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Abstract
Resistance to the limited number of available antifungal drugs is a serious problem in the treatment
of Candida albicans. We found that aneuploidy in general and a specific segmental aneuploidy,
consisting of an isochromosome composed of the two left arms of chromosome 5, were associated
with azole resistance. The isochromosome forms around a single centromere flanked by an inverted
repeat and was found as an independent chromosome or fused at the telomere to a full-length homolog
of chromosome 5. Increases and decreases in drug resistance were strongly associated with gain and
loss of this isochromosome, which bears genes expressing the enzyme in the ergosterol pathway
targeted by azole drugs, efflux pumps, and a transcription factor that positively regulates a subset of
efflux pump genes.

Candida albicans is the most prevalent human fungal pathogen and is especially problematic
in immune-compromised individuals. Azoles are antifungal drugs used extensively in the
therapy of C. albicans infections because they cause few side effects. Resistance to azoles
arises during long-term low-level prophylactic treatment regimes (1). The evolution of azole-
resistance can occur via different pathways, e.g., increased activity of transcription factors that
regulate drug pumps (2) or mutations in the ergosterol biosynthetic pathway (3), and may be
facilitated by the heat shock protein Hsp90 (4). Although C. albicans does not have a complete
sexual cycle, surveys of clinical strains suggest that it tolerates genome flexibility that generates
a moderate level of selectable genetic diversity (5–11).

We adapted comparative genome hybridization (CGH) arrays for the analysis of gene copy
number at all loci (10) for 70 azole-resistant and azole-sensitive strains from clinical and
laboratory sources (table S1). We found 37 aneuploid chromosomes in 23 strains (Fig. 1A,
black and white bars). Aneuploidy was seven times as prevalent in fluconazole-resistant
[FluR, minimum inhibitory concentration (MIC) ≥ 4] (21 out of 42 strains) as in fluconazole-
sensitive (FluS, MIC < 4) (2 out of 28 strains) isolates. Aneuploidy, primarily trisomy, was
most prevalent on chr5 (15 events), which also exhibited a high level of segmental aneuploidy
(8 events) (Fig. 1A, gray bars) (10).

All eight FluR strains with a chr5 segmental aneuploidy displayed distinctive features by CGH:
increased gene copy number on the left arm of the chromosome; one or two copies of genes
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on the right arm of the chromosome; and, most strikingly, the breakpoint between the two arms
was identical (Fig. 1B). This common breakpoint was located between open reading frames
orf19.3161 and orf19.4219, which flank a gap between contigs 19.10170 and 19.10202 in the
version 19 assembly of the genome sequence. We sequenced the region between these two
contigs (fig. S1) from strains carrying either one of the two chr5 homologs, which allowed us
to distinguish alleles found in this partially heterozygous region of the genome. The sequence
gap was within one arm of an inverted repeat flanking the binding site for Cse4p, the histone
H3 variant that is necessary for centromere function (12) (Fig. 1B, diagram).

The combination of CGH data and Southern blot analysis revealed an isochromosome (two
identical chromosome arms flanking a centromere) in the eight strains with extra copies of
chr5L. An isochromosome composed of two chr5L arms should include a unique fragment,
spanning from one chr5L arm, through the inverted repeat and the centromere, to the other
chr5L arm. This was verified by the presence of a unique ~10 thousand base pairs (kbp) Eco
NI fragment (Fig. 2A) in all eight strains carrying the predicted isochromosome.

The predicted size of an independent chr5L isochromosome [i(5L)] is similar to that of a normal
chr7. Consequently, ethidium bromide staining of whole-chromosome contour-clamped
homogeneous electric field (CHEF) gels revealed no consistent changes in the karyotypes of
most strains (Fig. 2B). Many strains had two separable chr5 homologs, likely due to differences
in major repeat sequence (MRS) length in the two sister chromosomes (13), that were detected
with probes from chr5L and chr5R (Fig. 2, C and D). Probes from chr5L, but not from chr5R,
revealed an ~945-kbp band (twice the size of one chr5L arm) in six of the strains (Fig. 2C,
lanes 2, 3, 4, 9, and 12). In these strains, the ~945-kbp band was not digested by the restriction
enzyme Sfi I (Fig. 2, E to H), which cuts only within the MRS on the right arm of chr5 (14)
(Fig. 2J).

Two other strains with chr5 segmental aneuploidy contained a larger band (~2.2 Mbp) that
hybridized to probes from both chr5L and chr5R (Fig. 2, C and D, lanes 5 and 11) and only
one chr5 homolog of normal size. Southern analysis of Sac I–digested DNA confirmed the
presence of a novel, telomere-associated band in strain YJB8738 (Fig. 2I), suggesting that an
isochromosome is attached to a full-length copy of chr5, by means of the left telomere (Fig.
2L). In this case, one of the centromeres must have been inactivated, either by a breakage and
healing event (15) or by silencing of one of the centromeres (16).

Several genes on chr5L potentially have a role in FluR, including ERG11, which encodes
lanosterol-14α-demethylase, the target of fluconazole (17), and TAC1, which encodes a
transcription factor that up-regulates expression of adenosine triphosphate (ATP)–binding
cassette (ABC) transporter genes on chr3 (18). In addition, there are genes encoding predicted
efflux pumps: orf19.4144, which encodes an ABC transporter, and orf19.1942, which encodes
a predicted multidrug resistance (MDR) transporter. Analysis of expression profiles confirmed
that expression of most genes on chr5L were increased relative to expression of genes on chr5R
in a strain carrying i(5L) (Fig. 1C), which may account for the increased FluR of these strains.
Thus, as in Saccharomyces cerevisiae, chromosome copy number increases are associated with
corresponding increases in expression of genes across the aneuploid region (19).

During a period of drug treatment, reversible resistance often develops such that when selection
is relaxed, in vivo or in vitro, resistance levels can drop (20–22). The acquisition of unstable
"hetero-resistance" has been documented in clinical isolates from a patient treated with azole
antifungals (21). Strain YJB8638 (Fig. 3A) was the initial FluS isolate; strain YJB9185 was
the isolate most resistant to fluconazole acquired from the same patient (Fig. 3B). This was an
unstable strain that lost resistance when cultured in vitro in the absence of drug (22). The i(5L)
aneuploidy was not present in the initial FluS isolate (Fig. 3A); appeared in the resistant strain
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(Fig. 3B); and subsequently was lost in YJB9517, a strain with significantly reduced FluR

derived from YJB9185 in the absence of drug selection (Fig. 3C). All YJB9185-derived strains
with dramatic reductions in FluR lost the segmental aneuploidy, whereas all strains that
maintained high FluR also retained the segmental aneuploidy (table S3). YJB9185 and its
derivatives are homozygous for a hyperactive allele of TAC1 (2), which may account for the
residual FluR of YJB9517 relative to that of YJB8638 (Fig. 3). We cannot rule out an additional
contribution from the short segmental monosomy on chr1 that appeared in YJB9185 and was
retained in YJB9517 (Fig. 3).

Strain YJB8736, which evolved FluR in vitro, grew significantly better in the presence of
fluconazole and significantly worse in the absence of fluconazole than the progenitor strain,
which did not carry i(5L) (23). Under fluconazole selection, i(5L) was maintained through
more than 165 generations in this strain (23, 24), which indicated that i(5L) can confer a growth
advantage in the presence of azoles and can be maintained in the presence of drug and that its
loss is accompanied by a decrease in FluR.

We have detected aneuploidies, primarily trisomies, for all C. albicans chromosomes (Fig. 1A)
(10). This may reflect nondisjunction events like those that return tetraploids to a state where
most, but not all, chromosomes are in the diploid state (8). Until now the i(5L) aneuploidy had
not been detected because i(5L) migrates in CHEF gels with chr7, and the attached i(5L)
migrates close to chr2.

Increased levels of gene expression from chr5L required for ergosterol biosynthesis and drug
efflux pump activity are likely to contribute to drug resistance or tolerance. These genes do
not occur on i(5R), and interestingly, aneuploidies involving this arm are not associated with
drug resistance. It is noteworthy that the only sequence shared by the i(5L) and i(5R)
isochromosomes, which thus delimits the chr5 centromere, is a 9.5-kbp region containing the
unique sequence flanked by the inverted repeat (Fig. 1D). Consistent with the idea that
replication forks pause at centromere sequences (25), we suggest that the centromere region
of chr5 may be a fragile site where breaks occur and are healed more frequently.

C. albicans is an organism in which isochromosome formation has been found to occur in
response to antifungal drug selection. Because i(5L) provides a selective growth advantage
under drug conditions, C. albicans should provide a useful model system for studying the
mechanisms that generate isochromosomes (and, in some cases, telomere-telomere
attachments). Reagents that reduce chromosome breakage and/or recombination events
resulting in isochromosome formation could be useful companions to current azole antifungal
treatments.
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Fig 1.
A common segmental aneuploidy appears in FluR strains. (A) Aneuploidy was common in
FluR strains (table S1). Number of whole-chromosome aneuploidies in FluS (white) and
FluR (black) and number of segmental aneuploidies, seen only in FluR strains (gray). (B) A
common chr5 breakpoint in FluR strains. Panels 1 through 8 represent CGH plots of chr5 for
YJB8735, YJB9185, YJB8640, YJB9311, YJB8738, YJB8736, YJB8737, and YJB9180. The
y axis plots gene copy number calculated from log 2 values. Two shorter segmental
aneuploidies are seen in panel 8. Diagram illustrates the fine structure of the breakpoint
including the Cse4p site and the two insertions found on one homolog. IR, inverted repeat;
MTL, mating type–like. (C) Increased gene copy number correlates with increased gene
expression. Transcript profile data (mean log 2 values) for strain YJB9311 (26) were plotted
by using a running average over five ORFs. (D) CGH data of chr5 from a FluS strain reveals
an i(5R) with the same breakpoint as strains with i(5L).
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Fig 2.
The segmental aneuploidies on chr5 reflect isochromosome structures. (A) All strains from
Fig. 1B contain a unique restriction fragment that spans the Cse4p binding site (lanes 2 to 5,
9, and 11 to 13). Southern blot of Eco NI–digested genomic DNA probed with Cse4p binding
site sequence (black bar) detects an ~10-kbp fragment diagnostic of i(5L) structure. Differences
in the size of this fragment are due to polymorphic insertion sequences (Fig. 1B). WT: wild
type (SC5314), lanes 1 to 15: YJB8734, YJB8735, YJB8736, YJB8737, YJB8738, YJB8739,
YJB8740, YJB9309, YJB9311, YJB9175, YJB9180, YJB9185, YJB8640, YJB9613, and
YJB8638. Lane designations are identical for all other parts of this figure. (B to H) The
isochromosome is either independent or attached to a homolog of chr5. Whole-chromosome
CHEF gels stained with ethidum bromide (B), blotted, and probed with chr5L (C) or chr5R
(D) reveal an independent isochromosome (lanes 2 to 4, 9, and 12) or an attached
isochromosome (lanes 5 and 11). Sfi I digestion of whole chromosomes separated by CHEF
and stained with ethidium bromide (E); blotted; and probed with chr5L (F), chr5R (G), and
chr5I (H) probes [diagramed in (J, K, and L)] show that the independent isochromosome (lanes
9, 12, and 13) does not contain an Sfi I site. Sfi I digestion of the attached isochromosome (lane
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11) releases fragments expected if i(5L) were attached to the left arm of whole chr5. (I) The
attached isochromosome includes a telomere-telomere junction. Southern blot analysis of Sac
I–digested genomic DNA probed with a chr5L telomere-adjacent probe detected a 10-kbp
telomere fragment in all wild-type (WT) and parental (P) strains and an additional larger
fragment in YJB8738 (lane 5), as would be expected if two chr5L arms attached via telomere
sequence (L). YJB9180 contains a complex attachment not including this Sac I fragment. (J
to L) Diagrams, including relevant restriction sites and probes: (J) normal chr5, (K)
independent i(5L), and (L) attached i(5L). The centromere region (inverted repeat and central
unique sequence) is not to scale.

Selmecki et al. Page 7

Science. Author manuscript; available in PMC 2006 December 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 3.
Loss of i(5L) is associated with a dramatic decrease in FluR. Whole-genome CGH plots reveal,
compared with (A), the gain (B) and loss (C) of i(5L) (left panels) and fluconazole-resistance
by E-test assay (right panels) in isolates: (A) YJB8638, MIC = 2.0 μg/ml; YJB9185, (B) MIC
> 256 μg/ml; (C) YJB9517, MIC = 8 μg/ml.
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