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Previous analyses of diploid nuclear genotypes have concluded that recombination has occurred in popu-
lations of the yeast Candida albicans. To address the possibilities of clonality and recombination in an effectively
haploid genome, we sequenced seven regions of mitochondrial DNA (mtDNA) in 45 strains of C. albicans from
human immunodeficiency virus-positive patients in Toronto, Canada, and 3 standard reference isolates of C.
albicans, CA, CAI4, and WO-1. Among a total of 2,553 nucleotides in the seven regions, 62 polymorphic
nucleotide sites and seven indels defined nine distinct mtDNA haplotypes among the 48 strains. Five of these
haplotypes occurred in more than one strain, indicating clonal proliferation of mtDNA. Phylogenetic analysis
of mtDNA haplotypes resulted in one most-parsimonious tree. Most of the nucleotide sites undergoing parallel
change in this tree were clustered in blocks that corresponded to sequenced regions. Because of the existence
of these blocks, the apparent homoplasy can be attributed to infrequent, past genetic exchange and recombi-
nation between individuals and cannot be attributed to parallel mutation. Among strains sharing the same
mtDNA haplotypes, multilocus nuclear genotypes were more similar than expected from a random comparison
of nuclear DNA genotypes, suggesting that clonal proliferation of the mitochondrial genome was accompanied
by clonal proliferation of the nuclear genome.

Candida albicans, a widespread commensal and important
opportunistic pathogen of humans, has no known sexual cycle
(15). Although there is genetic evidence for recombination in
populations of this fungus (7, 13), there is no indication that
genetic exchange between individuals is occurring presently or
has ever been frequent. In diploid fungi such as C. albicans,
inference of sexual genetic exchange based on analysis of nu-
clear loci is complicated by the occurrence of mitotic recom-
bination between the two component haploid genomes. Mi-
totic recombination results in loss of heterozygosity both
through gene conversion, which affects short tracts of DNA,
and through mitotic crossing over, which affects entire chro-
mosome arms distal to the point of exchange (6). Such loss of
heterozygosity in diploid fungi is well documented (6) and has
even been observed in experimental populations of C. albicans
over relatively short time spans of a few hundred cell genera-
tions (4). Starting with a small number of heterozygous ances-
tors, repeated events of mitotic recombination in different
parts of the genome could easily produce the multitude of
genotypes now seen in populations of C. albicans in the com-
plete absence of sexual genetic exchange.

How might one or more such highly heterozygous ancestral
genotypes of C. albicans have arisen? One possibility is that
one or more heterozygous diploid strains from the sexual an-
cestral population founded the present C. albicans population
and simultaneously lost their propensity to mate and/or to
complete meiosis. That only two alleles have been observed at
most nuclear loci assayed (5) is entirely consistent with a small

number of founders of present populations of this fungus.
Although the putative ancestral population of C. albicans is not
known, this hypothesis is not in conflict with the recent obser-
vations that genes very similar to functional mating types in
Saccharomyces cerevisiae exist in C. albicans (9) and that strains
made homo- or hemizygous for mating-type-like genes are
capable of mating (10, 12). Retention of the ability to mate
under specialized laboratory conditions, which include strong
selection for the products of mating, does not imply that mat-
ing has necessarily occurred in “natural” populations of C.
albicans in human hosts.

The purpose of this study was to test for the signature of
genetic exchange and recombination in the mitochondrial ge-
nome of C. albicans. An advantage of the mitochondrial ge-
nome over the diploid nuclear genome is that it is effectively
haploid, with no heterozygosity and hence no potential for loss
of heterozygosity during asexual propagation. Recombination
between mitochondrial DNA (mtDNA) loci can therefore be
detected only after genetic exchange between individuals. In S.
cerevisiae and other fungi, the mitochondrial genome is highly
recombinogenic; genetic exchange and recombination in
mtDNA have been observed both in artificial matings (6) and
in natural populations (14).

In this study, we screened 48 isolates of C. albicans for
sequence variation in seven regions of mtDNA, six of which
were unique and one of which occurred within the inverted
repeat. We found clear evidence for a small number of past
events of genetic exchange and recombination against a pat-
tern of predominantly clonal reproduction. The clonal nature
of the lineages characterized by the mtDNA haplotypes was
reinforced by the observation that strains harboring identical
mtDNA haplotypes carried nuclear genotypes that were sig-
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nificantly more similar to one another than were nuclear ge-
notypes drawn randomly from the general population.

MATERIALS AND METHODS

Strains. There were two main considerations in selecting the present sample
of C. albicans strains for analysis of mtDNA sequences. The first was that the
sample be taken from what is consistent with one population of C. albicans
strains with no geographic or temporal subdivision; admixture of highly unre-
lated strains would complicate interpretations of clonality versus recombination.
The second was that the size of the sample be sufficiently limited so that all of the
variations in multiple loci could be detected by a modest nucleotide sequencing
effort. Included in the sample were WO-1, CA, and CAI4, commonly studied
reference strains supplied by P. T. Magee and B. B. Magee (University of
Minnesota), and 45 strains from the sample of 81 strains of C. albicans from
superficial infections of human immunodeficiency virus-positive patients attend-
ing two different hospitals in Toronto, Ontario, Canada (5). The 45 strains
studied here were selected from the 81 strains in a random draw.

mtDNA loci, sequencing, and analysis. Our goal was to locate multiple non-
contiguous regions of mtDNA with nucleotide sequence variations, without re-
gard to whether the regions to be sequenced were coding or noncoding. First,
primers (Table 1) for regions 1, 4, 5, and 7 were designed from sequences
available through the Candida Information website (http://alces.med.umn.edu/
Candida.html), and primers for region 6 were designed on the basis of the
GenBank accession no. AF080074 sequence. Subsequently, primers for regions 2
and 3 were designed from the complete nucleotide sequence of the C. albicans
mitochondrial genome (strain SC5314) when it became available; this sequence
is now designated GenBank accession no. AF285261. The coordinates of the
seven regions relative to the complete mtDNA sequence are provided in Table
1. In four cases, the primers designed earlier and actually used in this study did
not perfectly match the complete C. albicans mtDNA sequence; these cases are
noted in Table 1 along with the primer sequences that would have matched
perfectly.

The conditions used for PCR and sequencing were exactly as described by
Cowen et al. (4). Sequencing of the second strand was done for at least three
representatives of each type of variant sequence. Raw sequences were trimmed

to include only areas of high-quality sequence from all 48 strains and were
aligned with Sequencher (version 3.1.1; Gene Codes Corporation). Parsimony
analysis was done with PAUP version 4.0b3a. Distances between nuclear geno-
types were calculated as described by Cowen et al. (5) as the number of allelic
differences. Randomization tests of association between the three most common
mtDNA types and nuclear DNA genotypes were done with random numbers,
data sorting, and macros written in Excel 98.

RESULTS

Among a total of 2,553 nucleotides in seven mtDNA loci, 62
polymorphic nucleotide sites and seven indels (Fig. 1) defined
nine distinct mtDNA haplotypes among the 48 strains of C.
albicans. mtDNA haplotypes 1, 3, 4, and 5 included strains
from both Toronto hospitals from which samples were ob-
tained. In addition, reference isolates CAI4 and CA belonged
to mtDNA haplotypes 1 and 5, respectively, and the complete
mtDNA sequence from C. albicans strain SC5314 belonged to
haplotype 1.

Phylogenetic analysis resulted in one most-parsimonious
tree of mtDNA haplotypes, with a consistency index of 0.68
(Fig. 2a). This most-parsimonious tree contained homoplasy,
evident as several parallel changes in character state. The
cause of the apparent homoplasy was found in pairs of nucle-
otide sites for which all four possible combinations of nucleo-
tide states were observed (Fig. 3). These pairs are incompatible
in the sense of Hudson and Kaplan (8). With no recombina-
tion, at least one parallel mutation is required to generate the
four genotypes starting from any two-locus genotype arbitrarily
designated as ancestral; with recombination, the four geno-
types can be generated without parallel mutation and each

TABLE 1. mtDNA regions, sizes, positions in complete C. albicans mtDNA sequence, and primers

Region

Length of
consensus
sequence

(bp)a

Positions
in complete

mtDNA sequence
Primers flanking the sequenced region

1 373 4939–4567 GAGCGGTTGATCTAATACCACCb

TCTTCTATCGTGCATATGCTCCb

2 440 1507–1068 ACGCCAATTATACGTCAAGG
GAACGTGTAACAACACACTAATCG

3 352 35511–35160 (10449–10800)c GGTGATATAGTAGGGATACCTACTGG
TAGGTAACCTGGGAATGTCG

4 201 30934–30734 TTATGGTCTTAGCGATTGGTAT
TATGACCCTATGAGGCTTTATTb

5 493 24219–23728 AGAAGAATGAGGCACCATTAGC
CACACGATAAGGATAGACGTGG

6 325 21399–21079 ATGTGCATCATTGGATAGGAGG
ACTATTGGTGCGTTACCTGG

7 369 16332–15991 GTGCACTAATTGATGATAGAGGTGG
CCATTACATTAAATGCTCTAACGCGb

a The consensus sequences for regions 5, 6, and 7 are larger than those for the corresponding regions in the complete mtDNA sequence (haplotype 1) due to gaps
in haplotype 1 (see Fig. 1).

b Perfect matches to the complete C. albicans mtDNA sequence would have been as follows (differences from the respective primers are underlined): region 1,
GAGCGGTTGATCTAATACTACC and TCTTCTATAGTGAATATGCTCC; region 4, TATGACTATATGAGGCTTTATT; and region 7, CAATTATATTAAAT
GCTCTAAAGCG.

c Region 3 is located within the inverted repeat in C. albicans mtDNA. No heterogeneity between copies of the repeat was detected in any of the haplotypes under
sequencing conditions that routinely detect such heterogeneity in nuclear DNA regions heterozygous at specific nucleotide sites in C. albicans. Numbers in parentheses
are the coordinates of region 3 in the alternate copy of the repeat.
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nucleotide state equals identity by descent (1). Many of these
incompatibilities occurred as blocks in the matrix of site-by-site
comparisons shown in Fig. 3. In most regions, these blocks of
nucleotide sites corresponded to a sequenced region. Region 5,
however, contained several pairs of sites that were incompat-
ible. These incompatibilities could all be represented as retic-
ulation in the tree of mtDNA haplotypes (Fig. 2b).

The three haplotypes with the largest numbers of strains had
nuclear genotypes that were more similar to one another than
were genotypes drawn randomly from the general sample (Ta-
ble 2).

DISCUSSION

Our goal in examining nucleotide sequences in seven non-
contiguous regions of mtDNA was to assess the possibilities of
clonal proliferation and recombination associated with genetic
exchange in the effectively haploid mitochondrial genome. Our
analysis showed that both of these processes have occurred in
C. albicans.

The five mtDNA haplotypes represented by more than one
strain are indicative of clonal proliferation. Because each of
haplotypes 1, 3, 4, and 5 included strains collected from dif-

ferent patients and locations, we conclude that these clones
were not merely the result of recent, local proliferations but
instead were older and more generally distributed in the pop-
ulation. This conclusion is reinforced by reference isolates
CAI4 and CA, which are from outside of the Toronto area and
which belong to mtDNA haplotypes 1 and 5, respectively, and
by the complete mtDNA sequence (DNA Sequencing and
Technology Center, Stanford University), which matches ex-
actly mtDNA haplotype 1 over the seven regions examined in
this study. The limited haplotype diversity in mtDNA (nine
haplotypes) is also consistent with clonality. This limited hap-
lotype diversity in mtDNA was not due merely to a paucity of
polymorphic sites. While the 41 nuclear genotypes (Fig. 4)
were defined by only 16 polymorphic nucleotide sites, the nine
mtDNA haplotypes in the same 48 strains were defined by 62
polymorphic sites.

If mitochondrial evolution in C. albicans is largely clonal,
then in principle it should be possible to infer a phylogenetic
tree of mtDNA haplotypes (14). This proved to be the case for
the mtDNA haplotypes of C. albicans. Phylogenetic analysis of
the nine mtDNA haplotypes resulted in one most-parsimoni-
ous tree. The phylogenetic analysis of mtDNA haplotypes

TABLE 2. Nuclear DNA distances among strains of mtDNA haplotypes 1, 3, and 5 of C. albicans

mtDNA
haplotype

Mean 6 SD
distance

(n)b

Mean 6 SD distancea

in 1,000
randomized

data sets

Range of
mean distances
in randomized

data sets

P

1 4.48 6 2.56 (325) 9.68 6 0.79 9.07–10.35 ,0.001
3 7.61 6 6.26 (36) 9.71 6 0.79 7.11–11.97 0.005
5 7.43 6 4.8 (21) 9.67 6 1.02 6.33–12.95 0.015

a The number of distances from each randomized data set was the same as the number of pairwise distances among strains sharing the same mtDNA haplotype in
the original data set.

bn, number of pairwise comparisons of nuclear DNA genotypes. Distances are calculated as the number of allelic differences between genotypes (5).

FIG. 1. Nucleotide substitutions and indels in the nine mtDNA haplotypes (Hap) of C. albicans. Numbers of strains sharing a haplotype are
indicated in parentheses. Asterisks indicate nucleotide substitutions that are phylogenetically informative among mtDNA haplotypes. Since gaps
(dashes) were not included in the phylogenetic analysis (see Fig. 2), they are not numbered as characters.
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stands in sharp contrast to a previous phylogenetic analysis of
nuclear DNA genotypes of C. albicans (5), in which the num-
ber of most-parsimonious trees was extremely large and all
trees had very low internal consistency. The inability to find a
plausible phylogeny of nuclear DNA genotypes in this presum-

ably asexual organism was attributed at least in part to parallel
loss of heterozygosity through mitotic recombination, which
could explain much of the apparent homoplasy in all of the
phylogenetic trees of nuclear DNA genotypes.

Unlike the diploid nuclear genome of C. albicans, the mito-

FIG. 2. (a) Single most-parsimonious tree of mtDNA haplotypes. Designations within circles represent strains listed by Cowen et al. (5).
Numbers outside the circles represent mtDNA haplotype designations. Branch length is proportional to the number of character state changes
(nucleotide substitutions), and scale is provided. (b) Same tree as that in panel a, except that reticulation is added as broken lines whose
connections to branches are made with solid circles. The character numbers for the state changes (Fig. 1) associated with the reticulation in this
tree appear on the broken lines. Although indels are not represented in this tree, only one (region 5, position 322 in the consensus sequence)
showed reticulation, connecting haplotypes 4 and 7.
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chondrial genome is effectively haploid; recombination be-
tween any two mtDNA loci must therefore be due to past
genetic exchange between individuals. In many fungi, and es-
pecially in isogamous yeasts, the cytoplasmic mixing that oc-
curs during mating is accompanied by the opportunity for
mtDNA recombination (6). Wherever physical exchange oc-
curs between two mtDNA molecules that are polymorphic and
not identical by descent, recombinant genotypes will be de-
tected after the sorting of mtDNA lineages that occurs during
repeated cycles of cell budding and growth. Although physical

exchange might occur among the multiple mtDNA molecules
within an individual, this process would not result in a recom-
binant genotype, since all of the molecules are identical by
descent.

Although the limited number of haplotypes related in a
single most-parsimonious tree is consistent with a largely
clonal mode of reproduction, there were several examples of
apparent homoplasy (Fig. 2b). There are two reasons why
these examples can be the result only of genetic exchange and
recombination (reticulation), rather than parallel mutation in

FIG. 2—Continued.
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the absence of recombination. First, there are only two nucle-
otides present for each of the 62 variable sites in the total of
2,553 nucleotides. Were these sites affected by repeated mu-
tation, we might expect to have observed more than 2 nucle-
otides at at least some of the variable sites (3). It is not plau-
sible that the 62 variable sites are the only ones of the 2,553
sites assayed that are available as potential targets for muta-
tion. In the majority of instances, identity by nucleotide state
can therefore be interpreted as identity by descent. The second
reason why reticulation must be due to recombination rather
than parallel mutation is that the majority of incompatibilities
in Fig. 3 were among, rather than within, blocks of nucleotide
sites grouped as regions in the mtDNA. To explain this pattern
of incompatibility by mutation alone would require parallel
changes in a highly nonrandom pattern. The likely signature of
parallel mutation would instead be incompatibilities among

nucleotide sites that were randomly distributed, without the
appearance of blocks of incompatibilities equivalent to those in
Fig. 3.

Because of the positions of the reticulations in the most-
parsimonious tree (Fig. 2b), it can be concluded that all of the
recombination events occurred before the clonal proliferation
of mtDNA haplotypes 1, 3, 4, 5, and 9. Exactly when these
recombination events occurred, however, cannot be inferred
from the present data because the times of the clonal prolif-
erations are not known. Clonal proliferation of C. albicans,
even between widely separated geographic locations (16), may
be recent, possibly within the past few decades, due to the
movement of humans.

Although several past events of mtDNA recombination are
clearly evident, the data are not consistent with high-frequency
recombination, either recently or in the distant past. Under
frequent recombination, the distinct blocks of adjacent nucle-
otides within which no recombination was observed would
become smaller and less distinct; the nonrandom pattern of
incompatibilities would become progressively more random
with time (2). In comparison, a pattern of more frequent
mtDNA recombination prevails in the outcrossing basidiomy-
cete fungus Armillaria gallica, in which no distinct blocks of
sites and no linkage disequilibrium have been detected (14).

The entire 40.4-kb mtDNA represents less than 1% of the
genome of C. albicans. When considering questions of clonality
versus recombination, it is therefore important to determine if
there is any association between mtDNA haplotypes and the
rest of the genome. Since mtDNA haplotypes might be trans-
mitted among individuals during mating independently of the
nuclear genome, one possibility is that mtDNA haplotypes
show no association with the nuclear genotype. By analysis of
nuclear DNA genotypes accompanying each of the three
mtDNA haplotypes with the largest numbers of strains, this
possibility was rejected; mtDNA haplotypes and nuclear geno-
types were strongly associated (Table 2). This relationship can
be seen graphically in Fig. 4 in the unweighted pair-group
method with arithmetic mean (UPGMA) tree representing
similarity among the nuclear genotypes determined previously
by Cowen et al. (5) and on which the mtDNA haplotypes are
indicated. With only three exceptions, the mtDNA haplotypes
corresponded to distinct clusters of nuclear genotypes. The
exceptions, strains T22 and T19 of haplotype 3 and T104 of
haplotype 1, may represent rare past events in which mitochon-
drial types reassociated with nuclear types. The predominant
pattern, however, is that the clonal proliferation of mtDNA
haplotypes was associated with what appears to be clonal pro-
liferation of nuclear genotypes. The nuclear genotypic diversity
within each of these clones is consistent with mitotic recombi-
nation and its attendant loss of heterozygosity, although ge-
netic exchange between strains is not ruled out.

In this study, there were several examples of recombination
in mtDNA that occurred before clonal proliferation of the
mtDNA haplotypes of C. albicans. Because of the haploid
nature of mtDNA, these recombination events can be attrib-
uted only to genetic exchange between individuals and not to
recombination during asexual propagation. The mechanism of
this genetic exchange between individuals is not known. Re-
gardless of whether mtDNA exchange occurred through cyto-
plasmic mixing associated with some unknown pathway of so-

FIG. 3. Compatibility matrix of nucleotide substitutions that were
phylogenetically informative among the nine mtDNA haplotypes of C.
albicans. X, incompatible (i.e., all four possible combinations of 2
nucleotides at the two variable positions are present in Fig. 1); –,
compatible (i.e., fewer than all four possible combinations of 2 nucle-
otides at the two variable positions are present in Fig. 1). Region 2 was
not included because none of the polymorphisms in this region was
phylogenetically informative among the haplotypes. (The variation in
region 2 only distinguishes haplotype 3 from all of the rest. Therefore,
sites in region 2 cannot be incompatible with sites in other regions.)
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matic fusion or with mating, the nuclear genome also would
have been subject to recombination at the same time as the
mtDNA genome. Although rare, these past events of genetic
exchange may be of evolutionary significance in present-day
populations. Even if C. albicans, as it now occurs in human
hosts, has completely lost the abilities for mating and meiosis,
populations of this fungus may still carry an adaptive benefit
(11) from past episodes of recombination.
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