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Abstract

In the ice-free areas of Victoria Land in continental Antarctica, where the conditions reach the limits for life sustainability, highly
adapted and extreme-tolerant microbial communities exploit the last habitable niches inside porous rocks (i.e. cryptoendolithic com-
munities). These guilds host the main standing biomass and principal, if not sole, contributors to environmental/biogeochemical
cycles, driving ecosystem processes and functionality in these otherwise dead lands. Although knowledge advances on their compo-
sition, ecology, genomic and metabolic features, a large-scale perspective of occurring interactions and interconnections within and
between endolithic fungal assemblages is still lacking to date. Unravelling the tight relational network among functional guilds in the
Antarctic cryptoendolithic communities may represent a main task. Aiming to fill this knowledge gap, we performed a correlation-
network analysis based on amplicon-sequencing data of 74 endolithic microbiomes collected throughout Victoria Land. Endolithic
communities’ compositional pattern was largely dominated by Lichenized fungi group (83.5%), mainly represented by Lecanorales and
Lecideales, followed by Saprotrophs (14.2%) and RIF+BY (2.4%) guilds led by Tremellales and Capnodiales respectively. Our findings high-
lighted that fungal functional guilds’ relational spectrum was dominated by cooperative interactions led by lichenised and black fungi,
deeply engaged in community trophic sustain and protection, respectively. On the other hand, a few negative correlations found may

help in preserving niche boundaries between microbes living in such strict spatial association.
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Introduction

The ice-free areas of Victoria Land in continental Antarctica in-
clude the mountain peaks and Nunataks along the Transantarctic
mountain range and the widest ice-free portion of the continent,
the McMurdo Dry Valleys. The permanently harsh environmen-
tal conditions (i.e. dryness, low and strongly fluctuating tempera-
tures, high solar UV irradiation, and virtually total absence of nu-
trients) make these settings the closest Martian counterpart on
Earth (Friedmann 1986, McKay et al. 2017, Lee et al. 2022). There,
naked rocks offer the main opportunity for both prokaryotic and
eukaryotic microbial life settlement, giving rise to edging biomes
for terrestrial life in these otherwise sterile lands. The environ-
mental conditions are, anyway, incompatible with active life on
rock surface, therefore, highly adapted and extreme-tolerant mi-
crobial communities exploit the last habitable niches creeping
inside the air-spaces, fissures and cracks within rock (Walker et
al. 2005, Meslier et al. 2019). Indeed, the endolithic niche sup-
plies more buffered environmental conditions to these micro-
bial assemblages which establish self-sustaining complex aggre-
gations of phototrophic and heterotrophic microorganisms, in-
cluding bacteria, algae, and both free-living and lichen-forming
fungi (Friedmann 1982, Coleine et al. 2018a). Among different
types of endolithic colonisation identified to date, the lichen-
dominated cryptoendolithic communities are the most complex

and widespread, prevailing across sandstone outcrops featuring
these places (Nienow and Friedmann 1993). The distinctive bio-
stratification, visible in colonised rocky substrates, reflects a spe-
cific functional organisation according to fungal biological re-
quirements. The microbial community’s functionality was ener-
getically supported by a dominant group of lichenized fungi in as-
sociation with photobiont algal components (as primary produc-
ers), while black fungi (due to thick, highly melanized cell walls)
protected the entire community from extreme external condi-
tions and, in combination with other saprotrophic fungi, ensured
degradation of organic matter and nutrients cycling (Coleine et
al 2022). Despite occupying a niche of a few millimetres below
the rock surface, these microbial communities represent the main
biomass load in these areas and the main actors in key geochem-
ical/bioenergetic processes and in maintaining the whole ice-free
area ecosystem biologically active (Wierzchos et al. 2015, 2018,
Coleine et al. 2020a).

Over the past decade, multidisciplinary studies on these en-
dolithic microbiomes shed light on their structure, spatial organ-
isation, influence of environmental factors (i.e. altitude and sun
exposure) and genomic and metabolic features driving adapta-
tion and resistance strategies to stress (Selbmann et al. 2017, 2021,
Coleine et al. 2020a,b,c, Fanelli et al. 2021).
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Although these knowledge advances, a large-scale perspec-
tive of occurring interactions and interconnections within and
between fungal assemblages is still lacking to date. Also, func-
tional community structure and local taxa segregation/mixing
within rock would be defined by microbial interactions (Cordero
and Datta 2016). Therefore, unravelling the tight network of
functional guild interactions (cooperative or competitive) in the
Antarctic cryptoendolithic communities may significantly boost
our knowledge on the dynamics driving structure and func-
tionality of these rock-encased microcosms. In a spatial con-
finement context like the endolithic lifestyle, assessing how the
combined effects of ecological interactions can influence com-
munity diversity and stability would present a crucial task. In
this perspective, an extensive correlation network analysis, based
on high throughput molecular data, was performed for assess-
ing, for the first time, the structure of interactions occurring
within and between the fungal guilds in the Antarctic cryptoen-
dolithic communities, and their role in modulating the func-
tioning of these dominant and crucial assemblages of Antarctic
ecosystems.

Materials and methods

Study area

All 74 sandstone samples were collected throughout Victoria Land
(continental Antarctica) (Fig. 1), along a latitudinal transect rang-
ing from 71°47’36”S (Helliwell Hills, Northern Victoria Land) to
77°54'37"S (Knobhead, Southern Victoria Land). Samples have
been collected in the frame of Italian National Antarctic Re-
search Program (PNRA) projects, during Italian Antarctic Expedi-
tions XXVI (2010-2011), XXXII (2015-2016) and the XI (2015-2016)
Ganovex Expedition (Dutch Antarctic Expedition of the German
Antarctic North Victoria Land Expedition project). Sampling per-
mits have been obtained for activity in Special Managed Areas
(ASMA) and Special Protected Areas (ASPA) in compliance with
the ‘Protocol on Environmental Protection to the Antarctic Treaty’
Annex V, art.7. The presence of endolithic colonisation was as-
sessed by direct in situ observation using magnification lenses.
Sampling activities were performed under rigorous maintenance
of sterile conditions. Rocks were excised using a sterile chisel,
placed in cooled sterile bags and shipped at University of Tus-
cia (Italy) under sterile conditions, where they have been pre-
served at -20 °C in the Mycological Section of the Italian Antarc-
tic National Museum (MNA), until processing. Further informa-
tion on investigated localities are provided in Supplementary
Table S1.

Metagenomics DNA extraction and sequencing

All sandstone samples were powdered in sterile conditions;
metagenomic DNA was extracted from 0.5 g of rocks using Qia-
gen DNeasy PowerSoil Kit (Carlsbad, CA, USA). The Internal Tran-
scribed Sequence 1 ribosomal region (ITS1) was targeted to as-
sess fungal community composition. The ITS1 region was ampli-
fied using barcoded primers ITS1F/ITS2, suitable for shorter read
length (Smith and Peay 2014). PCR was performed with 1 uL of
each primer, 12.5 uL of Tag DNA Polymerase (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA), 9.5 uL of nuclease-free water
(Sigma-Aldrich, St. Louis, MO, USA) and 5 ng of DNA template by
an automated thermal cycler (BioRad, Hercules, CA, USA), for a
total volume of 25 pL. The ITS1 locus was amplified following ini-
tial denaturation at 94 °C for 1 min, 35 cycles of denaturation at
94 °C for 30 s, annealing at 52°C for 30 s, extension at 68°C for

90 s, followed by a final extension at 68°C for 7 min. Amplicons
were quantified and pooled by a Qubit dsDNA HS Assay Kit (Life
Technologies, Carlsbad, CA, USA), and with Qiagen PCR CleanUp
kit (Macherey-Nagel, Hoerdt, France). Paired-end sequencing (2 x
300 bp) was carried out on an Illumina MiSeq platform. All pro-
tocols and technical specifications follow-up what previously per-
formed in Coleine et al. (2021b).

Sequences were deposited on NCBI Sequence Read Archive
database under BioProject Accession Numbers PRINA453198; PR-
JNA379160; PRINA675815.

Bioinformatic processing

Demultiplexed ITS sequence data set was processed using AMPtk
(Palmer et al. 2018) v.1.5.4 software. Briefly, reads were merged us-
ing VSEARCH 2.21.1 (Rognes et al. 2016) and barcodes/indexes and
primer sequences were removed from raw data; reads were then
subjected to quality trimming to a maximum of 250 bp and dis-
carding reads less than 100 bp in length, and sequencing artefacts
were dropped by using USEARCH v.9.1.13 with default parame-
ters (Edgar et al. 2010). Sequence quality filtering was performed
with the expected error parameter of 0.9 (Edgar et al. 2015) and
the cleaned reads were clustered at 99% similarity using DADA2
denoising algorithm (Callahan et al. 2016) that uses a statistical
error model to correct sequencing errors to infer the Amplicon
Sequence Variants (ASVs). Global singletons and rare taxa (<5
reads) were skipped as likely false positives due to sequencing er-
rors, following Lindahl et al. (2013). Finally, taxonomic identifica-
tion was performed with a sequence identity of 97% as threshold,
using hybrid database Global Alignment and SINTAX algorithm
with an >80% probability threshold (Edgar et al. 2010) on refer-
ence databases UNITE 8.2.

The ecological guild of fungal ASVs was assessed using the
FungalTraits database (Flores-Moreno et al. 2019) for a first gen-
eral classification. Thereafter, a more accurate functional assign-
ment for Antarctic endolithic lifestyle was primarily provided by
research in literature and, where appropriate, alternative guild
assignments were chosen depending on our own experience.
The functional organisation of endolithic fungal community ad-
dressed in this work, according to Coleine et al (2018b), was or-
ganised from 3 key ecological roles: (i) primary producers, la-
belled as Lichenised fungi group, taking into account the mutual-
istic relationship with algal component forming the (lichens) pho-
toautotrophic assemblages; (ii) consumers/saprotrophs bound to
Saprotrophs guild and (iii) protection of microbial community, re-
lated to Rock-Inhabiting Fungi and Black yeasts (RIF4+BY) guild.
Total reads distribution and relative abundance for each func-
tional guild was processed and plotted by the R package ‘Phyloseq’
(McMurdie et al. 2013).

Correlation network analysis

The relationships driving fungal functional groups composition
were investigated using the software MICtools (Albanese et al.
2018), which implements a multistep analysis to identify relevant
associations among a large number of variables, assess their sta-
tistical significance, and rank them according to the strength of
the relationship. Briefly, the procedure consists into 4 steps, start-
ing from a matrix of variables pairs (Xi-Yi) measured in n samples:
(i) estimating the empirical TICe null distribution by permuta-
tions; (ii) computing TICe statistics and the empirical p-value for
each variable pair; (iii) applying a multiple testing correction strat-
egy for family-wise-error rate (FWER) or the FDR; (iv) using MICe
to estimate the strength of the significant relationships. In this
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Figure 1. Map of Victoria Land (Continental Antarctica) with locations of sites surveyed (A); Examples of landscapes in sampling locations: Linnaeus
Terrace (B); University Valley (C); colonised sandstone bedrock (D) and magnification of colonised rock with its typical cryptoendolithic microbial

community stratification (E).

study, ASVs matched against themselves to investigate the com-
positional relationships occurring within and between functional
guilds. We then implemented Spearman’s rank correlation coeffi-
cient (p) to set up a subsequent network analysis to highlight and
describe the degree of any possible relationship detected. In order
to obtain a consistent and representative network of relationships,
only interactions with absolute value of Spearman’s rank corre-
lation coefficient > 0.3 were addressed. Subsequently, relation-
ships were classified by sign (positive and negative) and strength
as follows: strong positive and negative, in a range of 0.5-1.0 (£S)
and weak among values of 0.3-0.49 (xW). All filtered correla-
tions within and between functional guilds were shown graph-
ically using a Network-Graph (Supp X). A summary Network-
graph (Fig. 4) was assembled for clearer representation and in-
terpretation of obtained results. All ASVs were clustered under
respective order for each functional guild, filtered from self-loops
and increasing network-edges overlap. The graphics of network-
analysis were obtained using the open-source software Cy-

toscape v. 3.8.0 (available at https://cytoscape.org) (Shannon et al.
2003).

Results
Bioinformatics and guilds assignment

The ITS raw data set counted 8791561 sequence reads, resulting
in 7 849 888 quality-filtered reads mapped in 563 ASVs (out of
885 ASVs) after chimera sequences, singletons and rare taxa (<5
reads) removal. Fungal ASVsidentified at least at order level were
included in the downstream analysis, resulting in a total of 244
ASVs (see Supplementary Table S2).

Ecological guild assignment performed by FungalTraits
database (Flores-Moreno et al. 2019) and reviewed in context of
Antarctic endolithic fungal communities (Coleine et al. 2018b),
resulted in 187 functional ASVs validated (7319248 total reads)
and clustered in 3 functional groups (see Supplementary Table
S3), named as follows: (i) Lichenized fungi group, which included
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Figure 2. Overall composition (A) and relative abundance distribution (B) for fungal functional guilds along the Antarctic endolithic microbial

community.
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Figure 3. The stacked-bar chart (A) shows taxonomic composition of investigated fungal functional guilds grouped at order level. Box-plots show
relative abundance and distribution throughout the dataset for each fungal functional guild: Lichenized fungi (B), Saprotrophs (C), Rock-Inhabiting

Fungi and Black Yeasts (RIF+BY) (D).

90 ASVs across Acarosporales, Caliciales, Lecanorales, Lecideales,
Trapeliales and Umbilicariales orders; (ii) Saprotrophs guild counted
54 ASVs spreaded on 7 orders, such as Tremellales, followed by
Filobasidiales, Cystobasidiales, Pleosporales, Sordariales, Sporidiobolales
and Taphrinales mainly characterised by the ascomycetous yeast
genus Taphrina; (iii) Rock-Inhabiting Fungi and Black Yeasts
(RIF+BY) group was mainly featured by Capnodiales order, fol-
lowed by Chaetothyriales, Dothideales and Dothideomycetes incertae
sedis (genus Cryomyces) for a total of 43 ASVs reported. Some ASVs
dominated by members of Hypocreales order, reported as Plant
Pathogens, were not addressed during the downstream analyses
due to their low abundance recorded throughout the dataset.
Finally, to mitigate differences in sequencing depth the final
dataset was rarefied without replacement to 6 912 total reads.

Fungal community composition

Fig. 2(A, B) showed mean and distribution of relative abundance
throughout 74 sites surveyed for each functional guild: Lich-
enized fungi, Saprotrophs, Rock Inhabiting Fungi and Black Yeast
(RIF+BY).

Lichenized fungi consistently dominated across the dataset
(421126 reads and 90 ASVs in total) representing an average of
83.5% of total fungal component, and ranging from 77% to over
90%. Saprotrophs group with 71 449 total reads distributed in 55
ASVs and RIF+BY guild with 12001 reads mapped in 43 ASVs, rep-
resented the 14.2% and 2.4% of total fungal abundance respec-
tively. Although RIF+BY was the lowest abundant component, it
showed a homogeneous distribution (from 1% to 6% circa) along
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Figure 4. The summary network shows the resulting correlations between pairs of ASVs throughout the endolithic fungal community, grouped under
respective order and functional guild. Sign and strength of each correlation is plotted by the colour-code according to Spearman’s index range used in

this work.

the dataset, while Saprotrophs relative abundance appeared more
variable, ranging from 2% to 25% circa.

Lichenized fungi group (Fig. 2) were mainly represented by
Lecanorales (38.86%), Lecideales (34.76%) and Caliciales (19.81%),
which were the top 3 most abundant orders across the dataset,
with 32.4%, 29% and 16.5% respectively. Moreover, this group was
differently populated, by including less representative Acarospo-
rales (5.1%) Trapeliales (1.45%) and Umbilicariales (0.05%) (Fig. 3).
Capnodiales (91.7%) and Tremellales (85.31%) largely dominated the
RIF+BY and Saprotrophs groups, respectively, holding almost to-
tal abundance (2.2% and 12.2%) of their own guilds throughout
the dataset. For instance, the other 6 orders featuring the Sapro-
troph functional group did not exceed 2% of the entire fungal
community collectively. Finally, within the RIF+BY group, mem-
bers of the Chaetothyriales (5.4%) and Dothideomycetes incertae sedis
(represented exclusively by the genus Cryomyces) (2.7%) included
a small portion of the entire fungal assemblage with 0.13% and
0.07% respectively, reporting a coherent spread throughout the
entire dataset.

Correlation and network analysis

A total of 5345 (3935 positive and 1410 negative) correlations be-
tween pairs of fungal ASVs were obtained, resulting in 2941 (2247
positive and 694 negative) after filtering step. Classification pro-
cess by rank and degree returned 793 *Strong, 1 454 *Weak and
250 ~Strong, 444 ~Weak of total correlation (Fig. 4). Among the
functional groups, Lichenized fungi showed the highest number
of interactions 1 566 (30% *S; 47% *W; 9% ~S; 14% ~W), fol-

lowed by Saprotrophs 784 (25% *S; 48% TW, 9% ~S; 14% ~W)
and RIF4+BY 597 (21% *S; 56% "W, 6% ~S; 16% ~W), counting
for 53.2%, 26.5% and 20.3% of total interactions respectively. In
detail, 3 orders of the Lichenized fungi group build the highest
number of interactions, Lecanorales with 623 correlations in to-
tal, followed by Caliciales (356) and Acarosporales (285), establish-
ing at least the 79% of positive interactions with all functional
guilds. However, relationship landscape for these 3 orders also
included negative interactions, mainly established with Pleospo-
rales (38%), Filobasidiales (63%), Sporidiobolales (65%) for Sapro-
trophs functional group and Chaetothyriales (67%) for RIF+BY
guild. Finally, the relationship patterns observed among the top-
dominant lichen orders, Lacanorales, Lecideales and Acarosporales,
were featured by over 28% of negative correlations. Within the
Saprotrophs group the major amount of established relation-
ships mainly involved Pleosporales (45%), Filobasidiales (20%) and
Tremellales (18%) orders. Although saprotrophs’ interaction web
was dominated by positive interactions (70%) across the fungal
component, the distribution of negative correlations displayed
a different pattern according to orders engaged. While Pleospo-
rales and Filobasidiales pointed the largest number of negative
interactions (48%) toward Lichenized fungi guild, Tremellales es-
tablished negative interactions (39%) mainly with saprophytic
fungi, such as Filobasidiales, Pleosporales, Chaetothyriales and Doth-
ideomycetes incertae sedis here represented by the endemic specie
Cryomyces antarcticus. RIF+BY guild’s relationship network was
dominated by positive interactions (78%) and mainly ascribed to
ASVs of Capnodiales and Chaetothyriales. Yet, if Capnodiales exhib-
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ited a network almost exclusively composed of positive relation-
ships (94%) across the fungal community, Chaetothyriales showed
significant portion of negative interactions (39%), established
mainly with the Lichenised fungi group: Lecanorales (38%), Caliciales
(19%), Lecideales (10%), Acarosporales (8%) and Trapeliales (8%). All
recorded interactions for each order are shown in supplementary
Fig. S1

Discussion

The first step to reconstruct the correlations intercurring in the
fungal compartment of the rock-dwelling microbial communi-
ties was the assignment to specific functional guilds of each
specimen identified at the order level. The functional guild of
Lichenized fungi resulted dominant in Antarctic cryptoendolithic
communities; these specimens live in obligate symbiotic asso-
ciation (lichens) with photosynthetic component (cyanobacteria
and/or eukaryotic green algae) which play the pivotal role of pri-
mary producers and sustain trophic webs. These symbiotic or-
ganisms are pioneer colonizers of lithic substrates, able to pene-
trate rocks and establish habitable zones accumulating nutrients
in otherwise totally oligotrophic niches (Blackhurst et al. 2005,
Coleine et al. 2018a). Being poikilohydric, lichens are able to cope
with most extreme conditions for life, like those characterising the
hyper-arid ice-free areas of Antarctica (Perez-Ortega et al. 2012).
The dominant ecological success of Lichenized fungi in these ex-
treme ecosystems was also confirmed by the wide relational net-
work found in this study across endolithic fungal communities
(more than 50% of total correlations), characterised by over 75%
of positive correlations and some negative itra-guild interactions.
Negative relationships (~29%) found among dominant orders of
Lecanorales, Lecideales and Acarosporales may be the result of com-
petition for limited air-space and sunlight inside rocks. Although
lichen interspecific competition has been partially investigated
from an epilithic context, it was highlighted how contrasting in-
teractions in multispecific communities lead to the exclusion of
individual species from the assemblages (Armstrong and Welch
2007).

The high number of positive correlations (over 95%) found be-
tween taxa of Capnodiales order (RIF+BY) and Lichenized fungi
suggested the existence of mutual beneficial interaction between
them. In particular, on one side RIF+BY benefits from photosyn-
thetic products by lichens (Perez-Ortega et al. 2012, Selbmann et
al. 2013) and, on the other side, they screen lichens, as well as
other components of the assemblage, from the high solar and
UV irradiation forming a black shield as first layer of the com-
munity stratification (Fig. 1) (Coleine et al. 2018b). Therefore, al-
though RIF+BY covers 2.5% of the whole endolithic assemblage,
this wide morpho-ecological group of highly melanized and mul-
tiple stress-tolerant and resilient fungi may be considered as key
guilds for their role in community protection. There is, anyway,
a clear difference both in the abundance and in the balance of
positive/negative interactions established when RIF4+BY and Lich-
enized fungi are considered. In fact, Capnodiales are far more abun-
dant in the RIF4+BY than Chaetothyriales and most of the nega-
tive interactions with Lichenized fungi are committed to the lat-
ter. This contrasting situation may be explained by considering
the different origins of these two groups. Capnodiales belong to
dothideomycetous black fungi; his class diversified in the past
ages with drier and colder conditions than those occurring to-
day (Silurian-Devonian era), and for this reason are particularly
rich in extremotolerant cold-adapted black fungal species, highly
recurrent in rocks of the Antarctic desert. The dominating posi-

tive correlation spectrum (94%) directed towards the entire fungal
component emphasises their leading role in microbial commu-
nity protection. On the other hand, Chaetothyriales originated in a
period of expanding arid land masses with relatively high global
temperatures (Permian-Triassic); the subsequent epilithic-lichen-
associated evolution of this lineage may have become a driver
towards parasitism of photobiont assemblages by managing tox-
ins stored in the thallus (i.e. lichenic acids), coupled with a high
thermotolerance capacity (Gueidan et al. 2011, Quan et al. 2020).
Therefore, being originally more adapted to higher temperature
they are less abundant despite still being involved in community
protection, as suggested by the considerable network of positive
interactions (61%). Yet, they established numerous negative cor-
relations (39%) especially toward the Lichenized fungi guild with
which they have co-evolved eventually acquiring the capacity to
metabolise lichen toxicants.

Saprotrophs represented the second most abundant functional
guild (14.2% total abundance) and included the largest number of
different fungal orders. The organic matter degradation and nu-
trient recycling function assigned to this group was related to the
ability of assimilating different carbon and nitrogen sources ex-
pressed by the basidiomycetous (taxa of Tremellales, Cystobasidiales,
Phylobasidiales and Sporoboridiales orders) and ascomycetous (taxa
of Pleosporales, Sordariales and Taphrinales orders). In general, the
high number of positive correlations found (73%) between Sapro-
troph and other functional guilds highlighted their important role
in the trophic web, although relationships appeared largely diver-
gent among groups. In fact, while ASVs of Pleosporales, Filobasidiales
and Sporidiobolales were positively correlated with all saprophytic
life-style fungi (including RIF+BY) and negatively with the Lich-
enized fungi group, Tremellales exhibited the opposite trend (87%
of positive correlation with Lichenized fungi).

The broad ecological and relational success of basidiomyce-
tous yeasts compared to the ascomycetous counterpart could de-
pend on peculiar morphological features and/or on the relation-
ships established with lichens. Basidiomycetous yeasts exhibit a
dense cell wall often associated with an exopolysaccharidic cap-
sule, which provide protection against environmental extremes
(Coleine et al. 2021a) and could also act as a defensive barrier
against lichen toxins. Furthermore, recent studies indicated how
several lichenicolous fungi, including basidiomycetous yeasts of
Tremella genus (here reported, ASV8, see Supplementary Table S2),
were easily isolated or exhibited a widespread presence of yeast
life forms within the lichen thalli (Muggia and Grube 2018, Tuovi-
nen et al. 2021).

Moreover, the broad ecological performance of basidiomyce-
tous and ascomycetous yeasts was largely reported through-
out Antarctica, even in different and geographically separated
bedrock and rock formations compared to the sandstones here
investigated (Gongalves et al. 2017, Alves et al. 2019, de Menezes
et al. 2021), emphasising their wide array of resistance skills (e.g.
psychrophilic, oligotrophic and xero-tolerant) to environmental
extremes.

This study highlighted that the success of fungi in these highly
specialised microbial rock-inhabiting communities at the bound-
aries for life sustainability rely not only to the peculiar morpho-
ecological adaptations of the allies but is also promoted by a com-
plex network of interactions, witnessing the presence of a well-
structured community; positive correlations, which were found
as most abundant, could be the clue of the presence of an exten-
sive functional cooperation necessary for coping with exacerbat-
ing environmental constraints, thus suggesting that cooperation
is a winning strategy of fungal communities in the far extremes.
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On the other hand, negative correlations could signify the neces-
sity of preserving niche boundaries within the confined endolithic
environment, regulating partnerships between microbes living in
such strict spatial association.

Although the establishment of extreme environmental condi-
tions over time in the Antarctic desert has been the evolutionary
driver toward endolithic lifestyle adaptations, nowadays the rapid
shiftin climatic conditions (as the consequence of global warming
due to the ongoing climate change) could reshape the microbial
community dynamics. Based on the observations herein reported,
in a future perspective of wetter and warmer conditions in Antarc-
tica (Lee et al. 2017, Convey et al. 2019) Chaetothyriales, evolved in
the past ages subjected to warmer conditions, may have the op-
portunity to spread earning extra niches over the lichen assem-
blage with a consequent increasing of negative interactions. Such
an event may lead in a complete alteration of the fragile balance
of endolithic community and ice-free areas ecosystems.

Overall, this study represents a first step toward the under-
standing of compositional relations driving the functional biodi-
versity of Antarctic fungal endolithic assemblages. The tight net-
work of correlations mapped between taxa of fungal guilds high-
lighted how ecological and evolutionary relationships could de-
fine the dominance of specific microbial traits, driving their dis-
tribution and defining their niche boundaries, especially in a spa-
tially confined endolithic ecosystem.

The critical impact of this study is also represented by the large
dataset of endolithic microbiomes analysed, resulting from an ex-
tensive survey throughout Victoria Land and characterised by en-
vironmental and microclimatic contexts among the most extreme
and peculiar of the Antarctic continent.

Furthermore, the fragility and vulnerability of these commu-
nities has been highlighted, speculating on how microbial di-
versity shifts induced by climate change could disrupt the del-
icate balance of endolithic ecosystems of hyper-arid areas. Fu-
ture efforts should be paid to validate and expand this corre-
lation model, including new sampling areas, endolithic bacte-
rial guilds and microclimate data trends, aiming to provide an
innovative monitoring bio-tools for these fragile and extreme
environments.
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