
EUKARYOTIC CELL, Jan. 2011, p. 54–62 Vol. 10, No. 1
1535-9778/11/$12.00 doi:10.1128/EC.00281-10
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Loss of Heterozygosity at an Unlinked Genomic Locus Is Responsible
for the Phenotype of a Candida albicans sap4� sap5� sap6� Mutant�

Nico Dunkel and Joachim Morschhäuser*
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The diploid genome of the pathogenic yeast Candida albicans exhibits a high degree of heterozygosity.
Genomic alterations that result in a loss of heterozygosity at specific loci may affect phenotypes and confer a
selective advantage under certain conditions. Such genomic rearrangements can also occur during the con-
struction of C. albicans mutants and remain undetected. The SAP2 gene on chromosome R encodes a secreted
aspartic protease that is induced and required for growth of C. albicans when proteins are the only available
nitrogen source. In strain SC5314, the two SAP2 alleles are functionally divergent because of differences in
their regulation. Basal expression of the SAP2-2 allele, but not the SAP2-1 allele, provides the proteolytic
degradation products that serve as inducers for full SAP2 induction. A triple mutant lacking the SAP4, SAP5,
and SAP6 genes, which are located on chromosome 6, has previously been reported to have a growth defect on
proteins, suggesting that one of the encoded proteases is required for SAP2 expression. Here we show that this
sap4� sap5� sap6� mutant has become homozygous for chromosome R and lost the SAP2-2 allele. Replace-
ment of one of the SAP2-1 copies in this strain by SAP2-2 and its regulatory region restored the ability of the
sap4� sap5� sap6� mutant to utilize proteins as the sole nitrogen source. This is an illustrative example of how
loss of heterozygosity at a different genomic locus can cause the mutant phenotype attributed to targeted
deletion of a specific gene in C. albicans.

The yeast Candida albicans is a harmless colonizer of the
gastrointestinal tract in most healthy people, but it may also
become a pathogen and cause infections of many different
body locations, especially in immunocompromised patients. C.
albicans can efficiently adapt to alterations in its surroundings,
for example, when it encounters a new host niche. This is
achieved by sensing changes in the environment and repro-
gramming gene expression in an appropriate fashion (2). In
addition, genomic alterations can facilitate adaptation to spe-
cific conditions in a host, as exemplified by the selection of
strains that have acquired mutations conferring drug resistance
during long-term therapy of oral candidiasis in AIDS patients
(52).

The diploid genome of C. albicans consists of 8 pairs of
homologous chromosomes that exhibit a high degree of het-
erozygosity (22). In some cases, it has been demonstrated that
allelic differences result in functional differences in the en-
coded proteins. For example, the two alleles of the ALS3 gene
of the sequenced C. albicans model strain SC5314 contain
different copy numbers of a tandem repeat sequence and differ
in their capacities to mediate adhesion to host cells (35). Other
examples are the polymorphic CDR2 alleles of other strains,
which encode efflux pumps that differ in their drug transport
efficiencies (19). Mitotic recombination or gene conversion can
result in loss of heterozygosity (LOH) for certain chromosomal
regions, and strains can also become homozygous for whole
chromosomes by loss of one of the two homologs and dupli-
cation of the other one (13, 21). While LOH decreases the

genetic repertoire of a strain, it can also result in new pheno-
types and generate strains with capacities that are absent from
their heterozygous progenitors. The most striking example is
LOH at the mating type locus, which generates MTLa/MTLa
or MTL�/MTL� strains that, due to the absence of the a1-�2
repressor, can switch to the mating-competent opaque cell type
(28, 32). Other examples are clinical isolates that, after acquir-
ing a resistance mutation in one allele of a gene during anti-
mycotic treatment, have become homozygous for the mutated
allele, which further increases their resistance (7, 8, 9, 15, 18,
29, 33, 51).

C. albicans possesses a gene family encoding secreted aspar-
tic proteases (Saps). These enzymes are thought to contribute
to the virulence of the fungus by degrading tissue barriers,
destroying host defense proteins, or providing nutrients (34).
The individual SAP genes are differentially expressed at vari-
ous stages and in different types of experimental infections and
may therefore have specific functions (46). In vitro, expression
of the SAP2 gene is induced in medium containing proteins as
the sole nitrogen source and C. albicans sap2� mutants cannot
grow under these conditions (20, 47, 49). Induction of the
SAP2 promoter depends on the transcription factor Stp1,
which is proteolytically activated in the presence of micromolar
concentrations of extracellular amino acids that may be gen-
erated by basal Sap activity and signal the availability of pro-
teins in the environment (31). Interestingly, in strain SC5314,
the two alleles of the SAP2 gene are not functionally equivalent
and heterozygous mutants lacking one or the other allele dis-
play a striking phenotypic difference. While deletion of the
SAP2-1 allele does not affect the growth of the cells, inactiva-
tion of the SAP2-2 allele abolishes the ability of the mutants to
utilize proteins as the sole nitrogen source (47, 49). This phe-
notypic difference is not caused by the different activities of the
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encoded proteins, as expression of either SAP2 allele from a
constitutive promoter rescues the growth defect of a sap2�-
null mutant. Instead, basal expression of the SAP2-2 allele, but
not the SAP2-1 allele, provides the proteolytic degradation
products that are required for full SAP2 induction. In the
absence of the SAP2-2 allele, the SAP2-1 promoter is not
induced unless another source of extracellular proteolytic ac-
tivity is provided, e.g., by adding protease-containing superna-
tant from a wild-type strain to the culture medium. In contrast,
induction of the SAP2-2 promoter does not require the pres-
ence of a functional SAP2-1 allele. The difference in the reg-
ulation of the SAP2-1 and SAP2-2 alleles is reflected by se-
quence differences in their promoter regions (47).

A C. albicans triple mutant in which the SAP4, SAP5, and
SAP6 genes were inactivated by targeted gene deletion (strain
DSY459) was also found to have a severe growth defect in
medium containing protein as the sole nitrogen source, and the
authors suggested that one of the encoded proteases is re-
quired for SAP2 expression (40). However, no such growth
defect was observed in independently generated sap4� sap5�
sap6� mutants constructed in the same strain background,
which expressed SAP2 at wild-type levels (27). In the present
work, we unravel the reason for this discrepancy and show that
the growth defect of the sap4� sap5� sap6� triple mutant
DSY459 is not caused by the absence of the SAP4, SAP5, and
SAP6 genes but by a different genomic alteration, namely,
LOH for chromosome R coupled with loss of the SAP2-2
allele.

MATERIALS AND METHODS

Strains and growth conditions. The C. albicans strains used in this study are
listed in Table 1. All strains were stored as frozen stocks with 15% glycerol at
�80°C and subcultured on YPD agar plates (10 g yeast extract, 20 g peptone,
20 g glucose; 20 g agar per liter) at 30°C. Strains were routinely grown in YPD
liquid medium at 30°C in a shaking incubator. To test for growth of the strains
on bovine serum albumin (BSA) as the sole nitrogen source, YPD overnight
cultures were diluted 10�3 in YCB-BSA (23.4 g yeast carbon base, 4 g BSA per
liter, pH 4.0) and grown at 30°C.

Plasmid constructions. The previously described plasmid pSAP2-1K (47) con-
tains the coding region of the SAP2-1 allele under the control of the ACT1
promoter. Replacement of a SalI-PstI fragment containing the URA3 marker by
an XhoI-PstI fragment containing the C. albicans-adapted SAT1 (caSAT1) se-
lection marker (38) resulted in pSAP2ex5. The SAP2-2 coding region and 4.3 kb
of its upstream region were amplified from genomic DNA of strain SAP2MS2A
(sap2-1�/SAP2-2) with the primers SAP2P10 and SAP2ex2 (Table 2), digested at

the introduced ApaI site and at a KpnI site at nucleotide (nt) �830 of the SAP2
coding region, and ligated together with a KpnI-PstI fragment from pSAP2ex5
containing the C-terminal part of the SAP2 coding region, the ACT1 transcrip-
tion termination sequence, and the caSAT1 marker into ApaI/PstI-digested
pSAP2KS2 (49), thereby generating pSAP2KS4. The SAP2-1 allele and its up-
stream region were amplified with the same primers from genomic DNA of strain
SAP2MS2B (SAP2-1/sap2-2�) and cloned in an identical fashion to obtain
pSAP2KS5. The complete sequences of the SAP2 promoter regions contained in
plasmids pSAP2KS4 and pSAP2KS5 were determined using the primers listed in
Table 2.

C. albicans transformation. C. albicans strains DSY459 and SC5314 were
transformed by electroporation (24) with the gel-purified ApaI-SacI fragments
from plasmids pSAP2KS4 and pSAP2KS5, respectively. Selection of nourseo-
thricin-resistant transformants was performed on YPD agar plates containing
200 �g/ml nourseothricin as described previously (38).

Isolation of genomic DNA and Southern hybridization. Genomic DNA from
C. albicans strains was isolated as described previously (38). DNA was digested
with the appropriate restriction enzymes, separated on a 1% agarose gel and,
after ethidium bromide staining, transferred by vacuum blotting onto a nylon
membrane, and fixed by UV cross-linking. Southern hybridization with enhanced
chemiluminescence-labeled probes was performed with an Amersham ECL Di-
rect nucleic acid labeling and detection system (GE Healthcare, Braunschweig,
Germany) according to the instructions of the manufacturer. An XbaI-EcoRV
fragment from pSAP2G1, an ApaI-SalI fragment from pOPT1G22, and a SacI-
SacII fragment from pOPT4M2 (37) were used as SAP2-, OPT1-, and OPT4-
specific probes to investigate LOH events in strain DSY459. A SAP2 upstream
fragment, which was amplified with the primers SAP2P16 and SAP2P26, and a
SAP2 downstream fragment (the XbaI-SacI fragment from pSAP2KS4) were
used as probes to verify integration of the inserts from pSAP2KS4 and
pSAP2KS5 in transformants of strains DSY459 and SC5314, respectively.

Genomic analysis of C. albicans strains. To analyze strains SC5314 and
DSY459 for the presence of allelic polymorphisms on chromosome R, the com-
plete or partial coding sequences of the genes listed in Table 3 were amplified by
PCR and informative regions sequenced with the primers described in Table 2.
To determine the extent of SAP2-2 promoter sequences in transformants of
strain DSY459, the integrated SAP2-2 allele was amplified from selected clones
with primers SAP2P18 and ACT38 and the SAP2 promoter region sequenced
with the SAP2-specific primers listed in Table 2. The replacement of SAP2-2
sequences by SAP2-1 sequences in transformants of strain SC5314 was analyzed
in the same way.

RESULTS

Growth of different C. albicans sap mutants on BSA as a
nitrogen source. Differences in the phenotypes of C. albicans
mutants lacking a specific gene may be caused by the genetic
background, unspecific genetic alterations that occurred dur-
ing strain construction, or variations in the experimental pro-
cedures used in different laboratories for phenotypic analysis.
The different sap4� sap5� sap6� triple mutants constructed in

TABLE 1. C. albicans strains used in this study

Strain(s) Parent Genotype or description Reference

SC5314 Wild-type parental strain 16
DSY459 SC5314 ura3�::imm434/ura3�::imm434 40

sap4�::hisG/sap4�::hisG
sap5�::hisG/sap5�::hisG-URA3-hisG
sap6�::hisG/sap6�::hisG

SAP456MS4A and SAP456MS4B SC5314 sap4�::FRT/sap4�::FRT 27
sap5�::FRT/sap5�::FRT
sap6�::FRT/sap6�::FRT

SAP2MS2A SC5314 sap2-1�::FRT/SAP2-2 49
SAP2MS2B SC5314 SAP2-1/sap2-2�::FRT 49
SAP2MS4A SAP2MS2A sap2-1�::FRT/sap2-2�::FRT 49
SAP2MS4B SAP2MS2B sap2-1�::FRT/sap2-2�::FRT 49
YJB10698 SC5314 Homozygous for chromosome R (with SAP2-1);

gal1::URA3/gal1::URA3
26
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previous studies (27, 40) were all derived from strain SC5314.
Strain DSY459 was generated from a ura3� derivative of
SC5314 by the Ura-blaster protocol (11), whereas the two
independent mutants SAP456MS4A and SAP456MS4B con-
structed in our lab were generated directly from strain SC5314
using the SAT1-flipping strategy (38). To exclude the possibil-
ity that the reported differences in the abilities of these mu-
tants to grow in medium containing BSA as the sole nitrogen
source were caused by variations in medium composition or
other growth conditions, we directly compared the growth of
the various sap4� sap5� sap6� mutants in YCB-BSA medium.
The wild-type strain SC5314, two homozygous sap2� mutants,
and heterozygous mutants lacking the SAP2-1 or the SAP2-2
allele were included for comparison. This experiment con-
firmed the reported growth defect of strain DSY459, which
grew as poorly as the strains lacking SAP2-2 or both SAP2
alleles, whereas strains SAP456MS4A and SAP456MS4B grew
as well as the wild-type strain SC5314 and the mutant in which
the SAP2-1 allele was deleted (Fig. 1). The phenotypic differ-
ence between the independently generated sap4� sap5� sap6�
mutants indicated that the growth defect of strain DSY459 is
not caused by the absence of the SAP4, SAP5, and SAP6 genes
and instead might be the consequence of a different genomic
alteration that happened during the construction of this strain.

C. albicans strain DSY459 is homozygous for the SAP2-1
allele. As the SAP2 gene, in particular, the SAP2-2 allele, is
known to be important for the growth of C. albicans in YCB-
BSA medium, we investigated the genomic structure of the
SAP2 locus in strain DSY459. The two SAP2 alleles in strain
SC5314 can be distinguished by a ClaI restriction site polymor-
phism in the SAP2 upstream region, and the allele containing
the polymorphic ClaI site was arbitrarily designated SAP2-1

in a previous study (47). Southern hybridization analysis
with a SAP2-specific probe showed that in contrast to the
wild type and strains SAP456MS4A and SAP456MS4B,
which exhibited two hybridizing ClaI fragments of the ex-
pected sizes, strain DSY459 contained only the smaller frag-
ment, indicating that DSY459 had become homozygous for
the SAP2-1 allele (Fig. 2B).

Loss of heterozygosity for chromosome R in strain DSY459.
SAP2 is located on the left arm of chromosome R, about 50 kb
from the centromere (Fig. 2A). To investigate the extent of
LOH on this chromosome in strain DSY459, we first per-
formed Southern hybridization analyses with probes for two
other polymorphic genes that are located in a different region
on the left arm of chromosome R (Fig. 2A). The OPT1 and
OPT4 alleles of strain SC5314 can be distinguished by HindIII
and EcoRI restriction site polymorphisms, respectively (37,
38). Figure 2C and D show that strain DSY459 contained only
the OPT1-1 and OPT4-1 alleles. We then tested DSY459 for
LOH in additional regions along chromosome R by ampli-
fying and sequencing known polymorphic open reading
frames (ORFs) (22; our unpublished data). The results of
this analysis, which are summarized in Table 3, demonstrate
that DSY459 had become homozygous for all polymorphic
positions investigated. Two genes, TRK1 and FGR32, are
located on both sides and very close to the centromere of
chromosome R, which makes it unlikely that homozygosity
for all analyzed genes is the result of multiple recombination
events on both arms of this chromosome (Fig. 2A). Rather,
the results strongly indicate that DSY459 has completely
lost one of the two chromosome R homologs and has be-
come homozygous (or monosomic, but see below) for the
other homolog.

TABLE 2. Primers used in this study

Primer Sequence

ACT38a ...............................................................................................5�-ATATGGGCCCTGCAGACATTTTATGATGGAATGAATGGG-3�
BOI2-1a...............................................................................................5�-CCAAAAACATTTACTCAATTAATAACCA-3�
BOI2-2a,b ............................................................................................5�-ACTAGTGATACTTGCATATTGGGAATTT-3�
CRZ2-1longa,b ....................................................................................5�-GTTAATCATTATCTCGAGAATGTTATCAACCATGTCTAATTTGCC-3�
CRZ2-2longa ......................................................................................5�-GTTAATCATTATAGATCTATTTATTAGATTGTAATAATTTTTTAA-3�
FGR32-1a ...........................................................................................5�-GATGCATTTGCAGATTTAATTTCAATCT-3�
FGR32-2a,b .........................................................................................5�-CAAGATCTAATTTTGTCTTCAATCTTGT-3�
SAP2ex2a ............................................................................................5�-ACCCCGGATCCTTAGGTCAAGGCAGAAATACTGGAAGC-3�
SAP2P7b .............................................................................................5�-GGGGTCTAGAAAGTGAAACGGGTAATATTG-3�
SAP2P8b .............................................................................................5�-ATAATCTAGAAAAGTTCAAGGTGTTTAATGC-3�
SAP2P10a ...........................................................................................5�-TGGTGGGCCCGCTGATGCTCCCCGACGG-3�
SAP2P12b ...........................................................................................5�-CTCTACAGTTGGACTCATATGGC-3�
SAP2P13b ...........................................................................................5�-GGCTGGGGAACGATCGTAATTCTGTAGTGAAGCC-3�
SAP2P16a ...........................................................................................5�-GCATTCAAATTACCTCGAGCATTATTATTGTC-3�
SAP2P18a ...........................................................................................5�-GCTCTATAGGGCGTTGCTGGGCATGTGGTGGGGC-3�
SAP2P20a ...........................................................................................5�-GTGGTACAAAACTTACAAACAATAATTATGAGAAC-3�
SAP2P22b ...........................................................................................5�-CCATCTAATTTCTTCATACGGTCGTTCAATTC-3�
SAP2P23b ...........................................................................................5�-GCATGTACATGTCTTTGACCGCCTGAATCTCG-3�
SAP2P26a ...........................................................................................5�-ACATTTGATGTGAGTGTGTCAAAATAATGTGTC-3�
TRK1-1a,b ...........................................................................................5�-TGTTAGACTTTACTACTTTGAGCGTCAT-3�
TRK1-2a,b ...........................................................................................5�-TGAGATATCACTGGTTTCAGAATCTATC-3�
ZCF11-1a ............................................................................................5�-ATATGTCGACAATGAAGATTAAACAGGAAAACATAACAA-3�
ZCF11-2a,b ..........................................................................................5�-ATATAGATCTCATAGTATTGGTAAAAAGTTCCCCAC-3�
1007-1a,b ..............................................................................................5�-ATATGTCGACAATGGTGTTAATTGTAGTTGATGTAC-3�
1007-2a ................................................................................................5�-ATATAGATCTTACTCTGAAAGTCCTTCGTCTTCTTC-3�

a Used for gene or probe amplification.
b Used for sequencing.
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Reintroduction of the SAP2-2 allele restores growth of the
sap4� sap5� sap6� mutant. The importance of the SAP2-2
allele for the ability of strain SC5314 to grow in a medium
containing BSA as the sole nitrogen source suggested that the
loss of this allele might be the true cause of the growth defect
of strain DSY459 under these conditions. To test this hypoth-
esis, we reintroduced the SAP2-2 allele into strain DSY459
using a construct designed for integration at the SAP2 locus
(Fig. 3A). Southern hybridization analysis of 12 clones from
two independent sets of transformants with probes from the
SAP2 upstream and downstream regions (Fig. 3A and B and
data not shown) demonstrated that all transformants had cor-
rectly integrated the construct at the SAP2 locus. In eight of
the transformants (clones A1, A3, A5, A6, B3, B4, B5, and B6),
the new fragment hybridizing with the SAP2 upstream probe

had a size of 5.9 kb, as expected when the polymorphic ClaI
site in the upstream region of the replaced SAP2-1 copy was
retained. The other four transformants (clones A2, A4, B1, and
B2) had a new hybridizing fragment of 7.7 kb, demonstrating
that the polymorphic ClaI site was lost and that at least 3.2 kb
of SAP2-1 promoter sequences had been replaced by the cor-
responding region of the SAP2-2 allele. The retention of the

TABLE 3. Loss of allelic polymorphisms on chromosome R
in strain DSY459a

Gene ORF no. Location on
chromosome R (nt)

Location of allelic
polymorphism in

strain:

SC5314 DSY459

BOI2 orf19.3230 295246 to 291728 2682 C/T 2682 C
2731 A/G 2731 G
2943 C/T 2943 T

ZCF11 orf19.2423 697519 to 695735 1035 C/T 1035 T
1038 C/G 1038 C
1041 A/G 1041 G
1521 A/G 1521 A
1689 G/T 1689 T

orf19.1007 1136506 to 1135448 291 C/T 291 C
477 A/G 477 A
555 C/T 555 C
885 C/T 885 C

CRZ2 orf19.2356 1525254 to 1523701 76 A/G 76 G
84 C/T 84 T

168 C/G 168 C
172 A/G 172 G
191 C/T 191 T
193 A/G 193 G
258 C/T 258 C
447 A/G 447 G
450 A/G 450 A

TRK1 orf19.600 1741134 to 1737964 465 A/G 465 G
563 C/T 563 C
801 A/G 801 G
989 A/G 989 G

1097 A/G 1097 A
1131 C/T 1131 C

FGR32 orf19.593 1755545 to 1753224 1327 A/G 1327 G
1351 C/T 1351 C
1579 A/G 1579 A
1771 C/T 1771 T
1882 C/T 1882 C
1920 A/G 1920 G
1938 G/T 1938 G

a Information on the positions of the genes on chromosome R was obtained
from the Candida genome database (http://www.candidagenome.org). The loca-
tions of the polymorphic sites are with respect to the start codons of the respec-
tive genes. The centromere is located between TRK1 and FGR32, from nt
1743190 to 1747664.

FIG. 1. Growth of different C. albicans sap� mutants on BSA as
the sole nitrogen source. YPD overnight cultures of the strains were
diluted 10�3 in YCB-BSA medium and grown for 4 days at 30°C.
SC5314 (wild type), SAP2MS4A and SAP2MS4B (sap2-1�/sap2-
2�), SAP456MS4A and SAP456MS4B (sap4�/sap4� sap5�/sap5�
sap6�/sap6�), DSY459 (sap4�/sap4� sap5�/sap5� sap6�/sap6�),
SAP2MS2A (sap2-1�/SAP2-2), and SAP2MS2B (SAP2-1/sap2-2�)
are shown.

FIG. 2. Analysis of allelic polymorphisms on chromosome R of
strain SC5314 and mutant derivatives. (A) Location of analyzed poly-
morphic genes on chromosome R. The position of the centromere
(CENR) is also shown. (B) Southern hybridization of ClaI-digested
genomic DNA of the indicated strains with a SAP2-specific probe. The
identities of the hybridizing fragments are given. SC5314 (wild type),
SAP2MS4A and SAP2MS4B (sap2-1�/sap2-2�), SAP456MS4A and
SAP456MS4B (sap4�/sap4� sap5�/sap5� sap6�/sap6�), and DSY459
(sap4�/sap4� sap5�/sap5� sap6�/sap6�) are shown. (C and D) South-
ern hybridization analysis of HindIII (C)- and EcoRI (D)-digested
genomic DNA of strains SC5314 and DSY459 with OPT1- and OPT4-
specific probes, respectively. The fragments corresponding to the poly-
morphic OPT1 and OPT4 alleles of strain SC5314 are indicated.
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FIG. 3. Replacement of one of the SAP2-1 copies of strain DSY459 by the SAP2-2 allele restores growth on proteins as the sole nitrogen source.
(A) Structures of the ApaI-SacI fragment from plasmid pSAP2KS4 (top), which was used for transformation, and the homozygous SAP2-1 locus in strain
DSY459 (bottom). The SAP2-1 and SAP2-2 coding regions are symbolized by the gray and black arrows, respectively, the transcription termination
sequence from the ACT1 gene (TACT1) by the black circle, and the caSAT1 selection marker by the white arrow. SAP2down, SAP2 downstream fragment.
Relevant restriction sites are indicated. The polymorphic ClaI site, which is present only in the SAP2-1 allele, is highlighted in bold and italics. The probes
used for Southern hybridization analysis of the transformants are indicated by black bars. The dashed lines indicate the regions of homology along which
the crossover can occur during integration of the construct. (B) Southern hybridization of ClaI-digested genomic DNA of strain DSY459 and two
independent sets of transformants (clones A1 to A6 and B1 to B6) with SAP2-specific probe 1. The fragments corresponding to the parental SAP2-1
copies and the integrated SAP2-caSAT1 construct as well as their sizes are indicated. (C) Extent of SAP2-2 sequences in the replaced SAP2-1 copy of
various transformants of strain DSY459, as determined by direct sequencing. SAP2-2 sequences are shown in black and SAP2-1 sequences in gray. The
promoter region is indicated by thick lines, and arrows represent the SAP2 coding region. Note that the exact site of crossover was not determined for
clones A2, A4, B1, and B2 and the indicated SAP2-2 region is the minimum in all four clones (at least to the replaced polymorphic ClaI site). (D) Growth
of strains SC5314 and DSY459 and transformants in YCB-BSA medium. YPD overnight cultures of the strains were diluted 10�3 in YCB-BSA medium,
and the optical densities of the cultures at 600 nm (OD600) were determined after 3 days of growth at 30°C.

58



wild-type fragment after integration of the construct at the
SAP2 locus in all 12 transformants also argued that DSY459
contained two copies of chromosome R and that LOH for
markers on this chromosome was caused by homozygosity in-
stead of monosomy.

To determine to which extent SAP2-1 sequences had been
replaced by SAP2-2 sequences in the transformants that
retained the polymorphic ClaI site after integration, the
integrated SAP2 copy was reamplified with specific primers
and sequenced. This analysis showed that clones A1, A3, A5,
B4, and B5 contained between 134 bp and 2.2 kb of SAP2-
2-specific upstream sequences, whereas clones A6, B3, and
B6 had retained the complete SAP2-1 upstream sequence
(Fig. 3C).

We then tested the ability of the transformants to grow in
YCB-BSA medium. As can be seen in Fig. 3D, all clones that
had integrated the SAP2-2 allele with at least 1.1 kb of its
upstream region (A1, A2, A3, A4, A5, B1, B2, and B4) could
grow in YCB-BSA medium; i.e., reintroduction of the lost
SAP2-2 allele restored growth of the sap4� sap5� sap6� mu-
tant. The four clones in which the SAP2-1 promoter was com-
pletely or almost completely retained after integration of the
replacement construct (A6, B3, B5, and B6) displayed the
same growth defect as the parental strain DSY459. These
results demonstrate that loss of the SAP2-2 allele due to LOH
for chromosome R, and not deletion of the SAP4, SAP5, and
SAP6 genes, explains the inability of strain DSY459 to utilize
proteins as the sole nitrogen source.

Homozygosity for chromosome R with the SAP2-1 allele in
strain SC5314 results in a growth defect in YCB-BSA medium.
It was previously shown that deletion of the SAP2-2 allele in
strain SC5314 results in a growth defect in YCB-BSA medium
(Fig. 1) (27, 47, 49). As these mutants contain only one copy of
the SAP2-1 allele, it seemed possible that a reduced gene
dosage may be an additional prerequisite for the growth defect
of strains containing only the SAP2-1 allele. On the other hand,
strain DSY459, which has become homozygous for chromo-
some R, contains two copies of the SAP2-1 allele, but in this
case, the additional absence of the SAP4, SAP5, and SAP6
genes might have impacted the ability of the mutant to grow
in YCB-BSA medium. We therefore wished to determine
whether homozygosity for chromosome R containing the
SAP2-1 allele is sufficient to cause a growth defect when pro-
teins are the only available nitrogen source. Strain YJB10698
(also known as AF3976) is a derivative of strain SC5314 that
had become homozygous for chromosome R after an in vivo
passage and reisolation from the kidneys of an intravenously
infected mouse (12, 26). Southern hybridization analysis
showed that strain YJB10698, like DSY459, contained only the
smaller ClaI fragment hybridizing with a SAP2-specific probe
(data not shown); i.e., the strain had become homozygous for
chromosome R containing the SAP2-1 allele. Figure 4 shows
that strain YJB10698 displays a growth defect in YCB-BSA
medium similar to that of strain SAP2MS2B, in which the
SAP2-2 allele has been deleted. Therefore, homozygosity for
chromosome R with the SAP2-1 allele appears to be sufficient
to result in a growth defect on proteins as the sole nitrogen
source.

Homozygosity for the SAP2-1 allele in strain SC5314 causes
a growth defect in YCB-BSA medium. The results noted above

did not exclude the possibility that LOH for additional genes
located on chromosome R was required for the growth defect
of strains that are homozygous for the SAP2-1 allele. To un-
ambiguously demonstrate that homozygosity for the SAP2-1
allele was sufficient to cause the growth defect in YCB-BSA
medium, we replaced the SAP2-2 allele and its regulatory re-
gion in strain SC5314 by the corresponding sequences of the
SAP2-1 allele (Fig. 5A). Southern hybridization analysis of 12
clones from two independent sets of transformants with probes
from the SAP2 upstream and downstream regions (Fig. 5B and
data not shown) demonstrated that all transformants had cor-
rectly integrated the construct at the SAP2 locus. In six of the
transformants (clones A2, A3, A4, B2, B3, and B6), the inte-
gration had occurred in the SAP2-1 allele and, as expected, all
these transformants grew as well as the parental strain SC5314
in YCB-BSA medium (Fig. 5B and D). The other six transfor-
mants (clones A1, A5, A6, B1, B4, and B5) had integrated the
construct into the SAP2-2 allele (Fig. 5B). In three of the
transformants (A1, B4, and B5), the polymorphic ClaI site had
been introduced, as is evident from the appearance of a new
hybridizing fragment of 5.9 kb, demonstrating that at least 3.2
kb of SAP2-2 promoter sequences had been replaced by the
corresponding region of the SAP2-1 allele. The remaining
three transformants (A5, A6, and B1) contained a new hybrid-
izing ClaI fragment of 7.7 kb, indicating that less than 3.2 kb of
SAP2-2 promoter sequences had been replaced by SAP2-1
sequences. Sequence analysis of these clones showed that the
introduced SAP2-1 allele contained between 1.2 kb and 3 kb of
SAP2-1-specific upstream sequences (Fig. 5C). All transfor-
mants in which the SAP2-2 allele had been replaced by the
SAP2-1 allele, including clone B1, which retained the largest
portion of SAP2-2 upstream sequences, displayed a growth
defect in YCB-BSA medium (Fig. 5D). These results demon-
strate that homozygosity for the SAP2-1 allele and as little as
1.2 kb of its upstream sequence is sufficient to abolish the
ability of the cells to resume growth when proteins are the only
available nitrogen source.

DISCUSSION

The genomic plasticity of C. albicans is considered an im-
portant mechanism of adaptation to alterations in the environ-
ment (12, 43). Changes in the copy number of certain chro-
mosomes, e.g., monosomy for chromosome 5, and other
chromosomal variations allow assimilation of alternative car-

FIG. 4. Homozygosity for chromosome R containing the SAP2-1
allele causes a growth defect in YCB-BSA medium. YPD overnight
cultures of the strains were diluted 10�3 in YCB-BSA medium and
grown for 4 days at 30°C. SC5314 (SAP2-1/SAP2-2), YJB10698 (SAP2-
1/SAP2-1), SAP2MS2A (sap2-1�/SAP2-2), and SAP2MS2B (/SAP2-1/
sap2-2�) are shown.
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FIG. 5. Replacement of the SAP2-2 allele in strain SC5314 by the SAP2-1 allele causes a growth defect in YCB-BSA medium. (A) Structures
of the ApaI-SacI fragment from plasmid pSAP2KS5 (top), which was used for transformation, and the wild-type SAP2-1 and SAP2-2 alleles in
strain SC5314 (bottom). The SAP2-1 and SAP2-2 coding regions are symbolized by the gray and black arrows, respectively, the transcription
termination sequence from the ACT1 gene (TACT1) by the black circle, and the caSAT1 selection marker by the white arrow. Relevant restriction
sites are indicated. The polymorphic ClaI site, which is present only in the SAP2-1 allele, is highlighted in bold and italics. The probes used for
Southern hybridization analysis of the transformants are indicated by black bars. The dashed lines indicate the regions of homology along which
the crossover can occur during integration of the construct. (B) Southern hybridization of ClaI-digested genomic DNA of strain SC5314 and two
independent sets of transformants (clones A1 to A6 and B1 to B6) with SAP2-specific probe 1. The fragments corresponding to the parental SAP2
alleles and the integrated SAP2-caSAT1 construct as well as their sizes are indicated. (C) Extent of SAP2-1 promoter sequences in the replaced
SAP2-2 allele of various transformants of strain SC5314, as determined by direct sequencing. SAP2-1 sequences are shown in gray and SAP2-2
sequences in black. The promoter region is indicated by thick lines, and arrows represent the SAP2 coding region. Note that the exact site of
crossover was not determined for clones A1, B4, and B5 and the indicated SAP2-1 region is the minimum in all three clones (at least to the
polymorphic ClaI site). (D) Growth of strain SC5314 and transformants on BSA as the sole nitrogen source. YPD overnight cultures of the strains
were diluted 10�3 in YCB-BSA medium, and the optical densities of the cultures were determined after 3 days of growth at 30°C. The heterozygous
sap2� mutants SAP2MS2A (sap2-1�/SAP2-2) and SAP2MS2B (/SAP2-1/sap2-2�) were included for comparison.
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bon sources due to derepression of the necessary genes (21, 23,
39). Conversely, amplification of chromosome 5 or its left arm
causes azole resistance by increasing the gene dosage of
ERG11, encoding the drug target, and TAC1, encoding a tran-
scriptional activator of efflux pumps (42, 44). In recent years, it
has become evident that such genomic alterations may also
occur with a relatively high frequency during the construction
of specific C. albicans mutants. Many genetically engineered
strains have been found to exhibit aneuploidies for different
chromosomes, which can affect gene expression and produce
phenotypes not related to target gene inactivation, including
virulence attenuation (1, 4, 5, 41). Such unintended genomic
alterations may remain undetected and lead to erroneous con-
clusions about the function of a gene under study.

LOH, which occurs frequently in clinical C. albicans strains
that have acquired mutations conferring azole resistance, has
also been observed in C. albicans mutants constructed in the
laboratory (14). At least some stocks of strain CAI8, a deriv-
ative of strain SC5314, have become homozygous at the mating
type locus (MTLa/MTLa) and can switch to the opaque phase
and mate as a cells (36). Depletion of the morphogenetic
regulator Efg1 in a conditional mutant constructed from strain
CAI8 induced the formation of opaque-phase cells (45), sug-
gesting that white-opaque switching can occur in MTL het-
erozygous strains when Efg1 is absent. It was later shown that
the conditional efg1 mutant was also an a strain and that the
ability of efg1� mutants to switch to the opaque phase de-
pended on MTL homozygosity (53). Here we present an ex-
ample in which the phenotype of a C. albicans gene deletion
mutant is in fact caused by LOH at another unlinked genomic
locus. The sap4� sap5� sap6� triple mutant DSY459 has been
used to assess the importance of the secreted aspartic pro-
teases Sap4, Sap5, and Sap6 for the virulence of C. albicans in
different infection models (3, 6, 10, 25, 40, 50). Our results
demonstrate that the reported inability of this mutant to utilize
proteins as the sole nitrogen source is not caused by the dele-
tion of the SAP4, SAP5, and SAP6 genes but by the loss of the
SAP2-2 allele. Although LOH at the SAP2 locus is unlikely to
be responsible for the attenuated virulence of the mutant, the
fact that loss of the SAP2-2 allele caused the in vitro growth
defect of strain DSY459 and that the strain has become ho-
mozygous for the whole chromosome R must be considered
when conclusions on the role of SAP4, SAP5, and SAP6 are
based on phenotypes obtained with this strain.

The stress exerted upon cells during transformation can in-
duce chromosome duplication as well as subsequent loss of
supernumerary chromosomes (4). Such a sequence of events
provides a possible explanation for how strain DSY459 became
homozygous for chromosome R during multiple rounds of
transformation. LOH on chromosome R does not seem to be
an uncommon event, as LOH for the whole chromosome R has
been reported previously for other SC5314 derivatives (14, 26)
and we also have observed LOH at the SAP2 locus during
strain construction in our lab (48; our unpublished data). As in
the case of strain DSY459, the actual genetic manipulation
affected chromosomes other than chromosome R in these lat-
ter cases. Similarly, aneuploidies in genetically engineered
strains often involve chromosomes other than those that were
intentionally manipulated (1). Aneuploidies and LOH for cer-
tain chromosomal regions can be detected by two microarray-

based technologies, comparative genome hybridization (CGH)
and genomewide single nucleotide polymorphism (SNP) anal-
yses (13, 41). However, these methods are not routinely used in
most laboratories and would also not detect all possible LOH
events or point mutations. Therefore, the possibility of unspe-
cific genomic alterations that are induced during the construc-
tion of strains or arise spontaneously during their propagation
and storage can never be completely excluded. The construc-
tion of several independent mutants and the complementation
of mutant phenotypes by reintroduction of deleted genes are
important control measures when linking a phenotype to the
inactivation of a specific gene.

Apart from acquired drug resistance mutations in ERG11,
TAC1, MRR1, and UPC2, there are only a few documented
examples of functional differences between the two alleles of a
gene in a particular C. albicans strain, like the ALS3, OPT3,
PAP1, and SAP2 alleles of strain SC5314 or the CDR2 alleles
of other strains (19, 30, 35, 37, 47). Among these, SAP2 is a
special case because the functional difference between the two
alleles is not related to unique properties of the encoded pro-
teins but is a consequence of their differential regulation. Basal
expression of the SAP2-2 allele enables the generation of small
amounts of proteolytic degradation products from extracellu-
lar proteins, which are required for full induction of both
SAP2-1 and SAP2-2 (47).

Allelic differences may be subtle, such that LOH will have
only minor or undetectable effects on the phenotype of a
strain, but there are also cases in which one allele of a gene is
nonfunctional, as described for HIS4 in strain SC5314 (17). In
this case, loss of the intact HIS4 copy renders the strain auxo-
trophic for histidine. As strain SC5314 and its derivatives are
used as parental strains for the construction of C. albicans
mutants in most laboratories, knowledge about the phenotypes
caused by defined LOH events in this strain may alert research-
ers to the possibility that such an undesired genomic alteration
has occurred at the corresponding locus during the construc-
tion of a strain. The specific growth defect on proteins due to
loss of the SAP2-2 allele is an illustrative example of LOH at a
different genomic locus as the true cause of a C. albicans
mutant phenotype.
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