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ABSTRACT: White-nose syndrome (WNS) is a devastating
disease of hibernating bats caused by the fungus Pseudogymnoascus
destructans. We obtained 383 fungal and bacterial isolates from the
Soudan Iron Mine, an important bat hibernaculum in Minnesota,
then screened this library for antifungal activity to develop
biological control treatments for WNS. An extract from the fungus
Oidiodendron truncatum was subjected to bioassay-guided fractio-
nation, which led to the isolation of 14 norditerpene and three
anthraquinone metabolites. Ten of these compounds were
previously described in the literature, and here we present the
structures of seven new norditerpene analogues. Additionally, this
is the first report of 4-chlorophyscion from a natural source,
previously identified as a semisynthetic product. The compounds
PR 1388 and LL-Z1271α were the only inhibitors of P. destructans (MIC = 7.5 and 15 μg/mL, respectively). Compounds were
tested for cytotoxicity against fibroblast cell cultures obtained from Myotis septentrionalis (northern long eared bat) and M. grisescens
(gray bat) using a standard MTT viability assay. The most active antifungal compound, PR 1388, was nontoxic toward cells from
both bat species (IC50 > 100 μM). We discuss the implications of these results in the context of the challenges and logistics of
developing a substrate treatment or prophylactic for WNS.

White-nose syndrome (WNS) is an infectious disease of
hibernating bats caused by the dermatophytic fungus

Pseudogymnoascus destructans (formerly Geomyces destruc-
tans).1,2 The disease causes high levels of mortality among bat
colonies, reaching 95−100% for some highly susceptible species
such as Myotis lucifugus (little brown bat), Perimyotis subf lavus
(tricolored bat), and M. septentrionalis (northern long eared
bat). Population declines for M. septentrionalis have been so
severe that it was listed as threatened under the Endangered
Species Act in 2015. In addition to high mortality, WNS is
especially concerning due to its rapid spread across North
America. Infected bats were first reported from upstate New
York in 2006, and WNS has continued to spread across the
United States and Canada (Reference USFW maps, https://
www.whitenosesyndrome.org/static-page/wns-spread-maps).
The disease has been reported in 33 states and seven Canadian
provinces (as of August 2019) and recently jumped to
Washington state, just nine years after its initial discovery in
New York. Evidence suggests that P. destructans is an invasive
species from Europe or Asia, where it is endemic and does not
cause bat mortality.3,4 The mechanisms of morbidity and
mortality are multifactorial, and the disruption of torpor and

cascading effects leading to premature emergence from
hibernation seem critical to this process.4,5

Severe population declines due to WNS are changing bat
community structures and species abundance on both temporal
and spatial scales.6,7 The disease also impacts ecosystem services
provided by bats, including their critical role in controlling
populations of night-flying insects that cause damage to
agricultural crops, estimated at $22.9 billion in the U.S.
annually.8 The continued loss of bats due to WNS may result
in the use of pesticides to control these insects that would
otherwise be eaten by bats, but there are no clear studies that
quantify these consequences yet.
There are several WNS treatments in various stages of

development. An initial vaccine trial on a small number of bats
using orally administered raccoon poxvirus expressing P.
destructans calnexin and/or serine protease showed promising
results with decreased disease symptoms and increased rates of
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survival.9 UV light was shown to be highly effective at killing P.
destructans and is being tested as a method of treatment.10

Several chemical compounds with in vitro fungicidal activity
against P. destructans have been identified including clinical azole
drugs,11 chitosan,12 and linoleic acid.13 Antifungal fumigants
may be developed from volatile inhibitors such as 1-octen-3-ol,
trans-2-hexenal,14 decanal,15 and mixtures of volatile com-
pounds produced by rhodococcus bacteria.16 Deployment of
most of these treatments remains a significant challenge because
bats inhabit highly inaccessible and dangerous environments
(i.e., caves and mines). Regardless of habitat, the resources
required to deploy conventional fungicides at the scale required
in a way that minimizes ecological disruption may be especially
challenging. Since P. destructans sheds persistent conidia into the
environment,17 bats treated with antifungals would be at risk for
reinfection upon return to hibernacula and therefore require
more treatment.
Another promising approach toward a treatment or

preventative is to identify living microbes that inhibit the
growth of P. destructans as a form of biological control.18 This
strategy addresses the aforementioned problems in access and
reinfection by providing treatment in the form of an
independently transmissible and persistent organism. One
previous study demonstrated some success in identifying several
strains of Pseudomonas isolated from bats with modest antifungal
activity.19 Initial trials with application on bats decreased disease
severity when applied at the same time as P. destructans conidia,
but increased mortality when applied 3 weeks prior to P.
destructans inoculation,20 highlighting the challenge of trans-
lating laboratory results into in situ applications and logistical
questions about timing, inoculation, and mechanism.
Our work has focused on isolating bacteria and fungi directly

from bats and substrates in their hibernacula and identifying
strains with potent activity against P. destructans.21,22 Here, we
describe our screening approach with these environmental
strains, prioritization rationale, and taxonomic identification of
the active isolates. We present the detailed chemical analysis of
one of the active fungal species (Oidiodendron truncatum)
isolated fromwood substrate in the Soudan IronMine in Tower,
Minnesota. Seventeen new and known compounds from two
structural classes (norditerpene lactones and anthraquinones)
were isolated, identified, and tested for activity against several
different pathogenic fungi and mammalian cell lines. These data
were used to determine their specificity, structure−activity
relationships, and potential cytotoxicity against bat fibroblast
cells in vitro. This approach should enable a smoother and more
reliable and informed transition to field applications for bats. In
addition, it facilitates the application of useful organisms and
their metabolites to other objectives, such as the development of
targeted biopesticides.

■ RESULTS AND DISCUSSION
Libraries of bacterial and fungal isolates were built from
expeditions to the Soudan Iron Mine (near Tower, Minnesota,
USA) occurring from 2008 to 2015. This 713.5 m deep
underground mine was abandoned in 1962 and now serves as a
state park with public tours in the lowest level of the mine. Due
to the varying geochemistry throughout the mine, different mine
levels have radically different environments that presumably
affect the diversity of microbes found there (Figure S1). Gross
colony morphology was used to pick bacterial isolates cultured
from substrate samples (soil, wood, water, etc.) or bat swabs
plated on tryptone soy agar (TSA), International Streptomyces

Project 2 agar (ISP2), ormarine agarmedia. Fungal isolates were
cultured from substrate samples and swabs plated on malt
extract agar (MEA) and selective MEA (containing combina-
tions of streptomycin, benlate, and lactic acid).

All 262 bacterial isolates and a phylogenetically representative
sample of 121 fungal isolates were screened for anti-P.
destructans activity via direct competition in overlay or plug
assays, respectively. In these assays, 32 fungal and 60 bacterial
isolates were active against P. destructans (examples of positive
results shown in Figure S2). Portions of the 16s rRNA gene and
internal transcribed spacer (ITS) sequence of the active bacteria
and fungi, respectively, were sequenced for taxonomic analysis.
Fermentations of inhibitory isolates were scaled up with solid or
liquid media and subsequently extracted using organic solvents.
The crude extracts were semipurified using a modified Kupchan
solvent partition method,23 and these fractions were tested
against P. destructans using a broth dilution assay. A summary of
active strains, activity data, and closest taxonomic matches are
shown in the Supporting Information (Figure S3).
One of the most inhibitory fungal samples was O. truncatum

isolated from wood on level 25 of the mine, which displayed
contact-dependent inhibition against P. destructans in direct
competition assays. The crudemethanol extract of a 30-day solid
rice culture had an MIC98 of 62.5 μg/mL in broth dilution
assays. The extract was analyzed by reversed-phase HPLC and
contained two different suites of closely related compounds
(norditerpene lactones 1−14 and anthraquinones 15−17).
Several metabolites (1−3, 8−11, 15, 16) were known
compounds with structures that have been well characterized
in the literature, and the new analogues (4−7, 12−14) were
identified in part by comparison of NMR spectroscopic and
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mass spectrometric data to published information. Anthraqui-
none 17 was previously reported as a semisynthetic compound,
but this is the first report as a natural product.
Compounds 1−3 were isolated as the major compounds and

identified as the previously reported norditerpene PR 1388 (1,
65.2 mg) and oidiolactones D (2, 50.4 mg) and C (3, 12.3 mg)
by comparison of their NMR, MS, and optical rotation data to
reported values.24−26

Oidiolactone G (4, 3.2 mg) was isolated as a white solid with
the molecular formula C16H18O7 determined by HRAPCI-MS.
Three singlet methines at δH 4.00 (H-7), 5.40 (H-13), and 6.04
(H-11), two doublet methines at δH 2.06 (H-5) and 4.94 (H-6),
two methylenes between δH 1.96 and 1.67 (H2-1 and H2-2), and
two singlet methyls at δH 1.33 (H3-15) and 1.17 (H3-16) in the
NMR spectrum suggested a close structural relationship to
compound 2 (Table 1).24,25 However, an extra signal at δH 4.39

was present for 4, and the formula indicated an additional
oxygen. A correlation of H-3 to an oxygen-bonded carbon at δC
66.4 in the HMQC spectrum and HMBC correlations between
this carbon andH3-15, H-5, H-1a/b, and H-2a/b established the
presence of a hydroxy group at C-3. The coupling constants for
H-3 (dd, J = 9.8, 3.5) indicated an axial orientation. Additionally,
the configuration at C-3 was supported by an upfield shift (δC
16.5) of the C-15 methyl (compared to 2, δC 24.1) due to
interaction with the equatorial OH at C-3. The NOESY
spectrum showed correlations of H3-16 to H-3, H-7, and H-13,
indicating that these protons were on the same face of the
molecule and establishing the relative configuration of C-13
(Figure 1). The mutual NOESY correlations between H-5, H-6,
and H3-15 established their positions on the opposite face.
Epi-oidiolactone G (5, 2.3 mg) was isolated as a stereoisomer

of 4, with a nearly identical retention time during HPLC
purification. The 1H and 13C NMR data and 2D NMR
correlations were very similar (Table 1), although carbon
signals C-9−C-12 were upfield compared to the analogous
signals for 4. The NOE correlation between H-13 and H3-16
disappeared, and the proton signal for H-13 was shifted upfield
by 0.61 ppm, suggesting an inversion of the C-13 stereocenter.

All other NOE correlations matched the data for compound 4,
indicating the same relative configuration for all other centers.
These observations were supported by an optical rotation value
of [α]23D−5.7 (c 0.035, CH2Cl2) for 5, compared to [α]23D +33
(c 0.115, CH2Cl2) for compound 4.
The molecular formula of oidiolactone H (6, 1.4 mg) was

determined as C19H26O7 by HRAPCI-MS, with one less double-
bond equivalent compared to 1−5. Analysis of the 1H and 13C
NMR data (Table 2) revealed the presence of three methoxy

groups in the molecule. The HMBC correlations of the C-12
carbonyl to a singlet methine at δH 5.84 (H-11) and methoxy
protons at δH 3.76 (OCH3-12) established the position of one
methoxy at C-12, indicating an opening of the δ-lactone system.
The geminal position of the other twomethoxys was assigned by
HMBC correlations of δH 3.54 and 3.34 to a single carbon signal
at δC 103.5 (C-13), as well as the correlations of H-13 to δC 58.4
(OCH3-13a) and δC 57.4 (OCH3-13b). The position of this
dimethoxy side chain at C-8 was established by HMBC
correlations of H-13 (δH 4.97) to C-7 (δC 51.4). The relative
configurations of C-4, C-5, and C-6 were determined by the
mutual NOE correlations between H-5, H-6, and H3-15 (Figure

Table 1. 1H and 13C Data for 4 and 5 (δ in ppm, J in Hz) in
CDCl3

4 5

position δC δH (J in Hz) δC δH (J in Hz)

1a 28.0 1.91 m 27.8 1.88 m
b 1.71 m 1.72 m
2a 26.5 1.96 m 27.0 1.96 m
b 1.67 m 1.67 m
3 66.4 4.39 dd (9.8, 3.5) 66.4 4.41 dd (10.3, 4.0)
4 47.5 47.4
5 44.0 2.06 d (4.7) 44.0 2.01 d (4.7)
6 72.8 4.94 d (4.7) 72.6 4.94 d (4.7)
7 53.2 4.00 s 53.9 3.91 s
8 56.3 56.2
9 157.1 155.2
10 35.4 34.9
11 119.0 6.04 s 117.4 5.98 s
12 162.1 161.6
13 99.5 5.40 s 103.8 4.79 s
14 180.5 180.3
15 16.5 1.33 s 16.1 1.32 s
16 28.0 1.17 s 26.6 1.13 s

Figure 1. NOE correlations of compounds 4 and 5.

Table 2. 1H and 13C Data for 6 and 7 (δ in ppm, J in Hz)

6a 7b

position δC δH (J in Hz) δC δH (J in Hz)

1a 31.9 1.51 m 30.6 1.58 m
b 1.33 m 1.42 m
2a 18.1 1.65 m 18.1 1.55 m
b 1.65 m 1.50 m
3a 28.6 2.25 m 28.6 2.01 m
b 1.27 m 1.36 m
4 41.9 41.8
5 49.5 1.56 d (4.4) 46.8 1.72 d (4.0)
6 72.5 4.83 d (4.4) 71.7 5.13 d (4.0)
7 51.4 3.92 s 54.4 4.19 s
8 61.1 62.1
9 158.6 155.5
10 39.8 37.7
11 118.0 5.84 s 118.5 5.95 s
12 166.2 165.8
13 103.5 4.97 s 195.6 9.02 s
14 180.1 179.8
15 25.5 1.17 s 24.8 1.16 s
16 19.4 1.05 s 19.3 0.85 s
OMe-12 51.7 3.76 s 52.1 3.63 s
OMe-13 58.4 a. 3.54 s

57.4 b. 3.34 s
aIn CDCl3.

bIn DMSO-d6.
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2). The spatial orientation of the epoxide at C-7 was established
by the NOE correlation of H-7 to H3-16.

Oidiolactone I (7, 5.7 mg) was isolated as a white solid with a
molecular formula of C17H20O6. Comparison of the NMR data
suggested a structural relationship to 6 (Table 2). The major
differences in the 1H spectrum were the loss of the two geminal
methoxy signals and addition of a downfield aldehyde signal at
δH 9.02. Analysis of the HMBC data revealed a direct correlation
between δH 9.02 (H-13) and a carbonyl at δC 195.6 (C-13) and a
three-bond correlation to an oxygenated carbon δC 62.1 (C-8),
indicating the presence of an aldehyde at C-8. The orientation of
the epoxide was determined by an NOE correlation between H-
7 and H3-16 (Figure 2). The remaining HMBC, COSY, and
NOE correlations of this compound were similar to those of 6.
Compound 7 is also the C-12 methoxy derivative of the open-

chain form of oidiolactone D (2) previously hypothesized to be
in equilibrium with the hemiacetal structure.25

The remaining norditerpene lactones isolated (8−14) lacked
the C-7/C-8 epoxide. The known compounds oidiodendronic
acid24 (8, 8.1 mg), oidiolactone E25 (9, 1.3 mg), LL-Z1271β27

(10, 3.9 mg), and LL-Z1271α28 (11, 50.8mg) were identified by

comparison of the NMR, mass, and optical rotation data with
literature values.
Oidiolactone J (12, 5.2 mg) was isolated as a white solid with a

molecular formula of C17H20O6 based on HRESIMS analysis.
Comparison of the NMR and mass data suggested a close
structural relationship to LL-Z1271 α (11), with one additional
oxygen (Table 3). The position of a hydroxy group at C-3 was
established by the observation of HMBC correlations of H-3 (δH
4.18) to C-1, C-14, and C-15 as well as correlations of H-2, OH-
3, and H3-15 to C-3 (δC 64.2). Both H-3 and H-13 displayed
NOE correlations to CH3-16, indicating their position on the
same face of the molecule (Figure 3). The remaining HMBC,
COSY, and NOE correlations of this compound were similar to
those of compound 11.

Figure 2. NOE correlations of compounds 6 and 7.

Table 3. 1H and 13C Data for 12−14 (δ in ppm, J in Hz) in DMSO-d6

12 13 14

position δC δH (J in Hz) δC δH (J in Hz) position δC δH (J in Hz)

1a 28.3 1.86 m 28.0 1.83 m 1a 32.2 1.85 m,
b 1.68 m 1.68 m b 1.47 m
2a 27.0 1.77 m 26.9 1.77 m 2a 17.5 1.75 m
b 1.62 m 1.63 m b 1.69 m
3 64.2 4.18 m 64.2 4.19 m 3a 28.4 2.27 m

b 1.43 m
4 47.6 47.6 4 42.0
5 46.8 2.17 d (5.0) 47.2 2.16 d (5.0) 5 50.1 1.80 d (5.8)
6 71.2 5.21 dd (5.0, 4.3) 71.2 5.19 dd (5.0, 3.9) 6 84.0 4.78 dd (5.8, 4.0)
7 123.7 6.44 d (4.3) 124.0 6.46 d (3.9) 7 68.0 5.16 dd (4.0, 1.5)
8 132.0 133.5 8 115.5
9 157.4 156.1 9 163.6
10 33.9 33.6 10 36.4
11 111.5 5.77 s 110.5 5.72 s 11 106.9 6.02 s
12 162.3 162.9 12 162.5
13 100.9 6.00 s 94.9 6.01 br 13 149.8 7.70 d (1.5)
14 180.6 180.6 14 180.6
15 16.0 1.23 s 15.9 1.23 s 15 25.7 1.29 s
16 26.3 1.05 s 25.7 1.03 s 16 22.2 1.06 s
OMe-13 56.7 3.59 s
OH-3 4.96 d (5.2) 4.95 d (5.3)

Figure 3. NOE correlations of compounds 12−14.
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Oidiolactone K (13, 6.7 mg) was obtained as a white powder
with the molecular formula C16H18O6. Comparison of the NMR
data suggested that the structure was closely related to 12 (Table
3), but the mass analysis indicated the loss of one methyl group
(−15 amu). Additionally, the C-13 O-methyl group signal was
absent in the 1H spectrum and the compound was more polar, as
indicated by reduced solubility in CDCl3 and reduced retention
time during HPLC purification. These observations indicated
the presence of a hydroxy group at C-13. The relative
configuration of C-13 was determined by an NOE correlation
of H-13 to H3-16. The remaining HMBC, COSY, and NOE
correlations of this compound were similar to those observed in
compound 12.
Oidiolactone L (14, 2.5 mg) was isolated as colorless crystals

with a molecular formula of C16H18O5 deduced from the
HRAPCIMS data. This compound differs from the previous
structures by the presence of a C-8/C-13 double bond, indicated
by a doublet at δH 7.70 (H-13) with allylic coupling to H-7 (J =
1.5 Hz) and HMBC correlations to C-8 and C-9. A hydroxy
group at C-7 was indicated by an HMQC correlation of H-7 to a
carbon at δC 68.0 (C-7) and supported byHMBC correlations of
H-6, H-11, and H-13 to C-7. The relative configuration of C-7
was determined by observation of an NOE correlation between
H-7 and CH3-16. The NOE correlations of H-6 with CH3-15
and H-5 indicate their position on the opposite face of the
molecule, consistent with the analogous substructures of 1−7
and 11−13. The 1H and 13C NMR data for compound 14 are
shown in Table 3.
The absolute configurations of norditerpene lactones 5, 7, and

12 were determined by circular dichroism spectroscopy and
comparison to previously reported compounds. The CD spectra
of compounds 1, 5, 7, 11, and 12 all showed a negative Cotton
effect at 265−270 nm, indicating that the configuration of the
common chiral centers was 4S, 5R, 6S, 10S.24,29 We also assume
the same core configuration for the biosynthetically related
remaining compounds in this series (4, 6, 13, and 14), thus
defining the absolute configurations for all new compounds as
depicted.
In addition to norditerpenes, three anthraquinone metabo-

lites were also isolated. Compounds 15 (5.4 mg) and 16 (2.2
mg) were identified as physcion (parietin) and emodin,
respectively.30 Compound 17 (2.4 mg) was isolated as orange
crystals with the molecular formula C16H11ClO5 derived from
analysis of the HRESIMS data. The presence of only three
aromatic singlets and a mass difference due to chlorine
distinguished compound 17 from 15. The position of the
methoxy group at C-6 was supported by HMBC correlations of
the O-CH3 protons and H-7 to an oxygenated aromatic carbon
at δC 160.8. The C-5 chlorine substitution was corroborated by
HMBC correlations of H-7 to a nonprotonated carbon at δC
112.6 (C-5). Compound 17 has been previously reported as a
semisynthetic compound (4-chlorophyscion31 and 5-chloropar-
ietin32) in studies of chlorination of lichen anthraquinones, but,
to our knowledge, this is the first report of its isolation from
nature. Due to the lack of complete NMR data in the literature
for this compound, the full data set is provided in the Supporting
Information (Figures S53−S56).
All compounds were tested against a panel of human bacterial

and fungal pathogens as well as the bat fungal pathogen P.
destructans to determine their potency, specificity, and
structure−activity relationships. None of the compounds
inhibited bacterial growth, but three compounds (1, 3, and
11) exhibited antifungal activity against Cryptococcus neoformans

and Candida albicans, and compound 7 was active against C.
neoformans (MIC ≤ 30 μg/mL, Table 5). Compounds 1 and 11

also inhibited the growth of P. destructanswithMIC values of 7.5
and 15 μg/mL, respectively. Analysis of structure−activity
relationships indicates that the presence of a hydroxy moiety at
C-13 in the epoxide dilactone series abolishes the antifungal
activity (i.e., 2, 4, 5). For the 7,9(11)-diene 12,13-olide series,
the hydroxy at C-3 leads to a loss of activity (12), and inactive
compound 13 has both the C-13 and C-3 hydroxy groups.
Although the mechanism of action is not yet known for this class
of antifungal compounds, one earlier study identified LL-
Z1271α (11) as an inhibitor of protein synthesis in
Saccharomyces cerevisiae.33

In order to further characterize the producing fungus as a
potential biological control agent for application on or near live
bats, we tested a subset of the isolated compounds for
cytotoxicity against bat skin cells. In vitro cytotoxicity of topical
compounds tested with cultured fibroblast cells has been
previously correlated to irritation of intact skin in human
volunteers.34 Primary fibroblast cell cultures were established
from aWNS-susceptible species (Myotis septentrionalis, northern
long eared bat) and a resistant species (M. grisescens, gray bat).
Compounds were tested against both cell lines using a standard
MTT cell viability assay over 72 h, and the results are reported in
Table 5. Compounds were also tested against a human primary
dermal fibroblast cell line for comparison.
The most potent inhibitor of P. destructans (1) was not

cytotoxic toward cell cultures of either bat species. Compound
11 was 2-fold less active toward P. destructans, but exhibited
weak cytotoxicity toward fibroblast cells of both bat species
(IC50∼20 μM).Oidiolactone I (7) was the only compoundwith
no P. destructansactivity and some bat cell cytotoxicity (IC50: 5
μM, M. grisescens and 12.5 μM, M. septentrionalis). All other

Table 5. Antifungal and Cytotoxicity Activity of Compounds
1−17a

fungal growth inhibition, MIC,
μg/mL cytotoxicity, IC50, μM

P. destr. C.alb. C. neo. M. gris. M. sept. H. sap.

1 7.5 20 17.5 102.7 75.6 >100
2 >30 >100 >100 >100 >100 >100
3 >30 20 12.5 85.4 89.7 40.7
4 >30 >100 >100 72.4 83.7 >100
5 nt >100 >100 >100 >100 >100
6 >30 >100 >100 >100 >100 nt
7 >30 50 30 5 12.5 34.3
8 >30 >100 >100 70 >100 80 1
9 nt >100 >100 >100 >100 nt
10 >30 >100 >100 >100 >100 >100
11 15 12.5 10 19.6 20.2 21.4
12 >30 >100 >100 >100 >100 >100
13 >30 nt nt >100 >100 >100
14 >30 >100 >100 >100 >100 >100
15 >30 >100 >100 nt nt >100
16 >30 >100 >100 nt nt >100
17 >30 55 45 nt nt >100

aP destr. = Pseudogymnoascus destructans, C. alb. = Candida albicans, C.
neo. = Cryptococcus neoformans, M. gris.= Myotis grisescens, M. sept. =
Myotis septentrionalis, H. sap. = Homo sapiens HaCAT fibroblast cell
line.
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compounds tested were nontoxic toward bat fibroblast cells
(IC50 > 80 μM).
Comparison of cytotoxicity activity with fibroblast cells from

WNS-resistant and -susceptible bat species demonstrated that
there was little difference between them for this compound
series. We also included a cell viability assay with primary human
fibroblast cells (HaCAT) and found that there were some
differences in IC50 values compared to bat fibroblast
cytotoxicity. Oidiolactone C (3) was twice as toxic toward
human fibroblasts, and oidiolactone H (7) was 7-fold less active
against the human cells. These results suggest that in vitro testing
of topical compounds or extracts with human fibroblast cell lines
is not necessarily indicative of cytotoxicity for relevant bat
species. We do not yet know how to translate in vitro cell-based
toxicity data to potential irritation or toxicity toward intact bat
skin, especially in the context of substrate application of
biocontrol strains that might not come into contact with
hibernating bats at significant levels.
This current study represents a detailed chemical analysis of

only one of 92 leads generated by our isolation and screening
strategy. Due to the unique geochemical environments within
the Soudan mine, and previous and ongoing chemical studies on
subterranean microbes, we expect to find diverse chemistry and
antifungal activities within this set of organisms.22,23 Compound
isolation and structure elucidation allow us to better understand
biological control candidates by providing specific information
about structure−activity relationships, potency of individual
compounds, and potential toxicity. Biological control may be a
good strategy for the mitigation of WNS because it theoretically
overcomes many of the logistical challenges associated with
potential treatments. The application of live microbes that are
already adapted to cave andmine surfaces may address the issues
of scope, scale, and inaccessibility of hibernacula through self-
perpetuation and self-spreading. Biological control on hibernac-
ulum substrates could be used to create and maintain an
inhospitable environment for P. destructans and restore a balance
disrupted by this invasive species. One of the risks of this
approach is potentially disrupting other hibernacula-associated
microbial communities and macro-fauna. We hope to mitigate
this risk by selecting candidate organisms from the original
hibernaculum environment. However, there are also critical
logistical challenges associated with the implementation of
biocontrol, including dosage, timing, and frequency of
application and the high level of inhibition necessary for disease
suppression.20,35

Oidiodendron spp. have a worldwide distribution and are
commonly isolated from soil, decaying plant material, and
subterranean environments.36−39 Several species have also
shown ericoid mycorrhizal relationships and are associated
with the roots of Betula, Picea, and Abies trees in boreal
forests.40,41 Although only O. truncatum was fully evaluated in
this study, thirty-five isolates of six different Oidiodendron
species (Myxotrichum arcticum; an anamorph of Oidiodendron,
O. echinulatum, O. griseum, O. nigrum, O. tenuissimum, and O.
truncatum) were obtained from eight levels of the Soudan mine
(Figure S4). Cultures were mainly isolated fromwood; however,
several isolates were obtained from swabs of the mine wall and
one isolate was obtained from a dead bat. Preliminary plug
assays with six of these isolates against P. destructans showed that
two other O. truncatum strains from different mine levels were
also inhibitory (Figure S4). This wealth of untapped potential
makes Oidiodendron spp. a good lead for biological control.
Considering that most isolates came from substrate samples, the

best application of Oidiodendron spp. is probably as a substrate-
level suppressor of P. destructans in the environment, rather than
as a treatment applied directly to bats. The value of this role
cannot be understated, as P. destructans conidia are persistent in
bat hibernacula35 and their suppression may be key to the long-
term control of white-nose syndrome in bat populations. The
next logical steps are in vitro and in situ substrate growth
suppression, in vivo bat toxicity or irritation, and disease
suppression trials. Additional testing will be needed to measure
the quantity of each compound produced in natural settings and
to determine if O. truncatum can grow, expand, and inhibit P.
destructans on various natural substrates to reduce the spread or
development of WNS in bats.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Reagents were purchased

from Fisher Scientific unless otherwise noted. Optical rotations were
measured on a Rudolph Research Analytical Autopol III polarimeter. IR
spectra were obtained using a JASCO 4100 FT-IR spectrophotometer.
Low- and high-resolution mass analyses were performed using an
Agilent TOF II mass spectrometer with a dual ESI and APCI source. A
JASCO 200 system was used to record the CD spectra. Standard 1D
and 2D NMR spectra were recorded on a Varian 600 MHz and Bruker
400 MHz. Proton and carbon chemical shifts are reported in ppm and
referenced with the 1H and 13C signals of solvents. Flash
chromatography separations were performed using a Teledyne ISCO
Combiflash Rf system. TLC separations were performed using
Whatman silica gel 60 F254 aluminum backed TLC plates. HPLC
separations were performed with an Agilent 1200 instrument with a
PDA detector system. CD spectra were obtained with a Jasco J-815 CD
spectrometer.

Microorganisms and Culture Conditions. Bacteria were isolated
from bat swabs or substrate samples collected during annual sampling
trips to the Soudan Iron Mine State Park, Tower, Minnesota, between
2008 and 2015. Bats and solid substrate surfaces were swabbed with
sterile, phosphate-buffered saline (PBS)-wetted sampling swabs (1 mL
of PBS added to PuritanHydraflock swabs, 25-3306-H BT), while loose
substrates including small wood segments and rock/sediments were
collected into sterile whirl packs. All samples were kept cool and
transported to the laboratory. General isolation and sequencing
methods for fungi: Substrate samples were aseptically cut into smaller
segments and cultured for fungi using several types of growth media:
1.5% Difco MEA, MEA with 0.1 g of streptomycin sulfate added after
autoclaving, and a semiselective media for Basidiomycetes that included
MEA with 2 g of yeast, 0.06 g of Benlate, 0.1 g of streptomycin sulfate,
and 2mL of 85% lactic acid added after autoclaving. Swabs of substrates
and bats were also directly streaked across the various types of media.
Plates were incubated at 20 °C. Following incubation, fungi that grew
from substrate materials were transferred to another plate to obtain
pure cultures. Genomic DNA was extracted using a cetyltrimethy-
lammonium bromide extraction protocol, and the ITS regions of rDNA
were amplified by PCR using the ITS1F/ITS4 primer pair following the
methods of Blanchette et al., 2016.41 Sanger sequencing was carried out
with both forward and reverse primers using an ABI 3730xl DNA
sequencer (Applied Biosystems, Foster City, CA, USA). A consensus
sequence was assembled from both reads using Geneious 7.1.42 The
BLASTn algorithm was used to compare sequences to those in
GenBank to determine the best possible match to known isolates. One
isolate from each fungal species, based on ITS similarity to described
species in GenBank, was randomly chosen for anti-P. destructans activity
screening. The isolateO. truncatum (MN0802960) was identified by its
close match (99% ITS identity) to a type specimen in GenBank in
addition to phenotypical analysis. Once this strain was identified as
being highly active, five additional isolates of Oidiodendron spp. were
also tested in plug assays: O. nigrum MN080297, O. truncatum
MN080293 and MN080294, and O. tenuissimum MN080298 and
MN080295.
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General Isolation and Sequencing Methods for Bacteria.
Subsamples of solid substrates were partitioned into 1 mL of PBS in
a 2 mL microcentrifuge tube and vortexed for 10 s, while swabs were
similarly vortexed in their sample tubes. A 250 μL aliquot of each
sample was heat shocked in a 55 °C water bath for 15 min to select for
spore-forming bacteria. Aliquots of each sample (50 μL) were spread
onto separate 1.5% agar plates of TSA (Difco BD 236950), ISP2 (BD
277010), and SCA (10 g starch, 2 g KNO3, 2 g K2HPO4, 2 g NaCl, 0.3 g
casein, 0.05 g MgSO4·7H2O, 0.02 g CaCO3, 0.01 g FeSO4·7H2O)
enriched with 0.25 μg/mL nystatin and 0.5 μg/mL cyclohexamide to
suppress fungal growth. Morphologically distinct colonies were picked
and streaked out onto new plates as they became apparent. If samples
were too concentrated for individual colonies to be apparent, then serial
dilutions were plated using the same method. Passages continued until
only one bacterial morphotype was present on a plate, then
morphologically characterized, and preserved by adding sterile glycerol
(25% final concentration) to an overnight liquid culture and freezing at
−80 °C in 2 mL screw top tubes. 16S rRNA gene sequencing was used
to determine the identity of active bacteria isolates. Liquid seed cultures
(10 mL) of isolates showing activity in the overlay assays (see below)
were pelleted by centrifugation and stored at −80 °C. DNA was
extracted from pellets using the MoBio UltraClean DNA isolation kit
(12224-250) according to manufacturer specifications and stored at
−20 °C. The 16S rRNA gene was amplified from genomic templates
using 27F and 1492R 16s rRNA universal bacterial primers43 with
GoTaq Green master mix (M7123). Sanger sequencing was carried out
with both forward and reverse primers using an ABI 3730xl DNA
sequencer (Applied Biosystems).
Antifungal Screening Assays.Overlay assays were used to screen

bacterial isolates for anti-P. destructans activity. Seed cultures weremade
by inoculating TS, ISP2, or SC liquid media (5 mL) and incubating at
25 °C for 3−7 days until visibly opaque. Each seed culture (2 μL) was
spotted onto 1.5% TSA, ISP2, or SCA solid agar in 10× 150 mm plates,
with 2−4 different cultures spotted per plate. Plates were incubated
until spots grew into single colonies ∼10−15 mm in diameter, 3−7
days. Plates were then overlaid with molten 1% Sabouraud dextrose
agar (SDA) (cooled to ∼50 °C) and then spread inoculated with 2500
P. destructans conidia in 100 μL of sterile water. Overlaid plates were
incubated at 15 °C for 14 days, at which time a visible lawn of P.
destructans had grown across the plate surface. Bacterial colonies that
produced zones of growth inhibition > 1 mm (radius from edge of
antagonist colony) were considered active.
Plug competition assays were used to screen a genetically

representative subset of fungal isolates. P. destructans and Soudan
Mine (SM) fungal isolates were grown on SDA plates as above. Plugs of
5 mm3 were cut from the outside edge of growing colonies and placed
colony-side down 3 cm apart on a new SDA plate. Age-paired control
plates without competing SM isolates were similarly created. Fungal
isolates were considered active if the diameter of the resulting P.
destructans colony was visibly less than the control. Sometimes
inhibition was clearly due to chemical diffusion, but other times it
required contact between the P. destructans and SM isolate colonies.
Extraction, Isolation, and Identification of Compounds from

Oidiodendron truncatum. A seed culture of the fungus was grown on
a potato dextrose agar plate for 10 days at room temperature.
Approximately one-eighth of the agar plate was chopped into small
pieces and vortexed in a 50 mL conical tube with 5 mL of PBS buffer.
This agar suspension was then used to inoculate rice medium (3 × 1 L
flasks containing 100 g rice and 100mL of water), which was cultured at
room temperature for 30 days.
The rice cultures were exhaustively extracted with EtOAc and

MeOH (3 × 300 mL for each solvent). Extracts were combined,
concentrated, and successively partitioned with 300 mL of EtOAc, n-
hexane, and n-BuOH. The EtOAc fraction (1668 mg) was purified by
flash chromatography (Teledyne ISCO Combiflash Rf; solid-phase
Redisep Rf 24 g silica; gradient elution 0−100% of EtOAc/n-hexane for
35 min; flow rate 25 mL/min). Fractions were pooled into 18 fractions
(F1−F18) based on TLC analysis. Fraction F4 (88.6 mg) was further
separated using semipreparative HPLC (gradient elution 35−100%
acetonitrile/H2O for 22 min; flow rate 3 mL/min, column: Vision HT-

C18 10 × 250 mm) to generate 7 (5.7 mg), 15 (5.4 mg), and 16 (2.2
mg). Subfraction F4.5 (4.5 mg) was repurified using two subsequent
analytical-scale HPLC separations (gradient elution 40−80% acetoni-
trile/H2O for 17 min; flow rate 1 mL/min, column: Lux cellulose-4, 4.6
× 250 mm) to give 6 (1.4 mg). Subfraction F5 (5.4 mg) was repurified
using analytical-scale HPLC (gradient elution 60−80% acetonitrile/
H2O for 11 min; flow rate 1 mL/min, column: Lux cellulose-4, 4.6 ×
250 mm) to isolate 17 (2.4 mg). Subfraction F7 (851.8 mg) was
separated by flash chromatography (Teledyne ISCO Combiflash Rf ;
solid-phase Redisep Rf 50 g C18; step gradient elutions: 30−50% of
MeOH/H2O for 17 min, followed by 50−80% of MeOH/H2O for 5
min and 80−100% of MeOH/H2O for 2 min; flow rate 40 mL/min) to
give 2 (50.4 mg), 3 (12.3 mg), 11 (50.8 mg), and 8 (8.1 mg).
Subfraction F10 (260.4 mg) was separated by semipreparative HPLC
(gradient elution 25−60% acetonitrile/H2O for 20 min; flow rate 3
mL/min, column: Vision HT-C18 10× 250 mm) to obtain 1 (65.2 mg),
14 (2.5 mg), and 10 (3.9 mg). Subfraction F10.7 was repurified by
analytical-scale HPLC separation (gradient elution 20−40% acetoni-
trile/H2O for 12 min; flow rate 1 mL/min, column: ODS hypersil 4 ×
250 mm) to isolate 9 (28.5 mg). Subfraction F10.11 was purified using
analytical-scale HPLC (gradient elution 35−57.5% acetonitrile/H2O
for 11 min; flow rate 1 mL/min, column: Altima HP C18, 4.6 × 250
mm), which yielded 9 (1.3 mg). Subfraction F11 (26.4 mg) was
subjected to three consecutive semipreparative HPLC separations
(gradient elution 25−60% of acetonitrile/H2O for 20min for each step;
flow rate 3 mL/min, column: Vision HT-C18 10 × 250 mm), which
yielded 4 (3.2 mg) and 5 (2.3 mg). Subfraction F15 (19.2 mg) was
purified using semipreparative HPLC (gradient elution 15−60%
acetonitrile/H2O for 23 min; flow rate 3 mL/min, column: Vision
HT C18, 4.6 × 250 mm) to give compound 12 (6.7 mg). Further
separation of F15.4 using analytical-scale HPLC separation (gradient
elution 25−30% acetonitrile/H2O for 7 min; flow rate 1 mL/min,
column: Lux cellulose-4, 4.6 × 250 mm) produced compound 13 (5.2
mg).

Oidiolactone G (4): white solid; [α]23D +33 (c 0.115, CH2Cl2); UV
(CH2Cl2) λmax (log ε) 205 (2.69), 230 (2.77), 245 (2.77); IR (film)
νmax 3738, 3020, 2975, 2905, 2357, 2350, 2320, 1774, 1717, 1508, 1456,
1275, 1260, 1199, 1103, 1028, 957 cm−1; 1H NMR (600MHz) and 13C
NMR (151MHz), see Table 1; HRAPCI-MSm/z 321.0992 [M−H]−

(calcd for C16H17O7, 321.0974).
Epi-oidiolactone G (5): white solid; [α]23D −5.7 (c 0.035, CH2Cl2);

UV (CH2Cl2) λmax (log ε) 205 (2.89), 230 (2.96), 245 (2.97) ; IR
(film) νmax 3727, 3020, 2928, 2357, 2340, 1775, 1732, 1456, 1375,
1275, 1260, 1197, 1144, 1103, 1035, 984, 954 cm−1; 1H NMR (600
MHz) and 13C NMR (151 MHz), see Table 1; HRAPCI-MS m/z
321.0994 [M − H]− (calcd for C16H17O7, 321.0974).

Oidiolactone H (6): white solid; [α]23D +24 (c 0.065, CH2Cl2); UV
(CH2Cl2) λmax (log ε) 205 (2.86), 230 (2.92), 245 (2.93); IR (film)
νmax 3727, 3004, 2980, 2960, 2357, 2335, 2300, 1779, 1717, 1653, 1457,
1350, 1260, 1177, 1098, 996, 931, 885, 866 cm−1; 1HNMR (600MHz)
and 13C NMR (151MHz), see Table 2; HRESIMSm/z 389.1571 [M +
Na]+ (calcd for C19H26O7Na, 389.1576).

Oidiolactone I (7): white solid; [α]23D −63 (c 0.2, CH2Cl2); UV
(CH2Cl2) λmax (log ε) 205 (2.51), 230 (2.57), 245 (2.58), 285 (2.55);
IR (film) νmax 3747, 3004, 2985, 2950, 2357, 2340, 2320, 1775, 1718,
1654, 1457, 1350, 1260, 1178, 1097, 1043, 995, 931, 885 cm−1; 1H
NMR (600 MHz) and 13C NMR (151 MHz), see Table 2; HRAPCI-
MS m/z 321.1331 [M + H]+ (calcd for C17H21O6, 321.1338).

Oidiolactone J (12): white solid; [α]23D −112 (c 0.3, CH2Cl2); UV
(CH2Cl2) λmax (log ε) 205 (2.15), 230 (2.21), 245 (2.22), 295 (2.20);
IR (film) νmax 3740, 3005, 2985, 2357, 1755, 1703, 1455, 1275, 1261,
1200, 1115, 1051, 958 cm−1; 1H NMR (600 MHz) and 13C NMR (151
MHz), see Table 3; HRAPCI-MS m/z 321.1328 [M + H]+ (calcd for
C17H21O6, 321.1338).

Oidiolactone K (13): white solid ; [α]23D −180 (c 0.052, CH2Cl2);
UV (CH2Cl2) λmax (log ε) 205 (3.10), 230 (3.17), 245 (3.18); IR (film)
νmax 3707, 3005, 2989, 2359, 2340, 1790, 1705, 1699, 1575, 1560, 1508,
1456, 1275, 1260, 1202, 1100, 1054, 1032, 993, 922 cm−1; 1H NMR
(600 MHz) and 13C NMR (151 MHz), see Table 3; HRESIMS m/z
305.1049 [M − H]− (calcd for C16H17O6, 305.1025).
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Oidiolactone L (14): colorless needles; [α]23D +168 (c 0.025,
CH2Cl2); UV (CH2Cl2) λmax (log ε) 205 (2.47), 230 (2.54), 245
(2.54), 295 (2.52), 315 (2.52); IR (film) νmax 3738, 3004, 2987, 2920,
2358, 2320, 2300, 1773, 1730, 1705, 1699, 1542, 1475, 1399, 1275,
1260, 1199, 1084, 995, 936 cm−1; 1H NMR (600 MHz) and 13C NMR
(151MHz), see Table 3; HRAPCI-MSm/z 289.1088 [M−H]− (calcd
for C16H17O5, 289.1076).
5-Chloroparietin (17): orange solid; UV (MeOH/CH2Cl2, 1:1) λmax

(log ε) 205 (3.64), 230 (3.70), 245 (3.70), 295 (3.69), 435 (3.58); IR
(film) νmax 3766, 3001, 2991, 2922, 2851, 2359, 2341, 2328, 1717,
1637, 1540, 1457, 1357, 1336, 1274, 1260, 761, 751 cm−1; 1H NMR
(DMSO-d6, 400 MHz) 7.08 s (H-2), 7.35 s (H-4), 6.90 s (H-7), 2.39 s
(CH3-3), 3.88 s (OCH3-6), and 13.1 s (OH-8);

13C NMR (DMSO-d6,
100 MHz) 160.8 (C-1), 123.0 (C-2), 146.4 (C-3), 118.7 (C-4), 133.5
(C-4a), 112.6 (C-5, interchangeable with C-8a), 160.8 (C-6), 104.6 (C-
7), 161.4 (C-8), 114.7 (C-8a, interchangeable with C-5), 182.8 (C-9),
114.0 (C-9a), 182.8 (C-10), 132.6 (C-10a), 21.4 (CH3-3), and 56.1
(OCH3-6); HRAPCI-MS m/z 319.0398 [M + H]+ (calcd for
C16H12ClO5, 319.0373).
Antimicrobial Bioassays. All compounds were tested against

bacterial and yeast pathogens using a modified broth dilution assay
(methicillin-resistant Staphylococcus aureus (MRSA) ATCC 43300,
vancomycin-resistant Enterococcus faecalis (VRE) ATCC 51299,
Escherichia coli ATCC 25922, Acinetobacter baumannii ATCC 19606,
Pseudomonas aeruginosa ATCC 27853, Klebsiella pneumonia ATCC
13883, Cryptococcus neoformans ATCC 66031, and Candida albicans
ATCC 10231).44 The strains of S. aureus, E. coli, and K. pneumoniae
were grown at 37 °ConTryptic Soymedia (TSA, TSB; BDBiosciences,
San Jose, CA, USA). A. baumannii was routinely cultured at 37 °C on
nutrient medium (BD Biosciences). Brain heart infusion (BHI; BD
Biosciences) was used for the cultivation of VRE at 37 °C. Yeast malt
(YM; BD Biosciences) media was used for cultivating C. albicans at 30
°C. C. neoformans was grown at 30 °C on Sabouraud dextrose (SD; BD
Biosciences) media. Briefly, bacteria or yeasts were grown to mid log
phase, diluted with fresh medium to an optical density at 600 nm
(OD600) of 0.030−0.060, and then diluted again 1:10. This suspension
(195 μL) was added to wells in a 96-well microtiter plate (Sarstedt),
and 5 μL of compound dissolved in DMSO was added to give a final
concentration of 100−0.1 μM at 2.5% DMSO by volume. A DMSO
negative control and standard antibiotic positive controls were included
in each plate. All compounds were tested in triplicate for each
concentration. Plates were sealed with Parafilm, placed in a Ziploc bag
to prevent evaporation, and incubated at 30 °C (fungi) or 37 °C
(bacteria) for 16−20 h (48 h for C. neoformans). The OD600 values for
each well were determined with a plate reader (Biotek, EL800), and the
data were standardized to the DMSO control wells after subtracting the
background from the blank media wells. Select compounds and extracts
were also tested against the fungal bat pathogen Pseudogymnoascus
destructans (ATCCMYA 4855) using a similar broth dilution assay with
the addition of 0.2% carageenan to SD media to facilitate dispersion of
mycelia, a spore concentration of 2500 spores/mL, and incubation at 15
°C for ∼2 weeks.
Bat Fibroblast Tissue Culture.Wing tissue samples were obtained

from bats captured by harp net at Sequiota Park in Springfield, MO
(October 2017), and included gray bats (Myotis grisescens) and
northern long-eared bats (Myotis septentrionalis). Permission for these
collections was obtained from the Missouri Department of Con-
servation and United States Fish and Wildlife Service.
Upon capture, one biopsy was collected from eachwing using a 3mm

biopsy punch. Punches from five bats per species (10 punches total)
were pooled together to create enough tissue for further processing.
Punches were briefly dipped in 70% ethanol and then transferred to a
1.5 mL microcentrifuge tube (pooled by species) containing 1.0 mL of
Dulbecco’s modified Eagle medium (DMEM). Samples were stored on
ice for no more than 24 h for transport to Missouri State University.
To collect wing-derived fibroblasts, wing biopsies were stripped to

the cellular level by incubating at 37 °C for 3 h in 1 mL of DMEM with
collagenase type II. Fibroblasts were then manually isolated by pressing
the tissue through a 70 μm cell strainer. Cells and collagenase medium
were centrifuged for seven minutes at 400g. The medium was removed,

and cells were plated with 50% fetal bovine serum (FBS)/50% DMEM.
Antimicrobials were added to prevent growth of bacteria and fungus
that may have been on the wings upon capture: ampicillin (100 μg/
mL); penicillin and streptomycin (50 units/mL each); gentamycin (20
μg/mL); kanamycin (100 μg/mL); and aureobasidin A (0.5 μg/mL) or
amphotericin B (2.5 μg/mL). Cells were allowed to grow at 37 °C in
cell culture flasks, and medium was changed every 2 or 3 days for 2
weeks. At this point, the culture medium was switched to a standard
medium with DMEM + 10% FBS + penicillin and streptomycin (50
units/mL each), and cells were cultured until confluent. Cells were then
either used for experiments or stored for future use. Primary fibroblast
cell cultures from both species were viable and consistent for
approximately 20 passages.

To store fibroblasts for further experimentation, all growth media
was removed, and the flask was incubated at 37 °C for 10 min with 2.5
mL of 0.25% Trypsin and 0.1% ethylenediaminetetraacetic acid in
Hank’s balanced salt solution to detach adherent cells. Then, 10 mL of
DMEM was added to the flask and thoroughly mixed. Cells and
medium were centrifuged for 7 min at 400g. The supernatant was
discarded, and freezing media (90% FBS + 10% pure dimethyl
sulfoxide, combined, and then 0.02 μm filtered) was mixed thoroughly
with the cell pellet before being stored in 0.5−1 mL aliquots at −80 °C
until needed.

Mammalian Fibroblast Cytotoxicity (MTT Cell Viability
Assays).45 Myotis grisescens and M. septentrionalis fibroblast cells
were maintained in growth media: DMEM (Invitrogen 11965-092)
supplemented with 10% FBS (Invitrogen 16000-044) and 1%
penicillin/streptomycin (Invitrogen 15140-122). Human fibroblast
cells were maintained in fibroblast basal growth media (ATCC# PCS-
201-030) supplemented with a low-serum fibroblast growth kit
(ATCC# PCS-201-041). Cells were plated in 96-well plates at ∼25 ×
104 cells/mL and allowed to adhere overnight. After 24 h, compounds
were added at nine concentrations, from 100 μM to 15.24 nM final
concentration in growth media using 3-fold dilutions, in triplicate.

Plates were incubated for 72 h at 37 °C in humidified 5% CO2/95%
air, after which time the media was removed and 200 μL of thiazolyl
blue tetrazolium bromide (1 mg/mL in water, Sigma M2128) was
added in RPMI phenol red free media (Invitrogen 11835-030). The
reagent was removed after 3 h, formazan crystals were solubilized with
200 μL of isopropanol, and plates were read on a Molecular Devices
SpectraMax i3 plate reader at 570 nm for formazan and 690 nm for
background subtraction. EC50 values and percent viability were
calculated by fitting the data to a sigmoidal dose−response curve
(variable slope) in GraphPad Prism software.
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