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The genomic plasticity of Candida albicans, a commensal and common opportunistic fungal pathogen,
continues to reveal unexpected surprises. Once thought to be asexual, we now know that the organism can
generate genetic diversity through several mechanisms, including mating between cells of the opposite or of the
same mating type and by a parasexual reduction in chromosome number that can be accompanied by
recombination events (2, 12, 14, 53, 77, 115). In addition, dramatic genome changes can appear quite rapidly
in mitotic cells propagated in vitro as well as in vivo. The detection of aneuploidy in other fungal pathogens
isolated directly from patients (145) and from environmental samples (71) suggests that variations in chro-
mosome organization and copy number are a common mechanism used by pathogenic fungi to rapidly generate
diversity in response to stressful growth conditions, including, but not limited to, antifungal drug exposure.
Since cancer cells often become polyploid and/or aneuploid, some of the lessons learned from studies of genome
plasticity in C. albicans may provide important insights into how these processes occur in higher-eukaryotic
cells exposed to stresses such as anticancer drugs.

The purpose of this review is to describe the tools used to
detect genome changes, to highlight recent advances in our
understanding of large-scale chromosome changes that arise in
Candida albicans, and to discuss the role of specific stresses in
eliciting these genome changes. The types of genomic diversity
that have been characterized suggest that C. albicans can un-
dergo extreme genomic changes in order to survive stresses in
the human host. We propose that C. albicans and other patho-
gens may have evolved mechanisms not only to tolerate but
also to generate large-scale genetic variation as a means of
adaptation.

C. albicans is a polymorphic yeast with a 16-Mb (haploid)
genome organized in 8 diploid chromosomes (140, 154, 203).
The C. albicans genome displays a very high degree of plastic-
ity. This plasticity includes the types of genomic changes fre-
quently observed with cancer cells, including gross chromo-
somal rearrangements, aneuploidy, and loss of heterozygosity
(reviewed in references 100, 117, and 157). Similar to somatic
cancer cells, C. albicans reproduces primarily through asexual
clonal division (65, 84). Nonetheless, it has retained much of
the machinery needed for mating and meiosis (189), yet mei-
osis has never been observed (13, 120).

C. albicans has two mating-type-like (MTL) alleles, MTLa
and MTL� (76). The MTL locus is on the left arm of chromo-
some 5 (Chr5), approximately 80 kbp from the centromere.
Most C. albicans isolates are heterozygous for the MTL locus,
but approximately 3 to 10% of clinical isolates are naturally
homozygous at MTL (104, 108). Mating can occur between
strains carrying the opposite MTL locus, and most strains that

were found to be naturally MTL homozygous are mating com-
petent (104, 108). MTL-homozygous strains were also con-
structed from MTL-heterozygous strains by deletion of either
the MTLa or MTL� locus (77) or by selection for Chr5 loss on
sorbose (87, 115).

Mating between these diploid strains of opposite mating
type can occur both in vitro (115) and in vivo (77, 97). The
products are tetraploid and do not undergo a conventional
meiotic reduction in ploidy (12, 120). Rather, they undergo
random loss of multiple chromosomes, a process termed “con-
certed chromosome loss,” until they reach a near-diploid ge-
nome content (2, 12, 53, 85). A subset of these cells also
undergoes multiple gene conversion events reminiscent of mei-
otic recombination, and most remain trisomic for one to sev-
eral chromosomes (53). While mating and concerted chromo-
some loss have been induced in the laboratory, the role of the
parasexual cycle during the host-pathogen interaction and in
the response to stresses, such as exposure to antifungal drugs,
remains unclear. The prevailing model is that adaptive muta-
tions (such as those that occur with the acquisition of drug
resistance) evolve through somatic events, including point mu-
tations, recombination, gene conversion, loss of heterozygosity,
and/or aneuploidy (13).

TOOLS FOR DETECTING GENOME CHANGES

The development and adaptation of tools that analyze ge-
nome structure have greatly enhanced our ability to detect
changes in genome organization, chromosome number, allelic
ratios, and genome size, to monitor the dynamics with which
they arise, and to explore the molecular mechanisms that drive
adaptive evolution. Here we discuss four major approaches to
measure genome organization: copy number variation (CNV),
loss of heterozygosity at single nucleotide polymorphisms
(SNPs), whole-genome ploidy, and several other methods de-
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veloped to monitor relationships between different C. albicans
strains. While the focus here is on C. albicans, the approaches
are generally applicable to other medically relevant eukaryotic
organisms as well.

Electrophoretic karyotyping. The most common method used
to analyze genome organization and to detect gross chromosomal
rearrangements (GCRs) is to monitor chromosome size using
electrophoretic karyotyping, the separation of whole chromo-
somes by pulsed-field gel electrophoresis (PFGE) (168). PFGE
separates whole chromosomes or fragments of chromosomal
DNA by changing the direction of the electrophoretic current
in a regular pattern. DNA strands migrate relative to their size
because they must recoil prior to aligning with the new direc-
tion of the current; shorter DNA fragments realign more rap-
idly than longer fragments. Chromosome-sized DNA is pro-
tected from shearing forces by extracting DNA from cells that
are immobilized in agarose.

Multiple techniques are often generally termed PFGE, but
they differ in their electric potential and the number of elec-
trodes used per electric field. A PFGE apparatus has two
alternating electric fields, one homogenous and one nonho-
mogenous, while the orthogonal field alternation gel electro-
phoresis (OFAGE) apparatus has two nonhomogenous fields
(24, 163). Both PFGE and OFAGE were optimized for the
separation of C. albicans chromosomes (46, 101, 113, 132, 160).
A disadvantage of these techniques is that samples separate in
a curved trajectory, making lane-to-lane comparisons difficult
(131, 171). Later development of the contour-clamped homog-
enous electrophoretic field (CHEF) apparatus addressed this
by using multiple electrodes around a closed contour to main-
tain a uniform, homogenous potential across the entire electric
field (112, 191).

PFGE is used to separate all 8 C. albicans chromosomes and
can be optimized to resolve either larger or smaller chromo-
somes (101, 112, 113, 160, 178, 191). While this enables the
determination of a karyotype pattern (Fig. 1) and a “standard”
karyotype has been codified (119), �30 to 50% of isolates vary
significantly from this standard karyotype (for examples, see
Fig. 1B). The highly variable electrophoretic karyotypes ob-
served with clinical isolates of C. albicans are an indication of
the extensive GCRs that can occur during growth in the host
(9, 47, 48, 142, 160). Even greater karyotypic variability is
observed with clinical isolates of Candida glabrata (145) and
Candida dubliniensis (116), suggesting that karyotype variabil-
ity is common in at least several medically relevant fungal
pathogens.

Karyotyping revealed that C. albicans chromosome size can
be highly variable. Southern blot analysis of CHEF gels has
further determined the identity of chromosome bands with
altered mobility. Southern analyses showed that this plasticity
is due largely to inter- and intrachromosomal recombination
(described below). However, some changes are too small to be
detected or can be masked by other chromosomes, requiring
additional fine-mapping using restriction digests of chromo-
somal DNA within the agarose molds, followed by either
CHEF or conventional gel electrophoresis. In particular, the
restriction enzyme SfiI, which recognizes a rare 8-bp restriction
site and is present primarily in the major repeat sequence
(MRS; discussed below) (169), has been used to identify com-
mon chromosome fragments that become rearranged (35),

while XhoI, which does not digest within the MRS, is used
together with unique MRS-flanking probes to determine the
length of the MRS on different chromosomes (105).

Comparative genome hybridization. The availability of the
C. albicans genome sequence (20, 91, 190) facilitated the con-
struction of microarrays for the analysis of gene expression at
the RNA level and the gene copy number at the genomic DNA
level. Initially, cDNA arrays were designed independently by
consortia of laboratories in the United States, and in Europe
by Eurogentec (Seraing, Belgium), based upon assembly 6 of
the genome sequence. These early arrays were constructed by
PCR amplification of open reading frame (ORF) probes from
genomic DNA (gDNA) (from sequenced strain SC5314) that
were spotted onto coated glass slides (15, 109, 155, 188). An
Affymetrix array format was also constructed and used in a
limited number of published experiments (98, 99).

Oligonucleotide tiling arrays, produced by Agilent or
Nimblegen, in which the DNA sequence corresponding to
both intra- and intergenic regions of the genome are repre-
sented in multiplex format, enabled the rapid detection of
CNVs for multiple isolates on a single microscope slide. The
next generation of these tiling arrays will include oligonucle-
otides for the detection of CNVs and single nucleotide poly-
morphisms in the same multiplex format (66).

Array-based comparative genome hybridization (aCGH) is
the direct comparison of two genomes by competitive hybrid-
ization using a microarray platform (146). This method deter-
mines the gene copy number of essentially every ORF in the
genome by comparing the DNA content of an experimental
strain to the DNA content of a reference strain, each labeled
with a different fluorophore. aCGH has been used to detect
aneuploidy in sequenced organisms from Escherichia coli and
Saccharomyces cerevisiae to mice and humans (78, 81, 153,
200). Whole-chromosome aneuploidies are visualized when
array data are plotted as a function of chromosome location
using programs such as Matlab (172), Treeview (161), or Excel
(7). Because gene copy number often correlates with gene

FIG. 1. CHEF karyotype gel electrophoresis of C. albicans clinical
isolates. CHEF gels were run with optimal separation of Chr2 to Chr7
and then stained with ethidium bromide. (A) A clinical isolate with a
standard karyotype; (B) different clinical isolates with nonstandard
karyotypes, including additional bands due to differences in size be-
tween homolog pairs and/or possible chromosome translocations.
(C) Schematic diagram of the MRS on Chr5 (106); XhoI cuts outside
the MRS, while there are multiple SfiI cut sites within each RPS
subunit. The entire MRS on Chr5 ranges from 16 to 92 kb in size (106)
(diagram is not to scale; HOK, �8kb; RB2, �6kb; RPS, �2kb each).

992 MINIREVIEWS EUKARYOT. CELL



expression levels (67, 75, 94, 173), expression array data pro-
files are a good proxy for gene copy number. Recently, two
groups have retrospectively analyzed hundreds of C. albicans
gene expression profiles for expression biases that indicate
gene copy number changes (7, 17). Similarly, segmental aneu-
ploidies are readily detected from aCGH data; the break-
points, where euploid-to-aneuploid transitions occur, are often
within moderately repetitive DNA (49, 75, 81, 172). aCGH also
has been used to compare the genomes of related organisms,
often before whole-genome sequences were available (135,
195). This approach has the potential to advance our under-
standing of genomic differences between a pathogenic species
and a related, less pathogenic species, as was done with C.
albicans and C. dubliniensis (134).

SNP. Single nucleotide polymorphism (SNP) analysis re-
veals allelic differences between strains due to maintenance or
loss of heterozygosity (LOH). LOH can arise by recombination
and subsequent allele segregation, by gene conversion (usually
short DNA tracts), by break-induced replication (usually long
DNA regions extending to the telomere), by chromosome loss,
or by segmental deletions (Fig. 2). The genome sequence of
strain SC5314 suggested that single nucleotide polymorphisms
are present, on average, once every 390 bp (22, 91); in this
strain both ends of ChrR, most of Chr3R, and Chr7L are
nearly homozygous. In contrast, in WO-1 both arms of Chr5
and most of Chr2L, -6L, -3R, and -1R are nearly homozygous
(22). Interestingly, a higher rate of variation is seen when SNPs
of the two genomes are compared to each other; between
87,000 and 89,000 SNPs were identified, suggesting that only a

very small number of SNPs are actually shared between the
two genomes (22).

Based on the genome sequence of strain SC5314, SNP arrays
were developed for high-throughput genotype analysis (55, 56).
Short allele-specific oligonucleotides representing both alleles
are spotted onto the array. When labeled probes are hybrid-
ized to the array, probes from a heterozygous strain will hy-
bridize to both oligonucleotides, while probes from a homozy-
gous strain will hybridize only to one of the oligonucleotides
(54, 56). SNP genotypes are determined by calculating allelic
fractions that are defined for each of the three possible geno-
types (55).

One outcome of aneuploidy in C. albicans is allelic imbal-
ance. In SNP array analysis, a heterozygous diploid should
exhibit a 1:1 ratio of the two alleles, while a heterozygous
trisomic strain should exhibit an allelic ratio of 2:1. When
multiple SNP markers on a chromosome arm all exhibit ratios
of �2:1 (or 1:2), the region is very likely trisomic. In this way,
quantification of allelic ratios can predict whole-chromosome
or segmental trisomies. It is important to note, however, that
tetraploid strains (e.g., those that arise following mating be-
tween diploids) will exhibit 1:1 ratios for all markers that were
heterozygous in the parents; thus, SNP arrays are not reliable
for detecting whole-genome polyploidy.

Haplotype mapping is used in sexual organisms to follow
recombination events and to study genetic diversity by analyz-
ing the segregation of SNPs in large numbers of meiotic prog-
eny. Since C. albicans reproduces predominantly by clonal di-
vision, standard haplotype mapping approaches cannot be
used. Legrand et al. (103) exploited naturally occurring aneu-
ploidies and homozygosities in strain SC5314 and the clinical
isolate T118 (41) to generate haplotype maps (HapMaps) for
each strain (103). They compared HapMaps and discovered
multiple recombination events that distinguished the two strains;
most appeared to be the result of either gene conversion or
single crossover and chromatid segregation events. These Hap-
Maps were the first of their kind for a diploid, nonmeiotic
organism. In addition, they showed that whole-chromosome
trisomies arise upon use of the UAU1 method (51) for the
disruption of essential genes. Thus, the UAU1 method can be
exploited to generate heterozygous trisomic strains, which fa-
cilitates the determination of haplotypes for any clinical isolate
(103).

The classical DNA-fingerprinting method (digest of genomic
DNA followed by Southern hybridization) detects restriction
fragment length polymorphisms (RFLP) among strains and
has been used widely for strain typing in C. albicans (90, 122).
Multilocus sequence typing (MLST) determines strain related-
ness based on sequence variation and has been used success-
fully for strain typing and epidemiological studies (18, 19).
However, MLST analyzes only sequence variation for a limited
number of housekeeping genes (7 genes) that are distributed
on only 5 of the 8 C. albicans chromosomes (ChrR, -1, -2, -4,
and -6) (139). Recently, amplification of short genomic regions
(SNP-RFLP markers) followed by an allele-specific restriction
digest of PCR products (PCR-RFLP) has been used for geno-
type determination in population genetic studies (57, 208).
Forche and coworkers have developed a set of 32 SNP-RFLP
markers, two per C. albicans chromosome arm, which provides
a simple and rapid method to not only analyze heterozygous

FIG. 2. Mechanisms that can result in LOH. (A) LOH due to
mitotic recombination: short-range LOH can arise from gene conver-
sion between homologous chromosomes (Hom a and Hom b) or from
double crossovers (XO); long-range LOH events can arise from
single crossovers followed by mitotic segregation or from break-
induced replication (BIR). (B) Events due to chromosome misseg-
regation: chromosome nondisjunction yields aneuploid cells mono-
somic for that chromosome (b) as well as cells carrying an extra copy
of the homolog (aab). Events due to reduplication of the monosomic
chromosome via a subsequent nondisjunction event or by unlicensed
rereplication can generate a strain that is homozygous but disomic for
that chromosome (bb).
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loci before and after strain transformation but also identify
LOH events that may have occurred at unbiased loci across the
genome (58).

Flow cytometry. Flow cytometry provides a rapid and ac-
curate method for analyzing genome size changes (ploidy
changes). Genomic DNA is stained with an intercalating fluo-
rescent dye, and the amount of DNA per cell is quantified
simultaneously for thousands of cells per second (68). Flow
cytometry of DNA content was used to identify tetraploid
mating progeny and to select for near-diploid progeny follow-
ing concerted chromosome loss (CChrL) (12, 53). It generally
does not have the sensitivity to detect the addition or loss of a
single chromosome, but with C. albicans, flow cytometry can
detect shifts in ploidy due to multiple aneuploidies in a strain
(D. Abbey and J. Berman, unpublished data).

In summary, all four of these genomic tools (CHEF, aCGH,
SNPs, and flow cytometry) provide important information
about genome structure. CHEF reveals chromosome length
changes and reciprocal translocations but is limited to detect-
ing larger changes in chromosome size and structure. Southern
hybridization to DNA separated by CHEF overcomes prob-
lems with overlapping chromosome bands and is indispensable
for detecting translocations, yet it is difficult to detect whole-
chromosome trisomies with this method alone. Furthermore,
Southern hybridization is limited by the number of probes
used. aCGH readily detects copy number changes for essen-
tially every gene in the genome, but it cannot detect whole-
genome ploidy shifts, reciprocal translocations, or LOH. Sim-
ilarly, SNP arrays determine the ratio of different alleles and
detect LOH and major recombination events such as gene
conversion, but they cannot detect whole-genome ploidy
changes or translocations. Furthermore, SNP array analysis is
limited by the number of SNPs included on the array; this
limitation will be much less of a concern when tiling arrays with
large numbers of probes are used. Finally, flow cytometry
readily detects whole-genome ploidy shifts that are not evident
by CHEF, aCGH, or SNP analyses; however, it cannot deter-
mine which specific chromosome(s) may be aneuploid, and it is
not sufficiently sensitive to detect the presence of lower levels
of aneuploidy (e.g., �20% of the normal DNA content). Thus,
a combination of all four methods provides the most compre-
hensive view of genome changes to date. New array formats
that permit SNP and copy number variation to be detected
within the same custom designed array (e.g., see reference 66)
will speed the analysis of genome changes.

TYPES OF GENETIC DIVERSITY IN C. ALBICANS

A striking feature of the C. albicans genome is the high
degree of genetic diversity that exists among clinical isolates.
This genetic diversity has been characterized from the whole-
chromosome level down to the single-nucleotide level, using
subsets of the methods described above.

Translocations and gross chromosomal rearrangements.
Large changes in chromosome size, due to translocations, re-
peat length changes, chromosome truncations, telomere re-
combination events, and supernumerary chromosome forma-
tion, all have been detected in C. albicans. A number of these
involved the major repeat sequence (MRS), a tract of repeats
that varies in size from tens of kilobase pairs to approximately

one hundred kilobase pairs (117, 118). There are 9 MRSs in
the C. albicans genome, one on Chrs R, -1, -2, -5, and -6 and
two on Chrs 4 and -7; Chr3 contains only one portion (RB2) of
the repeat (31, 33, 34, 82). The MRS is composed of a set of
nested repeats contained in the RPS region (�2 kbp) flanked
by longer regions termed HOK (�8 kbp) and RB2 (�6 kbp)
(Fig. 1C) (33, 34). The RPS region is composed of tandem
repeats of �172 bp each, termed “alts,” that vary only slightly
in sequence within and between chromosomes; this results in
RPS size variability (31, 82). The alts contain �6 to 8 copies of
a 29-bp conserved sequence (termed COM29) that includes
the 8-bp recognition site for the macrorestriction endonuclease
SfiI. Outside of the 9 RPS sequences, SfiI cuts infrequently,
such that the resulting large chromosome fragments can be
analyzed on CHEF gels (35).

Because MRSs are the largest nontelomeric, homologous
sequences present on each chromosome, they provide a poten-
tial hot spot for reciprocal recombination events between non-
homologous chromosomes (30, 35, 85, 86, 105, 107). The clas-
sic example of chromosome translocation in C. albicans was
described for strain WO-1, an MTL� homozygous strain for
which white-opaque switching was first described (177). Chu
and coworkers found that WO-1 had six new bands on whole-
chromosome CHEF gels yet had very similar SfiI digestion
patterns (35), indicating that the strain had undergone 3 trans-
locations, all of them at or near an MRS. Similar MRS trans-
locations resulted in the formation of two new chromosomal
bands in the clinical isolate 1001 (136). Thus, some strains
appear to have undergone multiple reciprocal translocation
events that involve the MRS.

Expansion and contraction of MRS repeats that are caused
by unequal recombination between sister chromatid repeats
also contribute to chromosome length polymorphisms. MRS
length changes are detected by digestion with XhoI, which cuts
outside the MRS, followed by Southern hybridization with an
MRS-specific probe (32, 106). This intrachromosomal recom-
bination is frequently observed as a separation of homologous
chromosomes on CHEF gels, due to the MRS length change
on only one homolog. MRS length changes are detected fre-
quently for the smaller chromosomes (Chr5 to -7), although
this is biased by the increased resolution of the smaller chro-
mosomes by CHEF (30). Deletion of an MRS has no pheno-
typic effect on the cell, but MRS length apparently affects
chromosome segregation, such that homologs with a larger
MRS have a higher rate of chromosome nondisjunction than
the same chromosome homolog with a shorter MRS (106).

Length polymorphisms on ChrR also arise by changes in the
number of ribosomal DNA (rDNA) repeats, all of which are
present at a single �660-kbp locus containing �55 copies of
the 12-kbp rDNA repeat that contains genes for 18s, 5.8s, 25s,
and 5s rRNA (91). As in S. cerevisiae (186), expansions and
contractions due to unequal recombinations of rDNA repeats
occur frequently and are thought to be the basis for large
variations in the size of ChrR in different C. albicans strains
and upon serial passaging of the same strain (1, 84, 158). XhoI
does not cut within the rDNA and is used in conjunction with
CHEF to analyze rDNA repeat length changes as described
above for the MRS (84). Recombination between rDNA re-
peats can also yield extrachromosomal rDNA circles and linear
rDNA extrachromosomal plasmids (1, 74), but a correlation
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between rDNA repeats and aging, as described for some S.
cerevisiae strains (62, 176), or genome integrity (80) has not
been detected (61a). Similar changes for ChrR have been
described for related Candida species, including C. parapsilosis
(138).

Reciprocal translocation events, as well as nonreciprocal
recombination events that alter MRS and rDNA copy length,
are often detected on CHEF gels, yet they do not affect aCGH
profiles, since the number of unique ORFs does not change.
These are best distinguished using CHEF of XhoI digests to
detect changes in rDNA length (84) and MRS length (106) and
SfiI digestion to detect new chromosome fragments. Intrigu-
ingly, clinical isolates of C. glabrata appear to undergo many
translocation events (145), although the degree to which these
translocations affect copy number remains unclear. In most
cases Southern hybridization with chromosome-specific probes
will assist in distinguishing these two types of changes in chro-
mosome organization. Since C. glabrata is a haploid, perhaps it
will behave more like haploid S. cerevisiae, by acquiring mostly
segmental, rather than whole-chromosome, aneuploidies.

Chromosome truncations. Chromosome truncations and
fragmentations have been reported for laboratory and clinical
isolates. For example, laboratory strain BWP17 (206) and sev-
eral of its parental progenitors (4) incurred a chromosome
break during disruption of HIS1, resulting in two separable
homologs of Chr5 (54, 137, 172). HIS1 is 35 kbp from the right
telomere of Chr5. A 9-bp sequence with similarity to the 23-bp
C. albicans telomere repeat is present nearby and apparently
seeded the telomere addition following a chromosome break
that accompanied HIS1 deletion. All 17 genes distal to HIS1
were lost, and thus, this strain is monosomic for the terminal
portion of Chr5R (172). Importantly, there is at least one
essential gene among them, such that loss of the full-length
homolog results in cell death (P. T. Magee and J. Berman,
personal communication).

Truncations also arise in clinical isolates. In isolate FH8
(125), from a bone marrow transplant patient treated with
fluconazole, Chr5 was truncated �200 kbp from the left telo-
mere, resulting in a Chr5 homolog indistinguishable in size
from Chr6 by CHEF analysis (174). The Chr5 breakpoint in
this strain is near 3 genes with high sequence identity, which
may provide a recombination hot spot or fragile site (8). Thus,
highly similar gene sequences as well as sequences resembling
the natural telomere repeat appear to facilitate unintended
chromosome truncations, perhaps by a mechanism similar to
that used to construct strains with specific telomere-mediated
chromosome truncations in S. cerevisiae (182, 192) and more
recently in C. albicans (6, 93, 174).

SNCs. Karyotype analyses have identified supernumer-
ary chromosomes (SNCs) (74, 104, 136). A SNC is an addi-
tional chromosome, usually generated from extra copies of
other chromosomes or a chromosome fragment(s). It contains
extra, usually dispensable, information and thus exhibits a size
(and thus CHEF gel mobility) different from that of the orig-
inal chromosomes from which it was derived. Some SNCs
include multiple copies of a single chromosome region, e.g.,
isochromosomes i(5R), i(5L), att-i(5L), and i(5L)�3R (173,
175). In some cases SNCs can be identified only by a combi-
nation of aCGH and Southern blot analysis, because they
comigrate with a different chromosome (Fig. 3A to C). The

most efficient way to identify the chromosomal constituents of
a SNC is by aCGH of SNC DNA excised from a CHEF gel (67,
175). This should then be confirmed by Southern analysis of a
CHEF blot using probes for the relevant chromosome frag-
ments to determine if the SNC size is consistent with the
presence of one or more copies of the fragments detected.

Whole-chromosome aneuploidy. Aneuploidy, an abnormal-
ity of chromosome number (presence of extra or the lack of
chromosomes), is the result of errors in DNA replication or
chromosome segregation and can involve whole chromosomes
or chromosome segments. Whole-chromosome aneuploidies,
including monosomy (2n � 1) and trisomy (2n � 1), were first
detected in C. albicans by studying the loss of nutritional mark-
ers and by densitometric analysis of ethidium bromide (EtBr)-
stained CHEF gels and quantitative Southern hybridization
with different chromosome probes (10, 28, 30, 70, 83, 114, 130,
142, 160, 179). Recently, RFLP analysis together with quanti-
tative Southern hybridization was used to confirm a suspected
whole-chromosome aneuploidy in several isolates of strain
CAI4 (28), using probes to several loci on a given chromosome
and quantitative comparison of allele frequencies. While Chr1
trisomy was detected in some isolates of laboratory strain
CAI4, trisomy of Chr2, which is present in all of the CAI4
isolates (172), was not detected because no Chr2 probes were
used. A more comprehensive analysis by Southern hybridiza-
tion would require the use of multiple probes for each chro-
mosome arm, a process that is quite labor intensive.

Genome changes in C. albicans can be more complex. Trans-
located chromosomes can be lost or amplified (85, 136); for
example, WO-2, a derivative of strain WO-1, lost one of the
reciprocal recombination products observed with WO-1 (a
Chr5,6 fusion) and thus became monosomic for each part of
the original donor chromosome (Fig. 4A to C) (114). WO-2
also lost the only full-length Chr7 homolog of WO-1; the other
copies of Chr7 are found on two translocated chromosomes,
Chr7,4 and Chr4,7. Interestingly, aCGH analysis of WO-2
identified the two previously reported loss events and also
revealed that a different translocated chromosome (the fusion
of Chr7 and Chr4) was amplified, resulting in a segmental
trisomy of Chr4 and a segmental disomy of Chr7 (Fig. 4D and
E), and further highlights the comprehensive nature of aCGH.
(Some of the aCGH and flow cytometry data in Fig. 3, 4, and
5 are primary data that have not been published previously.
They are now available at the Genome Expression Omnibus,
under accession number GSE21643.)

Several studies have identified whole-chromosome aneu-
ploidies that correlate with phenotypic variation in C. albicans.
For example, some aneuploidies provide a selective advantage
for growth on specific carbon sources (86, 87, 160). In response
to the presence of L-sorbose or D-arabinose as the sole carbon
source, colonies of strain 3153A underwent chromosome copy
number alterations detectable by PFGE. aCGH analysis of
strain 3153A did not detect any alterations in copy number
(Fig. 5C) relative to the standard karyotype, suggesting that a
translocation event involving Chr4R and Chr7 in this strain
(87) was reciprocal. Densitometric comparison of EtBr-stained
chromosome bands followed by quantitative Southern hybrid-
ization with different chromosome probes revealed that either
loss of Chr6 or gain of Chr2 correlated with the assimilation of
D-arabinose (159), while monosomy of Chr5 enabled strains to
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grow better on L-sorbose (87). Importantly, strains monosomic
for Chr5 could reduplicate Chr5, and in doing so, they lost the
ability to grow rapidly on L-sorbose (87). Although the specific
genes inhibiting sorbose utilization have not been identified,
they have been mapped to a 209-kbp region on Chr5R (92),
and the assumption is that this region must contain a negative
regulator of sorbose utilization (87). We analyzed several of
these strains using aCGH. Interestingly, one of these sponta-
neous Sou� strains, Sor5 (92), includes a segmental trisomy of
Chr4R in addition to a segmental monosomy of Chr5R (Fig.
5E). This is interesting because the trisomic region of Chr4R
includes genes encoding Sou1 and Sou2, which facilitate sor-
bose utilization. L-Sorbose induction of Chr5 loss is now fre-
quently used to generate strains homozygous for the mating
type-like locus (MTL), which is located on Chr5L. Further-
more, strain SGY243 carries a Chr4R amplification similar to
that seen with Sor5 (Fig. 5D), and both breakpoints occur at
the MRS. It is important to note that while Chr5 loss certainly
can occur following sorbose treatment, other chromosomes are
often affected as well, not all Sou� strains are monosomic for

Chr5 (6, 17, 53), and segmental trisomy of Ch4R has been
observed with several Sou� derivatives (E. Rustchenko, per-
sonal communication).

In addition to carbon source utilization, a correlation
between chromosome changes and resistance to fluconazole
(142), the most commonly used antifungal drug, was reported.
Fluconazole-resistant (FluR) isolates of a multiply aneuploid
strain SGY-243 were generated in vitro using very high (1.5-
mg/ml) concentrations of drug (142). After 7 days of exposure
to 1.5 mg/ml fluconazole, resistant clones carried only two of
the four parental copies of Chr4, while after 35 days of expo-
sure resistant clones also gained an extra copy of Chr3. The
chromosome changes were identified by CHEF and Southern
blotting with 7 different probes. These studies suggested a role
for Chr3 and Chr4 in fluconazole resistance. However, it re-
mained unclear whether resistance was acquired because of
the aneuploid nature of the parent and/or the very high levels
of drug used. More recent work has found aneuploidy in
�50% of cells that have become resistant to fluconazole, as
described in more detail below (173).

FIG. 3. Complementary methods used to detect genome changes in four related isolates (derived from clinical isolate T118) that evolved
fluconazole resistance in vitro (41, 175). (A) CHEF karyotype gel does not detect differences between the strains; (B) a Southern blot of this CHEF
gel, probed with CEN5 DNA, reveals the presence of a SNC in three of the four isolates. This SNC is i(5L), which is similar in size to Chr7 and
carries two genes that confer FluR in a copy number-dependent manner (174); (C) aCGH detects the i(5L) in these three isolates and also reveals
additional whole-chromosome and segmental aneuploidies as noted to the right of each aCGH plot; (D) flow cytometry reveals major shifts in
ploidy to approximately three whole-genome copies (�3C, red) or four copies (�4C, green). In contrast, no genomic changes other than SNPs are
detected in isolate D8-330 (37, 175). (E) ERG11 and TAC1, two well-characterized genes involved in fluconazole resistance, are both found on the
left arm of Chr5 (Chr5L), �148 kb from the telomere and �14 kb to the right of MTL, respectively. (F) Because all i(5L) SNCs analyzed carry
homozygous copies of genes on both Chr5L arms (175; A. Selmecki and J. Berman, unpublished data), we propose that the isochromosome forms
via a break-induced replication involving the inverted repeat that surrounds CEN5. Flow cytometry data have not been published previously.
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Clearly, C. albicans isolates have a remarkable tolerance for
gross chromosomal rearrangements, including multiple aneu-
ploidies. Furthermore, at least some of these chromosome
changes can confer a selective advantage under different
stresses, such as poor carbon source availability or antifungal
drug exposure (9, 10, 87, 173). Others are correlated with
phenotypes such as changes in morphogenesis (55, 56); for
example, strains that had lost either homolog of ChrR exhib-
ited colony morphologies different from those of the smooth
parental phenotype. Indeed, given the ability to tolerate aneu-
ploidies and major chromosomal rearrangements, it seems
amazing that a “standard” karyotype is found in even 30 to
50% of clinical isolates (116).

Genetic diversity due to heterozygosity and LOH. Because it
is a diploid, a major source of genetic variability in C. albicans
is provided by the maintenance of heterozygous alleles. Early
investigations identified many different genes encoding nutri-
tional markers, such as genes required for the biosynthesis of
methionine and cysteine, that are heterozygous (147, 201, 203).
Recent sequence analysis also indicates that the positions of
SNP loci vary significantly between strains (22).

Despite the maintenance of heterozygosity, LOH is common
in C. albicans. The phenotypic advantages of certain alleles and

the presence of specific haplotypes in drug-resistant isolates
have been analyzed (39, 50, 141, 165). For example, LOH
appears to play an important role in acquired azole resistance
in C. albicans: homozygosis of the hyperactive alleles of
ERG11, TAC1, or MRR1 (which encode the target of azole
drugs and transcription factors that upregulate drug efflux
pumps) is associated with increased azole resistance (39, 50,
204). Homozygosis of the PAP1 allele within the MTL locus
also confers different levels of resistance to drugs (88, 121).
Similarly, resistance to the antifungal 5-flucytosine (5-FC) was
associated with homozygosis of a hyperactive FUR1 allele (45).
Furthermore, different alleles have been found to have differ-
ent levels of expression. Strains homozygous for a novel allele
of HWP1, which encodes a major C. albicans hyphal cell wall
protein, showed significantly lower levels of HWP1 expression
during hyphal growth and biofilm formation (141). This sug-
gests that the HWP1 locus has biofilm-specific differential ex-
pression of different HWP1 alleles. A natural heterozygosity in
the promoter region of the gene CHS7 (a GC-rich sequence of
28 nucleotides) led to reduced levels of chitin, partial resis-
tance to calcofluor, and a moderate degree of altered-mor-
phology in hypha-inducing media; the allele lacking the GC-
rich sequence did not appear to confer distinct phenotypic

FIG. 4. Genome rearrangements mediated by translocations at MRS sequences in C. albicans isolates. (A to C) CHEF karyotype diagrams of
strains 1006, WO-1, and WO-2 (118). WO-1 underwent three reciprocal translocation events, resulting in 6 new fusion chromosomes. All
translocations occurred at or near the MRS, resulting in identical SfiI digestion patterns between 1006 and WO-1 (35). WO-2 (derived from WO-1)
underwent multiple chromosome nondisjunction events, resulting in loss of the full-length Chr7 homolog and loss of the fusion Chr5,6 (114).
(D) aCGH analysis indicates that strain WO-1 does not contain obvious whole-chromosome or segmental aneuploidies, although some isolates of
WO-1 do carry a trisomy of Chr1 (149). (E) In contrast, WO-2 carries a total of four segmental aneuploidies, including segmental trisomy of Chr4
(the result of duplication of the Chr7,4 fusion chromosome) and segmental monosomy of Chr5, -6, and -7 (after loss of the full-length Chr7
homolog and loss of the Chr5,6 fusion chromosome). Note that the transition points for the segmental aneuploidies all occur at or very close to
the MRS (pink ovals). aCGH analyses of WO-1 and WO-2 have not been published previously.
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characteristics (165). Thus, in some cases homozygosis causes
obvious phenotypes that can be attributed to allele-specific
differences in genes of known function. In other cases, ho-
mozygosis confers no obvious phenotypic change.

The MTL locus is naturally heterozygous, yet �3 to 7% (104,
108) of clinical isolates are homozygous for MTL (MTLhom).
Interestingly, MTLhom was correlated with azole resistance in
two of three different studies. In 96 clinical isolates, 11 of 12
MTLhom strains (92%) were FluR (156), with homozygosis of
either MTL allele in the FluR strains detected at approximately
equal frequencies; despite similar correlations, an independent
study found that MTL homozygosity alone does not confer

azole resistance (39). In a third study this correlation was not
evident (104). Importantly, TAC1 is located �14 kbp to the
right of the MTL locus on Chr5L, and ERG11 is also located on
Chr5L, �150 kbp from the telomere. Therefore, the correla-
tion of FluR to MTL LOH likely occurs only when in combi-
nation with LOH of the hyperactive TAC1 and/or ERG11
locus during Chr5L loss or i(5L) formation (37, 174).

Changes in whole-genome ploidy. An obvious mechanism
for generation of ploidy changes (from diploid to tetraploid) is
mating (described above) between cells of the opposite (76, 77,
115) or the same (2) mating type. Both types of mating require
conversion to the opaque state, a process involving a positive

FIG. 5. Comparative genome hybridization analysis of several well-characterized laboratory strains. (A) CAI4 isolate F3 is trisomic for Chr1
and -2, and other CAI4 isolates are trisomic only for Chr2 (172). (B) BWP17 has a segmental monosomy of Chr5 distal to the HIS1 locus.
(C) aCGH of strain 3153A does not detect chromosome alterations for ChrR, -5, and -6 (157); (D) aCGH of SGY-243 detects only trisomy of ChrR
(64) and Chr2, but neither Chr1 (28, 111) nor Chr4, -5, -6, or -7 (157) appear to be aneuploid in our collection; and (E) aCGH of Sou� strain Sor5
detects two segmental aneuploidies: segmental monosomy of Chr5R as well as a segmental trisomy of Chr4R. The sorbose utilization genes SOU1
and SOU2 are located within this trisomic region and likely contribute to the ability of the strain to grow on sorbose. (F to H) Auxotrophic strains
SN87, SN95, and SN152 (137), derived from RM1000#2, are disomic. Data in panels C to H have not been published previously.
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feedback loop that mediates a transcriptional switch (133, 210,
211), and same-sex mating was detected only in bar1�/� cells
(2). Nonetheless, both types of mating may occur outside the
laboratory setting. Prior to the discovery of mating in C. albi-
cans, tetraploids were generated through protoplast fusion be-
tween cells whose cell walls had been digested enzymatically
(102, 166, 202).

Increased ploidy can also arise via mitotic defects, in which
cells complete replication but nuclei fail to be properly sepa-
rated and/or segregated to the two daughters. Such failures
arise in a number of S. cerevisiae mutants (e.g., strains with
defects in IPL1 and BEM2 [26] as well as in strains with defects
in the RSC complex [23] and strains with defects in spindle
pole body duplication [29]). Early work on C. albicans detected
strains with mixed ploidy states using fluorescent microscopy
(183–185). Additional work on these Sps strains, named for the
inability to suppress ploidy shift changes, found that the
polyploid yeast also generated increased chromosomal trans-
locations relative to stable diploid controls (85). It is unclear
whether the polyploid strains in this study represent cells that
incurred defects in mitosis or replication, and the extent to
which such mechanisms operate in C. albicans is not clear.
Nonetheless, evidence for shifts in ploidy suggests yet another
mechanism for generating diversity in this organism. For ex-
ample, tetraploid S. cerevisiae cells display a 200- to 1,000-fold
increase in chromosome loss rates, increased recombination
between homologs, and gross chromosomal rearrangements
relative to diploid cells (5, 129, 180).

Reduction in the ploidy of tetraploid strains generated by
mating or protoplast fusion occurs by concerted chromosome
loss (CChrL) in C. albicans. CChrL following mating is in-
duced by stresses such as limited nitrogen availability or growth
on sorbose (12, 53). Importantly, �20% of cells undergoing
CChrL also exhibit multiple short-range LOH events, and
these recombination events require Spo11, a meiosis-specific
protein that initiates double-strand breaks during meiosis in
other organisms (53). However, 80% of the cells that under-
went CChrL, including all of those that included multiple re-
combination events, are trisomic. Thus, mating progeny in C.
albicans include cells that have become aneuploid (trisomic for
one or more chromosomes) and have also undergone multiple
LOH events. While CChrL is not equivalent to classic meiosis,
it is reminiscent of the meiosis described for Candida lusitaniae
(152), a closely related yeast with fewer conserved meiotic
genes than C. albicans, in which high proportions of haploid
mating progeny are aneuploid or remain diploid (152). This
suggests that these “meioses” are highly aberrant and generate
much genotypic diversity. It is not yet clear how much of this
parasexual cycle is similar to, and different from, conventional
meiosis and to what degree this benefits the organism. What is
clear is that parasexual mating in C. albicans generates diver-
sity by random segregation of different chromosome homologs
and generation of aneuploidy and can be accompanied by high
levels of recombination events in a subset of the progeny.

The effects of ploidy and mating on virulence were tested
using a murine model of disseminated candidiasis (79). In this
study, tetraploid strains were less virulent than their diploid
progenitors and during the infection they underwent ploidy
shifts, resulting in �4N aneuploid cells. Thus, reduction in
ploidy, presumably by CChrL, clearly can occur in vivo. In a

different study (207), strains heterozygous for Chr5 and MTL
exhibited increased virulence and a competitive advantage
over MTL homozygous strains. An important question remain-
ing is whether changes in ploidy per se or only specific combi-
nations of aneuploid chromosomes provide a selective advan-
tage during growth in the host.

TYPES OF STRESSES THAT GENERATE
GENOME CHANGES

Antifungal drugs. Azole resistance is a serious problem in
immunocompromised patients required to undergo prolonged
courses of antifungal therapy. Numerous studies sought to
identify genetic features that are common among drug-resis-
tant isolates in hopes of elucidating the mechanisms of resis-
tance. In many cases, changes were observed, but they could
not be correlated conclusively with drug resistance (reviewed
in references 40 and 162). We suggest that three phenomena
contributed to this difficulty: first, resistance can arise through
several mechanisms, only one of which is aneuploidy; second,
multiple aneuploidies can be present, and only some of them
may confer a selective advantage; and third, multiple yeast
genotypes can be present in an individual patient. All three of
these mechanisms confound the determination of which chro-
mosomes are responsible for increased drug resistance.

CHEF analysis of isolates that acquired fluconazole resis-
tance in vitro (41) or in vivo (143, 151) frequently identified
GCRs, but no specific karyotype change was correlated with
increased resistance. Similarly, molecular typing methods, in-
cluding DNA fingerprinting (209), RFLP analysis, multilocus
genotyping (42), and linkage analysis, were not predictive of
FluR, possibly because the markers or the primers used were
not sufficient to identify a recurring FluR genotype. Finally,
because there are multiple mechanisms of acquired FluR, it is
not expected that all FluR strains will have the same electro-
phoretic karyotype or DNA fingerprint or that genetic linkage
will identify all FluR strains.

Using aCGH to analyze a large number of drug-resistant C.
albicans isolates revealed that changes in chromosome copy
number arise with high frequency upon exposure to azole an-
tifungals and other stresses. Analysis of the transcription pro-
files of drug-resistant isolates found a similar proportion of
aneuploid strains (17). In a survey of over 90 clinical isolates,
more than 50% of FluR isolates carried at least one aneuploidy
(173, 175; unpublished data). Of these FluR aneuploid strains,
76% included at least one whole-chromosome aneuploidy,
76% included at least one segmental aneuploidy, and 59%
included two or more of these aneuploidies. Trisomy was much
more frequently observed than monosomy, and trisomy of the
smaller chromosomes, Chrs4 to -7, was detected most fre-
quently. Importantly, the most frequent aneuploidy in all FluR

strains was increased levels of DNA from Chr5, and about half
of the aneuploid FluR strains carried a specific aneuploidy,
isochromosome 5L (i(5L)), in which two copies of Chr5L are
present in an inverted orientation together with a copy of the
Chr5 centromere (Fig. 3F) (173).

Isochromosome 5L formation and fluconazole resistance
also appeared twice independently, within 2 weeks of flucon-
azole exposure (174), in a series of 9 isolates from the same
bone marrow transplant (BMT) patient (126). The resistance
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in these strains was unstable or transient: it could be lost when
cells were grown in the absence of fluconazole (125). Telomere
truncation experiments and sequential disruption experiments
revealed that the fluconazole MIC is directly proportional to
the number of copies of Chr5L and, specifically, to the total
number of copies of ERG11 and TAC1 present in the strain
(174). Deletion of an entire Chr5L arm had the same effect on
the MIC as deletion of only the ERG11 and TAC1 loci, indi-
cating that ERG11 and TAC1 are the major contributors to
FluR on Chr5L. Consistent with this, i(5L) provides a fitness
advantage in the presence of azole drugs (175). A situation
reminiscent of this was seen with C. glabrata, a pathogen more
closely related to S. cerevisiae than to C. albicans: increased
gene copies of CYP51, the azole drug target, were correlated
with azole resistance (123).

The appearance of aneuploidy can occur rapidly in vivo (124,
174) as well as in vitro (41, 175) following exposure to flucon-
azole. In vivo, two independent strains carrying i(5L) [one a
diploid plus i(5L) that is homozygous for Chr5 SNP markers
and one that is almost tetraploid plus i(5L) and that is het-
erozygous for Chr5 SNPs] arose within the bloodstream of a
single patient (174) (Fig. 3D, green). In vitro experimental
evolution detected i(5L) in three independent cultures follow-
ing only 24 h of exposure to fluconazole and subsequent non-
selective propagation (175). Strikingly, strains with ploidy in-
termediate between diploid and tetraploid were also found
(Fig. 3D, red). Such a rapid appearance of multiple aneu-
ploidies likely arises through an intermediate step, such as
mating, to form tetraploids followed by partial CChrL. Alter-
natively, cell cycle defects, such as a failure of mitosis or cyto-
kinesis, can yield binucleate and/or mononucleate tetraploid
cells (150, 181) that undergo rounds of chromosome nondis-
junction due to a higher incidence of syntelic/monopolar ki-
netochore attachments to the spindle pole (180). Alternatively,
diploid parental cells could undergo nondisjunction of multiple
individual chromosomes, due to defects in chromosome seg-
regation (Fig. 2B). Global defects of this type would likely
arise through defects in centromere, cohesion, spindle, or
mitotic checkpoint functions (reviewed in references 16, 36,
44, and 144).

It is evident that some aneuploidies confer a strong selective
advantage under specific stress conditions. For example, S.
cerevisiae cells lacking MYO1 die due to failure to form and
contract the cytokinetic ring at the bud neck (150). However,
some myo1� cells survive due to aneuploidies that increased
the levels of RLM1 (a transcription factor that regulates cell
wall remodeling genes), which induces the accumulation of
aberrant cell wall structures near the bud necks and the bypass
of myo1� lethality. Strong selection for specific segmental an-
euploidies is also observed during in vitro evolution experi-
ments with S. cerevisiae in media with limiting glucose (48) or
limiting sulfur (64). In C. albicans, i(5L) clearly provides an
advantage to cells growing in fluconazole via additional copies
of both TAC1 and ERG11 (175). In some cases, this advantage
in the presence of drug is accompanied by a high fitness cost in
the absence of drug (e.g., in the case of a SNC composed of
i(5L) plus Chr3R, such that the SNC is rapidly lost in cells
grown in the absence of the drug). Similarly, the acquisition
and loss of i(5L) can readily explain the “transient” FluR seen
with sequential isolates from a bone marrow transplant patient

(125, 174). Thus, the formation of aneuploids is a mechanism
that is rapid and flexible: within one or two divisions it can
confer a selective advantage under conditions of severe stress;
once the stress condition has subsided, the extra chromosome
is readily lost in a single step, often returning the cell to its
original state. Less clear is how frequently aneuploidy is uti-
lized as a stress response mechanism in C. albicans as well as in
higher eukaryotes.

Growth in the host. An understudied area of Candida re-
search is the role that genetic variation and its evolution play in
host/pathogen interactions. While impaired host immune func-
tion clearly contributes to the severity of Candida infections
(25), the fungus must possess characteristics that facilitate the
transition from a harmless commensal to an aggressive patho-
gen (72). During the course of infection, C. albicans encoun-
ters many different host environments to which it must adapt
so that it can grow and survive. Recent work has revealed the
surprising result that a large amount of genetic and phenotypic
variation appears over very short periods of time during pas-
sage in a mammalian host (55, 56; unpublished data). Isolates
from an in vivo passaging experiment using a bloodstream
infection (BSI) model compared to an in vitro control popula-
tion found that rates of LOH at the GAL1 locus were in-
creased �28-fold compared to those of the in vitro environ-
ment, despite the slower in vivo growth rate. Furthermore,
segmental and whole-chromosome events, including whole-
chromosome LOH and whole-chromosome trisomy as well as
several distinct colony morphologies, were evident only in the
in vivo isolates. The association of genome rearrangements and
colony phenotypes was statistically significant, implying that
homozygosity or copy number variations lead to phenotypic
alterations (55).

Several groups have advanced our understanding of genome
changes in vivo and ex vivo at the transcriptional level (3, 21, 59,
60, 73, 205). However, a recent study examined and compared
transcription profiles of two C. albicans strains during in vivo
infection and found only minimal overlap between their tran-
scriptomes. This suggests that much of the gene regulation
observed during infection may not be essential for virulence
(193). This emphasizes the need to explore other mechanisms
that play a role in virulence. Since exposure to the host results
in a very high rate of genome-level changes, it is critical that we
understand the different mechanisms by which C. albicans
evolves genetic and phenotypic diversity while it is growing
within the host. In addition, we need to determine which mech-
anisms of genome change (e.g., whole-chromosome aneu-
ploidy versus recombination events) are specific to certain host
environments, so that we can reach a deeper understanding of
host-pathogen interactions from the pathogen’s perspective.

Heat shock. It is well documented that heat shock affects
genome stability: chromosome loss was detectable following 1
or 2 min of exposure to 50°C (70). A more recent study de-
tected both gain and loss of whole chromosomes using CHEF
and aCGH analysis of genome alterations following 90 to 120 s
at 50°C (17). This heat shock also reduced cell viability and
gave rise to colony size changes; small colonies had twice as
many karyotype changes as large colonies, and all small colo-
nies analyzed by aCGH exhibited aneuploidies, such as whole-
chromosome monosomies and/or trisomies. Therefore, limited

1000 MINIREVIEWS EUKARYOT. CELL



exposure to high temperatures most likely causes an increased
number of chromosome nondisjunction events.

Transformation with DNA. Recently two groups have retro-
spectively analyzed transcription profiles for expression biases
that predict gene copy number changes (7, 17). Arbour et al.
(7) found that 35% of over 100 expression arrays analyzed
predicted aneuploid chromosomes. In addition to urging re-
searchers to plot expression array data and detect chromo-
somal or regional expression biases, this group also provided
an inexpensive alternative to aCGH for detecting whole-chro-
mosome aneuploidy by qPCR (7). Bouchonville et al. analyzed
C. albicans expression array data from 411 experiments (17).
This analysis identified entire chromosomes and chromosome
regions with altered gene expression, predicting aneuploidy of
those chromosomes. In several cases, aCGH confirmed several
of these predicted aneuploidies. A major class of aneuploid
strains were those that underwent DNA transformation, often
to delete or modify specific genes. While this could be due to
a low level of mutagenesis caused by 5-fluoroorotic acid (5-
FOA) (1, 199), which was used for selection of most transfor-
mants, 5-FOA does not appear to cause major aneuploidies or
LOH (A. Forche and J. Berman, unpublished data). Strains
that were aneuploid prior to transformation were much more
likely to undergo alterations in chromosome copy number as a
consequence of undergoing a subsequent transformation.
Transformation of strains carrying one or two aneuploid chro-
mosomes confirmed this observation.

An important take-home message from these studies is that
DNA transformation can cause changes in chromosome copy
number and that transformants should be tested for possible
aneuploidies. In addition, when expression profiles are gener-
ated, the data should always be plotted as a function of chro-
mosomal location to ensure that chromosome copy number
has not changed. A major concern is that several widely used
C. albicans laboratory strains (e.g., BWP17 and CAI4) are
aneuploid. We have determined the karyotype of the most
commonly used C. albicans strains (Table 1). Importantly, the
auxotrophic strains SN76, SN95, SN152, and SN148 that were
generated from RM1000 #2 (137) are disomic, with no detect-
able aneuploidies (Fig. 5) (7). These strains are recommended
for use in future strain construction and mutational analyses.

MODELS FOR HOW ANEUPLOIDY AND LOH ARISE

There are several models for how aneuploidy arises in a cell
and how such events could simultaneously result in whole-
chromosome and segmental LOH. First, polyploidy can be
generated by mating, protoplast fusion, or defects in cell cycle
events, such as mitosis or replication, as described above.
Polyploid cells most likely lose extra chromosomes via nondis-
junction events. What is not clear is whether such CChrL
events are similar in tetraploids that arose from mating or from
other defects. Furthermore, it is unclear whether CChrL is a
regulated process, akin to aberrant meiosis, or whether it is
simply a breakdown in centromere/spindle functions and/or in
the checkpoints that monitor them (described below). In any
case, this process results, primarily, in whole-chromosome an-
euploidy. Second, mitotic nondisjunction, the failure of sister
chromatids to separate during mitosis, will yield two aneuploid
cells: one that is monosomic and thus necessarily homozygous

for that chromosome and the other that is trisomic and het-
erozygous (with a 2:1 allelic ratio) for the same chromosome
(Fig. 2B). Whole-chromosome homozygosis arises by rerepli-
cation of the monosomic chromosome or by loss of the het-
erozygous homolog in a trisomic strain. The mechanisms that
allow these events to bypass cell cycle checkpoints, which nor-
mally inhibit such events, have not been explored.

Chromosome instability could be due to defects involving
centromeres or the kinetochore proteins that associate with
them. This may be especially relevant in C. albicans, as it has
small regional centromeres. C. albicans centromeres were first
identified using chromatin immunoprecipitation of the centro-
mere-specific histone H3 isoform CENP-A/CENH3/Cse4p
(164). Because centromere sequences are not conserved be-
tween chromosomes and because it was not possible to estab-
lish centromere function from naked centromere DNA, Baum
and colleagues proposed that the centromeres, like centro-
meres in most organisms, are epigenetic, lacking a specific
DNA binding site (11). Indeed, deletion of a centromere leads
to formation of neocentromeres at ectopic loci (96), a property
of regional centromeres in humans, flies, and Schizosaccharo-
myces pombe (reviewed in reference 127). Most regional cen-
tromeres are very large (hundreds to thousands of megabase
pairs in length), include long tracts of highly repetitive DNA,
form pericentric heterochromatin, and attach to multiple mi-
crotubules per kineotchore. In contrast, C. albicans centro-
meres are small (�3 kb), are not flanked by highly repetitive
DNA, and attach to a single microtubule per kinetochore (89).
S. cerevisiae chromosomes, which are also tethered by a single
microtubule, have point centromeres, which form kinetochores
at distinct, conserved DNA sequence elements that confer
centromere function. Thus, C. albicans lacks the DNA binding
sequence found in S. cerevisiae point centromeres and the
pericentric heterochromatin found at other regional centro-
meres. It is tempting to speculate that C. albicans centromeres
may be more unstable than centromeres in other organisms
and thus may be responsible for a significant proportion of the
aneuploidy detected in C. albicans cells.

While genetic and genomic diversity is common in C. albi-
cans, several questions remain to be answered: How is this
diversity generated, and how does the fungus tolerate such
diversity while maintaining a fully functional genome? And are
most gross chromosomal rearrangements and LOH events
beneficial, or do these changes confer a fitness cost that causes
strains to be less fit in the host?

CANCER RELEVANCE: TOLERANCE OF POLYPLOIDY
AND ANEUPLOIDY

Aneuploidy in human cancers is very prevalent yet is not well
understood (reviewed in references 27 and 128). Some aneu-
ploid genomes promote tumor development, while other aneu-
ploidies suppress tumor development (197, 198). Aneuploidy
and copy number variations (CNVs) are increasingly common
during the acquisition of drug resistance in cancer cells, sug-
gesting that aneuploidy increases the probability that a drug-
resistant cell will arise within a tumor (148, 167, 194). Indeed,
the degree of aneuploidy in nondiploid cancers often corre-
lates with the severity of the disease (196).

While haploid S. cerevisiae has been used to systematically
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study aneuploidy, aneuploidy of single or multiple chromo-
somes strongly correlates with a high fitness cost in this organ-
ism (measured as slow growth relative to the euploid parental
strain) (187). In contrast, C. albicans is more tolerant of aneu-
ploidy: in some cases multiply aneuploid FluR strains do not
incur a fitness cost in the absence of drug (175). Thus, the
response of diploid C. albicans is more similar to the situation
in cancer cells, which are often polyploid and/or highly aneu-
ploid (181) yet continue to divide rapidly. We propose that C.
albicans may be an excellent model yeast for the study of how
aneuploidy arises and why it is tolerated in cancer cells.

A central question in the field is why C. albicans is main-
tained as a heterozygous diploid. In practice, different clinical
isolates of C. albicans are homozygous for different chromo-
some arm regions (22), such that LOH certainly occurs during
growth in the host. Since different chromosomes can be mono-
somic, diploidy does not appear to be maintained only to
suppress lethal recessive mutations (53). Nonetheless, most
strains that are homozygous for whole chromosomes do have
growth phenotypes (55, 157). While some monosomies provide
a selective advantage in the presence of a specific stress (87),
other monosomic chromosomes cause filamentous growth or
slow-growth phenotypes (10), and in the absence of selection,
reduplication of monosomic chromosomes is associated with
faster growth (87), suggesting that an imbalance of gene prod-
ucts is generally stressful to cells (187). Additionally, a fully
diploid genome is not required for certain cellular processes,
such as maintenance in the host, the yeast-to-hyphal transition,
and white-opaque switching, as shown by the segmental mono-
somies detected in clinical isolates as well as in the switching
strain WO-2 (114). Thus, like cancer cells, C. albicans contin-
ues dividing and growing despite imbalances in chromosome
number, a situation that is not well tolerated by normal mam-
malian cells or by the conventional model yeast S. cerevisiae.
The diploid status of C. albicans most likely buffers growth
defects associated with aneuploidy. Consistent with this, in
controlled evolution experiments, diploid S. cerevisiae strains
often acquired large aneuploidies, while isogenic haploid
strains underwent only shorter-range CNVs (67).

Importantly, aneuploidy and CNVs appear with a much
higher frequency than point mutations in yeast cells (110).
Additionally, it appears that many types of fungi, including S.
cerevisiae, may resort to generating polyploidy or aneuploidy
in response to severe stress (61, 71, 145, 150, 170). At least in
some cases, this aneuploidy provides a selective advantage in
the presence of the stress (67, 150, 173, 175). Furthermore,
since polyploidy and aneuploidy can arise rapidly, through
mating, unlicensed rereplication, and/or mitotic nondisjunc-
tion, altering whole-chromosome or chromosome segment
copy number may be a common mechanism for responding to
stress. An important question that will certainly be answered
with new deep-sequencing analysis of evolved isolates of dif-
ferent organisms is how frequently aneuploidy is employed as
a general mechanism to rapidly and flexibly adapt to changing
environmental assaults.
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