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Abstract

Pseudogymnoascus destructans, the fungus that causes white-nose syndrome in hibernat-

ing bats, has spread across eastern North America over the past decade and decimated bat

populations. The saprotrophic growth of P. destructans may help to perpetuate the white-

nose syndrome epidemic, and recent model predictions suggest that sufficiently reducing

the environmental growth of P. destructans could help mitigate or prevent white-nose syn-

drome-associated bat colony collapse. In this study, we screened 301 microbes from

diverse environmental samples for their ability to inhibit the growth of P. destructans. We

identified 145 antagonistic isolates, 53 of which completely or nearly completely inhibited

the growth of P. destructans in co-culture. Further analysis of our best antagonists indicated

that these microbes have different modes of action and may have some specificity in inhibit-

ing P. destructans. The results suggest that naturally-occurring microbes and/or their

metabolites may be considered further as candidates to ameliorate bat colony collapse due

to P. destructans.

Introduction

Pseudogymnoascus destructans Minnis & D.L. Lindner is the fungus that causes a deadly dis-

ease in hibernating bats known as white-nose syndrome (WNS) [1]. P. destructans is believed

to have been introduced to North America from Europe and was first discovered in New York

in 2006 [2,3]. Over the past decade, P. destructans has caused extensive local extinctions and

ten-fold reductions in affected North American bat populations [4]. Further, P. destructans has

rapidly spread to 32 U.S. states and 5 Canadian provinces [3] and is predicted to continue

spreading [5], potentially threatening over half of all North American bat species [3]. Such

widespread loss of bats as prominent insectivores will undoubtedly have costly ecological, agri-

cultural, and economic consequences [6].

P. destructans causes WNS by colonizing the skin of hibernating bats, creating lesions and

increasing the frequency with which bats emerge from torpor. This is often lethal as the

increased energy demands of disrupted torpor can result in dehydration and emaciation
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before water or food is available [7]. Further mortality may be caused by immune reconstitu-

tion inflammatory syndrome, where bats regain immune function after a period of hiberna-

tion-induced immunosuppression and have severe, lethal immune responses to P. destructans
infection [8]. After the winter, surviving bats can rid themselves of P. destructans [9,10] and

quickly heal their skin lesions [11]. However, because P. destructans persists in hibernacula by

growing saprotrophically when bats are absent [12,13], it is possible that healthy bats could be

infected when entering contaminated hibernacula [9,14]. While the role of the saprotrophic

growth of P. destructans in the white-nose syndrome epidemic remains unclear, model predic-

tions have suggested that under certain circumstances, reducing the growth of P. destructans
in hibernacula may mitigate or prevent WNS-associated colony collapse [14,15]. Taken

together, this suggests that targeting the growth of P. destructans in hibernacula may be an

important part of managing the WNS epidemic.

In this study, we isolated a diversity of microbes from Ontario and Quebec, Canada, and

screened for ones that inhibit P. destructans to identify potential biocontrol candidates and

microbially-derived natural products that reduce the growth of P. destructans in a low temper-

ature (hibernaculum-like) environment.

Results

To screen for potential biocontrol candidates, we first obtained microbial isolates from local

environmental samples and from culture collections. We co-inoculated one isolate per plate

with P. destructans and classified each isolate based on an ability to inhibit P. destructans
growth 14 days after inoculation (described in Methods).

Inhibition scores against P. destructans by each bacterial, filamentous fungal, and yeast iso-

late were calculated based on P. destructans colony area in the presence of isolates (see Meth-

ods) and classified as negligible (less than 50% inhibition of P. destructans), considerable (50%

to 85% inhibition), or complete/nearly complete (greater than 85% inhibition), as summarized

in Table 1 and represented in Fig 1. Nearly 50% of the 301 isolates examined were antagonistic

to P. destructans, and over 15% completely or nearly completely inhibited growth of P. destruc-
tans. Most of the isolates that inhibited P. destructans did so by creating a zone of inhibition

surrounding themselves where P. destructans did not grow. However, other modes of inhibi-

tion were also evident. For example, some fast-growing filamentous fungi grew over P. destruc-
tans colonies and induced a highly vacuolized appearance to P. destructans hyphae that was

suggestive of programmed cell death (S1 Fig) [16], while the presence of some yeast isolates

resulted in P. destructans colonies that remained uniformly small over the entire plate. For a

tested subset of these inhibitory yeasts, this was a fungistatic effect since the inhibited P.

destructans colonies resumed normal growth when transferred to a plate without the yeast.

Only a few of the environmental isolates were inhibited by P. destructans (Table 1).

Isolates that inhibited the growth of P. destructans are henceforth referred to as ‘antago-

nists’. The most inhibitory antagonists were taxonomically identified, where possible, to genus

or species (see Methods, S1 Table). The 28 most effective bacterial antagonists were from the

genera Bacillus (17 strains), Pantoea (3 strains), Streptomyces (3 strains), Pseudomonas (2

strains), and 1 strain each from Rahnella, Arthrobacter, and Sphingobium. The 23 most inhibi-

tory filamentous fungi were primarily from the genera Penicillium (11 strains) and Tricho-
derma (7 strains), and the genera Oidiodendron, Boeremia, Botrytis, and Phoma each had 1

representative. One strongly inhibitory antagonistic filamentous fungus (isolate RW3A2Pa)

could not be identified. Yeast belonging to Cystofilobasidium (2 strains) were also among the

most inhibitory antagonists. All antagonists of P. destructans were preserved as frozen glycerol

stocks at -80˚C.
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We examined if antagonists that completely or uniformly inhibited P. destructans acted

through volatile compounds by inoculating P. destructans separately from antagonists in a

shared airspace (see Methods). Based on these assays, 7 of 28 antagonists tested produced vola-

tiles that effectively reduced the growth of P. destructans for 6 to 10 days after inoculation. Vol-

atiles from 2 of these antagonists (Oidiodendron sp. PCA20P and Pantoea sp. OA1I3M) caused

considerable (50–85%) inhibition and 2 (Pantoea ananatis RFA4P2 and Cystofilobasidium
capitatum RW3I1a) caused complete or nearly complete (greater than 85%) inhibition of P.

destructans at 14 days after inoculation (see S2 Table). This suggests that at low temperatures,

these antagonists constitutively produce volatile compounds that inhibit P. destructans. A rep-

resentative of each class of inhibition by volatiles is shown in Fig 2.

We conducted gas chromatography-mass spectrometry (GC-MS) to identify volatile com-

pounds produced by the antagonists that inhibited P. destructans 14 days after inoculation.

Volatile inhibitory compounds were identified in the headspace jars for three of the four antag-

onists that were analyzed with GC-MS. We detected 2-methyl-1-propanol for C. capitatum
RW3I1a and Pantoea sp. OA1I3M. We also detected 2-methyl-1-butanol for C. capitatum
RW3I1a. Propanoic acid and 1-pentanol were detected for P. ananatis RFA4P2. Other com-

pounds appeared to be present in samples but could not be conclusively identified. Oidioden-
dron sp. PCA20P did not produce any detectable volatiles, suggesting that unidentified factors

are required to induce volatile production in this antagonist. The most probable identification

for each compound, along with the corresponding match scores and probability scores are

included in S3 Table.

Compounds tentatively identified through GC-MS were screened in bioassays to determine

their ability to inhibit P. destructans. All four compounds tested (2-methyl-1-propanol,

2-methyl-1-butanol, propanoic acid, and 1-pentanol) completely inhibited P. destructans
growth for the 14-day experimental period when 100 μl of compound was added. Only propa-

noic acid was completely inhibitory when 10 μl of compound was applied. These compounds

appear to be fungicidal since completely inhibited P. destructans did not resume growth after

the compounds were removed. The ethanol control (carrier solvent for 10 μl 1-pentanol assay)

also mildly affected P. destructans growth such that after 14 days, the average colony diameter

was approximately 30% smaller than in the water control.

We next conducted bioassays to examine the inhibitory specificity of 36 of the most effec-

tive antagonists. For these, we repeated the bioassays that we performed with our original

strain of P. destructans against two additional strains of P. destructans and representatives of

the closely related species, Pseudogymnoascus pannorum and Pseudogymnoascus roseus. Of the

36 antagonists tested in bioassays, 35 inhibited both additional strains of P. destructans, with

Table 1. Isolate inhibition of P. destructans.

Bacteria Filamentous fungi Yeast Total

Total screened 130 158 13 301

Negligible (< 50%) inhibition 75 75 6 156

Considerable (50% to 85%) inhibition 27 60 5 92

Complete/nearly complete (> 85%) inhibition 28 23 2 53

P. destructans inhibited antagonist 0 11 0 11

Antagonist grew over P. destructans 0 31 0 31

Reduced P. destructans colony size 8 25 5 38

Summary table showing the number of bacterial, filamentous fungal, and yeast isolates for each classification of inhibition 14 days after P. destructans

inoculation.

https://doi.org/10.1371/journal.pone.0179770.t001
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Fig 1. Representatives of each category of inhibition. P. destructans was inoculated on all plates as in the negative control (N.C.),

and all photographs were taken 14 days after P. destructans inoculation. Classifications are (left and centre panels): (0) negligible

(< 50%) inhibition, (1) considerable (50% to 85%) inhibition, (2) nearly complete/complete (> 85%) inhibition. Additionally, if applicable

(right panel): (A) growth of the isolate is limited by P. destructans, (B) the isolate grew over P. destructans such that affected P.

destructans colonies were no longer visible, (C) P. destructans colonies were present, but uniformly smaller than in the control plate.

https://doi.org/10.1371/journal.pone.0179770.g001
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29 causing complete or nearly complete inhibition in both strains. Only 16 antagonists inhib-

ited growth of P. roseus and/or P. pannorum, with 3 of these causing complete or nearly com-

plete inhibition in one or both strains (S4 Table).

We also qualitatively assessed whether our best antagonists could produce antimicrobial

products that inhibit P. destructans. We grew 35 of our top antagonists in axenic liquid cultures

and screened the spent media for activity against the above mentioned 5 Pseudogymnoascus
strains and, in addition, Saccharomyces cerevisiae. Many of our antagonists produced inhibi-

tory compounds and, similar to bioassays, P. destructans strains were considerably more sensi-

tive than other species tested (S5 Table). Spent media from 18 of 35 antagonists tested

inhibited at least one of the three P. destructans strains, and nine of these did not inhibit other

Pseudogymnoascus species or brewer’s yeast.

Inhibition scores for the 27 antagonists that were tested in both bioassays and spent media

screens were not always congruent and some antagonists appear to have context-dependent

induction and/or effects of inhibitory compounds. For example, there were 13 antagonists that

inhibited all three strains of P. destructans in bioassays, while the respective spent culture

medium caused no inhibition of P. destructans. Conversely, there were seven antagonists that

caused negligible inhibition of P. roseus and/or P. pannorum in bioassays, while their spent cul-

ture medium was inhibitory to P. roseus and/or P. pannorum. Nevertheless, it is notable that

the culture medium from several antagonists, including Phoma sp. OA1I1M, Sphingobium sp.

S8A4Cs, Trichoderma harzianum RW1A2P, and Paecilomyces inflatus PCA5P, caused very

strong inhibition in all three strains of P. destructans while causing low inhibition of P. roseus,
P. pannorum, and yeast. The inhibitory compounds produced constitutively by these antago-

nists could be considered further as candidate natural products to inhibit growth of P. destruc-
tans in bat hibernation sites.

Discussion

The white-nose syndrome that is caused by P. destructans has decimated eastern North Ameri-

can bat populations and is spreading across the continent [1,3,5]. Saprotrophic growth of P.

destructans in cool hibernacula may contribute to perpetuating the WNS epidemic [14] and

thus may facilitate the infection or reinfection of healthy bats. In an effort to find biocontrol

agents that will reduce the abundance of P. destructans in bat hibernacula, we isolated

microbes from diverse environmental samples and tested them for inhibitory activity against

Fig 2. Evidence of inhibition of P. destructans by volatiles produced by antagonists. P. destructans

and an antagonist were inoculated on separate pieces of agar within a single Petri plate. Photographs show P.

destructans inoculated on the top and an antagonist on the bottom of the plate except for control plate (left),

which contains P. destructans with no antagonist. Volatile production by antagonists was evident as

considerable or complete growth inhibition of P. destructans. All photographs were taken 14 days after

inoculation.

https://doi.org/10.1371/journal.pone.0179770.g002
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P. destructans. We identified 145 microbes that inhibited the growth of P. destructans to some

extent, and 53 of these completely or nearly completely inhibited P. destructans.
In the past decade since P. destructans was discovered, only a few microbes capable of inhib-

iting P. destructans have been identified: Rhodococcus rhodochrous [17], Trichoderma poly-
sporum, Trichoderma harzianum [18], and Pseudomonas spp. [19]. These microbes are being

studied for their biocontrol potential, and our study adds nearly 150 candidate biocontrol

agents to this list, Additionally, we expand the list of natural products [18,20–23] that could be

of potential use in controlling P. destructans in bat caves. We also report on 4 volatile organic

compounds that appear to have a fungicidal effect on P. destructans. All 4 of these compounds

have previously been reported to be produced by fungi [e.g. 24–26] and to have at least some

degree of inhibitory activity against fungi [e.g. 27–30]. Although differences in methodologies

preclude making quantitative comparisons between the antagonists identified in this study

and the antagonists of P. destructans that have been previously identified, the most notable

finding from our study is the relatively high frequency of microbes that we identified that

cause complete or nearly complete inhibition of P. destructans. While few of the previously

identified antagonists have completely inhibited growth of P. destructans, we identified five

bacterial and four filamentous fungal isolates that did so in bioassays or volatile tests. Addi-

tionally, while a bacterium has been reported that inhibits P. destructans through volatiles [17],

we novelly identify microbes that produce inhibitory volatiles without induction.

The microbes that we identified have several promising features as biocontrol candidates in

eastern North America. First, most of our top antagonists are microbes that already occur in

Ontario and Quebec that present a lower risk than introducing foreign, potentially invasive,

species. Second, many of our top antagonists displayed antifungal activity at about 13˚C—a

temperature that represents the average temperature of North American bat hibernacula.

Third, several of our top antagonists constitutively secrete compounds that inhibit P. destruc-
tans at concentrations that are non-inhibitory to close relatives and to S. cerevisiae, suggesting

the possibility that these antifungal agents may have some degree of specificity towards P.

destructans. In addition, in both bioassays and liquid media screens, P. destructans was more

sensitive to inhibition than close relatives, again suggesting the possibility that there may be a

reduced risk of non-target effects from our antagonists. Fourth, we identified microbes that

inhibit the growth of P. destructans by seemingly different modes. For example, Trichoderma
and fast-growing filamentous fungal antagonists typically grew over and appeared to induce

programmed cell death of P. destructans [16], indicating cell proximity/contact as a main

mode of action, whereas most of our top antagonists secreted water-soluble inhibitors, indicat-

ing antibiosis as a main mode of action. Several antagonists also produced volatiles at hiber-

naculum-like temperatures that inhibit P. destructans. A diversity of modes of action provides

the possibility of creating a stable biocontrol strategy that targets P. destructans through multi-

ple mechanisms. Finally, our high success rate of isolating native biocontrol candidates sug-

gests that as P. destructans continues to spread across the continent, additional local biocontrol

candidates can be identified that may reduce the growth and persistence of P. destructans in

hibernacula.

Another interesting aspect of our findings is that several antagonists that we identified are

not known to produce antifungal compounds. To our knowledge, antifungals have not been

characterized from species of Boeremia, Phialosimplex, Ramularia, or Sphingobium, all of

which secreted inhibitors of P. destructans. Similarly, only preliminary characterizations of

antifungals are reported for species of Oidiodendron [31] and Cystofilobasidium [32]. This sug-

gests the possibility that some of our top antagonists may produce novel antifungals, which

could have applications both within and beyond controlling P. destructans.

Microbial inhibitors of P. destructans
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Although we identified many potential biocontrol agents of P. destructans, an important

limitation of this study is that it only addressed inhibition of P. destructans under controlled

laboratory conditions. Future challenges to developing a biocontrol of white nose syndrome

are to find antagonistic organisms that selectively inhibit growth of P. destructans in natural

hibernacula. Considering the high proportion of microbes that inhibited P. destructans in our

tests, it is surprising that a biocontrol of P. destructans has not arisen naturally. It is possible

that the effects of natural antagonists are limited by an insufficient abundance and nutritional

augmentation of hibernaculum sediment may be necessary to support greater antagonist

growth. To explore this further, we are now examining P. destructans-antagonist interactions

in hibernaculum-like soil microcosms. Future research will also assess the synergistic effects of

multiple antagonistic organisms towards P. destructans.

Conclusions

We identified over 100 microbes that inhibit the growth of P. destructans in a low-temperature

laboratory setting. These antagonistic microbes inhibit P. destructans with secreted com-

pounds, by contact inhibition, or through volatiles. Future research is needed to validate

potential biocontrol strategies under hibernaculum conditions. Our results suggest that local

microbes can be a source of candidate biocontrol agents to reduce the abundance of the causal

agent of white-nose syndrome in bat hibernation sites and remediate bat colony collapse.

Materials and methods

Pseudogymnoascus strains

P. destructans strains US-15, SH-864, and SH-991 were obtained from Agriculture and Agri-

food Culture Collection, Ottawa, ON, Canada. Unless specified otherwise, all assays used P.

destructans strain US-15. P. roseus S8A2CN and P. pannorum S8A5ACS1 were isolated from

soil samples in Gatineau, Québec. All cultures were grown at 13 ± 1˚C, within the optimal tem-

perature range for P. destructans [33]. Pseudogymnoascus cultures were stored in Potato Dex-

trose Broth (PDB) amended with 15% sterile glycerol at -80˚C.

Isolation of antagonists

Antagonists used in this study were from various sources and locations as listed in S1 Table.

Axenic antagonist cultures were grown in 5 ml Potato Dextrose Agar (PDA) slants and stored

in PDB amended with 15% sterile glycerol at -80˚C. Soil samples were collected from cold soils

(0–10˚C) in April 2015 from Ottawa, Gatineau, and Toronto areas and frozen at -20˚C until

use. Approximately 1.5 g of soil was mixed with 10 ml of sterile tap water and 10- to 1000-fold

dilutions were plated onto various media including plates containing 0.2% chitin and 0.1×
Vogel’s salts [34] to isolate chitinolytic fungi [35,36], LB Miller agar with 150 mg L-1 cyclohexi-

mide to isolate bacteria and select against fungi [37], PDA with 70 mg L-1 Rose Bengal to iso-

late slow-growing fungi [38], PDA with 100 mg L-1 ampicillin, 50 mg L-1 chloroamphenicol,

and 75 mg L-1 streptomycin sulphate to isolate fungi without bacteria, and PDA alone to cul-

ture microbes non-specifically. Antagonists were also isolated from decomposing wood, birch

bark, and hay. Additional antagonists were obtained from foam taken from the surface of the

Rideau River (Ottawa, ON) and by leaving Petri plates open to the air. Further antagonists

were isolated from compost and compost tea [39,40] and from environmental samples isolated

with DG-18 (Dichloran-Glycerol Agar) in the Ottawa region. Several strains of Bacillus and

Trichoderma were from the culture collection of M.L. Smith. [41,42].
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Bioassay for filamentous fungal and actinobacterial antagonists

Aliquots of P. destructans cultures, macerated with a Waring blender and stored at -80˚C in

PDB with 15% glycerol, were thawed at room temperature and diluted in PDB to 5000 CFU/

ml in a sterile Eppendorf multichannel pipette reagent trough. A 50 × 75-mm flame-steril-

ized glass microscope slide was dipped edgewise into the trough and used to stamp a narrow

line of P. destructans inoculum onto the surface of PDA in a Petri plate. Perpendicular lines

were stamped on PDA at an appropriate distance from the centre in a 55-mm (for assaying

slow growing antagonists) or 90-mm (for fast growing antagonists) Petri plate so that a given

antagonist, inoculated in the centre of the plate, would contact P. destructans at about day

seven. Control plates were created by stamping P. destructans inoculum without an

antagonist.

Bioassay for bacterial and yeast antagonists

PDA in 55-mm diameter Petri plates was pre-inoculated with P. destructans using a glass slide

as described above to create two parallel lines of inoculum. Three days after P. destructans was

inoculated, 7-μl aliquots of a log phase antagonist culture in LB (bacteria) or PDB (yeast) were

streaked in duplicate through both lines of P. destructans. LB broth and PDB were streaked

through P. destructans on replicate plates as controls.

Assessing inhibition

Assay plates from antagonist screenings were photographed 14 days after P. destructans inocu-

lation. Inhibition was quantified using image analysis to calculate the area of P. destructans.
Images were scaled based on the size of the Petri plates and antagonist diameter was measured

using the measure feature in ImageJ [43]. To aid in distinguishing P. destructans from back-

ground features, images were cropped to exclude as much background as possible and only

one line of P. destructans was considered. Ilastik version 1.2.0 [44] was used to distinguish P.

destructans colonies from antagonist colonies and background. Simple segmentations for each

image were exported to ImageJ where the greyscale image was thresholded with a value of 2

for each parameter. P. destructans colony area was calculated using the analyze particles feature

of ImageJ with no parameters specified for size or circularity. Thresholded images were manu-

ally checked to ensure P. destructans was fully and exclusively detected and the reported area

for P. destructans was the area of one streak multiplied by 2 or 3, for plates stamped in dupli-

cate or triplicate, respectively. Inhibition scores for each antagonist were reported as percent

inhibition of P. destructans, relative to a no-antagonist control. Percent inhibition was calcu-

lated as 1 �
Areatreatment
Areacontrol

� �
� 100; where Areatreatment refers to the area of P. destructans in the

presence of the antagonist and Areacontrol refers to the area of P. destructans in the no-antago-

nist control. The percent inhibition for each antagonist, along with the respective day 14 area

of P. destructans and antagonist diameter are provided in S1 Table. The inhibition scores of P.

destructans by an antagonist were ranked as 0 = negligible or no (less than 50%) inhibition of

P. destructans; 1 = considerable (between 50% and 85%) inhibition of P. destructans; or

2 = complete or nearly complete (greater than 85%) inhibition of P. destructans. Additionally,

if applicable, antagonistic ranks were qualified with: A = P. destructans inhibited the antago-

nist; B = the antagonist grew over P. destructans such that P. destructans colonies were no lon-

ger visible; and/or C = P. destructans colonies were present, but considerably smaller than

colonies on the control plates. A representative of each of these classifications and a control

plate is shown in Fig 1.
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Identification

Isolates that inhibited P. destructans were identified, including all isolates that caused greater

than 85% inhibition, by sequences of ITS rDNA (fungi), 16S (bacteria) rDNA, and beta-tubulin
(Penicillium sp.) DNA. Morphological identification was used to augment sequence-based

identifications of filamentous fungi.

DNA extraction. DNA was extracted using a modified form of the protocol outlined by

Lõoke and colleagues [45]. Antagonists were grown at room temperature in a 1.5-ml epitube

containing 1 ml sterile PDB until the culture was visible throughout the tube. The cells were

pelleted by centrifugation and resuspended in 100–150 μl of 200 mM lithium acetate with 1%

SDS. Approximately 15 mg of 0.5 mm (for filamentous fungi or yeast) or 0.1 mm (for bacteria)

glass beads were added to each epitube before the tubes were placed into a Fisher Scientific Iso-

temp waterbath at 70˚C for 10 minutes and subsequently cooled on ice. The epitubes were

then shaken in a Retsch MM301 mixer mill at 20 Hz twice for 2 minutes each, separated by a

2-minute pause, and then 300 μl of ice-cold 95% ethanol was added before each tube was vor-

texed and left for 10 minutes. The epitubes were then centrifuged at 15,000 rpm for 3 minutes

and the pellet was rinsed with 70% ethanol and dried in a Savant Speed Vac Concentrator

before resuspending in 100 μl of distilled water. The epitubes were centrifuged at 15,000 rpm

for approximately 15 seconds and 20 μl of the supernatant was removed and stored at -20˚C

until use in PCR amplifications.

PCR and DNA sequencing. The ITS region of filamentous fungi and yeast was amplified

using ITS5 (5’-GGAAGTAAAAGTCGTAACAAGG-3’) or ITS9mun (5’-TGTACACACCG
CCCGTCG-3’) forward primers and ITS4 (5’-TCCTCCGCTTATTGATATGC-3’) reverse

primer [46–48]. The 16S region of bacterial samples was amplified using Bakt_341F (5’-CCT
ACGGGNGGCWGCAG-3’) forward and Bakt_805R (5’-GACTACHVGGGTATCTAATCC-3’)

reverse primer [49,50]. The beta-tubulin gene of Penicillium antagonists was amplified using

Bt2a (5’-GGTAACCAAATCGGTGCTGCTTTC-3’) forward primer and Bt2b (5’-ACCCTCA
GTGTAGTGACCCTTGGC-3’)reverse primer [51]. Standard PCR reactions contained approx-

imately 2 μl each of 10 μM forward and reverse primers, 5 μl of 10× Taq buffer (BioShop, Bur-

lington, ON), 2 μl of 25 mM MgCl2, 2 μl of 10 mM dNTPs (New England BioLabs, Whitby,

ON), 1.25 units of Taq (New England BioLabs), approximately 100 ng of template DNA, and

sterile Milli-Q water to 50 μl. For filamentous fungal and yeast ITS, the PCR schedule was 5

minutes at 94˚C, then 35 cycles each with 30 seconds at 94˚C, 56˚C, and 72˚C, then 7 minutes

at 72˚C. For bacterial 16S, the schedule was 10 minutes at 94˚C, then 35 cycles each with 60

seconds at 94˚C, 57˚C, and 72˚C, then 10 minutes at 72˚C. The beta-tubulin PCR schedule was

3 minutes at 95˚C, then 35 cycles each with 30 seconds at 95˚C, 60˚C, and 72˚C, then 7 min-

utes at 72˚C. PCR products were purified using a Geneaid PCR DNA fragments extraction kit

and sent to Génome Québec (Montréal, QC) for Sanger sequencing (Applied Biosystems—

3730xl DNA Analyzer). Forward and reverse sequences were aligned using ExPASy ClustalW

and the NCBI nucleotide BLAST database was used to identify the microbes. DNA sequences

were submitted to GenBank and accession numbers are given in S1 Table.

Assessing volatile production

Shared airspace experiments. A shared-airspace experiment was performed to assess if

any of the antagonists that completely or uniformly inhibited P. destructans in bioassays acted

through volatiles. A strip approximately 1 cm wide was cut out of the centre of a 90-mm PDA

plate to create two separated pieces of agar. A thawed stock of P. destructans was diluted in

PDB and approximately 1.3 × 104 CFUs were spread onto agar on one side of the plate. A

small amount of antagonist (a small loopful for bacteria/yeast or a needleful for filamentous
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fungi) was suspended in 250 μl of liquid medium (PDB for filamentous fungi and yeast, LB for

bacteria) and 200 μl of this suspension was spread onto the agar surface opposite of P. destruc-
tans. The plates were sealed with Parafilm and incubated at 13 ± 1˚C. The growth of P. destruc-
tans was monitored and compared to a control without an antagonist from 6 to 14 days after

inoculation. The day 14 area of P. destructans and respective inhibition scores for each antago-

nist were calculated using ilastik [44] and ImageJ [43], as above. Based on inhibition scores,

antagonist inhibition of P. destructans was scored as negligible, considerable, or complete/

nearly complete, as described above.

Volatile identification. Headspace gas chromatography mass spectrometry (GC-MS) was

used to analyze volatiles produced by the four microbes that had contact-independent inhibi-

tion of P. destructans after 14 days. Pantoea ananatis RFA4P2, Oidiodendron sp. PCA20P, Pan-
toea sp. OA1I3M, Cystofilobasidium capitatum RW3I1a, and a no-antagonist (blank) control

were inoculated on 3-ml PDA slants inside headspace jars and grown for 5 days at 13 ± 1˚C.

The headspace jars were covered with a double layer of sterile foil for the incubation period

and sealed approximately 10 minutes before performing GC-MS. The GC-MS was done with

an Agilent Technologies 7697A headspace sampler coupled to an Agilent Technologies 7820A

gas chromatography system and an Agilent Technologies 5977E mass spectrometer detector.

The vials were sampled at 33.9˚C, the loop temperature was 45˚C and the transfer line was

80˚C. Samples were injected for gas chromatography in splitless mode. A 30

m × 250 μm × 0.5 μm DB-WAXetr column was used with helium carrier gas at a constant flow

rate of 1 ml/min. The oven temperature was held at 50˚C for 2 min and then increased at a

rate of 10˚C/min to 235˚C, where it was held for 5.5 minutes. Mass-spectrometry was per-

formed with electron ionization, and identification of volatile compounds was performed by

comparison to version 5 of the National Institute of Standards and Technology (NIST) spectra

database.

Compounds identified by GC-MS were tested for inhibitory activity against P. destructans
in bioassays. Approximately 2.6 × 104 CFUs of P. destructans were inoculated onto the surface

of 15 ml of PDA in a 90-mm diameter Petri dish. Petri dishes were inverted and a 2.5-cm

diameter sterile Whatman 3 paper disc was placed on the lid of each dish. The filter paper was

saturated with 10 or 100 μl of 2-methyl-1-propanol (J.T. Baker Chemical Co., Phillipsburg NJ),

2-methyl-1-butanol (Sigma-Aldrich, Oakville ON), propanoic acid, or 1-pentanol (BDH

Chemicals, Toronto ON). The 10 μl aliquots were diluted to 100 μl in sterile distilled water,

except for 1-pentanol, which was diluted in 95% ethanol. Separate assays were done using

100 μl/disc of water or ethanol as carrier controls. Plates were sealed with Parafilm and incu-

bated inverted at 13 ± 1˚C for 14 days and growth of P. destructans was assessed. To test

whether the inhibition of P. destructans was fungistatic or fungicidal, the paper discs were

removed on day 14 and the lid was dried with a sterile Kimwipe. Plates were sealed with Paraf-

ilm and incubated at 13 ± 1˚C for an additional 14 days, after which growth of P. destructans
was assessed.

Assessing activity of spent antagonist media

We screened antagonists for production of antimicrobial compounds that inhibit P. destruc-
tans. We used spent culture media from a subset of antagonists of P. destructans US-15 and

screened these against P. destructans strains US-15, SH-864, and SH-991, P. roseus S8A2CN,

P. pannorum S8A5ACS1, and Saccharomyces cerevisiae strain S288C. Thirty-five antagonists

were each grown stationary in 250 ml flasks with 50 ml of PDB (fungi) or LB (bacteria) for 4

weeks at 13 ± 1˚C. After this time, the culture medium was harvested and passed through a

0.2-μm syringe filter and then 10× concentrated following lyophilisation. To assess
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inhibition of Pseudogymnoascus spp. and yeast, 50 μl of cell-free filtrate was 1:1 serially

diluted in 50 μl of PDB (for Pseudogymnoascus spp.) or YPD (10 g L-1 yeast extract, 20 g L-1

peptone, 20 g L-1 D-glucose; for yeast) in a 96-well microtiter plate before the addition of

150 μl of PDB with approximately 100 CFUs Pseudogymnoascus sp. or YPD with approxi-

mately 150 yeast cells. Ten-times concentrated medium (PDB or YPD, as appropriate) was

used as a carrier control for antagonist filtrates. Inhibition was assessed visually after 14

days of growth at 13 ± 1˚C (Pseudogymnoascus sp.) or 3 days of growth at 30˚C (S. cerevi-
sieae) and was defined as the lowest concentration of spent medium at which no growth was

visible.

Tests for specificity of inhibitory interactions

To test the specificity of the inhibition of P. destructans, we repeated bioassays using 36 of

our top antagonists against two additional strains of P. destructans (SH-864 and SH-991) and

two close relatives of P. destructans (P. roseus S8A2CN and P. pannorum S8A5ACS1). The

bioassays were conducted as described above for P. destructans US-15, however the concen-

tration of Pseudogymnoascus spp. inoculum stamped onto the plates was adjusted for each

strain so that after 14 days a continuous line of fungal mycelium was visible for each strain.

The concentrations were approximately 11,300 CFU/ml P. destructans SH-864, 10,000 CFU/

ml P. destructans SH-991, 11,100 CFU/ml P. roseus S8A2CN, and 8,700 CFU/ml P. pan-
norum S8A5ACS1. Inhibition scores were calculated and ranked as described for P. destruc-
tans bioassays.

Supporting information

S1 Fig. Representative image showing P. destructans vacuolization near antagonist hyphae.

P. destructans was pre-inoculated for one week on a PDA-coated microscope slide before the

slide was also inoculated with Penicillium crustosum BWA2P. After 4 days of antagonist

growth, P. destructans hyphae had a healthy appearance on the colony side away from the

antagonist (A), but had a vacuolized appearance suggestive of programmed cell death near

antagonist hyphae (B). Scale bar represents 100 μm.

(TIF)

S1 Table. Identification of microbial antagonists of Pseudogymnoascusdestructans. Isolates

are sorted by percent inhibition, which reflects the degree of inhibition of P. destructans by an

antagonist. Isolates were ranked as follows: 0 = negligible (< 50%) inhibition, 1 = considerable

(50% to 85%) inhibition, 2 = complete or nearly complete (> 85%) inhibition. Additionally, if

applicable, ranks were qualified with: A = growth of the antagonist is limited by P. destructans,
B = the antagonist grew over P. destructans such that affected P. destructans colonies were no

longer visible, C = P. destructans colonies were present, but uniformly smaller than in the con-

trol plate. P. destructans area and isolate diameter refer to sizes 14 days after P. destructans was

inoculated. Genbank accession numbers refer to sequences of 16S rDNA (bacteria), ITS rDNA

(fungi), and beta-tubulin DNA (Penicillium sp.).

(XLSX)

S2 Table. Screen for inhibition of Pseudogymnoascusdestructans by volatiles produced by

selected antagonists. P. destructans and an antagonist were inoculated on separate pieces of

agar within a single plate and incubated at 13 ± 1˚C. Inhibition was assessed at 6, 10 and 14

days after inoculation and percent inhibition was calculated on day 14 as (1 − Areatreatment/

Areacontrol) × 100. The average P. destructans area in no-antagonist controls was 2043.85 mm2.

Antagonists were ranked as 0 = negligible (< 50%) inhibition, 1 = considerable (50% to 85%)
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inhibition, or 2 = complete or nearly complete (> 85%) inhibition, based on the area of P.

destructans in the presence of the antagonist (treatment) compared to in the no-antagonist

control. Asterisks (�) indicate cases where more pronounced inhibition of P. destructans was

evident at day 6 and 10 but decreased by day 14.

(XLSX)

S3 Table. Most probable identifications for each volatile compound detected through gas

chromatography-mass spectrometry analysis of fungal and bacterial antagonists. Antago-

nists were inoculated on 3-ml PDA slants inside of headspace jars and volatiles were identi-

fied. Also listed is the corresponding retention time, molecular formula, match factor (MF),

reverse match factor (RMF), probability of match (Prob), and in library (InLib) score for

each proposed identification. Italicized entries were tested against P. destructans in further

assays.

(XLSX)

S4 Table. Inhibition scores for 36 selected antagonists against different Pseudogymnoascus
species. Two strains of P. destructans and one strain each of P. roseus and P. pannorum were

used. Percent inhibition was calculated as (1 − Areacontrol / Areaexperimental) × 100. Pseudogym-
noascus spp. areas refer to the total area of Pseudogymnoascus spp. 14 days after inoculation.

Antagonists were ranked as: 0 = negligible (< 50%) inhibition, 1 = considerable (50%–85%)

inhibition, 2 = nearly complete/complete (> 85%) inhibition, relative to a no-antagonist con-

trol. Additionally, if applicable, ranks were qualified with: A = growth of the antagonist is lim-

ited by Pseudogymnoascus spp., B = the antagonist grew over colonies such that affected

Pseudogymnoascus colonies were no longer visible, C = Pseudogymnoascus colonies were pres-

ent, but uniformly smaller than in the control plate.

(XLSX)

S5 Table. Inhibitory concentrations for the filtered, spent media from each of 35 antago-

nist cultures. Antagonists were grown at 13 ± 1˚C for 28 days and screened against three

strains of Pseudogymnoascus destructans and one strain each of P. roseus, P. pannorum, and

Saccharomyces cerevisiae. Inhibitory concentrations were recorded after 14 days of Pseudogym-
noascus growth or 3 days of S. cerevisiae growth and are expressed relative to the original con-

centration of the day 28 antagonist medium. NI indicates that complete inhibition was not

evident even at highest concentration of 2.5× antagonist medium and ND indicates that inhib-

itory concentration was not assessed.

(XLSX)

Author Contributions

Conceptualization: EWM MLS.

Formal analysis: EWM MLS.

Funding acquisition: EWM MLS.

Investigation: EWM JNM GPW.

Methodology: EWM MLS GPW TJA.

Resources: GPW TJA MLS.

Writing – original draft: EWM MLS.

Writing – review & editing: EWM GPW TJA MLS.

Microbial inhibitors of P. destructans

PLOS ONE | https://doi.org/10.1371/journal.pone.0179770 June 20, 2017 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179770.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179770.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179770.s006
https://doi.org/10.1371/journal.pone.0179770


References
1. Warnecke L, Turner JM, Bollinger TK, Lorch JM, Misra V, Cryan PM, et al. Inoculation of bats with Euro-

pean Geomyces destructans supports the novel pathogen hypothesis for the origin of white-nose syn-

drome. PNAS. 2012; 109: 6999–7003. https://doi.org/10.1073/pnas.1200374109 PMID: 22493237

2. Zukal J, Bandouchova H, Brichta J, Cmokova A, Jaron KS, Kolarik M, et al. White-nose syndrome with-

out borders: Pseudogymnoascus destructans infection tolerated in Europe and Palearctic Asia but not

in North America. Sci Rep. 2016; 6: 19829. https://doi.org/10.1038/srep19829 PMID: 26821755.

3. U.S. Fish and Wildlife Service [Internet]. White-nosesyndrome.org: A Coordinated Response to the

Devastating Bat Disease. [updated 2016 Sep 2; cited 2016 Sep 8]. https://www.whitenosesyndrome.

org/.

4. Frick WF, Puechmaille SJ, Hoyt JR, Nickel BA, Langwig KE, Foster JT, et al. Disease alters macroeco-

logical patterns of North American bats. Global Ecol Biogeog. 2015; 24: 741–9.

5. O’Regan SM, Magori K, Pulliam JT, Zokan MA, Kaul RB, Barton HD, et al. Multi-scale model of epi-

demic fade-out: will local extirpation events inhibit the spread of white-nose syndrome? Ecol Appl.

2015; 25: 621–33. PMID: 26214909

6. Boyles JG, Cryan PM, McCracken GF, Kunz TH. Economic importance of bats in agriculture. Science.

2011; 332: 41–2. https://doi.org/10.1126/science.1201366 PMID: 21454775

7. Verant ML, Meteyer CU, Speakman JR, Cryan PM, Lorch JM, Blehert DS. White-nose syndrome initi-

ates a cascade of physiologic disturbances in the hibernating bat host. BMC Physiol. 2014; 14: 1–10.

8. Meteyer CU, Barber D, Mandl JN. Pathology in euthermic bats with white nose syndrome suggests a

natural manifestation of immune reconstitution inflammatory syndrome. Virulence. 2012; 3: 583–8.

https://doi.org/10.4161/viru.22330 PMID: 23154286

9. Langwig KE, Frick WF, Reynolds R, Parise KL, Drees KP, Hoyt JR, et al. Host and pathogen ecology

drive the seasonal dynamics of a fungal disease, white-nose syndrome. Proc R Soc Lond B. 2015; 282:

20142335. https://doi.org/10.1098/rspb.2014.2335 PMID: 25473016

10. Meteyer CU, Valent M, Kashmer J, Buckles EL, Lorch JL, Blehert DS, et al. Recovery of little brown

bats (Myotis lucifugus) from natural infection with Geomyces destructans, white-nose syndrome. J Wildl

Dis. 2011; 47: 618–26. https://doi.org/10.7589/0090-3558-47.3.618 PMID: 21719826

11. Fuller NW, Reichard JD, Nabhan ML, Fellows SR, Pepin LC, Kunz TH. Free-ranging little brown bat

(Myotis lucifugus) heal from wing damage associated with white-nose syndrome. Ecohealth. 2011; 8:

154–62. https://doi.org/10.1007/s10393-011-0705-y PMID: 21922344

12. Lorch JM, Muller LK, Russell RE, O’Connor M, Linder DL, Blehert DS. Distribution and environmental

persistence of the causative agent of white-nose syndrome, Geomyces destructans, in bat hibernacula

of the Eastern United States. Appl Environ Microbiol. 2013; 79: 1293–1301. https://doi.org/10.1128/

AEM.02939-12 PMID: 23241985

13. Reynolds HT, Barton HA. Comparison of the white-nose syndrome agent Pseudogymnoascus destruc-

tans to cave-dwelling relatives suggests reduced saprotrophic enzyme activity. PLoS ONE. 2014; 9:

e86437. https://doi.org/10.1371/journal.pone.0086437 PMID: 24466096.

14. Reynolds HT, Ingersoll T, Barton HA. Modeling the environmental growth of Pseudogymnoascus

destructans and its impact on the white-nose syndrome epidemic. J Wildl Dis. 2015; 51: 318–31. https://

doi.org/10.7589/2014-06-157 PMID: 25588008

15. Meyer AD, Stevens DF, Blackwood JC. Predicting bat colony survival under controls targeting multiple

transmission routes of white-nose syndrome. J Theor Biol. 2016; 409: 60–9. https://doi.org/10.1016/j.

jtbi.2016.08.033 PMID: 27576354

16. Biella S, Smith ML, Aist JR, Cortesi P, Milgroom MG. Programmed cell death correlates with virus trans-

mission in a filamentous fungus. Proc R Soc Lond B. 2002; 269: 2269–76.

17. Cornelison CT, Keel MK, Gabriel KT, Barlament CK, Tucker TA, Pierce GE, et al. A preliminary report

on the contact-independent antagonism of Pseudogymnoascus destructans by Rhodococcus rhodo-

chrous strain DAP96253. BMC Microbiol. 2014; 14: 246–52. https://doi.org/10.1186/s12866-014-0246-

y PMID: 25253442

18. Zhang T, Chaturvedi V, Chaturvedi S. Novel Trichoderma polysporum strain for the biocontrol of Pseu-

dogymnoascus destructans, the fungal etiologic agent of white nose syndrome. PLoS One. 2015; 10:

e0141316. https://doi.org/10.1371/journal.pone.0141316 PMID: 26509269.

19. Hoyt JR, Cheng TL, Langwig KE, Hee MM, Frick WF, Kilpatrick AM. Bacteria isolated from bats inhibit

the growth of Pseudogymnoascus destructans, the causative agent of white-nose syndrome. PLoS

One. 2015; 10:e0121329. doi: 10.1371/journal.pone.0121329. PMID: 25853558

20. Cornelison CT, Gabriel KT, Barlament C, Crow SA. Inhibition of Pseudogymnoascus destructans

growth from conidia and mycelial extension by bacterially produced volatile organic compounds. Myco-

pathologia. 2014; 177: 1–10. https://doi.org/10.1007/s11046-013-9716-2 PMID: 24190516

Microbial inhibitors of P. destructans

PLOS ONE | https://doi.org/10.1371/journal.pone.0179770 June 20, 2017 13 / 15

https://doi.org/10.1073/pnas.1200374109
http://www.ncbi.nlm.nih.gov/pubmed/22493237
https://doi.org/10.1038/srep19829
http://www.ncbi.nlm.nih.gov/pubmed/26821755
https://www.whitenosesyndrome.org/
https://www.whitenosesyndrome.org/
http://www.ncbi.nlm.nih.gov/pubmed/26214909
https://doi.org/10.1126/science.1201366
http://www.ncbi.nlm.nih.gov/pubmed/21454775
https://doi.org/10.4161/viru.22330
http://www.ncbi.nlm.nih.gov/pubmed/23154286
https://doi.org/10.1098/rspb.2014.2335
http://www.ncbi.nlm.nih.gov/pubmed/25473016
https://doi.org/10.7589/0090-3558-47.3.618
http://www.ncbi.nlm.nih.gov/pubmed/21719826
https://doi.org/10.1007/s10393-011-0705-y
http://www.ncbi.nlm.nih.gov/pubmed/21922344
https://doi.org/10.1128/AEM.02939-12
https://doi.org/10.1128/AEM.02939-12
http://www.ncbi.nlm.nih.gov/pubmed/23241985
https://doi.org/10.1371/journal.pone.0086437
http://www.ncbi.nlm.nih.gov/pubmed/24466096
https://doi.org/10.7589/2014-06-157
https://doi.org/10.7589/2014-06-157
http://www.ncbi.nlm.nih.gov/pubmed/25588008
https://doi.org/10.1016/j.jtbi.2016.08.033
https://doi.org/10.1016/j.jtbi.2016.08.033
http://www.ncbi.nlm.nih.gov/pubmed/27576354
https://doi.org/10.1186/s12866-014-0246-y
https://doi.org/10.1186/s12866-014-0246-y
http://www.ncbi.nlm.nih.gov/pubmed/25253442
https://doi.org/10.1371/journal.pone.0141316
http://www.ncbi.nlm.nih.gov/pubmed/26509269
https://doi.org/10.1371/journal.pone.0121329
http://www.ncbi.nlm.nih.gov/pubmed/25853558
https://doi.org/10.1007/s11046-013-9716-2
http://www.ncbi.nlm.nih.gov/pubmed/24190516
https://doi.org/10.1371/journal.pone.0179770


21. Raudabaugh DB, Miller AN. Effect of trans, trans-farnesol on Pseudogymnoascus destructans and sev-

eral closely related species. Mycopathologia. 2015; 180: 325–32. https://doi.org/10.1007/s11046-015-

9921-2 PMID: 26162644

22. Boire N, Zhang S, Khuvis J, Lee R, Rivers J, Crandall P, et al. Potent inhibition of Pseudogymnoascus

destructans, the causative agent of white-nose syndrome in bats, by cold-pressed, terpeneless, Valen-

cia orange oil. PLoS One. 2016; 11:e0148473. doi: 10.1371/journal.pone.0148473. PMID: 26849057

23. Chaturvedi S, Rajkumar SS, Li X, Hurteau GJ, Shtutman M, Chaturvedi V. Antifungal testing and high-

throughput screening of compound library against Geomyces destructans, the etiologic agent of geomy-

cosis (WNS) in bats. PLoS One. 2011; 6:e17032. doi: 10.1371/journal.pone.0017032. PMID: 21399675

24. Jurjevic Z, Rains GC, Wilson DM, Lewis WJ. Volatile metabolites associated with one aflatoxigenic and

one nontoxigenic Aspergillus flavus strain grown on two different substrates. Phytopathol Mediterr.

2008; 47: 266–71.

25. Sánchez-Ortiz BL, Sánchez-Fernándes RE, Duarte G, Lappe-Oliveras P, Macı́as-Rubalcava ML. Anti-

fungal, anti-oomycete and phytotoxic effects of volatile organic compounds from the endophytic fungus

Xylaria sp. Strain PB3f3 isolated from Haematoxylon brasiletto. J Appl Microbiol. 2016; 120: 1313–25.

https://doi.org/10.1111/jam.13101 PMID: 26920072

26. Stinson M, Ezra D, Hess WM, Sears J, Strobel G. An endophytic Gliocladium sp. of Eucryphia cordifolia

producing selective volatile antimicrobial compounds. Plant Sci. 2003; 165: 913–22.

27. Cruz AF, Hamel C, Yang C, Matsubara T, Gan Y, Singh AK, et al. Phytochemicals to suppress Fusar-

ium head blight in wheat-chickpea rotation. Phytochemistry. 2012; 78: 72–80. https://doi.org/10.1016/j.

phytochem.2012.03.003 PMID: 22520499

28. Yun J, Lee DG. A novel fungal killing mechanism of propionic acid. FEMS Yeast Res. 2016; 16: fow089.

https://doi.org/10.1093/femsyr/fow089 PMID: 27707757.

29. Zunino MP, Herrera JM, Pizzolitto RP, Rubinstein HR, Zygadlo JA, Dambolena JS. Effect of selected

volatiles on two stored pests: The fungus Fusarium verticilliodes and the maize weevil Sithophilus zea-

mais. J Agric Food Chem. 2015; 63: 7743–9. https://doi.org/10.1021/acs.jafc.5b02315 PMID:

26257042

30. Braun G, Vailati M, Prange R, Bevis E. Muscodor albus volatiles control toxigenic fungi under controlled

atmosphere (CA) storage conditions. Int J Mol Sci. 2012; 13: 15848–58. https://doi.org/10.3390/

ijms131215848 PMID: 23443097

31. Hosoe T, Nozawa K, Lumley TC, Currah RS, Fukushima K, Takizawa K, et al. Tetranorditerpene lac-

tones, potent antifungal antibiotics for human pathogenic yeast, from a unique species of Oidiodendron.

Chem Pharm Bull. 1999; 47: 1591–7. PMID: 10605057

32. Lutz MC, Robiglio A, Sosa MC, Lopes CA, Sangorrin MP. Two selection strategies of epiphytic native

yeast with potential biocontrol capacity against postharvest pear pathogens in Patagonia. Acta Hortic.

2011; 909: 761–8.

33. Verant ML, Boyles JG, Waldrep W Jr, Wibbelt G, Blehert DS. Temperature-dependent growth of Geo-

myces destructans, the fungus that causes bat white-nose syndrome. PLoS ONE. 2012; 7:e46280.

https://doi.org/10.1371/journal.pone.0046280 PMID: 23029462.

34. Vogel VH. A convenient growth medium for Neurospora (Medium N). Microb Genet Bull. 1956; 13: 42–

3.

35. Hsu SC, Lockwood JL. Powdered chitin agar as a selective medium for enumeration of actinomycetes

in water and soil. J Appl Microbiol. 1975; 29: 422–426.

36. Murphy N, Bleakley B. Simplified method of preparing colloidal chitin used for screening of chitinase-

producing microorganisms. ISPUB. 2012; 10(2).

37. Farh M, Kim YJ, Van AH, Sukweenadhi J, Singh P, Hug MA, et al. Burkholderia ginsengiterra sp. nov.

and Burkholderia panaciterrae sp. nov., antagonistic bacteria against root rot pathogen Cylindrocarpon

destructans, isolated from ginseng soil. Arch Microbiol. 2015; 197: 439–47. https://doi.org/10.1007/

s00203-014-1075-y PMID: 25537097

38. Bragulat MR, Abarca ML, Bruguera MT, Cabañes FJ. Dyes and fungal inhibitors: effect on colony diam-

eter. Appl Environ Microbiol. 1991; 57: 2777–80. PMID: 1768153

39. Koné SB, Dionne A, Tweddell RJ, Antoun H, Avis TJ. Suppressive effect of non-aerated compost teas

on foliar fungal pathogens of tomato. Biol Control. 2010; 52: 167–73.

40. Dionne A, Tweddell RJ, Antoun H, and Avis TJ. Effect of non-aerated compost teas on damping-off

pathogens of tomato. Can J Plant Pathol. 2012; 34: 51–7.

41. Providenti MA, Begin M, Hynes S, Lamarche C, Chitty D, Rahn J, et al. Identification and application of

AFLP-derived genetic markers for quantitative PCR-based tracking of Bacillus and Paenibacillus spp.

released in soil. Can J Microbiol. 2009; 55: 1166–75. https://doi.org/10.1139/w09-071 PMID: 19935889

Microbial inhibitors of P. destructans

PLOS ONE | https://doi.org/10.1371/journal.pone.0179770 June 20, 2017 14 / 15

https://doi.org/10.1007/s11046-015-9921-2
https://doi.org/10.1007/s11046-015-9921-2
http://www.ncbi.nlm.nih.gov/pubmed/26162644
https://doi.org/10.1371/journal.pone.0148473
http://www.ncbi.nlm.nih.gov/pubmed/26849057
https://doi.org/10.1371/journal.pone.0017032
http://www.ncbi.nlm.nih.gov/pubmed/21399675
https://doi.org/10.1111/jam.13101
http://www.ncbi.nlm.nih.gov/pubmed/26920072
https://doi.org/10.1016/j.phytochem.2012.03.003
https://doi.org/10.1016/j.phytochem.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22520499
https://doi.org/10.1093/femsyr/fow089
http://www.ncbi.nlm.nih.gov/pubmed/27707757
https://doi.org/10.1021/acs.jafc.5b02315
http://www.ncbi.nlm.nih.gov/pubmed/26257042
https://doi.org/10.3390/ijms131215848
https://doi.org/10.3390/ijms131215848
http://www.ncbi.nlm.nih.gov/pubmed/23443097
http://www.ncbi.nlm.nih.gov/pubmed/10605057
https://doi.org/10.1371/journal.pone.0046280
http://www.ncbi.nlm.nih.gov/pubmed/23029462
https://doi.org/10.1007/s00203-014-1075-y
https://doi.org/10.1007/s00203-014-1075-y
http://www.ncbi.nlm.nih.gov/pubmed/25537097
http://www.ncbi.nlm.nih.gov/pubmed/1768153
https://doi.org/10.1139/w09-071
http://www.ncbi.nlm.nih.gov/pubmed/19935889
https://doi.org/10.1371/journal.pone.0179770


42. Johnson L, Smith ML, Begin M, Fraser B, Miller JD. Remediating office environments of spore-forming

bacteria. J Occup Environ Hyg. 2010; 7: 585–92. https://doi.org/10.1080/15459624.2010.508951

PMID: 20737349

43. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nat Meth-

ods. 2012; 9: 671–5. PMID: 22930834
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