FEMS Microbiology Ecology, 2022, 98, 1-10

DOI: 10.1093/femsec/fiac030
Advance access publication date: 17 March 2022

Research Article

OXFORD

Rocks support a distinctive and consistent mycobiome
across contrasting dry regions of Earth

Claudia Coleine ', Manuel Delgado-Baquerizo??, Davide Albanese*, Brajesh K. Singh®®, Jason E. Stajich 7, Laura Selbmann’®" and

Eleonora Egidi>®

'Department of Ecological and Biological Sciences, University of Tuscia, Viterbo, 01100, Italy

2Laboratorio de Biodiversidad y Funcionamiento Ecosistémico, Instituto de Recursos Naturales y Agrobiologia de Sevilla (IRNAS), CSIC, Av. Reina Mercedes 10,
E-41012 Sevilla, Spain

3Unidad Asociada CSIC-UPO (BioFun), Universidad Pablo de Olavide, 41013 Sevilla, Spain

“#Research and Innovation Centre, Fondazione Edmund Mach (FEM), Via E. Mach 1, 38098 S. Michele all'Adige (TN), Italy

>Global Centre for Land-Based Innovation, Western Sydney University, Penrith, NSW, 2750, Australia

6Hawkesbury Institute for the Environment, Western Sydney University, Penrith, NSW, 2750, Australia

’Department of Microbiology and Plant Pathology and Institute of Integrative Genome Biology, University of California, Riverside, Riverside, CA 92521, USA
8Mycological Section, Italian Antarctic National Museum (MNA), Genoa, 16100, Italy

*Corresponding author: Largo dell'Universita snc 01100, Viterbo, Italy. E-mail: coleine@unitus.it; selbmann@unitus.it

One sentence summary: Rock-dwelling fungi play critical ecological roles in drylands, including soil formation and nutrient cycling; we found that the main
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Abstract

Rock-dwelling fungi play critical ecological roles in drylands, including soil formation and nutrient cycling; however, we know very
little about the identity, function and environmental preferences of these important organisms, and the mere existence of a consis-
tent rock mycobiome across diverse arid regions of the planet remains undetermined. To address this knowledge gap, we conducted
a meta-analysis of rock fungi and spatially associated soil communities, surveyed across 28 unique sites spanning four major bio-
geographic regions (North America, Arctic, Maritime and Continental Antarctica) including contrasting climates, from cold and hot
deserts to semiarid drylands. We show that rocks support a consistent and unique mycobiome that was different from that found
in surrounding soils. Lichenized fungi from class Lecanoromycetes were consistently indicative of rocks across contrasting regions,
together with ascomycetous representatives of black fungi in Arthoniomycetes, Dothideomycetes and Eurotiomycetes. In addition,
compared with soil, rocks had a lower proportion of saprobes and plant symbiotic fungi. The main drivers structuring rock fungi
distribution were spatial distance and, to a larger extent, climatic factors regulating moisture and temperature (i.e. mean annual tem-
perature and mean annual precipitation), suggesting that these paramount and unique communities might be particularly sensitive

to increases in temperature and desertification.

Keywords: drylands, extremopbhiles, environmental factors, climate change

Introduction

Drylands are the largest terrestrial biome covering ~46.2%
(£0.8%) of the land surface, which support ~40% of the global
population (Cherlet et al. 2018) and include 35% of the global diver-
sity hotspots (Gudka et al. 2014). Drylands, areas characterized by
aridity index (Al; mean annual precipitation/mean annual poten-
tial evapotranspiration) values below 0.65, span hyperarid, arid,
semiarid and dry subhumid regions of the world characterized
by extreme temperatures, low and variable rainfall, and low soil
fertility. These ecosystems are particularly sensitive to changes
in climate and are expected to expand up to 56% by the end of
the century (Cherlet et al. 2018). The progressive water depletion
and fast degradation in these dry regions may further constrain
the possibility to sustain active life, reducing carbon uptake by or-
ganisms and leading to a dramatic loss of biodiversity (Delgado-
Baquerizo et al. 2020, Garcia-Vega and Newbold 2020). Therefore,
it is becoming urgent to improve our limited knowledge on the
biodiversity and function of these globally relevant ecosystems,

in order to develop management policy to mitigate the effects of
ongoing climate change in these vulnerable ecosystems.

In these regions, where terrestrial life is profoundly challenged
by harsh environmental conditions, such as water limitation,
high levels of radiation and temperature fluctuations, soil salinity
and nutrient deficiency (Alsharif et al. 2020), many important
terrestrial processes are supported by rock-inhabiting micro-
bial communities. Indeed, rocks provide microorganisms with
physical stability, protection against high ultraviolet (UV) and
solar radiation, and water retention (e.g. Staley et al. 1982, Ruibal
et al. 2008, Gueidan et al. 2011, Coleine et al. 2021), and often
represent the ultimate refugee for microbial life in the harshest
regions of the world. In turn, microbes able to develop within the
rock substrate contribute to key environmental/biogeochemical
processes, including metabolization of C, N and other macronutri-
ents, and regulation of inputs and outputs of gases, water cycling
and biological weathering (Mergelov et al. 2018). Despite the im-
portance of these communities in regulating nutrient cycling and
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pedogenesis in drylands, most dryland microbial ecology studies
have so far focused on describing the diversity of microbes
in soil (e.g. Pointing and Belnap 2012, Delgado-Baquerizo et al.
2013, Steven et al. 2013, Ochoa-Hueso et al. 2018, Maestre et al.
2021), while much less attention has been paid to rock-dwelling
microorganisms.

Rock surfaces are typically barren and free of vegetation or con-
tinuous soil mantle, and are constantly subjected to changes in
atmospheric conditions, including temperature, humidity and UV
radiation (Coleine et al. 2021). Given their extremely changing na-
ture, rocks are considered too constrained for the development of
most of the cosmopolitan and copiotrophic members of the soil
microbiome (Gorbushina 2007), and their colonization is often re-
stricted to highly specialized microbes capable to resist, develop
and adapt to the rock microhabitat (Coleine and Selbmann 2021).

Many of these rock specialists belong to the kingdom Fungi.
Rock-dwelling fungi are ubiquitous in all drylands, including the
hyperarid drylands (Al < 0.05), where they represent the ultimate
life form surviving before extinction (Wierzchos et al. 2015, 2018).
Thanks to their exceptional adaptations and resistance (Coleine
et al. 2022), these organisms can still persist up to the limits of wa-
ter availability, playing pivotal roles in nutrient cycles and driving
positive feedback loops for further colonization and soil formation
(Mergelov et al. 2018). However, a comprehensive understanding
of the diversity and functional composition of fungal communi-
ties in rocks from global drylands is still missing. Indeed, previ-
ous studies have mainly focused on describing the biodiversity
of rock fungi from individual drylands or biomes (e.g. Santiago
et al. 2018, Garrido-Benavent et al. 2020), or in particular fungal
groups (Coleine et al. 2018), which gave only a limited perspec-
tive of the patterns and drivers of the rock mycobiome on a larger
scale. For example, lichenized fungi, rock-inhabiting microcolo-
nial fungi (RIF) and yeasts are considered rock specialists and are
commonly retrieved from different rock substrates (e.g. Fanelli et
al. 2021, Choe et al. 2021, Ertekin et al. 2021). Yet, whether a consis-
tent membership of these rock-associated fungi exists across dif-
ferent biomes and continents is still undetermined (Coleine et al.
2021). Additionally, while previous studies suggest differential col-
onization and succession of fungal communities in rock and soil
substrates (Garrido-Benavent et al. 2020, Choe et al. 2021), these
differences might be less pronounced in less constrained habi-
tats, where higher heterogeneity might be facilitated due to more
permissive environmental conditions. Further, a plethora of en-
vironmental attributes, including both climatic features, spatial
distance and solar radiation (Antony et al. 2012), have been as-
sociated with patterns of change in rock fungal communities (e.g.
Choe et al. 2021), but their relative importance in determining rock
fungal distributions is nowadays undetermined.

To fill this gap, we conducted a meta-analysis of rock fungal
communities from different dryland regions of the globe. Since
both rocks and soils are critical to sustain fungal life in drylands
and are often located in proximity to each other, to highlight the
unique microbiological nature of the lithic niche, surrounding
soils were also included.

We reanalyzed multiple published datasets from four major
different biogeographical regions and biomes from dry regions of
the world (i.e. hot and cold, hyperarid, arid and semiarid), where
both soil and rock fungal community data were available (both
Continental and Maritime Antarctica, Mojave Desert and Arctic)
to assess the peculiarity of the rock mycobiome in their biodiver-
sity, functional traits and composition. Further, we identified and
characterized the distribution of rock fungi and environmental
variables that drive their abundances and habitat preferences in

relation to spatial, environmental and climate parameters. Given
the distinct microenvironmental nature of rocks and soils, and the
specific climatic and geographical differences of regions analyzed
within the present study, we hypothesize that (i) compared with
soil, rocks support a distinct community of specialized fungi; (ii)
there are regional differences in the distribution of taxonomically
and functionally different groups of rock-inhabiting fungi; and (iii)
UV radiation and climate have a great influence on diversity and
structure of the rock fungal communities occurring across differ-
ent biomes.

Our work presents a unique perspective of the patterns and
drivers of fungal distributions in rocks at large scale that provides
critical insights toward prediction of ecosystem-level changes in
these fundamental terrestrial biomes.

Materials and methods

Literature selection

To investigate and compare rock-inhabiting and soil fungal com-
munities collected in the same area, we created a dataset by col-
lecting literature on soil and rock-inhabiting fungal communi-
ties in drylands across the globe. We searched on Web of Knowl-
edge (www.webofknowledge.com), Google Scholar (https://schola
r.google.it/) and PubMed (https://pubmed.ncbi.nlm.nih.gov/), in-
cluding studies between 2017 and 2021 (last update in February
2021).

The following keywords were selected using a variety of ex-
pressions for describing fungal biodiversity investigated by high-
throughput sequencing in soils and rock communities of world-
wide drylands: (global* OR worldwide* OR Arctica* OR Antarctica*
OR Polar regions* OR hot*) AND (drylands* OR desert* OR
arid/semi-arid/hyper-arid/dry-humid region/area*) (soil* OR rock*
OR endolith* OR lithic communities* OR rock-inhabiting*) AND
(fung* OR ITS* OR fungal communities*) AND (high-throughput
sequencing* OR amplicon sequencing* or metabarcoding*). In to-
tal, we examined 116 papers. The following selection criteria were
used for the inclusion of samples into the dataset: (i) samples
came from soils and rocks; (ii) the precise geographic location of
each sample was recorded (GPS coordinates); (iii) the whole fun-
gal community was subject to amplicon sequencing (studies us-
ing group-specific primers were excluded); (iv) the internal tran-
scribed spacer regions (ITS1, ITS2 or both) were amplified and se-
quenced on Illumina platforms; and (v) sequencing data (either in
fasta or fastq format) were publicly available or provided by the
authors of the study upon request, and the sequences were un-
ambiguously assigned to samples.

In total, 12 publications and 1 unpublished study contained
samples that matched our criteria (see Table S1, Sheet 1, Support-
ing Information).

Sample description and environmental metadata

In total, 13 studies, encompassing four global biogeographic re-
gions (DV, Dry Valleys in Continental Antarctica; MA, Maritime
Antarctica; MD, Mojave Desert; and SV, Svalbard in Arctic), were
identified and included in the analysis (Table S1, Sheet 1, Support-
ing Information and Fig. S1, Supporting Information) for a total
of 361 samples (197 rock and 164 soil samples, respectively). We
gathered all samples to individual sites with unique geographic
coordinates, resulting in a final dataset of 28 sites with unique
geographic coordinates. This allowed us to encompass three con-
tinents, and most of dryland subtypes (semiarid, Al = 0.20-0.50;
arid, Al = 0.05-0.20; and hyperarid, Al < 0.05), spanning a wide
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range of environmental conditions, including arid hot drylands
(MD, California; AI = 0.038-0.089) hyperarid cold drylands (DV,
Antarctica; Al = 0.01), arid cold drylands (MA, Antarctica; Al =
0.15) and semiarid cold drylands (SV, Artic; Al = 0.17).

Our meta-analysis included eight environmental variables,
which include UV radiation, mean annual temperature (MAT),
mean annual precipitation (MAP) and precipitation seasonality
(PSEA), collected from the WorldClim database (https://www.wo
rldclim.org; ~1 km resolution) (Hijmans et al. 2005). The Al was
obtained from the global maps of Zomer et al. (2008), which pro-
vides the averaged Al of the period 1970-2000, and has a spatial
resolution of 30 arcsec.

Sample metadata were collected from the published papers
and/or public repositories; the complete list is presented in Table
S1, Sheet 1 (Supporting Information).

Bioinformatic processing of sequencing data

A graphical summary of bioinformatic processing steps is re-
ported in Fig. S2 (Supporting Information). Most of studies
were available on National Center for Biotechnology Information
(NCBI); the Sequence Read Archive (SRA) files sequences were con-
verted to FASTQ file using fasterq-dump v2.9.1 (https://github.com
/ncbi/sra-tools/wiki/HowTo:-fasterg-dump), a tool of NCBI SRA
Toolkit (https://github.com/ncbi/sra-tools). FASTQ files were di-
rectly downloaded from the NCBI SRA repository.

Raw reads were trimmed and filtered based on their quality
using BBDuk v.38.79 (http://sourceforge.net/projects/bbmap/, pa-
rameters maq = 10 gtrim = 1 trimq = 6 mlf = 0.5 minlen = 50).
Overlapping paired-end reads were merged with the VSEARCH
v.2.14.2 ‘mergepairs” command (Rognes et al. 2016) (parameters
—fastq_minovlen 16 —fastq_maxdiffpct 10 —fastq_allowmergestagger). ITS1
and ITS2 sequences were detected and extracted using ITSx
(Bengtsson-Palme et al. 2013) v.1.1.2 (parameters -t ‘fungi’ —graphical
F), resulting in a total of 12 485 769 sequences. Dereplication and
taxonomic classification was performed by MICCA (Albanese et al.
2015) v.1.7.2. Briefly, for each sample, ITS sequences were derepli-
cated using the subcommand otu (parameters -m denovo_greedy -d
1.0 -s 1). Finally, the resulting sequences were taxonomically clas-
sified using the Ribosomal Database Project (RDP) Classifier v.2.11
(Wang et al. 2007, Albanese et al. 2015) (‘micca classify’ command,
parameters -m rdp —rdp-gene fungalits_unite —rdp-minconf 0.8). Samples
were randomly subsampled to 1000 sequences using the com-
mand ‘micca tablerare’, to minimize effects of differential sampling
intensity across studies. Samples with <1000 sequences were not
considered. We also used the number of reads as a proxy to es-
timate the relative abundance of each taxa sequence in a given
sample (Giner et al. 2016, Weiss et al. 2017).

Downstream analysis, unless otherwise specified, were per-
formed in R environment v.4 and using the Genus taxonomy table
(Table S1, Sheet 3, Supporting Information).

Analysis of community composition, biodiversity
and dominant taxa

To explore the main compositional gradients and relate them to
sample type and sites, we ordinated the gathered samples through
nonmetric multidimensional scaling (NMDS). In this analysis, we
were interested in general patterns of compositional variation
among sites, therefore, we analyzed the whole dataset of 700 gen-
era occurring on the 358 aggregated samples. Bray-Curtis dissim-
ilarity index was calculated on Hellinger-transformed SH abun-
dances. Significance testing between soil and rock communities
for beta diversity was assessed using permutational multivari-
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ate analysis of variance (PERMANOVA) using the R ‘vegan’ (Dixon
2003) v.2.5-6. To test for differences in multivariate dispersion
(i.e. within-region variability) of community composition between
rock and soil communities, we used PermDISP (betadisper function
in ‘vegan’) function, followed by permutest to determine statistical
significance (Anderson et al. 2006). PermDISP was performed sepa-
rately for each bioregion.

For each sample, we calculated three alpha biodiversity indices,
ie. Shannon index, Simpson index and Chaol index. Pairwise
comparison of community biodiversity between sample types
within each site was assessed by Wilcoxon test with Benjamini-
Hochberg FDR multiple test correction. Alpha diversities were cal-
culated using ‘phyloseq’ v.1.32.0 (McMurdie and Holmes 2013).

To pinpoint those fungal genera that were enriched within each
sample type, an indicator species analysis combining both the
abundance and occurrence of a given genus across all sites was
used. Indicator values (IndVal) were calculated by comparing rock
and soil communities within each site, using the multipatt func-
tion in the ‘indicspecies’ v.1.7.9. The significance of each genus-
niche association was tested using a permutation test (n = 9999)
and nonsignificant associations (P > 0.05) were discarded.

Assignment and analysis of fungal ecological
lifestyles

Lifestyles for fungal communities were determined by classifying
ITS sequences into ecological guilds, using FungalTraits (P6lme
et al. 2020) (https://github.com/traitecoevo/fungaltraits; accessed
February 2021). Furthermore, where necessary, the functional
assignments were corrected on assessments given in primary
research literature and manually checked afterward based on
ecological metadata of the corresponding sequences in UNITE
v.8.3 for genera that are known to comprise species with di-
verse functions. Where appropriate, alternative guild assignments
were also chosen based on our own experience. We created the
functional group Rock-Inhabiting black Fungi (‘RIF’), (also known
as ‘black yeasts’, ‘black meristematic fungi’, and ‘microcolonial
fungi’) that encompass an ecologically defined group of stress-
tolerant specialists that share morphological similarity despite di-
verse phylogenetic placement in the Classes Eurotiomycetes (or-
der Chaetothyriales), Arthoniomycetes, and Dothideomycetes (or-
der Capnodiales) (Coleine and Selbmann 2021). Yet, lichens and
lichenicolous fungi were grouped in the ‘lichenized’ group.

In total, we assigned ecological functions into 15 guilds, as
follows: ‘lichenized’, ‘soil saprotroph’, ‘litter saprotroph’, ‘wood
saprotroph’, ‘unspecified saprotroph’, ‘nectar/tap saprotroph’,
‘dung saprotroph’, ‘plant pathogen’, ‘RIF’, ‘ectomycorrhizal’, ‘root
endophyte’, ‘foliar endophyte’, ‘mycoparasite’, ‘animal parasite’
and ‘sooty mold’ (Table S1, Sheet 7, Supporting Information).

To investigate how different niches shaped fungal lifestyles, we
implemented a Random Forest (RF) approach using the package
‘rfPermute’ v.2.1.81. A significant P-value (P < 0.05) and high in-
crease in the mean square error (MSE > 15) were used to deter-
mine the important fungal guilds (ntree = 500, 999 permutations).
We next assessed whether the relative abundance of these fungal
lifestyles significantly changed in the lithic versus soil niche using
Wilcoxon test with Benjamini-Hochberg FDR multiple test correc-
tion.

To further identify the fungal lifestyles associated with each
sample type, the first two ordination axes of a canonical
(constrained) correspondence analysis (CCA) were fit to fungal
lifestyles identified in RF modeling using the envfit function in ‘ve-
gan’.
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The rock mycobiome

We then aimed to identify those fungal taxa consistently associ-
ated with the mycobiome of rocks cfr. soils. We conducted PER-
MANOVA analyses aiming to test for significant differences in the
proportion of fungal genus in rocks vs soils, while statistically (P
< 0.01) accounting for the region of study. We used the function
adonis in the R package ‘vegan’ and the term strata (region of study)
to conduct these analyses. We then kept those fungal genera that
were relatively more abundant in rocks cfr. soils. The potential ef-
fect of technical differences between studies on the abundance
and occurrence of the rock subcommunity was further evaluated
using a random forest approach (see Note S2 and Fig. 511, Sup-
porting Information).

Environmental modeling

We used correlation (Pearson) analyses and PERMANOVA to iden-
tify the mostimportant environmental factors associated with the
distribution of the rock mycobiome. The proportion of the fungal
microbiome of rocks was calculated as the standardized average
(0-1) of the proportion of all fungal genera classified as such. This
information was used in our environmental modeling based on
a variation partitioning analysis. Predictors included niche type
(soil vs rock), spatial parameters (latitude and longitude), eleva-
tion, UV index and climatic data (MAT, MAP, PSEA, diurnal tem-
perature range, temperature seasonality).

Results

A unique mycobiome distinguishes
rock-inhabiting fungal communities

Among the five fungal phyla identified, Ascomycota was the most
abundant in rock communities of Dry Valleys, while a decrease
in Basidiomycota was reported (Fig. 1A; see also Table S1, Sheet
3, Supporting Information). At a finer taxonomic level, among the
26 classes retrieved (Table S1, Sheet 3, Supporting Information;
mainly in Ascomycota and Basidiomycota), lichenized fungi be-
longing to Lecanoromycetes represented the most abundant in
rock communities across all contrasting regions (P < 0.05). In par-
ticular, the Dry Valleys presented a higher number of differen-
tially abundant lichenized families compared with the other three
regions; there, members of Lecideaceae, Lecanoraceae, Parmeli-
aceae and Acarosporaceae (in the order Lecideales, Lecanorales
and Acarosporales, respectively) predominated, while Verrucari-
aceae (order Verrucariales) were exclusive for the Arctic. Con-
versely, members of Trichomaceae, Filobasidiaceae, Mortierel-
laceae and Helotiaceae were linked to soil communities and al-
most absent in the Antarctic rocks (Fig. 1A; P < 0.05).

A number of genera were dominant in either rock or soil-
associated communities; for instance, yeasts as the genera Cryp-
tococcus, Rhodotorula, Lecanoromycetes, and black fungi in both
Chaetothyriales and Capnodiales were particularly abundant in
rock samples (Figs S3-S5, Supporting Information; Table S1, Sheet
4, Supporting Information). Conversely, only few genera were
shared between rock and soil communities (Fig. S6, Supporting
Information). The relative abundance of the top ten most abun-
dant genera demonstrated that almost all are unique to one re-
gion (Fig. 1A); for instance, rocks communities of McMurdo Dry
Valleys were enriched in three lichenized genera (Carbonea, Lecidea
and Acarospora), while Lecidella genus was associated with Sval-
bard rock-inhabiting communities (P < 0.05).

Bray-Curtis dissimilarities also confirmed a significant differ-
entiation in the overall mycobiome structure between rocks and

soil across locations as shown in Fig. 2B and Fig. S7 (Supporting
Information) (PERMANOVA, P < 0.05; a full list of PERMANOVA re-
sults by sites are included in Table S1, Sheets 5 and 6, Supporting
Information and Note S1, Supporting Information). Further anal-
ysis of dispersion among all pairwise sample type comparisons
(pairwise betadisper) showed that there was no significant differ-
ence in dispersion within each bioregion between soil and fungal
communities, except for Svalbard and Maritime Antarctica (Fig.
S8, Supporting Information) These findings suggested an higher
degree of heterogeneity for the fungal communities inhabiting the
soil niche in these two regions.

Indices of biodiversity, including Chaol richness and Shannon
indices (Fig. 2C), were generally similar between soil and rock fun-
gal communities across all regions except for the samples col-
lected in Antarctica. Indeed, in Antarctic McMurdo Dry Valleys
the edaphic fungal communities supported a significantly higher
(Wilcoxon test, P > 0.05) diversity than their lithic counterparts; on
the contrary, in the Antarctic Maritime, rocks harbor higher fun-
gal diversity. Similar trends were observed for the Simpson index
(Fig. S9, Supporting Information).

Distinctive fungal ecological lifestyles sustain
rock communities in global drylands

Machine learning algorithms were used to test whether the rock or
soil communities can be predicted from the composition of their
fungal functional traits. The RF classification algorithm revealed
that sample type could be predicted on the basis of fungal compo-
sition for rock and soil communities; we identified eight lifestyles
(lichenized, ectomycorrhizal fungi, plant pathogens, RIF, soil, litter,
wood and unspecified saprotrophs; Fig. S10, Supporting Informa-
tion) that highly (mean decrease accuracy > 15) and significantly
(P < 0.05; 999 permutations) contributed to explain the differences
in composition between rocks and soil. Changes in relative abun-
dance of those fungal lifestyles showed a similar trend in both
cold (McMurdo Dry Valleys, Svalbard) and hot (Mojave Desert) dry
regions. At these locations, we observed consistent increases in
the relative abundance of lichenized fungi in the rock substrate,
while increases in relative abundance of soil, litter and unspec-
ified saprotrophs were observed in soil communities (P < 0.05;
Fig. 2A). Similarly, we found a higher abundance of lichenized
fungl in the lithic environment of the Mojave hot desert, while
at this location ectomycorrhizal fungi and plant pathogens had
higher abundance in soil (P < 0.05; Fig. 2A). In Maritime Antarc-
tica, we found significant differences in abundance for soil plant
pathogens only (P < 0.05; Fig. 2A). Rock-inhabiting fungi (RIF) had
higher abundance in the rocks of the Antarctic McMurdo Dry Val-
leys exclusively (P < 0.05; Fig. 2A). The overall diverse distribu-
tion of fungal lifestyles to substrate type (rock vs soil) was fur-
ther confirmed by a CCA plot (Fig. 2B), where lichenized fungi
and RIF tended to occur predominantly in association with rock
samples, while saprotrophs, pathogens and ectomycorrhizal fungi
were largely associated with soil-derived samples.

Lichenized and black fungi as predictors of
rock-inhabiting communities

An indicator species analysis identified a total of 57 genera
uniquely and significantly (P < 0.05) associated with the rock sub-
strate (Fig. 3, panel on the left; Table S1, Sheet 9, Supporting Infor-
mation). Lichenized ascomycetes from the class Lecanoromycetes
were the fungal group most consistently represented in each re-
gion, contributing to ~50% of the total indicator taxa (Fig. 3, right
panel). However, at the genus level, members of this fungal group
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Figure 1. Taxonomic and community composition of rock vs soil samples, red and light blue in all panels, respectively. (A) Dominant phyla, classes,
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(Wilcoxon test). Sites are abbreviated as follows: DV, Antarctic Dry Valleys; MA, Maritime Antarctica; MD, Mojave Desert; and SV, Svalbard.

exhibited clear differences in site preferences, with different gen-
era being uniquely associated with sites, and only three genera
(Carbonea: tax_gen_1418; Lecanoromycetes sp.: tax_gen_69; and
Paramiliacaeae sp.: tax_gen_1096) being shared among at least
three drylands. The two most extreme regions, in terms of arid-
ity, Mojave Desert (hot arid) and Antarctic McMurdo Dry Valleys
(cold hyperarid) shared the highest number of lichenized indi-
cators, for a total of six taxa, including members of the gen-
era Acarospora, Carbonea and Lecidea, as well as the soil sapro-
troph Saitoella. Most of the other fungal lifestyles were uniquely
represented across locations. Three genera of ectomycorrhizal
fungi (Wilcoxina, Rhizopogon and Tylospora) and two saprotrophs
(Phlebiella and Oidiodendron) appeared among the indicators in the
Svalbard, although Maritime Antarctica had the highest represen-
tation of saprotrophs (litter saprotrophs Diosgezia and Phaeosphera,
soil saprotroph Malassezia, unspecified saprotroph Penicillium). The
only indicator RIF was Friedmanniomyces in the Antarctic McMurdo
Dry Valleys.

Temperature and precipitation as major
environmental drivers

To explore the contribution of UV radiation, climatic variables and
spatial factors in shaping the composition of rock-dwelling fungi,
those taxa that were consistently more abundant in rock samples
across all sites were first identified and then further character-
ized using a variation partitioning analysis (VPA) approach. This
rock-associated subcommunity (rock cluster; Table S1, Sheets 10
and 11, Supporting Information) harbored one unidentified basid-
iomycete and 14 ascomycetes, which included 10 lichenized fungi
(genera Lecidea, Lecidella, Lecanora, Carbonea, and other unidenti-
fied members of Lecanorales), in addition to one soil saprotroph
(genus Saitoella) and one member of the RIF group (genus Friedman-
niomyces). Tivelve of these taxa also belonged to the rock commu-
nity indicators (Fig. 3). VPA revealed that sample type (rock vs soil)
and climate (MAT, MAP, PSEA, diurnal temperature range, tem-
perature seasonality) alone contributed significantly to explain
30% of the abundant rock cluster variation, while spatial distance
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Figure 2. Most relevant fungal lifestyles in rock vs soil samples. (A) Box plots illustrate changes in relative abundance of fungal lifestyles associated
with rock and soil samples for each site (see also Table S1, Sheet 8, Supporting Information and Fig. S9, Supporting Information). Individual data
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Maritime Antarctica; MD, Mojave Desert; and SV, Svalbard.

contributed to explain 10% of the cluster variation; only a small
portion of the variability was explained by UV irradiation (<3%;
Fig. 4A). Among the climatic variables, MAT and MAP had the high-
est correlation with the rock sub community abundance (Pearson
product-moment correlation r =-2.97 and -1.91, P < 0.01, respec-
tively; Fig. 4B; Table S1, Sheet 12, Supporting Information). Simi-
lar patterns were observed when correlating fungal lifestyles with
climatic variables (Table S1, Sheet 13, Supporting Information).

Discussion

Since their discovery in the harshest desert of Earth, rock-
inhabiting communities have stimulated our imagination, prov-
ing that microorganisms can still adapt and reproduce under con-
ditions typically incompatible with active life. Fungi in particu-
lar, either in symbiotic associations or as free-living organisms,
are dominant members in these peculiar microbial consortia that
are able to spread throughout the most extreme environments
on Earth. Yet, the current knowledge on the compositions of rock
fungal communities primarily comes from investigations limited
to single rock samples or from a single location, and only recently
a few larger scale surveys have been undertaken (Qu et al. 2019,
Choe etal. 2021). Therefore, information on global distribution and
ecology of these fascinating organisms is still patchy and incom-
plete. Yet, this knowledge would represent a major advancement
for unraveling those processes that ensure balance and function-
ality even in the driest ecosystems. Fungi, indeed, play irreplace-
able roles for ecosystem functioning (Chen et al. 2000, Heckman
etal. 2001, Waring et al. 2013, Coleine et al. 2022) and global biogeo-

chemical processes, which include organic and inorganic transfor-
mations and element cycling, bioweathering and mycogenic min-
eral formation (Gorbushina 2007, Gadd 2017) even in the far ex-
tremes. As such, understanding patterns and drivers of these key-
stone organisms is important to predict how global drylands may
respond to ongoing environmental changes.

In this work, we provide for the first time a synthesis of the
biodiversity and environmental preferences of rock fungal abun-
dance and distribution. Our meta-analysis included >350 rock
and soil samples, encompassing 700 genera of fungi across four
main biogeographic regions of the world, collectively representing
the most comprehensive census of fungal entities from dryland
lithic substrates available so far.

We found that the lithic substrates support a peculiar and con-
sistent biodiversity of fungi that is largely not shared with their
surrounding soils across contrasting Earth'’s regions, confirming
that rocks and soils are reservoir of different fungal communi-
ties (Yung et al. 2014, Garrido-Benavent et al. 2020). These major
differences in fungal composition and structure between rocks
and soils were mirrored by overall similar levels of alpha diversity,
measured as species dominance, evenness and richness. One ex-
ception was the Antarctic McMurdo Dry Valleys, hosting a higher
diversity of fungi in soils than in rocks. This area represents the
farthest and most extreme environment in our dataset, where
rocks are exposed to very high UV radiation intensity, low temper-
atures and high aridity (Cary et al. 2010). As such, the lower alpha
diversity levels of rock fungi at this location may be due to a com-
bination of both extremely prohibitive conditions, and geographic
and genetic isolation, leading to evolution of a restricted group
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of fungal taxa particularly specialized and adapted to the lithic
niche (Selbmann et al. 2013, Egidi et al. 2014). Overall, our findings
demonstrate, for the first time, that rocks might represent an un-
derappreciated reservoir of fungal biodiversity, which is compa-
rable to that found in dryland soils, especially in less prohibitive
environments. This implies that rocks can harbor a unique biodi-
versity in global drylands and, therefore, lithic substrates should
be explicitly included in global inventories of biodiversity to cap-
ture the full membership of these ecosystems.

Our study shows that rocks support distinctive and consis-
tent fungal taxa across contrasting Earth’s regions. The differ-
ences in community structure between lithic and edaphic niches
were evidenced at coarse taxonomic levels, whereby Ascomy-
cota were significantly more abundant in the rock global dataset,
and Lecanoromycetes (primarily from the orders Lecideales and
Lecanorales) were the most abundant fungal class retrieved in
rocks from all the surveyed biogeographic regions, from hot to
cold deserts. Members of Lecanoromycetes are typically lichen-
forming fungal taxa (Miadlikowska et al. 2014), and are especially
well adapted to the lithic niche, owing to their temperature tol-
erance, low mineral nutrient demand, and ability to withstand
drought conditions and high UV irradiation (Gadd 2007, Ding
and Eldridge 2020). Therefore, it is not surprising that taxonomic
groups encompassing lichen-associated fungi represent rock spe-
cialists and predominant members of rock-inhabiting communi-
ties worldwide (Coleine et al. 2021). Notably, lichens are a very
stress resistant and self-supporting association of a mycobiont

and a photobiont. These associations can also host numerous
other microbes, including fungi, to whom they provide nutrients
and protection (Hawksworth and Grube 2020). As such, lichens
may easily represent a hotspot for microbial diversification, par-
ticularly under extreme conditions (Selbmann et al. 2010 ). In rock
communities, the high abundance of lichens may have played a
key role in developing the peculiar mycobiome revealed in this
study.

While lichenization appears as a conserved trait in rock
mycobiome at a broad taxonomic level (i.e. class to order), at
finer taxonomic scales (i.e. genus level), the overall distribution
of fungi across the different biomes and continents surveyed
in our study was highly variable. For example, few of the same
Lecanoromycetes occurred across multiple regions, with only Car-
bonea, Acarospora and Lecidea spanning both hot and cold deserts.
Conversely, other lichenized and nonlichenized fungal genera
were exclusive to a particular region and environmental type,
such as in the case of Svalbard, the most anthropized dryland
analyzed in this study; there, the detection of lichenized fungi was
often associated with polluted environments (e.g. Aspicilia) (Puy-
Alquiza et al. 2017), and saprotrophic fungi such as Oidiodendron
and Phlebiella spp. may be seen as evidence of anthropogenic ac-
tivity. Collectively, these findings support the new concept of ‘rock
“core” community’ (Coleine et al. 2021), hypothesizing that, among
locally adapted fungi, a few fungal taxa can occur in rocks of dry-
lands globally, harboring unique traits that allow them to adapt to
wide ecological and environmental gradients. More sampling cov-
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ering broader climatic regions across various spatial scales will be
critical to identify rock microorganisms able to colonize diverse
environments and rocky substrates worldwide, to resolve to what
extent global adaptation may occur in these communities, and
which traits underpin global distribution of these rock specialists.

We also sought to identify the most dominant members of the
rock fungal community and characterize their ecological pref-
erences. Confirming the general patterns of widespread occur-
rence of lichenized fungi in rocks, several genera of lichenized
fungi (e.g. Carbonea, Lecidea, Lecidella, Parmeliaceae spp., Acarospo-
raceae spp. and Lecanorales spp.) were also represented in the dom-
inant rock cluster. In addition to lichenized fungi, we retrieved the
endemic Antarctic fungus Friedmanniomyces, the fungal genus Cap-
nobotryella and other ascomycetous representatives of black fungi
in Arthoniomycetes, Dothideomycetes and Eurotiomycetes. This
polyphyletic group of black fungi is ubiquitous in natural and an-
thropogenic habitats (e.g. Zakharova et al. 2013, Egidi et al. 2019,
Selbmann et al. 2020 and references therein), making them among
the most extreme-tolerant organisms on our planet. They have
also been found as recurrent members of rock communities in
drylands worldwide even if having lowest percentage compared
with lichenized fungi (Choe et al. 2021, Coleine et al. 2021).

We then explored associations between environmental vari-
ables and the relative abundance of rock fungi across the globe.
We found that MAT and MAP had the largest negative and signif-
icant direct association with the relative abundance of dominant
fungi globally. Additional correlation analyses suggested that
MAT and MAP are also related with the relative abundance of
multiple genera classified as lichenized fungi, which were found
to be ubiquitous in rocks across the globe (>75% of all locations),
e.g. Carbonea. Previous studies have already highlighted that

decreases of water availability and, thus, increases in aridity
negatively affect microbial diversity and abundance of microbial
communities in soils of global drylands (Maestre et al. 2015, Chen
et al. 2019). Moreover, major reorganization from drier to wetter
conditions has also been reported in desert soil communities
(Neilson et al. 2017) as well as in lithic bacterial consortia (Uritskiy
et al. 2019). Our results indicate, for the first time, that changes
in temperature and precipitation—as predicted under a warming
climate—might have a holistic impact on the ecology of rock
microorganisms, also altering the relative abundance of fungi in
extreme environments such as those of drylands. Conversely, UV
radiation has generally been assumed to be the most important
factor for desert communities, particularly those of the Antarctic
desert, where the extended duration of sunlight, the hole in
the ozone layer and the light’s reflection off the ice and water
contributed to the high levels of UV radiation exposure (Frederick
and Snell 1988). However, the most noticeable community re-
sponse to higher UV in our global dataset was a slight decrease of
the relative abundance of a few saprotrophs and lichenized fungi,
indicating that this environmental factor is a secondary driver of
global fungal community assembly. The distributional patterns
associated with climate as identified in our work pave the way to
untangle the future distribution of the paramount group of rock
fungi on global drylands, especially in the light of climate change.

Taken together, our work provides new insights about the
diversity and distribution of rock fungi in dryland ecosystems
across contrasting regions of the planet, and identifies environ-
mental preferences of dominant fungal taxa associated with rock
communities across the globe. In particular, our finding that rocks
support distinctive communities of fungi opens other critical
yet under-explored scientific questions, related to mechanisms
of adaptation and evolution, and relationships of these unique
communities with surrounding habitats. Notably, we determined
that climate-based environmental selection, such as changes in
MAT and MAP, plays important roles in driving the distribution
of rock fungi at a global scale. This implies that the impact of
climate change might be disproportionate for these communities,
with unknown consequences for the ecosystem-level functions
they mediate. Given their exceptional functional properties,
future more extensive surveys at the global scale will be criti-
cal to understand how rock fungi adapt to their niches, under
conditions of dryness and oligotrophy. We also envisage that
the consistent patterns in mycobiome diversity found in such
different regions of the world will spark interest in explicitly con-
sidering the rock communities, still largely neglected, in global
surveys of drylands. New insights into microbial succession for
these fungal communities will be useful for protecting, managing
and mitigating dryland resilience in an era of global warming and
expanding desertification.
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Supplementary data are available at FEMSEC online.
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