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ABSTRACT

Black fungi are among the most stress-resistant organisms known, yet the genetic and ecological foundations of their extraordi-
nary resilience remain poorly understood. This study explores the adaptation strategies of the melanised fungus Elasticomyces
elasticus by integrating genomic and ecological data. To uncover the mechanisms of adaptation, we combined whole-genome
sequencing, functional annotation, environmental metadata, and large-scale soil metabarcoding analyses. Phylogenomic ap-
proaches were employed to delineate evolutionary lineages and assess ploidy levels. The results revealed that the global distribu-
tion of Elasticomyces phylotypes is primarily influenced by temperature, UV radiation, and soil organic carbon, suggesting that
different phylotypes have evolved heterogeneous strategies for stress resistance. Comparative genomic analyses identified a set
of ‘sentinel pathways,” notably glutathione metabolism and nucleotide biosynthesis, which were enriched in strains inhabiting
the most extreme environments and showed significant correlations with abiotic stressors such as aridity and UV exposure.
Furthermore, phylogenomic reconstructions uncovered two independent diploid lineages associated with the harshest envi-
ronments, pointing to diploidisation as a potential adaptive mechanism to cope with multiple stressors. Overall, the integration
of genomic and ecological perspectives provides new insights into how black fungi persist at the edge of habitability. The study
highlights specific pathways and genomic traits that underpin resilience to extreme conditions, offering implications that extend
beyond terrestrial ecology.

1 | Introduction (Sterflinger et al. 2012; Coleine, Stajich, and Selbmann 2022;

Gostincar et al. 2024). Mostly from the Dothideomycetes,
Highly melanised ascomycetes, also known as microcolonial, meri- Eurotiomycetes, and Arthoniomycetes, they share traits such as
stematic, or rock-inhabiting fungi (RIF), stand out for their ability to thick melanised cell walls, meristematic growth, slow metabolism,
colonise hostile environments such as cold deserts, exposed moun- and production of protective molecules (e.g., mycosporines, treha-

tain rocks, acid mine drainages, saline sites, and artificial surfaces lose, carotenoids), enabling tolerance to UV and ionising radiation,
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desiccation, oxidative stress, and temperature extremes (Coleine
and Selbmann 2021; Casadevall et al. 2017; Campana et al. 2022;
Aureli et al. 2023; Coleine et al. 2024). Notable examples of ex-
tremotolerant black fungi include Cryomyces antarcticus, capable
of withstanding cosmic radiation, desiccation, and simulated Mars
conditions (Gomez-Gutierrrez et al. 2024); Exophiala dermatitidis,
commonly found in saunas, dishwashers, and human infections
(de Leon et al. 2025); and Hortaea werneckii, a halophilic fungus
used as a model for osmotolerance (Busch and Vargas-Muiiiz 2025).
These organisms challenge conventional limits of habitability and
provide critical insights for disciplines as diverse as astrobiology,
biotechnology, and evolutionary ecology (Rampelotto 2010; Schultz
et al. 2023). Unfortunately, the genetic and ecological traits behind
their huge capacity to adapt to polyextreme environments remain
poorly understood.

Current uncertainties on the environmental determinants shap-
ing the global biogeography, ecological preferences, and func-
tional diversity of these extremotolerant organisms persist for
three main reasons. First, while there is a broad assumption that
all black fungi are highly resistant to stress, the reality is that
a compressive investigation on the drivers of contrasting black
fungi phylotypes is largely lacking. Second, current investiga-
tions on black fungi focus on particular aspects of their life styles,
ecologies or genomes. Yet, a multidimensional investigation on
the contribution of genetic, ecological and phylogenetical driv-
ers in explaining the distribution of these organisms is missing.
Finally, while most studies focused on particular locations sub-
ject to polyextreme environments (e.g., Antarctica), a global-scale
perspective across contrasting climates and vegetations is lack-
ing limiting our capacity to understand the global distribution of
these organisms and their overall capacity to withstand stress.
This knowledge is key to provide novel understanding on how
microbes adapt to a wide range of contrasting environments.

To address these knowledge gaps, we adopted a dual-scale, in-
tegrative approach. First, we provide a global overview of the
species Elasticomyces elasticus, a fungus of particular interest.
While it was originally isolated from Antarctic rocks, subse-
quent records from other continents and substrates, such as soil
and lichen thalli, suggest a wider distribution and capabilities
to adapt to a broad range of environments (Egidi et al. 2014;
Cometto et al. 2023; Coleine et al. 2024). We used long-read am-
plicon sequencing by Pacific Biosystems (PacBio) technology of
topsoils across a wide range of terrestrial biomes. Subsequently,
we performed whole-genome sequencing and comparative
analyses on a set of E. elasticus strains, isolated from various
environments and substrates and maintained in culture collec-
tions. This approach enables us to investigate how genomic and
functional variability among strains reflect adaptation to local
environmental pressures, including differences in temperature
regimes, UV radiation, and substrate characteristics.

2 | Methods
2.1 | Global Soils Dataset
Our survey used the GSMc (Global Soil Mycobiome consortium;

https://GSMc-fungi.github.io/; Tedersoo et al. 2021) dataset to
examine the distribution of E. elasticus at a global scale. This

dataset consists of highly accurate long-read sequencing of ITS
and 18S-V9 variable regions sequenced by PacBio technology,
from 128,000 soil sub-samples covering 3200 different localities,
across 108 countries in all continents. We assembled our data-
set by retrieving relative abundances, taxonomic identification
and metadata from the GSMc dataset (Tedersoo et al. 2021),
drawing each single Operational Taxonomic Units (OTU) that
matched with the considered species. OTU assignment was per-
formed using full-length ITS sequences; dereplicated reads were
mapped to OTUs using VSEARCH at 98% sequence similarity,
following the workflow described in Tedersoo et al. (2021). The
number of reads assigned to each OTU in a given sample was
used as a proxy for its relative abundance, calculated relative to
all other reads in that sample.

2.2 | Environmental Variables Selection

The sample geographic coordinates provided within the GMSc
metadata were used to retrieve bioclimatic variables (i.e.,
MAT, mean annual temperature; TSEA, temperature season-
ality; MDR, mean diurnal temperature range; MAP, mean
annual precipitation; PSEA, precipitation seasonality) from
Worldclim database v. 2.0 (Fick and Hijmans 2017). Data on
aridity index (AI) were calculated using the Global Aridity
Index and Potential Evapotranspiration (ET0) Database (Zomer
et al. 2022). Geographical information about elevation and slope
was obtained from the Advanced Land Observation Satellite
(ALOS). UV radiation (UV light) was retrieved from NASA sat-
ellites (Aura Surface UVB Irradiance, while Human Influence
Index (HII)). Other important edaphic drivers of fungal bioge-
ography, such as pH, soil organic carbon (SOC), and sand per-
centage (Sand%) were also included from SoilGrids (https://soilg
rids.org/).

Detailed information on the samples with their bioclimatic mod-
els can be found in Table S1.

2.3 | Statistical Analysis and Present Projections

For comparing and exploring the composition and distribution
of E. elasticus, the relative abundance of each OTU was esti-
mated using single samples as replicates within the same lo-
cality investigated. Then, to get insights on biogeographic and
climatic patterns and predict the contribution of environmen-
tal factors in driving the distribution of this species, we used
the relative abundance data to perform multivariate analysis.
To ensure the reliability of statistical inference in redundancy
analysis (RDA) and species richness mapping, the variance in-
flation factor (VIF) was calculated to check the multicollinear-
ity among the environmental variables evaluated. Variables
with VIF > 5 were discarded from the regression models (Rillig
et al. 2023). Further, for RDA analysis the environmental vari-
ables were normalised using Zero Mean and Unit Variance
Normalisation, and ‘forward selection” was used to remove the
non-significant predictors from the model. All tests applied
were statistically validated by the Benjamini-Hochberg (FDR)
p value correction method. Analyses were performed using R
packages: phyloseq (McMurdie and Holmes 2013) and micro-
eco (Liu et al. 2021).
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We then used a machine learning Random Forest (RF) regres-
sion analysis (Breiman 2001) in R environment to predict the
global distribution of E. elasticus in global soils. We used 8 en-
vironmental variables, selected for their lack of collinearity,
as raster layers using the ‘raster’ package (Hijmans 2023). For
predictive modelling, we implemented a RF algorithm via the
‘randomForest’ package (Liaw and Wiener 2002), employing an
ensemble 0f 999 decision trees with 100 bootstrap replicates. This
configuration optimises model performance while minimising
overfitting. To evaluate the precision of the predictions gener-
ated by the random forest model, we then measured how much
the parameter space of the predictors differed from the original
dataset. We created a visualisation mask using Mahalanobis dis-
tance analysis to display the most reliable predictions. This mask
(based on Mahalanobis distance) incorporates: (1) the distance
from each multidimensional point to the centre of the known
distribution we previously calculated, and (2) the distance from
points representing model training locations. Outliers beyond
the 0.95 quantile of the chi-squared distribution (11 degrees of
freedom; Mallavan et al. 2010) were masked. Using this outlier
identification approach, we visualised only the most reliable
predictions (<0.95 chi-squared quantile). Finally, we validated
the modelling approach by plotting predicted values (x axis)
against observed values (y axis, Pifieiro et al. 2008). This pro-
cedure allows us to explicitly identify and exclude areas where
environmental conditions fall outside the multivariate range of
the training data, thereby limiting unreliable extrapolation and
ensuring that model projections are restricted to environmen-
tally comparable regions.
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2.4 | Selection of Cultivated Strains

For the study, 16 strains of E. elasticus were selected from two
collections: (i) the Culture Collection of Fungi from Extreme
Environments (CCFEE) and (ii) CCFEE of the Mycological
Section of the Italian National Museum of Antarctica (MNA-
CCFEE),  https://antarcticdatacenter.mna.it/srv/api/records/
7bf05aae-eb12-4557-b7bc-90b401d1135d. The strains were cho-
sen to represent various extreme habitats, with an emphasis
on fungi isolated from polar and montane rocky environments
(Figure 1 and Table S2).

2.5 | DNA Extraction and Genome Sequencing

Pure cultures were grown on 2% malt extract agar (MEA) me-
dium plates for 8-10weeks at 15°C. DNA was extracted from
the total biomass following cetyltrimethylammonium bromide
(CTAB) protocol, according to Coleine et al. (2024). Melanin was
removed through two phenol-chloroform purification steps be-
fore DNA extraction. Genomic DNA was sheared with a Covaris
S220 ultrasonic homogeniser, and a sequencing library was con-
structed using the Kapa HyperPlus kit coupled with the KAPA
Unique Dual Index adapters (Roche), following the instructions
of the manufacturers. Sequencing libraries were prepared using
the Nextera DNA Flex Library Preparation Kit (Illumina, CA,
USA), following the manufacturer's guidelines. Sequencing was
performed on the Illumina NovaSeq 6000 platform, following
manufacturer's protocols. All genomes analysed in this study

*
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FIGURE1 | Global geographic distribution of Elasticomyces elasticus isolates and associated sample types. Symbols indicate the isolation source:

fungal strains (circles), rock samples (triangles) and soil samples (squares).
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were sequenced and assembled exclusively from Illumina short-
read data.

All genome sequences analysed in this study were previously
generated and published in Coleine et al. (2024) as part of a
class-wide comparative genomic survey of black fungi, which
included whole-genome sequencing of more than 100 strains
(Tables S3 and S4). In the present study, we specifically focused
on a subset of those genomes belonging to E. elasticus in order to
integrate genomic information with global environmental meta-
data and soil metabarcoding data.

2.6 | Genomes Assembly, Gene Prediction,
and Functional Annotation

All genomes were de novo assembled as reported in Coleine
et al. (2024). Briefly, the assembly was performed with the
AAFTF pipeline v.0.2.3 (Palmer and Stajich 2022), which per-
forms read quality control and filtering with BBTools bbduk
v.38.86, followed by SPAdes v.3.15.2 (Bankevich et al. 2012)
assembly using default parameters. The BUSCO ascomycota_
odb10 database (Manni et al. 2021) was used to determine
genome completeness. Genes in each near-complete genome
were annotated with Funannotate v1.8.1. To predict genes,
ab initio gene predictors SNAP v.2013_11_29 (Korf 2004) and
AUGUSTUS v.3.3.3 were used along with additional gene
models by GeneMark. HMM-ES v.4.62_lic (Brlina et al. 2020),
and GlimmerHMM v.3.0.4 (Majoros et al. 2004) utilise a self-
training procedure to optimise ab initio predictions. Finally,
EvidenceModeler v.1.1.1 (Haas et al. 2008) generated consensus
gene models in Funannotate that were constructed using default
evidence weights. Non-protein-coding tRNA genes were pre-
dicted by tRNAscan-SE v.2.0.9 (Chan and Lowe 2016). Putative
protein functions were assigned to genes based on sequence
similarity to the Interpro database. EggNOG v.5 (Huerta-Cepas
et al. 2017) was used to obtain KEGG functional orthologs
(Kanehisa et al. 2014) (Table S5).

Orthologous proteins were then identified using OrthoFinder
v2.5.5 (Emms and Kelly 2019), and the results were processed
further using the R package UpsetR v1.4 (Conway et al. 2017)
within the R environment (v4.2.3). The species tree built by
OrthoFinder was visualised in a dendrogram using FigTree
v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) and further
edited with Inkscape v0.92 (https://inkscape.org).

2.7 | Genomes Statistical Analysis

Functional genomic profiles were inferred from KEGG or-
tholog annotations obtained using eggNOG-mapper. For each
genome, the number of genes assigned to each KEGG ortho-
log (KO) was quantified and subsequently aggregated at the
pathway level, generating a genome-by-pathway abundance
matrix. These pathway abundances were used as proxies of
functional genomic potential rather than as measures of
metabolic completeness or physiological performance. Prior
to statistical analyses, pathway counts were normalised by
total annotated genes per genome to account for differences
in assembly size and gene number. The resulting normalised

pathway matrix was then used in correlation analyses and
Random Forest models to identify associations between func-
tional genomic profiles and environmental variables at the
sites of strain isolation.

We used the Random Forest model to identify the major signif-
icant environmental predictors explaining the variation of met-
abolic competences in black fungi according to environmental
variables. The importance of each predictor variable is deter-
mined by evaluating the decrease in prediction accuracy, that
is, increase in the mean square error between observations and
OOB (out-of-bag) predictions, when the data for that predictor is
randomly permuted. RF was implemented using the ‘random-
Forest’ package v.4.6-14 in the R environment.

We then used one-by-one Spearman correlation analysis con-
currently with RDA to identify the most important environmen-
tal factors in driving the biogeographic and climatic patterns
of E. elasticus phylotypes, using the ‘microeco’ R package. To
ensure the reliability of statistical inference in RDA analysis,
the VIF was calculated to check the multicollinearity among
environmental variables evaluated. Variables with VIF > 5 were
discarded from the RDA model.

While the previous analyses focused on OTU-level abundance
patterns derived from global soil metabarcoding data, the follow-
ing analyses specifically investigate genome-derived functional
profiles of cultivated strains in relation to the environmental
conditions at their sites of isolation.

2.8 | Genome Ploidy Analysis

The genome assemblies were aligned with SibeliaZ v.1.2.5
(Minkin and Medvedev 2020) using the options “k 21 -a 150
-b 15000’. Only alignments with 14 to 29 sequences were
kept and converted to multi-fasta alignments. Genomes from
CCFEE strains 5506, 5537, 5810, 5806, 5966, 5805 were rep-
resented by an average of 5280 sequences (SD 36) and ge-
nomes 5544, 5543, 5316, 5320, 5319, 5313 were represented by
an average of 10,703 sequences (SD 118). The genomes 5474,
6128, and 5547 were removed from the dataset due to a large
amount of missing data. We kept only alignments with 18 se-
quences (corresponding to the expected number for 6 haploid
and 6 diploid genomes). The length of gap-free alignments was
calculated with Gblocks 0.91b (options ‘-t=p -b3 = 10 -b4 =
3 -b5 = n -p = n’) (Castresana 2000) and infoalign (part of
EMBOSS:6.6.0.0) (Rice et al. 2000). Phylogenetic trees were
calculated from each of the longest 100 alignments (not pro-
cessed with Gblocks), together representing a total of 1,805,911
gapless alignment length. IQ-TREE 2.0.3 with 1000 replicates
of SH-like approximate likelihood ratio test (SH-aLRT) was
used, with automatic estimation of the best nucleotide substi-
tution model (Nguyen et al. 2015). The names of sequences in
the phylogenies were shortened to strain names, thus produc-
ing multi-labelled trees. The collection of all 100 trees was im-
ported into the R environment and differences between trees
were calculated with the DifferentPhylogeneticInfo function
provided by the package TreeDist (Smith 2020). The resulting
matrix of differences was used to estimate the optimal num-
ber of clusters with fviz_nbclust(), part of package factoextra
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(Kassambara and Mundt 2020), using kmeans and ‘silhouette’
method. The clustering itself was performed with pam func-
tion, part of the cluster package and the representative tree of
each of the three clusters determined as the medoid of the clus-
ter (https://cran.r-project.org/web/packages/cluster/citation.
html). Representative trees were visualised in Dendroscope
(Huson et al. 2007) and labels added in Inkscape.

3 | Results

3.1 | Global Soil Distribution and Environmental
Predictors of E. elasticus

The GSMc dataset (Tedersoo et al. 2021) was used in our sur-
vey to retrieve E. elasticus sequences. This dataset provides an
extensive library comprising more than 722,000 fungal OTUs.
To identify the OTUs belonging to E. elasticus, we filtered the
original taxonomic table provided by Tedersoo et al. (2021),
retaining at species level only those OTUs (n = 53) assigned to
E. elasticus.

Analysis of the distribution of E. elasticus revealed that most
OTUs were more frequently found in temperate soils, fol-
lowed by arid, continental, and polar/montane environments
(Figure 2A). A random forest (RF) model was applied to assess
the importance of environmental variables in explaining the
global occurrence and abundance of this species. The results
showed that mean annual temperature (MAT) and elevation
were the most influential predictors (p <0.001), followed by soil
organic carbon (SOC) (p<0.01) and aridity index (AI) (p <0.05)
(Figure 2B).
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3.2 | Contrasting Environmental Preferences
Within E. elasticus

To reveal if E. elasticus phylotypes can adapt to very different
environments, multivariate ordination via RDA. This analy-
sis revealed that the community composition of E. elasticus
is significantly structured along key environmental gradients
(Figure 3A). Among the abiotic variables, elevation, soil pH,
and mean annual temperature (MAT) exerted the strongest
directional influence on the distribution of OTUs. In partic-
ular, a few strains grouped closely along the elevation axis,
suggesting they may represent cold-adapted taxa potentially
restricted to alpine or montane soils. Conversely, OTU43,
OTU41, and OTU23 were aligned against the vectors of SOC
(soil organic carbon) and aridity index (AI), indicating they
may be stress-tolerant or oligotrophic taxa favoured in dry,
carbon-poor environments. These patterns were corroborated
by a correlation-based approach (Figure 3B). OTU39 dis-
played highly significant positive correlations with elevation
(p<0.001), and to a lesser extent with UV exposure and terrain
slope, pointing to a possible adaptation to high-altitude, high-
irradiance soils. Notably, OTU39 was negatively correlated
with temperature, suggesting a strong preference for cold con-
ditions. OTUs 2, 8, OTU23, 35, and 47 were associated with
arid environments, hinting at possible xerotolerance or photo-
protection strategies.

3.3 | Global Distribution Model of E. elasticus

The current species distribution model (SDM) for E. elasti-
cus, based on environmental niche modelling and soil fungal
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FIGURE 2 | Environmental drivers of Elasticomyces elasticus. Importance of environmental predictors for explaining functional genomic di-

versity in E. elasticus, based on Random Forest analysis. Mean decrease in Gini index is used to rank predictor variables. Asterisks indicate level of

significance (*p <0.05, **p <0.01, ***p <0.001). Al, aridity index; MAT, mean annual temperature; MDR, mean diurnal range; PSEA, precipitation

seasonality; SOC, soil organic matter.
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FIGURE3 | (A)Redundancy analysis (RDA) triplot showing the relationship between environmental variables (black arrows), fungal OTUs (red
vectors), and sample categories (coloured dots). The ordination reveals that specific fungal taxa are associated with distinct environmental gradients,
particularly with elevation. (B) Heatmap of Spearman correlations between the relative abundance of selected fungal OTUs and environmental pa-
rameters. Blue and red colours indicate positive and negative correlations, respectively. Asterisks denote statistical significance (*p <0.05, **p <0.01,
***p <0.001). AL aridity index; HII, human influence index; MAT, mean annual temperature; MDR, mean diurnal range; PET, potential evapotrans-
piration; PSEA, precipitation seasonality; SOC, soil organic carbon; TSEA, temperature seasonality; UV light, ultraviolet light radiation.
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FIGURE 4 | Distribution of Elasticomyces elasticus. (A) Relative abundance of Elasticomyces elasticus sequences retrieved from PacBio samples
across major climatic regions. (B) Projected current global distribution of Elasticomyces elasticus based on environmental niche modelling. Colours
represent relative abundance predicted from soil environmental variables and known occurrence points, with blue indicating higher abundance and
red indicating lower suitability. These projections are based on species distribution models incorporating key climatic variables, including slope,
mean annual temperature (MAT), mean annual precipitation (MAP), Normalised Difference Vegetation Index (NDVI), soil organic carbon (SOC),
mean diurnal range (MDR), fine texture, and precipitation seasonality (PSEA).

metabarcoding data, reveals a heterogeneous but distinct global Chile), parts of eastern Africa, and southern Australia. These re-
pattern of relative abundance (Figure 4A). The model projects gions are characterised by medium-to-high soil organic content
higher predicted abundance (blue regions) in key areas such and moderate-to-low temperature, aligning with the key predic-
as the Tibetan Plateau, Central Asia, the southern Andes (e.g., tors identified in our RF analysis (Figure 4B).
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3.4 | Survival Strategies and Functional Genomic
Traits Along Environmental Gradients

Once we have a better understanding of the ecology of E.
elasticus, we seek to explore the genetic traits associated with
these environments aiming to provide new insights into how
they survive to such conditions. We first summarised or-
thogroup overlap among isolates from Argentina, Italy, India
and Antarctica using an UpSet representation (Figure 5A).
This analysis revealed a large core genome composed of 11,450
orthogroups shared across all geographic origins, represent-
ing a conserved functional ‘core’ of E. elasticus. Beyond this
core fraction, the pangenome showed a structured accessory
component, with several thousand orthogroups shared among
subsets of genomes from three geographic regions (e.g., 1593
and 446 orthogroups) or between pairs of regions (e.g., 4292
orthogroups), indicating partial geographic specificity. In
addition, a smaller number of orthogroups were restricted to
single geographic origins or individual strains, representing
country-specific and strain-specific gene content (singletons)
(Table S6). Together, these patterns indicate that E. elasticus
combines a highly conserved core gene set with a flexible
accessory genome, suggesting that while core functions are

A
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Nitrotoluene degradation ~
Glucosinolate biosynthesis -
Bacterial chemotaxis™
Flagellar assembly ©
Apoptosis -

RIG-I-like receptor signaling -

2566
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maintained across environments, a variable fraction of the ge-
nome may contribute to local adaptation.

Guided by the overlap structure, we related KEGG-mapped
functional profiles to predictors that capture radiation and
water/energy balance (UV exposure, mean annual precipita-
tion—MAP, temperature, elevation, aridity index) plus SOC. We
combined correlation analyses with model-based importance
scores to identify pathways consistently associated with envi-
ronment (Figure 5B).

For example, pathways associated with nucleotide me-
tabolism purine (KEGG:map00230) and pyrimidine
(KEGG:map00240) were positively correlated with UV ex-
posure. Climate also showed a clear genetic signature as-
sociated with these organisms. For instance, MAP showed
negative correlations with pathways including the RIG-I-like
receptor signalling (map04622) and apoptosis (map04215).
The observed depletion of biosynthetic pathways like stau-
rosporine (KEGG:map00404) and diterpenoid metabolism
(KEGG:map00904) under high MAP suggests that second-
ary metabolic adaptations, often associated with oxidative
stress and signalling, are favoured in dry, oligotrophic niches.

MAT MAP UV Index Solar radiation Isothermality
Environmental variablaes
| ] ° o ° o
=] =} o N ES o
o N

Spearman correlation

FIGURE 5 | Functional biogeography and environmental associations of genomic traits in Elasticomyces elasticus. (A) UpSet plot showing the
intersections of predicted orthogroups among E. elasticus genomes grouped by geographic origin. (B) Heatmap of Spearman correlations between
the relative abundance of KEGG pathways and environmental variables. Blue tones indicate negative associations; asterisks denote statistical signif-

icance (p<0.05). AL aridity index; MAT, mean annual temperature; MDR, mean diurnal range; PSEA, precipitation seasonality.
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Notably, isothermality, a measure of diurnal thermal vari-
ability, showed no significant correlations, suggesting that E.
elasticus adaptation may not be strongly driven by short-term
thermal fluctuations.

3.5 | Phylogenetic Structure Reveals Independent
Diploidisation Events in E. elasticus

The phylogenetic reconstruction of E. elasticus strains based
on whole-genome alignment reveals a robust clustering pattern
that reflects ploidy state (Figure 6). Genome ploidy was inferred
based on whole-genome syntenic alignments, where diploid
genomes were identified by the systematic presence of approx-
imately two homologous sequences per genomic region across
conserved syntenic blocks. Clustering of these trees via k-means
and silhouette methods identified three phylogenetically stable
groups: two composed exclusively of diploid strains, and one
comprising haploid strains and basal lineages. The consistent
recovery of the two diploid clades across all trees supports the
occurrence of at least two independent diploidisation events in
the evolutionary history of E. elasticus. The diploid clades in-
clude genomes CCFEE 5313, 5316, 5319, and 5320 (clade A), and
another divergent cluster (CCFEE 5543, 5544—clade B), with
non-sister relationships across topologies, reinforcing the view
of convergent genome duplication.

4 | Discussion

Our integrative study combining genomic and ecological data
demonstrates that E. elasticus phylotypes are not uniformly
polyextremotolerant but rather exhibit a broad spectrum of
environmental sensitivities and adaptive strategies. While
some lineages thrive in harsh conditions, others may be more

vulnerable to environmental change. In this case, the global dis-
tribution is best predicted by macroclimatic and edaphic factors
such as mean annual temperature (MAT), elevation, aridity, and
soil organic carbon. These variables define broad-scale habitat
suitability, suggesting that thermal and energetic constraints,
rather than microhabitat features, govern the species’ global
prevalence.

The biogeographic pattern of E. elasticus partially overlaps with
other melanised fungi such as Exophiala and Cladophialophora,
yet diverges in key ecological drivers. While the latter taxa are
more influenced by UV radiation, precipitation seasonality,
and soil structure (Coleine, Selbmann, et al. 2022), E. elasticus
appears to be shaped more strongly by temperature and eleva-
tion gradients. These ecological contrasts likely reflect differ-
ent evolutionary trajectories: E. elasticus, a Dothideomycete,
emerged in the late Devonian, a much cooler period than the
Triassic, when Chaetothyriomycetes such as Exophiala diver-
sified. Indeed, phylogenetic and molecular dating analyses in-
dicate that rock-inhabiting lineages within Dothideomyceta
originated during the late Devonian, a period characterised by
extensive arid landmasses, relatively cooler climates compared
to the Triassic, and widespread oligotrophic rocky substrates,
conditions that likely promoted early adaptation to stress-prone
environments (Gueidan et al. 2011). Dothideomycetes, such as
E. elasticus, evolved in the late Devonian era, much earlier than
Chaetothyriomycetes, which evolved in the Triassic (Gueidan
et al. 2011). Nevertheless, both groups of extremophiles origi-
nated, radiated and evolved under periods of abiotic stresses and
had to adapt their life to nutrient-poor, rocky habitats (Gueidan
et al. 2011).

Broader patterns were also observed in global fungal surveys.
Studies by Tedersoo et al. (2014), Bahram et al. (2018), and
Egidi et al. (2019) have shown that Dothideomycetes and other
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FIGURE6 | Phylogenetic reconstruction of Elasticomyces elasticus strains based on genomic data, showing three independent analyses. Coloured

boxes indicate ploidy groups, that is, diploid strains (orange [clade A] and green [clade B]), whereas uncoloured strains represent haploid lineages.
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melanised fungi often dominate xeric, oligotrophic soils across
continents. These organisms may be considered ‘ubiquitous
specialists’ occurring globally but confined to specific abiotic
niches within each biome. This ecological strategy could ex-
plain the patchy yet predictable presence of E. elasticus, which
is favoured in habitats with steep thermal or altitudinal gradi-
ents, even when overall climate harshness is moderate. This
contrasts with taxa like Cladophialophora minutissima, which
shows moderate sensitivity to soil pH—an axis less important in
our SDM for E. elasticus in our analyses (Sterflinger et al. 2012;
Coleine et al. 2024).

Our study further reveals that E. elasticus phylotypes exhibit
considerable ecological flexibility, with some lineages thriving
under relatively low-stress conditions and potentially being
more vulnerable to environmental change. This challenges the
prevailing assumption that black fungi are uniformly adapted
to polyextreme environments. These findings suggest that E.
elasticus is not ecologically uniform, but instead exhibits envi-
ronmentally associated genetic and functional variation along
climatic and edaphic gradients. This ecological divergence could
reflect underlying genetic differentiation, possibly correspond-
ing to cryptic, niche-adapted taxa. Alternatively, E. elasticus
may represent a broadly distributed taxon with high gene flow
among populations, maintaining genetic cohesion and intraspe-
cific variability that blurs the emergence of allopatric speciation.
Disentangling these possibilities would require further genomic
and population-level analyses, beyond the scope of this study.

Such intra-specific ecological divergence mirrors patterns re-
ported in many microbial taxa, where wide geographic ranges
conceal hidden functional and ecological complexity. Rather
than relying solely on phenotypic plasticity, many of these or-
ganisms maintain multiple, locally adapted lineages. For exam-
ple, Leff et al. (2015) showed that fungal OTUs from the same
species complex respond independently to climate and precipi-
tation. Similarly, Purahong et al. (2016) found that even narrow
bioclimatic or phylogenetic ranges exhibit strong environmental
filtering and long-term habitat conservatism.

Parallel insights from bacterial systems reinforce these observa-
tions. Martiny et al. (2015) emphasised that taxonomic resolution
often fails to capture ecological differentiation. The concept of
‘cryptic specialisation’ has emerged to describe how apparently
ubiquitous taxa survive via functionally distinct sublineages. In
fungi, such differentiation may be enhanced by traits like stress-
tolerant cell walls, meristematic growth, and slow metabolism,
whereby community dynamics and resilience under stress often
result from within-taxon functional heterogeneity (Crowther
et al. 2014). Further evidence suggests that intra-clade ecologi-
cal divergence is driven by pH, host identity, and soil chemistry
(Rosling et al. 2013; Sato et al. 2017).

The current species distribution model for this species reveals
a heterogeneous yet well-defined global pattern of predicted
relative abundance. The model highlights regions of high pre-
dicted abundance, including the Tibetan Plateau, Central Asia,
the southern Andes, parts of eastern Africa, and southern
Australia. These regions share common environmental fea-
tures such as moderate-to-low mean annual temperatures and
medium-to-high soil organic carbon content, factors identified

as the strongest predictors of E. elasticus occurrence in our ran-
dom forest analysis.

Notably, several of these areas coincide with the geographic
origin of lichen thalli from which E. elasticus was previously
isolated (Cometto et al. 2023, 2024), supporting the ecological
relevance of the modelled distribution. Although tropical re-
gions receive high levels of UV radiation, E. elasticus shows low
predicted abundance in these zones, likely due to the combined
effects of elevated temperatures and high moisture levels, which
fall outside the species’ optimal niche. Accordingly, low abun-
dance is projected across most tropical and equatorial areas, in-
cluding the Amazon Basin, central Africa, and Southeast Asia,
suggesting that stable, humid environments with limited soil
organic carbon available for decomposition are suboptimal for
this extremotolerant fungus. While E. elasticus exhibits a truly
global distribution, global occurrence alone does not necessarily
imply extensive intercontinental gene flow. In many cosmopol-
itan fungi, broad geographic distributions coexist with limited
effective gene flow and pronounced local genetic structuring,
reflecting a decoupling between dispersal potential and realised
genetic exchange. In the case of E. elasticus, sexual reproduction
has not been observed, and the mechanisms by which genetic
material is exchanged among populations remain poorly under-
stood. Although melanisation and thick cell walls may facilitate
long-distance dispersal by enhancing resistance to UV radiation
and desiccation, successful dispersal does not necessarily result
in effective gene flow if colonising propagules fail to recombine
or establish persistent populations. As a result, widespread dis-
persal of melanised, stress-tolerant propagules may contribute
to global occurrence without erasing local genetic structure.
Consequently, the relationship between dispersal, reproduction,
and gene flow in E. elasticus remains an open question that can-
not be resolved with the current dataset.

We have also highlighted that environmental gradients such as
UV exposure, water availability, and resource constraints exert
strong selective pressures on the genomic architecture of E. elas-
ticus. By integrating correlation statistics with model-based fea-
ture importance, we identified a subset of pathways significantly
associated with abiotic conditions. For instance, several func-
tions, critical for DNA synthesis and repair, were positively cor-
related with UV exposure. Similar patterns have been observed
not only in prokaryotes such as Deinococcus radiodurans and
Halobacterium salinarum, both known for their resistance to
radiation and desiccation through enhanced nucleotide metabo-
lism and DNA repair mechanisms (Vafadarnejad et al. 2015; Cox
et al. 2010; Slade et al. 2009), but also in extremotolerant fungi.
For example, melanised taxa such as C. antarcticus and other RIF
show enhanced DNA repair and protective metabolic responses
associated with radiation tolerance and long-term persistence
under extreme conditions (Coleine, Stajich, and Selbmann 2022;
Coleine, Selbmann, et al. 2022). Interestingly, isothermality, a
proxy for diurnal temperature stability, showed no significant
genomic correlation. This may indicate that E. elasticus is less
influenced by short-term thermal fluctuations and instead relies
on mechanisms conferring robustness to rapid environmental
changes such as desiccation-rehydration cycles. This contrasts
with other black fungi, such as Antarctic rocks endemic fungi,
which exhibit genomic signatures shaped by long-term stability
and niche specialisation (Cary et al. 2010). Aridity also emerged
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as a strong predictor of genomic responses. This strategy mir-
rors responses observed in Chroococcidiopsis spp., radiation-
resistant cyanobacteria that suppress apoptosis and invest in
antioxidant and repair pathways to persist under extreme dry-
ness and UV radiation (Napoli et al. 2021; Li et al. 2022), as well
as in extremophilic fungi such as H. werneckii, which exhibit
metabolic flexibility and stress-response pathways enabling
survival under osmotic stress, desiccation, and high radiation
(Gostincar et al. 2021). More broadly, fungi display a complex
and tightly regulated network of programmed cell death (PCD)
pathways that can be modulated or attenuated under environ-
mental stress, balancing survival and cell sacrifice depending
on ecological context (Gongalves et al. 2017; Hardwick 2018).
In extremophiles, this balance appears shifted toward survival-
oriented responses, with suppression or fine-tuning of PCD cou-
pled to enhanced oxidative stress management, mitochondrial
regulation, and repair mechanisms, ultimately promoting per-
sistence under chronic environmental pressure rather than acti-
vation of canonical death pathways.

The phylogenomic reconstruction of E. elasticus strains, based
on whole-genome alignments, reveals a robust clustering pat-
tern that reflects ploidy state. Environmental metadata link
these diploid strains to polyextreme regions such as Antarctica
and the Himalayan Plateau, habitats characterised by extreme
cold, intense UV radiation, desiccation, and low nutrient avail-
ability. While overall genome sizes are broadly comparable, this
altitudinal pattern suggests a link between genome expansion
and high-altitude, polyextreme conditions. Together, these ob-
servations indicate that genome expansion, partly mediated by
diploidisation, may represent a non-random adaptive response
to long-term genomic stress, providing redundancy, mutational
buffering, and an expanded stress-response repertoire, as pro-
posed for other fungi and plants (Vande Zande et al. 2023;
Baduel et al. 2019).

Analogous adaptive ploidy shifts have been documented in sev-
eral extreme fungi. For example, the halotolerant black yeast
underwent whole-genome duplication and hybridisation events,
resulting in diploid genomes with enhanced stress-response
capacity (Lenassi et al. 2013; Sinha et al. 2017; Gostincar
etal. 2021). Similar trends are observed in other extremotolerant
fungi. In Cryptococcus neoformans, polyploid titan cells form in
response to environmental or host-derived stress, enhancing
survival and genomic flexibility (Fu et al. 2021; Vande Zande
et al. 2023). Likewise, Candida albicans modulates ploidy under
antifungal pressure, increasing genetic diversity and adaptive
potential (Avramovska and Hickman 2019). Together, these
examples support a model in which ploidy variation serves as
a reversible and adaptive mechanism enabling fungal survival
under environmental stress.

However, genome expansion in extreme environments does not
necessarily rely on ploidy shifts alone. In other cold-adapted
fungi and plants, including Arctic taxa and fungi such as Mycena,
increased genome size has been linked to expansion of trans-
posable (TE) and repetitive elements rather than whole-genome
duplication (Harder et al. 2024). Such TE-driven expansion has
been associated with prolonged phases of genomic vulnerability,
including monokaryotic stages with elevated transposable ele-
ment activity, potentially facilitating rapid adaptation (Baduel

et al. 2019). Together, these observations suggest that genome
enlargement, via diploidisation, repeat expansion, or a combi-
nation of both, may represent a general adaptive strategy to cope
with extreme environments, with different lineages relying on
distinct but potentially complementary genomic routes.

5 | Conclusions

Our integrative study of the genus E. elasticus, combining global
environmental metadata, genomic profiling, and metabarcoding
data, offers novel insights into the adaptation, ecological and ge-
netic mechanisms of this, not always, poly-extreme fungus to its
environment. Phylogenomic analyses reveal at least two indepen-
dent diploidisation events, each giving rise to distinct clades asso-
ciated with harshest climatic niches. These findings suggest that
genome duplication acts as an adaptive strategy, enhancing stress
resilience through gene redundancy and metabolic flexibility. E.
elasticus thus emerges as a powerful model for understanding how
microeukaryotes evolve functional diversity and genome com-
plexity in response to extreme terrestrial conditions. More broadly,
our results highlight ploidy shifts, metabolic rewiring, and niche-
specific specialisation as central components of eukaryotic adap-
tation and underscore the importance of integrating comparative
genomics with ecological context to forecast microbial resilience
under future environmental change.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S1: The table reports geographic
coordinates (latitude, longitude), biome classification, climate descrip-
tors, and environmental parameters including mean annual tempera-
ture (MAT), mean annual precipitation (MAP), aridity index (AI),
potential evapotranspiration (PET), soil properties (pH, sand content,
SOC), UV radiation, elevation, and human influence index (HII) for
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each sampling location. Table S2: Operational taxonomic units (OTUs)
are reported with their corresponding taxonomic classification from
kingdom to species level, along with unique sequence identifiers and as-
signed phylotypes. Table S3: The table includes taxonomic identity, geo-
graphic origin, isolation source, and a comprehensive set of bioclimatic
variables (BIO1-BIO19), solar radiation, UV index, and Koppen-Geiger
climate classification (Beck_KG_V1), along with human influence
index (HII). Table S4: Assembly metrics include contig number, total
assembly length, contig size distribution (minimum, maximum, mean,
median), N50/N90 and L50/L90 values, GC content, and BUSCO-based
completeness estimates. Table S5: The table reports the abundance
of KEGG orthologs (#term) for each genome, providing a quantitative
overview of functional potential and metabolic pathway representation
across isolates. Table S6: Orthogroups identified through comparative
genomic analysis are reported along with gene counts per genome and
total gene membership per orthogroup, enabling the identification of
conserved and lineage-specific gene families.

14 of 14

Environmental Microbiology, 2026

- euoq oiprefd Ag TOE0L 0262-29vT/TTTT OT/I0pALI0D" A3 1M ARe1q1PUIIUO'S UINO -0.10 LIOIAUSY/SUNY WA} PapeOjuMOq ‘v ‘9202 ‘026229YT

/:sdny) suonIpUOD pue swie | 841 39S *[9202/70/0T] U Aridi]8uluO A3[IM * Yde N punwip3 auoizepuo-

R |ImA.

85UBD|1 7 SUOWILLIOD BAIER1D 3|qedl|dde a3 Aq peusenoh e sajone YO 9N Jo Sajni Joj Akelq 1] auljuO A9|IAN UO (SUONIPUOD-pUE:



	Genomic and Ecological Flexibility Shape the Global Distribution of a Black Fungus
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Global Soils Dataset
	2.2   |   Environmental Variables Selection
	2.3   |   Statistical Analysis and Present Projections
	2.4   |   Selection of Cultivated Strains
	2.5   |   DNA Extraction and Genome Sequencing
	2.6   |   Genomes Assembly, Gene Prediction, and Functional Annotation
	2.7   |   Genomes Statistical Analysis
	2.8   |   Genome Ploidy Analysis

	3   |   Results
	3.1   |   Global Soil Distribution and Environmental Predictors of E. elasticus
	3.2   |   Contrasting Environmental Preferences Within E. elasticus
	3.3   |   Global Distribution Model of E. elasticus
	3.4   |   Survival Strategies and Functional Genomic Traits Along Environmental Gradients
	3.5   |   Phylogenetic Structure Reveals Independent Diploidisation Events in E. elasticus

	4   |   Discussion
	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


