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Blastomyces dermatitidis, a thermally dimorphic fungus, is the etiologic agent of North American blastomy-
cosis. Clinical presentation is varied, ranging from silent infections to fulminant respiratory disease and
dissemination to skin and other sites. Exploration of the population genetic structure of B. dermatitidis would
improve our knowledge regarding variation in virulence phenotypes, geographic distribution, and difference in
host specificity. The objective of this study was to develop and test a panel of microsatellite markers to delineate
the population genetic structure within a group of clinical and environmental isolates of B. dermatitidis. We
developed 27 microsatellite markers and genotyped B. dermatitidis isolates from various hosts and environ-
mental sources (n � 112). Assembly of a neighbor-joining tree of allele-sharing distance revealed two genet-
ically distinct groups, separated by a deep node. Bayesian admixture analysis showed that two populations were
statistically supported. Principal coordinate analysis also reinforced support for two genetic groups, with the
primary axis explaining 61.41% of the genetic variability. Group 1 isolates average 1.8 alleles/locus, whereas
group 2 isolates are highly polymorphic, averaging 8.2 alleles/locus. In this data set, alleles at three loci are
unshared between the two groups and appear diagnostic. The mating type of individual isolates was determined
by PCR. Both mating type-specific genes, the HMG and �-box domains, were represented in each of the genetic
groups, with slightly more isolates having the HMG allele. One interpretation of this study is that the species
currently designated B. dermatitidis includes a cryptic subspecies or perhaps a separate species.

Blastomyces dermatitidis is a thermally dimorphic fungus as-
sociated with severe respiratory and disseminated disease in
humans and other mammals. The organism exists as a mold at
ambient temperatures in the environment but transforms into
pathogenic yeast after infectious conidia are inhaled by a sus-
ceptible mammalian host. Most cases of North American blas-
tomycosis occur around the Great Lakes, in the Ohio and
Mississippi River valleys, and in southeastern states. Sporadic
cases have also been reported to occur in Africa, India, and
South America (5). Clinical experience, outbreak investiga-
tions (16, 40), and distribution maps based on ecologic models
(34) suggest that the disease occurs at higher frequencies along
waterways in areas of endemicity. However, the specific niche
of B. dermatitidis in the environment remains elusive, largely
due to the great difficulty in isolating the organism from nat-
ural settings (2, 17).

The teleomorph form, Ajellomyces dermatitidis, can repro-
duce sexually using a heterothallic system which requires op-
posite mating types for reproduction (27). Recently, the mat-
ing type locus (MAT), which regulates sexual reproduction,

has been characterized for several closely related species (6,
13, 18, 21, 39). The two mating types identified as “�” and “�”
are characterized as having one of two alleles encoding the
�-box and the high-mobility group (HMG) domain transcrip-
tion factors, respectively (13). Mating occurs when strains of
opposite mating types come together, resulting in production
of cleistothecia. These thick-walled structures are composed of
tightly woven, spiraling hyphae surrounding numerous asci,
each containing eight ascospores (27). Mating of B. dermatitidis
isolates has been observed under laboratory conditions (14, 27,
28), indicating that sexual recombination in the environment is
possible.

Very little is known regarding the population level genetic
diversity of B. dermatitidis. Although recent molecular analyses
of isolates by PCR restriction fragment length polymorphism
(RFLP) (25) and random amplified polymorphic DNA
(RAPD) (41) demonstrate some evidence of genetic diversity
among strains, these methods can be difficult to standardize
and compare between laboratories. The development of a
comprehensive set of informative genetic markers would
greatly improve our understanding of the population genetic
structure and molecular epidemiology of B. dermatitidis. Pre-
vious research has demonstrated the utility of microsatellite
analysis for population genetic studies of other dimorphic fun-
gal pathogens, including Coccidioides immitis, C. posadasii,
Histoplasma capsulatum, Paracoccidioides brasiliensis, and Pen-
icillium marneffei (8, 11, 12, 24). The objective of this study was
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to develop and evaluate a suite of polymorphic microsatellites
to delineate the population genetic structure within a group of
clinical and environmental isolates of B. dermatitidis.

MATERIALS AND METHODS

Isolates. One hundred twelve B. dermatitidis isolates were evaluated in this
study (Table 1). These included clinical isolates from humans (n � 86), canines
(n � 9), felines (n � 4), and an equine (n � 1) obtained in Wisconsin, clinical
canine isolates from Michigan (n � 2), a human clinical isolate from Africa (n �
1), environmental isolates from Wisconsin (n � 4) and Georgia (n � 4), and
American Type Culture Collection (ATCC; Manassas, VA) isolate number
26199. All isolates recovered during clinical diagnosis at Marshfield Laboratories
were identified as B. dermatitidis using standard methods, which included culture
on Sabouraud dextrose agar at 25°C and conversion to the yeast form when the
isolates were incubated in Middlebrook 7H9 broth at 35°C. In addition, we were
provided with several isolates from collaborators. Upon receipt of isolates from
either Marshfield Laboratories or participating collaborators, all original cultures
were biobanked by freezing.

DNA extraction. DNA was extracted from frozen isolates using a QIAamp
DNA minikit tissue protocol (Qiagen, Valencia, CA), with the volumes of buffer
ATL, proteinase K, buffer AL, and ethanol altered to 540 �l, 60 �l, 400 �l, and
400 �l, respectively. Samples were incubated overnight at 56°C in buffer ATL and
proteinase K and then split onto two spin columns and eluted with a total of 100
�l buffer AE (50 �l per column).

Microsatellite development and genotyping. Microsatellite sequences were
identified in unannotated genome sequence contigs of B. dermatitidis publically
available on the Washington University School of Medicine Genome
Sequencing Center website (http://genome.wustl.edu/genomes/view/blastomyces
_dermatitidis/#sequences_maps). Sequences were searched for dinucleotide re-
peats using a PYTHON-based program developed at the Molecular Mycology
Research Laboratory, University of Sydney (15). Loci with more than 12 single
or compound dinucleotide repeats were considered for analysis. Thirty-seven
microsatellite loci were chosen for initial evaluation. PCR primers were designed
in the flanking regions of each locus using PRIMER 3 software (35). A panel of
seven B. dermatitidis isolates previously shown to have significant genetic diver-
sity based on PCR-RFLP analysis (25) was used for initial screening. Two
microliters of extracted DNA was amplified with a HotStarTaq master mix kit
(Qiagen) according to the manufacturer’s recommendations, with a 0.2 �M final
concentration of each primer. The amplification conditions were as follows: a
15-min denature at 95°C; 35 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for
1 min; followed by a 5-min final extension at 72°C. PCR products were analyzed
by gel electrophoresis on a 2.5% MetaPhor agarose gel (Lonza, Rockland, ME)
with 0.5 mg/liter ethidium bromide and visualized using a Gel Doc 2000 (Bio-
Rad Laboratories). Ten microsatellite loci showed inconsistent amplification,
showed nonspecific annealing, and/or were monomorphic and were excluded
from further analysis. For the remaining 27 loci (Table 2), a new forward primer
was synthesized with the addition of a T7 tag (5� CAGTAATACGACTCACT
ATAGG 3�) at the 5� end. Individual microsatellites were then amplified using
three primers, the new T7-tagged forward primer, the specific reverse primer,
and a 6-carboxyfluorescein (6-FAM)–T7 primer (6-FAM–CAGTAATACGAC
TCACTATAGG), all at a final concentration of 0.2 �M. During the PCR, the T7
tail is incorporated into the amplicon sequence, and in subsequent cycles, the
6-FAM–T7 primer can anneal to its complementary sequence (3� to 5�) and be
extended, thus labeling the amplicon with the fluorescent dye. The PCR thermal
profile was the same as that described above. Amplified products were prepared
for sizing on an ABI 3130xl genetic analyzer (Applied Biosystems, Carlsbad, CA)
by combining 1.0 �l of product with 9.0 �l of a 1:9 dilution of GeneScan-500
ROX size standard (Applied Biosystems) in HI-Di formamide (Applied Biosys-
tems). Samples were denatured at 95°C for 2 min, immediately cooled on ice,
loaded to a 50-cm capillary, run using the microsatellite default settings, and
analyzed using the GeneMapper software package, version 4.0 (Applied Biosys-
tems). DNA fragment sizes were grouped into their appropriate alleles manually
using the fixed-bin method (7). In this method, a bin is represented by a range of
base pairs (DNA fragment lengths). The proportion of bands within each bin is
determined, and the relevant proportions are used in estimating the profile
(allele) frequency. The reproducibility of all 27 microsatellite markers was eval-
uated by randomly selecting 10% of isolates for retyping.

Genetic analysis. Locus-specific diversity measures included number of alleles
(nA), effective number of alleles (ne), and allele frequencies, including the fre-
quency of the most common allele. Number of alleles and allele frequencies were
calculated using Microsatellite Toolkit for Excel version 3.1.1 (30) for both global

T
A

B
L

E
1.

B
la

st
om

yc
es

de
rm

at
iti

di
s

is
ol

at
es

H
os

t
N

o.
of

is
ol

at
es

Is
ol

at
e(

s)
b

So
ur

ce
L

oc
at

io
n(

s)
Y

r(
s)

R
ef

er
en

ce
b

H
um

an
60

N
A

M
ar

sh
fie

ld
L

ab
or

at
or

ie
s

N
or

th
er

n
an

d
C

en
tr

al
W

I
20

05
–2

00
8

N
A

13
a

N
A

M
ar

sh
fie

ld
L

ab
or

at
or

ie
s

M
er

ri
ll,

W
I

20
06

32
11

N
A

A
ur

or
a

H
ea

lth
C

ar
e,

In
c.

So
ut

he
rn

W
I

20
07

–2
00

8
N

A
1

26
19

9
A

T
C

C
U

nk
no

w
n

D
ep

os
ite

d
in

19
70

N
A

1
B

15
66

C
ol

la
bo

ra
to

r
A

fr
ic

a
U

nk
no

w
n

N
A

1a
N

A
C

ol
la

bo
ra

to
r

T
om

or
ro

w
R

iv
er

,W
I

U
nk

no
w

n
16

1a
SC

58
7

C
ol

la
bo

ra
to

r
E

ag
le

R
iv

er
,W

I
U

nk
no

w
n

17

C
an

in
e

10
N

A
M

ar
sh

fie
ld

L
ab

or
at

or
ie

s
N

or
th

er
n

an
d

C
en

tr
al

W
I

(i
so

la
te

8)
;

M
ar

qu
et

te
,M

I
(i

so
la

te
2)

20
05

–2
00

7
N

A

1
M

Y
A

-2
58

5
C

ol
la

bo
ra

to
r

E
ag

le
R

iv
er

,W
I

19
96

1

F
el

in
e

4
N

A
M

ar
sh

fie
ld

L
ab

or
at

or
ie

s
N

or
th

er
n

an
d

C
en

tr
al

W
I

20
05

,2
00

7
N

A

E
qu

in
e

1
N

A
M

ar
sh

fie
ld

L
ab

or
at

or
ie

s
N

or
th

er
n

an
d

C
en

tr
al

W
I

20
07

N
A

E
nv

ir
on

m
en

ta
l

4
SC

39
5/

M
C

G
-3

,S
C

85
/A

T
C

C
32

09
0/

M
C

G
-1

,S
C

39
6/

M
C

G
-5

,
SC

39
7/

M
C

G
-6

C
ol

la
bo

ra
to

r
G

eo
rg

ia
U

nk
no

w
n

9

1
M

Y
A

-2
58

6
C

ol
la

bo
ra

to
r

E
ag

le
R

iv
er

,W
I

19
97

2
1a

SC
58

1/
A

T
C

C
60

63
7/

S-
11

11
C

ol
la

bo
ra

to
r

T
om

or
ro

w
R

iv
er

,W
I

U
nk

no
w

n
16

2a
SC

24
1/

A
T

C
C

60
63

6/
S-

98
6,

SC
24

8
C

ol
la

bo
ra

to
r

E
ag

le
R

iv
er

,W
I

U
nk

no
w

n
17

a
O

ut
br

ea
k-

as
so

ci
at

ed
is

ol
at

e(
s)

.
b

N
A

,n
ot

ap
pl

ic
ab

le
.

5124 MEECE ET AL. APPL. ENVIRON. MICROBIOL.



(total data set) and group-specific genetic diversity. The effective number of
alleles was calculated using Genetic Analysis in Excel (Genalex) version 6.4 (31).

The genetic relationships between isolates were analyzed using three different
approaches: cluster-based, Bayesian admixture, and principle coordinate analysis
(PCoA). Initially, genetic structure among the samples was estimated by con-
structing an unrooted neighbor-joining tree of unique genotypes based on allele-
sharing distance (4, 36, 38). Confidence in the resolved topology was based on
1,000 bootstrap pseudoreplicates across loci. Powermarker version 3.25 (19) was
used to estimate pairwise genetic distances, construct the unrooted neighbor
joining tree, and perform the bootstrap pseudoreplicates. To estimate the likely
number of genetic groups within the data, a Bayesian estimate using the program
STRUCTURE, version 2.3.3 (30, 33), was employed, with K value (the putative
number of genetic groups) ranging from 1 to 12. Settings for analysis included the
use of the admixture model and correlated allele frequencies between popula-
tions; lambda was set to 1, and the degree of admixture (alpha) was inferred from
the data as advised by the software’s manual. The burn-in was set at 50,000
repetitions, and the length of each iteration was 100,000 repetitions. Each value
for K was repeated five times to account for the potential of interrun differences.
The method of Evanno et al. (10) was used to estimate the most likely K given
the data. This method was performed using Structure Harvester (http://taylor0
.biology.ucla.edu/struct_harvest/). This technique finds the most likely K value by
calculating the second-order rate of change of the log probability of these data
with respect to the number of clusters, �K. A third approach employed to
discriminate genetic groups within the data was principal coordinate analysis
(PCoA). Genetic groups were resolved using a covariance matrix of individual
pairwise allele-sharing distances based on standardized data in the program
Genalex (31). The data were plotted at the first two primary coordinates with
respect to the isolate source or host.

Mating type determination. PCR primers were designed to amplify a 502-bp
region of the sequence coding for the HMG box protein, publically available in
GenBank (accession no. XM_002623161). Because no sequence was available for

the coding region of the �-box protein, we identified and sequenced this gene
from the genomic DNA of ATCC 18188 (�, containing the �-box allele). Primers
were designed in gene regions flanking the MAT locus based on a sequence from
B. dermatitidis ATCC 18187 (�, containing the HMG allele), publically available
on the Washington University School of Medicine Genome Sequencing Center
website (http://genome.wustl.edu/genomes/view/blastomyces_dermatitidis/). One
primer was positioned between the APN2 gene and the beginning of the MAT
locus, and the other primer was located within the SLA2 gene. The region was
amplified and sequenced via chromosome walking. The resulting sequence was
BLAST searched and returned a 99% matching contig that was homologous to
the Ajellomyces capsulatum �-box sequence. Primers within the predicted B.
dermatitidis �-box sequence were designed to amplify a 228-bp product. The
PCR was optimized and tested, using the confirmed, commercially available
mating types ATCC 18188 and ATCC 18187, which yielded the expected PCR
presence/absence results. The primer sets for the mating type determination are
shown in Table 2. Two microliters of DNA from all 112 isolates was amplified in
separate reactions using the HotStarTaq master mix kit (Qiagen) according to
the manufacturer’s recommendations, with a 0.2 �M final concentration of each
primer. The amplification conditions were as follows: a 15-min denature at 95°C;
35 cycles at 94°C for 30 s, 63°C for 30 s, and 72°C for 1 min; followed by a 5-min
final extension at 72°C. PCR products were analyzed by gel electrophoresis as
described earlier. An isolate was considered positive for a specific mating locus
only if it was correspondingly negative for the other mating locus.

Spatial distribution of isolates. Locations for potential exposure sites were
determined from a standardized questionnaire developed and administered by
the Wisconsin Department of Health and Family Services associated with the
Communicable Disease Reporting System. Occurrences with multiple possible
exposure sites over broad geographic areas, such as several counties, were ex-
cluded from analysis. When reasonable assumptions could be made as to the
point or general area of exposure, i.e., within 2 to 3 km, they were included,
recognizing they are likely to be representative of the coarse-scale ecologic

TABLE 2. Primers for microsatellite typing and mating type determination of B. dermatitidis isolates

Locus
Primer sequence (5�–3�)

Repeat type(s) Amplicon
size (bp)b

Forward Reverse

1 TCCACCCCTGATGTATGGAC ATTGGTCGCTCGAATAAACG TA � 12 226
2 ATGTTGTTGCGTGTCTCCTG CCCACTGTTCAGGATCCAAT AT � 13 189
3 AACCGGAAAGGGTAGCAGAT TGCTGATTCAGACGGTGAAG GT � 17 190
4 AGTCTTAATGGCCTGGTACG ACAATCGATGCAGCATTCAC AC � 6, AT � 12 204
5 CCCCACTGACATTTGGATCT AAGAGAGAAAGCAAGCAAGCA GA � 11 191
6 ACTCCCATTTTCCCATTTCC GTACGGGAGTCCGACACAGT TC � 22 238
7 TGCCGACCTACTTTGGTAGC TAGATTTCGAGCCCAGCATT GA � 15 229
8 GCATGGCATTTGGTGGTATC AATGCCTGAATGGGTCAAAA TC � 17 189
9 GACGCCTGTATCCGTCAGTT AGAGAAAGGTGCGCTGTGAT TA � 5, AT � 13 175

10 TTAGCTGTCCTTCGTGTTGC CAAAATGGGAAAGGAAAGCA GT � 20 189
11 TTCAGAGGTATCGGGAGGAA ATCTAGCCCCTGCTCGTCTT AT � 15 163
12 CCCAGTCAGGCTGAGAAAAG GAGCTGTGGTTCATGGTTCA CA � 16 228
13 GATCATGGCATACGGCTTCT ATCCGGATAGATCGGGAGAG AC � 15 178
14 TCTTCCCAAAGCAAGCAAGT CCAGTATCTGCTGGGTGCTT AG � 16, TA � 7 245
15 CTACTCGTTTCCTCGCCTTG TATGGGGAAACAGGCTCGTA AC � 10, AT � 10 185
16 ATTAATTCAGCCCGGTCGTT TTGTTTGGGGAAGGATTGAG AT � 15 233
17 TTCCCGATCGAGTAAATTGC GGTCGCCTCGCGATATATTA AT � 16 238
18 CACGCTGCACAGTTTGATTT ATACTGGGGAGATGGCAATG GA � 22 201

19 TGGAACCTTACGGAATGGAG CCTGTGGCTTATCGTCAACA AT � 18 223
20 TTTTCCTTGCCTTGCCATAC GGGCTGAGCTACTTTTGGTG AC � 23, AT � 7 227
21 CCCTCCGACCTCAATATCAA TGTCTGTAGTTCACAGATTTCACAG TC � 21, TA � 11 170
22 CAGACAGTGTTGGCCTGAGA GCGTAGAGCTCTTGCTTGGT CT � 18, GT � 8 180
23 GAGCACAAATCAACACCACAA TCGGTCTCAGATGGATGATG AG � 20 202
24 AGGTTCCAAACCTAACACTCCA CCTTTGCCACAGCTCTTTTT TA � 15 150
25 CAAGCATTGAGCATCTCTCG GCCCTTGATTTGGTGTCTGT TG � 15 232
26 ACGGAGAAAGCGAAAGAACA GGTTTGGGTTTGTTTTGGTG AC � 21 169
27 TGGGCGTGGAGACAATATAA TGGCTCTTGATTGGGTTAGG TC � 15 213
HMG CTTCCCGCTGATATCAACCCAGT TTGGTCTCAGCAGACTCGGCTT NAa 502
�-Box AGTCGCTGCTCAACCAAACT TTGGTGTTAAAGGCCTGGTC NA 228

a NA, not applicable.
b The expected amplicon size is derived from the reference sequence, publically available on the Washington University School of Medicine Genome Sequencing

Center website (http://genome.wustl.edu/genomes/view/blastomyces_dermatitidis/#sequences_maps).
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conditions present in that area. All exposure sites were geographically referenced
by latitude and longitude to the nearest 0.001 degree and mapped using ArcGIS
version 9.3 (ESRI, Redland, CA).

RESULTS

All 27 loci were able to be amplified for 109/112 isolates.
One isolate was unable to be typed at 2 different loci (loci 2 and
5). Another two isolates were unable to be typed at locus 17.
Only a single allele was found within each B. dermatitidis iso-
late, as was expected because the fungus is haploid. The re-
typing of randomly selected isolates showed 100% reproduc-
ibility. All loci were confirmed to be polymorphic. For the
global data set, the number of alleles at each locus ranged from
4 to 17, with the frequency of the most common allele ranging
from 0.295 to 0.795 (Table 3).

All three genetic population structure approaches supported
two genetically distinct groups, designated group 1 and group
2. Assembly of a neighbor-joining tree of allele-sharing dis-
tance revealed two groups separated by a deep node, boot-
strapped at 100% (Fig. 1). Visual inspection of the tree re-
vealed that group 1 appears tightly clustered and contains
many genetically identical representatives. Group 2 shows fan-
like branching, indicating a higher number of haplotypes and
greater genetic diversity. Bayesian admixture analysis showed
an increase in the posterior probability [Ln P(D)] for K values
of up to 8 populations, whereafter subsequent values for K

resulted in an increase in variance in the model and a leveling
off in Ln P(D). The modal value for �K equated to 2 popula-
tions (Fig. 2A), suggesting that this data set is not panmictic
but demonstrates significant population structure. Figure 2B is
a plot of individual q values (averaged across all five itera-
tions), which are the posterior mean estimates of the propor-
tion of the individual’s genome inherited from ancestors in
each population. Support was also observed for a �K value of
5 populations, indicating the possibility of additional substruc-
ture within the 2 major genetic groups. With the use of PCoA,
the primary separator (coordinate 1) explained 61.41% of the
genetic variability (Fig. 3), providing additional statistical sup-
port for two genetic groups. The second axis explained 9.79%
of the remaining genetic variation.

Isolate distribution between genetic groups, by source, is as
follows: group 1 contained 47 human isolates, 3 canine isolates,
3 environmental isolates, and the only equine isolate, and
group 2 contained 41 human isolates, 8 canine isolates, 5 en-
vironmental isolates (including all 4 isolates from Georgia),
and all 4 feline isolates. Examination of group-specific genetic
diversity revealed significant difference between the two ge-
netic groups. Group 1 isolates (comprising 48% of the data set)
show low allelic diversity, averaging 1.8 alleles/locus. Group 2
isolates (comprising 52% of the data set) exhibit more poly-
morphism, averaging 8.2 alleles/locus. Three of the identified
loci appear diagnostic between the two genetic groups (Table
4). Across all loci, group 1 contained 13 alleles not present in
group 2, and group 2 contained 187 alleles, not represented in
group 1. Only 35 alleles of 235 total alleles (14.9%) were found
to be shared between the two different genetic groups. The
distribution of allele frequencies, by genetic group, across the
27 loci is shown in Fig. S1A to S1C in the supplemental ma-
terial.

The distribution of mating type-specific genes between the
two genetic groups is as follows: group 1 contained 25 �-box-
positive isolates, 27 HMG-positive isolates, and 2 isolates pos-
itive for both loci; group 2 contained 28 �-box-positive isolates
and 30 HMG-positive isolates. Notably, all eight environmen-
tal isolates were HMG positive. The distribution of the mating
type-specific genes among the nonhuman host species are as
follows: 7/11 canines, 1/4 felines, and 0/1 equine were HMG
positive. The remaining isolates were positive for the �-box
allele of the MAT locus. In humans, 39/88 isolates were HMG
positive, 47/88 isolates were �-box positive, and 2 isolates pos-
itive for both the HMG and the �-box alleles. In order to
determine if these 2 isolates were mixed culture, they were
plated onto yeast extract agar and incubated at 37°C for 4 days.
Isolated colonies were able to be grown from only one of these
cultures, and 10 colonies were picked for further analysis. The
DNA was extracted from these individual colonies and ampli-
fied with both the �-box and the HMG primer sets. Three of
the 10 colonies tested positive for the HMG allele and negative
for the �-box allele, 6 tested positive for the �-box allele and
negative for the HMG allele, and 1 colony tested positive for
both alleles. One HMG-positive colony and one �-box-positive
colony were selected for microsatellite typing of several loci,
including the diagnostic loci. At all loci amplified, both the
HMG-positive and the �-box-positive colonies were typed as
sharing identical alleles with the original mixed isolate.

The exposure sites for 48 human cases, of the 112 isolates

TABLE 3. Summary of alleles for the global data set

Locus nA
a ne

b Most common
allelec Frequencyd

1 4 1.541 250 0.795
2 6 3.093 213 0.505
3 11 3.705 199 0.473
4 8 3.594 219 0.420
5 6 1.754 214 0.739
6 17 5.257 265 0.295
7 8 4.356 255 0.339
8 8 3.190 214 0.482
9 7 1.746 194 0.741

10 9 1.704 206 0.759
11 14 3.810 155 0.482
12 7 3.028 251 0.536
13 7 3.235 192 0.482
14 8 3.255 263 0.491
15 6 2.516 198 0.589
16 11 3.211 254 0.518
17 7 2.198 232 0.645
18 15 3.607 200 0.500

19 9 3.843 231 0.428
20 8 3.195 219 0.491
21 9 4.023 189 0.429
22 12 3.301 200 0.500
23 6 2.131 220 0.598
24 5 2.982 165 0.473
25 8 3.021 250 0.536
26 12 3.731 179 0.420
27 7 2.417 233 0.616

a nA, number of alleles.
b ne, effective number of alleles (Genalex version 6.4).
c Amplicon size in base pairs.
d Frequency of the most common allele.
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genetically typed in this study, were able to be geographi-
cally referenced by latitude and longitude. Exploratory spa-
tial analysis, with respect to genetic group and mating type-
specific genes, revealed that most exposure sites were
broadly distributed across the northern climate zone of Wis-
consin. The geographic distributions of group 1 and 2 iso-
lates overlap spatially in this analysis, with no evidence of
ecological niche partitioning.

DISCUSSION

Blastomycosis is an important public health problem be-
cause it is associated with significant morbidity and mortality.
One dilemma that faces physicians treating patients with this
disease is the inability to predict which patients will have fa-
vorable outcomes versus those that will experience severe man-
ifestations. Although host factors, comorbidities, and other
variables can influence presentation and outcome for many
infectious diseases, it is well established that genetic variation
among strains of an infecting agent can have a profound in-
fluence on outcome as well (20, 23, 37). Currently, it is not
known whether or not strain variation in B. dermatitidis mod-
ulates disease presentation and outcomes.

The starting point for these types of association analyses is
the ability to accurately assess the genetic variability of the
organism. Until recently, little was known about the genetic
variability in B. dermatitidis. This was due, in part, to the fact

that the only molecular tools applied to population genetic
analysis were PCR-RFLP and RAPD. Both techniques have
significant limitations. For example, PCR-RFLP evaluates only
a very small part of the Blastomyces genome. In contrast,
RAPD analysis provides more genome-wide coverage but has
the practical limitation of being very difficult to standardize
and reproduce across laboratories. Because of these consider-
ations, we chose to use multilocus microsatellite typing. It
represents a more precise and reproducible method for labo-
ratories to compare their results and has the advantage of
having been applied successfully to characterize the population
genetic structure of a number of other important fungal patho-
gens (8, 11, 12). We found that the 27 microsatellite markers
developed and used in this study not only were highly poly-
morphic, and therefore informative, but also had the technical
advantage of being highly reproducible. Of 3,024 possible data
points (27 loci � 112 isolates), only 4 could not be determined,
and these data points were negative by PCR after repeated
attempts at amplification. This represents a 99.86% success
rate in amplification of specific markers and speaks to the
robustness of the genotyping assay.

A significant finding in this study was the observation that B.
dermatitidis isolates could be assigned to one of two distinct
genetic groups. This grouping was supported by three well-
established genetic population structure approaches. In addi-
tion, significantly different levels of genetic diversity were ob-
served within each of the two groups. Group 2 isolates

FIG. 1. Unrooted neighbor-joining tree of allele-sharing distance among unique haplotypes, constructed from 27 microsatellite loci for each of
112 Blastomyces dermatitidis isolates. Bootstrap support (red numbers) is based on 1,000 bootstrap pseudoreplicates. Letters represent haplotypes
with 	1 genetically identical representative in the data set. A, 12 samples (11 human and 1 environmental); B, 6 samples (4 human, 1
environmental, and 1 canine); C, 18 human samples; D, 3 samples (2 human and 1 equine); E, 2 samples (1 human and 1 feline); F, 2 human
samples; G, 3 samples (2 human and 1 canine); H, 2 human samples; and I, 2 environmental samples.
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demonstrate high allelic diversity. In contrast, group 1 isolates
appear nearly monomorphic. One interpretation of this study
is that a highly monomorphic subpopulation has emerged from
a genetically diverse parental population. If this is the case, it
is evident that group 1 isolates have had sufficient evolutionary
time to acquire their own mutations, because 13 unique alleles
exist in group 1. Of these 13 alleles exclusive to group 1 (Table
4), 7 are the most frequent allele for a specific locus, demon-
strating that these alleles are well represented within the
group. Another consideration is that the species currently des-
ignated B. dermatitidis includes a cryptic subspecies or perhaps
a separate species. There are several precedents for the dis-
covery of cryptic phylogenetic species within predefined mor-
phological species in human pathogenic fungi, including His-
toplasma (8), Paracoccidioides (24), Coccidioides (11), and
Cryptococcus (3).

One mechanism that could explain the divergence of these
two groups is reduced genetic recombination due to geo-
graphic isolation. Exploratory spatial analysis of isolate distri-

FIG. 3. Principal coordinate analysis was performed using a cova-
riance matrix of individual pairwise allele-sharing distances in the
program Genalex, version 6.4 (31). Analysis showed separation of
Blastomyces dermatitidis isolates into two main genetic groups, with the
coordinate 1 axis explaining 61.41% of the variability. Isolates obtained
from various hosts and environmental isolations were distributed
among the genetic groups.

FIG. 2. (A) Analysis using STRUCTURE version 2.3.3 showed an increase in the posterior probability [Ln P(D); L(K) in the figure] for a K
value up to 8 populations. Subsequent values for K resulted in an increase in variance in the model and a leveling off in Ln P(D). The modal value
for �K equated to 2 populations, suggesting significant population structure [�L
(K)� is the absolute value of the difference between successive
L�(K) values, where L�(K) is L(K) � L(K � 1)]. SD, standard deviation; s, standard deviation of L(K) over the 5 iterations. (B) Plot of individual
q values (averaged across all five iterations) generated by STRUCTURE version 2.3.3, showing the proportion of a sample’s genotype belonging
to group 1 (gray; “monomorphic”) and group 2 (black; “polymorphic”).
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bution by exposure or isolation site showed no obvious geospa-
tial relationships or physical geographic barriers to gene flow
(Fig. 4). However, partitioning may be occurring on a finer
scale and could be evaluated further by carefully employing
landscape genetic tools to identify otherwise inapparent phys-
ical barriers to gene flow between the groups (22) and deter-
mine if specific environmental variables, such as soil type,
precipitation, vegetation cover type, or other habitat compo-
nents, can be associated with one genetic group or the other.
Another possibility is that both groups occupy the same or
overlapping ecological niche(s) but have lost or significantly
reduced ability to mate. Because both mating types are repre-
sented in both genetic groups and mating of B. dermatitidis
isolates has been observed under laboratory conditions (14, 27,
28), sexual recombination in the environment seems likely.
More genetic analysis with a larger data set will be necessary in
order to examine recombination between markers and evi-
dence of any haplotype blocks. These analyses will allow us to
determine whether and how frequently recombination is hap-
pening in the environment within and between members of
groups 1 and 2 and whether any shared alleles are ancestral or
the result of introgression. Future studies regarding the fre-
quency of mating in natural settings are important because the
rates of genetic recombination have ramifications on the evo-

lutionary trajectory of this pathogen and can affect phenotype,
preferred host(s) and environmental habitat, and virulence.

In this data set, two human isolates typed as positive for both
the HMG and the �-box alleles. We determined that one of
these isolates was a mixed culture based on subculturing the
isolate at 35°C, picking individual yeast colonies, and reana-
lyzing mating type. Although both HMG-positive and �-box-
positive colonies were present in this clinical specimen, repre-
sentative colonies of both mating types were identical by
microsatellite analysis, explaining why no discrepancies or dou-
ble peaks were observed during the original microsatellite typ-
ing. The other clinical specimen displaying both mating types
was nonviable on subculture. It seems likely that this also
represented a mixed culture, which would be consistent with a
previous report of infection of a single individual with both
mating types (26).

We observed roughly equal numbers of human isolates in
each genetic group. We did not test for associations between
genetic group and nonhuman host species, due to the lack of
statistical power to detect differences. Interestingly, isolates
obtained from patients and the environment that were identi-
fied during documented outbreak investigations (16, 17, 32) all
clustered within genetic group 1. Although the number of
isolates in this category is small (n � 18) (Table 1), it may

TABLE 4. Summary of alleles by genetic group

Locus

Genetic group 1 Genetic group 2

nA
b ne

c No. unique Most common
alleled Frequencye nA

b ne
c No. unique Most common

allele(s)d Frequencye

1 2 1.202 0 250 0.907 4 1.960 2 250 0.690
2 2 1.077 0 213 0.963 6 4.192 4 203 0.370
3 3 1.252 1 199 0.889 10 5.943 8 211 0.276
4 3 1.346 1 219 0.852 7 2.865 5 229 0.500
5 2 1.038 0 214 0.981 6 2.930 4 214 0.509
6 4 2.571 2 249 0.444 15 2.905 13 265 0.569
7 3 2.226 2 273 0.574 6 2.170 5 255 0.655
8a 1 1.000 1 214 1.000 7 3.311 7 208 0.483
9 4 1.304 0 194 0.870 7 2.288 3 194 0.620

10 1 1.000 0 206 1.000 9 3.069 8 206 0.535
11a 1 1.000 1 155 1.000 13 8.947 13 193 0.155
12 2 1.291 0 251 0.870 7 5.965 5 251 0.224
13a 1 1.000 1 192 1.000 6 3.497 6 184 0.362
14 1 1.000 0 263 1.000 8 4.053 7 269 0.379
15 1 1.000 0 198 1.000 6 4.346 5 204 0.276
16 2 1.117 1 254 0.944 10 5.780 9 258 0.276
17 1 1.000 0 232 1.000 7 4.128 6 232 0.316
18 1 1.000 0 200 1.000 15 9.723 14 202 0.207

19 2 1.202 1 231 0.908 8 4.962 7 241/243 0.276
20 1 1.000 0 219 1.000 8 3.729 7 235/237 0.345
21 2 1.291 0 189 0.870 9 4.473 7 195 0.328
22 1 1.000 0 200 1.000 12 5.036 11 206 0.379
23 1 1.000 0 220 1.000 6 2.148 5 222 0.638
24 2 1.038 1 165 0.982 4 2.526 3 167 0.552
25 1 1.000 0 250 1.000 8 5.721 7 256 0.276
26 2 1.291 1 179 0.870 11 4.302 10 167 0.397
27 1 1.000 0 233 1.000 7 5.144 6 233 0.259

a Diagnostic loci between the 2 genetically distinct groups.
b nA, number of alleles.
c ne, effective number of alleles (Genalex version 6.4).
d Amplicon size in base pairs.
e Frequency of the most common allele.
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indicate phenotypic differences between the two groups related
to infectivity and/or virulence. This is the topic of ongoing
investigation.

A large proportion of isolates from this study (104/112; 95%)
were examined previously for polymorphisms in the putative
promoter region of BAD-1, a surface adhesin and essential
virulence factor of B. dermatitidis. In that study, four haplo-
types were identified by PCR and sequencing (29). Haplotypes
1 to 3 were very similar to each other except for one or more
point mutations and/or small indels. In contrast, haplotype 4
isolates were characterized by two large insertions of 35 and
251 bp. When the results of haplotyping were compared to the
genetic groups identified in this study, striking patterns
emerged. Haplotype data were previously obtained on 50 of
the 54 group 1 isolates genotyped in this study, and all corre-
sponded to haplotype 4 (100%). Similarly, for group 2 isolates,
54 of the 58 isolates in this study were previously haplotyped.
Of these group 2 isolates, only one was haplotype 4 (1.9%).
The remaining group 2 isolates clustered into haplotypes 1 to
3 (98.1%). Based on these findings, we are exploring differ-
ences in BAD-1 sequence, structure, and expression between
group 1 and group 2 isolates.

A limitation of this study is that our collection does not
include isolates across the entire geographic range of B. der-
matitidis. We are currently broadening the geographic repre-

sentation of B. dermatitidis isolates in our biobank in order to
determine whether the presence of two genetically divergent
groups represents a regional or more global phenomenon.
Another practical limitation of the current study, and of Blas-
tomyces research in general, is the relative paucity of environ-
mental isolates available for analysis.

Our development of informative microsatellite markers and
characterization of 112 isolates provides a framework with
which to begin understanding how genetic diversity in B. der-
matitidis might influence important clinical aspects such as
disease presentation and progression, response to antifungal
therapy, and efficacy of laboratory diagnostic tests. This infor-
mation will also aide in better defining the taxonomy, ecology,
and evolutionary history of this important pathogen.
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