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Fungal multilocus sequence typing — it’s not just for bacteria
John W Taylor and Matthew C Fishery
Multilocus sequence typing uses nucleotide sequence from
several genes to identify individual microbial pathogens. The
data obtained for multilocus sequence typing can be used to
recognize fungal species and to determine if the fungi are purely
clonal, or if they also recombine. Genetic regions with more
polymorphisms and microsatellites might be used to recognize
populations within species and are well suited to Bayesian
methods of assigning unknown individuals to populations of
origin. Knowledge of species, populations and reproductive
mode can help answer questions common to all emerging
diseases: is the disease due to the recent spread of a pathogen,
to the emergence of a virulent strain of an existing pathogen, or to
a change in the environment that promotes disease?
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to improve and can be made available to all interested
parties from a source on the internet. MLST has replaced
older methods that hide variation, such as MLEE (multilocus enzyme electrophoresis), or that required increasing
numbers of comparisons among known genotypes as each
new genotype was added, such as DNA–DNA hybridization, or that were sensitive to small changes in the
laboratory environment, such as electrophoretic karyotyping or randomly amplified polymorphic DNA (RAPDs)
[15]. MLST also has the advantage over single nucleotide
polymorphism (SNP) analysis that new polymorphic
nucleotide positions in any of the gene fragment
sequence can be detected and added to the database.
This feature makes it possible to add new individuals
from new geographic locations to the study without the
danger that variation found to be polymorphic in the
initial population will be monomorphic in the newly
added ones, as can happen with SNPs [16].

Why is multilocus sequence typing useful?
Species recognition
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Introduction: what is multilocus sequence
typing?
Multilocus sequence typing (MLST) [1] uses nucleotide
sequence from ca. 500 nucleotides of each of ten or so
housekeeping genes to characterize genetic diversity in
bacterial species that cause human disease. Although
originally lacking an acronym, an almost identical technique has been used by mycologists to study basic evolutionary features of human, animal and plant pathogenic
fungi [2–5,6,7,8,9,10–14]. MLST has become popular
because it directly samples the tremendous polymorphism present in nucleotide sequences and because each
new study can use and add to all previously obtained data.
As a consequence, the dataset for each species continues
www.current-opinion.com

The first use of MLST in fungi was for species recognition. The traditional methods of fungal species recognition, principally by phenotype or, where possible, by
mating tests, are being superceded by phylogenetic methods using nucleotide sequence of multiple gene genealogies. Recognizing species as clades of individuals that
are genetically isolated in nature has uncovered new,
cryptic species in Candida albicans [17], Coccidioides immitis [2], Histoplasma capsulatum [18] and Cryptococcus neoformans [19], as well as many plant pathogenic [11] and
toxigenic fungi [20]. Some taxa formerly recognized by
phenotype have been shown to be wrong. For example,
the plant pathogen Fusarium oxysporum f. sp. cubense is a
mix of four clades, the result of independent jumps to the
diagnostic host, banana [21]. Similarly, the horse and
donkey pathogen Histoplasma capsulatum var. farciminosum embraces members of three Histoplasma clades, each
the result of host jumps to the diagnostic equid hosts
(T Kasuga, personal communication). Some of the newly
recognized species have important phenotypic differences, such as virulence. One example is H. capsulatum,
where the North American class 2 clade causes disease in
otherwise healthy individuals, but the North American
class 1 clade causes disease only in humans that are not
immuno-incompetent [18]. Another example is C. neoformans, where C. neoformans group A is far more common
clinically than is C. neoformans group D [19].
The most difficult part of thorough species recognition
is sampling the fungus throughout its range and sampling both clinical and environmental individuals. Clinical
Current Opinion in Microbiology 2003, 6:351–356
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isolates are often readily available, but finding environmental individuals of pathogenic fungi can be very difficult [22]. Sampling can be particularly important when a
fungal population has recently expanded, often because
of increased host-availability as seen in agriculture or
emerging human disease. The source population might
be more variable than populations found in crops or
immunocompetent humans; if the source is missed, the
interpretation may be incorrect. By comparison, characterizing nucleotide variation is straightforward. Where
fungi have been thoroughly sampled throughout their
range, phylogenetic species recognition has laid the foundation for studies of reproductive mode, pathogen migration, the cause of epidemics and precise epidemiology. A
good example of what is possible is provided by studies of
the species historically responsible for coccidioidomycosis, Coccidioides immitis.
An MLST scheme for Coccidioides immitis was first developed by Koufopanou et al. [2,3] using 2 384 nucleotide
sites from five genes (CHS1, pyrG, tcrP, serine proteinase
and CTS2) and 17 clinical isolates. Genealogically, each of
the five loci was best described by a single most parsimonious tree, and when the five loci were considered
together, the isolates were divided into two strongly
supported groups. These groups were estimated to have
been genetically isolated from one another by 11–12.8
million years (Figure 1a) and have largely non-overlapping geographical distributions, suggesting that their
genetic isolation had a biogeographic origin [2,3]. Within
each group, the gene genealogies were in conflict, implying that Coccidioides immitis comprised two recombining
species, but without enough data for a significant result.
Using collections of arbitary SNPs and more individuals,
Burt et al. [8] and Fisher et al. [23] confirmed that
recombination was occurring within, but not between,
each group. Here, the MLST scheme had defined two
phylogenetic species by using genealogical concordance
phylogenetic species recognition (GCPSR) [24]. A wider
sampling of clinical and some environmental isolates from
the entire New World distribution of C. immitis showed
that no further cryptic species existed and a new species
was described as a result, Coccidioides posadasii, formerly
known as non-California Coccidioides immitis [25]. Once
MLST has identified the cryptic species harbored within
morphological species, it then becomes possible to investigate the contribution of genetic variation to phenotype.
For instance, although comparisons between C. immitis

and C. posadasii showed no variation in the size of arthroconidia, significant phenotypic variation was seen in
averaged growth rates for members of the two species
[25]. This finding raises the possibility that further interspecific comparisons might succeed in explaining some of
the variation observed in pathogenicity and the symptoms
of coccidioidomycosis. Analysis of close relatives of
Coccidioides species also shows ‘cryptic species’ recognized by genetic isolation; apparently divergence to form
new species is common, but persistence of both newly
diverged species is rare [26].
Populations within species

MLST has great potential as a tool to interpret the finescale population genetic structure of microbes. In the
bacterial gastric pathogen Helicobacter pylori, MLST was
used to type 370 isolates from 27 geographical and ethnic
human groupings [27]. H. pylori undergoes frequent
genetic recombination, so its genome is a mosaic of small
fragments derived from several ancestral populations.
However, despite this powerful homogenizing force, significant population genetic structure exists. Assessing the
linkage between individual nucleotides and using this to
assign isolates to five ancestral populations using the
programme STRUCTURE [28], the authors were able
to show that patterns of human migration, stemming from
an out-of-African origin, explain the current day distribution of H. pylori. Such accurate assignment of isolates is, in
part, made possible by the high levels of polymorphism
found in this bacterium, (i.e. 36% of the sequenced
nucleotide sites were polymorphic).
However, the power of MLST runs into problems when
the species, or populations, being typed have insufficient
genetic variation to differentiate isolates. Such reduced
levels of genetic diversity occur as a consequence of evolutionary processes such as recent speciation, population
bottlenecks or selective sweeps. Lack of variation has been
recognized as a problem in, for instance, Mycobacterium
tuberculosis where only 1/10 000 nucleotides are polymorphic [29], making it hard to achieve sufficient discriminatory power to distinguish between isolates. In
Coccidioides, MLST resolves C. immitis and C. posadasii
with ease, but certain populations within the species lack
any variation at the MLST loci. For instance, within
South America, eleven out of eleven C. posadasii isolates
were identical at the MLST loci used, an identity that
corresponds to an index of diversity of 0% [30]. When

(Figure 1 Legend) Recognizing Coccidioides species and populations using DNA polymorphisms (a) MLST analysis of 17 clinical Coccidioides
isolates identifies a single branch that subdivides the population into two reproductively isolated groups [2,3]. These groups are estimated to have
been genetically isolated from one another by 11–12.8 million years and have largely non-overlapping geographical distributions (Californian and nonCalifornian), suggesting that their genetic isolation had a biogeographic origin [9]. (b) Applying a nine-locus MLMT scheme confirms the subdivision
across the entire New World range of Coccidioides and further identifies eight phylogeographic populations (of which five are shown here for clarity).
South American isolates group with Texan isolates, suggesting that a relatively recent (ca. 9 000–134 000 years) long-distance dispersal of isolates
founded the Latin American populations. Figure 1a modified from [2,3], Figure 1b modified from [9] (Copyright ß 1997, 1998, 2001, National
Academy of Sciences U.S.A).
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developing an MLST system for fungal species, it is
important to use pilot studies to determine whether levels
of nucleotide variation are sufficient to answer the questions that are to be asked; if they are not, then more
variable loci can be sought.
Microsatellite-based typing schemes

More variable microsatellite loci were sought for Coccidioides species, and when the 11 South American C.
posadasii isolates were re-genotyped using a multilocus
microsatellite typing (MLMT) system, eight out of eleven multilocus genotypes were unique, corresponding to
an index of diversity of 94.5%. Clearly, the higher mutation rates operating at the microsatellite loci (estimated in
yeast to be 104–105 mutations per generation as compared to 109 for point mutations [31]) allow variability to
accumulate at a far higher rate, leading to greater intrapopulation genetic diversity. In cases where studies need
to differentiate between closely related isolates, then
microsatellite typing schemes can be highly informative.
Typing with microsatellites is similar to MLST in that an
entire stretch of sequence is surveyed for genetic variation, albeit for length polymorphisms rather than point
mutations, and multilocus genotypes are generated and
then added to a database. However, the hypervariability
of microsatellite loci and their stepwise mode of mutation,
creates alleles that might be identical by size, but not
identical by descent, (i.e. loci might be homoplaseous).
Also, microsatellites found to be polymorphic in one
genetically isolated clade might be monomorphic in
others (Figure 2). Studies using microsatellites have
shown that both the problems of homoplasy and unexpected monomorphism can be overcome by using many
microsatellite loci [32].

Using MLMT to type the entire Coccidioides collection of
167 isolates supported the original MLST division into two
species (Figure 1b). However, the greater levels of genetic
variation at these microsatellite-containing loci enabled
the two species to be further split into five populations.
Within C. posadasii, the Latin American population had
reduced allelic variation and increased association amongst
loci as compared to North American populations. In addition, the significant relationship between geographic and
genetic distance seen in North American C. posadasii was
lost when Latin American genotypes were included in the
analysis. Both of these observations support the hypothesis
that long distance dispersal of the pathogen occurred into
South America between 8 940 and 134 000 years ago,
possibly aided by human migration [9].
Emerging fungal disease and multilocus sequence
typing

MLST can be used to help discriminate among the
several possible causes of an emerging disease. For example, the fungus may have been in the area all along, and is
now causing disease because the host has become susceptible or the pathogen has become more prevalent. In
this case, MLST of fungal individuals causing disease
should be no different than individuals obtained from the
environment, and all fungal individuals in the area of
disease outbreak should show population structure similar
to that found in other geographic locations. It might also
be that the fungus has been in the area all along, but that a
new genotype with increased virulence is responsible for
an epidemic. In this case, the genotypes of individuals
causing disease should show reduced variation compared
to environmental isolates and also show association
among loci due to the selective sweep. An epidemic of
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coccidioidomycosis in California in the early 1990s raised
suspicions of the emergence of a virulent C. immitis
genotype. An MLST scheme that specifically targeted
14 SNPs of individual isolates collected during the epidemic showed no significant association of loci and no
evidence of clonal spread [23]. Instead of the emergence
of a virulent genotype, multivariate statistical analyses
suggested that climatic factors could explain this, and
past, epidemics of coccidioidomycosis [23]. By contrast,
most isolates responsible for the cutaneous histoplasmosis
of horses and donkeys caused by H. capsulatum var.
farciminosum, mentioned above, have been shown by
MLST to be due to a clonal genotype of H. capsulatum.
This genotype emerged from a recombining population
of South American H. capsulatum and has probably spread
throughout the Old World [18]. A recent MLST study of
the chytrid fungus thought to be responsible for the
world-wide decline of amphibians found very low variation in coding regions and suggested that the decline is
due to the recent spread of the fungus [5]. Given the low
variation, this conclusion seems justified. However, confirmation of low genetic variation with more variable
microsatellites (MLMT), or finding of the population
from which the fungus spread, would strengthen the case.

Multilocus microsatellite typing and
epidemiology
Emergence of coccidioidomycosis in locations outside the
endemic areas was observed in the 1990s, likely due to
travel to endemic areas that were experiencing increased
infection rates. Chaturvedi et al. [33] showed that 181
hospitalizations in New York state were due to coccidioidomycosis and multilocus genotyping of five SNP-containing loci demonstrated that 14 of 16 isolates tested
were C. posadasii and most likely from Arizona. These
isolates were re-genotyped using the Coccidioides MLMT
scheme and the source population for each population
was determined by comparing individual MLMT genotypes to the New World database of 167 MLMT genotypes using bayesian assignment tests (BATs) performed
by the programme BAYESASS [34]. The increased resolution made possible by using highly polymorphic genetic
markers, well-characterized populations and newly developed statistical tools enabled 12 out of 16 isolates to be
assigned to source populations with high probability, and
all 16 isolates to be assigned to species. With the new
method, fewer individuals appear to have had an Arizona
origin. Typing fungi considered to be select agents to
population of origin may be of more than academic interest,
given that forensic epidemiologists are now attempting to
type Bacillus anthracis to specific laboratories.

Conclusions and future studies
Fungal MLST and MLMT are proving valuable to
studies of human and plant pathogenic fungi and the
diseases that they cause. These studies have shown that
fungal species and populations are more numerous than
www.current-opinion.com

estimated from phenotypic data. An important inference
is that although fungi can disperse over great distances, in
many cases they are constrained to far smaller geographic
areas, presumably by local adaptation. Most existing work
has been in the developed world. Studies are needed of
fungi causing disease in developing areas, and of fungi
that have not caused, but could cause, disease in developed areas. To complement the studies of fungi causing
disease, which are likely to have been affected by human
activity, similar studies are needed of nonpathogenic
fungi in natural settings.
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