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ABSTRACT

DNA repeats, found at the ribosomal DNA locus,
telomeres and subtelomeric regions, are unstable
sites of eukaryotic genomes. A fine balance between
genetic variability and genomic stability tunes plas-
ticity of these chromosomal regions. This tuning
mechanism is particularly important for organisms
such as microbial pathogens that utilise genome
plasticity as a strategy for adaptation. For the first
time, we analyse mechanisms promoting genome
stability at the rDNA locus and subtelomeric regions
in the most common human fungal pathogen: Can-
dida albicans. In this organism, the histone deacety-
lase Sir2, the master regulator of heterochromatin,
has acquired novel functions in regulating genome
stability. Contrary to any other systems analysed, C.
albicans Sir2 is largely dispensable for repressing
recombination at the rDNA locus. We demonstrate
that recombination at subtelomeric regions is con-
trolled by a novel DNA element, the TLO Recombina-
tion Element, TRE, and by Sir2. While the TRE ele-
ment promotes high levels of recombination, Sir2 re-
presses this recombination rate. Finally, we demon-
strate that, in C. albicans, mechanisms regulating
genome stability are plastic as different environmen-
tal stress conditions lead to general genome instabil-
ity and mask the Sir2-mediated recombination con-
trol at subtelomeres. Our data highlight how mecha-
nisms regulating genome stability are rewired in C.
albicans.

INTRODUCTION

Repetitive regions clustered at the »DNA locus and sub-
telomeric regions are often the most polymorphic and vari-
able regions of eukaryotes genomes (1-4). Repetitive DNA
sequences often undergo homologous recombination which

can instigate genomic instability. At these locations, moder-
ate genetic variability is beneficial because it generates the
genetic diversity driving evolution and allows adaptation to
different environmental niches. However, excessive genome
instability is deleterious and an optimum balance between
genome integrity and instability is essential for ensuring fit-
ness while permitting adaptation. This is particularly im-
portant for microbial pathogens that utilise genome plas-
ticity as a strategy to rapidly and reversibly adapt to dif-
ferent environmental niches. Fungal pathogens are a lead-
ing cause of human mortality worldwide, especially in im-
munocompromised individuals (5). Among those, Candida
albicans, the principal causal agent of mycotic death, is a
highly successful pathogen due in great part to its genome
plasticity (6). Natural isolates exhibit a broad spectrum of
genetic and genomic variations including single nucleotide
polymorphisms (SNPs), short and long range loss of het-
erozygosity (LOH) events and whole chromosome aneu-
ploidy (7). Environmental stimuli, including exposure to
the mammalian host, drug treatment and heat shock, alter
the rate and type of chromosomal rearrangements that pro-
vide a selective growth advantage in specific environmen-
tal conditions (8,9). For example, under standard labora-
tory growth conditions, most chromosomal rearrangements
are LOH events driven by break-induced replication (BIR)
where a double stranded DNA break is repaired by inva-
sion of the broken end into a homologous DNA sequence
until it reaches the end of the chromosome (8). In con-
trast, treatment with fluconazole, the most used anti-fungal
drug, or 39°C, mimicking host fever, triggers aneuploidy
and long range LOH (6). Exposure to hydrogen peroxide
(H,0,), mimicking reactive oxygen species by the host’s im-
mune cells, leads to high rates of short range LOH (8).

In many eukaryotes, genome stability at the repetitive
rDNA locus is ensured by the assembly of a transcription-
ally silent chromatin structure, heterochromatin, which sup-
presses unequal recombination events (1). Heterochromatin
is characterised by a specific histone modification pattern
controlled by histone modifiers (10,11). For example, hete-
rochromatin in the budding yeast Saccharomyces cerevisiae
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is marked by hypoacetylated nucleosomes. In this system,
the histone deacetylase (HDAC) Sir2 deacetylates histone
4 on lysine 16 (H4K16) (10). In other systems, such as the
fission yeast Schizosaccharomyces pombe, heterochromatin
is marked by hypoacetylated nucleosomes that are methy-
lated on lysine 9 of Histone H3 (H3K9me) (12). The histone
methyltransferase SuVar3-9 specifically methylates H3K9
(13). The S. cerevisiae epigenome is devoid of H3K9 methy-
lation as a SuVar3-9 orthologous is absent in this organism.

A role for heterochromatin in repression of rDNA re-
combination is well established in S. cerevisiae where Sir2-
dependent hypoacetylated heterochromatin suppress un-
equal recombination events by repressing non coding tran-
scription and ensuring high levels of cohesion (14-16). The
S. cerevisiae Monopolin complex, composed of the pro-
tein Csml and Lrs4, acts in parallel and independently
of Sir2 to promote rDNA stability by aligning sister chro-
matids, ensuring silencing, and mediating perinuclear an-
choring (17,18). Indeed, deletion of both S. cerevisiae Sir2
and Monopolin components results in a dramatic increase
of unequal rDNA recombination compared to single mu-
tants (17).

Telomeric and subtelomeric regions are also assembled
into transcriptionally silent heterochromatin. The role of
heterochromatin in controlling genome stability at sub-
telomeres is still unclear. Indeed, although components of
the Sir2-containing protein complex maintain subtelomeric
DNA stability (18), mitotic recombination rate at subtelom-
eric regions is unaltered in cells deleted for Sir2 compared
to wild-type (WT) cells (19).

Mechanisms ensuring genome stability at C. albicans
repetitive elements are unknown. The C. albicans genome
is composed of 8 diploid chromosomes (20). Similarly to
S.cerevisiae, the C. albicans rDNA locus consists of a tan-
dem array of a ~12 kb unit repeated 50-200 times on
chromosome R. Each unit contains the two highly con-
served 35S and the 5S rRNA genes that are separated by
two Non-Transcribed Regions (NTS1 and NTS2) (20). The
C. albicans rDNA locus is highly plastic as the number of
rDNA units can vary among different C. albicans strains (7)
with extra-chromosomal plasmids containing several rDNA
units present in different isolates (21,22).

The 16 C. albicans telomeric regions are formed by a ter-
minal element composed of 23 bp tandem repeats and sub-
telomeric regions containing transposons and subtelomeric
genes (1). Among those, the telomere-associated 7LO genes
are a family of 14 closely related paralogues encoding a
set of related Med2 subunits for the Mediator transcrip-
tion regulation complex (23-25). All TLO genes are ori-
ented similarly with transcription proceeding toward the
centromeres. 7LO genes can be subdivided in three clades
(a, B and y) based on the presence of indels (25). There are
STLO o, 1TLO g and 7 TLO ~y genes. These subtelomeric
genes are organised in 3 regions: a 5 region, with homol-
ogy to MED?2, that is conserved across all the three clades, a
middle region of variable length that contains gene-specific
adenosine stretches and a 3’ region that is conserved within
a clade but not across clades (25). The presence of a TLO
gene family is unique to C. albicans as most of the less
pathogenic non-albicans species have only one TLO gene.
C. dubliniensis, the closest relative to C. albicans, has two

TLO genes: an internally located TLOI gene and a sub-
telomeric 7LO2 gene (26). Due to the highly repetitive na-
ture of subtelomeric regions, which precludes detailed anal-
yses by next-generation sequencing, the genetic plasticity
of C. albicans TLO genes is still poorly understood. How-
ever, targeted Sanger sequencing has shown that these re-
gions exhibited hypervariation between clinical isolates (7)
and movement of 7LO genes via recombination occurs at
detectable levels within lab-passaged cultures (27).

We have shown that, in C. albicans, the repetitive DNA
sequences associated with the rDNA locus, telomeres and
subtelomeric regions, are assembled into hypoacetylated
and hypomethylated heterochromatin that lacks H3K9
methylation (28). At these loci, heterochromatin stochasti-
cally silences expression of endogenous transcripts as well
as of inserted marker genes. The chromatin and transcrip-
tional repressive state associated with heterochromatic re-
gions is dependent on the HDAC Sir2 (28). It is unknown
whether Sir2 promotes genome stability of these repetitive
regions. In this study, we address this question.

Contrary to any other systems analysed, we find that Sir2
is largely dispensable for repressing recombination at the
rDNA locus. At this location, the Monopolin complex is the
major regulator of recombination.

At subtelomeric regions, we have identified a previously
undefined 300 bp DNA sequence, that we named TLO re-
combination element (TRE), as a site that can promote re-
combination of a subset of TLO genes. We find that under
standard growth conditions, Sir2 represses recombination
at the TRE sequence. Under stress conditions, such as treat-
ment with the anti-fungal drug fluconazole or with H>O»,
recombination rates are increased at different genomic loci.
This increment in recombination rate is independent of Sir2
and masks the recombination control mediated by Sir2. Our
data highlights how the role of the HDAC Sir2 in promoting
genome stability has been rewired in C. albicans, the most
important human fungal pathogen.

MATERIALS AND METHODS
Growth conditions

Yeast cells were cultured in rich medium (YPAD) con-
taining extra adenine (0.1 mg/ml) and extra uridine (0.08
mg/ml), complete SC medium (Formedium™) or SC
Drop-Out media (Formedium™). When indicated, media
were supplemented with S5-fluorotic acid (5-FOA, Melford)
at a concentration of 1 mg/ml, Nourseothricin (clonNAT,
Melford) at a concentration of 100 wg/ml, Fluconazole
(Sigma) at a concentration of 1 pg/ml or 0.5 mM H,O0,.
Cells were grown at 30 or 39°C as indicated.

Yeast strain construction

Strains are listed in Supplementary Table S1. Integration
and deletion of genes was performed as previously de-
scribed (29) using long oligos-mediated PCR for gene dele-
tion and tagging. Oligonucleotides and plasmids used for
strain constructions are listed in Supplementary Table S2
and Supplementary Table S3, respectively. Transformation
was performed by electroporation (Gene Pulser™, Bio-
Rad) using the protocol described in (30). The URA3
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marker gene was used for silencing assay. HISI, ARG4 and
SATI marker genes were used to delete both copies of SIR2
and CSM]I genes . HA tag was used for SIR2 tagging at
the C-terminus. Correct integration events were checked by
PCR using primers listed in Supplementary Table S2.

TRE plasmid construction

pTRE-URA3 was constructed using plasmid pPGEMURA3
(29). The TRE (TLO Recombination Element) sequence
located at 3'of TLOw«l0 was PCR amplified from C. al-
bicans genomic DNA using oligos containing the restric-
tion sites Sacll (Supplementary Table S2). PCR purified
TRE product and pGEMURA3 plasmid were digested
with Sacll (Promega), ligated and transformed in DHS5-«
E.coli cells. Positive transformants were confirmed by PCR
and sequencing with primers listed in Supplementary Table
S2.

Silencing assay in liquid media

Growth analyses were performed using a plate reader (Spec-
trostarNano, BMG labtech) in 96-well plate format at 30°C.
For each silencing assay, 1:100 dilution of an overnight cul-
ture was inoculated in a final volume of 95 w1 of SC or SC-
URA media to reach a concentration of 60 cells/wl. Growth
was assessed by measuring A4¢g, using the following condi-
tions: ODggo nm, 616 cycle time, three flashes per well, 700
rpm shaking frequency, orbital shaking mode, 545 s addi-
tional shaking time after each cycle 0.5 s post delay, for 32 or
44 h. Graphs represent data from three biological replicates.
Error bars: standard deviations of three biological repli-
cates. Data was processed using SpectrostarNano MARS
software and Microsoft Excel.

Fluctuation analysis

Strains were first streaked on —Uri media to ensure the
selection of cells carrying the URA3* marker gene. Fif-
teen parallel liquid cultures were pre-grown overnight from
independent single colonies. Each culture was diluted in
YPAD at a concentration of 100 cells/pl and grown for
nine generations (18 h). When indicated, media were sup-
plemented with fluconazole (Sigma) at a concentration of
I wg/ml or 0.5 mM H;0,, During thermic stress, cultures
were grown at 39°C. LOH analyses were performed in three
biological replicates. Cells were plated on SC plates con-
taining 1 mg/ml 5-FOA (5-fluorotic acid, Sigma) and on
non-selective SC plates and grown at 30°C. Colonies were
counted after 2 days of growth and data were analysed us-
ing FALCOR (Fluctuation Analysis Calculator) software
(31) based on the Lea—Coulson analysis of the median
(32). Statistical differences between samples were calcu-
lated using Kruskal-Wallis test. Statistical analysis and vi-
olin plots were generated using R (http://www.r-project.
org/). To quantify the number of colonies able to grow
on FOA due to URA3" silencing, FOA resistant colonies
were replica-plated, after fluctuation analysis, on complete
SC plates for recovery. Single colonies were then replica-
plated on SC plates supplemented with 1 mg/ml 5-FOA

Nucleic Acids Research, 2016 3

and —Uri SC Drop-Out plates. After 24 hour growth sin-
gle colonies were counted and analysed using Microsoft Ex-
cel. To analyse the presence of the SAT1 marker gene af-
ter fluctuation analysis, FOA resistant single colonies were
replica-plated on complete SC plates for recovery. Single
colonies were then replica-plated on YPAD plates contain-
ing extra adenine (0.1mg/ml), extra uridine (0.08mg/ml)
and Nourseothricin (clonNAT, Melford) at a concentration
of 100 pg/ml. After 24 hour colonies were counted and
analysed using Microsoft Excel.

Marker gene loss assay

Strains were first streaked on —Uri media to select for cells
carrying the URA3* marker gene. 15 parallel liquid cultures
were pre-grown overnight from independent single colonies.
Each culture was diluted in YPAD at a concentration of
100 cells/wl and grown for 9 generations (18 hours). Cells
were plated on SC plates containing 1 mg/ml 5-FOA (5-
fluorotic acid, Sigma) and on non-selective SC plates and
grown at 30°C. To distinguish between silencing and loss
of the URA3 marker gene, FOA resistant single colonies
were streaked onto complete SC plates for recovery and
then streaked onto —Uri SC Drop-Out plates. Colonies not
able to grow on —Uri plates but FOA resistant were counted.
Data were analysed using Microsoft Excel. Statistical dif-
ferences between samples were tested using unpaired t-test
using R (http://www.r-project.org/).

RNA extraction and cDNA synthesis

RNA was extracted from log, exponential cultures
(OD600nm = 1.4) using a yeast RNA extraction kit
(E.Z.N.A.® Isolation Kit RNA Yeast, Omega Bio-Tek)
following the manufacturer’s instructions. RNA quality
was checked by electrophoresis under denaturing con-
ditions in 1% agarose, 1X HEPES, 6% Formaldehyde
(Sigma). RNA concentration was measured using a Nan-
oDrop ND-1000 Spectrophotometer. cDNA synthesis was
performed using iScript'™ Reverse Transcription Super-
mix for RT-qPCR (Bio-Rad) following manufacturer’s
instructions and a Bio-Rad CFXConnect™ Real-Time
System.

RT-qPCR reactions

Primers used are listed in Supplementary Table S2. RT-
gPCR was performed in the presence of SYBR Green
(Bio-Rad) on a Bio-Rad CFXConnect™ Real-Time Sys-
tem. Data was analysed with Bio-Rad CFX Manager 3.1
software and Microsoft Excel. Enrichment was calculated
over actin. Histograms represent data from three biological
replicates. Error bars: standard deviation of three biologi-
cal replicates generated from 3 independent cultures of the
same strain.

Protein extraction and Western blotting

Yeast extracts were prepared as described (33) using 1 x
103 cells from overnight cultures grown to a final OD600
of 1.5-2. Protein extraction was performed in the pres-
ence of 2% SDS (Sigma) and 4 M acetic acid (Fisher) at
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90°C. Proteins were separated in 2% SDS (Sigma), 40%
acrylamide/bis (Biorad, 161-0148) gels and transfer into
PVDF membrane (Biorad) by semi-dry transfer (Biorad,
Trans Blot SD, semi-dry transfer cell). Western-blot anti-
body detection was used using antibodies from Roche Diag-
nostics Mannheim Germany (Anti-HA, mouse monoclonal
primary antibody (12CAS5 Roche, 5 mg/ml) at a dilution of
1:1000, and anti-mouse IgG-peroxidase (A4416 Sigma, 0.63
mg/ml) at a dilution of 1:5000, and Clarity™ ECL sub-
strate (Bio-Rad).

Bioinformatics analysis

Candida albicans and C. dubliensis TLO genes and flank-
ing sequences were downloaded from the Candida Genome
Database (34). DNA alignment was performed using Mus-
cle with default setting and visualised using Jalview (35).
Motif finder analyses was performed using MEME SUITE
using the MEME discovery programme in discriminative
mode (36).

SNP-RFLP analysis

PCR Primers and Restriction Enzymes were chosen accord-
ing to (37). PCRs were performed in a final volume of 15
wl using Tag DNA polymerase (VWR, 733-1364) using
manufacturer’s instructions. DNA was extracted from sin-
gle colonies following NaOH heat extraction. PCR condi-
tions were performed as follow: initial denaturation at 94°C
for 7 min, 30 cycles each of denaturation at 94°C for 45 s, an-
nealing at 55°C for 1 min, and extension at 72°C for 1 min,
and a final extension at 72°C for 7 min. Each PCR product
was digested overnight with the relevant restriction enzyme,
Asel for SNP 1, Taql for SNP 85 and Ddel for SNP135 (37).
Enzymatic reactions were performed in a total volume of
15 wl with 1 pl RE, 10x restriction buffer, distilled water,
and 5 wl of SNP amplified PCR. 15 pl of the digested PCR
product was run on a 3% agarose gel (Melford) along with
an undigested control PCR sample. Gels were stained with
ethidium bromide and photographed. Genotypes were as-
signed based on banding patterns for each SNP marker as
described in (37).

RESULTS

The Monopolin complex, but not Sir2, promotes rD/NA sta-
bility

In S. cerevisiae, it is well established that Sir2 acts in paral-
lel to the Monopolin complex to suppress rDNA mitotic re-
combination (38). We have shown that the C. albicans NTS
region of the rDNA locus is assembled into heterochromatin
able to silence an embedded URA3" marker gene in a si-
lencing reporter strain (rDNA:URA3*). The HDAC Sir2
maintains this silent state as deletion of Sir2 results in ele-
vated expression of the URA3* marker gene (28). To assess
whether the Monopolin complex contributes to the assem-
bly of silent heterochromatin at the rDNA locus, we deleted
the CSM1 gene encoding for the Monopolin component
Csml in the rDNA: URA3" reporter strain. Although cells
lacking Csm1 grow slower on non-selective (N/S) media

compared to WT cells, it is clear that deletion of CSM1 re-
sults in alleviation of rDNA silencing (Figure 1A). There-
fore, similarly to S. cerevisiae, the C. albicans Monopolin
complex maintains the transcriptionally silenced state as-
sociated with the NTS region of the rDNA locus.

To assess whether C. albicans Sir2 and/or the Monopo-
lin complex control mitotic recombination at the rDNA lo-
cus, we engineered two C. albicans strains where a URA3*
heterozygous marker gene was integrated at centromere-
proximal (URA3"-rDNA) and telomere-proximal side
(rDNA-URA3* ) of the rDNA locus (Figure 1B). Compar-
ison of the URA3™ loss of heterozygosity between the two
strains gives a measure of recombination at the rDNA lo-
cus because loss of the URA3" in the URA3*-rDNA strain
detects whole chromosome aneuploidy and/or recombina-
tion event upstream of the rDNA while loss of the URA3*
marker in the rDNA-URA3 " strain additionally detects re-
combination events at the rDNA locus (Figure 1B). We per-
formed fluctuation analyses where 15 independent cultures
were grown for 10 generations before plating on plates con-
taining the URA3 counter-selective drug FOA. Loss of the
URA3" marker gene was determined by scoring the num-
ber of colonies that were able to grow on FOA-containing
media compared to N/S media (Figure 1B and C). Im-
portantly, growth of FOA resistant colonies is not a con-
sequence of URA3" silencing because all the FOA resis-
tant colonies have irreversibly lost the ability to grow on
—Uri media (Supplementary Figure SIA and B). Fluctua-
tion analyses in WT strains reveal that the »rDNA locus is
a hotspot of mitotic recombination as mitotic recombina-
tion rate of the rDNA-URA3* gene is 14 fold higher than
the mitotic recombination rate of the URA3"-rDNA gene
(Figure 1C). To assess whether C. albicans Sir2 controls re-
combination at the rDNA locus as it occurs in S.cerevisiae,
we deleted both copies of SIR2 gene at both rDNA-URA3*
and URA3*-rDNA strains. Contrary to S. cerevisiae, we ob-
served only a slight increase in recombination rate in sir2
A/ A compared to WT cells (Figure 1D). To assess whether
Sir2 represses recombination events within the »rDNA clus-
ter, we measured, by marker gene loss assay, the number
of FOA resistant colonies emerging from a strain with an
integrated URA3 marker gene at the rDNA locus (Figure
1B and E). FOA resistant colonies could arise from loss of
the URA3* marker gene following a recombination event or
from silencing of the URA3* marker gene. The first event is
irreversible and leads to FOA resistant colonies that are un-
able to grow on media lacking Uridine (-Uri). In contrast,
silencing is reversible and leads to FOA resistant colonies
able to grow on —Uri plates (Figure 1B). Therefore, to assess
the role of Sir2 in controlling rDNA intra recombination,
we counted the number of FOA resistant colonies that have
irreversibly lost the URA3* marker gene. As shown in Fig-
ure 1E the number of FOA resistant colonies that have lost
the URA3" marker gene following a recombination event
is very similar in sir2 A/ A versus WT cells (1.4-fold differ-
ence) (Figure 1E). Therefore, C. albicans Sir2 is not a major
contributor of rDNA stability.

To assess whether the Monopolin complex controls
rDNA mitotic recombination, we deleted both copies of
the CSM1 gene in the rDNA-URA3"strain and performed
fluctuation analyses. Similarly to S. cerevisiae, C. albicans
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Figure 1. Sir2 does not controls rDNA stability. (A) Upper panel: schematic of rDNA: URA3" reporter strain. Bottom panel: silencing assay of a URA3",
rDNA:URA3" reporter strains in WT and csmil A/ A isolates in non-selective (N/S) and -uridine (-Uri) media. Error bars: standard deviation (SD) of three
biological replicates. (B) Schematic URA3*-rDNA, rDNA-URA3* and rDNA: URA3™ reporter strains and the mechanism leading to FOA resistance. (C)
URA3*-rDNA and rDNA-URA3* fluctuation analyses. p-value calculated with Kruskal-Wallis statistical test is: 2.877 x 10~%. (D) Fluctuation analyses
in rDNA-URA3 and URA3*-rDNA in WT, sir2 A/ A isolates. p-values = 1.302e—07 and 0.665, respectively. (E) Percentage (%) marker URA3" loss with
in the rDNA: URA3 reporter strain in WT and sir2 A/ A isolates. Violin plots represent all colonies that lost the URA3+ after fluctuation analysis detected

by lack of growth on —Uri media.
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Figure 2. The Monopolin complex, but not Sir2, controls ¥rDNA stabil-
ity. (A) rDNA-URA3 Fluctuation analyses in WT, sir2A/A and esmIA/A
cells. p-values for WT versus sir2A/A and c¢sml A/ A is respectively: 1.30
x 10 =97 and 2.727 x 10-%. (B) Fluctuation analyses of a URA3" het-
erozygous strain containing a heterozygous URA3 at its endogenous locus
in WT, sir2A/A and esmIA /A cells. p-values = 0.00355 and 0.02623, re-
spectively.

Csml represses mitotic recombination rate at the rDNA lo-
cus as mitotic recombination was 147-fold higher in csm/
A/ A strain compared to WT cells (Figure 2A). Importantly,
Csml specifically represses recombination at the rDNA lo-
cus as LOH rate of an heterozygous URA3* gene at its en-
dogenous locus (Chr 3) is similar in WT, csml A/A and
sir2 AJ A cells (2.1 Fold and 1.65 Fold, respectively) (Figure
2B). Therefore, we concluded that C. albicans Sir2 does not
contribute to rDNA stability. Repression of mitotic recom-
bination at this locus is solely dependent on the Monopolin
complex that also contributes to transcriptional silencing.

Loss of heterozygosity is elevated at subtelomeric regions

Subtelomeric regions are often the most variable regions
of the genome (39-41). Due the complexity of these re-
gions, analysis of subtelomere plasticity is not amenable
to genome-wide studies. To analyse 7LO plasticity in a
large population of cells, we set up a system where a het-
erozygous URA3" marker gene was integrated at the 3’ end
(centromere-proximal) of the TLO «10, TLO «12 and TLO
y 6 genes on chromosomes (Chr) 4, 5 and 7, respectively
(Figure 3A). Silencing assay demonstrated that at this loca-
tion the URA3" marker gene is not silenced as TLO o 10-
URA3* and TLO « 12-URA3™ strains grow as well as a
URA3"* strain in N/S and —Uri media (Supplementary Fig-
ure S2A and B). Fluctuation analyses revealed that FOA re-
sistant colonies appeared more frequently (5-22-fold) when
the URA3* marker gene was inserted centromere-proximal
to the three different TLO genes than when URA3" is at
its endogenous locus (Figure 3C). This is not the result of
reversible silencing as the FOA resistant colonies have ir-
reversibly lost the ability to grow on —Uri media (Supple-
mentary Figure S2C and D). FOA resistant colonies could
arise from a point mutation in the URA3™ gene, from whole
chromosome loss (with or without regain of the remain-
ing chromosome) or from a telomere-proximal mitotic re-
combination event (followed by co-segregation of the ho-
mologous copies or by BIR) (Figure 3B). The possibility
that a point mutation is the major contributor to the ap-
pearance of FOA resistance colonies was excluded by PCR
analyses with primers specific for the URA3" gene, as none
of the resistant colonies analysed (n = 65) retained the

URA3" gene (Figure 3D and Supplementary Figure S3).
These results are in agreement with previous observations
establishing that in C. albicans mutation rate is much lower
(~1000-fold) than the LOH rate (8). Furthermore, these
data establish that, similarly to other systems, C. albicans
subtelomeric genes are highly unstable and associated with
high recombination rates. To distinguish between recom-
bination events that were somewhat centromere-proximal
or to whole chromosome events, we inserted a second
heterozygous marker gene (SATI) 3 kb upstream of the
URA3*marker gene in the same homologous chromosome
creating the reporter strain TLO a10-URA3*-SATI (Figure
3E). The SATI marker gene confers resistance to the an-
tibiotic nourseothricin (NAT). If whole chromosome aneu-
ploidy was the cause of the URA3*marker loss, then FOA
resistant colonies should also have lost the SAT1 marker
gene and therefore be sensitive to the antibiotic NAT. On
the other hand, if the URA3*marker was lost as a conse-
quence of a mitotic recombination event near the TLO gene,
FOA resistant colonies should retain the SA77 marker gene
and therefore be able to grow on a medium containing the
antibiotic NAT. As shown in Figure 3F, most of the FOA
resistant colonies retained the SAT1 marker gene and there-
fore were NAT resistant and not NAT sensitive (Figure 3F).
These results indicate that the majority of the URA3* LOH
events are due to cross-overs within 3 kb of the URA3™ gene.
Thus, TLO instability is largely due to mitotic recombina-
tion events occurring very close to the 7LO genes. An im-
portant question is why this region is particularly prone to
recombination.

Sir2 suppresses recombination of 7LOol10 and TLOwx12
genes but not 7LOy 16

We have shown that telomeric regions are assembled into
Sir2-dependent heterochromatin (28). To assess whether
Sir2 represses mitotic recombination at 7LO genes, we
deleted both copies of the S/R2 gene in the TLO
recombination-tester strains on Chr 4, 5 and 7 (TLO«a10-
URA3*, TLOaI2-URA3*, TLOy16-URA3") (Figure 4A)
and performed fluctuation analyses. In WT cells recombina-
tion rate associated with these 7LO genes is similar (Figure
4B). However, LOH rate for TLO«10-URA3*and TLO«12-
URA3" increased in sir2 A/A compared to WT cells (23
and 90 fold respectively) (Figure 4B). In contrast, TLOy 16-
URA3*recombination rate was increased only marginally,
by 1.8-fold, in sir2 A/A cells (Figure 4B). We concluded
that Sir2 represses mitotic recombination at 7LO« 10 and
TLO«l2 but not TLOy 16.

Sir2 represses mitotic recombination at 7LO genes via a 300
bp TLO recombination element

Recombination occurs in a 3 kb telomeric-distal region of
the TLOwa 10 and TLOa12 genes and it is dependent on the
HDAC Sir2. In contrast, Sir2 does not repress recombi-
nation at TLOy 16 gene. We hypothesised that a cis-acting
DNA element promotes recombination of 7LOwl0 and
TLO«al2, but not of the TLOy 16, and that Sir2 acts on this
element to repress recombination. To identify this putative
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genes was performed with 10 colonies before the Fluctuation analyses (BEFORE LOH) and with 10 FOA resistant colonies (AFTER LOH). A URA3*
and a ura3 A/ A strains was included as a positive and negative control. (E) Schematics of the TLO al0-URA3*-SATI strain. A breaking point between
the SATI gene and URA3™ marker gene would produce FoA resistant (FOAR) and NAT resistant (NATR) colonies. A breaking point upstream of both
marker genes would produce FOAR colonies that are sensitive to NAT. (F) Percentage (%) of drug resistant colonies after fluctuation analyses.
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control region, we aligned all TLO genes and their down-
stream sequences. This alignment reveals that a 300 bp re-
gion downstream of the TLO stop codon, that we named
TRE, is conserved among all chromosome ends except for
the subtelomeric region containing TLOy 16 gene (Chr 7R)
and TLOB2 (Chr RR) genes (Supplementary Figure S4).
Blast analysis reveals that the TRE element is not present
in any other locations in the C. albicans genome and it is
poorly conserved at the 3’ region of the subtelomeric C.
dubliniensis TLO2 gene (Supplementary Figure S5A). This
finding raises the possibility that the TRE element is impor-
tant for the TLO gene expansion observed in C. albicans.
Motif finder analysis identifies a 50 nt long motif present
in all TLO genes except TLOB2 and TLOy 16 (Supplemen-
tary Figure S5B). This motif corresponds to the previously
identified BTS (Bermuda Triangle Sequence), a site of re-
combination detected during C. albicans evolution experi-
ments (27).

To determine whether the TRE element is necessary to
promote recombination in the absence of Sir2, we replaced
it with a URA3" marker gene creating the TLO«x 10 ATRE-
URA3™ reporter strain lacking the TRE element and con-
taining a heterozygous URA3" gene in its place (Figure
5A). Fluctuation analyses reveal that recombination rate
at TLOa10-ATRE-URA3* did not significantly increase in
sir2 A/ A compared to WT cells (Figure 5B). Therefore, we
concluded that TRE element is necessary to promote re-
combination and that Sir2 acts via TRE to repress recom-
bination of TLO genes that have an adjacent TRE.

To test whether the TRE element is sufficient to induce re-
combination in the absence of Sir2, we integrated the TRE

element together with a URA3" marker gene downstream of
the TLOy 16 gene, which normally lacks the TRE and does
not show Sir2-dependent recombination repression (Figure
5C). Fluctuation analyses revealed that the ectopic TRE
partially increases LOH rate (~6-fold) in WT cells and that
deletion of STR2 resulted in an additional increase of ~3-
fold at the TLOy 16 locus (Figure 5D). Taken together our
data demonstrate that the TRE element promotes high lev-
els of recombination and that Sir2 represses recombination
of TLO genes containing the TRE element.

Stress conditions trigger repeats-associated instability inde-
pendently of Sir2

A range of stress conditions (high temperature, fluconazole
treatment and H,O, treatment) has been reported to induce
C. albicans genome instability (8). To assess the effect of
stress conditions on the stability of C. albicans subtelomeric
regions, we asked if treatment with fluconazole, the most
common and widely used antifungal drug, affects LOH
and/or aneuploidy rate at TLO«10 (Chrd) and TLOy 16
(Chr7) (Figure 6A). As a control, we measured LOH rate
at the URA3™ endogenous locus (Chr3) and the rDNA lo-
cus (ChrR) (Figure 6A). Consistent with previous results
(8), fluctuation analyses showed that fluconazole treatment
results in a dramatic increase of LOH rates at all loci tested
indicating that fluconazole leads to general genome instabil-
ity including subtelomeric regions (Figure 6B). SNP-RFLP
analysis of FOA Resistant colonies reveals that flucona-
zole treatment does not increase whole chromosome aneu-
ploidy of two different chromosomes (Supplementary Fig-
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ure S6). To assess whether, fluconazole increases long LOH
tracts, we performed fluctuation analyses with and with-
out fluconazole in the reporter strain T7LO al0-URA3™-
SATI containing the SAT1 marker gene 3 Kb upstream of
the URA3"marker gene in the same homologous chromo-
some (Supplementary Figure S7A). Fluconazole treatment
does not increase long LOH tracts as all the FOA resistant
colonies were also resistant to the antibiotic NAT and there-
fore loss of the URA3" marker gene is due to recombination
in proximity of telomeres (Supplementary Figure S7B).

To assess whether fluconazole treatment impacts on the
Sir2-mediated control of recombination, we measured LOH
rate of the TRE-containing subtelomere gene 7.0 «l0 in
WT and sir2 A/ A cells. While in untreated cells, LOH rate
dramatically increases in sir2 A/A compared to WT cells
(23-fold) (Figure 7B), in the presence of fluconazole, re-
combination rate only slightly increases in sir2 A/A com-
pared to WT cells (0.64-fold, Figure 7B). Although less dra-
matic, H,O, treatment leads to similar results. H,O, treat-
ment leads to an increase in LOH rate without affecting
whole chromosome aneuploidy or long LOH tracts (Figure
7C and Supplementary Figure S8). In addition, following
treatment with H,O, the increase in LOH rate at T7LO« 10-
URA3™ is much smaller in sir2 A/ A cells compared to WT
cells (from 23-fold to 4.6-fold) (Figure 7C). Not all stress
conditions have the same effect as growing C. albicans cells
at high temperature (39°C), a temperature mimicking fever
in the host, does not abolish the Sir2-mediated recombi-

nation control or affects whole chromosome aneuploidy or
long LOH tracts (Figure 7D and Supplementary Figure S8).
Therefore, the high genome instability instigated by stress
conditions (fluconazole and H202) masks the recombina-
tion control mediated by Sir2. Importantly, fluconazole in-
creases LOH rate independently of the TRE element, as
recombination rate at TLOal0-ATRE-URA3™, a reporter
strain lacking the TRE element, was still higher following
fluconazole treatment (Figure 7E and F). Given that flu-
conazole does not affect Sir2 RNA and protein level (Sup-
plementary Figure S9), we suggest that stress conditions in-
crease recombination rates independently of Sir2.

DISCUSSION

This study highlights how the HDAC Sir2 has acquired
novel roles in the regulation of repeats-associated genome
stability in C. albicans, the most common human fungal
pathogen.

The Monopolin complex, but not Sir2, promotes rDNA sta-
bility

In most eukaryotes, the rDNA locus is very plastic: the num-
ber of rDNA units changes in response to nutrients avail-
ability (42). However, excessive plasticity is deleterious and
regulatory mechanisms have been evolved to ensure rDNA
integrity. The regulatory network promoting rDNA stabil-
ity is well established in S. cerevisiae where the HDAC Sir2
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and the Monopolin complex act in parallel to protect rDNA
repeats integrity (43,44). Here, we demonstrate that C. albi-
cans Sir2 has lost the ability to promote rDNA stability. In C.
albicans, rDNA stability is ensured only by the Monopolin
complex that also contributes to transcriptional repression
(Figure 8A). This observation is surprising and in striking
contrast with all the other organisms analysed to date. We
propose that heterochromatin assembled at the rDNA locus
has lost the ability to repress mitotic recombination in order
to facilitate karyotype diversity. Indeed, in several C. albi-
cans clinical isolates the chromosomal regions distal to the
rDNA locus are largely homozygous (12), presumably due
to a high recombination rate at the rDNA array. This strat-
egy could be particularly important for C. albicans because
it lacks a meiotic cycle and therefore must generate genetic
diversity through mitotic events (13,14).

Recombination control of C. albicans subtelomeres

Here, we have analysed mechanisms governing genome sta-
bility at C. albicans subtelomeres (Figure 8). We found that
all subtelomeres are unstable regions of the C. albicans
genome as recombination rate associated with these regions
is much higher than recombination rate associated with an
internal not-repetitive region (Figure §B). High genomic in-
stability is associated with subtelomeres in many organisms
and it is thought to play a key role in adaptation and evo-
lution (2). This could be a critical regulatory mechanism in
C. albicans. This is because TLO genes encode proteins with
similarity to Med2, a component of the Mediator complex
that regulates transcription by RNA polymerase I1 (45). Re-
combination between non-allelic TLO genes has the poten-
tial to introduce primary sequence changes into Tlo pro-
teins encoded by the recombined ORFs. Since the result-
ing Tlo proteins all have different primary sequences (25),
and since mediator complexes include only one Med?2 sub-
unit (23), changes in the identity and/or stoichiometry of
the TLO genes is expected to alter the composition of the
mediator complex driving changes in global transcriptional
patterns. Consistent with this hypothesis, strains with dif-
ferent TLO organisation have altered fitness levels (27).

In many organisms, subtelomeric regions are assembled
into transcriptionally silent heterochromatin that stochasti-
cally silences gene expression of associated genes (46). In
previous work we found that Sir2-dependent heterochro-
matin assembles over C. albicans telomeric regions, where it
stochastically represses expression of nearby genes, includ-
ing TLO genes (28,47). In this study, we found that Sir2
controls the recombination dynamics of C. albicans sub-
telomeric regions via TRE, a novel recombination control
element located at the 3’ region of a subset of TLO genes.
Our data demonstrate that the TRE element has the poten-
tial to mediate high levels of recombination and that Sir2
tempers recombination at all 72O genes that have an ad-
jacent TRE (Figure 8B). Mechanisms underlying the TRE-
recombination control are still unknown. However, it is pos-
sible that, similarly to what has been observed at the S. cere-
visiae rDNA locus, the TRE element could lead to high level
of recombination via inducing a replication fork stress and
the Sir2 could promote genome stability by repressing non-
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coding transcription ensuring high levels of cohesion (14—
16).

Finally, we found that specific stress conditions, such as
Fluconazole and H202 treatment, increase genome insta-
bility across the C. albicans genome (Figure 8C). Mecha-
nisms that increase genome instability in specific stresses
(e.g. fluconazole and H,0O;) operate independently of Sir2
but they can mask the Sir2-dependent recombination con-
trol. This is likely because these reagents directly drive chro-
mosome missegregation and/or DNA breaks and Sir2 is
not involved in the effect of either fluconazole or H,O, on
DNA integrity.

In summary, we show that, while C. albicans Sir2 does not
promote rDNA stability, Sir2 ensures stability of subtelom-
eric genes via the cis-acting DNA element TRE. The con-
tribution of Sir2-dependent recombination is independent
of mechanisms triggering genomic instability in fluconazole
or H,O,, but appears to be temperature sensitive (Figure 8).
This study highlights another layer of complexity in the reg-
ulation of DNA repeats plasticity.
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Supplementary Data are available at NAR Online.
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