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Sound bite of Project Outcomes and Results 
 
This project is focused on bio-control treatments for white nose syndrome (WNS) in bats.  We identified 
microbes that inhibit the fungal pathogen, Pseudogymnoascus destructans and also quantified P. destructans 
along cave transects to identify best locations for treatments. This work may provide solutions to help 
vulnerable populations of Minnesota bats. 
 
Overall Project Outcome and Results 
White nose syndrome is a devastating disease of hibernating bats caused by the fungus, P. destructans (Pd). The 
primary goal of this project is to identify safe and effective bio-control treatments for WNS. We expanded our 
microbial strain collection and identified additional inhibitors of Pd, bringing our total of active strains to 
approximately 120.  We identified the top five inhibitory strains, purified the active compounds, and determined 
their structures and activities.  We identified approximately 15 structures new to science and 6 known 
compounds with antifungal activity.  To determine the potential application of these active strains to substrates 
or bats, we developed a cell-based assay using bat skin cells derived from two bat species.  By testing each 
compound against both the fungal pathogen and bat skin cells, we could calculate the relative potency and 
cytotoxicity.  One of the most active and abundant compounds from an inhibitory fungus from the Soudan Iron 
Mine is completely nontoxic towards the cultured bat skin cells, which provides additional support for field 
testing with the producing strain.  
 
Additional accomplishments include the sequencing of bacteria and fungi found throughout three distinct 
systems (iron mine, sandstone and calcium karst caves) from both culturable strains and mixed, non cultured 
microbial community samples. These taxonomic studies are significant because they allow us to see patterns of 
microbial communities across diverse environments, including identifying taxa that are unique or common in 
different areas.  
 
We also developed tools and techniques for monitoring P. destructans in caves for studies going forward.  
Mapping of P. destructans along two transects in the Soudan Mine and Mystery Cave using qPCR provides a 
clear picture of the density and occurrence of the pathogen.  This information and testing will be used to target 
treatments in collaboration with the DNR and managers to ultimately protect the remaining bat populations.  
 
Project Results Use and Dissemination  
The primary dissemination of the results from this project has been through numerous seminars given at 
academic institutions, research symposia, and at professional science society meetings.  Both lectures and 
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posters have been presented at national conferences, and results have been shared with DNR staff through 
formal and informal communications.  Two scientific manuscripts have been published on this work, and at least 
5 more are in progress and should be published within the next 6 months.  We have also participated in several 
outreach opportunities by having research tables at local bat week events, in collaboration with USFW staff. 
 
The most immediate use of our results will be in collaboration with DNR staff and cave/mine park managers in 
locations affected by WNS.  We are communicating our data about the pathogen locations to help inform any 
interventions and treatments, and to suggest specific areas for continued monitoring using our analytical 
approach.   
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Project Completion Date:  June 30, 2019       

Does this submission include an amendment request? No 

 
 
PROJECT TITLE:   Biological Control of White Nose Syndrome in Bats – Phase II 
 
Project Manager:   Christine Salomon  

Organization:  University of Minnesota, Center for Drug Design  

Mailing Address:  312 Church St. SE, 4-130 NHH 

City/State/Zip Code:  Minneapolis, MN 55455 

Telephone Number: (651) 246-9826 

Email Address:  csalomon@umn.edu 

Web Address:  http://drugdesign.umn.edu/bio/cdd-faculty-staff/christine-salomon 
 
Location:  Ramsey County, St. Paul / Hennepin County, Minneapolis / St. Louis County, Soudan 
(Breitung Township)/ Fillmore County, Forestville 
 

 
Total ENRTF Project Budget: ENRTF Appropriation: $452,000 

 Amount Spent: $426,705 

 Balance: $25,295 

 
Legal Citation:  M.L. 2016, Chp. 186, Sec. 2, Subd. 06d. 
 
Appropriation Language:   

$452,000 the second year is from the trust fund to the Board of Regents of the University of Minnesota to continue research 
to identify, develop, and optimize biocontrol agents for white nose syndrome in bats by evaluating the biocontrol 
effectiveness of microbes collected at additional hibernacula throughout the state and conducting baseline characterization of 
the total bat microbiomes. This appropriation is available until June 30, 2019, by which time the project must be completed 
and final products delivered. 
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I.  PROJECT TITLE:  Biological Control of White Nose Syndrome in Bats – Phase II 
 
II. PROJECT STATEMENT: Our primary goal is to identify, develop and optimize biological control agents for 
prevention and/or treatment of White Nose Bat Syndrome (WNS) in Minnesota and eventually other locations. 
WNS is a devastating fungal disease that has decimated bat populations throughout the Northeast and Canada, 
killing more than 7 million bats to date. Although diseased bats have not been found at any of the major 
hibernation locations in Minnesota (Soudan Iron Mine and Mystery Cave as of February 2015), WNS is likely to 
develop within the next 1‐3 years. The consequences of these massive bat declines are devastating losses of 
biodiversity, local species extinctions, and the loss of pest control for forests and agriculture. In the state of 
Minnesota, the economic value of bats has been estimated to be at least $1.4 billion per year, which does not 
include the additional downstream “costs” of water and environmental degradation due to increased pesticide 
use. 

This work is an extension of our current ENTRF project (Harnessing Soudan Mine Microbes: Bioremediation, 
Bioenergy and Biocontrol) during which we have amassed a large collection of microbes (>500) collected from 
both bats and roost areas in the Soudan Mine hibernation areas to test as biocontrol agents. Additional bacterial 
and fungal test isolates will be obtained from bats and roosts from Mystery Cave and other hibernation areas 
throughout the state and assessed. We previously used non-pathogenic, faster growing fungi as “proxy” species 
of the real pathogen to test the biocontrol agents, but have since acquired an authentic culture of the 
Pseudogymnoascus destructans fungal pathogen for all future studies. We are especially interested in further 
studying and developing fast growing fungi as potential competitors or biocontrol agents and have identified ~50 
non-pathogenic bacteria and fungi as candidates. An additional goal is to characterize the total microbiome of 
bats from each of the hibernation areas using culture-dependent and independent methods (DNA sequencing of 
all microbes from bat swabs). Since the disease has not yet developed among bat populations, this provides a 
critical window for obtaining samples from healthy bats throughout the state (which we will start to obtain now 
since we can’t predict the arrival date of disease). This foundational data will allow us to compare how the 
microbial community changes over time due to either application of biocontrol agents or to WNS. 

 
III. OVERALL PROJECT STATUS UPDATES:  
 
Project Status as of January, 2017:    
We are continuing to sample from sediments, substrates and bats from different cave/mine environments.  
During this period, we isolated several hundred more fungi and bacteria and are in the process of testing them 
for activity against P. destructans.   The total number of inhibitory strains is ~100, and we are growing larger 
cultures of the most potent strains to identify the active components.  We have also developed an isolation 
chamber experiment  to see if P. destructans can grow in sediments while contained in porous material in situ.  
If this is successful and quantifiable, we will expand this system to test all of our inhibitory strains directly with P. 
destructans in various substrates.  
 
Project Status as of July, 2017:  
The testing of bacterial and fungal isolates from multiple locations has helped us to identify additional strains 
that inhibit the growth of P. destructans. The total number of actives from all locations (Soudan Mine, Mystery 
Cave, Banholzer Brewery, Wabasha Cave and Heinrich Brewery) is 120, and additional testing is still in process.  
We are also beginning to sequence the DNA of the active microbes to determine their taxonomic relationships 
and closest relatives.  The initial larger scale cultures of active strains have allowed us to purify and identify 
some of the active compounds.  Nine new polyketide compounds were isolated and identified from an 
Oidiodendron species of fungus from the Soudan Iron Mine.  
 
An additional finding during this period is that some of the active fungal isolates are associated with 
endosymbiotic bacteria (bacteria that are found inside of the fungal cell walls).  We do not yet know if these 
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bacteria play a role in the inhibitory activity of the fungal host, but will attempt to separate each species and test 
them individually.  
 
Project Status as of January, 2018:  
We have completed the isolation and characterization of 18 pure compounds from the fungus Oidiodendron sp. 
collected from the Soudan Mine.  Although most of these compounds are structurally related to each other, only 
three inhibit the growth of P. destructans.  We also obtained tissue culture samples of primary fibroblast skin 
cells from Gray and Northern Long Eared bats to test candidate compounds for cytotoxicity in a more relevant 
assay system, and found that most of the isolated compounds only exhibit moderate to low toxicity towards 
both bat cell lines.   
 
We also completed the first set of metagenomic sequencing of 70 microbial community samples from the 
Soudan Mine and Mystery Cave.  Data analysis is in progress, and some of the preliminary results suggest that 
the microbial diversity of the caves varies by both location and type of sample.  The approach has also allowed 
us to identify the likely species of some of the macroscopic microbial colonies present in some parts of Mystery 
Cave.  
 
Project Status as of June, 2018:  
We have adapted and refined a sensitive quantitative PCR (qPCR) method to detect and quantify P. destructans 
and are using this approach to map the distribution of Pd throughout the primary hibernacula caves in 
Minnesota (Soudan and Mystery Cave).  We are also developing methods to test our best biological control 
candidates on rock substrates using scanning electron microscopy and a hybrid cave/lab incubation system.  
 
Additional work is in progress to characterize and test the intracellular bacteria that were discovered associated 
with some of the inhibitory fungi that we previously identified.  Some of these bacterial isolates have been 
isolated away from the fungi, and will be tested for their ability to inhibit Pd alone versus the intact 
fungi/bacteria association.    
 
Project Status as of January, 2019:  
Preliminary data shows the presence of P.d. DNA in most locations sampled within Mystery Cave and Soudan 
Mine with highest concentrations in locations where bats were observed congregating in spring 2018 as well as 
known bat entry/exit locations. Preliminary data from experiments undertaken on P.d. in culture indicate the 
fungus (spores and mycelia) may be capable of survival in these locations in the absence of bats for extended 
periods of time (>24 weeks).  
 
We have also identified some common nutrients that may increase the growth and reproduction rate of P. 
destructans on various substrates, including chitin, glycogen and collagen.  These results will have an impact on 
the types of biocontrol organisms that will be tested against P.d., since a biocontrol strategy employing fungi 
might inadvertently increase the local concentration of chitin, and therefore induce sporulation. 
 
Amendment request April 17, 2019:  We are requesting permission to move $6,000 from the Activity 2 column, 
illumina sequencing to Sanger sequencing supplies in the same activity.  We are completing more individual 
sequence analyses using Sanger technology of new microbial strains, and require less funds for the community 
sequencing work (illumina).    
Amendment Approved July 29, 2019 
 
Overall Project Outcomes and Results:  White nose syndrome is a devastating disease of hibernating bats 
caused by the fungus, P. destructans (Pd). The primary goal of this project is to identify safe and effective bio-
control treatments for WNS. We expanded our microbial strain collection and identified additional inhibitors of 
Pd, bringing our total of active strains to ~120.  We identified the top five inhibitory strains, purified the active 
compounds, and determined their structures and activities.  We identified ~15 structures new to science and 6 
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known compounds with antifungal activity.  To determine the potential application of these active strains to 
substrates or bats, we developed a cell-based assay using bat skin cells derived from two bat species.  By testing 
each compound against both the fungal pathogen and bat skin cells, we could calculate the relative potency and 
cytotoxicity.  One of the most active and abundant compounds from an inhibitory fungus from the Soudan Iron 
Mine is completely nontoxic towards the cultured bat skin cells, which provides additional support for field 
testing with the producing strain.  
 
Additional accomplishments include the sequencing of bacteria and fungi found throughout three distinct 
systems (iron mine, sandstone and calcium karst caves) from both culturable strains and mixed, non cultured 
microbial community samples. These taxonomic studies are significant because they allow us to see patterns of 
microbial communities across diverse environments, including identifying taxa that are unique or common in 
different areas.  
 
We also developed tools and techniques for monitoring P. destructans in caves for studies going forward.  
Mapping of P. destructans along two transects in the Soudan Mine and Mystery Cave using qPCR provides a 
clear picture of the density and occurrence of the pathogen.  This information and testing will be used to target 
treatments in collaboration with the DNR and managers to ultimately protect the remaining bat populations. 
 
Amendment request September 10, 2019.  We are requesting permission to increase the publication budget 
from $500 to $2000 for a net increase of $1500 by shifting unspent funds from the travel budget.  The change is 
needed to cover the open access publication fees for a scientific manuscript related to activity 1 (total 
publication costs for the 3 year period were $1703).  We also request to increase the personnel budget from 
151,709 to 193,756 for a net increase of 42,047 by shifting unspent funds from the travel budget by 12,000 and 
supplies budget by 30,047.  This is need to the effort by an additional postdoctoral associate who assisted with 
expanded chemical extraction and analysis for activity 1. Overall we are under budget by $25,295 (returned to 
ENTRF). 
Amendment Approved November 18, 2019 
 
IV. PROJECT ACTIVITIES AND OUTCOMES:   
 
ACTIVITY 1: Microbial Antagonist Library 
Description: Our goal is to identify the best microbial antagonists that can be applied to roost areas and or 
directly to bats to provide dynamic and long lasting protection against fungal infection.  Although we have 
successfully identified over 50 bacterial and fungal isolates from the Soudan Mine that inhibit the growth of P. 
destructans under laboratory conditions, we do not yet know which species can grow efficiently on either roost 
substrates or on bats themselves.  We also plan to determine which microbial antagonists can successfully grow 
on various substrates related to bat habitats throughout Minnesota including limestone, sandstone and 
greenstone/banded iron (hematite, jasper, chert): See activity 3.  
 
Bacteria and fungi will be collected from bats, roosts, and surfaces from Mystery Cave State Park and other minor 
hibernation areas in Minnesota that provide representatives from the various different types of substrates. We 
will especially focus on the non-pathogenic species of fungi found associated with bats as promising and abundant 
competitors of the WNS fungal pathogen Pseudogymnoascus destructans. Live colonies of each strain will be 
tested on solid media with an agar overlay spread with spores from P. destructans (for bacterial antagonists) or 
with side by side mycelial plugs (for fungal antagonists).   Additional assays will include spore germination 
inhibition and non-contact dependent antagonism.  
 

Summary Budget Information for Activity 1: ENRTF Budget: $ 222,209 
 Amount Spent: $ 218,484 
 Balance: $ 3,725 
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Outcome Completion Date 
1. Isolation and culture of bacteria and fungi (~500 isolates) from bats/roosts in Mystery 
Cave State Park and minor hibernation caves near the Twin Cities 

07/01/17 

2. Characterization of growth and Pd inhibition capacity of bacteria and fungi 07/01/18 
3. Determination of mechanism of growth inhibition of best biocontrol agents (top 3) 07/01/19 

 
Project Status as of January, 2017:    
Our investigations at the Soudan Underground State Park have found unusual and unique fungi that can tolerate 
very extreme conditions. Over 1000 fungal cultures have been isolated from the different levels of the Soudan 
mine. Some of the fungi such as Phialophora, Cadophora and Oidiodendron can tolerate high concentrations of 
heavy metals that are being tested for bioremediation of toxic compounds. Others such as Calocera, Coniophora, 
Oligoporus, Postia are saprophytic attacking old mine timbers and any organic materials in the mine. Others found, 
such as several Psuedogymnoascus species, grow on mine sediments and rock.  These isolates represent several 
unusual species of Psuedogymnoascus living saprophytically in the mine. Although these fungi are very closely 
related to the fungus causing white nose, Psuedogymnoascus destructans they apparently are not parasitic on 
bats. These microflora studies have provided a baseline of information on the subterranean fungi present in the 
mine prior to the arrival of P. destructans. Many of these fungi appear to be new species and are being further 
characterized. For the Psuedogymnoascus isolates, four gene regions have been sequenced and analyzed 
revealing several novel species (all related to but different from P. destructans). Additional sampling is underway 
to isolate fungi from caves and other bat roosts to build a more complete culture library. The saprophytic fungi 
are being tested for their potential antagonistic ability to P. destructans and for potential use as biological control 
agents to be used against the white nose pathogen. In addition, sample data, both sample and mine level specific, 
is also being examined with regard to fungal species to determine if any patterns exist based on fungal dominance 
of species. Subterranean microorganisms are an untapped reservoir that can be used for biological and 
bioprocessing technologies. Our investigations show that Minnesota has an extraordinary rich resource of these 
organisms and our screening investigations now underway are continuing to search for the best candidate cultures 
to utilize.  
 In addition to fungal collections, we have continued to isolate bacterial strains from bat swabs, surface 
swabs and various substrates collected from the Soudan Mine, Mystery Cave, Banholzer and Wabasha Caves.  
These isolates have been tested against P. destructans using overlay assays and approximately 20 show inhibitory 
activity.   
 
Project Status as of July, 2017:  We are continuing to collect microbial samples from several hibernacula including 
the Soudan Iron Mine, Mystery Cave and Heinrich Brewery Cave.  We now have over 700 bacterial strains and 
more than 1200 fungi in our collection from various locations and substrate types.  We are starting to culture the 
most active strains of bacteria and fungi to isolate, purify and identify the antifungal compounds responsible for 
their inhibitory activity.  We have determined the structures of 9 new polyketide compounds from an 
Oidiodendron species of fungus collected in the Soudan Mine, and 4 of these exhibit inhibitory activity against P. 
destructans.  
 
Project Status as of January, 2018:   As we continue to add new microbial isolates to our collections from substrate 
and bat swabs, we are also scaling up cultures of the most inhibitory strains.  We have completed the isolation of 
secondary metabolites from three species of inhibitory fungi:  Oidiodendron sp., Cadophora melinii, and Ilyonectria 
radicola, all collected from the Soudan Iron Mine.  For the Oidiodendron project, the full structural characterization 
of 18 compounds is complete.  These compounds have been tested against P. destructans and other pathogenic 
fungi and bacteria to determine their potency and specificity.  A new development in our testing protocol is that 
we have obtained primary cultures of fibroblast skin cells from the Northern long-eared bat (Myotis 
septentrionalis) and Gray bat (Myotis grisescens), courtesy of Christopher Lupfer at Missouri State University.  
Previously, we have been testing compounds and extracts against human skin cell lines as a measure of general 
cytotoxicity, but testing with bat skin cells provides a much more relevant system.  Surprisingly, many of the 
compounds with potent antifungal activity against P. destructans are generally non toxic against both species of 
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bat cells.  These results suggest that the producing strain may be a viable species as a biocontrol agent, but 
additional work is needed to determine if it can be applied to natural substrates.  
 
Project Status as of July, 2018:   Putative endobacteria have been identified in several fungal species of 
Mortierella from the Soudan mine that have previously been shown to have antagonism against PD. Previous 
attempts to isolate the bacteria from fungal cultures have not been successful. However, samples from which 
original fungal cultures were obtained were re-isolated to obtain new cultures with active bacteria. Fungal 
culture genomic DNA was screened with PCR using universal bacteria primers which showed the presence of 
bacterial DNA in the cultures. Cultures were incubated at 30C and bacterial cultures grew from the edge of the 
fungal hyphae and were sequenced revealing the same species that were obtained in the initial PCR screening. 
We are now going through the process of curing the fungus of the bacteria in order to use it in antagonism 
assays with PD and using microscopy to confirm bacteria are in fact residing within the fungal hyphae. Several of 
the species we have found have been identified as being endohyphal bacteria in other fungal species. 
 
 
Project Status as of January, 2019:   Due to new restrictions from the DNR after the change in status of the 
Northern Long Eared bat to “threatened”, we can no longer sample from bats in underground locations in 
Soudan or Mystery Cave (including during or outside of  hibernation periods).  We are also not allowed to enter 
the bat areas in Soudan or Mystery Cave during the hibernation period.  In order to continue to sampling from 
bats and associated substrates, we have turned to above ground roosting areas including large bridges.  We 
have been working with the Department of Transportation to identify areas where bats are day or night roosting 
during Spring-Fall months, and have begun sampling these areas.   In September 2018 we visited roost areas of 4 
bridges and sampled from little brown bats and nearby substrates.  These samples are being used to isolate pure 
cultures of bacteria and fungi to identify for testing against Pd, and for identifying the culturable microbes 
associated with these summer roosts. Twenty nine pure isolates have been obtained so far, and will be tested 
and sequenced.  This brings our total number of pure isolates from Minnesota mines and caves to > 1800 
strains.   
 
Project status as of June 2019:   One of our goals was to determine the mechanism of growth inhibition of the 
best candidate biocontrol strains that we’ve identified.  To accomplish this, we isolated and purified the 
individual active components from each active strain (top 5), tested them against several fungi including P. 
destructans, and also tested them against bat skin fibroblast cells (skin).  Because we identified the structures of 
each active (an inactive) compound, we could then compare these compounds against others in the literature 
for clues about mechanisms of action.  The most inhibitory  compound with the least toxicity towards bat cells 
was  a compound closely related to a known fungal metabolite called LL-Z127α, which was previously identified 
as inhibitor of protein synthesis in the yeast Saccharomyces cerevisiae.  An additional active compound, 
radicicol, was shown to be a potent inhibitor of a Heat Shock Protein (HSP90), which may explain its general 
toxicity towards both fungi and mammalian cells.  
 
Final Report Summary:   
Culture-Based Survey of Fungal Diversity: 
Over 100 unique taxa were identified from more than 300 unique isolations of fungi from Mystery Cave and 
Soudan Mine. These fungi represent a library of native fungal denizens of subterranean places known to house 
large numbers of hibernating bats in MN. This provides valuable ecological information about the habitat of P. 
destructans, as well as providing a list of candidates for antagonistic biocontrol agents. Results of these 
experiments are being finalized for publication. 
 
A phylogenetic analysis was completed on a potential biocontrol fungus Oidiodendron spp. This fungus had been 
isolated in the mine and was screened for activity against PD. Results show several taxa that match described 
species (O. truncatum, O. nigrum, and O. arcticum) as well as several isolates that form a separate clade related 
to O. truncatum. The isolate that showed activity against PD was identified as O. truncatum.  These results 
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further support the further testing of Oidiodendron species as biocontrol candidates, which are clearly found in 
multiple areas of the Soudan irone mine.  
 

 
 
Figure 1. Analyses of sequences of potential biocontrol fungus to determine species identification. 
 
ACTIVITY 2:  Characterization of total microbiome associated with bats and roosts throughout Minnesota 
(culturable and culture-independent). 
Description: We will compare the diversity and biocontrol characteristics of the new microbial library (~500 
strains) obtained in activity 1 to those already obtained from the Soudan Iron Mine.  Each isolate will be 
characterized using DNA sequencing (16s rRNA gene for bacteria and the ITS region for fungi).  These data, 
together with the morphological and growth inhibition characteristics, will be compared and analyzed to identify 
any potential patterns of exceptional bioactivity.   In addition to the comparing the culturable microbial 
communities associated with bats and roosts, we will use culture-independent methods to obtain a more 
complete picture of bacterial and fungal species associated with bats from different locations.  DNA will be isolated 
from bat swabs taken from each location and purified and submitted to the UMN Genomics center for sequencing.   
We will begin obtaining samples immediately so that we can ideally have a pre-WNS sample set.  We will also use 
these methods to eventually compare the outcomes of treatments on animals and roost materials.  The timing of 
subsequent sampling for full microbiome sequencing will depend on the arrival of WNS disease to the hibernacula.  
These data will also allow us to compare the microbial communities between bat species and among the different 
habitats and geographic regions of the state.  
 

Summary Budget Information for Activity 2: ENRTF Budget: $ 130,922 
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 Amount Spent: $ 118,692 
 Balance: $ 12,230 

 
Outcome Completion Date 
1. Collection of microbial samples from bats in Soudan, Mystery Cave and other locations 
for DNA analysis 

07/01/17 

2. DNA isolation and sequencing from samples 07/01/18 
3. DNA analysis of total microbial communities and comparison with cultured populations and 
pre-disease samples 

07/01/19 

 
Project Status as of January, 2017:   Some of our most antagonistic fungi are members of the 
Pseudogymnoascus genus, but are different species than the pathogen P. destructans. We studied a subset of 6 
strains of Pseudogymnoascus collected from the Soudan Iron Mine and compared their growth rates, 
susceptibility to several antifungal compounds and level of resistance to antifungals under different 
temperatures. We found that temperature had a significant effect on antifungal susceptibility, which is an 
important finding that suggests that laboratory testing should be done under conditions as similar to the 
relevant environment as possible. We also tested the ability of P. destructans and the non-pathogenic 
Pseudogymnoascus species to utilize individual nutrients and found that the non-pathogens are generalists and 
could consume nearly all of the 95 different substrates tested. P. destructans was more selective in its nutrient 
use, but if given enough time could utilize more (but not all) of the same substrates as the non-pathogens. These 
results suggest that a combination of antagonism and nutrient limitation might be a possible strategy for 
controlling P. destructans on substrates. 
 
Project Status as of July, 2017: Samples from the Soudan Mine and Mystery Cave were provided by the Salomon 
lab, collected when researchers accompanied the DNR on the annual bat census, in February and March of 2017 
respectively. After receiving the samples, we successfully isolated and identified fungi from: cotton swabs of 
diseased bats, various substrates, sediments, and dead bat carcasses. DNA was extracted from 149 fungal 
cultures and  BLAST searches of the sequences revealed 63 distinct taxonomic units from three fungal phyla. 43 
of the taxa are members of the Ascomycota, 15 are from the Mucoromycota, and the remaining 5 are 
basidiomycetes. The most heavily represented and diverse genera are Penicillium and Mortierella. Four 
taxonomically distinct cultures of Pseudogymnoascus spp. were recovered from the samples, but thus far P. 
destructans was not found in the samples we isolated from. 

 Additional sampling is underway in Mystery Cave and the Soudan Mine. In addition, sterile flocked 
swabs samples were taken from walls and ceilings of cave/mine at heights of 1m and 2m. Sampling areas include 

Fungal mycelia growing on timbers (a) and sediments (b) in the Soudan Iron Mine 

a. b. 
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areas known to harbor hibernating bats, as well as locations in which bats are not known to roost and hibernate. 
In the Soudan Mine, sampling is being done from the same locations the Blanchette lab sampled from pre-WNS 
to allow for comparison of pre-WNS and post-WNS fungal communities. Samples have been collected from 
Mystery Cave in July and additional sampling will be done in the Soudan Mine in early August 2017. DNA 
extractions and sequencing will take place as previously described.  
 
Project Status as of January, 2018:  Samples were collected from Forestville Mystery Cave in July, 2017, and 
from the Soudan Underground Mine in August, 2017. Research is underway to investigate the non-culture 
dependent diversity of fungi and bacteria in these locations. The investigation into fungal diversity utilized a 
two-pronged approach; a culture-based survey of fungal diversity, and a molecular approach for fungal and 
bacterial diversity. Culturing and ITS sequence-based identification of samples from Mystery Cave have recently 
been completed, and Soudan Underground Mine is in progress. DNA extractions and Illumina sequencing for the 
molecular-based approach has been completed, and data analysis is in progress.  Some interesting preliminary 
results are that we see most of the same clades (major phylogenetic groups) of bacteria across the two 
collection locations, and between wall swabs and sediment samples (Figure 1).  Additionally, we have 
preliminary phylogenetic information about the major microbial species that make up the visible “colonies” on 
the wall of the first entry room of Mystery Cave.   
 

 

 
Project Status as of July, 2018:  We have been detecting the presence of P. destructans, the causal agent of 
WNS, in the Soudan Mine and Mystery Cave using culture-based methods and also an extremely sensitive and 
specific detection assay utilizing quantitative PCR (qPCR). The assay was found to detect P. destructans DNA in 
very small quantities, representing less than a single-spore level of sensitivity. Sampling in 2018 at Mystery Cave 
and Soudan Mine has focused on determining the spatial distribution of P. destructans by utilizing this qPCR 
approach. This data will inform any control strategy proposed in the future by helping to determine the spatial 
constraints of pathogen spread. Analysis of previous metabarcoding data from Soudan Mine and Mystery Cave is 
being supplemented by data obtained from recent sampling, and by already completed additional testing of 

Figure 1. Proportional distributions of phyla by categories from metadata.  Hibernaculum status was 
determined by whether or not hibernating bats have ever been observed at the specific in-cave location 
of each sample.  “Other” includes the phyla acidobacteria, armatimonadetes, chlamydiae, chloroflexi, 
deferribacterales, deinococcus-thermus, elusimicrobia, fusobacteria, gemmatimonadetes, spirochaetes, 
and tenericutes.  “NA/Uncategorized” indicates sequences which do not match any previously 
characterized phylum. 
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prior samples using the qPCR protocol. Rotary spore trappers are being tested for use in the Soudan Mine to 
detect the airborne presence of the pathogen, which has previously been reported in bat hibernacula in Poland. 
Culture-based surveys of fungal diversity in Soudan Mine and Mystery cave are being finalized and the results of 
both culture-based and metabarcoding approaches are being prepared for publication. 
 
Project Status as of January, 2019: In 2018, new environmental sampling efforts were focused on determining 
the spatial distribution of P.d. in the Forestville Mystery Cave and the Soudan Underground mine. Mystery cave 
was sampled in July 2018, and Soudan Mine was sampled in August of 2018. In each location samples consisted 
of ~100 swabs of walls and ceilings, and ~30 small vials of sediment. Samples were collected from 10 different 
sub-locations at Mystery Cave and Soudan Mine, and analyzed using a sensitive and specific DNA amplification 
protocol (qPCR) previously validated in our lab. Preliminary data shows the presence of P.d. DNA in most 
locations sampled within Mystery Cave and Soudan Mine with the highest concentrations in locations where 
bats were observed congregating in spring 2018, as well as known bat entry/exit locations.  Data from these 
experiments are currently being analyzed and prepared for publication.  
 
Laboratory culture-based experiments were started in October 2018 to determine the duration of P.d. survival 
across a range of temperatures and remain in progress. The pathogen is being incubated at 9C, 20C, 30C, and 
40C with replicates for 24 weeks. Previous work has established upper and lower temperature thresholds for 
P.d. survival. This experiment aims to provide novel information about the duration of survival of P.d. at 
temperatures approximating bat fur after bats have left the hibernacula in the spring. Data from this experiment 
will be informative in developing a further understanding of disease epidemiology, specifically by providing an 
estimate of how long P.d. could remain viable on bats in the Spring to infect unexposed bats or be transferred to 
unexposed hibernacula. These experiments will be completed and the results prepared for publication in 2019. 
 
Final Report Summary:   
Environmental Metabarcoding Survey of Fungal Diversity: Environmental samples from Mystery Cave and 
Soudan Mine were submitted for community sequencing utilizing the Illumina MiSeq platform and fungal 
specific primers. Results of these experiments will provide novel information about the broader fungal 
community present in MN bat hibernacula. This information will broaden understanding and complement 
culture-based approaches to increase understanding of microbial diversity in subterranean places. Knowledge of 
the broader fungal community will aid in the measure of potential off-target effects of any White Nose 
Syndrome management intervention. Results of these experiments are being finalized for publication. 
 
Our collective work on identifying both culturable and uncultured bacteria and fungi across three distinct cave 
types (iron mine, sandstone and calcium karst caves)  provides useful fundamental information about which taxa 
are common or unique to different ecosystems.  We can also use this information for continued monitoring of 
microbial communities over time as bat populations decrease or move throughout caves 
 
 
ACTIVITY 3:  : Development of dissemination methods for application of biocontrol agents 
Description: Understanding the life cycle of P. destructans (Pd) is key to developing the best treatments for WNS.  
Pd is infamous for producing tough spores (conidia) that can lie dormant in caves for many years until they find 
their way onto a hibernating bat. It is unknown if Pd can successfully reproduce on natural substrates outside of 
its bat hosts, which could mean that this pathogen may persist indefinitely in a cave.  We need to develop 
treatments for both bats and their cave environments to successfully combat WNS, as a treatment strategy that 
only attacks Pd in one place is likely to fail.  We propose to screen our Soudan mine microbes that were active 
against Pd in our initial tests for their ability to combat Pd on bat skin punches and in Minnesota cave roosts and 
sediments. 
 
Once the most potent biological control microbes are identified (Activity 1), they will be tested for efficacy and 
specificity under different application environments. The first assay will involve growing each candidate on medias 
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made from each of the three major roost materials:  Soudan Mine rock material, limestone (Mystery Cave) and 
sandstone (Metro area caves). We will test the ability of strains to grow in both liquid and solid medias made from 
extracts of each substrate type.   Once we have identified growth-positive antagonists, they will be tested against 
Pd in natural substrate materials.  Pd-inoculated soils/substrates will be challenged with inoculations of Soudan 
mine microbes and changes in Pd growth will be compared with the previously established baseline. Similar 
studies will be conducted on bat wing punch explants to identify microbes that could be used directly on bats.  
Microbes that inhibit Pd and grow at an acceptable rate will be considered for scaled-up testing in natural 
environments once their environmental safety is evaluated. This component will require optimization of 
formulation (how the materials will be physically used and applied to roosts and/or bats). Future studies will 
incorporate these findings for direct testing with live bats. 
 

Summary Budget Information for Activity 3: ENRTF Budget: $ 98,869 
 Amount Spent: $ 89,685 
 Balance: $ 9,340 

 
Outcome Completion Date 
1.   Test the growth of P. destructans on each representative substrate material (Soudan 
Iron Mine material,  Mystery Cave limestone and Metro area sandstone) 

07/01/2017 

2.   Test the growth of best antagonist strains on representative substrate materials and 
bat wing punch explants 

07/30/2018 

3.   Measure inhibition of Pd growth by antagonist strains on substrates and bat wing 
punch explants 

01/30/2019 

4.  Optimize treatment formulation for best inhibitors that can grow on each kind of 
substrate.  

07/01/2019 

 
Project Status as of January, 2017:    
We are developing new methods to test the ability of the best strains to inhibit P. destructans in the natural 
environment (caves and mines).  One method involves making “microcosms” of sediment/rocks inside of mesh 
packets that allow the exchange of water, humidity and air but prevent any microbes from traveling into or our of 
the packets.  We added sediment to the packets on two different levels in the Soudan Mine, added P. destructans 
spores, and then sealed the packets closed with a heat sealer.  These packets were then placed on the surface of 
the sediment and covered with a milk crate for easy identification.  Subsamples of these packets will be collected 
over the next two years to determine the growth rate, and community composition of the inoculated sediments.  
We anticipate that these data will allow us to determine if this is a viable method for testing the best antagonistic 
strains in a controlled but native environment.  
 

 
Project Status as of July, 2017:  
Endobacteria are bacteria living in active fungal cells. Endobacterial symbioses have been found in several 
Ascomycota and Basidiomycota phyla and many in the Mucormycota. Very little is known about the function and 
role of these bacteria, but there is evidence of metabolic complementation with their fungal hosts. We screened 

Fig. 1. In situ inoculation 
experiments with P. 
destructans.  Packets are 
filled with sediment and 
inoculated with fungal 
conidia.  Growth and 
reproduction of P. 
destructans will be 
monitored over two years.   
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fungi that were antagonistic to PD and other Pseudogymnoascus sp. from prior studies to determine if bacterial 
DNA could be amplified and possibly have a role in antagonism or adaptation to the mine environment. All cultures 
had been isolated on media with antibiotics and several cultures were examined under a light microscope reducing 
the possibility of bacteria on hyphal surfaces being amplified vs endobacteria. Bacterial primers were used on DNA 
extracted from 54 fungal cultures and amplified. Seven cultures (all Mortierella in the Mucormycota) amplified 
bacterial DNA, which were sequenced. One Pseudogymnoascus species had amplification but sequencing results 
were mixed. The best BLAST matches to the bacterial DNA showed matches to Pseudomonas sp. and one 
endosymbiont of Mortierella elongata. These are interesting results which will be studied further to attempt to 
isolate endobacterial strains and study growth effects on the its host and potentially against PD.   These studies 
will be critical for determining if we should develop the endosymbionts alone as biocontrol agents, the fungi alone 
or the symbiotic partnership.    

 
Project Status as of January, 2018:  
We are developing additional methods to test inhibitory strains on more natural 
substrates.  We collected rocks from the Heinrich Cave in Minneapolis, disinfected 
the rock and used a diamond saw to cut the rock into small (~1x1x 0.25 cm) slices 
(Figure 1).  These samples were then placed back into the cave for two months to 
develop a natural coating of nutrients and microbes.  The samples were then 
collected and will be used for paired inoculation with P. destructans spores and the 
most inhibitory biocontrol strains. These inoculated substrates will be incubated in 
the lab, and monitored using scanning electron microscopy (SEM) and DNA analysis 
(quantitative PCR).   
 
Project Status as of July, 2018:   The rock slabs that were allowed to incubate in 
Heinrich cave were analyzed by scanning electron microscopy (SEM) microscopy 
using a technique that preserves most microbial “biofilm” structures.  This imaging 
indicates that complex assemblages of both bacteria and fungi rapidly colonize the 
rock surfaces, even in relatively dry and protected areas of the cave (Figure 2). 

These results will have implications for the next tests with inoculations of these substrates 
with Pd plus antagonists. 

 

 
 
Project Status as of January, 2019:   We are developing the list of top inhibitory strains (and pure compounds) to 
test against Pd on relevant substrates.  The testing of pure compounds against bat skin cells (above) has also 
provided critical information about which metabolites might be useful as applied anti-fungals.    As part of this 
process, we conducted a preliminary experiment to study the role of individual carbon sources on both growth 

Figure 1.  Rock slabs cut from 
materials collected in 
hibernation areas 

Figure 2.  Scanning electron microscopy (SEM) images of rock slabs, 4,000X magnification a. 
control slab, no treatment b. rock slab incubated in Heinrich cave for 2 months showing 
bacterial and fungal cell growth .  
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and reproduction of P. destructans. One of the goals of this work was to determine if any nutrients associated 
with our potential biocontrol strains might inadvertently increase the growth or reproduction rate (spore 
number) of P. destructans.  Mycelial growth was not very different among the various substrates, but the 
presence of chitin, glycogen and  collagen significantly increased spore production.  These experiments need to 
be repeated with varied concentrations of the nutrients, but preliminary analysis suggests that the close 
proximity of other fungi on substrates could increase the rate of P. destructans spore production.   
 
Project Status as of June, 2019 
QPCR-Based Survey of Spatial Distribution of P.d. 
Intensive sampling of Soudan Mine and Mystery Cave was undertaken to better understand the spatial 
distribution of P.d. in these major MN bat hibernacula. These samples were subjected to an extremely sensitive 
quantitative-PCR assay capable of detecting a single spore’s worth of P.d. DNA while also determining the 
quantity of DNA present. P.d. DNA was detected in the majority of samples taken at both locations. The greatest 
quantity of P.d. DNA, and the greatest proportion of positive samples, was detected in late hibernation 
gathering areas and known exit points. In particular, small exit areas or portals from the hibernacula showed the 
highest levels of P.d. DNA, thousands of times more abundant than positive samples from locations distal to the 
entrances. This knowledge, and methods developed to obtain it, will be extremely useful for any WNS 
management strategy undertaken. Similar surveys can inform the necessary scope of control measures as well 
as identify “low-hanging fruit” targets, such as entry/exit points, where bats are likely to encounter high levels of 
inoculum when entering hibernacula in the late fall.  
 
Temperature Survival Study  
Spores and mycelial plugs of P.d. were incubated at different temperatures for 24 weeks to determine the 
feasible duration of survival for P.d. inoculum on bat fur and hibernacula entry/exit points. Results showed that 
inoculum can remain viable at temperatures similar to those found on bat fur for 12 weeks, long enough for bats 
to spread P.d. to uninfected bats or hibernacula. Spores and mycelial plugs remained viable for the entire 
duration of the experiment (24 weeks) at temperatures similar to those found in hibernacula entry/exit points, 
indicating that these are likely sources of inoculum as bats enter subterranean locations for their hibernation 
period. This information is informing how and where we will focus any disinfection and monitoring activities in 
all locations.   
 
Final Report Summary:  One of the early determinations for this project was that we wanted to focus on 
substrate specific biocontrol agents, rather than applications on bats directly.  We identified several top 
candidate biocontrol strains and purified the active compounds (see above, activity 1) and tested them against 
bat skin cells for cytotoxicity, but we decided that we did not want to test the biocontrol strains on bat wing 
samples because we focused on substrate specific inhibitors.  All of the top candidate biocontrol strains are 
spore forming fungi and bacteria, which allows for a more stable formulation.  We inoculated several different 
cave substrates with P. destructans and Oidiodendron truncatum and growth has been extremely slow, so these 
experiments are still in progress. We plan to test additional substrates, including wood, which might provide for 
a mechanism of installing in hibernacula areas.   
 
The qPCR quantification of P. destructans throughout the different cave environments has proved to be a 
valuable tool for assessing pathogen reservoirs and areas for potential treatments.  We will be collaborating 
with cave managers and the DNR to continue to monitor caves and test areas before and after any treatments 
or interventions.   
 
V. DISSEMINATION: 
- Publications to primary scientific journals will be submitted covering all aspects of this proposal. Seminars and 
lectures will be given at scientific conferences and to local stakeholders. Strains of interest will be made available 
through the American Type Culture Collection (ATCC, with appropriate usage restrictions agreed to by the 
University of Minnesota, LCCMR and the DNR). 
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- Intellectual Property will be kept confidential so that patent protection can be coordinated by the University of 
Minnesota Office of Technology Commercialization, LCCMR and the DNR.  This will be done in accordance with 
Statute 116p.10, “royalties, copyrights, patents, and sale of products and assets”. 

- Relevant results will also be communicated to the general public through an interactive display at the Soudan 
Mine Visitor Center that was developed as part of our previous ENRTF project. We are also pursuing the 
development of a small exhibit at the Science Museum of Minnesota to educate the public about the threat of 
White Nose Bat Syndrome as well as related current research efforts.  
 
Project Status as of January, 2017:    
Seminars: 
Health and Biology Research news club (Salomon), May 2016 
WNS National Workshop (Salomon), June 2016 
 
Project Status as of July, 2017:  
Seminars:  
UMycoNet (Salomon), February 2017 
UMN MicrobeTech seminar (Salomon), March 2017 
BTI Tokyo Biotechnology Symposium (Salomon)  July 2017 
 
Posters:  
WNS National Workshop (Salomon), Nashville, TN, May 2017 
 
Publications:  
Resource capture and competitive ability of non-pathogenic Pseudogymnoascus spp. and P. destructans, the 
cause of white-nose syndrome in bats. Wilson MB, Held BW, Freiborg AH, Blanchette RA, Salomon CE. PLoSONE 
2017, 12(6): e0178968. 
 
Project Status as of January, 2018:  
Seminars: 
American Society of Pharmacognosy annual meeting, Portland, OR, August 2017   
AHC mini Medical School, UMN, October 16, 2017 Using Nature’s Toolbox to treat infectious disease 
Bat Week, DNR, Mississippi Wildlife Refuge, Bloomington, MN October 2017 
American Association of University Women, Minneapolis, MN  November 2017   
 
Outreach activities: 
Minnesota Bat Festival, Salomon lab table, august 2017 
 
Project Status as of June, 2018:  
Seminars: 
Chemical Ecology guest lecture/discussion (remote), Central Washington University, WA, Feb 2018 
GCC 3016/3015 Science and Society: Working Together to Avoid the Antibiotic Resistance Apocalypse, University 
of Minnesota, MN, Feb 2018 
Chemicals in the Environment, Civil Engineering, University of Minnesota, MN, March 2018 
Guest lecture for Graduate Women in Science, Minneapolis, MN, March 2018 
Perlman Symposium on Antibiotics, University of Wisconsin, Madison, WI, May 2018 
 
Project Status as of January, 2019:  
Seminars:  
Microbiology Club seminar, University of Minnesota, MN, September 2018 
Syngenta Science Symposium , University of North Carolina, Greensboro, NC, November 2018 
North Carolina Bat Working Group Annual Meeting, Haw River State Park, NC, November 2018 
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Carleton College, Carleton, MN, November 2018 
International Symposium on the Chemistry of Natural Products, Athens, Greece, November 2018 
 
Outreach:   
Minnesota Bat Festival, Salomon research table on WNS, August 2018 
 
Project Status as of: June, 2019 
Seminars: 
Biology Department Lecture Randolph Macon College, Virginia, February 2019 
Bug club Salomon research presentation, UMN, March 2019  
WNS update presentation for DNR resource managers, March 2019 
UMN SciSpark presentation, April 2019 
 
Publications:  
Rusman, Y, Wilson, MB, Williams, JM, Held, B, Blanchette, RA, Anderson, BN, Lupfer, CR, Salomon, CE. Antifungal 

norditerpene oidiolactones from the fungus Oidiodendron truncatum, a potential bio-control agent for white-
nose syndrome in bats. In review, Journal of Natural Products.  

 
Outreach: Posters and model objects provided to staff at the Soudan Iron Mine for development of a new 

research tour  
 
Final report summary: 
The primary dissemination of the results from this project has been through numerous seminars given at 
academic institutions, research symposia, and at professional science society meetings.  Both lectures and 
posters have been presented at national conferences, and results have been shared with DNR staff through 
formal and informal communications.  Two scientific manuscripts have been published on this work, and at least 
5 more are in progress and should be published within the next 6 months.  We have also participated in several 
outreach opportunities by having research tables at local bat week events, in collaboration with USFW staff. 
 
The most immediate use of our results will be in collaboration with DNR staff and cave/mine park managers in 
locations affected by WNS.  We are communicating our data about the pathogen locations to help inform any 
interventions and treatments, and to suggest specific areas for continued monitoring using our analytical 
approach.   
 
VI. PROJECT BUDGET SUMMARY:   
A. ENRTF Budget Overview: 

Budget Category $ Amount Overview Explanation 
Personnel   
Christine Salomon,  
 

$ 19,836 Project Manager and Principle Investigator (75% 
salary, 25% benefits): 5% FTE for each of 
3 years 

1 postdoctoral Research Associate 
 

$ 165,388 (82% salary, 18% benefits): 100% FTE for each 
of 3 years, sample collections, testing, 
assay development, biocontrol formulation and 
optimization, data/statistical analysis 

1 Technician $ 70,881 (79% salary, 21% benefits):  50% FTE for each of 
3 years, sample collections, DNA extractions 
and analysis, biological assays, media and 
reagent preparations, data organization 

1 Research Scientist $ 64,427 (75% salary, 25% benefits): 25% FTE for each of 
3 years, sample collections with focus on fungi, 
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fungal taxonomy and characterization, data 
analysis and management 

1 undergraduate student technician $ 21,000 50% FTE for each of 3 years, media and sample 
prep, sample  management, fungal cultivations, 
general lab support 

Equipment/Tools/Supplies: $  
Activity 1   
Supplies for microbial isolations and 
characterization 

$ 50,000 growth media, reagents, antibiotics, petri dishes, 
tubes, DNA isolation supplies (extraction kits $350 
per kit x 4 per year) general lab supplies (gloves, tips, 
tubes, etc.), chemicals, solvents, glassware. For 2 
FTE scientists for 3 years. 

Microscopy  $ 2,500 Scanning electron, light, confocal microscopes-
hourly instrument fees at CBS Biological Imaging 
Facility  $25-37 per hour plus specimen 
preparation fees, ~20 hours per year 

Activity 2:   
DNA and sequencing supplies $ 3,000 DNA amplification reagents and consumables, 

DNA cleanup kits (for ~ 500 strains) 
DNA sequencing (Sanger sequencing) $ 10,968 Sequencing for phylogenetic analysis of 

bacterial and fungal isolates (AGAC sequencing 
facilities, $3.60 per reaction x ~1000 reactions 
per year x 3 years) 

DNA sequencing (MiSeq) $ 11,000 DNA library preparation and amplification 
services (10.95 x ~ 150 samples per run), MiSeq 
sequencing paired-end single lane, 300 cycles 
($1,968 per lane) x 3 runs over 3 years.  

Activity 3:   
Bioassays (antifungal testing) $ 10,000 Reagents, compounds and consumables 

(microbiology supplies, antibiotics, plasticware) 
for biological testing, general lab supplies, 
glassware. For 0.5 FTE scientists over 2 years 

Instrumentation/core facility fees for 
chemical analysis 

$ 2,000 Fees for core facilities for chemical analysis of 
active strains (NMR spectroscopy, gas 
chromatography, mass spectrometry). Hourly 
charages of $10-40 per hour  or per sample, 
estimated at $1000 per year x 2 years 

Other expenses (all activities)   
Repair of equipment and instrumentation $ 3,001 Repair for instruments such as vacuum pumps, 

water baths, incubators, shakers, etc. and 
replacement of glassware/components due to 
inevitable breakage. Estimated at $1000 per 
year x 3 years.  

Publication fees $ 1,500 ~3 total publications, $500 per publication 
charge for open access journals 

Travel Expenses in MN: $16,500 In-state round trip travel between St. Paul and 
Soudan Mine Park, Mystery Cave and metro area 
caves: room/board for 2-4 researchers, mileage,  est. 
5-6 trips/yr (0.5-2 days each trip) for 3 yrs 

TOTAL ENRTF BUDGET: $ 452,000  
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Explanation of Use of Classified Staff:   
 
Explanation of Capital Expenditures Greater Than $5,000:   N/A 
 
Number of Full-time Equivalents (FTE) Directly Funded with this ENRTF Appropriation: 2.3 FTE per year x 3 
years 
 
Number of Full-time Equivalents (FTE) Estimated to Be Funded through Contracts with this ENRTF 
Appropriation: 
 
B. Other Funds: 

Source of Funds 
$ Amount 
Proposed 

$ Amount 
Spent Use of Other Funds 

Non-state     
US Fish and Wildlife $  240,000 200,000 Related project on White Nose Bat 

syndrome—sharing of sampling data 
and strains between projects.   

State    
University of Minnesota (Dept. 
Center for Drug Design) 

$ 39,672 $13224 In kind PI salary support, 3 years at 10% 
FTE 

University of Minnesota (Dept. 
Center for Drug Design) 

$  239,560 79,853 In kind overhead/indirect costs: U of M 
rate of 53% of direct costs for 3 years  

TOTAL OTHER FUNDS: $519,232 $293,077  
 
VII. PROJECT STRATEGY:  
A. Project Partners:    
Dr. Christine Salomon (UMN) Associate Professor, BioTechnology Institute and Center for Drug Design is an expert 
in microbial culturing, testing and characterization and will oversee the project and contribute to all activities. 
 
Dr. Robert Blanchette (UMN) is a Professor in Plant Pathology and an expert in fungal biology. He will lead the 
fungal collections and characterizations in all activities. 
 
Additional partners (not funded by ENRTF) include Jim Essig (DNR Park Manager of Soudan Mine State Park) and 
Dr. Gerda Nordquist (DNR, State Mammologist) who will help coordinate research activities and provide logistical 
support for sampling and experiments. We are also in communication with key managers with the US Fish and 
Wildlife Service: Richard Geboy, Midwest Regional WNS Coordinator and Jonathan Reichard, National WNS 
Assistant Coordinator and participate in their hosted monthly national conference calls. 
 
B. Project Impact and Long-term Strategy:   
At the very minimum, our work will provide foundational information about the diversity, abundance 
andgeographical characteristics of microbial communities associated with both healthy and sick bats (anticipated 
in the near future) throughout the state of Minnesota. If we are successful at identifying biocontrol agents that 
inhibit the pathogen, these could be developed into therapeutic tools for disease management in Minnesotaand 
other affected states. We are also applying for additional grants from the US Fish and Wildlife Federation to 
expand this work. Due to the rapid spread of the disease and dynamic nature of how diseases change the microbial 
landscape of their hosts, we anticipate needing to change our focus in the future to characterizing the microbes 
of surviving bats. We may also need to apply for “Phase 3” round of funding to support the testing of treatments 
or preventative measures in live bats during hibernation periods, in collaboration with bat disease experts. 
 
C. Funding History:  

Funding Source and Use of Funds Funding Timeframe $ Amount 
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ENTRF 2013- 2016 to conduct research on White Nose Syndrome as 
a sub- aim of a larger Soudan Mine Microbe project ("Harnessing 
Soudan Mine Microbes: Bioremediation, Bioenergy and Biocontrol", 
ML 2013- 03F ) This investment has led directly to the applied work 
in the proposed application. 100% obligated 

July 2013-July 2016 $838,000  

  $ 
  $ 

 
VIII. FEE TITLE ACQUISITION/CONSERVATION EASEMENT/RESTORATION REQUIREMENTS: N/A 
 
 
IX. VISUAL COMPONENT or MAP(S):  See attached 
 
X. RESEARCH ADDENDUM:  Continuation from previous ENTRF 2013 Research Addendum 
 
XI. REPORTING REQUIREMENTS: 
Periodic work plan status update reports will be submitted no later than January 2017, July 2017, January 
2018, July 2018 and January 2019.  A final report and associated products will be submitted between June 30 
and August 15, 2019. 
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Environment and Natural Resources Trust Fund
M.L. 2016 Project Budget

Project Title: Biological Control of White Nose Bat Syndrome-Phase 2
Legal Citation: M.L. 2016, Chp. 186, Sec. 2, Subd. 06d
Project Manager: Christine Salomon
Organization: University of Minnesota, Center for Drug Design
M.L. 2016 ENRTF Appropriation:  $ 452,000
Project Length and Completion Date:  3 Years, July 1, 2016-June 30, 2019
Date of Report: November 18, 2019

ENVIRONMENT AND NATURAL RESOURCES TRUST FUND 
BUDGET

revised 
activity 1 
budget Amount Spent

Activity 1
Balance

Revised Activity 
2 budget Amount Spent

Activity 2
Balance

Activity 3 
Budget Amount Spent

Activity 3
Balance

TOTAL 
BUDGET

TOTAL
BALANCE

BUDGET ITEM
Personnel (Wages and Benefits) $193,756 $193,756 $0 $104,454 $104,454 $0 $85,368 $85,368 $0 $383,578 $0
Christine Salomon, Project Manager and Principle Investigator (75% 
salary, 25% benefits): 5% FTE for each of 3 years, $19,836

$6,647 $6,647 $6,647

Postdoctoral researcher (82% salary, 18% benefits): 100% FTE for each 
of 3 years, 100% FTE for 1 year

$158,704 $32,855 $54,352

1 technician (79% salary, 21% benefits):  50% FTE for each of 3 years, 
$70,881

$7,946 $7,514 $15,770

1 Research Scientist (75% salary, 25% benefits): 25% FTE for each of 3 
years, $64,427

$10,572 $52,079 $2,257

1 Undergraduate student technicians (100% salary): 50% FTE  for each 
of 3 years, $21,000

$9,887 $5,359 $6,343

Equipment/Tools/Supplies
Supplies for microbiology collections, isolations and 
purifications: growth media, reagents, antibiotics, petri dishes, 
tubes, DNA isolation supplies (extraction kits $350 per kit x 4 
per year) general lab supplies (gloves, tips, tubes, etc.), 
chemicals, solvents, glassware. For 2 FTE scientists for 3 years 
(approximately $8000 per scientist per year)

$19,953 $18,880 $1,073 $19,953 $1,073

microscopy fees/core facilities:  Scanning electron, light, 
confocal microscopes-hourly instrument fees at CBS Biological 
Imaging Facility  $25-37 per hour plus specimen preparation 
fees, ~20 hours per year

$2,500 $267 $2,233 $2,500 $2,233

DNA sequencing and supplie: DNA amplification reagents and 
consumables, DNA cleanup kits (for ~ 500 strains)

$9,000 $5,501 $3,499 $9,000 $3,499

DNA sequencing (Sanger sequencing): Sequencing for 
phylogenetic analysis of bacterial and fungal isolates (AGAC 
sequencing facilities, $3.60 per reaction x ~1000 reactions per 
year x 3 years)

$10,968 $7,365 $3,603 $10,968 $3,603

DNA sequencing (MiSeq Illumina sequencing)  DNA library 
preparation and amplification services (10.95 x ~ 150 samples 
per run), MiSeq sequencing paired-end single lane, 300 cycles 
($1,968 per lane) x 3 runs over 3 years. 

$5,000 $1,372 $3,628 $5,000 $3,628

Bioassay supplies:  Reagents, compounds and consumables 
(microbiology supplies, antibiotics, plasticware) for biological 
testing, general lab supplies, glassware. For 0.5 FTE scientists 
over 2 years

$10,000 $4,161 $5,839 $10,000 $5,839

Instrument and core facilty fees for chemical analysis:  Fees for 
core facilities for chemical analysis of active strains (NMR 
spectroscopy, gas chromatography, mass spectrometry). Hourly 
charages of $10-40 per hour  or per sample, estimated at 
$1000 per year x 2 years

$2,000 $0 $2,000 $2,000 $2,000

Travel expenses in Minnesota
Travel between St.Paul and:  Soudan Mine (444 miles round 
trip), Mystery Cave (240 miles) at $.52 per mile.  Metro area 
cave trips (~10-20 miles round trip). Lodging for 2-4 
researchers for 1-2 days per trip, plus meals. Estimated 2 trips 
to Soudan, 2 trips to Mystery Cave and 3-4 trips to Metro area 
caves per year x 3 years.

$3,000 $2,945 $55 $3,000 $55

Other
publication fees ($500 per manuscript for open access 
publication x 3)

$2,000 $1,703 $297 $500 $0 $500 $500 $0 $500 $3,000 $1,297

Repair for instruments such as vacuum pumps, water baths, 
incubators, shakers, etc. and replacement of 
glassware/components due to inevitable breakage. Estimated at 
$1000 per year x 3 years. 

$1,000 $932 $68 $1,000 $0 $1,000 $1,001 $0 $1,001 $3,001 $2,069

COLUMN TOTAL $222,209 $218,483 $3,726 $130,922 $118,692 $12,230 $98,869 $89,529 $9,340 $452,000 $25,295

Fill in your activity title here. Fill in your activity title here. Fill in your activity title here.
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White-nose syndrome (WNS) is a devastating disease caused
by the psychrophilic fungus Pseudogymnoascus destructans

which affects bats in the United States and Canada (1). One ap-
proach toward disease treatment or prevention is the develop-
ment of microbial biological control agents for application on or
near bats and roost areas (2, 3). We isolated bacteria and fungi
from bat swabs, roosts, and other subterranean surfaces near hi-
bernacula areas and screened for antifungal activities in direct
competition assays. One Streptomyces isolate obtained from high
copper sediments in the Soudan Iron Mine exhibited potent an-
tagonistic activity against P. destructans. We initiated studies of the
genome of S. albus SM254 to identify the potential biosynthetic
pathways responsible for producing antifungal metabolites.

Sediments were collected from a shallow pool on level 10 of the
Soudan Mine (~220-m depth). Samples were diluted in artificial
seawater (ASW), vortexed, and plated onto ISP2 media made with
ASW and 50 �g/mL cycloheximide and incubated at 25°C for
6 weeks. Genomic DNA for sequencing was obtained using a Mo-
Bio Ultrapure Microbial DNA isolation kit.

Reads from 11 PacBio single-molecule real-time (SMRT) cells
(P6-C4 chemistry, N50 � 7,049 bp) were assembled with HGAP v3 at
262� coverage to yield a single linear chromosome, which was pol-
ished to quality value (QV) � 50 with successive passes through
Quiver (4). The assembly was then further polished using Pilon v1.11
(5) with 80-fold coverage of quality-trimmed (Trimmomatic v0.33)
2 � 250-bp Illumina reads to correct 205 remaining indels, nearly all
of which occurred within G or C homopolymer regions. The
7,170,504-bp genome (73.34% G�C) was annotated with Prokka
v1.11 (6). Suspect open reading frames (ORFs) which could poten-
tially result from high G�C content were identified by NPACT (7)
and manually corrected in all cases where the NPACT-predicted
ORF had �90% BLAST identity to other Streptomyces proteins. Po-
tential frameshifts were identified using the online submission check
tool of the NCBI database (http://www.ncbi.nlm.nih.gov/genomes
/frameshifts/frameshifts.cgi), and pseudogenes were called in cases
where at least 10� Illumina coverage unambiguously confirmed a

predicted frameshift. Finally, custom Python scripts (http://github
.com/jbadomics/genbank_submit) were used to assign protein
IDs and to bring the curated annotation into compliance with
NCBI submission guidelines.

Streptomyces albus SM254 shares 99.11% two-way average nu-
cleotide identity with S. albus J1074 (http://enve-omics.ce.gatech
.edu/ani/), indicating that Streptomyces albus SM254 represents a
novel strain of S. albus. Strain SM254 encodes 6,180 protein-coding
genes of which 1,150 have no predicted function, 65 tRNAs, 21
rRNAs, and 16 pseudogenes including tRNA(Ile)-lysidine synthase
(TilS), suggesting that this isolate may lack the ability to correctly
translate its 1,383 genes which contain at least one AUA codon (8).
Like other Streptomyces spp., the S. albus SM254 genome is replete
with biosynthetic genes for secondary metabolites (antiSMASH v3),
including terpene, lantipeptide, bacteriocin, nonribosomal peptide
synthetase, and polyketide synthase gene clusters.

Nucleotide sequence accession numbers. Sequences have
been deposited in GenBank under accession number CP014485.
Raw Illumina and PacBio reads, as well as base modification data,
have been deposited to the NCBI Sequence Read Archive under
BioProject PRJNA295319.
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White-nose syndrome (WNS) is a devastating disease caused
by the psychrophilic fungus Pseudogymnoascus destructans

which affects bats in the United States and Canada (1). One ap-
proach toward disease treatment or prevention is the develop-
ment of microbial biological control agents for application on or
near bats and roost areas (2, 3). We isolated bacteria and fungi
from bat swabs, roosts, and other subterranean surfaces near hi-
bernacula areas and screened for antifungal activities in direct
competition assays. One Streptomyces isolate obtained from high
copper sediments in the Soudan Iron Mine exhibited potent an-
tagonistic activity against P. destructans. We initiated studies of the
genome of S. albus SM254 to identify the potential biosynthetic
pathways responsible for producing antifungal metabolites.

Sediments were collected from a shallow pool on level 10 of the
Soudan Mine (~220-m depth). Samples were diluted in artificial
seawater (ASW), vortexed, and plated onto ISP2 media made with
ASW and 50 �g/mL cycloheximide and incubated at 25°C for
6 weeks. Genomic DNA for sequencing was obtained using a Mo-
Bio Ultrapure Microbial DNA isolation kit.

Reads from 11 PacBio single-molecule real-time (SMRT) cells
(P6-C4 chemistry, N50 � 7,049 bp) were assembled with HGAP v3 at
262� coverage to yield a single linear chromosome, which was pol-
ished to quality value (QV) � 50 with successive passes through
Quiver (4). The assembly was then further polished using Pilon v1.11
(5) with 80-fold coverage of quality-trimmed (Trimmomatic v0.33)
2 � 250-bp Illumina reads to correct 205 remaining indels, nearly all
of which occurred within G or C homopolymer regions. The
7,170,504-bp genome (73.34% G�C) was annotated with Prokka
v1.11 (6). Suspect open reading frames (ORFs) which could poten-
tially result from high G�C content were identified by NPACT (7)
and manually corrected in all cases where the NPACT-predicted
ORF had �90% BLAST identity to other Streptomyces proteins. Po-
tential frameshifts were identified using the online submission check
tool of the NCBI database (http://www.ncbi.nlm.nih.gov/genomes
/frameshifts/frameshifts.cgi), and pseudogenes were called in cases
where at least 10� Illumina coverage unambiguously confirmed a

predicted frameshift. Finally, custom Python scripts (http://github
.com/jbadomics/genbank_submit) were used to assign protein
IDs and to bring the curated annotation into compliance with
NCBI submission guidelines.

Streptomyces albus SM254 shares 99.11% two-way average nu-
cleotide identity with S. albus J1074 (http://enve-omics.ce.gatech
.edu/ani/), indicating that Streptomyces albus SM254 represents a
novel strain of S. albus. Strain SM254 encodes 6,180 protein-coding
genes of which 1,150 have no predicted function, 65 tRNAs, 21
rRNAs, and 16 pseudogenes including tRNA(Ile)-lysidine synthase
(TilS), suggesting that this isolate may lack the ability to correctly
translate its 1,383 genes which contain at least one AUA codon (8).
Like other Streptomyces spp., the S. albus SM254 genome is replete
with biosynthetic genes for secondary metabolites (antiSMASH v3),
including terpene, lantipeptide, bacteriocin, nonribosomal peptide
synthetase, and polyketide synthase gene clusters.

Nucleotide sequence accession numbers. Sequences have
been deposited in GenBank under accession number CP014485.
Raw Illumina and PacBio reads, as well as base modification data,
have been deposited to the NCBI Sequence Read Archive under
BioProject PRJNA295319.

ACKNOWLEDGMENTS

Illumina sequencing was performed at the University of Minnesota Genom-
ics Center and computational analyses were performed at the Minnesota Su-
percomputing Institute. We thank Karl Oles (Mayo Clinic Bioinformatics
Core) for performing PacBio library preparation and sequencing. We thank
Christopher Gelbmann for isolation of the strain and Michael Wilson for
antifungal testing with Pseudogymnoascus destructans. We are grateful to Jim
Essig and the Soudan Mine State Park staff for field assistance.

FUNDING INFORMATION
This work, including the efforts of Jonathan Badalamenti and Christine E.
Salomon, was funded by Minnesota Environment and Natural Resources
Trust Fund (M.L.2013CHP.52SCC2SUBD3F).

This work was supported in part by the Center for Drug Design.

crossmark

Genome AnnouncementsMarch/April 2016 Volume 4 Issue 2 e00290-16 genomea.asm.org 1

 on July 31, 2018 by guest
http://m

ra.asm
.org

D
ow

nloaded from
 

http://crossmark.crossref.org/dialog/?doi=10.1128/genomeA.00290-16&domain=pdf&date_stamp=2016-4-14
http://genomea.asm.org
http://mra.asm.org


REFERENCES
1. Blehert DS, Hicks AC, Behr M, Meteyer CU, Berlowski-Zier BM,

Buckles EL, Coleman JTH, Darling SR, Gargas A, Niver R,
Okoniewski JC, Rudd RJ, Stone WB. 2009. Bat white-nose syndrome:
an emerging fungal pathogen? Science 323:227. http://dx.doi.org/
10.1126/science.1163874.

2. Cornelison CT, Keel MK, Gabriel KT, Barlament CK, Tucker TA, Pierce
GE, Crow SA. 2014. A preliminary report on the contact-independent
antagonism of Pseudogymnoascus destructans by Rhodococcus rhodochrous
strain DAP96253. BMC Microbiol 14:246. http://dx.doi.org/10.1186/
s12866-014-0246-y.

3. Hoyt JR, Cheng TL, Langwig KE, Hee MM, Frick WF, Kilpatrick AM.
2015. Bacteria isolated from bats inhibit the growth of Pseudogymnoascus
destructans, the causative agent of white-nose syndrome. PLoS One 10:
e0121329. http://dx.doi.org/10.1371/journal.pone.0121329.

4. Chin C-S, Alexander DH, Marks P, Klammer AA, Drake J, Heiner C,
Clum A, Copeland A, Huddleston J, Eichler EE, Turner SW, Korlach J.

2013. Nonhybrid, finished microbial genome assemblies from long-read
SMRT sequencing data. Nat Methods 10:563–569. http://dx.doi.org/
10.1038/nmeth.2474.

5. Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S,
Cuomo CA, Zeng Q, Wortman J, Young SK, Earl AM. 2014. Pilon: an
integrated tool for comprehensive microbial variant detection and genome
assembly improvement. PLoS One 9:e112963. http://dx.doi.org/10.1371/
journal.pone.0112963.

6. Seemann T. 2014. Prokka: rapid prokaryotic genome annotation. Bioinfor-
matics 30:2068 –2069. http://dx.doi.org/10.1093/bioinformatics/btu153.

7. Oden S, Brocchieri L. 2015. Quantitative frame analysis and the annota-
tion of GC-rich (and other) prokaryotic genomes: an application to An-
aeromyxobacter dehalogenans. Bioinformatics 31:3254 –3261. http://
dx.doi.org/10.1093/bioinformatics/btv339.

8. Suzuki T, Miyauchi K. 2010. Discovery and characterization of tRNAIle
lysidine synthetase (TilS). FEBS Lett 584:272–277. http://dx.doi.org/
10.1016/j.febslet.2009.11.085.

Badalamenti et al.

Genome Announcements2 genomea.asm.org March/April 2016 Volume 4 Issue 2 e00290-16

 on July 31, 2018 by guest
http://m

ra.asm
.org

D
ow

nloaded from
 

http://genomea.asm.org
http://mra.asm.org


RESEARCH ARTICLE

Resource capture and competitive ability of

non-pathogenic Pseudogymnoascus spp. and

P. destructans, the cause of white-nose

syndrome in bats

Michael B. Wilson1, Benjamin W. Held2, Amanda H. Freiborg1, Robert A. Blanchette2,

Christine E. Salomon1*

1 Center for Drug Design, University of Minnesota, Minneapolis, Minnesota, United States of America,

2 Department of Plant Pathology, University of Minnesota, Saint Paul, Minnesota, United States of America

* csalomon@umn.edu

Abstract

White-nose syndrome (WNS) is a devastating fungal disease that has been causing the

mass mortality of hibernating bats in North America since 2006 and is caused by the psy-

chrophilic dermatophyte Pseudogymnoascus destructans. Infected bats shed conidia into

hibernaculum sediments and surfaces, but it is unknown if P. destructans can form stable,

reproductive populations outside its bat hosts. Previous studies have found non-pathogenic

Pseudogymnoascus in bat hibernacula, and these fungi may provide insight into the natural

history of P. destructans. We compared the relatedness, resource capture, and competitive

ability of non-pathogenic Pseudogymnoascus isolates with P. destructans to determine if

they have similar adaptations for survival in hibernacula sediment. All non-pathogenic Pseu-

dogymnoascus isolates grew faster, utilized a broader range of substrates with higher effi-

ciency, and were generally more resistant to antifungals compared to P. destructans. All

isolates also showed the ability to displace P. destructans in co-culture assays, but only

some produced extractible antifungal metabolites. These results suggest that P. destruc-

tans would perform poorly in the same environmental niche as non-pathogenic Pseudogym-

noascus, and must have an alternative saprophytic survival strategy if it establishes active

populations in hibernaculum sediment and non-host surfaces.

Introduction

White-nose syndrome (WNS) is an invasive mycosis of hibernating bats caused by the psy-

chrophilic fungus Pseudogymnoascus destructans, formerly Geomyces destructans [1–3]. P.

destructans was completely unknown before the mass mortality of North American bats began

in 2006, but is now recognized as an invasive pathogen from Europe [4–6]. While P. destruc-
tans does not cause mass mortality in its native range [5], up to 6.7 million North American

bats died of WNS by 2012 [7] with the possibility of widespread or local extinctions in the

future [8,9]. At least seven North American bat species are affected by WNS throughout 29
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states and five Canadian providences, including two endangered and one threatened species

[10,11]. Even though WNS is now wide-spread, P. destructans is of a single clonal genotype in

North America [12,13]. WNS is an important national economic issue because bats are esti-

mated to perform $22.9 billions worth of agricultural pest control in the U.S. annually [14].

WNS-positive bats shed infectious conidia into the hibernaculum environment where they

can persist [15], but it is unclear if P. destructans can form stable, reproductive populations in

sediment and surfaces that can act as permanent infectious reservoirs. Understanding the nat-

ural history of P. destructans on hibernaculum surfaces is critical for WNS management

because it affects the feasibility of some intervention strategies. Bats in hibernacula with envi-

ronmental populations of P. destructans would be at constant risk of infection regardless of

individual treatment, culling, or reintroduction after population collapse.

Since the emergence of WNS, researchers have discovered many non-pathogenic Geomyces
and Pseudogymnoascus fungi in bat hibernacula with culture-based methods [16,17]. These

species complicated WNS diagnosis because their internal transcribed spacer (ITS) region

sequences of the rRNA gene complex can be very similar to P. destructans [16,18]. However,

more recent methods targeting the intergenic spacer (IGS) region can resolve P. destructans
from its close relatives [19]. It is hypothesized that P. destructans emerged from non-patho-

genic ancestors [16,20,21], so these closely related species may provide a comparative platform

to study P. destructans’s adaptions for survival in hibernacula sediment. To the authors’ knowl-

edge there are no explicit reports of culture-independent fungal community analyses in bat

hibernacula, therefore the natural abundance of non-pathogenic Pseudogymnoascus and Geo-
myces is unknown in this environment.

Previous work has demonstrated that P. destructans can grow on complex substrates found

in hibernacula [22] and at least transiently in sterilized cave sediments in vitro [20], but has

greatly reduced saprophytic enzyme activity and growth compared to non-pathogenic Pseudo-
gymnoascus [20,23]. The initial magnitude of P. destructans growth in cave sediments was posi-

tively correlated with sediment total organic carbon, but P. destructans viability decreased after

28 days in 4 out of 5 sediments tested [20]. P. destructans was recoverable from all sediments

after 238 days [20], but its life cycle and stages of differentiation were not monitored. Little is

known about P. destructan’s saprophytic adaptations, but a recent gene duplication of a high

affinity nitrate transporter in P. destructans may contribute to its ability to survive on cave sed-

iments [21].

The capacity to grow on substrates in vitro is not wholly reflective of the challenges that P.

destructans must overcome as a saprophyte, as it must also compete with other microbes for

space and utilizable resources. Since P. destructans is unlikely to avoid competition by quickly

colonizing resources due to its slow growth [24], it may have some combination of offensive

and defensive strategies to colonize saprophytic resources [25–27]. These may include the pro-

duction of or resistance to diffusible antifungal molecules [27]. P. destructans is susceptible to

amphotericin B, itraconazole, and ketoconazole [28], and it is likely to encounter antifungal

metabolites in hibernaculum environments. Discovering how P. destructans fits into the com-

petitive hierarchy of the heterogeneous and variable microbial communities of caves and

mines [29] will help us understand if it can plausibly form self-sustaining populations in hiber-

naculum sediment.

Depending on the resource capture and competitive ability of P. destructans, biological

control may be an effective way to reduce the conidial load of hibernaculum substrates and

prevent the perpetual contamination of infected hibernacula. One strain of Trichoderma poly-
sporum isolated from William Preserve Mine in New York has already been shown to outcom-

pete P. destructans in autoclaved cave sediment, likely due to the production of diffusible

antifungals [30]. Any treatment in caves or mines will be logistically challenging due to their

Resource capture and competitive ability of non-pathogenic Pseudogymnoascus spp. and P. destructans.
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size and inaccessibility, but biological control has an advantage over other interventions

because it is potentially self-perpetuating and self-spreading. There is a risk that biological con-

trol agents will affect the microbial communities in hibernacula, but this is true of any WNS

treatment. The risk of disturbing native microbial communities is mitigated because these

communities in WNS-positive hibernacula have likely already shifted in response to the intro-

duction of an invasive fungus and the loss of bats.

Theoretically, a good generalist saprophyte can utilize a diverse array of carbon sources and

defend those resources from other microbes [25,27]. This study assessed the resource capture

and competitive ability of P. destructans relative to non-pathogenic Pseudogymnoascus isolates

from the Soudan Iron Mine (SM) in Tower, MN to explore the possibility that P. destructans
and SM Pseudogymnoascus isolates share a suite of adaptations for survival in hibernaculum

sediment. These experiments offer more insight into the basic biology of P. destructans and its

potential to be a sustained risk in hibernaculum substrates and surfaces.

Materials and methods

Pseudogymnoascus spp. collection and propagation

All relevant protocols for bat sampling were approved by the University of Minnesota IACUC

(protocol ID: 1508-32924A). Wall surface swabs, wood samples, and sediment were collected

on seven levels of the Soudan Underground Mine State Park from 2013 to 2015, which was

prior to the detection of WNS in Minnesota. Samples were streaked or placed onto 1.5% malt

extract agar (BD Difco–Franklin Lakes, NJ) amended with 0.01 g/L of streptomycin sulfate

and incubated at 10 or 22˚C. P. destructans type-strain MYA-4855 was acquired from the

American Tissue Type Culture Collection (ATCC), which was originally isolated from a little

brown bat (Myotis lucifugus) in Williams Hotel Mine, NY. All Pseudogymnoascus spp. were

maintained on Sabouraud dextrose agar (SDA), with SM Pseudogymnoascus isolates main-

tained at room temperature (~22˚C) and P. destructans maintained at 10 or 15˚C. Conidia

were prepared for experiments by adding 2 mL of 15% glycerol to conidiated cultures, gently

scraping colonies to release conidia, and then filtering the resulting conidial suspension

through a sterile 5 mL pipette tip packed with cotton.

Fungal DNA extraction, PCR, and phylogenic analysis

Phylogenic analysis was performed with the same three genes used in previous studies [19,31].

DNA was isolated from pure cultures grown on malt agar (15 g malt extract, 15 g agar, 1 L de-

ionized water) using a CTAB extraction procedure described previously [32]. ITS1F/ITS4,

983F/2218R, and fRPB2-7cf/RPB2-3053br primers were used to amplify the internal tran-

scribed spacer (ITS) region of the rRNA gene clusters, tef1, and rpb2, respectively, via PCR

[33–36]. Each 25 μl PCR reaction contained ~12 ng of DNA template, 0.25 μM forward

primer, 0.25 μM reverse primer, 0.05 μg/μl BSA, 1X GoTaq1 green mastermix, and nuclease-

free sterile water. The thermocycler programs for amplification were as follows: ITS– 94˚C for

5 min, then 35 cycles of 94˚C for 1 min, 50˚C for 1 min, and 72˚C for 1 min, and a final exten-

sion at 72˚C for 5 min; rpb2–94 C for 5 min, then 47 cycles of 94˚C for 1 min, 55.2˚C for 2

min, 72˚C for 2:10 min, and a final extension at 72˚C for 10 min; tef1–94˚C for 2 min, then 47

cycles of 94˚C for 1 min, 55˚C for 1 min, 72˚C for 1:10 min, and a final extension at 72˚C for

10 min. Amplicons were verified by gel electrophoresis on 1% agarose with a SYBR green 1

prestain and imaged with a Dark Reader DR45 (Clare Chemical Research–Denver, CO).

PCR products were sequenced using the same primers as above on an ABI 3730xl DNA

sequencer (Applied Biosystems–Foster City, CA). Consensus sequences were assembled using

Geneious 9.0 [37], and BLASTn was used to identify closely related sequences in GenBank for
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phylogenetic analysis. Geneious 9.0 was also used to determine phylogenetic relationships

among sequences, with the MAFFT v7.222 and MrBayes 3.2.6 plugins [38,39] used for

sequence alignment and Bayesian analysis, respectively. jModelTest 2.1.10 [40] was used to

determine the appropriate model (JC69) for Bayesian analysis. 1.1 x 106 MCMC generations

were used for analysis with a sampling frequency every 200 generations, with the first 10% of

sampled trees discarded as burn in. The resulting tree topologies were congruent for the analy-

ses of each gene region, therefore sequences were concatenated and analyzed using the same

methods as individual gene regions.

Pseudogymnoascus colony expansion

SDA petri plates were spotted with ~2,500 Pseudogymnoascus spp. conidia in 10 μL of sterile

water and incubated at 4˚C in a walk-in cold room, at 10˚C in a Danby #DBC120BLS incuba-

tor, or at room temperature in the lab (~22˚C). Each Pseudogymnoascus sp. was spotted in qua-

druplicate for each temperature. Colonies were established for four days at room temperature

and 10˚C, and for eight days at 4˚C. Thereafter, colony diameter was measured daily for 30

days by measuring length twice at right angles and taking the average.

Substrate utilization

Filamentous fungi (FF) phenotype microarrays (Biolog–Hayward, CA; Cat# 1006) were used

to compare the ability of Pseudogymnoascus spp. to metabolize different carbon sources per

the manufacture’s protocol. These arrays are 96-well microplates that contain 95 different sub-

strates including amines, amino acids, sugars, carboxylic acids, various polymers, and one

no-substrate control. In addition to a substrate, each well supplies essential micronutrients in-

cluding nitrogen, phosphorous, potassium, and sulfur. Briefly, a swab was wetted with Biolog

FF-IF inoculation fluid and rolled over Pseudogymnoascus spp. colonies on malt extract agar to

remove conidia and mycelium fragments. Swab contents were diluted to 0.14 OD600 in inocu-

lation fluid and 200 μL were transferred to each well in triplicate FF arrays. Arrays were incu-

bated and shaken at 15˚C.

Growth was evaluated at OD750 using an EL800 microplate reader (Bio-Tek–Winooski,

VT) after seven days for SM Pseudogymnoascus isolates and after 14 days for P. destructans.
Values were restricted to 0.0–2.0 OD750 in all analyses to account for the linear range of the

microplate reader. It was empirically determined that 7 and 14 days would result in a reason-

able comparison since SM Pseudogymnoascus isolates grow approximately twice as fast as

P. destructans at 10˚C.

Niche width was defined as the number of substrates utilized in the FF arrays, while growth

efficiency was defined as the mean OD750 of wells with utilized substrates [41]. Since some

growth occurred in the no-substrate control wells, pairwise one-tailed Welch’s t-tests were

used to determine a utilization threshold on a substrate-by-substrate basis instead of an abso-

lute OD750 cutoff applied to all substrates. A one-tailed test was appropriate because growth

promotion, not growth inhibition, is relevant to establishing a utilization threshold and maxi-

mizes statistical power for a given alpha. A substrate was considered “utilized” if the mean

growth on a substrate was statistically greater than mean control growth (p< 0.05). Pair-wise,

two tailed Welch’s t-tests were used to compare growth efficiency (mean growth) among Pseu-
dogymnoascus spp. at the 95% confidence level.

Susceptibility testing

Disk-diffusion assays were performed on 50 mL SDA in 150 x 15 mm petri plates. Sterile

filter paper disks were prepared with 6, 3, 1.5, 0.375, and 0.18 μg of amphotericin B (MP
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Biomedicals–Santa Ana, CA), caspofungin, itraconazole, or ketoconazole (LTK Laboratories–

St. Paul, MN) in methanol. These antifungals were selected to represent different classes of sys-

temic antifungals found in nature (polyenes, echinocandins, and azoles). Duplicate plates were

spread-inoculated with ~4,000 Pseudogymnoascus spp. conidia in 200 μL of sterile water and

allowed to dry. Antifungal disks were placed on dry plates and plates were incubated at 4 or

15˚C. Minimum inhibitory concentrations (MIC) of each antifungal were determined visually

after two and three weeks for SM Pseudogymnoascus isolates and P. destructans at 15˚C, respec-

tively, and after three and five weeks for SM Pseudogymnoascus isolates and P. destructans at

4˚C, respectively.

Competition assays between SM Pseudogymnoascus isolates and P.

destructans

Agar plugs (5 mm3) were cut from the edge of established Pseudogymnoascus spp. colonies and

placed ~1 cm apart on SDA and incubated at 10˚C for four weeks in duplicate. Inhibition of P.

destructans growth was qualitatively evaluated by visually assessing the size of control and

competing P. destructans colonies.

HPLC analysis and anti-P. destructans activity of SM Pseudogymnoascus

extracts

SM Pseudogymnoascus isolates were grown on rice (10g of rice autoclaved in 12 mL water) at

10˚C for 30 days. Cultures were extracted overnight with two rounds of 100 mL methanol fol-

lowed by two rounds of 100 mL ethyl acetate. Extracts from the same culture were combined

and dried under reduced pressure. Supelco 3 mL DSC-18 (C18) solid-phase extraction columns

(Sigma-Aldrich–St. Louis, MO) were used to clean up samples prior to disk diffusion and

HPLC analysis. Extract residues were re-dissolved in 6 mL 5% methanol and bound to pre-

equilibrated columns, washed with two volumes of 5% methanol, and eluted with two volumes

of 100% methanol. Eluted metabolites were dried and re-suspended to 1 mg/mL in methanol

for reversed-phase HPLC analysis on an Agilent 1200 system with an Eclipse XDB-C18 col-

umn (5 μm, 4.6 x 150 mm). Metabolites were eluted at 1 mL/min with 10% acetonitrile for 1.5

mins, followed by a linear gradient from 10% to 95% acetonitrile over 20 mins, a hold at 95%

acetonitrile for 2 mins, a linear gradient from 95% to 100% acetonitrile over 3 mins, and finally

re-equilibration to 10% acetonitrile over 2 mins. Chromatographic peaks were detected by

diode array from 200 to 600 nm in 10 nm increments.

Disk-diffusion assays were performed on 15 mL SDA in 100 x 10 mm petri plates to assess

the anti-P. destructans activity of SM Pseudogymnoascus rice culture extracts. Filter paper

disks were prepared with 0.5 mg SPE-cleaned extract, placed on plates spread inoculated with

~2,500 P. destructans conidia, and incubated at 10˚C for three weeks. Assays were performed

in triplicate.

Results

SM Pseudogymnoascus are closely related to other Pseudogymnoascus

spp. isolated from hibernacula

A three-gene phylogeny of Pseudogymnoascus species shows close similarity among isolates

from the different mine shaft levels (Fig 1). SM isolates group with the previously described

P. verrucosus complex, matching isolates from NH, NY and MN hibernacula [31]. Overall, the

SM isolates separated into two clades with SM13-7-5-2, SM14-12-9-2, SM14-8-4-4, SM13-11-

1-1, SM14-10-3-3, SM14-12-8-2 separate from SM13-15-4-2, SM14-8-4-5, SM13-11-7-3,
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Fig 1. Phylogenetic tree of Pseudogymnoascus isolates obtained from the Soudan Iron Mine (SM) in Minnesota. Tree was constructed using

Bayesian analysis of combined ITS, EF-1 and RPB2 gene regions from Pseudogymnoascus species. Soudan Mine (SM) isolates are indicated in bold.
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SM14-10-3-2, SM13-9-3-2. However, short branch lengths indicate minor base changes

among these isolates. All gene sequences used for phylogenic analysis have been deposited in

Genbank (S1 Table).

SM Pseudogymnoascus colonies expand faster and at higher

temperature than P. destructans colonies

Expansion rates were similar among SM Pseudogymnoascus isolates at all temperatures, and

these organisms are subsequently referred to as one group (Fig 2A–2C). SM Pseudogymnoascus
colonies reached diameters of ~60 mm after 30 days at room temperature, with no P. destruc-
tans growth as expected [24] (Fig 2A). SM Pseudogymnoascus colonies reached diameters of

~50 mm at 10˚C after 30 days on SDA, while P. destructans colonies achieved a diameter of 25

mm (Fig 2B). Differences in growth were minimized at 4˚C, with SM Pseudogymnoascus colo-

nies reaching diameters ~25 mm and P. destructans colonies reaching diameters of 13 mm

(Fig 2C).

SM Pseudogymnoascus isolates utilized more substrates more quickly

than P. destructans

Biolog filamentous fungi (FF) phenotype microarrays were inoculated with SM Pseudogym-
noascus isolates or P. destructans to compare their substrate utilization capacities. Each well in

the plate contains a single carbon source with essential micronutrients, and the capacity to uti-

lize different substrates can be determined by measuring fungal growth in each well. The utili-

zation of different sugars, amino acids, carboxylic acids, and polymers can be summarized by

‘niche width’ (the total number of utilized substrates, ranging 0–95) and ‘growth efficiency’

(mean growth in wells with utilized substrates) [41]. The full Biolog FF array dataset can be

found in S1 Text.

Niche widths were ~87 for all SM Pseudogymnoascus isolates after 7 days of growth, com-

pared to a niche width of 7 for P. destructans after 14 days (Fig 3). SM Pseudogymnoascus iso-

lates grow approximately twice as fast as P. destructans at 10˚C (Fig 2), therefore 7 and 14 days

were chosen as comparable endpoints. The niche width of P. destructans increased to 19 after

30 days of growth; however, this was still well below the niche widths achieved by the SM Pseu-
dogymnoascus isolates after only 7 days.

Growth efficiencies of all SM Pseudogymnoascus isolates were significantly higher than the

efficiency of 14 day-P. destructans (p< 0.05) (Fig 3, S2 Table). The growth efficiency of P.

destructans greatly increased over time, with the efficiency of 30 day-P. destructans matching

SM 10-3-3 and significantly exceeded that of SM 7-5-2, SM 8-4-5, SM 9-3-2, and SM 10-3-2

(p< 0.05) (Fig 3, S2 Table). The growth efficiency of 30-day P. destructans was still lower than

that of SM 12-9-2 (p< 0.05) (Fig 3, S2 Table).

Fig 4 displays the utilization of specific substrates in the FF arrays by Pseudogymnoascus
spp. SM Pseudogymnoascus isolates utilized a wide, but very similar, variety of sugars, carbox-

ylic acids, amino acids, and other substrates with no clear metabolic preferences (Fig 4). The

notable exception to their similar utilization profiles was L-fucose, which was only utilized by

SM 7-5-2 and 10-3-3 (Fig 4). Growth efficiencies on particular substrates among the SM Pseu-
dogymnoascus isolates differed greatly, with SM 12-9-2 typically being the most efficient isolate

(Fig 4).

SM isolates group with Genbank Pseudogymnoascus sequences reported by other investigations in New Hampshire, New York, and Minnesota.

Posterior probabilities >50 are shown at branch nodes. Geomyces auratus served as the outgroup.

https://doi.org/10.1371/journal.pone.0178968.g001
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Fig 2. Colony expansion of Pseudogymnoascus spp. on SDA over 30 days. Diameter of Pseudogymnoascus

spp. colonies at various temperatures over time (a) 22˚C, (b) 10˚C, (c) 4˚C. Error bars represent standard error of

averaged replicates.

https://doi.org/10.1371/journal.pone.0178968.g002

Resource capture and competitive ability of non-pathogenic Pseudogymnoascus spp. and P. destructans.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178968 June 15, 2017 8 / 18

https://doi.org/10.1371/journal.pone.0178968.g002
https://doi.org/10.1371/journal.pone.0178968


P. destructans utilized only simple sugars, lipid-like compounds, and amino acids after 14

days (Fig 4). P. destructans expanded its utilization of simple sugars and amino acids after 30

days, but also started to utilize small carboxylic acids and amino sugars (Fig 4). Even though

P. destructans had a much smaller niche width than the SM Pseudogymnoascus isolates (Fig 3),

it was the exclusive utilizer of N-acetyl-D-galactosamine (Fig 4). The lipid-like compounds

(Tween 80, sebacic acid, and amygdalin) were the only substrates where P. destructans’s
growth efficiency matched or exceeded those of the SM Pseudogymnoascus isolates after 14

days (Fig 4).

P. destructans is more susceptible to antifungals than SM

Pseudogymnoascus isolates, but susceptibility varies with temperature

P. destructans was susceptible to amphotericin B, itraconazole, and ketoconazole (Table 1)

[28]. While its susceptibility to itraconazole and ketoconazole did not change (MIC < 0.18

and MIC = 1.5 μg, respectively), its susceptibility to amphotericin B increased at higher tem-

perature (MIC = 1.5 μg at 4˚C vs. MIC < 0.18 μg at 15˚C) (Table 1). P. destructans was resis-

tant to caspofungin within our concentration range (MIC > 6 μg) as previously reported [28],

and there was no noticeable change in susceptibility with temperature.

SM Pseudogymnoascus isolates were more resistant to amphotericin B, itraconazole, and

ketoconazole relative to P. destructans at 4 and 15˚C (Table 1). Unlike P. destructans, SM

Pseudogymnoascus susceptibility to amphotericin B did not noticeably change with tempera-

ture Pseudogymnoascus(Table 1). SM Pseudogymnoascus isolates were most susceptible to

Fig 3. Niche width and growth efficiency of Pseudogymnoascus spp. at 15˚C. The number of substrates

utilized by each strain (niche width) in Biolog FF phenotype mircoarrays is indicated in black boxes. OD750 of

wells with utilized substrates is displayed, where the mean OD750 is each strain’s growth efficiency. SM

Pseudogymnoascus isolates were evaluated after 7 days of growth, while P. destructans was evaluated after

14 and 30 days of growth. Statistical differences (p < 0.05) are indicated by * and # for pair-wise Welch’s t-

tests against 14 day and 30 day-P. destructans, respectively. Pd = P. destructans.

https://doi.org/10.1371/journal.pone.0178968.g003
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itraconazole, but their MICs were at least an order of magnitude higher than those observed

for P. destructans (Table 1). SM isolates 10-3-2 and 10-3-3 were exceptions to this trend with

MIC = 0.375 μg against itraconazole (Table 1). Azole susceptibility differentially varied with

temperature for some SM Pseudogymnoascus isolates, with itraconazole and ketoconazole

showing opposite trends (Table 1). SM isolates 8-4-5, 10-3-2, and 10-3-3 were less susceptible

to itraconazole at higher temperature (MIC = 1.5 or 0.375 μg at 4˚C vs. MIC = 3 μg at 15˚C),

but itraconazole susceptibility did not change for SM 7-5-2, 9-3-2, or 12-9-2 (MIC = 1.5 μg)

(Table 1). SM isolates 9-3-2 and 12-9-2 were more susceptible to ketoconazole at higher tem-

perature (MIC> 6 μg at 4˚C vs. MIC = 3 μg at 15˚C), with SM 7-5-2 and 8-4-5 showing poten-

tially smaller increases in ketoconazole susceptibility (MIC > 6 μg at 4˚C vs. MIC = 6 μg at

15˚C) (Table 1). Ketoconazole susceptibility did not noticeably change for SM 10-3-2 or 10-3-

3 (MIC = 6 and> 6 μg, respectively) (Table 1). All SM Pseudogymnoascus isolates were more

susceptible to caspofungin at lower temperatures (Table 1).

SM Pseudogymnoascus outcompetes P. destructans in co-culture

All SM Pseudogymnoascus colonies limited the expansion of P. destructans colonies after four

weeks of incubation at 10˚C (Fig 5). P. destructans colonies expanded more against SM 8-4-5,

9-3-2, and 12-9-2 colonies than against 7-5-2, 10-3-2, and 10-3-3 colonies (Fig 5).

SM Pseudogymnoascus isolates produce more extractable metabolites

in culture, with some having anti-P. destructans activity

Most SM Pseudogymnoascus isolates had a similar diversity of extractable semi-polar metabo-

lites when grown on rice at 10˚C (Fig 6, S2 Fig). SM isolate 7-5-2 and P. destructans did not

appear to produce any extractable metabolites under the experimental conditions (Fig 6, S2

Fig). Three SM Pseudogymnoascus extracts showed anti-P. destructans activity in disk diffusion

assays (Table 2). Extracts from SM isolates 10-3-2 and 10-3-3 produced small zones that were

sustained over three weeks, while the 12-9-2 extract produced a large initial zone that receded

by week three (Table 2). Pictures of disk-diffusion assays can be found in S1 Fig.

Fig 4. Heatmap of Pseudogymnoascus spp. substrate utilization at 15˚C. Rows correspond to average

growth (OD750) in wells of Biolog FF phenotype microarrays, while columns correspond to different

Pseudogymnoascus spp. SM Pseudogymnoascus isolates were evaluated after 7 days of growth, while P.

destructans was evaluated after 14 and 30 days of growth. Rows are clustered by k-means to display patterns

of utilization.

https://doi.org/10.1371/journal.pone.0178968.g004

Table 1. Antifungal susceptibility of Pseudogymnoascus spp.

Pseudogymnoascus spp. MIC (μg)

P. destructans SM 7-5-2 SM 8-4-5 SM 9-3-2 SM 10-3-2 SM 10-3-3 SM 12-9-2

Antifungal 4˚C 15˚C 4˚C 15˚C 4˚C 15˚C 4˚C 15˚C 4˚C 15˚C 4˚C 15˚C 4˚C 15˚C

Caspofungin > 6 > 6 3 > 6 3 > 6 6 > 6 3 > 6 3 > 6 1.5 > 6

Amphotericin B 1.5 < 0.18 > 6 > 6 > 6 > 6 > 6 > 6 > 6 > 6 > 6 > 6 > 6 > 6

Itraconazole < 0.18 < 0.18 1.5 1.5 1.5 3 1.5 1.5 0.375 3 0.375 3 1.5 1.5

Ketoconazole 1.5 1.5 > 6 6 > 6 6 > 6 3 6 6 > 6 > 6 > 6 3

MICs were determined as the lowest concentration of antifungal that did not produce a visible zone of inhibition in disk-diffusion assays. Plates incubated at

4˚C were evaluated after three weeks for SM Pseudogymnoascus isolates and after five weeks for P. destructans. Plates incubated at 15˚C were evaluated

after two weeks for SM Pseudogymnoascus isolates and after three weeks for P. destructans.

https://doi.org/10.1371/journal.pone.0178968.t001
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Discussion

White-nose syndrome has spurred research on the microbiome of bat hibernacula to better

understand the biology of P. destructans. Many Pseudogymnoascus and Geomyces species have

been discovered in WNS-positive hibernacula [16,31], but our Pseudogymnoascus isolates rep-

resent the SM fungal community prior to the invasion of P. destructans. SM isolates separated

into two distinct clades and grouped with other Pseudogymnoascus from the P. verrucosus
complex in a three-gene phylogeny, although short branch lengths indicated only minor differ-

ences among the isolates (Fig 1). We collected physiological data from a subset of each clade,

but there was no clear association between clades and our physiological data. P. destructans
was both genetically and physiologically distinct from all SM Pseudogymnoascus isolates.

The first important distinction between the SM Pseudogymnoascus isolates and P. destruc-
tans is their ability to grow at room temperature (Fig 2). While P. destructans is psychrophilic

with a growth optimum of ~15˚C and upper critical temperature of ~19˚C [24], the SM

Pseudogymnoascus isolates were psychrotolerant with the ability to grow at both room and

low temperature (Fig 2). Even though all SM Pseudogymnoacus isolates grew best at room

Fig 5. Competition of SM Pseudogymnoascus and P. destructans colonies. Plug competition assay after four

weeks of growth on SDA at 15˚C. P. destructans colonies are on the left of each panel, while SM Pseudogymnoascus

colonies are on the right. The control was a P. destructans colony grown in the presence of an uninoculated agar block.

https://doi.org/10.1371/journal.pone.0178968.g005
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temperature (~22˚C), they still outgrew P. destructans at 4 and 10˚C (Fig 2). For reference,

temperatures where most bats can be found in the Soudan Mine (level 12 and 27) are generally

2–10˚C during the hibernation period. Even though their growth rates were clearly different,

neither P. destructans nor SM isolates displayed expansion that could be characterized as

“fast”. In general, slow growth may be an important adaptation in oligotrophic environments,

such as caves [42].

P. destructans is an opportunistic or facultative pathogen of hibernating bats that takes

advantage of its host’s decreased immune function during torpor [43]. Since torpor is a reliably

reoccurring state, P. destructans may have metabolic requirements more like an obligate patho-

gen because immunosuppression due to torpor is not an abnormal or rare host state. If P.

destructans is a facultative pathogen in the environment, it may have resource capture traits

similar to non-pathogenic Pseudogymnoascus spp. The results presented here show P. destruc-
tans had a reduced niche width compared to SM Pseudogymnoascus isolates in substrate utili-

zation assays (Fig 3), suggesting it is more specialized than its non-pathogenic relatives. This

conclusion is further supported by previous reports that P. destructans has reduced saprophytic

enzyme activity compared to non-pathogenic Pseudogymnoascus spp. [23]. Since the nutrients

available to microbes in different caves and mines are highly variable and heterogeneously dis-

tributed in space and time [29], it is difficult to generalize which nutrients are ecologically

Fig 6. Reversed-phase HPLC chromatograms of Pseudogymnoascus spp. rice culture extracts. All

extracts were normalized to 1 mg/mL, and chromatographic peaks at 220 nm are displayed. The control was

an extract of uninoculated rice.

https://doi.org/10.1371/journal.pone.0178968.g006

Table 2. Anti-P. destructans activity of SM Pseudogymnoascus extracts.

Extract SM 7-5-2 SM 8-4-5 SM 9-3-2 SM 10-3-2 SM 10-3-3 SM 12-9-2

Zone size (2 wk) - - - + + +++

Zone size (3 wk) - - - Minimal Minimal +

Disk diffusion assays were performed in triplicate to test the activity of SM Pseudogymnoascus extracts against P. destructans. Inhibitory activity was

quantified as a zone of inhibition, with (+) indicating zones 3–20 mm in diameter and (-) indicating no inhibition. Disks contained 0.5 mg of rice culture

extracts from SM isolates. Plates were incubated at 15˚C and evaluated after two and three weeks. Pictures of disk diffusion assays can be found in S1 Fig.

https://doi.org/10.1371/journal.pone.0178968.t002
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relevant to saprophytic survival. The Biolog substrates provide a general view of what sub-

strates may be utilized, but additional study is needed to identify compounds/nutrients being

utilized in specific caves and mines.

The overall conversion of substrate to biomass should be maximized at 15˚C for P. destruc-
tans [24], but not for the SM Pseudogymnoascus isolates (Fig 2). Lipid-like compounds (Tween

80, sebacic acid, and amygdalin) were the only substrates used by P. destructans after 14 days

with efficiencies comparable to those of the SM Pseudogymnoascus isolates (Fig 4), which sup-

ports its nutritional preference for lipids [22]. P. destructans drastically increased its growth

efficiency over time (Figs 3 and 4) and utilized its limited panel of substrates as effectively as

the SM Pseudogymnoascus isolates after 30 days. Even though the SM Pseudogymnoascus iso-

lates were genetically distinct (Fig 1), they had very similar utilization profiles and growth effi-

ciencies (Figs 3 and 4). This is good evidence these isolates are occupying similar nutritional

niches within the mine. Overall, P. destructans is unlikely to occupy the same generalist sapro-

phyte role presumably occupied by non-pathogenic Pseudogymnoascus spp. due to its com-

pressed niche width and much slower conversion of substrates to biomass.

P. destructans can grow and reproduce on some complex substrates in vitro [22], but it

certainly faces competition for these resources in hibernacula sediment. Attack and defense

strategies are important to displace other microbes from contested resources or to avoid dis-

placement, respectively [27]. Since P. destructans grows very slowly relative to other fungi [24]

(Fig 2A–2C), it is unlikely to avoid attack by rapidly colonizing resources and may require

robust defense strategies in hibernaculum substrates. The plasma membrane is a major anti-

fungal target that changes composition in response to temperature, therefore environmental

temperatures are important considerations in microbial defense. Using Geomyces pannorum
as a comparative model in the literature, we expected increased susceptibility to polyenes and

azoles at higher temperature when ergosterol is more abundant in the plasma membrane [44].

However, this trend was only apparent for amphotericin B vs. P. destructans and ketoconazole

vs. some SM Pseudogymnoascus isolates (Table 1). The efficiency of resistance mechanisms

may also vary with temperature, which could explain the decrease in itraconazole susceptibility

observed for some SM Pseudogymnascus isolates at higher temperature and the lack of azole

response in P. destructans. To the authors’ knowledge, changes in the cell wall are not a known

adaptation of psychrophilic or psychrotolerant fungi [45,46], so we did not expect the observed

change in susceptibility to caspofungin (Table 1). Just considering these variations in antifun-

gal susceptibility, P. destructans may be more easily displaced by polyene and azole-producing

microbes compared to the SM Pseudogymnoascus isolates, but is better defended against echi-

nocandin-producing organisms at low temperature. Future work could focus on the interplay

between temperature, membrane/cell wall structure, and resistance mechanisms of Pseudo-
gymnoascus spp.

P. destructans and other Pseudogymnoascus spp. may encounter each other in hibernaculum

substrates and compete for space, if not resources. All SM Pseudogymnoascus isolates outcom-

peted P. destructans on nutrient-rich media (Fig 5), but this was not surprising based on their

faster growth and superior resource capture ability. A slower growing, more specialized organ-

ism could use attack strategies to outcompete faster growing generalists, but this was not true

for P. destructans under our conditions. Assays on artificial media are not always reflective of

competition in the environment [27], so field studies are needed to confirm this behavior. It is

important to consider how interactions among P. destructans and non-pathogenic Pseudogym-
noascus spp. occur in an oligotrophic subterranean environment.

Competition assays could not be used to determine if growth inhibition was a result of

direct antagonism or indirect nutrient limitation, so each SM Pseudogymnoascus isolate was

extracted to assess the production of anti-P. destructans metabolites. All SM Pseudogymnoascus
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extracts (except 7-5-2) produced similar HPLC profiles (Fig 6), but only extracts of SM 10-3-2,

10-3-3, and 12-9-2 inhibited P. destructans growth (Table 2) demonstrating these isolates have

some offensive mechanisms effective against P. destructans. Interestingly, the activity of these

extracts was transient (Table 2), indicating low stability of active metabolites or delayed defen-

sive mechanisms by P. destructans.
P. destructans is likely susceptible to biological control agents in hibernacula sediments con-

sidering its demonstrated growth (Fig 2), resource capture (Figs 3 and 4), and competitive

ability (Tables 1 and 2, Fig 5). Several Trichoderma isolates from cave sediments capable of pre-

venting P. destructans conidia from germinating in cave sediments have been identified [30],

and non-pathogenic Pseudogymnoascus spp. may be another common community member

that can help control P. destructans. A multi-species pool of biological control candidates is

useful because it is unlikely a single organism will provide a good solution for all hibernacula

due to differing mineral compositions, nutrient availability, and moisture levels. However,

the WNS community needs to better understand the risk of P. destructans infection from envi-

ronmental reservoirs to correctly implement any biological control scheme. It is important to

consider that P. destructans and non-pathogenic Pseudogymnoascus spp. are part of larger

microbial communities with complex interactions that may facilitate or prevent the establish-

ment of P. destructans. This work focused on non-pathogenic Pseudogymnoascus spp. because

they may reveal traits important for P. destructans survival in hibernaculum substrates, but the

relative importance of their interactions within the microbial community is unknown.

We initially hypothesized that SM Pseudogymnoascus isolates could be used as a proxy for

P. destructans in antifungal assays due to their close genetic relationship and ability to grow

rapidly at room temperature. However, our phenotypic studies revealed that P. destructans is

remarkably different from SM Pseudogymnoascus isolates. These phenotypic differences are

likely reflections of traits that help non-pathogenic Pseudogymnoascus spp. thrive as generalist

saprophytes and traits that allow P. destructans to thrive as a bat pathogen. While P. destructans
may have the capacity to obtain some saprophytically-derived nutrients [22,23] (Figs 3 and 4),

it was more specialized and less competitive than SM Pseudogymnoascus isolates (Tables 1 and

2, Fig 5). This does not mean that P. destructans cannot or does not form stable populations in

hibernacula sediment and surfaces, but that it must do so differently than its non-pathogenic

relatives.

Supporting information

S1 Fig. Pictures of disk diffusion plates summarized in Table 2. Disks contained 0.5 mg of

HPLC-ready extract and plates were incubated at 15˚C and evaluated after (a) two and (b)

three weeks.

(TIFF)

S2 Fig. Reversed-phase HPLC of Pseudogymnoascusrice culture extracts. Chromatographic

peaks were detected by diode array. The control was an extract of uninoculated rice, and all

extracts were normalized to 1 mg/mL. All SM Pseudogymnoascus produced more detectible

semi-polar metabolites in rice culture compared to P. destructans, with the exception of SM 7-

5-2.

(PDF)

S1 Table. GenBank numbers of Pseudogymnoascus isolates used in antagonism studies and

phylogenetic analysis (in bold) and those obtained from GenBank for phylogenetic com-

parison.

(PDF)

Resource capture and competitive ability of non-pathogenic Pseudogymnoascus spp. and P. destructans.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178968 June 15, 2017 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178968.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178968.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178968.s003
https://doi.org/10.1371/journal.pone.0178968


S2 Table. Pair-wise Welsh’s t-test results for comparisons of growth efficiency. See the

materials and methods for t-test details, values are rounded to the nearest non-zero integer.

(PDF)

S1 Text. Biolog plate guide and data.

(XLSX)

Acknowledgments

We thank Gerda Nordquist, Jim Essig, and Tony Zavodnik from the Minnesota Department

of Natural Resources for their assistance at the Soudan Underground Mine State Park; Zoja

Germuskova, Josh Kielsmeier-Cook, Garrett Beier, Sam Redford, and Camille Schlegel for

assistance in the laboratory and during sample collection at the mine.

Author Contributions

Conceptualization: MBW BWH AHF RAB CES.

Data curation: MBW BWH RAB CES.

Formal analysis: MBW BWH.

Funding acquisition: RAB CES.

Investigation: MBW BWH AHF.

Methodology: MBW BWH RAB CES.

Project administration: RAB CES.

Resources: RAB CES.

Supervision: RAB CES.

Visualization: MBW BWH.

Writing – original draft: MBW.

Writing – review & editing: MBW BWH AHF RAB CES.

References
1. Gargas A, Trest MT, Christensen M, Volk TJ, Blehert DS. Geomyces destructans sp. nov. associated

with bat white-nose syndrome. Mycotaxon. 2009; 108: 147–154. https://doi.org/10.5248/108.147

2. Lorch JM, Meteyer CU, Behr MJ, Boyles JG, Cryan PM, Hicks AC, et al. Experimental infection of bats

with Geomyces destructans causes white-nose syndrome. Nature. 2011; 480: 376–378. https://doi.org/

10.1038/nature10590 PMID: 22031324

3. Meteyer CU, Buckles EL, Blehert DS, Hicks AC, Green DE, Shearn-Bochsler V, et al. Histopathologic

criteria to confirm white-nose syndrome in bats. J Vet Diagnostic Investig. 2009; 21: 411–414. https://

doi.org/10.1177/104063870902100401 PMID: 19564488

4. 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. Proc Natl Acad Sci. 2012; 109: 6999–7003. https://doi.org/10.1073/pnas.1200374109 PMID:

22493237

5. Puechmaille SJ, Wibbelt G, Korn V, Fuller H, Forget F, Mühldorfer K, et al. Pan-European distribution of

white-nose syndrome fungus (Geomyces destructans) not associated with mass mortality. PLoS One.

2011; 6. https://doi.org/10.1371/journal.pone.0019167 PMID: 21556356

Resource capture and competitive ability of non-pathogenic Pseudogymnoascus spp. and P. destructans.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178968 June 15, 2017 16 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178968.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178968.s005
https://doi.org/10.5248/108.147
https://doi.org/10.1038/nature10590
https://doi.org/10.1038/nature10590
http://www.ncbi.nlm.nih.gov/pubmed/22031324
https://doi.org/10.1177/104063870902100401
https://doi.org/10.1177/104063870902100401
http://www.ncbi.nlm.nih.gov/pubmed/19564488
https://doi.org/10.1073/pnas.1200374109
http://www.ncbi.nlm.nih.gov/pubmed/22493237
https://doi.org/10.1371/journal.pone.0019167
http://www.ncbi.nlm.nih.gov/pubmed/21556356
https://doi.org/10.1371/journal.pone.0178968


6. Leopardi S, Blake D, Puechmaille SJ. White-Nose Syndrome fungus introduced from Europe to North

America. Curr Biol. Elsevier; 25: R217–R219. https://doi.org/10.1016/j.cub.2015.01.047 PMID:

25784035

7. U.S. Fish and Wildlife Service. North American bat death toll exceeds 5.5 million from white-nose syn-

drome. News Release. 2012. Available from http://www.batcon.org/pdfs/USFWS_WNS_Mortality_

2012_NR_FINAL.pdf

8. Frick WF, Pollock JF, Hicks AC, Langwig KE, Reynolds DS, Turner GG, et al. An emerging disease

causes regional population collapse of a common North American bat species. Science. 2010; 329:

679–82. https://doi.org/10.1126/science.1188594 PMID: 20689016

9. Turner GG, Reeder D, Coleman JTH. A five-year assessment of mortality and geographic spread of

white-nose syndrome in North American bats, with a look to the future. Bat Res News. 2011; 52: 13–27.

10. Blehert DS, Hicks AC, Behr M, Meteyer CU, Berlowski-Zier BM, Buckles EL, et al. Bat white-nose syn-

drome: an emerging fungal pathogen? Science. 2009; 323: 227. https://doi.org/10.1126/science.

1163874 PMID: 18974316

11. U.S. Fish and Wildlife Service. White-Nose Syndrome: The devasting disease of hibernating bats in

North America. Fact sheet. 2016 Available from https://www.whitenosesyndrome.org/resource/white-

nose-syndrome-fact-sheet-may-2016.

12. Rajkumar SS, Li X, Rudd RJ, Okoniewski JC, Xu J, Chaturvedi S, et al. Clonal Genotype of Geomyces

destructans among Bats with White Nose Syndrome, New York, USA. Emerg Infect Dis. 2011; 17:

1273–1276. https://doi.org/10.3201/eid1707.102056 PMID: 21762585

13. Khankhet J, Vanderwolf KJ, Mcalpine DF, Mcburney S, Overy DP, Slavic D, et al. Clonal Expansion of

the Pseudogymnoascus destructans Genotype in North America Is Accompanied by Significant Varia-

tion in Phenotypic Expression. PLoS One. 2014; 9. https://doi.org/10.1371/journal.pone.0104684

PMID: 25122221

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

2011; 332: 41–42. https://doi.org/10.1126/science.1201366 PMID: 21454775

15. Lorch JM, Muller LK, Russell RE, O’Connor M, Lindner 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

16. Lorch JM, Lindner DL, Gargas A, Muller LK, Minnis AM, Blehert DS. A culture-based survey of fungi in

soil from bat hibernacula in the eastern United States and its implications for detection of Geomyces

destructans, the causal agent of bat white-nose syndrome. Mycologia. 2012; 105: 237–52. https://doi.

org/10.3852/12-207 PMID: 23074174

17. Vanderwolf KJ, Mcalpine DF, Malloch D, Forbes GJ. Ectomycota Associated with Hibernating Bats in

Eastern Canadian Caves prior to the Emergence of White-Nose Syndrome. Northeast Nat. 2013; 20:

115–130.

18. Lindner DL, Gargas A, Lorch JM, Banik MT, Glaeser J, Kunz TH, et al. DNA-based detection of the fun-

gal pathogen Geomyces destructans in soils from bat hibernacula. Mycologia. 2011; 103: 241–246.

https://doi.org/10.3852/10-262 PMID: 20952799

19. Muller LK, Lorch JM, Lindner DL, O’Connor M, Gargas A, Blehert DS. Bat white-nose syndrome: a real-

time TaqMan polymerase chain reaction test targeting the intergenic spacer region of Geomyces

destructans. Mycologia. 2012; 105: 253–9. https://doi.org/10.3852/12-242 PMID: 22962349

20. Reynolds HT, Ingersoll T, Barton HA. Modeling the enviromental growth of Pseudogymnoascus

destructans and its impact on the white-nose syndrome epidemic. J Wildl Dis. 2015; 51: 318–331.

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

21. Reynolds HT, Barton HA, Slot JC. Phylogenomic analysis supports a recent change in nitrate assimila-

tion in the White-nose Syndrome pathogen, Pseudogymnoascus destructans. Fungal Ecol; 2016; 23:

20–29. https://doi.org/10.1016/j.funeco.2016.04.010

22. Raudabaugh DB, Miller AN. Nutritional Capability of and Substrate Suitability for Pseudogymnoascus

destructans, the Causal Agent of Bat White-Nose Syndrome. PLoS One. 2013; 8: 1–9. https://doi.org/

10.1371/journal.pone.0078300 PMID: 24205191

23. 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: 16–

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

24. Verant ML, Boyles JG, Waldrep W, Wibbelt G, Blehert DS. Temperature-Dependent Growth of Geo-

myces destructans, the Fungus That Causes Bat White-Nose Syndrome. PLoS One. 2012; 7. https://

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

25. Shearer CA. Fungal competition. Can J Bot. 1995; 73: S1259–S1264.

Resource capture and competitive ability of non-pathogenic Pseudogymnoascus spp. and P. destructans.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178968 June 15, 2017 17 / 18

https://doi.org/10.1016/j.cub.2015.01.047
http://www.ncbi.nlm.nih.gov/pubmed/25784035
http://www.batcon.org/pdfs/USFWS_WNS_Mortality_2012_NR_FINAL.pdf
http://www.batcon.org/pdfs/USFWS_WNS_Mortality_2012_NR_FINAL.pdf
https://doi.org/10.1126/science.1188594
http://www.ncbi.nlm.nih.gov/pubmed/20689016
https://doi.org/10.1126/science.1163874
https://doi.org/10.1126/science.1163874
http://www.ncbi.nlm.nih.gov/pubmed/18974316
https://www.whitenosesyndrome.org/resource/white-nose-syndrome-fact-sheet-may-2016
https://www.whitenosesyndrome.org/resource/white-nose-syndrome-fact-sheet-may-2016
https://doi.org/10.3201/eid1707.102056
http://www.ncbi.nlm.nih.gov/pubmed/21762585
https://doi.org/10.1371/journal.pone.0104684
http://www.ncbi.nlm.nih.gov/pubmed/25122221
https://doi.org/10.1126/science.1201366
http://www.ncbi.nlm.nih.gov/pubmed/21454775
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/10.3852/12-207
https://doi.org/10.3852/12-207
http://www.ncbi.nlm.nih.gov/pubmed/23074174
https://doi.org/10.3852/10-262
http://www.ncbi.nlm.nih.gov/pubmed/20952799
https://doi.org/10.3852/12-242
http://www.ncbi.nlm.nih.gov/pubmed/22962349
https://doi.org/10.7589/2014-06-157
http://www.ncbi.nlm.nih.gov/pubmed/25588008
https://doi.org/10.1016/j.funeco.2016.04.010
https://doi.org/10.1371/journal.pone.0078300
https://doi.org/10.1371/journal.pone.0078300
http://www.ncbi.nlm.nih.gov/pubmed/24205191
https://doi.org/10.1371/journal.pone.0086437
http://www.ncbi.nlm.nih.gov/pubmed/24466096
https://doi.org/10.1371/journal.pone.0046280
https://doi.org/10.1371/journal.pone.0046280
http://www.ncbi.nlm.nih.gov/pubmed/23029462
https://doi.org/10.1371/journal.pone.0178968


26. Firn RD, Jones CG. The evolution of secondary metabolism—a unifying model. Mol Microbiol. 2000;

37: 989–994. PMID: 10972818

27. Boddy L. Interspecific combative interactions between wood-decaying basidiomycetes. FEMS Microbiol

Ecol. 2000; 31: 185–194. https://doi.org/10.1016/S0168-6496(99)00093-8 PMID: 10719199

28. 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: 1–6. https://doi.org/10.1371/journal.pone.0017032 PMID:

21399675

29. Vanderwolf KJ, Malloch D, Mcalpine DF, Forbes GJ. A world review of fungi, yeasts, and slime molds in

caves. Int J Speleol. 2013; 42: 77–96. https://doi.org/10.5038/1827-806X.42.1.9

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

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

10: 1–17. https://doi.org/10.1371/journal.pone.0141316 PMID: 26509269

31. Minnis AM, Lindner DL. Phylogenetic evaluation of Geomyces and allies reveals no close relatives of

Pseudogymnoascus destructans, comb. nov., in hibernacula of eastern North America. Fungal Biol;

2013; 117: 638–649. https://doi.org/10.1016/j.funbio.2013.07.001 PMID: 24012303

32. Blanchette RA, Held BW, Hellmann L, Millman L, Büntgen U. Arctic driftwood reveals unexpectedly rich
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