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In eukaryotes, the number and rough organization of chromosomes is well preserved within isolates of the same species. Novel
chromosomes and loss of chromosomes are infrequent and usually
associated with pathological events. Here, we analyzed 40 pathogenic isolates of a haploid and asexual yeast, Candida glabrata, for
their genome structure and stability. This organism has recently
become the second most prevalent yeast pathogen in humans.
Although the gene sequences were well conserved among different strains, their chromosome structures differed drastically. The
most frequent events reshaping chromosomes were translocations
of chromosomal arms. However, also larger segmental duplications were frequent and occasionally we observed novel chromosomes. Apparently, this yeast can generate a new chromosome by
duplication of chromosome segments carrying a centromere and
subsequently adding novel telomeric ends. We show that the
observed genome plasticity is connected with antifungal drug
resistance and it is likely an advantage in the human body, where
environmental conditions fluctuate a lot.
chromosome rearrangements 兩 evolution 兩 genome stability 兩
pathogenicity 兩 segmental duplications

G

ene content and chromosome organization differ from
species to species. However, in most eukaryotes, including
yeasts, the chromosome structure seems to be well preserved
within the members of the same species, where regular sexual
cycles help to preserve the genome organization. Genomic
instability, including aneuploidy and changes in chromosome
structure, is apparently very low and usually associated with
pathological events, for example, in cancer development in
mammals (1, 2). In sexual species, chromosomal rearrangements
can lead to sexual isolation and subsequent speciation (3).
Candida glabrata, which is the second most prevalent yeast
pathogen in humans, has been traditionally classified as a haploid
and asexual organism. The genome of one strain has been
recently sequenced (4), and the genome structure now provides
a tool for understanding C. glabrata virulence. Rapid changes in
C. glabrata genomic organization have been reported in many
clinical studies (5–7). In addition, isolates from one patient often
exhibit 2 or 3 different karyotypes and during infection the
chromosome pattern can change within a few days (6). So far the
mechanisms behind the genome flexibility, adaptability, and
virulence have been only poorly understood in this yeast.
Results and Discussion

chromosome A (see Fig. 2 and Table S2). The variability among
strains for this sequence was ⬍2%.
Karyotypes Vary A Lot. The yeast chromosomes were separated by

pulsed-field gel electrophoresis (PFGE). Although the strains,
based on the 3 sequenced loci, show little sequence variability,
their karyotypes were quite variable. The separated chromosomes were hybridized with 93 single-gene probes and 1 multigene probe corresponding to LSU rDNA (Table S3). In the
initial mapping we used 2 unique probes per chromosome: 1
from the middle (labeled ‘‘m’’) and 1 from near a chromosome
end (labeled ‘‘er’’ for right or ‘‘el’’ for left) (Table S3 and Figs.
S1 and S2). The karyotype of C. glabrata CBS 138, the sequenced
strain, was used as a reference, and the expected position of the
probes confirmed by hybridization. The largest chromosome size
polymorphisms were associated with either translocations of
chromosomal arms or interchromosomal duplications involving
12 of 13 chromosomes (Fig. S2). The two largest chromosomes,
M and L, contain the rDNA locus and showed pronounced
variability in size without any translocations detected. A copy
number variation of the rDNA cluster or intrachromosomal
segmental duplications/deletions could explain the observed
polymorphism. In a few cases, the LSU rDNA probe also
hybridized to smaller chromosomes, probably as a result of
recent translocation events.
Molecular Mechanisms Behind Rearrangements. Fifteen strains, cov-

ering chromosome changes of all 40 isolates, were selected for
further mapping, using close to 100 gene probes (Table S3), to
understand the organization of centromeres, telomeres, chromosome number, some segmental duplications, and translocations
(Fig. 1 and Table S4). Seven reciprocal and 4 nonreciprocal
translocations were observed, identifying all but CBS 138 chromosome C to be involved in these rearrangements. Note that if the
translocation involved a chromosome end ⬍20 kb, our approach
could not classify it as reciprocal. Three of these nonreciprocal
translocations were found in several strains, likely representing an
early event during the evolutionary history of C. glabrata (Fig. 2).
However, the origin of these translocation events is much younger
than the chromosomal translocations reported for the Saccharomyces sensu stricto sister species (8).
Interchromosomal duplications represent a subclass of translocations. Five events, where a duplicated chromosomal segment
was translocated to another chromosome or fused with another
duplicated segment originating from a different chromosome,
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Clinical Isolates of C. glabrata. We analyzed 40 clinical isolates of

C. glabrata obtained from Danish patients that were randomly
selected from the Danish Statens Serum Institute collection
(Table S1). All isolates were confirmed to belong to the C.
glabrata species by sequencing of the D1/D2 domain of LSU
rDNA and partial sequencing of mitochondrial SSU rDNA
(Table S2). In addition, a more detailed phylogenetic relationship among isolates was resolved by sequencing and analysis of
the sequences belonging to the fast evolving intergenic spacer
(IGS) region between the nuclear genes CDH1 and ERP6 on
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were observed. The duplicated segments ranged in size from 40
to 700 kb, which is similar to the previously observed Saccharomyces cerevisiae duplications generated during growth under
laboratory conditions (9). However, one should note that the
observed C. glabrata duplications were characterized in the
‘‘native’’ isolates.
Poláková et al.

The comparison of chromosomal rearrangements and phylogenetic relationships positioned the origins of the observed
rearrangement events to specific branches of the phylogenetic
tree (Fig. 2). Only in a single case did similar translocations not
cluster together on the phylogenetic tree; the translocations
between chromosome M and F in isolates Y645 and Y650 may
PNAS 兩 February 24, 2009 兩 vol. 106 兩 no. 8 兩 2689
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Fig. 1. Electrophoretic karyotypes and detailed mapping of selected C. glabrata clinical isolates. A minimum of 4 probes labeled with the same color were used
per chromosome: 1 or 2 from the middle of the chromosome marked by squares and 2 from the near of the chromosome ends, left marked by pentagons and
right marked by circles, and 1 from close to the centromere marked with a bold black square (for details see Tables S3 and S4 and Fig. S1). Using CBS 138 as the
standard, the obtained results can be explained as 7 reciprocal translocations (RT), marked by red circles: event 1, reciprocal translocation between the right arm
of chromosome H (HR) and the left arm of chromosome L (LL) (RT between HR and LL); event 2, RT between KR and AR; event 3, RT between LL and ML; event 4,
RT between GR and DL; event 5, RT between MR and FR; event 6, RT between JR and ER; event 7, RT between KL and JR and 4 nonreciprocal translocations (NRT),
marked by green circles: event 1, translocation of the left arm of chromosome I (IL) onto chromosome L (NRT of IL onto L) (note that NTR of L onto I is equally
probable in the common ancestor of all of the strains from Y650 down to CBS 138, see Fig. S2 and Fig. 2); event 2, NRT of LL onto F; event 3, NRT of D onto L (in
all strains but Y641, CBS 138 chromosome D has a different configuration, therefore it is likely that CBS 138 chromosome D originated in this branch by a
translocation event); event 4, NRT of GR onto L. Also several segmental duplications can be observed and are divided into different classes (9). Class III duplications
are marked by orange circles, and class II are marked by brown circles. Class III: event 1, interchromosomal duplication (ID) of the left chromosomal arm of
chromosome E (EL) and its translocation onto chromosome G (ID of EL onto G); event 2, ID of DR onto B; event 3, ID of FL onto J; event 4, ID of IL onto D. Class
II: event 1, ID of EL and ML (duplication of 2 segments from different chromosomes fused together). The chromosomes E and C in the strain Y665, marked by black
square and blue circle, respectively, did not move into the gel in the electrophoretic field. The black circle stands for fusion of chromosome E and D in the strain
Y622 and is further explained in Fig. 3. Appearance of a novel chromosome is marked by pink circles, encompassing a segment from chromosome F event 1 and
encompassing a segment from the chromosome E event 2.

Fig. 2. Chromosomal rearrangements and phylogenetic relationship among
41 C. glabrata clinical isolates. The tree is based on the IGS region between
CAGL0A00605g and CAGL0A00627g on chromosome A, and the scale bars
represent the number of base substitutions per site. Specific events are placed
on the phylogenetic tree. The symbols illustrating chromosome changes are as
in Fig. 1.
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represent independent events. It is noteworthy that even isolates
having the identical intergenic sequences showed chromosomal
reorganizations, suggesting a high frequency of chromosome
remodeling events. For example, Y649, Y650, and Y666 belong
to the same phylogenetic cluster but have undergone different
chromosomal rearrangements (Fig. 2).
Novel Chromosomes. Although in a majority of strains we found
13 chromosomes, 2 isolates, Y624 and Y663, exhibited 14 (Figs.
1 and 3). The novel chromosomes are small and seem to be
composed of a large 120- to 200-kb segmental duplication that
2690 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0809793106

carries the centromere region. In Y624, the novel 120-kb chromosome contains a partial duplication of chromosome E with a
subsequent deletion of 40–60 kb (Fig. 3A and Fig. S3A). In Y663,
the novel 200-kb chromosome is a partial duplication of chromosome F (Fig. 3B and S3B). These new chromosomes appear
to have acquired telomeres. An oligonucleotide mimicking the
C. glabrata telomeric repeat gave a clear and specific Southern
analysis signal with the 2 small chromosomes, indicating that the
most terminal chromosome parts have a structure similar to
other chromosomes (Fig. 4). As described in S. cerevisiae (10),
when a segment containing an active centromere is duplicated,
DNA ends can acquire telomeres by initiating a recombinationdependent DNA replication. Apparently, C. glabrata also possesses an effective mechanism to ‘‘add’’ viable chromosome ends.
In addition to de novo chromosome generation, we observed
chromosome fusions. For example, Y622 carries 2 chimeric
chromosomes, a fusion of chromosomes D and E, and a fusion
of parts of chromosome E and M (Fig. 3 C and D and Fig. S4A).
The original chromosome E is missing from the isolate. A 50- to
80-kb region carrying the chromosome E centromere is deleted
from the chromosome D ⫹ E chimera. However, these sequences are present in the chromosome E ⫹ M chimera. Because
the segment of chromosome E in this chimera is larger than the
segment deleted from the chromosome D ⫹ E chimera, it is
likely that the chromosome E segment was duplicated and
translocated to chromosome M before the chromosome E
centromere was deleted from the chromosome D ⫹ E chimera.
These structures of these novel fusion chromosomes show that it
is important that the chimeric chromosomes contain a single
active centromere so as not to destabilize chromosome partitioning during mitosis (11). Surprisingly, Y665 showed only 11
chromosomal bands (Fig. 1). However, the probes specific for the
chromosome E and C genes hybridized to the loading well,
indicating that these 2 chromosomes adopted a structure that
does not allow them to move into the gel. Chromosome circularization, observed in other yeasts (12), could explain such a
retarded movement in the electrophoretic field.
Another interesting aspect of the novel chromosomes are their
breakage points (Table S5). C. glabrata does not posses the major
repeat sequences, like Candida albicans, and transposons, like S.
cerevisiae (4). However, several classes of mini- and megasatellites have been found (13), and two of them coincide with
the internal deletions of the Y624 minichromosome (Fig. 3A and
Fig. S4C) and the Y622 fusion chromosome D⫹E (Fig. 3C and
Fig. S4A). In addition, some of the observed breakpoints correlate with the regions, which were involved in the ‘‘historical’’
rearrangements taking place during the evolution of Hemiascomycetes (Figs. S3 and S4).
Our C. glabrata isolates with segmental aneuploidy and extra
chromosomes did not exhibit any significant delay in cell proliferation when compared with other isolates. However, the
genetic stability of the novel chromosomes was decreased. When
C. glabrata Y624 and Y663, carrying extra chromosomes, were
grown in liquid yeast extract/peptone/dextrose (YPD) medium
for 70 generations, a number of the resulting cells lost the extra
chromosome (Fig. 5). The loss was observed in 40% of the
resulting progeny originating from Y624 and in 70% of the
progeny derived from Y663. Is there any advantage then to
keeping the duplicated regions and novel chromosomes?
Duplicated Genes. Aneuploidy by gain of small chromosomes or

segmental aneuploidy were the most prevalent events on the left
arm of chromosome E (chrEL, 3 events of 8) and the left arm of
chromosome F (chrFL, 2 events of 8) (Fig. 1). Several genes on
chrEL and chrFL potentially play a role in C. glabrata interaction
with the host. Both duplicated segments of ChrFL encode a
transporter of the ATP-binding cassette family (CAGL0F01419g)
that is highly similar to S. cerevisiae AUS1. The small chromosome
Poláková et al.
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Fig. 3. Segmental duplications involved in the origin of novel chromosomes. (A) Y624 carries a duplication of chromosome E corresponding to a ⬇120-kb
fragment, which has subsequently deleted a 40- to 60-kb segment. (B) Y663 carries a duplication of chromosome F corresponding to ⬇200 kb. Black stripes
symbolize the position of centromeres (CEN). WT stands for CBS 138 chromosome architecture. The last genes identified as present on the novel chromosomes
are marked by red squares. The previously described genes involved in virulence or drug resistance are marked in red. (C) CBS 138 chromosome D and E fusion
found in Y622. Note a large deletion in the CEN E region. (D) A model illustrating the origin of the chromosome D and E fusion found in Y622. The centromere
(CEN) of the original chromosome E (ChE) was removed by a deletion of a ⬇50- to 80-kb region, thereby eliminating a dicentric chromosome structure. The
deleted region also covering centromere E was retained on chimeric chromosome composed of the left arm of chromosome E and the left arm of chromosome
M. The centromere E fragment in the chimeric chromosome is of a larger size as the region deleted around centromere E in the monocentric D plus E chromosome.
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in 70% of the progeny, indicating that the extra chromosome F
confers a growth advantage in the presence of the drug. Apparently,
the increase and decrease in gene dosage is a strategy used by C.
glabrata to overcome environmental pressure, such as the presence
of antifungal agents. The observed variable genome structure in the
examined pathogenic isolates is therefore an adaptation on the
different environmental conditions provided by each individual
patient and his/her therapeutic regime.
C. glabrata Genome Is Very Dynamic. It was recently reported by
Torres et al. (19) that aneuploidy in S. cerevisiae is associated with
a proliferative disadvantage. However, in C. glabrata, segmental
duplications, chromosomal rearrangements, and extra chromosomes occur and persist at high frequency.
The high occurrence of certain chromosome events in C.
glabrata, i.e., chromosome fusions, possible circularizations, nonreciprocal translocations, and novel chromosomes, suggests
some sort of telomere dysfunction. So far, 3 telomeric proteins
(Rap1, Sir3, Rif1) involved in transcriptional silencing have been
analyzed in C. glabrata (20, 21). Our inspection of the sequenced
C. glabrata genome shows that homologues of S. cerevisiae TEN1
and RIF2 are missing. The 2 proteins function in telomere end
protection and length regulation (22, 23). Notably, deletion
of RIF2 in S. cerevisiae leads to recombination-dependent,
telomerase-independent telomere elongation (24).
The observed genome dynamics in C. glabrata has in general not
been seen in other yeasts, except in some mutant backgrounds.
However, in certain parasitic protozoa, such as Leishmania, a great
variation in karyotypes has been reported, and in addition, aneuploidy, gene amplification, and deletion have been reported to be
associated with changes in the drug resistance and virulence (25,
26). Elevated chromosome dynamics is not compatible with sexual
lifestyle and meiosis but beneficial for adaptation to changing
PNAS 兩 February 24, 2009 兩 vol. 106 兩 no. 8 兩 2691
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F encodes an ortholog of S. cerevisiae ABC transporter PDR5
(CAGL0F02717g) known in C. glabrata as PDH1. Its paralog,
known as CDR1 (CAGL0M01760g), is present on chromosome M
and was found duplicated in Y622. ABC transporters are implicated
in pleiotropic drug resistance, and therefore the duplications could
increase the level of drug resistance. Inspection of the chrEL arm
showed that the 3 duplicated segments, in Y621, Y622, and Y624,
encode the cluster of the S. cerevisiae YPS orthologs coding for
extracellular glycosyl phosphatidylinositol-linked aspartyl proteases
(CAGL0E01419g, CAGL0E01727g, CAGL0E01749g,
CAGL0E01771g, CAGL0E01793g, CAGL0E01815g,
CAGL0E01837g, CAGL0E01859g, CAGL0E01881g) and an
ortholog of PLB3 encoding phospholipase B (CAGL0E02321g).
The novel chromosome in Y624 has deleted a large part of this
region but kept YPS2 (CAGL0E01419g) encoding a protease and
PLB3 (CAGL0E02321g) encoding a phospholipase B. Secreted
aspartyl proteases and a phospholipase B have been shown to play
an important role in C. albicans virulence (14–16). Recently, Kaur
et al. (17) have shown that in C. glabrata the aspartyl proteaseencoding genes are required for survival in macrophages.
In C. albicans an aneuploidy and a specific segmental aneuploidy,
consisting of an isochromosome composed of 2 left arms of
chromosome 5, have been found to occur in response to antifungal
drug selection (18). Increases and decreases in drug resistance were
strongly associated with gain and loss of this isochromosome that
bears genes involved in azole drug resistance. In C. glabrata, the
original isolate of Y663 carrying the minichromosome could tolerate 129.6 mg/L of fluconazole (Table S1). The Y663 clones, which
lost the minichromosome (Fig. 5) could only tolerate 14.4 mg/L of
fluconazole. In addition, when Y663 was grown in YPD in the
presence of azole (at a concentration of 40 mg/L) for 70 generations,
all resulting progeny still kept the extra minichromosomes, whereas
in the absence of azole, the loss of minichromosome was observed

Fig. 5. Chromosome loss in Y624 and Y663 grown in YPD for 70 generations.
(A) Karyotypes of the parental Y624 strain (line 1) and 6 randomly selected
progeny cell lineages (lines 2–7). The position of the small chromosome is
indicated by an arrow. (B) Karyotypes of the parental strain Y663 (line 2) and
6 randomly selected progeny lineages (lines 1 and 3–7). The position of the
small chromosomes is indicated by an arrow.
Fig. 4.
Hybridization of C. glabrata telomeric oligonucleotide (32-mer
containing 2 16-bp telomere repeats) to separated chromosomes of 2 S.
cerevisiae strains (CBS 439 and CBS 382) and 2 C. glabrata strains containing
extra chromosomes (Y663 and Y624; see also Fig. 1). Hybridization was performed at room temperature, and the membranes were washed at indicated
temperatures. Black arrows indicate the positions of the 2 novel chromosomes. Note that the 2 chromosomes hybridized to the telomeric probe even
at the most stringent washing conditions. A slightly weaker hybridization
signal from small chromosomes is caused by their instability during the propagation (in other words, the mini-chromosomes are not present at the stochiometrical concentration).

environmental conditions. Apparently, C. glabrata has to ‘‘sacrifice’’
its sexual nature to better tolerate the consequences of the enhanced genome mutability. The observed elevated adaptability
potential should well be taken into account when developing future
drugs against this increasingly invasive human pathogen.
Materials and Methods
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Yeast Strains. The isolates of C. glabrata originate from Danish patients, were
collected at Danish hospitals from 1986 to 1999, and were initially identified
by carbon assimilation tests (27). The clinical isolates used in this study were
randomly selected from a collection of ⬇250 isolates (see also ref. 28 and Table
S1). The yeast strains were grown at 25 °C in YPD medium consisting of 1%
yeast extract, 1% Bacto Peptone, and 2% glucose and in the minimal medium
(SD) consisting of 0.17% YNB (yeast nitrogen base without amino acids and
without ammonium sulfate), 0.5% ammonium sulfate, and 2% dextrose.
PCR and Sequencing of PCR Products. Genomic DNA was extracted according
to Philippsen et al. (29). Two regions, nuclear 26S ribosomal RNA coding D1/D2
domain and the mitochondrial small rRNA (SSU), were analyzed to confirm the
species identity. The D1/D2 domain of the nuclear 26rDNA (LSU rDNA) was
amplified with primers NL1 (5⬘P-GCA TAT CAA TAA GCG GAG GAA AAG-3⬘P)
and NL4 (5⬘P-GGT CCG TGT TTC AAG ACG G-3⬘P). In the case of the mitochondrial small rRNA (SSU), YM5 (5⬘P-AAG AAT ATG ATG TTG GTT CAG A-3⬘P) and
YM13 (5⬘P-ATT CTA CGG ATC CTT TAA ACC A-3⬘P) primers were used. Two
primers (NL1, NL4) were used to sequence the D1/D2 domain and 2 primers
(YM5, YM13) were used to sequence the mitochondrial SSU gene.
The IGS region between the nuclear CAGL0A00605g and CAGLA00627g
genes on chromosome A was amplified with primers 00605 (5⬘P-C TCA CAA
ATG GAT TCC TTA AAG AGT TCG-3⬘P) and 00627 (5⬘P-GT C ACC AGA GTT GGA
GTA CAT GTA G-3⬘P), and the following conditions were applied: 94 °C initial
denaturation for 3 min, then 35 cycles of 45 s at 94 °C, 1 min at 52 °C, and 1 min
at 72 °C, followed by 72 °C for 5 min (1 cycle). The IGS region (CAGL0A00605g–
CAGL0A00627g) comprising 690 bases was sequenced with primers 00605 and
00627 by MWG Biotech.
The DNA probes (see Fig. S1 and Table S3) for Southern blot analyses were
obtained by PCR amplification using C. glabrata CBS 138 genomic DNA as a
template. PCR conditions for all probes were 94 °C initial denaturation for 3
min, then 35 cycles of 45 s at 94 °C, 45 s at 56 °C, and 1 min at 72 °C, followed
by 72 °C for 5 min (1 cycle).
2692 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0809793106

Phylogenetic Relationships. The sequences of the IGS region were aligned by
using the ClustalX (1.83) program (30), and the relationship was inferred by
using the neighbor-joining method (31). The phylogenetic tree was linearized
assuming equal evolutionary rates in all lineages (32). The tree is drawn to
scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distances were
computed by using the Maximum Composite Likelihood method (33) and are
in the units of the number of base substitutions per site. All positions containing gaps and missing data were eliminated from the dataset (Complete
deletion option). There were a total of 671 positions in the final dataset.
Phylogenetic analyses were constructed in MEGA4 (34).
PFGE and Southern Hybridization. Chromosomes of all clinical isolates were
separated by PFGE using a CHEF Mapper XA (Bio-Rad) and a 5-step program,
as follows: step 1, 240-s pulse for 6 h; step 2, 160-s pulse for 13 h; step 3, 120-s
pulse for 10 h; step 4, 90-s pulse for 10 h; and step 5, 60-s pulse for 3 h. The
included angle was 60° and the voltage was 150 V (4.5 V/cm). Chromosomes
and membranes were prepared as described (35). ORF DNA on the membrane
was detected by Southern blot analysis using 32P-labeled PCR products as
probes (GE Healthcare) (Fig. S1 and Table S3). After prehybridization, the
membrane was hybridized (0.25 M Na2HPO4, 7% SDS, 1 mM EDTA) at 60 °C for
15 h and washed twice at room temperature for 5 min and once at 60 °C for
30 min with 2% SDS, 100 mM Na2HPO4. The membrane was stripped by using
the hot SDS procedure protocol (GE Healthcare) and rehybridized more than
once. Signals were detected by using Imaging Screen-K (35 ⫻ 43 cm; Bio-Rad)
and Personal Molecular Imager FX (Bio-Rad). We used 93 single-gene probes
and 1 multigene probe to detect and analyze the chromosomal rearrangements.
In the case of the telomeric probe, the 5⬘ end of the telomeric oligonucleotide sequence (32-mer containing 2 16-bp telomere repeats, TCTGGGTGCTGTGGGGTCTGGGTGCTGTGGGG) was labeled with [␥32P]-ATP with T4 polynucleotide kinase (Abgene). The membrane was prehybridized and hybridized at
room temperature and washed at different temperature stringencies for 30 min.
Batch Culture Growth and Chromosome Stability. All clinical isolates and C.
glabrata CBS 138 strain were grown in 50 mL of YPD at 25 °C to OD600 ⫽ 10.
Cultures were inoculated with 120 L of overnight culture, and OD600 was
measured every 3 h to determine the cell doubling time.
To study instability of extra chromosomes the strains Y624 and Y663 were first
plated on YPD medium to isolate single colonies. The single colonies were
analyzed by PFGE to confirm the aneuploidy. Three independent aneuploid
single colonies from each isolate were inoculated in 2 mL of YPD and cultivated
for 70 generations at 25 °C. Every day the cultures were reinoculated, and 2 L of
the old culture was transferred into new liquid YPD. Finally, 14 single colonies
were checked by PFGE for loss of the extra chromosomes. To determine the
doubling time, 3 single colonies with and 3 single colonies without extra chromosome were grown in 50 mL of SD medium at 25 °C to OD600 ⫽ 7. Cultures were
inoculated with 120 L of overnight culture, and OD600 was measured every 3 h.
Antifungal Drugs. Fluconazole susceptibility was measured on RPMI medium
1640 agar plates (0.84% RPMI medium 1640 with L-glutamine and no bicarbonate, 3.45% Mops, 2% glucose, 1.5% bacto agar adjusted to pH 7 with 1 M
NaOH) with 6 different concentrations of fluconazole (4.8, 14.4, 43.2, 129.6,
388.8, and 1166.4 mg/L). Appropriate 10 times dilutions of each cell suspension
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(containing 10, 102, and 103 cells) were plated on RPMI medium 1640 agar
plates. The plates were incubated for 48 h at 37 °C.
In the case of strain Y663, the aneuploid single colonies were additionally
grown for 70 generations in YPD ⫹ 40 mg/L fluconazole. Every day the cultures
were reinoculated by transfer of 2 L of the old culture into a new liquid YPD ⫹
fluconazole. Appropriate dilutions of each individual suspension were plated
on YPD, and the 14 resulting single colonies were checked by PFGE for chromosome loss.
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