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Abstract: Lichens are symbiotic partnerships between a filamentous fungus and a photosymbi-
otic “alga”. Studies show that lichens harbor endothallic fungi, but that some taxa have been
difficult to isolate from the main filamentous thallus-forming fungus and other faster growing licheni-
colous/endothallic fungi. Therefore, we aimed to develop and evaluate liquid yeast-enrichment
strategies to (1) isolate lichen-associated yeasts in pure culture, and (2) determine the taxonomic
placement and breadth of the diversity of culturable yeasts. Eighty-two lichen samples were collected
and washed with distilled water, and healthy thalli were ground up and added to seven different
yeast-enrichment broths. Yeast colonies were isolated in pure culture and identified using molecular
techniques. Initial isolates were identified using BLASTn analysis, and a taxonomic refinement was
completed using PhyML analysis. In total, 215 isolates were obtained. The most prevalently isolated
ascomycetous yeasts were within the Dothideomycetes (Aureobasidium, Plowrightia, and Dothiora),
while the most frequently isolated basidiomycetous yeasts belonged to the genera Curvibasidium,
Sporobolomyces, and Tremella. The generic placements could not be determined for 17 isolates, and in
total 25 novel species were recovered. The results of this research indicate that (1) lichen-associated
yeasts are diverse, (2) employing liquid enrichment strategies is effective for isolating many of these,
and (3) lichen thalli represent a valuable untapped reservoir of diverse and novel yeast species.
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1. Introduction

Yeasts are fungi that have a predominant single cell growth state and appear primarily
in both Ascomycota and Basidiomycota. Ascomycetous yeasts are important in human food
production and alcohol fermentation, and the ascomycetous yeast Saccharomyces cervisiae
was the first eukaryotic organism to have its genome completely sequenced in 1996 [1].
Basidiomycetous yeasts often associate with plants and benefit human agriculture due
to their potential for biocontrol and bioremediation [2], and ascomycetous yeast—insect
associations have been well documented [3]. In contrast, lichen—yeast association studies
have been conducted to a lesser extent even though lichens are ubiquitous and have been
reported to be dominate the constituents of northern boreal forests and tundra biomes, as
seen in [4]. Interestingly, recent research has shown that (1) lichens contain endothallic
yeast taxa [5,6], (2) there are yeast-like fungal pathogens in lichens, particularly within the
fungal class Tremellomycetes [7], and (3) some lichens have external bacterial biofilms that
may contain fungi [8]. Of particular interest are the diverse lichen-associated species within
the genus Cyphobasidium (Cystobasidiomycetes) which appear to be widely distributed [6]
but difficult to obtain in pure culture.

Direct plating methods are useful when yeast cells are numerous [9]. However, iso-
lating a diverse group of yeast taxa (likely in low number) from a lichen thallus which is
primarily composed of a filamentous fungus and a photosymbiont, along with isolating
other associated filamentous fungi, can be challenging. Liquid enrichment strategies can
be employed to selectively recover yeasts while suppressing the growth of filamentous
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fungi [9]. Importantly, liquid enrichment strategies can be tailored to reflect the environ-
mental stresses that lichen-associated yeasts will encounter in nature. For example, lichens
have no mechanisms to actively regulate water content, so lichen thallus water availability
constantly fluctuates [10]. Therefore, the use of liquid enrichment media that vary water
availability, as well as the source of carbon, with selective agents could be one selective
strategy for the isolation of lichen-associated yeasts.

Additional strategies to use in concert with liquid enrichment include an investigation
of the potential usability of common lichen secondary metabolites as nutrient sources, and
that of selective agents that could inhibit the main thallus-forming fungus but not lichen-
associated yeasts. For example, lichens are known to produce at least 400 different acids [11]
and many produce terpenes as secondary metabolites [12]. Terpenes have antifungal
properties [13]; however, some basidiomycetous yeasts have been demonstrated, in vitro,
to use limonene vapor, a cyclic monoterpene, as a sole carbon source [14]. Differences in
chitin content between yeasts and filamentous fungi also offer a good target for selective
inhibition. Yeast cells have between 0.5-5% chitin, while filamentous fungi have up to
20% or more chitin distributed throughout the entire hyphal cell wall [15,16]. Therefore,
Nikkomycin Z, a chitin synthase inhibitor, has the potential to be a good selective agent.

The molecular identification of both ascomycetous and basidiomycetous yeasts gener-
ally relies on ribosomal DNA regions. Traditionally, domains 1 and 2 of the large ribosomal
subunit (LSU) are used to distinguish yeast species from each other [17]. In addition, the
internal transcribed spacer region (ITS) 1 and ITS 2 are also useful for separating some
yeast species, but not all. Therefore, species identification using both LSU domains and ITS
regions is recommended [18] since only about 3% of yeast species cannot be delimitated
with both loci [19]. A DNA barcoding study of 9000 yeast isolates suggested the following
taxonomic thresholds for yeast species delimitation: an ITS sequence similarity of 98.4%
and LSU sequence similarity of 99.51%. The authors of the study also determined the genus
level threshold to be 96.31% and 97.11% for ITS and LSU, respectively [19].

The goals of our study were to (1) determine the effectiveness of liquid enrichment
strategies for isolating lichen-associated yeasts, (2) test the use of a selective carbon source
for the isolation of lichen-associated yeasts, and (3) examine the use of a selective agent
(chitin synthase inhibitor) for the isolation of lichen-associated yeasts. We expected that
(1) liquid enrichment strategies would isolate a different set of lichen-associated fungal
taxa to direct plating strategies, (2) there would be some lichen-associated yeasts that could
be isolated using terpenes as a sole carbon source, and (3) there would be a differential
isolation of lichen-associated yeasts after exposure to a chitin synthase inhibitor. This
research is important because lichen thalli may represent a valuable untapped culturable
reservoir of diverse and novel yeast species.

2. Materials and Methods
2.1. Lichen Sample Collection and Molecular Identification

Eighty-two lichen samples were collected from Indiana, North Carolina, and Pennsyl-
vania, from March through June 2022 (Figure 1, Table 1) for liquid enrichment strategies.
These locations were chosen to collect a wide range of lichens from different habitats.
The Indiana samples were collected from mixed hard-wood forest, the North Carolina
samples were collected from conifer-dominated forests, and the Pennsylvania samples
were collected in mountainous regions with a focus on lichen species that grew on rock
surfaces. The genera of the lichen samples were identified by determining rDNA ITS/LSU
sequence similarity. The molecular identification of lichen samples was completed using
a modifed NaOH extraction protocol [20]. In short, a BB-sized amount (c.a. 2 X 2 mm)
of lichen thallus tissue was ground in a 1.5 mL centrifuge tube containing 200 uL 0.5 M
NaOH solution and centrifuged 16,873 x g for 2 min, and 5 uL of the resulting supernatant
was added to 495 uL 100 mM Tris-HCl buffered with NaOH to pH 8.5—8.9. All PCRs were
completed on an Eppendorf Mastercycler Pro S thermocycler with a total reaction volume
of 25 uL (12.5 pL 2x MyTaq Mix (Bioline), 1 pL of each 20 uM primer ITS-1F/ITS4 (ITS-
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1F: 5'-CTTGGTCATTTAGAGGAAGTAA-3’ and ITS4: 5-TCCTCCGCTTATTGATATGC-
3’) [21,22] or 1 pL of each 20 uM primer LROR/LR6 (LROR: 5'-ACCCGCTGAACTTAAGC-
3" and LR6: 5'-CGCCAGTTCTGCTTACC-3') [23,24], a 2 uL DNA template, and 8.5 pL
DNA-free water). The thermal cycle parameters included initial denaturation at 94 °C for
2 min, followed by 30 cycles of 94 °C for 30 s, 55 °C for 20 or 30 s, 72 °C for 1 min, and
a final extension step of 72 °C for 10 min. Gel electrophoresis (1% TAE agarose gel) and
SYBR GelRed was used to verify the presence of a PCR product. Both the PCR purification
and Sanger sequencing were performed by Genewiz (Plainfield, NJ, USA). The base-calls
from the resulting sequences were reviewed by Sequencer 5.4.6, and the final sequence was
compared against the NCBI database by BLASTn analysis [25]. All the lichen samples were
deposited into the Purdue University Kriebel Herbarium (PUL) (Table 1).

Figure 1. Examples of lichen species sampled in this study. (A) Parmotrema sp.; (B) Xanthoparmelia
sp.; (C) Cladonia sp.; (D) Umbilicaria sp.; (E) Usnea sp.; (F) Cladonia sp.
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Table 1. Identified lichen samples utilized in this study based on NCBI BLASTn analysis.
Lichen Isolation . PUL Acc. NCBI
Identification Technique ! Substrate ID Location 2 Substrate Type Number Match/Morphology 3
Aspicilia sp. LES/terpene DBRRPAJu05 PA Rock F29321 HMO060755
Buellia sp. LES DBRBNC22-C NC Branch F29267 morphology
LES DBRBNC22-E NC Branch F29269 KX512852
Candelaria concolor LES DBRBY01 IN Branch F29314 morphology
NZ DBRNZ-1 IN Branch F29327 DQ986791
NZ DBRNZ-7 IN Branch F29330 DQ986791
Canoparmelia LES DBRBNC05-C NC Branch F29240 morphology
caroliniana
LES DBRBNCO08 NC Branch F29243 morphology
LES DBRBNC09 NC Branch F29244 AY584634
LES DBRDNC10-B NC Bark F29246 AY584634
LES DBRBNC31 NC Branch F29279 AY584634
Cladonia sp. LES DBRGCO01 PA Ground F29312 DQ534464
LES DBRGRDO1 PA Ground F29313 MT553308
Lecanora sp. LES DBRBNCO05-B NC Branch F29239 morphology
LES DBRBNC11-A NC Branch F29247 morphology
LES DBRBNC13-A NC Branch F29250 KJ766583
LES DBRBNC16-B NC Branch F29256 OL663912
LES DBRBNC20-A NC Branch F29262 OL663912
LES DBRBNC20-B NC Branch F29263 OL663870
Lepraria harrisiana LES DBRDNC06 NC Bark F29241 JQ070289
Lepraria sp. LES DBRDNCO07 NC Bark F29242 morphology
LES DBRDNC12 NC Bark F29249 morphology
LES DBRDNC29 NC Bark F29277 morphology
Parmotrema sp. LES DBRBNCO03 NC Branch F29236 DQ912339
LES DBRDNC04 NC Bark F29237 morphology
LES DBRBNCO05-A NC Branch F29238 morphology
LES DBRBNC11-B NC Branch F29248 MG233922
LES DBRBNC14 NC Branch F29253 morphology
LES DBRBNC16-A NC Branch F29255 morphology
LES DBRBNC17 NC Branch F29257 morphology
LES DBRBNC18-B NC Branch F29259 morphology
LES DBRBNC21 NC Branch F29264 morphology
LES DBRBNC22-D NC Branch F29268 morphology
Physcia sp. LES DBRBINO1-1 IN Branch F29220 morphology
LES DBRBINO01-2 IN Branch F29221 morphology
LES DBRBIN02-1 IN Branch F29222 morphology
LES DBRBIN02-2 IN Branch F29223 morphology
LES DBRBIN03-1 IN Branch F29224 morphology
LES DBRBNC13-B NC Branch F29251 AY860575
LES DBRBNC13-C NC Branch F29252 JQ301596
NZ DBRNZ-2 IN Branch F29328 JQ301596
NZ DBRNZ-4 IN Branch F29329 JQ301596
NZ DBRNZ-8 IN Branch F29331 JQ301596
NZ DBRNZ-9 IN Branch F29332 JQ301596
NZ DBRNZ-10 IN Branch F29333 JQ301596
Porpidia crustulata LES/terpene DBRRPAJu01 PA Rock F29317 AY532943
LES/terpene DBRRPAJu02 PA Rock F29318 AY532943
Porpidia sp. LES DBRRPAApO1 PA Rock F29229 AY532967
LES DBRRPAAp02 PA Rock F29230 AY532973
LES/terpene DBRRPAJu03 PA Rock F29319 morphology
LES/terpene DBRRPAJu06 PA Rock F29322 AY532973
LES/terpene DBRRPAJu09 PA Rock F29325 AY532943
Punctelia sp. LES DBRBNC02 NC Branch F29235 AY584636
Punctelia ulophylla LES DBRDNC10-A NC Bark F29245 GU994641
Rhizocarpon sp. LES/terpene DBRRPAJu04 PA Rock F29320 KJ766652
LES/terpene DBRRPAJu07 PA Rock F29323 KJ766652
LES/terpene DBRRPAJu08 PA Rock F29324 KJ766652
Rhizoplaca sp. LES/terpene DBRRPAJul0 PA Rock F29326 MN756833
Trapelia sp. LES DBRRPAAPO4 PA Rock F29232 KJ766667
Umbilicaria sp. LES DBRPNC27 NC Pinecone F29274 HM161589
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Table 1. Cont.
Lichen Isolation . PUL Acc. NCBI
Identification Technique ! Substrate ID Location 2 Substrate Type Number Match/Morphology 3

Usnea sp. LES DBRBNC18-A NC Branch F29258 MH310889
LES DBRBNC19-A NC Branch F29260 morphology
LES DBRBNC19-B NC Branch F29261 morphology
LES DBRBNC22-B NC Branch F29266 morphology
LES DBRBNC22-F NC Branch F29270 morphology
LES DBRBNC23 NC Branch F29271 morphology

LES DBRBNC24-A NC Branch F29272 KY033353
LES DBRBNC24-B NC Branch F29273 morphology
LES DBRBNC28-A NC Branch F29275 morphology
LES DBRBNC28-B NC Branch F29276 morphology
LES DBRBNC32 NC Branch F29280 morphology

Verrucaria dolosa LES DBRRINO03-1 IN Rock F29228 JX848554

Verrucaria sp. LES DBRRINO1-1 IN Rock F29225 FJ664859
LES DBRRINO01-2 IN Rock F29226 morphology
Xanthoparmelia sp. LES DBRBGO1 PA Rock F29315 morphology
LES DBRBGO02 IN Rock F29316 morphology

LES DBRRPAAPO3 PA Rock F29231 KJ766676

1 LES = liquid enrichment strategies, NZ = Nikkomycin Z, terpene = monoterpene and sesquiterpene;
2N = Indiana, NC = North Carolina, PA = Pennsylvania; 3 lichen identification based on highest ITS/LSU
sequence similarity using nBlast against the NCBI database or identification based on morphology characteristics.

2.2. Liquid Enrichment Strategies

All the collected samples were processed within 7 days. The samples were externally
rinsed with distilled water to remove loose debris and hydrate the lichen thallus. Using
sterilized metal dental tools, crustose and foliose lichen thalli were scrapped from above in
order to grind only the top and inner tissue layers. Care was taken to avoid the underlying
substrate. The fruticose and squamulose tissues were allowed to dry overnight, cut into
small pieces, transferred to sterile plastic weigh boats, and ground into a fine powder. For
all thallus types, a portion (BB-sized) of the ground tissue was transferred into a separate
glass test tube containing 5 mL of the following: (1) an acidified yeast extract broth (3 g yeast
extract, 3 g malt extract, 5 g peptone, 10 g dextrose, 10% citric acid, 250 mg chloramphenicol,
1 L distilled water), (2) a high-osmotic broth (yeast-nitrogen-base, 20% glucose, 0.1% yeast
extract, 0.01% malt extract, 250 mg chloramphenicol, 1 L distilled water), (3) a xerotolerant
yeast broth (5 g peptone, 10 g glucose, 1 g KHyPOy, 0.5 g MgSO,4-7H,0, 0.002 dicholoran
(1 mL of 0.2% solution in ethanol), 100 mg chloramphenicol, 222 mL glycerol, 778 mL
distilled water), and (4) a nitrogen-limited broth (300 mg Lt chloramphenicol, 11.7 g Bacto-
yeast-carbon base, 400 mg cycloheximide, 310 mg thymine, 1 L distilled water) [9]. All
media were autoclaved at the standard pressure and temperature for 20 min. After the base
media cooled, chloramphenicol, dicholoran, and cycloheximide were added antiseptically
to the appropriate base medium. Inoculated test tubes were used at room temperature
and manually inverted 1x per day for 5 days. Next, under laminar flow hood, 200 uL of
supernatant from each culture tube was lawn-plated onto acidified malt extract agar in
90 mm sterilized plastic Petri plates. The plates were sealed with parafilm, incubated at
18-20 °C under 12 h light/12 h dark, and monitored for yeast colonies for two weeks. All
yeast colonies with different morphologies per plate were transferred to individual plates
containing potato dextrose agar (PDA) to obtain pure cultures. For several of the lichens,
sterile cotton swabs were lightly rubbed on the outside of cleaned thallus tissue and placed
directly into each medium to evaluate a larger portion of the external surface of lichens.

2.3. Evaluation of Terpenes as a Selective Liquid Enrichment Strategy

Lichens are known to produce terpenes [12], and soil basidiomycete yeast species
from monoterpene rich environments have previously been isolated using monoterpenes
as a sole carbon source [14]. This indicates the potential for yeasts with similar metabolic
capabilities to inhabit lichen thalli. Therefore, 10 rock associated lichen samples were
evaluated to determine if monoterpenes could be used as a selective agent for lichen-
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associated yeasts. The base medium consisted of a modified Spezieller Nahrstoffarmer
medium (1 g KNO;3, 1 KHyPO4-7H,0, 0.5 g NaCl, 1 L distilled water). The base medium
was autoclaved as above, and 2.5 mL was added to sterilized culture tubes containing
BB-sized scraps of lichen thallus. The uncapped tubes were placed into a sterilize beaker
which was placed inside a 1-gallon glass jar. In addition, 5 mL of Pelargonium graveolens
essential oil (Better Homes & Gardens) was added to a separate sterilized culture tube and
placed into a separate beaker within the 1 gallon glass jar. The glass jar was sealed, placed
on a shake culture at 18-20 °C under an 8 h light/16 h dark cycle at 100 rpms for 7 days. As
above, 200 uL of supernatant was lawn-plated onto malt extract agar supplemented with
250 mg L~! chloramphenicol, sealed with parafilm, and processed as above. Pelargonium
graveolens essential oil was chosen since it was reported, using HPLC, to contain several
different monoterpenes, gamma-Eudesmol (sequiterpene), citronellyl formate (carboxylic
acid), an isomenthane, and geranyl formate (formate ester) [26]. In addition, the essential
oil was not directly added to the medium but to the head space as in [14] to reduce the
potential toxicity of the terpenes.

2.4. Evaluation of Nikkomycin Z as a Selective Inhibitor with Liquid Enrichment Strategy

Nikkomycin Z is a nucleoside di-peptide that acts as a chitin synthase inhibitor and is
known to have differential rates of uptake in fungi [27]. Therefore, 10 branch-associated
lichens were assayed to determine if this nucleoside di-peptide could be used to selectively
isolate lichen-associated yeasts. The growth medium consisted of a potato dextrose broth
supplemented with 0.25 mg/L chloramphenicol. Three concentrations of Nikkomycin Z
were assayed per lichen (2 pg/mL, 8 pg/mL, and 14 ug/mL). For each assay, 5 mL of
each broth was added to glass test tubes, and lichen tissue was obtained as previously
described. The test tubes were incubated at 18-20 °C and manually inverted 1x per day
for 5 days. Next, under a laminar flow hood, 200 pL of supernatant from each culture
tube was lawn-plated onto PDA in 90 mm sterilized plastic Petri plates. The plates were
sealed with parafilm, incubated at 18-20 °C under 12 h light/12 h dark, and monitored for
yeast colonies for two weeks. All yeast colonies with different morphologies per plate were
transferred to individual plates containing PDA to obtain pure cultures.

2.5. Direct Plating Methods

The growth medium consisted of the following: 6 g cornmeal agar (Difco, Moline, IL,
USA), 8 g malt extract agar (Difco), 10 g PDA, 6 g yeast extract, 6 g peptone, 18 g oatmeal
agar (Difco), 0.2 g CaCO,, 6 g agar, and 1 L distilled water. This medium was autoclaved
at the standard temperature and pressure for 20 min and allowed to cool prior to the
addition of 0.25 mg/L chloramphenicol. One set of lichen thalli were surface-sterilized
by submerging the tissue in bleach solution (5% available chlorine) for 1 min. followed
by rinsing them for 1 min. in autoclaved water two separate times. Another set of lichen
thalli was processed as above without the bleach surface sterilization step. Next, each
lichen tissue was placed into 1 mL of sterilized 0.9% saline solution and ground with a
sterilized pestle. Finally, 100 uL of this solution was lawn-plated onto 90 mm Petri plates
containing the above medium. The petri plates were wrapped with parafilm, incubated at
18-20 °C under a 8 h light/16 h dark cycle, and monitored every two days, for two weeks,
for the growth of yeast colonies. All yeast isolates with unique morphologies per plate
were transferred to separate Petri plates containing the same medium.

2.6. Fungal Isolate Identification, Phylogenetic Placement Analyse, Visualization, and Storage

Fungal isolate DNA was extracted by placing a BB-sized piece of the axenic colony
into 500 pL of autoclaved milipore water, ground with a sterilized plastic pestle, and
microwaved for 2 min. at 20 s intervals. Both the ITS/LSU sequencing and molecular
identification was completed as in Section 2.1. In addition, all isolates with less than
98.4% of the ITS taxonomic threshold [19] were further compared to sequences in the
BOLDSYSTEMS fungal ITS database [28]. To further refine the identification of the isolates,
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the isolates were placed into phylogentic trees using scaffolding sequences from the NCBI
database (Supplemental Table S1). In short, LSU sequences were aligned in SeaView
5.05 [29] using Muscle [30]. A Gblocks analysis [31] was completed with the following
settings: (1) smaller final blocks, (2) gap positions within the final blocks, and (3) less strict
flanking positions. In SeaView, a PhylML tree was constructed using the GTR model with
the following settings: (1) 100 bootstrap replicates, (2) an optimized nucleotide equilibrium,
(3) optimized invariable sites, (4) optimized rate variation across sites, (5) the best of the NNI
and SPR tree searching operations, and (6) an optimized starting tree. The final resulting
PhyML tree was visualized with metadata in Evolview 2 [32]. All cultures were transferred
to PDA slants (stored at 4 °C) and 40% glycerin tubes (—80 °C) for long term storage.

3. Results

A total of 215 yeast and yeast-like isolates from at least 40 genera were isolated from
82 lichen samples using liquid enrichment and selective strategies (Table 2). The visual
examination of the lichen thalli indicated the presence of external lichen-associated fungi
(Figure 2A—C). The visualized fungi were attached to the external lichen thallus and grew
in vitro via direct plating onto PDA (Figure 2B,E).

Figure 2. Lichen-associated yeasts. (A) Tremellomycetes growing on upper surface of Physcia sp.
thallus and (B) isolated on PDA; (C,D) Tremellomycetes growing on the under surface of Physcia sp.
thalli and (E) isolated on PDA.
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Table 2. Generic diversity of culturable lichen-associated yeasts using liquid enrichment and selective
strategies and direct plating.

Phylum Class Order Family Genus
LES *
Ascomycota Dothideomycetes Dothideales Dothioraceae Dothiora
Plowrightia
Scleroconidioma
Aureobasidium
Eurotiomycetes Chaetothyriales Herpotrichiellaceae Exophiala
Phialophora
Leotiomycetes Helotiales Calloriaceae Tricellula
Leotiales Unknown
Leotiomycetes incertae sedis Unknown
Sordariomycetes Chaiochaetales Coniochaetaceae Coniochaeta
Glomerellales Plectosphaerellaceae Gibellulopsis
Plectosphaerella
Hypocreales Clavicipitaceae Metapochonia
Nectriaceae Thyronectria
Sordariales Cephalothecaceae Phialemonium
Saccharomycetes Saccharomycetales Debaryomycetaceae Debaryomyces
Saccharomycetales Saccharomycetaceae Lachancea
Sordarlon;};cciei;es incertae Thyridiaceae Thyridium
Basidiomycota Tremellomycetes Cystofilobasidiales Cystofilobasidiaceae Cystofilobasidium
Filobasidiales Filobasidiaceae Heterocephalacria
Tremellales Bulleraceae Bullera
Genolevuria
Pseudotremella
Bulleribasidiaceae Vishniacozyma
Carcinomycetaceae Carcinomyces
Cryptococcaceae Kwoniella
Rhynchogastremataceae Papiliotrema
Sirobasidiaceae Fibulobasidium
Tremellaceae Tremella
Trimorphomyceteceae Carlosrosaea
Saitozyma
Sugitazyma
Cystobasidiomycetes Unknown
Microbotryomycetes Kriegeriales Kriegeriaceae Libkindia
Leucosporidiales Leucosporidiaceae Leucosporidium
MIC'I' obotryomy.cetes Chrysozymaceae Oberwinklerozyma
incertae sedis
Trigonosporomyces
Yunzhangia
Colacogloea
Curvibasidium
Sporidiobolales Sporidiobolaceae Rhodotorula
Sporobolontyces
Pucciniomycetes Septobasidiales Septobasidiaceae Septobasidium
Direct Plating
Ascomycota Dothideomycetes Dothideales Saccotheciaceae Aureobasidium
Saccharomycetes Saccharomycetales Phaffomycetaceae Barnettozyma
Taphrinomycetes Taphrinales Taphrinaceae Taphrina
Basidiomycota Tremellomycetes Filobasidiales Filobasidiaceae Filobasidium
Tremellales Bulleribasidiaceae Diozegia
Hannaella
Rhynchogastremataceae Papiliotrema
Tremellaceae Tremella
Cystobasidiomycetes Cysiﬁng:;tzzggzews Symmetrosporaceae Symmetrospora
Erythrobasidiales Erythrobasidiaceae Erythrobasidium
Exobasidiomycetes Microstromatales Mlcrostrorgea(;?;es incertae Jaminaea
Malasseziomycetes Malasseziales Malesseziaceae Malassezia

* LES = liquid enrichment and selective strategies.
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3.1. Taxonomy of Lichen-Associated Yeasts from Liquid Enrichment Strategies

Isolates from the phylum Ascomycota constituted 52% of the total number while
isolates from the phylum Basidiomycota constituted the remainder. The Ascomycota
isolates were from five fungal classes: Dothideomycetes (77%) (Figures 3 and 4), Euro-
tiomycetes (5%), Leotiomycetes (4%), Saccharomycetes (5%), and Sordariomycetes (10%)
(Figures 3 and 4). The Ascomycota isolates consisted of 18 genera and 9 isolates of an
undetermined genus (Table 2). The three Ascomycota genera with the most isolates
were all within the Dothideomycetes (Aureobasidium (51%), Plowrightia (13%), and Doth-
iora (6%)) (Figure 4). The Basidiomycota isolates were found in the classes Cystobasid-
iomycetes (2%), Microbotryomycetes (46%), Pucciniomycetes (1%), and Tremellomycetes
(51%) (Figures 5 and 6). The Basidiomycetes isolates consisted of 24 genera and 8 isolates
of an undetermined genus (Table 2). The three Basidiomycota genera with the most isolates
were Curvibasidium (19%), Sporobolomyces (12%), and Tremella (12%) (Figures 5 and 6).
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Figure 3. Cladogram of cultured lichen-associated Dothideomycetes isolates showing the distribution
of isolates obtained across different isolation media. Cladogram reconstructed from LSU alignment,
GBLOCK analysis, and PhyML tree reconstruction. Visualization conducted using EvolView 2. Blue
squares represent isolates obtained via liquid enrichment strategies; red square represents isolates
obtained via direct plating methods; taxa with no information are class representative taxa. Circles
represent isolation medium: red circle = direct plating; green circle = acidified malt broth; tan circle =
xerophilic broth; blue circle = monoterpene; light blue = Nikkomycin Z; yellow = high osmotic broth;

grey = saline swab.
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Figure 4. Lichen-associated isolates from the class Dothideomycetes. (A—C) Dothiora isolates;
(D,E) Plowrightia isolates; (F) unknown Dothideales isolate; (G-L) Aureobasidium isolates.
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Figure 5. Cladogram of cultured lichen-associated Cystobasidiomycetes, Microbotryomycetes, Puc-
ciniomycetes, and Tremellomycetes isolates showing the distribution of isolates obtained across
different isolation media. Cladogram reconstructed from LSU alignment, GBLOCK analysis, and
PhyML tree reconstruction. Visualization conducted using EvolView 2. Inner blue squares represent
isolates obtained via liquid enrichment strategies; inner red squares represent isolates obtained via
direct plating methods; taxa with no information are class representative taxa. Branch circles represent
isolation medium: red circle = direct plating; green circle = acidified malt broth; tan circle = xerophilic
broth; blue circle = monoterpene; pink = nitrogen free; light blue = Nikkomycin Z; yellow = high os-
motic broth; grey = saline swab. Outer squares: Pink = Tremellomycetes, Blue = Microbotryomycetes,
Green = Cystobasidiomycetes, and dark red = Pucciniomycetes.
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Figure 6. Lichen-associated isolates from the Basidiomycota classes Microbotryomycetes and Tremel-
lomycetes: (A-C) Tremella spp.; (D) Heterocephalacria sp.; (E) Kwoniella sp.; (F) Papiliotrema sp.;
(G) Carcinomyces sp.; (H,I) Curvibasidium nothofagi; (J,K) Sporobolomyces spp.; (L) Rhodotorula sp.

3.2. Evaluation of Liquid Enrichment Strategies for the Isolation of Lichen-Associated Yeasts

There was little taxonomic overlap between the isolates obtained from the liquid
enrichment assays when compared to that of previous isolates from the direct plating
methods. Taphrina, Malassezia, and Erythrobasidium were some of the genera isolated solely
by the direct plating methods. In contrast, the liquid enrichment assays isolated a broad
range of fungal taxa. Two unknown Tremellomycetes isolates and two Phialophora isolates
were only isolated using the nitrogen limited broth. Three unknown Tremellomycetes,
one unknown Ascomycota isolate, and one unknown Dothideales isolate were obtained
with the acidified yeast extract broth. One unknown Tremellomycetes and one unknown
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Dothideales isolate were obtained using the high osmotic broth. The xerotolerant yeast
broth isolated a wide range of ascomycetous and basidiomycetous yeasts including unique
Dothiora and Aureobasidium isolates and a unique Sporobolomyces isolate.

3.3. Evaluation of Terpenes and Nikkomycin Z for the Isolation of Lichen-Associated Yeasts

The basidiomycetous yeast genera isolated with P. graveolens essential o0il as the sole
carbon source included Curvibasidium, Fibulobasidium (presumptive), and Libkindia, while
the ascomycetous yeasts included one unknown isolate within the Leotiomycetes genus
(Supplemental Figure S1). The Nikkomycin Z, used as a selective agent, isolated 31 isolates
(Figures 3 and 5), of which four isolates were novel: two unknown Cystobasidiomycetes
and two unknown Leotiomycetes isolates (Supplemental Figure S1). The fungal isolates
were obtained from the entire Nikkomycin Z concentration range (2-14 pg/mL).

4. Discussion

The lichen thallus is known to house yeasts, both externally and internally, but many
of these have not been cultured, as indicated by studies using culture-independent tech-
niques [33,34]. In this study, we attempted a variety of different strategies for obtaining
lichen-associated yeasts in culture. Fungal cultures are extremely important for obtain-
ing fungal phenotypic, physiological, and ecological information, as well as in terms of
their biomedical and industrial applications and are also necessary for formal species
descriptions (e.g., [35]). Here, we used eight different isolation strategies on eighty-two
lichen collections and recovered 215 isolates representing fifty-two species across twelve
classes in two phyla. Of these, twenty-five are likely undescribed species based on the
ITS and/or LSU sequence similarity against current taxa within the NCBI and BOLDSYS-
TEMS databases. The PhyML tree reconstruction, using LSU sequence data and reference
sequences, also suggests that these twenty-five species are novel in addition to supporting
three potentially undescribed genera. For several of the isolates, high quality LSU and
ITS sequences were insufficient for placing species within their respective class or family.
Therefore, multi-gene phylogeny will be required to determine their taxonomic placement.

There was little overlap in the isolated taxa when comparing the direct plating methods
vs. the liquid enrichment strategies, and each enrichment strategy recovered different yeast
species (Figures 3 and 5). Despite the variety of methods employed, we were unable to
obtain any Cyphobasidium species in culture, a genus known from sequencing data to be
present in many lichens [6]. Therefore, we know that there are additional yeast taxa yet to
be isolated. Future attempts should use liquid media infused with lichen extract, as shown
by [36], to isolate unique lichen-associated bacterial species. Lastly, several novel isolates
were obtained using terpenes and Nikkomycin Z in conjunction with liquid enrichment
strategies, suggesting that a further evaluation of these selective agents is warranted. Lastly,
although it was not a direct goal of this study, it is important to understand the distribution
of lichen-associated yeast species across hosts to determine which yeast species have host
specificity or broad host distribution. For this study, fungal taxa from host lichen thalli
can be found in Supplemental Table S2. Future research should focus on employing these
methods to investigate the distribution of lichen-associated yeasts across lichen species.

4.1. Lichen-Associated Ascomycetous Yeast

Predominant lichen-associated Ascomycota classes have been previously reported to
be Dothideomycetes, Eurotiomycetes, Leotiomycetes, and Sordariomycetes [37]. Our results
are similar to an ITS1 metabarcoding study by [38] which also obtained Dothideomycetes,
Eurotiomycetes, and Leotiomycetes sequence representatives from rock-associated lichens.
In our study, taxa from the Dothideomycetes family Dothioraceae were isolated, while [38]
reported that the most representative families within Dothideomycetes were Mycosphaerel-
laceae, Myriangiaceae, and Teratosphaeriaceae. For the Eurotiomycetes, [38] taxa within
Herpotrichiellaceae were prominent in [38]. We also obtained several representative isolates
from this family. These differences are not surprising since environmental sampling and
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culturing techniques are considered complementary [39] due to (1) method biases, and
(2) because most fungal taxa are still considered unculturable. Additionally, we focused
solely on lichen-associated yeast, while [38] focused on the entire mycobiome. In the
following section, we review the Ascomycota and Basidiomycota isolates we obtained,
starting with the Dothideomycetes and the Leotiomycetes. The Dothideomycetes isolates
are reviewed because this class contained 77% of the total ascomycetous yeast isolates, and
the Leotiomycetes yeast and yeast-like isolates are discussed due to the low prevalence of
their isolation.

Most ascomycetous lichen-associated yeasts in this study were within the Doth-
ideomycetes class, particularly within the genera Aureobasidium, Dothiora, and Plowrightia
(Figures 3 and 4). Aureobasidium pullulans has been previously isolated from bark-associated
lichen thalli [40] and from rock-associated lichen thalli [41]. Similarly, in this study, we
isolated several Aureobasidium species from both bark-associated and rock-associated lichen
species (Figures 4G-L and 5). Aureobasidium species have also been isolated directly from
rock surfaces [42]. The authors of [43] obtained a high proportion of ascomycetous yeasts
from their sampled lichens, with both Candida sphagnicola and yeast isolates from the genus
Dothiora being predominant. In addition, the authors of [43] found Dothiora species to be
localized in the upper actively growing thallus. In our study, the genus Dothiora represented
only 6% of the isolated ascomycetous yeasts. The Dothiora isolates varied in pigmentation
from dark-pigmented to a light-yellow color (Figure 4A—C). The two dark pigmented
isolates clustered with D. schizospora, while the light-yellow-colored isolate appears to
be a novel isolate within the genus Dothiora (Figure 3). Ecologically, Dothiora species are
thought to be saprobic or weakly pathogenic [44]. As of 2018, Plowrightia mereschkowskyi
appears to be the only Plowrightia species previously reported to be isolated from lichen
thalli [45,46]. This Plowrightia species was isolated from Aspicilia hispida and is reported to
be and obligate lichenicolous species [45,46]. Interestingly, we isolated a total of 13 isolates,
representing three unique taxa (Figure 4D,E) based on phylogenetic analysis (Figure 3),
from 6 different lichen genera: Aspicilia, Lecanora, Parmotrema, Physcia, and Usnea. Our
results for lichen-associated Plowrightia species provide new host and new geographical
connections.

Within the Leotiomycetes, we found three presumptive species, with only one being
identified to the genus Tricellula (Supplemental Figure S1A). We note that the Tricellula
isolate was more yeast-like upon initial isolation but converted to a slow-growing mycelial
colony after one week on PDA. The other two yeast species appear to fall within the order
Lichnodiales (Supplemental Figure S1A) based on [47], and these isolates continued to
produce yeast cells on a solid PDA medium (Supplemental Figure S1B-E). Based on our
phylogenetic placement, isolate DBRPA9-1 is close to Mycosymbioces; however, the LSU
sequence similarity between DBRPA9-1 and M. mycenophila is only 95%. Taxa within Lichn-
odiales are known to be lichenicolous [47], and M. mycenophila is a mycoparasite [48,49],
suggesting that at least one or more of these species could be mycoparasites of lichens, but
further research would be required to determine the ecological roles of these isolates. Yeast
and yeast-like morphologies in the Leotiomycetes are infrequently reported but do exist
particularly within the orders Leotiales, Phacidiales, and Thelebolales [50].

4.2. Lichen-Associated Basidiomycetous Yeast

Interest in lichen-associated yeasts, particularly within Cystobasidiomycetes, has
grown since the discovery of endothallic basidiomycetous yeasts (genus Cyphobasidium) in a
wide range of lichen species [6]. Based on this discovery, it was hypothesized that these taxa
may represent a third obligate member of lichen symbiosis [6], although additional research
is needed to support this hypothesis. Currently, no Cyphobasidium species have been
obtained in pure culture. However, researchers have discovered many lichen-associated
Cystobasidiomycetes [51,52] and other basidiomycetous yeasts across many lichen taxa
using both culture-dependent and culture-independent methods. In this study, we observed
basidiomycetous yeast species from four fungal classes using liquid enrichment strategies
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and two selective agents (terpenes and Nikkomycin Z) (Table 2). Both Cystobasidiomycetes
and Pucciniomycetes were represented by one species each, while Microbotryomycetes
and Tremellomycetes contained 97% of the total basidiomycetous yeast isolates.

Cystobasidiomycetes species have diverse ecological roles, including in their roles
as parasites, saprobes, and inhabitants of the phylloplane [53]. We isolated one unknown
Cystobasidiomycetes species from two different lichen thalli (Candelaria concolor and one
unidentified lichen species). Based on the NCBI blast match of the ITS and LSU rDNA
regions, it appears to be within the genus Buckleyzyma, but further analysis is required for
species level placement. We also isolated a Septobasidium species. Septobasidium species are
emtomopathogens of scale insects [54], so it is unlikely that this isolate is directly associated
with lichen.

Microbotryomycetes species are mostly parasites of other fungi, parasites of plants,
or saprotrophs [55]. In this study, the genera Curvibasidium and Sporobolomyces were the
most common. Other researchers have isolated Curvibasidium rogersii and C. cygneicollum
from Usnea [56,57], while we isolated C. nothofagi from nine separate samples consisting
of C. concolor, Lecanora sp., Parmotrema sp., Porpidia sp., and Usnea species (Figure 6H,1I).
Sporobolomyces spp. in this study were isolated mainly with a nitrogen-free medium
and a high-osmotic medium (Figure 5) and varied in colony color (Figure 6] K). Using
next generation sequencing techniques, Sporobolomyces has been previously identified
from Hypogymnia hypotrypa [58], and S. salmonicolor was previously isolated from a soil
lichen [59].

Tremellomycetes species are considered one of the predominant taxa isolated from
lichen thalli [37]. For example, the ITS1 metabarcoding study by the authors of [38] found
that most sequence reads were associated with the class Tremellomycetes, in the order
Tremellales, and within the genus Fibulobasidium. In this study, Tremellomycetes isolates
were the most abundant, with Tremella spp. being prominent, but only a few Fibulobasidium
isolates were obtained. The isolates varied in color from shades of cream, yellow, or orange.
In addition, the Tremella taxa that were isolated using the direct plating method were
distinct from those taxa isolated using the liquid enrichment and selective agent strategies
(Figure 5). Ecologically, Tremellomycetes species are saprotrophs and mycoparasites, and
some taxa are considered fungicolous [5].

4.3. Methodological Observations and Considerations

The use of liquid enrichment strategies is not unique to isolating fungi from envi-
ronmental sources. For example, the authors of [60] used liquid enrichment to isolate
fungi from marine sediment, the authors of [61] used liquid enrichment to isolate benzene-
degrading yeasts from acidic soils, and the authors of [62] used liquid enrichment to isolate
hydrocarbon-degrading black yeasts. In this study, we used several liquid enrichment
media with the sole purpose of preventing the growth of the main lichen-forming fungus
while allowing the lichen-associated yeasts to grow. Unfortunately, we observed that for
some lichen species the major thallus-forming fungus was able to grow; therefore, further
refinement and evaluation of additional selective media is ongoing. Although Nikkomycin
Z appears to be promising, the current high cost of Nikkomycin Z makes it prohibited to be
incorporated into routine isolation practices.

Although we did not directly measure media oxygen levels, we did observe spherical
multipolar budding yeasts cells (Supplemental Figure S2) in liquid culture that were
identified to the genus Mucor. For some dimorphic Mucor species, the yeast state is
generally formed in low-oxygen environments, while the Mucor mycelium state is typically
formed in oxygenated environments [63] (Supplemental Figure S2). Our Mucor isolates
reverted to the mycelial state as soon as the yeast cells were transferred to solid PDA
plates, so they were excluded. However, this observation does suggest that our liquid
enrichment methods produced a lower oxygen level compared to the solid plate medium.
This could potentially limit the isolation of yeasts that require atmospheric oxygen levels.
Therefore, future isolations will utilize once-a-day mixing and a continuous shake culture
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to maximize yeast isolation. Although these liquid enrichment strategies have the potential
to isolate dimorphic fungal taxa (not the desired taxa), it is of great importance to document
dimorphic fungal taxa because many human fungal pathogens are dimorphic [63].

We also note that the direct plating methods were previously conducted prior to
performing the liquid enrichment strategies. Therefore, future analyses will compare direct
plating and liquid enrichment strategies at the same time and from the same lichen thallus
to limit the potential variability across thalli of the same species. Lastly, we recognize that
lichen thalli can contain a broad group of fungal taxa, which are known to be from other
stressful habitats, including human pathogens and rock-inhabiting fungi [64]. Therefore, it
is important to note that our study took a broad definition of lichen-associated fungi which
includes external, internal, and opportunistic environmental fungi that have the potential
to associate with lichen tissue. Additional lichen species-specific sampling and analysis
will be needed to determine the type of and the extent of these lichen-associations.

5. Conclusions

Here, we demonstrate the usefulness of a liquid enrichment strategy with respect
to isolating lichen-associated yeasts. Using these techniques, we have isolated a wide
taxonomic range of yeasts from Ascomycota and Basidiomycota. In addition, we visually
documented the yeast-like state of a dimorphic Mucor species and isolated several putative
new species and genera. The future implementation of these methods will be of great
value for researchers interested in culturing a greater proportion of lichen-associated yeasts.
Importantly, obtaining cultures will allow researchers to learn more about the diversity and
ecologies of these individual species and provide insight into their role and importance
within lichen thalli.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ecologies4010012/s1. Table S1: Fungal species acquired from NCBI
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isolates from the Ascomycota class Leotiomycetes; Table S2: Distribution of fungal isolates across
sampled lichens; Figure S2: Dimorphic Mucor isolate obtained from liquid enrichment strategies.
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