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ABSTRACT
Coccidioidomycosis, caused by soil-dwelling species of Coccidioides, is endemic to
the Southwestern United States. It can present as a mild respiratory illness to lifethreatening disseminated infections. Multi-gene phylogenetics and tracing patient
histories revealed the presence of both Coccidioides species in New Mexico, and
Native Americans may represent an unrecognized risk group. A PCR method
developed distinguishes Coccidioides species by targeting regions of the
mitochondrial genome. Recent advancements in molecular genetics solidifies lungs
are not sterile. Illumina community data from 199 small mammals from Arizona,
California, and New Mexico demonstrated a great diversity of fungi inhabiting lung
tissues. One dominant order, Onygenales, contained a high diversity of animal
pathogens including Coccidioides and Blastomyces parvus. Coccidioides sequences
were detected in 14 species, in relatively low abundance, and the presence of these
sequences did not correlate with shifts in the overall mycobiome. Using both clinical
and small mammal lung data, we can determine the distribution of Coccidioides in
New Mexico and the greater Southwest.
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PREFACE
My dissertation combines my passion for genetics and disease ecology to
elucidate understanding of the biology of Coccidioides and other known and potential
fungal pathogens of humans and animals. As is the case with many young people, my
initial interest in science arose from an interest in medicine. As an undergraduate at
Western Illinois University, I completed an honors thesis in mycology under the
guidance of Dr. Andrea Porras-Alfaro. I continued on to complete my master’s degree
studying antifungals produced by natural bacteria isolated from bats. The goal of that
research was to find bacteria with antifungal properties against Pseudogymnoascus
destructans, the causative agent of white-nose syndrome. Over my scientific career, I
have been fortunate to work with fungal mutualists, commensals, and pathogens of
rodents, bats, cranes, and humans, cementing my interests in medical mycology.
The inspiration for my dissertation research stemmed from the limited
knowledge of coccidioidomycosis or Valley Fever in New Mexico. The first chapter
of my dissertation reports phylogenetic analyses of human clinical isolates to
document the presence of both etiological agents of coccidioidomycosis in New
Mexico. In addition, this chapter reports a PCR-based tool that was designed to
differentiate rapidly between Coccidioides species and between Coccidioides and
other medically important Onygenalean fungi. I hypothesize that identification at the
species level might become important to diagnosis and treatment in the future.
The second chapter explores the current understanding of the mammalian lung
fungal microbiome (mycobiome), which has previously been informed mainly by
studies of human diseased lungs. It provides a review of the current status of research
regarding the lung mycobiome, it hypothesizes that species of Coccidioides and other
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fungi are adapted to be commensals of the lung mycobiome, and it presents a
framework for how to think about the different types of fungi in lungs.
My third chapter presents the results of a comprehensive study designed to
explore the mammalian lung mycobiome utilizing frozen lung tissues from
biorepositories. Sampling targeted small mammals in the Southwest United States
where species of Coccidioides are endemic. Utilizing both next-generation sequencing
and culturing approaches to survey fungi, I was able to document the presence and
frequency of Coccidioides and other fungal pathogens as well as other fungi that may
be a part of the lung mycobiome. This work supports the hypothesis that species of
Coccidioides are adapted to small-mammal lung tissues and expands this hypothesis
to other members of the Onygenales.

vi

TABLE OF CONTENTS
LIST OF FIGURES……………………………………………………………….......ix
LIST OF TABLES………………………………………………………………….....x
CHAPTER 1: FIRST ANALYSIS OF HUMAN COCCIDIOIDES ISOLATES
FROM NEW MEXICO AND THE SOUTHWEST FOUR CORNERS REGION:
IMPLICATIONS FOR THE DISTRIBUTIONS OF C. POSADASII AND C.
IMMITIS AND HUMAN GROUPS AT RISK
Introduction ................................................................................................................ 1
Materials and Methods ............................................................................................... 2
Sample Collection and Patient Information ........................................................... 2
Molecular Methods ................................................................................................ 4
Phylogenetic Analysis ............................................................................................ 5
Results ........................................................................................................................ 6
Discussion .................................................................................................................. 8
References ................................................................................................................. 9
CHAPTER 2: DECADES-OLD STUDIES OF FUNGI ASSOCIATED WITH
SMALL-MAMMALS AND MODERN DNA SEQUENCING APPROACHES
HELP DEFINE THE NATURE OF THE LUNG MYCOBIOME
Introduction ............................................................................................................. 12
Human lungs possess a mycobiome ........................................................................ 13
Into the wild: Fungi in the lungs of nonhuman mammals ....................................... 14
A proposed framework for thinking about the lung mycobiome ............................ 16
Museum collections will prove important ............................................................... 17
Can’t we all get a lung: Conclusions and questions for the future .......................... 17
Acknowledgments ................................................................................................... 17
References ............................................................................................................... 18

vii

CHAPTER 3: BREATHING CAN BE DANGEROUS: OPPORTUNISTIC FUNGAL
PATHOGENS AND THE DIVERSE COMMUNITY OF THE LUNG
MYCOBBIOME
Significance……………………………………………………………………… 21
Abstract………………………………………………………………………….. 21
Introduction……………………………………………………………………… 22
Results…………………………………………………………………………… 23
Confirmation of host identities………………………………………………23
Lung mycobiome community analysis………………………………………23
Coccidioides, Blastomyces parvus, and other Onygenales…………………. 28
Pneumocystidales diversity…………………………………………………. 30
Additional fungi cultured from lung tissues………………………………… 30
Discussion………………………………………………………………………... 30
Materials and Methods…………………………………………………………... 35
Tissue acquisition…………………………………………………………… 35
DNA purification from lung tissues………………………………………… 35
Host identifications…………………………………………………………. 35
Illumina library preparation and sequencing……………………………….. 36
Sequence processing………………………………………………………... 36
Community and spatial analyses…………………………………………… 36
Functional analyses………………………………………………………… 37
Alpha diversity………………………………………………………………37
Co-occurrence analysis………………………………………………………37
Phylogenetic analyses………………………………………………………. 37
Culture isolation…………………………………………………………….. 37
References……………………………………………………………………….. 38

viii

LIST OF FIGURES
CHAPTER 1
Figure 1. Four-gene phylogeny (DNAMLK) for clinical Coccidioides isolates
from New Mexico and the Four Corners region…………………………………. 6
Figure 2. An mtDNA region can be employed to distinguish between C. immitis
and C. posadasii using PCR…………………………………………………....... 7
CHAPTER 2
Figure 1. Small-mammal lung tissues showing fungal growth…………………..15
CHAPTER 3
Figure 1. Relationship between frequency (percent of lung samples) and total
reads for 762 OTUs………………………………………………………………25
Figure 2. RaxML maximum likelihood phylogenies for Onygenales (A) and
Pneumocystidales (B) ……………………………………………………………26
Figure 3. NMDS ordination of small-mammal samples from Kern County
California only (A), Sierra County New Mexico only (B), and all 199 smallmammalian lung samples………………………………………………………...27
Figure 4. Bar plot of Coccidioides positive and negative samples by species (A)
and by genus (B)…………………………………………………………………29
Figure 5. Sampling of small-mammalian lungs across the Southwestern U.S.
detect Coccidioides in wild animals…………………………………………..…30
Figure S1. Relative abundance of fungal trophic modes (A) and pooled animal
pathogen fungal guilds (B) using FUNGuild (Nguyen et al. 2016) for fungal OTU
assignments………………………………………………………………………44
Figure S2. Alpha diversity calculated by OTU richness showed no statistically
significant differences among host family (A), state (B), or collection year (C)..45
Figure S3. Rarefaction curves for fungal OTU richness given sampling effort for
199 small mammalian lung tissues………………………………………………46
Figure S4. NMDS ordinations of small-mammal samples were utilized to
visualize lung mycobiome composition among small mammals across time (year
collected, A), space (state, B), and host family (C) ……………………………. 47
Figure S5. Spatial structure was assessed using a Mantel correlogram (A) and
distance decay plot (B)………………………………………………………….. 48

ix

LIST OF TABLES
CHAPTER 1
Table 1. Isolate and patient information…………………………………………..3
Table 2. Primers used in gene amplification………………………………………4
Table 3. GenBank accession numbers for sequences employed in phylogenetic
analysis…………………………………………………………………………….5
CHAPTER 3
Table 1. Prevalence of major fungal taxa from ITS2 Illumina sequencing of 199
small-mammal lung samples……………………………………………………..24
Table S1. Samples from which frozen tissues were obtained for Illumina ITS2
sequencing………………………………………………………………………..49
Table S2. Coccidioides positive samples based on Illumina sequencing of the
fungal ribosomal ITS2 region……………………………………………………55
Table S3. Spearman correlations at different rarefaction depths of Illumina ITS2
sequences demonstrate no significant correlation between Blastomyces parvus
OTUs and Coccidioides OTUs ………………………………………………….56
Table S4. Fungi isolated from small rodent lungs in Kern County California..…57
Table S5. BLASTn searches of Eurotiomycetes OTUs demonstrate the lung
environment is enriched for Onygenales over outdoor environments …………..58

x

Journal of

Fungi
Article

First Analysis of Human Coccidioides Isolates from New
Mexico and the Southwest Four Corners Region:
Implications for the Distributions of C. posadasii and
C. immitis and Human Groups at Risk
Paris S. Hamm 1,Miriam I. Hutchison 1, Pascale Leonard 2, Sandra Melman 3 and Donald O. Natvig 1,*
Department of Biology, University of New Mexico, Albuquerque, NM 87131, USA
1

New Mexico Department of Health, Scientific Laboratory Division, 1101 Camino de Salud NE, Albuquerque,
NM 87102, USA

2

New Mexico Department of Health, Epidemiology and Response Division, Santa Fe, NM 87505, USA

*Correspondence: dnatvig@unm.edu; Tel.: +1-505-363-1911
Received: 9 July 2019; Accepted: 8 August 2019; Published: 10 August 2019

Abstract: Coccidioidomycosis (Valley Fever) is a disease caused by species of Coccidioides. The disease
isendemictoaridregionsoftheSouthwesternUSandwhilemostcommoninCAandAZisalsopresent in NM.
We present the first genetic analysis of clinical isolates from NM. Travel and demographic information
were available for a number of patients, which included individuals from NM and the Southwestern
US Four Corners region. Multi-gene phylogenetic analyses revealed the presence of both C. posadasii
and C. immitis. While NM is predicted to be within the endemic range for C. posadasii, our results
expand the known range of C. immitis, often considered to be the “California species”. Five of eight
infections for which patient ethnicity existed occurred in Native Americans, and two occurred in
African Americans. Several isolates came from the northwestern part of NM—outside the predicted
“highly-endemic” region. Our study suggests Native Americans represent an unrecognized at-risk
group, and it provides a foundation for better defining the geographic distribution of the Coccidioides
species and for preventing exposure among populations at risk. In the course of this study, we
developed a reliable PCR-based method to distinguish species targeting regions of the mitochondrial
genome.
Keywords: Coccidioides; coccidioidomycosis; New Mexico; American Indian; Valley Fever

1. Introduction
Coccidioidomycosis, commonly known as Valley Fever, is caused by the soil-dwelling fungi
Coccidioides immitis and C. posadasii. As is common for fungi that infect humans and animals, species
of Coccidioides are dimorphic in terms of their life cycle, growing saprobically as multicellular filaments
on non-living organic matter and, upon entry into a host lung, growing pathogenically in a yeast-like
spherule stage [1]. The endospores formed by spherules can disseminate within a host but are not
transmissible to new hosts. Outside a living host, species of Coccidioides form arthroconidia (asexual
spores) that can become airborne via soil disturbance and can be inhaled by potential hosts [2].
Although coccidioidomycosis presents in about 40% of patients as a pulmonary infection, a chronic and
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disseminated form of coccidioidomycosis, often resulting in lifelong treatment, occurs in roughly 5% of
patients [3,4].
Although arthroconidia can be detected in soil and in dust, the specific niches of Coccidioides
species are unknown [5]. The disease has been characterized as endemic to arid environments that
include the Southwestern United States, Central and South America and Mexico [6]. In the United
States, highly endemic hotspots have been documented in California and Arizona [7–9]. Although less
prevalent, Valley Fever is present in Nevada, Colorado, Texas, New Mexico, Utah and Washington state
[10–13].
Molecular and phenotypic analyses have resulted in Coccidioides being divided into two species:
C. immitis, known primarily from California, and C. posadasii, recognized originally as the non–California
group [6]. While clinical diagnosis and treatment of coccidioidomycosis have not depended on
identifying isolates to species, medical and scientific communities are becoming more cognizant of the
potential need to recognize previously undetected phenotypic, morphological, ecological, and genetic
differences between species. Multi-locus genetic analyses and whole-genome studies have attempted
to map the distribution of these species. To date, however, the isolates studied have been mainly
limited to California, Arizona, Central America, Mexico, and Texas [14,15], and the genetics of isolates
from New Mexico have not been examined. The study reported here employed genetic analyses of 18
isolates collected from patients diagnosed with coccidioidomycosis from diverse locations across New
Mexico and the Four Corners region. Although Southern New Mexico has been recognized as part of
the endemic region for Coccidioides [12,16], several of the isolates examined here were from Northern
and Central New Mexico, suggesting a broad range for Coccidioides that includes the Four Corners
region. Also noteworthy is the fact that isolates of both C. immitis and C. posadasii were obtained from
patients in New Mexico with C. immitis being obtained from a patient who resides in San Juan County,
NM.
The risk for coccidioidomycosis has been reported as much higher among some ethnic groups,
particularly African Americans and Filipinos [17]. In these ethnic groups, the risk for disseminated
coccidioidomycosis is ten-fold that of the general population [18]. Health records from patients in our
study suggest the possibility that Native American Indians represent an additional risk group for
disseminated disease.
2. Materials and Methods
2.1. Sample Collection and Patient Information
Eighteen human clinical specimens from seventeen patients diagnosed with coccidioidomycosis
obtained between 2013 and 2017 were submitted to the New Mexico Department of Health
(NMDOH) Scientific Laboratory Division (SLD). Coccidioidomycosis is a reportable condition in New
Mexico. The NMDOH collects information on all confirmed and probable cases (case status definitions
follow CSTE standards) who reside in New Mexico at the time of diagnosis to look for potential risk
factors via chart review and data extraction. When possible, patient information was noted with
specific interest in type of infection, residency, travel history, occupation, race/ethnicity, gender, age,
and medical history (Table 1).
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Table 1. Isolate and patient information.
Isolate

Isolate ID a County or State of Residency

Source Type of Infection

Age

Sex

Race/Ethnicity

Significant Past Medical History

Occupation

Travel History

C. immitis Isolates
NM3006

Ci

San Juan, NM

NM9443 b

Ci

Utah

NM9737 b

Ci

Utah

Bone
Vertebral osteomyelitis

American Indian

Yes

Railroad
employee

60

M

Ear

51

M

Unk c

Unk

Unk

None
Unk

Ear

51

M

Unk

Unk

Unk

Unk

66

M

Unk

Yes

Unk

C. posadasii Isolates
NM0369

Cp

Bernalillo, NM

Bronchial wash
Pulmonary infection

NM4233

Cp

Bernalillo, NM

Tissue
Pulmonary infection

NM9861

Cp

Bernalillo, NM

Tissue
Pulmonary infection

NM3894

Cp

Bernalillo, NM

NM0317

Cp

Chaves, NM

NM4297

Cp

Eddy, NM

Ear
Pulmonary infection and facial lesion
Sputum
Pulmonary infection

48

M

Unk

Yes

30

F

Unk

Yes

Unk

None

77

M

Unk

No

None

None

62

M

African
American

Yes

63

M

White

Yes

Mining
engineer

African
American

Yes

Incarcerated
patient

Nasal sputum
Pulmonary infection

28

M

NM0071

Cp

NM3957

Cp

McKinley, NM

Pleural fusion
Pulmonary infection

42

M

NM9837

Cp

McKinley, NM

Nasal sputum
Pulmonary infection

51

M

NM5945

Cp

McKinley, NM

48

F

NM4708

Cp

San Juan, NM

40

F

NM0459

Cp

Socorro, NM

50

F

NM7898

Cp

Torrance, NM

48

M

NM8725

Cp

New Mexico

Unk

Unk

NM8945

Cp

Lea, NM

Fluid
Knee infection

Arizona
a

Tissue
Pulmonary infection
Bronchial wash
Pulmonary infection
Tissue
Pulmonary infection
Bronchial lavage
Pulmonary infection
Fluid/Unk
Bone
Pulmonary infection in childhood; osteomyelitis
b

62

M

Unk
American Indian
American Indian

Yes

Retired. Prior
military in CA

Unk
Welder

None
Travel to Kansas
N/A
Unk
Recent work
Phoenix, AZ

Yes

Unk

None

Yes

Unk

None

Unk

Unk

Unk

None

Unk

Unk

Unk

Unk

Unk

Unk

Yes

Unk

None

American Indian

American Indian
c

Ci = C. immitis, Cp = C. posadasii; NM9443 and NM9737 were from the same patient; Unk = unknown.
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Unk

Rug merchant

None
Tucson, AZ, 3 wks
prior

Incarcerated
patient

None

2.2. Molecular Methods
DNA was extracted at the NMDOH SLD from Coccidioides isolates using the PrepMan® Ultra Reagent
method (Applied Biosystems, Foster City, CA) and stored at −80 ◦C until further processing. The DNA
extractions were transferred to the Natvig Laboratory at the University of New Mexico where a 1/10 DNA
dilution of each preparation was used for PCR amplification of three AFToL (Assembling the Fungal Tree of
Life)-designated nuclear gene regions in addition to a serine proteinase gene region diagnostic for species
(Table 2). For the serine proteinase, MCM7, and RPB1 genes, primers were designed to amplify and sequence
regions that we determined from comparisons of sequences in GenBank to be diagnostic in distinguishing
between the two Coccidioides species. Serine proteinase, specifically, was chosen as a target based on results
presented by Koufopanou et al. [19]. ITS amplification and sequencing involved the entire ITS1-5.8S rRNAITS2 region.
Table 2. Primers used in gene amplification.

’
’
’

’
’

’
’
’
’

’

’
’

’

a

This primer pair ampliﬁes an intron sequence from C. posadasii but not C. immitis (see Results). b This primer pair ampliﬁes a region
in both C. posadasii and C. immitis that includes a portion of the ﬁrst cox1 exon along with an upstream intergenic region (see
Section 3).

We designed a primer pair, with one primer anchored in a sequence unique to C. posadasii, to amplify
a mitochondrial intron sequence from C. posadasii but not C. immitis. A second primer set was designed to
amplify a portion of the first cox1 exon along with an upstream intergenic region in both Coccidioides
species but with the potential to differentiate Coccidioides from other Onygenales (Table 2).
All PCR reactions began with an initial step at 95 ◦ C for 5 min. This was followed by 35 cycles of 94 ◦ C
for 30 s, a gene-speciﬁc annealing temperature (Table 2) for 30 s, then 72 ◦ C for 45 s with a ﬁnal extension
at 72 ◦ C for 7 min. PCR products were cleaned with ExoSAP-IT (Thermo Fisher Scientific, Waltham, MA,
USA) before DNA sequencing using BigDye v3.1 (Applied Biosystems, Foster City, CA, USA) chain termination
with the Big Dye STeP protocol [20]. Forward and reverse sequences were assembled and edited with
Sequencher 5.1 (Gene Codes, Ann Arbor, MI, USA). Sequences were deposited in GenBank under accessions
MH748760–MH748777 for serine proteinase; MH748742–MH748759 for MCM7; MH748724–MH748741
for RPB1; and MH725244–MH725261 for ITS (Table 3).
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Table 3. GenBank accession numbers for sequences employed in phylogenetic analysis.

NM3006

Sequences from New Mexico and Four Corners Region Coccidioides Isolates (This Study)
MH725248
MH748764
MH748742
MH748724

NM9443
NM9737
NM0071
NM0317
NM0369
NM0459
NM3894
NM3957
NM4233
NM4297
NM4708
NM5945
NM7898
NM8725
NM8945
NM9837
NM9861

MH725258
MH725259
MH725244
MH725245
MH725246
MH725247
MH725249
MH725250
MH725251
MH725252
MH725253
MH725254
MH725255
MH725256
MH725257
MH725260
MH725261

MH748774
MH748775
MH748760
MH748761
MH748762
MH748763
MH748765
MH748766
MH748767
MH748768
MH748769
MH748770
MH748771
MH748772
MH748773
MH748776
MH748777

MH748757
MH748758
MH748749
MH748748
MH748759
MH748746
MH748754
MH748756
MH748743
MH748752
MH748744
MH748751
MH748747
MH748755
MH748750
MH748745
MH748753

MH748739
MH748740
MH748731
MH748730
MH748741
MH748728
MH748736
MH748738
MH748725
MH748734
MH748726
MH748733
MH748729
MH748737
MH748732
MH748727
MH748735

Sequences from Existing GenBank Coccidioides Entries
RMSCC 2394

AATX01000513.1
224–846

AATX01000326.1
35438–36110

AATX01000203.1
43422–44141

AATX01000264.1
433820–434247

H538.4

AASO01000085.1
10339–10766

AASO01002025.1
35115–35787

AASO01002210.1
4641–5360

AASO01003054.1
10945–11568

RS

AAEC03000009.1
4725–5351

AAEC03000008.1
2537048–2537720

AAEC03000005.1
3687326–3688045

AAEC03000010.1
828825–829252

CPA 0020

ABIV01003320.1
16973–17598

ABIV01000896.1
3088–3760

ABIV01000569.1
311–1030

ABIV01001762.1
5431–5860

ABFO01003353.1
CPA 0001

2878–3503

ABFO01000797.1
665–1337

ABFO01001238.1
1–346 a
ABFO01001237.1
12376–12757 a

ABFO01003988.1
6129–6558

RMSCC 3700

ABFN01001891.1
3121–3746

ABFN01000336.1
1–638

ABFN01000290.1
5242–5961

ABFN01001137.1
412–841

RMSCC 2133

ABFM01000924.1
22927–23552

ABFM01000717.1
3481–4153

ABFM01000464.1
1904–1262

ABFM01000297.1
6563–6992

RMSCC 3488

ABBB01000249.1
33179–33804

ABBB01000240.1
371029–371701

ABBB01000156.1
145000–145719

ABBB01000255.1
527482–527911

Silveira

KM588216.1

ABAI02000152.1
34354–35026

ABAI02000361.1
12054–12773

ABAI02000102.1
54472–54901

Sequences from Existing GenBank Aspergillus steynii Entries
IBT 23096
a

MSFO01000033.1
3264–2712

MSFO01000001.1
3181742–3182796

MSFO01000005.1
1831768–1834777

MSFO01000005.1 2
491035–2491482

The complete CPA0001 MCM7 gene is split across two contig accessions.

2.3. Phylogenetic Analysis
Sequences for the four gene regions were aligned individually using Clustal Omega version 1.2.45 [21].
For outgroup sequences, each alignment included the appropriate homologous gene region from
Aspergillus steynii from the GenBank accessions (Table 3). This species was chosen as an outgroup because
it had a clear homolog for each of the four gene regions examined. The serine proteinase in particular,
appears to undergo rapid evolution and perhaps gene loss, and as a result, it was difficult to identify clear
orthologs in many other species of Eurotiomycetes.
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Tree-building analyses employed maximum likelihood analysis with PHYLIP (version 3.695) DNAMLK
and parsimony analysis with PHYLIP DNAPARS [22]. In each case, tree building employed 1000 bootstrap
datasets. Analyses were done on each of the four gene alignments separately, as well as on a
concatenated alignment of all four genes. The concatenated alignment has been deposited at TreeBase
(Submission ID 24737).
2.4. Ethics Statement
All patient data analyzed for this study were anonymized.
3. Results
All four gene regions examined were capable of distinguishing between the two Coccidioides species,
based on comparisons with sequences reported in Genbank. Three of the isolates were revealed to be C.
immitis, while the remaining 15 were C. posadasii. Isolates NM3006, NM9443, and NM9737 were clustered
together as a C. immitis clade in single-locus trees and in the concatenated four-gene phylogeny (Figure 1
and Figure S1). Both NM9443 and NM9737 came from a single patient in Utah whose type of infection was
unknown (Table 1). Isolate NM3006 was from a 60-year-old male from San Juan County, New Mexico, with
disco-vertebral osteomyelitis due to C. immitis. Human coccidioidomycosis due to C. posadasii was
represented by twelve cases of pulmonary infections (one also had a facial lesion), one of osteomyelitis,
and one knee infection. The type of infection associated with the remaining patient was unknown (Table
1). Five of eight infections for which patient ethnicity was known occurred in Native Americans, while two
of the eight occurred in African Americans (Table 1).

Figure 1. Four-gene phylogeny (DNAMLK) for clinical Coccidioides isolates from New Mexico and the Four Corners
region. The tree was derived from a concatenated alignment of partial sequences from four gene regions: Serine
protease, MCM7, RPB1, and ITS; trees for individual genes are shown in Figure S1 (with all four genes agreeing in
terms of species separation). Both C. posadasii and C. immitis isolates were present among those obtained from
patients in New Mexico (shown in red). As expected, based on previous analyses of isolates from California,
Arizona and Texas, most NM isolates were from C. posadasii (C. immitis being known primarily from CA). One
patient infected with C. immitis (isolates NM9443 and NM9737) was a resident of the Four Corners region of
Utah, while another (isolate NM3006) was from the Four Corners region of NM with no apparent travel history
to California. GenBank accession numbers are given in Table 3. Bootstrap values (percentage of 1000 replicates)
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greater than 60% are shown for maximum likelihood analysis above the branches and for parsimony analysis
below the branches. The tree was rooted with Aspergillus steynii. Maximum likelihood and parsimony analyses
performed without sequences from A. steynii, and employing midpoint rooting, separated C. immitis and C.
posadasii clades with 100% bootstrap support and placed the root between the two species (results not shown).
Arrows indicate branches leading to isolates with identical sequences.

In addition to the four nuclear genes examined, we explored the possibility that mitochondrial DNA
(mtDNA) regions might be useful in distinguishing between C. immitis and C. posadasii. In comparisons of
the sequences available in GenBank, it appeared that the first intron of the cytochrome c oxidase I (cox1)
gene possesses a large insertion/deletion that separates the two species. This allowed the design of PCR
primers that resulted in amplification of a sequence in all 15 C. posadasii isolates but not isolates of C.
immitis (Figure 2).

Figure 2. An mtDNA region can be employed to distinguish between C. immitis and C. posadasii using PCR. (A)
Summary results from a BLASTN search employing the cox1 mtDNA region from C. posadasii strain C735 delta
SOWgp (GenBank: ACFW01000039). Cp = hits against C. posadasii sequences, Ci = hits against C.immitis, and Onyg
= hits against other Onygenales (Microsporumcanis CBS 113480, Trichophyton interdigitale M8436, Trichophyton
mentagrophytes TIMM 2789, and Trichophyton interdigitale H6). Note that the gap in the intron of C. immitis
relative to C. posadasii represents a large indel. The intergenic region (intg) between the histidine tRNA and cox1
is conserved between the two Coccidioides species but not between the latter and other Onygenales. The
sequence corresponding to primer P1F is present in both Coccidioides species but not in other genera for which
sequences are currently available in Genbank. The P1R sequence is contained within the first cox1 exon and is
conserved in both species. The P2F primer sequence is entirely absent from C. immitis. The P2R primer sequence
is wholly contained within the C. posadasii intron but spans the predicted exon–intron border of C. immitis. (B)
Primer pair P1F/P1R amplifies a fragment from both C. immitis and C. posadasii (Aspergillus fumigatus, Af,
included as negative control). Primer pair P2F/P2R amplifies a fragment from C. posadasii only (although this
fragment was amplified in all 15 C. posadasii strains, results are shown for only three strains.
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4. Discussion
The isolates employed in this study came from individuals across New Mexico, with several isolates
coming from the northwestern part of the State (San Juan County, NM, USA; Table 1). This is a surprising
result given that species of Coccidioides are expected to occur primarily in the southern portions of New
Mexico, where the environment is similar to the Sonoran Desert regions of Arizona and California. Although
14 of the 15 patients who were infected with C. posadasii were residents of New Mexico, two reported
recent travel to Arizona (Table 1). New Mexico sees far fewer cases of coccidioidomycosis than its neighbor
Arizona (approximately 47 cases/yr compared to 9680 cases/yr from 2008–2014) [23]. There are three nonmutually-exclusive possible reasons for this: (1) physicians in New Mexico do not have a thorough
understanding of the disease for diagnosis and treatment, (2) Coccidioides is most common in less
populated areas of the state, and/or (3) the low human population density across most portions of the state
means that there are fewer targets for infection and less human-caused soil disturbance on a wide scale (a
known factor in generating the airborne spores that cause infections). From a Knowledge, Attitudes, and
Practices Survey of New Mexican physicians in 2010, 72% were not confident in their ability to diagnose
and 70% were not confident in their ability to treat coccidioidomycosis. There is a clear need for an
increased understanding of disease ecology, including the environmental conditions related both to where
the fungus grows and factors that aid in dispersion to better inform our healthcare professionals of the
distribution in New Mexico. An increased awareness will help avoid complications from delayed diagnosis
and inappropriate treatment that can result in severe disease progression and even death. This point is
driven home by a news report of several recent severe cases of human coccidioidomycosis in Southern New
Mexico, all of which resulted in delayed diagnosis that prevented timely treatment [24].
Native Americans and African Americans represent only 11% and 2.5% of the population of New
Mexico, respectively [25], so it was surprising to see five of eight infections for which patient ethnicity was
known occurred in Native Americans, and two of the eight occurred in African Americans (Table 1). The
increased risk for coccidioidomycosis among African Americans is well known [26]. The risk among
Native Americans is not documented in the literature. Although one study [27] found Southwest Native
Americans in regions of high Coccidoides endemism (Lower Sonoran desert) to have high rates of positive
response to coccidioidin skin tests, that study did not find that rates were higher than for non-Native
Americans in the same region. A separate study found a possible correlation between diabetes and
coccidioidomycosis-associated death among Native Americans [28]. We acknowledge that any or all of
multiple factors could contribute to increased risk of coccidioidomycosis. These include living in remote
rural areas with high airborne dust loads, working in agriculture or construction, as well as comorbidities
such as diabetes and other health conditions. Nonetheless, our results suggest a need for health
professionals in New Mexico and the Four Corners region to be aware of potential at-risk groups, as well as
a need for a better understanding of locations of Coccidioides endemism.
Coccidioidomycosis incidence is on the rise in highly endemic areas such as Arizona and California and
in more sparsely populated reporting regions including New Mexico, Nevada, and Utah [11]. One reason
for this increase may be that clinicians are becoming more aware of the disease. Other hypotheses include
changes in testing practices, increased travel or relocation to endemic areas, and/or growth of the “at-risk”
immunosuppressed population (although coccidioidomycosis can infect healthy individuals). Climatic
factors, such as temperature and moisture, in addition to increases in human activities such as construction
that produce dust from soil disturbance, can result in increased spore dispersal [29]. Our genetic analysis
of isolates collected from patients diagnosed with coccidioidomycosis in New Mexico provides a foundation
for future exploration of distribution, incidence, and susceptibility of patients in New Mexico and the
American Southwest Four Corners region.
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Because C. immitis has been considered to be the “California species” and the vast majority of C.
immitis infections occur in California, the presence of C. immitis among our isolates was unexpected.
The reported range for C. immitis does, however, include locations in Washington state and Northeastern
Utah [13,30]. Acknowledging that the C. immitis isolates we examined could reflect infections acquired as
a result of travel outside the Four-Corners region, it is entirely possible that the range of C. immitis includes
Southern Utah and/or Northern New Mexico. Related to the question of species distributions, we note that
although hybridization between C. immitis and C. posadasii has been reported [31,32], the fact that all four
nuclear genes and the mitochondrial region examined for our isolates agreed in terms of species
separations would suggest that any introgression of genes across species would be minimal for the isolates
we examined.
Our observation that C. immitis was present among isolates obtained from patients in New Mexico
argues that it is important for health professionals and researchers to have rapid methods to distinguish
between the two species. This is true in part because, while differences in distribution of the two species
have become increasingly clear in the past decade, the ecological niche difference between the species is
unknown [33,34]. Although physicians do not currently rely on speciation for diagnosis and treatment,
this may well change in the future with the increasing discovery of genetic and phenotypic differences
between the species. For example, C. immitis has a tendency to grow faster than C. posadasii on high-salt
media [6], which suggests there may be other growth differences in physiology that affect virulence and
ecology. Rapid methods to distinguish between the two Coccidioides species such as the PCR-based
method we employed here with mtDNA, along with similar methods that can be used to detect species of
Coccidioides in environmental DNA samples, should prove valuable in future studies. Given the reported
hybridization between C. immitis and C. posadasii cited above [31,32], we acknowledge that species
assignments made based on a single gene region should be viewed as tentative.
Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/2309-608X/5/3/74/s1.
Figure S1. Phylogenetic trees for individual gene regions: Serine protease, MCM7, RPB1, and ITS.
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Introduction
The vertebrate lung is the organ with the largest
surface area presented to the external environment. The
combined alveolar surface area of both adult human
lungs is about 100 m2 [1], and typically 10,000 to
20,000 liters of air are inhaled per day [2]. Coupled
with the fact that fungal spore densities of 10 to 50
spores per liter of air are common [3, 4], the average
person inhales up to 100,000 or more fungal spores
daily. Lung surface areas and inhalation volumes for
small mammals are comparable to those of humans
when scaled for size. Moreover, many small mammals
live in microenvironments (notably burrows and
understories) where they are exposed to high densities
of airborne spores derived from the growth of fungi on
substrates in soil and litter. While lung tissues have
physical and immunological defenses against infection,
it is also the case that the air and blood-vessel interface
is by necessity fragile. Taken together, these factors
make it unsurprising that many fungi have adaptations
that permit commensal, pathogenic, and perhaps, yet to
be discovered, mutualistic relationships with lungs.
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The title of this article references the fact that the study of interactions between lungs
and certain fungi began in the first half of the 20th century. As we discuss here, modern
molecular methods combined with culture-based approaches are revealing that lung
mycobiomics is a field rich in opportunities for studying interactions of fungi across the
vertebrate tree of life. Moreover, next-generation sequencing efforts now provide
important new contexts for the study of lung-inhabiting fungi that began more than seven
decades ago. Here, we briefly cover the historical context of the lung mycobiome, discuss
future directions and questions, and propose that the lung mycobiome may form a
reservoir for opportunistic fungal mycoses caused by commensal lung-adapted fungi. We
discuss the following points: (1) Human lungs have a mycobiome. (2) Lungs of
nonhuman mammals commonly possess a diversity of fungi. (3) Studies of fungi
associated with lungs have implications for the ecology, distribution, and pathogenicity
of specific fungi, especially members of the Onygenales and species of Pneumocystis. (4)
A framework is needed to distinguish among lung-adapted fungi (some of which can be
opportunistic pathogens), members of the general mammalian mycobiome, and fungi that
are present in lungs because of incidental inhalation. (5) Museum research collections
provide an important resource for addressing these issues.
Human lungs possess a mycobiome
The Human Microbiome Project launched by the National Institutes of Health (NIH)
in 2007 ultimately resulted in recognition that microbes can alter the physiology,
immunity, and neurological development of their hosts [5]. The traditional thought that
lung tissues are sterile, left unchallenged by the difficulties of sampling lungs, resulted in
lung microbiome studies lagging other aspects of human microbiomics. Innovations in
specimen collection and advances in deep sequencing and bioinformatics have now
established a genuine lung microbiome [6]. Studies of the lung microbiome have focused
primarily on bacteria, but studies of the fungal component of the lung microbiome
(mycobiome) are beginning to emerge.
Initial investigations of the human lung mycobiome involved individuals with lung
diseases such as cystic fibrosis (CF) [7], asthma, and chronic obstructive pulmonary
disease. From these studies, it appears that the mycobiome of unhealthy lungs can
become dominated by one or few fungal species but may have a greater fungal burden
[8]. Species of Candida, especially Candida albicans, can be dominant fungi in the lungs
of CF patients and are associated with reduced lung function [9, 10]. Species of
Malassezia were broadly detected in CF samples but at levels 10-fold to 50-fold lower
than Candida [11]. Malassezia species have similarly been found in the lungs of
asthmatic patients [12] and healthy individuals [8] and may be commonplace in the lungs.
In addition, dominant fungal taxa associated with the lungs of healthy individuals include
species of Cladosporium, Aspergillus, and Penicillium [12, 13]. Analyses of sputum
samples from both diseased and healthy human airways have indicated a fungal
community composed largely of transient species, suggesting that the majority of fungi in
such samples represent recent inhalation rather than colonization [14, 15]. It is possible,
however, that fungal colonization of airways is somewhat stochastic, resulting in the
appearance of transient inhalation effects when colonization has in fact occurred. It is also
the case that sputum samples might fail to sample fungi that are deeply invasive in lung
tissue.
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Several fungi deserve special attention in the context of lungs. These include species of
Pneumocystis, which are obligate lung commensals detected in 20 to 60% of human
lungs [16, 17], Aspergillus fumigatus, which is the primary cause of aspergillosis, and
members of the order Onygenales. Medically important members of the Onygenales
include species of Coccidioides, Paracoccidioides, Blastomyces, Emmonsia, and
Histoplasma as well as members of a newly described genus, Emergomyces [18, 19].
While members of these groups are often associated with some type of pathology, it is
now a legitimate question whether many of them are part of a normal lung mycobiome.
Into the wild: Fungi in the lungs of nonhuman mammals
While the full mycobiome of nonhuman mammals has not been studied, such studies
hold substantial promise for investigating the diversity and adaptations of fungi that occur
in mammalian lungs. More than one-half century before interest in the human
microbiome, several scientists systematically explored the microbiology of the vertebrate
lung in rodents, rabbits, and carnivores in the context of pulmonary diseases. These
studies strongly influenced our understanding of lung pathogens, their distributions, and
life cycles. What these early studies missed was the fact that the lung is a
microenvironment rich in microorganisms, many of which appear to be adapted to persist
there. Similarly, mycobiome studies of humans stand to be informed by studies of wild
rodents and other nonhuman mammals, in part because of limitations of sampling and
sequencing approaches available for human studies (reviewed by [20]), but also because
comparative analyses can help reveal long-term coevolutionary relationships.
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Fig 1. Small-mammal lung tissues showing fungal growth. (A) Lung from Peromyscus sp. collected in the vicinity of
San Carlos, Arizona, with fungal lesions believed to be Emmonsia parva (Blastomyces parvus), reproduced from Emmons and
Ashburn [21]. (B) Fungal hyphae in lung tissue from apparently healthy Dipodomys heermanni collected in Kern County, California,
(MVZ:239394) from which E. parva was recovered in pure culture. The lung fragment shown was incubated for 48 hours on water
agar with tetracycline (10 mg/ml) and chloramphenicol (50 mg/ml). The fungal growth shown in B is typical for small-mammal lungs
we have examined from diverse species. Segments of any given lung plated on growth medium will often result in growth of multiple
fungal species. The image shown in A is from Public Health Reports (volume 57) and is in the public domain.

https://doi.org/10.1371/journal.ppat.1008684.g001

In the 1940s and 1950s, culture-based and histopathological studies led by Chester
Emmons identified and characterized two fungi from the lungs of mammals in Arizona
(Fig 1). These fungi were known at the time as Haplosporangium parvum and
Coccidiodies immitis [21]. These studies were followed by additional studies of H.
parvum across the United States and Canada [22, 23], resulting in the recovery of
pulmonary fungi from a number of deer mice (Peromyscus), pocket mice (Perognathus
and Chaetodipus), woodrats (Neotoma), red squirrel (Tamiasciurus), beaver (Castor
canadensis), cottontail rabbit (Sylvilagus), pika (Ochotona princeps), skunk (Mephitis),
marten (Martes americana), and weasels (Mustela frenata and one M. erminea) [21–23].
Haplosporangium parva was later renamed Emmonsia parva [24] and, recently, is
considered as a member of the genus Blastomyces (as Blastomyces parvus) [18]. C.
immitis was later divided into two species, C. immitis and C. posadasii, with C. posadasii
most common in Arizona and other locations outside California [25].
Onygenealan fungi emerged as presumed highly adapted pathogens of animal hosts
approximately 150 million years ago [26]. Most or all appear capable of saprobic growth
at some stage of their life cycle, ultimately producing spores that can be inhaled by a
susceptible host, then switching to pathogenic forms (yeast-like stages, spherules, and
adiaspores). Recently, Taylor and Barker [27] reviewed modern studies that support
Emmons’ hypothesis [28, 29] that small mammals provide an environmental reservoir for
species of Coccidioides as an endozoan commensal that then becomes a saprobe taking
advantage of soil disturbance for wind dispersal. This hypothesis is supported in part by
the fact that Coccidioides genomes have a reduced number of genes associated with plant
cell-wall degradation and an increased number of genes associated with animal
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pathogenesis [26]. The hypothesis is also supported by growth studies of a close
Coccidioides relative, Uncinocarpus reesei, which both shares the gene family expansions
and contractions seen in Coccidioides and exhibits a preference for proteinaceous growth
substrates over carbohydrates [30].
Historical and recent studies suggest that this hypothesis should be expanded to include
other members of the Onygenales, such as E. parva (B. parvus) and members of the genus
Emergomyces as well as other fungi that appear to be adapted for the lung mycobiome,
including the special case of species of Pneumocystis. Because many of these fungi are
known for their ability to cause opportunistic infections, from one point of view they
could be considered to be commensal organisms with the potential to become pathogenic
in hosts that become immune compromised or are otherwise weakened by comorbidities.
An alternative interesting possibility is that these fungi are actually part of a community
of organisms that coexist with host tissues and provide defenses against other infectious
agents. In this context we note that although members of the Onygenales appear not to
have been extensively studied in terms of antimicrobial compounds, reports of
biologically active secondary metabolites, including compounds with antifungal
activities, do exist [e.g., 31].
Perhaps the most exquisitely adapted members of lung mycobiomes, species of
Pneumocystis are widespread among mammals, are specifically adapted to lung tissues,
and exhibit host specificity. Co-evolution between mammalian hosts and species of
Pneumocystis has been shown for humans, nonhuman primates, and bats [32–34]. Studies
of such Pneumocystis-host associations have the potential to provide insights for
transmission, phylogenetic relationships, and cell biology.
A proposed framework for thinking about the lung mycobiome
Among the fungi observed in lung tissues, it is possible to conceive of three broad
categories of fungi found in lungs of healthy mammals: (1) fungal cells that result from
incidental inhalation, arguably not part of the true mycobiome; (2) fungi adapted to be
part of the normal mammalian mycobiome but are not specialized for specific tissues;
and 3) fungi evolved to inhabit lung tissues, whether as commensals, mutualists, or
pathogens. Fungi that produce abundant quantities of airborne spores, such as the conidia
of Cladosporium, Aspergillus, and Penicillium, or basidiospores of Agaricales [35, 36], are
candidates for the first group. The second group might well include species of Candida
and Malassezia, which are common members of the human mycobiome occurring in
association with skin [37–39]. Species of Pneumocystis, long evolved symbionts that can
be viewed as either commensals or opportunistic pathogens, easily belong in the third
category; and multiple members of the Onygenales likely belong there as well. When the
immune system of the human host is suppressed or compromised (e.g., asthmatics, CF,
cancer treatment, and organ transplant), fungi that normally inhabit group one, for
example A. fumigatus, can become life-threatening pathogens and constitute an
additional group of opportunistic lung pathogens [40]. Teasing apart the differences and
overlaps among these categories in wild animals can at least begin with molecular
surveys that determine which fungal sequences are recovered repeatedly from lungs of
animals. Ultimately, it will be valuable to compare the results from such surveys with
those obtaining airborne fungi in the same geographic area, and with those of different
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host characteristics (species, age, sex, diet, genetics, and comorbidities) to understand
fungal–host community interactions.
Museum collections will prove important
Natural history collections are proving extremely useful to the goal of characterizing
the mammalian lung mycobiome. More generally, these collections represent essential
infrastructure for research, training, and education that continue to play vital roles in
long-established fields (biodiversity discovery, systematics, and evolution), while now
contributing to new research areas (genomics, stable isotopes, and pathogen research
[41]). Next-generation sequencing paired with culture-based approaches and modern
methods in cell biology allow a holistic approach for studying the mycocosm of the lung
and for discovery of a diverse array of parasites and zoonotic pathogens. Museum
collections can help address mycobiome questions related to spatial or temporal changes,
community composition, host specificity (e.g., species), and individual variation (e.g.,
age, sex, diet, genetics, and comorbidities). For example, the geographical and
chronological emergence of the chytrid fungus Batrachochytrium dendrobatidis in
amphibians was documented using museum collections [42]. Likewise, museum
specimens of bats collected prior to the emergence of white-nose syndrome caused by the
fungus Pseudogymnoascus destructans have provided insights into the history [43]. The
high frequency of detection of Pneumocystis in the autopsied lungs of humans [17]
supports the hypothesis that frozen lung samples from nonhuman specimens in museum
collections will prove valuable to studies of Pneumocystis and other members of the lung
mycobiome. In this context we note that the Museum of Southwestern Biology at the
University of New Mexico and the Museum of Vertebrate Zoology at the University of
California, Berkeley, hold large ultrafrozen tissue collections of wild mammals [44] that
are facilitating new avenues of research in pathobiology [45–47].
Can’t we all get a lung: Conclusions and questions for the future
Recent studies point to the existence of a lung microbiome with a mycobiome
component. The lung mycobiome community in small mammals appears to include,
typically or often, members of the Onygenales, a conclusion where modern sequencing
studies and decades-old culture studies now meet. Many questions remain: How do lung
mycobiomes differ across mammalian species and larger vertebrate groups (mammals
versus birds versus amniotes)? What roles do geography and climate play? Where are
fungi located within diverse lung tissues? Which fungi are simply in transit, which are
coevolved or mutualistic symbionts, and which cause disease? What proportion of
debilitating fungal lung infections arise from fungi that were already present in
previously healthy individuals? What specific adaptations allow lung-inhabiting fungi to
survive in a hostile immune environment? What role do wild vertebrates play in dispersal
or as zoonotic reservoirs of these fungi? And finally, do lung fungal communities provide
benefits to animal hosts?
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Significance
The lungs of small mammals harbor diverse fungi including many common in the
environment (e.g. Penicillium and Aspergillus species), others associated with the human
mycobiome (e.g. Malassezia and Candida species), and still others specifically adapted to
inhabit lung tissue (e.g. Coccidioides, Blastomyces and Pneumocystis species). Sequences
from members of the Onygenales were detected in 92% of 199 lung samples from small
mammals of the Southwestern U.S. These included sequences from Coccidioides species,
which cause coccidioidomycosis (Valley Fever), detected in 24 (12%) samples, as well as
Blastomyces parvus (85% of samples). Coccidioides sequences were in low abundance
and we found no evidence that their presence disrupts the normal lung mycobiome.
Additionally, a high percentage of Pneumocystis sequences were detected (83%). Our
results support the hypothesis that members of the Onygenales and Pneumocystidales,
commonly viewed as pathogens, are often benign commensals adapted to the lung
environment.
Abstract
Studies of the lung mycobiome to date have focused primarily on humans, and
sampling has typically involved bronchoalveolar lavage or sputum samples, potentially
overlooking fungi or fungal sequences embedded in lung tissue. Utilizing ultra-frozen
lung tissue from museum biorepositories, we obtained Illumina ITS2 sequences for 199
small mammals collected in the southwestern U.S. Lung mycobiome community analyses
revealed a diversity of potentially incidental or transient species as well as members
within the orders Onygenales, Pneumocystidales, Malasseziales, and Saccharomycetales
that are likely adapted to inhabit lung tissue. Pneumocystidales sequences were present in
83% of lung samples and in general exhibited phylogenetic congruence with animal
lineages. Within the Onygenales, there was a high diversity of potential animal
pathogens. Coccidioides, the cause of Valley Fever, was found in 12% of the samples,
and Blastomyces parvus, the cause of adiaspiromycosis, was found in 85% of the
samples. In total, more than 90% of lung tissues possessed sequences of one or more
Onygenalean fungi. Coccidioides sequences were detected in 14 different mammalian
species, in relatively low abundance, and the presence of these sequences did not
correlate with shifts in the overall mycobiome community. While very common among in
our small-mammal lung samples, sequences from members of the Onygenales are not
common in environmental surveys. Our results indicate that lungs constitute a fungal rich
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environment. Our results further suggest that along with Pneumocystidales, Coccidioides
and other Onygenalean fungi are common commensal members of the mammalian
mycobiome persisting in the lung environment.
Introduction
Human lungs are estimated to inhale 500 to 100,000 fungal spores per day
depending on local environmental conditions (1, 2). Substantial attention has been paid to
mechanisms fungi use to avoid the immune response that lungs can mount against
pathogens (e.g. 3–5). Only recently, however, has it been suggested that healthy lungs
may harbor as many fungi as lungs diagnosed with overt infections (6), but it remains
unclear which fungi in healthy lung tissues present transiently as a result of spore
inhalations and which fungi survive as commensals, pathogens, or mutualists.
Once thought to represent a sterile tissue, the lung is now known to possess a
microbiome, including a fungal component, the mycobiome (2). Studies of the human
lung mycobiome have been limited, with samples typically derived from sputum or
bronchoalveolar lavage rather than from actual tissues. Previous studies typically focused
on diseased lungs (7, 8), so knowledge of the human lung mycobiome and more broadly
the mammalian lung mycobiome remains limited.
Museum collections provide opportunities to study animal-microbe interactions
across broad spatial scales and temporal archives (9–12). Here, we utilized both
molecular and culturing methods on ultra-frozen lung tissues from museum collections to
characterize the lung mycobiome of various wild small mammals. Lung samples were
chosen to represent the species diversity from arid environments across the southwestern
United States, in part to determine whether such frozen tissues would help define the
range and host species of Coccidioides, the causative agent of coccidioidomycosis
(Valley Fever).
Long before the advent of modern molecular methods there were indications in
the 1940s and 1950s that apparently healthy mammals frequently harbor living fungi in
lung tissues. The evidence for this arose in part from attempts by Dr. C. W. Emmons (13,
14) to determine whether rodents serve as natural reservoirs for coccidioidomycosis.
Those studies demonstrated a relatively high incidence of Coccidioides among specific
rodent hosts at certain localities (15% of pocket mice and 17% kangaroo rats at San
Carlos Indian Reservation, San Carlos, Arizona, 13). Moreover, these and other studies
demonstrated that a related fungus, now generally known as Blastomyces parvus
(previously Haplosporangium parvum or Emmonsia parva), was detected even more
frequently in mammalian lung tissues of a wide variety of mammalian hosts (13, 15, 16).
Species of Pneumocystis represent a special case in the context of the lung
mycobiome, because they are obligately symbiotic lung fungi. They are broadly
distributed across mammals, and it has been suggested that each mammalian species has
at least one host-specific species of Pneumocystis (17). Molecular surveys for
Pneumocystis in domesticated animals and wildlife have used targeted PCR approaches,
and success rates have been mixed depending on the animal species targeted (17–19). We
report that high-throughput sequencing targeting fungal ITS sequences identifies this
group at high frequency (83%) among diverse and widely distributed small mammals.
This approach also provides preliminary information regarding specific fungal-host
associations and coevolutionary histories for this group.
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Our molecular study also expands the results of early lung studies with
respect to Coccidioides and Blastomyces and demonstrates that mammalian lung tissues
host a diverse mycobiome, with many species either known or now appearing to be
adapted to the lung environment. Our results further indicate that along with
Pneumocystidales members of the Onygenales, Malasseziales, and Saccharomycetales
are common constituents of the natural lung mycobiome. We hypothesize that members
of all four orders are typically benign commensals rather than aggressive opportunistic
pathogens and that the lung mycobiome provides an excellent opportunity to better
understand the evolution of commensalism or pathogenicity.
Results
Confirmation of host identities. Because species designations that accompany
most museum specimens are initially morphology based, we sequenced a region of the
mitochondrial cytochrome b (cyt b) gene to test mammalian host identities. We
successfully captured mitochondrial cyt b sequences, a common molecular barcode, from
156 of 199 samples to confirm or correct host identifications. We found that 22 of the
frozen tissue samples had incorrect initial species designations. All analyses presented
here reflect species designations based on cyt b sequences (SI Appendix, Table S1).
Lung mycobiome community analysis. We employed Illumina sequencing that
targeted the fungal ribosomal RNA ITS2 region for fungal community analyses.
Processing of ITS2 sequences with UPARSE of 199 small-mammalian lung samples
produced a total of 16,515,699 sequences clustered into 762 operational taxonomic units
(OTUs). The average number of fungal OTUs per samples was 43.7. Ascomycota (48%)
and Basidiomycota (20%) were the dominant phyla with only a few OTUs from
Mucoromycota (3%). Twenty-nine percent of the OTUs could not be identified to
phylum using either NCBI or UNITE databases. Among the most abundant and frequent
OTUs were members of the Eurotiomycetes (Aspergillus, Penicillium, and Blastomyces),
Sordariomycetes (Sordariaceae), Pneumocystidomycetes (Pneumocystis),
Dothideomycetes (Alternaria, Curvularia, and Aureobasidium), Saccharomycetes
(Candida and Geotrichum) and Malasseziomycetes (Malassezia) (Table 1). There was a
strong correlation between OTU frequency (percentage of samples with a given OTU)
and abundance (sequence read numbers for a given OTU) (Figure 1).
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Table 1. Prevalence of major fungal taxa from ITS2 Illumina sequencing of 199 smallmammal lung samples. OTUs of the same genus were combined to determine the percentage of
samples in which they were observed, and those in greater than 10% of the samples are displayed.
Phylum
Class
Order (total OTUs)
Genera
%b
Ascomycota
Eurotiomycetes
Eurotiales (36)
99%
Penicillium
93%
Aspergillus
93%
Thermomyces
42%
Rasamsonia
19%
Onygenales (19)
92%
Blastomyces
85%
Emmonsiellopsis 22%
Auxarthron
20%
Emmonsia
16%
Coccidioides
12%
Sordariomycetes
Sordariales (20)
98%
Sordariaceaea
94%
Btryotrichum
34%
Canariomyces
32%
Pneumocystidomycetes Pneumocystidales (21) Pneumocystis
83%
Dothideomycetes
Pleosporales (45)
98%
Alternaria
86%
Curvularia
54%
Herpotrichia
32%
Phoma
30%
Preussia
22%
Cladosporiales (2)
Cladosporium
71%
Dothideales (8)
68%
Aureobasidium
55%
Kabatiella
27%
Saccharomycetes
Saccharomycetales (13)
75%
Candida
49%
Geotrichum
47%
Cyberlindnera
35%
Clavispora
18%
Debaryomyces
12%
Basidiomycota Malasseziomycetes
Malasseziales (8)
Malassezia
83%
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Combined results for OTU2 (93% of samples), which had a highest Blastn hit to an uncultured
Sordariaceae sequence and second highest hit to Neurospora spp., and OTU197 (35% of
samples), which had a highest hit to Neurospora spp.
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Figure 1. Relationship between frequency (percent of lung samples) and total reads for 762
OTUs. Taxonomic orders are given for those OTUs with a frequency of 50% plus OTU1
(Pneumocystis).

We focused special attention on the frequency, abundance, and diversity within
the orders Onygenales, Pneumocystidales, Malasseziales, and Saccharomycetales because
of previous reports regarding the lung mycobiome. The Onygenales accounted for 19
OTUs and one or more of these OTUs were in 183 (92%) samples (Table 1, Figure 2A).
The Malasseziales accounted for eight OTUs (all in Malassezia) and were present in 166
(83%) of the samples (Table 1). The Pneumocystidales were represented by 21 OTUs (all
in Pneumocystis) and were in 165 (83%) of the samples (Table 1, Figure 2B). Members
of the Saccharomycetales accounted for 13 OTUs and occurred in 75% of the samples.
We note that 13 OTUs had top hits to species of Aspergillus, and members of this
genus occurred in 93% of lung samples (Table 1). The most frequent and abundant of
these, OTU3, had a top Blastn GenBank hits to A. fumigatus (the primary cause of
aspergillosis) and occurred in 67% of the lung samples (Figure 1). The difficulty in
assessing the significance of sequences from A. fumigatus and other members of the
Eurotiales in the context of the lung mycobiome is discussed below.
Many of the fungi inhabiting lung tissues have been designated as pathotrophs (SI
Appendix, Figure S1A). When guild designations of animal pathogens and parasites were
pooled, it was evident that the majority of samples had a high abundance of known fungal
animal symbionts, but there remains a large unclassified component (SI Appendix, Figure
S1B).
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Figure 2. RaxML maximum likelihood phylogenies for Onygenales (A) and
Pneumocystidales (B). Both trees have a mid-point root and bootstrap values (1000 replicates)
are shown for branches with greater than 60% support. A. Onygenalean fungi obtained through
culturing (blue) and Illumina ITS2 sequencing (red) of lung tissues. Host species for which lung
fungal cultures were obtained are in parentheses. Sequences in black type were acquired from
GenBank. B. Pneumocystidales OTUs were obtained from Illumina ITS2 sequencing. Each box
to the right of an OTU represents one sample with >1000 sequence reads for a given OTU. Boxes
are color coded by genus with warm colors (red, orange, yellow) within Heteromyidae, cool
colors (green, blue, purple) within Cricetidae, and black for Sciuridae. Branches with species
names and accession numbers represent sequences obtained from GenBank.
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Alpha diversity calculated by OTU richness, the Simpson index, and the Shannon
index showed no differences among host family, state, or collection year (SI Appendix,
Figure S2). Rarefaction curves indicated substantial coverage of OTU diversity, but
coverage varied among samples (SI Appendix, Figure S3).
Differences in fungal community composition among samples were evaluated
using nonmetric multidimensional scaling (NMDS) ordinations with the Bray-Curtis
dissimilarity metric. There were no clear trends in the fungal communities across time
(collection year or month), location (state), or host (genus or family) although limited
sample size may have dampened visible patterns (SI Appendix, Figure S4). Subsets of the
data based on well sampled host families were analyzed to explore small spatial scale
patterns. In Kern County, California, 40 samples collected from four localities within a
50 km radius showed a clear separation existed in fungal community composition
between the host genera of Dipodomys and Perognathus (Figure 3A, R2=0.22905,
p=0.001). A similar pattern was not observed for Sierra County, New Mexico; while
there was clustering of Chaetodipus samples, Dipodomys and Perognathus sampling was
not sufficient to make direct comparisons with Kern County (Figure 3B, R2=0.07634,
p=0.188). The lung communities in samples with Coccidioides present were not
significantly different from those without Coccidioides sequences (Figure 3C,
R2=0.00539, p=0.351).
Kern County

Sierra County

A.

2

B.
0.5

1

Host genus
Chaetodipus

Host genus

Dipodomys

Onychomys
0

NMDS2

NMD S2
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Otospermophilus
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Peromyscus

Reithrodontomys
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NMD S1
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Figure 3. NMDS ordination of smallmammal samples from Kern County
C.
California only (A), Sierra County New
Mexico only (B), and all 199 smallmammalian lung samples. A. Samples
collected within a 50 km radius in Kern
County California suggest a difference in the
lung mycobiome communities of species of
Dipodomys and Perognathus (R2=0.22905,
p=0.001). B. Samples within a 50 km radius
in Sierra County New Mexico suggest a
clustering of the lung mycobiome
community within species of Chaetodipus but not differences from Neotoma or Peromyscus
species (R2=0.07634, p=0.188). C. Analysis of all 199 samples reveals no fungal community
differences between those samples with Coccidioides and those without (R2=0.00539, p=0.351).
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A Mantel test revealed significant positive correlation between geographic
distance and fungal community dissimilarity (r=0.1132, p=0.001). Positive spatial
autocorrelation was seen at two distance classes, less than 44.8 km and between 135 km
and 224 km indicating that samples collected closer together tend to have more similar
fungal communities (SI Appendix, Figure S5A). Other distance classes had no positive or
negative autocorrelation. Although lung fungal communities in general exhibited low
Bray-Curtis similarity in pairwise comparisons, distance-decay analysis indicated
significant decrease in similarity with distance (p<0.001, SI Appendix, Figure S5B).
Coccidioides, Blastomyces parvus, and other Onygenales. Of the 199 small
mammalian lungs for which we obtained Illumina ITS2 sequences 24 (12%) produced
Coccidioides sequence reads. These Coccidioides-positive samples fell within 14
mammalian species (Ammospermophilus harrisii, Chaetodipus intermedius, Cheatodipus
penicillatus, Dipodomys heermanni, Dipodomys merriami, Neotoma albigula, Neotoma
stephensi, Onychomys torridus, Otospermophilus variegatus, Perognathus ampulus,
Peromyscus boylii, Peromyscus maniculatus, Sylvilagus audubonii, and Thomomys
bottae) representing 10 genera and five families (Cricetidae, Heteromyidae, Sciuridae,
Geomyidae, and Leporidae) (Figure 4, SI Appendix, Table S2). Positive Coccidioides
samples were found in California (Kern County), Arizona (Cochise and Maricopa
Counties) and New Mexico (Catron, Sierra, and Socorro Counties) (Figure 5, SI
Appendix, Table S2). Coccidioides positive rates were highest in Maricopa County,
Arizona (27%) and Sierra County, New Mexico (20%). UPARSE analysis produced two
Coccidioides OTUs (OTU136 and OTU899) that were 97.38% similar. OTU136 shared a
closer sequence similarity to C. posadasii and OTU899 shared a closer sequence
similarity to C. immitis (Figure 2A).
Seven OTUs exhibited best hits to Blastomyces parvus in GenBank Blastn
searches (Figure 2A). One or more of these OTUs occurred in 85% of the lungs sampled.
B. parvus OTU20 occurred in more than 80% of the samples and was the third most
frequent OTU in the community data (Figure 1). Two other B. parvus variants, OTU106
and OTU20, each occurred in more than half of the lungs sampled (Figure 1). Cooccurrence analyses revealed no significant correlation between the occurrence of B.
parvus and species of Coccidioides (rho= -0.0257, p=0.6351, SI Appendix, Table S3).
We plated tissues from a subsample of lungs, in part to test whether we could recover B.
parvus and other members of the Onygenales, after preliminary sequencing efforts
suggested the frequent presence of these fungi. Blastomyces parvus was also the most
frequent species among isolates obtained by direct culturing of lung tissues (11 of 29
isolates, Figure 2A, SI Appendix, Table S4).
Several OTUs had best Blastn GenBank hits to species in other Onygenalean
genera, including Emmonsia, Emonsiellopsis, Auxarthron, Diploospora, Arthropsis, and
Leucothecium (Figure 2A). Among these latter genera, only a species of Emmonsiellopsis
was obtained in culture from mammal lungs, although an additional Auxarthron species
was obtained from the lung of an American robin in a separate pilot study (Figure 2A).
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A.

B.

Figure 4. Bar plot of Coccidioides positive and negative samples by small mammal species
(A) and by genus (B).

29

Figure 5. Sampling of small-mammalian lungs across the southwestern U.S. detect
Coccidioides in wild animals. Number of samples sequenced per county are depicted in blue.
Coccidioides positive trapping locations are shown with an orange dot with increasing size based
on the number of positive samples in that specific location. GPS locations less than 1 km apart
were merged.

Pneumocystidales diversity. The 21 OTUs assigned to Pneumocystis were present
in rodents of the families Heteromyidae, Cricetidae, and Sciuridae with patterns
suggesting substantial but not complete host specificity (Figure 2B). Phylogenetic
relationships among fungal OTUs from the Heteromyidae were substantially congruent
with established relationships for the three mammalian genera, namely a closer
relationship between Chaetodipus and Perognathus relative to Dipodomys (20).
Pneumocystis sequences were especially prevalent in species of Dipodomys (32 of 57
samples, 56%), and were less frequently observed in species of Peromyscus (4 of 36
samples, 11%). Of the 165 samples containing Pneumocystis, 23 (14%) had multiple
OTUs with >1000 reads each.
Additional fungi cultured from lung tissues. A total of 29 fungal isolates were
obtained from five species of rodents from Kern County, California (SI Appendix, Table
S4). In addition to isolates of the Onygenales referenced above, isolates included
Aspergillus fumigatus, Aspergillus sp., several isolates of Penicillium sp., two members
of the Chaetomiaceae, and two members of the Mucorales. As mentioned above,
sequences from A. fumigatus were both frequent and abundant in the ITS2 Illumina data.
Discussion
Our Illumina sequencing results produced an average of just over 40 fungal OTUs
per lung sample and more than 700 OTUs across the 199 samples examined. The
question then becomes, how do we define the lung mycobiome? We recognize four broad
groups of fungi that occur in lung tissues: 1) those present as a result of incidental
inhalation but not truly colonizing lung surfaces or tissues, 2) fungi capable of colonizing
lung tissue transiently or long-term but which are not specifically adapted to the lung, 3)
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mammalian mycobiome generalists that can exist in lung tissues as well as in or on other
tissues, and 4) fungi specifically adapted to the lung. While acknowledging that these
categories will be fluid depending on the fungi and mammals in question, as well as
environmental factors, the real difficulty is in determining which category a given fungus
belongs to. This problem is compounded by the facts that most lung mycobiome studies
to date have focused on humans, the number of studies is quite small, and the sampling
has typically involved sputum or bronchoalveolar lavage.
A previous study which employed next-generation sequencing of healthy human
lungs reported: 1) high inter-individual fungal diversity and load, 2) Ascomycota and
Basidiomycota as the dominant phyla, and 3) the most abundant fungal genera being
Cladosporium, Penicillium and Aspergillus with other lung associates including species
of Candida, Malassezia, and Pneumocystis (21). Our results with small-mammal lungs
are substantially in accord with human studies when it comes to OTUs from fungi that
are common in environmental samples or the general human mycobiome. The two best
represented phyla in our study were the Ascomycota and Basidiomycota. The most
frequent OTUs included an unidentified member of the Sordariaceae, members of the
Eurotiales (Penicillium and Aspergillus), Pleosporales, and Cladosporiales, whose
sequences corresponded to those from environmental samples.
The two most difficult mycobiome groups to tease apart are those representing
incidental inhalation (group 1) and transient colonization (group 2). Fungi that are present
because of incidental inhalation might be expected to occur in fewer lung samples and/or
exhibit low read numbers, and their sequences would be expected to be common in
environmental surveys. Such fungi would be expected to include sporulating members of
the Sordariales, Helotiales, Pezizales, Dothidiales, Eurotiales, Hypocreales, Agaricales,
and Pleosporales (22–25). A study by Kramer et al. of the airway mycobiome of cystic
fibrosis patients found that sequences from many fungal species had high ﬂuctuations
both among different patients and over time when patients were sampled multiple times,
suggesting the pulmonary mycobiome was dominated by species present temporarily as a
result of inhalation of environmental spores (26). Similarly, Rubio-Portillo et al. reported
substantial variation among the mycobiomes of human bronchoalveolar lavage samples
from different individuals but in contrast a correlation between fungal OTUs from lavage
samples and air samples from the home environment (27).
Our small-mammal results differ substantially from those reported for humans
(26, 27) in that many of the OTUs in our study that were abundant in terms of sequence
reads were also frequent across samples from different animals and locations (Figure 1).
One potential contributing factor to the difference between our study and the human
studies is that we sampled lung tissues as opposed to lavage or sputum. Another potential
difference could reflect the fact that small, fossorial mammals spend substantial amounts
of time in close contact with the soil environment. Still, it remains difficult to distinguish
between group 1 and group 2 OTUs. The strong correlation observed between read
abundance and frequency (Figure 1) might provide an argument that certain fungi, for
example A. fumigatus, are capable of transient colonization of healthy lung tissue beyond
simply being present because of inhalation. This latter hypothesis remains to be tested.
We also acknowledge that A. fumigatus, whose sequences were common in our dataset, is
a special example in that it is the most common cause of aspergillosis, the most
frequently diagnosed lung mycosis. Currently, it is impossible to know whether the
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frequent occurrence of A. fumigatus in the lungs of small mammals reflects the large
number of spores in the environment or the fact that it has special adaptations to colonize
lung tissues (3, 28).
OTUs representing the Malasseziales and Saccharomycetales (including
Candida), commonly associated with the human mycobiome (group 3), were well
represented in our data (83% and 75% of samples, respectively, Figure 1, Table 1). A
high diversity of Malasseziales fungi, represented by eight OTUs in our data, has
previously been reported in both healthy and diseased human lungs (29–31).
The most compelling results from our study relate to the Pneumocystidales and
Onygenales, offering new insights into the biology of these organisms. Species of
Pneumocystis have long been reported to be common obligate lung fungi with substantial
host specificity, and it is clear that most species are yet to be formally described (18, 19,
32, 33). Members of this group clearly belong to the group of fungi specifically adapted
to the lung (group 4). Surveys for species of Pneumocystis in the lungs of non-human
primates and bats using specific Pneumocystis-directed PCR produced positive results in
30-40% of lung tissues examined (18, 19), although one study reported a high incidence
in shrews (80% of 83 samples, 17). Our Illumina approach resulted in 83% of the
samples (165 of 199) containing sequences from members of this group. This percentage
is almost certainly an underestimate, given that we examined only small amounts of lung
tissue from each animal. Our results suggest that in some instances a single lung can
harbor multiple Pneumocystis lineages, similar to results reported for P. carinii and P.
wakefieldiae (34, 35). For example, several different individuals of Dipodomys
heermanni had more than 1000 reads assigned to both OTUs 27 and 1292. Moreover, in
some instances our data suggest the possibility of lineage spillover across rodent families
(Figure 2B). These are congruent with the findings of Latinne et al. obtained for
Southeast Asian rodents indicting that Pneumocystis lineages may not be restricted to a
single host (35). Nevertheless, host specificity of Pneumocystis species and their animal
hosts is apparent for multiple genera of Heteromyidae especially Dipodomys (Figure 2B).
The evolution of Pneumocystis host niche is certainly complex, and a deeper
understanding is necessary (36). This study supports the potential of high-throughput
non-targeted sequencing approaches for gaining additional information toward
understanding Pneumocystis diversity and host specificity.
Our results support the hypothesis that certain Onygenalean fungi, including
species of Coccidioides and Blastomyces parvus, are specifically adapted to infect and
persist in lung tissues. Taylor and Barker have argued that species of Coccidioides are
adapted to be endozoan inhabitants of small-mammal lungs rather than soil fungi with the
ability to cause opportunistic infections (37). This argument is based in part on genomic
studies of Coccidioides species and other members of the Onygenales that showed a
reduction of genes involved in plant decomposition and an increase in genes involved in
the degradation of animal proteins (38). Moreover, sequences from species of
Coccidioides and Blastomyces are rare in environmental surveys including studies that
sample sites where species of Coccidioides are endemic (23, 39), and the detection of
Coccidioides species in soils is sporadic even with robust methods (40, 41). Further,
OTUs from the Onygenales typically do not have close relatives among sequences from
environmental samples (uncultured fungi) in GenBank. This paucity of representation in
environmental surveys is in contrast to the diversity (19 OTUs) and prevalence (92%) of
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Onygenalean OTUs in the lung tissues examined here. An illustration of this disparity is
found in a comparison of Blastn hits at GenBank using the eight most frequent Eurotiales
OTUs in our dataset with those obtained with the eight most frequent Onygenales OTUs
(SI Appendix, Table S5). The Eurotiales had equally good hits to GenBank entries from
environmental samples and sequences obtained from known organisms. In contrast, the
Onygenales sequences produced close matches to sequences from known organisms but
not to environmental sequences.
Although coccidioidomycosis has been reported in a diverse number of animal
species (42), there are only two studies reporting the direct isolation of Coccidioides
species from wild small mammals. One report cultured Coccidioides from pocket mice
(Chaetodipus intermedius, C. penicillatus, and C. baileyi, reported as Perognathus in the
literature but having since been reassigned to Chaetodipus, 43), the southern grasshopper
mouse (Onychomys torridus), and a Merriam’s kangaroo rat (Dipodomys merriami)
trapped in Arizona (13). In Baja Mexico, a serology assay detected coccidioidal
antibodies in a deer mouse (Peromyscus maniculatus) and desert woodrat (Neotoma
lepida) (44). Our ITS2 sequence data represent the first high-throughput sequencing
approach to attempt detection of Coccidioides species in wild small-mammal lungs. Here,
we report 14 species of small mammals with sequences from Coccidioides, 9 of which
(Ammospermophilus harrisii, Dipodomys heermanni, Neotoma albigula, Neotoma
stephensi, Otospermophilus variegatus, Perognathus ampulus, Peromyscus boylii,
Sylvilagus audubonii, and Thomomys bottae) are newly documented host species (Figure
4A).
Early research from Emmons and colleagues suggested a higher correlation with
heteromyid rodents and Coccidioides in the environment (13, 14). Within the
Heteromyidae rodents in our study, the genus Chaetodipus had a 15% positivity rate and
Dipodomys had a 10% positivity rate, but they did not greatly differ from our overall
average Coccidioides detection frequency (12%) (Figure 4B). In terms of future studies,
Neotoma (woodrats) may be of particular interest with a Coccidioides positive rate of
24%, two-fold higher than our overall average (Figure 4B). An overlap analysis between
the distribution models of rodents and species of Coccidioides has suggested that
Neotoma lepida is a predominant co-occurring species (45).
We were limited by sample size in terms of the Leporidae, Sciuridae, and
Muridae. Notwithstanding, one Sylvilagus audubonii (desert cottontail) sample was
positive for Coccidioides (Figure 4A). Sylvilagus audubonii DNA was found in
association with Coccidioides positive burrows in Arizona (46). Despite having only five
samples of sciurids (squirrels), we detected Coccidioides in two genera
(Ammospermophilus and Otospermophilus) corresponding to 40% of the samples. Only
two murid samples were obtained, and neither were positive for Coccidioides.
With the expected expansion of coccidioidomycosis endemic regions in the
United States (47, 48), efforts have increased to model the factors affecting the
distribution of the disease and predict its expansion under climate change scenarios.
These efforts have, however, focused on environmental factors (climate, soil, elevation,
and land cover variables) to predict ecological niches for C. immitis and C. posadasii
(49–52). Our study supports the prediction that small mammals play important roles as
host reservoirs of Coccidioides species (37, 42), suggesting that the ecology, distribution,
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and taxonomy of small mammals should be incorporated into Coccidioides modeling
efforts.
The presence of Coccidioides sequences does not appear to disrupt the lung
mycobiome (Figure 3C). Studies with chytridiomycosis in frogs (53) and snake fungal
disease (54) suggest that these infections cause a disruption of the microbiome and a
decrease in both fungal and bacterial diversity with fungal pathogen introduction. In sea
star wasting disease, changes in microbial community composition occurred during
disease progression, with decreasing species richness only in the late stages of the disease
(55). The presence of Coccidioides without mycobiome disruption might imply a
primarily commensal relationship with its host until a change in host conditions favoring
a pathogenic state.
Emmons suggested a correlation between the presence of Blastomyces parvus
(previously Haplosporangium parvum) and Coccidioides stating, “The isolation of H.
parvum from rodents of a given area is taken to indicate that C. immitis is probably also
present in that area” (14). Our ITS2 sequencing revealed Blastomyces sequences in 85%
of the samples suggesting that it is more common in small-mammal lungs than
Coccidioides spp. (12%). When abundances were rarified, Blastomyces was present
without Coccidioides in 77 samples, but only co-occurred with Coccidioides in six
samples. A Spearman correlation and a permutations test found no statistical correlation
between the two Onygenalean genera (SI Appendix, Table S3). Even without correlation,
it is notable that Blastomyces parvus is in high frequency in small-mammal lungs despite
causing adiaspiromycosis (13). Emmonsia crescens (OTU15), detected in 16% of the
samples, is an additional etiological agent of adiaspiromycosis (Table 1, Figure 2A, 56).
Adiaspiromycosis often presents as a pulmonary infection common to fossorial mammals
like rodents but is much rarer in humans (57).
Lung samples employed in this study were chosen to reflect the range of human
coccidioidomycosis from low to high incidence to test whether we could detect sequences
from species of Coccidioides. One of the most revealing aspects of our results, however,
had to do with the high frequency of sequences from B. parvus and other members of the
Onygenales among lung samples (92%). In addition, B. parvus was the most common
fungal species cultured from lung tissue. We argue that the endozoan, small mammal
reservoir hypothesis (37) should be expanded beyond species of Coccidioides to
encompass multiple Ajellomycetaceae (Onygenales) fungi including Blastomyces,
Emergomyces, Emmonsia, and Emmonsiellopsis, an argument with significant clinical
relevance. The phylogenetic diversity within this group is becoming ever more important
to the medical field as over the last four decades there has been an increase in reports of
novel Emmonsia-like human pathogens (58). Our study and others (17) demonstrate the
commonality of these Emmonsia-like fungi globally in wild animals. Host jumps have
allowed and will continue to allow these fungi to evolve and diversify followed by
radiation, specialization, and speciation which in some cases will increase their virulence
(59).
This study was made possible by the frozen tissue collections of the UNM
Museum of Southwestern Biology and the UCB Museum of Vertebrate Zoology. While
acknowledging the value of the availability of diverse, frozen tissue collections, we also
note that molecular barcoding of specimens to confirm host identifications is best practice
(12). About 11% of the samples in this study showed incongruence between host
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identification based on cyt b sequences and that reported in museum databases. Nine of
these frozen samples can be attributed to tissues that were apparently mis-labeled at the
time of collection, while 13 samples represent misidentification of closely related cryptic
species for which morphology alone is inconclusive. Misidentification based on
morphological features alone has been reported to be as high as 10% in some pathogen
studies (60); however, without the ability to both test the host identity with a molecular
approach and return to a physical voucher, these kinds of incongruencies would have
been impossible to rectify. Directly linking genetic data to a physical specimen should
become a necessary component of infectious disease studies (61).
Materials and Methods
Tissue acquisition. Ultra-frozen lung tissues were obtained from the University of
New Mexico Museum of Southwestern Biology (MSB) and the University of California
Berkeley Museum of Vertebrate Zoology (MVZ) by formal request. Tissues were
collected from 37 species within five families (Heteromyidae, Cricetidae, Muridae,
Sciuridae, Geomyidae) of rodents and one rabbit species in Leporidae (SI Appendix,
Table S1). Samples were obtained from 45 sampling localities from 19 counties in
California, Arizona, and New Mexico within the known distribution of
coccidioidomycosis (Figure 5). Sampling years ranged from 1994 to 2019.
DNA purification from lung tissues. Approximately 0.025 g of lung tissue was
lyophilized for 24 hours followed by DNA extraction using the following CTAB
procedure. Tissue was resuspended and ground in 500 µL cetyltrimethylammonium
bromide (CTAB) lysis buffer (2% CTAB, 1.4 M NaCl, 20 mM EDTA, 100 mM Tris–
HCl) plus 𝛽-mercaptoethanol (final concentration 0.2%) and 10 µL protease K (10
mg/mL stock solution added at time of use) followed by an hour at 65°C. An isoamyl
alcohol/chloroform extraction was performed by adding 500µL isoamyl alcoholchloroform (1:24) followed by 20 minutes of gentle shaking and then centrifugation at
16,000g for 5 minutes. The upper aqueous phase was transferred to a fresh tube. DNA
was precipitated by addition of 15 µL 3M sodium acetate (pH 5.2) and 500µL ice-cold
isopropanol. Samples were inverted and incubated at -20°C for 10 minutes. After
centrifugation, the pellet was washed twice, first with 500µL ice-cold 70% ethanol and
then with 500µL ice-cold 100% ethanol. Ethanol was discarded and the pellet dried prior
to resuspension in 50µL sterile H2O. DNA was further purified with Agencourt AMPure
beads (Agencourt Bioscience Corporation, Beverly, MA, USA) following instructions
from the manufacturer.
Host identifications. Host species were tentatively identified in the field using a
number of morphological parameters including but not limited to total length, tail length,
hind foot length, ear length, reproductive data, total weight, and coat coloration.
Geographic locality and field guides were additionally used for verification. To check
species designations, we partially sequenced the mitochondrial cyt b region. Purified
DNA extracted from lung tissue was used to amplify the cyt b region with primers
targeting specific host groups. Cricetids (Neotoma, Peromyscus, Onychomys,
Reithrodontomys, Baiomys, and Sigmodon), and murids (Mus) were amplified with the
MSB05 and MSB14 modified primers as described in (62). Heteromyids (Chaetodipus,
Dipodomys, and Perognathus), geomyids (Thomomys), and sciurids (Ammospermophilus,
Tamias, and Otospermophilus) were amplified with the MVZ05 and MVZ14 primer pair
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(63). If the initial amplification was unsuccessful, we employed primer pair MVZ05 and
MVZ04 which amplifies a shorter 426 bp segment (64). Polymerase chain reaction (PCR)
conditions were as follows: initial denaturation at 95°C for 10 min, followed by 34 cycles
of 95°C for 15 sec, annealing at 52°C for 30 sec, and extension at 72°C for 1 min, with a
final extension at 72°C for 5 min, and holding at 4°C. PCR was followed by gel
electrophoresis confirmation. Products were purified with ExoSAP-IT (Affymetrix, Santa
Clara, CA) according to the manufacturer’s recommendations followed by Sanger
sequencing using BigDye Terminator v3.1(Applied Biosystems, Foster City, CA)
employing the forward and reverse primers. Identification was performed using BLAST
searches. Cyt b sequences were deposited in GenBank under accession numbers
OK134972 to OK135142 (SI Appendix, Table S1). For samples that could not be verified
with molecular methods, we utilized the archived host identification
(https://arctos.database.museum).
Illumina library preparation and sequencing. The preparation of amplicon
libraries was preceded by a polymerase chain reaction (PCR) amplification using primers
ITS1-F and ITS4 (65, 66) to amplify the fungal ribosomal ITS region from whole-lung
DNA. These reactions were performed in 15 µL reactions with 7.5 µL Premix ExTaq
polymerase (Takara, Mountain View, CA), 1 µL of each (5 µM) primer, 2 µL of 1
mg/mL bovine serum albumin, 2.5 µL of sterile water and 1 µL of template DNA. PCR
products were checked by gel electrophoresis. DNA concentration of successful
amplifications were measured with a Qubit dsDNA HS kit (Life Technologies Inc.,
Gaithersburg, MD) and serial dilutions were performed to dilute inhibitors. A second
PCR was preformed to contain a 29 (forward) or 25 (reverse) base linker, a 12 base
barcode, a 29 (forward) or 34 (reverse) base pad, a 0-8 base heterogeneity spacer, and
the fungal ITS2 5.8S-FUN and ITS4-FUN primers (67), following the procedure in (68).
PCR products were purified using AMPure magnetic beads (Beckman Coulter Inc., Brea,
CA) following the manufacturer’s instructions and pooled to create DNA libraries
following the Illumina MiSeq DNA library preparation protocol for paired-end reads.
Libraries were quality checked for concentration and amplicon size using the Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) at the Vincent J. Coates
Genomics Sequencing Laboratory (GSL, University of California, Berkeley, CA).
Pyrosequencing was performed on the Illumina MiSeq PE300 sequencing platform at the
GSL. All raw reads were deposited in the NCBI Short Read Archive (SRA) under
BioProject ID PRJNA769405.
Sequence processing. Illumina sequences were processed initially with
USEARCH (69). Sequences less than 250 bp in length were removed, as were adapter
and primer sequences, and presumed chimeras. Sequences were clustered into OTUs with
UPARSE implemented in USEARCH (70). Representative OTU sequences were
assigned taxonomy using SINTAX (71) and the UNITE database (72) and supplemented
with BLASTn searches for taxonomic confirmation. Fungal sequences from
representative OTUs were deposited in GenBank under the accession numbers
OK078030 to OK078530.
Community and spatial analyses. We visualized differences in lung mycobiome
composition among small mammals across time, space, and host using two-dimensional
NMDS ordinations (73). Ordinations were performed on relative abundance transformed
fungal community data using the Bray-Curtis dissimilarity metric in the phyloseq
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package (74). We created subsets of the data and generated ordinations for intensely
sampled counties to assess differences in fungal community by host on small spatial
scales.
Spatial structure was examined by using a Mantel test to investigate a correlation
between geographic distance and sample similarity. To assess the spatial distances at
which communities were more or less similar than expected due to chance, we used a
Mantel correlogram. Furthermore, we plotted distance decay of similarity by plotting
spatial distance between each pair of samples against the Bray-Curtis similarity between
those samples.
Functional analyses. We used FUNGuild (75) to assign trophic modes and guilds
to fungal OTUs. Animal-fungal symbionts per sample were pooled by determining the
percent of reads in each sample that belonged to OTUs whose guild assignments included
animal pathogen and animal parasite.
Alpha diversity. OTU richness, the Simpson index, and the Shannon index were
calculated to assess differences in alpha diversity of samples by location (state), host
family, and collection date. To account for differing sequencing depths among samples,
expected richness at 1,000 reads was calculated using the rrarefy function in the vegan
package (76) in R v3.5.1 (77). We additionally computed the rarefaction curve to
determine OTU richness at varying sequencing depths.
Co-occurrence analysis. Abundance data was rarified at 10,000 reads using the
rrarefy.perm() function for computing 1,000 rarefactions using EcolUtils R package
(https://github.com/GuillemSalazar/EcolUtils). The data was rarified at different read
depths and the patterns held consistent (SI Appendix, Table S3). Seven OTUs (OTU20,
OTU58, OTU1155, OTU1107, OTU106, OTU1174, and OTU896) identified as
Blastomyces were grouped together to determine their co-occurrence with the two OTUs
of Coccidioides (OTU136 and OTU899). The observed Spearman correlation was
calculated. To test for significance, a permutations test was run for 10,000 random draws
and the observed rho statistic was compared to the corresponding null distribution.
Phylogenetic analyses. Illumina sequences representative of OTUs from the
Onygenales and Pneumocystidales along with representative sequences from GenBank
were subjected to phylogenetic analyses. Sequences were aligned with Clustal W (78),
and alignments were subjected to maximum likelihood analysis with RAxML (79) in
each case employing 1000 bootstrap replicates (GTRCAT substitution model).
Culture isolation. If available, a portion of the lung tissue was used in culturing
on a yeast glucose media (1% yeast extract, 2% glucose, 1.5% agar) with the addition of
tetracycline (10 mg/L) and chloramphenicol (50 mg/L). Plates were incubated at 25°C
until fungal growth was visible. Fungi were isolated in pure culture, tissue was collected,
and DNA was extracted using the above CTAB procedure with the reduction of the
heating step to 30 min at 65°C. PCR was performed as above with primers ITS1-F and
ITS4 (65, 66) primers followed by confirmation gel electrophoresis confirmation.
Products were purified with ExoSAP-IT (Affymetrix, Santa Clara, California) according
to the manufacturer’s recommendations. The entire ITS region was targeted for Sanger
sequencing using BigDye Terminator v3.1 (Applied Biosystems, Foster City, CA) and
sequences were identified using BLAST (80). Sequences from lung fungal cultures were
deposited in GenBank under accession numbers MW652389-MW652417 (SI Appendix,
Table S4).
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Figure S1. Relative abundance of fungal trophic modes (A) and pooled animal pathogen
fungal guilds (B) using FUNGuild (Nguyen et al. 2016) for fungal OTU assignments. Each
bar along the x-axis represents one sample.
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A.

B.

C.

Figure S2. Alpha diversity calculated by OTU richness showed no statistically significant
differences among host family (A), state (B), or collection year (C). We note, however, that
sample sizes differed by family, state, and collection year.
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Figure S3. Rarefaction curves for fungal OTU richness given sampling effort for 199 small
mammalian lung tissues.
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A.

B.

C.

D.

E.
E.

Figure S4. NMDS ordinations of small-mammal samples were utilized to visualize lung
mycobiome composition among small mammals across time (year collected, A), space (state,
B), and host family (C). Examination of deeply sampled host families failed to demonstrate
differences in fungal community by host genus within either the Cricetidae (D) or Heteromyidae
(E).
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A.

B.

Figure S5. Spatial structure was assessed using a Mantel correlogram (A) and distance
decay plot (B). A. The Mantel test revealed significant positive correlation between geographic
distance and fungal community dissimilarity (r = 0.1132, p = 0.001). Positive spatial
autocorrelation was seen at two distance classes, less than 44.8 km and between 135 km and 224
km (solid black boxes). B. While fungal communities in general exhibited low similarity among
samples, distance decay analysis indicated decreasing similarity along a geographical scale (p
<0.001). The line of best fit is shown in blue.

48

Table S1. Samples from which frozen tissues were obtained for Illumina ITS2 sequencing.
Host identification of museum specimens was confirmed by cyt b mitochondrial sequencing and
examination of voucher specimens.
Cyt b GenBank
Voucher
Host ID
Locality
Accession Num.
MVZ:Mamm:239384
Dipodomys heermanni
Kern Co. CA
OK135085
MVZ:Mamm:239385
Dipodomys heermanni
Kern Co. CA
OK135058
MVZ:Mamm:239386
Dipodomys heermanni
Kern Co. CA
OK135089
MVZ:Mamm:239387
MVZ:Mamm:239388
MVZ:Mamm:239389
MVZ:Mamm:239390
MVZ:Mamm:239391

Dipodomys heermanni
Dipodomys heermanni
Dipodomys heermanni
Dipodomys heermanni
Dipodomys heermanni

Kern Co. CA
Kern Co. CA
Kern Co. CA
Kern Co. CA
Kern Co. CA

OK135087
OK135057
OK135054
OK135059
OK135082

MVZ:Mamm:239392
MVZ:Mamm:239393
MVZ:Mamm:239394
MVZ:Mamm:239395
MVZ:Mamm:239396

Dipodomys heermanni
Dipodomys heermanni
Dipodomys heermanni
Dipodomys heermanni
Dipodomys heermanni

Kern Co. CA
Kern Co. CA
Kern Co. CA
Kern Co. CA
Kern Co. CA

OK135065
OK135060
OK135104
OK135119
OK135105

MVZ:Mamm:239397
MVZ:Mamm:239409
MVZ:Mamm:239410
MVZ:Mamm:239411
MVZ:Mamm:239412

Dipodomys heermanni
Dipodomys nitratoides
Dipodomys nitratoides
Dipodomys nitratoides
Dipodomys nitratoides

Kern Co. CA
Kern Co. CA
Kern Co. CA
Kern Co. CA
Kern Co. CA

OK135072
-

MVZ:Mamm:239413
MVZ:Mamm:239414
MVZ:Mamm:239415
MVZ:Mamm:239416

Dipodomys nitratoides
Dipodomys nitratoides
Dipodomys nitratoides
Dipodomys nitratoides

Kern Co. CA
Kern Co. CA
Kern Co. CA
Kern Co. CA

OK135078
-

MVZ:Mamm:239418
MVZ:Mamm:239419
MVZ:Mamm:239505
MVZ:Mamm:239506
MVZ:Mamm:239507

Dipodomys nitratoides
Dipodomys nitratoides
Perognathus inornatus
Perognathus inornatus
Perognathus inornatus

Kern Co. CA
Kern Co. CA
Kern Co. CA
Kern Co. CA
Kern Co. CA

OK135093
OK135066
-

MVZ:Mamm:239508
MVZ:Mamm:239509
MVZ:Mamm:239510
MVZ:Mamm:239511
MVZ:Mamm:239512

Perognathus inornatus
Perognathus inornatus
Perognathus inornatus
Perognathus inornatus
Perognathus inornatus

Kern Co. CA
Kern Co. CA
Kern Co. CA
Kern Co. CA
Kern Co. CA

OK135074
OK135083
OK135079

MVZ:Mamm:239597

Onychomys torridus

Kern Co. CA

OK134994

MVZ:Mamm:239598
MVZ:Mamm:239599

Onychomys torridus
Onychomys torridus

Kern Co. CA
Kern Co. CA

OK135090
OK135012
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MVZ:Mamm:239619
MVZ:Mamm:239621

Peromyscus maniculatus
Peromyscus maniculatus

Kern Co. CA
Kern Co. CA

OK134996
OK134997

MVZ:Mamm:239622
MVZ:Mamm:239623

Kern Co. CA
Kern Co. CA

OK134998
OK134999

Kern Co. CA

OK135000

MSB:Mamm:72326
MSB:Mamm:72516

Peromyscus maniculatus
Peromyscus maniculatus
Reithrodontomys
megalotis
Perognathus flavescens
Dipodomys merriami

Socorro Co. NM
Socorro Co. NM

OK135028
OK135120

MSB:Mamm:72525
MSB:Mamm:72555
MSB:Mamm:73101
MSB:Mamm:73109

Dipodomys merriami
Peromyscus eremicus
Chaetodipus baileyi
Chaetodipus baileyi

Socorro Co. NM
Socorro Co. NM
Maricopa Co. AZ
Maricopa Co. AZ

OK135029
OK135001
OK135115
OK135113

MSB:Mamm:73113
MSB:Mamm:73114
MSB:Mamm:75330
MSB:Mamm:75338
MSB:Mamm:75343

Chaetodipus baileyi
Sigmodon arizonae
Onychomys torridus
Peromyscus eremicus
Neotoma albigula

Maricopa Co. AZ
Maricopa Co. AZ
Maricopa Co. AZ
Maricopa Co. AZ
Maricopa Co. AZ

OK135073
OK135052
OK135062
OK135002
OK135003

77240 (no voucher)

Maricopa Co. AZ

OK135098

Maricopa Co. AZ

OK135018

MSB:Mamm:77244
MSB:Mamm:77246

Dipodomys merriami
Ammospermophilus
harrisii
Dipodomys merriami
Dipodomys merriami

Maricopa Co. AZ
Maricopa Co. AZ

OK135041
OK135053

MSB:Mamm:77247
MSB:Mamm:77250
77253 (no voucher)
77314 (no voucher)
MSB:Mamm:77316

Dipodomys merriami
Dipodomys merriami
Dipodomys heermanni
Sigmodon arizonae
Perognathus amplus

Maricopa Co. AZ
Maricopa Co. AZ
Maricopa Co. AZ
Maricopa Co. AZ
Maricopa Co. AZ

OK135108
OK135112
OK135135
OK135100
OK135136

MSB:Mamm:77317
MSB:Mamm:77318
MSB:Mamm:77325
MSB:Mamm:77339
MSB:Mamm:77340

Maricopa Co. AZ
Maricopa Co. AZ
Maricopa Co. AZ
Maricopa Co. AZ
Maricopa Co. AZ

OK135081
OK135086
OK135013
OK135006

Cochise Co. AZ

OK135016

Cochise Co. AZ

OK135004

Cochise Co. AZ

OK135020

MSB:Mamm:77712

Perognathus amplus
Perognathus amplus
Chaetodipus penicillatus
Neotoma albigula
Neotoma albigula
Reithrodontomys
megalotis
Baiomys taylori
Reithrodontomys
megalotis
Chaetodipus penicillatus

Cochise Co. AZ

OK135069

MSB:Mamm:77713

Chaetodipus penicillatus

Cochise Co. AZ

OK135042

MSB:Mamm:77717

Chaetodipus penicillatus

Cochise Co. AZ

OK135070

MVZ:Mamm:239641

MSB:Mamm:77241

MSB:Mamm:77680
MSB:Mamm:77687
MSB:Mamm:77688
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MSB:Mamm:77719
MSB:Mamm:77721

Chaetodipus penicillatus
Chaetodipus penicillatus

Cochise Co. AZ
Cochise Co. AZ

OK135043
OK135051

MSB:Mamm:77725
MSB:Mamm:77726
MSB:Mamm:77727
MSB:Mamm:77728
MSB:Mamm:78077

Dipodomys merriami
Dipodomys merriami
Dipodomys ordii
Dipodomys ordii
Sylvilagus audubonii

Cochise Co. AZ
Cochise Co. AZ
Cochise Co. AZ
Cochise Co. AZ
Cochise Co. AZ

OK135025
OK135122
OK135033

MSB:Mamm:78084
MSB:Mamm:78106
MSB:Mamm:78110
MSB:Mamm:78111
MSB:Mamm:78112

Cochise Co. AZ
Cochise Co. AZ
Cochise Co. AZ
Cochise Co. AZ
Cochise Co. AZ

OK135005
OK135023
OK135030
OK135133
-

Cochise Co. AZ

OK135099

MSB:Mamm:78136
MSB:Mamm:78217
MSB:Mamm:79466

Peromyscus leucopus
Chaetodipus penicillatus
Dipodomys merriami
Dipodomys merriami
Dipodomys merriami
Ammospermophilus
harrisii
Neotoma albigula
Chaetodipus baileyi
Dipodomys merriami

Cochise Co. AZ
Pima Co. AZ
Socorro Co. NM

OK135132
OK135061
OK135071

MSB:Mamm:79868
MSB:Mamm:81689
MSB:Mamm:81700
MSB:Mamm:81704
MSB:Mamm:81711

Neotoma albigula
Peromyscus maniculatus
Peromyscus maniculatus
Peromyscus maniculatus
Mus musculus

Socorro Co. NM
Kings Co. CA
Kings Co. CA
Kings Co. CA
Kings Co. CA

OK135019
OK135128
OK135007
OK135123

MSB:Mamm:81715
MSB:Mamm:83441
MSB:Mamm:84453
MSB:Mamm:84466
MSB:Mamm:86216

Mus musculus
Chaetodipus baileyi
Peromyscus maniculatus
Perognathus parvus
Peromyscus maniculatus

OK135114
OK135044
OK135141
OK135126
OK135008

MSB:Mamm:87435

Peromyscus crinitus

Kings Co. CA
Pima Co. AZ
Tulare Co. CA
Mono Co. CA
Lassen Co. CA
San Bernardino Co.
CA
San Bernardino Co.
CA
Cochise Co. AZ

-

Socorro Co. NM
Catron Co. NM
Cibola Co. NM
Cibola Co. NM
Cibola Co. NM

OK135129
OK135055
OK135031
OK135124
OK135138

78118 (no voucher)

OK135015

MSB:Mamm:87794
MSB:Mamm:87863
MSB:Mamm:87873
MSB:Mamm:87948
MSB:Mamm:87949

Perognathus
longimembris
Reithrodontomys
fulvescens
Neotoma albigula
Dipodomys ordii
Microtus mogollonensis
Dipodomys ordii
Dipodomys ordii

MSB:Mamm:88099

Perognathus flavus

Catron Co. NM

OK135088

MSB:Mamm:89733

Dipodomys ordii

Socorro Co. NM

OK135045

MSB:Mamm:87516
MSB:Mamm:87605
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OK135134

MSB:Mamm:89748
MSB:Mamm:89752

Dipodomys ordii
Neotoma albigula

Socorro Co. NM
Socorro Co. NM

OK135121
OK135009

89766 (no voucher)
MSB:Mamm:89796
MSB:Mamm:90911
MSB:Mamm:90965
91253 (no voucher)

Perognathus flavus
Dipodomys ordii
Dipodomys merriami
Perognathus flavus
Perognathus flavus

Socorro Co. NM
Socorro Co. NM
Socorro Co. NM
Socorro Co. NM
Socorro Co. NM

OK135142
OK135106
OK135116
OK135022
OK135137

MSB:Mamm:91260
MSB:Mamm:91271
MSB:Mamm:91400
MSB:Mamm:91401
MSB:Mamm:93037

Peromyscus californicus
Peromyscus californicus
Chaetodipus californicus
Chaetodipus californicus
Perognathus flavus

Monterey Co. CA
Monterey Co. CA
Obispo Co. CA
Obispo Co. CA
McKinley Co. NM

OK135021
OK135046
OK135047

MSB:Mamm:96300
MSB:Mamm:139034
MSB:Mamm:146153
MSB:Mamm:146226
MSB:Mamm:150582

Dipodomys ordii
Dipodomys ordii
Perognathus flavus
Chaetodipus baileyi
Thomomys bottae

McKinley Co. NM
McKinley Co. NM
Cochise Co. AZ
Cochise Co. AZ
San Juan Co. NM

OK135118
OK135101
OK135102
-

MSB:Mamm:150583
MSB:Mamm:150584
MSB:Mamm:156712
MSB:Mamm:199648
MSB:Mamm:231069

Thomomys bottae
Thomomys bottae
Dipodomys merriami
Chaetodipus intermedius
Thomomys bottae

San Juan Co. NM
San Juan Co. NM
Grant Co. NM
Catron Co. NM
San Juan Co. NM

OK135107
OK135130
-

MSB:Mamm:239509
MSB:Mamm:244556
MSB:Mamm:244564
MSB:Mamm:244584

Peromyscus leucopus
Peromyscus boylii
Peromyscus boylii
Chaetodipus baileyi

Cochise Co. AZ
Pima Co. AZ
Pima Co. AZ
Pima Co. AZ

OK134972
OK134973
OK134974
OK135131

MSB:Mamm:244630
244631 (no voucher)

Pima Co. AZ
Pima Co. AZ

OK135103
OK135096

Socorro Co. NM

OK134975

MSB:Mamm:259869
MSB:Mamm:262655

Chaetodipus baileyi
Peromyscus boylii
Reithrodontomys
montanus
Sigmodon hispidus
Chaetodipus intermedius

Socorro Co. NM
Grant Co. NM

OK135048
OK135034

MSB:Mamm:263654
MSB:Mamm:263880
MSB:Mamm:269016
MSB:Mamm:269115

Dipodomys merriami
Dipodomys ordii
Perognathus merriami
Thomomys bottae

Sierra Co. NM
Grant Co. NM
Hidalgo Co. NM
Sierra Co. NM

OK135035
-

MSB:Mamm:269217
MSB:Mamm:270443

Thomomys bottae
Peromyscus boylii

Sierra Co. NM
Sierra Co. NM

OK134976

MSB:Mamm:270470

Neotoma albigula

Sierra Co. NM

OK257677

MSB:Mamm:253299
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MSB:Mamm:279264

Thomomys bottae

MSB:Mamm:281843

Chaetodipus formosus

MSB:Mamm:282890
MSB:Mamm:284485
MSB:Mamm:291392
MSB:Mamm:291445
MSB:Mamm:303043

Peromyscus maniculatus
Thomomys bottae
Dipodomys merriami
Peromyscus boylii
Neotoma stephensi

MSB:Mamm:303044
MSB:Mamm:303045

Sierra Co. NM
Sierra Co. NM

OK135067
OK135127

Sierra Co. NM

OK135032

MSB:Mamm:303047

Neotoma albigula
Neotoma albigula
Otospermophilus
variegatus
Neotoma stephensi

Sierra Co. NM

OK134978

MSB:Mamm:303049
MSB:Mamm:304173
MSB:Mamm:304174
MSB:Mamm:304175
MSB:Mamm:304176

Chaetodipus intermedius
Chaetodipus intermedius
Chaetodipus intermedius
Chaetodipus intermedius
Chaetodipus intermedius

Sierra Co. NM
Sierra Co. NM
Sierra Co. NM
Sierra Co. NM
Sierra Co. NM

OK135068
OK135036
OK135037
OK135038
OK135024

MSB:Mamm:304177
MSB:Mamm:304178
MSB:Mamm:304180
MSB:Mamm:304181

Tamias dorsalis
Neotoma albigula
Peromyscus boylii
Peromyscus boylii

Sierra Co. NM
Sierra Co. NM
Sierra Co. NM
Sierra Co. NM

OK135125
OK134980
OK134981

MSB:Mamm:304183
MSB:Mamm:304184
MSB:Mamm:304185
MSB:Mamm:304186
MSB:Mamm:304190

Peromyscus boylii
Peromyscus boylii
Peromyscus boylii
Peromyscus boylii
Peromyscus boylii

Sierra Co. NM
Sierra Co. NM
Sierra Co. NM
Sierra Co. NM
Sierra Co. NM

OK134983
OK134984
OK134985
OK134989

MSB:Mamm:304191
MSB:Mamm:304192
MSB:Mamm:305233
MSB:Mamm:305235
MSB:Mamm:305236

Sierra Co. NM
Sierra Co. NM
Sierra Co. NM
Sierra Co. NM
Sierra Co. NM

OK134990
OK134991
-

Sierra Co. NM

OK135139

MSB:Mamm:305238
MSB:Mamm:305240
MSB:Mamm:305241

Peromyscus boylii
Peromyscus boylii
Thomomys bottae
Neotoma albigula
Neotoma albigula
Otospermophilus
variegatus
Neotoma albigula
Chaetodipus intermedius
Dipodomys merriami

Sierra Co. NM
Sierra Co. NM
Sierra Co. NM

OK135026
OK135027

MSB:Mamm:305242
MSB:Mamm:305243

Chaetodipus intermedius
Neotoma albigula

Sierra Co. NM
Sierra Co. NM

OK135094
OK135017

MSB:Mamm:305244

Dipodomys merriami

Sierra Co. NM

-

MSB:Mamm:303046

MSB:Mamm:305237
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Sierra Co. NM
San Bernardino Co.
CA
Cochise Co. AZ
Catron Co. NM
Grant Co. NM
Grant Co. NM
Sierra Co. NM

OK135084
OK134977
OK135011
-

MSB:Mamm:305245

Sierra Co. NM

OK135039

Sierra Co. NM

OK135097

MSB:Mamm:305247
MSB:Mamm:305257
MSB:Mamm:305258
MSB:Mamm:305259
MSB:Mamm:323706

Chaetodipus intermedius
Otospermophilus
variegatus
Chaetodipus intermedius
Peromyscus boylii
Peromyscus boylii
Peromyscus boylii
Dipodomys merriami

Sierra Co. NM
Sierra Co. NM
Sierra Co. NM
Sierra Co. NM
Luna Co. NM

OK135056
OK135014
OK134992
OK134993
OK135092

MSB:Mamm:323714
MSB:Mamm:323716
MSB:Mamm:323717
MSB:Mamm:323718

Chaetodipus intermedius
Chaetodipus intermedius
Chaetodipus intermedius
Chaetodipus intermedius

Luna Co. NM
Luna Co. NM
Luna Co. NM
Luna Co. NM

OK135140
OK135040
OK135080
OK135049

MSB:Mamm:323732
MSB:Mamm:323735
MSB:Mamm:324781
MSB:Mamm:325306
MSB:Mamm:325312

Dipodomys merriami
Chaetodipus intermedius
Perognathus flavus
Thomomys bottae
Peromyscus truei

Luna Co. NM
Luna Co. NM
Catron Co. NM
Catron Co. NM
Catron Co. NM

OK135110
OK135064
OK135050
-

MSB:Mamm:325314

Thomomys bottae

Catron Co. NM

-

305246 (no voucher)
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Table S2. Coccidioides positive samples based on Illumina sequencing of the fungal
ribosomal ITS2 region.
Total reads
OTU OTU
Host Voucher
Host ID
County State
(Rel.
136
899
abundance)
78118 (no voucher) Ammospermophilus Cochise
AZ
49
4
53 (<1%)
harrisii
MSB:Mamm:78106
Chaetodipus
Cochise
AZ
36
0
36 (<1%)
penicillatus
MSB:Mamm:78110
Dipodomys
Cochise
AZ 1692 182 1874 (<1%)
merriami
MSB:Mamm:78077
Sylvilagus
Cochise
AZ
855
128
983 (1.6%)
audubonii
MSB:Mamm:77713
Chaetodipus
Maricopa AZ
186
15
102 (<1%)
penicillatus
MSB:Mamm:77719
Chaetodipus
Maricopa AZ 1974 2154 4128 (6.3%)
penicillatus
77240 (no voucher)
Dipodomys
Maricopa AZ 2137
0
2137 (2.8%)
merriami
77253 (no voucher)
Dipodomys
Maricopa AZ
1
0
1 (<1%)
heermanni
MSB:Mamm:77316
Perognathus
Maricopa AZ
0
1
1 (<1%)
amplus
MVZ:Mamm:239395
Dipodomys
Kern
CA
0
1
1 (<1%)
heermanni
MVZ:Mamm:239414
Dipodomys
Kern
CA
6
0
6 (<1%)
nitratoides
MVZ:Mamm:239597
Onychomys
Kern
CA
19
8
27 (<1%)
torridus
MVZ:Mamm:239619
Peromyscus
Kern
CA
2
0
2 (<1%)
maniculatus
MSB:Mamm:284485 Thomomys bottae
Catron
NM
1
1
2 (<1%)
MSB:Mamm:304176
Chaetodipus
Sierra
NM
1
0
1 (<1%)
intermedius
MSB:Mamm:305240
Chaetodipus
Sierra
NM 4410
21
4431 (1.4%)
intermedius
MSB:Mamm:305241
Dipodomys
Sierra
NM 2972
2
2974 (<1%)
merriami
MSB:Mamm:305238 Neotoma albigula
Sierra
NM
129
0
129 (10.6%)
MSB:Mamm:305243 Neotoma albigula
Sierra
NM
765
239
1004 (1%)
MSB:Mamm:303043 Neotoma stephensi
Sierra
NM
130
0
130 (<1%)
305246 (no voucher)
Otospermophilus
Sierra
NM
3
0
3 (<1%)
variegatus
MSB:Mamm:270443 Peromyscus boylii
Sierra
NM
123
74
197 (<1%)
MSB:Mamm:304190 Peromyscus boylii
Sierra
NM
1
0
1 (<1%)
MSB:Mamm:89752
Neotoma albigula
Socorro
NM
25
36
61 (<1%)
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Table S3. Spearman correlations at different rarefaction depths of Illumina ITS2 sequences
demonstrate no significant correlation between Blastomyces parvus OTUs and Coccidioides
OTUs.

Rarefied
Samples Rarefied Spearman
p-value
Depth
OTUs
correlation
1000
199
642
0.01773099
0.387
5000
189
677
-0.008329599
0.5438
10000
182
531
-0.0257075
0.6351
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Table S4. Fungi isolated from small rodent lungs in Kern County California.
Organism
GenBank
Host ID
Voucher
Blastomyces parvus
MW652389
Dipodomys heermanni
MVZ:Mamm:239395
Blastomyces parvus
MW652390
Perognathus inornatus
MVZ:Mamm:239512
Aspergillus fumigatus MW652391
Dipodomys heermanni
MVZ:Mamm:239386
Aspergillus sp.
MW652392
Perognathus inornatus
MVZ:Mamm:239508
Circinella sp.
MW652393
Dipodomys nitratoides
MVZ:Mamm:239418
Circinella sp.
MW652394
Dipodomys nitratoides
MVZ:Mamm:239418
Circinella sp.
MW652395
Onychomys torridus
MVZ:Mamm:239598
Circinella sp.
MW652396
Perognathus inornatus
MVZ:Mamm:239505
Circinella sp.
MW652397
Perognathus inornatus
MVZ:Mamm:239506
Subramaniula sp.
MW652398 Peromyscus maniculatus
MVZ:Mamm:239618
Chaetomium sp.
MW652399 Peromyscus maniculatus
MVZ:Mamm:239622
Blastomyces parvus
MW652400
Dipodomys nitratoides
MVZ:Mamm:239411
Blastomyces parvus
MW652401
Dipodomys nitratoides
MVZ:Mamm:239416
Blastomyces parvus
MW652402
Dipodomys heermanni
MVZ:Mamm:239414
Blastomyces parvus
MW652403
Dipodomys nitratoides
MVZ:Mamm:239413
Blastomyces parvus
MW652404
Dipodomys heermanni
MVZ:Mamm:239396
Blastomyces parvus
MW652405
Dipodomys heermanni
MVZ:Mamm:239394
Blastomyces parvus
MW652406
Dipodomys nitratoides
MVZ:Mamm:239414
Lichtheimia ramosa
MW652407
Dipodomys nitratoides
MVZ:Mamm:239412
Penicillium sp.
MW652408 Peromyscus maniculatus
MVZ:Mamm:239620
Penicillium sp.
MW652409
Onychomys torridus
MVZ:Mamm:239599
Penicillium sp.
MW652410
Dipodomys nitratoides
MVZ:Mamm:239419
Penicillium sp.
MW652411
Dipodomys nitratoides
MVZ:Mamm:239419
Penicillium sp.
MW652412
Dipodomys heermanni
MVZ:Mamm:239388
Penicillium sp.
MW652413
Perognathus inornatus
MVZ:Mamm:239505
Penicillium sp.
MW652414
Perognathus inornatus
MVZ:Mamm:239512
Penicillium sp.
MW652415
Dipodomys heermanni
MVZ:Mamm:239387
Blastomyces parvus
MW652416
Dipodomys heermanni
MVZ:Mamm:239391
Emmonsiellopsis sp.. MW652417
Dipodomys heermanni
MVZ:Mamm:239397
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Table S5. BLASTn searches of Eurotiomycetes OTUs demonstrate the lung environment is
enriched for Onygenales over outdoor environments. Unlike OTUs from other
Eurotiomycetes, OTUs from the Onygenales typically do not have close relatives among
sequences from environmental samples in GenBank. Results are shown for the eight most
frequent OTUs from the Onygenales and Eurotiales and their hits against the full nucleotide
collection (nr/nt database) versus sequences limited to environmental surveys (uncultured fungi).
Top nr/nt hit
Top hit limited to
(E value, % identity,
uncultured fungi
Order
OTU
organism)
(E value, % identity)
Onygenales OTU20
0.0, 97.28,
2e-121, 94.43
Blastomyces parvus
OTU106
0.0, 99.00,
2e-131, 90.91
Blastomyces parvus
OTU58
0.0, 96.29,
1e-123, 89.59
Blastomyces parvus
OTU1155 0.0, 96.80,
1e-122, 89.37
Blastomyces parvus
OTU15
0.0, 98.98
4e-128, 90.65
Emmonsia crescens
OTU59
0.0, 99.17,
1e-157, 97.83
Auxarthron umbrinum
OTU85
0.0, 97.87,
2e-151, 94.78
Emmonsiellopsis sp.
OTU136
0.0, 99.21,
2e-131, 91.45
Coccidioides posadasii
Eurotiales
OTU7
0.0, 99.21,
0.0, 98.68
Penicillium mononematosum
OTU3
0.0, 99.48,
0.0, 99.48
Aspergillus sp.
OTU11
0.0, 98.94,
0.0, 98.15
Penicillium sp.
0.0, 97.38,
0.0, 97.11
OTU1118 Penicillium sp.
0.0, 99.22,
0.0, 99.22
OTU44
Thermomyces lanuginosus
0.0, 98.95,
0.0, 98.95
OTU75
Penicillium sp.
0.0, 99.48,
0.0, 99.48
OTU36
Aspergillus tubingensis
0.0, 99.47,
0.0, 98.94
OTU411
Penicillium sp.
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