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Abstract We surveyed the diversity and capability of
producing bioactive compounds from a cultivable fungal
community isolated from oligotrophic soil of continen-
tal Antarctica. A total of 115 fungal isolates were obtained
and identified in 11 taxa of Aspergillus, Debaryomyces,
Cladosporium, Pseudogymnoascus, Penicillium and Hypo-
creales. The fungal community showed low diversity and
richness, and high dominance indices. The extracts of
Aspergillus sydowii, Penicillium allii-sativi, Penicillium
brevicompactum, Penicillium chrysogenum and Penicil-
lium rubens possess antiviral, antibacterial, antifungal,
antitumoral, herbicidal and antiprotozoal activities. Bioac-
tive extracts were examined using '"H NMR spectroscopy
and detected the presence of secondary metabolites with
chemical shifts. Our results show that the fungi present in
cold-oligotrophic soil from Antarctica included few domi-
nant species, which may have important implications for
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understanding eukaryotic survival in cold-arid oligotrophic
soils. We hypothesize that detailed further investigations
may provide a greater understanding of the evolution of
Antarctic fungi and their relationships with other organisms
described in that region. Additionally, different wild pristine
bioactive fungal isolates found in continental Antarctic soil
may represent a unique source to discover prototype mol-
ecules for use in drug and biopesticide discovery studies.

Keywords Antarctica - Drug discovery - Ecology -
Fungi - Taxonomy

Introduction

Antarctica has an area of approximately 4 million km? and
is reported to be the most pristine environment on the planet.
However, only approximately 2 % of the total Antarctic area
is ice free and comprises extensive mountains, nunataks and
coastal outcrops (Azmi and Seppelt 1998). In general, Ant-
arctic soils represent extreme habitats for the colonization
and survival of life. Among the biota present in Antarctica,
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the microbial life is represented by archaea, bacteria and
cyanobacteria. Fungi are the most highly diverse group in
the different Antarctic ecosystems, including the extremo-
phile soils. According to Fell et al. (2006), the soils of the
continental region within Antarctica offer an interesting
opportunity to investigate the regional-to-global environ-
mental effects of microbial webs on community structures.

The kingdom Fungi represents an important element
within the microbial communities in Antarctica. Various spe-
cies of fungi have been isolated from different habitats includ-
ing freshwater, the marine environment, rocks, plant tissues,
lakes, marine sediments and different types of soil. The
mycobiota of Antarctica have typically included yeasts and
filamentous fungi consisting of species in the phyla Chytridi-
omycota, Zygomycota, Glomeromycota, Ascomycota and
Basidiomycota (Ruisi et al. 2007). Additionally, fungi range
in diversity across the latitudinal gradient in the sub-Antarctic
islands, Antarctic Peninsula and continental Antarctic eco-
systems. According to Rao et al. (2012), life in continental
Antarctica is restricted to rare occurrences of some species
of lichens, mosses, invertebrates and soil microbial commu-
nities. In continental Antarctica, fungi have been more often
described in lichens symbioses; however, the occurrence of
free-living fungi in soils remains poorly understood.

Fungal metabolic pathways are a rich source of bioac-
tive compounds, including different classes of secondary
molecules such as terpenoids, polyketides, alkaloids, pol-
yacetylenes and others with different biological activities.
Such molecules can be important prototype used to develop
new drugs and pesticides. In recent years, the capability of
different fungal communities across the Antarctic environ-
ments to produce compounds for use in biotechnological
processes has been reported. However, few bioprospect-
ing research programs have focused on the fungi present in
unique and/or unexplored environments. Thus, the search
for extremophile fungi in Antarctica may represent a useful
strategy for finding new eukaryotic metabolic pathways and,
consequently, new bioactive compounds (Santiago et al.
2012). For the reasons presented above, the aims of the pre-
sent study were to characterize the diversity, richness, domi-
nance and similarity of the fungal community present in the
cold-arid oligotrophic soil of continental Antarctica region
and to investigate the capability of these fungi to produce
bioactive compounds with antimicrobial, antiviral, antitu-
moral, antiprotozoal, herbicidal and insecticidal activities.

Materials and methods
Study area

Thirteen soil samples were collected in the Ellsworth
Mountains (Supplementary Fig. 1) in the summer of 2011
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from ice-free areas of the Union Glacier region in the south-
ern Heritage Range. Samples of soil at 0-8 cm depth were
collected using sterile scoops, placed in Whirl-Pak (Nasco,
Ft. Atkinson, WI) bags and kept at —20 °C until transported
to the laboratory at the Federal University of Minas Gerais,
where they were processed to isolate the fungi. The soil
samples were studied by routine chemical analyses (pH,
available P, exchangeable Ca’>*, Na®, Mg>*, KT and AI’")
according to international standard protocols established by
Kuo (1996) and EMBRAPA (1997). Total organic carbon
was determined according to Yoemans and Bremner (1988).

Fungal isolation

To isolate the fungal species from soil, 1 g of each sam-
ple was added to 9 ml of 0.85 % NaCl and 100 pL of a
10~! dilution was inoculated onto YM (0.3 % yeast extract,
0.3 % malt extract, 0.5 % peptone, 2 % glucose, 2 % agar),
MEA (1.5 % malt extract, 1.5 % glucose, 0.1 % peptone,
2 % agar), DG18 (Oxoid, USA) and DRBC (Oxoid, USA)
media containing 100 ug mL ™" of chloramphenicol (Sigma)
and incubated at 5°, 10° and 15 & 2 °C for 60 days. Fungal
colony-forming units (CFUs) were counted, and subcul-
tures were made of all of the morphologically distinct colo-
nies from each sample. The subcultures were grouped into
different morphotypes according to their cultural (colony
color and texture, border type and radial growth rate) and
micromorphological characteristics on YM agar. All fungal
isolates were deposited in the Collection of Microorgan-
isms and Cells of the Universidade Federal of Minas Gerais
under code UFMGCB, which are available to be accessed
by other scientists.

Fungal identification

The protocol for DNA extraction from filamentous fungi
followed Rosa et al. (2009). The internal transcribed spacer
(ITS) region was amplified with the universal primers ITS1
and ITS4 (White et al. 1990). Amplification of the ITS
region was performed as described by Rosa et al. (2009).
Amplification of the B-tubulin (Glass and Donaldson 1995)
and ribosomal polymerase B2 (Houbraken et al. 2012)
genes were performed with the Bt2a/Bt2b and RPB2-
SF-Pc/RPB2-7CR-Pc 7CR primers, respectively, according
to protocols established by Godinho et al. (2013). Yeasts
were characterized via standard methods and the taxonomic
keys according to Kurtzman et al. (2011). Yeast identities
were confirmed by sequencing the D1-D2 variable domains
of the large subunit ribosomal RNA gene using the primers
NL1 and NL4 (Lachance et al. 1999) and the ITS region
using the primers ITS1 and ITS4 (White et al. 1990).
Representative consensus sequences of fungal taxa were
deposited into GenBank (Supplementary Table 1). To achieve
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species-rank identification based on ITS, P-tubulin data
and ribosomal polymerase B2, the consensus sequence was
aligned with all sequences from related species retrieved from
the NCBI GenBank database using BLAST (Altschul et al.
1997). The criteria suggested by Godinho et al. (2013) were
used to interpret BLAST results from the GenBank database.
The phylogenetic analysis were conducted using MEGA Ver-
sion 5.0 (Tamura et al. 2011). The maximum composite like-
lihood method was employed to estimate evolutionary dis-
tances with bootstrap values calculated from 1000 replicate
runs. To complete the molecular identification, the sequences
of known-type fungal strains or reference sequences obtained
from fungal species deposited in international culture collec-
tions found in GenBank were added to improve the accuracy
of the phylogenetic analysis. The information about fungal
classification generally follows Kirk et al. (2008), MycoBank
(http://www.mycobank.org) and Index Fungorum (http://
www.indexfungorum.org) databases.

Diversity, richness, dominance and distribution

To quantify species diversity, richness and dominance, we
used Fisher’s «, Margalef’s and Simpson’s indices, respec-
tively. The similarities among fungal taxa from different sites
were estimated using the Bray—Curtis measure. All diversity
and similarity indices were performed using the computer
program PAST, version 1.90 (Hammer et al. 2001).

Fungal cultivation and preparation of extracts for biological
assays

All fungal isolates were cultivated using solid-state fermenta-
tion according to protocols established by Rosa et al. (2013).
Briefly, a 5-mm diameter plug of fungus was place on 20 mL
of YM medium at the center of 200 Petri dishes (90 mm
diameter) and cultured for 15 days at 10 & 2 °C. These fun-
gal cultures were lyophilized for 72 h, cut in small pieces
and transferred to 50-mL glass centrifuge tubes followed by
the addition of 50 mL of dichloromethane (DCM, Fisher,
USA). After 72 h at room temperature, the organic phase
was filtered and the solvent removed under rotary evapora-
tion at 40 °C. An aliquot of each dried extract was dissolved
in DMSO (Merck) to prepare a 100 mg mL~! stock solu-
tion, which was stored at —20 °C. Sterile YM medium was
extracted using the same procedure. The sterile YM extract
was used as the control in the screening procedure.

Assay for antimicrobial activity

Susceptibility testing against Escherichia coli ATCC
11775, Staphylococcus aureus ATCC 12600, Pseudomonas
aeruginosa ATCC 10145, Candida albicans ATCC
18804, Candida krusei ATCC 6258 and Cladosporium

sphaerospermum CCT 1740 was performed using a pro-
tocol established by Carvalho et al. (2012). All extracts
(dissolved in DMSO) were diluted to a final concentration
of 250 ug mL~! for use in the antimicrobial assays. The
results are expressed as the percent inhibition in relation to
controls without drugs. All antimicrobial assays were per-
formed in duplicate.

Assay with human cancer cell lines

The effect of crude extract on the survival and growth of
the human cancer cell lines MCF-7 (breast) and TK-10
(renal) was determined using a colorimetric method devel-
oped at the National Cancer Institute, USA (Monks et al.
1991). All assays were run in triplicate wells and repeated
at least once. All extracts (dissolved in DMSO) were
diluted to a final concentration of 20 g mL~! for use in
the cytotoxic assays. Etoposide (16 wg mL~') and cancer
cell lines without fungal extracts were used in parallel as
positive and negative controls, respectively. The results are
expressed as percentage of growth inhibition in comparison
to the control without drug.

Assay with Leishmania amazonensis

In vitro assays with promastigote forms of Leishmania
amazonensis were performed according to protocols estab-
lished by Teixeira et al. (2002). The results are expressed
as percent inhibition in relation to controls without drugs.
All extracts (dissolved in DMSO) were diluted to a final
concentration of 20 wg mL ™! for use in the assay. Ampho-
tericin B at 0.2 wg mL~! (Fungison® Bristol-Myers Squibb
B, Brazil) was used as a positive drug control. All assays
were performed in triplicate.

In vitro assays with intracellular amastigote forms
of Trypanosoma cruzi

In vitro assays with amastigote forms of 7. cruzi were per-
formed according to protocols established by Romanha
et al. (2010). Each extract diluted in DMSO was tested
in duplicate at 20 wg mL™'. Benznidazole at its ICs,
(1 ug mL~") was used as positive control. The results were
expressed as the percentage of growth inhibition.

Assays against Dengue virus

For antiviral activity assays against Dengue virus 2, mon-
olayers of Baby Hamster Kidney 21 cells (BHK-21) grown
in flat bottom, 96-well plates using Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 5 % fetal
bovine serum (FBS), 100 U mL~! penicillin, 100 ug mL ™!
streptomycin and 0.25 pg mL~! amphotericin B, were
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exposed to different concentrations of fungal extracts for
72 h in the presence of Dengue virus 2. Fungal extracts
were provided as 2 mg mL™! in 10 % DMSO. Virus sus-
pensions and extracts, at concentrations ranging from 100
to 0.78 mg mL~! were simultaneously added to the plates,
in two replicates. Controls for cells (uninfected untreated
cells), virus (infected untreated cells) in the presence or
not of DMSO were run in parallel during each experiment.
The antiviral activity was evaluated by grading system of
the peculiar cytopathic effect (CPE) caused by Dengue
virus observed by optic microscopy (Tang et al. 2012) fol-
lowed by colorimetric assay using the 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2 H-tetrazolium bromide (MTT/
Sigma-USA) (Betancur-Galvis et al. 1999). The results are
expressed as the percent of CPE inhibition in relation to
controls without extracts. All antiviral assays were repeated
at least three times.

Assay against fungal plant pathogens

The phytopathogens Colletotrichum acutatum, C. fragar-
iae, C. gloeosporioides, Fusarium oxysporum and Botrytis
cinerea were used as target species for the antifungal assay
according to protocols established by Wedge and Kuhajek
(1998) and Wedge et al. (2009). The extracts were diluted
in DCM and assayed at 180 g spot~'. Spots of the techni-
cal-grade fungicides benomyl, cyprodinil, azoxystrobin and
captan (Chem Service, Inc. West Chester, Pennsylvania)
at 2 uL (at 2 uM) diluted in ethanol were used as standard
controls. All antifungal assays were performed in duplicate.

Herbicide assay

The herbicidal activities of fungal extracts were guided
by Lactuca sativa (lettuce) and Agrostis stolonifera (bent-
grass) bioassays according to Dayan et al. (2000). The fun-
gal extracts (dissolved in acetone) were diluted to a final
concentration of 1 mg mL~'. Phytotoxicity was qualita-
tively evaluated by visually comparing the amount of ger-
mination of the seeds in each well with the untreated con-
trols after 7 days. The qualitative estimate of phytotoxicity
was evaluated by using a rating scale of 0-5, where 0 = no
effect and 5 = no growth or no germination of the seeds.
Each experiment was repeated in duplicate.

Mosquito larval bioassays

Larvae of Aedes aegypti L. used in these screening bioas-
says were hatched from the eggs obtained from a laboratory
colony maintained at the Mosquito and Fly Research Unit
at the Center for Medical, Agricultural and Veterinary Ento-
mology, USDA-ARS, Gainesville, Florida. The eggs were
hatched and the larvae were maintained at a temperature of
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27 £ 2 °C and 60 + 10 % RH in a photoperiod regimen of
12:12 h (L:D). Bioassays were conducted using the system
described by Pridgeon et al. (2009) to determine the larvi-
cidal activity of these compounds against Ae. aegypti. All
extracts (dissolved in ethanol) were diluted to a final con-
centration of 125, 62.5 and 31.25 ppm.

NMR spectroscopy

Bioactive fungal extracts were analyzed by NMR spec-
troscopy on a Varian INOVA 600 MHz spectrometer
(Palo Alto, CA). "H NMR spectra were recorded in either
CDCl; or MeOD. Samples were prepared at approximately
10 mg mL~! and analysis recorded in 3 mm NMR tubes
using a standard '"H NMR pulse program.

Results
Fungal taxonomy

A total of 115 fungal isolates were recovered from eight
soil samples collected in continental Antarctica. The fun-
gal isolates were identified by molecular sequencing of
the ITS, B-tubulin, ribosomal polymerase B2 and D1-D2
domains representing 11 taxa in the genera Aspergillus,
Debaryomyces, Cladosporium, Pseudogymnoascus, Peni-
cillium and one labeled as Hypocreales (Supplementary
Table 1; Figs. 1, 2, 3). The taxa with the greatest densi-
ties were Hypocreales sp., Penicillium brevicompactum,
and Aspergillus sydowii. In contrast, Cladosporium sp.
3, Cladosporium sp. 2 and Debaryomyces hansenii were
rare components within the community. Cladosporium sp.
1, Cladosporium sp. 2, Cladosporium and sp. 3 (Figs. lc,
2¢), Pseudogymnoascus sp. (Fig. 1d) and Hypocreales sp.
(Fig. 1a) presented low molecular identities and inconclu-
sive information compared with known fungal sequences
deposited in the GenBank database.

Fungal diversity

In general, the fungal community showed low diversity
(Fisher’s o = 1.42) and richness (Margalef = 1.25) and
high dominance (Simpson = 0.8) indices; however, the
diversity indices varied according to the different sites
(Supplementary Table 2). Sites ELL 11, ELL 7 and ELL
13 showed the highest Fisher’s o and Margalef indices,
respectively, which also displayed moderate concentrations
of TOC. At the same time, site ELL 8 showed the high-
est TOC concentration, but displayed moderate Fisher’s
and Margalef indices. The fungal diversity in the sites did
not appear to be related to any other parameters that were
measured.
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Acremonium kiliense CBS 158.61 [FN691447]%
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Acremonium strictum CBS 346.70 [FN691453]"
100 ' Sarocladium strictum CBS 346.70 [GQ376096]%

UFMGCB 9463

Ustilaginoidea virens CBS 422.52 [AF245299]°¢
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Emericella nidulans NRRL 2395 [AY373888]"

Aspergillus flavus ATCC16883 [AF138287]"
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UFMGCB 9436

Cladosporium cladosporioides CBS 144.35 [HM148012]"
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Cladosporium pseudocladosporioides CBS 574.78A [HM148163]*
Cladosporium perangustum CBS 167.54 [HM 1481241}
Cladosporium rectoides CBS 126357 [HM148194]"

39| Cladosporium phaenocomae CBS 128769 [JF499837]*
Cladosporium subuliforme CBS 126500

Cladosporium oxysporum CBS 125991 [HM148118]*
Cladosporium colombiae CBS 274.80B [FJ936159]"
Cladosporium varians CBS 126362 [HM148224]%

_| UFMGCB 9502

99 'UFMGCB 9527
— Cladosporium sphaerospermum CBS 193.54 [DQ780343]"
Cladosporium bruhnei CBS 159.54 [EF679337]%

Candida galli CBS 9722 [NR 077078]°¢

Geomyces sp. 01INHO8 [JX270343]*
Pseudogymnoascus verrucosus UAMH 10579 [DQ1174401*

Fig. 1 Phylogenetic analysis of (a)
the sequences of fungi (in bold)
isolated from continental Ant- 0.2
arctic soil compared with type 90 ' Acremonium kiliense MUCL 9724 [FN691446]"
(T) or reference (R) sequences o
of the closest species follow-
ing BLAST analysis, deposited . s T
. Nect tiicola CBS 313.72 [AY 138847
in the GenBank database. The ectria mariticota [ ]
trees were constructed based on
the ITS region sequences using
the maximum composite likeli-
hood method. OG reference (b)
sequence used as out-group
5
(c)
—
0.05
(d)
——— 64
0.05

Pseudogymnoascus destructans 20631-21 [EU8849211*
65 | || Pseudogymnoascus roseus UAMH 9163 [DQ117451*
0 Geomyces pannorum var. asperulatus UAMH 183 [DQ117444]"

[ UFMGCB 9473
Pseudogymnoascus carnis ATCC 11501 [F1545236]"

In addition to the low fungal diversity present in the
cold-arid continental Antarctic soil, the Bray—Curtis simi-
larity index (Supplementary Fig. 2) showed that the sites
with the most similar species assemblages were ELL 12
and ELL 13, both with high concentrations of phosphorus.

The fungi isolated from the cold-arid soil of the Ells-
worth Mountains in continental Antarctica showed a dif-
ferent temperature profile and type of culture media pref-
erence (Supplementary Table 3). The majority of the
fungi grew at 10° and 15 °C. Only Cladosporium sp. 2
and Cladosporium sp. 3 grew at 5 °C and may exhibit a

Candida galli CBS 9722 [NR 077078]°¢

psychrophilic physiology. Additionally, P. chrysogenum, P.
rubens, P. allii-sativi, P. brevicompactum, Cladosporium
sp. 1, Cladosporium sp. 3, Pseudogymnoascus sp. and D.
hansenii were able to grow on DG18 medium, which might
indicate physiological capabilities to survive in xerophilic
conditions. Additionally, Cladosporium sp. 3, which may
be a new species, was isolated on DG18 medium at 5 °C
and may represent a species adapted to the cold-arid con-
ditions of continental Antarctica. However, further physi-
ological studies are needed to characterize the abilities of
these fungi to survive in extreme cold and arid conditions.
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Fig. 1 continued (e)
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Penicillium desertorum DTO 16B5 [JX997039]*
Penicillium flavigenum CBS 419.89 [NR103695]"
UFMGCB 9492
— Penicillium dipodomyicola NRRL 13487 [AY371616]}
Penicillium griseofulvum CBS 185.27 [JX997084]"
Penicillium chrysogenum CBS 306.48 [JF922035]"
UFMGCB 9504
l67Penicillium glandicola FRR 2036 [AY373916]"
_Eenicillium vinaceum NRRL 739 [AF0334611*
67— Penicillium janthinellum NRRL 2016 [AF033434]"
I~ Penicillium crustosum ATCC 52044 [GU256746]"
Penicillium concentricum NRRL 2034 [DQ3395611}
Penicillium hirsutum FRR 2032 [AY373918]"
Penicillium aurantiogriseum CBS 110327 [IN942756]*
Penicillium commune CBS 341.59 [IN217238]}
Penicillium echinulatum JCM 22836 [AB479316]"
Penicillium solitum FRR 937 [AY373932]"
Penicillium expansum NRRL 976 [FJ463031]"
Penicillium verrucosum CBS 603.74 [AB479317]"
Penicillium paneum CBS 101032 [HQ442346]"
Penicillium psychrosexualis CBS 128137 [HQ442345}
UFMGCB 9449
76| Penicillium roqueforti CBS 221.30 [HQ442347]"
Penicillium carneum CBS 112297 [HQ442338]"
Penicillium camemberti CBS 299.48 [AB479314]"

UFMGCB 9448
92 Penicillium brevicompactum ATCC 9056 [JQ070074]"
Penicillium citrinum FRR 1841 [AY373904]"

Bioprospection

Under the growth conditions we used, 17 fungal isolates
produced compounds with biological activities against the
targets screened (Supplementary Table 4) and (Table 1).
Among them, the extracts of different isolates of Aspergil-
lus sydowii, Penicillium allii-sativi, P. brevicompactum, P.
chrysogenum and P. rubens showed antibacterial, antifun-
gal, antitumoral, antiprotozoal and herbicidal activities,
which have equal or greater activity compared with the
control drugs. Extracts from P. allii-sativi, P. brevicom-
pactum, P. chrysogenum, in particular, the P. brevicompac-
tum (strain UFMGCB 9480) showed a broad high antiviral
activity against Dengue virus 2 and antiprotozoal activ-
ity against 7. cruzi, the agent of the Chagas disease (both
neglected tropical diseases), strong antifungal activity
against the fungal plant pathogen Colletotrichum gloespori-
oides, as well as herbicidal activity. In contrast, the extracts
of P. brevicompactum (strain UFMGCB 9478) and P. chry-
sogenum (strain UFMGCB 9438) had selective activities
against C. gloeosporioides. No activity was observed for
any extracts against Aedes aegypti larvae at the highest
concentration of 125 ppm. Bioactive extracts were exam-
ined using '"H NMR analysis to inspect for the presence
of secondary metabolites with interesting chemical shifts
(Fig. 4). In general, all of the extracts contained the pres-
ence of fatty acid functional groups, and most extracts con-
tained signals indicative of the presence of triglycerides.
More importantly, downfield 'H NMR signals for nearly all
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Mucor guilliermondii CBS 174.27 [NR103636]°¢

of the extracts indicated the presence of highly functional-
ized secondary metabolites due to the presence of protons
in the aromatic and olefinic regions.

Discussion
Fungal taxonomy, distribution and diversity

In the present study, the soil samples were collected in the
Heritage Range that forms the southern part of the Ells-
worth Mountain system. The fungi isolated from the cold-
arid oligotrophic soil of Heritage Range belongs to the
classes Dothideomycetes, Eurotiomycetes, Leotiomycetes,
Saccharomycetes and Sordariomycetes. According to Ruisi
et al. (2007), Ascomycota in anamorphic stages is the most
common fungal phylum found in Antarctica; these fungi
seem to have given up sexual reproduction as a simplified
means to conclude their life cycles in a shorter time without
high metabolic costs. Most of the known Antarctic fungi
are cosmopolitan, cold-tolerant species that have been
selected by, or have adapted to, the prevailing low tempera-
tures (Moller and Dreyfuss 1996).

In our study, Hypocreales sp. (which might represent
a new fungal species), P. brevicompactum and A. sydowii
showed the highest densities and were the dominant species
in the fungal community; the genus Penicillium also occurs
predominantly in the cold-arid soil sampled. According to
McRae et al. (1999), the genus Penicillium is cosmopolitan
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Fig. 2 Phylogenetic analysis of
the B-tubulin sequences of the
UFMGCSB fungi (in bold) com-
pared with type (T) or reference
(R) sequences of the closest
species following BLAST
analysis, deposited in the
GenBank database. The trees
were constructed based on the
B-tubulin gene sequences using
the maximum composite likeli-
hood method. OG reference
sequence used as out-group

Fig. 3 Phylogenetic analysis of
the ribosomal polymerase B2
gene sequences of the Penicil-
lium species (UFMGCB) in
bold compared with reference
(R) sequences of the closest
species following BLAST anal-
ysis, deposited in the GenBank
database. The tree was con-
structed based on the polymer-
ase B2 gene sequences using the
maximum composite likelihood
method. OG reference sequence
used as out-group
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Cladosporium psychrotolerans [EF1014441°
UFMGCB 9527
Cladosporium halotolerans CBS 280.49 [EF101432]*
56 Cladosporium sphaerospermum CBS 109.14 [EF101410]*
95— Cladosporium fusiforme CBS 452.71 [EF101447]}
Cladosporium oxysporum CBS 125.80 [EF101455]*
89| UFMGCB 9436
97" UFMGCB 9502

(0

0.2

Mucor hiemalis [AY633566]°¢

UFMGCB 9447

o7 UFMGCB 9477

| Penicillium steckii UFMGCB 6320 [KC846137]"
UFMGCB 9542

UFMGCB 9492

Penicillium chrysogenum CBS 306.48 [JF909955]"
747 UFMGCB 9479

UFMGCB 9514

Penicillium chrysogenum NRRL 35688 [EF198568]"
98| Penicillium rubens CBS 307.48 [JF909944]%
UFMGCB 9504

Penicillium desertorum DTO 14816 [JX996818]°

] UFMGCB 9449

100' Penicillium roquefortii CBS 23438 [AY674381]"

87

95 JPenicillium mononematosum CBS 172.87 [JF909953]"
99 Penicillium confertum CBS 171.87 [JF909952]"
Penicillium brevicompactum CBS 110069 [AY674435]%
10d UFMGCB 9448
Penicillium brevicompactum NRRL 2011 [DQ645784]"

= Penicillium steckii CBS 260.55 [GU944522]"

UFMGCB 9540

0.05

Mucor hiemalis [AY633566]°°

5 Penicillium rubens CBS 197.46 [JF909927]%
4Penicillium chrysogenum NRRL 35688 [EF198604]*
UFMGCB 9504

{ UFMGCB 9542

f

w

UFMGCB 9447
UFMGCB 9477
" Penicillium vanluykii DTO 14812 [TX996615]*

2o

L Penicillium tardochrysogenum DTO 149B9 [JX996634]*

Penicillium allii-sativi DTO 14814 [JX996617]%
UFMGCB 9492
Penicillium psychrosexualis CBS 128036 [IN406537]}

# UFMGCB 9479

100| [ Penicillium carneum CBS 112297 [IN406642]%
98 | UFMGCB 9449
100' Penicillium roqueforti CBS 221.30 [TN4066111*

Mucor irregularis CBS 609.78 [1X976282]°¢
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Table 1 Phytopathogenic antifungal, herbicidal and activities of the extracts of fungal species from cold-arid oligotrophic soil of the continental
Antarctica

Targets to detect pesticides compounds

Phytopathogenic fungi® Plants

Fungal species UFMGCB C. gloesporioides C. fragariae C. acutatum F. oxysporum B. cinerea L. sativa A. stolonifera

Aspergillus sydowii 9541 0£0 0£0 0£0 0£0 0£0 1 0
Penicillium allii-sativi 9451 0+0 0+0 0+0 0+0 0+0 1 0
P. allii-sativi 9458 0+0 0+0 0+0 0+0 0+0 3 3
P. allii-sativi 9508 0£0 00 0+0 0+0 0£0 0 0
P. allii-sativi 9509 0+0 0+0 0£0 0+0 0+0 1 2
P. allii-sativi 9524 0£0 0+0 0+0 0+0 0£0 3 2
Penicillium brevicompactum 9446 0+0 0+0 0+0 0+0 0+0 1 0
P. brevicompactum 9448 0+0 0+0 0+0 0£0 0+0 1 0
P. brevicompactum 9478 26 +2.7 0+0 0+0 0+0 0+0 1 3
P. brevicompactum 9480 258+3 605 4+03 0+0 0+0 2 4
P. brevicompactum 9538 0+0 0+0 0+0 0+0 0+0 1 1
Penicillium chrysogenum 9466 0+0 70 0+0 0+0 0+0 3 3
P. chrysogenum 9470 0+0 0+0 0+0 0+0 0+0 1 2
P. chrysogenum 9445 0£0 0+0 0+0 0+0 0+0 1 0
P. chrysogenum 9534 0£0 0+0 0+0 0+0 0+0 1 1
P. chrysogenum 9438 243 +2.2 0£0 0£0 0+£0 0£0 1 4
Penicillium rubens 9496 0+0 0+0 0+0 0+0 0+0 1 0
Control drugs Benomyl  20.5 % 0.7 195+0.7 145+2.1 - 24+ 14 - -
Cypro 225+ 0.7 200 11.5 £ 0.7 - - - -
Cap 19.5+ 0.7 17.5 £ 0.7 15+£14 155+£0.7 24+14 - -
Azo 29.5 0.7 - 17+ 14 - - - -

The bioactive extracts are in bold

# Mean inhibitory clear zones and standard errors were used to determine the level of antifungal activity against each fungal species; UFMGCB
Culture of Microorganisms and Cells of the Universidade Federal de Minas Gerais. Technical-grade agrochemical fungicides, Ben benomyl,
Cypro cyprodinil, Cap captan, Azo azoxystrobin with different modes of action were used at 2 uL (at 2 uM) as internal standards. — not assayed.
Fungal targets: C. gloesporioides, Colletotrichum gloesporioidesi; C. fragariae, Colletotrichum fragariae; C. acutatum, Colletotrichum acu-
tatum;, F. oxysporum, Fusarium oxysporum albicans; B. cinerea, Botrytis cinerea. The qualitative estimate of phytotoxicity was evaluated by
using a rating scale of 0-5, where 0 = no effect and 5 = no growth or no germination of the seeds. Plant targets: L sativa, Lactuca sativa (let-
tuce); A. stolonifera, Agrostis stolonifera (bentgrass). Against the phytopathogens fungi, the extracts were assayed at 180 g spot~". For the her-
bicidal activity, the extracts were assayed and 1 mg mL.™

and found virtually everywhere from the tropics to the
poles; however, its occurrence, diversity and frequency
may be limited in some regions of the world (Pitt 1979).
Penicillium has been described as the most common fun-
gal genus in Antarctic ecosystems (McRae et al. 1999), as
it is found in lakes (Gongalves et al. 2012), soils (Azmi and
Seppelt 1998), historic woodlands (Arenz et al. 2006), ice
(D’Elia et al. 2009), macroalgal thalli (Loque et al. 2010)
and marine sediments (Gongalves et al. 2013). Accord-
ing to Corry (1987), most of the filamentous fungi found
in areas distant from the marine coast are Penicillium spe-
cies that are known to produce spores able to tolerate dry
conditions. Penicillium brevicompactum is one of the most
xerophilic penicillia and is resistant to ultraviolet radiation
(Gehrke et al. 1995); it is known as an in vitro cellulose
decomposer, and its ecological role may be mycophily and/
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or mycoparasitism (Scott et al. 2008). Fletcher et al. (1985)
demonstrated that P. brevicompactum was one of the taxa
that was most often isolated from the soil of Enderby Land,
Antarctica. Aspergillus is a cosmopolitan genus commonly
isolated from soil and plant debris. In Antarctica, Aspergil-
lus species were isolated from ornithogenic soil (Wicklow
1968). Aspergillus sydowii has a worldwide distribution
and occurs in many substrates in indoor and outdoor envi-
ronments, including soil (Klich 2002). In Antarctica, A.
sydowii was isolated from the soil of the Ross Sea Region
and Antarctic Peninsula (Arenz and Blanchette 2011).
Penicillium chrysogenum and P. rubens are very com-
mon panglobal species found in indoor environments,
deserts, dried foods, salterns and cheese (Frisvad and Sam-
son 2004). In Antarctica, P. chrysogenum was detected in
different samples, including soil with plant populations,
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Fig. 4 '"H NMR spectrum

(600 MHz in CDCl,) of repre-
sentative crude extracts from
each species of fungi. Labels
indicate regions typically indic-
ative of identifying protons for
particular types of compounds
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in ornithogenic soils (McRae et al. 1999) and was associ-
ated with macroalgae (Godinho et al. 2013). Zucconi et al.
(2012) isolated P. chrysogenum as a dominant species pre-
sent in permafrost in Antarctica. Penicillium allii-sativi
was recently described as a new species isolated from gar-
lic, soil, salterns, sorghum malt and mixed pig feed (Hou-
braken et al. 2012), and it has a broad distribution. This is
the first report of P. allii-sativi in Antarctica.

Fletcher et al. (1985) suggested that the genus Penicil-
lium has an extensive distribution in Antarctica, indicating
that some species may play a role in decomposition pro-
cesses in these ecosystems. The studies of Block (1994) and
Rudolph and Benninghoff (1977) indicate that Penicillium
species are major decomposers and represent an important
element of the terrestrial nutrient cycle in the harsh Antarc-
tic environment where a limited range of other microbial
taxa can tolerate the extreme climate. McRae et al. (1999)
suggested that Penicillium populations isolated from Antarc-
tica may be useful as biological indicators of anthropogenic
contamination because they are common contaminants of
human foods, fibers, fuels and building materials.

Debaromyces hansenii, an ascomycetous yeast and
a known cryotolerant and halotolerant species associ-
ated with food spoilage (Kurtzman et al. 2011), was iso-
lated from soil of the Ross Sea Region and Antarctic Pen-
insula (Arenz and Blanchette 2011). According to Rao
et al. (2012), the yeasts found in Antarctica may emerge
as a physiological group well adapted to Antarctic soils,
although a systematic landscape-scale survey is needed to
test this hypothesis.

According to Bensch et al. (2010), Cladosporium 1is
one of the largest genera of dematiaceous hyphomycetes

7.0 65 60 55 50 45 40 35 30 25 20 15 1.0 0.5

f1 (ppm)

with a worldwide distribution, which includes saprobic
and parasitic species. However, some Cladosporium spe-
cies are known only from specific hosts or have a restricted
geographical distribution. Cladosporium has usually been
associated with plants in Antarctica (Meyer et al. 1967), but
was found as one of the dominant genera in the soil of Dry
Valleys in Antarctica (Arenz et al. 2006).

Pseudogymnoascus species, typically and historically
identified under the name Geomyces, have been frequently
recorded in Antarctica with a ubiquitous distribution and
from a number of substrates, including in the soils of cold
regions (Mercantini et al. 1989), mosses (Tosi et al. 2002),
leaves of Colobanthus quitensis (Rosa et al. 2010), thalli of
macroalgae (Loque et al. 2010; Minnis and Lindner 2013;
Furbino et al. 2014), freshwater lakes (Gongalves et al.
2012) and the soil of the Ross Sea Region and Antarctic
Peninsula (Arenz and Blanchette 2011). According to Lorch
et al. (2013) and Minnis and Lindner (2013), the diversity
of Geomyces and allies, including Pseudogymnoascus as
revealed by DNA sequence data, is greater than previously
recognized on the basis of traditional taxonomic methods.

An important aspect of the present study was the low
diversity represented by few fungal genera found in the soil
of the Heritage Range. This contrasts with the study of Fell
et al. (2006), which found a complex community of sym-
bionts, saprobes, predators and parasitic/pathogenic fungi
in the Dry Valleys soils of Antarctica, a region considered
to be among the world’s most extreme environments. How-
ever, the physic-chemical characteristics of the Heritage
Range seem to be more limiting to life compared with the
Dry Valleys, especially regarding the amount of organic
compounds and pH.
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Hypocreales sp. UFMGCB 9463, the three Clad-
osporium species and Pseudogymnoascus sp. which showed
low molecular identities with the sequences of the nearest
species deposited in GenBank, have changes that represent
endemic taxa. These fungi could represent unknown fungi
or a known group of fungi whose sequences have not been
submitted to GenBank, and additional phylogenetic and
morpho-physiological taxonomic studies are necessary
to confirm whether these fungi represent new fungal taxa.
Future taxonomic studies will describe the potential new
fungal species, in particular, the taxon Pseudogymnoascus
sp. UFMGCB 9473, which showed genetic similarity with
species able to kill bats in Europe and North America.

Bioprospection

According to Santiago et al. (2012), the ability of Antarc-
tic fungi to survive in extreme conditions suggests that they
may display unusual biochemical pathways that allow them
to generate specific or new molecules that could be used
as prototypes to develop new drugs. Our bioprospecting
results show that the extracts from Penicillium and Asper-
gillus species present in the cold-arid oligotrophic soil of
Antarctica are able to produce strong antiviral, antibacte-
rial, antifungal, antitumoral, antiprotozoal, and herbicidal
compounds.

Aspergillus and Penicillium species are well-known
producers of many bioactive compounds, but few species
found in Antarctica have been chemically investigated.
Aspergillus sydowii isolated from the deep sea produced
4-dihydroxy-3,5,6-trimethylbenzaldehyde, a strong cyto-
toxic agent (Li et al. 2007). From extracts of A. sydowii,
Ren et al. (2010) isolated cytotoxic hetero-spirocyclic
y-lactams, and Trisuwan et al. (2011) obtained a hydrogen-
ated xanthon with antioxidant activity. Penicillium allii-
sativi produces several secondary metabolites, including
penicillins (Houbraken et al. 2012). Penicillium brevicom-
pactum produces mycophenolic acid (MPA), one of the
oldest known antibiotics (Danheiser et al. 1986). Penicil-
lium rubens produces the polyketide compound chloctan-
spirone A that inhibits human leukemia HL-60 and a lung
cancer cell line (Ireland et al. 2003).

In Antarctica, Brunati et al. (2009) found Penicillium
species living in Antarctic lakes, and these species were
able to produce cytotoxic and antimicrobial compounds.
Among them, the extract of P. chrysogenum displayed
selective antibacterial activity against S. aureus, Enterococ-
cus faecium and E. coli, due to the presence of rugulosin
and skyrin, two bioactive bis-anthraquinones. The extract
of P. chrysogenum recovered from the endemic Antarc-
tic macroalga Palmaria decipiens yielded extracts with
high and selective antifungal and/or trypanocidal activities
(Godinho et al. 2013).
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We also observed discrepancies among the bioactivities
of different isolates of the same fungal species (P. allii-
sativi, P. brevicompactum and P. chrysogenum). This result
is not uncommon, as intra-specific genetic differences have
already been observed for different fungal strains of the
same species. In fact, distinct secondary metabolites can
be produced by conspecific isolates in other fungi (Moller
et al. 1996). This result indicates that the low inter-specific
diversity of the fungal community present in the oligo-
trophic soil of continental Antarctica may be offset with a
high intra-specific diversity of the different strains of the
same species. Thus, if secondary metabolic diversity is of
interest, it is important to keep different samples/isolates of
the same species of extremophiles fungi in the culture col-
lections. 'H NMR signals indicating the presence of highly
functionalized secondary metabolites are promising. These
results together with the previous reports on interesting
compounds having been isolated from these species, sup-
port studies aimed at the isolation and identification of the
active compounds from the most promising extracts dis-
closed in this research.

Conclusions

Despite the published studies about fungi from Antarc-
tica, little information exists about their ecological roles
(Bridge and Spooner 2012). According to Fell et al. (2000),
the micro-eukaryotic webs in continental Antarctica may
offer a unique opportunity to investigate the regional-to-
global environmental effects on the community struc-
tures of microbial webs. Our results show that the fungal
community present in the cold-arid oligotrophic soils of
the Antarctic continent includes a few dominant species.
These may represent cold-adapted taxa with biochemical
capabilities for surviving in the extreme conditions of the
isolated and undisturbed habitat in continental Antarctica.
These dominant taxa may have important implications for
understanding eukaryotic survival in cold-arid oligotrophic
soils. We hypothesize that detailed investigations of fungal
occurrence and frequency dynamics over time may provide
a more comprehensive understanding about the evolution
and relationships among the indigenous fungal species with
other organisms, including prokaryotes, autotrophic organ-
isms, nematodes and alien species described for the region.
The characterization and monitoring of these unique fungal
communities associated with changes in the physic-chem-
ical characteristics of the cold-arid oligotrophic soils over
time might serve as a model to study the effect of climate
changes in continental Antarctica. In addition, the fungal
isolates of the community demonstrated be source of bioac-
tive compounds that may confer advantages during compe-
tition with dominant species and help the species survive
in the pristine environmental conditions. These bioactive
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fungi may represent a potential source of prototype mol-
ecules to use in drug and agrochemical discovery studies.
Additionally, among the Penicillium species obtained from
continental Antarctic soil, one was reported as producer of
the beta-lactam antibiotic penicillin. Different wild, pristine
bioactive isolates of P. allii-sativi, P. brevicompactum, P.
chrysogenum and P. rubens found in continental Antarctic
soil may represent a unique source of new prototype mol-
ecules for drug and agrochemical discovery studies.
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