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Abstract

Microbial skin assemblages, including fungal communities, can influence host resistance to infectious diseases. The
diversity-invasibility hypothesis predicts that high-diversity communities are less easily invaded than species-poor
communities, and thus diverse microbial communities may prevent pathogens from colonizing a host. To explore the
hypothesis that host fungal communities mediate resistance to infection by fungal pathogens, we investigated characteristics
of bat skin fungal communities as they relate to susceptibility to the emerging disease white-nose syndrome (WNS). Using a
culture-based approach, we compared skin fungal assemblage characteristics of 10 bat species that differ in susceptibility to
WNS across 10 eastern U.S. states. The fungal assemblages on WNS-susceptible bat species had significantly lower alpha
diversity and abundance compared to WNS-resistant species. Overall fungal assemblage structure did not vary based on
WNS-susceptibility, but several yeast species were differentially abundant on WNS-resistant bat species. One yeast species
inhibited Pseudogymnoascus destructans (Pd), the causative agent on WNS, in vitro under certain conditions, suggesting a
possible role in host protection. Further exploration of interactions between Pd and constituents of skin fungal assemblages
may prove useful for predicting susceptibility of bat populations to WNS and for developing effective mitigation strategies.

Introduction

A potential microbial invader into an ecosystem must
overcome barriers to invasion including abiotic (e.g., pH,
temperature, and salinity) and biotic (e.g., competition,
antagonism, and predation) resistance [1]. The diversity-
invasibility hypothesis predicts that high-diversity commu-
nities are less easily invaded than species-poor communities
[1-3]. For example, reduction of skin microflora on
amphibians increases host susceptibility to and mortality
from the chytrid fungus Batrachochytrium dendrobatidis
[4, 5]. Diversity is not the only characteristic of the
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microbiome that may influence disease susceptibility. Spe-
cific components of microbiome may also inhibit pathogen
invasion through production of antimicrobial compounds,
stimulation or training of the host immune system, and
occupation of adherence sites and metabolic niches [6, 7].
Thus, the presence of certain microorganisms rather than the
overall diversity or community structure may be responsible
for host resistance.

Although most work on skin microbiomes focus on
bacterial communities, the role of skin fungal assemblages
in health and disease is an emerging field [8-10]. For
example, a recent study found cutaneous fungal assem-
blages may contribute even more to defense against B.
dendrobatidis than do bacteria [11]. Diverse skin fungal
assemblage patterns are associated with various diseases in
humans and can play a role as preventive or therapeutic
agents [10]. For instance, the severity of skin disorders such
as atopic dermatitis and psoriasis are inversely correlated
with the diversity of skin fungal assemblages [9]. Com-
mensal microorganisms in humans, including fungi, play a
role in appropriately tuning immune activity to ensure
efficient responses to pathogens while limiting responses
directed toward host tissues and innocuous agents such as
allergens [6, 12].
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The role of the fungal skin microbiome in susceptibility
to and severity of emerging fungal diseases in wildlife is an
active area of investigation, with previous work focusing on
amphibian chytridiomycosis and snake fungal disease
[11, 13]. However, examination of how the fungal skin
microbiome mediates white-nose syndrome (WNS) in bats
has not been studied. White-nose syndrome, a cutaneous
fungal infection of hibernating bats caused by Pseudo-
gymnoascus destructans (Pd), was introduced to North
America from Eurasia [14, 15]. The fungal pathogen
damages wing membranes, resulting in physiological dis-
ruptions that can lead to death [16]. Since its initial detec-
tion in North America in 2006, WNS has killed more than
6.5 million bats [17], making it one of the most devastating
wildlife diseases ever documented. Some species of bats
have experienced catastrophic population declines due to
WNS and are now listed as endangered [18].

Variation in host susceptibility to WNS has been docu-
mented within and between bat species. For example, the
little brown bat (Myotis lucifugus), northern long-eared bat
(My. septentrionalis), and tricolored bat (Perimyotis sub-
flavus) have experienced massive population declines due to
WNS, while other species [e.g., big brown bat (Eptesicus
fuscus), eastern small-footed bat (My. leibii), and Indiana
bat (My. sodalis)] appear to resist infection by Pd (have
lower pathogen burdens) and have persisted, even in areas
where Pd appears to be established in hibernacula [19-22].
Still other species of hibernating bats [e.g., Townsend’s big-
eared bat (Corynorhinus townsendii) and Rafinesque’s big-
eared bat (Co. rafinesquii)] appear to be unaffected by the
disease, in that they display no lesions diagnostic for
infection despite exposure to Pd [19, 23-25]. Variation in
host susceptibility has also been documented within species,
for example some colonies of My. lucifugus in New York
state are persisting after more than a decade of exposure to
Pd [26]. In all, 11 bat species have been documented with
WNS in North America, and Pd has been detected on an
additional six species without clinical signs of WNS
[19, 23-25]. Multiple host traits have been hypothesized as
determining WNS-susceptibility including body size, length
of hibernation period, physio-chemistry (e.g., sebaceous
lipid composition), immune defenses, hibernation behavior,
and skin microbial assemblages [21, 27-32]. However, the
precise mechanisms of WNS-resistance remain unknown.

We examined skin fungal assemblage characteristics of
the wings of 10 bat species across the eastern United States.
We hypothesized that culturable constituents of bat skin
fungal assemblages differ based on host WNS-
susceptibility. Due to complex nature of a host’s micro-
biome and the various ways in which it can confer resis-
tance to disease, no one analysis is sufficient for testing this
hypothesis. Therefore, we tested two sub-hypotheses to
address our larger question. For our first sub-hypothesis, we
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hypothesized that WNS-resistant bat species would have
higher fungal diversity and abundance on their wings
compared to WNS-susceptible species (consistent with the
pre-existing diversity-invasibility hypothesis). For our sec-
ond sub-hypothesis, we hypothesized that we would detect
fungal species on WNS-resistant bats that were rare or
absent from susceptible bats, and that these fungal species
would directly inhibit Pd growth in vitro.

Methods
Sampling

Field sampling was approved by the U.S. Geological Sur-
vey National Wildlife Health Center Institutional Animal
Care and Use Committee (Protocols #EP140212 and
#EP081124-A2). Samples were collected from 25 hiberna-
cula in the eastern USA (10 states) from January to March,
2014-2017 (Table 1; Fig. 1). Sampling targeted hibernating
bats during winter because Pd primarily grows on bats
during hibernation.

Categorizing bat species into WNS-susceptibility groups
is an area of active debate because disease processes act on
a context-dependent continuum [33]. For this study, we
classified My. lucifugus, My. septentrionalis, and Per.
subflavus as WNS-susceptible because these species have

Table 1 Bat species, sample sizes (N), and locations sampled.

Bat Species N  State - # of sites Years sampled

Corynorhinus 30 AR-2 2017

rafinesquii

Co. townsendii 30 WV-2 2014

virginianus

Eptesicus fuscus 31 IA-1, PA-1, WI-1, 2014,
WV-1 2015, 2016

Mbyotis austroriparius 32 AL-3 2015

My. grisescens 21 AL-2, KY-1 2014, 2015

My. leibii 4  PA-2 2016

My. lucifugus 43 KY-1, WI-4 2014, 2017

My. lucifugus (WNS- 61 NY-2 2014, 2015

tolerant)

My. septentrionalis 39 WI-5 2014, 2015

My. sodalis 28 AL-1, KY-1, MO-1 2014, 2015

Perimyotis subflavus 79 AL-3,KY-1,MO-1, 2014,
OK-1, WI-3, WV-1 2015, 2017

The number of sites in which each species was sampled per state
follows the state abbreviation. The names and coordinates of the
collection sites have been withheld due to the sensitive nature of bat
hibernacula.

AR Arkansas, WV West Virginia, /A lowa, PA Pennsylvania, WI
Wisconsin, AL Alabama, KY Kentucky, NY New York, MO Missouri,
OK Oklahoma.
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Fig. 1 A map showing the distribution of sampling sites and the
bat species sampled at each site. Each sampling site is represented by
a circular chart and the bat species sampled at each site are represented
by the colors displayed by its respective chart. Whether or not a
species was sampled at a site is displayed as a binary factor, i.e., size of
each chart segment is not related to the number of each species sam-
pled at a site. Bat species categorized as white-nose syndrome (WNS)-

experienced WNS-associated population declines of over
70% in multiple hibernacula [19, 34]. We classified Co.
rafinesquii and Virginia big-eared bat (Co. townsendii vir-
ginianus) as WNS-impervious as these species have not
been documented with Pd infections, despite repeated
detection of Pd on their wing skin (indicating exposure)
[23, 24]. We classified species as WNS-resistant if they are
documented to develop Pd infections, but do not exhibit
large-scale mortality as a direct result of WNS. Under this
classification, E. fuscus and My. leibii were categorized as
WNS-resistant as they have exhibited <50% WNS-
associated declines within Pd-infected populations [19].
Similarly, population declines related to WNS have not
been documented in southeastern myotis (My. austror-
iparius) and gray bat (My. grisescens) despite confirmation
of WNS in these species [19, 35-37]. Myotis sodalis was
also classified as WNS-resistant because declines in Pd-
infected My. sodalis populations have been variable. At
some locations, My. sodalis colonies have experienced
>70% declines after the detection of WNS, while at other
sites declines have been <50% (or the colony has even
increased) post-WNS [19, 34, 38, 39]. Additionally, fungal
loads of Pd on the skin of My. sodalis are more consistent
with those found on WNS-resistant species [22]. Some
individual bats within a resistant species may develop WNS
severe enough to cause mortality, while other individuals
have low pathogen loads. We emphasize that our classifi-
cations are made at the species level and are not necessarily
valid for all individuals within a species as we did not track
the fate of individual bats in this study.

1000km
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B Perimyotis subflavus
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B Myotis leibii
& Myotis sodalis
W Myotis austroriparius
[T Myotis grisescens
[L] Corynorhinus rafinesquii
[L] Corynorhinus townsendii

e —
0 50 100km

susceptible are displayed in hues of red, species categorized as WNS-
resistant are displayed in hues of blue, and species categorized as
WNS-impervious are displayed in hues of yellow. a sampling sites and
bat species across the United States. Sampled states are shown in gray.
b A finer scale plot of sampling sites within the state of Wisconsin.

We swabbed wings by rolling a sterile Pur-Wraps®
polyester-tipped swab (Puritan Medical Products Company
LLC, Guilford, Maine, USA), pre-moistened with 150 ul
sterile nuclease-free water, three times across the ventral
plagiopatagium (wing membrane connecting the hindlimb
and forelimb). We stored swabs in individual, sterile, 1.5 ml
microcentrifuge tubes at 4 °C. Swabs were stored from 1 to
21 days with a mean of 3.9 +3 days. We changed nitrile
gloves between handling individual bats to prevent cross-
contamination.

Fungal culture and identification

We streaked each swab five times, discretely, across three
different media: sabouraud dextrose agar with chlor-
amphenicol and gentamicin (SD; BD Diagnostic Systems,
Sparks, Maryland, USA), dermatophyte test medium
(DTM) with chloramphenicol, cycloheximide (added to
inhibit fast-growing saprophytic fungi), and gentamicin
(prepared in-house), and modified Leeming and Notman
agar (LNA; prepared in-house [40]). Plates were sealed with
laboratory film (Bemis Flexible Packaging, Neenah, Wis-
consin) and incubated in darkness at 7 °C (to approximate
typical conditions in hibernacula) for 2 months. We checked
plates weekly and isolated morphologically unique fungal
colonies, including Pd, in pure culture. We counted the
number of colonies of each morphotype on each plate
weekly to determine colony forming units (CFUs) until
confluent growth precluded accurate counts. The final CFU
count for each morphotype on each bat was calculated by
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summing the total CFUs of each morphotype on the three
media per each individual bat.

We identified pure cultures by analyzing the full-length
internal transcribed spacer (ITS) region of the fungal rRNA
gene [41]. Sequences were collapsed into representative
operational taxonomic units (OTUs) using USEARCH [42]
with a 97% similarity threshold [43]. We applied a 99%
similarity threshold for the genus Debaromyces because of
minimal genetic variation exhibited in the ITS region
among Debaromyces species [44]. We assigned taxonomy
to sequences in R, using the assigntaxonomy function
(DADA2 package) [45] with UNITE [46, 47]. Some
sequences were not identified to genus using UNITE, and
we compared these to NCBI’s Genbank database using
BLAST [48]. We manually generated a community matrix
of annotated OTUs and their CFUs for each bat.

Except where noted, we removed Pd from the dataset for
statistical analyses to focus on skin fungal assemblage
characteristics associated with WNS-susceptibility rather
than differences caused by the pathogen. We also excluded
fungal OTUs that were only isolated from one bat, as these
are likely transient species rather than commensals.

Statistical analyses

We performed analyses in R [49]. We calculated the
Shannon diversity index (hereafter, Shannon Index) of fungi
on each bat using the diversity function in the vegan
package [50]. To test our first sub-hypothesis that skin
fungal assemblage diversity is related to WNS-
susceptibility group, we constructed a Gaussian zero-
inflated model with Shannon Index as the response vari-
able and bat species (9 level factor), site (23 level factor
with New York sites excluded), and WNS-susceptibility
group (3 level factor) as explanatory variables (package
glmmTMB) [51]. We included the number of days swabs
were stored, year of collection, month of collection, state
(broad spatial scale), and day-of-year swabs were collected
in supplemental models to examine which explanatory
variables were predictive of variation. We used the function
AlCtab (package bbmle) [52] to compare model Akaike
information criteria (AIC) values. As yeasts are important
components of the cutaneous mycobiome of mammals
[53, 54], we repeated this analysis using yeasts-only
Shannon Index, fungal abundance (CFU), and yeast abun-
dance as the response variable in separate analyses. We
determined the optimum model family using AIC for
abundance response variables. We determined the best data
transformation with the transformTukey function (package
rcompanion) [55] for each response variable.

To determine if wing fungal assemblage composition
varied among WNS-susceptibility groups, bat species, and
sites, we implemented a non-parametric permutational
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multivariate analysis of variance (PERMANOVA) on
abundance based (CFU) Bray-Curtis dissimilarity coeffi-
cients using the function ADONIS (vegan [50]). As Bray-
Curtis dissimilarity values cannot be calculated for samples
that have no composition, we first removed individual bats
with no cultured fungi, individuals from which only Pd was
cultured, and bats from which the only fungus cultured was
the single representative of that OTU within our dataset
(n=4 Co. townsendii virginianus, n=3 Co. rafinesquii,
n=1E. fuscus, n =1 My. leibii, n = 47 My. lucifugus, n =
14 My. septentrionalis, and n = 64 Per. subflavus). We ran
PERMANOVA for 1000 iterations, and report R? values
when the variable enters the model last.

To test our second sub-hypothesis, we used DESeq2
(version 1.10.1, alpha =0.05) to identify OTUs that were
differentially abundant among WNS-susceptibility groups,
correcting for multiple pairwise comparisons using
Benjamini—Hochberg adjustment [56], and including bats
with no cultured fungi (DESeq2 allows non-balanced
datasets). As differential abundance analysis does not
account for within-group consistency, we also performed an
indicator species analysis using the multipatt function
(indicspecies package) [57]. We report OTUs with an
indicator statistic above 0.4 [31].

To determine if the abundance of Pd on a bat, as deter-
mined by our culture-dependent results, affected skin fungal
assemblages, we constructed zero-inflated models using
either fungal abundance (truncated negative binomial) or
alpha diversity (represented by Shannon Index; Gaussian
distribution) as the response variable, Pd abundance (CFU
counts; explanatory variable), and bat species and site
(random effects). The models with Shannon Index did not
converge, so we determined the best data transformation
with the transformTukey function (package rcompanion)
[55] for both the response (Shannon Index, lambda = 0.4)
and explanatory variables (Pd abundance, lambda = 0.225).
To examine whether Pd abundance influenced the fungal
community composition of each bat (beta diversity), a
PERMANOVA was run as described above. These analyses
were only run with bat species on which Pd was cultured
from at least one individual bat, but included all individuals
sampled within those species (My. lucifugus, My. septen-
trionalis, My. sodalis, and Per. subflavus).

Mycobiomes on WNS-resistant vs. susceptible
populations of Myotis lucifugus

We sampled colonies of My. lucifugus from two sites in
New York during winter 2014-2015 as described above.
These bat colonies have persisted despite the ongoing pre-
sence of Pd since 2006 [26]. We compared samples from
these resistant bat colonies to samples collected from My.
lucifugus colonies farther west (Wisconsin and Kentucky)
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that were naive to WNS at the time of sampling and thus
considered susceptible. We used zero-inflated models with
either Shannon Index (Gaussian), fungal abundance (trun-
cated negative binomial), or yeast abundance (truncated
negative binomial) as the response variable, and WNS-
susceptibility group (resistant vs. susceptible) as the sole
explanatory variable with site (7-level factor) as a random
effect. We also performed a differential abundance analysis
as described above.

Inhibition assays

We screened five yeast OTUs that were differentially enri-
ched on WNS-resistant or impervious bats for Pd-antag-
onism by spore-germination and growth-inhibition assays.
The production of toxins by fungi varies with environ-
mental conditions [58]. Therefore, different types of media,
pH, and salt conditions were tested, including SD (pH 5.6),
brain heart infusion (BHI, pH 7.4), BHI with 10% sheep
blood (pH 7.4), yeast morphology (YM) medium with the
pH adjusted to either 4.5, 5.0, or 7.0 with 0.1 M citrate-
phosphate buffer, and YM supplemented with 6% (w/v)
NaCl at pH 5.0. We supplemented media at pH 4.5 with
increased agar (2% wi/v) to ensure solidification. To deter-
mine whether Pd would grow on medium with increased
NaCl, we supplemented YM at pH 5.0 with NaCl at half
percent intervals, inoculated with pure cultures of Pd, and
incubated at 7°C for 2 months. Pseudogymnoascus
destructans grew on YM at both pH 4.5 and 5.0 (no NaCl
supplementation). We saw visible Pd growth on YM pH
5.0 supplemented with 0.5% to 2.0% NaCl after 2 weeks
incubation, 2.5% to 4.0% NaCl after 1 month, and 4.5% to
6.0% NaCl after 2 months. All yeast strains used in the
assays also grew under these conditions.

For inhibition assays, we harvested Pd conidia (ATCC
MYA-4855) from 3-month old cultures as described by
Lorch et al. [14] and enumerated conidia using a hemo-
cytometer. We spread 150 ul of conidial suspension con-
taining two million conidia onto agar medium. We placed
six pre-sterilized Whatman #1 filter paper discs equidistant
from one another on each plate. We harvested yeasts from
6-day old cultures grown on SD at 7 °C by scraping cells off
agar surfaces with sterile loops and suspending them in
sterile phosphate-buffered saline (PBST) containing 0.5%
Tween 20. We enumerated yeast cells as described above
and 8 ul suspensions each containing 500,000 cells were
pipetted directly onto individual filter-paper discs. We tes-
ted each yeast-strain in triplicate, incubating all plates in the
dark at 7°C. Negative controls were discs treated with
PBST only and positive controls were discs containing
voriconazole (30 ug; Sensi-disc; Becton, Dickinson, & Co.,
Franklin Lakes, New Jersey). We checked plates daily for
the first week to assess inhibition of Pd germination near the

discs, and then weekly for 2 months or until Pd growth had
covered the entire agar surface. We measured zones of
inhibition around the discs to the nearest mm after 2 weeks
of incubation.

Results

The skin mycobiome differs between susceptible
and resistant bat species

We processed 398 swabs from 10 bat species sampled
across 10 states (Table 1). Fungi were cultured from 86.9%
(346) of swabs, representing 137 fungal morphotypes of 80
genera. We found that 20.9% of OTUs were cultured from a
single individual bat (Table S1). The most commonly cul-
tured fungi were Pd (from 32.4% of bats), Debaryomyces
hansenii  (29.1%), Cutaneotrichosporon moniliiforme
(17.3%), Malassezia vespertilionis (14.6%; newly described
during this study [40]), two additional unassigned Debar-
yomyces species [hereafter referred to as Debaryomyces sp.
1 (14.3%) and Debaryomyces sp. 3 (12.3%)], and Clados-
porium delicatulum (8.5%). Yeasts (including dimorphic
fungi) comprised 32.1% of detected OTUs.

Yeasts, when present, often had high CFU counts com-
pared to filamentous fungi. This is shown in Fig. 2 as pat-
terns among bat species and sites for overall fungal
abundance (A) are virtually identical to yeast abundance
(C). In sites where multiple bat species were sampled, such
as AL-1, AL-2, AL-3, KY-1, MO-1, and WI-7 (Figs. 1 and
2), WNS-resistant species, such as My. grisescens and E.
fuscus, always had higher fungal and yeast abundance than
WNS-susceptible species. WNS-impervious species had
low fungal and yeast abundance at all sites (Fig. 2a, c).
Although filamentous fungi were generally present in low
abundance, their diversity was higher than yeast diversity
on some bats. This is reflected in Fig. 2 where bat species
with low fungal abundance (A), such as My. leibii and
Corynorhinus spp., had a higher mean Shannon Index (B)
compared with bat species with high fungal abundance,
such as My. austroriparius. Conversely, some bat species
had high abundance of one or two OTUs, but low overall
diversity as reflected by the Shannon Index (e.g., My.
austroriparius). WNS-susceptible species had higher
diversity of filamentous fungi (Fig. 2b) compared to yeast
diversity (Fig. 2d). Fungal abundance was similar among
the three bat species in the WNS-susceptible group and
between the two impervious Corynorhinus spp. (Fig. S1A, B).

Fungal diversity differs among bat species

The best model explaining differences in skin fungal
diversity (Shannon Index as dependent variable) among
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Fig. 2 Fungal abundance and diversity on the skin of bats. Mean
counts of fungal abundance and diversity per bat, expressed as colony
forming units (CFU), and mean Shannon Index for all fungi (a, b) and
yeast only (c, d) on various species of bats at different sites. Pseu-
dogymnoascus destructans has been excluded. AR Arkansas, WV
West Virginia, [A Iowa, PA Pennsylvania, WI Wisconsin, AL

individuals included bat species and site (Table S2). Some
bat species, such as Per. subflavus and Co. townsendii
virginianus, had significantly lower Shannon Index com-
pared to other bat species such as E. fuscus and My. gri-
sescens (Table S3). When bat species and site were included
as random variables and WNS-susceptibility group was the
sole explanatory variable, WNS-impervious (estimate =
0.1703, std error = 0.1094, p < 0.001) and WNS-susceptible
(estimate = 0.1244, std error =0.0782, p<0.001) species
had significantly lower Shannon Indices than WNS-resistant
species (estimate = 0.5988, std error = 0.0600, p < 0.001) in
the conditional model. None of the factors explained var-
iance in the zero-inflation model (estimate = —23.77, std
error = 13427.55, p=0.999; i.e., there was no pattern
among groups, bat species, or sites for which individuals
would have a Shannon Index of zero).

Yeast-only diversity differs among bat species
The best model with yeast-only Shannon Indices as the
dependent variable included bat species and month of col-

lection (Table S2). This model indicated that some bat
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Myotis austroriparius

L2 A Al4 AR AR2 A1 KY1 MO1 OK! PAY PA2 WII W
Site of Origin
My. loibis £

My sodalis

Susceptle
My. grisoscens

Alabama, KY Kentucky, NY New York, MO Missouri, OK Oklahoma.
Corynorhinus spp. = Co. rafinesquii and Co. townsendii virginianus;
WNS-resistant = Eptesicus fuscus, Myotis austroriparius, My. gri-
sescens, My. leibii, My. sodalis; WNS-susceptible = My. lucifugus, My.
septentrionalis, and Perimyotis subflavus.

species, such as E. fuscus, My. grisescens, and My. aus-
troriparius, had significantly higher yeast Shannon Indices
than other bat species such as Per. subflavus (Table S3).
When bat species and site were included as random
variables and WNS-susceptibility group was the sole
explanatory variable, WNS-impervious (estimate = 0.0938,
std error=0.0918, p<0.001) and WNS-susceptible
(estimate =0, std error =0.0681, p<0.001) species had
significantly lower Shannon Indices than WNS-resistant
species (estimate = 0.4883, std error = 0.0509, p <0.001) in
the conditional model. None of the factors explained var-
iance in the zero-inflation model (estimate = —25.97, std
error = 4595542, p=1).

Fungal abundance differs among bat species

The best models with fungal abundance (CFU counts;
response variable) all included bat species (Table S2). The
best model (bat species and day-of-year swabs were col-
lected) indicated that My. grisescens, My. austroriparius,
and My. sodalis had significantly higher fungal abundance
than other bat species (Table S3). When bat species and site
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Fig. 3 Operational taxonomic units (OTUs) identified as differen-
tially abundant (p <0.05) among WNS-susceptibility groups in
pairwise comparisons. For each pairwise comparison, the WNS-
susceptibility group listed first was the baseline and the second was the
comparison. Log2change values above zero indicate that the OTUs
were more abundant in the comparison group compared to the

were included as random variables and WNS-susceptibility
group was the sole explanatory variable, WNS-impervious
(estimate = 1.4299, std error =0.4333, p=0.0065) and
WNS-susceptible (estimate = 1.0361, std error = 0.3632,
p <0.001) species had lower fungal abundance compared to
WNS-resistant species (estimate =2.6087, std error =
0.2395, p<0.001) in the conditional model.

Yeast-only abundance differs among bat species

The best models with yeast abundance (response variable)
all included bat species (Table S2). The best model (bat
species and day-of-year swabs were collected) indicated
that My. grisescens, My. austroriparius, and My. sodalis
had significantly higher yeast abundance than other bat
species (Table S3). When bat species and site were included
as random variables and WNS-susceptibility group was the
sole explanatory variable, WNS-susceptible (estimate =
21.25, std error = 74.84, p = 0.0013) and WNS-impervious
(estimate = 23.25, std error = 86.32, p=0.0057) species
had significantly lower fungal abundance compared to
WNS-resistant species (estimate =262.09, std error =
48.54, p <0.001).

baseline. OTUs that were significant indicator species (indicator sta-
tistic>0.4, p<0.05) for each WNS-susceptibility group are shown
with blue boxes. Debaryomyces sp. 3 is an indicator species for both
WNS-resistant and WNS-impervious species of bats. All other fungal
indicator species are for WNS-resistant species of bats alone. P values
were corrected for multiple hypothesis testing in both tests.

Fungal composition differs among bat species

Skin fungal assemblage composition was significantly
associated with both bat species (pseudo-Fs,p; =2.833
R?=0.0386, p=0.001) and site of collection (pseudo-
Fig207 =2.725, R?=0.1335, p =0.001). White-nose syn-
drome susceptibility group, month of collection, year of
collection, number of days swabs were stored, state, and
day of year swabs were collected were not significant pre-
dictors of skin fungal assemblage composition (these vari-
ables were removed because they did not improve the
model). Six OTUs (all yeast) were differentially abundant
among WNS-susceptibility groups and identified as indi-
cator species (Fig. 3).

Relationship between Pd and the skin mycobiome

Pd was only isolated from four bat species: from 5.1% of
My. septentrionalis (n=139), 53.6% of My. sodalis (n=
28), 49.4% of Per. subflauvs (n=19), 91.8% of My. luci-
fugus sampled in New York (n=61), and from 32.6% of
Mpy. lucifugus sampled elsewhere (n = 43; Table S4). When
present, Pd was abundant (high CFU counts) on My.
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Table 2 Inhibition assays.

Yeast strain

Mean range in diameter of the zone of inhibition (mm)

SD BHI BHIB YM, pH4.5 YM,pH50 YM, pH5.0,6% YM, pH 7.0
NaCI*

Cutaneotrichosporon moniliiforme (44797-142-2SD) 0 7 7
Cu. moniliiforme (44797-153-1DTM) 0 0 0 9.75° 7° 0 0
Debaryomyces sp. 1 (44797-144-4SD, 44797-166-2SD, 0 0
44797-136-2SD)
Debaryomyces sp. 3 (44797-66-3SD) 0 0 0 0 0 0 0
D. hansenii (44797-62-2SD, 44797-190-2SD) 0 0 0 0 0 0 0
D. hansenii (type strain NRRL Y-7426) 0 0 0 0 0 0 0
Leucosporidium sp. (44797-83-3SD) 0 0 0 0 0 0 0
Voriconazole 0 16 13 15° 20 CI 16
PBST 0 0 0 0 0 0 0

The mean range in diameter of the zone of inhibition (n = 3 replicates for each condition except for the positive control) of Pseudogymnoascus
destructans (Pd) in the presence of indicated yeast strains after 2 weeks of incubation under various conditions in vitro (Sabouraud dextrose
medium [SD], brain heart infusion medium [BHI], brain heart infusion agar with 10% sheep blood [BHIB], and yeast morphology medium [YM]).
Voriconazole and phosphate-buffered saline with 0.5% Tween 20 (PBST) were used as positive and negative controls, respectively.

CI complete inhibition.

Plates checked at 7 weeks due to slow growth of Pd on this medium.

®Inhibition weak with some growth in ‘inhibited” area.

lucifugus, but had low abundance on the only WNS-
resistant species from which Pd was cultured during this
study, My. sodalis (Table S4). Neither Shannon Index nor
fungal abundance significantly varied with Pd abundance in
either the conditional model (estimate = 0.2692, std error =
0.0194, p =0.495 for Shannon Index; estimate = —0.0178
on log scale, std error = 0.0172, p = 0.302) or zero-inflation
model (estimate = —25.17, std error = 31587.79, p = 0.999
for Shannon Index; estimate = 0.0006, std error = 0.0012,
p =0.583 for fungal abundance). The composition of bat
skin fungal assemblages was predicted by both bat species
(pseudo-F 1,7 =4.8693, R?=0.0287, p=0.001) and site
(pseudo-F3 157 =2.2349, R*=0.1713, p=0.001), but
not Pd abundance (pseudo-F; 1,7 =1.4216, R?=0.0084,
p =0.086).

Mycobiomes of WNS-resistant versus WNS-
susceptible populations of Myotis lucifugus

Resistant My. lucifugus in New York had lower fungal
abundance (estimate = —16.934 on log scale, std error =
0.6056, p<0.001), lower yeast abundance (estimate =
—14.8541, std error =0.7492, p <0.001), and more indi-
viduals with zero yeast colonies (estimate =0.5521, std
error = 0.2036, p =0.0067) compared to susceptible My.
lucifugus in Wisconsin and Kentucky. However, resistant
My. lucifugus colonies did not have more individuals with
zero fungal colonies (estimate =—0.1929, std error =
0.197, p =0.328) or different Shannon Indices (estimate =
0.0484, std error =0.08554, p =0.1627) than susceptible
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My. lucifugus. Malassezia vespertilionis was identified as
differentially abundant on susceptible as compared to
resistant My. lucifugus (log2Change = —5.897, p <0.001).

Skin mycobiome constituents from WNS-resistant
bats inhibit Pd under certain conditions

Of the yeast strains tested, two isolates of Cu. moniliiforme
inhibited Pd in vitro under certain conditions (Table 2). On
YM at pH 5.0 with 6% NaCl medium, Pd grew slowly with
contorted hyphae (germination of spores was limited and
first seen after 4 weeks, but inhibition results could only be
assessed 7 weeks post-inoculation), indicating Pd was likely
stressed. The diameter of inhibition rings decreased over
time and completely disappeared on all plates, including
positive controls, after 4 weeks of incubation. The only
exception was the positive control YM pH 5 with 6% NaCl,
on which very limited germination of Pd was first observed
after 10 weeks of incubation.

Discussion

We hypothesized that the skin microbiomes of bats would
vary based on WNS-susceptibility group. More specifically,
we tested the sub-hypothesis that WNS-resistant bat species
would have more diverse and abundant skin fungal
assemblages as compared to susceptible bat species.
Although resistant species did have higher Shannon Indices
and fungal abundance compared to susceptible species, bat
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species that are impervious to Pd infection did not. Njus
[59] also found that bat species with low WNS-associated
mortality (Co. townsendii and E. fuscus) were dis-
proportionally colonized by yeasts, particularly Debar-
yomyces spp., compared to species with high WNS-
associated mortality (My. lucifugus). The lack of cultur-
able fungi on WNS-susceptible and impervious species was
supported by the absence of non-Pd fungi observed on My.
lucifugus, Per. subflavus, and Co. rafinesquii wings using
SEM (Appendix 1; Fig. S2). We also found that susceptible
My. lucifugus colonies had higher fungal abundance com-
pared to resistant colonies. Therefore, mechanisms other
than skin fungal assemblages contribute to infection out-
comes in WNS-impervious Corynorhinus spp. and persist-
ing colonies of WNS-resistant My. [lucifugus. Disease
resistance is often multifactorial, and combinations of host
genetic, physiological, and behavioral characteristics also
likely influence WINS susceptibility [60].

Distinguishing transient fungi from commensals is a
common challenge for skin microbial assemblage studies
[61, 62]. Many genera we isolated (e.g., Penicillium, Cla-
dosporium, non-Pd Pseudogymnoascus, and Mortierella)
are commonly isolated from cave environments and con-
sidered saprotrophs that are unlikely to colonize bat skin
[63—66]. In contrast, the high abundance of certain yeast
taxa (e.g., Debaryomyces, Cutaneotrichosporon, Leucos-
poridium, and Ma. vespertilionis), combined with our SEM
observations of yeasts budding on the skin of resistant bat
species, indicate they are commensals. Several of these
yeasts may represent novel taxa (Appendix 1; Fig. S3;
Tables S5 and S6) that could be adapted to living on bat
skin, and further work is needed to characterize these bat-
associated strains. Many yeasts we isolated have been
documented from cold regions (e.g., Antarctica and glacial
habitats), saline and acidic environments [67-69], human
skin fungal assemblages [53, 70, 71], and bats in tropical
habitats [72-78]. These patterns suggest that these yeasts
are commensals and thus might affect disease susceptibility.

In this study, we employed a culture-based approach to
examine the mycobiome of bats, which has several limita-
tions. Specifically, taxa that are rare or unculturable may be
overlooked. However, when we compared our culture
results to those based on next generation sequencing (NGS)
from a subset of samples (Appendix 1; Tables S7 and S8),
we found that our culture-based methods typically detected
the fungi most likely to be skin commensals on bats. Fur-
ther, the use of NGS presents a different set of drawbacks.
For example, although NGS can determine relative abun-
dance of various taxa, calculating absolute abundance of
particular organisms is more difficult. Samples that do not
yield satisfactory sequence data are routinely excluded from
further analyses, meaning that negative datapoints are often
discarded rather than given equal weight in analyses.

Through the use of zero-inflated models, we were able to
retain samples with many non-detections in our dataset.
This demonstrated that WNS-resistant species of bats were
significantly more likely to have culturable fungi than
WNS-susceptible or WNS-impervious species of bats.
Finally, our culture-based analysis yielded isolates of skin
commensals for downstream experiments such as Pd inhi-
bition assays and further genetic characterization of poten-
tially novel fungal taxa.

Geographic location (site) is an important explanatory
variable for the overall diversity and composition of skin
fungal assemblages. This pattern was previously found for
bat-skin fungal assemblages [66, 79], bat-skin bacterial
assemblages [31, 80-82], and amphibian skin bacterial
assemblages [83, 84]. Microbes that constitute an organ-
ism’s skin microbial assemblages are primarily drawn from
local environments [84], and microbial diversity is influ-
enced by numerous abiotic factors [85]. Factors that influ-
ence cave fungal assemblages include quantity of organic
material and water, cave chemistry, temperature, cave size
and depth, and number and diversity of animals [86].
Although we did not characterize environmental fungal
assemblages, likely each location we sampled possessed a
unique fungal assemblage. Each site was only sampled once
and sites within a state were all sampled by the same col-
lection team (which could affect results). Therefore, factors
such as day-of-year and month samples were collected, and
number of days swabs were stored are proxies for the
variable site. Overall, bats in southern states (Alabama,
Kentucky, Missouri) had higher fungal abundance than bats
in northern states, indicating that temperature or other
environmental factors associated with the region could be
an important determinant of fungal abundance. However,
because many bat species with relatively high fungal
abundance (My. austroriparius, My. sodalis, and My. gri-
sescens) were exclusively sampled in southern states (due
primarily to restricted geographic ranges for those bat spe-
cies), it is difficult to decouple the effects of location and
certain environmental parameters from species.

The diversity of fungal species occupying the skin is not
the only way in which the microbiome may modulate dis-
ease resistance. Instead, resistance may be related to the
presence of a single key species that acts as an antagonist to
a pathogen. For our second sub-hypothesis, we hypothe-
sized WNS-resistant species would harbor fungal species
that were comparatively rare on WNS-susceptible species,
and that these fungi would inhibit Pd in vitro. Each WNS-
susceptibility group contained at least one fungal species
that was enriched within it, all of which were yeasts. The
WNS-resistant group had multiple differentially enriched
yeasts, one of which, Cu. moniliiforme, reduced Pd growth
in vitro, indicating direct antagonistic interactions of this
yeast with Pd may be a mechanism of WNS-resistance by

SPRINGER NATURE



K. J. Vanderwolf et al.

slowing disease progression. Inhibition was limited to
specific pH and salinity conditions, and thus other yeasts
might inhibit Pd under untested conditions. The production
of antifungal compounds by fungi varies with pH, salinity,
temperature, and nitrogen source included in media
[58, 87]. Studies of physical conditions on the surface of bat
skin are necessary to determine the biological relevance of
our inhibition assays. Other mechanisms by commensal
yeasts may also mediate resistance to Pd infection, such as
through competition or facilitating immunostimulation in
response to infection.

Microbes that inhibit fungi have been proposed for use
in WNS control efforts [88, 89], but their effectiveness is
difficult to gauge without understanding underlying host
factors that influence microbiomes and favor potentially
protective microorganisms. We found fungal taxa that
were abundant on resistant bats were rare on susceptible
bats sampled at the same time from the same locations.
This may indicate that potentially protective microbes are
not easily established on WNS-susceptible hosts, which
may have different skin chemistries or different micro-
climate preferences within hibernacula compared to
WNS-resistant bats. Therefore, applications of these
yeasts on bats may not confer resistance if they cannot
colonize, or if environmental conditions are not con-
ducive for yeasts to inhibit Pd. Furthermore, although we
demonstrated an association between components of skin
fungal assemblages and resistance to WNS, it does not
prove that commensal fungi directly protect bats from Pd.
Skin chemistry, physiological, or behavioral traits that
promote yeast commensals on some bats may also result
in suboptimal conditions for Pd growth. Nonetheless, the
potential of certain yeasts to protect bats from WNS
warrants further investigation, as does the ability to pre-
dict WNS-susceptibility of bat populations using skin
fungal assemblage characteristics.
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