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Abstract
Candida albicans is a diploid yeast that can undergo mating and a parasexual cycle, but is apparently
unable to undergo meiosis. Characterization of the population structure of C. albicans has shown
that reproduction is largely clonal and that mating, if it occurs, is rare or limited to genetically related
isolates. Because molecular typing has delineated distinct clades in C. albicans, we have tested
whether recombination was common within clades, but rare between clades. Two hundred and three
C. albicans isolates have been subjected to MultiLocus Sequence Typing (MLST) and the haplotypes
at heterozygous MLST genotypes characterized. The C. albicans isolates were distributed among
nine clades, of which five corresponded to those previously identified by Ca3 fingerprinting. In each
of these clades with more than 10 isolates, polymorphic nucleotide positions located on between 3
and 4 of the 6 loci were in Hardy-Weinberg disequilibrium. Moreover, each of these polymorphic
sites contained excess heterozygotes. This was confirmed by an expanded analysis performed on a
recently published MLST dataset for 1,044 isolates. On average, 66% of polymorphic positions in
the individual clades were in significant excess of heterozygotes over the five clades. These data
indicate that mating within clades as well as self-fertilization are both limited and that C. albicans
clades do not represent a collection of cryptic species. The study of haplotypes at heterozygous loci
performed on our dataset indicates that loss of heterozygosity events due to mitotic recombination
is moderately common in natural populations of C. albicans. The maintenance of substantial
heterozygosity despite relatively frequent loss of heterozygosity could result from a selective
advantage conferred by heterozygosity.

Keywords
Multi-Locus Sequence Typing; Loss of heterozygosity; mating; Ca3; clade; recombination

*Corresponding author: Christophe d’Enfert, Unité Biologie et Pathogénicité Fongiques, Institut Pasteur, 25, rue du Docteur Roux, 75724
Paris Cedex 15, France, Tel: +33 (0)1 40 61 32 57, Fax: +33 (0)1 45 68 89 38, E-mail: denfert@pasteur.fr.
§MEB and CP contributed equally to this work
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Fungal Genet Biol. Author manuscript; available in PMC 2009 March 1.

Published in final edited form as:
Fungal Genet Biol. 2008 March ; 45(3): 221–231.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
In many pathogenic microorganisms, genetic exchanges are limited. This may reflect a
common strategy facilitating the maintenance of adapted clones while retaining the ability to
generate and select new gene combinations in response to changes in selective pressure
(Heitman, 2006). The yeast Candida albicans, the most prevalent fungal pathogen in humans
(Calderone, 2002), appears to exploit such a strategy. C. albicans is an obligate diploid with a
documented parasexual cycle involving the mating of cells of opposite mating type that have
undergone a loss of heterozygosity at the Mating-Type-Like (MTL) locus. This process results
in tetraploids (Hull et al., 2000; Magee and Magee, 2000) that can revert to diploidy by random
chromosome loss (Bennett and Johnson, 2003). So far, meiosis has not been observed despite
the presence in the genome of numerous orthologues of the Saccharomyces cerevisiae genes
necessary for mating, meiosis and sporulation (Tzung et al., 2001). The shuffling of genetic
material and the recombination events that would result from mating are possible sources of
diversity in C. albicans that could contribute to its success as a pathogen. In this regard,
evaluating the contribution of mating to genome diversity within the C. albicans species is of
significant importance.

Genetic studies of the population structure of C. albicans using diverse approaches have all
reached a similar general conclusion, namely that the propagation of this pathogen is largely
clonal (Pujol et al., 1993; Boerlin et al., 1996; Gräser et al., 1996; Pujol et al., 1997; Cowen et
al., 1999; Forche et al., 1999; Lott et al., 1999; Taylor et al., 1999; Xu et al., 1999a; Xu et al.,
1999b; Anderson et al., 2001; Fundyga et al., 2002; Tavanti et al., 2004). The results of these
studies suggest that mating may be a rare event. Observed recombination might reflect events
of mitotic recombination between homologous chromosomes or parasexual exchange rather
than true sexual reproduction (Odds et al., 2007). There is, however, an alternative hypothesis.
Mating may occur frequently, but may be limited to strains that are genetically related and thus
would not lead to measurable recombination (Soll and Pujol, 2003). In the majority of studies
on the population structure of C. albicans, the samples complexities were largely neglected.
C. albicans was treated as a homogeneous population. In recent years, this assumption has
been shown to be an oversimplification. C. albicans can be subdivided into distinct clonal
lineages. The existence of clades was initially demonstrated by a comparison of three
independent genotyping methods (Pujol et al., 1997), Ca3 fingerprinting, random amplification
of polymorphic DNA (RAPD), and multilocus enzyme electrophoresis (MLEE). Each of these
methods was shown to identify the same three groups of strains, subsequently termed clades
I, II, and III. Ca3 fingerprinting was then used to separate worldwide collections of C.
albicans into the five major genetic groups or clades, I, II, III, SA, and E (Pujol et al., 1997;
Blignaut et al., 2002; Pujol et al., 2002; Soll and Pujol, 2003). More recently, MultiLocus
Sequence Typing (MLST) confirmed the existence of the same major clades (Robles et al.,
2004; Tavanti et al., 2005; Odds et al., 2007) and indicated that C. albicans could be subdivided
into additional minor clades (Tavanti et al., 2005; Odds et al., 2007).

Because population genetic analyses were performed without considering subgroups, the
possibility existed that while recombination was rare in C. albicans between isolates from
different clades, it could be common within each clade (Pujol et al., 2005). The clades appear
to be reproductively isolated and may, therefore, represent cryptic species. In a cryptic species
model, genetic exchange would be common within, but rare between, reproductively isolated
populations (Maynard Smith et al., 1993). We, therefore, performed a study of the population
structure of C. albicans in which clades were assessed separately.

Among the DNA typing methods used to assess the population structure of C. albicans, MLST
provides a very efficient approach (Bougnoux et al., 2002; Bougnoux et al., 2003; Tavanti et
al., 2003; Bougnoux et al., 2004; Robles et al., 2004; Tavanti et al., 2004; Tavanti et al.,
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2005; Odds et al., 2007). It is based on the nucleotide sequences of internal regions of 6 or 7
housekeeping genes. The combination of the genotypes obtained at each locus characterizes
the Diploid Sequence Type (DST) for each strain. MLST provides reproducible data that are
easily obtained, stored and shared. Recent reports (Robles et al., 2004; Tavanti et al., 2005;
Odds et al., 2007) have demonstrated that its effectiveness in discriminating between clades is
similar to that of Ca3 fingerprinting. Using MLST, we have tested the structure within clades
and have identified haplotypes (haploid genotypes). Hardy-Weinberg analysis suggests that
genetic exchange is limited not only between clades, but also within clades, and hence, that
clades do not represent cryptic species. Haplotype analysis suggests that loss of heterozygoty
due to mitotic recombination is relatively common in C. albicans, but is not sufficient to upset
a general pattern of excesses of heterozygotes.

Materials and Methods
C. albicans isolates

A collection of 203 C. albicans isolates was studied (Supplemental Table 1) that included (i)
a set of 77 unrelated strains previously characterized using DNA fingerprinting with the Ca3
probe (Pujol et al., 1997; Blignaut et al., 2002; Pujol et al., 2002), and (ii) a set of 125 unrelated
strains collected in Europe between 1998 and 2002 comprising 117 isolates from humans and
8 from birds (Starlings). The latter isolates were collected from seven sites in Europe. The
reference strain SC5314 (Fonzi and Irwin, 1993) was also included. The reference collection
of 77 isolates (Pujol et al., 1997; Blignaut et al., 2002; Pujol et al., 2002) contained 24 strains
from clade I, 14 from clade II, 15 from clade III, 10 from clade SA, 6 from clade E and 8
outliers that did not cluster in any of the five identified major clades. The isolates were stored
at − 80°C in Cryo-bille tubes (Laboratoire AES, Combourg, France) until they were grown for
genomic DNA extraction as described (Bougnoux et al., 2002).

MLST Typing
MLST was performed as described by Bougnoux et al. (2002). Briefly, this involved
amplifying and sequencing portions of the coding regions of six housekeeping genes (ACC1,
407bp; VPS13, 403bp; GLN4, 404bp; ADP1, 443bp; RPN2, 306bp; SYA1, 391bp). Because C.
albicans is diploid, the IUPAC nomenclature one-letter code for nucleotides was used to
distinguish homozygous and heterozygous polymorphic sites. New and already described
genotypes (ST for sequence type) at each locus were assigned numbers in accordance with the
nomenclature used in the C. albicans MLST database (http://calbicans.mlst.net, Bougnoux et
al., 2004) that follows the one used in Bougnoux et al. (2002). The combination of genotypes
obtained at the 6 loci characterized the diploid sequence type (DST) for each strain
(Supplemental Table 1). Alternatively, the reference collection of 77 strains was typed
according to Bougnoux et al. (2003) through amplification of seven loci (AAT1a, 373 bp;
ACC1, 407bp; VPS13, 403bp; ADP1, 443bp; SYA1, 391bp; MPIb, 375 bp; ZWF1b, 491 bp).
These data are available in Supplemental Table 2. Additional MLST data obtained by Odds
et al. (2007) were retrieved from http://test1.mlst.net. Haplotypes were inferred from MLST
heterozygous genotypes through subcloning of the PCR products into pCR®2.1-TOPO (TOPO
TA Cloning® Invitrogen, Life Technologies, France), amplification of the cloned fragments
from 3–8 Lac− colonies and direct sequencing of the resulting PCR products. Alternatively,
haplotypes were inferred with PHASE 2.1 (Stephens and Scheet, 2005).

Data Analysis
MLST identifies polymorphic sites within each of the six sequenced loci. Importantly, we
observed that each polymorphic site is distinguished by only three alternative configurations:
two that are homozygous (e.g., A/A or G/G) and one that is heterozygous (e.g., A/G; see
Supplemental Table 2). Hence, for each isolate, the nucleotides corresponding to the
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polymorphic sites found for the 6 loci were translated into a code where 0 stands for one
homozygous configuration, 1 stands for the other homozygous configuration and 0.5 stands
for the heterozygous configuration. These represent gene frequencies for one of the two alleles
and were used to generate a dendrogram from matrixes of pairwise Nei’s genetic distances
using the Unweighted Pair Group Method with Arithmetic averages (UPGMA) computed by
the PHYLIP package, version 3.62 (http://evolution.genetics.washington.edu/phylip.html).
Bootstrapping with 1000 randomizations was used to assess the significance of the nodes.
Linkage disequilibrium was assessed using the Index of Association (Ia, Maynard Smith et al.,
1993) as calculated by the Multilocus 1.3 software package, available at
http://www.agapow.net/software/multilocus/(Agapow and Burt, 2001). These tests are
independent of the assumption of ploidy level. The levels of significance for nonrandom
association between loci were computed under the null hypothesis of a freely recombining
population (panmixia). The approach used to assess the levels of significance of linkage
disequilibrium was similar to that previously used on populations of pathogenic protozoa and
fungi (Tibayrenc et al., 1990; Tibayrenc et al., 1991; Pujol et al., 1993; Burt et al., 1996).
Frequencies for heterozygous genotypes expected at Hardy-Weinberg equilibrium were
calculated at http://www.changbioscience.com/genetics.hardy.html using values available for
homozygous genotypes.

Chromosomal Location of the Loci
Sequenced gene fragments were localized to contigs of the most recent assembly of the C.
albicans genome sequence from the Stanford Genome Technology Center (Assembly 19, Jones
et al., 2004) by performing a blast search at http://genolist.pasteur.fr/CandidaDB (d’Enfert et
al., 2005). The genomic location of the loci and their relative orientation in function of the
putative centromeres were deduced from the C. albicans genomic map browser and contig
assembly website (http://candida.bri.nrc.ca/candida/alignments/index.cfm). Locations of the
putative centromeres were deduced from Sanyal et al. (2004).

Results
MLST analysis of 203 C. albicans strains and characterization of the clades

Analysis of a collection of 203 isolates by MLST over six gene sequences identified 68
polymorphic nucleotide positions that defined 157 diploid sequence types (Supplemental Table
1). One DST was shared by 16 isolates, one by 5 isolates, three by 4 isolates each, three by 3
isolates each, and twelve by 2 isolates each. Each of the remaining 137 DSTs was represented
by a single isolate. Among the 203 isolates analyzed, 77 were previously analyzed with the
Ca3 fingerprinting method and were representative of the five major clades previously
described (Pujol et al., 1997; Blignaut et al., 2002; Pujol et al., 2002). A UPGMA dendrogram
was generated (Fig. 1), and the latter set of isolates was used as a reference to identify genetic
groups within the larger collection. Due to the overall very close relatedness of C. albicans
isolates and the possible occurrence of mating in natural populations, the UPGMA analysis
was not an attempt to resolve an intraspecies phylogeny, but was rather used as a pragmatic
approach to cluster strains and identify clades. In this context, bootstrap values of more than
50% are presented in Figure 1 to indicate the most clearly defined groups of strains but should
not be considered to imply genuine phylogenetic support. Three of the 77 strains showed a
discrepancy in clustering between the two methods. The II-62 strain, which represents the
reference strain WO-1, was outside of clade II and clustered with a single strain. Strains III-27
and III-43 clustered separately from clade III. Nevertheless, strains displaying distinct
clustering with the two methods were rare and the clustering of the reference collection closely
mirrored the clades previously identified by Ca3 analysis (Fig. 1). Around 96% of the strains
identified in one of the clades defined by Ca3 fingerprinting clustered in its respective clade
by MLST. With the exception of group III, the clusters identifying each of the major genetic
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groups were supported by bootstrap values of 50% or more. In contrast, the majority of the
remaining nodes were not supported by bootstrap analysis (Fig. 1). This was particularly true
for the deep nodes linking the clades together. Bootstrap values of 50% or more were also
observed for four additional clusters containing from 5 to 11 strains. We termed these minor
clusters, clade IV to VII (Fig. 1). Most of the strains identified as group III by Ca3 analysis
also clustered by MLST, suggesting that this cluster represents a genuine discrete genetic group
within C. albicans, even if bootstrap analysis did not support any clear delineation. For this
reason, in subsequent analyses we tested in parallel the collection of 24 group III strains, and
a reduced set of 18 group III strains defined at an arbitrary patristic threshold of 0.035 (Fig.
1). This threshold was chosen because it was useful in defining the remaining clades, with the
notable exception of clade SA (Fig. 1). The results obtained for the two sets of strains were
highly similar and demonstrated the same trends (data not shown). Therefore, we tentatively
defined clade III as being represented by the larger collection of 24 strains (Fig. 1).

Nature and distribution of the polymorphisms
We observed only two alleles at each of the 68 polymorphic nucleotide positions. Nine of the
polymorphic nucleotide positions were specific to a single strain each (Supplemental Table 3).
The majority of the remaining 59 polymorphic nucleotides observed over the 2,354 bp analyzed
were synonymous. Twenty-three polymorphisms generated amino acid substitutions
(Supplemental Table 3). Among them 21 were conservative replacements involving amino
acids with similar functional groups (17 nucleotide positions) or amino acids with similar effect
on secondary structure (4 nucleotide positions). Only 2 nucleotide polymorphisms generated
amino acids that were notably distinct and more likely to affect gene function. The average
number of heterozygous loci per strain was 3.90 ± 1.27 with a range of 1 to 6, and the mean
number of heterozygous nucleotide positions per strain was 13.0 ± 6.03 with a range of 1 to
31.

Most of the nucleotide polymorphisms were shared between two or more different clades and/
or outlier strains that did not cluster in any of the 9 clades (Supplemental Table 3). Only one
polymorphism was restricted to a unique clade. While the VPS13 sequence was heterozygous
A/G at position 33 in all seven strains of clade VII, it was homozygous G/G for the remaining
strains (Supplemental Table 3). Instances of homoplasy were not rare and were most notable
between many clades and/or outlier strain combinations (Supplemental Table 3). This
homoplasy was reflected by the overall poor bootstrap support observed (Fig. 1).

The chromosomal location of the loci used in this study could affect some of our analyses if
loci were too close to each other or in proximity of the centromeres. To test for physical linkage
between loci, we verified their chromosomal location. Chromosomal location of the 6 loci were
as follows: ACC1 and ADP1, chromosome R; RPN2, chromosome 1; VPS13, chromosome 4;
SYA1, chromosome 6; GLN4, chromosome 7. ACC1 and ADP1 were approximately 1,000 kb
apart. SYA1 was located at approximately 180 kb from the chromosome 6 centromere. All other
loci were located between 300 kb and 1,500 kb from a centromere.

Correlation between the Ca3 and MLST Methods and Linkage Disequilibrium
The Mantel nonparametric test was used to compare the nonrandom association between the
similarity coefficient matrices obtained for the 77 isolates fingerprinted with the Ca3 method
and the Nei’s genetic distance matrix obtained for MLST. The Mantel test was highly
significant (P < 10−4), supporting a strong correlation between the two methods. Correlation
between two sets of independent genetic markers represents robust evidence suggesting linkage
disequilibrium and a clonal population structure (Pujol et al., 1997). We further assessed
linkage disequilibria by using statistics implemented in the Multilocus 1.3 software (Agapow
and Burt, 2001). Each of these statistics tested the null hypothesis of a freely recombining
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(panmictic) population (Supplemental Table 4). Highly significant linkage disequilibria (p <
10−5) were found for both the total collection of 203 isolates and the reduced collection of 157
isolates that did not contain repeated genotypes (Supplemental Table 4). These results indicate
that the overall population structure of C. albicans is clonal.

Haplotype analysis
While recombination is a source of genetic variation that is predicted to play an important role
in C. albicans, this term has been used to describe different mechanisms including genetic
exchange and mitotic recombination. In order to estimate the contribution of mitotic
recombination to the genetic diversity of C. albicans we performed a haplotype analysis within
each of the genetic groups previously described. The study was performed on 150 strains from
the six clades represented by more than 10 isolates. These strains included 52 clade I isolates,
16 clade II isolates, 24 clade III isolates, 11 clade IV isolates, 26 clade E isolates, and 21 clade
SA isolates. Based on the genotypes obtained at each locus, we deduced the allelic make-up
of strains from each genetic group. A representative example is given in Table 1 for the
GLN4 locus analyzed in 52 clade I isolates. Seven genotypes were found in that case. The three
genotypes that were the most commonly found ST2, ST9, and ST11 could be interpreted as
being the result of the differential combination of two alleles (alleles 1 and 2 in Table 1). While
isolates presenting the ST2 and ST9 genotypes were homozygous for alleles 1 and 2,
respectively, isolates with the ST11 genotype were interpreted to be 1/2 heterozygotes. The
four rare genotypes represented a minority of group I isolates (8%) and were interpreted to be
recombinant genotypes derived from ST11 1/2 heterozygous strains that underwent a loss of
heterozygosity through recombination between alleles 1 and 2 (Table 1). As a result of these
recombinations, “hybrid” alleles that were part allele 1 and part allele 2 emerged. A
conservative interpretation of these data suggests that the recombinant genotypes reflect the
combination of one “hybrid” allele and one “original” allele in cases of partial loss of
heterozygosity over the locus. This allelic interpretation was verified by cloning and
sequencing individual GLN4 alleles from 28 group I strains that were heterozygous at this
locus. The number of clones analyzed per strain (three to eight) was too small to always recover
both alleles, but in cases where only one allele was sequenced it corresponded to one of the
deduced alleles. While in 10 of the 25 GLN4-ST11 strains analyzed the two expected alleles
(alleles 1 and 2 in Table 1) were found, only one of the two alleles (1 or 2) was retrieved in the
remaining 15 strains. The two expected alleles (Table 1) were recovered from the strains
presenting the GLN4-ST14, ST16, and ST21 recombinant genotypes. These results confirmed
our allelic interpretation. The same approach that was used to deduce the clade I GLN4
haplotypes was also applied to determine haplotypes within each clade and for all loci. Allelic
interpretations were again confirmed on select strains, for all loci, by cloning and sequencing
individual alleles. Haplotype results are summarized in Supplemental Table 5. Alleles were
cloned and sequenced for a total of 126 gene sequences. In all cases, allele sequences were in
agreement with our allelic interpretations. Moreover, our allelic interpretations were in general
agreement with haplotypes predicted using the PHASE 2.1 software (Stephens and Scheet,
2005). Out of 56 different single locus genotypes with more than one heterozygous nucleotide
position, 50 were attributed identical haplotypes by both approaches. Only in 6 (11%) instances
(data not shown) did the predictions differ. In these cases, PHASE 2.1 prediction confidence
was generally low and the predicted haplotypes differed from the sequencing data obtained for
the corresponding alleles except in one case where the allelic combination had not been
validated by sequencing (data not shown). A total of 37 recombinant genotypes composed of
variant alleles generated by mitotic recombination were observed on 150 strains analyzed for
the six MLST loci (Table 2). We interpreted this data as evidence of a relatively frequent loss
of heterozygosity over the different loci.
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Excesses of heterozygotes are common within C. albicans clades
Despite the number of studies dealing with the population structure of C. albicans, no study
has attempted to test the population structure within clades. We, therefore, used the allelic
frequencies obtained at each polymorphic nucleotide position to assess non-random
segregation within clades. Hardy-Weinberg equilibrium was tested to ascertain whether the
observed genotypic frequencies were consistent with those expected from random mating
(Table 3 and Supplemental Table 6). Within each clade, genotypic frequencies were grossly
inconsistent with the expected Hardy-Weinberg frequencies at multiple nucleotide positions
located on most of the loci. When strains from individual clades were analyzed, in each case
of departure from Hardy-Weinberg equilibrium, excess of heterozygotes was observed. In
contrast, when isolates from the distinct clades were grouped together, deficit of heterozygotes
prevailed (83%; Table 3 and Supplemental Table 6). The collection of isolates analyzed was
from diverse origins, including 136 isolates from Europe and 59 from Northern America
(Supplemental Table 1). This could have biased our results, because we considered the C.
albicans collection as representing a single population. The possibility existed that deviations
from panmixia observed here might have been the result of grouping together geographically
isolated populations. Geographical isolation may be associated with different allelic
frequencies in different populations, even if each separate population is panmictic, and may
have resulted in apparent departures from Hardy-Weinberg expectations in our collection. If
this were the case, however, we should have observed a deficit of heterozygotes (Whalund
effect, Wahlund, 1928). The excesses of heterozygotes observed here in each clade and at many
loci suggest that our results are not due to a geographical isolation bias. We nevertheless
verified this possibility by testing European or North American populations separately
whenever possible. The results obtained for geographically isolated populations showed the
same trend than when clades containing strains from different origins were analyzed
(Supplemental Table 7), namely that departure from Hardy-Weinberg expectations within
clades were frequent and indicated excesses of heterozygotes in each case. This clearly
demonstrated that geographical isolation could not explain our results and that mating within
clades is limited.

Our analysis was performed on small sample sizes of between 11 and 52 isolates per clade.
These sample sizes may be too small to accurately reflect the general status of C. albicans. To
ascertain our findings, we analyzed Hardy-Weinberg equilibrium on a larger collection of
isolates. Recently Odds et al. (2007) have published a substantial MLST study on more than
1,000 C. albicans isolates using a different scheme that analyzes seven loci instead of the six
used in our study (Bougnoux et al., 2003). This scheme also differs from the method we used
in that only four of the loci are common to both scheme (ACC1, VPS13, ADP1, and SYA1). In
their work, Odds et al. (2007) had also shown that the MLST approach they used identified
clades that were in agreement with the clades described by Ca3 fingerprinting. We first needed
to identify which of their clades corresponded to our clades. To realize that, we typed the
reference collection of 77 isolates initially fingerprinted with Ca3, with the consensus MLST
scheme. The DSTs obtained were then compared to the Odds et al. (2007) dataset to identify
clade membership. The results are presented in Supplemental Table 2. All of the 24 isolates
that were included in clade I clustered in the clade 1 described by Odds et al. (2007). Twelve
of the 13 clade II isolates clustered in clade 2. The remaining clade II isolate did not cluster in
any of the clades described by Odds et al. (2007). Eleven of the 13 clade III isolates clustered
in clade 3, one clustered in clade 1, and one did not cluster in any of the clades described by
Odds et al. (2007). The 10 clade SA isolates clustered in clade 4, the 6 clade E isolates clustered
in clade 11, and the two clade IV isolates clustered in clade 9. This results suggested that clades
I, II, III, SA, E, and IV corresponded to clades 1, 2, 3, 4, 11, and 9 from Odds et al. (2007),
respectively. Overall, close to 95% of the strains identified as being members of one clade by
one MLST approach were found to cluster in its corresponding clade by the second approach,

Bougnoux et al. Page 7

Fungal Genet Biol. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



indicating a reasonable correspondence between the two approaches. The Mantel test supported
a strong correlation between the three methods (P < 10−4 in each case). Because the
correspondence between clades IV and 9 was based on only two strains, clade 9 was not
included in further analyses. Data for the 1,044 strains from clades 1, 2, 3, 4, and 11 described
by Odds et al. (2007) were retrieved from http://test1.mlst.net for further analysis. Analysis of
linkage disequilibrium performed on this sample (Supplemental Table 4) indicated again highly
significant linkage disequilibria (P < 10−5) over the entire sample. Non-random segregation
within clades and over the entire sample was performed by testing Hardy-Weinberg
equilibrium for each polymorphic nucleotide position. The results presented in Table 4 and
Supplemental Table 8 again indicated that while excess heterozygotes prevailed within clades
(96%), deficits of heterozygotes were preponderant over the entire sample (83%). The
proportion of polymorphic nucleotide sites with significant excess heterozygotes found in each
clade was analyzed for this large dataset (Table 4). The number of polymorphic nucleotide
positions was determined for each individual clade. Sites were considered to be significantly
polymorphic whenever the major allele frequency was lower than 0.95. Sites with a major
allele frequency of more than 0.95 were virtually monomorphic and not used in this analysis.
Between 50.0% and 85.2% of the polymorphic sites had significant excess heterozygotes in
the five clades analyzed (Table 4). The mean number of sites with excess heterozygotes was
66.2% ± 12.9. In addition, for the four loci common to the two MLST schemes, among the 64
polymorphic nucleotide positions that showed significant excess or deficit of heterozygotes in
the collection of 150 isolates (Supplemental Table 6), 59 showed similar deviation from Hardy-
Weinberg in the collection of 1,044 isolates, while the remaining 5 did not show any deviation
(Supplemental Table 8). This dataset differed markedly from our original data. The collection
of isolates was significantly larger, was analyzed by using a different MLST scheme, and the
clades were identified by Odds et al. (2007) using their own criteria. Nevertheless, the results
obtained were remarkably similar and demonstrated the same trend than in our initial analysis.
This expanded analysis emphasizes and generalizes our finding and suggests that our results
are not likely the consequence of artifacts due to sampling, molecular markers, or strain
clustering.

Discussion
The population structure of C. albicans has been the subject of numerous studies using a variety
of, sometimes unrelated, approaches and analyses. Each of these studies have reached the same
general conclusion, namely that the population structure of C. albicans was largely clonal
(Pujol et al., 1993; Gräser et al., 1996; Anderson et al., 2001; Tavanti et al., 2004; Pujol et al.,
2005) and that mating, if it occurred, was rare or essentially limited to related strains and thus
difficult to document (Soll and Pujol, 2003; Pujol et al., 2005). The demonstration of
congruence among three independent fingerprinting methods, Ca3 fingerprinting, RAPD, and
MLEE, represented a particularly compelling evidence in favor of a clonal population structure
in C. albicans (Pujol et al., 1997). In this study, we have investigated the population structure
of a collection of 203 C. albicans isolates using MLST and expanded this analysis to an
additional collection of 1,044 isolates. Importantly, 77 of these isolates had already been typed
using Ca3 fingerprinting (Pujol et al., 1997; Blignaut et al., 2002; Pujol et al., 2002) and our
results demonstrate a good agreement between two MLST typing schemes and Ca3 typing,
with the same major clades identified by the three approaches. This congruence between
independent genetic markers provides additional robust evidence for linkage disequilibrium
and clonality in C. albicans (Pujol et al., 1997).

The recent characterization of discrete genetic groups in C. albicans has been of interest not
only to the global epidemiology of this species (Pujol et al., 1997; Blignaut et al., 2002; Pujol
et al., 2002; Soll and Pujol, 2003), but also for identifying clade-specific phenotypic traits,
most notably antifungal resistance (Dodgson et al., 2004; Pujol et al., 2004). Five major genetic
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groups were originally identified by using independent fingerprinting methods, which were
subsequently shown to exhibit differences in geographical distribution (Blignaut et al., 2002;
Pujol et al., 2002) and more recent studies revealed additional minor groups (Tavanti et al.,
2005; Odds et al., 2007), similar to what we have observed here. It was hypothesized that these
clonal lineages paralleled the evolution of distinct phenotypic traits relevant to pathogenesis
or drug resistance (Soll and Pujol, 2003). Clade-specific resistance to flucytosine (Dodgson et
al., 2004; Pujol et al., 2004) and Amphotericin B (Blignaut et al., 2005), and differences in
adhesin (ALSs) structure that could impact function were indeed demonstrated (reviewed in
Pujol et al., 2005). In the present study, we have investigated whether clades could represent
cryptic species within which mating occurred while the overall C. albicans species would still
present a clonal population structure. This had not been tested so far. To investigate this
hypothesis, a large sample that included critical numbers of strains within each clade was
essential. In each of the clades analyzed with the 6 loci MLST scheme, polymorphic nucleotide
sites located on 3 or 4 of the 6 loci were found to be in Hardy-Weinberg disequilibrium. Each
of these loci proved to have an excess of heterozygotes. Similarly, in the analysis performed
on the larger collection of strains typed with the 7 loci MLST scheme, polymorphic sites located
on 5 to 7 of the 7 loci were in Hardy-Weinberg disequilibrium within clades. The majority of
these polymorphisms showed excess heterozygotes (96 out of 100) as well, and close to 66%
of all polymorphic positions in the individual clades were in significant excess of heterozygotes
over the five clades. This is different from previous reports in which whole collections have
been analyzed (Pujol et al., 1993; Boerlin et al., 1996; Gräser et al., 1996; Cowen et al.,
1999; Forche et al., 1999; Lott et al., 1999; Xu et al., 1999a; Xu et al., 1999b; Fundyga et al.,
2002; Tavanti et al., 2004). In these studies, deficits of heterozygotes were revealed more
frequently than excesses. In our hands, Hardy-Weinberg analyses performed on the overall
collection rather than within clades also demonstrated a prevalence of deficits of heterozygotes.
These were to some extent due to a significant proportion of positions that were monomorphic
in the clades while demonstrating polymorphisms over the entire collection. Ninety one percent
and 83% of nucleotide positions in Hardy-Weinberg disequilibrium presented deficits of
heterozygotes in the 6 loci and the 7 loci MLST schemes, respectively. This indicates that the
seemingly difference in trends between this study and previous studies was not due to an
intrinsic difference in the genetic markers used, but rather reflects the significance of analyzing
clades individually. Our finding that excesses of heterozygotes are frequent among strains from
the same clade strongly suggests that mating within clades is limited, indicating in turn that
C. albicans clades do not represent cryptic species. The results also suggest that selfing (self-
fertilization) is not frequent. Otherwise, deficits of heterozygotes would have been observed.
Taken together, these results and others (reviewed in Pujol et al., 2005) indicate that genetic
exchange is extremely rare in C. albicans within clades as well as between clades.

In a recent study, Odds et al. (2007) have analyzed C. albicans recombination by using founders
of the largest eBURST clonal clusters identified from MLST data of 1391 isolates. This analysis
indicated high frequency of recombination such that these selected isolates resembled those in
a sexually reproducing species. The focus on the founders of clonal clusters and hence the most
heterozygous isolates in the strain collection, the small size of the analyzed sample and the
lack of clade-specific analyses may explain the apparent discrepancy between the two studies.
Moreover, Odds et al. (2007) have proposed that their observation may reflect mitotic
recombination followed by parasexual exchange rather than mating and true sexual
recombination.

Haplotype analyses were performed under the assumption that the DNA sequences containing
our six MLST loci were diploid. A recent study by Selmecki et al. (2005) has elegantly
demonstrated that the genome of most C.albicans strains was diploid. They showed that while
the frequency of chromosome pairs presenting aneuploidy was approximately 1% among
fluconazole-sensitive strains, in fluconazole-resistant strains it rose to around 10%. They also
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found that aneuploidy was most often found on chromosome 5. To limit aneuploidy in our
sample, we used a collection of fluconazole-sensitive srains and did not use loci located on
chromosome 5. In conclusion, even if close to 1% of our data may be tainted by aneuploidy,
such an error margin cannot be put forward to explain our results.

We did analyze 6 loci that represented only a minute fraction of the C. albicans genome.
Nevertheless, each of the six loci used indicated the same trend. It is highly unlikely that we
selected six loci with the same aberrant behavior. This suggests that our findings must reflect
a more general trend that should be valid at many more genomic loci. We tested this hypothesis
by expanding the analysis of non-random segregation to three new loci (ACC1, MPI, and
ZWF1) over 1,044 isolates. For each of these loci we demonstrated that the same pattern of
excess heterozygotes held true within clades.

Our results do not negate the possibility that rare instances of mating and genetic exchange
may occur. The homoplasy observed for the polymorphisms shared by different clades and/or
outlier strains, and the fact that practically all polymorphisms were shared suggest genetic
exchange. These homoplasies are unlikely to be due to parallelism because the loci analyzed
were not hypervariable, as indicated by the low level of polymorphism and the presence of
only two alleles at each polymorphic position. We cannot, however, rule out the possibility
that most of these shared polymorphisms were inherited from an ancestral population that
frequently mated in the past. Consistent with this possibility, Anderson et al. (2001) have
proposed that modern C. albicans populations were founded by a few highly heterozygous and
sexual ancestors. Contemporary rare events of mating and genetic exchange may also provide
an occasional response to changing selective pressures and contribute to generate new clonal
populations better fitted to host and environmental niches (Heitman, 2006). Rare mating may
explain the few instances of incongruence between the two MLST typing schemes and the Ca3
method (Supplemental Table 2). These could either result from homoplasy associated with a
particular genetic marker or may be indicative of rare occurrence of genetic exchange as was
suggested by two studies on incongruence between mitochondrial and nuclear markers
(Anderson et al., 2001; Wang et al., 2007).

Loss of heterozygosity in C. albicans has been documented during the course of infection as
well as during commensalism or carriage (Pujol et al., 2005; Bougnoux et al.), and has recently
been shown to be involved in the acquisition of resistance to flucytosine (Dodgson et al.,
2004) and fluconazole (Coste et al., 2006) as well as the generation of mating-competent strains
(Wu et al., 2005; Wu et al., 2007), indicating that it can have a major impact on phenotype.
Loss of heterozygosity as evidenced by multiple instances of recombinant genotypes in our
study appears to be relatively frequent and to play a role in the evolution of C. albicans strains.
This is in agreement with two recent MLST-based studies that demonstrated frequent loss of
heterozygosity in related isolates from the same individual (Odds et al., 2006) or from different
individuals from the same family (Bougnoux et al., 2006). Together these studies indicate that
loss of heterozygosity is an ongoing mechanism leading to increased genetic diversity in C.
albicans. Recurrent loss of heterozygosity will generate new genotypes but should ultimately
result in complete homozygosis without a counterbalancing mechanism. Excesses of
heterozygotes observed in our study demonstrate that such a mechanism is indeed at play.
Three different mechanisms could restore or maintain heterozygosity, namely (i) genetic
exchange, (ii) de novo mutations, or (iii) selection. Genetic exchange seems too rare to play
such a role and should not lead to excesses of heterozygotes. The generation of new mutations
is an unlikely candidate for the tested loci because they were not hypervariable. Heterozygosity
may be globally maintained in C. albicans by selection due to the presence of deleterious alleles
or because the maintenance of alternate alleles at some loci confers a selective advantage. This
hypothesis does not imply that each nucleotide position in excess of heterozygotes is directly
under selective pressure. Indeed, each of the 9 tested loci demonstrated nucleotide positions
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in excess of heterozygotes in at least 2 of the clades, and it seems extremely unlikely that we
would have randomly selected only loci displaying a heterozygote advantage. In addition, most
of the polymorphisms did not lead to an amino acid substitution, and the few substitutions were
mostly conservative (ie. similar functional groups or similar predicted effect on secondary
structure). Our data rather suggest that frequent heterozygote excesses are indicative of a more
global selective pressure to maintain heterozygosity in clades for the benefit of a number, as
yet unspecified, of genes which function may be effected by zygosity in the coding or the
promoter sequences. This was suggested by two recent studies in C. albicans (Lockhart et
al., 2005; Wu et al., 2007). Wu et al. (2007) have shown that MTL-homozygosis in nature was
associated with a loss of heterozygosity over short tracts of DNA encompassing the MTL locus.
In contrast, strains that spontaneously lost MTL-heterozygosity in vitro underwent
homozygosis over large regions of DNA, mostly through uniparental disomy (loss of one
chromosome 5 and duplication of the retained homolog; Wu et al., 2005). MTL-homozygous
strains were also shown to be more virulent than spontaneous MTL-homozygous strains
obtained in vitro (Wu et al., 2007), suggesting that virulence and fitness in nature may be both
closely dependent on the upholding of heterozygosity over at least some loci. This hypothesis
is in agreement with our results where despite instances of homozygosis at tested loci,
heterozygosities remained frequent and excess of heterozygotes were maintained within clades.
Single crossovers (or break-induced replication, Prado et al., 2003) would lead to a loss of
heterozygosity at all of the loci distal to the recombination site and centromere, and
chromosome loss would lead to the entire loss of heterozygosity over the chromosome. Were
strains undergoing single crossovers or chromosome loss maintained in nature, an overall
reduction in heterozygosity should result. This was not observed in our study and the most
parsimonious hypothesis is that loss of heterozygosity in C. albicans may be relatively frequent
and those that affect short tracts of DNA are preferentially selected over those affecting larger
genomic regions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Dendrogram based on MLST data obtained for 203 C. albicans isolates analyzed at the
ACC1, VPS13, GLN4, ADP1, RPN2, and SYA1 loci. The dendrogram included the 125
European isolates, the strain SC5314, and the reference collection of 77 isolates previously
analyzed by Ca3 fingerprinting. The position of the 77 reference isolates and SC5314 are
indicated. The isolates belonging to the five major clades identified by Ca3 fingerprinting are
indicated by a prefix; I-n, isolates identified in clade I by Ca3 fingerprinting (magenta
background); II-n, clade II isolates (orange background); III-n, clade III isolates (green
background); SA-n, clade SA isolates (blue background); E-n, clade E isolates (turquoise
background); O-n, outliers that did not cluster in any of the five main genetic groups with the
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Ca3 fingerprinting method. The dashed line corresponds to the patristic distance threshold of
0.035. Bootstrap values (1,000 reiterations) of ≥ 50% are shown for nodes clustering more than
3 strains. Four new minor clades, IV to VII, are indicated. The minor clades V, VI and VII
contained less than 10 isolates each and were not further studied in this work.
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