thus generated a C. albicans strain that carries (i) a tetracycline-inducible, codon-
optimized gene encoding the rare-cutting endonuclease I-Scel modified to harbor a SV40
nuclear localization signal (NLS) (320, 423-425), (ii) a gene encoding a tetracycline-
dependent transactivator (402), (iii) the I-Scel target sequence along with the URA3 marker on
the left arm of Chr4, and (iv) the FACS-optimized LOH reporter system with the BFP gene
linked to the HISI gene on the left arm of Chr4 haplotype B (Chr4B) which also bears a
functional allele of the HIS4 gene closer to the telomere (129); and the GFP gene linked to
the ARG4 gene on the left arm of Chr4 haplotype A (Chr4A) which bears the non-functional
his4“’"°" allele closer to the telomere (Figure 16) (19, 20, 129).
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Figure 16: The DNA DSB-inducing system.

The double strand break inducing system consists of (i) the gene encoding the rare-cutting
endonuclease, I-Scel, placed under the control of the tetracycline inducible promoter (P;;;)
integrated at the XOGI-HOLI locus on Chrl, (ii) the gene encoding the tetracycline-
dependent rtTA transactivator of the P, promoter placed at the ADHI locus on Chr5, and
(ii1) the I-Scel target sequence integrated at the CDR3-tG(GCC)2 locus on Chr4 on haplotype
A or B, between the centromere and the FACS-optimized reporter system of LOH at the
PGA59-PGAG62 locus. Upon binding of anhydrotetracycline to the rtTA transactivator, the I-
Scel gene is expressed, the endonuclease is directed to its target sequence generating a DNA
DSB which can be in particular repaired by mitotic crossover or break-induced replication
yielding mono-fluorescent cells that are detected by flow cytometry.

In this setting, the I-Scel target sequence is ~215kb distant from the Chr4 centromere,
while the LOH reporter system is ~300kb further towards the telomere (Figure 17A p.80).
The resulting strain is referred to as “I-Scel+TargetB” as WGS showed that the I-Scel target
site and the URA3 gene were inserted on Chr4B. WGS also showed that the “I-Scel+TargetB”
strain had not experienced gross chromosomal rearrangements (aneuploidies, LOH) upon the
successive transformation events needed for its construction (data not shown). Control strains
lacking the I-Scel gene or the I-Scel target sequence were referred to as “Target only” and “I-
Scel only”, respectively, and were used to assess the occurrence of I-Scel-independent DNA
DSBs at the I-Scel target site or I-Scel-induced Chr4 off-target DNA DSBs.
In the “I-Scel+TargetB” strain, induction of the I-Scel gene through addition of a tetracycline

derivative should result in I-Scel endonuclease production and targeting to the nucleus,
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followed by the generation of a DNA DSB at the I-Scel target sequence (Figure 16). DNA
DSBs can be repaired either by gene conversion (GC) thus leading to double-fluorescent cells
that have lost the URA3 gene and are 5-FOA-resistant (268), or by Break Induced Replication
(BIR)/Mitotic Crossing Over (MCO) leading to the loss of the URA3 gene and BFP reporter
and thus, appearance of 5-FOA-resistant, arginine prototroph, histidine auxotroph, mono-GFP
cells (19, 20) (Figure 17A p.80). WCL/SCL should also lead to progeny with uridine and
histidine auxotrophies and GFP fluorescence (Figure 17A p.80). Importantly, since the HIS/
gene is linked to the BFP gene and all mono-GFP cells should be histidine auxotrophs, an
unexpected crossover between the BFP/GFP locus and the heterozygous HIS4/his4%"*" locus
should not impact the phenotypes of cells that have undergone BIR/MCO, SCL or WCL
(Figure 17A p.80).
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Figure 17: Effect of I-Scel induction in « I-Scel + TargetB » and control strains.

(A) Different LOH events on Chr4B can arise upon I-Scel induction. The heterozygous SNPs
used for RFLP characterization are indicated with black arrows. SNP156, close to the left arm
telomere (at position 367,295 on Chr4A and 367,352 on Chr4B), is part of a Tagl restriction
site while SNP95, on the right arm of Chr4 and close to the centromere (at position 1,310,251
on Chr4A and 1,310,274 on ChrdB), is located in an Alul restriction site. One haplotype
carries the restriction site while the other does not. The combined heterozygosity or
homozygosity of these SNPs gives insights about the molecular mechanisms leading to LOH
events. The HIS4 gene presenting a non-functional allele on haplotype A as shown in Gomez-
Raja et al. (2008) is also represented here. GC: gene conversion, BIR: break-induced
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replication, MCO: mitotic crossover, SCL: segmental chromosome loss, WCL: whole
chromosome loss. BIR/MCO or SCL events are indistinguishable. (B) Co-occurrence of I-
Scel and its target sequence triggers a predominant increase in mono-GFP cells. The cultures
were analyzed on a MACSQuant cytometer. 10° events are displayed. The B+g- and b-G+
gates were defined arbitrarily. (C and D) SNP-RFLP analysis shows that I-Scel dependent
DNA DSBs on Chr4B are mainly repaired by GC. Histograms presenting the proportion of
BIR/MCO or SCL, GC and WCL events in the population having undergone a LOH either
recovered from 5-FOA counter-selection (C) or from FACS (D). BIR/MCO or SCL events
correspond to mono-GFP cells that displayed a homozygous SNP156 but have maintained a
heterozygous SNP95. WCL events correspond to mono-GFP cells in which both SNP95 and
SNP156 became homozygous. GC events correspond to doubly fluorescent cells in which
both SN156 and SNP95 remained heterozygous. L: large-sized colonies and S: small-sized
colonies.

To validate the functionality of the I-Scel system, the “I-Scel+TargetB” and the
control strains were grown in the presence or absence of anhydrotetracycline (3 pg/ml; ATc)
and plated on YPD and 5-FOA agar plates (20). For both control strains, no increase in the
number of 5-FOAR colonies was observable between the non-induced and induced conditions,
with a rate below 1.0 x 107 events/cell/generation in both conditions (Table 2). By contrast, I-

Scel expression yielded a 372-fold increase in the rate of 5-FOA® colonies appearance as

compared to the non-induced condition when using the “I-Scel+TargetB” strain (Table 2).

Table 2 — SFOA resistance quantification on Chr4

R . oy
Growth SFOA"™ acquisition rate

Strains L. (x10%)! Fold change'
conditions )
(events/cell/generation)
YPD 11
I-Scel + TargetB 372
YPD + ATc 4,100
YPD 04
I-Scel + TargetA 2,450
YPD + ATc 980
I-Scel + TargetA + YPD 244
GPI16 74
YPD + ATc 1,400
YPD 6.1
I-Scel only 1.2
YPD + ATc 74
YPD 6.3
Target only 0.5
YPD + ATc 34

'Values are representative of 2 independent experiments
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The “I-Scel+TargetB” and the control strains were also grown for 8 hours in the
presence or absence of ATc and analyzed by flow cytometry. This allows detecting long-
range LOH events only, i.e. BIR, MCO, SCL or WCL. As expected, a 30-fold ATc-dependent
increase in mono-GFP frequency was observed for the “I-Scel+TargetB” strain and no change
was detected in the controls (Figure 17B p.80, Table 3 p.83), consistent with the I-Scel
recognition sequence being located on the BFP-bearing chromosome, Chr4B. Additionally, an
increase was noticeable in the number of non-fluorescent cells, likely to be dead cells, as
previously shown in Loll-Krippleber er al. (20). Strikingly, we also observed a 17-fold
increase in the frequency of appearance of mono-BFP cells in the ATc-treated “I-
Scel+TargetB” cells only (Figure 17B p.80; Table 3 p.83). The basis for this unexpected
population of mono-fluorescent cells will be revisited below.

Taken together, these results indicated that I-Scel is functional and induces a target specific
DNA DSB in C. albicans. In addition, the different increase in frequency of 5-FOA® (372-
fold, including both long and short-range LOH events) and mono-GFP (30-fold, including
long-range LOH events only) cells upon induction of the I-Scel gene suggested that long and

short-range LOH events occur at different frequencies.
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Table 3 — LOH quantification on Chr4 by flow cytometry

. . Growth 1 4 Mann-Whitney
Strains Cell population conditions N LOH frequency + SEM (x10®)  Fold change test P-value
YPD 37 135 + 0.1
mono-GFP — 5= = 40.0 4 09 30 =0.0001
I-Scel + TargetB YPD 37 1.0 + 0.1
mono-BFP 73 5 T 40 16.8 4 06 17 =0.0001
YPD 36 20 n 0.1
mono-GFP  — 5 === 3¢ 18.7 4 03 ? =0.0001
I-Scel + TargetA
o BEP YPD 36 1.8 + 0.1 i = 0.0001
ono- YPD + ATc 36 85.5 + 16 =0
YPD 36 03 n 002
I-Scel + TargetB+ "°"CYP SppiaATc 36 31.6 + 22 105 =0.0001
GPI16 YPD 36 05 + 0.04
mono-BFP 5= 56 29.0 + 13 58 =0.0001
YPD 36 03 + 0.02
-GFP 43 <0.0001
I-Scel + TargetA + 000 YPD + ATc 35 14.8 4 09
GPII6 YPD 36 10 + 0.1
mono-BFP 5= 55 101.8 4 1.6 100 =0.0001
YPD 21 11 n 0.1
L-Scel only mono-GFP — 5= = ) 1.1 + 0.1 1 0.5424
) YPD 21 1.0 + 0.0
mono-BFP - — 5= o) 0.9 + 0.0 1 0.4605
YPD 21 10 n 0.1
Target only mono-GFP - — 5= = ) 0.9 + 0.1 1 0.0514
YPD 21 1.1 + 0.1
mono-BFP  —5mma— ) 10 + 0.1 1 0.2251

'Values represent the biological replicates analyzed
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I-Scel-induced DNA DSBs are predominantly repaired by GC

-FOA" colonies obtained following I-Scel induction can arise from point mutation in

the URA3 gene or as a consequence of DNA DSB-triggered GC, BIR, MCO or WCL/SCL
events (Figure 17A p.80) (21). We used PCR to assess whether 5-FOA resistance was a
consequence of URA3 loss or point mutation and SNP-typing to assess the heterozygous or
homozygous state of SNPs of interest allowing to deduce the length of the LOH and to
distinguish between GC, BIR, MCO or WCL/SCL events (365) as illustrated in Figure 17A
p-80. We used SNP156 (Tagl restriction site on left arm of Chr4A) located between the
telomere and the BFP/GFP locus and SNP95 (Alul restriction site on the right arm Chr4A),
located close to the centromere (365). PCR of 64 5-FOA® clones derived from “I-
Scel+TargetB” revealed that none of these clones had acquired 5-FOA resistance by point
mutation in the URA3 gene, as URA3 itself could no longer be detected. Furthermore,
SNP156 and SNP95 remained heterozygous in 98.5% (63/64) of the tested clones, consistent
with a GC event. The remaining clone was homozygous for SNP156 and heterozygous for
SNP95, suggesting a BIR/MCO/SCL event. Consistently, all 5-FOA® clones with GC-
mediated LOH events were still expressing both BFP and GFP and were HIS+ ARG+ while
the unique 5-FOA" clone with a BIR/MCO/SCL-mediated LOH event was only expressing
GFP and found to be HIS- ARG+.
To assess whether the high number of GC-mediated LOH events is specifically linked to I-
Scel expression, we tested 61 5-FOAX colonies arising from the “I-Scel+TargetB” strain
grown in absence of ATc and from the “Target only” strain that lacks the I-Scel gene. We
found that in the “I-Scel+TargetB” strain, 60.7% of the 5-FOA" clones (37/61) had undergone
LOH through GC and 39.3% (24/61) through WCL (Figure 17C p.80) in absence of ATc.
When testing “Target only” 5-FOA" clones, WCL appeared as the main mechanism leading
to LOH events (95.4%) on Chr4 both in absence and presence of ATc. Differences observed
between the results obtained for the “I-Scel+TargetB” strain grown in absence of ATc and the
“Target only” strain might reflect leakage of the P, promoter in the absence of inducer. Thus,
taken together, our results indicated that GC is the predominant mechanism for the repair of
an I-Scel-induced DNA DSB on Chr4B in C. albicans.

In order to determine the frequency at which BIR/MCO, SCL and WCL might occur
when GC was not the mechanism of repair, we used fluorescence activated cell sorting
(FACS) to isolate the mono-GFP cells observed by flow cytometry that are likely to have
undergone long-range LOH events. 48 confirmed mono-GFP clones were analyzed for the

loss of auxotrophic markers, SNP156 homozygosity and SNP95 heterozygosity. All tested
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clones were URA- HIS- ARG+. As expected, SNP-typing revealed that all clones obtained
from the induced culture had repaired the I-Scel-induced DNA DSB by BIR, MCO or SCL
(Figure 17D p.80). Furthermore, genome sequencing of a subset of these clones identified no
cases of SCL (data not shown). By contrast, in the non-induced conditions, LOH events were
the result of BIR, MCO or SCL (58%) but also WCL (42%) (Figure 17D p.80).

Taken together, our results revealed that a majority of C. albicans cells repaired an I-
Scel-induced DNA DSB on Chr4B by GC but that BIR or MCO could also be used, although

at lower frequency.

GC-independent repair of an I-Scel-induced DNA DSB on chromosome 4 haplotype A
leads to inviable progeny

Results presented above were obtained with a strain that harbored the I-Scel target site
on Chr4B. We and others have shown that LOH events on Chr4 are biased towards haplotype
A suggesting that Chr4B may bear one or more recessive lethal alleles that could influence
the frequency at which DNA DSB repair mechanisms are detected in our assay (10, 20, 74,
126). Therefore, we constructed the “I-Scel+TargetA” strain, which carries the I-Scel target
site on the GFP-bearing Chr4A homolog (Figure 18A). WGS of “I-Scel+TargetA” confirmed
the location of the I-Scel site on Chr4A and gross chromosomal rearrangements were not
observed (data not shown). We observed that growth of strain “I-Scel+TargetA” in the
presence of ATc resulted in a large increase (2,450-fold) in the number of 5-FOARX clones as
compared to the non-induced condition (Table 2 p.81). In addition, we observed a 48-fold
increase in the number of mono-BFP cells upon induction. Again, we also observed an
unexpected 8-fold increase in the number of cells expressing only the other fluorescent
protein (mono-GFP) in the induced cultures of the “I-Scel+TargetA” strain (Figure 18B;
Table 3 p.83; see below for further investigation of this observation).

SNP-typing of 62 5-FOA" clones revealed that 98.4% (61/62) arose from a GC event,
in agreement with the cells being doubly fluorescent and HIS+ ARG+ (Figures 18A and D).
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Figure 18: Effect of I-Scel induction in « I-Scel + TargetA » and control strains.

(A) Different LOH events on Chr4A can arise from I-Scel. As seen in Figure 17A, the
combined heterozygosity or homozygosity of the SNP156 and SNP95 gives insights about the
molecular mechanisms leading to LOH events. GC: gene conversion, BIR: break-induced
replication, MCO: mitotic crossover, SCL: segmental chromosome loss, WCL: whole
chromosome loss. (B) Co-occurrence of I-Scel and its target sequence triggers a predominant
increase in mono-BFP cells. 10° events are displayed. The B+g- and b-G+ gates were defined
arbitrarily. (C) Integration of the full-length allele of GPI/6 on Chrl allows recovery of
viable mono-BFP cells after cell sorting. While cells obtained from strain « I-Scel+TargetA »
showed poor viability due to homozygosis of the gpi®**" allele, complementation with a wild-
type GPI16 allele in strain «I-Scel+TargetA+GPI16 » restored viability. The largest colonies
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observed in both cases are doubly fluorescent, having not undergone I-Scel cleavage on
Chr4A. (D and E) SNP-RFLP analysis shows that I-Scel dependent DNA DSBs on Chr4A are
mainly repaired by GC. Histograms presenting the proportion of BIR/MCO or SCL, GC and
WCL events in the population having undergone a LOH either recovered from 5-FOA
counter-selection (D) or from FACS (E). BIR/MCO or SCL events correspond to mono-BFP
cells that displayed a homozygous SNP156 but have maintained a heterozygous SNP95. WCL
events correspond to mono-BFP cells in which both SNP156 and SNP95 became
homozygous. GC events correspond to doubly fluorescent cells in which both SN156 and
SNP95 remained heterozygous. L: large-sized colonies and S: small-sized colonies. (F) The
gpil6™" allele might result in the truncation of the Gpil6 protein carboxy-terminal
transmembrane domain, part of the conserved GPI transamidase domain.

Hence, GC also appears to be the predominant mechanism for the repair of an I-Scel-induced
DNA DSB on Chr4A in C. albicans. Unexpectedly, the remaining 5-FOA" clone appeared as
mono-GFP by flow cytometry. This clone was homozygous for SNP156 but heterozygous for
SNP95 and HIS+ ARG-. This suggested that this 5-FOA" clone belonged to the rare mono-
GFP cell population observed by flow cytometry as described above and that are likely to
have arisen by other recombination events (see below).

In order to determine the frequency of the molecular mechanisms giving rise to mono-BFP
cells, we enriched them by FACS and plated them onto YPD medium. Strikingly, only a
subset of the plated cells was able to form colonies (~4%, Figure 18C) whose characterization
highlighted two populations: (i) doubly fluorescent and HIS+ ARG+ URA+ colonies —
suggesting that they were wild type cells, illegitimately recovered in our sorting procedure —
and (ii)) mono-BFP and HIS+ ARG- URA+ colonies — likely to result from an I-Scel-
independent LOH (Figure 18E). This result suggested that all mono-BFP cells that had arisen
by repair of the I-Scel target site on Chr4A were inviable, possibly due to homozygosis of one

or more recessive lethal alleles on Chr4B.

A heterozygous null mutation in the GPI16 gene is responsible for the inviability of C.
albicans cells homozygous on the left arm of chromosome 4 haplotype B

Results presented above implied the presence of at least one recessive lethal allele on
Chr4B between the left arm telomere (position 1) and I-Scel target site (position 778,082).
We reasoned that (i) the genotype for this allele should be heterozygous in C. albicans strain
SC5314, as homozygosis of the Chr4A allele is viable, (ii) the recessive lethal allele should
never be found in the homozygous state in the C. albicans population, and (ii1) it should not
affect a gene previously shown to be dispensable in C. albicans. In order to identify such an

allele, we took advantage of sequencing data obtained from 155 C. albicans isolates including
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the reference strain SC5314 (M.E.B., G.S., N.S., K.S., CM., and C.d’E., manuscript in
preparation) and searched for SNPs generating a stop codon in ORFs on Chr4B and meeting
the above criteria. Strikingly, only one such SNP was identified in SC5314 at position
659,191 on Chr4B (equivalent to position 659,155 on Chr4A), which resulted in a change
from CGA (arginine) on Chr4A to TGA (STOP codon) on Chr4B in the C4_03130W gene.
The premature STOP codon resulted in a protein shorter by 87 amino acids, deleting a C-
terminal membrane-spanning domain (Figure 18F C4_03130W is the ortholog of the essential
S. cerevisiae GPII6 gene encoding a membrane-bound component of a
glycosylphosphatidylinositol (GPI) transamidase complex necessary for GPI anchor
biosynthesis. Notably, no disruptant could be obtained for the C4_03130W gene (now
referred to as GPI16), suggesting that this gene is essential in C. albicans (426). Thus, our
results suggested that the truncated GPII6 allele (referred to as gpil6%°") might be
responsible for the inviability of C. albicans cells that experienced a long-range LOH on
Chr4B.

To test this hypothesis, the GPII6 wild-type ORF available in the C. albicans
ORFeome (402) was placed under the control of the constitutive P;,,; promoter and
integrated at the RPSI locus on Chrl in the “I-Scel+TargetA” strain, yielding strain “I-
Scel+TargetA+GPI16”. As observed for the “I-Scel+TargetA” strain, growth of the “I-
Scel+TargetA+GPI16” strain resulted in a 100-fold increase in the number of mono-BFP cells
in presence of ATc (Figure 18B; Table 3 p.83). Interestingly, FACS-sorted mono-BFP cells
derived from strain “I-Scel+TargetA+GPI16” grown in the presence or absence of ATc
showed 100% viability on YPD agar plates, although variability in colony size was observed
with 54% of small- and 46% of large-sized colonies (Figures 18C and 19A). These results
contrasted with those obtained for strain “I-Scel+TargetA” and indicated that overexpression
of GPI16 complemented the inviability of mono-BFP cells. This confirmed that the gpil 6™
allele was the recessive lethal allele responsible for this inviability.

As done previously, we evaluated the nature and frequency of the molecular
mechanisms at the origin of mono-BFP cells derived from the “I-Scel+TargetA+GPI16”
strain. As we observed variability in colony size, we independently analyzed 48 large and 48
small colonies. Based on auxotrophy, SNP-typing and WGS we could conclude that large
colonies had all arisen by BIR/MCO while small colonies had arisen predominantly by WCL
and reduplication (85.4%). The remaining 14.6% small-colony variants had arisen by

BIR/MCO. Notably, even though a cross-over between the BFP/GFP locus and the
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heterozygous HIS4/his4“’’"" could arise and allow the occurrence of mono-BFP cells with
histidine auxotrophy, these were never observed.

Results presented above suggested that mono-BFP cells arose from an I-Scel-
dependent DNA DSB either repaired by BIR/MCO or resulting in a WCL. As we observed
46% of colonies were large and 54% were small among 1,054 FACS-sorted mono-BFP cells
from strain “I-Scel+TargetA+GPI16” upon I-Scel induction, BIR/MCO and WCL seem to
occur at similar frequencies. However, homozygosis of a second recessive allele located
between the I-Scel target site and the right telomere of Chr4B could explain the small-colony

phenotype associated with Chr4B WCL (Figure 19A).

A heterozygous null mutation in the MRF?2 gene is partially responsible for the small
colony variants arising upon chromosome 4 haplotype A loss

Small colonies were predominantly observed upon Chr4A WCL in both non-induced
and induced conditions (89/96 when pooled). We thus used the same approach presented
above to identify a recessive allele of a non-essential gene in the region of Chr4 extending
from the I-Scel target site location to the right telomere responsible for the observed
phenotype. Only one SNP was identified in SC5314 and is located at position 796,698 on
Chr4B (796,679 on Chr4A) and results in a change from CGA (Arginine) on Chr4A to TGA
(STOP codon) on Chr4B in the C4_03750C gene (mrf2%*) (Figure 17A p.80). The
premature STOP codon resulted in a protein shorter by 34 amino acids (Figure 17B p.80).
This gene is the ortholog of S. cerevisiae MRFI that encodes a putative mitochondrial
translational release factor. Deletion of MRFI in S. cerevisiae and other organisms results in
acute respiratory defects (427-429) but the consequence of inactivating the C4_03750C gene
in C. albicans has not yet been investigated. As the name MRFI has been assigned to the
C1_11700C gene in C. albicans (430), ortholog of S. cerevisiae ETRI, we instead refer to
C4_03750C as MRF2.
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Figure 19: Homozygosis of ChrdB is associated with phenotypic heterogeneity due to an
additional recessive deleterious allele.

(A) Heterogeneous colony sizes of mono-BFP cells derived from the «I-
Scel+TargetA+GPI16 » strain. Small and large colonies are indicated by a black arrow.
Small-colony variants are mainly resulting from WCL while large-colony variants are
resulting from BIR/MCO. Very large colonies (false-positive) are doubly fluorescent, having
not undergone I-Scel cleavage on Chr4A. The locations of the mrf2%°**" and gpil6™°°" mutated
alleles on Chr4B on both sides of the I-Scel target site are shown. (B) Homozygosis of
mrf©%" allele gives rise to a truncated non-functional protein. The Mrf2 protein encoded by
the MRF2 functional allele is 396 amino acids long, but when encoded by the mrf~*" allele, if
translated, the protein would be shorter by 34 amino acids removing the C-terminal part of the
release factor domain. (C) Small colonies have a respiratory defect that is restored upon
complementation with MRF2. Cells were spotted on rich medium containing glucose or
glycerol as carbon source. No growth was observed on YPG for small colonies.
Complementation with Py, ;-MRF2 or P,p..-MRF2 restored growth on YPG while
complementation with URA3 only did not. (D) Cells from the small colonies show a defect in
the mitochondrial network. Cells were stained with MitoTracker for mitochondria. The panels
display microscopy pictures of the control strain (I-Scel+TargetA+GPI16) and the small
colony variants-derived cells. The cells were observed at 100X in DIC and Cy3 for
Mitotracker staining (250ms - red). The cells were examined under a Leica DMRXA
microscope. (E) Complementation with a MRF2 functional allele does not restore wild-type
colony size in small colony variants on YPD agar medium. Pictures were taken with a
stereomicroscope Leica M80 at a zoom of 7.5X.

In order to test whether mrf2%

was associated with respiratory defects in C. albicans, we
first grew small-colony variants obtained from strain “I-Scel+TargetA+GPI16” on YPD and
on YP glycerol (YPG) agar plates. Because glycerol is a non-fermentable carbon source,

functional mitochondria are required for its assimilation via respiration. We observed that
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small-colony variants could not grow on YPG (Figure 19C), in contrast to the parental strain

R362* allele

and the large-colony variants derived from this strain, thus suggesting that the mrf2
is associated with mitochondrial dysfunction. Mitochondria staining of cells derived from the
small-colony variants and “I-Scel+TargetA+GPI16” parental strain reinforced our hypothesis.
Indeed, while the parental strain’s mitochondria appeared as an interconnected filamentous
network, characteristic of healthy cells, those of the small-colony variants appeared patchier
(Figure 19D). We further confirmed that the mrf2%%" allele was responsible for the
mitochondrial defect as complementation with the wild-type MRF2 allele restored growth of
the small colony variants on YPG medium (Figure 19C). Yet, the size of the colonies

remained small on YPD medium (Figure 19E) suggesting the occurrence of a third recessive

deleterious allele on Chr4B, though we were unable to identify it.

GC with CO are also involved in the repair of I-Scel-induced DNA DSBs

As mentioned previously, induction of I-Scel expression yielded mono-fluorescent
cells with an unexpected fluorescence. Mono-BFP cells were observed upon the expression of
I-Scel in the “I-Scel+TargetB” strain while only mono-GFP cells were expected upon repair
of the I-Scel-induced DNA DSB (Figure 17B p.80). Similarly, mono-GFP cells were
observed upon I-Scel induction in the “I-Scel+TargetA” (Figure 18B p.86). To understand the
basis for these rare cell populations, we first collected mono-BFP cells obtained from the “I-
Scel+TargetB” strain after [-Scel induction. Almost all mono-BFP cells were inviable on
YPD upon cell sorting (~96%), leading us to hypothesize that they had undergone a LOH
event that had rendered Chr4B homozygous. Among the few viable cells, 12 mono-BFP cells
had likely repaired the I-Scel-induced DNA DSB, as deduced from the loss of both the URA3
gene and the 1-Scel target sequence. These cells were analyzed by SNP-typing and appeared
to have undergone a BIR/MCO or SCL event, rendering SNP156 homozygous for haplotype
B despite the presence of the I-Scel target sequence on the Chr4B homolog. We further

investigated the nature of these events by WGS of 5 mono-BFP clones.
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Figure 20: Unexpected LOH events result from independent BIR/MCO and GC events
or GC with CO events.

(A) Representation of LOH events that occurred in sequenced unexpected mono-fluorescent
cells. WGS allowed the identification of LOH events occurring in the unexpected (i) mono-
BFP cells from «I-Scel+TargetB » strain, (ii) mono-BFP cells from «I-
Scel+TargetB+GPI16 » strain (clone 5 displays an aneuploidy on Chr5, data not shown), (iii)
mono-GFP from « I-Scel+TargetA » strain (clone 4 displays a truncation of Chr3, data not
shown). Chr4 for each strain (or group of strains) is represented as a horizontal box with
vertical bars corresponding to 1kb regions. Vertical bars are colored grey if heterozygous,
green if haplotype A-homozygous and blue if haplotype B-homozygous (haplotypes A and B
harbor the GFP and BFP genes, respectively). Different levels of grey, green or blue intensity
indicate local changes in SNP density. White regions are homozygous in both the sequenced
strain and strain SC5314 that was used to define haplotypes A and B. Centromeres are shown
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as a black vertical bars. The location of the GPII6 and I-Scel target site-URA3 loci are
indicated. (B) Multiple but not simultaneous repair events could be responsible for the
unexpected mono-GFP cells upon repair of an I-Scel-induced DSB in the “I-Scel+TargetA”
strain. Upon I-Scel induction, one of the two chromatids is cut and repaired using the
homologous chromosome as a template by GC with CO. After a mitotic event, %4 of the
population became mono-GFP with one homolog still carrying the URA3 marker and I-Scel
target sequence. Because both URA3 marker and I-Scel target sequence were found to be
absent, we propose that, during the 8 hours induction, cells having inherited the GFP-bearing
chromosomes with one copy of URA3 and the target site can go through another loop of DNA
DSB repair in G2 phase yielding 50% of the newly generated mono-GFP lacking the URA3
marker or the target sequence. (C) Multiple and simultaneous repair events could alternatively
be responsible for the unexpected mono-GFP cells upon repair of an I-Scel-induced DNA
DSB in the “I-Scel+TargetA” strain. Upon I-Scel induction, both sister chromatids are cut:
while one chromatid is repaired using the homologous chromosome as a template by GC with
CO, the second sister chromatid is repaired by GC using the homologous chromosome as a
template. After mitosis, %4 of the population has become mono-GFP. Models shown in (B)
and (C) are also valid for mono-BFP cells from “I-Scel+TargetB+GPI16”.

As diagrammed in Figure 20A, all 5 clones had undergone homozygosis that had
rendered Chr4 homozygous for haplotype B from the left telomere to a position <659,191 i.e.
upstream of the GPI16 locus instead of position 778,082, where the I-Scel target site had been
inserted. Hence, in these clones, heterozygosity was maintained in the region that
encompasses the GPI16 gene. We conclude that viable mono-BFP cells arising from the “I-
Scel+TargetB” strain are the result of two independent recombination events: an I-Scel
dependent GC event on Chr4B at the [-Scel-URA3 locus and a I-Scel-independent BIR/MCO
event on Chr4A that has led to the homozygosity of Chr4B left arm while preserving a
functional GPI16 allele.

Based on the gpil6™7" findings in the “I-Scel+TargetA” strain we hypothesized that
the inviability of most mono-BFP cells obtained from the “I-Scel+TargetB” strain was the
result of homozygosis of the gpil6®°" allele. Thus, we generated strain “I-
Scel+TargetB+GPI16” by integrating the GPI16 wild-type allele placed under the control of
the P;,,; promoter at the RPSI locus on Chrl in the “I-Scel+TargetB” strain. When 1-Scel
expression was induced in this strain, we observed a 58-fold increase in the appearance of
mono-BFP cells (Table 3 p.83). This increase is 3 times higher than the frequency of
unexpected mono-BFP cells in strain “I-Scel+TargetB” but can be explained by an increased
viability of the cells during the time of the experiment. As we predicted, all mono-BFP cells
recovered by FACS were now viable. WGS of 5 mono-BFP clones revealed that they had
undergone a LOH rendering Chr4 homozygous for haplotype B from the I-Scel-URA3 locus

to the left telomere (Figure 20A). As illustrated in Figures 20B and C, we hypothesize that
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these mono-BFP cells have arisen through successive or simultaneous repair events involving
GC with CO followed by GC/BIR or MCO at the I-Scel sites.

Similarly, we collected unexpected mono-GFP cells obtained from the “I-
Scel+TargetA” strain. These cells showed 100% viability and those that had repaired the I-
Scel-induced DNA DSB, as deduced from the loss of the URA3 gene, appeared to have
experienced BIR/MCO or SCL events. WGS of 5 mono-GFP cells confirmed that they had
undergone homozygosis, rendering Chr4A homozygous from the I-Scel-URA3 locus to the
left telomere (Figure 20A). Here again, we hypothesize that these mono-GFP cells have arisen
through successive or simultaneous repair events involving GC with CO followed by GC/BIR
or MCO at the I-Scel sites (Figures 20B and C).

Taken together, these results suggested that, in addition to GC and BIR events, the repair of
an I-Scel-induced DNA DSB on Chr4 could involve GC with CO events.

Heterozygous mutations are also responsible for haplotype-specific LOH in clinical strains.

The identification of the recessive deleterious mutations gpil6°* and mrf2%%" was
made in C. albicans strain SC5314. Notably, both mutations appeared unique to this strain.
Therefore, we asked whether different recessive lethal alleles might occur in other C. albicans
isolates. To this end, we focused on Chr5, as selection for utilization of L-sorbose as the sole
carbon source by C. albicans has been reported to trigger the loss of one Chr5 homolog and,
thus, whole Chr5 homozygosis (57, 431, 432). Chr5 also carries on its left arm the mating
type-like locus (MTL), often found to be heterozygous (MTLa/a) in C. albicans strains, which
can be used as a marker of homozygosity upon genomic rearrangement on Chr5 (Figure 21A).
We hypothesized that if a C. albicans isolate was harboring a recessive lethal allele on Chr5,
L-sorbose-utilizing (SOU") progeny would undergo LOH events maintaining only one of the
two Chr5 haplotypes and thus, a unique mating-type. To test this hypothesis, we scanned the
genomes of C. albicans isolates and identified strains CEC2876 and CEC3673 as harboring a
heterozygous SNP on Chr5 that might generate a potentially non-functional allele of a

presumably essential gene.
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Figure 21: Heterozygous deleterious recessive alleles are also present in clinical isolates.
(A) Principle of sorbose-induced WCL impacting Chr5 in C. albicans. C. albicans cells that
have undergone Chr5 loss can grow on sorbose. Conveniently, Chr5 is heterozygous at the
mating-type locus (MTLa/c) and the heterozygous or homozygous state of this locus can be
screened by PCR. (B) Map of the Chr5 showing the localization of the mutated alleles in
clinical isolates. Applying the same method as for the strains “I-Scel+TargetA” and “I-
Scel+TargetB”, we identified a mutation in NUF2 and DIB] respectively found in CEC2876
and CEC3673 clinical strains. These mutations are both localized on Chr5A. (C)
Homozygosis of nuf2*"* or dib1***" allele gives rise to truncated non-functional proteins.
The NUF2 and DIBI functional alleles encode proteins of 470 and 149 amino acid long,
respectively, but when encoded by the nuf2”*" and dib1*'*" alleles, the proteins are shorter by
142 and 29 amino acids, respectively. (D) Growth on sorbose gave rise to both M7TLa and
MTLo homozygous clones for SC5314 but only MTLa homozygous clones for the clinical
isolated. The Chr5 loss was assessed through PCR at the MTL locus. While both homozygous
MTL loci can be found for SC5314 reference strain, the presence of the mutated alleles at the
heterozygous state on Chr5A prevents the homozygosis of this haplotype in both clinical
isolates.

In strain CEC2876, the identified SNP was located at position 289,097 on Chr5A (289,095 on
Chr5B) and resulted in a change from CGA (arginine) on Chr5B to TGA (STOP) on Chr5A
in the C5_01280C gene (nuf2"**"). The premature STOP codon resulted in a protein shorter
by 132 amino acids. This gene is the ortholog of S. cerevisiae NUF2 that encodes a

kinetochore component (Figures 19B and C p.90).
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In strain CEC3673, the identified SNP was located at position 212,951 on Chr5A
(212,941 on Chr5B) and resulted in a change from AGA (arginine) on Chr5B to TGA (STOP)
on Chr5A in the C5_00920W gene (dib1**”"). The premature STOP codon resulted in a
protein shorter by 20 amino acids. This gene is the ortholog of S. cerevisiae DIBI that plays a
role in mRNA splicing and DNA methylation regulation (Figures 19B and C p.90). Deletion
of either NUF2 or DIBI in S. cerevisiae results in lethality but the consequence of
inactivating these ORFs in C. albicans has not yet been investigated.

After selection on sorbose containing-media, the heterozygous status of the MTL locus
of 60 single SOU+ colonies was analyzed by PCR and SC5314 was used as a control. While
isolates homozygous for both mating types were recovered for SC5314 that do not carry the
nuf2% and dibI1®'*" alleles (16 MTLa and 27 MTLa) (Figure 21D), only MTLa SOU+
derivatives were recovered for CEC2876 and CEC3673 (21 MTLa and 19 MTLa,
respectively) (Figure 21D). In all three cases, the remaining progeny were found to maintain
heterozygosity at the mating type-like locus suggesting that they had acquired sorbose
resistance independently of an LOH event encompassing the MTL, DIBI and NUF2 loci
(Figure 21D).

Taken together, these results indicated the occurrence of recessive lethal alleles in the
heterozygous state in C. albicans isolates, responsible for the haplotype bias observed when

these isolates undergo LOH.

Discussion

Having a dynamic genome is now recognized as one of C. albicans’ abilities that has led to its
success as both a commensal and a pathogen. Yet little is known about the molecular events
that lead to the genome rearrangements that are observed in C. albicans isolates. Our work
aimed at studying the repair of DNA DSBs and facilitating the study of genome dynamics in
C. albicans. Here, we have (i) developed a DNA DSB-inducing system that generates a DNA
DSB at a defined site in the C. albicans genome, (ii) demonstrated that this induced DNA
DSB is mainly repaired by gene conversion, (iii) explained the previously observed bias in
Chr4 haplotype homozygosis by the presence of recessive lethal and deleterious alleles at the
GPI16 and MRF?2 loci in C. albicans strain SC5314, (iv) shown that similar haplotype biases
occur in other C. albicans strains, due to different recessive lethal alleles, and (v) observed
rare and complex molecular mechanisms involved in DNA DSB repair in C. albicans. This
work presents for the first time a precise study of haplotype-dependent repair mechanisms in

a natural heterozygous diploid organism.
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Mechanisms of double-strand break repair in C. albicans

In this study, we estimated the LOH frequency associated with I-Scel-induced DNA DSB
making use of two assays: 5-FOA counter-selection, observed upon short- and long-range
LOH events, and flow cytometry, whereby loss of one fluorescence reveals long-range LOH
only. Taken together, our results show that LOH events associated with the repair of a site-
specific DNA DSB in C. albicans are mainly due to GC but also at a minor rate, BIR/MCO.
Notably, the location of the I-Scel target site on Chr4A or Chr4B had different outcomes in
the frequency at which BIR/MCO and WCL events were observed, with BIR/MCO and WCL
occurring at similar frequencies when the target site was located on Chr4A, while only
BIR/MCO events were observed when the target site was located on Chr4B. We propose that
different DNA conformations at the time of repair (433, 434) or the presence of heterozygous
alleles on one of the homologs could explain the observed homolog-specificity of the
molecular mechanisms resulting in LOH (20). Noticeably, our study did not assess Non-
Homologous End Joining (NHEJ) repair events; however, NHEJ is thought to be inefficient
for DNA DSB repair in C. albicans (171, 172).

Our work also highlighted a substantial fold increase of an unanticipated population of
mono-fluorescent cells following an I-Scel-induced DNA DSB. Two hypotheses may explain
this cell population. First, they could result from the DNA DSB being repaired by GC with
CO in the G2 phase (Figure 18B p.86). As a consequence, because [-Scel expression is
induced for 8 hours and the mono-fluorescent cells resulting from GC with CO would still
carry the I-Scel target site, it is conceivable that cells could undergo a second I-Scel-mediated
DNA DSB repaired by GC, BIR, MCO or SCL and associated with the loss of the URA3
marker (Figure 18B p.86). Alternatively, as suggested by others (248, 435, 436), I-Scel
cleavage may occur in early S phase when DNA is the most accessible (437) and therefore
happen concomitantly on both sister chromatids. One sister chromatid could be repaired by a
classical GC while the other sister chromatid undergoes a GC with CO (Figure 18C p.86).
Interestingly, Esposito and colleagues (438) reported that spontaneous GC events occur at a
rate of 107 to 10° in diploid S. cerevisiae, while Haber and Hearn (439) quantified the
occurrence of GC with CO events as 12 to 25% of the overall GC events in presence of large
homologous regions. More recently, researchers have found that GC events with CO were
increased upon generation of a DNA DSB (440), supporting the results found in C. albicans.
Finally, our results also suggested the occurrence of an additional rare cell population arising
from multiple events on Chr4: the repair of the I-Scel-induced break by GC followed by a

spontaneous LOH event on Chr4A. This scenario would result in two homozygous regions:
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(1) one short-tract of homozygosity surrounding the I-Scel target site and the URA3 marker;
and (ii) one larger homozygous region starting upstream of the I-Scel target site and
extending towards the left telomere (Figure 18A p.86). We are aware that our analyses using
SNP-RFLP and WGS remain descriptive and are not a proof of the molecular mechanisms at
the origin of the observed LOH events.

Taken together, our results have shown that DNA DSB repair in C. albicans most
often involves GC. GC also appears as the main repair mechanism of DNA DSBs generated
by homing endonucleases (407, 441), more specifically I-Scel (316), in S. cerevisiae and in
other organisms (436, 442). Interestingly, Forche et al. (18) showed that stresses (H,O,,
fluconazole, 39°C) affected the nature and/or frequency of LOH in C. albicans. In the absence
of stress, or in presence of H,O,, GC and BIR were observed as the main mechanisms leading
to LOH events at the GALI locus on Chrl (18). However, under oxidative stress, an increase
in GC events and a decrease in BIR events were observed. Yet, these experiments could not
provide information about haplotype specificity. Our approach of generating a targeted DNA
DSB allows discrimination of the impact of each haplotype on LOH and the identification of
both frequent and rare repair events associated with DNA DSBs. Nonetheless, our
experiments have been carried out using a single locus for DNA DSB induction on Chr4 and
our results could be locus specific; additional experiments should be conducted to extend our
study to other chromosomes and loci. Additionally, although we show that I-Scel can be used
in C. albicans to generate targeted DNA DSBs, the C. albicans-optimized CRISPR-Cas9
system (355) could help extend this study, as it allows targeting haplotype-specific targets

without the sophisticated genome engineering that we had to implement.

Recessive deleterious alleles in the C. albicans genome and their impact on loss-of-
heterozygosity

In this study, we have identified two recessive alleles present in the heterozygous state on
Chr4B. The gpil6™" truncated allele was associated with lethality when found in the
homozygous state and therefore identified to be responsible for unidirectional LOH on Chr4.
We also identified a truncated allele of the non-essential MRF2 gene. Complementation of the
mrf2%%% Imrf2™%%" strains with a functional allele of MRF?2 restored mitochondrial function but
did not impact colony size. This either reflects (i) the presence of a third recessive allele on
haplotype B that we were not able to identify, (ii) the presence of a heterozygous or
R362*

homozygous recessive allele in the C. albicans genome that upon homozygosis of mrf2

mutated allele leads to the small colony size phenotype or (iii) the possibility that, if
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translated, the non-functional Mrf2****" protein has a dominant-negative effect. Nonetheless,
the latter hypothesis does not explain why such a dominant-negative effect is not naturally
observed in the heterozygous SC5314 strain, unless we take into consideration the difference
in genome location which could impact the level of expression of the functional copy of
MRF?2, inserted at the RPSI locus, as compared to the endogenous MRF?2 locus.

Although our DNA DSB-inducing system, combined with the availability of a large

panel of genome sequences for C. albicans isolates, allowed us to identify the mutation
underlying the haplotype bias observed upon Chr4 homozygosis (10, 20, 74, 126) and a
deleterious allele responsible for respiratory defects, our study was performed in vitro and we
cannot rule out the existence of additional recessive alleles that would have deleterious effects
in vivo when present in the homozygous state. In addition, our identification of the gpil6®"""
and mrf2R362* alleles was unique to the reference strain SC5314. Nevertheless, we also
demonstrated that haplotype bias upon LOH of Chr5 can be found in two clinical strains,
suggesting that our findings may extend to the entire C. albicans population.
In this study, only deleterious recessive alleles located on Chr4 of strain SC5314 could be
revealed. However, haplotype bias has been observed for other chromosomes in this strain
(part of Chrl, Chr3, 6 and 7) (10). Similar to our observation with Chr4, it is likely that
deleterious and possibly lethal recessive alleles are located on these chromosomes and
responsible for these haplotype biases.

C. albicans reproduction has been shown to be predominantly clonal (443-447) and it
is therefore not surprising that recessive deleterious or lethal alleles are found in the diploid
genomes of different isolates. Indeed, clonal reproduction should fix such mutations more
rapidly than sexual reproduction (448). Interestingly, LOH is frequent in C. albicans isolates
and one might anticipate that clonal reproduction would progressively lead to homozygosity
in this species. The occurrence of heterozygous SNPs affecting the function of genes with
significant contributions to C. albicans fitness in vivo may contribute to the maintenance of
heterozygosity if distributed on the two haplotypes of each chromosome. However, it is
interesting to note that, in the conditions we have used, recessive alleles with a deleterious
effect in vitro were only present on Chr4B, with Chr4A being apparently devoid of such

alleles.

99



Material and methods

Strains and media

The C. albicans strains used in this study are derived from SN148 (266) and are listed in
Table S1. Yeast cells were grown at 30°C in liquid media, either in YPD (1% yeast extract,
2% peptone, 2% dextrose) or SC (0.67% Yeast Nitrogen Base without amino acids, 2%
dextrose supplemented with the appropriate 0.08% drop out mix of amino acids). Solid media
were obtained by adding 2% of agar. Additionally, YPG (1% yeast extract, 2% peptone, 2%
glycerol, 2% agar), sorbose-containing medium (0.7% Yeast Nitrogen Base without amino
acid, 2% L-sorbose (Fluka Analytical), 2% agarose — agarose was used instead of agar to
avoid the use of scavenger cells (personal communication from Guilhem Janbon)) and 5-
FOA-containing medium (0.7% Yeast Nitrogen Base without amino acid, 0.0625% 5-Fluoro-
orotic Acid (Toronto Research Chemicals), 0.01% uridine, 2% glucose, 2% agar,
supplemented with leucine, arginine and histidine for the needs of the experiment) have also

been used.

Plasmid and strain constructions

We constructed a series of integrative plasmids that were sequentially introduced in the C.
albicans strain that carries the BFP/GFP system (CEC2684, see Table S1 p.134) using the
Lithium Acetate/Polyethylene Glycol protocol as described (449). See Text S1 for further
details. C. albicans transformants were checked by PCR with a primer hybridizing to the
plasmid sequence and a primer hybridizing to the gDNA in the region of insertion in order to
verify proper integration of the plasmid in the C. albicans genome (Table S2 p.140).

To facilitate reading and understanding in the following manuscript, we name CEC4012 as
“I-Scel + TargetB”, CEC4088 as “I-Scel + TargetA”, CEC4045 as “I-Scel only”, CEC3930 as
“Target only”, CEC4429 as “I-Scel + TargetB + GPI16” and CEC4430 as “I-Scel + TargetA
+ GPII6”.

Induction of the Tet-On system

In order to activate the Tet-On promoter and achieve I-Scel protein overexpression, single
colonies were grown overnight in SC-His-Arg medium. After a 16h growth, the cell cultures
were diluted 10 times and grown for 8 hours in YPD in presence of anhydrotetracycline at a
final concentration of 3pug/mL (ATc3) (393). The cells were then allowed to recover (i.e. to

repair the DNA DSB) overnight by diluting 130 times the 8 hours-grown cells in fresh YPD
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medium. ATc is commonly used for induction experiments and does not cause major defects
in cell growth, morphology and biology (402). The cells were diluted 50 times into 1X PBS.
A maximum of 10° cells were analyzed by flow cytometry using a MACSQuant® Analyzer
(Miltenyi Biotec). The results were analyzed using FlowJo 7.6 software. The gates to
determine the LOH frequencies were designed arbitrarily, but remained constant for all

subsequent analyses.

Cell sorting

Single colonies from YPD plates were cultivated as presented above. Each culture was
filtered with BD Falcon™ Cell strainers. Cells were diluted in 1X PBS at a final concentration
of at least 20x10° cells/mL. The MoFlo® Astrios™ flow cytometer was used to analyze and
sort the cells of interest at low pressure (25 to 40%) and using a saline solution as a buffer
(NaCl 0.9% OTEC). The flow cytometer is located at the Imagopole platform of the Institut
Pasteur. A minimum of 1,000 cells were recovered into 400uL YPD in 1.5mL sterile
Eppendorf tubes and stored at 4°C for the time of the experiment. This step can be preceded
by an enrichment step consisting in sorting and recovering at high rate a maximum of cells
first detected as positive in an 1.5mL sterile tube and perform a second sorting on these
enriched populations to select with a higher accuracy the truly positive cells. The sorted cells
were plated immediately after cell sorting on four YPD plates and incubated at 30°C for 48h.
Single colonies were counted and then cultivated overnight in ImL of fresh YPD at 30°C in
96-well plates. Aliquots were spotted on YPD, SC-Ura, SC-Arg+Uri and SC-His+Uri using a
48 or 96-well pin replicator and incubated at 30°C for 48h. This experiment was conducted

twice.

PCR reactions

Each PCR reaction was performed in an Eppendorf Mastercycler ep gradients with 2ulL 10X
PCR buffer; 2ul. MgCl, S0mM, 1.2uLl mix of dANTP 2mM; 0.5uL. of each primer 10uM;
0.2uL of Taq polymerase (Invitrogen™), either 1uL of DNA or traces of cells and water to
reach a volume of 20uL. The following conditions were used: initial denaturation at 94°C for
3min, 30 cycles with denaturation at 94°C for 40s, annealing at 55 at 60°C for 40s and
extension at 72°C for 1min/kb, and a final extension time at 72°C for 10min. The PCR

products were verified by electrophoresis on a 1% or 2% agarose gel.
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SNP-RFLP

Genomic DNA was extracted from cells coming from two independent cell sorting and 5-
FOA experiments with the Epicentre Kit and used as a matrix in a PCR mix with primers
located upstream and downstream of the SNP(s) of interest in order to assess their
heterozygous or homozygous state. We used SNP156 (Tagl restriction site) located on the left
arm of Chr4, between the telomere and the BFP/GFP system, and SNP95 (Alul restriction
site), located close to the centromere on the right arm of Chr4 (365). The PCR reactions were

performed as detailed above.

MitoTracker staining

Cells were grown overnight in rich medium. The cultures were then diluted to an OD,=0.2
in 50mL of liquid YPD and grown for 6 hours at 30°C. Once ODg,=1.2 had been reached, the
cells were harvested and resuspended in 10mL of YPD. The cells were stained with
MitoTracker (stock solution at 200uM, diluted 1:1,000 in the culture) for 45 min at 30°C. The
cells were washed with sterile water and resuspended in 10mL of liquid YPG for 15min at

30°C. The cells were fixed in 4% paraformaldehyde diluted in PBS 1X.

Microscopy

The fixed cells were observed with a DMR XA LEICA fluorescence microscope using an oil
immersion objective at x100 magnification (1.4 N/A). Single bandpass filters were used for
Cy3 - Filter TX2 Leica (BP560/40). Images were captured with an ORCA II-ER cooled CCD

camera (Hamamatsu). Cells were exposed for 250ms for the Cy3.

5-Fluoro-orotic acid (5-FOA) counter-selection

Single colonies were cultivated as detailed above. Dilutions of the cultures were plated on 5-
FOA-containing plates (268). 200,000 cells of the strains carrying both the I-Scel
meganuclease and its target sequence were plated on 5-FOA containing plates after growth in
ATc-free medium, while only 2,000 and 20,000 cells were plated after growth in presence of
ATc3. Additionally, 200,000 cells of the control strains cultured in both induced and non-
induced conditions were plated on 5-FOA containing plates. The dilutions were verified by
plating a volume corresponding to 100 cells on YPD plates. Plates were incubated at 30°C for

48h. This experiment was conducted twice.
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Sorbose counter-selection

Single colonies from two clinical strains, CEC2876 and CEC3673, along with the reference
strain, SC5314, were cultivated overnight in rich medium. The cultures were diluted and
3x107 to 3x10° cells were plated on sorbose-containing plates (450, 451). The dilutions were
verified by plating a volume corresponding to 100 cells on YPD plates. Plates were incubated
at 30°C for 10 to 12 days (451).

Single colonies were patched on sorbose plates and a multiplex PCR at the MLTa/MLTa
(452) locus was performed using primers AF120 to AF123 (Table S2 p.140), which allow the
amplification of a fragment of 821 bp for MTLa and 515 bp for MTLc.

Whole genome sequencing

The genomic DNA was extracted with a phenol-chloroform method. The DNA samples were
prepared with the Qubit® dsDNA BR assay kit following Thermo Fisher scientific
recommendations and the DNA concentrations were estimated using the Qubit® Fluorometer.
Genomic DNAs were processed to prepare libraries for Illumina sequencing. DNA was
randomly fragmented by sonication to an average fragment length of 500 base pairs. [llumina
adapters were blunt-end ligated to the fragments: the Nextera® XT DNA preparation kit
(Ilumina) was used according to the manufacturer’s recommendations. MiSeq and
HiSeq2500 platforms were used to generate respectively 300 and 250bp paired-ends reads.
The sequences were mapped to the C. albicans strain SC5314 reference genome assembly 22,
available from CGD (78, 453) using BWA v0.5.9 (454). Single nucleotide polymorphisms
(SNPs) between the sequenced genomes and the reference genome were identified using
GATK v3.1 (455) at positions with a sequencing depth equal or above 18X. Heterozygous
SNPs were defined as positions where 15% or more of the calls showed one allele and 85% or
less of the calls showed a second allele. Homozygous SNPs were defined as positions where
more than 98% of the calls differed from the reference genome. Sequencing depth and
heterozygosity/homozygosity density maps were constructed as described in Loll ez al. (19) or

Abbey et al. (456).

Data availability

Strains are available upon request. Table S1 p.134 contains genotypes for each strain.
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3. Additional results: High resolution analysis of repair fidelity at an I-Scel-
induced DNA DSB in C. albicans’

DNA repair mechanisms have been extensively studied in the budding yeast, S. cerevisiae. As
mentioned in the general introduction to this PhD thesis, repair mechanisms ensure cell
survival and the choice of the repair pathway defines the fidelity, the rapidity and the length
of the repair. In contrast to NHEJ, other molecular mechanisms such as BIR, GC or
monosomy lead to tracts of homozygosity of variable lengths and can have dramatic effects,
such as cell death, notably via the unmasking of deleterious alleles ((300), Feri et al.,
accepted for publication, mBio). However, LOH events play a double role as, in some
circumstances, they can also be associated with the homozygosis of beneficial mutations, for
example mutations rendering C. albicans cells resistant to an antifungal agent (281, 292-294,
299). In addition to LOH events, DNA DSB repair can result in the formation of partial
aneuploidy, i.e. isochromosomes that consist in two inverted copies of a single arm of a
chromosome flanking a centromere. Isochromosomes have also been shown to participate in
antifungal resistance in C. albicans (270, 281).
BIR and GC (without or with CO) (Figure 22) have been described as highly mutagenic. This
is primarily due to base substitutions or the use of a low fidelity polymerase (240). Moreover,
the invading strand and its template DNA form a heteroduplex during the non-CO GC events
(232) and mismatches occurring in the annealed region can be repaired by mismatch repair
(MMR), thus generating LOH events (232). Upon BIR resulting from DNA DSBs induced by
the S. cerevisiae HO nuclease, a 2,800-fold increase in frameshift mutations was reported
compared to normal DNA replication (215). These mutations occurred close to the DNA DSB,
where the replication machinery is the least stable, but, surprisingly, they were also observed
far from the break site (215). Although MMR and the proofreading domain of the Pollll DNA
polymerase allow for the correction of errors incorporated during replication, Deem et al.
(215) observed that a reduced MMR activity, a lower fidelity of Pollll and an increase in the
dNTP pool were associated to BIR, thus favoring mutagenesis. Additionally, semi-
conservative DNA synthesis may lead to unstable replication upon BIR (214). Besides their
mutagenic nature, BIR and GC with CO can be detrimental to diploid cells as they both

! This work involved the contribution of Murielle Chauvel, Christophe d’Enfert and Mélanie Legrand (Unité
Biologie et Pathogénicité Fongiques, Institut Pasteur), Corinne Maufrais (C3BI, Institut Pasteur), Agnés Thierry

(Groupe Régulation Spatiale des Génomes, Institut Pasteur).
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generate long-range LOH events and are likely to reveal deleterious alleles ((172, 300), Feri et

al., accepted for publication, mBio).
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Figure 22: Distinction between homologous recombination outcomes by the BFP/GFP
and I-Scel systems combination

Upon [-Scel-mediated DNA DSB, it is possible to determine which haplotype underwent a
DNA DSB, and combined to the BFP/GFP system it is possible to distinguish between LOH
resulting from BIR, GC without CO or GC with CO. In this example, if the DNA DSB occurs
on the BFP-bearing chromosome, BIR would give rise to mono-GFP cells, GC without CO
would remain doubly fluorescent and GC with CO would be at the origin of mono-BFP cells.

To date, fidelity of DNA DSB repair in C. albicans has not been investigated. This is in part
because no method was available to generate a targeted DNA DSB in the C. albicans genome.
This is also because BIR and GC with CO were indistinguishable due to the lack of suitable
combinations of markers to distinguish them. As shown in the previous section (II.A.2 p.74;
Feri et al., accepted for publication), the combination of the [-Scel-mediated DNA DSB-
inducing system and LOH reporters has circumvented these limitations (Figure 22). Hence,
we have investigated the fidelity of a DNA DSB repair upon BIR or GC with CO in C.
albicans. To this aim, we have made use of the sequencing data obtained for strains having
undergone BIR or GC with CO repair events following a DNA DSB induced by the I-Scel
meganuclease either on haplotype A or B of Chr4. Results presented below showed that
homozygosis, interspersed with stretches of heterozygosity, spread, as anticipated, from the I-
Scel break site towards the telomere and, unexpectedly, extended from this break site towards
the centromere. Notably, one progeny harbored a partial isochromosome that was the result of
an [-Scel-induced DNA DSB. Based on these observations, we discuss hypotheses regarding
the functioning of repair pathways such as BIR and GC with CO in C. albicans that may have

relevance to other organisms such as S. cerevisiae.
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BIR is associated with events of homozygosis between the I-Scel break site and the

centromere

As described in the previous section (II.A.2 p.74), coupling of the BFP/GFP system (Figure
11A p.53) with the S. cerevisiae 1-Scel meganuclease to generate a DNA DSB (Figure 16
p.79) at a defined locus in the C. albicans genome allowed detecting, quantifying and sorting
C. albicans cells that had undergone a long-range LOH, resulting from homologous
recombination. Upon cell sorting, we could distinguish different types of events: (i)
spontaneous events, (ii) I-Scel-induced BIR, and (iii) [-Scel-induced GC with CO events. In
the same study, 5 C. albicans clones having undergone I-Scel-dependent BIR or GC with CO
were selected for both parental strains (i.e. carrying the I-Scel target site either on Chr4A or
Chr4B) and were genome sequenced. The normalized density of SNPs confirmed the

molecular events predicted from FACS analysis and SNP-typing (Figure 23).

Chr2 Chr5 Chr7 ChrR
w " #f*{'w‘% M | )k I-Scel+TargetB
V ' | .

50 1 |-Scel+TargetB isolates 1-5
o M it U it | BR
150 1 I-Scel+TargetB+GPI16 isolates 1-5
. A AN A | GCwith CO
w i .“-k‘r”r'vi JL ;"‘lﬂ M}M’M l A I-Scel+TargetA
=or 1 |-Scel+TargetA+GPI16 isolates 1-5
o’ Ml A A, | BR
I-Scel+TargetA isolates 1-5
” L b M AL\ GC with CO

Figure 23: Normalized heterozygous SNP density of strains used in this study

The normalized heterozygous SNP density is represented by chromosome with each
chromosome associated to a color. As expected the mono-fluorescent cells have undergone a
LOH on Chr4 (either haplotype A or B according to the strain of interest). Note that a LOH
on the left arm of Chr2 is also present in the parental strain of “I-Scel+TargetA” and “I-
Scel+TargetB” as shown in Loll-Krippleber ef al. Homozygosity of Chr3 right arm and Chr7
left and right arms are also observed in strain SC5314 as shown in Abbey et al.

In order to get a better view of the fidelity of the homology-directed repair mechanisms used
in C. albicans, a detailed characterization of the region ranging from position 765,000 to
795,095 on Chr4A and from position 765,013 to 795,114 on Chr4B and encompassing the I-
Scel target site located at positions 778,062 on Chr4A and 778,081 on Chr4B was performed.

As shown in Figure 24A, only one of the five isolates (isolate 2) that had been predicted to
have undergone a BIR upon I[-Scel-dependent cleavage of Chr4B displayed a LOH that
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extended almost exactly from the [-Scel site towards the telomere (from position 778,133 to
the telomere). Isolates 1 and 3 showed homozygosis at the I-Scel site and a LOH upstream of
this site and extending towards the telomere, suggesting that they may be the result of
independent GC and BIR events or had undergone template switching during BIR (see below).
However, spontaneous BIR events are rare and are unlikely to have occurred here with such a
high frequency. Finally and unexpectedly, isolates 4 and 5 presented an extension of the
homozygous region up to 12.5 kb towards the centromere. These isolates may have occurred
through BIR independently of I-Scel cleavage or other mechanisms. The latter is more likely

and putative mechanisms will be discussed below.
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Figure 24: Results of the sequencing data analyses at the DNA DSB site in cells having
undergone BIR

Representation of a 30 kb region surrounding the I-Scel target site integration locus. Each of
the 5 diagrams for each strain represents an independent isolate. The analysis of the cells that
have undergone BIR resulting from a DNA DSB on Chr4B (« I-Scel + TargetB » strain) and
on Chr4A (« I-Scel + TargetA + GPI » strain) revealed unexpected homozygosis between the
target site and the centromere as well as heterozygous stretches within the homozygous region.
Green: haplotype A homozygous, Blue: haplotype B homozygous, Gray: Both haplotypes A
and B present (heterozygous).

As shown in Figure 24B, striking results were observed for the isolates that had undergone a

BIR upon I-Scel-dependent cleavage of Chr4A. Indeed, all isolates showed stretches of
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homozygosity, interspersed with regions of heterozygosity, in the region extending from the I-
Scel site towards the centromere.

Results presented above were unexpected as they showed that among 10 isolates that
appeared to have undergone BIR upon I-Scel-mediated cleavage of Chr4, only one showed a
LOH event that almost exactly extended from the I-Scel site (Figure 24A — isolate 2).
Moreover, they revealed unexpected events of LOH in the region extending from the I-Scel
site towards the centromere. To the best of our knowledge, no such detailed study of repair
events occurring at a DNA DSB has been performed in S. cerevisiae or human cells,
underlying the novelty of this observation. Below, we propose four mechanisms that may

explain these observations.

(1) As mentioned earlier, mismatches that appear during strand invasion and annealing upon
GC are subjected to repair by the MMR machinery (232). While in yeast, a minimum of 100
bp is sufficient for efficient homologous recombination (220), 500 to 1000 bp are necessary in
mammalian cells (457-459). Despite the requirement for a minimum of 100 bp to perform
efficient integrative transformation by homologous recombination in the C. albicans genome,
the maximum length used for strand invasion in this species is not known.

Heterozygosity might influence the length needed for annealing and will promote repair by
MMR. Consequently, LOH events of variable lengths between the I-Scel site and the
centromere may occur (Figure 25).

In S. cerevisiae, it was shown that, during GC, MMR is favored on the invading strand,
leading to LOH (232). Therefore, if such mechanisms occur upon BIR in C. albicans, LOH
events generated downstream the I-Scel cutting site might reflect the repair of mismatches on
the invading strand, followed by DNA synthesis using the homologous chromosome as a
template and asynchronous synthesis of the lagging strand (as shown in (133)) using the

newly synthesized DNA strand repaired via MMR (Figure 25).
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Figure 25: First mechanism — MMR heteroduplex correction during strand invasion
During BIR, the 3’ end invades its template DNA. Heteroduplexes can be formed between the
annealed sequences, resulting in the intervention of the MMR pathway to repair the
mismatches, thus transforming a heterozygous region into a haplotype A homozygous region.

Extent of the LOH events between the [-Scel target site and the centromere would depend on
the length of the annealed homologous sequences and the DNA end resection of the 5° end
(Figure 25). However, the occurrence of one strain carrying a LOH that extended almost
exactly from the I-Scel site towards the telomere cannot be explained by this hypothesis,

suggesting the involvement of other mechanisms.

(i1) In all investigated isolates, generation of a DNA DSB was mediated by I-Scel leaving 9
nucleotides at the 3’ end of the break that are not complementary to any region on the
homologous chromosome. Hence, to allow BIR, the 3’ end that is not complementary to its
homolog serving as template has to be removed. In S. cerevisiae, it is well known that the flap
ends generated during repair by Alt-NHEJ and SSA are removed by the Rad1-Rad10 complex
(197, 250, 251, 460, 461), a process that has been observed upon repair of an HO-induced
DNA DSB at the mating type locus with 60 bp differing from the homologous chromosome
(462).
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Figure 26: Second mechanism — Removal of flap ends by Rad1-Rad10

The I-Scel-induced DNA DSB leaves 3’ ends that are not homologous to its template DNA.
Flap ends can be removed by the action of the Radl-Radl0 proteins resulting in the
occurrence of a haplotype A homozygous region.

Thus, a similar process might occur in C. albicans upon repair of an I-Scel-mediated DNA
DSB and lead to a LOH (Figure 26). Interestingly, the observed homozygous region between
the break site and the centromere of C. albicans could reach a maximum length of 13 kb,
while other strains displayed no additional homozygosis downstream the I-Scel target site,
thus suggesting that this proposed mechanism may not be systematically employed.
Experiments are underway to test whether induction of a DNA DSB at the same locus using
the CRISPR-Cas9 system (355), that does not release flap ends, leads to similar or different

homozygosis profiles.

(ii1) BIR has been described as a very slow process in S. cerevisiae. Therefore, the stability of
the RPA proteins might be compromised when the repair is delayed. This would allow access
of 3’-5” exonucleases to the single-stranded 3’ end, degrading the 3’ end of the broken strand
until the homology search starts, consequently generating a longer homozygous region upon

completion of DNA repair (Figure 27).
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Figure 27: Third mechanism — 3’ end DNA resection
BIR has been described as a very slow process allowing 3’ ends to undergo non-negligible
DNA end resection allowing the formation of a larger homozygous region that expected.

A 3’-5" degradation has been described in S. cerevisiae by Zierhut and Diffley (463). In
addition to the 5’-3” end resection resulting in a single-stranded 3’ end overhang, the 3’ strand
was also undergoing substantial resection but at a slower rate. Additionally, these authors
hypothesized that the observed 3’ end resection was due to the action of Mrell belonging to

the MRN complex and having both an endonuclease and 3’-5’ exonuclease activity.

(iv) In S. cerevisiae, the mode of replication of DNA during BIR has been elucidated recently.
DNA synthesis was found to be conservative but asynchronous between the leading and the
lagging strand (133). In the event that DNA synthesis during BIR in C. albicans would be
conservative but synchronous between the leading and the lagging strand, one might expect
the formation of a heteroduplex at the region comprised between the break site on the 3’ end
and the resected 5’ end (Figure 28). Subsequent generation of homozygosity tracts could
involve repair by the MMR machinery of eventual mismatches between the 5’ and the 3’
strands of the repaired homolog (see Figure 25 p.110), or, as illustrated in Figure 28, through

segregation of chromosomes upon mitosis if BIR occurs in G2.
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Figure 28: Fourth mechanism — DNA synthesis is conservative and synchronous between

the leading and lagging strand

During strand invasion, the 3’ end undergoes DNA synthesis, while the resected 5’ end copies
DNA from the 5’ template strand involved in the D-loop. BIR repair pathway is known to be
active during G2 phase, thus when the cells divide, 50% of the population harbors a BIR with
a heteroduplex between the break site and the centromere. At the next mitotic division, 50%
of the cells would carry a LOH resulting from a BIR starting at the break site and ending at
the telomere, while the remaining 50% of the population would have undergone a BIR event

going from a region in between the break site and the
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Experiments are underway to test whether these proposed mechanisms are involved, through
evaluation of the impact of deleting the MSH?2 gene, involved in MMR, the MREII gene,
involved in 3’ end resection, the SPO/] gene involved in recombination or the POL32 gene,
encoding a key player in DNA synthesis during BIR, on the homozygosis events occurring at

the I-Scel site upon BIR.

GC with CO: a highly mutagenic repair mechanism at the break site

Results presented in Figure 29 revealed that isolates that had undergone GC with CO
displayed highly complex patterns of heterozygosity and homozygosity in the regions
surrounding the I[-Scel cleavage site. Indeed, almost all isolates showed alternating regions of
haplotype A homozygosity, haplotype B homozygosity and heterozygosity. It is unclear

which mechanism(s) could explain such complex patterns.
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Figure 29: Results of the sequencing data analyses at the DNA DSB site in cells having
undergone GC with CO

Representation of a 30 kb region surrounding the I-Scel target site integration locus. Each of
the 5 diagrams for each strain represents an independent clone. The analysis of the cells that
have undergone GC with CO resulting from a DNA DSB on Chr4B (« I-Scel + TargetB »
strain) and on Chr4A (« I-Scel + TargetA » strain) revealed unexpected homozygosis from
both haplotypes between the target site and the centromere as well as heterozygous stretches
within the mainly homozygous region. Green: haplotype A homozygous, Blue: haplotype B
homozygous, Gray: Both haplotypes A and B present (heterozygous).
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Ongoing experiments aiming at testing the contribution of the MSH2, POL32, SPOI],
MREI11I and MPHI genes to repair an I-Scel DNA DSB in C. albicans might help unravel

these mechanisms.

Template switching in Candida albicans upon BIR and GC with CO

As mentioned above, stretches of heterozygous DNA within a mainly homozygous sequence
were observed in several clones that repaired the I-Scel-mediated DNA DSB by BIR (Figure
24 p.108) or GC with CO (Figure 29). Irregularities observed in the status of the newly
synthesized strand have been reported in S. cerevisiae, and referred to as “template switching”
(216, 217, 239). This process has been demonstrated in both BIR- and GC-repaired cells and
has been linked to the Mphl helicase and the instability of the Pollll polymerase for BIR-
mediated template switching (217). Template switching was found to occur only within the
10,000 newly synthesized nucleotides adjacent to the break in the yeast S. cerevisiae (217). In
C. albicans, the distance to which template switching was detected varied between strains and
could be observed up to 9 kb from the break site in the case of a BIR (Figure 24A p.108 —
isolate 1) and 13 kb upon GC with CO (Figure 29B — isolate 2), however this number is
limited by the window that was selected to perform these analyses. Additionally, the accuracy
offered by the genome sequencing data allowed detecting heterozygous regions whose sizes
ranged from 1 nucleotide to 8.6 kb at the largest. Implication of template switching in the
occurrence of these heterozygous regions is being tested using deletion mutant of the POL32
and MPH1 genes.

Heterozygous regions, resembling the template switching events, were also observed between
the target site integration locus and the centromere. The tolerance threshold of MMR when
exposed to a high number of heteroduplexes might be responsible for this observation. Indeed,
upon the presence of numerous heteroduplexes, MMR could bypass successive
heteroduplexes, allowing a succession of homozygous and heterozygous patches. Alternative
hypotheses involve the synthesis of a lagging strand that is as instable as upon DNA synthesis

of the leading strand (i.e. using a template other than the complementary strand).

An [-Scel-mediated DNA DSB leads to isochromosome formation

In addition to the above-mentioned results, another consequence of the repair of a DNA DSB
was observed in the form of an aneuploidy comprised between positions 778,000 and 996,000
of isolate 4 resulting from a BIR event following an I-Scel-dependent DNA DSB on Chr4A
(Table 4, Figure 24B p.108, Figures 30A and B p.117).
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Table 4 — Analysis of the normalized coverage per 1 kb region for the 30 kb region of interest and for the entire Chr4

Region 765,?00-795,000 on Entire Chrd Region 765,?00-795,000 Entire Chrd
Chr4 on Chr4
Mean of the Mean of the Mean of the Mean of the
. Sequencin, ) normalized Standard | normalized | Standard . Sequencin y normalized | Standard | mormalized | Standard
' q g q g '
LOH Strains Coverage .o . Strains Coverage o N
technology coverage per | deviation | coverage per | deviation technology coverage per| deviation |coverage per| deviation
. 1kb 1kb ' 1kb 1kb
Nome | I-Scel+Target | MiS€d 300bp | 47 5¢ 1.09 033 1.00 027 I-Scel+Target B| MiS€4300bp |47 4 1.01 0.26 0.99 0.26
paired-end paired-end
L ) I .
BIR  |Scel+TargetA+G H1s§qc12502p 197.26 0.96 0.20 0.99 0.56 Scel+TargetB+ | 1504 dzsozp 279.26 1.02 0.15 0.99 0.32
Pl B+Q- S1 pared-en GPI G+b- S1 paired-en
[ ) L A
BIR  |Scel+TargetA+G] H‘:ﬁg{fzgzp 112.19 0.99 0.18 0.99 0.49 Scel+TargetB+ H‘Sierg(fzggp 306.70 1.03 0.18 1.04 0.42
PIBtg-sp | PAmee GPIGtb-s2 | P
I ; L )
BIR  |Scel+TargetA+G| 1o dZSOl;p 85.78 1.04 022 1.02 0.53 Scel+TargetB+ | 1564 dzsozp 294.11 1.05 0.16 0.97 031
PIBtg-83 | Precen GPIG+b- 83 | Pared-en
L ) I .
BIR  |SceltTargetA+G H‘:;‘el(fzgzp 712.80 1.63* 0.60 1.10 0.57 el T T H‘;‘:‘; dzzgzp 174.05 1.00 0.22 1.03 0.42
PIBtg-s4 | DA™ GPIGtb-s4 | P
BIR  |Scel+TargetA+G H‘;ig (f_zgzp 265.13 0.95 0.18 0.95 0.65 Scel+TargetB-+ Hl:ﬁg dz_zggp 328.52 1.03 0.19 1.01 037
PIBt+g-85 | P GPIG+b-85 | P
GC with CO|Scel+ TargetA+G, M;‘;gfgggp 31.91 1.12 027 1.00 032 Scel +TargetB+ Hf;‘g dzzggp 88.34 1.02 0.29 1.05 071
PIGtb-s1 | PATe™ GPIB+g-81 | PAme™
e ) E .
GC with CO|ScelTargetA+G M;‘;gd%gggp 23.60 113 0.26 101 0.32 Seel+TargetB+ | 110 izggp 160.76 1.04 0.28 1.05 0.64
PIGtb-52 | P GPIB+e-52 | P
GC with CO|Scel+ TargetA+G| M‘:i‘r’gd%gggp 33.00 1.19 022 1.02 030 Scel +TargetB+ H‘;er‘el dz_zggp 139.40 0.99 0.30 1.05 0.59
PIGHb-83 | P GPIB+g-S3 | P
= ) L )
GC with CO|Scel+TargetA+G| M;igsgggp 3147 113 0.23 1.00 0.30 Scel+TargetB-+ H‘i;g dzzggp 108.54 1.06 0.27 1.04 0.59
PIGtb-s4 | PA GPIBtg-84 | PAm*
I ) I .
GC with CO| Scel+TargetA+G M‘;‘;gd%gggp 29.06 1.08 0.24 1.00 0.30 Seel+TargetB+ | 11 dz_zggp 38871 1.06 0.20 1.04 0.54
PIGHb-85 | P GPIBtg-55 | P

The normalization was calculated in log2, indicating the copy number variation. Values equal to approximately 1 correspond to 2 copies, and
values equal to 2, correspond to 4 copies. *Value higher than 1.
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Given that the I-Scel target site is located at position 778,062 and the centromere is located
between positions 992,473 and 996,110, these data suggest the formation of a partial
isochromosome or an episome as observed in Thierry et al. (464), duplicating a 220 kb long
region following a DNA DSB. However as episomes have never been observed in C. albicans,
the occurrence of an isochromosome seems the most reasonable hypothesis. While the
centromere appeared present in 3 copies, the upstream region was found in 4 copies (Figures

30A and B).
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Figure 30: Sequencing depth normalized to the genome coverage median (log2
representation) per 1 kb region

(A) The normalization allows quantifying the number of gene copies. 1 corresponds to 2
copies, and 2 to 4 copies as observed for the portion of Chr4. (B) A detailed analysis of the
median coverage by region of 1 kb allowed to confirm the presence of 4 copies of the region
between the target site (position 778,062) and the 5’ end of the centromere (992,412) and 3
copies of the centromere (992,473-994,110), while the rest of the genome is present in two
copies (as expected).

The strain of interest is mono-fluorescent suggesting that it has undergone both BIR and the
formation of an isochromosome. Hence, the duplication of the 220 kb region started at the
break site, encompassing the centromere, at the origin of the formation of an isochromosome

while the repair of the DNA DSB is made via DNA synthesis from the break site to the
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proximal telomere. Isochromosomes have been found to be involved in human genetic
diseases (for examples: (465-467)) and C. albicans antifungal resistance (270, 281). The
presence of such a chromosome will be evidenced by the separation of chromosomes by a
contour-clamped homogeneous electrophoretic field (CHEF) (368). Interestingly, in S. pombe,
isochromosomes were observed upon GC failure, and identified the orthologs of Mrell-
Rad50-Xrs2 complex, Rad51, Rad55 and Rad57 as repressors of break-induced
isochromosomes (288). The authors also suggested that the isochromosome was the result of a
BIR event involving the ortholog of Pol32 following an extensive end resection that allowed
exposing single-stranded inverted repeats at the origin of isochromosome formation. The
observation made in C. albicans is surprising and, to our knowledge, has never been
described before: indeed, the isochromosome would be formed by a fragment of the left arm
of Chr4 while the parental chromosome is still present and has been repaired by BIR. Once
confirmed, this isochromosome will be isolated and de novo sequenced to better understand

its origin.

In summary, our detailed characterization of C. albicans clones having repaired an I-Scel-
induced DNA DSB by BIR or GC with CO has revealed unexpected and frequent genomic
rearrangements at the break site as well as the formation of a truncated isochromosome.
Several hypotheses have been raised in order to explain these rearrangements and experiments
using selected knock-out mutants are ongoing to assess the contribution of different repair
pathways and template switching to these rearrangements. It is striking that, to our knowledge,
such complex, bi-directional, rearrangements have not been reported in other species than C.
albicans. This may reflect our use of genome sequencing that allows characterizing these
events at the nucleotide scale. This may also reflect the use of a heterozygous diploid
background while many of the studies that have investigated DNA DSB repair used
homozygous diploid contexts except for specific markers. This may finally reflect divergence
between C. albicans and the other species in which DNA repair mechanisms have been
investigated. In any case, these data confirm that C. albicans is a valuable tool to study

genome stability in eukaryotes.
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B. A genetic screen reveals new players in the maintenance and

imperilment of genome stability.

1. Introduction

In S. cerevisiae, several genetic screens have been performed to assess the impact of gene
deletion on genome stability (468-470). Andersen et al. looked at the LOH rate occurring at
three different loci in the genome of S. cerevisiae and revealed that, no matter the locus, the
deletion of HEX3, POL32, RAD27, RAD50, RTT109, SIC1, SLX8 and XRS? resulted in a high
fold-increase in the number of LOH events. Deletion of other genes triggered locus-specific
LOH rate increase, such as CSM1 or LOH]1 that are specific to the MET15 locus, while ICE?2
and RADG6 deletion did not affect LOH at the MAT locus (381). As presented earlier, the
difficulty to obtain deletion mutants in C. albicans encouraged the development of alternative
tools to study genome biology. In particular, resources for the development of genome-wide
overexpression screens are being established (471) and can be used to search for C. albicans
genes whose overexpression impacts genome maintenance. These resources include a C.
albicans ORFeome whereby >85% of the C. albicans ORFs have been cloned in the
Gateway™ pDONR207 vector (M. Legrand, K. K. Lee, S. Bachellier-Bassi, Y. Chaudhari, H.
Tournu, L. Arbogast, H. Boyer, M. Chauvel, V. Cabral, A. Nesseir, 1. Pelinska, E. Permal, L.
A. Walker, U. Zeidler, S. Znaidi, G. Larriba, P. Van Dyck, C. A. Munro, and C. d’Enfert, in
preparation). This allows (i) the transfer using Gateway™-mediated recombinational cloning
of the cloned ORFs in C. albicans-adapted expression vectors, yielding collections of
expression plasmids, and (ii) the transformation of these plasmids in derivatives of C.
albicans strain SC5314, yielding collections of overexpression strains (402, 472). Hence,
when such expression plasmids are introduced in a C. albicans strain that harbors reporters of
genome dynamics such as the FACS-optimized LOH reporter developed by Loll-Krippleber
et al. (20) (appendix 1) it is possible to screen for genes whose overexpression impacts
genome stability in C. albicans. This has been demonstrated by Loll-Krippleber et al. (20)
who used a collection of 124 tetracycline-dependent overexpression plasmids for genes with a
predicted role in DNA repair, recombination and replication and showed that overexpression
of BIM1, RAD53, RAD51 and CDC20 increases LOH rate at the artificial BFP/GFP locus
placed on Chr4.

Work by Forche ef al. (18) has revealed that the nature of the LOH changes according to the

stress the cells are exposed to. (18). In C. albicans genomic rearrangements such as
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aneuploidies and, more importantly, LOH events are triggered by different forms of stress and
some of these genomic rearrangements, in selective conditions, can lead to better adaptation
to stressful environments. Thus, deciphering the pathways that mediate stress responses into
genomic rearrangements in C. albicans may lead to (i) a better understanding of genome
stability in eukaryotic species and (ii) the identification of new target genes whose drug-
mediated deregulation could destabilize C. albicans survival in the stressful context of
infections.

Thus, in the following sections, we describe the implementation of screens for genes involved
in the maintenance and imperilment of genome stability in C. albicans. To this aim, we
generated a collection of 564 overexpression plasmids carrying genes involved in signaling
pathways (402) and DNA processes (20). These genes were placed under the control of a
constitutive promoter and were integrated at the RPS/ locus on C. albicans Chrl in a strain
carrying both the I-Scel-mediated DNA DSB inducing system (see section 1I.A.2 p.74) and
the BFP/GFP system (Figures 11 p.53 and 16 p.79) ((20) and Feri et al., accepted for
publication). The impact of gene overexpression was assessed in the absence of induction of a
DNA DSB, thus allowing the identification of genes increasing LOH rate. Alternatively, as
the basal LOH rate is low, the impact of gene overexpression was assessed upon induction of
a DNA DSB in order to identify genes whose overexpression results in the stabilization of the
C. albicans genome by decreasing the high LOH rate associated to I-Scel activity. These two
screens have led to the identification of 7 genes whose overexpression triggers genome

instability and 6 genes maintaining genome integrity upon overexpression.

2. Material and methods
Strains and media
The C. albicans strains used in this study are derived from SN148 (266) and can be found in
Table S1 p.134. Yeast cells were grown at 30°C in liquid media, either in YPD (1% yeast
extract, 2% peptone, 2% dextrose) or SC (0.67% Yeast Nitrogen Base without amino acids,
2% dextrose supplemented with the appropriate 0.08% drop out mix of amino acids). Solid

media were obtained by adding 2% of agar.

Construction of overexpression plasmids
The pCaTDH3-GTW-LEU?2 plasmid carries the sequence for integration at the RPS/ locus on
Chrl, the C. maltosa optimized LEU2 marker and a Gateway® Cassette flanked by the a#R

sequences and under the control of the Prpys constitutive promoter. To obtain this plasmid,
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the vector pFA-CmLEU?2 (473) was digested with Pvull and Spel, the band corresponding to
the LEU2 marker was purified and cloned into the Alel-Spel double-digested pCaTDH3-
GTW-URA3 plasmid (19). The resulting plasmid was called pCaTDH3-GTW-LEU?2.

The collection of overexpression plasmids was constructed by using the Gateway™
Technology as described in Cabral et al. (402, 472) by LR recombination between the BP
vectors for 588 ORFs, combining Chauvel and Loll-Krippleber collections (20, 402), and the
destination vector pCaTDH3-GTW-LEU2. pCaTDH3-GTW-LEU?2 derivatives for 564 C.

albicans ORFs were obtained.

C. albicans strain constructions

Stul-digested or I-Scel-digested pCaTDH3-GTW-LEU2 derivatives were transformed into
strain CEC4012 (Feri et al., accepted for publication, mBio) as described by Cabral et al.
(472), using the Lithium Acetate/Polyethylene Glycol protocol as described in (449) yielding
a collection of 564 overexpression strains. The control strain is CEC4012 transformed with
the Stul-digested pCaTDH3-GTW-LEU?2 vector. C. albicans transformants were checked by
PCR with a primer hybridizing to the plasmid sequence and a primer hybridizing to the
gDNA in the region of insertion in order to verify proper integration of the plasmid in the C.

albicans genome. The list of genes that are overexpressed is presented in Table S3 p.145.

Cell preparation for flow cytometry and analysis

Single colonies from YPD plates were cultivated 16 hours into YPD medium at 30°C. Cells
were then diluted 5 times and grown for 8 hours in YPD in the presence or absence of
anhydrotetracycline at a final concentration of 3ug/mL (ATc3) (393). ATc3 allows activating
the Tet-On promoter and achieving I-Scel protein overexpression. Then, cells were allowed to
recover for 16 hours at 30°C by diluting 66 times in fresh YPD medium. The cells were then
diluted 50 times into 1X PBS. A maximum of 10° cells were analyzed by flow cytometry
using a MACSQuant® Analyzer (Miltenyi Biotec). The results were analysed using FlowJo
7.6 software. The gates to determine the LOH frequencies were designed arbitrarily, but
remained constant for all subsequent analyses. The screen was performed 3 times and each
clone whose LOH rate was at least 2-fold higher or lower than the control strain for each

replicate was kept as a candidate.

121



3. Results and discussion

Construction of a collection of overexpression strains for the identification of C. albicans

genes with a role in the regulation of LOH

In this study, we aimed to identify genes whose overexpression could positively or negatively
impact the rate at which LOH events occur in the C. albicans genome. To this aim, we first
established a collection of overexpression plasmids carrying genes whose gene ontology
annotations or orthologous function in S. cerevisiae indicated a role in DNA processes (repair,
replication and recombination) or in signaling (transcription factors, protein kinases, protein
phosphatases). ORFs in 588 pDONR207 derivatives described in Loll-Krippleber ef al. (20)
and Chauvel et al. (402) were transferred by the Gateway™ technology into pCaTDH3-
GTW-LEU2, yielding a total of 564 (95.9%) pCaTDH3-GTW-LEU?2 derivatives. In a second
step, we generated a collection of C. albicans overexpression strains by transforming strain
CEC4012 (see section II1.A.2 p.74) with the collection of 564 overexpression plasmids. In this
setting, pCaTDH3-GTW-LEU?2 derivatives are integrated at the RPS/ locus in C. albicans
strain CEC4012 that carries (i) a FACS-optimized LOH reporter at the PGA59-62 locus on
Chr4 (20), (ii) the I-Scel gene under the control of the tetracycline inducible promoter at the
HOGI-HOLI locus (Feri et al., accepted for publication, mBio); (iii) an [-Scel target site at
the CDR3-tG(GCC)2 locus on Chr4; and (iv) the pNIMX plasmid encoding the transactivator
for the tetracycline inducible promoter. Overall, 564 C. albicans overexpression strains were
obtained (see Table S3 p.145) each displaying constitutive overexpression of a selected ORF,
tetracycline-dependent expression of I-Scel, and a reporter of LOH on Chr4 whose LOH rate

is influenced according to I-Scel levels.

Genes that trigger genome instability upon overexpression under normal growth conditions

The entire overexpression collection was analyzed by flow cytometry and the LOH rates were
measured by surveying 10° cells in triplicates for each strain. Under normal growth conditions
(YPD) whereby I-Scel is not induced, the occurrence of overexpression strains with an

increased number of mono-fluorescent cells was anticipated.
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Table S — Fold change of the LOH rate per replicate and candidate strain, both under
normal growth conditions and in presence of ATc.

C. albicans |S. cerevisiae| Replicate Bie- b-G+ LOH rate
Fold-change Mean Fold-change Mean
Replicatel 7.1 6.3
C1_08570C PCL2 Replicate 2 8.3 6.5 5.2 4.6 Increase
Replicate 3 4.0 23
Replicatel 16.7 20.0
C1_04380W SIT4 Replicate 2 17.6 13.7 9.1 10.8 Increase
Replicate 3 6.8 3.5
Replicatel 23.3 17.2
Candidates | C3_04250W - Replicate 2 3.8 11.4 3.8 9.8 Increase
in normal Replicate 3 7.0 8.5
growth Replicatel 2.4 3.0
conditions |C3_03810W| RAD53 Replicate 2 2.3 3.0 2.0 4.0 Increase
Replicate 3 4.2 6.9
Replicatel 8.0 6.1
C2_00350W RADS5 Replicate 2 24.7 12.0 3.6 5.0 Increase
Replicate 3 3.3 5.2
Replicatel 13.0 12.4
C6_01150W CDC20 Replicate 2 16.0 13.4 8.7 9.6 Increase
Replicate 3 11.3 7.8
Replicatel -29.3 -82.0
C5_02440C BUD32 Replicate 2 -14.3 -23.0 -22.0 -55.0 Decrease
Replicate 3 -25.6 -60.9
Replicatel -13.9 -34.2
C7_02220C - Replicate 2 -17.6 -15.9 -55.9 -44.6 Decrease
Replicate 3 -16.4 -43.8
Replicatel 2.4 2.9
C1_02120C SKS1 Replicate 2 2.4 24 2.9 3.0 Increase
Candidates Repli.cate 3 2.5 3.1
upon DNA Repl.lcatel -3.2 -10.6
breaks C6_02160W - Replicate 2 -6.0 -4.5 -8.3 -9.9 Decrease
. . Replicate 3 -4.2 -10.7
induction -
Replicatel -3.1 -34
CR_06420W PPZ1 Replicate 2 -3.7 -6.1 -35 -6.2 Decrease
Replicate 3 -11.6 -11.8
Replicatel -8.7 -32.2
C6_01190C VPS15 Replicate 2 -10.2 -13.7 -15.0 -24.0 Decrease
Replicate 3 -22.0 -24.7
Replicatel -8.3 -17.4
CR_06110C RFX1 Replicate 2 -11.1 -14.6 -33.6 -28.6 Decrease
Replicate 3 -24.4 -34.8

Overexpression strains were selected when they had at least a 2-fold increase in the LOH rate
for each replicate when compared to the control strain. Thus, we identified C1_08570C
(PCL2); C1_04380W (SIT4); C3_04250W (WSCI); C3_03810W (RAD53); C2_00350W
(RADS5) and C6 01150W (CDC20) as genes whose overexpression generates genome
instability for both cell populations, i.e. mono-BFP and mono-GFP cells (Table 5 and Figure
31A).
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A Genes whose overexpression influence LOH frequency in normal growth conditions
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Figure 31: 13 candidate genes playing a role in the genome dynamics of C. albicans.

(A) Fold increase of the LOH rate upon overexpression of candidate genes in normal growth
conditions. (B) Fold decrease and increase of the LOH rate upon overexpression of candidate
genes in the context of I-Scel induced DNA DSB.

The fold-change of the mono-BFP population is represented in blue while the fold-change of
the mono-GFP is represented in green. In this graph, the mean values are represented for each
strain and each population.

Fold change of the LOH rate

Interestingly, both RAD53 and CDC20 genes were previously identified in the screen
performed by Loll-Krippleber ef al. (See appendix 1, (20)). Indeed, RAD53, whose gene
product is involved in the DNA damage checkpoint, and CDC20, which encodes an activator
of the metaphase-anaphase transition, are major players in the maintenance of genome
integrity (See appendix 2; (19, 474-477)). In contrast, we did not observe an increase in LOH
rates upon overexpression of BIMI, encoding a component of microtubules and RADS5I,
encoding a protein involved in the DNA damage checkpoint, as seen by Loll-Krippleber et al.
(20). Differences in the level of expression driven by the TDH3 and TET-on promoters or in
the response of cells to constitutive vs regulated expression might explain this discrepancy.

In C. albicans, Sit4 is a serine-threonine phosphatase catalytic subunit that plays a role in cell

wall maintenance and morphogenesis; Wscl encodes a putative sensor-transducer of the
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stress-activated Pkcl-Mpkl signaling pathway; Pcl2 is a cyclin homolog; and Rad5, a
putative DNA-dependent helicase. Among these genes, genetic interaction has been
demonstrated in S. cerevisiae for Rad5 and Rad53. From a functional standpoint it has been
shown that upon DNA DSB, leading and lagging strand DNA synthesis are uncoupled and
while Rad53 may limit progression of the uncoupled fork to leave time for the repair, it also
facilitates stalled fork restart via Rad5 (478).

In addition to the previously cited genes, additional overexpression strains were identified as
having a validated increase in the LOH rate uniquely for one cell population, i.e. either mono-
BFP or mono-GFP. We identified CR 02120C encoding a C2H2 zinc finger transcription
factor; C2_07210C (TPK2), a protein kinase catalytic subunit involved in morphogenesis;
C3 00670C (FKH2 - ScFKHI), a forkhead transcription factor involved in morphogenesis;
C7_03940C (CLB4) and C2 _09370C (KAR3) respectively encoding a cyclin and a kinesin-
like microtubule motor protein, as potential players in genome instability (Table 6).
Differences in the increase of the two mono-fluorescent populations in these overexpression
strains might reflect synthetic lethality between overexpression of the corresponding ORFs
and recessive alleles that have been revealed upon homozygosis of one of the two haplotypes
only.

It is striking that a number of the identified genes have cell wall- or morphogenesis-related
functions. Overexpression of these genes might influence cell shape and consequently the
aforementioned results (filaments might distort the flow cytometry outputs). Characterization

of the overexpression strains for cell shape and morphogenesis remains to be undertaken.
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Table 6 — Fold change of the LOH rate per replicate and putative candidate strain, both
under normal growth conditions and in presence of ATc.

B+g- b-G+
C. albicans |S. cerevisiae| Replicate g Summary
Fold-change Mean Fold-change Mean
Replicatel 8.9 -2.7
CR_02120C - Replicate 2 11.3 115 -2.8 -3.2 Increase|Decreass
Replicate 3 14.4 -4.0
Replicatel 144.2 1.8
C2_07210C TPK2 Replicate 2 187.2 144.3 0.6 14 Increase
Candid Replicate 3 101.3 1.7
-and| atels Replicatel 2.7 )
n ”OrTha c3 oo670c| FkH1  [Replicate 2 28 28 4.2 3.0 Increase
grow Replicate 3 2.9 2.9
conditions -
Replicatel 2.4 1.6
C7_03940C CLB4 Replicate 2 3.4 3.5 1.8 2.9 Increase
Replicate 3 4.8 5.3
Replicatel 3.2 2.4
C2_09370C KAR3 Replicate 2 7.2 4.1 4.8 3.2 Increase
Replicate 3 1.8 2.3
Replicatel 2.1 -10.4
CR_02120C - Replicate 2 2.5 2.3 -9.8 -10.8 Increase|Decreass
Replicate 3 2.3 -12.2
Candidates P |.ca S
Replicatel 1.3 -2.8
upon DNA -
breaks C5_03310C PCL1 Replicate 2 1.0 1.1 -10.7 -7.1 Decrease
. . Replicate 3 1.0 -7.7
induction
Replicatel 3.8 1.6
C6_01150W CDC20 Replicate 2 3.5 4.0 1.1 1.5 Increase
Replicate 3 4.7 1.8

Genes that trigger genome maintenance or imperilment upon overexpression in the presence

of I-Scel-induced DNA DSB.

Because spontaneous LOH rates are low (2.10™ on average), identification of genes whose
overexpression would decrease these rates is difficult. Thus, we took advantage of the
presence in the collection of overexpression strains of a conditional I-Scel-dependent DNA
DSB-inducing system, to increase LOH rates at the BFP/GFP LOH reporter and search for
genes whose overexpression would decrease these rates. The collection of 564 overexpression
strains was analyzed as described above, except that cells were grown in the presence of
ATc3 in order to allow production of I-Scel and induction of a DNA DSB on Chr4 that
harbors the BFP/GFP LOH reporter system.

Overexpression strains were selected when they had at least a 2-fold change in the LOH rate
for each replicate, when compared to the control strain. This way, we identified 6 genes
whose overexpression decreased the high LOH rate associated to I-Scel expression. The
candidate genes are C5 02440C (ScBUD32), C7_02220C (ScSAT4) and C6_02160W, that

encode serine/threonine kinases; CR_06420W (PPZI), encoding a serine/threonine-specific
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protein phosphatase; C6 _01190C (VPS15) whose gene product is involved in endosome-to-
Golgi protein transport; and CR_06110C (RFX1) that encodes a transcription factor and has
been shown to be involved in DNA damage response and morphogenesis. Up to now, no
physical or genetic interactions have been observed between these 6 genes, and it would be
interesting to go further in the understanding of the role of these genes in C. albicans genome
stability. Interestingly, we also identified C1 02120C (SHA3; ScSKSI) encoding a putative
serine/threonine kinase involved in glucose transport, whose overexpression triggers genome
instability for both mono-BFP and GFP cell populations (Table 5 p.123 and Figure 31B).

Furthermore, additional overexpressing strains were identified as having a validated impact
on the LOH rate for one cell population only: CR 02120C, C5 03310C (PCLI) and
C6 _01150W (CDC20) (Table 6). While PCLI and CR _02120C, encoding respectively a
cyclin and a C2H2 transcription factor, decreased the number of mono-GFP cells upon their
overexpression, CDC20 and CR_02120C increased the LOH rate towards the mono-BFP cell

population.

This screen allowed identifying putative novel players in the genome dynamics of C. albicans.
Indeed, although preliminary, this study suggests the involvement of transcription factors,
phosphatases and kinases that had not been linked to genome stability yet. It should be noted
that, despite the high fold-change in the LOH rate upon overexpression, no conclusive
statistical analyses could be performed due to the variability between experiments. Thus
additional iterations are needed to support these preliminary results. Once statistical support
for the candidate genes has been obtained, further studies will be needed to understand their
positive or negative role in C. albicans genome maintenance. This will involve (i) evaluation
of the overexpression level using qPCR; (ii) impact of gene inactivation, if dispensable, on
genome maintenance; (iii) impact of overexpression on the transcriptome with the aim to
determine possible targets/interactors. In addition, a number of these genes have orthologues
in S. cerevisiae that display genetic and physical interactions with other genes/gene products.
Evaluating the impact of inactivating/overexpressing components of these gene networks on
genome maintenance in S. cerevisiae will possibly allow extending the observations made in
C. albicans. Conversely, exploring whether these gene networks are conserved in C. albicans
might also lead to further knowledge on the mechanisms of genome maintenance in this
species. Overall, further exploration of the function of these genes in C. albicans and other
yeast species is deemed to bring new insights in the understanding of the regulation of

genome stability in C. albicans.
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III. Conclusion and perspectives

Thanks to its high tolerance to genome rearrangements, C. albicans is a valuable model to
study genome dynamics and more particularly LOH events, which are a hallmark of cancer.
My PhD work aimed at developing and validating the use of the I-Scel meganuclease in order
to generate a unique DNA DSB in the genome of C. albicans. Then, we used this tool to study
the frequency at which molecular mechanisms, namely BIR, GC, MCO and chromosome loss
or truncation, are used to repair a DNA DSB at one locus on Chr4 as well as the fidelity and
extent of BIR and GC with CO events in the context of an I-Scel-dependent DNA DSB. In
addition to these investigations, we performed a screen of 564 overexpression strains under
conditions favoring or not the formation of an I-Scel-dependent DNA DSB and identified 13
putative new players in genome dynamics in C. albicans. The work that we performed using
the I-Scel meganuclease allowed discovering that (i) DNA DSB are mainly repaired by GC
without CO; (ii) BIR, whole chromosome loss and GC with CO are also occurring upon a
DNA DSB, although at a minor rate; (iii) template switching may occur during BIR and GC
with CO in C. albicans; (iv) BIR and GC with CO generate bidirectional LOH but the
underlying mechanisms are still unclear and have never been reported in other organisms; (v)
GC with CO is more mutagenic than BIR; (vi) [-Scel-induced DNA DSB can lead to the
formation of a partial isochromosome of a 220 kb region of Chr4 left arm; (vii) while
C1_08570C (PCL2), C1 _04380W (SIT4), C3 _04250W (WSCI), C3 03810W (RADS53),
C2 00350W (RADS), C6_01150W (CDC20) and C1_02120C (SKSI) have been identified as
possibly triggering genome instability, C5 02440C (BUD32), C7 _02220C, C6 _02160W,
CR _06420W (PPZI), C6 01190C (VPS15) and CR_06110C (RFXI) were found to play the
role of putative guardians of genome integrity in C. albicans; and (viii) recessive deleterious
or lethal alleles are recurrent and can influence the outcome of a LOH within a cell population.
Experiments are ongoing to confirm the candidate genes involved in genome stability,
understand the mechanisms underlying the bidirectionality of homozygosity/heterozygosity
observed upon BIR and GC with CO and the origin of the partial i4(L) isochromosome.

Additional uses of the I-Scel meganuclease in C. albicans are envisioned to pursue and extend

this work, and will be discussed in the following sections.
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Homologous recombination-mediated repair mechanisms in C. albicans

The work that has been presented in this manuscript on genome stability and repair
mechanisms in C. albicans allows confirming that the molecular mechanisms used to repair or
respond to a DNA DSB are conserved within eukaryotes. However, NHEJ has never been
demonstrated in C. albicans, leaving homologous recombination (HR)-dependent pathways as
the unique repair mechanism available. In C. albicans, LOH events resulting from HR repair
mechanisms are recurrent. Hence, we can expect that, as they are often used, these repair
mechanisms might be highly efficient and conservative. Nevertheless, as seen in section
II.A.3 p.105, HR mechanisms and more precisely, BIR and GC with CO are highly mutagenic
in C. albicans. Thus, the fidelity of the C. albicans HR-mediated repair mechanisms is not
higher than in S. cerevisiae, suggesting that low fidelity repair processes might participate to
intra-species variability.

As discussed in the general introduction of this thesis, Astrom et al. described that in S.
cerevisiae, the heterozygous state of the MAT locus represses NHEJ by the formation of the
Matal/a2 repressor, allowing the cells to adapt the repair pathway to the availability of the
template (184). The main proteins involved in NHEJ are conserved between S. cerevisiae and
C. albicans, thus, in C. albicans, the NHEJ pathway might be inhibited by the heterozygosity
at the mating type locus. Furthermore, up to now, the attempts to demonstrate the existence of
NHEJ were performed in a diploid strain (126, 171, 190). However, the detection of rare
events is difficult to achieve in C. albicans due to its diploid state and the lack of circular
DNA or minichromosome to perform such experiment. Therefore, we propose to determine
the presence or absence of NHEJ in C. albicans haploid strains. To this aim, the [-Scel system
could also be used to assess the presence of the end-joining pathways in haploid isolates. In
this respect, we have started a collaboration with Judith Berman (Tel Aviv University, Israel),
Yue Wang and Guisheng Zeng (Institute of Molecular and Cell Biology, Singapore) to obtain
unpublished relatively stable haploid strains. We are planning to place the I-Scel system in the
haploid strain, GZY823#6, which is auxotrophic for uracil, arginine and lysine and
nourseothricin (SA71) sensitive. Thus, the [-Scel meganuclease under the control of the
tetracycline inducible promoter, and coupled with its transactivator and the ARG4 marker will
be integrated on Chrl at the RPSI locus, the BFP gene associated to the nourseothricin
resistance gene will be integrated at the PGA59-62 locus on Chr4, and a construction will be
made to position two [-Scel recognition sequences on both side of the URA3 marker, a
technique equivalent to what has been described in (319, 479, 480) and integrated at the
CDR3-tG(GCC)2 locus on Chr4 (Figure 32).
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Figure 32: The DNA DSB-inducing system to demonstrate NHEJ pathway in C. albicans
This construction relies on: (i) the gene encoding the rare-cutting endonuclease, I-Scel, placed
under the control of the tetracycline inducible promoter (Przr) integrated at the XOGI1-HOLI
locus on Chrl, along with the gene encoding the tetracycline-dependent r#74 transactivator of
the Przr promoter and (iii) two I-Scel target sequence surrounding a URA3 marker integrated
at the CDR3-tG(GCC)2 locus on Chr4, between the centromere and the BFP encoding gene
integrated at the PGA59-PGA62 locus. Upon DNA DSB and if end-joining pathways exist in
C. albicans, the cells would repair using NHEJ and give rise to blue URA- progenies.

Thus, upon I-Scel induction, we will search for rare cells that become auxotroph for uracil by
5-FOA counter-selection. Although we can expect a high number of dead cells as well as
numerous haploid cells that would have undergone autodiploidization (easily distinguished
from haploid cells by DNA content measurement), we will hopefully identify cells that have
undergone repair by NHEJ.

Signaling pathways and the control of genome stability in C. albicans

The significant influence of environments or stress conditions on genome instability via
signaling pathways have been suggested by the work of Forche et al., showing that either
azole treatment, heat shock or oxidative stress resulted in different LOH outcomes (18).
Thanks to the original use of overexpression of genes that are involved in DNA repair,
recombination and replication as well as signaling, our screen led to the identification of 13
genes playing a role in the maintenance or imperilment of genome integrity. In these screens,
both orthologs of human genes and fungi-specific genes have been identified, underlying the
occurrence of a conserved process for the maintenance of genome integrity and the possible

adaptation of such mechanisms to species living in highly changing environments. Despite the
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fact that the genes that we identified in these screens did not reveal specific signaling
pathway(s) that could be involved in the regulation of genome stability in C. albicans, we
evidenced several kinases, phosphatases and transcription factors that physically or
genetically interact with other proteins/genes. If these genes do not belong to the present
collection, it would be interesting to evaluate the effect of their overexpression on genome
dynamics and thus, decipher signaling pathways involved in the control of genome
rearrangements in C. albicans.

The identification of additional genes that have no ortholog in humans and that are involved
in the positive or negative regulation of genome stability would help detecting signaling
pathways involved in the control of genomic rearrangements in C. albicans. Thus, it would be
possible to use this knowledge to identify new target genes, whose deregulation mediated by

the use of drugs, would be unfavorable to C. albicans during infection.

Recessive lethal alleles and recessive deleterious alleles in C. albicans

As largely discussed in section II.A.2 p.74, we reported the presence of both recessive
deleterious and lethal alleles in the genome of C. albicans. In this species, the genome is
known to be heterozygous with 1 SNP every 217 bp (12), and the presence of recessive
deleterious alleles is not surprising regarding the mode of reproduction of this species (i.e.
clonal reproduction). However, as seen above, both LOH and heterozygosity play important
roles in the biology of C. albicans. Indeed, LOH events have been often linked to better
adaptation to new environments and notably, antifungal resistance (281, 292-294, 299) while
the unmasking of deleterious alleles is detrimental to the cells, as shown in this study (Feri et
al., accepted for publication, mBio). This is also supported by the fact that haploid and
autodiploid strains are avirulent and exhibit growth defect (10). Additionally, from one C.
albicans strain to another, heterozygosity is persistent but occurring at different positions in
the genome. There are at least two ways to interpret this versatility. First, while
heterozygosity generates intra-species variations, LOH events would allow cells to purge the
genome from recessive mutations being disadvantageous when found in the homozygous state
or to select for mutations that are advantageous to the cells within the host. Another way to
interpret this necessity for both homozygosity and heterozygosity is supported by the fact that
C. albicans is exposed to recurrent environmental changes inducing stresses that can only be
circumvented by genome rearrangements, and more particularly, LOH events that are at the

origin of genomic and phenotypic variability.
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To have a better knowledge on the essential genes carried by C. albicans and to better
characterize the SC5314 reference strain we are working with, I-Scel meganuclease can be
used to uncover the other recessive lethal alleles that are thought to be present on Chrl, 3, 6
and 7 (10, 74, 126). The identification of the recessive lethal allele(s) on Chr7 responsible for
unidirectional LOH events is being undertaken in our laboratory by Timéa Marton (Unité
Biologie et Pathogénicité Fongiques, Institut Pasteur) and points to M7R4, an RNA helicase
whose deletion leads to inviable progeny in S. cerevisiae, as a potential essential gene in C.
albicans. This gene is found in the heterozygous state in the genome of SC5314, with one
recessive and possibly lethal allele on Chr7B that carries a premature STOP codon.
Investigating the presence of one or several recessive possibly lethal alleles on the remaining
three chromosomes would be of interest to enlarge our understanding of the C. albicans

biology that we have.

Additional applications of I-Scel: the study of centromere biology in C. albicans

Kaustuv Sanyal, Lakshmi Sreekumar, Neha Varshney and Priya Jaitly (Jawaharlal Nehru
Centre for Advanced Scientific Research, India) are working on centromere and
neocentromere formation in C. albicans. Relying on their recent findings showing the
recruitment of CENP-A (Cse4 in C. albicans), Rad51 and Rad52 at the neoformed centromere
loci, Sanyal and collaborators suggested that the collision between the closest replication fork
to the centromere and the kinetochore, during early replication of the centromere, yielded
single-stranded DNA and was at the origin of centromeres upon recruitment of Rad51, Rad52
and Cse4 ((37), see Section .A.1.i p.10). Thus, we initiated a collaboration with the Sanyal
group to use the [-Scel DSB-inducing system to prove or disprove the presence of single
stranded DNA during neocentromere formation within a 20 kb region in the vicinity of the
native centromere. To do so, we have constructed strains carrying the I-Scel meganuclease
under the control of the tetracycline-inducible promoter and placed the I-Scel recognition
sequence coupled with the URA3 marker on both sides of the native centromere. This work is
in process, and up today, our collaborators could detect an enrichment of Cse4 on and around
the I-Scel target site following I-Scel DNA DSB induction. However, Csedp was also
detected in a non-induced condition at the target site. The construction of control strains
lacking the I-Scel meganuclease encoding gene is being done. This control strain will help to
determine if the unexpected detection of Cse4 at the I-Scel recognition site in absence of
induction is due to (i) a leakage of the TET-promoter or (ii) the integration of the URA3-1-Scel

target site close to the centromere that would somehow undergo the recruitment of
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centromere-specific proteins due to position effect. This work will hopefully bring new

insights in the understanding of centromere biology in C. albicans.

Isochromosomes: potential applications

As mentioned in section [.A.1.i p.10, all genetic manipulations in C. albicans are performed
by integration of DNA into the genome. Indeed, the construction of an artificial chromosome
carrying a 3 kb centromeric region resulted in mitotic instability (32). Although unstable,
replicative plasmids in C. albicans have been used and reported as not suitable for genetic
studies (397, 481, 482).

The need for integration is a limitation for the potential studies that can be made in C.
albicans. Indeed, DNA integration necessitates (i) a highly transcribed locus; (ii) a locus
whose disruption by DNA integration would not alter the cell biology; (iii) a locus that is not
influenced by heterochromatin (i.e. position effect observed close to the centromere or
telomere); (iv) as many selection markers as the number of genetic manipulations needed,
limiting the number of genetic manipulations; (v) efficient homologous recombination can
issue when investigating processes such as homologous recombination; (vi) as many heat
shocks or electroporations as the number of integration, thus increasing the risk for an
accumulation of undesired genomic rearrangements. Although this technique is sufficiently
efficient to allow the study of genes of interest, the development of a new tool such as a
minichromosome (483-486) would be of great use in the C. albicans community.

Regarding the recent discovery of a potentially stable isochromosome of a portion of Chr4 left
arm, we could isolate this isochromosome and try to reduce its size as much as possible to be
able to use it as a minichromosome as it has been done in other species (483-486), avoiding

the use of integrative transformations.

Altogether, this PhD work contributed to a better understanding of genome stability in C.
albicans, notably thanks to the development of the I-Scel-mediated DNA DSB inducing
system coupled with the BFP/GFP system. These systems — combined or used separately —
can be applied to further investigate not only genome stability but also C. albicans biology as
a whole. In sum, this work emphasizes how intriguing this species is and paves the way for

further genomic studies in this species.
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Supplemental material

Table S1 — Strains used in this study

Strain . Parental
Genotype Auxotrophies . References
Name strain
SN148 argdAlarg4A leu2 Alleu2 A his1 Alhis1 A ura3::Aimm434/ura3A: :Aimm434 arg- his- leu- (Noble and Johnson
irol A::Aimm434/irol A: :Aimm434 uri- 2005)
SN148 Ca2lchr4_C_albicans_SC5314:473390 to 476401 A::PTDH3-GF P- ARG+ HIS+ (Loll-Krippleber et
CEC2684 SN148
CaARG4/Ca2lchr4_C_albicans_SC5314:473390 to 476401 A::PTDH3-BFP-CdHIS1 leu- ura- al.2014)
SN148 Ca2lchr4_C_albicans_SC5314:473390 to 476401 A::PTDH3-GFP-
ARG+ HIS+ _
CEC3867 | CaARG4/Ca2lchr4_C_albicans_SC5314:473390 to 476401 A::PTDH3-BFP-CdHIS1 | . NsiR CEC2684 This study
€u- uri- INSn
ADH]I/adhl ::PTDH3-carTA::SATI
arg4Alarg4 A leu2 Alleu2 A his1 A/his1 A ura3::Aimm434/ura3A::Aimm434
irol A::Aimm434/irol A: :Aimm434 Ca2lchr4_C_albicans_SC5314:473390 to ARG+ HIS+
476401 A::PTDH3-GFP-CaARG4/Ca2lchr4_C_albicans_SC5314:473390 to ) .
CEC3888 leu- uri- NsnR | CEC3867 This study

476401A::PTDH3-BFP-CdHISI ADHI/adhl::PTDH3-carTA::SATI
Ca2lchrl_C_albicans_SC5314:625304 to 626436A::CIpXH-HYGb-PTET-XOGIHOLI/
Ca2lchrl_C_albicans_SC5314:625304 to 626436

HygR
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arg4Alarg4 A leu2 Alleu2 A his1 A/his1 A ura3: :Aimm434/ura3A::Aimm434
irol A::Aimm434/irol A: :Aimm434 Ca2lchr4_C_albicans_SC5314:473390 to
476401A::PTDH3-GFP-CaARG4/Ca2lchr4_C_albicans_SC5314:473390 to

ARG+ HIS+

CEC3884 leu- uri- NsnR | CEC3867 This study
476401A::PTDH3-BFP-CdHIS] ADHI/adhl ::PTDH3-carTA::SAT1
HygR
Ca2lchrl_C_albicans_SC5314:625304 to 626436 A::CIpXH-HYGb-PTET- e
IScel/Ca2lchrl_C_albicans_SC5314:625304 to 626436
arg4Alarg4 A leu2 Alleu2 A his1 A/his1A ura3::Aimm434/ura3A::Aimm434
irol A::Aimm434/irol A: :Aimm434 Ca2lchr4_C_albicans_SC5314:473390 to ARG+ HIS+
476401A::PTDH3-GFP-CaARG4/Ca2lchr4_C_albicans_SC5314:473390 to . .
CEC4021 leu- uri- NsnR | CEC3867 This study
476401A::PTDH3-BFP-CdHIS] ADHI/adhl ::PTDH3-carTA::SAT1
HygR
Ca2lchrl_C_albicans_SC5314:625304 to 626436 A::CIpXH-HYGb-PTET-NLS-1Scel/ e
Ca2lchrl_C_albicans_SC5314:625304 to 626436
arg4Alarg4 A leu2 Alleu2 A his1 A/his1 A ura3::Aimm434/ura3A: : Aimm434
irol A::Aimm434/irol A: :Aimm434 Ca2lchr4_C_albicans_SC5314:473390 to
476401 A::PTDH3-GFP-CaARG4/Ca2lchr4_C_albicans_SC5314:473390 to ARG+ HIS+
CEC3927 | 476401 A::PTDH3-BFP-CdHIS] ADH]I/adhl::PTDH3-carTA::SATI leu- URI+ CEC3884 This study
Ca2lchrl_C_albicans_SC5314:625304 to 626436A::CIpXH-HYGb-PTET-IScel/ NsnR HygR

Ca2lchrl_C_albicans_SC5314:625304 to 626436 Ca2lchr4_C _albicans_SC5314:775939 to
779223A::URA3-IScel _TS/Ca2lchr4_C_albicans_SC5314:775939 to 779223
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arg4Alarg4 A leu2 Alleu2 A his1 A/his1 A ura3: :Aimm434/ura3A::Aimm434
irol A::Aimm434/irol A: :Aimm434 Ca2lchr4_C _albicans_SC5314:473390 to

ARG+ HIS+
476401A::PTDH3-GFP-CaARG4/Ca2lchr4_C_albicans_SC5314:473390 to .
CEC3932 leu- URI+ CEC3884 This study
476401A::PTDH3-BFP-CdHIS] ADHI/adhl ::PTDH3-carTA::SAT1
. NsnR HygR
Ca2lchrl_C_albicans_SC5314:625304 to 626436 A::CIpXH-HYGb-PTET-
IScel/Ca2lchrl_C_albicans_SC5314:625304 to 626436 RPS1/rpsl::Clpl0
arg4Alarg4 A leu2 Alleu2 A his1 A/his1A ura3::Aimm434/ura3A::Aimm434
irol A::Aimm434/irol A: : Aimm434 Ca2lchr4_C_albicans_SC5314:473390 to
476401A::PTDH3-GFP-CaARG4/Ca2Ichr4_C_albicans_SC5314:473390 to ARG+ HIS+
CEC4012 | 476401 A::PTDH3-BFP-CdHIS] ADH]I/adhl::PTDH3-carTA::SATI leu- URI+ CEC4021 This study
Ca2lchrl_C_albicans_SC5314:625304 to 626436A::CIpXH-HYGb-PTET-ATG-NLS-IScel/ NsnR HygR
Ca2lchrl_C_albicans_SC5314:625304 to 626436 Ca2lchr4_C _albicans_SC5314:775939 to
779223A::URA3-1Scel TS/Ca2lchr4_C _albicans_SC5314:775939 to 779223
arg4Alarg4 A leu2 Alleu2 A his1 A/his1A ura3: :Aimm434/ura3A::Aimm434
irol A::Aimm434/irol A: :Aimm434 Ca2lchr4_C_albicans_SC5314:473390 to
476401 A::PTDH3-GFP-CaARG4/Ca2Ichrd4_C_albicans_SC5314:473390 to ARG+ HIS+
CEC4088 | 476401 A::PTDH3-BFP-CdHISI ADHI/adhl::PTDH3-carTA::SATI leu- URI+ CEC4021 This study
Ca2lchrl_C_albicans_SC5314:625304 to 626436A::CIpXH-HYGb-PTET-ATG-NLS-IScel/ NsnR HygR

Ca2lchrl_C_albicans_SC5314:625304 to 626436 Ca2lchr4_C _albicans_SC5314:775939 to
779223A::URA3-IScel _TS/Ca2lchr4_C_albicans_SC5314:775939 to 779223
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arg4Alarg4 A leu2 Alleu2 A his1 A/his1 A ura3::Aimm434/ura3A::Aimm434
irol A::Aimm434/irol A: :Aimm434 Ca2lchr4_C _albicans_SC5314:473390 to

ARG+ HIS+
476401A::PTDH3-GFP-CaARG4/Ca2lchr4_C_albicans_SC5314:473390 to .
CEC4045 leu- URI+ CEC4021 This study
476401A::PTDH3-BFP-CdHIS] ADHI/adhl ::PTDH3-carTA::SAT1
NsnR HygR
Ca2lchrl_C_albicans_SC5314:625304 to 626436 A::CIpXH-HYGb-PTET-ATG-NLS- e
IScel/Ca2lchri_C_albicans_SC5314:625304 to 626436 RPS1/rpsi::Clp10
arg4Alarg4 A leu2 Alleu2 A his1 A/his1A ura3::Aimm434/ura3A::Aimm434
irol A::Aimm434/irol A: :Aimm434 Ca2lchr4_C_albicans_SC5314:473390 to
476401 A::PTDH3-GFP-CaARG4/Ca2lchr4_C_albicans_SC5314:473390 to ARG+ HIS+
CEC3930 | 476401 A::PTDH3-BFP-CdHISI ADHI1/adhl::PTDH3-carTA::SATI leu- URI+ CEC3888 This study
Ca2lchrl_C_albicans_SC5314:625304 to 626436A::CIpXH-HYGb-PTET-XOGI1HOLI1/ NsnR HygR
Ca2lchrl_C_albicans_SC5314:625304 to 626436 Ca2lchr4_C _albicans_SC5314:775939 to
779223A::URA3-1Scel TS/Ca2lchr4_C _albicans_SC5314:775939 to 779223
arg4Alarg4 A leu2 Alleu2 A his1 A/his1A ura3::Aimm434/ura3A::Aimm434
irol A::Aimm434/irol A: :Aimm434 Ca2lchr4_C_albicans_SC5314:473390 to
476401A::PTDH3-GFP-CaARG4/Ca2lchr4_C_albicans_SC5314:473390 to
476401A::PTDH3-BFP-CdHIS1/Ca2lchr4_C_albicans_SC5314:775939 to 779223A::URA3- Prototroph .
CEC4429 CEC4012 This study
IScel TS/Ca2lchr4_C_albicans_SC5314:775939 to 779223 ADHI1/adhl ::PTDH3- NsnR HygR

carTA::SATI Ca2lchrl_C_albicans_SC5314:125966 to 131098A::CIpXH-HYGb-PTET-
ATG-NLSIScel/Ca2lchrl_C_albicans_ SC5314:625304 to 626436 RPS1/rpsl::PTDH3-
C4_03130W_A-CdLEU2
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arg4Alarg4A leu2 Alleu2 A his1 A/his1 A ura3::Aimm434/ura3A: :Aimm434
irol A::Aimm434/irol A: :Aimm434 Ca2lchr4_C _albicans_SC5314:473390 to
476401A::PTDH3-GFP-CaARG4/Ca2lchr4_C_albicans_SC5314:473390 to
476401A::PTDH3-BFP-CdHIS1/Ca2lchr4_C_albicans_SC5314:775939 to 779223A::URA3- Prototroph .
CEC4430 CEC4088 This study
IScel TS/Ca2lchr4_C_albicans_SC5314:775939 to 779223 ADHI1/adhl::PTDH3- NsnR HygR
carTA::SATI Ca2lchri_C_albicans_SC5314:125966 to 131098A::CIpXH-HYGb-PTET-
ATG-NLS-1Scel/Ca2lchri_C_albicans_SC5314:625304 to 626436 RPS1/rpsl::PTDH3-

C4_03130W_A-CdLEU2

arg4Alarg4 A leu2 Alleu2 A his1 A/his1A ura3: :Aimm434/ura3A::Aimm434
irol A::Aimm434/irol A: :Aimm434 Ca2lchr4_C_albicans_SC5314:473390 to
476401A::PTDH3-GFP-CaARG4/Ca2lchr4_C_albicans_SC5314:473390 to Prototroph
CEC4797 | 476401A::PTDH3-BFP-CAdHIS]1 ADHI/adhl::PTDH3-carTA::SATI CEC4430 This study
Ca2lchrl_C_albicans_SC5314:125966 to 131098A::CIpXH-HYGb-PTET-ATG-NLS- NsnR HyeR
IScel/Ca2lchrl_C_albicans_SC5314:625304 to 626436 rpsl::PTDH3-C4_03130W_A-
CdLEU2/rpsl::PTDH3-C4_03750C_A-CaURA3

arg4Alarg4 A leu2 Alleu2 A his1 A/his1 A ura3::Aimm434/ura3A:: Aimm434
irol A::Aimm434/irol A: :Aimm434 Ca2lchr4_C_albicans_SC5314:473390 to
476401A::PTDH3-GFP-CaARG4/Ca2lchr4_C_albicans_SC5314:473390 to Prototroph
CEC4798 | 476401A::PTDH3-BFP-CdHIS]I ADHI1/adhl::PTDH3-carTA::SATI CEC4430 This study
Ca2lchrl_C_albicans_SC5314:125966 to 131098A::CIpXH-HYGb-PTET-ATG-NLS- NsnR HyeR
IScel/Ca2lchrl_C_albicans_SC5314:625304 to 626436 rpsl::PTDH3-C4_03130W_A-
CdLEU2/rpsl::PMRF2-C4_03750C_A-CaURA3
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argd4Aarg4A leu2 Alleu2 A his1 A/his1 A ura3: :Aimm434/ura3A: :Aimm434
irol A::Aimm434/irol A: :Aimm434 Ca2lchr4_C_albicans_SC5314:473390 to
476401A::PTDH3-GFP-CaARG4/Ca2lchr4_C_albicans_SC5314:473390 to

Prototroph
CEC4817 | 476401 A::PTDH3-BFP-CdHIS] ADHI/adhl::PTDH3-carTA::SATI NsnR HveR CEC4430 This study
sn
Ca2lchrl_C_albicans_SC5314:125966 to 131098A::CIpXH-HYGb-PTET-ATG-NLS- ye
IScel/Ca2lchrl_C_albicans_SC5314:625304 to 626436 rpsl::PTDH3-C4_03130W_A-
CdLEU2/rpsl::Clpl0
(M.EB.,GS.,N.S,,
K.S.,CM., and
CEC2876 | CLINICAL ISOLATE Prototroph - '
C.d’E., manuscript
in preparation)
(M.EB.,GS.,N.S,,
K.S.,CM., and
CEC3673 | CLINICAL ISOLATE Prototroph - '
C.d’E., manuscript
in preparation)
(Fonzi and Irwin
SC5314 | Reference strain Prototroph -

1993)
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Table S2 — Primers used in this study

Primer names Sequence
AF001 gggaaagccgecGACAATCACGAAGCCAAGTAAG
AF002 aaagggeccggc TTACCGCTCGGCTTTGTTCC
AF006 gggaaagttaacGAAGGAAGATGAATTGGGTTGC
AF007 aaaggeccgcgeGGGAGTCTCTCGTGAAGAATATG
‘%0 AF008 gggaaactgcagattaccetgttatccctaGGGTGGTCATACTAT
g GTGTTGTTG
:§) AF009 aaagggaagcttAGGAGACTACAAACTGGAAGG
é AF02T cccaaagatatcATGccaccaaaaaaaaaaagaaaagttcataaaaatatta
h= aaaaaaatcaagtt
g AF031 aaagggatgcatttattttaaaaaagtttctgatgaaatagt
§ AF049 AAACCCgatatcATGCATTTGTTACTAAGGATACC
AFOS0 CCCAAAacgcgtgeccggcCTATTGTGATCTATAAACA
TCGATC
AF113 CTCGAGACCGGTggagagttcttaatacttga
AF114 CAGCTGgtggtaaggtgctaatctaa
- AF120 TTGAAGCGTGAGAGGCAGGAG
o § AF121 GTTTGGGTTCCTTCTTTCTCATTC
2 E AF122 TTCGAGTACATTCTGGTCGCG
E AF123 TGTAAACATCCTCAATTGTACCCGA
XOGHOL-verif F | GCTGTCATCTACTGGTTTGTG
i: XOGHOL-verif R |GTGCGTTGGAACACCAGTTG
3
% Verif-CDR3-F TGGTGGGTAAAGGGCATATTC
‘g é Verif-TG(GCC)2-R |GTTGGTATCATGGTGATGTGTC
% gﬁ CIpUR ATTACTATTTACAATCAAAGGTGGTC
% = CIpUL ATACTACTGAAAATTTCCTGACTTTC
5 CIpUL_2 AGATACTCACGCACGCCCATACTACT
= Leu2_down GCTACTGAAGTTGGTGACGCGATTGT
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ADH1verif

ACAAGCTCATTGAGTGACGAAAAG

PNIMIverif tttacgggttgttaaaccttcgat
URA3_rev_AF gttgtcctaatccatcacct
URA3_fwd_AF aactcatgcctcaccagtag
SNP-95-F#2 CATGCCCGCTTGAAACTACC
SNP-95-R#2 GTCAGTGATTCAGTTGAAGTGG
SNP 156-R TGGGTTTGGACATCAGGTTCAA
E SNP-156-F#2 ACAGAACAGTAGATTCCAAC
; SNP-23-F AGCCAACCATATTTCAGGATTGAC
7 SNP-23-R GTGCCAACTAGTAATGGTTGTCAT
SNP-42-F GTACTTCTATACACGCACATCTTCA

SNP-42-R

GAAATCCACCGCATAAGAAATGGTT
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Text S1 — Supplementary Material and Methods

Plasmid constructions

pTet-1-Scel-HYGb-XOGIHOLI harbors the I-Scel gene under the control of a tetracycline
inducible promoter (402), the hygromycin B resistance gene (487) and a sequence that allows
its integration at the XOGI1-HOLI intergenic region on chromosome 1 (Chrl). To generate this
plasmid, CIpOp2, a CIp10 derivative containing the Ter-on promoter (402) was digested with
EcoRV to excise the Gateway® Cassette and allowed to religate (pTet-w/oGTW). The resulting
plasmid was digested with Notl to excise the URA3 marker and the RPSI/ sequences and
recircularized, yielding pTet-w/oGTW-w/oURA3. The HYGb gene was excised from pKS-
ACTIp-HYGb (487) by Xbal and Acc65], blunt-ended with the Klenow enzyme (Invitrogen™)
and cloned into the Alel-linearized pTet-w/oGTW-w/oURA3 plasmid, yielding pTet-w/oGTW-
HYGb. Then, a 1kb sequence from the intergenic region between XOG/ and HOLI genes was
amplified by PCR with oligonucleotides AF1 and AF2 (Table S2). The PCR product was
digested with Nael and ligated into the Nael-linearized pTet-w/oGTW-HYGb plasmid yielding
pTet-w/oGTW-HYGb-XOGIHOLI. Finally, as C. albicans is part of the CTG clade (488), we
used http://genomes.urv.es/OPTIMIZER/ website (489) to optimize the I-Scel meganuclease

gene sequence to the C. albicans codon usage . The optimized I-Scel gene flanked by Nsil and
EcoRV restriction sites was synthesized by GeneArt® Invitrogen™, and cloned into the pTet-
w/0GTW-HYGb-XOGIHOLI plasmid linearized with Nsil and EcoRV to yield pTet-I-Scel-
HYGb-XOGIHOLI.

pTet-NLS-1-Scel-HYGb-XOGIHOLI was constructed by using the Nuclear Localization
Sequence (NLS) from SV40 (490) carrying a region recognized by Importin a (491) and which
has already been used in C. albicans (492). We used the http://genomes.urv.es/OPTIMIZER/
website to optimize the codon usage for C. albicans as follow: ATG CCA CCA AAA AAA
AAA AGA AAA GTT CAT. We fused this modified NLS sequence to I-Scel by PCR using
primers AF27 and AF31 (Table S2), and pTet-1-Scel-HYGb-XOGIHOLI as a template. The
PCR fragment was cloned into a TOPO®-TA vector (Thermofisher), digested with EcoRV and
Nsil and cloned into pTet-1-Scel-HYGb-XOGIHOLI digested with the same enzymes, yielding
pTet-NLS-1-Scel-HYGb-XOGIHOLI .

pFA-I-Scel-TS-URA3-CDR3/tG(GCC)2 carries the 1-Scel recognition sequence, the URA3

marker and two sequences that allow integration in the CDR3/tG(GCC), intergenic region on
Chr4. To obtain this plasmid, we first amplified two sequences in the intergenic region between

CDR3 and tG(GCC)2 genes. The first region at position 775,906-776,737, closer to CDR3, is
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831bp long and was amplified by PCR with oligonucleotides AF6 and AF7 (Table S2). The
second region at position 778,136-779,189, closer to tG(GCC),, is 1,055bp long and was
amplified by PCR with oligonucleotides AF8 and AF9, containing the I-Scel target sequence
(attaccctgttatcecta, Table S2). The Sacll+Hpal-digested AF6/AF7 PCR product was inserted at
the Sacll and Hpal sites of pFA-CaURA3 (449), carrying the URA3 gene. The resulting
plasmid was then double-digested with HindlIll-PstI to insert the Hindlll+PstI-cut AF8/AF9
PCR product. The resulting plasmid was named pFA-I-Scel-TS-URA3-CDR3/tG(GCC)2.

The pCaTDH3-GTW-LEU?2 plasmid carries the sequence for integration at the RPS/ locus on
Chrl, the C. maltosa optimized LEU2 marker and a Gateway® Cassette flanked by the a#tR
sequences and under the control of the P,,,; constitutive promoter. To obtain this plasmid, the
vector pFA-CmLEU2 (473) was digested with Pvull and Spel, the band corresponding to the
LEU2 marker was purified and cloned into the Alel-Spel double-digested pCaTDH3-GTW-
URA3 plasmid (19). The resulting plasmid was called pCaTDH3-GTW-LEU?2.
pCaTDH3-GPI16-LEU2 was constructed by using the Gateway® Technology as described in
Chauvel et al. (402) by LR recombination between the BP vector containing orf19.2677
(GPI16) and the destination vector pCaTDH3-GTW-LEU?2.

pCaTDH3-MRF2-URA3 was constructed by cloning orf19.1303 (MRF2) under the control of a
constitutive promoter in pCaTDH3-GTW-URA3, a CIpOp2 derivative plasmid (19). This
plasmid was digested with BsrGI to excise the Gateway® Cassette and allowed to religate,
resulting in pCaTDH3-URA3. orf19.1303 was amplified by PCR using primers AF49 and AF50
(Table S2) containing EcoRV and Mlul-Nael restriction sites at the 3’ and 5° ends, respectively.
The PCR amplified DNA was gel purified and cloned into a TOPO®-TA vector. Sequencing
was performed to select the TOPO-TA-MRF?2 clone carrying the full-length allele. The MRF2
gene was excised from the TOPO-TA-MRF2 vector by EcoRV-Mlul digestion and cloned into
the pCaTDH3-URA3 plasmid linearized with EcoRV-MIlul, yielding pCaTDH3-MRF2-URA3.
pCaMRF2-MRF2-URA3 was obtained by replacing the P,,,; promoter from pCaTDH3-MRF2-
URA3 by the endogenous MRF?2 promoter. The promoter of MRF2 was PCR amplified with
AF113 and AF114 (Table S2) containing EcoRV and Mlul-Nael restriction sites at the 3’ and 5’
ends. The PCR product was gel purified and cloned into a TOPO®-TA vector. The MRF2
promoter was excised from the TOPO®-TA-pCaMRF2 vector by Xhol, Pvull and Dralll
digestion and cloned into the Xhol-EcoRV double-digested pCaTDH3-MRF2-URA3 plasmid to
replace the P;,,; promoter yielding pCaMRF2-MRF2-URA3.
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Strain constructions

CEC2684 was first transformed with Sacll-Kpnl-digested pNIMX (402) to introduce the
transactivator for the Ter-on promoter (402). pNIMX (402) is a pNIM1 derivative (393) and
integrates at the ADHI locus on Chr5. Transformants were selected on nourseothricin-
containing media (300ug/mL) (493) and validated by PCR with the ADH]1verif and NIM1verif
primers (Table S2), giving rise to CEC3867. CEC3867 was then transformed with the Pmll-
linearized pTet-NLS-I-Scel-HYGb-XOGI1HOLI or pTet-w/oGTW-HYGb-XOGIHOLI plasmids,
which integrate at the XOGI-HOLI intergenic region of Chrl. After selection on hygromycin
B-containing plates (700pg/mL) (487), we obtained CEC4021 and CEC3888, respectively.
Finally, CEC4021 was transformed with Ncol-Hindlll-digested pFA-I-Scel-TS-URA3-
CDR3/tG(GCC)2, integrating at the CDR3-tG(GCC)2 intergenic region, on Chr4, located
302,518Kb away from the PGA59-PGA62 locus and 214,361Kb away from the centromere,
yielding the CEC4012 (“I-Scel + TargetB”) or CEC4088 (“I-Scel + TargetA”) strains. We also
constructed a first control strain that carries only the inducible I-Scel gene, but no I-Scel
recognition sequence. Because of uridine auxotrophy, this control strains was transformed with
the Stul-digested CIpl0 plasmid (494) that integrates at the RPS/ locus on Chrl yielding
CEC4045 (“I-Scel only”). The second control strain, carrying only the I-Scel target sequence
but no I-Scel gene, CEC3930 (“Target only”), was obtained by transforming CEC3888 with the
PFA-I-Scel-TS-URA3-CDR3/tG(GCC)2 construction.

To obtain the strain overexpressing GPI16 with or without the MRF2 gene, we first
transformed CEC4012 and CEC4088 with pCaTDH3-GPIl16-LEU?2, yielding CEC4429 and
CEC4430 respectively. Subsequently, a small colony derived from CEC4430 having lost the I-
Scel target sequence-bearing chromosome was transformed with the pCaTDH3-MRF2-URA3
or pCaMRF2-MRF2-LEU?2 plasmids, leading to CEC4797 and CEC4798.
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Table S3 — Genes that are overexpressed

Plate | G pF1o.xxxx | CX YYYY
coordinates -
1A01 ORF19.6551.1 C7 01730C
1A02 ORF19.4623.3 | C4 01700C
1A03 ORF19.233.1 C3 02450W
1A04 ORF19.7227 C1 14190C
1A05 ORF19.5660 C4 00320C
1A06 ORF19.5438 C3 00310C
1A07 ORF19.7644 CR 10610C
1A08 ORF19.953.1 C5 00370W
1A09 ORF19.7250 C1 14350W
1A11 ORF19.3294 C1 01060W
1A12 ORF19.4185 C4 00580W
1B01 ORF19.4427 C1 07410C
1B02 ORF19.5104 C1 08260C
1B03 ORF19.4009 C5 05160C
1B04 ORF19.2762 C4 02410C
1B05 ORF19.4796 C1 09350W
1B06 ORF19.861 C2 03590C
1B07 ORF19.3088 C4 07150W
1B08 ORF19.2363 CR 07020W
1B09 ORF19.4443 Cl1 07240W
1B10 mtlalpha2 C5 01785W
1B11 ORF19.2204.2 | C2 07750W
1B12 ORF19.390 C1 08450C
1C01 mtlalphal C5 01755C
1C02 ORF19.7417 C3 06180C
1C03 ORF19.1227 Cl 07670W
1C04 ORF19.3201 C5 01740C
1C05 ORF19.2843 CR 02860W
1Co6 ORF19.5156 C7 03050W
1C07 ORF19.1178 C6 00180C
1CO08 ORF19.3200 C5 01750C
1C09 ORF19.7206 Cl 13990W
1C10 ORF19.5334 C2 10560C
1C11 ORF19.5157 C7 03040W
1C12 ORF19.927 C5 00620W
1D01 ORF19.5968 C3 05000W
1D02 ORF19.3534 C2 05030C
1D03 ORF19.2105 C2 00280C
1D04 ORF19.4086 C2 09250W
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1D05 ORF19.2876 C4 06580W
1D06 ORF19.6645 CR_05670C
1D07 ORF19.3001 C1_03080C
1D08 ORF19.410.3 C1 _05560W
1D09 ORF19.2393 CR _03310C
1D10 ORF19.798 C2 04220C
1D11 ORF19.1815 CR_07080W
1D12 ORF19.4767 C1_09100W
1E02 ORF19.2612 CR 02120C
1E03 ORF19.259 C3_02670W
1E04 ORF19.5501 C7_03770C
1E05 ORF19.403 C1_08570C
1E06 ORF19.5338 C2_10590W
1E07 ORF19.7025 C7_00890C
1E08 ORF19.3014 C1_03220C
1E09 ORF19.1769 C2 10120W
1E10 ORF19.4297 C5_02760W
1E11 ORF19.5326 C2_10540W
1E12 ORF19.4941 C1 13140C
1F01 ORF19.1762 C2 10190C
1F02 ORF19.4722 C1_08640W
1F03 ORF19.3957 C5_04720C
1F04 ORF19.1850 CR _06830C
1F05 ORF19.6102 C1_00080C
1F06 ORF19.5956 C3_04880W
1F07 ORF19.5975 C3_05050W
1F08 ORF19.5350 C2_10700C
1F09 ORF19.1760 C2 10210C
1F10 ORF19.2102 C2_00300C
1F11 ORF19.4252 C5_02440C
1F12 ORF19.878 C2 _03430W
1G01 ORF19.6901 C7_01190W
1G02 ORF19.4378 CR_03800C
1G03 ORF19.7504 CR_00290W
1G04 ORF19.7150 C7_04230W
1GO05 ORF19.5200 C1_04380W
1G06 ORF19.3149 C2 06730W
1G07 ORF19.3856 CR_06050W
1G08 ORF19.1341 C7_03340C
1G09 ORF19.4401 CR _03570C
1G10 ORF19.1358 C2_09940W
1G11 ORF19.3530 C2 04980C
1G12 ORF19.6227 C1_06820W
1HO1 ORF19.6285 CR_07650W
1HO03 ORF19.1729 C3 01220W
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1H04 ORF19.7017 C7_00970C
1HO5 ORF19.7652 CR_10660W
1HO06 ORF19.793 C2_04270W
1HO7 ORF19.2674 C4 03160C
1HO8 ORF19.6588 C7_01410C
1HO09 ORF19.6239 Cl 06710W
1H10 ORF19.6514 C7_02040C
1H11 ORF19.6638 CR_05740C
1H12 ORF19.3330 C1 01420C
2A01 ORF19.5661 C4 00340W
2A02 ORF19.2087 C2_00440W
2A03 ORF19.1697 C3 01520C
2A04 ORF19.2432 C1_06130C
2A05 ORF19.6933 C3_03830W
2A06 ORF19.5867 C3_04250W
2A07 ORF19.1683 C3_01600W
2A08 ORF19.2260 C2 _07040W
2A09 ORF19.7547 CR_09750C
2A10 ORF19.7164 C7_04110W
2A11 ORF19.124 Cé6 _01170W
2A12 ORF19.6305 CR_04880W
2B01 ORF19.1007 CR_05260C
2B03 ORF19.4062 C1_05090W
2B04 ORF19.7282 CR_08870W
2B05 ORF19.460 CR_05940W
2B06 ORF19.6365 CR_08070W
2B07 ORF19.5032 C1_13940W
2B08 ORF19.2649 C5_03310C
2B09 ORF19.7208 Cl _14010W
2B10 ORF19.4785 C1_09260C
2B11 ORF19.909 C2 03220C
2B12 ORF19.53 C1_04990C
2C01 ORF19.895 C2 03330C
2C02 ORF19.3407 Cé6_01770W
2C03 ORF19.2222 C2 08270C
2C04 ORF19.3683 C1_02260C
2C05 ORF19.217 C2_08890W
2C07 ORF19.567 C5_00690C
2C08 ORF19.59 C1_05060W
2C09 ORF19.1803 CR_04910W
2C10 ORF19.3127 C4 06820C
2C11 ORF19.5312 C4_04000W
2D01 ORF19.1028 C1 _03810C
2D03 ORF19.2961 C1 _02720W
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2D04 ORF19.3193 C5 01810W
2D05 ORF19.3083 C4_07200C
2D07 ORF19.1985 CR_07700W
2D09 ORF19.3018 C1 _03250C
2D11 ORF19.6492 C7_02220C
2D12 ORF19.791 C2 _04290W
2E01 ORF19.4125 C2_04860W
2E02 ORF19.4084 C2 09230C
2E03 ORF19.5911 C3_04550C
2E04 ORF19.3774 C4_05050C
2E06 ORF19.3642 C6_00820W
2EQ7 ORF19.2886 C4_06480C
2E08 ORF19.6792 C3_07080W
2E09 ORF19.5247 Cl1 _12170C
2E10 ORF19.5325 C2 10530C
2E11 ORF19.4015 C5_05220W
2F01 ORF19.5537 C6_02670C
2F02 ORF19.3476 C6_02340W
2F03 ORF19.3705 CR_07770C
2F04 ORF19.5917 C3_04580C
2F05 ORF19.1589 C2 02630W
2F06 ORF19.2324 C1_10930C
2F07 ORF19.1220 C6_04040C
2F08 ORF19.5406 C3_00570C
2F09 ORF19.1577 C2 02530W
2F10 ORF19.4127 C2_04850C
2F11 ORF19.2277 C2 07210C
2F12 ORF19.2331 C1 _10860C
2G01 ORF19.5953 C3_04860W
2G02 ORF19.1874 C2 07530C
2G03 ORF19.6889 C2 _05780C
2G04 ORF19.4056 C1 _05140W
2G05 ORF19.5995 C3_05190C
2G06 ORF19.5343 C2_10660W
2G07 ORF19.6589 CR_09730C
2G08 ORF19.6407 CR_08410W
2G09 ORF19.1496 C2 01870C
2G10 ORF19.487 CR_04040C
2G11 ORF19.799 C2 _04210W
2G12 ORF19.2014 C2 01110C
2HO01 ORF19.2745 C4_02560C
2HO02 ORF19.1636 C3 _02100W
2HO03 ORF19.3506 C6_02050W
2H04 ORF19.1960 C5_01100C
2HO05 ORF19.6824 C3_06790W
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2H06 ORF19.6369 CR _08100C
2H07 ORF19.1314 C4_03600C
2HO08 ORF19.3049 C1_03470C
2H09 ORF19.696 CR_06610W
2H10 ORF19.6781 C3_07200C
2H11 ORF19.1150 Cl _11690W
2H12 ORF19.384 C1 08390C
3A01 ORF19.1754 C2 10260C
3A02 ORF19.3281 CR_00750C
3A03 ORF19.6845 Cl _04510W
3A04 ORF19.5617 C6_03290W
3A05 ORF19.7317 CR_09200C
3A06 ORF19.1759 C2 10220C
3A07 ORF19.726 CR_06420W
3A08 ORF19.4014 C5_05210W
3A09 ORF19.7186 C7_03940C
3A10 ORF19.7081 C7_00390W
3A11 ORF19.7251 C1_14360C
3A12 ORF19.5734 C6_03650C
3B01 ORF19.1446 C2 01410C
3B02 ORF19.2320 C1_10950C
3B03 ORF19.5184 C7_02780W
3B04 ORF19.1971 C5_00980W
3B05 ORF19.7001 C3_05650W
3B06 ORF19.3233 CR_01210C
3B07 ORF19.1623 C3_02220W
3B08 ORF19.7319 CR_09210W
3B09 ORF19.7385 C3_06040W
3B10 ORF19.1621 C3_02240C
3B11 ORF19.3405 C6_01790C
3B12 ORF19.5531 C6_02610C
3C01 ORF19.4534 C1 _01890C
3C02 ORF19.7523 CR_00120C
3C03 ORF19.7281 CR_08860W
3C04 ORF19.6109 C1_00060W
3C05 ORF19.2458 C1 _05910W
3C06 ORF19.3178 C5_01930W
3C07 ORF19.684 C6_01920C
3C08 ORF19.3300 Cl1 01110C
3C09 ORF19.175 CR_02500W
3C10 ORF19.2356 CR_07060C
3C11 ORF19.6817 C3_06850W
3C12 ORF19.4869 C1_10020W
3D01 ORF19.2054 C2 00720C
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3D02 ORF19.1468 C2 01600C
3D03 ORF19.2315 C1_10990C
3D04 ORF19.2395 CR_03290C
3D05 ORF19.610 CR_07890W
3D06 ORF19.5389 C3_00670C
3D07 ORF19.2647 C5_03320C
3D08 ORF19.3474 C6_02320C
3D10 ORF19.5257 C1_12080W
3D11 ORF19.4192 C6_00670W
3D12 ORF19.1069 C1 _04330W
3E01 ORF19.5722 C6_03550C
3E02 ORF19.505 CR_04190W
3E03 ORF19.7388 C3_06070C
3E04 ORF19.889 C2 _03370W
3E05 ORF19.2379 CR_03420C
3E06 ORF19.3456 C6_02160W
3E07 ORF19.971 C5_00240W
3E08 ORF19.2423 CR_03050C
3E09 ORF19.7234 Cl1 14240W
3E10 ORF19.1673 C3_01710C
3E11 ORF19.6275 C1 _06360W
3E12 ORF19.4450 C1_07170C
3F01 ORF19.4318 C5_02940C
3F02 ORF19.5758 C6_03830W
3F03 ORF19.2268 C2 07130C
3F04 ORF19.6850 C1_04560W
3F05 ORF19.5849 CR_05530C
3F06 ORF19.4853 C1 _09870W
3F07 ORF19.6376 CR_08160W
3F08 ORF19.2399 CR _03240C
3F09 ORF19.7518 CR_00170W
3F10 ORF19.1757 C2_10230W
3F11 ORF19.6038 C1_00670C
3F12 ORF19.2538 CR_01520W
3G01 ORF19.4961 Cl1 _13350W
3G02 ORF19.6980 C3_05420W
3G03 ORF19.1619 C3 02260C
3G04 ORF19.469 CR_03900W
3G05 ORF19.5548 C6_02750C
3G06 ORF19.3669 C1 02120C
3G07 ORF19.4866 C1_10000C
3G08 ORF19.3425 C6_01620W
3G09 ORF19.2823 CR_02640W
3G10 ORF19.2545 CR_01580C
3G11 ORF19.5676 C4 00470C
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3G12 ORF19.6874 C2 _05640W
3HO1 ORF19.5664 C4 _00370W
3HO02 ORF19.794 C2_04260W
3H03 ORF19.6033 C1_00730C
3H04 ORF19.4799 C1_09370W
3HO05 ORF19.4662 C4 01260W
3H06 ORF19.1565 C2 02420C
3H08 ORF19.7115 C7_00080C
3H09 ORF19.3794 C4_04850C
3H10 ORF19.1936 C5_01320W
3H11 ORF19.3876 CR _06240C
3H12 ORF19.1699 C3 01500C
4A01 ORF19.5848 CR_05540C
4A02 ORF19.1826 C1_06230C
4A03 ORF19.1576 C2 02520W
4A04 ORF19.4166 C4 _00760W
4A05 ORF19.5919 C3_04610W
4A06 ORF19.3854 CR_06040W
4A07 ORF19.4645 C4 01410W
4A08 ORF19.719 CR_06470W
4A09 ORF19.681 Cl1 11210C
4A10 ORF19.4347 C5_03150W
4A11 ORF19.3308 C1 _01200W
4A12 ORF19.6810 C3_06910C
4B01 ORF19.4972 C1_13440C
4B02 ORF19.2699 C4_02940W
4B03 ORF19.6010 C1_00950C
4B04 ORF19.5729 C6_03610W
4B05 ORF19.4433 C1_07370C
4B06 ORF19.3561 C2 _05320W
4B07 ORF19.1253 C4_05680W
4B08 ORF19.7247 C1 _14340C
4B09 ORF19.2528 CR _01420W
4B10 ORF19.795 C2 _04250W
4B11 ORF19.4979 Cl1_13470W
4B12 ORF19.1275 C4 _05880W
4C01 ORF19.5031 C1_13930W
4C02 ORF19.5429 C3_00380C
4C03 ORF19.4222 C5_02160W
4C04 ORF19.7583 CR_10070C
4C05 ORF19.976 C5_00210C
4C06 ORF19.3912 C5_04280C
4C07 ORF19.6915 C7_01340W
4C08 ORF19.4000 C5_05080W
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4C09 ORF19.921 C5_00670C
4C10 ORF19.3077 C4_07230C
4C11 ORF19.6506 C7_02110W
4C12 ORF19.4778 C1_09200W
4D01 ORF19.2605 CR_02040W
4D03 ORF19.718 CR_06480C
4D04 ORF19.1949 C5_01210W
4D05 ORF19.3207 C5_01680C
4D06 ORF19.5408 C3_00550C
4D07 ORF19.2447 C1_05980W
4D08 ORF19.6936 C3 03810W
4D09 ORF19.3302 C1 01140C
4D11 ORF19.3449 C6_01350W
4D12 ORF19.6182 C3_07860C
4E01 ORF19.2842 CR_02850C
4E02 ORF19.399 C1 _08540C
4E03 ORF19.3969 C5_04830W
4E04 ORF19.5940 C3_04770C
4E05 ORF19.5498 C2 _06340W
4E06 ORF19.5651 C4 _00260W
4E07 ORF19.428 C1 _05370C
4E08 ORF19.1223 C2 _06670C
4E09 ORF19.843 C2 03780C
4E10 ORF19.4725 C1_08670W
4E11 ORF19.7359 C3_05780C
4E12 ORF19.4909 C1 _10380C
4F01 ORF19.5253 Cl 12120W
4F02 ORF19.5357 C2 10750C
4F03 ORF19.3153 C3 01160W
4F04 ORF19.3305 C1 01170C
4F05 ORF19.3809 C4 _04730W
4F06 ORF19.723 CR_06440C
4F07 ORF19.5908 C3_04530C
4F08 ORF19.3523 C2 04930C
4F10 ORF19.1674 C3 _01700W
4F11 ORF19.5045 C4_03890W
4F12 ORF19.4752 C1_08940C
4G01 ORF19.5910 C3_04540C
4G02 ORF19.4775 C1 _09170W
4G03 ORF19.7105 C7 _00180W
4G06 ORF19.6124 CR_07440W
4G07 ORF19.6028 C1_00780C
4G08 ORF19.6680 C5_03680W
4G09 ORF19.829 C2 03940C
4G11 ORF19.536 CR_04450C
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4G12 ORF19.7570 | CR 09960C
4HO1 PIKalpha C5_01765C
4H02 ORF19.4568 | C4 02220C
4H03 ORF19.2540 | CR 01540W
4H04 ORF19.454 | CR 05990C
4H05 ORF19.147 | €2 04660C
4H06 ORF19.1135 | CI1 11810W
4H07 ORF19.223 | (2 08860W
4H08 ORF19.5376 | C3 00790W
4H09 ORF19.3415 | C6 01710C
4H10 ORF19.4670 | C4 01190W
4H11 ORF19.1944 | C5 01250W
4H12 ORF19.844 | (2 03770C
5A05 orf19.3841 C4 04450C
5A06 orf19.255 C3_02640C
5A07 orf19.2781 C1_07640C
5A08 orf19.1822 C1 06280C
5A09 orf19.3174 C5_01970C
5A10 orf19.20 C2 06420C
5A11 orf19.5855 C3 04110C
5A12 orfl9.2969 | C1 02810W
5B01 orfl9.1187 | C6 00280W
5B02 orf19.3986 C5_04970C
5B04 orf19.5380 | C3 00750W
5B05 orfl9.1196 | C6 00350W
5B06 orfl9.5160 | C7 03010W
5B08 orf19.6987 C3_05520C
5B09 orfl9.4776 | C1 09180W
5B10 orf19.1901 | C2 07350W
5B11 orf19.3252 | CR 01030W
5B12 orf19.1217 | C6 04060W
5C02 orf19.801 C2_04200W
5C03 orf19.191 C2_04760W
5C04 orf19.3071 | C3 00800W
5C06 orf19.2678 C4 03120C
5C08 orf19.1718 | C3 01330W
5C09 orf19.2280 C2_07230C
5C10 orf19.3187 C5_01850C
5C12 orf19.642 CR 05120W
5D01 orf19.3753 | CR 02190C
5D02 orfl9.2753 | C4 02490W
5D03 orf19.5224 C1 12410C
5D05 orf19.4432 C1_07380C
5D06 orf19.2791 C1 07540C
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SD07 orf19.3199 C5_01760C
SD09 orf19.4518 C2_04360W
SD10 orf19.1255 C4_05700W
5D12 orf19.35 C2 06600W
SE01 orf19.4890 C1 _10210C
SE03 orf19.3188 C5_01840C
SE04 orf19.4225 C5_02180C
SE05 orf19.166 CR_02560C
SEQ7 orf19.3751 CR_02210W
SE08 orf19.4545 Cl _01790W
SE09 orf19.5241 Cl1 _12230W
SE11 orf19.7374 C3_05930W
SF02 orf19.6243 C1_06680W
SF03 orf19.4152 C5_013580C
SF04 orf19.3012 C1_03200C
SF05 orf19.7033 C7_00840C
SF06 orf19.2808 C3_04020C
SF09 orf19.2097 C2 00350W
SF10 orf19.4145 C5_01500C
S5F12 orfl19.173 CR_02510W
5G01 orf19.4766 C1_09090C
5G02 orf19.7371 C3_05910W
5G05 orf19.702 CR_06680C
5G07 orf19.7372 C3_05920W
5G10 orf19.5175 C7_02860C
5G11 orf19.2771 C4 02310W
5G12 orf19.1499 C2 01890W
SHO1 orf19.2236 C2 06830C
SHO02 orf19.4593 C4_02000C
SHO3 orf19.5026 C1 _13880C
SHO06 orf19.2504 C3_01000W
SHO7 orf19.7510 CR_00260W
SHO09 orf19.4242 C5_02340C
SH10 orf19.940 C5_00490C
SH11 orf19.1474 C2 01640W
SH12 orf19.6193 Cl 07110W
6A01 orf19.5162 C7_02990W
6A02 orf19.7451 C3_06620W
6A03 orf19.1648 C3_02000W
6A04 orf19.6926 C3_03890W
6A06 orf19.663 C1 _11400C
6A07 orf19.3256 CR_01000C
6A09 orf19.1777 C2_10050W
6A11 orf19.3840 C4_04460C
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6A12 orf19.1490 C2 01780W
6B01 orf19.2752 C4_02500C
6B02 orf19.4969 C1 13420C
6B03 orf19.1259 C4_05740C
6B04 orf19.4308 C5_02840C
6B05 orf19.744 C4 05140C
6B06 orf19.130 C6_01190C
6B07 orf19.1842 CR_06910W
6B08 orf19.5148 C7_03070C
6B10 orf19.2695 C4_02970C
6B11 orf19.7044 C7_00740W
6B12 orf19.1814 CR_07090W
6C03 orf19.6573 C7 _01550W
6C07 orfl19.1513 C2 01990C
6C08 orf19.5219 C1_12450C
6C11 orf19.139 C6 _01320W
3R1A02 orf19.3947 C5_04630W
3R1A03 orf19.3551 C2 _05210W
3R1A04 orf19.3263 CR_00930W
3R1A06 orf19.576 C5_00740W
3R1A07 orf19.4473 C1_03980W
3R1A08 orf19.2519 CR_01360W
3R1A09 orf19.6142 CR_07260C
3R1A11 orf19.7617 CR_10400W
3R1B01 orf19.6163 C3_00860W
3R1B03 orf19.7663 CR_10740W
3R1B04 orf19.6537 C7 _01830W
3R1B05 orf19.3978 C5_04910W
3R1B06 orf19.3715 CR_07860C
3R1B07 orf19.7195 C7_03870W
3R1B08 orf19.5698 C5_00030W
3R1B09 orf19.703 CR_06690C
3R1B11 orf19.2267 C2 07120W
3R1B12 orf19.2922 C4 06150C
3R1C01 orf19.4837 C1_09730W
3R1C02 orf19.6997 C3_05620W
3R1C03 orf19.6995 C3_05600W
3R1C04 orf19.1571 C2 02470C
3R1C05 orf19.1224 C2 06680W
3R1C06 orf19.676 Cl _11250W
3R1C07 orf19.6170 C3_07770C
3R1C08 orf19.4537 C1 _01860W
3R1C09 orfl19.115 C6_01090C
3R1C10 orf19.3589 C2 08820C
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3R1C11 orf19.4105 C2 06130W
3R1C12 orf19.5485 C2 06220C
3R1D01 orf19.967 C5_00280C
3R1D02 orf19.3264 CR_00920W
3R1D03 orf19.366 C4_00030C
3R1D04 orf19.71 C1 _03690W
3R1D05 orf19.3752 CR_02200C
3R1D06 orf19.7035 C7_00820W
3R1D07 orf19.3736 CR _02330C
3R1D08 orf19.2983 C1_02920W
3R1D09 orf19.3760 C1 _12560C
3R1D11 orf19.5764 C6_03890C
3R1E01 orf19.5276 Cl _11910W
3R1E03 orf19.7355 C3_05740C
3R1E0S5 orf19.2429 C1 _06160W
3R1E07 orf19.5377 C3_00780W
3R1E08 orf19.4560 C4_02270C
3R1E09 orf19.6851 C1 _04570C
3R1E10 orf19.3613 C2 08630C
3R1E12 orf19.245 C3_02560W
3R1F02 orf19.2119 C2 00140W
3R1F03 orf19.4438 C1 _07330W
3R1F04 orf19.2174 C2 08110W
3R1F05 orf19.6885 C2_05740W
3R1F06 orf19.7308 CR _09120C
3R1F07 orf19.5551 C6_02780C
3R1F08 orf19.4284 C5_02670W
3R1F09 orf19.5954 C3_04870W
3R1F10 orf19.1476 C2 01650W
3R1G01 orf19.6034 C1_00710C
3R1G02 orf19.6437 CR_08630W
3R1G03 orf19.1574 C2_02500W
3R1G04 orf19.2728 C4 02700W
3R1G06 orf19.2084 C2_00450C
3R1G08 orf19.1542 C2 02240C
3R1G12 orf19.4206 C6_00540W
3R1HO03 orf19.996 Cl1 _10520W
3R1H04 orf19.306 C3_03090W
3R1H06 orf19.2093 C2_00380C
3R1H08 orf19.5934 C3_04740C
3R1H09 orf19.1002 C1_10560C
3R1H10 orf19.122 C6 _01150W
3R1H11 orf19.7257 C1 14400C
3R1H12 orf19.7247 C1 14340C
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3R2A03 orf19.6760 C3_07320W
3R2A04 orf19.564 C2 09370C
3R2A06 orf19.4549 C1 _01760W
3R2A07 orf19.1434 C2 08380C
3R2A08 orf19.4162 C4_00790C
3R2B01 orf19.1251 C4 _05660C
3R2B02 orf19.1956 C5_01140C
3R2B03 orf19.7473 CR_00600C
3R2B07 orf19.1792 C4 05340W
3R2B08 orf19.7310 CR_09140C
3R2B09 orf19.1943 C5_01260W
3R2B10 orf19.5367 C2_10840W
3R2C01 orf19.6861 C4 05220C
3R2C03 orf19.4251 C5_02430W
3R2C06 orf19.2713 C4 _02820W
3R2C08 orf19.5265 C1 _12010C
3R2C09 orf19.5004 C1 _13660W
3R2D01 orf19.3865 CR _06110C
3R2D04 orf19.3093 C4 _07120C
3R2D05 orf19.3231 CR_01230C
3R2E01 orf19.1605 C2 09470C
3R2E(2 orf19.6610 CR_09520C
3R2E03 orf19.5798 C2 03030W
3R2E04 orf19.6222 C1_06880C
3R2E0S5 orf19.3608 C2 08680W
3R2E07 orf19.7221 C1 _14140C
3R2E08 orf19.2417 CR_03100W
3R2E09 orf19.6568 C7 _01580W
3R2F01 orf19.3623 C2_08560W
3R2F06 orf19.6763 C3_07310C
3R2F07 orf19.658 C1 11440C
3R2F08 orf19.4367 CR_03680C
3R2G01 orf19.4136 C5_01460W
3R2G03 orf19.643 CR_05100W
3R2G05 orf19.7402 C3_06300W
3R2G06 orf19.964 C5_00300C
3R2G09 orf19.6046 C1_00600W
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Loss of heterozygosity (LOH) plays important roles in genome dynamics, notably, during tumorigenesis. In the fungal pathogen
Candida albicans, LOH contributes to the acquisition of antifungal resistance. In order to investigate the mechanisms that regu-
late LOH in C. albicans, we have established a novel method combining an artificial heterozygous locus harboring the blue fluo-
rescent protein and green fluorescent protein markers and flow cytometry to detect LOH events at the single-cell level. Using this
fluorescence-based method, we have confirmed that elevated temperature, treatment with methyl methanesulfonate, and inacti-
vation of the Mecl DNA damage checkpoint kinase triggered an increase in the frequency of LOH. Taking advantage of this sys-
tem, we have searched for C. albicans genes whose overexpression triggered an increase in LOH and identified four candidates,
some of which are known regulators of genome dynamics with human homologues contributing to cancer progression. Hence,

the approach presented here will allow the implementation of new screens to identify genes that are important for genome sta-

bility in C. albicans and more generally in eukaryotic cells.

N ormally found as a harmless commensal organism, Candida
albicans is also a major fungal pathogen of humans and is
capable of causing serious and even life-threatening diseases when
the immune system of the host is compromised (1). Although C.
albicans is found mostly as a diploid organism, haploid and tetra-
ploid forms have been observed in the laboratory and upon the
passage of C. albicans in animal models of infection (2—4). The
formation of tetraploids results from mating between diploids of
opposite mating types that have undergone the so-called white-
opaque phenotypic switch (5). Meiosis is thought to have been lost
in C. albicans, and the formation of haploids from diploids or
diploids from tetraploids results from concerted chromosome
loss (2, 6). The C. albicans genome is highly plastic, undergoing a
number of important genome rearrangements, such as loss-of-
heterozygosity (LOH) events, aneuploidies, and the formation of
isochromosomes (7). In particular, LOH has been shown to occur
during commensal carriage (8) and during systemic infection in a
mouse model (9) and to contribute to the acquisition of antifungal
resistance (10, 11). Stressful conditions such as high temperature,
oxidative stress, or azole antifungal treatment trigger an increase
in the frequency of LOH, as well as changes in the mechanisms
leading to LOH; while azole treatment and temperature cause an
increase in LOH due to chromosome loss and reduplication, oxi-
dative stress results in an increase in gene conversion events (12).
Yet, little is known about the molecular mechanisms that control
LOH in C. albicans, despite the apparent importance of LOH in
the biology of this species. Overall, it has been shown that knock-
out mutations in genes involved in base excision repair, nucleo-
tide excision repair, and mismatch repair had little impact on the
frequency of LOH in C. albicans (13, 14). In contrast, null muta-
tions in the MREI1 and RAD50 genes involved in homologous
recombination and in the MECI, RAD53, and DUNI genes in-
volved in the DNA damage checkpoint pathway result in in-
creased frequency of LOH (13, 15, 16).

Evaluation of the frequency of LOH in C. albicans has until
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now relied on the use of several counterselectable marker genes,
such as URA3 and GALI, that confer distinctive phenotypes when
in a heterozygous state or in a homozygous null state (17-19).
URA3 encodes the orotidine-5-phosphate decarboxylase; while
URA3/URA3 and URA3/ura3 strains are prototrophic for uridine
and sensitive to 5-fluoroorotic acid (5-FOA), ura3/ura3 strains are
auxotrophic for uridine and resistant to 5-FOA. GALI encodes a
galactokinase; while GALI/GALI and GALI/gall strains are sensi-
tive to 2-deoxygalactose (2-DG), gall/gall strains are resistant to
2-DG. Hence, counting of the spontaneous 5-FOA-resistant or
2-DG-resistant clones that arise from a URA3/ura3 ora GAL1/gall
strain, respectively, provides a measure of the frequency of LOH in
these strains. Although robust, these systems are labor intensive
and costly and lack the flexibility that would be required to imple-
ment a genetic screen for C. albicans genes regulating LOH. With
the development of collections of knockout constructs or overex-
pression plasmids, such screens are becoming amenable to C. al-
bicans (20-22) and could provide new insights into the mecha-
nisms that control genome stability in this species and other
eukaryotes.
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TABLE 1 Yeast strains used in this study

Strain Genotype Characteristic Reference
SN100 his1A/hisIA URA3/ura3A:Nimm434 IRO1/irol1A:Nimm434 WT 24
SN148 argdA/argdAleu2A/leu2A his1A/his1Aura3:Nimm434/ura3A:Nimm434 WT 24
irol AuzNimm434/irol A:\imm434
CEC1027 SN148 GAL1/gall::CmLEU2 GALI het This study
CEC3998 SN148 Ca2lchr4_C _albicans_SC5314:473390-476401A::PTDH3-GFP-CaARG4/ Mono-GEFP prototroph This study
Ca2lchrd_C_albicans_SC5314:473390-476401/Ca21chrl_C_albicans_SC5314:625304-
626436 RPS1/RPS1::CIp20-Leu2
CEC4007 SN148 Ca2lchr4_C_albicans_SC5314:473390-476401A::PTDH3-BFP-CdHIS/ Mono-BFP prototroph This study
Ca2lchr4_C_albicans_SC5314:473390-476401/Ca21chrl_C_albicans_SC5314:625304-
626436 RPS1/RPS1::CIp30 GAL1/gal1A::CmLEU2
CEC2683 SN148 Ca2lchr4_C _albicans_SC5314:473390-476401A::Pp;;5-GFP-CaARG4/Ca2lchrd_ BFP-GFP This study
C_albicans_SC5314:473390-476401A::P.py,,5-BFP-CaSATI
CEC2814 CEC1027 Ca2lchr4_C_albicans_SC5314:473390-476401A::Ppp;5-GFP-CaARG4/Ca2lchrd_ GALI het BFP-GFP This study
C_albicans_SC5314:473390-476401A:P.1,,,,5-BFP-CAHIS
CEC2824 CEC2814 ADH1/adh1::PTDH3-cartTA::SATI GALI het BFP-GFP/pNIMX This study
CEC3172 CEC2683 MEC1/meclA::HISI meclA auxotroph This study
CEC3183 CEC2683 meclA::LEU2/meclA::HIS1 meclAA auxotroph This study
CEC3194 CEC2683 RPS1/RPS1::CIp30 MECI prototroph This study
CEC3203 CEC3172 RPS1/RPS1::CIp30 meclA prototroph This study
CEC3216 CEC3183 RPS1/RPSI1::CIp10 meclAA prototroph This study
CEC3989 CEC2824 RPS1/RPS1:PTET-GtwB 3R collection control This study

Here, we report the development of a novel LOH reporter sys-
tem that combines fluorescent markers and flow cytometry to
detect LOH in C. albicans and is amenable to high-throughput
screening. We show that this system can report changes in the
frequency of LOH triggered by different physical and chemical
stresses and knockout mutations. Moreover, using a newly devel-
oped collection of overexpression plasmids for 124 genes whose
orthologs in Saccharomyces cerevisiae are involved in DNA repli-
cation, recombination, and repair, we show that the LOH reporter
system can be used to identify genes whose overexpression triggers
genome instability specifically through LOH events. Overall, the
characterization of new players in genome maintenance will allow
a better understanding of how genomic instability may contribute
to the success of C. albicans as a commensal and as a pathogen.

MATERIALS AND METHODS

Strains and growth conditions. C. albicans strains were routinely cul-
tured at 30°C in YPD medium (1% yeast extract, 2% peptone, 2% dex-
trose), synthetic complete (SC) medium with the omission of the appro-
priate amino acids (23) or synthetic dextrose (SD) medium (0.67% yeast
nitrogen base, 2% dextrose). Solid media were obtained by adding 2%
agar. All of the C. albicans strains used in this work were derived from
SN148 (24) and are listed in Table 1. For selection of transformants,
nourseothricin was used at a final concentration of 300 pg/ml in YPD
medium.

For the LOH assay by fluorescence-activated cell sorting (FACS), ali-
quots of prototrophic cells were taken from the —80°C stock and grown in
96-well plates overnight in YPD medium at 30°C with rotatory shaking for
recovery. The next day, these cultures were inoculated into SC-His-Arg to
eliminate cells that had undergone LOH and lost the blue fluorescent
protein (BFP)-HISI or green fluorescent protein (GFP)-ARG4 cassette as
aresult of the freezing-thawing step. The SC-His-Arg cultures were grown
overnight at 30°C with rotatory shaking. At that point, the cells were ready
for possible treatments before LOH analysis by flow cytometry.

Overexpression from P was induced by the addition of anhydro-
tetracycline (ATc, 3 pg/ml; Fisher Bioblock Scientific) in YPD or SD me-
dium at 30°C. Overexpression experiments were carried out in the dark, as
ATc is light sensitive.
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For heat shock, C. albicans strain CEC3989 (Table 1) was grown in
YPD medium overnight at 30, 37, or 39°C and allowed to recover over-
night in YPD medium before flow cytometry analysis.

For genotoxic stress, CEC3989 was cultured for 30 min in YPD me-
dium plus 0.01, 0.02, or 0.03% methyl methanesulfonate (MMS) at 30°C.
The cells were collected, washed with fresh YPD medium, and allowed to
recover in rich medium at 30°C overnight before flow cytometry analysis.

Plasmid constructions. For the oligonucleotides used in this work, see
Tables S1 and S2 in the supplemental material. For the plasmids used or
generated in this work, see Table S3 in the supplemental material. For
descriptions of the plasmid constructions, see Text S1 in the supplemental
material. They yielded six plasmids harboring (i) the gene for either GFP
or BFP placed under the control of the constitutively active promoter of
the C. albicans TDH3 gene (25) and (ii) the ARG4 (26), HISI (27), URA3
(26), 0r SATI (27) transformation marker (see Fig. S1 in the supplemental
material).

C. albicans strain construction. (i) Multiple heterozygous marker
strains. One allele of the GALI gene was replaced with the CmLEU2
marker gene by PCR-mediated transformation of SN148 (24). The result-
ing strain was named CEC1027. The Py,;;5-BFP-HISI and Ppypy5-GFP-
ARG4 cassettes were PCR amplified from plasmids pECC727-BH
(ECC727) and pECC596-GA (ECC596) with oligonucleotides K7 yFP-
Fwd and K7 yFP-Rev carrying sequences homologous to the genomic
DNA located between PGA59 and PGA62 on chromosome 4 (Ch4). The
PCR products were sequentially transformed in CEC1027 as described by
Gola et al. (26), yielding CEC2814. For activation of the P, promoter,
strain CEC2814 was eventually transformed with SacIl- and Kpnl-di-
gested pNIMX, which encodes a tetracycline-controlled transactivator
(21), yielding CEC2824. Strain CEC2683 was obtained through successive
transformation of SN148 (24) with the P,;;-BFP-SATI and P 5-
GFP-ARG4 cassettes PCR amplified from plasmids pECC729-BS
(ECC729) and pECC596-GA (ECC596) with oligonucleotides K7 yFP-
Fwd and K7 yFP-Rev. CEC2683 was subsequently transformed with Stul-
linearized CIp30 (28) to generate CEC3194, the prototrophic parental
strain.

A mecl null mutant was constructed by replacing both alleles with the
LEU2 and HISI markers by a PCR-based method (29) in CEC2683, yield-
ing first the heterozygous MEC1/mecl mutant CEC3172 and then the null
mecl/mec] mutant CEC3183. CEC3172 and CEC3183 were then trans-
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formed with Stul-linearized CIp30 (28) or CIpl0 (30) to generate
CEC3203 and CEC3216, the prototrophic mecl heterozygous and ho-
mozygous mutants.

(ii) C. albicans overexpression strains. Stul-digested or I-Scel-digested
CIp10-P;~GTW derivatives were transformed into strain CEC2824 as de-
scribed by Chauvel et al. (21), resulting in 124 overexpression strains (see
Table S2 in the supplemental material) that, together with the CEC3989 con-
trol strain derived from CEC2824 transformed with Stul-linearized CIp10-
Ppr-GTW, will be referred to as the 3R overexpression collection.

All C. albicans transformants were verified by PCR with primers inside
the transformed plasmid/cassette and primers in the genomic DNA regions of
insertion in order to assess the proper integration of the plasmid/cassette in
the C. albicans genome.

Flow cytometry analysis. Cells from overnight cultures were diluted
1:1,000 in 1 X phosphate-buffered saline (PBS) in BD Falcon tubes (prod-
uct code 352054), and 10° cells were analyzed by flow cytometry in a
96-well plate format with a MACSQuant (Miltenyi) flow cytometer. We
used the 405- and 488-nm lasers to excite the BFP and GFP proteins and
the 425/475 and 500/550 filters to detect the BFP and GFP emission sig-
nals.

LOH screen with the BFP-GFP system. (i) Primary screen. Strains in
the 3R overexpression collection were screened for the frequency of LOH
by flow cytometry following overnight growth at 30°C in YPD medium
containing ATc (3 pg/ml). To evaluate the frequency of LOH at the GFP
or BFP loci, we first analyzed the flow cytometry output for 14 indepen-
dent cultures of the control strain (CEC3989) with FlowJo 7.6. All profiles
were very similar. We created gates to define the Bfp™ Gfp~ (mono-BFP)
and Bfp~ Gfp™ (mono-GFP) populations in one of the control samples
and applied these gates to the rest of the data set for the control cultures.
The percentages of Bfp " Gfp~ and Bfp~ Gfp™ cells were exported in Excel
format. The mean and standard deviation were calculated. The same gates
were applied to all of the mutants, resulting in percentages of Bfp™ Gfp~
and Bfp~ Gfp™ cells for each mutant strain. We calculated a Z score for
each mutant and selected mutants that showed Z scores of >5 for the
Bfp~ Gfp™ population (corresponding to 5 standard deviations from the
mean value of the control strain).

(ii) Secondary screen. Because the overexpression-induced morphol-
ogy changes observed in some of the candidate overexpression mutants
(data not shown) could distort the flow cytometry results, a secondary
screen was carried out to confirm the candidate genes. All of the mutants
identified in the primary screen were grown in triplicate in YPD medium
and in YPD-ATc (3 pg/ml) for 8 h and reinoculated into YPD medium
alone to recover overnight at 30°C. The next day, 10° cells in the yeast
form, as confirmed by microscopy, were analyzed by flow cytometry and
a t test was performed to validate the candidates.

Sorting of cells having undergone a LOH event. The control strain
and the candidate mutants were grown in the presence of ATc (3 pg/ml)
for 8 h and allowed to recover overnight in YPD medium alone. FACS of
these cultures into 1.5-ml Eppendorf tubes with a FACSAria III cell sorter
(BD Biosciences) was performed at a rate of 10,000 events/s. A thousand
cells from the Bfp~ Gfp™ and Bfp™ Gfp~ populations were sorted, recov-
ered in 400 wl of YPD medium, and immediately plated onto YPD me-
dium plates. The plates were incubated at 30°C for 2 days. For the Bfp™
Gfp™ population, 48 colonies were inoculated into 800 pl of YPD me-
dium in 96-well plates and grown overnight at 30°C. We observed a col-
ony size phenotype of the Bfp* Gfp ™~ population, and therefore, 24 small
and 24 large colonies were inoculated into 800 wl of YPD medium in
96-well plates and grown overnight at 30°C. Cultures were then analyzed
by flow cytometry to validate monofluorescence and spotted onto YPD
medium, SC-His-Arg, SC-His, and SC-Arg to confirm the LOH events by
checking the loss of the auxotrophic marker associated with the BFP or
GFP marker. We next investigated the molecular mechanisms giving rise
to these LOH events by single-nucleotide polymorphism (SNP) typing of
16 isolates, when possible. Genomic DNA was extracted from the sorted
clones, and PCR-restriction fragment length polymorphism (RFLP) was
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performed to assess the extent of the LOH. We used SNPs 95 and 156,
which are part of Alul and Taq]l restriction sites, respectively (31). The
SNP typing analysis was carried out for both the Bfp™ Gfp~ (small and
large colonies) and Bfp~ Gfp* populations and was performed as de-
scribed previously (31).

Whole-genome sequencing and sequence analysis. Genomic DNAs
isolated from the C. albicans isolates were processed to prepare libraries
for Illumina sequencing. The TruSeq Nano DNA Sample Prep kit (Illu-
mina) was used according to the manufacturer’s reccommendations. DNA
was randomly fragmented by sonication to an average fragment length of
550 bp, and Illumina adapters were blunt-end ligated to the fragments.
The final libraries were amplified by PCR and then sequenced on a MiSeq
platform by using v3 chemistry. Three-hundred-nucleotide paired-end
reads were aligned with C. albicans strain SC5314 reference genome as-
sembly 21, which is available from the Candida Genome Database (32,
33), by Burrows-Wheeler Aligner (34). Single-nucleotide variants (SNVs)
between the sequenced genomes and the reference genome were identi-
fied with the Genome Analysis Toolkit (35) at positions with a sequencing
depth of =18 X. Heterozygous SNVs were defined as positions where 15%
or more of the calls showed one allele and 85% or less of the calls showed
a second allele. Homozygous SNVs were defined as positions where more
than 90% of the calls differed from the reference genome. Sequencing
depth and heterozygous SNP density maps were constructed as described
by Loll-Krippleber et al. (16). Homozygous SNP density maps were con-
structed by determining the number of homozygous positions per 10-kb
region and plotting each value.

RESULTS

A new reporter system for LOH. As an alternative to the GALI
and URA3 systems routinely used for studies of LOH in C. albicans
(12, 18), we developed a new system combining the use of fluo-
rescent markers and flow cytometry that is more suitable for high-
throughput studies. This system relies on the construction of an
artificial locus on Ch4 in the intergenic region between the PGA59
and PGA62 open reading frames (ORFs) (36). This 9-kb region
has been used previously as a platform for the integration of C.
albicans two-hybrid plasmids (37), and its modification is thought
to be neutral to C. albicans biology, as its deletion did not result in
any phenotype (36). As shown in Fig. 1A, one of the Ch4 ho-
mologs was engineered to carry the gene for GFP (38) under the
control of the promoter of the constitutively highly expressed
TDH3 gene (25) and linked to an auxotrophic marker (ARG4,
HIS1, URA3) or the nourseothricin resistance marker (SATI).
The other homolog was engineered to carry the gene for BFP (Ev-
rogen) placed under the control of the TDH3 promoter and linked
to another auxotrophic marker or the nourseothricin resistance
marker. A series of cassettes have been developed that associate the
BFP or GFP gene to different selection markers (SAT1, HISI,
URA3, and ARG4), allowing their use in various genetic back-
grounds (see Fig. S1 in the supplemental material). In this setup,
LOH events can be detected by flow cytometry since cells that
undergo LOH at the PGA59-62 locus will produce only one of the
two fluorescent proteins. As shown in Fig. 1B, FACS analysis of
strain CEC2683, which carries the BFP-SAT1/GFP-ARG4 system,
showed that the majority (>99%) of the cells coexpressed the two
fluorescent proteins BFP and GFP. In addition, mono-GFP and
mono-BFP populations were observed at frequencies of 0.020 and
0.033%, respectively. In order to verify that the cells in these pop-
ulations had undergone genuine LOH events, we recovered cells
from each population by cell sorting and characterized 76 and 52
cells from the mono-GFP and mono-BPF populations, respec-
tively. Of the cells recovered from both populations, 95% (72/76)
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FIG 1 The BFP-GFP system. (A) Artificial heterozygous locus on Ch4. BFP and GFP expression cassettes were integrated into the gene-free PGA59-PGA62
intergenic region of Ch4. One homolog carries the gene coding for BFP, while the other carries the gene coding for GFP. Both the BFP and GFP genes are under
the control of the promoter of the constitutively highly expressed TDH3 gene and linked to a selection marker. When LOH takes place at this locus, the cells
express only one of the fluorescent proteins and LOH events can be detected by flow cytometry. (B) Flow cytometry analysis of a WT BFP-GFP strain (CEC2683).
Cells were grown overnight in rich medium, diluted in 1X PBS, and analyzed on a MACSQuant cytometer (Miltenyi Biotech). One million events are displayed.

and 94% (49/52) were monofluorescent (data not shown). More-
over, spotting assays on appropriate media indicated that all of the
monofluorescent cells displayed the phenotypes expected from a
concomitant loss of the BFP and SAT1 genes (mono-GFP cells) or
the GFP and ARG4 genes (mono-BFP cells), i.e., sensitivity to
nourseothricin or arginine auxotrophy, respectively (data not
shown). This initial analysis of a BEP-GFP strain revealed a spon-
taneous LOH frequency of 2 X 10™* to 3 X 10~ * at this locus.
Interestingly, the cells recovered from the Bfp~ Gfp~ population
did not grow, indicating that these are nonviable cells. Fluores-
cence plots of mono-BFP (CEC4007), mono-GFP (CEC3998),
unlabeled (SN100), and BEP-GFP-labeled strains are presented in
Fig. S2A in the supplemental material.

Increased LOH at the PGA59-62 locus in mecl mutants. The
Mecl kinase is a central regulator of the DNA damage checkpoint
in all eukaryotes (39, 40). A previous study has shown that inacti-
vation of the C. albicans MEC] gene results in an increase in LOH
at the GALI locus (15). In order to test whether an increase in
LOH could be detected with the BFP-GFP system, we inactivated
the MECI gene in a strain carrying this system. Results presented
in Fig. 2A and Table 2 show a statistically significantly greater
proportion of mono-GFP or mono-BFP cells in the mecl null
mutant than in the wild-type (WT) strain. Interestingly, we also
observed an increase in the proportion of Bfp~ Gfp~ cells, sug-
gesting that inactivation of MECI increases cell death (Fig. 2A).
Cell death in the Bfp~ Gfp~ population was confirmed by pro-
pidium iodide staining and microscopic analysis of these cells after
cell sorting (data not shown). Hence, the BFP-GFP LOH reporter
system could detect an increase in the frequency of LOH by flow
cytometry upon inactivation of the MECI gene.

Increased LOH at the PGA59-62 locus in response to differ-
ent stresses. Forche et al. (12) have shown increased LOH in re-
sponse to different stresses that are reminiscent of the conditions
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encountered by fungi during human infection, e.g., elevated tem-
peratures, oxidative stress, and the presence of azole antifungals.
We evaluated the frequency of LOH in a control strain carrying
the BFP-GFP system when grown overnight at 30, 37, or 39°C.
Although cells were filamenting after 7 h of growth at 37 or 39°C,
microscopic analysis of cells after overnight growth at 37 or 39°C
revealed that the majority of the cells reverted to the yeast form
and were therefore suitable for flow cytometry analysis (data not
shown). Still, we allowed the cells to recover overnight in YPD
medium before flow cytometry analysis. Similar to the data ob-
tained with the GALI system (12), the BFP-GFP system revealed
that elevated temperatures promote LOH in C. albicans (Fig. 2B
and Table 2). The fluorescence plots presented in Fig. S2B in the
supplemental material confirmed that the distribution of mono-
labeled cells remains the same in the absence or presence of heat
stress.

We also treated the control strain carrying the BEP-GFP system
with the genotoxic agent MMS. After a 30-min treatment with
different concentrations of MMS, cells were allowed to recover in
rich medium overnight. Flow cytometry analysis revealed a fre-
quency of LOH that increased together with MMS concentrations
(Fig. 2C and Table 2).

Taken together, these data indicated that the BFP-GFP LOH
reporter system was suitable for the detection of increases in the
frequency of LOH resulting from physical or chemical stress.

Construction of the 3R overexpression collection. We rea-
soned that the BFP-GFP LOH reporter system could provide an
efficient means for the identification of genes that control LOH in
C. albicans. Therefore, we implemented an overexpression screen
aimed at identifying C. albicans genes whose overexpression
would alter the WT frequency of LOH. To do this, we generated a
collection of C. albicans overexpression strains focused on genes
that, on the basis of their Gene Ontology database annotations or
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FIG 2 Flow cytometry analysis reveals an increase in LOH in mecI null mutants and in response to physical and chemical stresses. (A) Flow cytometry analysis
ofhomozygous mecl deletion strains. WT BFP-GFP strain CEC3194 and the mecI AA mutant were grown overnight in YPD medium at 30°C and analyzed by flow
cytometry. (B) Flow cytometry analysis upon heat treatment. WT BFP-GFP strain CEC3989 was grown overnight in YPD medium at 30, 37, or 39°C and allowed
to recover overnight in YPD medium before flow cytometry analysis. (C) Flow cytometry analysis in the presence of the DNA-damaging agent MMS. WT
BFP-GFP strain CEC3989 was treated with increasing concentrations of MMS for 30 min. Cells were then allowed to recover overnight in fresh YPD medium and

analyzed by flow cytometry.

the function of their orthologs in S. cerevisiae, were likely to be
involved in different aspects of genome maintenance such as DNA
repair, DNA replication, recombination, chromosome segrega-
tion, the cell cycle, and telomere maintenance. PCR products ex-
tending from the start codon to the penultimate codon of 204
selected genes (see Table S2 in the supplemental material) were
cloned into the pPDONR207 donor vector. Following Sanger and
Mlumina/Solexa sequence validation, a total of 151 (74%) deriva-
tives of pPDONR207 were obtained. ORFs cloned into pDONR207
were subsequently transferred into uniquely barcoded ClIp10-
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Prpr-GTW plasmids (20, 21). A total of 147 (72%) CIp10-Pg-
GTW derivatives were obtained and subsequently introduced at
the RPSI locus into C. albicans strain CEC2824, which harbors a
GFP-HIS1/BFP-ARG4 system at the PGA59-62 locus and the
pNIMX plasmid encoding a tetracycline-controlled transactivator
(21). Eventually, 124 C. albicans P p;-driven overexpression
strains were obtained, indicating a 60.8% overall success rate,
slightly below that reported previously by Chauvel et al. (21) for a
nonoverlapping set of overexpression plasmids, possibly because
of the larger size of the cloned ORFs in our study (27% were
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TABLE 2 LOH increase in the mecl null mutant and in response to physical and chemical stresses

LOH quantification on Ch 4 (BFP loss)

Genotype, lab ID, and growth conditions Mean frequency of LOH = SEM (X10™*)* Fold change P value?
WT, CEC3194, YPD, 30°C 2.6 £0.2
meclA, CEC3206, YPD, 30°C 22*0.1 v =0.005
meclAA, CEC3216, YPD, 30°C 31.0* 1.0 12° =0.005
WT, CEC3989
YPD, 30°C 0.8 = 0.1
YPD, 37°C 1.2+ 0.1 1.4° =0.05
YPD, 39°C 1.3 0.1 1.5¢ =0.01
YPD + 0.01% MMS, 30°C 194 = 2.6 12¢ =0.005
YPD + 0.02% MMS, 30°C 453 * 1.8 28° =0.005
YPD + 0.03% MMS, 30°C 59.0 = 1.8 37¢ =0.005

7 Six independent cultures were tested per mecl mutant and per physical and/or chemical stress condition. Standard errors of the means were determined with GraphPad Prism

software.
b Ratio of the LOH frequency of a given mutant to that of the parental strain.

¢ Ratio of the LOH frequency in the presence of the stress to that in the absence of the stress.
@ A Mann-Whitney test was performed to determine if the BEP loss frequency in the different mutants was statistically significantly different from the rate observed in the control

strains or under the control conditions.

>2,500 bp versus none in the study of Chauvel et al.). Together
with the CEC3989 control strain harboring the empty CIp10-
P1~GTW plasmid, these 124 overexpression strains are referred
to here as the 3R overexpression collection.

FACS-optimized LOH screens upon gene overexpression.
Prior to analyzing the overexpression mutants for the frequency of
LOH under inducing conditions, we evaluated the frequency of
LOH in control strain CEC3989. Fourteen independent YPD-ATc
(3 wg/ml) cultures of the control strain were analyzed by flow
cytometry. For each analysis, 1 million cells were tested and the
mean frequency of LOH and the standard deviation were calcu-
lated. We found that LOH occurred at an average frequency of
22X 107* + 0.4 X 10~*, Subsequently, we submitted the entire
3R overexpression collection to a primary screen whereby 1 mil-
lion cells of each overexpression strain were analyzed by flow cy-
tometry after overnight induction. Thirty-three overexpression
strains were selected that had a Z score (for the frequency of Bfp ™~
Gfp™ cells) of >5 (see Fig. S3 in the supplemental material). In the
secondary screen, we allowed the cells to recover in rich medium
after 8 h of induction in YPD-ATc3 medium and reanalyzed the 33
overexpression strains identified in the primary screen in tripli-
cate. While we saw no difference between Bfp* Gfp~ and Bfp~
Gfp™ frequencies of the control strain and the overexpression mu-
tants in the absence of ATc treatment, we confirmed the increase

in LOH at the PGA59-62 locus after ATc treatment for four of
these genes, namely, BIMI (10-fold for Bfp™ Gfp~ cells and 13-
fold for Bfp~ Gfp™ cells), CDC20 (32- and 38-fold, respectively),
RAD5] (7- and 8-fold, respectively), and RAD53 (13-fold) (Table
3). Notably, we could not identify any overexpression strain that
had a significantly reduced frequency of LOH, possibly owing to
the relatively low frequency of LOH in the control strain.

Characterization of the molecular mechanisms leading to
LOH. LOH at the BFP-GFP locus could result from gene conver-
sion, mitotic crossing over (MCO), break-induced replication
(BIR), or chromosome truncation or loss. Further, to identifying
genes whose overexpression increased the frequency of LOH, we
tested whether the overexpression of these genes could also alter
the balance between these different types of events, as observed in
the control strain.

FACS was used in order to recover individual monofluorescent
cells and subsequently analyze these cells by SNP-RFLP typing,
which can reveal the molecular mechanism—gene conversion,
MCOJ/BIR, or chromosome truncation or loss—underlying the
LOH event responsible for loss of the BFP or GFP marker on Ch4
(Fig. 3A) (31). Cells sorted from the Bfp~ Gfp™ control and mu-
tant populations and plated on YPD medium gave rise to colonies
homogeneous in size. For the control strain, SNP-RFLP typing
showed that LOH in the cells that had yielded these colonies had

TABLE 3 LOH quantification in the four candidate overexpression mutants validated in the secondary LOH screen

LOH quantification on Ch4

Bfp" Gfp~ cells

Bfp~ Gfp™ cells

Mean frequency of LOH = SEM

Mean frequency of LOH * SEM

Strain® (X107 Fold change” P value® (X107 Fold change® P value®
CEC3989 (control) 1.3+ 0.5 0.7 +0.3

P CDC20 420 =110 32 =001  268+79 38 =0.01
Pp-RAD53 17.0 £ 6.0 13 =0.01 9.1=*1.5 13 =0.01
P,y-BIMI 125+ 1.7 10 =0.01 9.0 + 2.9 13 =0.01
P,y-RADS5I 8.7+ 14 7 =0.01 53+ 1.3 8 =0.01

@ All strains were grown on YPD + Atc.
b Ratio of the LOH frequency in a given mutant to that in control strain CEC3989.
¢ Mann-Whitney test.
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arisen at somewhat equal frequencies through MCO/BIR or chro-
mosome truncation, these two types of events being undistin-
guishable by SNP-RFLP typing, and gene conversion (Fig. 3B).
Complete loss of the homolog carrying the BFP marker was never
observed. A similar pattern was observed upon the overexpression
of CDC20 and RADS53. In contrast, we detected an increase in the
proportion of MCO/BIR or chromosome truncation events ver-
sus gene conversions resulting in loss of the BFP marker in the
RADS51 and BIM1 overexpression mutants (Fig. 3B).

Notably, colonies of different sizes were observed when cells
sorted from the Bfp* Gfp~ populations were plated on YPD me-
dium (data not shown). This included colonies of a size similar to
that of colonies obtained from the Bfp~ Gfp™ populations and
smaller colonies. This small-colony phenotype was observed for
the control strain and all of the overexpression mutants tested. In
the control strain, 80 and 20% of the mono-BFP cells were derived
from small and large colonies, respectively (Fig. 3C). We observed
an increase in the proportion of the large-colony-derived mono-
BFP cells in the CDC20, RAD51, and RAD53 overexpression mu-
tants (Fig. 3C). SNP-RFLP typing of 16 mono-BFP cells from
small and large colonies revealed that, unlike in the Bfp~ Gfp™
population, chromosome loss was the major mechanism respon-
sible for loss of the GFP marker in the small-colony-derived cells
of both the control strain and the overexpression mutants, other
LOH events resulting from MCO/BIR, or chromosome trunca-
tion (Fig. 3D). On the other hand, SNP-RFLP typing revealed that
LOH was often the result of recombination-mediated events or
chromosome truncations in the larger colonies of the control
strain and the RAD51, BIM 1, and RAD53 overexpression mutants
(Fig. 3E). In contrast, chromosome loss was the only mechanism
leading to LOH in the Bfp™ Gfp ™~ cells of the CDC20 overexpres-
sion mutants (Fig. 3D and E). SNP-RFLP typing data for both
types of colonies were normalized to the proportion of small ver-
sus large colonies and combined to represent the percentage of
each molecular mechanism (gene conversion, MCO/BIR, or chro-
mosome truncation or loss) in the overall Bfp™ Gfp~ population
(Fig. 3F).

Although the homozygous status of both SNPs 156 and 95 is
routinely recognized as a mark of LOH chromosome loss on Ch4
(31), multiple gene conversion events could also be responsible
for the concomitant homozygous status of these SNPs. To deter-
mine the extent of the LOH, we performed whole-genome se-
quencing of three small Bfp* Gfp~ colonies obtained from an
overexpression mutant that did not show any change in the fre-

quency of LOH relative to the control and in which LOH was the
result of chromosome loss, as demonstrated by SNP-RFLP typing.
Heterozygous and homozygous SNP density maps against the C.
albicans SC5314 HapA and HapB reference sequences (41) re-
vealed that cells from the three small colonies had lost all of Ch4B
carrying the GFP marker (Fig. 3G). The observation that Ch4 had
remained disomic (data not shown) indicates that the other ho-
molog, Ch4A, has been reduplicated. Homozygosis of Ch4A also
accounts for the histidine auxotrophy displayed by Bfp™* Gfp~
cells, despite the maintenance of the BFP-HISI cassette at the
PGA59-62locus (data not shown). Indeed, the inactive HIS4 allele
reported by Gomez-Raja et al. (42) is carried by Ch4A.

Overall, our SNP-RFLP analysis revealed several interesting
features. (i) The molecular mechanisms causing the LOH differed
according to the Ch4 homolog undergoing the LOH event, with
chromosome loss being observed only for Ch4B. (ii) This was
reflected by the occurrence of small-colony clones when all or part
of Ch4B was lost. (iii) When chromosome loss occurred, overex-
pression of CDC20 favored this mechanism. (iv) RAD51 overex-
pression favored MCO/BIR events. (v) BIM1 overexpression fa-
vored MCO/BIR events unless chromosome loss was possible. (vi)
RADS53 overexpression favored MCO/BIR events when chromo-
some loss was possible.

DISCUSSION

Here, we present a FACS-optimized genetic system for the detec-
tion of LOH in C. albicans and its application to the identification
of genes whose overexpression results in an increase in the fre-
quency of LOH and changes in the frequencies of the molecular
events that are at the origin of LOH.

The new BFP-GFP system displays features more appealing
than those of other genetic systems currently used to study LOH in
C. albicans. Indeed, we provide a powerful and robust tool that
allows rare-event analysis and high-throughput LOH detection
since up to 96 samples can be processed in a single run. This
system is robust and reproducible because LOH is studied on a
cellular scale and a large number of cells are analyzed. Unlike the
systems based on the GALI or URA3 marker, which require large
amounts of expensive drugs, the BFP-GFP system does not re-
quire any costly consumables. The use of drugs such as 2-DG or
5-FOA also raises the issue of exposing cells to selective pressure
that might distort the evaluation of the frequency of LOH. In
contrast, the BFP-GFP system allows measurement of the fre-
quency of spontaneous LOH since cells are not exposed to any

FIG 3 SNP typing reveals a shift in the molecular mechanisms leading to LOH upon the overexpression of some of the candidate genes. (A) Map of Ch4 and
localization of the BFP-GFP system. The SNPs used for RFLP characterization are indicated by black triangles. Telomere-proximal SNP 156 is part of a Taql
restriction site. One allele contains the Taql site, while the other does not. Centromere-proximal SNP 95 is located in the middle of an Alul restriction site. One
allele contains the Alul site, while the other does not. The heterozygosity status of these SNPs provides information on the molecular mechanisms that give rise
to LOH. chr., chromosome. (B) SNP-RFLP typing of Bfp~ Gfp™ cells. The histogram shows the proportion of MCO/BIR or chromosome truncation versus
chromosome loss in the Bfp~ Gfp™ population. MCO/BIR or chromosomal truncation events correspond to isolates that have maintained a heterozygous SNP
95 and displayed a homozygous SNP 156. Chromosome loss events correspond to isolates in which both SNPs 95 and 156 became homozygous. Gene conversion
events correspond to isolates in which both SNPs 95 and 156 remained heterozygous. (C) Proportion of small versus large colonies giving rise to true mono-BFP
cells. (D) SNP-RFLP typing of small-colony-derived Bfp* Gfp ™~ cells. (E) SNP-RFLP typing of large-colony-derived Bfp* Gfp~ cells. (F) SNP-RFLP typing of
Bfp™ Gfp~ cells. The normalized percentage of each molecular mechanism, for instance, gene conversion, was calculated as follows: normalized % GC = (%
small colonies X % GC in small colonies) + (% large colonies X % GC in large colonies). (G) Heterozygous and homozygous SNV density maps of one large-
and three small-colony-derived cells that have undergone LOH at the BEP-GFP locus of Ch4. The number of heterozygous SNVs in each 10-kb region along Ch4
was computed and is shown, revealing LOH by gene conversion in the large-colony-derived cells and by chromosome loss and reduplication on Ch4 in the
small-colony-derived cells. Sequencing reads were mapped on the HapA or HapB reference sequence and yielded similar heterozygous SNP density maps. Only
the result of mapping on HapB is shown (left). The number of homozygous SNVs in each 10-kb region along HapA (middle) or HapB (right) was computed and
is shown. The high density of homozygous SNVs upon mapping on HapB indicates that chromosome loss in small-colony-derived cells affected Ch4B.
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stress. Like the other LOH reporter systems, the BEP-GFP system
is, in theory, flexible since the markers can be inserted anywhere in
the genome, thus enabling determination of the frequency of LOH
at different genomic locations and therefore the study of site-spe-
cific LOH events.

The BFP-GFP system was used to screen a collection of 124 C.
albicans overexpression mutants to identify genes whose overex-
pression would result in an increase in the frequency of LOH. Our
screen identified four candidates as regulators of genome stability
in C. albicans. Null or conditional deletion mutants have been
obtained and studied for three of these genes, CDC20 (43), RAD51
(44),and RAD53 (45), yet the role of these genes in genome integ-
rity was never addressed, except for RAD53, whose deletion in-
creases the frequency of LOH (16). Reports of C. albicans mutants
overexpressing the four candidate genes could not be found in the
literature. In contrast, S. cerevisiae mutants null for the four can-
didate genes, containing conditional deletions of them, or overex-
pressing them have been described. Although genome stability
was investigated in the deletion mutants, the question of genome
integrity in the overexpression mutants was not addressed.

Our screen identified CDC20 as the gene whose overexpression
triggers the greatest increase in the frequency of LOH. In S. cerevi-
siae, the essential CDC20 gene encodes an activator of ubiquitin-
protein ligase activity and is required for the metaphase-anaphase
transition. At this stage of the mitotic cycle, Cdc20p enables the
anaphase-promoting complex to properly degrade securin, allow-
ing the degradation of the cohesin rings that link the two sister
chromatids. Several studies have shown that degradation of
Cdc20p is an essential and conserved mechanism of spindle as-
sembly checkpoint maintenance (46, 47). Therefore, the sustained
presence of the Cdc20 protein could perturb genome integrity and
our observation that overexpression of C. albicans CDC20 favors
LOH, especially through chromosome loss when these types of
events can occur, is consistent with this hypothesis. Conditional
CDC20 deletion mutants of C. albicans have been characterized by
Chou et al. (43). Their work suggested that, similar to ScCDC20,
CaCDC20 was important for the metaphase-to-anaphase transi-
tion and mitotic exit. Interestingly, CDC20 has a distinct role in
morphogenesis in C. albicans, which is not the case in S. cerevisiae.

Rad53 and Rad51, two proteins involved in DNA damage
checkpoint maintenance and DNA repair, were identified as caus-
ing an increase in LOH upon overexpression. Rad53 is a kinase
involved in DNA damage checkpoint maintenance whose deletion
causes a growth defect, an increased sensitivity to several DNA-
damaging agents, and a defect in genotoxic-stress-induced fila-
mentation in C. albicans (45). An increase in LOH could also be
observed in CaRAD53 deletion mutants (16). The recombinase
Rad51 plays a major role in homologous recombination during
DNA double-strand break repair by searching for sequence ho-
mology and promoting strand pairing. Deletion of RAD5I in C.
albicans results in a decreased growth rate and increased sensitivity
to various DNA-damaging agents (44). On the other hand, ge-
nome integrity has not been investigated in CaRAD51 deletion
mutants. In S. cerevisiae, RAD51 overexpression has been shown
to promote genome instability, probably by inhibiting the accu-
rate repair of double-strand breaks by homologous recombina-
tion (48). Similarly, RAD51 overexpression in the mouse leads to
an increase in genome instability, notably, LOH events (49). Our
observation that, in addition to increasing the frequency of LOH,
overexpression of RAD51 and RAD53 favored MCO/BIR events is
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consistent with their role in DNA double-strand break repair,
their overexpression being likely to unbalance the DNA damage
response and favor recombination-mediated events.

In this work, a structural component of the microtubule skel-
eton of yeast encoded by BIM1 has been identified as increasing
the frequency of LOH upon overexpression. While ScBIMI dele-
tion has been shown to result in increased sensitivity to various
DNA-damaging agents (50) and increased chromosome instabil-
ity (51), the effect of BIMI overexpression on genome integrity
has not been investigated, probably in part because of the strong
growth defect associated with BIM 1 overexpression in S. cerevisiae
(52-54). Similarly, we also observed a growth defect associated
with BIM1 overexpression in C. albicans (data not shown). Our
observation that BIMI overexpression, in addition to promoting
LOH, favors MCO/BIR events was unexpected, as Biml is in-
volved in chromosome segregation, and therefore its overexpres-
sion would be more likely to cause chromosome loss. We hypoth-
esized that the overexpression-induced reduced growth rate
associated with BIM1 overexpression could favor the occurrence
of DNA breaks and thus explain the increase in MCO/BIR events
or chromosome truncations in the BIMI overexpression mutant.

Our SNP typing analysis of sorted cells revealed an additional
important aspect. Indeed, we have observed that the molecular
mechanisms giving rise to LOH can be homolog specific, with
chromosome loss never affecting Ch4A. Notably, loss of all or part
of Ch4B was accompanied by variations in colony size. As cells in
small colonies have almost all arisen through chromosome loss
(Fig. 3D) and yield large colonies (data not shown), we hypothe-
size that small colonies reflect a lower growth rate of cells that are
monosomic for Ch4A and eventually duplicate this chromosome.
Chromosome homozygosis was long thought to be hampered in
C. albicans by the presence of recessive lethal mutations dispersed
throughout the genome. The existence of haploids (2), completely
homozygous rad52-derived isolates (55), and partly homozygous
diploid parasexual progenies (56) demonstrated that homozygo-
sis of each one of the eight chromosomes can occur. Nevertheless,
a bias in the homolog being retained was reported for certain
chromosomes (2, 55). This was the case for Ch4, one homolog of
which could never be lost (2, 55). Our observation that Ch4A
could never be lost suggests the presence of at least one recessive
lethal allele on Ch4B. Because MCO/BIR or chromosome trunca-
tion-mediated LOH occurred in mono-GFP cells, we can narrow
the recessive lethal allele(s)-carrying region to the right arm of
Ch4B or the left arm of Ch4B between the PGA59/62 locus and the
centromere. Genome sequencing of these mono-GFP cells will
reveal the extent of the LOH and allow refinement of the position
of this hypothetical recessive lethal allele(s). While homozygosis
along the entire smaller chromosomes, Ch5, Ch6, and Ch7, was
often observed, MCO/BIR events or chromosome truncations
have been reported to be responsible for most LOH in both Chl
homologs (12, 13). Altogether, these observations suggest that the
mechanisms underlying LOH in C. albicans could be chromo-
some specific, as well as homolog specific. The presence of essen-
tial alleles that cannot be lost might indeed select for cells that have
repaired double-strand breaks through BIR, especially in the case
of Ch1, one of the largest chromosomes in C. albicans (3.2 Mb).
On the other hand, the loss of one Ch4 homolog, which is half the
size of Ch1 (1.6 Mb), might be less detrimental to the cell. Alter-
natively, Ch4 might be more prone to mitotic nondisjunction
events or to unrepaired DNA lesions.
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Some expected genes, such as TUB2, were not recovered in our
screen (57). This may reflect the inherent limitations of a genetic
screen. First, a number of the usual suspects were shown to play a
role in genome stability on the basis of deletion mutant study,
which does not imply that their overexpression triggers an in-
crease in the frequency of LOH. Second, the level of overexpres-
sion achieved in this study might be insufficient to cause a signif-
icant phenotype. Because the proteins are produced in an
untagged form, we have no means of verifying their production.
Third, the lack of phenotype could result from the presence of
peptides encoded by the att sequences at the amino- and carboxy-
terminal ends of the proteins, which could alter their proper fold-
ing and activity.

Living cells have evolved different mechanisms in order to en-
sure genome integrity (58). Interestingly, these mechanisms are
conserved across species, and cancer genetic studies have linked
malfunctions in these processes to the genome instability ob-
served in human cancer cells (59, 60). Therefore, the characteriza-
tion of all of the players involved in genome integrity maintenance
and a better understanding of the associated signaling pathways
are very important from the human perspective. In this respect,
functional genomic approaches to model eukaryotic species such
as S. cerevisiage have uncovered many components required for
genome maintenance and integrity (61). Genome-wide genetic
screens of this species have examined deletion mutants for a
growth defect upon exposure to different DNA-damaging agents
(62-65) or for synthetic genetic interaction with other mutant
genes important for the cellular response to DNA damage (66—
69). Other screens identified mutants with increased genomic in-
stability by investigating the mutation rates within a specific gene
(70) or the rates of gross chromosomal rearrangements (51, 71—
75). While several studies have used S. cerevisiae to study genome
stability, drastic genome changes are not well tolerated by this
organism, thus correlating with a high fitness cost (76). Interest-
ingly, C. albicans is more tolerant of genome changes, which is
reminiscent of the situation in cancer cells that continue to divide
rapidly despite undergoing massive genome rearrangements. The
tools presented here, in association with the C. albicans ORFeome
we are currently constructing with the group of Carol Munro in
Aberdeen (20), will allow C. albicans to become a model of choice
for the study of mechanisms involved in eukaryotic genome in-
tegrity.
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Summary

The Candida albicans genome displays a high tolerance to rearrangements, notably loss-of-
heterozygosity (LOH) events. These events most often result from the repair of DNA double-strand
breaks (DSBs) and are known to play an important role in different aspects of C. albicans biology.

To study the molecular mechanisms leading to LOH, we have combined an I-Scel
meganuclease-dependent DSB-inducing system with a FACS-optimized reporter system of LOH. Our
results show that expression of I-Scel leads to a dramatic increase in the frequency of LOH events,
mainly gene conversion events. Characterization of cells having undergone a LOH led us to identify
recessive lethal and deleterious alleles present in the heterozygous state in the genome of the C.
albicans laboratory strain. These alleles influence the nature of the LOH events that are observed
following a DSB.

We also characterized the fidelity of the repair following an I-Scel-induced DNA DSB. This
revealed unexpected complex recombination events occurring upon both break-induced replication
and gene conversion with crossover repair events.

In parallel, a collection of 564 overexpression plasmids for genes involved in signaling
pathways, genome integrity and cell wall integrity has been transformed in a C. albicans strain
harboring the I-Scel-dependent DSB-inducing system and FACS-optimized LOH reporter. Analyses
of the resulting transformants under conditions that allowed fro I-Scel expression or not, led to the
identification of genes whose overexpression results either in an increase of the basal LOH rate or in a
reduction of the high LOH frequency associated to I-Scel expression.

Résumé

La levure Candida albicans présente une tolérance élevée aux réarrangements de son génome
et en particulier, aux pertes d’hétérozygotie (LOH). Ces LOH sont le plus souvent le résultat de la
réparation d’une cassure double-brin de ’ADN (DNA DSB) et jouent un rdle important dans
différents aspects de la biologie de C. albicans.

Afin d’étudier les mécanismes moléculaires a 1’origine des LOH, nous avons combiné un
systéme d’induction d’un DNA DSB par la méganucléase I-Scel et un systéme rapporteur de LOH
optimisé pour I’analyse par FACS. La surexpression de [-Scel entraine une forte augmentation du taux
de LOH, principalement des conversions géniques. La caractérisation des cellules ayant subi une LOH
a permis d’identifier des alleles récessifs délétéres et l1étaux présents a 1’état hétérozygote dans le
génome de la souche de laboratoire de C. albicans. Ces alléles influent sur la nature des LOH observés
suite a un DNA DSB.

Nous avons également caractérisé la fidélité de la réparation d’'un DNA DSB induit par I-Scel
chez C. albicans. Cette étude a permis de décrire des recombinaisons complexes et inattendues se
déroulant pendant les événements de break-induced replication et de conversions géniques avec
CrOSSOVer.

En parall¢le, une collection de 564 plasmides de surexpression pour des genes impliqués dans
les voies de signalisation et dans I’intégrité du génome et de la paroi a été transformée dans une
souche possédant les deux systémes mentionnés ci-dessus. L’analyse des transformants dans des
conditions ou non d’expression de I-Scel a permis d’identifier des geénes dont la surexpression
augmente le taux basal de LOH ou diminue le taux de LOH élevé du a I’expression d’I-Scel.
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