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Abstract: Cryptoendolithic communities are almost the sole life form in the ice-free areas of the
Antarctic desert, encompassing among the most extreme-tolerant organisms known on Earth that still
assure ecosystems functioning, regulating nutrient and biogeochemical cycles under conditions ac-
counted as incompatible with active life. If high-throughput sequencing based studies are unravelling
prokaryotic and eukaryotic diversity, they are not yet characterized in terms of stress adaptations and
responses, despite their paramount ecological importance. In this study, we compared the responses
of Antarctic endolithic communities, with special focus on fungi, both under dry conditions (i.e.,
when dormant), and after reanimation by wetting, light, and optimal temperature (15 ◦C). We found
that several metabolites were differently expressed in reanimated opposite sun exposed communities,
suggesting a critical role in their success. In particular, the saccharopine pathway was up-regulated in
the north surface, while the spermine/spermidine pathway was significantly down-regulated in the
shaded exposed communities. The carnitine-dependent pathway is up-regulated in south-exposed
reanimated samples, indicating the preferential involvement of the B-oxidation for the functioning of
TCA cycle. The role of these metabolites in the performance of the communities is discussed herein.

Keywords: Antarctica; cryptoendolithic communities; untargeted metabolomics; adaptation; ex-
tremophiles; sun exposure

1. Introduction

Endolithic microbial communities are found inside rocks in the coldest or hottest
drylands worldwide, from Atacama Desert in Chile to McMurdo Dry Valleys in Antarc-
tica, where conditions of high solar radiation, drastic temperature fluctuations, water
deficit, prolonged periods of desiccation, oligotrophy, and high salinity levels prevent the
settlement of microbial epilithic patinas [1–3].

Scientific interest in endolithic microorganisms rose after their discovery in the Mc-
Murdo Dry Valleys, continental Antarctica, one of the harshest environments on Earth and
accounted as a Terrestrial Martian analogue. Cryptoendoliths, due to their low complexity
and diversity compared to other microbial consortia such as soil and biological crusts
communities, are in fact excellent models to explore biotic and abiotic drivers of diversity,
explore microbial communities responses under stress conditions, giving clues into the
limit of life on Earth, and also for exploring the possibility for life elsewhere in the Solar
System (e.g., Mars). The landscape of the McMurdo Dry Valleys is mostly composed of
ice-free exposed rocks and oligotrophic mineral soils [4,5]. They are classified as a hyper-
arid polar desert and are among the most extreme, coldest, and driest places on Earth.
The mean annual air temperature is −20 ◦C [6]; typically there are less than 10 cm (water
equivalent) of precipitation per year, restricted to only a few snowfall events [7,8]. The
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ability of a rock substrate to retain water is essential for its habitability [9]. Ertekin and
coworkers [10] found that, regardless of water availability, substrate architecture was the
driving factor that constrained microbial community diversity and function in gypsum
endoliths of Atacama Desert. More recently, Huang et al. [11] showed that the microorgan-
isms can extract water of crystallization (i.e., structurally ordered) from the rock, inducing
a phase transformation from gypsum (CaSO4·2H2O) to anhydrite (CaSO4).

Endolithic communities are the main, if not the sole, life-forms representing the main
standing biomass in the McMurdo Dry Valleys, occupying approximately 4% of sandstone
boulders [12], up to 30% of granite boulders [13], and 100% of sandstone cliffs [1]. The
most abundant and well characterized endolithic communities are those dominated by
lichens [1,14] that are also a reservoir of endemic taxa [15–18]. These communities colonize
porous rocks up to about 10 mm depth below the rock surface and microbial growth leads
to differently colored bands, where each microbial component has different physiological
adaptation and ecological abilities [1]. Light may penetrate few millimeters deep thanks
to the translucence of quartzitic sandstone and photosynthetic algae, and cyanobacteria
support a diversity of heterotrophic organisms [9,19–21]; these microorganisms all together
are the main contributors to environmental/biogeochemical processes metabolizing C, N,
and other macronutrients and mediate inputs and outputs of gases and nutrients and water
uptake [12,22].

Among endolithic microorganisms, fungi are pivotal in these microbial consortia
and are organized as follows. Lichen-forming fungi (class Lecanoromycetes, Ascomycota)
are the most abundant [1,23], and the photobiotic counterpart is mostly represented by
members of the green alga Trebouxia spp. (Chlorococcales) [24] that are considered the
main source responsible for carbon fixation and sustain the entire community as primary
producers. Black fungi or meristematic fungi (also known as rock-inhabiting fungi, RIF),
in the classes Dothideomycetes, Eurotiomycetes, and Arthoniomycetes (Ascomycota), are
consumers of nutrients from the community and play a primary role in protecting the
whole community, forming a black “sunscreen” barrier just above the photobiont stratifica-
tion [25]. Yeasts (orders Filobasidiales, Tremellales, and Cystobasidiales in Basidiomycota
and Taphrinales in Ascomycota) are crucial in sustaining the community, as they produced
various carotenoid pigments or mycosporines, playing a primary role in the response to
oxidative stress (e.g., induced by UV radiation) [26]. Yeasts are also considered secondary
consumers in the endolithic communities, utilizing traces of available substrates released
by lysis of other community microbiota.

Recent studies are elucidating the biodiversity, structure, and composition of Antarctic
cryptoendolithic communities [27–34], including their spatial organization [35] and the
influence of environmental factors (i.e., altitude and sun exposure) on shaping biodiversity
and community composition of functional groups of fungi [36]. However, despite their
paramount ecological importance, Antarctic endolithic communities are not well charac-
terized in terms of their genomic repertoire and stress adaptations. Only recently, Coleine
et al. [37] generated the first metagenomes from rocks collected in Continental Antarctica
over a distance of about 350 km along an altitudinal transect from 834 up to 3100 m a.s.l.;
a total of 497 draft bacterial genomes were assembled and then clustered into 269 novel
candidate species, functionally distinct from known related taxa species [17]. Friedmann
and Ocampo-Friedmann [38] hypothesized that these microorganisms “hibernate” most of
the time and activate the metabolism only when permissive climate conditions are reached
in the summer season (e.g., when temperature rises, snow melts, and humidity increases),
which anyway does not exceed 1000 h per year [39].

Microbial community metabolomics is recently providing a new route to establish
stress-response and survival strategies in environmental samples [40,41]. A recent liquid
chromatography (LC)—mass spectrometry (MS) based untargeted metabolomics—study
compared the responses of two endolithic communities collected in the same locality in
the McMurdo Dry Valleys, but subjected to very different environmental pressure due to
south and north exposure of the rock surface [42]. The authors found specific responses
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and distinguished the two differently exposed communities, individuating mechanisms
enabling the metabolic machinery to remain active under conditions that are lethal for
the most organisms; in particular, expressed metabolites related to protection to solar
irradiation of photosystems (allantoin) in the north exposed surface, while protectants to
multiple stresses (melanin) in the south exposed surface.

In the present work, we evaluated the responses of differently stressed communities
after reanimation by wetting, light, and temperature above freezing point, providing critical
insights on metabolic processes under the extreme aridity and oligotrophy.

2. Materials and Methods
2.1. Sampling and Reanimation of Cryptoendolithic Communities

Three sandstone rocks colonized by cryptoendolithic communities were collected
at Finger Mt. (1720 m a.s.l., McMurdo Dry Valleys, Southern Victoria Land, Continental
Antarctica, Figure 1A) both from north (77◦45′0.93” S 160◦44’45.2” E) and south (77◦45′10” S
160◦44’44.39.7” E) exposed surfaces by L. Selbmann during the XXXI Italian Antarctic
Expedition (Dec. 2015–Jan. 2016) (Figure 1B,C). Collecting dormant, differently sun-
exposed communities allows us to fix the pattern of different stress responses in their
natural habitat. The presence of endolithic colonization was assessed by direct observation
in situ using magnification lenses. Rocks were excised using a geological hammer, placed
in sterile bags, and shipped at −20 ◦C to the University of Tuscia (Italy), preserved at
−20 ◦C in the Mycological Section of the Italian Antarctic National Museum (MNA), until
downstream analysis.
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Figure 1. (A) Map of Antarctica. Red symbol indicates the study area, Finger Mt. (McMurdo Dry
Valleys, Southern Victoria Land, Continental Antarctica); (B) Northern and (C) southern exposed
rock surfaces; (D) outline of reactivation experiment. Credit by Italian National Antarctic Research
Program (PNRA).

To compare both response communities under dry conditions (i.e., when the com-
munity is dormant) and after metabolic machinery reactivation, samples have been ex-
posed to wetting (3 mL sterile distilled water on round 5 cm3 of rock) and incubated for
96 hrs at 15 ◦C in an incubator (Panasonic MIR-254) equipped with a white light lamp
(Figure 1D). After 96 hrs, rock samples were submerged in cold (−20 ◦C) HPLC grade
methanol to quench metabolic activity [43], followed by rapid liquid nitrogen freezing and
storage until metabolites extraction.
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2.2. Metabolites Extraction

Protocols for a successful extraction of metabolites have been already optimized in
a preliminary work we performed based on untargeted metabolomics, which aimed to
explore the stress-response on Antarctic cryptoendolithic communities [42]. Briefly, 1 g
of each crushed rock was added to 3000 µL of a chloroform/methanol/water (1:3:1 ratio)
solvent mixture stored at −20 ◦C. Subsequently, samples were vortexed for 5 min and left
on ice for 2 h for completed protein precipitation. The solutions were then centrifuged for
15 min at 15,000× g. and were dried to obtain visible pellets. Finally, the dried samples
were re-suspended in 0.1 mL of water, 5% formic acid, and transferred to glass autosampler
vials for LC/MS analysis.

Analysis has been performed in triplicate for each sample.

2.3. Ultra High-Performance Liquid Chromatography

Twenty µL of extracted supernatant samples was injected into an ultra-high-
performance liquid chromatography (UHPLC) system (Ultimate 3000, Thermo) and run
on a positive mode: samples were loaded on to a Reprosil C18 column (2.0 mm× 150 mm,
2.5 µm—Dr Maisch, Germany) for metabolite separation. Chromatographic separations
were made at a column temperature of 30 ◦C and a flow rate of 0.2 mL/min. For positive
ion mode (+) MS analyses, a 0–100% linear gradient of solvent A (ddH2O, 0.1% formic
acid) to B (acetonitrile, 0.1%formic acid) was employed over 20 min, returning to 100% A
in 2 min and holding solvent A for a 1-min post time hold. Acetonitrile, formic acid, and
HPLC-grade water and standards (≥98% chemical purity) were purchased from Sigma
Aldrich. The UHPLC system was coupled online with a Q Exactive mass spectrometer
(Thermo) scanning in full MS mode (2 µscans) at resolution of 70,000 in the 67 to 1000 m/z
range, a target of 1106 ions and a maximum ion injection time (IT) of 35ms with 3.8 kV
spray voltage, 40 sheath gas, and 25 auxiliary gas. The system was operated in positive
ion mode. Calibration was performed before each analysis against positive or negative ion
mode calibration mixes (Pierce, Thermo Fisher, Rockford, IL) to ensure error of the intact
mass within the sub ppm range.

2.4. Data Elaboration and Statistical Analysis

Raw files of metabolomics data from technical and biological replicates of south and
north exposed samples both dry and reanimated samples were analyzed using XCMS
Online, a freely accessible metabolite database called METLIN [44] (http://metlin.scripps.
edu), which incorporates tandem mass spectral data from model compounds. Raw data
sets were uploaded to XCMS Online, and a single group job was created to analyze the
difference between the communities under dry conditions and after metabolic machinery
reactivation in northern sun-exposed rocks. The raw data files are then processed for
peak detection, retention-time correction, chromatogram alignment, metabolite feature
metadata, and statistical evaluation using the predefined workflow settings for Orbitrap,
and metabolite identification is facilitated through METLIN standard database matching
and KEGG pathway database. XCMS extracted metabolomic features with statistically
significant expression changes among the two groups to produce a list of raw differentially
expressed features based on p-values (p ≤ 0.05, ≥ 1.5-fold change) and then perform
pathway analyses directly from their raw metabolomic data. The output can be visualized
through Pathway Cloud Plot. We then analyzed in detail only pathways with metabolites
with p value ≤ 0.001.

3. Results
3.1. Different Community Response North Dry Samples vs. North Reanimated Samples

XCMS software identified metabolites which were statistically significantly up- or
down-regulated in reactivated northern sun-exposed rocks. Statistically different metabolic
pathways in the two groups were identified and represented in a cloud plot (Figure 2A). The
plot showed dysregulated pathways (blue circles) with increasing statistical significance

http://metlin.scripps.edu
http://metlin.scripps.edu
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on the y axis, metabolite overlapping on the x axis, and total number of metabolites in the
pathway represented by the circle’s wideness.
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Figure 2. (A) The cloud plot shows perturbations in metabolism caused by the reactivation of northern exposed rock
samples. Each pathway is displayed as a circle, with the x axis representing the percentage of metabolite overlap within
that pathway and the y axis representing increased pathway significance calculated from the pathway analysis. The radius
of each circle is proportional to the total number of metabolites in the pathway. Pathways with a higher percent overlap
of metabolites and statistical significance will appear in the upper right corner (saccharopine pathway; spermine and
spermidine degradation I; lysine-ketoglutarate reductase; pipecolate pathway). (B) Intermediates of the saccharopine
pathway were up regulated after metabolic machinery reactivation. (C) Metabolomic profile of spermine and spermidine
pathway. p-values less than 0.05 were considered significant; p-values marked *** p < 0.001.

We found that saccharopine pathway was up-regulated in reactivated samples; here,
the alfa-aminoadipate is converted into 2-amino-6-oxohexanoate, which is then condensed
with glutamate into saccharopine, which is finally hydrolyzed to form lysine (Figure 2B).

Conversely, the spermine and spermidine pathway is down-regulated in reactivated
samples (Figure 2C). In fungi, the putrescine, precursor to spermidine and spermine, is
synthesized from amino acid ornithine (ADC) via ornithine decarboxylase (ODC). The
first step is the acetylation of the aminopropyl group of polyamines, a reaction catalyzed
by spermine or spermidine N1-acetyltrasferase to give either N-acetyl-spermidine or N-
acetyl-spermine. These are degraded by a polyamine oxidase, with the formation of
either putrescine or spermidine (Figure 2C). In our work, we showed that the polyamine
pathway is turned off in the reactivated samples; a significant increase of hydroxy peroxide
2 aminopropanol in n-acetyl spermidine and hydroxy peroxide 3-acetamido-propanal
was observed.
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3.2. Different Community Response South Dry Samples vs. South Reanimated Samples

The most significant pathway up-regulated in reanimated south exposed samples
is related to carnitine biosynthesis (Figure 3A,B). L-carnitine is synthesized from the
essential amino acid lysine via a specific biosynthetic pathway; lysine is methylated to
form ε-N-trimethyllysine in a reaction catalyzed by specific lysine methyltransferases
that use S-adenosyl-methionine (derived from methionine) as a methyl donor. Then,
ε-N-Trimethyllysine is released for carnitine synthesis by protein hydrolysis.
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3.3. Different Community Response North Reanimated Samples vs. South Reanimated Samples

We also investigated differences/similarities in responses between northern and
southern reanimated rock samples. Figure 4A shows that the most influenced is the
tricarboxylic acids (TCA) pathway. In particular, we found that the southern reactivated
samples prefer the TCA pathway to restore their function. An oxidation of the metabolic
intermediates related to the TCA such as citrate, fumarate, and malate is shown in Figure 4B.
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Figure 4. (A) The cloud plot shows perturbations in cellular metabolism between northern and
southern exposed reactivated rocks. Each pathway is displayed as a circle, with the x axis representing
the percentage of metabolite overlap within that pathway and the y axis representing increased
pathway significance calculated from the pathway analysis. The radius of each circle is proportional to
the total number of metabolites in the pathway. Tricarboxylic acid cycle (TCA) with a greater percent
overlap of metabolites and statistical significance is found in the upper right corner. (B) Intermediates
of TCA cycle measured in northern and southern exposed reactivated rocks. p-values < 0.05 are
considered significant; p-values marked *** p < 0.001.

4. Discussion

Climate change is particularly pronounced and challenging in Polar and dryland
ecosystems. Understanding the mechanisms underlying microbial resistance and resilience
to harsh conditions is essential to predict the fate of these weak ecosystems in a warming
and drying world. However, the adaptation mechanisms of microbial communities to
natural perturbations remain relatively unexplored, particularly in extreme environments,
limiting our possibility to effectively model and predict the responses of microbiomes to
external stressors.

Cryptoendolithic microbial lichen-dominated communities are the predominant life-
form in the McMurdo Dry Valleys, an ice-free area covering the 2% of the Antarctic
continent characterized by harshest conditions of drought, oligotrophy, low temperature,
and high UV irradiation.
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The growth of endolithic colonization is strongly influenced by high-frequency tem-
perature oscillations around 0 ◦C, which generate freeze–thaw cycles that are believed to
contribute to the abiotic nature of rock surfaces [45]. Although temperature extremes are
commonly thought to be the major limiting factor for life in Antarctic desert, moisture may
play a more important role in determining the survival of these microbial consortia.

Despite the harshest climate conditions of McMurdo Dry Valleys, our recent study
clearly indicated that active metabolism can still occur, revealing that microorganisms
in this unique ecological niche developed several adaptation strategies in terms of key
metabolites produced, according to increasing environmental pressure [42]. This study
supported the hypothesis that they can maximize the metabolic activity and reproduction,
even taking advantage of the moisture retained inside the rock [46]. Otherwise, for most of
the time they remain dormant [39]. Even in the driest parts of the Atacama Desert, Davila
et al. [47] reported microbial communities metabolically active in specialized microhabitats
such as the interior of salt nodules, forming a complete and self-sustainable community.
Prolonged drought or optimal conditions can have a significant impact on the activity of
endolithic microbial communities, and changes in moisture may significantly influence the
functionality of microorganisms and the processes they control.

Therefore, the main aims of the present study were to (i) compare the effect of re-
animation (i.e., when conditions are optimal for microbial activity) on metabolism and
response of Antarctic endolithic communities with those under dry conditions (i.e., when
community is dormant) and (ii) reveal which metabolic pathways, with a special focus on
fungi as main component of these communities, play a critical role for reactivation.

We found that a quite diverse activity of microbial communities in these two con-
ditions, resulting in a different magnitude of change to the overall functioning, can be
discerned by comparing biochemical pathways in (i) North dry samples (NDS) vs. North
reanimated samples (NRS), (ii) South dry samples (SDS) vs. South reanimated samples
(SRS), and (iii) NRS vs. SRS.

One of the main differences found concerned the NDS vs. NRS comparison, where
the “saccharopine” and “spermine and spermidine” pathways resulted in strongly up-
regulated in reactivated samples. In fungi, lysine is synthesised through the “saccharopine
pathway”; this pathway also occurs in higher plants and animals, but instead of functioning
in lysine synthesis, it works in the catabolic reaction, leading to lysine degradation [48]. The
up-regulation of this pathway in NRS confirms the activation of this metabolism to produce
lysine. Indeed, several fungal alkaloids or peptides have lysine as a structural element
or biosynthetic precursor. The a-aminoadipate (AAA) pathway for lysine biosynthesis
is unique to fungi. The presence of the AAA pathway for lysine biosynthesis has been
demonstrated in several fungi, including Aspergillus fumigatus and a few yeasts such
as Saccharomyces cerevisiae, Yarrowia lipolytica, Schizosaccharomyces pombe, and Rhodotorula
glutinis. Members of Rhodotorula genus were also retrieved from halite nodules from
samples collected in the Atacama desert; in this work, Aspergillaceae, Sporidiobolaceae,
and Sordariaceae families were the most highly represented in these shotgun metagenome
sequences [49].

Additionally, enzymes involved in the fungal AAA pathway are unique to lysine
synthesis; in addition, several saccharopine pathway intermediates are incorporated into
secondary metabolites [50] that are directly involved in the growth, development, and
interactions with other components of the community or reproduction that may be activated
when communities are reanimated.

On the contrary, the performance of microbial endolithic communities subjected to
abiotic stress (dormant state) requires a concerted orchestration of the multiple cellular
and metabolic remodeling processes. We found, indeed, that the lysine synthesis was
strongly inhibited by water deficit, contrary to what we observed in NRS. Drought, indeed,
induced substantial shifts in NRS, resulting in an up-regulation of the “spermine and
spermidine” biosynthesis, showing the important role of metabolites involved in this
pathway in protecting microbial activity in drought periods. Spermine and spermidine are
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polyamines that are essential metabolites present in all living organisms, and they act in
different ways in the cell functions in which they are involved, from growth to development
and differentiation and protection of DNA from reactive oxygen species (ROS). During
the last decades, fungi have contributed to the understanding of polyamine metabolism; a
few years ago, the use of specific inhibitors and the isolation of mutants have allowed the
manipulation of the pathway providing information on its regulation [51]. The polyamines,
of which putrescine (a precursor of spermine) is one of the simplest, appear to be growth
factors necessary for cell division. For instance, when putrescine biosynthesis was inhibited
by DFMO (D, L-α-difluoromethylornithine), growth of the fungus Colletotrichum truncatum
was inhibited [52]. The same result was obtained by the use of DFMO on other economically
important plant pathogens such as Rhizoctonia solani, Fusarium oxysporum, and Cochliobolus
carbonum [53]. Additionally, several studies [54–56] reported that polyamines have multiple
protective roles in cell survival under extreme conditions such as temperature, drought,
oxidative, and osmotic stresses. The up-regulation of this pathway in NDS may be related
to the role of polyamines in stress-response to the natural conditions.

When comparing dry and reanimated samples collected in the southern exposed
surfaces, we reported an alteration of “L-carnitine biosynthesis pathway” in SRS. Carnitine
biosynthesis led to the endogenous production of L-carnitine, a molecule that is essential
for energy metabolism that is necessary when rocks are reanimated and their metabolic
machinery is reactivated; conversely, in a dormant state, the microorganisms decrease
their energetic costs. The carnitine biosynthesis pathway is highly conserved among many
eukaryotes and some prokaryotes, although it acts in diverse physiological processes. In
this work, we reconstructed the L-carnitine pathway from the precursor Nε-trimethyl-
lysine biosynthetic pathway that has been fully characterized in fungi including Neurospora
crassa. Genetic studies in the yeast Candida albicans led to the identification of the aldolase
that catalyses the second step of the carnitine biosynthesis pathway, suggesting that fungi
utilize this pathway to produce carnitine for the β-oxidation [57]. Indeed, Fatty acid
β-oxidation is completely peroxisomal in fungi, and therefore acetyl units are the only
products that need to be transported from peroxisomes to mitochondria. It was reported
that black cryptoendolithic fungi may store high levels of fats as a reservoir of energy, and
the up regulation of this pathway may be, therefore, involved in energy production in
reanimated samples. Lipids in fungi are synthesized at the endoplasmic reticulum and
stored in lipid droplets [58]. In addition to acting as energy storage, they provide precursor
molecules for fatty acid and phospholipid synthesis, lipoproteins, and lipid-signaling
molecules [59,60]. They also have a role beyond lipid metabolism, impacting protein
degradation, apoptosis, virulence, immunity, and, as here may be the case, even stress
responses [61].

Finally, we compared the reanimation processes between northern and southern ex-
posed communities. Recently, it has been reported that abundance and composition of
metabolites presented a clear pattern of correlation across opposite exposed surfaces of
the same mountain, revealing significant changes in metabolic profiles following sun-
light deprivation [42]. Overall, the notable variability observed across the two exposures
suggested that this abiotic parameter as a driving factor in shaping both the fungal com-
munity composition and structure and survival strategies in the Antarctic cryptoendolithic
communities [36]. Warming of cryptoendolithic habitats occurs primarily through solar
heating [7,39]. Indeed, it has been widely observed that northern sun exposed rock surfaces
are warmer than air temperatures during periods of insolation due to the heat capacity
and transparency of the rock as well as trapping of heat within the subsurface, which
can be up to 20 ◦C higher than air temperatures [45]; in some sites of the McMurdo Dry
Valleys, climatic conditions are so extreme in climate that orientation of the rock surface
can determine whether colonization is possible or not. This enhanced heating of the en-
dolithic niche increases the time during which water is available and microorganisms can
be metabolically active.
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In the present study, we found that the endolithic communities exposed directly to
the sun (northern surface) use canonical pathways for energy production compared to the
shady samples, suggesting that the latter may preferentially use alternative mechanisms,
more appropriate to keep metabolism active under more unfavorable conditions.

By comparing responses of North vs. South reanimated samples, the TCA cycle appears
significantly perturbed. As discussed above, SRS use the carnitine-dependent pathway,
where the carnitine acetyltransferases exchange the CoA group of acetyl-CoA for carni-
tine, thereby forming acetyl-carnitine, which can be transported in peroxisome for the
B-oxidation. Then, the products of the peroxisomal b-oxidation (shortened fatty acids
and acetyl units) were transported to the mitochondrial TCA for ATP generation that are
essential for growth and survival [62] and that results up-regulated in these samples as a
consequence. Black cryptoendolithic fungi, particularly abundant in the south exposed
endolithic communities [36], may store high levels of fats as a reservoir of energy justifying
the observed up regulation of this pathway in SRS.

Based on these results, we may hypothesize that the two opposite sun-exposed com-
munities activate different metabolic pathways to restore their vitality and that the south-
exposed ones, being more stressed, prefer peroxisomal oxidation (through biosynthesis of
carnitine) and TCA cycle as the main pathways for producing energy.

5. Conclusions

Cryptoendolithic microbial ecosystems have unique properties as a model system
for studies of microbial ecology in both hot and cold deserts. In this study, we provided
critical insights on how Antarctic endolithic communities respond to stresses, maintaining
biological activities under harshest conditions that are typically incompatible with active
life. We also identified metabolites that might be expressed in response to optimal con-
ditions (after reanimation), characterizing the response dynamics of these communities
to changing environmental conditions. Our results show that endolithic microorganisms,
in particular fungi, exist in dormant states but rapidly reactivate the saccharopine and
polyamines biosynthesis pathways that are tightly correlated with the growth, develop-
ment, or reproduction of the organisms and energy metabolism and may play an important
role when the communities face environmental changes in its living habitat.

Although further research on a larger number of samples is necessary to attribute
shifts in particular microbially driven endolithic processes to the observed changes in
functional and genetic diversity under different conditions, these findings will be useful in
modelling predicting important pathways that have evolved to support these life-forms on
the extreme edge of Antarctic desert.

These results may be also applied to microbial endolithic ecosystems in drylands
worldwide, in an era of climate change and rapid desertification.
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49. Gómez-Silva, B.; Vilo-Muñoz, C.; Galetović, A.; Dong, Q.; Castelán-Sánchez, H.G.; Pérez-Llano, Y.; Sánchez-Carbente, M.d.R.;
Dávila-Ramos, S.; Cortés-López, N.G.; Martínez-Ávila, L.; et al. Metagenomics of Atacama Lithobiontic Extremophile Life
Unveils Highlights on Fungal Communities, Biogeochemical Cycles and Carbohydrate-Active Enzymes. Microorganisms 2019, 7,
619.

50. Xu, H.; Andi, B.; Qian, J.; West, A.H.; Cook, P.F. The α-aminoadipate pathway for lysine biosynthesis in fungi. Cell Biochem.
Biophys. 2006, 46, 43–64. [CrossRef]

51. Valdés-Santiago, L.; Cervantes-Chávez, J.A.; León-Ramírez, C.G.; Ruiz-Herrera, J. Polyamine metabolism in fungi with emphasis
on phytopathogenic species. J. Amino Acids 2012, 2012, 1–3. [CrossRef]

52. Gamarnik, A.; Frydman, R.B.; Barreto, D. Prevention of infection of soybean seeds by Colletotrichum truncatum by polyamine
biosynthesis inhibitors. Phytopathology 1994, 84, 1445–1448. [CrossRef]

http://doi.org/10.1007/s00300-016-2024-9
http://doi.org/10.3389/fmicb.2019.02952
http://doi.org/10.3389/fmicb.2018.01392
http://doi.org/10.1111/1758-2229.12788
http://doi.org/10.1016/j.funbio.2020.01.005
http://www.ncbi.nlm.nih.gov/pubmed/32389308
http://doi.org/10.3390/microorganisms8060942
http://www.ncbi.nlm.nih.gov/pubmed/32585947
http://doi.org/10.1007/s00300-020-02650-1
http://doi.org/10.1017/S0954102014000194
http://doi.org/10.3390/life8020019
http://doi.org/10.1128/MRA.01599-19
http://doi.org/10.1126/science.193.4259.1247
http://doi.org/10.1007/BF00443945
http://doi.org/10.3390/metabo7030044
http://doi.org/10.3390/metabo7040064
http://doi.org/10.1371/journal.pone.0233805
http://www.ncbi.nlm.nih.gov/pubmed/32460306
http://doi.org/10.1016/j.mex.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26150938
http://doi.org/10.1097/01.ftd.0000179845.53213.39
http://www.ncbi.nlm.nih.gov/pubmed/16404815
http://doi.org/10.3389/fmicb.2015.01035
http://www.ncbi.nlm.nih.gov/pubmed/26500612
http://doi.org/10.1016/j.febslet.2012.02.023
http://doi.org/10.1385/CBB:46:1:43
http://doi.org/10.1155/2012/837932
http://doi.org/10.1094/Phyto-84-1445


Life 2021, 11, 96 13 of 13

53. Kumria, R.; Virdi, J.S.; Rajam, M.V. Increasing the efficacy of difluoromethylornithine to inhibit the growth of three phy-
topathogenic fungi by membrane modifying agents. Curr. Sci. 2000, 1373–1376.

54. Alcázar, R.; Altabella, T.; Marco, F.; Bortolotti, C.; Reymond, M.; Koncz, C.; Carrasco, P.; Tiburcio, A.F. Polyamines: Molecules
with regulatory functions in plant abiotic stress tolerance. Planta 2010, 231, 1237–1249. [CrossRef] [PubMed]

55. Gupta, K.; Dey, A.; Gupta, B. Plant polyamines in abiotic stress responses. Acta Physiol. Plant 2013, 35, 2015–2036. [CrossRef]
56. Valdés-Santiago, L.; Ruiz-Herrera, J. Stress and polyamine metabolism in fungi. Front. Chem. 2014, 1, 42. [CrossRef] [PubMed]
57. Strijbis, K.; Van Roermund, C.W.; Hardy, G.P.; Van den Burg, J.; Bloem, K.; de Haan, J.; Van Vlies, N.; Ronald, J.A.; Wanders, R.J.A.;

Vaz, F.M.; et al. Identification and characterization of a complete carnitine biosynthesis pathway in Candida albicans. FASEB J.
2010, 23, 2349–2359. [CrossRef]

58. Coleman, R.A.; Lee, D.P. Enzymes of triacylglycerol synthesis and their regulation. Prog. Lipid Res. 2004, 43, 134–176. [CrossRef]
59. Guo, Y.; Cordes, K.R.; Farese, R.V.; Walther, T.C. Lipid droplets at a glance. J. Cell Sci. 2009, 122, 749–752. [CrossRef]
60. Murphy, D.J. The dynamic roles of intracellular lipid droplets: From archaea to mammals. Protoplasma 2012, 249, 541–585.

[CrossRef]
61. Keyhani, N.O. Lipid biology in fungal stress and virulence: Entomopathogenic fungi. Fungal Biol. 2018, 122, 420–429. [CrossRef]
62. Strijbis, K.; Distel, B. Intracellular acetyl unit transport in fungal carbon metabolism. Eukaryot. Cell 2010, 9, 1809–1815. [CrossRef]

http://doi.org/10.1007/s00425-010-1130-0
http://www.ncbi.nlm.nih.gov/pubmed/20221631
http://doi.org/10.1007/s11738-013-1239-4
http://doi.org/10.3389/fchem.2013.00042
http://www.ncbi.nlm.nih.gov/pubmed/24790970
http://doi.org/10.1096/fj.08-127985
http://doi.org/10.1016/S0163-7827(03)00051-1
http://doi.org/10.1242/jcs.037630
http://doi.org/10.1007/s00709-011-0329-7
http://doi.org/10.1016/j.funbio.2017.07.003
http://doi.org/10.1128/EC.00172-10

	Introduction 
	Materials and Methods 
	Sampling and Reanimation of Cryptoendolithic Communities 
	Metabolites Extraction 
	Ultra High-Performance Liquid Chromatography 
	Data Elaboration and Statistical Analysis 

	Results 
	Different Community Response North Dry Samples vs. North Reanimated Samples 
	Different Community Response South Dry Samples vs. South Reanimated Samples 
	Different Community Response North Reanimated Samples vs. South Reanimated Samples 

	Discussion 
	Conclusions 
	References

