RESEARCH ARTICLE

Phylogeographic Analysis of Blastomyces
dermatitidis and Blastomyces gilchristii
Reveals an Association with North American
Freshwater Drainage Basins
Lisa R. McTaggart1*, Elizabeth M. Brown1,2, Susan E. Richardson1,2,3
1 Public Health Laboratories Toronto, Public Health Ontario, Toronto, Ontario, Canada, 2 Department of
Laboratory Medicine and Pathobiology, University of Toronto, Toronto, Ontario, Canada, 3 Division of
Microbiology, Department of Paediatric Laboratory Medicine, The Hospital for Sick Children, Toronto,
Ontario, Canada
* lisa.mctaggart@oahpp.ca

a11111

Abstract

OPEN ACCESS
Citation: McTaggart LR, Brown EM, Richardson SE
(2016) Phylogeographic Analysis of Blastomyces
dermatitidis and Blastomyces gilchristii Reveals an
Association with North American Freshwater
Drainage Basins. PLoS ONE 11(7): e0159396.
doi:10.1371/journal.pone.0159396
Editor: Michael E. Douglas, University of Arkansas,
UNITED STATES
Received: April 6, 2016
Accepted: July 3, 2016
Published: July 18, 2016
Copyright: © 2016 McTaggart et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.
Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.
Funding: The authors received no specific funding
for this work.

Blastomyces dermatitidis and Blastomyces gilchristii are dimorphic fungal pathogens that
cause serious pulmonary and systemic infections in humans. Although their natural habitat
is in the environment, little is known about their specific ecologic niche(s). Here, we analyzed 25 microsatellite loci from 169 strains collected from various regions throughout their
known endemic range in North America, representing the largest and most geographically
diverse collection of isolates studied to date. Genetic analysis of multilocus microsatellite
data divided the strains into four populations of B. dermatitidis and four populations of B. gilchristii. B. dermatitidis isolates were recovered from areas throughout North America, while
the B. gilchristii strains were restricted to Canada and some northern US states. Furthermore, the populations of both species were associated with major freshwater drainage
basins. The four B. dermatitidis populations were partitioned among (1) the Nelson River
drainage basin, (2) the St. Lawrence River and northeast Atlantic Ocean Seaboard drainage basins, (3) the Mississippi River System drainage basin, and (4) the Gulf of Mexico
Seaboard and southeast Atlantic Ocean Seaboard drainage basins. A similar partitioning of
the B. gilchristii populations was observed among the more northerly drainage basins only.
These associations suggest that the ecologic niche where the sexual reproduction, growth,
and dispersal of B. dermatitidis and B. gilchristii occur is intimately linked to freshwater systems. For most populations, sexual reproduction was rare enough to produce significant
linkage disequilibrium among loci but frequent enough that mating-type idiomorphic ratios
were not skewed from 1:1. Furthermore, the evolutionary divergence of B. dermatitidis and
B. gilchristii was estimated at 1.9 MYA during the Pleistocene epoch. We suggest that
repeated glaciations during the Pleistocene period and resulting biotic refugia may have
provided the impetus for speciation as theorized for other species associated with temperate freshwater systems.
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Introduction
Most fungi that are pathogenic to humans reside naturally in the environment with occasional
transmission to humans or other animals. Many fungi, especially the dimorphic fungi, display a
limited and distinct phylogeographic distribution, suggesting that growth and persistence in the
environment is linked to specific biogeographic and ecological factors [1–14]. For example, Coccidioides immitis is localized primarily to the San Joaquin Valley of California, while Coccidioides
posadasii has a wider biogeographical distribution including southwestern United States, southern California, Mexico, and South America [2]. Yet, little is known about the specific ecologic
niche of human fungal pathogens that are acquired from the environment. An understanding of
the ecological factors that favor growth, reproduction, and dispersal would potentially provide a
means of predicting and controlling human acquisition of infection. Fortunately, highly discriminatory genetic typing methods such as multilocus microsatellite typing can help infer ecological
factors controlling the reproduction and propagation of fungal pathogens in the environment, as
we demonstrate here for the systemic fungal pathogens in the genus Blastomyces.
The genus Blastomyces represents two species of thermally dimorphic fungi: Blastomyces
dermatitidis and Blastomyces gilchristii [15]. In North America, Blastomyces species are considered endemic to the midwestern, southeastern, and south central United States bordering the
Ohio and Mississippi River valleys, and the Canadian provinces and US states bordering the
Great Lakes and St. Lawrence River [16]. There are reports of blastomycosis from other countries, specifically China, Zimbabwe, South Africa, and India [17–20]; however, endemicity in
these regions is somewhat dubious. Several strains of African origin were shown by DNA melt
curve analysis to represent a separate taxon, possibly Emmonsia spp. [21], and case reports
from China and India involved patients with a recent travel history to the endemic regions in
North American [18,19]. Still, at least five older cases from 1982–1998 involving two humans,
a dog, and two bats from India appear to be autochthonous [19]. Thus, North America represents the primary region of endemicity for Blastomyces spp. Although direct isolation of the
fungus from the environment has rarely been successful [22], a variety of ecological factors
favoring growth have been postulated based on human and canine case studies [23–36].
In a recent study, multilocus sequence typing (MLST) was used to demonstrate the presence
of a cryptic species within what was previously considered a single species Blastomyces dermatitidis [15]. The cryptic species, named Blastomyces gilchristii, was found to be reproductively
and genetically isolated from B. dermatitidis and appeared to have an overlapping, although
perhaps smaller, geographic distribution compared to B. dermatitidis [15]. Similar groupings
have been noted by others [37], who also suggested that differences in clinical manifestations
may exist between the two groups [38]. More recently, whole genome sequencing of select B.
dermatitidis (ER-3, ATCC 18188 and ATCC 26199) and B. gichristii (SLH14081) strains has
provided additional evidence for the delineation of these two species [39].
The goal of this study was to use multilocus microsatellite typing (MLMT) to elucidate the
population structures of B. dermatitidis and B. gilchristii from, what is to our knowledge, the
largest and most geographically diverse collection of isolates studied to date. In total, four populations of B. dermatitidis and four populations of B. gilchristii were detected, with the geographic
distribution of the populations partitioned among the major freshwater drainage basins of
North America. The results of our analysis indicate that the reproduction, growth, and dispersal
of Blastomyces spp. are intimately linked to freshwater systems, confirming what was previously
suspected based on epidemiological investigations of blastomycosis outbreaks [33]. The study
demonstrates that discriminatory genetic analyses, such as MLMT, are powerful methods for
elucidating information about the population structure and ecology of human pathogenic fungi
in a manner that is relevant to understanding and possibly controlling disease acquisition.
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Results
Population structure of B. dermatitidis and B. gilchristii
All 25 MLMT loci were amplified for 139 of 169 (82.2%) isolates. Of the remaining 30 isolates,
24 of 25 loci were typed for 27 (16%) isolates, 23 of 25 loci were typed for 2 isolates (1.2%), and
a single isolate had 22 of 25 loci typed (0.6%) (S1 Table). The inability to type all Blastomyces
isolates using this scheme has been noted previously [37].
Initial analysis of the microsatellite data with the STRUCTURE software suggested two biologically meaningful genetic clusters with a large peak in the ΔK profile (S1a Fig). Plots of the
individual STRUCTURE Q-values (averaged across all 8 iterations), which show the posterior
mean estimates of the proportion of each isolate’s genome inherited from ancestors of each
group, indicate little admixture between the two groups (Fig 1a). The most probable ancestor
analysis by STRUCTURE, which assigns each isolate to a cluster, indicated that one group contained only isolates previously identified as B. dermatitidis by MLST (n = 24) while the second
group contained only B. gilchristii isolates (n = 26) [15]. Therefore, the remaining isolates
assigned to group 1 and group 2 were identified as B. dermatitidis or B. gilchristii, respectively.
Using multilocus sequence typing (MLST) data [15],  BEAST estimated the divergence time of
B. dermatitidis and B. gilchristii at 1.9 MYA (95% HPD 0.5–4.4 MYA).
STRUCTURE analysis of the B. dermatitidis and the B. gilchristii microsatellite data analyzed independently suggested that each species contained four populations (S1b Fig). Plots of
the individual STRUCTURE Q-values indicate some admixture between the populations of
each group (Fig 1b and 1c). The most probably ancestor algorithm was used to assign each isolate to one of B. dermatitidis populations 1–4 or B. gilchristii populations 1–4.
B. dermatitidis and its populations exhibited much higher levels of intra-population
genetic diversity than B. gilchristii, as indicated by the higher values for the mean effective
number of alleles (Ne) and mean haploid genetic diversity (He) (Table 1). Although the number of isolates sampled for B. dermatitidis was more than twice that of B. gilchristii, this likely
had little effect on the Ne and He values since 15–20 isolates is considered sufficient for accurately estimating heterozygosity (i.e. genetic diversity) [40]. B. gilchristii exhibited low intrapopulation genetic diversity, with only 21 unique microsatellite types represented among the
50 isolates.
The genetic distance between B. dermatitidis and B. gilchristii was 1.369 with higher pairwise genetic distances between populations of different species than populations of the same
species (Table 2). Interestingly, B. dermatitidis population 4 isolates were genetically more similar to the other three B. dermatitidis populations than any of the other three populations were
to each other. In comparison, the pairwise genetic distance values of the B. gilchristii populations were quite low, which is likely due to the low genetic diversity within the species
(Table 2). FST values were used to ascertain the proportion of genetic variance among geographic regions relative to the total variance [5]. FST values close to zero indicate that genetic
variation is shared within and between the populations, whereas higher FST values indicate that
more genetic variation occurs between populations compared to those within populations [5].
Our FST values indicate that the populations were significantly differentiated (p < 0.001) from
one another (Table 2).
The microsatellite dataset was also analyzed by TreeMix v1.1 to detect any potential migration events between the populations [41]. We identified two migration events, one between B.
gilchristii populations 1 and 4 (p = 7.3x10-5) and one between B. gilchristii populations 1 and 2
(p = 0.017) (S2 Fig), which correlate with the comparably lower genetic distance values
(Table 2).
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Fig 1. Plot of individual STRUCTURE Q-values (averaged across all 8 iterations) demonstrating the
proportion of an isolate’s genotype that belongs to a) B. dermatitidis and B. gilchristii b) populations
1–4 of B. dermatitidis or c) populations 1–4 of B. gilchristii.
doi:10.1371/journal.pone.0159396.g001
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Table 1. Population genetic analysis and mating-type idiomorph determination of each population of Blastomyces spp.
Population Drainage Basin n1

MT2 Na3

Ne4

He5

Pa6

Mating-Type Idiomorph
α-box

HMG

ND7

χ2, p-value (clonecorrected)

B. dermatitidis

119 111 14.280±
1.011

7.254±
0.598

0.831±
0.018

12.600
±1.023

56
(47.1%)

57
(47.9%)

7
(5.9%)

χ2 = 0.009,p = 0.924 (χ2 =
0.01,p = 0.920)

Pop 1

Nelson River

20

19

4.840±
0.411

2.860±
0.232

0.586±
0.037

0.760±
0.202

8 (40%)

11 (55%)

1 (5%)

χ2 = 0.474,p = 0.491 (χ2 =
0.222,p = 0.638)

Pop 2

St. Lawrence
River

32

29

6.720±
0.453

4.024±
0.347

0.718±
0.020

1.560±
0.413

15
(46.9%)

14
(43.8%)

3
(9.4%)

χ2 = 0.034,p = 0.854 (χ2 =
0.154,p = 0.695)

Pop 3

South-eastern
US

24

23

4.640±
0.299

3.142±
0.215

0.633±
0.033

0.640±
0.199

12 (50%)

10
(41.7%)

2
(8.3%)

χ2 = 0.182,p = 0.670 (χ2 =
0.429,p = 0.512)

Pop 4

Mississippi
River

43

40

10.520
±0.731

6.143±
0.582

0.799±
0.020

3.320±
0.320

21
(48.8%)

22
(51.2%)

0 (0%)

χ2 = 0.023,p = 0.879 (χ2 =
0.100,p = 0.752)

50

21

2.400±
0.311

1.435±
0.119

0.216±
0.046

0.720±
0.204

18
(36.0%)

30
(60.0%)

2
(4.0%)

χ2 = 3.0,p = 0.083 (χ2 = 1.0,
p = 0.317)

B. gilchristii
Pop 1

Nelson River

24

5

1.200±
0.082

1.049±
0.035

0.032±
0.019

0.040±
0.040

11
(45.8%)

12 (50%)

1
(4.2%)

χ2 = 0.043,p = 0.836 (χ2 =
0.143,p = 0.705)

Pop 2

Mississippi
River

4

2

1.080±
0.055

1.048±
0.033

0.030±
0.021

0.080±
0.055

2 (50%)

2 (50%)

0 (0%)

χ2 = 0.0,p = 1.0 (χ2 = 0.333,
p = 0.564)

Pop 3

St. Lawrence
River

10

9

1.720±
0.220

1.400±
0.163

0.181±
0.044

0.280±
0.136

3 (30%)

6 (60%)

1
(10%)

χ2 = 1.0,p = 0.317 (χ2 = 1.0,
p = 0.317)

Pop 4

St. Lawrence
River

12

5

1.160±
0.075

1.045±
0.023

0.034±
0.017

0.000±
0.000

2
(16.7%)

10
(83.3%)

0 (0%)

χ2 = 5.333,p = 0.021 (χ2 =
0.667,p = 0.414)

1

n = number of samples
MT = number of microsatellite types

2
3

Na = mean number of alleles

4

Ne = mean effective number of alleles
He = mean haploid genetic diversity

5
6

Pa = mean number of private alleles

7

Mating-type idiomorph not detected by PCR ampliﬁcation

doi:10.1371/journal.pone.0159396.t001

Geographic distribution of B. dermatitidis and B. gilchristii populations
Analysis of geographic location revealed that B. dermatitidis isolates were present throughout
North America from all sampled regions. Conversely, B. gilchristii isolates were recovered only
Table 2. Pairwise population FST values (below the diagonal) with significant values (p<0.001) in bold. Pairwise Nei’s genetic distances above the
diagonal.
Bd1 Pop1
Bd Pop1

Bd Pop2

Bd Pop3

Bd Pop4

Bg2 Pop1

Bg Pop2

Bg Pop3

Bg Pop4

1.013

1.315

0.716

2.011

1.882

1.650

1.782

0.892

0.502

1.462

1.511

1.283

1.386

0.778

2.351

2.333

1.641

1.870

1.779

1.642

1.591

1.764

0.274

0.285

0.279

Bd Pop2

0.2120

Bd Pop3

0.2856

0.1910

Bd Pop4

0.1548

0.0879

0.1499

Bg Pop1

—

—

—

—

Bg Pop2

—

—

—

—

0.8708

Bg Pop3

—

—

—

—

0.7313

0.6647

Bg Pop4

—

—

—

—

0.8710

0.8976

0.487

0.433
0.183

0.5597

1

Bd represents B. dermatitidis

2

Bg represents B. gilchristii

doi:10.1371/journal.pone.0159396.t002
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from select Canadian provinces and northern US states, specifically, Alberta, Saskatchewan,
British Columbia, Ontario, New York, Minnesota, and Wisconsin. Furthermore, the various
populations of B. gilchristii and B. dermatitidis appeared to be partitioned according to the
major North American river drainage basins. B. dermatitidis population 1 isolates were sampled primarily from the region of the Nelson River drainage basin (covering northern Minnesota, northeastern North Dakota, a small portion of northwestern Ontario, and the southern
half of Manitoba, Saskatchewan, and Alberta). Population 2 isolates were from the
St. Lawrence River drainage basin (covering portions of Quebec, Vermont, New York, Ontario,
Michigan, and Wisconsin surrounding the Great Lakes and the St. Lawrence Seaway) and the
northeast Atlantic Ocean Seaboard drainage basin (covering most of New York). Population 3
isolates were largely derived from the Gulf of Mexico Seaboard drainage basin (Alabama) and
the southeast Atlantic Ocean Seaboard drainage basin (covering Georgia, South Carolina, and
North Carolina). Population 4 isolates were primarily obtained from the Mississippi River System drainage basin (covering part or all of Montana, Wyoming, Colorado, Arizona, North
Dakota, South Dakota, Nebraska, Kansas, Oklahoma, Minnesota, Wisconsin, Iowa, Missouri,
Arkansas, Mississippi, Louisiana, Illinois, Indiana, Ohio, Pennsylvania, West Virginia, Kentucky, Tennessee, Georgia, Alabama, and North Carolina). (Table 1, S2 Table, Fig 2a). B. gilchristii population 1 isolates were sampled primarily from regions of the Nelson River drainage
basin, similar to B. dermatitidis population 1. B. gilchristii population 2 contained only four isolates that were derived from the region that could be considered the northern-most part of the
Mississippi River System drainage basin (specifically the Mississippi River (trunk) sub-basin
(Fig 2b)). B. gilchristii population 3 contained isolates from the St. Lawrence River drainage
basin and northeast Atlantic Ocean Seaboard drainage basin. B. gilchristii population 4 isolates
were almost exclusively from Wisconsin, hailing from both the Mississippi River System drainage basin and St. Lawrence River drainage basin (Table 1, S2 Table, Fig 2b).
A consensus neighbour-joining phylogenetic tree confirmed not only the deep genetic
divide between the B. dermatitidis and B. gilchristii isolates, but also the genetic similarity of
isolates associated with the same drainage basin (Fig 3). A few exceptions were observed. Of
note, three Minnesota isolates of B. dermatitidis, from Hennepin and Anoka counties, clustered
with population 1 even though their geographic location was in the Mississippi River System
drainage basin. Likewise one isolate each from Illinois (Gu), Kentucky (K966), and Louisiana
(Ro) clustered with population 3 but were geographically associated with the Mississippi River
System drainage basin. Two isolates from Thunder Bay, Ontario located in the St. Lawrence
River drainage basin grouped with the population 1 isolates, most of which were from the
adjoining Nelson River drainage basin. One Ontario isolate, two Wisconsin (Milwaukee) isolates, and three Michigan isolates from the St. Lawrence River drainage basin clustered with the
population 4 isolates, along with one canine isolate from Edmonton (Nelson River drainage
basin) and one N. Carolina isolate (SE Atlantic Ocean Seaboard drainage basin). Among the B.
gilchristii isolates, one isolate from Minnesota (Hennepin County) and two isolates from
Ontario (Sault Ste. Marie) clustered with population 1, but were geographically located in the
Mississippi River System drainage basin and the St. Lawrence River drainage basin, respectively. Also, one isolate from British Columbia (Fraser River drainage basin) and one isolate
from North Spirit Lake, Ontario (Hudson Bay Seaboard drainage basin) clustered with the
population 1 isolates (S2 Table). Inconsistencies were noted between the STRUCTURE assignments and the consensus NJ tree, namely ATCC-28306 and F2012034121 (population 1 isolates that cluster with population 4) and DI 13–61 (a population 3 isolate that clusters with
population 4). These inconsistencies were likely due to different method algorithms coupled
with higher levels of admixture noted in F2012034121 and DI 13–61 and a unique MLMT profile for ATCC-28306.
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Fig 2. Maps of North America displaying the geographic location of isolates of (a) B. dermatitidis and (b) B. gilchristii in relation to the
major freshwater drainage basins. Isolates are coded based on the population to which STRUCTURE assigned them. Maps were
constructed using ArcGIS 10.2.1 software (ESRI, Toronto, ON) and map files from the Commission for Environmental Cooperation [42].
doi:10.1371/journal.pone.0159396.g002
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Fig 3. Majority rule (extended) consensus tree constructed from 500 bootstrap replicates using the neighbour-joining method
with Nei’s genetic distances calculated from fragment sizes of 25 microsatellites of 169 isolates of B. dermatitidis and B.
gilchristii. Branches are colour-coded by drainage basin. Branches are labelled with the state or province from which the isolate was
derived and the population to which STRUCTURE assigned them. Bar represents Nei’s genetic distance = 100.
doi:10.1371/journal.pone.0159396.g003
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To further investigate the association between genetic relatedness and drainage basin localization, a series of distance based redundancy analyses (db-RDA) and partial db-RDAs were
performed. The analyses suggested that for both species, genetic distance between isolates was
significantly correlated with (constrained by) drainage basin (B. dermatitidis pseudoF = 5.5916, p < 0.001; B. gilchristii pseudo-F = 13.233, p < 0.005 respectively) even when controlling for geographical distance (B. dermatitidis pseudo-F = 2.7827, p <0.001, B. gilchristii
pseudo-F = 7.0482, p < 0.005 respectively). For B. dermatitidis, drainage basin explained 11.4%
of the variation in genetic distance between isolates. Of this, 5.0% was due to drainage basin
alone while 6.4% was due to a joint effect of drainage basin and geographic distance, since the
two are not unrelated explanatory factors. An additional 1.5% was explained by geographic distance alone. For B. gilchristii, 23.2% of the variation in genetic distance was attributed to drainage basin, with 17.0% due to a joint effect of drainage basin and geographic distance. An
additional 1.3% was explained by geographic distance alone. The remaining 87.1% and 75.5%
of the variation in genetic distance of B. dermatitidis and B. gilchristii respectively was unexplained and may be attributed to other factors not examined in this study.

Linkage disequilibrium and recombination analysis
Like many fungi, Blastomyces reproduces both asexually and sexually. Therefore, a series of
analyses evaluating linkage disequlibrium and mating-type idiomorph were conducted to assess
the relative proportion of sexual and asexual reproduction in Blastomyces. The level of multilocus linkage disequilibrium in the dataset was high, with significant rd values both with and without clone correction, (Table 3). Only the largely homogeneous B. gilchristii populations 1 and 4
exhibited non-significant rd values when analyzed independently, indicating random mixis
(Table 3). Additionally, the parsimony tree permutation length test (PTPLT) showed that the
observed trees of the complete dataset partitioned into either two (B. dermatitidis and B. gilchristii, p<0.001) or eight populations (B. dermatitidis populations 1–4 and B. gilchristii populations
1–4 p<0.001), the B. dermatitidis dataset partitioned into four populations (p<0.001), and the
B. gilchristii dataset partitioned into four populations (p = 0.009) were significantly shorter than
trees generated following 1000 random shufflings of the data (S3 Fig). Similar results were
observed with clone-corrected datasets, with p-values of p<0.001, p<0.001, p<0.001, and
p = 0.018, respectively (S3 Fig). Thus taken together, the significant linkage disequilibrium and
the PTPLT results suggest a lack of complete mixis within the four B. dermatitidis and at least
Table 3. Linkage disequilibrium rd values for populations of B. dermatitidis and B. gilchristii both with
and without clone correction.
Population (Data partition)

rd (p-value)

Clone corrected rd (p-value)

B. dermatitidis (4 pops)

0.054 (<0.001)

0.048 (<0.001)

Pop1

0.115 (<0.001)

0.0940 (<0.001)

Pop2

0.0898 (<0.001)

0.068 (<0.001)

Pop3

0.122 (<0.001)

0.115 (<0.001)
0.0447 (<0.001)

Pop4

0.0582 (<0.001)

B. gilchristii (4 pops)

0.194 (<0.001)

0.114 (<0.001)

Pop1

0.048 (0.174)

-0.050 (0.770)

Pop2

n/aa

n/aa

Pop3

0.254 (<0.001)

0.234 (<0.001)

Pop4

0.114 (0.174)

0.0139 (0.528)

a

There were not enough isolates in B. gilchristii population 2 to accurately estimate rd.

doi:10.1371/journal.pone.0159396.t003
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Table 4. Linkage disequilibrum rd values of microsatellite loci located on supercontigs of B. dermatitidis or B. gilchristii with data partitioned into
4 populations for each species both with and without clone correction.
Loci

rd (p-value)

Clone corrected rd (p-value)

Supercontig 2

MLMT 1,2,3

0.0891 (<0.001)

0.0848 (<0.001)

Supercontig 4

MLMT 4,5,6,7

0.0981 (<0.001)

0.1001 (<0.001)

Supercontig 3

MLMT 8,9,10

-0.0102 (0.989)

-0.004 (0.966)

Supercontig 1

MLMT 13,15

0.0748 (0.075)

0.0662 (0.065)

Supercontig 20

MLMT 18,19,20

0.0746 (<0.001)

0.067 (<0.001)

Supercontig 60

MLMT 23,24

0.0959 (<0.001)

0.0969 (0.001)

Supercontig 16

MLMT 26,27

0.119 (0.001)

0.121 (<0.001)

Supercontig 2

MLMT 1,2,3

0.089 (<0.001)

0.0612 (0.273)

Supercontig 4

MLMT 4,5,6,7

0.098 (<0.001)

0.167 (0.164)

Supercontig 3

MLMT 8,9,10

-0.0102 (0.989)

n/aa

Supercontig 1

MLMT 13,15

0.0748 (0.075)

0.055 (1)

Supercontig 20

MLMT 18,19,20

0.0746 (<0.001)

0.091 (0.221)

Supercontig 60

MLMT 23,24

0.0985 (<0.001)

n/aa

Supercontig 16

MLMT 26,27

0.118 (0.001)

n/aa

Supercontig
B. dermatitidis (4 pops)

B. gilchristii (4 pops)

a

There were not enough isolates to accurately estimate rd.

doi:10.1371/journal.pone.0159396.t004

one of the four B. gilchristii populations. However, when the seven supercontigs that contained
multiple microsatellite loci were analyzed independently for linkage disequilibrium, mixis was
detected for supercontigs 1 and 3 for both species and for supercontigs 1, 2, 4, and 20 for the B.
gilchristii clone-corrected dataset (Table 4), which suggests sexual recombination.
Mating-type idiomorphic ratios were examined as an indirect measure of the level of sex
and recombination within the Blastomyces species [5]. The mating-type idiomorphic ratios did
not differ significantly from the 1:1 ratio expected for a sexual population, with the exception
of B. gilchristii population 4 (Table 1). However, following clone correction, the mating-type
idiomorphic ratio of this population was also not significantly different from 1:1 (Table 1). Furthermore, a single pair of B. dermatitidis clones (11PHO547 (HMG) and SF12545/2009 (α
Box)) and three sets of B. gilchristii clones (set 1: 12PHO936, TB00002/2008, TB00019/2005,
TB00037/2008, TB00017/2006 (HMG), and TB00016/2005, TB00025/2005 (α Box); set 2:
12PHO859, F2013001127, M09MY002766, M10MY005485, M11MY006516, TB00018/2005,
TB00029/2006, TB00040/2005 (α Box), and M08MY007367, TB00018/2006, TB00022/2006,
TB00023/2005, TB00038/2005 (HMG); and set 3: 590, 600, 641, ATCC 60636, ATCC 62583,
ATCC MYA-2585 (HMG), and ATCC 62541 (α Box)) each displayed identical MLMT profiles
but different mating-type idiomorphs (S1 and S2 Tables).

Discussion
Microsatellite typing of 169 North American strains of Blastomyces confirmed the presence of
two species, B. dermatitidis and B. gilchristii, and revealed the presence of several differentiated
populations within each species. Furthermore, the geographic localization of each population
was generally partitioned among the major freshwater drainage basins of North America. This
study represents a discriminatory population genetic analysis of the largest and most geographically diverse collection of Blastomyces isolates examined to date, including strains from various
regions throughout their known endemic range in North America.
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Although previously known as B. dermatitidis, the presence of two distinct species, B. dermatitidis and B. gilchristii, was recently documented based on multilocus sequence typing and
recombination analysis [15]. The microsatellite typing and STRUCTURE analysis performed
in this study confirms the presence of two markedly distinct genetic groups, which correlate
perfectly with the MLST species delineation in a subset of 50 strains. It also corroborates the
findings of other researchers who have also noted two distinct genetic groups based on microsatellite typing and whole genome sequencing [37,39]. Little is known about the phenotypic
differences between B. dermatitidis and B. gilchristii, however, preliminary studies have suggested that there may be differences in the clinical spectrum of disease between the two species
[38]. Based on the geographic analysis in the current study, B. dermatitidis appears to be present throughout North America from the southeastern United States to Western Canada. Conversely, B. gilchristii appears to be limited to a northern range, present primarily in central
Canada and a few of the north central US states bordering Canada. B. gilchristii was found in
Ontario, Saskatchewan, Alberta, Minnesota, and Wisconsin; however it was rarely detected
among strains isolated from states and provinces bordering the eastern seaboard (i.e. Quebec,
New York, and Vermont). While more extensive sampling may reveal the presence of B. gilchristii in additional Canadian provinces and northern US states, the level of sampling done in
this study allows us to exclude central and southern US from the endemic range of B. gilchristii.
The entire set of 25 microsatellite loci were typed from 82.2% of strains with 22–24 loci
typed from the remaining strains. The inability to type all Blastomyces isolates using this
scheme has been noted previously [37]. Although we report a higher percentage of isolates that
failed to type at one or more loci, this is probably due to the fact that a more diverse collection
of isolates was employed in this study. Nevertheless, other studies involving microsatellite typing of fungi typically employ fewer loci, between 9 and 21 [2,13,14,43–46], suggesting that the
current dataset is sufficient to discriminate the population structure of Blastomyces despite the
missing data.
The isolates tested in this study were partitioned into four genetically distinct populations of
B. dermatitidis and four genetically distinct populations of B. gilchristii, with the overall geographic localization of the different populations delineated by the major freshwater drainage
basins of North America. Although these observations are similar to the geographic delineation
of strains described previously [15], these populations were empirically determined and represent a refinement of the previously hypothesized groups. Among the B. dermatitidis isolates,
population 1 was associated with the Nelson River drainage basin; population 2 with the
St. Lawrence River drainage basin and the northeast portion of the Atlantic Ocean Seaboard
drainage basin; population 3 with the Gulf of Mexico Seaboard and southeast portion of the
Atlantic Ocean Seaboard drainage basin; and population 4 with the Mississippi River System
drainage basin. For populations 2 and 3, a 1:1 assignment of population to drainage basin was
not observed; rather a single population detected by STRUCTURE analysis of the microsatellite
data was distributed over two adjacently located drainage basins. It is possible that additional
subpopulations also delineated by drainage basin do exist but were undetectable by MLMT.
Alternatively, additional ecological factors or mechanisms of dispersal, other than freshwater
drainage (i.e. wind dispersal), may also be influencing the geographic distribution of these populations and provide an explanation for the distribution of these populations across adjacent
drainage basins.
B. gilchristii was also delineated into four populations with one population associated with
the Nelson River drainage basin, a second population associated with what is presumably the
northern-most tip of the Mississippi River System drainage basin, and a third population associated with the St. Lawrence River and northeast Atlantic Ocean Seaboard drainage basins.
With the exception of a single isolate from Toronto, Ontario, the fourth population consisted
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entirely of isolates from Eagle River, Oconto Falls, and Tomorrow River, Wisconsin. Although
the Wisconsin isolates in this population were located no more than 115 miles (190 km) apart
[47], they were split between the Mississippi River System and St. Lawrence River drainage
basins. While freshwater drainage appears to be a major determinate of the geographic localization of Blastomyces, the B. gilchristii population 4 isolates are genetically highly similar and yet
are partitioned among two major freshwater drainage basins. These observations suggest that
alternate climatic or environmental determinants or other mechanisms of dispersal (i.e. wind
dispersal) impacted the geographic distribution of these populations on a more localized scale.
Furthermore, there is evidence that the B. gilchristii populations are not genetically isolated
with migration detected from the more northerly population 1 to the more southerly populations 2 and 4 (S2 Fig).
Distance-based redundancy analysis indicated that localization to drainage basin was a significant explanatory factor accounting for the genetic structure (analyzed as genetic distance)
of B. dermatitidis (p < 0.001) and B. gilchristii (p < 0.005) isolates. In fact, for both species,
drainage basin localization was a more important explanatory factor than geographic distance,
accounting for 5.0% vs. 1.5% of the variation in genetic distance for B. dermatitidis and 6.1%
vs. 1.3% for B. gilchristii. However, the variation partitioning of genetic distance not explained
by drainage basin localization and/or geographic position was substantial, 87.1% for B. dermatitidis and 75.5% for B. gilchristii. Thus, many other factors may be responsible for the variation
in genetic distance observed between isolates, not the least of which would be the stochastic
nature of microsatellite mutations which are generally considered to be selectively neutral [48].
Overall, these findings provide statistical support to the hypothesis that the population genetic
structure of Blastomyces is influenced by drainage basin localization.
Although the link between genetic similarity represented by the clustering of isolates into
populations and geographic localization to a drainage basin is readily apparent, exceptions
within our dataset do exist. As noted above, other ecological variables and modes of dispersal
are likely also shaping the geographic localization of genetically distinct populations. Another
potentially significant cause of these exceptions is travel, since the travel histories of the
patients from whom the isolates were derived were unknown. Due to the lengthy incubation
period of blastomycosis (1–4 months) [32,33], a person can acquire the infection in one location but travel to another location before the symptoms develop and the disease is diagnosed. It
is also possible that a person may develop blastomycosis in a rural area of one drainage basin,
but travel to an urban area in another drainage basin for diagnosis and treatment. This may be
particularly relevant for certain Ontario and Minnesota strains, where it is plausible that the
infection could have been acquired in rural areas associated with the Nelson River drainage
basin, but diagnosed in an urban area (e.g. Minneapolis, Minnesota, or Thunder Bay or Sault
Ste. Marie, Ontario) located in the Mississippi or St. Lawrence River drainage basins, respectively. Thus, environmental isolates would be ideal for this type of geographic analysis, however, they are extremely difficult to obtain [22]. Finally, although most of the isolates in this
study are recent (acquired within the last 3–10 years) a handful of strains were isolated up to
50 years ago. Thus, there are temporal differences in addition to geographic differences
between the isolates, which could be influencing the results.
The association between geographic localization to a drainage basin and genetic population
structure implies that the reproduction, growth, and dispersal of both B. dermatitidis and B. gilchristii are intimately linked to freshwater systems. The ecologic niche of Blastomyces has long
been an active area of investigation, in large part due to the difficulty in isolating strains directly
from the environment, especially soil [22]. There are fewer than 25 reported isolations of this
fungus from the environment, representing a less than 1% success rate, using a variety of techniques, including animal inoculation and a variety of artificial media [49,50]. Only 45% of
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these isolations have come from soil or soil-containing specimens [32,33,51–55]. In fact, soil
appears to have an inhibitory effect on the survival of the fungus in either its mycelial or yeast
form [56], whereas woody plant material appears to support its growth best in vitro, especially
when combined with soil extract [57]. Based on epidemiological features of canine and human
blastomycosis in certain geographic locales, a variety of environmental features have been postulated to facilitate the growth of Blastomyces, including sandy acidic soil, fluctuations in soil
moisture levels, waterways at low elevations, decaying organic matter, high humidity
(approaching 100%), coniferous forested regions, and proximity to bodies of water [23–34,36].
Proximity to freshwater has been emphasized repeatedly by these studies and ecologic niche
modeling which noted that proximity to waterways was a distinguishing characteristic of areas
that had the highest predicted occurrence of blastomycosis [26,35]. Experimentally, water has
been shown to be critical to the efficient dispersal of the infectious conidia of Blastomyces [58].
Both the 1984 [32] and 2006 [22] Wisconsin outbreaks were associated with warm, rainy and/
or windy weather prior to each outbreak. Together these studies suggest that the fungus may
require soil/organic nutrients for mycelial growth and reproduction prior to conidial liberation
and dispersal by freshwater. Our phylogeographic analysis provides evidence that freshwater
systems, probably through their conidial liberating function, serve to define the distribution of
this fungus along major waterways and its genetic separation and differentiation over time.
Like Blastomyces spp., microsatellite and/or sequence typing of other fungi has revealed that
most fungi exhibit genetically divergent populations localized to specific geographic regions
[1–14]. Two notable exceptions are Aspergillus fumigatus and Penicillium chrysogenum which
show world-wide dispersal with no correlation between genotype and geographic location [59–
61]. Furthermore, population genetic structure has been used to infer the mechanism of dispersal of various fungal species, including dispersion by host species [3,5,6,45], environmental
factors such as seawater and extreme weather [12,62], and human transportation [8,14,44].
While many fungi exhibit a worldwide distribution, Blastomyces species exhibit a relatively
restricted endemic range, primarily central and eastern North America for B. dermatitidis and
the north central US and Canada for B. gilchristii. However, if indeed freshwater basins or their
shorelines create the optimal environmental locale for reproduction and dissemination; this
may explain why the endemic region of these two fungi is relatively restricted. Unlike other
fungi where population structure and dispersal is linked to a host species (either animal hosts
or plants transported by humans) or large-scale climactic (wind or seawater) factors, the
opportunities for large-scale spread of Blastomyces species via freshwater may simply have
been limited. Alternatively, Blastomyces may simply be very fastidious, with the resulting ecologic niche capable of supporting growth and reproduction mainly limited to the freshwater
systems of North America.
Like many fungi, Blastomyces is capable of clonal propagation as well as sexual reproduction
[63]. As well, genetic recombination indicative of sexual reproduction was previously demonstrated by a variety of tests (PTPLT, linkage disequilibrium IA and rd values, split decomposition analysis, Phi test, and 4-gametes tests) performed on seven nuclear gene sequences of the
two species [15]. Moreover, whole genome sequencing has identified reduced levels of synteny
in the GC-poor regions of select B. gilchristii and B. dermatitidis strains, effectively preventing
opportunities for meiotic recombination between species and providing additional evidence
for their delineation [39]. Among fungi, the relative contributions of the two modes of growth,
clonal propagation and sexual reproduction, differ and will have an impact on population
genetic structure [4,5,43]. For our microsatellite dataset, the level of linkage disequilibrium
within most populations was significant (with the exception of B. gilchristii populations 1 and
4), and PTPLT analysis suggested that the populations were not freely recombining. The significant level of linkage disequilibrium is contrasted with the low (non-significant) level of linkage
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disequilibrium previously detected in the multilocus nuclear gene sequence dataset [15]. This
is probably due to the different levels of heterozygosity in the datasets, since the detection of
linkage depends on polymorphisms [59]. Despite the substantial linkage disequilibrium, we
did detect recombination within each species in at least two of the supercontigs containing
multiple microsatellite loci, indicating that sexual reproduction does occur [59]. Furthermore,
MLMT clones with different mating-type idiomorphs were detected among both the B. dermatitidis and the B. gilchristii isolates, which provides explicit evidence of sexual recombination
on the smallest possible scale [5]. The mating-type idiomorphic ratios of the populations of
either species (clone-corrected data) was not significantly different from the 1:1 ratio expected
for fungi undergoing regular sexual reproduction [59]. Thus, it is probable that in addition to
clonal propagation, both B. dermatitidis and B. gilchristii undergo regular sexual reproduction
and recombination at a rate sufficient to maintain a 1:1 ratio of mating-types idiomorphs, but
rare enough that significant linkage disequilibrium exists within each population.
Based on Bayesian analysis of nucleotide sequences, we estimate that B. dermatitidis and B.
gilchristii diverged 1.9 MYA during the Pleistocene epoch. Spanning 2.58 to 0.011 MYA, the
Pleistocene epoch was characterized by a series of glaciations events that advanced to envelop
large portions of North America, reaching as far south as Iowa, Illinois, Indiana, and Ohio, and
then receded [64]. The repeated glaciations caused unparalleled alterations to the freshwater
environment, destroying some habitats and creating new systems of lakes and rivers [64].
While most temperate species experienced a reduction and fragmentation of their habitat during this period, populations of freshwater organisms were particularly affected, as the displacement and geographic isolation of subsets of populations created an opportunity for allopatric
speciation events [64,65]. When the glaciers retreated, large proglacial lakes formed which
could have enabled the widespread distribution of aquatic species [64]. In North America, the
Pleistocene glaciations are considered a “speciation pump” and are responsible for reproductive isolation and allopatric speciation of several freshwater fish species. Genetic diversity and
intraspecific divergence was greater for freshwater fish species in southern non-glaciated
regions compared to northern glaciated regions [64,66]. Given the association of B. dermatitidis and B. gilchristii with the freshwater drainage basins in North America and estimated time
of divergence, it is possible that their speciation was caused by the Pleistocene glaciations. Allopatric speciation could have occurred through displacement of local population subsets to different refugia, via the proposed conidial-liberating function of water on the glacial fronts.
Similarly, one population subset may have remained frozen in glacial ice for thousands of years
while another subset evolved at lower latitudes. The meltwater produced during the glacial
retreat could have mixed the two species to create the overlapping geographic distributions
observed today. As temperatures warmed during the last glacial maximum (18 000–21 000
years ago), populations within each species may have expanded their historical geographic distribution from isolated refugia as additional landscapes became suitable [65]. Like freshwater
aquatic species [66], we noted a deeper tree topology, greater genetic diversity, and greater
intra-specific divergence for B. dermatitidis whose geographic range was largely non-glaciated
(i.e. the southern Mississippi River basin and southeastern United States) as compared to B. gilchristii, whose geographic range was entirely glaciated.
In conclusion, microsatellite typing coupled with phylogeographic analysis elucidated the
population structure of the environmental fungi and serious human pathogens B. dermatitidis
and B. gilchristii. This analysis suggested that the major freshwater drainage basins of North
America are an essential component of their ecologic niches and provides a plausible mechanism for the dispersal, speciation, and population structure of North American Blastomyces.
Further investigation using this knowledge will provide a greater understanding of the ecology
of these important fungi; thereby controlling exposure where possible and facilitating the rapid
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recognition of outbreaks when they occur, leading to prompt public health responses and
appropriate treatment.

Materials and Methods
Strains and culture conditions
One hundred and sixty-nine strains of Blastomyces spp. were collected from various regions of
North America (S2 Table). Strains were isolated from human (n = 164), canine (n = 1), and
environmental (n = 4) sources between 1963 and 2013. Fifty of the strains included in this
study were previously examined by MLST and identified as B. dermatitidis or B. gilchristii
[15]. Strains from Canada included 44 strains from Ontario obtained from clinical samples
submitted to the Mycology laboratory at Public Health Ontario (Toronto, ON, Canada)
between 2005 and 2013; 1 Ontario strain from the America Type Culture Collection (Manassa, VA, USA); 4 Alberta strains, 5 Saskatchewan strains, and 1 British Columbian strain from
the Alberta Health Services, University of Alberta Hospital (Edmonton, AB, Canada); 10 Quebec strains from the Laboratoire de santé publique du Québec (Sainte-Anne-de-Bellevue,
Québec, Canada); and 5 strains (3 from Saskatchewan and 2 from Alberta) from the University of Alberta Microfungus and Herbarium (Edmonton, AB, Canada). From the United
States, 30 strains (8 from Illinois, 7 from Wisconsin, 5 from Vermont, 3 from Texas, 3 from
Missouri, 2 from Arkansas, 1 from North Carolina, and 1 from Ohio) were obtained from the
University of Texas Fungus Testing Laboratory (San Antonio, TX, USA); 10 strains (8 from
Wisconsin, 1 from Georgia, and 1 from South Carolina) from the America Type Culture Collection (Manassa, VA, USA); 19 strains (7 from Wisconsin, 3 from South Carolina, 2 from
Mississippi, 2 from Illinois, 2 of unknown origin, 1 from Kentucky, 1 from Georgia, and 1
from Louisiana) from David Stevens, Santa Clara Valley Medical Center (San Jose, CA, USA);
12 strains (10 from Minnesota, 1 from North Dakota, and 1 from Wisconsin) were obtained
from the Minnesota Department of Health (St. Paul, MN, USA); 3 Michigan strains from the
Michigan Department of Community Health (Lansing MI, USA); 5 Indiana strains from the
Indiana State Department of Health (Indianapolis, IN, USA); 15 Alabama stains from the
University of Alabama (Birmingham, Alabama); and 5 New York strains from the Wadsworth
Center (Albany, NY, USA). Strains were identified as Blastomyces spp. by the referring facility
using one or more conventional direct detection methods i.e. microscopy, culture identification, mould-yeast phase conversion, AccuProbe Blastomyces dermatitidis culture identification test (Gen-Probe, San Diego, CA), or PCR and sequencing. Upon receipt at PHO, strains
were cultured as mold on potato dextrose agar (BD, Mississauga, ON) incubated at 25°C and
subsequently subcultured to D-media [67] and incubated at 37°C for 1–3 weeks to convert to
the yeast phase.
This study was approved by the Ethics Review Board at Public Health Ontario. Blastomyces
specimens were collected from sources listed in the methods section, and the data were analyzed anonymously.

Multilocus microsatellite typing
DNA was isolated from D-media yeast cultures using the Norgen Fungi/Yeast Genomic DNA
Isolation Kit (Norgen Biotek, Thorold, ON, Canada). Primers and PCR reactions described by
Meece et al. (2011) [37] were used to amplify 25 microsatellite loci from each strain. Loci 17
and 21 were omitted from our dataset due to inconsistent amplification among strains. Furthermore, reverse primers for loci 3, 7, and 10 were modified to include 5’ tails
(gggatgcTGCTGATTCAGACGGTGAAG, gggatgcTAGATTTCGAGCCCAGCATT, and
gggatgcCAAAATGGGAAAGGAAAGCA, respectively) to eliminate ambiguity due to the
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inconsistent incorporation of +A artifacts during PCR amplification. PCR products were
diluted 1 in 10 in water before mixing 0.5 μl of the PCR product with 0.5 μl of GeneScan-500
ROX size standard (Life Technologies, Carlsbad, CA, USA) and 9.0 μl of Hi-Di formamide
(Life Technologies). Samples were denatured at 95°C for 3 minutes and cooled immediately on
ice prior to fragment analysis using a 50-cm capillary array on a Genetic Analyzer 3730xl (Life
Technologies). Results were analyzed using GeneMapper v4.0 (LifeTechnologies) with microsatellite fragments scored by fragment size (S1 Table).

Phylogenetic and population genetic analysis
The number of populations represented by the microsatellite data was assessed using the
Bayesian clustering method implemented in the software STRUCTURE v2.3.4 [68–70]. Using
the admixture model with correlated frequencies, we tested the probability of 1 to 10 clusters
for the entire dataset, the B. dermatitidis isolates only, and the B. gilchristii isolates only. Each
model was simulated 8 times for 500,000 simulations with a burn-in of 100,000. The number
of clusters was determined using the ad hoc statistic delta K (ΔK) [71], with the ancestral population identity of each strain determined from the most probable ancestor algorithm (Q-output) of STRUCTURE.
MLMT genotypes were analyzed using GenAlEx 6.5 [72] to determine the allelic diversity,
genetic diversity, and Nei’s genetic distance among all populations. FST values (Weir’s formulation based on haplotype frequencies [73]) were calculated using the Microsatellite analyzer
software (MSA) v4.05 [74].
Microsatellite data were analyzed using TreeMix v1.1 [41] to build a maximum likelihood
tree and infer admixture events with sample size correction turned off. Based on an initial tree,
B. gilchristii population 1 was chosen as the outgroup. Migration events were added (m = 2)
until the p-value exceeded 0.05.
A neighbor-joining (NJ) phylogenetic tree was constructed using Nei’s genetic distance
matrix [75] calculated by MSA. Although all loci were previously reported to contain dinucleotide repeats [37], we noted a range of fragment sizes for most microsatellite loci suggesting the
presence of indels within the flanking regions. Therefore, we chose to use Nei’s genetic distance
calculation to measure genetic distance, since this it is appropriate for obtaining a correct tree
topology from complex microsatellite data where an infinite-allele model is appropriate [76]. A
Majority Rule (extended) tree was constructed from 500 bootstrap replications of the neighbour-joining algorithm using Phylip v3.7a [77] with visual presentation in TreeView v1.6.6 [78].
In order to assess the correlation between genetic distance and geographic distance, pairwise
matrices based on Nei’s genetic distance [75] were calculated and constructed for the B. dermatitidis and the B. gilchristii isolates using MSA. B. dermatitidis isolates SACS and SACR were
omitted from this dataset due to uncertainty in geographic origin [79]. Depending on the information available, the geographic location of each isolate was coded as the latitude and longitude of the approximate centre of the city, county, or state/province (S2 Table) with two
exceptions: three isolates from Texas were assigned a location in the eastern portion of the state
near the Mississippi River and 1 isolate from Alberta was placed in the south-central portion of
the province in keeping with what is known about the endemic range of Blastomyces [16].
Additionally, each isolate was categorized into a major North American river drainage basin
based on their geographic location (S2 Table). The major North American river drainage
basins considered were the: Nelson River drainage basin, Hudson Bay Seaboard drainage basin,
Fraser River drainage basin, St. Lawrence River drainage basin, Mississippi River System drainage basin (which included the Arkansas/Red River, Mississippi River (trunk), Missouri River,
and Ohio River sub-basins), Gulf of Mexico Seaboard drainage basin, northeast Atlantic Ocean
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Seaboard drainage basin, and southeast Atlantic Ocean drainage basin. No isolates were
assigned to the remaining North American major river drainage basins.
Distance based redundancy analysis (db-RDA) [80] was used to explore the relationship
between the response matrix (genetic distance) and an explanatory matrix (geographic distance
and/or drainage basin). Using R software [81], the latitude and longitude geographic coordinates were transformed into a 2-dimensional orthogonal system expressed in kilometers using
the geoXY function of the SoDA package. Using the vegan package, a principal coordinate analysis (PCoA) of the genetic distance matrix was computed, correcting for negative eigenvalues.
All principal coordinates were retained and tested against the explanatory variables of geographic distance and/or drainage basin (treated as categorical data) using db-RDA and partial
db-RDA. The significance of the db-RDA was tested by comparing the true value of the pseudoF test statistic to those of 1000 random permutations of the data with significance assigned if the
proportion of the permuted values (p value) that was equal to or smaller than the true value was
less than or equal to α = 0.05. Adjusted R2 values were computed for each test and the partition
of variance attributable to each of the explanatory variables was calculated [80].
The distribution of isolates belonging to each B. dermatitidis and B. gilchristii population
was mapped across North America using ArcGIS 10.2.1 software (ESRI, Toronto, ON) and
maps imported from the Commission for Environmental Cooperation [42].

Recombination and linkage disequilibrium analysis
Linkage disequilibrium (rd) values were calculated using Multilocus v1.3b [82] for the complete
data sets and the clone-corrected data sets of B. dermatitidis and B. gilchristii divided into four
populations each (B. dermatitidis populations 1–4 and B. gilchristii populations 1–4) (Table 1).
Additionally, each population was assessed independently, with the exception of B. gilchristii
population 2 as there were not enough isolates to accurately estimate rd. Statistical significance
of the rd values was determined by comparing them to the distribution of rd values from 1000
randomized permutations of the data (p  0.05). Furthermore, linkage disequilibrium (rd) was
assessed individually for each of the supercontigs of the ATCC 26199 genome sequence by the
Broad Institute [83]. The following linkages were applied: MLMT-13 and MLMT 15 (supercontig 1), MLMT-1, MLMT-2, MLMT-3 (supercontig 2), MLMT-8, MLMT-9, MLMT-10
(supercontig 3), MLMT-4, MLMT-5, MLMT-6, MLMT-7 (supercontig 4), MLMT-18, MLMT19 and MLMT-20 (supercontig 20), MLMT-23 and MLMT-24 (supercontig 60), MLMT-26
and MLMT-27 (supercontig 16). The parsimony tree permutation length test (PTPLT) was
performed to detect random mating using PAUP 4.0 BETA [84] using files generated by Multilocus v3.1 as previously described [15].
The mating-type idiomorph of each isolate was determined as previously described [15,37]
with frequencies compared to the null hypothesis ratio of 1:1 using chi square tests (p  0.05).

Divergence time estimation
The estimated time of divergence of B. dermatitidis and B. gilchristii was estimated using the

BEAST extension of BEAST v1.8.0 [85,86]. We used partial sequences of 7 nuclear genes
(arf6, chs2, drk1, fads, its-2, pyrF, and tub1) of 40 B. dermatitidis isolates and 40 B. gilchristii
isolates, previously published [15]. The substitution rate of its-2 was fixed at 8.3 x10−4 substitutions per site per million years as previously estimated for B. dermatitidis [87]. The evolutionary rates of the remaining genes were estimated relative to the fixed its-2 substitution rate (arf 6
9.828 x10-4, chs2 9.537 x10-4, drk1 1.292 x10-3, fads 4.622 x10-4, opd 1.371 x10-3, tub1
1.668 x10-3) [85,86]. An uncorrelated relaxed exponential clock with an exponential prior distribution and a mean of 1.0 x10−3 substitutions per site per million years [87] was implemented
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for all genes. The clock, substitution, and tree models were unlinked as appropriate for nuclear
genes capable of recombination. The HKY substitution model was chosen for all genes with en
estimated base frequency but without gamma site heterogeneity or invariant sites. The Yule
speciation model was employed with a random starting tree for each gene. Two independent,
identical  BEAST analyses were run each for 100 million generations with trees and parameters
sampled every 10,000 generations. The two runs were examined in Tracer v1.6 [88] to confirm
that all parameters had converged on the same stationary distribution with effective sample
sizes >200. The two runs were combined in LogCombiner v1.8.0 with burn-in values of 2500
for each tree file, thus discarding the first 25% of samples, and annotated in TreeAnnotator
v1.8.0 to generate the maximum clade credibility tree.
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S1 Fig. Delta K (ΔK) values calculated from the posterior probability values generated by
STRUCTURE analysis of populations K = 1–10 for (a) all isolates and (b) B. dermatitidis
and B. gilchristii isolates. Where Delta K (ΔK) is equal to, ΔK = m(|L”(K)|)/s[L(K)].
(TIF)
S2 Fig. Maximum-likelihood tree inferred by TreeMix v1.1 for populations of B. dermatitidis (Bd) and B. gilchristii (Bg), allowing for 2 migration events. Migration arrows are coloured according to their weight. Horizontal branch lengths are proportional to the amount of
genetic drift that has occurred on the branch. The scale bar shows ten times the average standard error of the entries in the sample covariance matrix.
(TIF)
S3 Fig. Parsimony tree permutation length test showing a frequency distribution of tree
lengths of maximum parsimony trees from 1000 artificially recombined datasets compared
to the observed tree length (arrow) calculated for (a) all isolates partitioned into 2 species
B. dermatitidis and B. gilchristii, (b) all isolates partitioned into 8 populations identified by
STRUCTURE, (c) B. dermatitidis isolates partitioned into 4 populations as identified by
STRUCTURE, and (d) B. gilchristii isolates partitioned into 4 populations as identified by
STRUCTURE. Complete (black) and clone-corrected (gray) datasets are shown.
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S1 Table. Microsatellite fragment sizes detected in strains of Blastomyces spp.
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studied.
(DOCX)

Acknowledgments
We thank the following people for contributing strains of Blastomyces species: George Tsui and
Maria Witkowska of the Mycology Laboratory at Public Health Ontario Laboratory, Toronto;
Deirdre Dunn and Elizabeth Pszczolko of the Public Health Ontario, Thunder Bay; Annette
Fothergill and Nathan Wiederhold of the University of Texas Fungus Testing Laboratory;
David Stevens of the Santa Clara Valley Medical Center, Sharon Pendergrass from the Minnesota Department of Health; Angie Schooley from the Michigan Department of Community
Health; Jon Radosevic from the Indiana State Department of Health; Stephen Moser from the
University of Alabama; Sudha Chaturvedi from the Wadsworth Center; Jeff Fuller and Brad
Jensen from Alberta Health Services University of Alberta Hospital; and Philippe Dufresne

PLOS ONE | DOI:10.1371/journal.pone.0159396 July 18, 2016

18 / 22

Blastomyces spp. Associated with Freshwater Basins

from the Laboratoire de santé publique du Québec. We thank Sharmilla Sathiasothy for her
technical assistance cultivating strains.

Author Contributions
Conceived and designed the experiments: LRM EMB SER. Performed the experiments: LRM
EMB. Analyzed the data: LRM EMB. Contributed reagents/materials/analysis tools: SER.
Wrote the paper: LRM EMB SER.

References
1.

Kasuga T, White TJ, Koenig G, McEwen J, Restrepo A, Castaneda E, et al. Phylogeography of the fungal pathogen Histoplasma capsulatum. Mol Ecol. 2003; 12: 3383–3401. PMID: 14629354

2.

Fisher MC, Rannala B, Chaturvedi V, Taylor JW. Disease surveillance in recombining pathogens: multilocus genotypes identify sources of human Coccidioides infections. Proc Natl Acad Sci U S A. 2002;
99: 9067–9071. PMID: 12084944

3.

Theodoro RC, Teixeira Mde M, Felipe MS, Paduan Kdos S, Ribolla PM, San-Blas G, et al. Genus paracoccidioides: Species recognition and biogeographic aspects. PLoS One. 2012; 7: e37694. doi: 10.
1371/journal.pone.0037694 PMID: 22666382

4.

Fisher MC, Hanage WP, de Hoog S, Johnson E, Smith MD, White NJ, et al. Low effective dispersal of
asexual genotypes in heterogeneous landscapes by the endemic pathogen Penicillium marneffei.
PLoS Pathog. 2005; 1: e20. PMID: 16254598

5.

Henk DA, Shahar-Golan R, Devi KR, Boyce KJ, Zhan N, Fedorova ND, et al. Clonality despite sex: the
evolution of host-associated sexual neighborhoods in the pathogenic fungus Penicillium marneffei.
PLoS Pathog. 2012; 8: e1002851. doi: 10.1371/journal.ppat.1002851 PMID: 23055919

6.

Stefanini I, Dapporto L, Legras JL, Calabretta A, Di Paola M, De Filippo C, et al. Role of social wasps in
Saccharomyces cerevisiae ecology and evolution. Proc Natl Acad Sci U S A. 2012; 109: 13398–13403.
doi: 10.1073/pnas.1208362109 PMID: 22847440

7.

Garcia-Cunchillos I, Sanchez S, Barriuso JJ, Perez-Collazos E. Population genetics of the westernmost distribution of the glaciations-surviving black truffle Tuber melanosporum. Mycorrhiza. 2014; 24
Suppl 1: 89–100.

8.

Ali S, Gladieux P, Leconte M, Gautier A, Justesen AF, Hovmoller MS, et al. Origin, migration routes and
worldwide population genetic structure of the wheat yellow rust pathogen Puccinia striiformis f.sp. tritici.
PLoS Pathog. 2014; 10: e1003903. doi: 10.1371/journal.ppat.1003903 PMID: 24465211

9.

Dodgson AR, Pujol C, Denning DW, Soll DR, Fox AJ. Multilocus sequence typing of Candida glabrata
reveals geographically enriched clades. J Clin Microbiol. 2003; 41: 5709–5717. PMID: 14662965

10.

Geml J, Tulloss RE, Laursen GA, Sazanova NA, Taylor DL. Evidence for strong inter- and intracontinental phylogeographic structure in Amanita muscaria, a wind-dispersed ectomycorrhizal basidiomycete. Mol Phylogenet Evol. 2008; 48: 694–701. doi: 10.1016/j.ympev.2008.04.029 PMID: 18547823

11.

O'Donnell K, Kistler HC, Tacke BK, Casper HH. Gene genealogies reveal global phylogeographic
structure and reproductive isolation among lineages of Fusarium graminearum, the fungus causing
wheat scab. Proc Natl Acad Sci U S A. 2000; 97: 7905–7910. PMID: 10869425

12.

Hagen F, Ceresini PC, Polacheck I, Ma H, van Nieuwerburgh F, Gabaldon T, et al. Ancient dispersal of
the human fungal pathogen Cryptococcus gattii from the Amazon rainforest. PLoS One. 2013; 8:
e71148. doi: 10.1371/journal.pone.0071148 PMID: 23940707

13.

Neal CO, Richardson AO, Hurst SF, Tortorano AM, Viviani MA, Stevens DA, et al. Global population
structure of Aspergillus terreus inferred by ISSR typing reveals geographical subclustering. BMC Microbiol. 2011; 11: 203-2180-11-203. doi: 10.1186/1471-2180-11-203 PMID: 21923908

14.

Barres B, Carlier J, Seguin M, Fenouillet C, Cilas C, Ravigne V. Understanding the recent colonization
history of a plant pathogenic fungus using population genetic tools and Approximate Bayesian Computation. Heredity (Edinb). 2012; 109: 269–279.

15.

Brown EM, McTaggart LR, Zhang SX, Low DE, Stevens DA, Richardson SE. Phylogenetic analysis
reveals a cryptic species Blastomyces gilchristii, sp. nov. within the human pathogenic fungus Blastomyces dermatitidis. PLoS One. 2013; 8: e59237. doi: 10.1371/journal.pone.0059237 PMID: 23533607

16.

Saccente M, Woods GL. Clinical and laboratory update on blastomycosis. Clin Microbiol Rev. 2010; 23:
367–381. doi: 10.1128/CMR.00056-09 PMID: 20375357

17.

Baily GG, Robertson VJ, Neill P, Garrido P, Levy LF. Blastomycosis in Africa: clinical features, diagnosis, and treatment. Rev Infect Dis. 1991; 13: 1005–1008. PMID: 1962074

PLOS ONE | DOI:10.1371/journal.pone.0159396 July 18, 2016

19 / 22

Blastomyces spp. Associated with Freshwater Basins

18.

Zhao TM, Gao J, She DY, Chen LA. Blastomycosis in China: a case report and literature review. Chin
Med J (Engl). 2011; 124: 4368–4371.

19.

Randhawa HS, Chowdhary A, Kathuria S, Roy P, Misra DS, Jain S, et al. Blastomycosis in India: report
of an imported case and current status. Med Mycol. 2013; 51: 185–192. doi: 10.3109/13693786.2012.
685960 PMID: 22646243

20.

Frean JA, Carman WF, Crewe-Brown HH, Culligan GA, Young CN. Blastomyces dermatitidis infections
in the RSA. S Afr Med J. 1989; 76: 13–16. PMID: 2662433

21.

Gueho E, Leclerc MC, de Hoog GS, Dupont B. Molecular taxonomy and epidemiology of Blastomyces
and Histoplasma species. Mycoses. 1997; 40: 69–81. PMID: 9375491

22.

Pfister JR, Archer JR, Hersil S, Boers T, Reed KD, Meece JK, et al. Non-rural point source blastomycosis outbreak near a yard waste collection site. Clin Med Res. 2011; 9: 57–65. doi: 10.3121/cmr.2010.
958 PMID: 20974888

23.

Arceneaux KA, Taboada J, Hosgood G. Blastomycosis in dogs: 115 cases (1980–1995). J Am Vet Med
Assoc. 1998; 213: 658–664. PMID: 9731260

24.

Baumgardner DJ, Brockman K. Epidemiology of human blastomycosis in Vilas County, Wisconsin. II:
1991–1996. WMJ. 1998; 97: 44–47.

25.

Baumgardner DJ, Steber D, Glazier R, Paretsky DP, Egan G, Baumgardner AM, et al. Geographic
information system analysis of blastomycosis in northern Wisconsin, USA: waterways and soil. Med
Mycol. 2005; 43: 117–125. PMID: 15832555

26.

Baumgardner DJ, Knavel EM, Steber D, Swain GR. Geographic distribution of human blastomycosis
cases in Milwaukee, Wisconsin, USA: association with urban watersheds. Mycopathologia. 2006; 161:
275–282. PMID: 16649077

27.

Benedict K, Roy M, Chiller T, Davis JP. Epidemiologic and Ecologic Features of Blastomycosis: A
Review. Curr Fungal Infect Rep. 2012; 6: 327–335.

28.

Bradsher RW. Water and blastomycosis: don't blame beaver. Am Rev Respir Dis. 1987; 136: 1324–
1326. PMID: 3688633

29.

Cano MV, Ponce-de-Leon GF, Tippen S, Lindsley MD, Warwick M, Hajjeh RA. Blastomycosis in Missouri: epidemiology and risk factors for endemic disease. Epidemiol Infect. 2003; 131: 907–914. PMID:
14596532

30.

Chapman SW, Lin AC, Hendricks KA, Nolan RL, Currier MM, Morris KR, et al. Endemic blastomycosis
in Mississippi: epidemiological and clinical studies. Semin Respir Infect. 1997; 12: 219–228. PMID:
9313293

31.

Duttera MJ Jr, Osterhout S. North American blastomycosis: a survey of 63 cases. South Med J. 1969;
62: 295–301. PMID: 4885288

32.

Klein BS, Vergeront JM, Weeks RJ, Kumar UN, Mathai G, Varkey B, et al. Isolation of Blastomyces dermatitidis in soil associated with a large outbreak of blastomycosis in Wisconsin. N Engl J Med. 1986;
314: 529–534. PMID: 3945290

33.

Klein BS, Vergeront JM, DiSalvo AF, Kaufman L, Davis JP. Two outbreaks of blastomycosis along rivers in Wisconsin. Isolation of Blastomyces dermatitidis from riverbank soil and evidence of its transmission along waterways. Am Rev Respir Dis. 1987; 136: 1333–1338. PMID: 3688635

34.

Lowry PW, Kelso KY, McFarland LM. Blastomycosis in Washington Parish, Louisiana, 1976–1985. Am
J Epidemiol. 1989; 130: 151–159. PMID: 2787106

35.

Reed KD, Meece JK, Archer JR, Peterson AT. Ecologic niche modeling of Blastomyces dermatitidis in
Wisconsin. PLoS One. 2008; 3: e2034. doi: 10.1371/journal.pone.0002034 PMID: 18446224

36.

Menges RW, Furcolow ML, Selby LA, Ellis HR, Habermann RT. Clinical and Epidemiologic Studies on
Seventy-Nine Canine Blastomycosis Cases in Arkansas. Am J Epidemiol. 1965; 81: 164–179. PMID:
14261023

37.

Meece JK, Anderson JL, Fisher MC, Henk DA, Sloss BL, Reed KD. Population genetic structure of clinical and environmental isolates of Blastomyces dermatitidis, based on 27 polymorphic microsatellite
markers. Appl Environ Microbiol. 2011; 77: 5123–5131. doi: 10.1128/AEM.00258-11 PMID: 21705544

38.

Meece JK, Anderson JL, Gruszka S, Sloss BL, Sullivan B, Reed KD. Variation in clinical phenotype of
human infection among genetic groups of Blastomyces dermatitidis. J Infect Dis. 2013; 207: 814–822.
doi: 10.1093/infdis/jis756 PMID: 23230057

39.

Munoz JF, Gauthier GM, Desjardins CA, Gallo JE, Holder J, Sullivan TD, et al. The Dynamic Genome
and Transcriptome of the Human Fungal Pathogen Blastomyces and Close Relative Emmonsia. PLoS
Genet. 2015; 11: e1005493. doi: 10.1371/journal.pgen.1005493 PMID: 26439490

PLOS ONE | DOI:10.1371/journal.pone.0159396 July 18, 2016

20 / 22

Blastomyces spp. Associated with Freshwater Basins

40.

Hale ML, Burg TM, Steeves TE. Sampling for microsatellite-based population genetic studies: 25 to 30
individuals per population is enough to accurately estimate allele frequencies. PLoS One. 2012; 7:
e45170. doi: 10.1371/journal.pone.0045170 PMID: 22984627

41.

Pickrell JK, Pritchard JK. Inference of population splits and mixtures from genome-wide allele frequency data. PLoS Genet. 2012; 8: e1002967. doi: 10.1371/journal.pgen.1002967 PMID: 23166502

42.

Commission for Environmental Cooperation. Map Files. 2014. Available: http://www.cec.org/tools-andresources/map-files/watersheds.

43.

Brisse S, Pannier C, Angoulvant A, de Meeus T, Diancourt L, Faure O, et al. Uneven distribution of mating types among genotypes of Candida glabrata isolates from clinical samples. Eukaryot Cell. 2009; 8:
287–295. doi: 10.1128/EC.00215-08 PMID: 19151326

44.

Dutech C, Fabreguettes O, Capdevielle X, Robin C. Multiple introductions of divergent genetic lineages
in an invasive fungal pathogen, Cryphonectria parasitica, in France. Heredity (Edinb). 2010; 105: 220–
228.

45.

Fisher MC, Koenig GL, White TJ, San-Blas G, Negroni R, Alvarez IG, et al. Biogeographic range expansion into South America by Coccidioides immitis mirrors New World patterns of human migration. Proc
Natl Acad Sci U S A. 2001; 98: 4558–4562. PMID: 11287648

46.

Pan W, Khayhan K, Hagen F, Wahyuningsih R, Chakrabarti A, Chowdhary A, et al. Resistance of Asian
Cryptococcus neoformans serotype A is confined to few microsatellite genotypes. PLoS One. 2012; 7:
e32868. doi: 10.1371/journal.pone.0032868 PMID: 22427900

47.

McCullough MJ, DiSalvo AF, Clemons KV, Park P, Stevens DA. Molecular epidemiology of Blastomyces dermatitidis. Clin Infect Dis. 2000; 30: 328–335. PMID: 10671337

48.

Kirk H, Freeland JR. Applications and Implications of Neutral versus Non-neutral Markers in Molecular
Ecology. Int J Mol Sci. 2011; 12: 3966–3988. doi: 10.3390/ijms12063966 PMID: 21747718

49.

DiSalvo AF. The Ecology of Blastomyces dermatitidis. In: Al-Doory Y, DiSalvo AF, editors. Blastomycosis. New York: Plenum Medical Book Company; 1992. pp. 43–69.

50.

Baumgardner DJ, Paretsky DP. The in vitro isolation of Blastomyces dermatitidis from a woodpile in
north central Wisconsin, USA. Med Mycol. 1999; 37: 163–168. PMID: 10421847

51.

Denton JF, McDonough ES, Ajello L, Ausherman RJ. Isolation of Blastomyces dermatitidis from soil.
Science. 1961; 133: 1126–1127. PMID: 13721936

52.

Denton JF, DiSalvo AF. Isolation of Blastomyces dermatitidis from Natural Sites at Augusta, Georgia.
Am J Trop Med Hyg. 1964; 13: 716–722. PMID: 14205892

53.

Denton JF, DiSalvo AF. Additional isolations of Blastomyces dermatitidis from natural sites. Am J Trop
Med Hyg. 1979; 28: 697–700. PMID: 464190

54.

Bakerspigel A, Kane J, Schaus D. Isolation of Blastomyces dermatitidis from an earthen floor in southwestern Ontario, Canada. J Clin Microbiol. 1986; 24: 890–891. PMID: 3771778

55.

Sarosi GA, Serstock DS. Isolation of Blastomyces dermatitidis from pigeon manure. Am Rev Respir
Dis. 1976; 114: 1179–1183. PMID: 1034455

56.

McDonough ES. Blastomycosis-epidemiology and biology of its etiologic agent Ajellomyces dermatitidis. Mycopathologia et Mycologia applicata. 1970; 41: 195–201. PMID: 5535368

57.

Dixon DM, Shadomy HJ, Shadomy S. In vitro growth and sporulation of Blastomyces dermatitidis on
woody plant material. Mycologia. 1977; 69: 1193–1195.

58.

McDonough ES, Wisniewski TR, Penn LA, Chan DM, McNamara WJ. Preliminary studies on conidial
liberation of Blastomyces dermatitidis and Histoplasma capsulatum. Sabouraudia. 1976; 14: 199–204.
PMID: 959945

59.

Henk DA, Eagle CE, Brown K, Van Den Berg MA, Dyer PS, Peterson SW, et al. Speciation despite
globally overlapping distributions in Penicillium chrysogenum: the population genetics of Alexander Fleming's lucky fungus. Mol Ecol. 2011; 20: 4288–4301. doi: 10.1111/j.1365-294X.2011.05244.x PMID:
21951491

60.

Pringle A, Baker DM, Platt JL, Wares JP, Latge JP, Taylor JW. Cryptic speciation in the cosmopolitan
and clonal human pathogenic fungus Aspergillus fumigatus. Evolution. 2005; 59: 1886–1899. PMID:
16261727

61.

Rydholm C, Szakacs G, Lutzoni F. Low genetic variation and no detectable population structure in
Aspergillus fumigatus compared to closely related Neosartorya species. Eukaryot Cell. 2006; 5: 650–
657. PMID: 16607012

62.

Fisher MC, Koenig GL, White TJ, Taylor JW. Pathogenic clones versus environmentally driven population increase: analysis of an epidemic of the human fungal pathogen Coccidioides immitis. J Clin Microbiol. 2000; 38: 807–813. PMID: 10655389

PLOS ONE | DOI:10.1371/journal.pone.0159396 July 18, 2016

21 / 22

Blastomyces spp. Associated with Freshwater Basins

63.

McDonough E, Lewis A. Blastomyces dermatitidis: Production of the sexual stage. Science. 1967; 156:
528–529. PMID: 6021679

64.

Bernatchez L, Wilson CC. Comparative phylogeography of nearctic and palearctic fishes. Mol Ecol.
1998; 7: 431–452.

65.

Waltari E, Hijmans RJ, Peterson AT, Nyari AS, Perkins SL, Guralnick RP. Locating pleistocene refugia:
comparing phylogeographic and ecological niche model predictions. PLoS One. 2007; 2: e563. PMID:
17622339

66.

April J, Hanner RH, Dion-Cote AM, Bernatchez L. Glacial cycles as an allopatric speciation pump in
north-eastern American freshwater fishes. Mol Ecol. 2013; 22: 409–422. doi: 10.1111/mec.12116
PMID: 23206322

67.

Kane J. Conversion of Blastomyces dermatitidis to the yeast form at 37 degrees C and 26 degrees C. J
Clin Microbiol. 1984; 20: 594–596. PMID: 6490843

68.

Pritchard JK, Stephens M, Donnelly P. Inference of population structure using multilocus genotype
data. Genetics. 2000; 155: 945–959. PMID: 10835412

69.

Falush D, Stephens M, Pritchard JK. Inference of population structure using multilocus genotype data:
dominant markers and null alleles. Mol Ecol Notes. 2007; 7: 574–578. PMID: 18784791

70.

Hubisz MJ, Falush D, Stephens M, Pritchard JK. Inferring weak population structure with the assistance
of sample group information. Mol Ecol Resour. 2009; 9: 1322–1332. doi: 10.1111/j.1755-0998.2009.
02591.x PMID: 21564903

71.

Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of individuals using the software
STRUCTURE: a simulation study. Mol Ecol. 2005; 14: 2611–2620. PMID: 15969739

72.

Peakall R, Smouse PE. GenAlEx 6.5: genetic analysis in Excel. Population genetic software for teaching and research—an update. Bioinformatics. 2012; 28: 2537–2539. PMID: 22820204

73.

Weir BS. Genetic data analysis II: Methods for discrete population genetic data. II ed. Sunderland,
Massachusettes: Sinauer Associates, Inc; 1996.

74.

Dieringer D, Schlötterer C. Microsatellite analyser (MSA): a platform independent analysis tool for large
microsatellite data sets. Mol Ecol Notes. 2003; 3: 167–169.

75.

Nei M, Tajima F, Tateno Y. Accuracy of estimated phylogenetic trees from molecular data. II. Gene frequency data. J Mol Evol. 1983; 19: 153–170. PMID: 6571220

76.

Takezaki N, Nei M. Genetic distances and reconstruction of phylogenetic trees from microsatellite
DNA. Genetics. 1996; 144: 389–399. PMID: 8878702

77.

Felsenstein J. PHYLIP (Phylogeny Inference Package). Distributed by the author Department of
Genome Sciences, University of Washington, Seattle. 2009;3.7a.

78.

Page RD. TreeView: an application to display phylogenetic trees on personal computers. Comput Appl
Biosci. 1996; 12: 357–358. PMID: 8902363

79.

Harvey RP, Schmid ES, Carrington CC, Stevens DA. Mouse model of pulmonary blastomycosis: utility,
simplicity, and quantitative parameters. Am Rev Respir Dis. 1978; 117: 695–703. PMID: 646221

80.

Borcard D, Gillet F, Legendre P. Numerical Ecology with R. New York: Springer Science+Business
Media; 2011.

81.

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing. 2014.

82.

Agapow P, Burt A. Indices of multilocus linkage disequilibrium. Mol Ecol Notes. 2001; 1: 101–102.

83.

Institute Broad. B. dermatitidis Genome Index. 2010. Available: http://www.broadinstitute.org/
annotation/genome/blastomyces_dermatitidis/GenomesIndex.html.

84.

Swofford D. PAUP*. Phylogenetic Analysis Using Parsimony (*and Other Methods). Sinauer Associates, Sunderland, Massachusetts. 2003; 4.

85.

Drummond AJ, Rambaut A. BEAST: Bayesian evolutionary analysis by sampling trees. BMC Evol Biol.
2007; 7: 214. PMID: 17996036

86.

Heled J, Drummond AJ. Bayesian inference of species trees from multilocus data. Mol Biol Evol. 2010;
27: 570–580. doi: 10.1093/molbev/msp274 PMID: 19906793

87.

Kasuga T, White TJ, Taylor JW. Estimation of nucleotide substitution rates in Eurotiomycete fungi. Mol
Biol Evol. 2002; 19: 2318–2324. PMID: 12446823

88.

Rambaut A, Drummond A. Tracer v1.4. 2007.

PLOS ONE | DOI:10.1371/journal.pone.0159396 July 18, 2016

22 / 22

