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ARTICLE INFO ABSTRACT

Keywords: Recent studies have demonstrated the presence of fungal taxa in the extreme ecosystems of Antarctica that are
Climate Ch_aﬂge known to opportunistically infect humans and animals. Among these are members of the genus Pseudo-
Ex“e_moph‘les gymnoascus, including some that are genetically similar to P. destructans, known to be pathogenic to bats. We
ungi

evaluated the in vitro and in vivo pathogenic potential of 11 Pseudogymnoascus spp. strains recovered from
Antarctica. All strains were able to grow at temperatures up to 28 °C and displayed in vitro pathogenicity through
hemolytic activity, growth at different pH levels, production of hydrolytic enzymes, spore diameters, tolerance to
oxidative stress, hypoxia, and halotolerance. Among them, Pseudogymnoascus sp. UFMG 8532 exhibited strong in
vitro pathogenicity and in preliminary in vivo assay killed 100 % of Tenebrio molitor larvae within one day. The
pathogenicity of the same strain was also tested using immunosuppressed BALB/c mouse models. Survival of
BALB/c mice was affected, with oscillations between weight gain and loss, and impacts on sensory function,
reflexes and autonomic function. Histopathological data from the organs of infected mice showed evidence of
inflammatory processes, with numerous neutrophils, a small number of macrophages, fluid accumulation inside
the lungs and intense hyperemia. Our results indicate that Antarctic Pseudogymnoascus spp. strains obtained from
various substrates/habitats in maritime Antarctica may possess intrinsic virulence factors and pathogenic po-
tential for immunosuppressed animals and humans in the region. Given that the Antarctic environment is an
important reservoir for Pseudogymnoascus species, which display growth performance across a range of tem-
peratures, it is possible that increasing temperatures in the maritime Antarctic could activate dormant genes or
biochemical pathways, select virulent species and/or strains, and facilitate their spread within and beyond the
region. The ability of Pseudogymnoascus species to grow slowly even at 28°C, coupled with their potential in vitro
and in vivo virulence factors, suggests that these fungi might be undergoing an opportunistic transition due to the
effects of climate change on the Antarctic Peninsula.

Opportunistic
Virulence

1. Introduction microorganisms represent the largest component of biodiversity in
terrestrial Antarctica and may possess unique genetic and biochemical

Antarctica is characterized by environmental conditions that limit characteristics (Onofri, 1999; Arenz et al., 2014; Rosa et al., 2019).
the survival of terrestrial animals and plants; however, microorganisms Amongst Antarctic microorganisms, research on fungi ranges from sys-
are able to thrive in its various ecosystems (Ruisi et al., 2007). Resident tematics to biotechnological applications, and recognises their
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interactions with humans, animals and plants (Rosa et al., 2019).

Global diversity of fungi is high, but only a small proportion of this
diversity (around 400 species) is reported to be pathogenic towards
humans (Parrish and Riedel, 2014). The factors that determine the
pathogenicity of a microorganism can be investigated through various
approaches, such as the evaluation of hemolytic activity, thermotol-
erance, production of hydrolytic enzymes, influence of pH on growth,
spore morphology, and their capacity for morpho-physiological dimor-
phism (Casadevall, 2012). Some studies have reported the isolation of
fungal species with pathogenic potential for humans, animals and plants
from substrates collected in Antarctica (Alves et al., 2019; de Sousa
et al., 2017; Gongcalves et al., 2017; Rosa et al., 2020a; Figueredo et al.,
2020). However, little is yet known about the magnitude of risk posed by
opportunistically pathogenic fungal taxa present in different Antarctic
habitats.

The largest component of fungal diversity present in Antarctica are
cosmopolitan genera adapted to cold and stressful conditions, with a
small proportion of taxa currently recognized as endemic (Rosa et al.,
2019). Amongst these, the Ascomycota genus Pseudogymnoascus (pre-
viously classified as Geomyces) currently includes 25 described species
globally (www.mycobank.org), of which 19 have currently been re-
ported in Antarctica (Villanueva et al., 2021). Pseudogymnoascus species
appear to have the ability to colonize multiple habitats and utilize
different carbon sources and can be abundant in low temperature eco-
systems (Arenz and Blanchette, 2011). This genus has been reported
across Arctic, alpine and temperate regions, and Antarctica (Mercantini
et al., 1989; Onofri, 1999; Zukal et al., 2016).

Some studies in Antarctica have reported lineages identified as
Pseudogymnoascus sp. with high genetic similarity with P. destructans (Li
et al., 2008; Brunati et al., 2009; Tsuji et al., 2013; Edgington et al.,
2014; Furbino et al., 2014; Chavez et al., 2015; Figueroa et al., 2015;
Godinho et al., 2015; Gongalves et al., 2015; Santiago et al., 2015;
Connell et al., 2018; Puric et al., 2018; Alves et al., 2019). Amongst the
members of Pseudogymnoascus, P. destructans is known for being path-
ogenic and responsible for reducing bat populations through White-Nose
Syndrome (Blehert et al., 2009; Gargas et al., 2009; Lorch et al., 2011).
Bats infected with P. destructans may exhibit visible fungal growth on
their snout and wing membranes, awaken early from hibernation
(Blehert, 2012; Fisher et al., 2012), and experience premature depletion
of fat reserves, leading to death within 70-120 days post-infection (Hoyt
et al.,, 2015). Bats in caves in North America and Europe are often
infected by P. destructans, conidia being dispersed when they exit hi-
bernation early (Lorch et al., 2011). The spores can then infect other bats
in the environment (Wilson et al., 2017) and colonize various substrates

Table 1
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(Raudabaugh and Miller, 2013).

Limited knowledge of the pathogenicity of native Antarctic fungi,
combined with the presence of Pseudogymnoascus taxa genetically
similar to P. destructans, are significant stimuli for evaluating the path-
ogenic potential of strains obtained from various substrates in
Antarctica. The objective of our study was to evaluate the pathogenicity
of different strains of Pseudogymnoascus spp. obtained from Antarctica
through in vitro and in vivo assays, thereby contributing to the recogni-
tion of any risks potentially posed by these cold-adapted fungi that can
be present in high abundance in various parts of maritime Antarctica.

2. Material and methods
2.1. Antarctic Pseudogymnoascus spp. strains

The 11 Pseudogymnoascus spp. strains used in this study were origi-
nally isolated from various lichen thalli and soils obtained on the South
Shetland Islands, maritime Antarctica (Suppl. Table 1), which were
genetically similar to the pathogenic species P. destructans based on ITS
BLAST analysis. For the current study, they were obtained from the
Collection of Microorganisms and Cells of the Universidade Federal de
Minas Gerais, Brazil.

2.2. Invitro pathogenicity assays

2.2.1. Thermotolerance and growth

The 11 strains were inoculated by transferring 4 mm? blocks from
10-day-old pre-cultures grown at 15 °C on YM (0.3 % yeast extract,
0.3 % malt extract, 0.5 % peptone, 2 % glucose, 2 % agar) at 5, 10, 15,
20, 25, 28, 30 and 37 °C using Petri dishes (90 x15 mm) and incubated
for 3, 7, 14 and 21 d in triplicate for each strain. Colony diameter was
then measured in millimeters. Data obtained were subjected to analysis
of variance and, when significant, pairwise differences between means
were assessed using the least significant difference test (LSD) with P =
0.05.

2.2.2. Influence of pH on growth

The fungal strains were grown in triplicate in Petri dishes (90 x
15 mm) on YM agar adjusted to pH 4 (mammalian vaginal pH), pH 7
(tissue and blood pH), and pH 9 (intestinal pH) at 28 °C for 7 d, as
described by Davis (2009). Growth was then assessed.

2.2.3. In vitro pathogenic assay
The fungal inoculum was obtained as described above. Hemolytic

Characterization of in vitro pathogenicity of the 11 Antarctic Pseudogymnoascus spp. strains studied.

Hemolytic Growth at 28 °C in different pH ~ Production of hydrolytic enzymes (halo in mm)

activity
UFMGCB code®  Hi" H¢ pH4 pH7 pHO Pho® (Pz)®  Pro® (Pz)®  Est® UreX Spores measures (pm) Ost® Hyp? Hald

(Pz)

8532 0.99 ¢ + + + 0.60 072  ++! 2.68 + 0.48 x3.50 + 0.61 - - A
8562 099 vy +f + + 0.23 0.75  ++ 2.55 + 0.80 x2.95 + 0.80 - +f +
10326 0.50 a® + + + 0.99 0.67 - 2.39 £ 0.44 x3.08 £ 0.55 - - -
10378 0.52 o + + + 0.20 0.71 ++ 2.61 + 0.38 x3.86 + 0.43 - + +
10381 0.70 o + + + 0.35 0.70 ++ 2.38 £+ 0.31 x3.38 £+ 0.62 - + +
10386 0.68 o + + + 0.51 0.73 +-™ 2.13 £0.51 x3.28 + 0.74 - + +
10392 0.74 o + + + 0.30 0.72 +" 2.36 £ 0.43 x3.42 + 0.60 - + +
10394 0.57 o + + + 0.54 0.90 +- 3.20 £ 0.79 x3.98 + 1.33 - - -
10472 0.37 o + + + 0.55 ND! - 2.16 £+ 0.44 x2.57 £+ 0.65 -
10479 0.71 [\ + + + 0.16 ND - 2.59 £+ 0.41 x3.30 + 0.42 - +- +
10504 0.48 o + + + 0.32 0.99 + 2.22 4+ 0.44 x2.93 £ 0.56 - - -

2 UFMGCB = Collection of Micro-organisms and Cells of the Universidade Federal de Minas Gerais.”Hi = Hemolytic index and °H = Type of hemolysis: % = Gamma
(absent) and ®a = Alpha (partial), {(+) = growth. 9Pho = Phospholipase activity. ®Pro = proteinase activiy and ‘Est = esterase activity 8Pz = Proteolytic enzymatic
activity: strong positive (Pz < 0.69 mm), strong (Pz between 0.70 and 0.79 mm), medium (Pz between 0 and 80-0-89 mm), weak (Pz between 0.90 and 0.99 mm).] by
= absence of growth and IND = not detected. *Ure = Urease activity; I+ = strong positive, ™(+-) = positive and "(+) = weak positive. °Ost = Oxidative stress

tolerance, PHip = Hypoxia and 9Hal = Halotolerance.
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activity was determined on sheep blood agar following Schaufuss et al.
(2007). Petri dishes were incubated at 28°C for 7 d. The hemolytic index
(H) was assessed visually by the presence of a halo around the colony. A
transparent halo indicates beta hemolysis (complete), a greenish halo
indicates alpha hemolysis (partial), and the absence of a halo indicates
gamma hemolysis (absent).

2.2.4. Production of hydrolytic enzymes

All fungal strains were assessed using phospholipase and proteinase
assays, following Price et al. (1982) and Aoki et al. (1990), respectively.
For phospholipase activity, the medium included sodium chloride
(5.73 %), calcium chloride (0.05 %) and Sabouraud agar (2 %). The
medium was autoclaved and then cooled to approximately 40 °C before
the addition of sterile egg yolk to a final concentration of 4 %. The plates
were incubated at 28 °C for up to 7 d. Precipitation around the colonies
indicated phospholipase production. For esterase activity, the isolates
were cultivated in a medium composed of CaCl,H0 (4 g L‘l), NacCl
5¢g L’l), peptone (10 g L’l), Tween 80 (10 g L’l) and agar (20 g L’l),
and the presence of a white precipitate around the colony confirmed
enzyme production (Martorell et al., 2017). Candida albicans ATCC
10231 was used as the positive control and the assessments were per-
formed in triplicate.

For the proteinase activity the fungal isolates were inoculated on ASB
agar (11.7 % yeast carbon base, 1 % yeast extract, 2 % bovine serum
albumin, 2 % agar, pH 5) and incubated for 7 d at 28 °C. Proteinase
activity was assessed using the halo size of the hydrolysis opacity of ASB.
The proteolytic enzymatic activity (Pz) was calculated based on the ratio
between the diameter of the colony and the diameter of the degradation
zone of the substrate and classified as very strong (Pz < 0.69), strong (Pz
between 0.70 and 0.79), normal (Pz between 0.80 and 0.89) or weak (Pz
between 0.90-0.99). Assessment of urease activity followed the protocol
of Christensen, (1946). Briefly, the fungal strains were inoculated at 28
°C for 7 or 14 d in Christensen agar. Urease production was indicated by
a dark pink color, while the negative result was indicated by unchanged
color.

2.2.5. Spore size and polymorphism capability

All fungal strains were grown on Petri dishes containing CMA me-
dium for spore size determination. The cultures were then mounted on
slides in methylene blue prepared in polyvinyl-lactophenol and 75
spores were measured microscopically (Leica DM750, Germany).

2.2.6. Antifungal susceptibility

The minimum inhibitory concentrations (MICs) of the 11 Pseudo-
gymnoascus spp. strains were determined on exposure to the antifungal
drugs itraconazole, fluconazole and amphotericin B (both Sigma, USA).
The MIC protocol was performed using a modified version of the method
used for filamentous fungi (CLSI, 2008) in RPMI-1640 medium (INLAB,
Brazil). The fungal isolates were previously grown in CMA medium at 7
°C for 16 d and the colonies were covered with sterilized saline solution
(0.85 % NaCl). The liquid containing the spores was then transferred to a
sterilized test tube and, after sedimentation by decantation, the super-
natant was transferred to another sterilized test tube and vortexed for
approximately 15 sec. The spores were counted using a Neubauer
camera and a standardized solution of 10° spores mL~! was prepared.
Assays were carried out using 96-well microtiter plates. The fungal spore
suspensions were treated with itraconazole (0.015-16 pg mL™Y), flu-
conazole (0.062-64 ug mL™Y) or amphotericin B (from 0.007 to
8 ug mL™Y). Microtiter plates containing spores were incubated at 28 °C
for 7 d. All MIC assays were performed in duplicate.

2.2.7. Oxidative stress tolerance

Oxidative stress tolerance was determined as described by Cunha
et al. (2010). Briefly, HoO5 (Merck, USA) was added directly to control
and treated cultures to final concentrations of 0.005, 0.05 and 0.5 M.
Conidia (2 x 108 cells mL~!) were incubated in RPMI-1640. From each
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sample, 50 pL was placed in wells of a 24-well plate with 500 pL of 3 %
Czapek Dox agar (Difco, USA). Cultures were incubated at 28 °C for 7 d.
Assays were performed in duplicate and results were evaluated by the
absence or presence of mycelial growth.

2.2.8. Hypoxia determination

Fungal isolates were inoculated in YM medium and incubated in a
microaerophilia jar at 28 °C for 7 d (Grahl et al., 2011). Tests were
carried out in duplicate and fungal isolates that showed growth under
these conditions were considered a positive result.

2.2.9. Halotolerance

Halotolerance was determined as described by Evans et al. (2013).
Five millimeters of fungal mycelial growth were inoculated onto the
center of YM agar Petri dishes supplemented with 2 % NaCl. Plates were
grown at 28 °C for 7 d. Assays were performed in duplicate and fungal
isolates that showed mycelial growth were considered positive.

2.2.10. Fungal taxonomy

The 11 strains were subjected to genetic and morphological taxo-
nomic study. DNA extraction was carried out as described by Rosa et al.
(2009) and the internal transcribed spacer (ITS) region was amplified
using the universal primers ITS1 and ITS4 (White et al., 1990). To
achieve species-rank identification based on ITS data, the consensus
sequence was aligned with all sequences from related species retrieved
from the NCBI GenBank database using BLAST (Altschul et al., 1997). A
phylogenetic tree constructed using the maximum composite likelihood
method was employed to estimate evolutionary distances, with boot-
strap values calculated from 1000 replicate runs using the program
MEGA 11 (Tamura et al., 2021).

For morphological identification, slides were mounted on micro-
culture plates and incubated at 15 °C for 28 d on Sabouraud agar (SBA -
Kasvi, Brazil) as described by Villanueva et al. (2021). The prepared
slides were fixed in 95 % ethanol and stained with lactophenol blue/-
cotton blue for subsequent photographic recording of the reproductive
structures using an image capture system (Leica DFC425, USA).

2.3. Invivo assays

2.3.1. Preliminary in vivo pathogenic assay using the host invertebrate
model Tenebrio molitor

The Pseudogymnoascus spp. strains. were cultivated in CMA for 16
d at 15 °C before testing. For experiments, spores were suspended in
phosphate-buffered saline (PBS) and counted in a Neubauer chamber.
The concentration of viable conidia was obtained after staining with
Trypan Blue.

The assay model used larvae of the invertebrate Tenebrio molitor
following the protocol of da Silva et al. (2018). Briefly. T. molitor beetle
larvae were commercially obtained (Senhor Tenebrios Company, Brazil)
and maintained in our laboratory. To perform survival analyses, larvae
of 0.1-0.2 g mass without signs of contamination spots or exoskeleton
changes were selected. Each larva, after brief surface cleaning with 70 %
ethanol, was infected directly in the hemocele using a Hamilton syringe
(701 N, caliber 26, 10 uL capacity). Spores at 108 of Pseudogymnoascus
sp. UFMGCB 8532 were injected into each T. molitor larva. Each
experimental group consisted of 10 larvae, using uninfected larvae with
5 mL of phosphate buffered saline (PBS) (negative control), infected
larvae, with the target fungi and/or larvae infected with C. albicans
SC5314 (control). Infected larvae and negative controls were incubated
in Petri dishes at 37 °C and their viability was examined at 24 h intervals
over 10 d. The larvae were considered dead if they did not respond to
mechanical stimulus. Survival curves were plotted and statistical ana-
lyses were performed using the Log-rank (ManteleCox) test with Graph
Pad Prism software and were considered statistically significant at P <
0.05.
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2.3.2. Ethics statement for in vivo mice assay

Female BALB/c mice (n = 6 mice per group), six-to-eight weeks old,
were obtained from the Universidade Federal de Minas Gerais for use in
in vivo experiments. Water and food were provided ad libitum, and mice
were kept in rooms with 12 h/12 h light/dark cycles. We followed the
Brazilian Society of Zootechnics/Brazilian College of Animal Experi-
mentation guidelines (available at http://www.cobea.org.br/) and
Federal Law 11794. These were approved by the Ethics Committee on
Animal Use of the Universidade Federal de Minas Gerais (CEUA/UFMG,
protocol n° 313/2016). The animals were anesthetized intraperitoneally
with ketamine (80 mg kg’l) (Cetamin® Syntec, SP, Brazil) and xylazine
(15 mg kg’l) (Xilazin® Syntec, SP, Brazil) before experimentation. All
experimental procedures were carried out according to the standards of
the Brazilian Society of Laboratory Animal Science/Brazilian College for
Animal Experimentation (available at http://www.sbcal.org.br).

2.3.3. In vivo assay against immunocompromised BALB/c mice

To obtain the spores used in this experiment, the selected strain
Pseudogymnoascus sp. UFMGCB 8532 was cultivated on CMA agar and
incubated at 7 °C for 16 d. The spore inocula were prepared as described
by Santos and Hamdan (2005). The in vivo assays were performed with
female BALB/c mice, six-to-eight weeks old, as described by Ferreira
etal. (2015). Further groups of mice were immunosuppressed using oral
Dexamethasone (Decadron/Aché 10 mg/kg/day) in their drinking water
for 5 d prior to the experiment (dos Santos Brito et al., 2011). Prior to
intranasal infection, animals (five per group) were anesthetized by
intraperitoneal (i.p.) injection with ketamine hydrochloride (ZOOSERV)
(60 mg kg’l) and xylazine (ZOOSERV) (10 mg kg’l) in sterile saline
solution (0.85 %). Inocula of 1x10% spores of Pseudogymnoascus
UFMGCB 8532 were used to infect the mice. A control group was
inoculated with phosphate buffered saline (PBS). The mice were moni-
tored daily for survival and symptoms such as piloerection, hyperven-
tilation, reduced motility and weight loss were recorded.

2.3.4. Mice survival and behavior

To examine the effects of immunosuppression in mice, dexametha-
sone (Decadron, Aché Laboratérios LTDA, Brazil) was administered
intraperitoneally (ip) at a dose of 10 mg/kg/day, 5 days before and
continuously after infection. A fungal suspension containing 1 x10%
spores 50 uL. ! was prepared. The suspension was inoculated intrana-
sally. After infection, the animals were monitored daily for survival
analysis and behavior assessment using the SmithKline/Harwell/Impe-
rialCollege/RoyalHospital/Phenotype Assessment (SHIRPA) protocol
(Lackner et al., 2006; Pedroso et al., 2010; Santos et al., 2014; Costa
et al., 2016). The protocol provides reliable information about murine
behavior. The individual parameters evaluated were grouped into five
functional categories: neuropsychiatric state, motor behavior, auto-
nomic function, muscle tone and strength, and reflex and sensory
function. The score for each category was calculated as described by
Oliveira et al. (2017).

2.3.5. Fungal burden

After analysis of survival and behavior, another group of mice was
anesthetized and infected to evaluate the fungal burden in the brain,
spleen and lungs two- and five-days post infection (d.p.i.). Animals were
euthanized under anesthesia and organs were removed aseptically to
quantify fungal burden. Tissues were homogenized in sterile PBS, plated
on CMA and incubated at 15 °C for 7 d. Results were expressed as CFU ™!
g.

2.3.6. Histopathology

Mouse lungs were sampled and fixed by immersion in 10 % buffered
formalin for 24 h and embedded in paraffin. Four pm tissue sections
were stained with hematoxylin and eosin. Information regarding the
type of cells that comprised the inflammatory process as well as its
extension and adjacent structures involved were described. The lesion
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score used was 0 (zero) absence, 1 (one) discrete, 2 (two) moderate and
3 (three) intense inflammation; absence 0 (zero) or presence 1 (one) of
intralesional agents.

2.3.7. Transmigration: endothelial cell monolayers

Corning 6.5 mm Transwells with 8 um pores (Corning, NY, USA)
were coated with 3 % collagen. hCMEC/D3 cells were cultured at 37 °C
in an atmosphere of 5 % CO5 grown to confluence in EBM2 medium as
previously described (Santiago-Tirado et al., 2019). About 5 x10% cells
per cm? were added to the Transwell and after confluence approxi-
mately 1 x10® spores for Pseudogymnoascus sp. UFMGCB 8532 in RPMI
medium were added to the apical part of the chamber and then collected
at the bottom for CFU measurement. Collection times of 3, 9 and 24 h
were tested to evaluate the time it took for the bottom to pass through
the barrier. Wells were used without adding fungal cells.

2.3.8. Statistical analyses

All statistical analyses were performed using GraphPad Prism,
version 5.0, for Windows (GraphPad Software, San Diego, CA, USA) with
p < 0.05 considered to be significant. Kaplan-Survival curves were
generated and analyzed using the log rank test. The histopathology
analysis measurements were analyzed by ANOVA followed, where sig-
nificant, by post hoc Tukeys tests to compare different groups. All ex-
periments were performed at least twice.

3. Results
3.1. Pathogenicity in vitro

All 11 Pseudogymnoascus spp. strains were able to grow when incu-
bated at temperatures up to 28 °C; however, none showed mycelial
growth or spore production at temperatures of 30 and 37 °C. The strains
displayed different patterns regarding hemolytic activity, growth at
different pH levels, production of hydrolytic enzymes, spore diameters,
tolerance to oxidative stress, hypoxia, and halotolerance (Table 1).
Susceptibility to antifungal agents is shown in Table 2. Four isolates
grew at all concentrations of fluconazole (MIC > 64 pg mL™!). The
susceptibility profile to itraconazole ranged from 0.125 to 0.5 pg mL 1,
and for amphotericin B, the MIC was between 0.125 and 1 yg mL ™.

3.2. Taxonomy of Pseudogymnoascus spp. strains

The ITS region sequences obtained from the 11 Pseudogymnoascus
spp. strains were compared with the sequences of type species deposited
in GenBank (Supplementary Table 2). They displayed different query
coverages and identity percentages, as well as numbers of nucleotides in

Table 2
Minimum Inhibitory Concentration (MIC) of Antarctic Pseudogymnoascus spp.
strains exposed to three antifungal compounds.

MICP assessed at 28 °C in a 7 days incubation (ug mL~!)

UFMGCB code™ Itra® Fluc? Amp B¢
8532 0.25 >64 0.5
8562 0.5 >64 0.125
10326 0.25 Nd Nd
10378 0.25 16 1
10381 0.125 8 0.25
10386 0.5 0.5 0.5
10392 0.125 4 0.5
10394 0.5 >64 0.5
10472 Nd* Nd Nd
10479 0.25 >64 0.5
10504 0.25 16 0.5

@ UFMGCB = Collection of Microorganisms and Cells of the Federal University
of Minas Gerais. "MIC = Minimum Inhibitory Concentration. ‘Itra= itracona-
zole. Fluc = fluconazole. *Amp B = anfotericina B. {Nd = Not determined.
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comparison with three species of Pseudogymnoascus: P. destructans (eight
strains), P. roseus (two strains), and P. verrucosus (one strain). For
morphological characterization, the strains were cultivated on Sabour-
aud dextrose agar at different temperatures for up to 21 days. At all
cultivation temperatures, the macromorphological characteristics of the
colonies, such as the cottony mycelium having a front with a center in
yellow tones and white edges, and a back in yellow tones, were observed
in all isolates (Suppl. Fig. 1). Mycelial growth rates (Suppl. Table 3)
showed that, for the strains Pseudogymnoascus sp. UFMGCB 8532 and
UFMGCB 8562, colony size increased with temperature up to 20 °C, but
reduced at 25 and 28 °C. Due to its significant pathogenic characteristics
in vitro and in vivo, Pseudogymnoascus sp. UFMGCB 8532 was taxonom-
ically categorized using ITS phylogenetic and morphological analysis.

In addition, a specific phylogenetic analysis comparing the Pseudo-
gymnoascus sp. UFMGCB 8532 ITS sequence with those available in the
GenBank database is shown in. Despite the genetic similarity of the
Pseudogymnoascus sp. UFMGCB 8532 and P. destructans, the phyloge-
netic analysis revealed that the strain Pseudogymnoascus sp. UFMGCB
8532 is closely related to the Antarctic endemic species P. australis and
clusters with that species, as well as with P. griseus and P. laginnosus, the
latter both recently described from Antarctica by Villanueva et al.
(2021). However, as Pseudogymnoascus sp. UFMGCB 8532 did not have
any nucleotide differences with the three endemic Pseudogymnoascus
species, it was submitted to classical morphological taxonomy
classification.

Pseudogymnoascus sp. UFMGCB 8532 was grown on SBA at 15 °C for
28 days for macro- and micromorphological taxonomic analysis and
comparison with those Pseudogymnoascus species closest in the phylo-
genetic analysis (P. australis, P. griseus and P. lanuginosus) (Suppl. Fig. 2).
On SBA (Suppl. Fig. 2A and B), colonies reached 40 mm diameter after
28 days at 15 °C, and were irregular, raised, floccose, with radially and
cerebriform grooves, white to yellow, margin irregular and filiform,
without visible exudate, diffusible pigments absent and reverse yellow.
Hyphae forming bundles with two to eight hyphae oriented in parallel,
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branched, septate, hyaline, smooth, 1.4-3.3 pm wide. Absence of
arthroconidia chains, single aleurioconidia on fertile hyphae, sessile or
stalked (Supplementary Fig. 2C). Conidiophores abundant, erect or
geniculated, hyaline, smooth, arising laterally from the hyphae, usually
bearing verticils of two to four branches arising from the stipe at an
acute angle (Supplementary Fig. 2D). Conidia abundant in SBA
(Supplementary Fig. 2E), intercalary or terminal, gray to olive green,
hyaline, verrucose; aleurioconidia obovoid to subglobose, occasionally
clavate, with broad truncate basal scar, 2.6-3.7 x 1.9-2.7 pm (av =
2.98 x 2.22 ym, n = 15). Ascomata absent.

3.3. In vivo assay against larvae of Tenebrio molitor

Among the 11 Pseudogymnoascus spp. strains assessed, strains
UFMGCB 8532 and UFMGCB 8562 displayed 100 % lethality within one
day of contact with T. molitor larvae (Fig. 2), whereas the control
(C. albicans SC5314) took 10 days to produce the same result.

3.4. In vivo assay using BALB/c mice

The impacts of Pseudogymnoascus sp. UFMGCB 8532 on the survival
of immunosuppressed BALB/c mice are shown in Fig. 3A. Forty percent
of infected mice succumbed after 65 d, despite no statistical difference in
relation to the NI group. After infection, the animals exhibited oscilla-
tions between weight gain and loss (Fig. 3B). The presence of the fungus
was analyzed in the spleen and lungs of animals, after the intranasal
infection with fungal spores, with the levels detected being somewhat
lower than those originally inoculated into the lung and spleen (Fig. 3C
and D). There was no evidence of the presence of the fungus in the
infected mouse brain tissue. In terms of function and sensory reflex
(Fig. 3E), there was a significant change in scores for the infected groups
after 30 d. Autonomous function (Fig. 5F), declined after 30 d of
infection, followed by recovery after 40 d. The neuropsychiatric state
(Fig. 3G, H, I) of infected animals showed a significant reduction

_{: Pseudogymnoascus roseus CBS395.65 (OR485022)R
Geomyces vinaceus P288 D218 (JIF311954)*

38 Pseudogymnoascus rhousiogongylinus CBS722.69 (OR736258)R
S1 —————— Pseudogymnoascus palmeri LHU407 (MT988150)*
I: Pseudogymnoascus destructans ATCC MYA-4855 (NR111838)T
45 Pseudogymnoascus verrucosus UAMH 10579 (OR485038)*

51 56

{ Pseudogymnoascus sp. UFMGCB 8532
Pseudogymnoascus australis F09-T18-3 (MN417287)EA
Pseudogymnoascus griseus F09-T18-14 (MN417288)EA
— Pseudogymnoascus lanuginosus F09-T18-27 (MN417286)E4

48

L Pseudogymnoascus turneri (MN542214)*
[ Pseudogymnoascus lindneri LHU158 (MN3542212)*
ssb— Pseudogymnoascus shaanxiensis GZUIFR 21.801 (MZ444066)*

91 [ Pseudogymnoascus appendiculatus UAMIT10509 (OR485252)*

99'— Pseudogymnoascus carnis CBS378.76 (OR484921)R

85 4" Pseudogymnoascus antarcticus F09-T2-1 (JX845280)Ea

92 _|: Pseudogymnoascus hyalinus CBS106.13 (OR475795)R
71 Pseudogymnoascus pannorum CBS106.13 (MII866140)R
Pseudogymnoascus bhartii CBS762.71 (MH860339)R
Pseudogymnoascus alpinus (syn. Gymnostellatospora alpina) CBS620.81 (MH873132)R
Penicillium zonatum CBS992.72 (NR111501)0¢

Fig. 1. Phylogenetic analysis using the ITS region including Pseudogymnoascus sp. UFMGCB 8532 (in bold) and other species deposited in GenBank. Blue boxes
indicate taxa endemic to Antarctica. RReference sequences and *Non-reference sequences deposited in GenBank, A reported as endemic for Antarctica (Villanueva
et al. 2021) and ®®Outgroup. The phylogenetic tree was constructed using the maximum composite likelihood method with bootstrap values calculated from 1000

replicate runs using the program MEGA 11.
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Fig. 2. Survival, expressed as percentage (%), of Tenebrio molitor larvae subjected to experimental infection by different Pseudogymnoascus spp. strains. The Log-rank
test (Mantel-Cox) was used for all assays (p < 0.0001). NI = larva not infected and PBS = Phosphate Buffered Saline as negative control (both parameters displayed

the same survive rate = 100 %).
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Fig. 3. Survival and behavior of immunosuppressed BALB/c mice after infection with spores of Pseudogymnoascus sp. UFMGCB 8532. (A) Survival of mice infected
intranasally with 108 CFU (n = 6 mice per group), (B) weight variation over time of mice expressed as percentage (%) after infection, (C) fungal load recovered from
the lung after 2 and 5 days of infection, (D) fungal load recovered from the spleen after 2 and 5 days of infection, (E) sensory function and reflex, (F) autonomous
function, (G, H) Neuropsychiatric status and (I) motor behavior. (NI) Not infected. (#) In relation to NI p<0.05.

compared to the control group from day 18 onwards.

After recovery and quantification of the fungal load in infected mice,
the recovered fungus was subjected to molecular analysis. Comparison
of the electrophoretic profile of the amplified products from infected
mice with those of the original inoculation indicates the same band
pattern was consistently present, indicating that the inoculated fungus
remained in the mice throughout the experiment (Suppl. Fig. 3).

3.5. Histopathology of BALB/c mice infected with Pseudogymnoascus sp.
UFMGCB 8532

Histopathological examination of organs from BALB/c mice infected
with Pseudogymnoascus sp. UFMGCB 8532 (Fig. 4) revealed that the

isolate caused intense hyperemia, pulmonary edema, and an inflam-
matory process characterized by the presence of a large number of
neutrophils and a small number of macrophages at two (Fig. 4A, B) and
five (Fig. 4C, D) days post-infection. Fig. 4 shows an intense inflam-
matory infiltrate present primarily around the bronchioles, distributed
in a multifocal to coalescent manner, composed of a large quantity of
neutrophils (intact and degenerated) and a discrete number of epithe-
lioid macrophages associated with a small number of structures
measuring approximately 3 um. These structures had a thin capsule
characterized by a clear halo (normally not stained) surrounding the
nucleus, which sometimes showed eosinophilic staining and was also
noted in the cytoplasm of macrophages. In a few bronchioles, an in-
flammatory infiltrate predominantly composed of neutrophils was
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Fig. 4. Lungs of BALB/c mice two days post-intranasal infection with Pseudo-
gymnoascus sp. UFMGCB 8532. (A) Multifocal areas of intense moderate
inflammation peribronchiolar (red arrow), Hematoxylin-eosin (HE) staining,
4x objective. (B) Inflammatory infiltrate (red arrow) composed of many neu-
trophils, a discrete number of macrophages and epithelioid cells, associated
with a moderate number of structures measuring approximately 3 pm, also
present in the cytoplasm of macrophages (black arrow), associated with mod-
erate hyperemia. Neutrophilic infiltrate intraluminal bronchiole (blue arrow)
HE, 40x objective. In detail, the black fungal structures. Grocott’s Silver
Methenamine Staining 100x objective. (C) Animals evaluated 5 days post-
infection demonstrating multifocal areas of discrete interstitial inflammatory
infiltrate (green arrow). HE, objective 4x. (D) Interstitial inflammatory infil-
trate (green arrow) composed of a few neutrophils and rare epithelioid mac-
rophages, associated moderate hyperemia. HE, 40x objective. In detail, the
black fungal structures. Grocott’s Silver Methenamine Staining 100 x objective.

present. Multifocal and discrete thickening was observed in the alveolar
septa, associated with the presence of neutrophils. Additionally, mod-
erate multifocal hyperemia and amorphous eosinophilic content within
the alveoli (edema) were detected. These inflammatory changes were
noted in lungs of all mice evaluated infected with Pseudogymnoascus sp.
UFMGCB 8532. The average inflammatory score assigned for infection
after two and five days, respectively, indicates that the fungus was able

Lung
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Pseudogymnoascus sp.
UFMGCB 8532

Pseudogymnoascus sp.
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Fig. 5. Histopathological evaluation of the lungs of BALB/c mice (n = 4)
intranasally infected with 1x10® spores and euthanized two days post-infection
(black square) and five days post-infection (light square). The results were
checked for normality before being analyzed using the non-parametric Mann-
Whitney test (* p < 0.05).
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to induce lung inflammation that it was higher at two days after infec-
tion (Fig. 5).

4. Discussion
4.1. In vitro pathogenicity

All isolates of Pseudogymnoascus spp. from Antarctica were able to
grow at temperatures above 15 °C, albeit slowly at 28 °C. Gargas et al.
(2009) and Verant et al. (2012) noted that the species P. destructans,
known to be pathogenic to bats, cannot grow above 19.8 °C in in vitro
conditions. However, other species of Pseudogymnoascus tolerate tem-
peratures over 20 °C. The Antarctic strains examined in the current
study, as well as the Antarctic endemic species P. antarcticus, P. australis,
P. griseus and P. lanuginosus, similarly exhibit reduced growth at 25 °C
suggesting they should be considered psychrotolerant, forming small
pinpoint colonies (Villanueva et al., 2021).

The majority of the Pseudogymnoascus spp. strains tested here were
able to cause partial lysis of red blood cells (a-hemolysis). According to
Reynolds and Barton (2014), the a-hemolysis profile in P. destructans
suggests that hemolytic activity occurs under nutrient limitation, a
characteristic that may not be essential for the growth of the fungus in
the host but may facilitate their survival by helping them obtain iron to
support their growth. All tested strains were able to grow at pH 4, 7 and
9. Chaturvedi et al. (2019) similarly reported that P. destructans and
P. pannorum, isolated from bats and soil in Canada, respectively, were
able to grow across the same pH range, illustrating their high growth
and adaptation plasticity.

According to Palmer et al. (2018), key enzymes produced by
P. destructans can be inactivated by UV light (an abundant factor in
summer in the Antarctic Peninsula), compared to other
hibernacula-inhabiting fungi. However, differing from P. destructans,
strong esterase and urease production profiles were observed for some of
the Antarctic Pseudogymnoascus strains evaluated in our study, consis-
tent with various previous studies of the genus (Chaturvedi et al., 2010;
Fenice et al., 1997; Hayes, 2012; He et al., 2017; Holz et al., 2016;
Raudabaugh and Miller, 2013; Reynolds and Barton, 2014). Ten of the
strains were strong phospholipase producers, differing from Chaturvedi
et al. (2010), who reported that P. destructans is not able to produce the
enzyme.

The spore diameters of Antarctic Pseudogymnoascus spp. strains
typically produced conidia < 4 um, qualifying them as virulence factors
of the fungus since tiny conidia with a diameter between 2 and 5 ym can
reach the lung alveoli of animals (Latgé, 2001). Six strains were capable
of growth under hypoxia. The mechanisms of adaptation to hypoxic
conditions in fungi vary; however, some studies suggest that hypoxia is
an in vivo stressor used by human fungal pathogens capable of directly
affecting host immune responses during infection (Grahl et al., 2011;
Maurer et al., 2019; Lima et al., 2015). To date, there are no reports of
tests with Pseudogymnoascus species to verify their ability to resist
hypoxic conditions. Seven strains were able to grow in 2 % NaCl con-
ditions. According to Kochkina et al. (2007), some species of Pseudo-
gymnoascus, such as P. pannorum, are considered halotolerant up to 10 %
salt concentration (Gilichinsky et al., 2005).

Four strains exhibited resistance to the anti-fungal agent fluconazole
(MIC > 64 pg mL ). Chaturvedi et al. (2011) noted that some Pseudo-
gymnoascus species are susceptible to currently available antifungals,
including P. destructans, which is sensitive to amphotericin B, itraco-
nazole and fluconazole. Wilson et al. (2017) noted that the susceptibility
of P. destructans to amphotericin B increased at temperatures above
15°C, indicating that resistance mechanisms may vary with
temperature.

4.2. In vivo assay against larval Tenebrio molitor

The Antarctic Pseudogymnoascus spp. strains caused different
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mortality patterns in T. molitor larvae. Pseudogymnoascus sp. UFMGCB
8532 and UFMGCB 8562 were notably virulent, causing 100 % mor-
tality on the first and second day, respectively. These results are similar
to those reported by Beekman et al. (2018), who used Galleria mellonella
inoculated with a concentration of 10° spores of P. destructans, and by
Fuchs et al. (2018), with 10° spores of P. destructans and P. pannorum in
G. mellonella larvae, resulting in reduced survival within two days.

4.3. Pseudogymnoascus spp. strain taxonomy

Analysis of the ITS region confirmed that all 11 strains studied were
representatives of the genus Pseudogymnoascus. Phylogenetic compari-
son using the ITS region showed that the strain Pseudogymnoascus sp.
UFMGCB 8532 was closely related to the endemic Antarctic species
P. australis, P. griseus, and P. lanuginosus, most closely to P. australis as
described by Villanueva et al. (2021). However, the macro- and micro-
morphology characteristics observed in Pseudogymnoascus sp. UFMGCB
8532 differed from those species. When compared to the closest species,
UFMGCB 8532 showed discrepancies in colony morphology (diameter,
color, presence of exudates) and micromorphology (hyphae diameter,
aleuroconidia size, absence of arthroconidia), indicating that the fungus
may represent a different Pseudogymnoascus species. Detailed taxonomic
studies will be necessary to confirm the identification of Pseudo-
gymnoascus sp. UFMGCB 8532.

4.4. In vivo assay against BALB/c mice

Different animal models, including BALB/c mice, have been used to
evaluate the pathogenicity of fungi (Conti et al., 2014). Pseudo-
gymnoascus sp. UFMGCB 8532 was selected for this part of the study
because it exhibited relevant virulence and stress tolerance factors in
vitro and showed the most rapid activity against T. molitor larvae. In
addition, differences in survival or behavior of immunocompromised
mice were observed. Changes in the neuropsychiatric state were also
evident, suggesting encephalopathy (disruption of brain function)
(Jeremias, 2015). The fungus was recovered from the spleen and lung of
infected mice, but not from brain tissue. This is the first study to use
BALB/c mice as an animal model to study the pathogenicity of
Pseudogymnoascus.

4.5. Inflammation induced by Pseudogymnoascus sp. UFMGCB 8532 in
lungs of BALB/c mice

We showed intranasal infection with Pseudogymnoascus sp. UFMGCB
8532 could induce an acute inflammatory response in mice lungs,
characterized by hyperemia, edema and neutrophil and macrophage
infiltration. The lung inflammation reduced from second to fifth day of
infection. Despite the lack of information about the inflammatory pro-
cesses caused by Antarctic Pseudogymnoascus species, previous studies
have shown that different P. destructans strains have the potential to
cause inflammation in infected tissues. According to Pikula et al. (2017),
erosion of bat wings is caused by inflammation due to the presence of
fungi in their skin. In addition, Field et al. (2015) showed that the bat
species Myotis lucifugus from North America, when infected with
P. destructans, expresses genes associated with local inflammation in the
skin. In summary, P. destructans causes important disease in bats with
skin inflammation associated with fungal hyphae (Meteyer et al., 2009;
2012; Kacprzyk et al. 2017; Pikula et al., 2017; Isidoro-Ayza and Klein,
2024). Bats infected with P. destructans experience an initially slow in-
flammatory process that drastically accelerates as hibernation pro-
gresses (Pikula et al., 2017; Fritze et al., 2019).

5. Conclusions

The data obtained in this study indicate that various Pseudo-
gymnoascus spp. strains, obtained from different substrates/habitats in
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maritime Antarctica, may show features of potential virulence towards
experimental animal hosts, particularly those that are already immu-
nocompromised. Given that the Antarctic environment is an important
reservoir for Pseudogymnoascus species, which display growth across a
range of temperatures, it is possible that increasing temperatures in the
maritime Antarctic due to climate change could activate dormant genes
or biochemical pathways, select virulent species and/or strains, and
facilitate their spread within and beyond the region. The ability of
Pseudogymnoascus species to grow slowly even at 28°C, coupled with
their potential in vitro and in vivo virulence factors, suggests that these
fungi might be undergoing an opportunistic transition due to the effects
of climate change on the Antarctic Peninsula. Our results reinforce the
need for greater understanding of the biochemical and potentially
pathogenic capabilities of opportunistic microorganisms present in
Antarctica and other cold regions globally.
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