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Abstract
We characterized the diversity, distribution, systematic colonization, and xerophilic capabilities of fungi associated with the 
Antarctic angiosperms Colobanthus quitensis and Deschampsia antarctica collected at different sites of the South Shetlands 
Islands, Antarctic Peninsula. A total of 684 fungal isolates were obtained and identified into 67 taxa from 32 genera. The 
highest fungal diversity and richness were obtained from the rhizosphere, roots, and leaves, in order, and only 11 taxa shared 
between both plants. Penicillium and Pseudogymnoascus were the dominant fungal genera. However, the rarefaction curves 
for plant fungal assemblages did not reach a plateau, suggesting that these Antarctic plants may host more fungi in their 
tissues and rhizospheres. A total of 460 isolates grew at water activity (aw) = 0.95, 200 at 0.90, 110 at 0.81, and 47 at 0.66. 
Antarctomyces, Cladosporium, Mortierella, Leptosphaeria, Penicillium, Pseudogymnoascus, and Thelebolus taxa grew at 
aw = 0.81 and 0.66 and considered highly xerophilic. In addition, specific isolates of Penicillium and Thelebolus exhibited 
the highest mycelial growth at aw = 0.66. Our results show that the internal tissues and rhizosphere of Antarctic angiosperms 
host rich and diverse fungal communities dominated by cold-adapted and endemic taxa, which seem to coexist as symbionts 
and decomposer fungi. In addition, specific fungi are able to colonize different parts of the plant, suggesting a high ecologi-
cal relationship with their hosts. Finally, different fungi living in the rhizosphere displayed remarkable xerophilic tolerance, 
representing promising candidates for further biotechnological studies, including identification of genes for applications in 
industry and agriculture.
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Introduction

Antarctic shelter environments can support different life 
forms adapted to extreme physical and chemical conditions 
such as cold temperature, water availability, high UV radia-
tion, strong winds, different pH, and salinity ranges (Rosa 
et  al. 2019). The dynamic spatial distribution of living 
species in Antarctica ranges according to the availability 
of organic matter. Biological diversity decreases from the 

Peninsular to continental regions as environmental effects 
become more extreme.

The major part of Antarctica is permanently covered by 
ice or snow, and only about 0.3% of its area is available for 
colonization by plants, mainly along the Antarctic Penin-
sula, its archipelagos, and the coastal region of the Antarctic 
continent (Convey et al. 2009). Antarctic angiosperms and 
bryophytes have been demonstrated to represent a microhab-
itat hotspot for different life forms such as viruses, bacteria, 
fungi, and invertebrates (Möller and Dreyfuss 1996; Pearce 
and Wilson 2003; Ebach et al. 2008; Teixeira et al. 2013). 
The two native Antarctic angiosperms capable of surviving 
the extreme conditions of the Antarctic Peninsula during the 
winter season are the dicot Antarctic pearlwort Colobanthus 
quitensis (Kunth) Bartl. and the monocot Antarctic hairgrass 
Deschampsia antarctica E. Desv. (Convey et al. 2014).

Microorganisms display genetic and biochemical char-
acteristics promoting survival and colonization in different 
habitats and ecosystems of Antarctica. Among the Antarctic 
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microbial life identified, fungi of the phyla Ascomycota, 
Basidiomycota, Mortierellomycota, and Mucoromycota have 
been discovered in macroalgae thalli, sediment, seawater, 
invertebrates in marine environment, soil, rocks, permafrost, 
snow, ice, and plants in terrestrial ecosystems (Rosa et al. 
2019). However, despite the increase in fungal studies in 
recent years, fungal diversity in Antarctica remains poorly 
catalogued.

Within the microbiome of Antarctic plants, fungi can 
occur as symbiontic endophytes inside leaf and root tissues, 
as epiphytes on the surface, and can also live in the rhizo-
sphere (Carvalho et al. 2019). The major studies on fungi 
associated with C. quitensis and D. antarctica involve endo-
phytes (Möller and Dreyfuss 1996; Rosa et al. 2009, 2010; 
Upson et al. 2009; Santiago et al. 2012, 2017). However, few 
studies have analysed the systematic colonization of endo-
phytes or fungi living in the rhizosphere across different 
regions of the Antarctic Peninsula. For these reasons, here, 
we examined the diversity, distribution, systematic coloniza-
tion across plant parts, and xerophilic capacity of endophytic 
and rhizosphere fungi associated with the Antarctic angio-
sperms C. quitensis and D. antarctica collected at different 
sites of the South Shetlands Islands and Antarctic Peninsula.

Materials and methods

Plant samples and isolation of associated fungi

Three samples from each plant species were collected from 
different sites of the South Shetlands Islands in the Ant-
arctic Peninsula (Fig. 1). Five fragments of healthy leaves 
were subjected to surface disinfestation and inoculated 
onto Potato Dextrose Agar (PDA) (Difco, USA) containing 
100 μg mL−1 chloramphenicol (Sigma, USA) for isolation 
of endophytic fungi according to the protocol established by 
Carvalho et al. (2012).

For endophytes from roots, five fragments of healthy 
roots were subjected to surface disinfestation according to 
Upson et al. (2009) and inoculated onto PDA (Difco, USA), 
Dichloran-Glycerol (DG-18, Acumedia, USA), Hagem agar 
[KH2PO4 0.5 g, NH4Cl 0.5 g, MgSO4·7H2O 0.5 g, FeCl3 
(1%) 0.5 mL, glucose 5 g, malt extract 5 g, thiamine HCl 
50 µg, aureomycin 35 mg, agar 15 g, 1000 mL distilled 
water, pH adjusted to 4.5–5], Melin-Norkrans [MMN, 
KH2PO4 0.5 g, NH4Cl 0.25 g, MgSO4·7H2O 0.15 g, FeCl3 
(1%) 0.5 mL, CaCl2 0.05 g, NaCl 0.025 g, glucose 10 g, thia-
mine HCl 100 µg, aureomycin 35 mg, agar 15 g, 1000 mL 
distilled water, pH adjusted to 5.7–6.2], and PGK (glucose 
10 g, peptone 3.33 g, yeast extract 0.67 g, NH4NO3 1 g, 
KH2PO4 0.264 g, K2HPO4 0.628 g, MgSO4·7H2O 0.33 g, 

Fig. 1   Map with the sites where the Antarctic angiosperms were 
sampled. a Antarctic Peninsula and b South Shetland with Elephant 
Island [close to the Brazilian Emílio Goeldi refuge (S 61°13′18.2″; 
W 55°21′54.3″)], King George Island [close to the Brazilian refuge 2 
(S 62°04′89.4″; W 58°23′65.8″) and Hennequin point (S 62°07′22.9′′; 

W 58°23′ 46.1′′)], Penguim Island (S 62°06′04.7″; W 57°55′13.0″) 
Half Moon Island (S 62°35′43.8″; W 59°55′05.9″), and Antarctic 
Peninsula [close to the Primavera Argentine station (S 64°09′18.6″; 
W 60°57′20.1″)
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CuSO4·5H2O 0.0021 g, MnCl2·4H2O 0.0006 g, ZnSO4·7H2O 
0.0005 g, FeSO4·7H2O 0.0004 g, 1000 mL of distilled water, 
pH adjusted to 5.8), both media containing 100 μg mL−1 
chloramphenicol.

For isolation of rhizosphere fungi, 1 g of each sample 
root was added to 9 mL of a 0.85% NaCl solution, soni-
cated, and 100 μL of a 1000-fold dilution was inoculated 
onto Petri dishes containing PDA, DG-18, Hagem agar, 
Melin-Norkrans agar, or PGK. All plates were incubated at 
15 °C for 60 days. All fungi obtained were deposited in the 
Collection of Microorganisms and Cells of the Federal Uni-
versity of Minas Gerais, Brazil, under the code UFMGCB.

Fungal identification

The protocol for DNA extraction followed Rosa et al. (2009). 
Filamentous fungal isolates were grouped into different mor-
phospecies according to their characteristics of the culture: 
colony color and texture, border type, and radial growth rate 
on PDA agar (Fröhlich et al. 2000). Isolates with identical 
morphological characteristics were grouped together and 
subjected to PCR fingerprinting using the microsatellite-
primed PCR technique (GTG)5 by Lieckfeldt et al. (1993). 
Based on the electrophoretic profile of PCR-amplified 
products with primer (GTG)5, an isolated among those who 
showed the same pattern of bands was selected for sequenc-
ing of the nuclear ribosomal RNA gene. For the filamen-
tous fungi, 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). In addition, amplifica-
tion of the β-tubulin (Glass and Donaldson 1995), which are 
commonly utilized to fungal taxa with low intraspecific vari-
ation, was completed with the Bt2a/Bt2b primers, accord-
ing to protocols established by Gonçalves et al. (2015). The 
yeasts were grouped and identified according to protocols 
established by Kurtzman et al. (2011). Yeast molecular iden-
tities were confirmed by sequencing the D1–D2 variable 
domains of the large-subunit rRNA gene using the primers 
NL1 and NL4 as described by Lachance et al. (1999). Fungal 
isolates with query coverage and identity ≥ 99% were consid-
ered to represent the same taxon. Representative consensus 
sequences of the fungal taxa were deposited into the Gen-
Bank database (Online Resource 1). To achieve species-rank 
identification based on ITS and β-tubulin data, the consen-
sus sequence was aligned with all sequences from related 
species retrieved from the NCBI GenBank database using 
BLAST (Altschul et al. 1997). Taxa that displayed query 
coverage and ≤ 98% identity or an inconclusive taxonomic 
position were subjected to phylogenetic ITS and β-tubulin 
based analysis for comparison with sequences of ex type 
species deposited in the GenBank database. The information 
about fungal classification generally followed the databases 

of dictionary Kirk et al. (2008), and websites MycoBank 
(http://www.mycob​ank.org) and the Index Fungorum (http://
www.index​fungo​rum.org).

Diversity, richness, dominance, and distribution

To quantify species diversity, richness, and evenness, we 
used the following indices: (i) Fisher’s α, (ii) Margalef’s, 
and (iii) Simpson’s, respectively, considering the total speci-
mens number of each plant species. All of the results were 
obtained with 95% confidence, and bootstrap values were 
calculated from 1000 interations. The rarefaction curve 
was calculated using the Mao Tao index. All diversity and 
similarity indices calculations were performed using PAST, 
version 1.90 (Hammer et al. 2001). Venn diagrams were 
prepared according to Bardou et al. (2014) to illustrate 
the comparison of fungal assemblages associated with the 
plants with high sampling.

Fungal xerophilic tolerance to different water 
activities

To determine the xerophilic capacity, all fungi obtained from 
the rhizosphere were grown progressively on DG18 [18% 
glycerol; water activity (aw) = 0.95], DG36 (36% glycerol; 
aw = 0.90), DG54 (54% glycerol; aw = 0.81), and DG72 
(72% glycerol; aw = 0.66) media in 48-well plates. Plates 
were incubated at 15 °C for 9–27 days. Mycelial growth rate 
of all fungi that grew on DG72 (aw = 0.66) was determined 
on DG18, DG36, DG54, and DG72. A 3 mm plug of myce-
lia was inoculated on 90 × 15 mm rectangular Petri dishes 
containing 20 mL of DG72 medium, incubated for 27 days at 
15 °C, and the colony diameter was measured in millimeters 
every 9 days. All assays were conducted in triplicate and 
analyzed using the Tukey’s honest significance test. Water 
activity (aw) was calculated using RAOULT’ Law according 
to formula aw = number of moles of H2O/number of moles 
of H2O + number of moles of glycerol.

Results

Fungal taxonomy

From leaves, roots, and the rhizosphere of C. quitensis and 
D. antarctica, 684 fungi that were identified represented 67 
taxa of 32 genera (Online Resource 1). For both plants, the 
highest fungal diversity and richness were obtained from the 
rhizosphere, followed by the roots and leaves. Penicillium 
and Pseudogymnoascus were the dominant genera and Ant-
arctomyces pellizariae, Penicillium sp. 3, Penicillium sp. 4, 
Pseudogymnoascus destructans, Vishniacozyma tephrensis, 
and Volucrispora graminea represented the dominant taxa.

http://www.mycobank.org
http://www.indexfungorum.org
http://www.indexfungorum.org
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Diversity, richness, dominance, and distribution

In general, we observed a high fungal diversity associated 
with the Antarctic angiosperms when compared with endo-
phytic fungal communities associated with plants of polar 
and temperate environments (Table 1); especially fungi 
associated with C. quitensis displayed the highest diversity 
indices when compared to D. antarctica. In addition, diver-
sity indices varied among the sampling sites. The fungal 
assemblage associated with D. antarctica from the Antarctic 
Peninsula site displayed the highest values of diversity, rich-
ness, and dominance, followed by samples from Hennequin 
Point at King George Island and Elephant Island. For fungal 
assemblages of C. quitensis, sample from the Penguin Island 
displayed the highest diversity values. The rarefaction curves 
of Mao Tao (Fig. 2) for both plant fungal assemblages did 
not reach a plateau, suggesting that, despite the high fun-
gal richness detected, these Antarctic plants may host more 
fungi in their tissues and rhizospheres. 

The fungal distribution between the plants is shown in 
Fig. 3a and that among their tissues and rhizosphere in 
Fig. 3b, c. Eleven taxa were associated with both plants. 
Analysis of the fungal distribution across D. antarctica 
revealed that no fungus occurred simultaneously in tissues 
of leaves and roots. Mortierella parvispora occurred in the 
leaves and rhizosphere, Antarctomyces pellizariae, Heloti-
ales sp., Penicillium sp. 1, Penicillium sp. 3, Penicillium 
sp. 4, Penicillium sp. 6, Mortierella fimbricystis, Neoas-
cochyta paspali, and Volucrispora graminea occurred in the 
root tissues and rhizosphere, and only Pseudogymnoascus 
destructans was recovered from leaves, roots, and rhizos-
phere. For C. quitensis, Alpinaria rhododendri, Glarea sp., 
and Penicillium sp. 3 were retrieved from root tissues and 
the rhizosphere.

Fungal xerophilic tolerance to ranging water 
activities

A total of 463 fungal isolates obtained from the rhizosphere 
of C. quitensis and D. antarctica were screened for their 
ability to grow in different water activity conditions. From 
those, 460 isolates grew at 18% glycerol (aw = 0.95), 200 
at 36% (aw = 0.90), 110 at 54% (aw = 0.81), and 47 at 72% 
(aw = 0.66). Fungi that grew at 54 and 72% glycerol were 
considered highly xerophilic and represented the taxa Ant-
arctomyces, Cladosporium, Mortierella, Leptosphaeria, 
Penicillium, Pseudogymnoascus, and Thelebolus. Myce-
lial growth rate of the 42 fungal isolates that grew at 72% 
glycerol were measured at different glycerol concentrations 
(Table 2). Specific isolates of Penicillium and Thelebolus 
exhibited the highest mycelial growth on DG72 (≥ 30 mm) 
(Online Resource 2).
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Discussion

Taxonomy and fungal diversity

In the polar ecosystems of Antarctica, there are few plant 
species in comparison to temperate and tropical regions. 
However, Antarctic plants seem to play an important role in 
providing microhabitats, which are considered hotspots of 
microbial diversity (Carvalho et al. 2019). Among the Ant-
arctic plants, the only angiosperms adapted to the Antarctic 
environmental conditions are C. quitensis and D. antarc-
tica, which have been studied as hosts for fungi (Möller and 
Dreyfuss 1996; Rosa et al. 2009, 2010; Upson et al. 2009; 
Vaz et al. 2011; Santiago et al. 2012, 2017; Hereme et al. 
2020). However, few of these studies focused on the sys-
tematic fungal colonization of internal tissues (leaves and 
roots) and the external rhizosphere in different regions of the 
Antarctic Peninsula. In our study, no fungi were recovered 
from leaves of C. quitensis. However, Rosa et al. (2010) 
obtained 188 fungal isolates from leaves of C. quitensis 
sampled in the Admiralty Bay, at King George Island and 
identified as endophytes species of Aspergillus, Cadophora, 
Davidiella, Entrophospora, Fusarium, Pseudogymnoascus, 
Gyoerffyella, Microdochium, Mycocentrospora, and Phae-
osphaeria. As Rosa et al. (2010) sampled 180 specimens of 
C. quitensis, perphaps, in our study, the number of C. quiten-
sis specimens (18) obtained were not enough the recover the 
endophytic fungi.

The fungal community associated with the two Antarctic 
angiosperms displayed high diversity, mainly due to the rich-
ness detected in the rhizosphere of both plants. In general, 
Penicillium and Pseudogymnoascus dominate the commu-
nity. Species of the genus Penicillium represent abundant 
cosmopolitan cold-adapted taxa that are widespread and well 
adapted in different environments and substrates in Antarc-
tica (Rosa et al. 2019). Pseudogymnoascus are abundant in 
Antarctica and have been isolated from different substrates 
and environments, many of which have been reported at the 
genus level only, and thus, may include new species differ-
ent from those reported from the northern hemisphere (Rosa 
et al. 2019). Pseudogymnoascus destructans occurs in both 
plant microbiomes and is characterized as a psychrophilic 
bat pathogenic fungus, the causative agent of white-nose 
syndrome (WNS) in temperate regions (Lorch et al. 2011). 
Similar results were reported by Santiago et al. (2015), who 
detected a high frequency of P. destructans in the licheno-
sphere in Antarctica.

In addition, Antarctomyces pellizariae, Vishniacozyma 
tephrensis, and Volucrispora graminea were detected in 
different parts of the Antarctic angiosperms. There are two 
reported species of the Antarctomyces genera endemic of 
Antarctica, Antarctomyces psychrotrophicus (isolated from 
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soil) and A. pellizariae (isolated from snow) on the King 
George Island from the South Shetland Islands (Stchigel 
et al. 2001; de Menezes et al. 2017). A. psychrotrophicus 
has already been identified as a symbiontic endophyte of 
D. antarctica (Rosa et al. 2009). Species of Vishniacozyma 
(previously reported as Cryptococcus) are frequently found 
in different Antarctic substrates, and many of them are psy-
chrotolerant (Vishniac 2006). Vishniacozyma species are 
commonly found in tissues (Santiago et al. 2017) and soils 
close to plants of temperate (Renker et al. 2004) and Antarc-
tic environments (Vaz et al. 2011). Volucrispora graminea 
(previously reported as Ypsilina graminea) is recognized 
as an aquatic hyphomycete present in Arctic streams or on 
decaying sedges or grasses (Gulis et al. 2012). Möller and 
Dreyfuss (1996) isolated V. graminea from thalli of lichens 

and internal tissues of C. quitensis and D. antarctica, sug-
gesting that they are psychrotolerant. In addition, Rosa et al. 
(2020) reported V. graminea in the fairy ring of Sanionia 
uncinata on the Antarctic Peninsula.

Xerophilic tolerance

Xerophile fungi are able to grow at or below a water activity 
(aw) of 0.85 (Pettersson and Leong 2001). Some compounds 
with protection activity against drying produced by xero-
philic organisms may be useful in industry and agriculture 
biotechnology. Among these organisms, xerophilic fungi are 
efficient producers of different hydrolytic enzymes such as 
amylases, cellulases, lipases, and proteases, which are useful 
in biotechnological process (Chamekh et al. 2019). Fungi of 

Fig. 2   Species accumulation 
rarefaction curves a fungal 
assemblages associated with the 
Antarctic angiosperms species 
Deschampsia antarctica and b 
Colobanthus quiteneis based 
on Mao’s Tau estimator. Dotted 
line shows 95% confidence 
limits
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Fig. 3   Similarity of fungal assemblages associated with the Antarc-
tic angiosperms Deschampsia antarctica and Colobanthus quitensis 
sampled in South Shetlands Archipelago in the Antarctic Peninsula 
represented by Venn diagrams. a represents the total fungal distribu-

tion between Da = D. antarctica and Cq = C. quitensis, b shows the 
fungal distribution in the different parts sampled of D. antarctica, and 
c shows the fungal distribution in the different parts sampled of C. 
quitensis 
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seven genera obtained from the rhizosphere tolerated low 
water activity conditions, among which, Mortierella and 
Penicillium occurred frequently. According to Pettersson 
and Leong (2001), xerophilic microorganisms display dif-
ferent biochemical pathways to survive and colonize envi-
ronments where little water is available, including membrane 
osmosensors involved in glycerol regulation within the cell. 
Mortierella species are commonly found in Antarctica in 
different substrates such as mosses (Tosi et al. 2020), lichens 
(Santiago et al. 2015), soil (Bridge and Newsham 2009; 
Gomes et al. 2018), freshwater lakes (Gonçalves et al. 2012), 
thalli of macroalgae (Godinho et al. 2013), and in the rhizo-
sphere of D. antarctica (Gonçalves et al. 2015). Mortierella 
species produce polyunsaturated fatty acids (Eroshin and 
Dedyukhina 2002; Melo et al. 2014), promoting tolerance 
to low water activity conditions.

Penicillium taxa isolated from C. quitensis and D. ant-
arctica rhizosphere exhibit range about their capabilities at 
different values of aw. Penicillium species, which may repre-
sent the most adapted fungal group in Antarctica (Rosa et al. 
2019), can survive in substrates with low water availability, 
such as plant surfaces (Fletcher et al. 1985), oligotrophic 
soils (McRae et al. 1999; Gomes et al. 2018), ultraoligo-
trophic soils of continental Antarctica (Godinho et al. 2015), 
permafrost (Zucconi et al. 2012), and rocks (Gonçalves et al. 
2017). According to Corry (1987), xerophily is a common 
physiological property of many Penicillium species. Among 
the Penicillium taxa obtained, isolates of Penicillium sp. 6 
and Penicillium sp. 8 demonstrated high xerophilic toler-
ance, deserving further polyphasic taxonomic identification 
at the species level.

Thelebolus balaustiformis isolated from the rhizosphere 
of C. quitensis grew on DG72. Thelebolus includes species 
living in different habitats of the world (Crous et al. 2004; 
Vanderwolf et al. 2018; Bovio et al. 2018), often recovered 
from polar environments of Arctic and Antarctica (Kobayasi 
et al. 1967; Montemartini et al. 1993; Sazanova et al. 2019; 
Alves et al. 2019). Thelebolus balaustiformis represents a 
new species isolated from the sponge Dysidea fragilis in the 
Atlantic Ocean (Bovio et al. 2018) and in fragments of ice 
in Antarctica (de Menezes et al. 2020).

Conclusion

Our results show that the Antarctic angiosperms C. quitensis 
and D. antarctica host in their internal tissues and rhizos-
pheres rich and diverse fungal communities dominated by 
cold-adapted and endemic taxa, which seem to coexist with 
their hosts as symbionts and decomposer fungi. In addi-
tion, some of these fungi are able to colonize systematically 
different parts of the plant, suggesting a high ecological 

relationship with their hosts. Different fungi living in the 
rhizosphere of the Antarctic angiosperms displayed xero-
philic tolerance. Despite the fact that xerophiles cause con-
siderable economic losses in storage food products, they 
might represent promising candidates for further biotech-
nological studies to detect byproducts (such as carbohydrate-
active enzymes, proteins, and polysaccharides) and/or genes 
for applications in industry and agriculture.
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