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Single-nucleotide polymorphisms (SNPs) are essential tools for studying a variety of organismal properties
and processes, such as recombination, chromosomal dynamics, and genome rearrangement. This paper
describes the development of a genome-wide SNP map for Candida albicans to study mitotic recombination and
chromosome loss. C. albicans is a diploid yeast which propagates primarily by clonal mitotic division. It is the
leading fungal pathogen that causes infections in humans, ranging from mild superficial lesions in healthy
individuals to severe, life-threatening diseases in patients with suppressed immune systems. The SNP map
contains 150 marker sequences comprising 561 SNPs and 9 insertions-deletions. Of the 561 SNPs, 437 were
transition events while 126 were transversion events, yielding a transition-to-transversion ratio of 3:1, as
expected for a neutral accumulation of mutations. The average SNP frequency for our data set was 1 SNP per
83 bp. The map has one marker placed every 111 kb, on average, across the 16-Mb genome. For marker
sequences located partially or completely within coding regions, most contained one or more nonsynonymous
substitutions. Using the SNP markers, we identified a loss of heterozygosity over large chromosomal fragments
in strains of C. albicans that are frequently used for gene manipulation experiments. The SNP map will be
useful for understanding the role of heterozygosity and genome rearrangement in the response of C. albicans

to host environments.

Single nucleotide markers are essential tools for studying a
variety of organismal properties and processes, such as recom-
bination, chromosomal dynamics, genome rearrangement, and
genetic relatedness between individuals. If one compares the
same stretch of DNA for two or more individuals, nucleotide
polymorphisms are the most frequently observed differences at
the nucleotide level within diploid organisms. Single-nucle-
otide polymorphisms (SNPs) can be located in coding regions
of genes or in intergenic regions, where they are most abun-
dant (6, 25). In coding regions, SNPs can alter the function and
structure of encoded proteins, e.g., proteins involved in drug
metabolism (27, 44). In humans, single-nucleotide substitu-
tions are the cause for most of the known recessively or dom-
inantly inherited monogenic disorders, and missense SNPs also
often contribute to common diseases (31, 50). SNPs are esti-
mated to occur once every 1 kb throughout the human genome
and are being targeted for association mapping of disease
susceptibility genes (42) and used to study traits of diseases,
such as cancers, which are often accompanied by a loss of
heterozygosity at SNP loci (12). High-density SNP maps were
developed for the model organism Caenorhabditis elegans to
facilitate rapid gene mapping, to characterize natural isolates,
and to compare different strains of C. elegans (23, 25, 51, 60).
To make large-scale studies of SNPs possible, high-throughput
methods such as SNP microarrays have been developed to
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analyze regions of interest in humans (14, 38, 54) and for
genetic mapping projects and recombination studies in plants
(7, 46).

This paper describes the development of a SNP map for
Candida albicans to study recombination as a genome-wide
process. C. albicans is a diploid yeast which propagates primar-
ily by clonal mitotic division (18, 20, 40, 62) and demonstrates
high levels of heterozygosity (41, 53, 56, 57). It is the leading
fungal pathogen that causes infections in humans, ranging
from mild superficial lesions in healthy individuals to severe,
life-threatening diseases in patients with suppressed immune
systems (5). To date, the causes for the transition from a
commensal to a pathogenic organism are not entirely clear.
Certainly, factors such as host susceptibility play an important
role, as does the developmental transition from a budding
yeast form to a filamentous form, which is essential for viru-
lence (11, 15, 22). High levels of heterozygosity and genome
rearrangement remain relatively unexplored sources of varia-
tion for adaptive responses of C. albicans populations to host
environments.

Clinical isolates of C. albicans exhibiting high levels of vari-
ation among strains have been studied in great detail by such
techniques as randomly amplified polymorphic DNA analysis
(35), restriction fragment length polymorphism (RFLP) anal-
ysis (62), karyotyping (32, 33, 43), and DNA fingerprinting
(39). Correlations between multilocus genotypes and the evo-
lution of drug resistance have been examined in populations of
C. albicans with the help of heterozygous genomic loci (10). In
addition, SNPs have been used for population genetic studies
with C. albicans to demonstrate that some form of recombina-
tion must also occur, albeit at a low level (18, 20).

SNP loci, as well as larger heterozygous genomic regions,
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TABLE 1. Strains of C. albicans used for this study

Strain Parent Genotype or description Reference
SC5314 Clinical isolate 24a
CAl4 SC5314 ura3A::Nimm434jura3A:Nimm434 16
RM1000 CAl4 ura3Az:Nimm434jura3A::Nimm434 hisl::hisG/hisl::hisG 36
BWP17 RM1000 ura3A:Nimm434fura3A::Nimm434 hisl::hisG/hisl::hisG arg4::hisGlarg4::hisG 61
AF6 CAI4 ura3A:Nimm434/ura3A:Nimm434 gall::URA3/GALI 17
AF14 AF6 ura3A:Nimm434/ura3A::Nimm434 gall::URA3/gall::URA3 17
AF12 RM1000 ura3A::Nimm434fura3A:Nimm434 hisl::hisG/his1::hisG gall::URA3/GALI 17
AF27 AF12 ura3A:Nimm434/ura3A::Nimm434 hisl::hisG/his1::hisG gall::URA3/gall::HIS1 17

can be used to study the mechanism and rates of mitotic re-
combination by an analysis of loss of heterozygosity (LOH).
Forche et al. (17) constructed strains that were heterozygous at
the GALI locus and determined the in vivo frequencies of
mitotic recombination at that locus through the loss of the
second copy of the GALI gene. Others have examined the rate
of loop-out in transformation cassettes used for gene disrup-
tion in C. albicans and have reported mitotic recombination
rates ranging from 6 X 107° to 6 X 10 %/cell/generation (13,
16). In a recent study, Yesland and Fonzi found that the inte-
gration of a disruption cassette is allele, and thus sequence,
dependent. The failure to disrupt the second copy of a gene
was due not to its essential nature but to allelic variation in the
flanking regions of that gene (63). Mitotic recombination and
LOH occur at observable rates and frequencies in vitro and in
vivo, respectively, suggesting that C. albicans is a tractable
system for studying the role of recombination in the evolution
of virulence.

Our goal was to use SNP loci to study genome-wide mitotic
recombination in C. albicans in vitro and in vivo and to
understand the role of mitotic recombination and genome
rearrangement in the evolution of virulence. With the com-
plete genome sequence of strain SC5314 of C. albicans now
available (http://www-sequence.stanford.edu:8080/haploid19
.html), abundant heterozygosity is apparent and is represented
by approximately 62,000 transitions and transversions across
the 32-Mb diploid genome (24). Using these data for strain
SC5314, we developed a SNP map representing the entire
genome of C. albicans and show here that we can detect LOH
by using these markers. We address the concern that LOH,
through chromosome loss and reduplication or mitotic recom-
bination, might confound the interpretation of results for tar-
geted manipulations by assessing LOH at a number of SNPs
flanking targeted loci (13, 16, 17, 36, 61).

MATERIALS AND METHODS

Strains and DNA extraction. The strains used for this study are listed in Table
1. DNA extraction was performed by a quick prep method that is described
elsewhere (1).

Development of SNP markers. The goal for the development of the SNP map
was to design one SNP marker for every 100 to 200 kb of sequence and to space
the SNP markers as evenly as possible across the genome. For this study, we
defined a SNP marker as a small PCR product ranging in size between 100 and
400 bp and containing at least one SNP. To design SNP markers, we took
advantage of the available genome sequence represented as contigs-6 (http:
/www-sequence.stanford.edu:8080/contigs-to-blast6.html) and the contig-19 as-
sembly of sequencing contigs-6 (http://www-sequence.stanford.edu:8080
/haploid19.html) at the Stanford C. albicans genome web site (Fig. 1). Our
method was as follows. First, two overlapping sequence contigs from a 10X

genome coverage, representing the two potentially heterozygous alleles for each
genomic region, were selected from the map option on the contig-19 sequence
web page for C. albicans (http://www-sequence.stanford.edu:8080/haploid19
.html) (Fig. 1A). Combinations of such pairs were further examined only when at
least one of the two contigs-6 sequences was mapped to the corresponding
chromosome. Complete sequences for both contigs were then obtained from the
web site http://www-sequence.stanford.edu:8080/contigs-to-blast6.html (Fig. 1B).
The contig sequences were compared by using the BLAST algorithm (http:
//www.ncbi.nlm.nih.gov/blast/bl2seq/bl2.html) to get the exact start-to-end base
positions of the overlapping sequence (Fig. 1C). This step was followed by
obtaining the actual sequences for the overlapping parts of the contigs at the web
site http://candida/ccgb/umn/edu/get_orf.html (Fig. 1D). The two sequences were
then aligned with ClustalX software, version 1.81 (Fig. 1E), to locate heterozy-
gous positions. Forward and reverse primers flanking apparent SNPs were de-
signed. To test their compatibility and to ensure the amplification of a single
product, we performed PCR simulations with the software Amplify, version 1.2.
Primer pairs that gave a single, strong amplification product in Amplify were
synthesized by IDTDNA (Towa City, Iowa). To confirm the heterozygous base
pair positions, we amplified regions by PCRs, using the same primer pairs and
the genomic DNA of strain SC5314, and conducted a sequence analysis (Fig. 1G;
also see below). Thirty-one polymorphic markers from previous studies (9, 18,
20, 62) were obtained and evaluated for polymorphisms in strain SC5314 as
described below.

PCRs were carried out in a final volume of 25 pl containing 10 mM Tris-HCI
(pH 8.0), 50 mM KCI, 1.5 mM MgCl,, a 100 wM concentration (each) of dATP,
dCTP, dGTP, and dTTP, 2.5 U of Tag polymerase, 0.5 pl of a 10 uM stock
solution of each primer, and 30 ng of quick prep genomic DNA under the
following conditions: initial denaturation for 3 min at 94°C, denaturation step for
1 min at 94°C, primer annealing step for 30 s at 55°C, extension step for 1 min
at 72°C, and a final extension step for 5 min at 72°C. Five microliters of the PCR
product was run in a 3% agarose gel (0.5X Tris-acetate-EDTA) to verify the
amplification of a single fragment of the appropriate size. Primer pairs failing to
give a single strong band were subjected to PCR optimization by adjusting the
annealing temperature or MgCl, concentration, and those that still failed to
amplify single bands were discarded.

Confirmation of heterozygosity of SNP markers by sequencing. To confirm the
heterozygous polymorphisms obtained from the genome sequence and reported
in other studies, we again sequenced each marker for strain SC5314. Internal
primers were designed to sequence through larger PCR products (e.g., RFLP
markers from reference 62). PCRs were performed as described above, PCR
products were purified by using a PCR purification kit (Qiagen Inc., Valencia,
Calif.), and 50 to 100 ng of purified DNA was used as a sequencing template.
Sequencing reactions were performed with both forward and reverse primers
according to the manufacturer’s instructions (ABI Big Dye Chemistry; Perkin-
Elmer, Boston, Mass.) and were run on an ABI377 automated sequencer. Se-
quences were edited and aligned with Sequencer, version 3.1.1, software (Perkin-
Elmer).

Inter- and intragenic locations of SNP markers and changes in predicted
amino acid sequence. For all SNP markers, we determined whether the SNPs
were located within open reading frames (ORFs) or in intergenic regions. The
sequence of each marker was compared against the entire genome sequence of
C. albicans (http://www-sequence.stanford.edu:8080/bncontigs6.html) to obtain
the exact nucleotide positions within the sequence contigs. The ORF information
available at http://www-sequence.stanford.edu:8080/contigs-to-blast6.html was
used to determine whether the SNP marker sequence was located inside, outside,
or partially within an ORF. For SNPs located within an ORF, we assessed
alterations of the predicted amino acid sequence for the entire ORF.



VoL. 3, 2004

G.

forward

reverse

WHOLE-GENOME SNP MAP FOR CANDIDA ALBICANS

19-10186
1363/2056 2289%
1737

2461 1228%*
-

:

http://www-sequence.stanford.edu:8080/contigs-to-blast6.html

v

http://www.ncbi.nml.nih.gov/blast/bl2seq/bl2.html

v

http://candida/ccgb/umn/edu/get_orf.html

v

Multiple Alignment Mode Fontsize{ 10 |

HE 1363
Z 209

Amplify software, version 1.2 / \

13337235_‘3':{—_5135 T =10 o7 1=2=

TVITVY W/‘f VT

—_—
I-I
an

=

M/ N\

NS SN A

1 363 ('2056—1’—53531 4 =0 Of 1 25 i
I f
VLA :
N },.-"\.\,J

707

FIG. 1. Flow chart for web-based development of SNP markers in C. albicans, with marker 1363/2056 used as an example. Two overlapping
sequence contigs representing the two potentially heterozygous alleles for each genomic region were selected (A). Complete sequences for both
contigs were then obtained (B) and compared by using the BLAST algorithm (C), followed by obtaining the actual sequence for overlapping parts
of the contigs (D). The two sequences were aligned (E), heterozygous positions were identified, and forward and reverse primers flanking apparent
SNPs were designed and synthesized. PCR simulations were performed (F), primer pairs were synthesized, and SNPs were confirmed by

sequencing (G).
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TABLE 2. Detection of LOH in strains of C. albicans

Marlier Marker name Flanking Chromosome Genotype of strain
no. gene CAl4 RM1000 BWP17 AF14 AF27
76 2195/2207¢ URA3 3p Het Het Het Het Het
118 1341/2493¢ HIS1 51 Het Het Het Het Het
120 2340/2493¢ HISI 51 Het Hom Hom Het Hom
141 1883/2139" ARG4 7G Het Het Het Het Het
143 1530/2473 (1 to 3Y ARGH4 7G Het Het Het Het Het
22 1322/2294 NA 1S Het Het Het Hom Het
23 1799/2450 NA IS Het Het Het Hom Het
24 MNS1 NA 1S Het Het Het Hom Het
25 2036/2375 NA 1S Het Het Het Hom Het
26 2281/2302 NA 1S Het Het Het Hom Het
27 2032/2371 NA 1S Het Het Het Hom Het
28 1449/2362 NA 1S Het Het Het Hom Het
29 1363/2056% GALI 1S Het Het Het Hom Het
30 1622/2428% GALI 1E Het Het Het Het Het
42 2106/2441 NA 1L Het Hom Het Het Hom
43 1729/2211 NA 1L Het Hom Het Het Hom
46 1584/2265 NA 1 Het Het Het Hom Het
48 1353/2363 NA 2U Het Hom Hom Het Hom
103 1718/2417 (HST3) NA M Het Het Het Hom Hom
113 1969/2162 NA SM Het Het Het Het Hom
137 2397/2498 NA 7F Hom Hom Hom Hom Hom
147 2080/2297 (DLHI) NA Het Hom Hom Het Hom

“ Numbering corresponds to the supplemental material and Fig. 2.

> The names of markers correspond either to the two contig-6 sequence numbers from which they were generated or to the corresponding gene.

¢ Het, heterozygous; hom, homozygous; NA, not applicable.

4 URA3 is at the end of contig-19-10123 (see Fig. 2); only SNP marker 2195/2207 was available for sequencing.

¢ Flanks HISI.
/Flanks ARG4.
£ Flanks GALI.

LOH in laboratory strains of C. albicans. We were interested in whether
processes such as transformation or growth on selective media, such as 5-fluo-
roorotic acid or 2-deoxygalactose (2DG), would lead to LOH in C. albicans.
Strains that had undergone one or multiple rounds of transformation and pas-
saging on selective media were analyzed (Table 1). These strains were derived in
previous transformation experiments from the wild-type strain SC5314. SNP
markers flanking altered genomic regions (URA3, HISI, ARG4, and GALI) were
used to assess LOH (Table 2; also see the supplemental material) and then were
mapped onto the SNP map (see Fig. 3).

RESULTS

Development and characterization of SNP markers. Using a
web-based strategy to develop SNP markers (PCR fragments
that contain one or more SNPs), we generated 119 potential
marker sequences that are heterozygous in strain SC5314 (Fig.
1 and Fig. 2). By adding 31 markers from previous studies (10,
18, 20, 62), we obtained a total of 150 potential SNP markers
for strain SC5314 (see the supplemental material). The SNP
marker sequences in the set of 150 ranged in size from 120 to
1,821 bp, with an average of 322 bp. We confirmed most of the
SNPs reported in the genome sequence of strain SC5314
(http://www-sequence.stanford.edu:8080/contigs-to-blast6.html)
by resequencing. However, for four markers developed in our
study, not all of the SNPs could be confirmed. For markers 26
and 63, only half of the reported polymorphisms were detected
by sequencing, and for markers 12 and 52, one SNP could not
be confirmed for each (data not shown). We found that 19 of
the markers from previous studies were homozygous once they
were examined for heterozygosity in SC5314 by resequencing.
On the other hand, for six markers from previous studies (9,

18, 62), the genome sequence of SC5314 indicated these loci to
be homozygous, but our sequences for strain SC5314 indeed
revealed the presence of SNPs (see the supplemental mate-
rial). In total, 131 of the SNP marker sequences used for this
study were heterozygous and revealed 561 SNPs and 9 inser-
tions-deletions (indels), for a total of 570 polymorphisms (Ta-
ble 3).

The frequency of SNPs for our data set varied between 1 per
47 bp on chromosome 4 and 1 per 119 bp on chromosome 7.
For all of the chromosomes, the average SNP frequency was 1
SNP per 83 bp (Table 3). Disregarding SNP markers 104 to 107
and markers 143 and 144 because of their very close proximi-
ties to each other (Fig. 2), on average our map contains 1 SNP
marker every 111 kb in the 16-Mb haploid genome. Of the 561
SNPs, 437 were transition events while 126 were transversion
events (Table 3), yielding a transition-to-transversion ratio of
3:1, as expected for a neutral accumulation of mutations.

Mapping SNP markers onto the C. albicans genome. For a
better visualization of the locations of the SNP markers, a SNP
map was created and is shown in Fig. 2 as a cartoon of the eight
chromosomes of strain SC5314. Since all but four of the SNP
markers developed in this study were obtained from contigs
with known genome locations (chromosome and/or Sfil frag-
ment), the vast majority of marker sequences, whether
homozygous or heterozygous, could be mapped to their corre-
sponding chromosomal locations. Markers that are heterozy-
gous in strain SC5314 are shown as red stars. Homozygous
markers are indicated by blue stars. Under each chromosome,
the corresponding contig-19 sequences (diploid assembly of
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the C. albicans genome sequence) are mapped. The order of
many contig-19 sequences was determined by the association
between previously mapped genes and their approximate
locations on the physical map (http:/alces.med.umn.edu
/Candida.html). For contig-19 sequences for which the orien-
tation along the chromosome is known (e.g., see chromosomes
5 and 7 [6a, 6b]) the 5'-to-3" direction of the sequence is
indicated by an arrow (Fig. 2).

The SNP markers are distributed evenly along chromosomes
1,2, 4, 5, and 6, but there are large chromosomal regions on
chromosomes R, 3, and 7 which are apparently highly or en-
tirely homozygous in SC5314. Chromosomal fragments RB2
and RD1 on chromosome R show no or very little heterozy-
gosity. On chromosome 3, a region covering three contig-19
sequences and making up a total of 464 kb of Sfil fragment P
is apparently homozygous. On chromosome 7, Sfil fragments
7A and 7C are completely homozygous, and a large portion at
the telomere-proximal end of 7G also lacks heterozygosity
(Fig. 2). In contrast, there are some genomic locations with
abundant polymorphisms. Two examples are the sequences
from markers 104 to 108 on chromosome 5 M (near the MTL
loci) and from markers 143 to 145 on chromosome 7G.

We were interested in whether the SNPs were located in

intergenic or intragenic regions and whether intragenic SNPs
changed the amino acid coding sequence (nonsynonymous
substitutions). Of the 131 heterozygous marker sequences, 40
were located in intergenic regions and 91 were partially or
completely within coding regions. At least one nonsynonymous
substitution was found in 81 of the 91 (89%) intragenic SNP
marker sequences. Only synonymous substitutions were found
in 10 of the intragenic SNP marker sequences (11%).

LOH in selected strains of C. albicans. To address concerns
that various genetic manipulations such as transformation or
growth on selective media might increase the rate of LOH, we
examined loci that had been targets of knockout experiments
for evidence of LOH in flanking regions. We used strains that
are often used for gene manipulations as well as some that
were grown on selective media during the transformation pro-
cedure. Strains CAI4, RM1000, BWP17, AF14, and AF27 were
derived from SC5314 by consecutive transformations to knock
out both copies of URA3 (CAI4 [16]), HIS1 (RM1000 [36]),
and ARG4 (BWP17 [61]), in that order. Furthermore, we ex-
amined four strains, AF6, AF14, AF12, and AF27, in which
one or both copies of GAL! had been knocked out (17). One
copy of GALI was knocked out in AF6, which was derived
from CAI4, and in AF12, which was derived from RM1000.
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TABLE 3. Summary of SNP marker characterization”

No. of markers”

No. of transversions

Ch Total no. of No. Of base SNP frequency No. of  No. of No. of
romosome lymorphisms pairs (1 SNP/no. of SNPs indels  transitions G/T
Heterozygous Homozygous poly p sequenced bp) (C/A) C/G A/T
R 18 3 56 5,507 1/98 55 1 47 4 2 2
1 23 2 103 8,117 1/79 101 2 76 15 1 9
2 21 3 74 5,690 1/77 74 0 54 11 2 7
3 10 2 38 3,739 1/98 36 2 29 3 2 4
4 19 0 101 4,785 1/47 99 2 76 6 6 11
5 17 2 75 8,103 1/108 74 1 60 5 6 3
6 11 1 60 2,894 1/48 60 0 44 4 6 6
7 10 4 53 6,288 1/119 53 0 42 5 3 3
Unknown 2 2 10 1,959 1/196 9 1 9 0 0 0
Total 131 19 570 47,190 1/83 561 9 437 53 28 45

“ Markers are ordered and summarized by chromosomal location. For each chromosome, the number of heterozygous and homozygous SNP markers is given
followed by the total number of SNP markers. The number of bp sequenced is listed followed by the frequency of SNPs. The number of SNPs and indels is given and

the total number of SNPs is categorized into transition and transversion events.

b Heterozygous and homozygous markers were based on sequences obtained for C. albicans strain SC5314.

The second copy of GALI was deleted from strain AF6 to
generate AF14 by growth on a 2DG (toxic to Gal™ strains)
medium, so AF14 is in a CAI4 background. The second copy of
GALI was deleted from AF12 to generate AF27 by two se-
quential rounds of transformation without growth on selective
medium, so AF27 is in an RM1000 background (17). The early
steps in the construction of most of these knockout strains
involved growth on 5-fluoroorotic acid to select for the loss of
URA3 due to loop-out events (Table 1).

We sequenced SNP markers adjacent to gene knockouts
(URA3, HIS1, ARG4, and GALI) (see Fig. 2 for genomic
locations) from strains CAI4, RM1000, BWP17, AF14, and
AF27. We did not observe LOH at URA3 in CAI4 or any of the
descendant strains. For HIS1, marker 120, located at the distal
side of HISI, demonstrated LOH in strains RM1000, BWP17,
and AF27, but not in CAI4 and its descendant strain AF14
(Fig. 3A, arrow). Thus, the LOH in marker 120 might have
accompanied HIS1 mutations in RM1000 such that LOH is
observed in RM1000 descendant strains but not in CAI4 de-
scendant strains. SNP marker 118, flanking the proximal side
of HIS1, was still heterozygous in all five strains. We did not
observe LOH at markers flanking ARG4 in BWP17, the strain
from which ARG4 was deleted, or in any of the other strains.
Thus, ARG4 deletions were not accompanied by LOH.

To analyze the LOH for strains in which GALI manipula-
tions had been done, we initially sequenced markers flanking
the GAL1 gene on chromosome fragment 1S for strains AF14
and AF27. Marker 29 was homozygous in strain AF14 but
heterozygous in strain AF27. In contrast, marker 30, which
flanks GAL1 on the right and is located on the 1E chromosome
fragment, was heterozygous in both strains (Fig. 3B). To de-
termine whether the entire chromosome fragment 1S had lost
heterozygosity in AF14, we sequenced the remaining SNP
markers on fragment 1S for this strain. All SNP markers did
indeed show LOH (Fig. 3B). We then sequenced the markers
on 1S for strain AF6, the parent of AF14, and found that all
were still heterozygous. Together, these results suggest that the
homozygosity of marker 29 and all 1S markers distal to marker

29 occurred during continued selection on 2DG in the cell
lineage leading from AF6 to AF14.

From the above results, we found that LOH is not directly
related to gene manipulations or growth on selective media. To
confirm this result, we sequenced all of the SNP markers at
other genomic locations for the five strains discussed above,
and these results also demonstrated LOH (Table 2). For ex-
ample, all of the markers sequenced from chromosome frag-
ment 1L demonstrated LOH in strains RM1000, BWP17,
AF12, and AF27 (Fig. 3C). Together, our results suggest that
transformation per se does not seem to increase LOH but that
using a medium such as 2DG to select for a mitotic recombi-
nation event can result in the recovery of homozygosity across
an entire chromosome region.

DISCUSSION

This paper describes a web-based approach to developing a
genome-wide SNP map for strain SC5314 of the opportunistic
human pathogen C. albicans. Heterozygosity in this fungus was
demonstrated some 20 years ago (56-58), but only recently
have molecular and genomic advances allowed for the exploi-
tation of such variation for the study of the biology of infection.
The genome sequence reveals approximately 62,000 SNPs
(24), which are a great resource with which to study population
genetics, the relationships of strains, and transmission genetics.
Heterozygosity can also be exploited to unravel the processes
contributing to the diversity and plasticity of the C. albicans
genome.

For this study, we took advantage of the publicly available
diploid genome sequence (http://www-sequence.stanford.edu
:8080/haploid19.html) to develop a genome-wide SNP map for
C. albicans. The SNP map contains 131 markers comprising
561 SNPs and 9 indels (see the supplemental material), incor-
porates 12 markers from previous studies (10, 18, 20, 62), and
includes about 1% of the total number of SNPs in the C.
albicans genome. The map has one marker every 111 kb, on
average.
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FIG. 3. LOH detected in selected strains of C. albicans. (A) LOH in strain AF14 on chromosome fragment 1S. (B) LOH in strains RM1000,
BWP17, AF12, and AF27 on chromosome fragment 1L. (C) LOH in strains RM1000, BWP17, AF12, and AF27 on chromosome fragment 5I.
Arrows indicate LOH of SNP markers. Red stars, SNP markers that are heterozygous in strain SC5314; blue stars, SNP markers that are

homozygous in strain SC5314.

The frequencies of SNPs per base pair in our data set are
quite high and vary over the genome, ranging from 0 in some
locations to 1 per 47 bp on chromosome 4 to 1 per 119 bp on
chromosome 7, with a genome-wide frequency of 1 per 83 bp.
For C. elegans, SNPs have been used to study the relationships
among strains and to carry out high-throughput gene mapping
(25, 51). In one study using 366 SNPs, the SNP frequencies
varied from 1 per 1,445 bp to 1 per 8,750 bp (25). Brumfield et
al. (4) examined the utility of SNPs to infer population histo-
ries and reviewed SNP frequencies obtained from a variety of
different organisms. Studies comparable to ours found SNP
frequencies ranging from 1 per 1,001 bp in humans to 1 per
2,119 bp in chickens. Since most organisms covered in that
review have complete sexual cycles, the most likely explanation
for the high SNP frequency we found in C. albicans is the
accumulation of mutations in this largely clonal organism (55).
Some form of balancing selection across variable environments
might also maintain heterozygosity against the mitotic conver-
sion (LOH) we observed, but it is difficult to demonstrate
without genealogical data for specific coding regions.

Recently, multilocus sequence typing (MLST) was recom-
mended as a standard method for determining relationships
among strains (2, 3, 52). Sequences of several coding regions
(housekeeping genes) are combined into multilocus genotypes

to determine the relatedness among strains. Because the SNP
markers presented here are distributed across all of the chro-
mosomes, while the MLST markers represent only five of the
eight chromosomes, the two systems could be used together in
studies of genome regions covered by both. We recommend
the use of SNP markers for genome-wide analyses of recom-
bination. A combination of SNP markers and MLST would not
only increase the discriminatory power of strain typing, but
would unite data from noncoding and coding regions across
the entire genome.

To study mitotic recombination, including gene conversion
at heterozygous loci, we sequenced several SNP markers for
several strains (Table 2; Fig. 3) that were derived sequentially
from SC5314 by transformation (see Results and Table 1). We
found little evidence that gene knockouts directly increase
LOH at flanking regions. No LOH was found for markers
flanking URA3 and ARG4 in knockout strains. However,
marker 120 (Fig. 2; also see the supplemental material), next to
HISI and located at the distal end of chromosome fragment 51,
was homozygous for all SNPs tested, while marker 118, ap-
proximately 50 kb to the left end of HIS1, was not. Karyotypic
analysis has shown that strain RM1000 carries two differently
sized chromosome 5 homologues, whereas its progenitor
strain, CAI4, carries chromosome 5 homologues of the same
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size (data not shown). Further analysis showed that the gene
ILV3, which is telomeric to HISI, is missing from the smaller
homologue of chromosome fragment 5I in RM1000 (unpub-
lished data). These facts suggest that a partial loss and recon-
stitution of the telomeric end of one homologue of chromo-
some fragment 51 occurred in strain RM1000 (Fig. 3A) and
may have occurred during the disruption of HISI. In the sec-
ond case of large chromosomal fragment changes that we ob-
served, chromosomal fragment 1S (~1,400 kb) lost heterozy-
gosity during growth on 2DG medium (Fig. 3B and C). Our
data indicate that a single mitotic crossover in strain AF6
caused the loss of the second GALI allele, generating strain
AF14. This event seems to have occurred spontaneously, in
line with previous observations of a low but finite rate of
mitotic recombination in Candida.

We investigated the genomic locations of the SNP markers
with respect to predicted ORFs. More than two-thirds of the
heterozygous markers (89%) were located in intragenic re-
gions with the potential to affect the protein sequence or ex-
pression level (26). Diverged functions of two alleles at the
SAP2 gene were demonstrated by Staib and coworkers (48),
who showed that differences in the numbers of pentameric
repeats in the promoter region led to differential regulation of
the alleles. It was recently shown that allelic variation in gene
expression is frequent in the human genome (30). From a SNP
array, 326 of 602 (54%) genes expressed in kidney and liver
tissues showed two- to fourfold differences between the expres-
sion levels of alleles and 170 genes exhibited more than four-
fold differences in allelic expression levels. Given the high level
of heterozygosity in the C. albicans genome, the differential
expression of genes seems likely.

The main goal of this paper was to put together tools to
study recombinational and genomic changes in C. albicans
under different environmental conditions, such as changing
media, growth conditions, exposure to antifungal drugs, and
infection in animal hosts. For example, several mechanisms
might lead to resistance to the antifungal drug fluconazole in
C. albicans. One mechanism involves LOH at the ERGII lo-
cus, a gene in the ergosterol biosynthesis pathway that is tar-
geted by fluconazole. White (59) studied 17 serial isolates of C.
albicans and discovered that isolate 13 and all subsequent
isolates became resistant to fluconazole. An analysis showed
that allelic differences within the ERGI1 ORF, in the ERG11
promoter, and in the downstream THRI gene were lost in
these isolates, and a single amino acid substitution in ERGI1
was also identified. Another group discovered that multiple
mechanisms, including LOH, contribute to a stepwise devel-
opment of antifungal drug resistance in clinical isolates (19).
The fact that LOH at and around the ERGII gene was dis-
covered by two independent groups suggests that homozygosity
at this locus increases fitness in a fluconazole environment. In
a second example of the importance of recombination, rates
and frequencies of mitotic recombination have been deter-
mined for the GALI locus in C. albicans in vitro by the use of
fluctuation tests and in vivo by the use of a mouse model (17).
Strains that were heterozygous at the GALI locus were in-
jected into mice, Gal ™~ strains were identified, and the frequen-
cies of mitotic recombination at the GALI locus were deter-
mined. Although in vitro and in vivo data sets cannot be
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compared directly, these results suggest that there may be a
higher level of mitotic recombination in vivo than in vitro (17).

So far, sequencing has been the method of choice for SNP
analysis. However, analyzing large numbers of SNP markers
for entire populations of C. albicans by sequencing is very time-
and labor-intensive. Recently, SNP microarrays have been de-
veloped for a variety of organisms, including humans (14, 21,
37, 45), mice (28), plants (7), and protozoa (47, 49), and they
are becoming a fast, accurate, and reproducible method for
SNP analysis (7, 12, 29, 34). We have developed a SNP mi-
croarray (unpublished data) for C. albicans to study the mitotic
recombination of populations of cells in vitro and in vivo to
learn more about how and by which genomic processes C.
albicans adapts to diverse and constantly changing host envi-
ronments. This will provide a first glimpse of what makes C.
albicans so successful as an opportunistic pathogen of humans.
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