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Abstract

Mines and caves are unusual ecosystems containing unique fungi and are greatly under-
studied compared to other environments. The Soudan Mine in Tower, MN, an iron ore mine
that closed in 1963 after operating for 80 years, was sampled to explore fungal diversity and
to investigate taxa that tolerate heavy metals for potential bioprocessing technologies or as
sources of bioactive molecules for drug discovery and possible biocontrol for white-nose
syndrome (WNS) of bats. The mine is 714 m deep, has 18 levels and contains large quanti-
ties of wooden timbers, in contrast to many other oligotrophic subterranean environments.
Fungi were cultured from samples and the ITS region was sequenced for identification and
phylogenetic analysis. Results show Ascomycota are the dominant fungi followed by Basi-
diomycota and Mucoromycota. Out of 164 identified taxa, 108 belong to the Ascomycota
and 26 and 31 to Basidiomycota and Mucoromycota, respectively. There are also 46 taxa
that do not match (<97% BLAST GenBank identity) sequenced fungal species. Examples of
the most commonly isolated Ascomycota include Scytalidium sp., Mariannaea comptos-
pora, Hypocrea pachybasidioides, Oidiodendron griseum and Pochonia bulbillosa; Basidio-
mycota include Postia sp., Sistotrema brinkmannii, Calocera sp., Amylocorticiellum sp.;
Mucoromycota include Mortierella parvispora, M. gamsii, M. hyaline, M. basiparvispora and
Mortierella sp. Unusual growth forms were also found including large quantities of black rhi-
zomorphs of Armillaria sinapina and white mycelial cords of Postia sp. mycelium, as well as
Pseudogymnoascus species growing over large areas of mine walls and ceiling. The mine
environment is a relatively extreme environment for fungi, with the presence of high levels of
heavy metals, complete darkness and poor nutrient availability. Several genera are similar
to those isolated in other extreme environments but phylogenetic analyses show differences
in species between these environments. Results indicate this subterranean environment
hosts a wide diversity of fungi, many of them not found in above ground environments.

Introduction

Fungi that inhabit subterranean environments are poorly understood and little is known
about the microorganisms that dominate these unusual environments in comparison to other
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ecosystems. Cave and mine environments can be very different from other terrestrial sites,
which have total darkness, relatively low temperatures, scarce or patchy organic matter, and
often elevated concentrations of heavy metals [1]. These conditions can be limiting factors for
microbial growth or act as selection pressure to allow fungi capable of functioning in an
extreme environment to flourish. An early published reference of subterranean fungi was
made in 1674 from a report of microbial growth in a coal mine in England [2], where large
quantities of the “fungus subterraneus” was collected. The communication lacks a detailed
description but it likely refers to Basidiomycota mycelium. Detailed descriptions of subterra-
nean fungi were also presented in 1793 by Alexander Humboldt. He found unusual under-
ground “plants” (now known to be fungi) in the mines of Freiburg, Germany [3]. Included in
his report are drawings of fungi that suggest possible descriptions of Trametes, Boletus and
Calocera. Humbolt also described a fungus called Lichen verticillatus or Rhizopmorpha verticil-
latus, from which drawings and description indicate it may be an Armillaria species. Since
then, many other Basidiomycota have been identified from mines including Fibroporia vail-
lantii, Serpula lacrymans, Coniophora puteana, Heterobasidion annosum, and Armillaria mel-
lea [4-7]. Recently, a review on the diversity of fungi in caves and mines with information
from numerous studies revealed a diverse assemblage of fungi, slime molds and yeasts (1029
species), and that the majority of the taxa belonged to the Ascomycota (69.1%) followed by the
Basidiomycota (20%) and the Zygomycota (6.6%) [8]. With the North American introduction
of the fungal bat pathogen Pseudogymnoascus destructans (Pd) causing white-nose syndrome
(WNS) that has decimated bat populations, many more studies have focused on microbial
diversity of subterranean environments (caves/mines) in search of WNS antagonists for possi-
ble control measures and to elucidate Pd ecology [9-12].

The Soudan iron mine in Soudan, Minnesota was the first iron mine in the state and oper-
ated from 1884 until 1962. After its closure, it was gifted to the state of Minnesota and con-
verted into the Soudan Underground Mine State Park in 1963 and operates mine tours for
visitors that take them to the bottom level of the mine. The mine has 18 accessible levels with
drifts (tunnels) in east and west directions from the main shaft. The mine is 713 m deep with
one main shaft in operation and other closed shafts that were used during mining operation.
Most subterranean environments such as natural karst caves and mines are oligotrophic
[1,13,14]. However, in the Soudan mine an abundance of wood remains from mining activi-
ties, including thousands of timbers that supported rails for ore carts, beams and lumber for
various purposes. This substrate provides a carbon and nutrient source for fungi and other
microbes not usually found in subterranean cave environments. The Soudan Mine environ-
ment is also known to have elevated levels of heavy metals [15]. The mine represents an
extreme environment in which microbial diversity has not been previously studied. The main
objective of this study was to describe the fungal diversity associated with wood and other sub-
strates found in the mine. In addition, while these studies were in progress, WNS was con-
firmed in bat populations in the mine and fungi isolated were screened for potential
antagonistic effects against WNS fungi for bio-control in other studies. Fungi that can grow in
this extreme environment of high metal ion concentrations were also of interest for bioproces-
sing technologies such as heavy metal remediation from mine wastewater and for bioactive
compounds.

Materials and methods

Samples were collected from 14 accessible levels of the Soudan iron mine in Lake Vermilion
Soudan Underground Mine State Park in Tower Minnesota (in 2013, ‘14, ‘15, ‘17) and taken
from wooden timbers and other wood materials as well as from visible fungal mycelia or
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rhizomorphs. Samples were placed in sterile whirl-pak bags and kept cold while being trans-
ported from the mine to the laboratory. Pure fungal cultures were obtained by aseptically plac-
ing four subsample segments of wood on two types of media, (MEA amended with 0.1 g/L
streptomycin sulphate added after autoclaving and a semi-selective media for Basidiomycota
which consisted of 15 g malt extract, 15 g agar, 2 g yeast extract, 0.06 g/L of Benomyl and 0.1
g/L streptomycin sulphate added after autoclaving) in duplicate. Plates were incubated at 22°C
and once growth appeared, pure cultures were transferred to MEA plates. A culture of each
morphotype isolated from each sample was then used for DNA extraction and sequencing.
Pure cultures are stored in the University of Minnesota Forest Pathology culture collection.
Sample collection was carried out under permit from the State of Minnesota Department of
Natural Resources, Division of Parks and Trails in Lake Vermilion Soudan Underground
Mine State Park.

Fungal DNA was extracted using a CTAB extraction procedure as previously described
[16]. The internal transcribed spacer gene region (ITS) was amplified using primers ITS1F and
ITS4 [17]. PCR was carried out in 25 pl reactions which contained ~12ng of DNA template,
.25 uM forward primer, 0.25 uM reverse primer, 0.05 pg/uL BSA, 1X GoTaq® green master-
mix and nuclease free sterile water. Thermocycler program parameters for amplification were:
94°C for 5 min, then 35 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 1 min and a
final extension at 72°C for 5 min. Amplicons were verified by electrophoresis on a 1% agarose
gel with SYBR green 1 pre-stain and imaged with a Dark Reader DR45 (Clare Chemical
Research-Denver, CO). Sanger sequencing was done with PCR primers on an ABI 3730xl
DNA sequencer (Applied Biosystems-Foster City, CA). Consensus sequences were assembled
using Geneious 9.0 [18] and were used to with the BLASTn program [19] using the megablast
option in GenBank. Identification of cultures was based on the highest BLAST match score of
a genus-species accession from a taxonomic study. Sequences representative of each taxon
were deposited in GenBank and given generic or higher classification. Values of less than 97%
best BLAST match to a verified genus / species were considered a possible new species [20,21]

Phylogenetic relationships of the cultures obtained were also determined using Geneious
9.0, while MAFFT v7.222 and MrBayes 3.2.6 plugins were used for sequence alignment and
Bayesian analysis, respectively. jModelTest 2.1.10 [22] was used to determine the appropriate
model (JC69) for Bayesian analysis. 1.1 x 10° MCMC generations were used with a sampling
frequency every 200 generations and the first 10% of sampled trees were discarded as burn in.

Elemental analyses were carried out on wood and Armillaria rhizomorphs using inductively
coupled argon plasma optical emission spectrometry (ICP). Subsamples were taken from small
wood samples from different locations in the mine for the elemental analyses. Sound pine and
oak, cut from modern boards, were used as controls. Al, B, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K,
Li, Mg, Mn, Mo, Na, Nj, P, Pb, Rb, Si, Sr, Ti, V and Zn are determined simultaneously by
Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES). A 500 mg sample of
dried plant material was weighed into a 20 mL high form silica crucible and dry ashed at
485°C for 10-12 hours. (Crucibles are covered during the ashing as a precaution against con-
tamination.) The ash was equilibrated with 5 mL of 20% HCl at room temperature for ¥ hour.
Then 5 mL of deionized water was added, gently swirled and allowed to settle for 3 hours. The
solution was decanted into 15 ml plastic disposable tubes for direct determination by ICP-AES
[23-25].

Results

The Soudan mine environment is dark, generally 4-12°C, and most levels have water seepage
creating wet conditions. Thousands of wooden timbers have been left in the mine from past
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use for rail tracks, supports and other mining activities. These substrates provide a carbon
source and nutrients for fungi to grow. Mine personnel indicated that the timbers used in the
mine came from surrounding forests and the wood identified was mainly pine (Pinus) and
spruce (Picea). Most of the woods sampled were soft, spongy and had advanced stages of
decay.

The identification to species is based on the best BLAST match and for taxa matching less
than 97%, the species listed may not be correct until further characterization is completed. A
complete list of fungi is presented in S1 Table. From a total of 370 samples, 164 fungal taxa
were isolated and identified by sequencing. This included 108 taxa in the Ascomycota, 26 in
the Basidiomycota and 31 in the Mucoromycota (S1 Table). Forty-six, or 28% of the isolated
taxa, have a best BLAST match to a described species below 97% identity, which may represent
new species. Among these low percent matched taxa, 26 are in the Ascomycota, 9 are in the
Basidiomycota and 10 in the Mucoromycota. Some of the most frequently isolated fungi are
shown in Table 1 (only fungi isolated more than 10 times are listed with the number of isola-
tions in parenthesis). Those in the Ascomycota include Scytalidium sp. (38), Mariannaea
camptospora (22), Hypocrea pachybasidioides (20), Oidiodendron griseum (15), Pochonia bul-
billosa (13), Penicillium spinulosum (12) and Cosmospora viridescens (10). The most encoun-
tered in the Basidiomycota were Postia sp. (26), Sistotrema brinkmannii (26), Calocera sp. (24),
Amyloathelia sp. (11) and the most common Mucoromycota were Mortierella parvispora (27),
M. gamsii (14) and M. hyalina (12).

Unusual growth forms of several fungi were observed. Black rhizomorphs, abundant in
many locations throughout the mine, were cultured and identified as Armillaria sinapina.
They were present in large quantities on levels 10 and 27 growing in pools of water and on the
floor of the mine. The rhizomorphs grew on wood and also extended out on the floor of the
mine. In some areas the rhizomorphs were growing long distances between wood substrates
(20+ ft). Also pools of water between wood sources had masses of rhizomorphs that appeared
to have accumulated over many decades of growth (Fig 1). Large masses of white mycelial fans
were also found on other timbers, and identified as Postia sp. On level 25, a large expanse of
mycelium was growing on mine timbers from a small collapsed side stope and extended out
over boulders for several meters (Fig 1). Large white rhizomorphs were also observed among
the mycelial growth on wood, collapsed rocks and rock walls. Also, at another location (level
12), a pile of lumber left in the mine was completely covered in mycelium, which did not
appear to be actively growing. Several fungi were cultured from the mycelium, however, and
macroscopic characteristics of the growth form were similar to the Postia sp. on level 25.
Expansive white fungal growth was also observed on the walls and ceiling of several levels. The
coverage of growth in these areas varied between several m? to very large areas of the walls and
ceiling (Fig 1). Fungi grown from swabs taken from these areas showed the dominant fungi
isolated were Pseudogymnoascus species. Phylogenetic analyses showed several different spe-
cies of Pseudogymnoascus were present and this information has been previously published
[26].

Phylogenetic analysis was done on the most prevalent fungi that appeared to be unde-
scribed species from BLAST search results. Scytalidium spp. isolated from 13 levels of the mine
consist of a complex of species with most isolates representing undescribed species (Fig 2).
Species fall into two main clades, one mostly related to S. circinatum and one closest to S.
album and S. aurantiacum. The majority of the Postia species encountered (26 of 35) arein a
well supported separate clade not shared with a described species, while additional isolates
share the Postia floriformus | P. zebra clade (Fig 3). Three additional isolates group in a well
supported sister clade to that of Oligoporus balsameus. A recent study on the phylogeny and
taxonomy of Postia proposed changes in the naming of several closely related groups based on
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Table 1. List of fungal taxa, the best BLAST match and frequency isolated at specific levels of the Soudan mine. Fungi isolated 5 times or more are listed. S1 Table

lists all fungi isolated and GenBank accession numbers. Taxa appearing more than once indicate different strains with different % BLAST matches.

Taxa % Match Level Total
7 8 | 9o 10| 1|12 1517 18| 21 22| 23| 25 27
Ascomycota
Scytalidium album 95% 1 1 3 3 2 1 4 1 9 13 38
Mariannaea camptospora 100% 2 1 1 2 7 1 8 22
Hypocrea pachybasioides 99% 1 1 3 3 3 3 2 3 1 20
Pseudogymnoascus sp. E 99% 1 1 3 3 9 1 18
Oidiodendron griseum 99% 1 1 3 15
Pochonia bulbillosa 99% 1 13
Penicillium spinulosum 99% 1 1 4 2 4 12
Cosmospora viridescens 99% 1 3 4 2 10
Penicillium montanense 99% 1 2 1 3 1 9
Penicillium ubiquetum 100% 1 3 2 1 1 9
Oidiodendron truncatum 99% 2 1 1 3 7
Penicillium raphiae 99% 1 1 3 2 7
Scytalidium circinatum 95% 1 5 6
Penicillium echinulatum 99% 1 1 1 3 6
Calcarisporium arbuscula 98% 1 1 3 5
Calcarisporium cordycipiticola 92% 2 5
Oidiodendron truncatum 96% 1 1 1 2 5
Trichoderma oblongisporum 99% 1 2 1 1 5
Basidiomycota
Postia floriformis 94% 2 7 1 3 2 2 1 4 26
Sistotrema brinkmannii 100% 3 2 1 5 1 10 26
Calocera cornea 87% 9 4 1 1 1 1 24
Hypochnicellum molle' 100% 3 1 1 11
Postia floriformis 99% 1 6 9
Armillaria sinapina 99% 4 2 1 7
Hyphodontia floccosa 99% 2 1 1 5
Jaapia argillacea 98% 1 4 5
Mucoromycota
Mortierella parvispora 98% 1 2 3 3 1 3 5 2 2 5 27
Mortierella cf. gamsii 98% 2 2 1 14
Mortierella hyalina 99% 1 4 2 1 3 1 12
Mortierella basiparvispora 99% 1 3 2 9
Mortierella hyalina 93% 1 1 7 9
Mucor heimalis 100% 1 1 2 2 6
Mortierella gemmifera 99% 1 1 1 2 5
Mortierella parvispora 96% 4 1 5
Mortierella pulchella 99% 1 2 1 1 5
# of Samples 8 27 16 34 18 58 14 11 60 1 3 37 67

"Based on large subunit (LSU) sequence

https://doi.org/10.1371/journal.pone.0234208.t001

molecular and taxonomic data [27]. The Postia sp. studied here (with the exception of those
closest to O. balsameus) would be considered Spongiporus instead of Postia, but for the pur-

poses of this study we are keeping the genus name that is used with GenBank reference

sequences. The isolates of Calocera represent undescribed species that are most closely related
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Fig 1. Images of unusual fungal growth in the Soudan mine. (A) masses of rhizomorphs of Armillaria sinapina growing on logs and in a water
pool. (B) fresh mycelial growth of A. sinapina on the surface of a water pool with large amounts of rhizomorphs on the bottom of the pool heavily
laden with iron and other metals. (C) large area of fungal mycelium of Postia sp. growing from wood material over rock surfaces. (D) Postia sp.
forming rhizomorphs from wood growth enabling it to transport nutrient to the advancing front as it grows across rock surfaces. (E) growth of
Pseudogymnoascus sp. over large areas of wall and ceiling. (F) Pseudogymnoascus sp. growing on the rock surface of the mine wall.

https://doi.org/10.1371/journal.pone.0234208.9001

to C. viscosa. Three distinct well supported clades of these fungi were evident, however,
branches to related species C. viscosa, C. cornea and C. pendicellata were less supported (Fig 4.)
The elemental analysis of samples from 12 different levels revealed remarkably high concen-
trations of metal jons present (Table 2) in all wood samples and Armillaria rhizomorphs from
the mine (Fig 5). Some of the highest concentrations (ppm) were 65,867 Al, 44,729 Ca, 1179 Co,
5843 Cu, 26,591 Fe, 26,490 K, 14,207 Mg, 15,725 Mn, 13,608 Na, 817 Ni, 1599 Pb and 1847 Zn.
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Mycothermus thermophilus JF412007
—— Scytalidium lignicola MH863583

Scytalidium cuboideum MH858144

Scytalidium circinatum MH862195

SM14_27-6-2
0.98

0.98 SM13_27-28-1

SM13_11-7-2
SM13_17-3-1
SM13_27-24-4

SM13_27-27-1

— SM14_25-8-10
SM14_12-21-2
L] SM13_8-1-2
SM13_25-4-3
SM13_7-4-1
098l gv13_15-3-1
SM14-21-17-2
Scytalidium aurantiacum MH858619
. Scytalidium album MH858618
; SM13_9-4-2
o2 SM14_10-15-4
SM13_11-6-1
Hr SM13_18-3-1
o7 sM13_23-2-1
09 sM13_27-31-1
SM14_27-7-1
0.08

Fig 2. Bayesian tree constructed using ITS sequences from Scytalidium species isolated from the Soudan mine (preceded with “SM”) and
related genera. Posterior probabilities are shown at branches.

https://doi.org/10.1371/journal.pone.0234208.9002

Discussion

This study provides new information on the fungal diversity of an understudied iron ore mine
environment, and revealed a diverse assemblage of taxa. Several conspicuous and unusual
growth forms of Basidiomycota were found and appear similar to those observed in some of
the oldest references to subterranean fungi. First, A. sinapina rhizomorphs were observed in
astounding quantities in several areas in the Soudan mine growing over long distances (>5m)
between suitable timber substrates (Fig 1). Although the rhizomorphs were observed growing
in many areas of the mine, isolation frequency of A. sinapina does not reflect its abundance
because once rhizomorphs were identified they were not continually isolated. The
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Trametes suaveolens KR605823

Postia caesia KC585376

Oligoporus balsameus MH857145

L - SM15-11-5-1

04 SM13-27-24-12

SM14-21-22-3

Spongiporus leucospongia KC595955

r SM13-10-6-1

r SM13-11-3-2

r SM13-18-7-4

- SM14-8-5-1

r SM14-27-9-1

SM13-10-13-4

L 0.99] 068 SM14-12-18-1

SM14-21-11-1

Postia gloeopora NR_153452

r SM14-12-10-1

0.94 0.54

- SM14-12-15-1

r Postia floriformis MH862174

- Postia zebra KF727430

Postia floriformis KC595936

ost| - SM14-12-25-2

ospr SM14-12-32-2

SM13-27-3-3
1
SM13-27-21-1
0.1

Fig 3. Bayesian tree constructed using ITS sequences from Postia species isolated from the Soudan mine (preceded
with “SM”) and related genera. Posterior probabilities are shown at branches.

https://doi.org/10.1371/journal.pone.0234208.g003

rhizomorphic growth habit of A. sinapina in the mine is extraordinary, since it usually cannot
be observed in its entirety when growing in its natural underground habitat, such as in tree
roots and through soil. In forest disease situations, the fungus uses this highly melanized
growth form to spread through the soil from host to host and over time the fungus can move
across vast distances [28]. Melanin production in fungi have an array of biological roles and
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Suillus pictus AY854069

Calocera sinensis FJ195754

Calocera bambusicola FJ195751

0.66 ——————— Calocera lutea AB712438

0.7 ———————— Calocera pedicellata LC131415

Calocera cornea AB712437

Calocera viscosa AB841078

SM13-18-3-3

0991 SM13-25-4-1

SM13-27-31-3

r SM13-8-3-2

SM13-8-5-7

SM13-8-14-2

1t SM13-27-16-3

F SM13-8-15-4

SM13-8-1-4

SM13-8-2-5

SM13-8-10-5

SM13-10-2-1

SM13-11-8-11

SM13-21-3-3

SM13-10-2-3

SM13-10-2-2
0.1

Fig 4. Bayesian tree constructed using ITS sequences from Calocera species isolated from the Soudan mine
(preceded with “SM”) and related genera. Posterior probabilities are shown at branches.

https://doi.org/10.1371/journal.pone.0234208.9004

act as binding sites for metals [29-31], and Armillaria rhizomorphs have been shown to absorb
large concentrations of metal ions in soils and have been suggested to help protect the rhizo-
morphs from other antagonistic fungi [31]. Despite the high concentrations of heavy metals in
the mine water [15] and exceedingly high concentrations that accumulate in the wood
(Table 2), A. sinapina has been able to tolerate these conditions and grow prolifically as it seeks
out new woody substrates. There was also a similar observation of Armillaria rhizomorphs in
an abandoned copper mine in Michigan [5].

Postia was the most frequently isolated Basidiomycota in the mine. It was distributed
throughout the mine and was isolated from 9 of the 14 levels that were sampled. Conspicuous
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Table 2. Elemental analysis (ppm) of woods and Armillaria rhizomorphs collected from various levels of the Soudan iron ore mine and control sound wood used
for comparison.

Mine Level- sample # | Al B |[Ca Cd |Co Cr |Cu Fe K Mg Mn Mo |Na Ni |Pb Zn P
7-1 rhizomorphs 2821 15 | 28215 4 5 9 144 9741 10435 3127 359 0 621 46 44 1319 | 745
8-2 wood 1776 34 | 22679 1 11 6 159 9557 1023 3056 639 1 629 41 28 313 901
8-15 wood 324 16 | 11856 1 3 1 43 1518 356 1622 152 0 427 10 13 317 536
10-10 wood 65867 |29 | 2664 0 1179 |9 5843 | 2447 345 243 15725 |0 170 817 |2 132 3903
10-14 rhizomorphs 313 6 32040 1 7 2 121 350 13895 3049 1756 0 403 325 |2 376 877
11-7 wood 56 11 | 7862 1 6 1 8 97 848 1653 680 0 68 3 1 60 81
11-8 wood 2692 8 19190 0 3 1 355 840 57 2338 88 2 458 11 1 15 372
12-6 wood 166 17 | 7770 0 1 1 30 6533 117 2517 158 0 325 4 1599 | 1223 | 107
12-8 wood 1840 26 | 6288 1 5 4 178 9940 566 1019 691 0 885 25 22 54 274
12-12 wood 254 5 7250 1 13 1 29 1126 <0.30 | 1529 281 0 44 28 3 62 188
15-1 wood 432 6 3541 0 1 1 181 655 745 751 167 0 983 2 4 53 252
15-6 wood 1313 12 | 23814 1 18 |92 2891 5334 3672 79 0 1193 6 27 350 297
17-2 wood 90 17 | 10984 0 0 1 87 153 195 5048 844 0 1787 1 320 197 160
18-2 wood 1406 10 | 6426 0 10 3 20 2159 177 2727 431 0 366 14 7 203 233
21-17 wood 305 26 | 745 0 1 9 12932 | <030 |471 13 0 173 1 4 6 208
21-19 wood 2351 10 | 3375 0 9 2 28 2740 829 1497 97 0 358 41 9 44 164
21-20 wood 247 9 8053 11 1 2 56 1861 26490 3793 74 0 4564 2 15 179 6426
21-22 wood 89 15 | 19396 1 0 1 7 457 6168 2729 286 0 3576 1 3 86 141
23-1 wood 1815 66 | 44729 1 10 26 | 393 16485 | 2760 14207 | 581 0 10144 | 44 131 1847 | 769
25-4 wood 188 57 | 4812 1 1 1 10 21850 | 2765 1068 112 0 11279 |1 3 27 129
27-24 wood 917 15 | 19873 1 4 4 39 2998 1484 1403 108 0 2651 7 7 381 370
27-31 wood 799 59 |38912 0 1 3 119 26591 | 734 2169 40 0 13608 |1 10 8 312
27-35 wood 1191 27 | 14520 2 5 20 |94 10116 | 26 2484 251 0 1949 9 40 1433 | 159
27-43 wood 121 16 | <043 |0 1 1 53 1160 234 5136 171 0 9369 1 2 56 150
Pine wood control 8 2 426 0 0 1 2 12 886 124 45 0 13 1 0 10 165
Oak wood control 1 3 1125 0 0 0 1 5 405 6 11 0 5 1 0 1 5

https://doi.org/10.1371/journal.pone.0234208.t002

mycelial fans and mats were observed as well as white mycelial cords that grew over wood and
rock surfaces (Fig 1). These structures are similar to the growth habit of Serpula species and a
few other decay fungi that are common in wooden building environments [32]. The produc-
tion of thick white rhizomorphs enable these fungi to grow over non-nutrient surfaces until
they encounter a suitable substrate. These Postia sp. appear well adapted to the underground
mine environment producing white rhizomorphs to move across mineral surfaces and to pro-
tect it from competing organisms. The phylogenetic analysis (Fig 3) show diverse species in
this group and the majority of Postia isolates from the mine appear to be undescribed species.
Another unusual discovery is the presence of several Basidiomycota, Hypochnicellum, Jaa-
pia and Sistotrema, which have also been found to occur in extreme polar environments and
in wooden buildings in cold regions of the world. As part of the corticioid group, these species
have resupinate fruiting structures that are effuse and spreading, often forming on the under-
side of logs. Most species are wood degraders. Hypochnicellum and Jaapia have been isolated
from Arctic driftwood as well as historic wooden structures located in Antarctica [16,33,34].
Jaapia is a relatively rare genus but has a wide geographical distribution [35] and accommo-
dates two species; J. argillacea and J. ochroleuca. Sistotrema brinkmannii has been identified in
soils and wood from Antarctica [34,36] and has also been frequently isolated from coal mines
in the United States [6]. This species has a wide host range and has been associated with the
wood of angiosperms and gymnosperms, soil, moss and reported to cause a brown rot in
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Fig 5. Examples of extensive metal deposition on wood in the Soudan mine. (A) A pile of discarded lumber coated with iron and (B) encased with a layer
of copper and despite the extremely high metal concentrations, fungi such as Cadophora species were isolated from these substrates.

https://doi.org/10.1371/journal.pone.0234208.9005

wood [37,38]. The ITS BLAST results from Hypochnicellum isolates resulted in a low match to
Amylothelia crassicula, however, sequences obtained from the large subunit (LSU) and queries
of other databases (CBS and UNITE) show a 100% match to H. molle. Unfortunately, an ITS
sequence of a documented H. molle has not been accessioned in GenBank. This fungus has
several references to polar or alpine environments and has been reported to cause decay in
buildings in Norway and Germany [39-41]. One likely adaptation mechanism of Sistotrema
and Hypochnicellium to extreme environments is the production of basidiospores and chla-
mydospore-like structures, respectively, produced from the mycelium which may aid in dis-
persal and are resistant to adverse conditions. The abundance of these Basidiomycota in the
mine and other extreme environments suggests they may have an important ecological role for
recycling carbon.

Calocera sp. was also a dominant basidiomycete that was isolated from the mine. This fun-
gus belongs in the Dacrymycetes or one of the ‘jelly fungi’. The closest GenBank match using
BLAST was 87% to C. cornea. Phylogenetic analysis shows this is a new species of Calocera (Fig
4). C. cornea produces yellow, tapered, finger-like basidiocarps, which were not observed in
the mine. It is often referenced as being associated with decayed wood, and produces a brown
pocket rot [42].

Ascomycota was the major group of fungi that were represented in the Soudan mine. Our
findings are similar to other studies of fungi in subterranean ecosystems such as caves and
mines where Ascomycota are common [8]. However, among the Ascomycota that we isolated,
26 taxa do not match described species (ie <97% BLAST match). The mine contained many
unique fungal species and several undescribed species that need additional study. A Scytali-
dium species that matched 95% to S. album was the most often isolated of the Ascomycota.
However, phylogenetic analysis of all Scytalidium sp. isolated shows considerable genetic vari-
ability in with several clades comprising undescribed species (Fig 2). Scytalidium sp. have
adaptive characteristics that may aid in their abundance in the mine. Previous studies have
shown varied antagonistic properties from Scytalidium spp. Compounds isolated and purified
from Scytalidium album have shown antifungal, antimicrobial and anticancer properties [43]
including the antibiotic scytalidin [44]. Several species including S. album have also been
described as mycoparasites, parasitizing a wide range of Basidiomycota [45-47] and have been
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suggested for potential use in biocontrol of wood decay and other fungi [48]. Other species
such as S. circinatum and S. lignicola have been associated with the colonization and decay of
utility poles, indicating a tolerance to the harsh preservatives creosote and pentachlorophenol
used in the poles [49,50]. The antagonistic characteristics of Scytalidium, along with its ability
to colonize and degrade wood show adaptive traits enabling these species to grow in adverse
conditions and dominate fungal communities in the mine.

Compared with other fungi, entomopathogens are the most studied in underground envi-
ronments [8]. While insects were not a target for fungal isolations in these investigations, sev-
eral important genera of insect associated fungi were identified. Mariannaea camptospora, the
second most isolated Ascomycota has been previously described as a pathogen of insects [51],
isolated from decaying wood [52]. Other insect related fungi that were identified include three
Lecanicillium species which are closely related anamorphs of Cordyceps and Tolypocladium.
Pochonia sp. are nematophagous fungi that are commonly found in soils [53]. Very little is
known about subterranean nematodes in mines and caves and their ecology and natural his-
tory needs additional study [54].

Pseudogymnoascus species (formerly Geomyces) found covering large areas of rock on mine
walls and ceilings indicates a unique adaption and ecological function in subterranean envi-
ronments. Comparisons of ITS sequences using BLAST showed matches to similar taxa iso-
lated from cave or mine hibernacula, but not matching described species of
Pseudogymnoascus. This group is related to the white -nose syndrome causal agent, P. destruc-
tans [26]. While many Pseudogymnoascus species are often associated with terrestrial soils and
they would be expected to be isolated from subterranean environments, the extent of their
growth within the mine was extraordinarily high. While fungi associated with rock surfaces of
subterranean and above ground environments [12,55,56] have had some study, it is not clear
what nutrient sources are being utilized by these species. We hypothesize that because many of
the areas where growth is occurring on the walls and ceiling are wet, moisture may be leaching
additional nutrients to wall and ceiling surfaces. Ogorek et al. 2017 [57] also reports Geomyces
(Pseudogymnoascus) pannorum in high abundance of the walls of an aluminous shale mine in
Poland. Biolog data from [26] also showed that the Pseudogymnoascus spp. isolated from the
mine have broad enzyme capabilities which are similar to their Geomyces counterparts com-
monly found in terrestrial soils.

Mortierella species are cosmopolitan fungi that are frequently recovered from soils where
they maintain a saprobic lifestyle. Many species are capable of metabolizing chitin [58], are
commonly found in the subterranean environments [59], show metal tolerance [60], and have
psychrotolerance [61]. In addition, many species are well known for producing industrially
relevant fatty acids [62]. Chitin is a component of insectivorous bat guano and may be a nutri-
ent source for some of these species in or near bat hibernacula [63]. The 24 Mortierella taxa
found in the mine, while unexpected, may be reflective of the diversity in the genus Mortierella,
containing nearly 100 species [64]. Of the 31 taxa we found in this study, 9 lacked ITS sequence
similarity to described species indicating the need for species descriptions. Mortierella parvis-
pora was particularly abundant compared to others species and was encountered nearly twice
that of the next most isolated species. A previous study showed that cell walls of M. parvispora
are resistant to microbial enzyme digestion, and the authors suggest that the mechanisms
involved in protection from other organisms may also protect them from the extreme mine
environment [65].

Water that is continually pumped from the Soudan mine is contaminated with metal ions
[15]. The baseline concentrations of metals in mine water have been shown to be quite low
compared to wood samples tested (Table 2). In the water, concentrations of copper (Cu) ranges
from 0.083-0.5 ppm, cobalt (Co) 0.006-0.026 ppm and mercury (Hg) 0.0004-0.00006 ppm [66]
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and in wood samples concentrations were highly elevated ranging from 7 to 5842 (Cu) and 1 to
1178 (Co) (Hg in wood was not measured). Wood from many areas in the mine have exceed-
ingly high concentrations of metals and despite this, fungi are present and have been isolated
from these samples. Level 10 has an area where very high amounts of copper have leached into a
standing pool of water, and has stained adjacent rocks, parts of the wall and pieces of wood
green. In particular, samples from the 10" level had very high copper, cobalt and aluminum
concentrations. Among the fungi isolated from samples from this area of the mine was Cado-
phora fastigiata. Species in this genus have highly melanized hyphae and have been identified in
many extreme environments like heavy metal contaminated sites [67], polar environments
[16,34,67,68] deep sea hydrothermal vents [69], saline and acidic soils [70] and copper treated
wood [71]. In a previous study of secondary metabolites from fungi, several new isochroma-
none compounds (“soudanones”) with activity against Cryptococcus and Candida pathogens
were characterized from a culture of Cadophora fastigiata that was isolated from wood with
high copper from level 10 in the mine [72]. The presence of Cadophora species in these extreme
environments indicates an adaptation to withstand high heavy metals and salts, cold tempera-
ture and other stress factors. Wood in this mine environment appears to act as a metal ion sink
where these metals accumulate over time resulting in much higher concentrations than is found
in water from the mine. This also illustrates that fungal species isolated from extreme environ-
ments are often targets for the novel compounds these organisms produce to adapt in the harsh
environment.

Mines, unlike other subterranean environments such as caves, are relatively recent anthro-
pogenic disturbances. Consequently, fungi and other organisms have been introduced by a
variety of modes and the environment selects for those species that are able to adapt [73]. The
mine can be a harsh environment, however, with high concentrations of metal ions and high
salt concentrations compared to the surface. The thousands of wood timbers in the Soudan
mine also provide a nutrient source for microbes that is normally not found in oligotrophic
caves. The obvious and main sources of introduction of these fungi were with the wood that
has been brought into the mine during operations as well as air exchange, infiltration of rain
and ground water, and human, animal, and insect activity. In the Ascomycota assemblage,
there were 88 taxa that were recovered two or fewer times suggesting many of these taxa are
not common species and may enter the mine as spores introduced by air currents or other ave-
nues. It would be expected that certain selection pressures (limited light, cool temperatures,
high metal concentrations) will be conducive to growth of some fungi that are well adapted to
these conditions and would inhibit or limit colonization by others. In addition, timbers, espe-
cially large amounts of wood found in some areas of the Soudan mine, result in fungal hotspots
compared to more oligotrophic areas of the mine. While temperature does not vary widely
from level to level, the amount of moisture varies significantly. On several levels, excess water
has collected and is pumped to the surface to avoid flooding and in these areas wood is very
wet compared to other areas of the mine where very little water is present. The results pre-
sented are consistent with other studies of subterranean environments and many fungi inside
the mine broadly reflect the generic diversity found in the above ground environment [8].
However, many fungi isolated from the Soudan mine revealed sufficient sequence differences
to suggest there are new species to be described from this subterranean environment. This
work provides new information to the growing body of studies on subterranean mycology.
These fungi provide a rich resource for exploration of diverse applications. Studies are under-
way to evaluate them for metal sequestration, biocontrol for WNS and new drug discovery.
Future exploratory work using amplicon sequencing of not only fungi but also bacteria would
be useful in characterizing the mine microbiomes and relationships among these organisms.

PLOS ONE | https://doi.org/10.1371/journal.pone.0234208 June 4, 2020 13/17


https://doi.org/10.1371/journal.pone.0234208

PLOS ONE

Diverse subterranean fungi mine

Supporting information

S1 Table. Table showing best BLAST % identity, numbers of isolates recovered from each
mine level, and GenBank # for each taxa.
(DOCX)

Acknowledgments

We thank Jim Essig and Tony Zavodnik from the Minnesota Department of Natural Resources
for their assistance at the Soudan Underground Mine State Park; Mike Ottman, Liam Genter,
Eric Otto, Josh Kielsmeier-Cook, Garrett Beier, Sam Redford, Leah Grim, Connor Lund, and
Camille Schlegel, and Joel Jurgens for assistance in the laboratory or during sample collection
at the mine.

Author Contributions

Conceptualization: Benjamin W. Held, Christine E. Salomon, Robert A. Blanchette.
Data curation: Benjamin W. Held.

Formal analysis: Benjamin W. Held.

Funding acquisition: Christine E. Salomon, Robert A. Blanchette.

Investigation: Benjamin W. Held, Christine E. Salomon, Robert A. Blanchette.
Methodology: Benjamin W. Held, Christine E. Salomon, Robert A. Blanchette.
Project administration: Christine E. Salomon, Robert A. Blanchette.

Writing - original draft: Benjamin W. Held.

Writing - review & editing: Benjamin W. Held, Christine E. Salomon, Robert A. Blanchette.

References

1. Gabriel CR, Northup DE. Microbial Ecology: Caves as an Extreme Habitat. In: Cheeptham N, editor.
Cave Microbiomes: A Novel Resource for Drug Discovery. New York, NY: Springer; 2013. pp. 85-108.

2. Lister M. An account of two uncommon mineral substances, found in some coal and iron-mines of
England; as it was given by the intelligent and learned Mr. Jessop of Bromhal in Yorkshire to the inge-
nious Mr. Lister, and by him communicated to the publisher in a lette. Philisophical Trans R Soc London.
1674; 8: 6179-6181.

3. Humbolt A von. Florae Fribergensis Specimen, Plantas Cryptogamicas Praesertim Subterraneas Exhi-
bens. Berolini; 1793.

4. Cartwright KSG, Findlay WPK. Decay of Timber and its Prevention. London: Her Majesty’s Stationary
Office; 1958.

5. Erbisch FH, Harry N. The ocurrence of Armillariella mellea in an abandoned copper mine. Mycologia.
1979; 71: 652—655.

6. Eslyn WE, Lombard FF. Decay in mine timbers. Part Il. Basidiomycetes associated with decay of coal
mine timbers. For Prod J. 1983; 33: 19-23.

7. Novéakova A, Sedlak P, Kubatova A, TomSovsky M. Underground spaces as neglected niche for occur-
rence of Heterobasidion annosum complex. Stenlid J, editor. For Pathol. 2015; 45: 373-378.

8. Vanderwolf KJ, Malloch D, Mcalpine DF, Forbes GJ. A world review of fungi, yeasts, and slime molds in
caves. Int J Speleol. 2013; 42: 77-96. https://doi.org/10.5038/1827-806X.42.1.9

9. Hershey OS, Barton HA. The Microbial Diversity of Caves. In: Moldovan O, Kavac L, Halse S, editors.
Cave Ecology Ecological Studies ( Analysis and Synthesis. Springer, Cham; 2018. pp. 69-90.

10. Micalizzi EW, Mack JN, White GP, Avis TJ, Smith ML. Microbial inhibitors of the fungus Pseudogym-
noascus destructans, the causal agent of white-nose syndrome in bats. Chaturvedi V, editor. PLoS
One. 2017;12.

PLOS ONE | https://doi.org/10.1371/journal.pone.0234208 June 4, 2020 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234208.s001
https://doi.org/10.5038/1827-806X.42.1.9
https://doi.org/10.1371/journal.pone.0234208

PLOS ONE

Diverse subterranean fungi mine

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Visagie CM, Yilmaz N, Vanderwolf K, Renaud JB, Sumarah MW, Houbraken J, et al. Penicillium diver-
sity in Canadian bat caves, including a new species, P. speluncae. Fungal Syst Evol. 2019.

Vanderwolf KJ, Malloch D, Mcalpine DF. No change detected in culturable fungal assemblages on cave
walls in eastern Canada with the introduction of Pseudogymnoascus destructans. Diversity. 2019;11.

Man B, Wang H, Xiang X, Wang R, Yun Y, Gong L. Phylogenetic diversity of culturable fungi in the
Heshang Cave, central China. Front Microbiol. 2015; 6: 1158. https://doi.org/10.3389/fmicb.2015.
01158 PMID: 26539184

Bastian F, Jurado V, Nova A, Alabouvette C, Saiz-Jimenez C, Saiz-Jimenez CC. The microbiology of Las-
caux Cave. Microbiology. 2010; 156: 644—652. hitps://doi.org/10.1099/mic.0.036160-0 PMID: 20056706

Eger P. Mine water treatment at Soudan State Park. Revitalizing the Environment: Proven Solutions
and Innovative Approaches. Billings, MT: National meeting of the American Society of Mining and Rec-
lamation; 2009.

Blanchette R, Held B, Hellmann L, Millman L, Buntgen U. Arctic driftwood reveals unexpectedly rich fun-
gal diversity. Fungal Ecol. 2016; 23: 58—-65.

Gardes M, Bruns TD. ITS primers with enhanced specificity for basidiomycetes—application to the
identification of mycorrhizae and rusts. Mol Ecol. 1993; 2: 113—-118. https://doi.org/10.1111/j.1365-
294x.1993.tb00005.x PMID: 8180733

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al. Geneious Basic: An inte-
grated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics. 2012; 28: 1647—1649. https://doi.org/10.1093/bioinformatics/bts199 PMID: 22543367

Zhang Z, Schwartz S, Wagner L, Miller W. A Greedy Algorithm for Aligning DNA Sequences. J Comput
Biol. 2000; 7: 203-214. https://doi.org/10.1089/10665270050081478 PMID: 10890397

Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge JL, Levesque CA, et al. Nuclear ribosomal inter-
nal transcribed spacer (ITS) region as a universal DNA barcode marker for Fungi. Proc Natl Acad Sci U
S A.2012; 109: 6241-6246. https://doi.org/10.1073/pnas.1117018109 PMID: 22454494

Kédljalg U, Nilsson RH, Abarenkov K, Tedersoo L, Taylor AFS, Bahram M, et al. Towards a unified para-
digm for sequence-based identification of fungi. Molecular Ecology. 2013. pp. 5271-5277. https://doi.
org/10.1111/mec.12481 PMID: 24112409

Darriba D, Taboada GL, Doallo R, Posada D. jModelTest 2: more models, new heuristics and parallel
computing. Nat Methods. 2012; 9: 772-772.

Munter RC, Grande RA. Plant tissue and soil extract analysis by ITP-AES. In: Barnes RM, editor. Devel-
opments in atomic plasma spectrochemical analysis. Philadelphia, PA: Heydon and Son; 1981. pp.
653-673.

Munter RC, Halverson TL, Anderson RD. Quality assurance for plant tissue analysis by ICP-AES. Com-
mun Soil Sci Plant Anal. 1984; 15: 1285-1322.

Dahlquist RL, Knoll JW. Inductively coupled plasma-atomic emission spectrometry: analysis of biologi-
cal materials and soils for major trace, and ultra-trace elements. Appl Spectrosc. 1978; 32: 1-30.

Wilson MB, Held BW, Freiborg AH, Blanchette RA, Salomon CE. Resource capture and competitive
ability of non-pathogenic Pseudogymnoascus spp. and P. destructans, the cause of white-nose syn-
drome in bats. PLoS One. 2017;12.

Shen LL, Wang M, Zhou JL, Xing JH, Cui BK, Dai YC. Multi-gene phylogeny and taxonomy of the
brown-rot fungi: Postia (Polyporales, Basidiomycota) and related genera. Persoonia. 2019; 42: 101—
126. https://doi.org/10.3767/persoonia.2019.42.05 PMID: 31551616

Anderson JB, Bruhn JN, Kasimer D, Wang H, Rodrigue N, Smith ML. Clonal evolution and genome sta-
bility in a 2500-year-old fungal individual. Proceedings of the Royal Society B 285: 20182233. 2018.
https://doi.org/10.1098/rspb.2018.2233 PMID: 30963893

Cordero RJB, Casadevall A. Functions of fungal melanin beyond virulence. Fungal Biol Rev. 2017; 31:
99-112. https://doi.org/10.1016/j.fbr.2016.12.003 PMID: 31649746

Toledo AV, Franco MEE, Yanil Lopez SM, Troncozo MI, Saparrat MCN, Balatti PA. Melanins in fungi:
Types, localization and putative biological roles. Physiol Mol Plant Pathol. 2017; 99: 2—6.

Rizzo DM, Blanchette RA, Palmer MA. Biosorption of metal ions by Armillaria rhizomorphs. Can J Bot.
1992; 70: 1515—-1520. Available: www.nrcresearchpress.com

Schmidt O. Indoor wood-decay basidiomycetes: damage, causal fungi, physiology, identification and
characterization, prevention and control. Mycol Prog. 2007; 6: 261-279.

Arenz BE, Held BW, Jurgens JA, Farrell RL, Blanchette RA. Fungal diversity in soils and historic wood
from the Ross Sea Region of Antarctica. Soil Biol Biochem. 2006;38.

Held BW, Blanchette RA. Deception Island, Antarctica harbors a diverse assemblage of wood decay
fungi. Fungal Biol. 2017;1.

PLOS ONE | https://doi.org/10.1371/journal.pone.0234208 June 4, 2020 15/17


https://doi.org/10.3389/fmicb.2015.01158
https://doi.org/10.3389/fmicb.2015.01158
http://www.ncbi.nlm.nih.gov/pubmed/26539184
https://doi.org/10.1099/mic.0.036160-0
http://www.ncbi.nlm.nih.gov/pubmed/20056706
https://doi.org/10.1111/j.1365-294x.1993.tb00005.x
https://doi.org/10.1111/j.1365-294x.1993.tb00005.x
http://www.ncbi.nlm.nih.gov/pubmed/8180733
https://doi.org/10.1093/bioinformatics/bts199
http://www.ncbi.nlm.nih.gov/pubmed/22543367
https://doi.org/10.1089/10665270050081478
http://www.ncbi.nlm.nih.gov/pubmed/10890397
https://doi.org/10.1073/pnas.1117018109
http://www.ncbi.nlm.nih.gov/pubmed/22454494
https://doi.org/10.1111/mec.12481
https://doi.org/10.1111/mec.12481
http://www.ncbi.nlm.nih.gov/pubmed/24112409
https://doi.org/10.3767/persoonia.2019.42.05
http://www.ncbi.nlm.nih.gov/pubmed/31551616
https://doi.org/10.1098/rspb.2018.2233
http://www.ncbi.nlm.nih.gov/pubmed/30963893
https://doi.org/10.1016/j.fbr.2016.12.003
http://www.ncbi.nlm.nih.gov/pubmed/31649746
http://www.nrcresearchpress.com
https://doi.org/10.1371/journal.pone.0234208

PLOS ONE

Diverse subterranean fungi mine

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Nannfeldt JA, Eriksson J. On the Hymenomycetous genus Jaapia Bres. and its taxonomical position.
Sven Bot Tidskr. 1953; 47: 177—-189.

Arenz BA, Blanchette RA, Farrell RL. Fungal Diversity in Antarctic Soils. In: Cowan DA, editor. Antarctic
Terrestrial Microbiology. Berlin: Springer-Verlag; 2014.

Ginns J. A monograph of the genus Coniophora (Aphyllophorales, Basidiomycetes). Opera Bot. 1982;
61:1-61.

Potvin LR, Richter DL, Jurgensen MF, Dumroese RK. Association of Pinus banksiana Lamb. and Popu-
lus tremuloides Michx. seedling fine roots with Sistotrema brinkmannii (Bres.) J. Erikss. (Basidiomyco-
tina). Mycorrhiza. 2012; 22: 631-638. https://doi.org/10.1007/s00572-012-0440-4 PMID: 22476582

Alfredsen G, Solheim H, Jenssen KM. Evaluation of decay fungi in Norwegian buildings. International
Research Group on Wood Protection IRG/WP 36th Ann Conf. 2005.

Mattsson J, Flyen AC, Nunez M. Wood-decaying fungi in protected buildings and structures at Svalbard.
Agarica. 2010; 29: 5-14.

Schmidt O, Huckfeldt T. Characterization and identification of indoor wood-decaying basidiomycetes.
In: Adan OCG, Samson RA, editors. Fundamentals of mold growth in indoor environments and strate-
gies for healthy living. 2011. pp. 117—-168.

Seifert KA. Decay of wood by the Dacrymycetales. Mycologia. 1983; 75: 1011-1018.

El-Elimat T, Raja HA, Figueroa M, Swanson SM, Falkinham JO, Lucas DM, et al. Sorbicillinoid analogs
with cytotoxic and selective anti-Aspergillus activities from Scytalidium album. J Antibiot (Tokyo). 2015;
68: 191-6.

Stillwell MA, Wall RE, Strunz GM. Production, isolation, and antifungal activity of scytalidin, a metabolite
of Scytalidium species1. Can J Microbiol. 1973; 19: 597—602. https://doi.org/10.1139/m73-098 PMID:
4736196

Cease K, Blanchette R, Highley T. Interactions between Scytalidium species and brown-or white-rot
basidiomycetes in birch wood. Wood Sci Technol. 1989; 23: 151-61.

Fairbairn N, Pickard MA, Hiratsuka Y. Inhibition of Endocronartium harknesii spore germination by
metabolites of Scytalidium uredinicola and S. album, and the influence of growth medium on inhibitor
production. Can J Bot. 1983; 61: 2147-2152. A

Geigert J, Stermitz FR, Schroeder HA. Two new natural substituted hexenophenones from the fungus
Scytalidium. Tetrahedron. 1973; 29: 2343-2345.

Goh YK, Marzuki F, Goh K, Tan Y, Goh K, Kah &, et al. Mycoparasitic Scytalidium parasiticum as a
potential biocontrol agent against Ganoderma boninense basal stem rot in oil palm. Biocontrol Sci Tech-
nol. 2016; 26: 1352—1365.

Zabel RA, Lombard FF, Wang CJK, Terracina F. Fungi associated with decay in treated southern pine
utility poles in the Eastern United States. Wood Fiber Sci. 1985; 17: 75-91.

Sigler L, Wang CJK. Scytalidium circinatum Sp. Nov., a Hyphomycete from Utility Poles. Mycologia.
1990; 82: 399—-404.

Liu H, Skinner M, Parker BL, Brownbridge M. Pathogenicity of Beauveria bassiana, Metarhizium aniso-
pliae (Deuteromycotina: Hyphomycetes), and other Entomopathogenic Fungi Against Lygus lineolaris
(Hemiptera: Miridae). Brownbridge Source J Econ Entomol J Econ Entomol. 2002; 95: 675-681.

Okuda T, Yamamoto K. Materials for the fungus flora of Japan (56) Mariannaea camptospora and M.
elegans var. punicea from Japan. Mycoscience. 2000; 41: 411-414.

Nonaka K, Omura S, Masuma R, Kaifuchi S, Rokuro Masuma mura, Kaifuchi Rokuro Masuma S. Three
new Pochonia taxa (Clavicipitaceae) from soils in Japan. Mycologia. 2013; 105: 1202—1218. https://doi.
org/10.3852/12-132 PMID: 23921245

Torrini G, Mazza G, Benvenuti C, Roversi PF. Oscheius onirici sp. N. (Nematoda: Rhabditidae): A new
entomopathogenic nematode from an ltalian cave. Zootaxa. 2015; 3: 533-548.

Vaughan MJ, Nelson W, Soderlund C, Maier RM, Pryor BM. Assessing fungal community structure
from mineral sSurfaces in Kartchner Caverns using multiplexed 454 pyrosequencing. Microb Ecol.
2015; 70: 175-187. https://doi.org/10.1007/s00248-014-0560-9 PMID: 25608778

Burford EP, Kierans M, Gadd GM. Geomycology: fungi in mineral substrata. Mycologist. 2003; 17: 98—
107.

Ogorek R, Pusz W, Zagozdzon PP, Kozak B, Bujak H. Abundance and diversity of psychrotolerantculti-
vable mycobiota in winter of aformer aluminous shale Mine. Geomicrobiol J. 2017; 34: 823—-833.
Domsch KH, Gams W, Anderson T-H. Compendium of Soil Fungi. 2nd ed. Eiching, Germany: IHW-
Verlag; 2007.

Lorch JM, Lindner DL, Gargas A, Muller LK, Minnis AM, Blehert DS. A culture-based survey of fungi in
soil from bat hibernacula in the eastern United States and its implications for detection of Geomyces

PLOS ONE | https://doi.org/10.1371/journal.pone.0234208 June 4, 2020 16/17


https://doi.org/10.1007/s00572-012-0440-4
http://www.ncbi.nlm.nih.gov/pubmed/22476582
https://doi.org/10.1139/m73-098
http://www.ncbi.nlm.nih.gov/pubmed/4736196
https://doi.org/10.3852/12-132
https://doi.org/10.3852/12-132
http://www.ncbi.nlm.nih.gov/pubmed/23921245
https://doi.org/10.1007/s00248-014-0560-9
http://www.ncbi.nlm.nih.gov/pubmed/25608778
https://doi.org/10.1371/journal.pone.0234208

PLOS ONE

Diverse subterranean fungi mine

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

destructans, the causal agent of bat white-nose syndrome. Mycologia. 2013; 105: 237-252. https://doi.
org/10.3852/12-207 PMID: 23074174

Cui Z, Zhang X, Yang H, Sun L. Bioremediation of heavy metal pollution utilizing composite microbial
agent of Mucor circinelloides, Actinomucor sp. and Mortierella sp. J Environ Chem Eng. 2017; 5: 3616—
3621.

Weinstein RN, Montiel PO, Johnstone K, Weinstein’ RN. Influence of growth temperature on lipid
andsoluble carbohydrate synthesis by fungi isolated from fellfieldsoil in the maritime Antarctic. Mycolo-
gia. 2000; 92: 222—-229.

Mamani LDG, Magalh&es Al, Ruan Z, Carvalho JC de, Soccol CR. Industrial production, patent land-
scape, and market trends of arachidonic acid-rich oil of Mortierella alpina. Biotechnol Res Innov. 2019

Emerson JK, Roark AM. Composition of guano produced by frugivorous, sanguivorous, and insectivo-
rous bats. Acta Chiropterologica. 2007; 9: 261-267.

Wagner L, Stielow B, Hoffmann K, Petkovits T, Papp T, Vagvolgyi C, et al. A comprehensive molecular
phylogeny of the Mortierellales (Mortierellomycotina) based on nuclear ribosomal DNA. Persoonia.
2013; 30: 77-98. https://doi.org/10.3767/003158513X666268 PMID: 24027348

Pengra RM, Cole MA, Alexander M. Cell walls and lysis of Mortierella parvispora hyphae. J Bacteriol.
1969; 97: 1056—1061. PMID: 5813340

Egar P, Johnson A, Wagner J. Investigation of elevated copper and cobalt concentrations in Soudan
mine drainage. St. Paul, MN; 2001.

Gorfer M, Persak H, Berger H, Brynda S, Bandian D, Strauss J. Identification of heavy metal regulated
genes from the root associated ascomycete Cadophora finlandica using a genomic microarray. Mycol
Res. 2009; 113: 1377—-1388. https://doi.org/10.1016/j.mycres.2009.09.005 PMID: 19770041

Blanchette RA, Held BW, Jurgens JA, McNew DL, Harrington TC, Duncan S., et al. Wood-Destroying
Soft Rot Fungi in the Historic Expedition Huts of Antarctica. Appl Environ Microbiol. 2004; 70: 1328—
1335. https://doi.org/10.1128/aem.70.3.1328-1335.2004 PMID: 15006750

Burgaud G, Le Calvez T, Arzur D, Vandenkoornhuyse P, Barbier G. Diversity of culturable marine fila-
mentous fungi from deep-sea hydrothermal vents. Environ Microbiol. 2009; 11: 1588—1600. https://doi.
org/10.1111/1.1462-2920.2009.01886.x PMID: 19239486

Hujslova M, Kubatova A, Chudickova M, Kolafik M. Diversity of fungal communities in saline and acidic
soils in the Soos National Natural Reserve, Czech Republic. Mycol Prog. 2010; 9: 1-15.

Karunasekera H, Pettersson J, Mi J, Bergquist J, Daniel G. Copper tolerance of the soft-rot fungus Phia-
lophora malorum grown in-vitro revealed by microscopy and global protein expression. Int Biodeterior
Biodegrad. 2019; 137: 147—-152.

Rusman Y, Held BW, Blanchette RA, Wittlin S, Salomon CE. Soudanones A-G: Antifungal Isochroma-
nones from the Ascomycetous Fungus Cadophora sp. Isolated from an Iron Mine. J Nat Prod. 2015;78.
https://doi.org/10.1021/acs.jnatprod.5000204 PMID: 26035018

Zhang Z-F, Zhao P, Cai L. Origin of Cave Fungi. Front Microbiol. 2018;9. https://doi.org/10.3389/fmicb.
2018.00009 PMID: 29387050

PLOS ONE | https://doi.org/10.1371/journal.pone.0234208 June 4, 2020 17/17


https://doi.org/10.3852/12-207
https://doi.org/10.3852/12-207
http://www.ncbi.nlm.nih.gov/pubmed/23074174
https://doi.org/10.3767/003158513X666268
http://www.ncbi.nlm.nih.gov/pubmed/24027348
http://www.ncbi.nlm.nih.gov/pubmed/5813340
https://doi.org/10.1016/j.mycres.2009.09.005
http://www.ncbi.nlm.nih.gov/pubmed/19770041
https://doi.org/10.1128/aem.70.3.1328-1335.2004
http://www.ncbi.nlm.nih.gov/pubmed/15006750
https://doi.org/10.1111/j.1462-2920.2009.01886.x
https://doi.org/10.1111/j.1462-2920.2009.01886.x
http://www.ncbi.nlm.nih.gov/pubmed/19239486
https://doi.org/10.1021/acs.jnatprod.5b00204
http://www.ncbi.nlm.nih.gov/pubmed/26035018
https://doi.org/10.3389/fmicb.2018.00009
https://doi.org/10.3389/fmicb.2018.00009
http://www.ncbi.nlm.nih.gov/pubmed/29387050
https://doi.org/10.1371/journal.pone.0234208

