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ABSTRACT 
 

 

The arrival of white-nose syndrome (WNS), a devastating fungal disease, has 

highlighted the need to better understand bat microbiota and how bats acquire their 

microbiota. To address this need, we investigated how bat microbiota compare to microbiota 

from the cave walls in two El Malpais National Monument caves. The external surfaces of 

six roosting bats from each cave, representing four different bat species, and their associated 

microbial mats were sampled. One to three air samples were taken in each cave. Samples 

were sequenced using Illumina MiSeq sequencing of the 16S rRNA gene for bacterial 

diversity and the ITS region for fungal diversity. Many bacterial and fungal operational 

taxonomic units (OTUs) were shared among the sample types. Within the bacterial OTUs, 

Actinobactria were highest overall in all samples, but were higher in bats than mats. The 

most prevalent actinobacterial genera recovered were Rhodococcus, Streptomyces, 

Arthrobacter, and Rubrobacter. SourceTracker suggested bat bacterial communities may 
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originate from mat and air samples. Within the fungal OTUs, Ascomycota were highest 

overall in all samples, but higher in bats than mats. Prevalent fungal families included 

Cladosporiaceae, Pleosporaceae, Pseudeurotiaceae, Microascaceae, Leucosporidiaceae, and 

Mortierellaceae. A top fungal OTU recovered was a close relative of Pseudogymnoascus 

destructans, the cause of WNS. Our results shed light on a relatively understudied area that 

could have implications for understanding the source of potential natural defenses of bats, 

which could be important in predicting which western bats species are most vulnerable to 

WNS.  
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Introduction 
 

 

One of the greatest threats to North American bats today is the lethal disease known 

as white-nose syndrome (WNS), caused by the fungus Pseudogymnoascus destructans (P. 

destructans) (Blehert et al., 2009). P. destructans invades the exposed skin of the bats, 

causing erosions and ulcerations on the wings, uropatagium, ears, and muzzle (Meteyer et al., 

2009). Since its discovery in New York in the winter of 2006-2007, this fungal disease has 

killed over seven million bats and has spread to 33 states and seven Canadian provinces 

(https://www.whitenosesyndrome.org/,  2019). In the past two years, the fungus or the 

disease itself has been continuing on its path westward and has been discovered recently in 

California, Mississippi, North Dakota, Texas, and Wyoming 

(https://www.whitenosesyndrome.org/, 2019). 

In the aftermath of the discovery of WNS, there have been several studies that have 

focused on many aspects of this disease, including bats themselves and possible reasons for 

varying susceptibility (Wilder et al., 2011; Davy et al., 2017; Moore et al., 2018). 

Documented patterns of infection and mortality in bats with WNS show that some bat species 

may be less vulnerable than others (Turner et al., 2011; Langwig et al., 2012). A possible 

reason for these differences in vulnerability may be a bat’s natural defenses against incoming 

pathogens, such as a bat’s microbiome whose members could inhibit P. destructans (Winter 

et al., 2017). Research into which natural defenses bats may have and where they are 

acquiring these defenses is important in predicting which western bat species may be most 

vulnerable to WNS. 

https://www.whitenosesyndrome.org/
https://www.whitenosesyndrome.org/
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In humans, the skin microbiome consists of bacteria, fungi, viruses, and mites 

(Marples, 1965; Grice and Segre, 2011). This external microbiome can provide a first-line 

defense and plays an important, yet poorly understood, role in the overall health of humans 

(Grice and Segre, 2011; Mathieu et al., 2013). It has been shown that these external microbes 

are a source of antibiotic and antifungal compounds that can help maintain a healthy 

microbiome (Donia et al., 2014). There has been research done on wild animals, such as 

amphibians (Fitzpatrick and Allison, 2014; Kueneman et al., 2014) and whales (Apprill et al., 

2011, 2014), and their external microbiomes, but very little is known about the external 

microbiome of bats and the natural defenses they may have (Avena et al., 2016; Lemieux-

Labonté et al., 2017; Winter el al., 2017).  

Previous studies have shown that bacteria isolated from bats can inhibit the growth of 

P. destructans (Hoyt et al., 2015; Hamn et al., 2017). The bacteria that inhibited P. 

destructans in Hamm et al. (2017) were all from the phylum Actinobacteria. Actinobacteria 

are one of the highest producers of secondary metabolites, such as antibiotics and antifungals 

(Bérdy, 2012; de Lima Procópio et al., 2012). In addition, many of these bacteria were 

isolated from bats caught in caves. Actinobacteria have been found in high abundance and 

with great diversity in caves (Northup et al., 2011; Riquelme et al., 2015; Rangseekaew and 

Pathom-aree, 2019); thus, cave microbial mats may be a large source of beneficial 

Actinobacteria. 

Looking at the fungal aspect of the external microbiome, little is known about fungi 

on bats and what roles they play in natural defenses. Fungi are known to produce secondary 

metabolites in great numbers (Throckmorton et al., 2015); thus, there is potential for fungi to  

provide a line of defense against incoming pathogens. In addition, Singh et al. (2018) found  
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that a fungus, Trichoderma polysporum, has the ability to inhibit the growth of P. destructans 

with minimal effect on native soil microbes. Fungi have also been found to be abundant and 

diverse in caves where bats roost or hibernate (Vanderwolf et al., 2013a), making them an 

important aspect to consider in the bat microbiota and cave ecosystem. 

From the literature cited above, it is evident that bacteria and fungi have the potential 

to play an important role in bat health and defenses against incoming pathogens. It is 

particularly important to look at these natural defenses in caves since WNS mortality has 

only been documented to occur when bats are hibernating in caves or mines (Frick et al., 

2010). Winter et al. (2017) and previous unpublished research by the Northup lab group have 

shown differences in the external bacterial (16S rDNA) and fungal (ITS) communities on 

cave-caught bats versus surface-caught bats (bats caught outside of caves). Although these 

differences are not completely understood, we hypothesized that some of the bacteria and 

fungi found exclusively on cave-caught bats come from bacteria and fungi previously 

reported from caves. 

In this study, we compared the diversity of bacterial and fungal communities on bats 

versus the cave walls in El Malpais National Monument (ELMA). There have been a few 

studies that have compared the microbial diversity of bats to their environment (Avena et al., 

2016; Lemieux-Labonté et al., 2017), but these studies have only looked at the bacterial 

diversity and not the fungal diversity. Understanding the fungal diversity provides a more 

comprehensive view of how a roosting site may impact a bat’s microbiome. In addition, no 

studies thus far have done this type of comparison in lava caves such as the ones in ELMA. 

The caves at El Malpais are known to host hibernating bats, many of the caves have ideal 

temperatures and humidity for the growth of P. destructans (Torres-Cruz et al., 2019), and it 



 4 

is currently a WNS-free area, making this an ideal location for this study. With WNS-free 

areas disappearing rapidly, studying WNS-free areas like ELMA in New Mexico is 

tremendously important because it establishes a baseline of interactions prior to the 

introduction of WNS. 

 

    

Methods 
 

Sample Collection 

 

Samples were collected on March 16-17, 2017 from two ELMA lava caves (Classic 

Cave and West Cave) located in Cibola County, NM, United States. The two lava caves were 

chosen based on past surveys showing roosting bats and appropriate temperature and relative 

humidity for growth of P. destructans. In addition, these caves are not open to the public, 

thus there is very little human activity and contamination.  

In each cave, six roosting bats and their associated microbial mats were sampled 

(n=23). Samples of the air were taken in each of the caves by wetting sterile swabs with 

sterilized Ringer’s solution and leaving them exposed to the air of the room away from 

human activity for fifteen minutes. One air sample (n=1) was taken in West Cave, as all the 

bats were roosting in the same room. Three air samples (n=3) were taken in Classic Cave 

since that cave had multiple rooms where the bat samples were collected. Four species of 

bats are represented in this data set: Corynorhinus townsendii (n=5), Myotis volans (n=4), 

Myotis evotis (n=1) and Myotis thysanodes (n=2). Multiple dry-bulb temperatures (Digital 

Thermometer Model 2400 IMC Instruments Inc.) were taken in each cave and averaged. The 

collecting permit was issued by the National Park Service (#ELMA-2017-SCI-0002) to Dr. 



 5 

Diana Northup, and work was conducted with an approved IACUC protocol (#16-200508-

MC). Table 1 summarizes all the sample and temperature information. 

Table 1. Summary of samples taken in each cave.  

 

 Classic Cave (CLC) 

(Mean dry-bulb temp. 1.18℃) 

West Cave (EST) 

(Mean dry-bulb temp. 3.22℃) 

Total 

Corynorhinus townsendii 

(COTO) 

5 0 5 

Myotis evotis (MYEV) 0 1 1 

Myotis thysanodes (MYTH) 0 2 2 

Myotis volans (MYVO) 1 3 4 

Microbial Mat 5* 6 11 

Air 3 1 4 

Total 14 13 27 

*One microbial mat sample was paired with two bat samples since the bats were roosting very close together. 

 

 

Bat samples were collected aseptically following established protocols (Winter et. al., 

2017). The body fur, wings, and uropatagium of the bats were swabbed with sterile nylon 

tipped swabs, which were wetted with sterilized Ringer’s solution. The swabs were stored in 

sucrose lysis buffer (Giovannoni et al., 1990) to preserve the DNA and then put on dry ice 

until they could be stored at -80°C to await shipping for sequencing. All bats were caught 

and handled by an experienced bat biologist, under her New Mexico Game and Fish permit, 

which ensured the safety of the bats and humans involved.  

Microbial mat samples were collected aseptically using a flame sterilized cold chisel 

to take rock chips from the wall or ceiling near or under the roosting bats. Where mats were 

not adjacent to sampled bats, microbial mat samples were collected as close as possible to the 
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roosting bat. These bat and microbial mat samples were separated into pairs and assigned a 

letter for their pair (Table 2). The microbial mat samples collected were also placed in 

sucrose lysis buffer and kept at 4°C prior to transfer to the laboratory where they were stored 

at -80°C until they were sent to a facility for DNA extraction and sequencing. 

 

Table 2. Sample pairs of bat and microbial mat samples. 

 

Pair Bat Species (abbreviation) Cave (abbreviation)/Microbial mat 

Pair_A COTO CLC mat 

Pair_B COTO CLC mat 

Pair_C MYVO CLC mat 

Pair_D1 COTO CLC mat* 

Pair_D2 COTO CLC mat* 

Pair_E COTO CLC mat 

Pair_Q MYVO EST mat 

Pair_V MYTH EST mat 

Pair_W MYVO EST mat 

Pair_X MYEV EST mat 

Pair_Y MYTH EST mat 

Pair_Z MYVO EST mat 

*Only one microbial mat sample was taken for Pair_D and paired with bat pairs D1 and D2. 
 

 

16S rRNA Gene Amplification and Sequencing 

Bat swabs and microbial mat samples were sent to MR DNA in Shallowater TX 

(http://www.mrdnalab.com/) for genomic DNA extraction and sequencing. A portion of the  

prokaryotic 16S ribosomal RNA (rRNA) gene region was amplified using the primer set 

515F (GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT), 

with a barcode on the forward primer for a 30 cycle Polymerase Chain Reaction (PCR). The 
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PCR was done using a HotStarTaq Plus Master Mix (Qiagen, USA) with the following 

thermocycler conditions:  94°C for 3 minutes, followed by 28 cycles of 94°C for 30 seconds, 

53°C for 40 seconds and 72°C for 1 minute, after which a final elongation step at 72°C for 5 

minutes. After amplification, PCR products were checked in 2% agarose gel. Samples were 

pooled together based on their molecular weight and DNA concentrations and then purified 

using calibrated Ampure XP beads. The pooled and purified PCR product was used to 

prepare the DNA library by following Illumina TruSeq DNA library preparation protocol. 

Sequencing was performed using the 515F primer at MR DNA on a MiSeq following the 

manufacturer’s guidelines.  

 

ITS Gene Region Amplification and Sequencing 

Bat swabs and microbial mat samples were sent to MR DNA in Shallowater TX 

(http://www.mrdnalab.com/) for genomic DNA extraction and sequencing. After initial 

extraction at MR DNA, efforts to amplify the fungal gene region for the microbial mats 

failed. Mat samples were then extracted at the University of New Mexico using the Qiagen 

DNeasy PowerSoil Kit (Qiagen, USA). After troubleshooting efforts, a method of nested 

PCR using first ITS 1F-4 primers, then nested PCR with ITS1-4 primers was used. Extracted 

microbial mat DNA was sent to MR DNA, where nested PCR was performed on both bat and 

microbial mat samples. The internal transcribed spacer (ITS) region of the ribosomal RNA  

(rRNA) operon was amplified using the primer set ITS 1F 

(CTTGGTCATTTAGAGGAAGTAA) and ITS 4 (TCCTCCGCTTATTGATATGC) with a 

barcode on the forward primer. A 30 cycle Polymerase Chain Reaction (PCR) was performed 

using a HotStarTaq Plus Master Mix (Qiagen, USA) with the following thermocycler 
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conditions: : 94°C for 3 minutes, followed by 28 cycles of 94°C for 30 seconds, 53°C for 40 

seconds and 72°C for 1 minute, after which a final elongation step at 72°C for 5 minutes. 

After amplification, PCR products were checked in 2% agarose gel. Samples were pooled 

based on their molecular weight and DNA concentrations and then purified using calibrated 

Ampure XP beads. The pooled and purified PCR product was used to prepare the DNA 

library following the Illumina TruSeq DNA library preparation protocol. Sequencing was 

performed using the ITS 1F primer at MR DNA on a MiSeq following the manufacturer’s 

guidelines.  

 

16S rRNA Gene Read Processing and Data Analyses 

Reads produced from sequencing were preprocessed in Qiime 1.9.1(Caporaso et al., 

2010). A fastq file was created using convert_fastaqual_fastq.py, and index files were created 

using extract_barcodes.py. The files generated were then used in USEARCH 

v11.0.667_i86osx32 (Edgar, 2010, 2013) for quality filtering, global trimming, and 

operational taxonomic unit (OTU) assembly. Samples were de-multiplexed, and barcodes 

and primers were removed. Raw reads were filtered, sequences that had a greater expected 

error than 1.0 were removed, and sequences were then trimmed to 270 nucleotides. 

Sequences were then de-replicated using fastx_uniques to give an abundance basis for 

clustering OTUs. OTUs were clustered at a 97% identity threshold, singletons were removed 

to filter out any low-quality sequences, and chimeras were filtered denovo. Using this output 

data and the reads per sample, an OTU table was created with usearch_global. Taxonomy 

was assigned using the RDP classifier Version 2.11 (Wang et al., 2007) trained on the RDP 

16S training set v16 (access date 4-4-2019; RDP Release 11, Update 5 :: September 30, 
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2016). OTUs classified as Archaea or chloroplasts were removed from the OTU table. The 

final OTU table contained 3804 OTUs and 27 samples.  

For a majority of the bacterial sequence data analyses, R (Version 3.5.2, R 

Development Core Team, 2012) was used, and various R packages were implemented on the 

data. The packages primarily used were the phyloseq package (McMurdie and Holmes, 

2013), ggplot2 (Wickham, 2016), and ggpubr (Kassambara, 2018). To assess the species 

richness of our sampling, a rarefaction curve plot was generated using the ranacapa package 

(Kandlikar et al., 2018). To observe alpha diversity, the samples were first rarefied without 

replacement to 13,467 sequences per sample using ‘rarefy_even_depth’ (set.seed 790) 

function in phyloseq (v1.26.1). Two Hundred and fifty-one OTUs were removed from the 

OTU table after rarefaction. Four alpha diversity measures, including the number of observed 

OTUs, Chao1 richness estimate (Chao, 1984), and Shannon Diversity index (Haegeman et 

al., 2013) were calculated on both the raw and rarefied data using the ‘estimate_richness’ 

function in phyloseq. Normality of both the raw and rarefied alpha diversity measures were 

visualized with histograms and statistically tested with the Shapiro-Wilks test. An ANOVA 

or a Kruskal-Wallis test was used to test differences in alpha diversity indices between  

categorical groups of sample type, caves, and species of bats. If the ANOVA or Kruskal-

Wallis had significant results, a Tukey or a Pairwise Wilcoxon test was used to assess which 

groups were significantly different.  

To observe beta diversity, a non-metric multidimensional scaling (NMDS) ordination 

with a Bray-Curtis dissimilarity matrix was applied to the rarefied data using the ‘ordinate’ 

function in phyloseq (v1.26.1). Stress plots were created using the vegan package (Oksanen 

et al., 2016) to ensure that the stress was not too high (< 0.3) with the chosen number of 
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dimensions (k=2). To apply 95% confidence ellipses to the NMDS ordination, the 

‘stat_elipse’ function was used in which the calculations were modified from car::ellipse 

(Fox and Weisberg, 2011). A permutational multivariate analysis of variance 

(PERMANOVA) through the ‘adonis’ function in the vegan package was used to examine 

differences in beta diversity using sample type, caves, and species of bats as explanatory 

factors. Pairwise PERMANOVAs, using the ‘pairwise_adonis’ function in the ranacapa 

package (p_adjust_m= 'fdr'), were used to examine which sample type, caves, and species of 

bats were driving significant differences. The ‘betadispr’ function in vegan was used to 

evaluate differences in dispersion among the groups. In cases where beta dispersion was not 

equal, an analysis of similarities (ANOSIM) test was used instead of a PERMANOVA.  

Community composition was analyzed using a relativised OTU table produced by 

using the ‘transform_sample_counts’ command in phyloseq, which divided the read numbers 

for each OTU in a sample by the total number of reads in that sample giving a relative 

abundance. The most abundant taxonomic groups were compared using an ANOVA or a 

Kruskal-Wallis test to determine whether significant differences in relative abundances  

existed among sample types, caves, and species of bats. Group significance analyses were 

performed on the top abundant OTUs using the group_signficance.py script in Qiime 

(http://qiime.org/scripts/group_significance.html) with default parameters. The test was used 

to compare OTU frequencies of the top OTUs between just the bat and microbial mat sample 

group types. The OTU table was rarefied before group significance was done per 

recommendation of the script developers. Air samples were excluded due to their overall low 

species richness and sequencing depth. Using the numbers generated from the ‘venn’ 

http://qiime.org/scripts/group_significance.html
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function in gplots (Warnes et al., 2009), a Venn diagram was created using the R package 

eulerr (Larsson, 2018) to look at shared OTUs between sample types (bat, mat, and air).  

The SourceTracker software package (Knights et al., 2011) was used to determine the 

potential sources of microbial communities on the surfaces of bats with the potential sources 

being the microbial mat and air samples. The assumptions of the SourceTracker model are 

that each surface community is a mixture of communities deposited from known and 

unknown sources. The model uses a Bayesian approach to estimate the proportion of the 

surface community originating from the different sources. SourceTracker was applied to the 

rarefied data, treating the microbial mat and air samples as sources and the bat samples as 

sinks.   

 

ITS Gene Region Read Processing and Data Analyses 

Reads produced from sequencing were preprocessed in Qiime 1.9.1(Caporaso et al., 

2010). A fastq file was created using convert_fastaqual_fastq.py and index files were created 

using extract_barcodes.py. The files generated were then used in USEARCH  

v11.0.667_i86osx32 (Edgar, 2010, 2013) for quality filtering, global trimming, and 

operational taxonomic unit (OTU) assembly. Samples were de-multiplexed, and barcodes 

and primers were removed. Raw reads were filtered, sequences that had a greater expected 

error than 1.0 were removed, and sequences were then trimmed to 245 nucleotides. 

Sequences were then de-replicated using fastx_uniques to give an abundance basis for 

clustering OTUs. OTUs were clustered at a 97% identity threshold, singletons were removed 

to filter out any low-quality sequences, and chimeras were filtered denovo. Using these 

output data and the reads per sample, an OTU table was created with usearch_global. 
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Taxonomy was assigned using CONSTAX (Gdanetz et al., 2017), a tool that determines the 

consensus classification of three common fungal taxonomic assignment tools (RDP 

classifier, UTAX, and SINTAX). The reference database used was UNITE v7.2 (01-12-

2017) FASTA release database (Kõljalg et al., 2013). The default settings of CONSTAX 

were used with a confidence threshold of 0.8. After assignment with CONSTAX, Basic 

Local Alignment Search Tool (BLAST) queries of the NCBI database (Altschul et al., 1990) 

were used to better assign OTUs with incomplete taxonomy and to identify OTUs with high 

read numbers that were not truly fungal reads. Thirteen OTUs were removed from the OTU 

table that were closely related to an invertebrate or a bacterium. OTUs classified in the 

phylum Mortierellomycota were reassigned to the phylum Mucoromycota (Spatafora et al., 

2017). The final OTU table contained 425 OTUs and 27 samples.  

 The data analyses for the fungal sequence data were done the same way as the 

bacterial data analyses with the exception of the following. To observe alpha diversity, the 

samples were first rarefied without replacement to 1462 sequences per sample using  

‘rarefy_even_depth’ (set.seed 790) function in phyloseq. Sixty-three OTUs were removed 

from the OTU table after rarefaction. Originally a relativised OTU table was going to be used 

to observe the fungal community composition, but on closer inspection of the data, it was 

revealed that some samples were severely skewing the abundances of certain fungal 

communities. Thus, the rarefied OTU table was used to look at the fungal community 

composition. The rarefied OTU table with all the samples contained 362 OTUs and 27 

samples. In addition, the FUNGuild annotation tool (Nguyen et al., 2016) was used to attain 

functional information about some of the fungal OTUs present in this data set. FUNGuild 
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allows for the illumination and characterization of the ecological guilds present within this 

data. 

 

 

Results  
 

16S rRNA Gene Sequencing Summary 

After filtering, a total of 1,822,341 bacterial 16S rRNA gene sequences were obtained 

with a range of 13,467 to 97,498 per sample and a mean of 67,494.11 sequences (standard 

deviation 22,217.70). A total of 3,804 OTUs were in the final OTU table. Of those 3,804 

OTUs, 3,281 were in the bat samples, 3,010 were in the microbial mats, and 549 were in the 

air samples. Twenty-seven samples, consisting of 12 bat, 11 microbial mat, and four air 

samples, were in the final data set used for a majority of the data analyses. For part of the 

analyses, only the bat and microbial mat samples were used (n=23). 

 

Bacterial Community Diversity 

Figure 1 shows the rarefaction curves and alpha diversity indices of bacterial 

communities for each sample type. The rarefaction curves (Figure 1A) showed a plateauing 

in all the samples. In addition, the figure shows that the bat and microbial mat samples have a 

higher species richness and sample depth than the air samples. Observed OTUs and Chao1 

showed similar diversity among the bat and microbial mat samples, but the Shannon diversity 

index showed some (not significant) difference between bat (3.53 ± 1.28) and mat (4.45 ± 

0.44) samples (Table 3). There was no significant difference between the bat and microbial 

mat samples with respect to any of the alpha indices (ns: p > 0.05) (Figure 1B). There were 

significant differences in observed OTUs, Chao1, and Shannon diversity between mat and air 

samples (**: p <= 0.01), and there were significant differences in observed OTUs and Chao1 
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between bat and air samples (**: p <= 0.01). The bat samples had the highest mean alpha 

diversity in regard to observed OTUs (678.25 ± 218.70) and Chao1 richness (908.28 ± 

202.02). The mat samples had the highest mean Shannon diversity (4.45 ± 0.44). There were 

not significant differences between the two caves (CLC and EST) with respect to the three 

alpha indices (p>0.05). A pairwise Wilcoxon test showed that there were not significant 

differences (p>0.05) between the species of bats (COTO, MYVO, MYTH, MYEV). 

 

 
 

Figure 1. Bacterial richness and alpha diversity (A) Rarefaction curve by sample type on raw data.  (B) Alpha 

diversity indices (Observed richness, Chao1, and Shannon) on rarefied data. Box plots by sample type. Brackets 

denote the pairwise comparison p-value significance codes (ns: p > 0.05, *: p <= 0.05, **: p <= 0.01, ***: p <= 

0.001, ****: p <= 0.0001). Kruskal-Wallis p-value shown at the bottom of each alpha index box plot. 
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Table 3. Bacterial alpha diversity by sample type. Values are mean ± 1 Standard Deviation. 

Values calculated on rarefied data diversity indices.  

 

Diversity Indices Bat Mat Air 

Observed OTUs 678.25 ± 218.70 676.55 ± 177.39 196.50 ± 10.66 

Chao1 908.28 ± 202.02 894.24 ± 227.31   452.63 ± 13.97 

Shannon 3.53 ± 1.28 4.45 ± 0.44 2.85 ± 0.51 

 

An adonis test revealed significant differences between sample type based on the 

Bray-Curtis dissimilarity metric (R² = 0.30, p <= 0.001). Pairwise adonis test showed 

significant differences between all sample type pairs (p <= 0.05) (Table 4). These differences 

were revealed when the NMDS plots were colored by sample type (Figure 2 A, B). Figure 

2b, which has had the air samples removed, better demonstrates the differences between the 

bat and microbial mat samples. ‘Betadisper’ analyses showed no significant differences in 

beta dispersion among the sample types and caves (p> 0.1), but beta dispersion was 

significantly different among species of bats (p <= 0.01). An adonis test revealed significant 

differences between caves (R² = 0.14, p = 0.001).  A mixed effects model with type and cave 

as factors showed that the interaction between sample type and cave was significant (p = 

0.001). An ANOSIM test with species as a factor showed that the samples were similar with 

some differences based on an R²=0.26. The “species” factor separates out not only by the 

species of bat, but also the mat and air sample, thus these differences may be due to 

differences between sample type. 
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Table 4. Bacterial pairwise adonis results with false discovery rate (FDR) corrections. 

 
Pairs F.Model           R² p.value 

 

p.adjusted 

Bat vs Mat 4.713920 0.1833217 0.002 0.002 

Bat vs Air 4.934972 0.2606274 0.001 0.002 

Mat vs Air 5.961463 0.3143989 0.002 0.002 

   
 

 

 
 

Figure 2. Bacterial NMDS plots. (A) The first two axes of a 3D NMDS (stress=0.0683) colored by sample type 

with 95% confidence ellipses. (B) The first two axes of a 3D NMDS (stress=0.0628) colored by bat and mat 

with 95% confidence ellipses.  

 

 

Bacterial Community Composition 

 The overall highest relative abundances (>1%) of phyla in the OTU table were 

Actinobacteria (40.44%), Proteobacteria (29.38%), Acidobacteria (9.61%), Unclassified 

bacteria (9.05%), Bacteroidetes (3.06%), Nitrospirae (1.66%), Verrucomicrobia (1.59%), 

Planctomycetes (1.53%), Firmicutes (1.46%), and Gemmatimonadetes (1.22%). These nine 

phyla and unclassified bacteria made up approximately 98% of all the OTUs. Phyla that were 
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significantly different in relative abundance between bat and mat microbial mat samples were 

Actinobacteria (p = 0.00007), Proteobacteria (p = 0.004), Acidobacteria (p = 0.03), 

Firmicutes (p = 0.003), and Verrucomicrobia (p = 0.001) (Figure 3). The relative abundance 

of unclassified bacteria was significantly higher (p = 0.001) in microbial mat samples than in 

bat and air samples. The phyla of the air samples that were significantly different from the 

bat and mat samples were Proteobacteria (p <= 0.001), Firmicutes (p <=0.01), 

Gemmatimonadetes (p <= 0.05), Planctomycetes (p <=0.01), and Verrucomicrobia (p 

<=0.01) (Figure 3).  

 

 
 

Figure 3 Relative abundance of bacterial phyla. All phyla with 1% or more relative abundances from each 

sample type are represented by name, and the phyla with less than 1% mean relative abundances are grouped 

into the “Other Phyla” category. 
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 Group significance on the 20 most abundant OTUs of just the bat and mat samples 

showed significant differences between the bat and mat in eight OTUs (Table 5). Most of the 

significantly different OTUs had a higher mean abundance in bats than in mat samples. In 

fact, only one of the significant OTUs was higher in the mats than in the bat samples 

(OTU34). This OTU could only be classified down to the class level of 

Gammaproteobacteria (Table 5). Rhodococcus (OTU1) and Arthrobacter (OTU2) are genera 

in the phylum Actinobacteria that were significantly different in the bat and microbial mat 

samples, but there were other Actinobacteria species that were among the top 20 OTUs that 

were not significantly different. They include Rubrobacter (OTU7) and Streptomyces 

(OTU3) species, and bacteria in the families Pseudonocardiaceae (OTU1106) and 

Acidimicrobiaceae (OTU18) (Table 5). 

Table 5. Group significance of top 20 bacterial OTUs.  
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Since Actinobacteria have the potential to play an important role in the health of bats, 

the Actinobacteria in the bat and mat samples were characterized in more detail (Figure 4). 

The relative abundances in Figure 4 are the relative abundances within the Actinobacteria 

phylum. It is important to keep in mind that overall the Actinobacteria relative abundance in 

the bat samples was higher (56.74%) than in the microbial mat samples (24.03%) (Figure 3). 

With respect to the Actinobacteria in Figure 4, the bat samples did not seem to share the 

same proportions or types of Actinobacteria genera. There were eight bat samples that were 

generally dominated by Arthrobacter and Rhodococcus species (Pairs B-C and Q-Z). The 

other four bat samples were generally dominated by Streptomyces and Rubrobacter species 

(Pairs A and D1-E). The microbial mat samples did not all share the same portions of 

Actinobacteria genera, but they all generally contained Streptomyces species (Figure 4). Five 

mat samples had high proportions characterized as “Unclassified Genera of Actinobacteria” 

(Pairs A-D and Q). Looking at both the bat and mat samples, eight bat samples (Pairs B-C 

and Q-Z) stood out as being very different, with respect to Actinobacteria genera, from all 

the mat samples (Figure 4).  

Figure 5 shows the shared bacterial OTUs between each sample type collectively. 

There were 526 OTUs out of 3,804 shared among every sample type (Bat, Mat, and Air). The 

bat samples had more unique OTUs (780) than the other two sample types. The bat and mat 

samples shared a large percentage of their OTUs with each other, 59.86% of the bat samples’ 

OTUs were shared with the mat samples and 65.25% of the mat samples’ OTUs were shared 

with the bat samples. Collectively, the air samples shared most of their OTUs with the bat 

and the mat samples (99.45%).  
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Figure 4. Relative abundance of Actinobacteria genera for bat and microbial mat samples. Represented are the 

relative abundance at the genus level across each bat and microbial mat samples. All Actinobacteria genera with 

2% or more relative abundances from each sample are represented by name. Bat sample pairs D1 and D2 are 

both paired with one microbial mat sample (Pair_D1).  

 

 

 

 
 

Figure 5. Bacterial Venn diagram. Shows the shared OTUs among the three sample types. 
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The SourceTracker results shed light on the potential impact that the microbial mats 

and air of a cave can have on the bats’ bacterial communities (Figure 6). For the most part, 

each of the bat samples showed high proportions of their potential source of bacteria coming 

from their respective cave microbial mats, with the exception of the 

“Bat_MYVO_CLC_PairC” and “Bat_MYVO_EST_PairW”. CLC cave air appeared to be a 

potential source of bacteria in every bat sample, with a range of 0.05% to 58.85%. EST cave 

air appeared to be a smaller potential source of bacteria in only five of the bat samples, with a 

range of 0.03% to 16.37%. The CLC microbial mat appeared to be a high potential source of 

bacteria in five of the bat samples, with a range of 42.62% to 84.18%. The CLC microbial 

mat appeared to be a high potential source of bacteria in seven of the bat samples, with a 

range of 17.81% to 93.45%. The percentage range of the source being “unknown”, meaning 

not from the mat or air samples, was 2.8% to 39.67%. 

 

 
 

Figure 6. Bacterial SourceTracker source contributions. Shows estimated source environment proportions of 

potential contribution to the bat samples. Possible source environments are CLC cave air, CLC microbial mat, 

EST cave air, EST microbial mat, and unknown source.  
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ITS Gene Sequencing Summary 

After filtering, a total of 686,131 fungal ITS gene sequences were obtained with a 

range of 1,462 to105,540 sequences per sample and a mean of 25,412.26 sequences (standard 

deviation 19,259.61). A total of 425 OTUs were in the final OTU table. Of those 425 OTUs, 

414 were in the bat samples, 185 were in the microbial mats, and 72 were in the air samples. 

Twenty-seven samples, consisting of 12 bat, 11 microbial mat, and four air samples, were in 

the final data set used for a majority of the data analyses. For part of the analyses, only the 

bat and microbial mat samples were used (n=23). 

 

Fungal Community Diversity 

Figure 7 shows the rarefaction curves and alpha diversity indices of fungal 

communities for each sample type. The rarefaction curves (Figure 7A) showed a plateauing 

in all the samples except two. In addition, the figure shows that the bat samples have a higher 

and more variable species richness than both the microbial mat and air samples. One 

microbial mat sample had a much higher sequencing depth than all the other samples, and 

one air sample had a much lower sequencing depth than all the other samples. Observed 

OTUs, Chao1, and Shannon indices showed very different diversity among the bat and 

microbial mat samples (Table 6). The means of all the bat alpha indices were higher than all 

of those of the mat samples. There were significant differences between the bat and microbial 

mat samples with respect to all of the alpha indices (**: p <= 0.01) (Figure 7B). There were 

significant differences in observed OTUs, Chao1, and Shannon diversity between bat and air 

samples (**: p <= 0.01). There were not significant differences in observed OTUs, Chao1 

and Shannon diversity between the mat and the air samples (ns: p > 0.05). There were not 
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significant differences between the two caves (CLC and EST) with respect to the three alpha 

indices (p>0.05). A pairwise test of species showed that there were not significant differences 

(p>0.05) between the species of bats (COTO, MYVO, MYTH, MYEV). 

 

 
 

Figure 7. Fungal richness and alpha diversity (A) Rarefaction curve by sample type on raw data.  (B) Alpha 

diversity indices (Observed richness, Chao1, and Shannon) on rarefied data. Box plots by sample type. Brackets 

denote the pairwise comparison p-value significance codes (ns: p > 0.05, *: p <= 0.05, **: p <= 0.01, ***: p <= 

0.001, ****: p <= 0.0001). Kruskal-Wallis p-value shown at the bottom of each alpha index box plot. 

 

 

 



 24 

Table 6. Fungal alpha diversity by sample type. Values are mean ± 1 Standard Deviation. 

Values calculated on rarefied data diversity indices. 

  

Diversity Indices Bat Mat Air 

Observed OTUs 64.00 ± 28.18 17.27 ± 5.41 12.25 ± 1.71 

Chao1 86.47 ± 40.83 35.08 ± 20.65  33.69 ± 19.16 

Shannon 2.13 ± 0.70 0.97 ± 0.64 0.39 ± 0.29 

 

In examining beta diversity, ‘Betadisper’ analyses showed significant differences in 

beta dispersion among the sample types (p <= 0.001). Since beta dispersion was significantly 

different between sample types, an ANOSIM test was used in lieu of an adonis test. 

ANOSIM results showed significant differences between all sample types (R = 0.44 p = 

0.0009) and between bat and mat samples (R = 0.44 p = 0.0009). These differences were 

revealed when the NMDS plots were colored by sample type (Figure 8 A, B). Figure 8B 

demonstrates the differences between the bat and microbial mat samples and shows the 

dispersion pattern. ‘Betadisper’ analyses showed significant differences in beta dispersion 

among the species of bats (p <= 0.001). Since Beta dispersion was not significantly different 

between the two caves (p> 0.1), an adonis test was used and revealed significant differences 

between caves (R² = 0.070 p = 0.002). A mixed effects model with type and cave as factors 

showed that the interaction between sample type and cave was significant (p = 0.001). An 

ANOSIM test with species as a factor showed significant differences (R = 0.09, p = 0.0009). 

 

 

 

 

 

 

 



 25 

 

 
 

Figure 8. Fungal NMDS plots. (A) The first two axes of a 3D NMDS (stress=0.151) colored by sample type 

with 95% confidence ellipses. (B) The first two axes of a 3D NMDS (stress=0.133) colored by bat and mat with 

95% confidence ellipses.  

 

Fungal Community Composition 

The overall relative abundances of phyla in the rarefied OTU table were 47.80% 

Ascomycota, 24.73% Basidiomycota, 15.26% Mucoromycota, and 12.88% Unclassified 

fungi. Looking at Figure 9A, there are differences in relative abundances of the three phyla 

and Unclassified fungi among sample types, but most of the observed differences were not 

statistically significant. Ascomycota and Basidiomycota abundances were not significantly 

different between any of the sample types (bat, mat, and air). Mucormycota abundances were 

significantly different between microbial mat and air samples (p <= 0.01) and bat and air 

samples (p <= 0.01). Unclassified fungi abundances were significantly different between 

microbial mat and air samples (p <= 0.05) and bat and air samples (p <= 0.01). Unclassified 

fungi were in higher relative abundance in microbial mat samples (28.55%) than in the other 

sample types, bat (2.74%) and air (0.22%). The large percentage of unclassified fungi in the 
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mat samples was due to three mat samples that were mainly composed of unclassified fungi 

(78-96% of samples sequences are unclassified). All the other mat samples had low 

abundances of unclassified fungi. There were three unclassified OTUs that made up most of 

the sequence abundance of the three mat samples (OTU 2, 9, and 24) (Figure 9C).  

 

 
 

Figure 9. Relative abundance of fungal taxa at the phylum (A) and order (B) levels across sample types. The 

relative abundance at the family level across each bat and microbial mat samples (C). Bat sample pairs D1 and 

D2 are both paired with one microbial mat sample (Pair_D1). All orders and families with 1% or more relative 

abundances from each sample type are represented by name and the orders and families with less than 1% 

mean relative abundances are grouped into the “Other Orders” and “Other Families” categories. 

 

At the Order level (Figure 9B), the bat and mat samples were fairly diverse in the 

types of fungi found within them and the air samples were not as diverse. The air samples 

were mainly dominated by four Orders, Capnodiales (Ascomycota), Teloschistales 

(Ascomycota), Polyporales (Basidiomycota), and Malasseziales (Basidiomycota). Both bat 

and mat sample types shared more similarities in terms the fungal Orders found within them, 

than they did with the air samples. For example, both bat and mat sample types shared fungal 



 27 

taxa (at 1% relative abundance or higher) within the Orders Capnodiales, Pleosporales, 

Theleboables, Hypocreales, Mortierellales, and Unclassified fungi. These five Orders and the 

unclassified fungi made up 43.29% and 82.01% of the bat and mat sample type community 

composition respectively. Proportions that were driving these differences in overall 

abundances of these orders were first the high abundance of unclassified fungi in the mat 

samples (28.55%), Mortierellales in mats (21.07%) as opposed to in bats (14.76%), and 

Theleboables in mats (14.16%) as opposed to in bats (10.03%). 

Figure 9C represents the top 16 families that are in 1% or greater abundance overall 

in both the bat and mat sample types and each stacked bar represents a sample within the bat 

or mat sample type. It is apparent looking at Figure 9C that many of the samples are 

different, not only between bat and mat sample types, but also between individual samples 

within a given sample type. Families that stand out in the samples were Pleosporaceae, 

Pseudeurotiaceae, Microascaceae, Leucosporidiaceae, Mortierellaceae, and unclassified fungi 

(Figure 9C). Pleosporaceae was present in higher than 1% abundance in eight of the bat 

samples with a range of 1.98% to 28.97% relative abundance and was only present in one 

mat sample at 72.53% relative abundance. Pseudeurotiaceae, the family that contains the 

genus Pseudogymnoascus, was present in ten of the bat samples with a range of 1.41% to 

46.73% and in only three of the mat samples ranging from 11.14% to 96.50%. Looking at 

Microascaceae, it was in relatively high abundance in just five of the bat samples, ranging 

from 22.48% to 73.50% relative abundance. These five bat samples (Pairs A-B and D1-E) 

were the five COTO bat species samples taken in this study. Leucosporidiaceae was present 

in nine of the bat samples and was not present in the mat samples, the nine bat samples 

ranged from 1.34% to 67.66% relative abundance. Mortierellaceae was present in higher than 
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1% relative abundance in 19 of the samples. It was present in eleven of the bat samples 

ranging from 2.08% to 64.64% and in eight of the mat samples ranging from 1.38% to 

99.05% relative abundance. One mat sample (Pair Z) was almost completely dominated by 

the Mortierellaceae family, and its corresponding bat sample (Pair Z) had a high abundance 

as well.  

Table 7. Group significance of top 24 fungal OTUs.  

 

 
 

Group significance on the 24 most abundant fungal OTUs of just the bat and mat 

samples showed significant differences between the bat and mat in eight OTUs (Table 7). 

Most of the significantly different OTUs had a higher mean abundance in bats than in mat 

samples. In fact, only one of the significant OTUs (classified as Alternaria) was higher in the 

mats than in the bat samples (OTU5). There were two OTUs in the table that were classified 
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in the genus Pseudogymnoascus (OTU3 and OTU7), which is the genus of the white-nose 

pathogen P. destructans. OTU3 was classified to the species P. roseus and OTU7 was not 

able to be classified to the species level. OTU3 was significantly higher in abundance in the 

bat samples (p = 0.002, mean = 635.42) and OTU7 was higher in abundance (mean =879.36) 

overall in the mat samples, but was not significantly higher. There were five OTUs classified 

in the genus Mortierella, two of which had a higher mean abundance in the bat samples and 

three of which had a higher mean abundance in the mat samples.  

Figure 10 shows the shared fungal OTUs among sample types. There were 64 OTUs 

out of 425 OTUs shared among every sample type (Bat, Mat, and Air). The bat samples had 

more unique OTUs (232) than the other two sample types. The mat samples shared 94.60% 

of their OTUs with the bat samples and the bat samples shared 42.27% of their OTUs with 

the mat samples. The air samples shared most of their OTUs with the bat and the mat 

samples (98.61%).   

        
 

Figure 10. Fungal Venn diagram. Shows the shared OTUs between the three sample types. 

 

The SourceTracker results (Table 8) for the fungi appeared that the potential impact 

of the microbial mats and air of a cave have on the bats fungal communities is very low, if 

not at all. The percentage range of the source being “unknown”, meaning not from the mat or 
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air samples, was 70.50% to 99.99%. The EST microbial mats appeared to be a potential 

source of fungi in seven of the bat samples from both caves, with a range of 0.01% to 

29.50%. The CLC microbial mats appeared to be a very small potential source of fungi in 

just two of the bat samples from CLC cave, with a range of 0.002% to 7.46%. 

  

Table 8. Fungal SourceTracker results. Numbers are percentages. 
 

Sample ID CLC cave 

air 

CLC Microbial 

mat 

EST cave 

air 

EST Microbial 

mat 

Unknown 

Bat_COTO_CLC_PairA 0 0 0 0 100 

Bat_COTO_CLC_PairB 0 0 0 0 100 

Bat_MYVO_CLC_PairC 0 0 0 1.00E-02 99.99 

Bat_COTO_CLC_PairD1 0 7.46 0 8.39 84.15 

Bat_COTO_CLC_PairD2 0 2.00E-02 0 6.15 93.83 

Bat_COTO_CLC_PairE 0 0 0 1.00E-02 99.99 

Bat_MYVO_EST_PairQ 0 0 0 7.39 92.61 

Bat_MYTH_EST_PairV 0 0 0 29.5 70.5 

Bat_MYVO_EST_PairW 0 0 0 3.25 96.75 

Bat_MYEV_EST_PairX 2.00E-02 0 0 0 99.98 

Bat_MYTH_EST_PairY 0 0 0 0 100 

Bat_MYVO_EST_PairZ 0 0 0 0 100 

 

 

 

Discussion 
 

Our results shed light on an understudied area that could potentially have implications 

for the health of bats that roost in caves. We characterized the bacterial and fungal 

communities across samples from the external microbiomes of varying species of bats, cave 

microbial mats, and cave air. Looking at both the bacterial and fungal communities of these 
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samples allowed us to get a more complete view of the microbial communities in the caves 

and cave roosting bats.  

Overall, the bacterial and fungal results showed some similar general trends. In both 

cases, the bat samples generally had higher species richness than the microbial mat samples. 

Many of the OTUs were shared among all sample types in both results (Figures 5 and 10), 

and all the top OTUs were shared between the bat and the mat samples (Tables 5 and 7). In 

addition, both results showed significant differences in beta diversity among sample types 

(Figures 2 and 8). They also showed significant differences in beta diversity between the 

two caves. This suggests that where a sample is taken geographically (e.g. in separate caves) 

can impact the bacterial and fungal communities. This is consistent with other studies 

showing geographical impact on bat bacterial communities (Avena et al., 2016; Winter et al., 

2017). This result, taken with our finding that there are many shared OTUs among the 

sample types in each data set, indicates that there are microbial communities potentially 

being exchanged between bats and the environments in which they roost. Although the 

sample types shared many OTUs, they were certainly not identical to each other. This 

indicates that there are certain microbial communities that are favored or regulated in 

different ways within their respective environments (i.e. the fur of a bat or the wall of a 

cave). Avena et al. (2016) and Lemieux-Labonté et al. (2017) looked at bat samples versus 

the environment and found similar findings to ours; however, they did not have fungal data in 

either of their studies. Our study illuminates the possibility of not only a sharing of bacterial 

communities between bats and their environment, but also fungal communities as well. We 

recognize that the sample size for this study is small, and in some instances, we could not 
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make robust statistical conclusions from the data, but the characterization of these samples 

will help guide and inform future research in this area.  

The air samples in both the bacterial and fungal results had low species richness and 

diversity in comparison to the bat and mat samples (Figures 1 and 7). This is most likely 

because we only have four air samples in the data set and the swabs for these samples were 

only exposed to the air for a short period of time. For future studies, a laboratory-grade air 

sampler would be better suited for sampling the cave air, which has been done in other cave 

studies, such as those of Man et al. (2018) and Martin-Sanchez et al. (2014). Even though the 

air samples in this study had low sequencing depth, we kept them in the data set because they 

showed a potential impact on the bat samples’ microbial communities in the bacterial 

SourceTracker results (Figure 6). This indicates that a more in-depth study with higher 

quality air samples could better illuminate the relationship between the air of a cave and the 

external microbiome of bats. 

 

16S rRNA Gene Discussion and Implications 

The rarefaction curves and the alpha diversity indices for bacterial diversity indicate 

that we had good sequencing coverage of the bat and microbial mat samples (Figure 1). Both 

bat and mat samples had high richness and diversity, with the exception of a few bat samples. 

Samples with low diversity did not have a very even mix of bacterial OTUs, meaning they 

may be dominated by just a few OTUs. Looking at the bacterial abundance and taxa diversity 

overall, there were evident differences in our results among the three types of samples. 

Figure 2 demonstrates these differences in the clustering by sample type with respect to their 

beta diversity. In Figure 2A, the bat and mat samples appear to be clustered together, but 
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when the air samples are removed from the NMDS, there is a clear separation between the 

bat and mat samples (Figure 2B). From this finding it seems as though the air samples’ 

species composition is so different from the bat and mat samples that in the multidimensional 

space the bat and mat samples are similar enough that differences are masked when air 

samples are included. Despite this finding, the adonis test showed that there was a significant 

difference between the bacterial communities of the bat and mat samples. These samples may 

be somewhat similar, but overall the bat samples tend to share their own similar homogeneity 

of bacterial communities, and mat samples also tend to share their own similar homogeneity 

of bacterial communities. Avena et al. (2016) also found a significant difference between the 

bat and environmental samples in their data. 

Actinobacteria had the highest relative abundance in every sample overall (40.44%). 

From this result it can be inferred that Actinobacteria are a main component of bacterial 

communities in the cave environment, including bats that roost there. Actinobacteria was the 

dominant phylum in the bat samples (Figure 3), which is consistent with other studies of 

bacterial communities on bats (Lemieux-Labonté et al., 2016; Avena et al., 2016; Lemieux-

Labonté et al., 2017; Winter et al., 2017). All of the studies mentioned above also found 

Proteobacteria, Bacteroidetes, and Firmicutes to all be in the top abundant phyla of the bats. 

Only Winter et al. (2017) found Acidobacteria to be in the top abundant phyla of bats, as we 

did in this study. Actinobacteria was not the dominant phylum in the mat samples. Since 

Actinobacteria have been shown to be prevalent and diverse in caves (Northup et al., 2011; 

Riquelme et al., 2015), we had hypothesized that the abundance would be higher if not equal 

to the abundance in the bat samples. More comparative samples would need to be taken in 

order to tell if this is a trend or a coincidence just observed in our data. Proteobacteria and 
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Acidobacteria were both significantly higher in the mat samples than the bat samples. Both 

of these phyla were found to be in the top abundant phyla in the lava caves studied by Lavoie 

et al. (2017). The phylum Firmicutes was in the highest relative abundance in the air samples. 

Martin-Sanchez et al. (2014) found that culturable bacteria of Firmicutes were in the top 

highest abundance of the samples they obtained from cave air, along with Actinobacteria and 

Proteobacteria. In addition, Newman et al. (2018) found four families of Firmicutes that 

predominated at all different depths in guano piles. Taken together, this could indicate guano 

as a potential source of Firmicutes in the air samples.  

There are some actinobacterial genera that stand out in our data, Rhodococcus, 

Arthrobacter, Rubrobacter, and Streptomyces (Figure 4; Table 5). The genus Rhodococcus 

was significantly higher in relative abundance in the bats than in the mat samples. A species 

of Rhodococcus, Rhodococcus rhodochrous, has been cultured from bats and has shown to 

inhibit the growth of P. destructans (Cornelison et al., 2014; Hamm et al., 2017). Lemieux-

Labonté et al. (2017) found that the microbiota of white-nose syndrome positive Myotis 

lucifugus bats was enriched by species of Rhodococcus. Although Rhodococcus spp. were 

not highly abundant in the mat samples, they have previously been isolated from cave 

samples (Groth et al., 1999: Hamedi et al., 2018). The genus Rubrobacter was in 

approximately the same amount in half of the bat and mat samples. Rubrobacter spp. have 

been found to be abundant in arid soils and have been found in 16S rDNA sequencing of 

cave samples (Holmes et al., 2000; Yasir, 2018). No study thus far has shown the presence of 

Rubrobacter spp. on bats. The genus Arthrobacter was significantly higher in relative 

abundance in the bats than in the mat samples. In Hamm et al. (2017), Arthrobacter spp. 

were isolated from the external microbiome of bats in the Southwest and tested for antifungal 
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activity against P. destructans but showed no inhibition activity against P. destructans. The 

genus Streptomyces was in relatively high abundance in every mat sample and was high in 

abundance in just four of the bat samples. Streptomyces is a diverse genus that has been 

shown to be abundant on bats and in caves (Groth et al., 1999; Hamm et al., 2017; Hamedi et 

al., 2018). In the study of Hamm et al. (2017), Streptomyces spp. were the most abundant 

bacteria isolated from bats, and many of the species were shown to inhibit the growth of P. 

destructans in vitro. Since Streptomyces spp. have been shown to be abundant on bats, the 

higher abundance of it on mats than bats in this study may indicate that the bats may be 

getting some of their helpful Streptomyces spp. from the caves in which they roost. 

The bat and mat sample types share a large majority of their OTUs with each other, 

but they both still have many of their own unique OTUs. The air samples on the other hand 

share most of their OTUs with the bat and mat samples. This, however, does not indicate that 

the air samples shared these OTUs in the same portions, and what makes up the majority of 

the bacterial communities in the air samples may be completely different from the bat and 

mats. This is evident in Figure 2 by how separated the air samples are from the bat and mat 

samples. SourceTracker results for the bacterial data show that the mat and air samples are 

potential sources for the bacterial communities on the bats (Figure 6). This further indicates 

the potential impact of the cave environment on the bacterial communities found on bats. 

This finding, although interesting, would greatly benefit from many more samples of both the 

bats and different parts of the cave environment and in different caves geographically to see 

if this potential impact of the microbial mats and air is still influential.  
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ITS Gene Discussion and Implications 

 The rarefaction curves and the alpha diversity indices for the fungal diversity indicate 

that further deep sequencing may be needed to attain a more comprehensive look at the 

fungal communities in caves and cave roosting bats (Figure 7). In addition to the species 

richness and diversity being low in air samples, as described above, the microbial mat 

samples also had low species richness and diversity as compared to the bat samples. This low 

alpha diversity may be attributed to one of two things. First, initial sequencing of the mat 

samples failed, and a nested PCR was needed to obtain sequences. Second, there may not be 

very much fungal diversity in cave microbial mats. Northup and Spilde (personal 

communication) have looked at lava cave microbial mats using a scanning electron 

microscope in caves all over the world and have found very few structures resembling fungi. 

In addition, Jurado et al. (2009) found that no fungal DNA could be amplified in certain areas 

of cave walls where bacterial colonization was high. Bacteria are very ubiquitous in caves, 

and lava caves have been shown to have extensive visible microbial mats on the cave walls 

and ceilings (Northup et al., 2011; Lavoie et al., 2017). It is possible that in the lava caves in 

this study the bacterial communities may be out competing the fungal communities on the 

microbial mats, possibly through the production of anti-fungal compounds. Thus, other 

sample types from the cave, such as soil around the roosting bats, may be better suited for a 

comparison of the fungal communities in caves and cave roosting bats.  

 Looking at the fungal abundance and taxa diversity of what was present in the 

microbial mats and air samples as compared with that of the bat samples, there were evident 

differences in our results between these three types of samples. First of all, Figure 8 

demonstrates these differences in the clustering by sample type with respect to their beta 
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diversity. The bat and mat samples clustered more closely to their respective sample types, 

which means the fungal communities overall within each sample type were more similar to 

each other than they were to samples of a different type. This, however, does not mean the 

sample types are completely different from each other, nor does it mean the samples within a 

type are exactly similar to each other. The ANOSIM results revealed that the samples by 

sample type were different with some overlap. This is exemplified in Figure 9, which shows 

some similar taxa in each sample type, but the sample types were generally different from 

one another with respect to their fungal taxa and abundances of those taxa. 

 Many of the fungal taxa found in this study are consistent with other studies of fungi 

on bats and studies of fungi in caves (Vanderwolf et al., 2013a; Vanderwolf et al., 2013b; 

Johnson et al., 2013; Vanderwolf et al., 2016; Man et al., 2018). There were only three fungal 

phyla identified in this data set, Ascomycota, Basidiomycota, and Mucormycota (Figure 

9A). Vanderwolf et al.’s (2013a) world review of fungi in caves, found that Ascomycota 

tended to dominate the cave environment. Ascomycota were in high relative abundance in all 

the sample types. In addition, Basidiomycota was high in the air samples. Some of the high 

abundant Basidiomycota taxa in the air samples were in the Order Malasseziales (Figure 

9B). Genera in this order are common inhabitants of human skin and ear mucosa of some 

animals (including bats) and can be opportunistic pathogens (Dall’ Acqua Coutinho et al., 

2006; Gandra et al., 2008; Findley et al., 2013). OTUs in this order were not found in higher 

than 1% relative abundance in any of the bat or mat samples. This may indicate that the 

Malasseziales taxa are a possible contamination of the air samples by human skin, since they 

are commonly found on human skin (Findley et al., 2013). More robust air samples could 

potentially alleviate this showing as a fungus in high abundance in the cave air. Unclassified 
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fungi made up a large percentage of the mat samples, which was due to three samples that 

were mainly composed of one to three OTUs and all three sample were from West cave. 

These OTUs made-up most of the abundance of unclassified fungi. These three OTUs may 

be new species of fungi that are unique to the cave microbial mats.  

 The bat samples showed much more diversity than the mat samples in the types of 

taxa found on them (Figure 9C). Many of the mat samples were dominated by just one to 

three fungal taxa. This is a further indication that the mat samples did not have good 

sequencing depth. Some families that stood out in the results, that do not dominate just one 

sample, were Cladosporiaceae, Pleosporaceae, Pseudeurotiaceae, Microascaceae, 

Leucosporidiaceae, and Mortierellaceae. These families have all been reported to be in caves 

or on bats, except Leucosporidiaceae (Vanderwolf et al., 2013a; Lorch et al., 2013; Johnson 

et al., 2013; Out et at., 2016). Leucosporidiaceae is a psychrophilic yeast (Watson et al., 

1976), thus it makes sense that it was found to be abundant on samples taken in relatively 

cold caves (1.18 °C to 3.22 °C mean temperature in our study caves). Mortierellaceae and its 

genus Mortierella were present or prevalent in most of the samples (Figure 9C; Table 7). 

Mortierella spp. are psychrotolerant or psychrophilic and are primarily associated with soil, 

and in some cases plant and animal decay and insects in contact with soil (Domsch et al., 

2007; Hassan et al., 2016). Interestingly, a species of Mortierella, M. elongata, has been 

shown to have bacterial endosymbionts (Fujimura et al., 2014; Uehling et al., 2017). We did 

not find that particular species of Mortierella in our data, but other species of Mortierella 

found in our data could potentially have bacterial endosymbionts. This may indicate that 

fungi that are able to persist in the caves may have symbiotic relationships with the very 

prevalent bacteria found there. Microascaceae were abundant in the five Corynorhinus 
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townsendii samples (bat samples; Pairs A, B, D1, D2, E). This finding is interesting because 

species in the family Microascaceae have been shown to produce antifungal and 

immunosuppressant secondary metabolites (Bills et al., 2013). This finding, in addition to the 

antimicrobial producing bacteria found on these bats may be a strong first line of defense 

against P. destructans. Pseudeurotiaceae and its genus Pseudogymnoascus were found in 

many of the bat samples and a few of the mat samples. One species of Pseudogymnoascus 

found in higher mean abundance on the bats than the mat samples is P. roseus (Table 7). 

Minnis and Linder (2013) found in their phylogenetic evaluation that P. roseus was the 

closest relative to P. destructans. The other OTU classified in the genus Pseudogymnoascus 

was higher in mean abundance in the mats than the bat samples and was not able to be 

classified to the species level. This Pseudogymnoascus sp. could potentially be a new species 

and a close relative to P. destructans. 

 Many of the bat OTUs (232) were not shared with either the mat or air samples and a 

majority of the mat and air sample OTUs were shared with each other and the bat samples 

(Figure 10). It is important to keep in mind that although the mat and air samples share a 

majority of their OTUs with the bat samples, it does not mean they are sharing them in the 

same proportions, which is evident from Figure 9. SourceTracker results for the fungal data 

is opposite from the bacterial data in this study, indicating that the mat and air samples were 

not potential sources for the fungal communities on the bats (Table 8). This result could be 

influenced by the fact that the mat and air samples had very low diversity and sequencing 

depth. It is possible that with better sequencing coverage and more samples that the 

environment in the cave (i.e. the walls or air) could show an impact on the bats that roost 

there. 
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Conclusions 

 To our knowledge, this is the first study to look at both bacterial and fungal data in a 

comparison study of the microbial communities in caves and on cave roosting bats using 

Illumina MiSeq sequencing. This study highlights the diversity of microbial communities in 

cave ecosystems and the importance of understanding the influence of the environment on a 

bat’s microbiota. We found that the bats and their environment shared many microbial OTUs 

but were still different in their respective overall microbial communities. In addition, 

SourceTracker suggested bat bacterial communities may originate from mat and air samples. 

We also identified microbes in both the bats and the microbial mats that have the ability to 

produce antimicrobials, further highlighting the importance of microbial communities to bat 

health. Further investigation and research into these defenses and how they might be 

acquiring or sharing these defenses with their environment is needed. For the bacterial side, 

Actinobacteria were the most abundant overall but higher in the bats than the mats. For the 

fungal side, the bats had more fungal diversity than the mat samples, showing the need for 

alternative sample types to reflect the fungal communities in the cave environment. More 

samples from all types of environments in and around the caves may better illuminate the 

relationship between bats and their environment for both bacterial and fungal diversity. For 

both the bacterial and fungal data, some trends emerged that showed differences in the 

microbial communities among bat species. The results of this study contribute to the first of 

many steps that need to be taken to fully understand how microbial communities in caves 

support the comprehensive health of cave-roosting bats. The bacterial and fungal 

communities characterized in these results could potentially show that knowing the source of 
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natural defenses for bats against certain pathogens like P. destructans is valuable for 

forecasting which species of bats are more likely to be negatively impacted by WNS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                

 

 

 



 42 

References 

 

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., Lipman, D.J., 1990. Basic local alignment 

search tool. Journal of Molecular Biology 215, 403–410. https://doi.org/10.1016/S0022-

2836(05)80360-2 

 

Apprill, A., Mooney, T.A., Lyman, E., Stimpert, A.K., Rappé, M.S., 2011. Humpback 

whales harbour a combination of specific and variable skin bacteria. Environmental 

Microbiology Reports 3, 223–232. https://doi.org/10.1111/j.1758-2229.2010.00213.x 

 

Apprill, A., Robbins, J., Eren, A.M., Pack, A.A., Reveillaud, J., Mattila, D., Moore, M., 

Niemeyer, M., Moore, K.M.T., Mincer, T.J., 2014. Humpback whale populations share a 

core skin bacterial community: Towards a health index for marine mammals? PLoS ONE 9, 

e90785. https://doi.org/10.1371/journal.pone.0090785 

 

Avena, C.V., Parfrey, L.W., Leff, J.W., Archer, H.M., Frick, W.F., Langwig, K.E., 

Kilpatrick, A.M., Powers, K.E., Foster, J.T., McKenzie, V.J., 2016. Deconstructing the bat 

skin microbiome: Influences of the host and the environment. Frontiers in Microbiology 7. 

https://doi.org/10.3389/fmicb.2016.01753 

 

Bérdy, J., 2012. Thoughts and facts about antibiotics: Where we are now and where we are 

heading. The Journal of Antibiotics 65, 385–395. https://doi.org/10.1038/ja.2012.27 

 

Bills, G.F., Gloer, J.B., An, Z., 2013. Coprophilous fungi: antibiotic discovery and functions 

in an underexplored arena of microbial defensive mutualism. Current Opinion in 

Microbiology 16, 549–565. https://doi.org/10.1016/j.mib.2013.08.001 

 

Blehert, D.S., Hicks, A.C., Behr, M., Meteyer, C.U., Berlowski-Zier, B.M., Buckles, E.L., 

Coleman, J.T.H., Darling, S.R., Gargas, A., Niver, R., Okoniewski, J.C., Rudd, R.J., Stone, 

W.B., 2009. Bat white-nose syndrome: An emerging fungal pathogen? Science 323, 227–

227. 

 

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K., 

Fierer, N., Peña, A.G., Goodrich, J.K., Gordon, J.I., Huttley, G.A., Kelley, S.T., Knights, D., 

Koenig, J.E., Ley, R.E., Lozupone, C.A., McDonald, D., Muegge, B.D., Pirrung, M., Reeder, 

J., Sevinsky, J.R., Turnbaugh, P.J., Walters, W.A., Widmann, J., Yatsunenko, T., Zaneveld, 

J., Knight, R., 2010. QIIME allows analysis of high-throughput community sequencing data. 

Nature Methods 7, 335–336. https://doi.org/10.1038/nmeth.f.303 

 

Chao, A., 1984. Nonparametric estimation of the number of classes in a population. 

Scandinavian Journal of Statistics 11, 265–270. 

 

Cornelison, C.T., Keel, M.K., Gabriel, K.T., Barlament, C.K., Tucker, T.A., Pierce, G.E., 

Crow, S.A., 2014. A preliminary report on the contact-independent antagonism of 

Pseudogymnoascus destructans by Rhodococcus rhodochrousstrain DAP96253. BMC 

Microbiology 14, 246. https://doi.org/10.1186/s12866-014-0246-y 

https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1111/j.1758-2229.2010.00213.x
https://doi.org/10.1371/journal.pone.0090785
https://doi.org/10.3389/fmicb.2016.01753
https://doi.org/10.1038/ja.2012.27
https://doi.org/10.1016/j.mib.2013.08.001
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1186/s12866-014-0246-y


 43 

Dall’ Acqua Coutinho, S., Fedullo, J.D., Corrêa, S.H., 2006. Isolation of Malassezia spp. 

from cerumen of wild felids. Medical Mycology 44, 383–387. 

https://doi.org/10.1080/13693780500411006 

 

Davy, C.M., Donaldson, M.E., Willis, C.K.R., Saville, B.J., McGuire, L.P., Mayberry, H., 

Wilcox, A., Wibbelt, G., Misra, V., Bollinger, T., Kyle, C.J., 2017. The other white-nose 

syndrome transcriptome: Tolerant and susceptible hosts respond differently to the pathogen 

Pseudogymnoascus destructans. Ecology and Evolution 7, 7161–7170. 

https://doi.org/10.1002/ece3.3234 

 

de Lima Procópio, R.E., da Silva, I.R., Martins, M.K., de Azevedo, J.L., de Araújo, J.M., 

2012. Antibiotics produced by Streptomyces. The Brazilian Journal of Infectious Diseases 16, 

466–471. https://doi.org/10.1016/j.bjid.2012.08.014 

 

Domsch, K.H., Gams, W., Anderson, T.H., 2007. Compendium of Soil Fungi. 2nd ed. 

Eching, Germany: IHW-Verlag. 672 p. 

 

Donia, M.S., Cimermancic, P., Schulze, C.J., Wieland Brown, L.C., Martin, J., Mitreva, M., 

Clardy, J., Linington, R.G., Fischbach, M.A., 2014. A systematic analysis of biosynthetic 

gene clusters in the human microbiome reveals a common family of antibiotics. Cell 158, 

1402–1414. https://doi.org/10.1016/j.cell.2014.08.032 

 

Edgar, R.C., 2013. UPARSE: highly accurate OTU sequences from microbial amplicon 

reads. Nature Methods 10, 996–998. https://doi.org/10.1038/nmeth.2604 

 

Edgar, R.C., 2010. Search and clustering orders of magnitude faster than BLAST. 

Bioinformatics 26, 2460–2461. https://doi.org/10.1093/bioinformatics/btq461 

 

Findley, K., Oh, J., Yang, J., Conlan, S., Deming, C., Meyer, J.A., Schoenfeld, D., Nomicos, 

E., Park, M., Kong, H.H., Segre, J.A., 2013. Topographic diversity of fungal and bacterial 

communities in human skin. Nature 367. 

 

Fitzpatrick, B.M., Allison, A.L., 2014. Similarity and differentiation between bacteria 

associated with skin of salamanders (Plethodon jordani) and free-living assemblages. FEMS 

Microbiology Ecology 88, 482–494. https://doi.org/10.1111/1574-6941.12314 

 

Fox, J. and Weisberg, S. 2011., An R companion to applied regression, Second  

Edition. Thousand Oaks CA: Sage. URL: 

http://socserv.socsci.mcmaster.ca/jfox/Books/Companion 

 

Frick, W.F., Pollock, J.F., Hicks, A.C., Langwig, K.E., Reynolds, D.S., Turner, G.G., 

Butchkoski, C.M., Kunz, T.H., 2010. An emerging disease causes regional population 

collapse of a common North American bat species. Science 329, 679–682. 

https://doi.org/10.1126/science.1188594 

 

https://doi.org/10.1080/13693780500411006
https://doi.org/10.1002/ece3.3234
https://doi.org/10.1016/j.bjid.2012.08.014
https://doi.org/10.1016/j.cell.2014.08.032
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1111/1574-6941.12314
https://doi.org/10.1126/science.1188594


 44 

Fujimura, R., Nishimura, A., Ohshima, S., Sato, Y., Nishizawa, T., Oshima, K., Hattori, M., 

Narisawa, K., Ohta, H., 2014. Draft genome sequence of the Betaproteobacterial 

Endosymbiont associated with the fungus Mortierella elongata FMR23-6. Genome 

Announcements 2, e01272-14, 2/6/e01272-14. https://doi.org/10.1128/genomeA.01272-14 

 

Gandra, R.F., Gambale, W., de Cássia Garcia Simão, R., da Silva Ruiz, L., Durigon, E.L., de 

Camargo, L.M.A., Giudice, M.C., Sanfilippo, L.F., de Araújo, J., Paula, C.R., 2008. 

Malassezia spp. in Acoustic Meatus of Bats (Molossus molossus) of the Amazon Region, 

Brazil. Mycopathologia 165, 21–26. https://doi.org/10.1007/s11046-007-9079-7 

 

Gdanetz, K., Benucci, G.M.N., Vande Pol, N., Bonito, G., 2017. CONSTAX: a tool for 

improved taxonomic resolution of environmental fungal ITS sequences. BMC Bioinformatics 

18, 538. https://doi.org/10.1186/s12859-017-1952-x 

 

Giovannoni, S.J., DeLong, E.F., Schmidt, T.M., Pace, N.R., 1990. Tangential flow filtration 

and preliminary phylogenetic analysis of marine picoplankton. Applied Environonmental 

Microbiology 56, 2572–2575. 

 

Grice, E.A., Segre, J.A., 2011. The skin microbiome. Nature Reviews Microbiology 9, 244–

253. https://doi.org/10.1038/nrmicro2537 

 

Groth, I., Vettermann, R., Schuetze, B., Schumann, P., Saiz-Jimenez, C., 1999. 

Actinomycetes in Karstic caves of northern Spain (Altamira and Tito Bustillo). Journal of 

Microbiological Methods 36, 115–122. https://doi.org/10.1016/S0167-7012(99)00016-0 

 

Haegeman, B., Hamelin, J., Moriarty, J., Neal, P., Dushoff, J., Weitz, J.S., 2013. Robust 

estimation of microbial diversity in theory and in practice. The ISME Journal 7, 1092–1101. 

https://doi.org/10.1038/ismej.2013.10 

 

Hamedi, J., Kafshnouchi, M., Ranjbaran, M., 2018. A Study on actinobacterial diversity of 

Hampoeil cave and screening of their biological activities. Saudi Journal of Biological 

Sciences. https://doi.org/10.1016/j.sjbs.2018.10.010 

 

Hamm, P.S., Caimi, N.A., Northup, D.E., Valdez, E.W., Buecher, D.C., Dunlap, C.A., 

Labeda, D.P., Lueschow, S., Porras-Alfaro, A., 2017. Western bats as a reservoir of novel 

Streptomyces species with antifungal activity. Applied and Environmental Microbiology  

83(5), pp.e03057-16. https://doi.org/10.1128/AEM.03057-16 

 

Hassan, N., Rafiq, M., Hayat, M., Shah, A., Hasan, F., 2016. Psychrophilic and 

psychrotrophic fungi: a comprehensive review. Reviews in Environmental Science & 

Biotechnology 15, 147–172. https://doi.org/10.1007/s11157-016-9395-9 

 

Holmes, A.J., Bowyer, J., Holley, M.P., O’Donoghue, M., Montgomery, M., Gillings, M.R., 

2000. Diverse, yet-to-be-cultured members of the Rubrobacter subdivision of the 

Actinobacteria are widespread in Australian arid soils. FEMS Microbiology Ecology 33, 

111–120. https://doi.org/10.1111/j.1574-6941.2000.tb00733.x 

https://doi.org/10.1128/genomeA.01272-14
https://doi.org/10.1007/s11046-007-9079-7
https://doi.org/10.1186/s12859-017-1952-x
https://doi.org/10.1038/nrmicro2537
https://doi.org/10.1016/S0167-7012(99)00016-0
https://doi.org/10.1038/ismej.2013.10
https://doi.org/10.1016/j.sjbs.2018.10.010
https://doi.org/10.1128/AEM.03057-16
https://doi.org/10.1007/s11157-016-9395-9
https://doi.org/10.1111/j.1574-6941.2000.tb00733.x


 45 

Hoyt, J.R., Cheng, T.L., Langwig, K.E., Hee, M.M., Frick, W.F., Kilpatrick, A.M., 2015. 

Bacteria isolated from bats inhibit the growth of Pseudogymnoascus destructans, the 

causative agent of white-nose syndrome. PLOS ONE 10, e0121329. 

https://doi.org/10.1371/journal.pone.0121329 

 

Johnson, L.J.A.N., Miller, A.N., McCleery, R.A., McClanahan, R., Kath, J.A., Lueschow, S., 

Porras-Alfaro, A., 2013. Psychrophilic and psychrotolerant fungi on bats and the presence of 

Geomyces spp. on bat wings prior to the arrival of white nose syndrome. Applied 

Environmental Microbiology 79, 5465–5471. https://doi.org/10.1128/AEM.01429-13 

 

Jurado, V., Fernandez-Cortes, A., Cuezva, S., Laiz, L., Cañaveras, J.C., Sanchez-Moral, S., 

Saiz-Jimenez, C., 2009. The fungal colonisation of rock-art caves: experimental evidence. 

Naturwissenschaften 96, 1027–1034. https://doi.org/10.1007/s00114-009-0561-6 

 

Kandlikar, G.S., Gold, Z.J., Cowen, M.C., Meyer, R.S., Freise, A.C., Kraft, N.J.B., Moberg-

Parker, J., Sprague, J., Kushner, D.J., Curd, E.E., 2018. ranacapa: An R package and Shiny 

web app to explore environmental DNA data with exploratory statistics and interactive 

visualizations. F1000Research 7, 1734. https://doi.org/10.12688/f1000research.16680.1 

 

Kassambara, A., 2018. ggpubr:‘ggplot2’Based Publication Ready Plots. R package version 

0.1.8. 

 

Knights, D., Kuczynski, J., Charlson, E.S., Zaneveld, J., Mozer, M.C., Collman, R.G., 

Bushman, F.D., Knight, R., Kelley, S.T., 2011. Bayesian community-wide culture-

independent microbial source tracking. Nature Methods 761. 

 

Kõljalg, U., Nilsson, R.H., Abarenkov, K., Tedersoo, L., Taylor, A.F.S., Bahram, M., Bates, 

S.T., Bruns, T.D., Bengtsson‐Palme, J., Callaghan, T.M., Douglas, B., Drenkhan, T., 

Eberhardt, U., Dueñas, M., Grebenc, T., Griffith, G.W., Hartmann, M., Kirk, P.M., Kohout, 

P., Larsson, E., Lindahl, B.D., Lücking, R., Martín, M.P., Matheny, P.B., Nguyen, N.H., 

Niskanen, T., Oja, J., Peay, K.G., Peintner, U., Peterson, M., Põldmaa, K., Saag, L., Saar, I., 

Schüßler, A., Scott, J.A., Senés, C., Smith, M.E., Suija, A., Taylor, D.L., Telleria, M.T., 

Weiss, M., Larsson, K.-H., 2013. Towards a unified paradigm for sequence-based 

identification of fungi. Molecular Ecology 22, 5271–5277. 

https://doi.org/10.1111/mec.12481 

 

Kueneman, J.G., Parfrey, L.W., Woodhams, D.C., Archer, H.M., Knight, R., McKenzie, V.J., 

2014. The amphibian skin-associated microbiome across species, space and life history 

stages. Molecular Ecology 23, 1238–1250. https://doi.org/10.1111/mec.12510 

 

Langwig, K.E., Frick, W.F., Bried, J.T., Hicks, A.C., Kunz, T.H., Kilpatrick, A.M., 2012. 

Sociality, density-dependence and microclimates determine the persistence of populations 

suffering from a novel fungal disease, white-nose syndrome. Ecology Letters 15, 1050–1057. 

https://doi.org/10.1111/j.1461-0248.2012.01829.x 

 

https://doi.org/10.1371/journal.pone.0121329
https://doi.org/10.1128/AEM.01429-13
https://doi.org/10.1007/s00114-009-0561-6
https://doi.org/10.12688/f1000research.16680.1
https://doi.org/10.1111/mec.12481
https://doi.org/10.1111/mec.12510
https://doi.org/10.1111/j.1461-0248.2012.01829.x


 46 

Larsson, J., 2018. eulerr: Area-Proportional Euler and Venn Diagrams with Ellipses. R 

package version 4.1.0, https://cran.r-project.org/package=eulerr. 

 

Lavoie, K.H., Winter, A.S., Read, K.J.H., Hughes, E.M., Spilde, M.N., Northup, D.E., 2017. 

Comparison of bacterial communities from lava cave microbial mats to overlying surface 

soils from Lava Beds National Monument, USA. PLoS ONE 12, e0169339. 

https://doi.org/10.1371/journal.pone.0169339 

 

Lemieux-Labonté, V., Tromas, N., Shapiro, B.J., Lapointe, F.-J., 2016. Environment and host 

species shape the skin microbiome of captive neotropical bats. PeerJ 4, e2430. 

https://doi.org/10.7717/peerj.2430 

 

Lemieux-Labonté, V., Simard, A., Willis, C.K.R., Lapointe, F.-J., 2017. Enrichment of 

beneficial bacteria in the skin microbiota of bats persisting with white-nose syndrome. 

Microbiome 5, 115. https://doi.org/10.1186/s40168-017-0334-y 

 

Lorch, J.M., Lindner, D.L., Gargas, A., Muller, L.K., Minnis, A.M., Blehert, D.S., 2013. 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 105, 237–252. https://doi.org/10.3852/12-207 

 

Man, B., Wang, H., Yun, Y., Xiang, X., Wang, R., Duan, Y., Cheng, X., 2018. Diversity of 

fungal communities in Heshang cave of Central China revealed by Mycobiome-sequencing. 

Frontiers in Microbiology 9, 1400. https://doi.org/10.3389/fmicb.2018.01400 

 

Marples, M.J., 1965. The ecology of the human skin. The ecology of the human skin. 

Martin-Sanchez, P., Jurado, V., Porca, E., Bastian, F., Lacanette, D., Alabouvette, C., Saiz-

Jimenez, C., 2014. Airborne microorganisms in Lascaux Cave (France). International Journal 

of Speleology 43, 295–303. https://doi.org/10.5038/1827-806X.43.3.6 

 

Mathieu, A., Delmont, T.O., Vogel, T.M., Robe, P., Nalin, R., Simonet, P., 2013. Life on 

Human Surfaces: Skin Metagenomics. PLoS ONE 8, e65288. 

https://doi.org/10.1371/journal.pone.0065288 

 

McMurdie, P.J., Holmes, S., 2013. Phyloseq: An R Package for reproducible interactive 

analysis and graphics of microbiome census data. PLOS ONE 8, e61217. 

https://doi.org/10.1371/journal.pone.0061217 

 

Meteyer, C.U., Buckles, E.L., Blehert, D.S., Hicks, A.C., Green, D.E., Shearn-Bochsler, V., 

Thomas, N.J., Gargas, A., Behr, M.J., 2009. Histopathologic criteria to confirm white-nose 

syndrome in bats. Journal of Veterinary Diagnostic Investigation 21, 411–414. 

https://doi.org/10.1177/104063870902100401 

 

 

 

https://cran.r-project.org/package=eulerr
https://doi.org/10.1371/journal.pone.0169339
https://doi.org/10.7717/peerj.2430
https://doi.org/10.1186/s40168-017-0334-y
https://doi.org/10.3852/12-207
https://doi.org/10.3389/fmicb.2018.01400
https://doi.org/10.5038/1827-806X.43.3.6
https://doi.org/10.1371/journal.pone.0065288
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1177/104063870902100401


 47 

Minnis, A.M., Lindner, D.L., 2013. Phylogenetic evaluation of Geomyces and allies reveals 

no close relatives of Pseudogymnoascus destructans, comb. nov., in bat hibernacula of 

eastern North America. Fungal Biology 117, 638–649. 

https://doi.org/10.1016/j.funbio.2013.07.001 

 

Moore, M.S., Field, K.A., Behr, M.J., Turner, G.G., Furze, M.E., Stern, D.W.F., Allegra, 

P.R., Bouboulis, S.A., Musante, C.D., Vodzak, M.E., Biron, M.E., Meierhofer, M.B., Frick, 

W.F., Foster, J.T., Howell, D., Kath, J.A., Kurta, A., Nordquist, G., Johnson, J.S., Lilley, 

T.M., Barrett, B.W., Reeder, D.M., 2018. Energy conserving thermoregulatory patterns and 

lower disease severity in a bat resistant to the impacts of white-nose syndrome. Journal of 

Comparative Physiology B 188, 163–176. https://doi.org/10.1007/s00360-017-1109-2 

 

Newman, M.M., Kloepper, L.N., Duncan, M., McInroy, J.A., Kloepper, J.W., 2018. 

Variation in bat guano bacterial community composition with depth. Frontiers in 

Microbiology 9. https://doi.org/10.3389/fmicb.2018.00914 

 

Nguyen, N.H., Song, Z., Bates, S.T., Branco, S., Tedersoo, L., Menke, J., Schilling, J.S., 

Kennedy, P.G., 2016. FUNGuild: An open annotation tool for parsing fungal community 

datasets by ecological guild. Fungal Ecology 20, 241–248. 

https://doi.org/10.1016/j.funeco.2015.06.006 

 

Northup, D.E., Melim, L.A., Spilde, M.N., Hathaway, J.J.M., Garcia, M.G., Moya, M., 

Stone, F.D., Boston, P.J., Dapkevicius, M.L.N.E., Riquelme, C., 2011. Lava cave microbial 

communities within mats and secondary mineral deposits: implications for life detection on 

other planets. Astrobiology 11(7), pp.601-618. 

 

Northup, D.E., Spilde, M.N., Personal communication. January 2019 

 

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D.,  
Minchin, P.R., O'Hara, R. B., Simpson G.L., Solymos, P., Henry, M., Stevens, H., Szoecs, 

E., Wagner, H., 2016. Vegan: Community Ecology Package. Available online at: 

http://cran.r-project.org/package=vegan 

 

Out, B., Boyle, S., Cheeptham, N., 2016. Identification of fungi from soil in the Nakimu 

caves of Glacier National Park. The Journal of Experimental Microbiology & Immunology+  

2, pp.26-32. 

 

R development core team. R: A language and environment for statistical computing. Vienna: 

R foundation for statistical computing. 2012. Available: http://www.R-project.org. 

 

Rangseekaew, P., Pathom-aree, W., 2019. Cave Actinobacteria as producers of bioactive 

metabolites. Frontiers in Microbiology 10. https://doi.org/10.3389/fmicb.2019.00387 

 

 

 

https://doi.org/10.1016/j.funbio.2013.07.001
https://doi.org/10.1007/s00360-017-1109-2
https://doi.org/10.3389/fmicb.2018.00914
https://doi.org/10.1016/j.funeco.2015.06.006
http://www.r-project.org/
https://doi.org/10.3389/fmicb.2019.00387


 48 

Riquelme, C., Marshall Hathaway, J.J., Enes Dapkevicius, M. de L.N., Miller, A.Z., Kooser, 

A., Northup, D.E., Jurado, V., Fernandez, O., Saiz-Jimenez, C., Cheeptham, N., 2015. 

Actinobacterial diversity in volcanic caves and associated geomicrobiological interactions. 

Front. Microbiol. 6. https://doi.org/10.3389/fmicb.2015.01342 

 

Singh, A., Lasek-Nesselquist, E., Chaturvedi, V., Chaturvedi, S., 2018. Trichoderma 

polysporum selectively inhibits white-nose syndrome fungal pathogen Pseudogymnoascus 

destructans amidst soil microbes. Microbiome 6, 139. https://doi.org/10.1186/s40168-018-

0512-6 

 

Spatafora, J.W., Aime, M.C., Grigoriev, I.V., Martin, F., Stajich, J.E., Blackwell, M., 2017. 

The Fungal Tree of Life: from Molecular Systematics to Genome-Scale Phylogenies. 

Microbiology Spectrum 5. https://doi.org/10.1128/microbiolspec.FUNK-0053-2016 

 

Throckmorton, K., Wiemann, P., Keller, N.P., 2015. Evolution of chemical diversity in a 

group of non-reduced polyketide gene clusters: using phylogenetics to inform the search for 

novel fungal natural products. Toxins 7, 3572–3607. https://doi.org/10.3390/toxins7093572 

 

Torres-Cruz, T. J., Porras-Alfaro, A., Caimi, N.A., Nwabologu, O., Strach, E.W., Read, 

K.J.H., Young, J.M., Buecher, D.C., Northup, D.E., 2019. Are microclimate conditions in El 

Malpais National Monument caves in New Mexico, USA suitable for Pseudogymnoascus 

growth? International Journal of Speleology 48, 191-202. 

 

Uehling, J., Gryganskyi, A., Hameed, K., Tschaplinski, T., Misztal, P.K., Wu, S., Desirò, A., 

Pol, N.V., Du, Z., Zienkiewicz, A., Zienkiewicz, K., Morin, E., Tisserant, E., Splivallo, R., 

Hainaut, M., Henrissat, B., Ohm, R., Kuo, A., Yan, J., Lipzen, A., Nolan, M., LaButti, K., 

Barry, K., Goldstein, A.H., Labbé, J., Schadt, C., Tuskan, G., Grigoriev, I., Martin, F., 

Vilgalys, R., Bonito, G., 2017. Comparative genomics of Mortierella elongata and its 

bacterial endosymbiont Mycoavidus cysteinexigens. Environmental Microbiology 19, 2964–

2983. https://doi.org/10.1111/1462-2920.13669 

 

Vanderwolf, K., Malloch, D., McAlpine, D., Forbes, G., 2013a. A world review of fungi, 

yeasts, and slime molds in caves. International Journal of Speleology 42, 77–96. 

https://doi.org/10.5038/1827-806X.42.1.9 

 

Vanderwolf, K.J., McAlpine, D.F., Malloch, D., Forbes, G.J., 2013b. Ectomycota associated 

with hibernating bats in Eastern Canadian Caves prior to the emergence of white-nose 

syndrome. Northeastern Naturalist 20, 115–130. https://doi.org/10.1656/045.020.0109 

 

Vanderwolf, K., Malloch, D., New Brunswick Museum, McAlpine, D., New Brunswick 

Museum, 2016. Fungi on white-nose infected bats (Myotis spp.) in Eastern Canada show no 

decline in diversity associated with Pseudogymnoascus destructans (Ascomycota: 

Pseudeurotiaceae). International Journal of Speleology 45, 43–50. 

https://doi.org/10.5038/1827-806X.45.1.1946 

 

https://doi.org/10.3389/fmicb.2015.01342
https://doi.org/10.1186/s40168-018-0512-6
https://doi.org/10.1186/s40168-018-0512-6
https://doi.org/10.1128/microbiolspec.FUNK-0053-2016
https://doi.org/10.3390/toxins7093572
https://doi.org/10.1111/1462-2920.13669
https://doi.org/10.5038/1827-806X.42.1.9
https://doi.org/10.1656/045.020.0109
https://doi.org/10.5038/1827-806X.45.1.1946


 49 

Wang, Q., Garrity, G.M., Tiedje, J.M., Cole, J.R., 2007. Naive Bayesian classifier for rapid 

assignment of rRNA sequences into the new bacterial taxonomy. Applied Environmental 

Microbiology 73, 5261–5267. https://doi.org/10.1128/AEM.00062-07 

 

Warnes, G.R., Bolker, B., Bonebakker, L., Gentleman, R., Huber, W., Liaw, A., Lumley, T.,  

Maechler, M., Magnusson, A., Moeller, S. and Schwartz, M., 2009. gplots: Various R 

programming tools for plotting data. R package version, 2(4), p.1. 

 

Watson, K., Arthur, H., Shipton, W.A., 1976. Leucosporidium Yeasts: Obligate 

psychrophiles which alter membrane-lipid and cytochrome composition with temperature. 

Journal of General Microbiology 97, 11–18. https://doi.org/10.1099/00221287-97-1-11 

 

Wickham, H., 2016. ggplot2: Elegant graphics for data analysis. Springer-Verlag New York. 

ISBN 978-3-319-24277-4. https://ggplot2.tidyverse.org. 

 

Wilder, A.P., Frick, W.F., Langwig, K.E., Kunz, T.H., 2011. Risk factors associated with 

mortality from white-nose syndrome among hibernating bat colonies. Biology Letters 7, 

950–953. https://doi.org/10.1098/rsbl.2011.0355 

 

Winter, A.S., Hathaway, J.J.M., Kimble, J.C., Buecher, D.C., Valdez, E.W., Porras-Alfaro, 

A., Young, J.M., Read, K.J.H., Northup, D.E., 2017. Skin and fur bacterial diversity and 

community structure on American southwestern bats: effects of habitat, geography and bat 

traits. PeerJ 5, e3944. https://doi.org/10.7717/peerj.3944 

  

 

 

https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1099/00221287-97-1-11
https://ggplot2.tidyverse.org/
https://doi.org/10.1098/rsbl.2011.0355
https://doi.org/10.7717/peerj.3944

	A COMPARISON OF CAVE MICROBIAL COMMUNITIES TO CAVE ROOSTING BAT MICROBIOTA IN EL MALPAIS NATIONAL MONUMENT, USA
	Recommended Citation

	by
	THESIS
	The University of New Mexico

	ACKNOWLEDGMENTS
	I want to thank my co-advisors, Dr. Donald Natvig and Dr. Diana Northup, for their advisement and support throughout my graduate degree. I especially want to thank Dr. Diana Northup for her support during and prior to my graduate degree. Dr. Northup ...
	Special thanks are due to Jenny Hathaway and Debbie Buecher. Jenny Hathaway helped design this study and secured the funding for it. Debbie Buecher was our very knowledgeable bat biologist for the field work, and we would not have been able to do thi...
	This research would not have been possible without funding from Western National Parks Association, T & E, Inc., and fightwns. Thank you for supporting small but impactful projects like this one.
	Finally, I want to thank my friends and family for all their support. My parents, Daniel and Doris Caimi, helped kindle my love for science and always encouraged me to follow my passion. And most of all I want to thank my husband, CJ Ojeda, for his un...
	ABSTRACT
	TABLE OF CONTENTS
	LIST OF FIGURES   vii
	LIST OF TABLES   viii
	Introduction  1
	Methods  4
	Sample Collection 4
	16S rRNA Gene Amplification and Sequencing   6
	LIST OF FIGURES
	LIST OF TABLES
	Introduction
	Methods
	Sample Collection
	Table 1. Summary of samples taken in each cave.
	Table 2. Sample pairs of bat and microbial mat samples.
	16S rRNA Gene Amplification and Sequencing
	ITS Gene Region Amplification and Sequencing
	16S rRNA Gene Read Processing and Data Analyses
	ITS Gene Region Read Processing and Data Analyses
	Results
	16S rRNA Gene Sequencing Summary
	Bacterial Community Diversity
	Bacterial Community Composition
	Table 5. Group significance of top 20 bacterial OTUs.
	Figure 5. Bacterial Venn diagram. Shows the shared OTUs among the three sample types.
	ITS Gene Sequencing Summary
	Fungal Community Diversity
	Fungal Community Composition
	Table 7. Group significance of top 24 fungal OTUs.
	Figure 10. Fungal Venn diagram. Shows the shared OTUs between the three sample types.
	Table 8. Fungal SourceTracker results. Numbers are percentages.
	Discussion
	16S rRNA Gene Discussion and Implications
	Conclusions
	References

