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ABSTRACT At least two-thirds of commercial antibiotics today are derived from Acti-
nobacteria, more specifically from the genus Streptomyces. Antibiotic resistance and
new emerging diseases pose great challenges in the field of microbiology. Cave sys-
tems, in which actinobacteria are ubiquitous and abundant, represent new opportu-
nities for the discovery of novel bacterial species and the study of their interactions
with emergent pathogens. White-nose syndrome is an invasive bat disease caused
by the fungus Pseudogymnoascus destructans, which has killed more than six million
bats in the last 7 years. In this study, we isolated naturally occurring actinobacteria
from white-nose syndrome (WNS)-free bats from five cave systems and surface loca-
tions in the vicinity in New Mexico and Arizona, USA. We sequenced the 16S rRNA
region and tested 632 isolates from 12 different bat species using a bilayer plate
method to evaluate antifungal activity. Thirty-six actinobacteria inhibited or stopped
the growth of P. destructans, with 32 (88.9%) actinobacteria belonging to the genus
Streptomyces. Isolates in the genera Rhodococcus, Streptosporangium, Luteipulveratus,
and Nocardiopsis also showed inhibition. Twenty-five of the isolates with antifungal
activity against P. destructans represent 15 novel Streptomyces spp. based on multilo-
cus sequence analysis. Our results suggest that bats in western North America caves
possess novel bacterial microbiota with the potential to inhibit P. destructans.

IMPORTANCE This study reports the largest collection of actinobacteria from bats
with activity against Pseudogymnoascus destructans, the fungal causative agent of
white-nose syndrome. Using multigene analysis, we discovered 15 potential novel
species. This research demonstrates that bats and caves may serve as a rich reservoir
for novel Streptomyces species with antimicrobial bioactive compounds.

KEYWORDS Actinobacteria, bats, caves, Pseudogymnoascus, Streptomyces,
white-nose syndrome

resently, 90% of antibiotics are derived from microorganisms within the phylum

Actinobacteria (1-3). The family Streptomycetaceae is particularly known for the
production of chitinases capable of hydrolyzing the cell wall (4) and targeting ergos-
terol in the cell membrane of fungi (5). The rapid development of antibiotic resistance
and the emergence of infectious diseases in humans and other animals, including bats
and amphibians, have prompted the study of the bacterial microbiome and use for
probiotic treatment in vertebrates (6, 7).
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Actinobacteria are diverse and abundant in vertebrates, constituting the largest
portion of skin microbiota in humans (i.e.,, >50%) (8). They are also one of the most
dominant groups on the skin of different amphibian species (9), fish (10), and bats (11).
Actinobacteria are well adapted to survive long periods and grow well in nutrient-
depleted environments, such as caves (12). Current estimates reveal that less than 1%
of actinobacteria have been cultivated (13).

In cave ecosystems, actinobacteria represent some of the most abundant microor-
ganisms on cave walls and in guano (14-18), providing a rich reservoir for the discovery
of novel bacterial species (19-21). Despite the high abundance of actinobacteria in
caves, cultured-based studies are rare. Here, we study the diversity of naturally occur-
ring actinobacteria associated with bats in New Mexico and Arizona and determine
their antifungal activities against an emergent fungal pathogen in bats, Pseudogymno-
ascus destructans, the causative agent of white-nose syndrome (WNS).

White-nose syndrome is an invasive fungal disease that is currently threatening
numerous bat species across the United States and Canada. WNS has spread from New
York, throughout most of the eastern United States, and westward, killing millions of
bats, and it has recently been confirmed in Washington state (22, 23). It has been
estimated that the decline of bats in North America, which serve as substantial insect
consumers, will lead to agricultural losses estimated at more than $3.7 billion/year (24).
Severe wing damage affecting thermoregulation, blood electrolyte concentration, and
gas exchange is commonly observed in infected bats (25). Bats also show an increase
in arousals from torpor, depleting fat stores during hibernation and leading to starva-
tion (26). Caves in the West are at high risk and are vulnerable to WNS due to their
extraordinary bat diversity (27), appropriate temperatures, and relative humidity that
supports the growth of P. destructans (28, 29).

In previous studies, bacteria have shown the capacity to inhibit P. destructans in vitro
(30). For example, Hoyt et al. showed that bat bacterial isolates in the genus Pseu-
domonas obtained from Eptesicus fuscus and Myotis lucifugus inhibit P. destructans for
at least 37 days (31). The present study constitutes, to our knowledge, the largest
characterization of culturable actinobacteria from WNS-free bats and the largest col-
lection of novel Actinobacteria strains showing antifungal activity against P. destructans.
Here, we report an analysis of 632 isolates, 36 bacteria with antifungal activity, and 15
putative new species.

RESULTS

A total of 632 bacterial isolates from western bats were tested in this study,
including 274 (43.4%) isolates that were isolated on humic acid-vitamin agar (HVA), 252
(39.9%) isolates on actinomycete isolation agar (AlA), 94 (14.9%) isolates on gellan gum
(GG), and 12 (1.9%) isolates on glucose yeast extract agar (GYEA) (Table 1; see also Fig.
S2 in the supplemental material). The collection is composed of 543 isolates (85.9%)
from the phylum Actinobacteria and 62 isolates (9.8%) outside the phylum Actinobac-
teria, and the remaining 27 isolates (4.3%) could not be identified due to failure to
amplify with 16S primers; none of these 27 showed antifungal activity (Table S1). Within
the phylum Actinobacteria, 83 isolates (19.7%) had less than 97% similarity at the genus
level, based on RDP Classifier. In addition, nine isolates had less than 97% similarity at
the class level.

Streptomyces was the dominant genus, with 422 isolates. Other Actinobacteria cultures
were represented by 25 genera, including Microbacterium (22 isolates), Arthrobacter (16
isolates), Brevibacterium (18 isolates), and Rhodococcus (13 isolates) as the dominant taxa.
Genera isolated outside the actinobacteria included, but were not limited to, Pseudomonas
(13 isolates), Stenotrophomonas (7 isolates), and Advenella (5 isolates).

From our antifungal bioassays, 36 of the 632 bacterial isolates (5.7%) show inhibition
zones against P. destructans (Table 2). Of the 36 positive actinobacteria, 32 (88.9%) were
from the genus Streptomyces, whereas the remainder were members of the genera
Rhodococcus, Streptosporangium, Luteipulveratus, and Nocardiopsis, with one isolate
each. Of the inhibitory strains, the majority were isolated from Myotis velifer, Tadarida
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—
0.020
FIG 1 Streptomyces spp. with antifungal activity were classified into 15 novel clades using multilocus sequencing analysis. A

maximum likelihood tree of a 5-gene alignment based on the general time-reversible model is shown. Bootstrap values >70%,
based on 500 pseudoreplicates, are indicated on branch points. The scale bar corresponds to 0.02 nucleotide substitution per
site.
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brasiliensis, Corynorhinus townsendii, and E. fuscus (Table 2). Zones of inhibition varied
between isolates, but Streptomyces cyaneofuscatus (AC29), members of a novel clade
(clade 9, Fig. 1), and Streptomyces anulatus (AC569) completely suppressed P. destruc-
tans growth even after 30 days of incubation (Table 2). A strain of Rhodococcus
rhodochrous (AC 241) also showed complete inhibition of P. destructans.
Identification of Streptomyces species. The taxonomy of Streptomyces species is
particularly challenging due to the high number of species and the limited resolution
of the 16S rRNA gene for species circumscription (32). This has led to the adoption of
multilocus sequence analysis approaches to resolve the taxonomy of this genus
(33-35). Using a five-gene phylogeny, 31 of the 32 total Streptomyces isolates were
placed in 21 different species, including 15 novel clades (Table 2 and Fig. 1). One isolate
could not be assessed using the multigene sequence analysis due to failure to amplify
all the target genes. One of the more phylogenetically distinct clades (novel clade 9) is
composed of five strains isolated from two bat species (M. velifer and T. brasiliensis) in
Carlsbad Cavern National Park (Fig. 1). This novel Streptomyces clade also contains some
of the most antagonistic strains against P. destructans (Table 2). A second group of
isolates (novel clade 3) clustered together to form another novel species (Fig. 1). These
isolates came from the same location (El Malpais National Monument) and the same bat
species (C. townsendii). We identified strain AC340 as belonging to Streptomyces dia-
staticus. This strain is also a near neighbor to Streptomyces strain SM254, which was
reported as an antagonist of P. destructans (36). It is noteworthy that SM254 was
previously described as Streptomyces albus, and in the present study, based on multi-
locus phylogenetic analysis utilizing gene locus sequence data extracted from the
SM254, this strain actually is a representative Streptomyces albidoflavus (Fig. 1).

DISCUSSION

Fungal and bacterial surveys in caves have shown that microbial diversity in caves
and bats is high and may have antagonistic properties against pathogens (31, 37-39).
Microbial communities in caves show a high abundance of actinobacterial genera, with
the most abundant being Streptomyces, especially on rock walls and soils (40, 41).
Northup et al. (16) and Hathaway et al. (18) reported actinobacteria to be one of the
most abundant groups in cave surveys.

This study represents one of the largest surveys of culturable actinobacteria in
WNS-free caves. We explored the existing external microbial community of 12
species of healthy bats in New Mexico and Arizona inhabiting five cavernous and
surface sites in the region. Southwestern caves in this study showed a high diversity
of bacteria, with large numbers of novel species with antifungal activity. Caves
represent a rich reservoir of novel species. For example, volcanic cave walls and
ceiling surveys report more than 62% of sequences potentially representing novel
species (15). Pasi¢ et al., in a study of bacteria in cave walls, also reported 88 to 93%
of bacterial sequences with the potential to represent novel species, with Actino-
bacteria as the most abundant group (42). In this study, we reported 15 new
putative species using multilocus analysis.

The majority of the isolates with antifungal properties in this study belong to the
genus Streptomyces. It is possible that the high abundance of actinobacteria recovered
from bat skin is a result of inoculation from cave walls in which they are abundant (16,
18, 42). For example, Winter et al. reported that cave-caught bats possess a different
external microbiome with respect to bats caught outside the caves (11), showing the
potential influence of collection site on bat microbiota. Alternatively, actinobacteria are
likely an active part of the bat microbiome, as they have been reported to be one of the
most common skin habitants in multiple vertebrates, including humans (14), fish (10),
amphibians (9), and bats (11). In humans, actinobacteria are prevalent and represent up
to 50% of the human skin microbiome (6). In this particular study, it is unclear if these
microorganisms are actively growing on the skin of their host or produced antifungals.
It is also possible some of these taxa are only present as spores as a result of microbial
dispersal in caves. Stable beneficial interactions between Streptomyces and many
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organisms are common, but they have not been reported yet in vertebrates (43). This
study confirms that caves and bats are a rich reservoir of novel species, with the
potential for the discovery of novel antifungal compounds, but additional work is
necessary to determine the nature of these bacterial associations with bats.

Antagonists of P. destructans. Previous reports have demonstrated positive results
in the use of beneficial microbes as an alternative to toxic chemicals against infectious
diseases caused by fungi in natural environments (44-46). For example, Becker et al.
utilized a probiotic bath of the metabolite produce by a bacterium isolated from skin
of amphibians to increase survival of amphibians infected with a lethal fungus, Batra-
chochytrium dendrobatidis (7, 44). In this study, we identify at least 36 naturally
occurring isolates with potential to inhibit P. destructans. In similar studies, a Strepto-
myces isolate from the Soudan Iron Mine in Minnesota, USA, initially recognized as S.
albus, has exhibited potent antagonistic activity against P. destructans (36). Experiments
by Cornelison et al. also demonstrated that R. rhodochrous could completely inhibit P.
destructans on bat tissue by slowing germination and reducing mycelial growth when
cultured with shared air space at 15°C (30). We identified a similar isolate classified as
R. rhodochrous (AC241) from a healthy M. velifer bat that completely inhibited P.
destructans growth when using a bilayer plate assay. Sequence data were not reported
for the strain in the Cornelison et al. study and thus could not be compared to our
isolates.

In another study, six Pseudomonas isolates from M. lucifugus and E. fuscus bats were
reported as antagonists of P. destructans (31). The 13 Pseudomonas cultures isolated
from four species of western bats in this study did not exhibit inhibition of P. destruc-
tans using the bilayer assay. Hoyt et al. demonstrated that the suppression levels by
bacteria on P. destructans depend on the concentration of the fungus and the type of
bacteria (31). It is possible that the bioassay used in this study and the potential
variation in spore loads and antifungal diffusion decreased the detection levels of
activity of several of the isolates tested. However, little variation was observed on the
replicates of the strains with activity, demonstrating that this bioassay allows for
consistent selection of isolates that produce antifungals. This assay also eliminates the
problem of other nontarget interactions of the fungus and bacteria observed in
direct-contact bioassays. Nevertheless, as any other bioassay, it has limitations in the
sensitivity of detection.

Novel cave isolates. Isolates exhibiting antifungal activity against P. destructans
were subjected to multilocus sequence analysis, and nearest-neighboring Streptomyces
species were identified from phylogenetic analysis. Twenty-five (69%) of the isolates
appeared in novel clades, representing 15 new Streptomyces species that will be
described elsewhere (Table 2 and Fig. 1; see also Table S2 in the supplemental material).
The high abundance of novel species previously described from caves (19, 20, 47-49)
and the present report of 15 putative novel species with antifungal activity from bats
caught in western U.S. caves illustrate the potential of caves as a valuable resource for
the discovery of novel antimicrobials. It is possible that some of these bat-associated
actinobacteria have the potential to be used as a probiotic in the control of WNS, with
the additional environmental advantage that these microorganisms are already natural
inhabitants of cave ecosystems (31). Western caves are currently free of WNS, and
therefore, it is unknown if the bacteria present on the bats and cave walls are
antagonistic to the fungus in vivo; however, the present study, together with that of
Winter et al., provide a preinfection baseline and serve as a valuable resource to help
assess differences in response if the bats in these caves become affected by the disease
(11).

The use of probiotics is rapidly gaining importance as potential treatment for
different conditions in humans and other animals (7, 50, 51), but additional studies are
necessary to determine the potential use of probiotics in bats and their interactions
with the overall bacterial community. This study represents an additional effort to
characterize culturable novel actinobacteria with antifungal properties that may serve
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TABLE 1 Number of bacterial isolates for each cave system

No. of isolates (no. of bats per species)®

Bat species CAVE PARA FS ELMA BLM Total
Corynorhinus townsendii 10(1) 2(1) 53(8) 106 (18) 0(0) 171 (28)
Myotis velifer 62 (6) 0(0) 0(0) 0(0) 26(9) 88(15)
Antrozous pallidus 39 (3) 37 (3) 0(0) 0(0) 0(0) 76 (6)
Myotis thysanodes 40 (8) 7(2) 15 (4) 0(0) 0(0) 62 (14)
Eptesicus fuscus 0(0) 0(0) 56 (6) 0(0) 0(0) 56 (6)
Tadarida brasiliensis 41 (5) 10 (4) 0(0) 0(0) 0(0) 51(9)
Myotis californicus 0(0) 41 (5) 0(0) 0(0) 0(0) 41 (5)
Parastrellus hesperus 0(0) 31(5) 0(0) 0(0) 0(0) 31(5)
Myotis ciliolabrum 0(0) 13 (4) 5(1) 0(0) 0(0) 18 (5)
Myotis evotis 0(0) 0(0) 0(0) 16 (4) 0(0) 16 (4)
Lasionycteris noctivagans 0 (0) 8(1) 7(1) 0(0) 0(0) 15(2)
Myotis volans 0(0) 7(2) 0(0) 0(0) 0(0) 7(2)
Total 192 (23) 156 (27) 136 (20) 122 (22) 26 (9) 632 (101)

aCAVE, Carlsbad Cavern National Park; PARA, Grand Canyon-Parashant National Monument; FS, Fort Stanton-
Snowy River Cave National Conservation Area; ELMA, El Malpais National Monument; BLM, Bureau of Land
Management caves 45 and 55.

as an alternative preventative measures or treatment for bats infected with WNS and
other mycotic diseases.

MATERIALS AND METHODS

Bat sampling. We sampled bats on the surface and from caves posthibernation at the El Malpais
Conservation Area, Grand Canyon-Parashant National Monument, Bureau of Land Management (BLM)
caves 45 and 55, Fort Stanton-Snowy River Cave National Conservation Area, and Carlsbad Caverns
National Park across New Mexico and Arizona (Fig. S1 and Table 1). Sampling of these cave and surface
sites was performed during the spring and summer months (March to August) from 2013 to 2015. Bats
were caught using mist nets or were hand plucked from cave walls (52), according to approved protocols
under the following collection permits: 2014 Arizona and New Mexico Game and Fish Department
Scientific Collecting Permit (SP670210, SCI#3423, and SCI#3350), National Park Service Scientific Collect-
ing Permit (CAVE-2014-SCI-0012, ELMA-2013-SCI-0005, ELMA-2014-5CI-0001, and PARA-2012-SCI-0003),
USGS Fort Collins Science Center Standard Operating Procedure (SOP) 2013-01, and an Institutional
Animal Care and Use Committee (IACUC) permit from the University of New Mexico (protocol #12-
100835-MCC) and from the National Park Service (protocol #IMR-ELMA.PARA-Northup-Bat-2013.A2).

Species, sex, reproductive conditions, and other metrics were recorded (53). The wings, muzzle, ears,
and uropatagium were assessed for any tissue damage (necrosis), lesions, scarring, or skin mottling
consistent with infection by P. destructans (25, 54). Most bats were easily identified using a key of
standard morphological features (55).

Bat swabbing. Skin (wing and tail membranes) and fur surfaces of the bats were thoroughly
swabbed in situ using sterile polyester fiber-tipped application swabs (Falcon) moistened with sterile
double-distilled water or Ringer’s solution. Each bat was swabbed three times all over the fur and skin
for humic acid-vitamin agar (HVA), on the right-side fur and skin for actinomycete isolation agar (AIA),
and on the left-side fur and skin for gellan gum (GG) and for glucose yeast extract agar (GYEA) (see
below). Plates were checked for contamination before being streaked with inoculated swabs and then
stored in sleeves and kept cool for return to the laboratory. All bat work was in accordance with the
guidelines of the American Society of Mammalogists for the use of wild mammals in research (56) and
USGS Fort Collins Science Center Standard Operating Procedure (SOP) 2013-01 (57). A total of 101 bats,
including 12 species, were sampled and identified: pallid bat (Antrozous pallidus), Townsend’s big-eared
bat (Corynorhinus townsendii), big brown bat (Eptesicus fuscus), silver-haired bat (Lasionycteris noctiva-
gans), California myotis (Myotis californicus), Western small-footed myotis (Myotis ciliolabrum), long-eared
myotis (Myotis evotis), fringed myotis (Myotis thysanodes), cave myotis (Myotis velifer), long-legged bat
(Myotis volans), western canyon bat (Parastrellus hesperus), and Brazilian free-tailed bat (Tadarida brasil-
iensis).

Isolation of actinobacteria. Three actinobacterium-selective media were used to isolate parent
cultures of the bat microbiota: AlA (Difco, Sparks, MD), GG (7.0 g/liter gellan gum, 7 mM calcium chloride),
or HVA (58) (Fig. S2). GYEA was used for a few plates due to low isolation rates (59). In an effort to target
actinobacteria and actively discourage the growth of Gram-negative bacteria and fungi, media were
supplemented with cycloheximide (50 mg/liter), nalidixic acid (50 mg/liter), trimethoprim (50 mg/liter)
(Sigma-Aldrich, St. Louis, MO), and a vitamin solution (60). Isolates were subcultured for purification on
Reasoner’s 2A medium (R2A; Difco, Sparks, MD). Cultures were grown at 20°C to standardize incubation
conditions, and pure cultures were stored at —80°C in 20% glycerol freezer stocks.

Initial identification of actinobacteria. DNA from pure cultures was extracted using the MoBio
UltraClean microbial DNA isolation kit (MoBio, Carlsbad, CA), according to the manufacturer’s protocol,
with the exception of using colonies from solid media and substituting 1.5 min of bead beating at
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TABLE 2 Description of Actinobacteria inhibiting Pseudogymnoascus destructans

Accession Inhibition

Isolate Species? Cave® Bat species no. activity<©
AC29  Streptomyces cyaneofuscatus PARA  Parastrellus hesperus KX458193 High
AC52  Streptomyces novel 1 PARA  Parastrellus hesperus KX458205 Low
AC136 Streptomyces novel 2 PARA  Myotis californicus KX458184 Low
AC161  Streptomyces novel 3 ELMA  Corynorhinus townsendii KX458185 Low
AC162 Streptomyces novel 3 ELMA  Corynorhinus townsendii KX458186 Low
AC208 Streptomyces novel 3 ELMA  Corynorhinus townsendii KX458187 Low
AC230 Streptomyces novel 3 ELMA  Corynorhinus townsendii  KX458188 Low
AC241 Rhodococcus rhodochrous BLM  Myotis velifer KX458189 High
AC245 Streptomyces novel 1 BLM  Myotis velifer KX458190 Low
AC250 Streptomyces novel 1 BLM  Myotis velifer KX458191 Low
AC260 Streptomyces novel 1 BLM  Myotis velifer KX458192 Medium
AC313  Streptomyces novel 4 FS Corynorhinus townsendii  KX458194 Low
AC331 Streptomyces novel 5 FS Myotis ciliolabrum KX458195 Low
AC340 Streptomyces diastaticus FS Eptesicus fuscus KX458196 Low
AC352 Streptomyces halstedii FS Eptesicus fuscus KX458197 Medium
AC363 Streptomyces novel 6 FS Eptesicus fuscus KX458198 Low
AC367 Streptomyces rutgersensis FS Eptesicus fuscus KX458199 Low
AC373 Unidentified Streptomyces FS Eptesicus fuscus KX458200 Low
AC469 Streptosporangium CAVE  Myotis velifer KX458201 Low
AC495  Streptomyces novel 7 CAVE  Myotis thysanodes KX458202 Medium
AC512  Streptomyces novel 8 CAVE  Myotis thysanodes KX458203 Medium
AC523 Luteipulveratus CAVE  Myotis velifer KX458204 Medium
AC536 Streptomyces novel 9 CAVE  Myotis velifer KX458206 High
AC538 Streptomyces aureocirculatus CAVE  Myotis velifer KX458207 Medium
AC541 Streptomyces novel 9 CAVE  Myotis velifer KX458208 High
AC542 Streptomyces novel 10 CAVE  Myotis velifer KX458209 Low
AC550 Streptomyces novel 11 CAVE Tadarida brasiliensis KX458210 Low
AC555  Streptomyces novel 12 CAVE Tadarida brasiliensis KX458211 Low
AC558 Streptomyces novel 13 CAVE Tadarida brasiliensis KX458212 Medium
AC562 Nocardiopsis CAVE Tadarida brasiliensis KX458213 High
AC563 Streptomyces novel 9 CAVE Tadarida brasiliensis KX458214 Medium
AC564 Streptomyces novel 9 CAVE Tadarida brasiliensis KX458215 High
AC569 Streptomyces anulatus CAVE  Corynorhinus townsendii KX458216 High
AC602 Streptomyces novel 14 CAVE  Antrozous pallidus KX458217 Medium
AC627 Streptomyces novel 15 CAVE Tadarida brasiliensis KX458218 Medium
AC628 Streptomyces novel 9 CAVE Tadarida brasiliensis KX458219 Medium

9Based on MLSA distance analysis (34).

bPARA, Grand Canyon-Parashant National Monument; ELMA, El Malpais National Monument; BLM, Bureau of
Land Management caves 45 and 55; FS, Fort Stanton-Snowy River Cave National Conservation Area; CAVE,
Carlsbad Cavern National Park.

“Inhibition activity was scored as low (1 to 15 mm), medium (16 to 30 mm), or high (31 to 45 mm).

medium speed for a vortexing step. The 16S rRNA was amplified with bacterial primers 8F (5'-AGAGTT
TGATCCTGGCGCAG-3’) and 1492R (5'-GGTTACCTTGTTACGACTT-3’) (61). Reactions were carried out in a
25-pl volume with 10X PCR buffer with 15 mM Mg2+, 0.3 uM each primer, 0.25 mM each dinucleoside
triphosphate (dNTP), 5 ng of 50 mg/ml bovine serum albumin (BSA; Ambion, Austin, TX, USA), and 1 U
of AmpliTag LD (Applied Biosystems, Foster City, CA, USA). The PCR was performed with an MJ
thermocycler with a program that consisted of preheating at 94°C for 5 min, 30 cycles at 94°C for 30 s,
55.5°C for 30 s, 72°C for 1.5 min, and a final extension at 72°C for 7 min. Amplicons were purified with
ExoSAP-IT (Affymetrix, Santa Clara, CA) for in-house sequencing with BigDye 1.1, using 46F (5'-GCYTA
AYACATGCAAGTCG-3’) for all sequences. In-house sequencing was performed with ABI 3130 and 377
automated DNA sequencers. Some of the extracted DNA was sequenced with the same primers by
Beckman Coulter Genomics (Danvers, MA). In addition, reverse sequences using 1492R (5'-GTGACGGG
CRGTGTGTRCAA-3’) were performed for bioactive isolates. Ambiguous portions were trimmed or edited,
but the majority of the primer sequence was retained.

Phylogenetic analysis of Streptomyces isolates using multilocus analysis. Genomic DNA was
isolated from each strain using a modified cetyltrimethylammonium bromide (CTAB) method for
Streptomyces isolates with antifungal activity after preliminary identification using 16S rRNA (62). Partial
sequences of the housekeeping genes atpD (ATP synthase F1, beta-subunit), gyrB (DNA gyrase B subunit),
rpoB (RNA polymerase beta-subunit), recA (recombinase A), and trpB (tryptophan synthetase, beta-
subunit) were amplified and sequenced using the primers and protocols previously described (33).
Amplified products were purified using ExoSAP-IT (Affymetrix, Santa Clara, CA) and sequenced using
BigDye 3.1 on an ABI model 3730 sequencer at the National Center for Agricultural Utilization Research
(NCAUR) core sequencing facility. Raw contigs for each locus were assembled and corrected from the
traces using Sequencher version 5.2 (Gene Codes Corp., Ann Arbor, MI).
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The gene sequences for the five housekeeping loci for each strain were organized using the Bacterial
Isolate Genomic Sequence Database (BIGSdb) version 1.12.3 (63) on the ARS Microbial Genomic Se-
quence Database server (http://199.133.98.43). The sequences for the alleles of each locus for these
strains and related strains obtained from GenBank or available locally were concatenated head to tail
in-frame during export in FASTA format and subsequently aligned using MAFFT (64). The sequence
alignment was analyzed in jModelTest 2 version 2.1.7 (65) to determine the optimal model for phylo-
genetic analysis. Evolutionary analyses were conducted in MEGA6 (66). The phylogenetic tree was
inferred by using the maximum likelihood method based on the general time-reversible model (67). The
phylogenetic relationships of the strains were also inferred using the Tamura-Nei evolutionary distance
method (68) with the neighbor-joining model of Saitou and Nei (69) and maximum parsimony in
MEGAG6.0. All analyses were subjected to 500 bootstrap replicates. Multilocus sequence analysis (MLSA)
evolutionary distances were determined using MEGA6 by calculating the Kimura 2-parameter distance
(70), and strain pairs having distance less than 0.007 were considered conspecific based on the guideline
empirically determined by Rong and Huang (34).

Inhibition assays. A bilayer plate assay was modified from Montano and Henderson for testing
antibiotic production (71). The results were a zone of inhibition measurement around a precise bacterial
streak void of fungal growth. Plates were filled 0.5-cm deep with R2A medium (Difco, Sparks, MD) and
left to solidify. The plate was then streaked in the center with a line 5 cm by 1 ¢cm of sporulating bacterial
inoculum. The bacteria were allowed to incubate at 25°C for a maximum of 14 days. Sabouraud dextrose
agar (SDA; Oxoid, Basingstoke, Hampshire, England) was prepared without antibiotics and then allowed
to cool to ~60°C. The medium was poured indirectly and slowly on top of the grown bacteria so as to
not disturb the isolate. After the second layer had solidified, 100 ul of a P. destructans spore suspension
(10° to 107 conidia/ml) was spread evenly over the SDA medium with a triangular spreader. Espinel-
Ingroff et al. proposed that 104 CFU/ml would be sufficient for antifungal susceptibility testing of
filamentous fungi (72). The P. destructans culture was obtained from a WNS-positive Pipistrellus subflavus
bat from Mesmore Cave, IN, isolated in 2010. Culture was maintained at the Western lllinois University
Fungarium code TW250. Purity was confirmed by observing characteristic conidia of the fungus and
psychrophilic growth preferences according to Gargas et al. (73). Plates were incubated at 6°C for a
month and evaluated every 3 days. No inhibition was recorded if the plate was covered with a layer of
fungus. The inhibition activity was characterized as low, medium, or high based on the width of the
inhibition zone (area with no fungal growth) from the edge of the bacterial streak to the terminal growth
of the fungus. Control plates were made without any bacterial streak. Plates with antifungal activity were
done in triplicate. The zone of inhibition was ranked as low for average inhibition zones lower than 15
mm, medium for 15 to 30 mm, and high for more than 30 mm.

Accession number(s). The 165 rRNA sequences for the cultures showing activity against P. destruc-
tans were deposited in GenBank with the accession numbers KX458184 to KX458219 (Table 2). Se-
quences of isolates without antifungal activity were deposited under accession numbers KX928078 to
KX928646 (Table S1). The sequences used in the phylogenetic analysis are available at the ARS Microbial
Genomic Sequence Database (http://199.133.98.43). GenBank numbers are listed in Table S2 in the
supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AEM.03057-16.

TEXT S1, PDF file, 3.7 MB.
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