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INTRODUCTION

Strain typing of medically important fungi, i.e., the ability to
identify them to the species level and to discriminate among
individuals within species, has been galvanized by new methods
of tapping the tremendous variation found in fungal DNA. The
aim of this review is to show how awareness of fungal popu-
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lation genetics can increase the utility of strain typing to better
serve the interests of medical mycology. By paying attention to
attributes of the life cycle, such as the mode of reproduction
and genetic differentiation or isolation, mycologists can tell
which intraspecific groups are worth identifying and can deter-
mine the number and type of markers that are needed to do so.
The same evolutionary information can be just as valuable to
the selection of fungi for development and testing of pharma-
ceuticals or vaccines. In the process, we should gain a better
basic understanding of the behavior of pathogenic fungi in
nature.

Initially, most of the application of fungal DNA variation to
evolution was directed above the species level (7, 8, 11, 12, 13,
21, 45, 73, 91, 105), but that is no longer the case. Our ability
to distinguish individuals in species of systemic and opportu-
nistic pathogenic fungi is approaching the elusive goal of being
able to identify every different genotype by a simple laboratory
procedure. As discussed below, this goal is within our grasp
because of recent reports of studies involving repetitive DNA
sequences (33) or microsatellites (19, 25, 39). These advances
in detection methods will make studies of nosocomial infec-
tions and epidemics much more convincing, and if thought is
given to fungal biology, they will take full advantage of the
power of DNA variation to identify fungi and track their med-
ically relevant traits. In other words, with a little more effort,
strain-typing studies could reveal a number of basic life history
features of the fungi and, with that information, could have a
greater impact on clinical identification and even research
aimed at treatment or prevention.

Two fundamental life history traits that are of interest to
medical mycologists are (i) the reproductive mode (i.e., is the
fungus asexual and clonal or sexual and recombining?) and (ii)
genetic differentiation or isolation (i.e., is the fungus one large
interbreeding population, or is it subdivided into discrete pop-
ulations which are genetically isolated?). Most fungi are sexual,
and most are haploid (N), a medical example being Ajellomyces
capsulatus (mitosporic name, Histoplasma capsulatum). How-
ever, many fungi are thought to be asexual (as many as 25%
[58]), medical examples being Aspergillus fumigatus, Trichophy-
ton rubrum and Candida albicans. A few fungi are diploid (2N),
C. albicans being a good medical example, and in the Basid-
iomycota, many species are dikaryotic (N1N), although the
medically important basidiomycetes (e.g., Cryptococcus neofor-
mans, anamorph of Filobasidiella neoformans, Trichosporon
spp., and Malassezia spp.) are probably haploid when associ-
ated with the host (55, 71). Members of sexual species may
mate with themselves (selfing) or with other individuals (out-
crossing) or may do both. Members of different sexual species
may hybridize in laboratory settings, if they are under strong
selection for hybrid offspring, but hybridization in nature is
rarely encountered in fungi; there are only five good examples
of this process. Four of them involve plant-pathogenic fungi
that could come in close contact while in the host (Ophiostoma
[18], Epichloë [102], Tilletia [41], Typhula [29]), and the fifth,
Allomyces (36), is a chytrid with motile gametes that locate
each other with the aid of pheromones). Some fungal species
have worldwide distributions (e.g., heterothallic Neurospora
spp. [93]), but others have populations specific to different
continents or hosts (e.g., Armillaria spp. [2, 27] or Pleurotus
spp. [115]) and many others are narrowly endemic. The pio-
neering work on fungal population genetics has been done with
plant-pathogenic fungi, and there are good recent reviews of
the field (1, 17, 85).

At the outset, it is worth considering the terms “recombina-
tion” and “clonality.” Genetic recombination occurs during
meiosis, when reassortment and crossing over produce ga-

metes or progeny with different combinations of alleles from
those in the parental genomes. In fungi, nonmeiotic recombi-
nation, or parasexuality, is also capable of making progeny with
new combinations of genes and has been used routinely in
laboratory genetic analysis (40). Whether parasexuality is im-
portant in nature is controversial, because it is initiated by
fusion of vegetative hyphae (anastomosis) of different individ-
uals, a step which appears to be limited to fungi with extremely
similar genomes. If it is true that anastomoses are limited to
fungi with identical or nearly identical genomes, parasexuality
would not be able to make a significant contribution to recom-
bination. Compared with the two mechanisms known for re-
combination, clonal reproduction is more complicated. Each
hyphal apex in a mycelium is clonally related to the others, and
fragmentation of a mycelium would qualify as clonal reproduc-
tion (for a discussion of this problem in plants, see references
57 and 63]). Production of mitospores (asexual spores, often
called conidia) is an improved form of mycelial fragmentation
and would seem to be the most common type of fungal clonal
reproduction. Yeasts manage to combine mitospore produc-
tion with vegetative growth, so that every mitotic division leads
to mitospore production. However, what about apomictic as-
cospore production or selfing (homothallism)? The production
of ascospores in the absence of recombination seems to point
to their other role as resistant propagules. These forms of
reproduction would also be considered clonal reproduction by
the broad definition that we favor, because the progeny ge-
nomes would be identical to the parental genome with no
recombination. As a result, if two variable regions of the ge-

FIG. 1. Relationship between characteristics used for strain typing and their
evolutionary history. (a) Increasing diversity of pigmentation through time and
the evolutionary relationships of individuals with different pigmentation. (b)
Increasing diversity of shape through time and the evolutionary relationships of
individuals with different shapes.

FIG. 2. Effect of reproductive mode on the congruence of evolutionary re-
lationships based on the two characters given in Fig. 1. (a) In a clonal organism,
the two features are associated, are found in a few combinations (black rectan-
gles, white triangles, etc.), and have the same evolutionary history. (b) In a
recombining organism, the two features are not associated and are found in all
possible combinations. As a result, the evolutionary histories of the two features
are incongruent.
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nome were compared in a collection of individuals, they would
appear to be associated in the clonal organism and not in the
recombining one. Clonal reproduction, however, is not the
only explanation for association between two variable regions.
The regions might be in close physical proximity on a chromo-
some, or they might be more distant but located on a part of a
chromosome where crossing over is suppressed. Selection
could also lead to their being associated. If the fungal isolates
were collected from different, genetically isolated populations,
their loci would also appear associated when individuals from
the two populations were compared. Similarly, recombination
is not the only explanation for a lack of association of loci.
Highly mutable loci (hypervariable loci) would mask the asso-
ciation of loci and give the appearance of recombination. Al-
though it would be more accurate to use the terms “recombining”
and “nonrecombining” or “associated” and “unassociated,” we
will use “recombining” and “clonal” because they are widely
understood, if not precisely defined.

How can knowledge of the reproductive mode and genetic
isolation leading to discrete populations or cryptic species
make strain-typing data much more valuable to medical my-
cologists? Imagine an asexual fungus, which must reproduce
clonally (Fig. 1 and 2a). There is no recombination in this
fungus, and so the entire genome is transmitted intact from
generation to generation and every region of the genome has
the same evolutionary history (Fig. 2a). Therefore, only one
variable region would suffice to identify different genotypes.
Because every gene is associated, variation in traits such as
pathogenicity can be followed by any variable DNA region,
whether or not the two genes are in physical proximity in the
genome. Due to clonality, the relatedness of individual fungi
can be assessed through any variable region, and the relation-
ship is straightforward. Without mating to keep populations
genetically homogeneous or to incorporate foreign genes into
local populations, the concepts of gene flow and genetic isola-

tion take on a different meaning. However, the differential
success of some clones and the extinctions of others can lead to
populations that are distinct from neighboring ones, and gene
flow between them certainly can be detected.

At the other extreme, imagine a sexual, outbreeding fungus.
Here, due to recombination, every region of the genome might
have a different evolutionary history, and it would be impossi-
ble for a single variable locus to identify genetically different
individuals—a collection of loci would be necessary (Fig. 2b).
Due to recombination, only loci associated with pathogenicity
genes could be used to assay pathogenicity. Genetic distance
among isolates could be assayed, but again, the accuracy of the
estimate would be proportional to the number of loci assayed.
Also, genetic distance would not necessarily have anything to
do with clinically relevant characteristics. Gene flow among
populations of sexual fungi is an important issue for strain
typing. If populations are genetically isolated, a comparison of
individual fungi taken from different populations would be like
a comparison of clonal organisms, because they do not recom-
bine (Fig. 3). As a consequence, loci with different alleles fixed
in different populations could be used to identify individuals to
their population of origin; only one such locus is needed, and
any one is as good as any other. If differences in pathogenicity
were found among populations, any of the loci fixed for different
alleles in the populations could be used to track the trait.

Without knowledge of the reproductive mode or genetic
differentiation and isolation, strain-typing studies often assume
that the fungus is asexual, has clonal reproduction, and is not
subdivided into genetically isolated populations. As seen be-
low, these assumptions have not been supported in several
recent studies of medically important fungi. Therefore, medi-
cal mycologists should be aware of the reproductive mode and
population structure of their fungi, because the use of DNA
variation to identify fungi and track clinically relevant behavior
depends upon it. Researchers working to develop antifungal

FIG. 3. How genetic isolation leads to loss of shared polymorphisms in descendent populations. In the absence of selection to maintain polymorphisms, the fate
of all polymorphic loci is fixation through genetic drift. Beginning with two genetically isolated populations that share the polymorphism of the ancestral population,
first one and then the other population becomes fixed for one allele. In this case, the two descendent populations have become fixed for alternate alleles, making this
locus useful for determining the population of an unknown individual.
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drugs or vaccines may also be interested in genetically isolated
populations or divergent clones, to be sure that all genotypes in
the species are affected by the treatment.

USING STRAIN-TYPING DATA TO ANALYZE THE
REPRODUCTIVE MODE AND POPULATION

STRUCTURE OF FUNGI

Students of charismatic megabiota can study reproductive
mode and gene flow with a pair of binoculars or a collection of
radio collars, but microbiologists must use genetics. The nec-
essary features are variable traits, in our case polymorphic
macromolecules, and methods of analysis that can be used to
distinguish clonality from recombination and to detect genetic
differentiation and isolation.

GATHERING DATA FOR STRAIN TYPING AND
POPULATION GENETICS

Strain typing and population genetics both exploit genetic
variation, and almost all studies now focus on genotypic char-
acters instead of phenotypic ones. In the panoply of acronyms
that follow, all but the first one analyze DNA variation. To
assess the basic features of fungal populations that are essen-
tial to interpret strain typing, i.e., reproductive mode and ge-
netic isolation, one needs a series of simple, well-characterized,
independent, stable polymorphic loci. Some of the methods
below, e.g., electrophoretic karyotyping and fingerprinting
methods, cannot provide this type of data. However, once the
evolutionary biology of the fungus has been analyzed, methods
such as fingerprinting can be useful for distinguishing clones.

Multilocus Enzyme Electrophoresis

Multilocus enzyme electrophoresis (MLEE) hardly needs an
introduction. Any protein (locus) that can be selectively
stained can be isolated from a collection of individuals and
electrophoresed. If the protein bands are variable, they are
considered to be alleles on the basis of mobility (Fig. 4). The
technique is robust and continues to be put to good use in
studies of medically important fungi, e.g., C. albicans (10) and
A. fumigatus (99). An important advantage of this technique is
that all alleles are recovered, so that alleles are rarely missing,
or null; in other words, the locus is codominant in that both
alleles in a diploid can be observed. The criticisms of enzyme
electrophoresis are that (i) it assays the genotype indirectly, so
that much variation at the nucleotide level may go undetected
because nucleotide substitutions do not necessarily change the
amino acid composition; (ii) changes in amino acid composi-
tion do not necessarily change the electrophoretic mobility of
the protein and, as a consequence, alleles that are considered
to be the same protein alleles from different individuals may
represent different gene alleles; and (iii) selection may be act-
ing on the polymorphisms, so that anonymous DNA markers
may give a very different picture from allozyme markers, pre-
sumably because the former are neutral and the latter are
under some sort of selection (64, 94).

Electrophoretic Karyotype Analysis

Chromosomal size variation is assayed via an electrophoretic
technique, electrophoretic karyotype (EK) analysis, which uses
electric fields of alternating orientation to move intact chro-
mosomes through the agarose gel matrix. This biologically
interesting and complex topic has recently been reviewed
(123). Classic reports for C. albicans pointed out the value of
this technique (79, 83), and several other human pathogenic
fungi have been studied in this way: Coccidioides immitis (90),
Histoplasma capsulatum (107), and Cryptococcus neoformans
(119). It may be argued that karyotypes should be less variable
for sexual species than for asexual ones, due to the need for
pairing at meiosis, but fungal EK are known to display some
variation due to loss of dispensable chromosomes (84) and to
vary in size and gene arrangement, even in sexual species (51)
(Fig. 5).

Restriction Fragment Length Polymorphism Analysis

Restriction fragment length polymorphism analysis (RFLP)
assays the DNA sequence variation of the genome by using
restriction endonucleases to sample short pieces of DNA se-
quence. Restriction endonucleases recognize specific DNA se-
quences, usually 4 to 6 nucleotides in length, and cut the DNA
in or near the recognition sequence. Alteration of the recog-
nition sequence by nucleotide substitution, insertion or dele-
tion (length mutation), or, for some restriction enzymes, meth-
ylation of nucleotides (provided that the DNA is genomic and
not amplified or cloned) can prevent the restriction endonu-
clease from acting and change the fragment pattern (Fig. 6).
Length mutations in the region between restriction sites also
can change the pattern. Any region of DNA (locus) can be
used for RFLP analysis if variation (alleles) can be visualized
directly due to multiple copies (mitochondrial DNA [mtDNA],
rDNA) or if variation can be visualized indirectly either by
hybridization to probe DNA or amplification by PCR. If only
one variable restriction endonuclease site is present in the
DNA fragment, allele scoring is straightforward. When several
variable sites are present, mapping the sites will improve the
interpretation. RFLPs were the first DNA markers used for

FIG. 4. Starch gel electrophoresis of polymorphic enzymatic proteins in C.
albicans isolates. (A) Proteins with the activity of mannose-6-phosphate isomer-
ase (MPI) showing several alleles based on electrophoretic mobility in homozy-
gous and heterozygous individuals of this diploid yeast. (B) Proteins with the
activity of hexokinase (HK) showing allelic differences at two loci, Hk-1 and
Hk-2. Reprinted from reference 95 with permission of the publisher.
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fungal evolutionary biology, and they continue to be put to
good use in population genetic studies, e.g., for A. nidulans
(48). Critics of RFLP analysis note that while restriction sites
in different individuals are most likely to be identical by de-

scent, that is not the case for missing sites, because it is easier
to lose a site than to gain one. There are many ways in which
a restriction endonuclease site can be lost: any of the several
nucleotides in the recognition sequence can be substituted

FIG. 5. EKs of A. nidulans. (A) Reference isolates of A. nidulans (Glasgow) and Saccharomyces cerevisiae plus three isolates with unusual karyotypes. (B) Isolates
from outside Great Britain. In general, the EKs are very similar, as is expected for a meiotic fungus like A. nidulans (Emericella nidulans). However, variation is present.
Note the dispensable B-chromosome in M85 (size, ca. 1.1 Mb), the very different pattern in N89 (due to a translocation), a similarly different pattern in D34 (also
probably due to translocation), and the relatively small length variation in many chromosomes. Reprinted from reference 49 with permission of the publisher.

FIG. 6. Multiple origins of the same RFLP fragment due to independent losses of a restriction site. (a) Three sites creating four RFLP fragments. (b) Loss of the
middle site through a t-to-c transition, leading to three RFLP fragments through the loss of fragments 2 and 3 and the gain of fragment 5. (c) Loss of the middle site
through a t-to-g transversion, leading to the same three RFLP fragments via the same new fragments.
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(Fig. 6), or the site can suffer length mutations. Missing sites
that have arisen, unknowingly, by different routes confound
evolutionary analysis.

Randomly Amplified Polymorphic DNA or Arbitrarily
Primed PCR Analysis

Randomly amplified polymorphic DNA (RAPD) analysis or
arbitrarily primed PCR (AP-PCR) analysis is similar to RFLP
analysis in that it assays DNA sequence variation in short
regions, but instead of analyzing restriction endonuclease rec-
ognition sequences, it focuses on PCR priming regions (120).
Nucleotide substitutions in the PCR priming regions, particu-
larly the 39 ends, can prevent primer annealing and PCR am-
plification. RAPD analysis uses one short PCR primer (ca. 10
bp) and a low annealing temperature to generate several frag-
ments in one amplification. If a comparison of amplifications
of several isolates shows a band (locus) that varies, alleles are
assigned to the presence [1] and absence [0] of the band.
RAPD analysis is technically simple and often detects variation
among isolates that are invariant with RFLP analysis, and so it
has become quite popular. For example, in comparisons of
several DNA-based typing methods for Candida lusitaniae and
Aspergillus fumigatus, RAPDs detected variation missed by
RFLPs (66, 75). Criticisms of RAPDs initially focused on re-
producibility. RAPD analysis succeeds because just one nucle-
otide substitution can allow or prevent priming, and so it is not
surprising that small differences in any aspect of PCR have the
same effect. Even if there were no problems with repeatability,
there would still be the concern that bands of equal electro-
phoretic mobility may not be homologous and the related
concern that missing bands may not be homologous because
they can be lost by several possible nucleotide substitutions in
either PCR priming site as well as by length mutations (Fig. 7).
There is also the problem of dominant and null alleles; in
haploid organisms both the dominant (presence) and null (ab-
sence) alleles can be scored, but in diploids it is not possible to
distinguish genotypes that are homozygous for the dominant

allele from those that are heterozygous. It is also tempting to
score more than one variable band per RAPD reaction, al-
though they may not be independent. A recent evaluation of
RAPD bands from hybrid plants found that a disturbingly large
fraction (13%) of bands with equal mobility were not homol-
ogous (97). One solution to this problem is to sequence the
RAPD bands to confirm their identity, as has been done in
several recent studies (22, 54, 86).

Sequence-Confirmed Amplified Region Analysis

Starting with variable loci found with RFLP or RAPD anal-
ysis, sequence-confirmed amplified region (SCAR) analysis
uses DNA sequencing to recover both positive alleles (band
present) and null alleles (band absent) and to ensure that
alleles from different individuals are homologous. If the RFLP
loci are based on DNA hybridization and the variable restric-
tion endonuclease site lies in the probe sequence, it is simple to
sequence the probe, design PCR primers to amplify the probe
region from every isolate, and use the restriction endonuclease
to distinguish the alleles. If, however, the variable restriction
endonuclease site lies adjacent to the probe sequence, where it
cannot be easily sequenced, or if the variable DNA fragment is
a RAPD fragment, where the modified priming site cannot be
sequenced, developing the SCAR is more difficult. A robust
strategy for finding SCARs involves using RFLPs or RAPDs to
generate patterns of bands for a test group of 6 to 10 isolates
and then searching for sequence variation among the bands of
identical mobility. Sequencing with arbitrary primer pairs
(SWAPP [23]) is a refinement of this method which uses two
different, ca. 20-bp RAPD primers and low-stringency PCR
annealing temperatures to generate PCR bands from every
isolate. These bands, which show no variation in agarose gel
electrophoresis, are heat denatured, snap cooled to promote
single-strand folding, and then electrophoresed on acrylamide
under nondenaturing conditions to see if the folded single
strands now show variation. If this single-strand conforma-
tional polymorphism (SSCP) electrophoresis shows variation

FIG. 7. Multiple losses of PCR-amplified DNA regions due to independent nucleotide substitutions in the two priming regions. (a) PCR amplification of a DNA
sequence showing incorporation of the primer oligonucleotides at each end of the sequence. (b) Failure of PCR amplification due to a G-to-A transition that defeats
priming at the left-hand priming region. (c) Failure to amplify DNA due to a second transition that defeats priming at the right-hand priming region.
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in the mobility of the single strands, it is very probably due to
conformation changes caused by nucleotide substitutions (88).
The variable bands are retrieved from the gel and sequenced.
When polymorphic regions are found, new, specific PCR prim-
ers are designed and used to amplify the fragment from every
isolate in the study. SSCP can be used to score the alleles;
alternatively, if the variable nucleotide happens to lie in a
restriction endonuclease recognition site, restriction digestion
can be used for scoring. Of course, there may be more than one
variable nucleotide position in the amplified fragment. How-
ever, they are likely to be associated, and only the most infor-
mative one is used, i.e., the one in which the allele frequencies
are balanced. By this approach, the DNA variation is confined
to a single variable nucleotide position or short length muta-
tion, and there are usually just two alleles. Therefore, the
problem of ambiguity about the null alleles is overcome be-
cause both alleles are recovered; i.e., the locus is codominant.
It is still possible that the positive alleles are independently
derived, but this is not likely unless the locus is hypervariable
(22). This approach has been successfully applied to studies of
Coccidioides immitis (22, 23), H. capsulatum (26), and C. albi-
cans (54).

Nucleic Acid Sequencing of Known Genes
Nucleic acid sequencing of known genes has been rendered

accessible by inexpensive automated nucleic acid sequencing.
Whereas all the preceding techniques used a variety of clever
approaches to search for variation without resorting to se-
quencing, this approach uses brute force. PCR primers that
amplify parts of genes from a set of representative isolates are
designed by reference to GenBank sequences of the fungus of
interest or close relatives. SSCP can be used to screen the PCR
products for polymorphism prior to sequencing, and from the
sequence all variation in the region is recorded. The technique
has all the advantages of SCAR analysis because all the alleles
are recovered. If several genes are sequenced, additional op-
portunities for analysis become available, as discussed below
(see, e.g., reference 67). The use of known genes often appeals
to a broader scientific audience, but there may be a bias in the
evolution of genes that are under strong selection, such as
proteins of pathogenic fungi that are recognized as antigens by
hosts. While it is true that nucleotides in third codon positions
and introns probably would not be subject to selection, their
frequency could be affected by proximity to selected regions
through genetic hitchhiking (60). The only other drawback
comes into play as smaller and younger populations are sam-
pled, because there may be insufficient variation in the genes,
or even their introns, to address questions of population ge-
netics. In this event, it is necessary to sample more of the
genome to find variation, a task that may involve the use of
arbitrary regions as described above.

DNA Fingerprinting with Repetitive DNA Sequences
The techniques mentioned so far are used to describe poly-

morphic loci one at a time, but both the RFLP and PCR
approaches can be used to sample many loci at once if the loci
involve repeated DNA sequences. With RFLP fingerprinting,
the probe is simply a moderately repeated DNA sequence (ca.,
10 to 20 copies per genome) which hybridizes to restriction
fragments containing the repeated DNA. With PCR finger-
printing, the primer recognizes a repeated DNA sequence, also
producing a large number of fragments with each reaction.
Due to the large number of fragments and the mutability of
repeated DNA sequences, both the RFLP and PCR finger-
prints are quite variable and provide superior discrimination

among individual fungal isolates. In comparisons of different
strain-typing methods, the fingerprinting methods are usually
the most discriminating (33). It is tempting to treat many
variable fingerprint fragments as an instant multilocus geno-
type by assuming that each fragment is an independent locus.
Unfortunately, the problems of homology of positive alleles
and ambiguity about null alleles are magnified with the com-
plex patterns, and the fragments are not necessarily inde-
pendent. As a result, fingerprints are useful for identifying
individual fungi but problematic for estimating genetic or phy-
logenetic relationships among individuals.

Microsatellite Analysis

One of the emerging strain-typing techniques exploits the
hypervariability of DNA regions made of 10 to 20 or more
tandem repeats of nucleotide couplets, triplets, or quadruplets.
The ease with which strand slippage during DNA replication
can change the number of short repeats makes the level of
variability as high as or higher than that of fingerprinting. Use
of microsatellites has been demonstrated with C. albicans (39)
and H. capsulatum (25). One concern with microsatellites is
that alleles may be identical not by descent but by mutation, as
is expected with highly mutable sequences (89). Fingerprints of
many microsatellite loci can be revealed at once by hybridiza-
tion of restriction endonuclease-digested fungal DNA to syn-
thetic microsatellite sequences (109). Unfortunately, homology
between fragments with the same mobility in different isolates
is difficult to establish, as is the case with most fingerprinting
techniques.

Amplified Fragment Length Polymorphism Analysis

The polymorphism revealed by amplified fragment length
polymorphism (AFLP) analysis depends on restriction endo-
nuclease site differences, just like RFLPs. However, the AFLP
process requires that a PCR-amplified library of restriction
fragments representative of the entire fungal genome be cre-
ated (117). The library can be created from very small amounts
of DNA, and so it may be useful for medically important fungi
that are difficult to cultivate (100). The variable fragments
(loci) have two alleles (positive and null), and so the same
concerns raised about null alleles with RFLP and RAPD anal-
ysis apply. However, many more fragments are produced from
each reaction than with RFLP analysis, and the reproducibility
is much better than with RAPDs. It should be a good method
for prospecting for SCARs and also could provide DNA for
multiple gene sequences from pathogens that defy cultivation.
Its utility has been demonstrated with several fungi (80, 87,
100).

Once the strain-typing data are in hand, they can be used to
analyze genotype diversity among the fungal isolates to address
questions about the source of the inoculum, be it reactivation
of old infections or newly acquired ones, transfer from other
infected humans, or acquisition from environmental sources.
However, as discussed in the introduction, to get the most out
of the data, they should first be used to analyze two features of
the fungus life cycle, i.e., the mode of reproduction and the
genetic differentiation or isolation of any groups within the
species.

ANALYZING MOLECULAR VARIATION

Reproductive Mode

Almost all mycotic agents make mitospores, and so it is a
given that asexual or clonal reproduction is a capability of
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medically important fungi. This fact can lead to the assumption
that asexual reproduction is all that medical fungi can do and
that strains of pathogenic fungi are responsible for epidemics.
The question for medical mycologists is whether the fungus can
also undergo recombination, the hallmark of sexual reproduc-
tion. The presence of sexual reproduction under laboratory
conditions suggests that the same process is occurring in na-
ture, but selfing or the presence of a preponderance of indi-
viduals of one mating type in nature could undermine that
assumption.

There are several approaches to distinguishing recombina-
tion from clonality (113). Criteria for single-locus data apply to
diploid organisms, where fixed heterozygotes and other devi-
ations from Hardy-Weinberg equilibria can be detected. With
the exception of C. albicans, medically important fungi are not
diploid, and therefore single-locus studies are not informative.
However, assaying variation at more than one locus to create a
multilocus genotype for haploid fungi is straightforward, as
discussed above. Tibayrenc et al. (113) point out that with
multilocus genotypes, overrepresented genotypes and associa-
tion among alleles at different loci or among alleles and phe-
notypic traits provide evidence of clonality. Overrepresenta-
tion of a genotype is certainly a direct consequence of clonal
reproduction, but the predominance of one genotype does not
rule out recombination in the relationships among the different
genotypes. As stated above, it is known that mitosporic fungi
can reproduce asexually; the important question is whether
they also can recombine. Analyzing representatives of each
different multilocus genotype for association among loci is a
well-tested method of distinguishing between the null hypoth-
esis of recombination and the alternate hypothesis of clonality
(82). A simple way to assess association is to see if all possible
combinations of alleles are found for a given pair of loci. This
test is best suited for biallelic loci, where the allele frequencies
are balanced, and has been used with Coccidioides immitis (22)
and C. albicans (54).

With genotypes made from several discrete loci, association
among loci can be measured by a technique developed for
barley (20) and adapted for microbes (82). Known as the index
of association (IA) test, it is an application of genetic distance
analysis. With data sets simulated to represent observed mul-
tilocus genotypes for clonal and recombining organisms (Fig.
8), the calculation of IA is demonstrated (Fig. 9). First, dis-
tances between multilocus genotypes are determined for all
pairs of taxa, and the variance of the distances is calculated
(Fig. 9a). The distribution of pairwise distances for recombin-
ing organisms should be normal, with a few close relatives, a
few distant relatives, and most of the distances near the mean

(Fig. 9b); the variance for this distribution is low. For clonal
organisms, there should be many close relatives (clone mates),
many distant relatives (those on different branches of the tree),
and not many at the mean; the variance for this distribution is
high (Fig. 9b). The observed data can be used to simulate the
type of data expected for a recombining organism by shuffling
(resampling without replacement) the alleles at each locus of
the observed data (Fig. 10). The variance for the observed data
is then compared to the distribution of variances for 1,000 or
more independently shuffled data sets, and significance is de-
termined by the fraction of shuffled data sets with higher vari-
ances than the observed one. The IA is simply a rescaled vari-
ance, with the mean of the distribution of variances for the
recombined data sets being defined as an IA of zero. As can be
seen in Fig. 9c, the IA of the clonal data is significantly higher
than the distribution of IAs for the recombined data (P 5
0.003), but not for the recombined data set (P 5 0.785).

The aspect of phylogenetics concerned with building evolu-
tionary trees provides another set of useful methods for dis-
tinguishing between clonality and recombination, provided
that the multilocus genotypes comprise discrete loci. Clonal
organisms evolve like phylogenetic trees; each individual has
one parent (ancestor), and there is no horizontal transfer of
genes or recombination because there is no mating or meiosis.
All loci should reflect the same phylogeny, and there will be
little homoplasy in a phylogenetic tree based on multilocus
genotypes. In a species of recombining organisms, evolution is
not tree-like but is more like a net, with each individual having
two parents and horizontal gene transfer occurring with each
mating (6, 78). Each locus may have a different phylogeny, and
a combined phylogenetic analysis of all loci will show more
homoplasy than a clonal organism. As can be seen in Fig. 11,
it is possible to compare the lengths of phylogenetic trees
(which reflects the relative amount of homoplasy) to distin-
guish between clonal and recombining populations. This type
of test was developed to test for evolutionary signal (or, con-
versely, homoplasy) in phylogenetic data sets (4) and was
adapted for population genetics by Burt et al. (22). Here, too,
if homoplasy from other sources could be excluded, a high
phylogenetic signal would signify high association between al-
leles at the different loci used to build the tree, while a low
signal would indicate low association and hence recombination
between the alleles. The same data sets used for the IA test
(Fig. 8), one representing a clonal organism and the second
representing a recombining one, were used to make parsimony
trees (Fig. 11a and b). The most parsimonious tree for the
clonal species (Fig. 11a) is as short as possible (each step
corresponds to one allele change for each of the seven variable
[biallelic] loci), because in clonal species all loci have the same
evolutionary history and trees made from different loci will
have compatible topologies. In this example, there is no ho-
moplasy in the clonal data set. In a real data set, some ho-
moplasy might be expected, even for strictly clonal organisms.
Figure 11b presents the result of parsimony analysis for the
recombining population, in this case a consensus tree of the
nine most parsimonious trees. Although trees based on each
locus alone would be well resolved and short (a tree based on
one biallelic locus would have just one branch that partitioned
the individuals into two groups), they would not necessarily
partition the individuals into the same groups, making trees
based on all the loci poorly resolved and longer due to ho-
moplasy. In this case, the tree is four steps longer than the
shortest possible tree. As with the IA test, mimicking the effect
of recombination by shuffling the alleles for each locus (re-
sampling without replacement) can be used to determine if the
tree length for the observed data is significantly shorter than

FIG. 8. Simulated data sets for a clonal and recombining organism used to
explain analytical methods illustrated in Fig. 9 and 11. Each data set consists of
seven biallelic loci in seven individuals. The clonal data set was constructed
without homoplasy, and the recombined data set was constructed by resampling
the alleles at each locus with replacement, as diagrammed in Fig. 10.
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would be expected for recombining populations. The position
of the tree length for the observed data in a distribution of tree
lengths for 1,000 resampled data sets provides the P value (Fig.
11c and d). The tree length for the clonal data set is signifi-
cantly shorter than expected for recombining organisms (P 5
0.002), allowing us to reject the null hypothesis of recombina-
tion; however, this was not so for the recombined data set (P 5
0.996).

In the phylogenetic analysis described above, each locus was
defined as one variable nucleotide position, or site. If gene
sequences for several genes were available, so that the gene
was the locus with several variable sites, the same principle of
concordance of evolutionary histories could be used to distin-

guish clonality from recombination. Detection of microbial
recombination by comparing phylogenetic trees built for dif-
ferent genes was first used with Escherichia coli (34). If the
trees were concordant, there was strong evidence for clonality,
but if the trees were in conflict, recombination was a likely
explanation. As with all tests of the mode of reproduction, the
sample of individuals must be from one population and the loci
cannot be hypervariable. Violating the former will bias the
analysis toward clonality, and violating the latter will bias the
analysis toward recombination. A test developed to evaluate
the congruence of phylogenetic trees of taxa above the species
level, the partition homogeneity test (PHT), is ideal for this
intraspecific comparison (37, 62). For congruent gene trees,

FIG. 9. Method to detect association among loci in individuals characterized by multilocus genotypes, i.e., distinguishing between clonal and recombining organisms
by using the distribution of pairwise comparisons of their multilocus genotypes. (a) Distance matrices from all pairwise comparison for clonal and recombining
organisms. (b) Bar graph of the frequency distribution of pairwise distances among multilocus genotypes for clonal and recombining organisms. Clonal organisms have
an excess of close and distant distances and a high variance. Recombining organisms have a more normal distribution and a low variance. (c) Comparison of the rescaled
variance (IA) of clonal and recombining organisms to IAs for 1,000 artificially recombined data sets. Note that the IA of the clonal data is significantly higher than the
distribution of IAs for the artificially recombined data sets, while the IA for the recombining organism is close to the mean of the IAs for the artificially recombined data
sets.
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i.e., those from a clonal species, the sum of the lengths of the
most parsimonious trees for each gene should not change
significantly if the different sites (polymorphic nucleotides in
each gene) are swapped among genes. In other words, whether
the polymorphic sites are contiguous in the same gene or are
drawn from other genes throughout the genome, the sum of
gene tree lengths should remain the same because the entire
genome evolves as a unit. For incongruent gene trees, as would
be expected for a recombining fungus, the sum of the trees for
the observed data should be shorter than the sum of the trees
made after the sites have been swapped among genes. This
disparity would result from bringing together sites from distant
regions of the genome into one resampled gene. Under recom-
bination, the disparate regions would have different evolution-
ary histories, and making a tree with these loci would require
extra steps due to homoplasy. As before, significance is estab-
lished by making many randomly swapped data sets and com-
paring the observed sum of lengths to the distribution for 1,000
or more swapped data sets (Fig. 12 and 13) (50, 67).

A likelihood method to distinguish between clonality and
recombination, one that has clonality as the null hypothesis,
has also been demonstrated (22). For all possible phylogenetic
trees, the likelihood of the data for each locus is calculated
with and without the constraint that each locus must fit the
same phylogenetic tree topology. The sum of the highest like-
lihoods for all of the loci, without the constraint of having the
same phylogenetic tree topology, then is compared to the high-
est sum of likelihoods for all the loci, given the constraint of
having to conform to the same tree topology. Similar likeli-
hoods would be expected for clonal organisms because all loci
evolve together; much higher likelihoods would be expected
for the sum of individual loci without the constraint of a com-
mon tree topology if the organism was recombining (22). Un-
fortunately, the number of possible trees grows much faster
than the number of individuals (6 individuals have 105 possible
trees, 7 have 945, 10 have a bit over 2 3 106 [38]). At present,
this method is limited to a small number of individuals and loci
due to computational demands.

Genetic Differentiation and Isolation

Wright’s work on F statistics (121) provided the foundation
for studies of gene flow by pointing out that subdivision of a
large population into smaller ones could be detected by com-
paring allele frequencies at polymorphic loci. He compared the
probability of selecting identical alleles from two individuals in
a single subgroup to the probability of selecting identical al-
leles from one individual in each of two subgroups. If individ-
uals in both subgroups freely interbreed, so that gene flow is
high, the probabilities of retrieving identical alleles in each
sampling should be identical or nearly so; if the subgroups are
isolated and gene flow is low, the probability of selecting the
same allele from one subgroup should be much higher than
that for individuals from the two groups. His statistic for this
comparison, Fst, varies from 0 (no isolation) to 1 (complete
isolation) and has been estimated in a variety of ways. A con-
venient method of estimating Wright’s Fst is theta (31). Theta
behaves similarly to Fst and has been used to detect genetic
differentiation and isolation in human pathogenic fungi (22).
The full range of theta, from 0 for free gene flow to 1 for no
gene flow, assumes that loci have been sampled randomly, with
no bias for polymorphic loci. However, it is often the case that
only polymorphic loci are sampled in the first population, be-
cause monomorphic loci are not useful for tests of reproduc-
tive mode. In this case, theta cannot show the full range of
values from 0 to 1, and lower values (e.g., 0.5) may indicate the
absence of gene flow (Fig. 14).

The availability of gene sequence data from several genes
allows for phylogenetic tests of genetic isolation based on the
same logic as was presented above for detecting recombina-
tion. With sexual fungi, when sequence data for several differ-
ent genes are combined to make one phylogenetic tree, the
expectation is that the combined gene tree will be poorly re-
solved compared to individual gene trees because the different
genes have different evolutionary histories and their trees will
have different topologies. However, if a branch in the com-
bined gene tree is found and is strongly supported, there is an
indication of genetic isolation. This partition in the tree reflects

FIG. 10. Diagram showing how observed data are shuffled to mimic the effects of recombination. For each locus, the alleles are resampled without replacement to
shuffle the alleles among the individuals. The process is repeated for each locus to make a recombined data set. (a) Observed data are shown. (b and c) Alleles at the
first locus are resampled without replacement to create an artificially recombined locus.
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the fate of polymorphic loci when a population is divided by
some event. At the time the population is divided, both prog-
eny populations share the polymorphisms. However, as time
goes on in the absence of selection to maintain the polymor-
phism, the polymorphism is lost, first from one population and
then from the other, resulting in the two populations becoming
fixed for different alleles (Fig. 3). Only when allele frequencies
are significantly different, culminating when they have become
fixed for different alleles, can they be detected. For every
ancestral polymorphic locus that becomes fixed for alternate
alleles in the two descendent populations, a greater number
become fixed for the same allele (only those with a 50:50
balance of alleles in the ancestral population would have an
equal chance of becoming fixed for alternate alleles). This
approach has been used to demonstrate possible cryptic spe-
cies for Coccidioides immitis (67).

As mentioned in the Introduction, there is a relationship
between the detection of reproductive mode and genetic iso-
lation. To search for recombining groups, it is essential to
sample individuals from a small geographic area so that the
fungi have the opportunity to interbreed, whether or not they
are capable of doing so. If isolates are inadvertently taken from

FIG. 11. Use of parsimony tree length to distinguish between clonal reproduction and recombination. (a) Parsimony tree for a clonal organism based on data in
Fig. 8. Note that it is fully resolved and as short as possible (seven loci, seven steps), because the data set was constructed without homoplasy. Of course, not all clonal
data sets would be free of homoplasy, but methods have been proposed to estimate the amount of homoplasy expected for a clonal organism (81). (b) Parsimony tree
for a recombining organism based on data in Fig. 7a. Note that this tree is a consensus of nine most parsimonious trees, all of which are four steps longer than the
shortest possible tree. The lack of resolution and the longer tree length are the result of each locus having a different evolutionary history. (c) Tree length of a clonal
organism compared to the tree lengths for 1,000 artificially recombined data sets (cf. Fig. 10). Note that only 1 of 1,000 data sets had a tree length as short as the
observed data. (d) Tree length of a recombining organism compared to the tree lengths for 1,000 artificially recombined data sets. Note that all but 4 of 1,000 data sets
had a tree length as short as the observed data.

FIG. 12. Partition homogeneity test of A. flavus (group 1), showing that the
sum of observed parsimony tree lengths for five gene genealogies is significantly
(P , 0.0001) shorter than the distribution of summed tree lengths following
shuffling of polymorphic sites among the five genes (Fig. 13). Because shuffling
of sites should not affect tree length for clonal organisms, the inference is that A.
flavus is recombining. Reprinted from reference 50 with permission of the pub-
lisher.
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more than one genetically isolated population, their relation-
ships will appear clonal because recombination between the
populations is prevented. Therefore, if the goal of the study is
to analyze the mode of reproduction, it is important to first test
for genetic isolation.

SPECIFIC FUNGAL EXAMPLES

Cases in which the aforementioned methods of data acqui-
sition and analysis have been used with pathogenic fungi are
reviewed below. Highlighted are studies of strain typing, re-
productive mode, genetic differentiation and isolation, and the
uncovering of cryptic species.

Coccidioides immitis
Coccidioides immitis is a haploid, filamentous ascomycete

that makes mitospores (arthroconidia) in the environment and
spherules filled with endospores in patients (92). Neither mat-
ing nor meiosis has ever been found in this fungus.

Strain typing. C. immitis recently entered the molecular age
with an RFLP study of repeated DNA (probably mtDNA and
rDNA) from 1 Venezuelan and 14 Californian isolates (122).
The technique sorted the isolates into two groups, one with two
Californian clinical isolates, including the often studied Sil-
veira isolate, and the other with the rest. Other studies shortly
followed that provided information for strain typing set in the
context of fungal evolutionary biology.

Reproductive mode. Clonality and recombination were ex-
amined in 25 isolates of C. immitis from Tucson, Az., through
analysis of 14 polymorphic loci (22). Each locus was discovered
via SWAPP (23), and the variation was localized to a single
variable nucleotide position or small length mutation (22). The
study found that isolates from different patients were geneti-
cally distinct, i.e., that there were no overrepresented geno-
types. In addition to the 25 isolates, another 5 came from
repeated isolations from the same patients, and these fungi
showed no genetic changes over a maximum of 8 years. Com-
parison of the observed genotypes to artificially recombined

datasets by the IA test failed to reject the null hypothesis of
recombination, and the tree length test showed a much longer
tree than the number of biallelic loci (38:14), although there
was support for association at P 5 0.04 (Table 1). The tree
length test appears to be a more sensitive method of detecting
association among loci than the IA test. C. immitis, with its
abundant mitospores, should be capable of clonal reproduc-
tion. However, none of the isolates in this study were identical,
and so other causes of association among loci may be respon-
sible for the tree length result. Of the 14 loci, 3 had more than
one variable nucleotide position within ca. 500 bp, but there
was no evidence of recombination over this short distance.
Among several pairs of loci, however, all possible combinations
of alleles were found, as would be expected with recombina-
tion. Finally, using a subset of the data, a likelihood-ratio test
with and without the constraint of associated loci allowed re-
jection of the clonal hypothesis. A criticism of this type of study
concerns the possibility of hypervariable loci, which would give
the observed result regardless of the reproductive mode. In
this case, the authors presented several arguments against hy-
pervariability in the loci, including the occurrence of only two
of four possible alleles (nucleotides) at each of the 14 loci, the
lack of recombination among variable nucleotide positions
separated by 500 bp or less, and the lack of variation at the
same loci in individual fungi collected from geographically
distant locations. Another criticism concerns the relatively
small number of isolates sampled. Given that C. immitis pro-
duces mitospores, it would be reassuring to find isolates with
identical genomes; the fact that they have not been found
suggests that the extent of genetic variation in C. immitis has
not yet been thoroughly sampled.

Genetic differentiation and isolation. The same loci used in
the Arizona study of C. immitis were characterized for collec-
tions of clinical isolates in California and Texas to study gene
flow among the populations (24). At four of the loci, allele
frequencies between California on the one hand and Arizona
or Texas on the other were very different and F statistics
(estimated as theta) showed little or no gene flow. Gene flow

FIG. 14. Simulation of the behavior of Wright’s Fst, estimated by using theta (31), a statistic used to infer genetic isolation. Theta is defined as (Q 2 q)/(1 2 q),
where Q is the probability that two randomly sampled genes within a population are the same allele and q is the probability that two genes randomly selected from
different populations are the same allele. (a) Behavior of theta when the locus may be fixed in both populations. Theta ranges from 0 when each population is fixed
for the same allele to 1 when each population is fixed for a different allele. (b) Behavior of theta when the locus may be fixed in one population but is balanced for
the two alleles in the other (50:50). Theta ranges from 0 when allele frequencies are identical (50:50) to ca. 0.5 when one population is fixed for either allele and the
other population remains balanced. Populations for which data are biased toward polymorphic loci result in overestimates of gene flow compared to populations for
which both polymorphic and monomorphic loci are sampled.
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between Arizona and Texas was also significantly reduced, but
not as much as between either of these states and California. A
criticism of this study is that the test was biased because the
Arizona loci were selected to be polymorphic, preventing any
loci from being fixed for either allele in Arizona (cf. Fig. 14); in
this case, the effect of the bias was to overestimate gene flow.
It seems safe to say that genetically isolated populations of C.
immitis are present, although sampling at locations between
Tucson, Az., and San Antonio, Tex., might show a gradient of
changing gene frequencies instead of a sharp boundary.

Cryptic species. Seventeen C. immitis isolates were sepa-
rated into two groups, those inside and those outside Califor-
nia, in phylogenetic trees made from partial gene sequence of
five protein-coding loci (chitin synthase, chitinase, orotidine
monophosphate decarboxylase, serine proteinase, and a T-cell
reactive protein with similarity to a mammalian dioxygenase)
(67, 68). There were no shared polymorphisms between the
two groups; i.e., polymorphisms in the ancestral population
had been eliminated in at least one of the two groups over
time, so that none remained. Assuming a mutation rate of 1029

per nucleotide per year, the two groups have been genetically
isolated for ca. 11 3 106 years, considerably longer than for
sibling Drosophila species (108). The Silveira isolate, collected
in California in 1951, fell in the non-California group. This
isolate was different from most California isolates in the RFLP
study (122). It is possible that the patient acquired coccidioid-
omycosis outside California, in a manner similar to that of a
Texas patient who had acquired C. immitis in California (24).
It is also possible that isolates with non-California genotypes
are found in California, necessitating a renaming of the groups.
Because C. immitis is not transmitted from host to host and
must be acquired from the environment, examining environ-
mental isolates may provide the best data on which genotypes
are endemic in any given locale.

Surprisingly, recombination seems to be part of the C. im-
mitis life cycle. The evidence for recombination in Arizona is
strong, but there are not enough polymorphic loci in the Cal-
ifornia population to test for recombination. Although no ge-
netic evidence for clonal reproduction was found, it seems
almost certain that this type of reproduction also is operating,
given that mycelia of this fungus produce abundant mito-
spores. The discovery of strong and old genetic isolation, as
would be expected for different species, was also a surprise.
The processes that lead to speciation seem to be operating
today, as shown by the reduction of gene flow between Arizona
and Texas. Typing of isolates to the California and non-Cali-

fornia cryptic species can be accomplished by examining any of
17 sites fixed for alternate alleles (67, 68), and typing of non-
California isolates to Arizona or Texas can be accomplished by
examining no more than 4 loci fixed in Texas. Identification of
individual, recombined C. immitis isolates would require the
use of quite a few biallelic loci, gene sequences with several
sites, or hypervariable loci with many alleles such as microsat-
ellites.

Histoplasma capsulatum

Histoplasma capsulatum (anamorph or mitosporic state of
Ajellomyces capsulatus) is a haploid, filamentous ascomycete
that grows as a yeast in patients. It makes two types of mito-
spores as well as meiospores. Mating is regulated by two alleles
at one locus and results in meiotic progeny (ascospores), as
observed in cultivation (70).

Strain typing. H. capsulatum was an early subject of studies
of molecular variation. Two RFLP studies involving mtDNA
and rDNA probes (106, 116) revealed polymorphisms in H.
capsulatum isolates, and the availability of a yeast phase-spe-
cific nuclear gene (yps-3) provided an additional tool to type
strains (65). Types based on mtDNA variation or yps-3 varia-
tion are congruent for U.S. H. capsulatum isolates from indi-
viduals without AIDS. Central American isolates, or U.S. iso-
lates from AIDS patients, which may have originated in
Central America or the Caribbean, have a different yps-3 ge-
notype and harbor several mtDNA subtypes (65). Recent char-
acterization of 16 biallelic loci characterized as single-nucle-
otide substitutions have produced unique multilocus genotypes
for each of 30 H. capsulatum isolates from Indianapolis (26).
The more recent discovery of multiallelic microsatellite loci
indicates that individual isolates may be characterized with just
a few loci (25).

Cryptic species. H. capsulatum has three varieties, capsula-
tum, duboisii, and farciminosum. H. capsulatum var. capsulatum
and H. capsulatum var. duboisii have the same teleomorph,
Ajellomyces capsulatus. Although H. capsulatum var. farcimino-
sum has not reproduced meiotically in cultivation, it does re-
spond to pairings with mating tester strains of var. capsulatum,
but not to the point of making meiospores. H. capsulatum var.
capsulatum is endemic in North America and South America;
H. capsulatum var. duboisii is endemic in equatorial west Af-
rica, and the yeast cells that it makes in vivo are reported to be
larger than those of H. capsulatum var. capsulatum. H. capsu-
latum var. farciminosum is said to be found only in animals,

TABLE 1. Reproductive mode assayed by IA and tree length tests

Species No. of
loci

No. of
isolates

No. of
genotypes IA

b Lb Locic Reference

Coccidioides immitis 14 25 25 0.041ns 38* D 22
Histoplasma capsulatum 11 30 30 0.043ns 45* D 26
Candida albicans 10a 26 0.517* 53ns D 54
Candida albicans 12 41 0.661*** 96*** P 96
Candida albicans 9 48 0.524*** 150*** P 10
Aspergillus fumigatus 8 24 20.002ns 25ns P 99
Cryptococcus neoformansd

var. neoformans and gattii 8 233 13 1.619*** 29*** P 16
var. neoformans 7 230 10 1.247*** 16* P 16

serotype A 5 222 7 0.393ns 9ns P 16

a 10 nucleotide sites grouped into 5 independent loci.
b *P , 0.05; ***, P , 0.001; ns, not significant.
c Loci: D, multiple codominant DNA loci; P, multiple codominant protein loci.
d Excluding isolates with serotype AD.
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whereas the two other varieties can be found in both humans
and animals. H. capsulatum var. capsulatum is most commonly
associated with lung disease, which H. capsulatum var. duboisii
is not. Judging from their clinical behavior, they seem to be
overt species, but morphologically there are few differences.
Comparison of nucleic acid sequences from the large-subunit
rDNA and DNA-DNA hybridization of single isolates of all
three H. capsulatum varieties showed that they are closely
related, but the relationships among them were not resolved
(56).

Reproductive mode. Carter et al. (26) used the aforemen-
tioned biallelic nucleotide substitution loci to address the ques-
tion of reproductive mode in 30 clinical H. capsulatum isolates.
With the IA test, the null hypothesis of recombination could
not be rejected, and, as with C. immitis, the tree length test
showed a tree much longer than a strictly clonal tree (45:11),
but one that was significantly (P 5 0.05) shorter than those of
most artificially recombined data (Table 1). This result is con-
sistent with the knowledge that H. capsulatum mates in culture
(70). Unlike the mtDNA and yps-3 data, the nucleotide sub-
stitution loci did not place isolates from AIDS patients into a
group separate from the isolates from individuals without
AIDS. However, the segregation of isolates from AIDS pa-
tients in previous studies may be related to their suspected
Central American or Caribbean origin (65), and isolates from
these locations were not included in the study by Carter et al.
(26).

Genetic differentiation and isolation. A pioneering isoen-
zyme study of H. capsulatum surveyed 339 isolates for eight
polymorphic enzyme loci, at least one of which probably con-
tained more than one locus (46, 47). Based on allele frequen-
cies reported for each of four sites (two in Missouri and one
each in Kentucky and Michigan), there was as much variation
within populations as between them, and the strongest genetic
differentiation occurred between Michigan and the southern
sites. Unfortunately, the data were not presented as multilocus
genotypes for each isolate, and so tests of reproductive mode
are not possible.

H. capsulatum var. capsulatum mates in cultivation and re-
combines in nature. The abundant production of mitospores
also suggests that clonal reproduction is common in the fungus,
although identical genotypes were not found in an 11-locus
study of 30 clinical isolates (26). The three varieties based on
phenotypic and clinical differences may represent species, but
the necessary genetic studies have not been performed. If the
varieties are as genetically distinct as species and they can still
mate, the scarcity of fungal hybridization might be explained.
That is, the fungal species that can hybridize are those that
morphologically are so similar that they are not recognized as
distinct species, letting their hybridization go undetected. Pop-
ulations within varieties have not been identified, and isozyme
data from North America do not support genetically isolated
populations. Given the New World distribution of H. capsula-
tum var. capsulatum, it might be useful to compare isolates
from North and South America.

Candida albicans

The ascomycete Candida albicans, a relative of Saccharomy-
ces cerevisiae (7, 69), is apparently diploid and has never been
observed to mate in the laboratory or in nature. It grows as a
yeast and as a hypha.

Strain typing. The full complement of methods has been
tried on C. albicans. A recent comparison of techniques (33)
showed that RFLPs of middle repeated sequences (103) and
PCR fingerprinting with M13 provided the best discrimination.

Pujol et al. (95) took the comparison among techniques a step
further by making comparisons among four methods, three
that generate many bands in one procedure and one that an-
alyzes loci singly, MLEE. They made the comparison with
similarity coefficients and phenetic trees, which carry the as-
sumption of clonal reproduction. Two of the multiband meth-
ods (RAPDs and hybridization of restriction digestions to the
Ca3 repeat) showed agreement with MLEE at the deep
branches of the phenograms but not in the fine relationships
among closely related isolates. The third method, hybridization
of CARE2 repeated DNA to restriction digests, was at odds
with the other three. While it is clear that the multiband meth-
ods allow many different genotypes to be recognized, use of the
data to infer genetic relationships is compromised by problems
with homology of bands or fragments. Previous analysis of the
Ca3 repeated sequence (101) showed that the sequence
evolves extremely rapidly, even between transfers in the labo-
ratory. This hypervariability is probably due to transposition of
the repeated sequence used to type the strains (76). Another
type of hypervariable locus, the microsatellites, has also been
assayed in C. albicans, showing that single loci can be extremely
polymorphic, with as many as 11 alleles in this diploid asco-
mycete (19, 39). A key question for the use of repeated se-
quences or microsatellites to do more than strain typing is,
“Are the alleles identical by descent or by convergence?” A
study comparing results from these extremely variable loci to
more sedate, biallelic loci could answer the question about
hypervariability and identity and provide a useful service to the
field. Such a study in horseshoe crabs (Limulus polyphemus)
found incongruence between genealogies based on the micro-
satellites or the flanking regions (89). However, these hyper-
variable loci may be just what is needed when the question
concerns the origin of nosocomial infections, because they
have so many alleles.

Cryptic species. Sullivan et al. (109) uncovered a group of C.
albicans isolates that were genetically isolated and that could
be distinguished from other Candida species by a combination
of characters: chlamydospore aggregation, serotype, and car-
bohydrate utilization. Their discovery employed RFLPs in
DNA hybridizing to microsatellite sequences and was corrob-
orated by using RAPDs, isoenzyme analysis, and comparison
of sequence of the V3 region of large-subunit rDNA. The
genetically isolated group is now known as C. dubliniensis
(110).

Reproductive mode. Pujol et al. (96) used isoenzyme varia-
tion to study the reproductive mode of oral C. albicans isolates
from human immunodeficiency virus (HIV)-positive patients.
Analysis of 55 isolates at 13 polymorphic loci found 2 signifi-
cantly overrepresented genotypes and between 3 and 6 of 13
loci with genotypic frequencies that differed significantly from
Hardy-Weinberg expectation; both results provide evidence of
clonality. However, genotypic frequencies for most of the loci
were not significantly different from the Hardy-Weinberg ex-
pectation, indicating that recombination may also be operating
(95). Our analysis of their isozyme data (12 loci and 41 geno-
types) by both the IA and the tree length test allowed rejection
of the null hypothesis of recombination at P , 0.001 (Table 1);
i.e., by these tests, the population is clonal.

Boerlin et al. (10) characterized 10 polymorphic isoenzyme
loci in a collection of 189 C. albicans isolates from oral cavities
of both HIV-positive and HIV-negative patients, as well as
some isolates from patients with invasive disease. They found
52 different genotypes, 1 of which was overrepresented. Of the
10 loci, 8 showed genotypic frequencies significantly different
from Hardy-Weinberg expectations, and only 1 of 28 pairwise
comparisons loci showed a lack of association. Clearly, there is
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good evidence for clonality. The two loci with genotypic fre-
quencies expected under Hardy-Weinberg equilibrium may ar-
gue for recombination or may represent hypervariable loci.
The authors used a distance method (unweighted pair group
method with arithmetic mean [UPGMA]) to make a phyloge-
netic tree based on the isoenzyme data, and it failed to show
grouping of isolates from HIV-positive or HIV-negative pa-
tients or of invasive isolates. This type of analysis makes the
assumption of purely clonal reproduction, which may be justi-
fied in this case.

Gräser et al. (54) used 12 nucleic acid loci, characterized as
single nucleotide substitutions or small length mutations on six
PCR fragments, to study 52 C. albicans isolates taken from 52
asymptomatic subjects. These codominant loci were discovered
by using SWAPP (23), and the isolates showed overrepresen-
tation of some multilocus genotypes and significant deviation
from Hardy-Weinberg expectations in 8 of the 12 loci; again,
this provides evidence for clonality. However, genotypic fre-
quencies were within Hardy-Weinberg expectations for 4 of
the loci, and most of 66 pairs of loci were not associated (48 to
53, depending on the method of determining significance). Our
analysis of their data (Table 1, conservatively grouping 10 of
their nucleotide sites into 5 independent loci for 26 genotypes)
by IA test supported rejection of recombination (P , 0.05),
while use of the tree length test did not support rejection of
recombination (P , 0.1). As with the Pujol et al. (96) and
Boerlin et al. (10) studies, there is clear evidence of clonal
reproduction in the Gräser et al. (54) study, but there is also
evidence for recombination, including finding all possible ge-
notypes for two pairs of loci (54). How can one reconcile the
disagreement regarding reproductive mode in the several stud-
ies? As both groups of Candida researchers noted in a recent
exchange on this topic (112, 114), the data from both groups
show that Candida is not freely recombining (as also seen in
our test of data from both groups [Table 1]), and that Candida
is not completely clonal (as evidenced by Gräser et al. [54]
finding all possible genotypes for pairs of diploid, biallelic loci).
It seems likely that the next step will be to quantify the amount
of recombination, perhaps by the method recently proposed by
Maynard Smith and Smith (81) or one like it. Another reason
for differences between studies performed by the two groups
may lie in the type of loci or in the sample of individuals.
Because the sample of individuals is different in each study, the
reproductive modes and population structures for the two sam-
ples could be different. C. albicans is transmitted from host to
host, and clonal spread could be easier in this fungus than in a
species that must be acquired from the environment. A thor-
ough investigation of genetic isolation in C. albicans would also
be worthwhile, remembering that different methods of sam-
pling nucleic acid variation demonstrated the same three
deeply branching groups of isolates while showing variation in
the shallow branches (95). One recent search for genetic iso-
lation by using RFLPs of rDNA and RAPDs failed to find
differences among Asian, North American, and European iso-
lates, but new combinations of RFLP bands found in Asian
isolates could be explained by hybridization between North
American and European isolates (30).

Evolutionary studies of C. albicans have found a cryptic
species, C. dubliniensis, and have provided data consistent with
both clonal and recombining modes of reproduction in this
yeast. Hypervariable microsatellite loci, useful for identifica-
tion of individuals, are being characterized and promise to
make it possible to distinguish even very similar genotypes by
one technique. It would be worthwhile to search for genetically
isolated populations within larger samples of C. albicans and,

as with many fungi, to attempt to estimate the amount of
recombination.

Cryptococcus neoformans

Cryptococcus neoformans (the anamorph of the basidiomy-
cete Filobasidiella neoformans) is a haploid yeast with close
relatives in the mycoparasitic genus Tremella (111). There are
two varieties, neoformans and gattii. Environmentally, C. neo-
formans var. neoformans is found in bird excreta and C. neo-
formans var. gattii is associated with Eucalyptus trees (35). Each
variety has two serotypes, A and D in C. neoformans var.
neoformans and B and C in C. neoformans var. gattii. Mating is
controlled by two alleles (a and a) at a single mating locus, but
in C. neoformans var. neoformans serotype A, no isolates with
mating type a have been recovered. In cultivation, C. neofor-
mans can reproduce via mitospores (yeast cells) and mate to
produce meiospores (basidiospores) (71).

Strain typing. Brandt et al. (14) developed 10 isoenzyme loci
to characterize 34 C. neoformans isolates and then expanded
the study to include ca. 350 isolates (15, 16). For the 99% that
were C. neoformans var. neoformans, they found 16 electro-
phoretic types (multilocus genotypes), and for the 3 C. neofor-
mans var. gattii isolates, they found another 3 genotypes. The
most common genotypes correlated with the geographic area
of origin for the isolates, with California isolates being distinct
from those from the southeastern United States. There was no
correlation between genotype and isolates from AIDS patients.
RAPDs were then used to subtype isolates in the largest ge-
notype, resulting in 19 RAPD subtypes, which no longer
showed a correlation with the area of geographic origin (15).
Isoenzyme and RAPD analysis of repeated isolates from the
same patient showed no variation, although EK instability has
been seen in C. neoformans in cultivation and during animal
passage (42, 44).

Reproductive mode. In the isoenzyme studies mentioned
above, the presence of overrepresented genotypes provided
evidence for clonality. We reanalyzed the data (Table 1), using
the eight simplest loci and 16 C. neoformans var. neoformans
genotypes from 234 isolates excluding the AD serotype. Both
the IA and tree length tests allowed significant rejection of the
null hypothesis of recombination when all isolates were as-
sumed to be members of a single species. If it is assumed that
there are two species that correlate with the A and D serotypes
and that the shuffling of alleles among loci (Fig. 10) is limited
to members of the same serotype (A or D), the significance of
the IA test was reduced (P , 0.05) and that of the tree length
test was lost entirely. An attractive hypothesis is that serotypes
of C. neoformans var. neoformans are indicators of cryptic
speciation (42) and that recombination is occurring within the
A and D serotype groups. Consistent with this explanation is
the deep divergences between clusters of isolates of these two
serotypes in distance analyses (14, 16).

Chen et al. (28) and Franzot et al. (43) studied variation in
isolates from New York and Brazil by using two types of data,
RFLPs hybridizing to the moderately repeated DNA sequence
CNRE-1, and DNA sequencing of the URA5 gene, respec-
tively. In the combined analysis, Franzot et al. (43) argued for
clonal reproduction, noting that some genotypes were overrep-
resented, that EKs were heterogeneous (heterogeneous chro-
mosomes might be incompatible with pairing at meiosis), and
that the mating type of the isolates was always a instead of a
mix of a and a. As with Candida, it seems certain that clonal
reproduction is operating in natural populations of C. neofor-
mans, but there is evidence that some recombination is also
present. For example, parsimony analysis of the DNA se-
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quence data for the URA5 gene returned 1,276 most parsimo-
nious trees, an unexpected result for a clonal organism, and it
would be surprising if a fungus that displayed the ability to
mate in the laboratory (71) never made use of it in nature. On
the other hand, haploid C. neoformans var. neoformans isolates
of mating type a can produce basidiospores without mating,
which would be another method of clonal reproduction (118).

Genetic differentiation and cryptic species. Boekhout et al.
(9) compared the two C. neoformans varieties, neoformans and
gattii (anamorphs of F. neoformans var. neoformans and F.
neoformans var. bacillispora, respectively), in terms of EKs and
RAPDs. With both methods, there were consistent differences
between the varieties, leading the authors to suggest that they
should be considered separate species. Although it is known
from laboratory studies that matings between members of the
two varieties demonstrate recombination (72, 104), it seems
likely that gene flow between them is greatly reduced in nature.
Early comparisons of the genomes of these two taxa also
showed them to be distinct (5).

In the same study, Boekhout et al. (9) addressed variation
within the varieties. In C. neoformans var. neoformans, EKs
were quite variable and there was no correlation with the
pattern of bands and the source of the isolates (saprobic, clin-
ical, or veterinary). Neither was there a correlation between
source and EK in C. neoformans var. gattii. In addition, there
was evidence from comparisons of the same strain kept under
different culture conditions that the EK could change over
time. With RAPD analysis, again there was no correlation with
the source of the isolates, but in C. neoformans var. gattii only
there was a correlation with geographic origin. The isozyme
studies mentioned above (14, 16) showed strong separation
between isolates in serotypes A and D, and analysis of the
reproductive mode was strongly influenced by assuming that
individuals in the two serotypes were reproductively isolated. It
may be that serotypes A and D have become fixed in cryptic
species. Serotype AD is more closely related to serotype A in
the isozyme studies and has far less genetic diversity than
serotype A.

Evolutionary studies of C. neoformans have provided good
evidence for clonality, but some of the data also are consistent
with recombination if species are defined narrowly. The vari-
eties are genetically isolated, as would be expected for species,
and analysis of isozyme data suggests that cryptic species exist
within a single variety, C. neoformans var. neoformans. As with
H. capsulatum, matings between varieties may represent an-
other example of overlooked fungal hybridization.

Aspergillus fumigatus and A. flavus

Aspergillus fumigatus and A. flavus are haploid filamentous
ascomycete fungi that make abundant mitospores but never
have been observed to make meiospores in cultivation or in
nature.

Strain typing. A. fumigatus , an opportunistic human patho-
gen, has been a frequent subject of epidemiological studies
because it strikes immunosuppressed patients while they are in
the hospital, generating suspicion about nosocomial infection.
Comparative studies have shown that RAPDs provided better
discrimination than immunoblot fingerprinting or RFLPs of
repeated DNAs (most probably mtDNA or rDNA [77]). A
more recent RAPD study found different patterns for five
isolates, each from a different patient, but identical patterns for
one clinical isolate and several isolates from the hospital envi-
ronment (74). The patient isolates were collected over a
4-month period, and the matching environmental isolates were
taken within as few as 4 days after the collection of the patient

isolate. Comparing the results of three typing methods, isoen-
zymes, RAPDs and RFLPs, for genomic DNA, Lin et al. (75)
found that RAPD and RFLP showed the most variability.
Girardin et al. (53) used RFLPs combined with DNA-DNA
hybridization to a moderately repeated, inactive, retrotranspo-
son-like DNA, Afut1, to examine isolates taken over a 16-
month period from five leukemia patients, one asthma patient,
and the environment. Each patient had a genetically distinct
isolate, and in three cases an environmental isolate was found
with the same genotype as a clinical isolate, but in only one
case was the fungus obtained from the environment at a time
when the patient could have become infected by it. In other
cases, the predominant genotype in a hospital room was not
the one recovered from patients housed in the room. The
points that A. fumigatus isolates are genetically variable, that
many of them are capable of causing disease, and that they are
all found in the environment were dramatically made in a huge
study of Afut1 variation in over 800 clinical and environmental
isolates (52). The number of different genotypes was about half
the number of isolates, but cases where two isolates had the
same genotype were explained by repeated isolations from the
same patient or environmental location. Identical genotypes
from different geographic locations were rare (ca 3%), showing
that Afut1 variation is very effective for strain typing.

Cryptic species. Rinyu et al. (98) examined 61 clinical and
environmental A. fumigatus isolates for colony and microscopic
morphology by a number of molecular techniques, i.e., analysis
of isoenzymes, RFLPs of mtDNA and rDNA, and RAPDs.
Although there was no correlation between the molecular
markers and either pathogenicity or geographic origin, one
isolate appeared quite distinct by both isoenzymes and
RAPDs, leading to speculation that it might represent a dis-
tinct species. A similar result was found in another study in
which 2 of 35 isolates appeared quite different by isoenzyme,
RFLP, and RAPD analyses, sharing no “alleles” with the other
isolates or with each other (75). A study of agricultural isolates
of the second most common agent of aspergillosis, A. flavus,
using partial DNA sequence for five genes and compatibility of
gene genealogies, showed two genetically isolated groups in
what had been considered to be a good morphological species
(50).

Reproductive mode. The strain-typing studies mentioned
above certainly found repeated genotypes characteristic of
clonal reproduction. In the largest study, which used similar
typing methods, over 400 distinct genotypes were found, sug-
gesting a role for recombination (32). Rinyu et al. (98) used
isoenzyme and RAPD data to show some overrepresented
genotypes, but the absence of a strict correlation between
phenetic trees based on the two data sets and the presence of
all six possible two-locus genotypes for the two most common
isoenzyme loci (PHO, alleles a and b; EST, alleles a, b, and c)
also provided evidence for recombination. Rodriguez et al.
(99) characterized 12 polymorphic isoenzyme loci in 63 A.
fumigatus isolates. They found two alleles per individual at four
loci: three peptidases and one hexokinase. They interpreted
the extra alleles as evidence that A. fumigatus was diploid and
used the excess and absence of heterozygosity to argue that A.
fumigatus was clonal. However, under the alternative hypoth-
esis that A. fumigatus is haploid and that the extra alleles are
due to gene duplication, our analysis of the 8 unduplicated loci
and 24 unique genotypes by both IA and tree length tests
suggests that A. fumigatus is recombining (Table 1). For A.
flavus, Geiser et al. (50) used nucleotide sequence for five
genes to demonstrate recombination in the larger of the two
genetically isolated groups in this species. Their use of the
PHT gave a significant result (P , 0.0001) for incongruence
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among the five gene genealogies, consistent with recombina-
tion. Taken together, the data make A. flavus a very good
candidate for a recombining fungus, in spite of the absence of
sexual morphology. Although the medically important species
lack the morphology of sex, other Aspergillus species have it,
including Neosartorya fischeri, a very close relative of A. fumiga-
tus and Petromyces alliaceus, a close relative of A. flavus. How-
ever, the presence of sexual morphology does not necessarily
mean the absence of clonal reproduction. For A. nidulans, a
genetic model organism, Geiser et al. (48) showed that recom-
bination explained the relationships among at least 20 British
genotypes but that the 20 genotypes were overrepresented and
their prevalence was a product of clonal propagation.

For the medically important Aspergillus species, A. fumigatus
and A. flavus, clonality seems a given, but recombination is
playing a part in A. flavus and may be doing so in A. fumigatus.
Cryptic species have been found in A. flavus, and they could be
present in A. fumigatus. Genetically isolated populations within
the species have not been identified. Identical genotypes have
been found in locations that are geographically well separated;
therefore, isolated populations may not exist.

FUTURE DIRECTIONS

Genomics

Fungal evolutionary biologists use genomics of a sort every
time they use nucleotide sequences from well-studied fungi to
design amplification primers for the more poorly known rela-
tives of these fungi. With the completion of the Saccharomyces
cerevisiae genomic sequence, a strong start on the Candida
albicans genome project, and the expectation that Aspergillus
nidulans and Neurospora crassa will be sequenced in the near
future, fungal evolutionary biologists can begin to think about
more ambitious use of genomics. Strain typing could be a
prime beneficiary, because every region of the genome (exons,
introns, intergenic regions, selfish elements, microsatellites,
promoters, enhancers, and categories to be discovered) can be
characterized and compared to find regions with the right
amount of variation to distinguish evolutionarily meaningful
groups. In the process, genome projects would gain informa-
tion on the diversity in genomic regions, something that is
absolutely lacking in the genomic sequence of a single isolate.

Clinical Variation

The clinical relevance of species identification has been
shown again and again in the differences among pathogens and
their closest relatives. Now that genetically isolated groups are
being found within morphological species of medically impor-
tant fungi, one cannot help wondering if similar clinical differ-
ences might be found among the newly recognized cryptic
species. Due to genetic isolation and fixation of alleles at pre-
viously polymorphic loci, identification of pathogens to one
cryptic species is straightforward. If this information could be
included in case studies, correlations between genotype and
clinical behavior might emerge. In the absence of these data, it
might be prudent to perform tests of new pharmaceuticals or
vaccines on members of all genetically isolated groups of the
pathogenic fungus of choice. The strategy of testing control
measures against a battery of genetically different pathogenic
fungi is an established practice in agriculture, where new plant
varieties are evaluated for resistance to fungi with different
avirulence genes (3).

Amount of Recombination

All the fungi discussed above make mitotic spores; there-
fore, it is almost certain that clonal or mitotic reproduction is
occurring in all of them, even if it has not been shown. For all
of them, there is also evidence for recombination, whether or
not they can be mated in the laboratory. For those that cannot
be mated in the laboratory yet show recombination in nature,
it is not clear how they recombine or how often they do so.
With Coccidioides immitis, an estimate of the number of re-
combination events needed to account for the observed recom-
bination implied that a frequency of sex far too low to be
directly observed would suffice (22). Studies that assess not
only the presence of recombination but also its level are
needed next (59, 60, 61, 81).

Standardization of Approach

For each pathogenic fungus, there are typically several
groups of researchers studying epidemiological and evolution-
ary questions, and each group often has a different approach.
A similar situation existed in fungal phylogenetics before se-
quencing of ribosomal genes and spacers became the norm.
The advantage of sequencing over previous methods was that
sequence data obtained by one group could easily be added to
by another group, which propelled the field at a much higher
rate. Use of a common set of sequence-confirmed loci for each
pathogenic fungus could help do the same for the field of strain
typing.
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