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Lichens are symbiotic organisms that inhabit all climate zones of this planet, including even those in Antarctica,
thanks to their sophisticated biochemical machinery. This study investigated the phytochemical composition of
three lichen species (Pleopsidium sp., Sarcogyne sp., and Rusavskia sp.) collected from Mount Rossman, Antarctica.
We used liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) to putatively assign key
secondary metabolites, including anthraquinones and various depsides and depsidones, important for UV pro-

tection and antimicrobial defense. We also quantified the lichens’ sugar profiles by high-performance liquid
chromatography with refractive index detection (HPLC-RID) using external standards. Here, we provide new
perspectives on how these lichens utilize metabolic strategies to survive under extreme desiccation conditions in
their terrestrial environment and highlight their biotechnological and pharmaceutical applications.

1. Introduction

Lichens are fascinating organisms formed through a symbiotic
partnership between a fungus (mycobiont) and a photosynthetic partner
(photobiont), which may be an alga or cyanobacterium (Arun et al.,
2023; Morillas et al., 2022). In this relationship, the photobiont carries
out photosynthesis, converting inorganic carbon into organic molecules
like sugar alcohols. These sugar alcohols are then transferred to the
mycobiont, which processes them into essential sugars and other organic
compounds that support the symbiosis and help both partners maintain
balance (Arun et al., 2023). This unique cooperation allows lichens to
thrive in diverse environments, including some of the most extreme
places on Earth, like Antarctica (Spribille et al., 2022).

In Antarctica, lichens are the only visible organisms that have
managed to survive in regions like Union Glacier, displaying remarkable
resilience to harsh conditions such as freezing temperatures, intense UV
radiation, and long periods of dehydration (Beckett et al., 2021; Bed-
narikova et al., 2020; Singh et al., 2022). On Mount Rossman (79°47’S,
82°48’W), lichens play a vital ecological role by colonizing barren sur-
faces and helping with soil formation, thus contributing to the stability
of the local ecosystem. However, despite their importance, there is still
limited knowledge about the chemical composition of these Antarctic

lichens. Understanding their chemical profile is crucial to elucidating
the biochemical strategies that enable them to survive in extreme en-
vironments (Goga et al., 2020).

Lichens from the Rusavskia, Sarcogyne and Pleopsidium genera have
attracted attention for their impressive adaptations to extreme climates
and the wide range of secondary metabolites they produce. These
compounds, including phenolic acids, depsidones, depsides, and other
phenolic substances, play key ecological roles such as protecting against
UV light, inhibiting microbial growth, and defending against herbivores
and pathogens (Canini et al., 2023; Garcia et al., 2020; Scur et al., 2022).
Additionally, these metabolites function as antioxidants, helping the
lichens neutralize free radicals generated by environmental stress, and
thus promoting their longevity and stability (Ndhlovu et al., 2024).

This study aimed to putatively identify Rusavskia sp., Sarcogyne sp.
and Pleopsidium sp. collected from Mount Rossman, and to characterize
their phytochemical profiles and sugar profiles using liquid chroma-
tography coupled with tandem mass spectrometry (LC-MS/MS) and
high-performance liquid chromatography with refractive index detec-
tion (HPLC-RID), respectively. These methods provide a detailed inter-
pretation of the compounds present, offering valuable insights into the
chemical diversity and metabolic adaptations that allow these lichens to
endure such hostile conditions (Devashree et al., 2021).
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By tentatively assigning the secondary metabolites in these lichens,
this research sheds light on their ecological functions and opens doors to
potential biotechnological or pharmaceutical applications. In the
context of climate change and the search for new bioactive compounds,
this study enhances our understanding of Antarctic lichens and their role
in the resilience of polar ecosystems.

2. Material and methods
2.1. Biological samples

Three different lichen samples were collected from the moraine of
Mount Rossman (79°47°S, 82°48'W) during the first Union Glacier
expedition, which was part of the 51st Antarctic Scientific Expedition
organized by the Chilean Antarctic Institute. The lichens were initially
placed in paper bags for preservation and transported to Union Glacier
Station. After a week of preservation at the station, the samples were
transferred to a laboratory in Santiago, Chile, for further analysis. The
total dry masses of the collected samples were approximately 230 mg
(sample 1), 350 mg (sample 2) and 280 mg (sample 3), which limited the
feasibility of large-scale purification or structural elucidation
techniques.

2.2. Identification using 18S rDNA sequencing

For genomic DNA extraction from the lichen samples, we used the E.
Z.N.A.® Soil DNA Kit (Omega Bio-tek, USA), following the manufac-
turer’s protocol, with adaptations for 10 mg samples. The purified DNA
was then quantified and its quality was assessed using spectrophoto-
metric techniques. Once extracted, the DNA samples were sent to Mac-
rogen Inc. (Seoul, South Korea) for sequencing of the 18S rDNA region,
which was used to identify the species through comparison with Gen-
Bank sequences.

2.3. Metabolite analysis

2.3.1. HPLC analysis of sugars

To analyze the sugar content, 10 mg lichen samples were extracted
with 80 % ethanol over one week using the diffusion method. After
extraction, the samples were filtered through 0.45 pm PVDF mem-
branes, collected in glass vials, and freeze-dried at —60 °C. The sugar
profiles were analyzed using high-performance liquid chromatography
(HPLC) with a refractive index detector. The dried extract was resus-
pended in 100 pl of a solution of 50 mg/l1 EDTA-Ca®*. The sugar profile
was analyzed using a Sugar-Pak I column (300 x 6.5 mm) (Waters Corp.,
MS, USA) at 75 °C, with an isocratic mobile phase of 50 mg/1 EDTA-Ca*
at a flow rate of 0.35 ml/min. Standards were used to detect and
quantify the different sugars present (Pizarro et al., 2019).

2.3.2. LC-MS/MS analysis of phytochemicals

For the phytochemical analysis, 10 mg lichen samples were extracted
by diffusion over three days in a 1:1 methanol:chloroform mixture. The
extract was filtered through 0.45 um PVDF membranes and injected into
a liquid chromatography-mass spectrometry (LC-MS/MS) system (Agi-
lent 1200s-6410). The elution was conducted using a binary solvent
system at 25 °C. The mobile phase consisted of (A) 10 mM ammonium
acetate (pH 4.0) and (B) 10 mM ammonium acetate in 95 % acetonitrile
(pH 4.0). A Zorbax Eclipse C18 column (15 x 4.6 mm, 5.0 um) was used
as the stationary phase. The elution system progressed as follows:
0-5 min, 0-50 % B; 5-10 min, 50-52 % B; 10-20 min, 52-100 % B;
20-35 min, 100-65 % B; and 35-40 min, 65-0 % B, with a flow rate of
0.6 ml/min. Ionization was performed using electrospray ionization
with a capillary voltage of 4000 V, a nebulization pressure of 3.0 bar,
nitrogen flow of 10 1/min, and a gas temperature of 330 °C in negative
mode. The metabolites were putatively assigned using the METLIN MS/
MS database (Contreras et al., 2019), following Metabolomics Standards
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Initiative (MSI) Level 2 confidence criteria (Sumner et al., 2007), as no
co-injection with authentic standards.

2.4. Statistical analysis

Results were analyzed using one-way ANOVA (p < 0.05) and Tukey’s
post hoc test, with three biological replicates and two technical
repetitions.

3. Results
3.1. Morphological description

The collected samples were brought to the laboratory for a detailed
analysis of their physical characteristics. Each of the three samples
displayed notable differences in color, texture, and overall appearance
(Fig. 1). The key observations for each sample were as follows:

e Sample 1 featured a crustose thallus with bright yellow-green spots,
similar to those seen in the other samples, and was also firmly
attached to the substrate. These bright areas indicated the possible
presence of specific pigments. The surface was rough and embedded
in the substrate with an irregular distribution, forming compact
clusters. As with the other samples, no vegetative or reproductive
structures were visible (Fig. 1a).

Sample 2 had a deep black thallus attached to the rock. Its structure
was irregular and fragmented, with growth occurring in scattered
patches across the rock’s surface. The texture was rough to the touch.
As with Sample 1, no signs of vegetative propagation or reproductive
structures were detected (Fig. 1b).

Sample 3 had a crustose thallus tightly bound to the rocky surface,
and a compact and continuous structure without any lobes or leafy
extensions. Its color was a striking bright orange. The surface of the
thallus appeared slightly granular, with fine and consistent wrinkles
and well-defined edges. No vegetative structures, such as isidia,
soredia, or visible reproductive structures, were observed, which
could suggest that this sample was not in a reproductive phase
(Fig. 1c).

3.2. 18S identification

We extracted genomic DNA from three lichen samples collected at
Mount Rossman, amplified the 18S rDNA region by PCR, and then
sequenced the PCR products for species identification. The sequences
obtained through this process are summarized as follows:

Sample 1

CAGATACCGTCGTAGTCTTAACCA-
TAAACNNNGCCGACTAGGGATCGGNCGGTGTTATTACNTT-
GANCCGTTCGGNACCTTACGA-
GAAATCAAAGTCTTTGGGTTCTGNGGGGAGTATGNTCGCNAGNCT-
GAAACTTAAAGACATTGNCGGNAGGGCACCAA-
CAGGCGTGGANCCTGCGGCNTAACTGACTCAA-
CACGGGAAACTCACNNCAGGTCCAGACATAATAAGGATTGACA-
GATTGA-
GAGCTCTTTCTTGATCTTATGGGNGGTGGTGCATGGCCGTTTT-
TAGTTGGTGGAGTGATTTGTCTGCTNAATTGCGATAACGAACGA-
GACCTTAACCTGCTAAA-
TAGCCCGGTCAGCTTTGGCTGGCCGCCGGCTTCTTA-
GAGGGACTATCGGCTCAAGCCGATGGAAGNTTGAGGCAAAAA-
CAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGNGCGTTA-
CACTGACAGAGA-
CAACGAGNTCATCACCTTGGCCGAAAGGTCCGGGTAATCTTGT-
TAAACTCTGTCGTGCTGGGGATA-
GAGCATTGCAANTATTGCTCTTCAACGAGGAATGCCTAGTAAGCG-
CAAGTCATCAGCTTNCGTTGATTACGTCCCTGCCCTTTGTACA-
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Fig. 1. Lichens collected at Mount Rossman, near Union Glacier, Antarctica, growing on rocks, displaying distinct thallus pigmentation and surface microstructures.
(a) Lichen with yellow-green crustose thallus emerging from the rock surface. (b) Lichen with dark crustose thallus tightly adhered to the rock, with scattered
darkened surface zones. (c) Lichen with bright orange crustose thallus forming a continuous band-like growth, partially embedded in the rock. The scale bar in each

image is 1 cm.

CACCGCCCGTNGCTACTACCGATTGAATGGCTCAGTGAGGCCTTCG-
GACTGGCTCAGGGAGGTCGGCAACGACCAACCCAGAGC

Sample 2

CAGTTATCGTTTATTTGATAGTACCTNGCTACTTGGA-
TAACNGTGGTAATTCTAGAGCTNANACNTGCTAA-
NAAAACCTCGACTTCGGAAGGGGTGTATNTATTAANA-
TAAAAAACCAATGCCCTTCGGGNCTCCNTGGTNATTNA-
TAATNNCTCAACGAATCGCATGGCNTTGCGCCGGCGATGGTNCATT-
CAAATTTCTGCCCANTCAACTTTCGATGGTAGGA-
TAGTGGNCTACCNTGGTGTNAACGGGTAACGGGGAANTAGGGTNC-
TATTCCGNAGAGGGAGCCTGAGAAACGGNTACCA-
CATCCAANGANGCAGCANGGCGCGCAAATTACCCAATCCC-
GACNCGNGGAGGTAGTGACAATAAATNCTGATA-
CAGGGCCCTTTCGGGTCTTGTNATTGGAATGAGTA-
CAATTTAANTCCCTTAACGAGGANCAATTGGAGGGCAAGTCTGGTG-
GACGATTNAGTCTCGGCGGAGGGTGGGCTGCGGCCCCN-
CACGCTGGCGCCAGGAACNAGTTGCCCNNAGCTCTCGTGAGCNT-
GAGGGTTGATTNAGTGGGGCTTTATGCTNTGCAAGGTGTTCGG-
CACGGGNANGGCCATTNCTGGCTNCATCCCGTGGGTGAGGGTCACTT-
GACCGCCACCCTTAACGCGCGCANGGACGCCGGTGAGTTGAA-

GATGCATCTNACTTGAGGGACGTGCNTATCCCGCCCGTAAAGGGTCA-
GAGTAGCCTGCATG

Sample 3

GGAA-
CACCCTAATGNTCCAGGTACCTCNCNCTAAGCTGAAAGGCCGGGG-
CACGGTTACAATCCTCGNGATATCA-
CAATGAGTNACCCGCAGCCNCGGGCCTACAGTGAA-
CACTNTCCCANNTTCACTACGGCAGTGGTNCANAGATTA-
GATGGGTGTGGGTNGCGTGGACTCGATNTGAGGGGAGCCCATGAG-
CAAANGCAGCTCTNCCGACTNGACCATTGGTTGA-
TATGGTAANNGTCCGGCGGAGCTTTCACGGGCAGCAGA-
CAGTGCAGNNTCCCCCCAAGTTGTTTGCGAGTTCTACTTGAGCTT-
NAATNCAGTCTGCAATCGTGTGATTGCGAATTCAA-
GACTNACGGGAGCCTGCGGCTTAATTTGACTCAA-
CACGGGNAAACTCACCAGGTCCAGNNCNAATAAGGATTGACA-
GATTGAGAGCTCTTTCTTGATCTTGTGGATGGTGGTAGAA-
CAGTNCAGGTGCCACCTNCAGCTACGGCA-
TAGNTNGCCCGTCTCCGCGCGGGCGA-
CACTCTCAAGGTGCTGAAAGCCTCCGGTGTGAAGGCACGGAGGTAT-
CAGCANCCGGGCGTGCTCTCTGGCGNGCNTTGGCCCACA-
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Fig. 2. Chemical structures of the more abundant secondary metabolites identified in the collected lichens. (a) parietin (physcion); (b) emodin; (c¢) fumarproto-
cetraric acid; (d) usnic acid; (e) lecanoric acid; (f) gyrophoric acid; (g) norstictic acid; (h) stictic acid; (i) confluentic acid; (j) esculetin; (k) rheochrysin; (1) cit-

reorosein (purpurin).

GACTAAATGGGAGTGGGCTGGTGCTCTNCAGTGGAGCTCCAGTTG-
TAAGATA-
TAGCCGNACCCGGGGCTGCAAGGCTCCCGGNATCANNTG-
CATGGCCGTTCTTAGTTGGTGGAGTGATTG

3.3. BLASTn analysis

We compared the sequences obtained from the lichen samples
against those in GenBank using BLASTn to find similarities with known
species. The results for each sample are outlined below:

e Sample 1 had a 94.18 % sequence match with Pleopsidium chlor-
ophanum (accession DQ525570.1), with 100 % query coverage and
an E-value of 0.0. Another close match was Pleopsidium gobiense
(accession DQ525567.1), which showed 94.13 % identity with
100 % query coverage.

Sample 2 showed 92.81 % identity with Sarcogyne privigna (acces-
sion KJ766792.1), with 100 % query coverage and an E-value of 0.0.
Additional matches included Keissleriella taminensis (accession:
AB797306.1), which had 87.55% identity and 63 % query
coverage.

Sample 3 had 95.84 % identity with Rusavskia elegans (accession
KJ766790.1), with 100 % query coverage and an E-value of 0.0.
Another notable match was Xanthoria elegans (accession
AJ535296.1), which showed 96.81 % identity and 100 % query
coverage. The species was identified as R. elegans based on the
currently accepted taxonomic denomination within Teloschistaceae.

These findings suggest that the sampled species are closely related to
those in the genera Pleopsidium, Sarcogyne, and Rusavskia, respectively,
based on their high sequence similarity to previously identified lichen
species.

3.4. Metabolite identification

The metabolite profiles of all three lichen samples were analyzed
using LC-MS/MS, and the putatively assigned metabolites are summa-
rized in Table 1.

e Sample 1 (Pleopsidium sp.): A total of 16 metabolites were puta-
tively assigned in this sample. The most abundant compounds were
parietin, emodin, and fumarprotocetraric acid. Additionally, smaller
quantities of usnic acid and lecanoric acid were putatively assigned.

e Sample 2 (Sarcogyne sp.): This sample also contained 16 metabo-
lites. Gyrophoric acid was the most dominant, followed by stictic
acid and norstictic acid. Other notable compounds, such as con-
fluentic acid and psoromic acid, were putatively assigned.

e Sample 3 (Rusavskia sp.): 15 metabolites were putatively assigned
in this sample. Parietin was among the prominent compounds, as in
Sample 1, along with emodin and rheochrysin. Fumarprotocetraric
acid and lecanoric acid were also putatively assigned in smaller
quantities.

3.5. Sugar analysis

We quantitatively analyzed the sugar and sugar alcohol profiles for
the three lichen samples, with the findings summarized in Table 2.

o Hexoses: Glucose was not detected in any of the samples. However,
fructose was quantified in Sample 3 at a concentration of 13.5
+ 1.41 mg/g.

e Disaccharides: Sucrose was quantified in all three samples, with
concentrations of 1.27 4+ 0.09 mg/g in Sample 1, 1.33 + 0.08 mg/g
in Sample 2, and 1.74 + 0.12 mg/g in Sample 3. Trehalose was not
detected in any of the samples.
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Table 1
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Metabolite profile putatively assigned using LC-MS/MS in lichen samples collected from the moraine of Mount Rossman. Pleopsidium sp. (Sample 1), Sarcogyne sp.
(Sample 2), and Rusavskia sp. (Sample 3). Values are presented as a percentage of the total metabolite content (% =+ standard deviation). Metabolites are grouped by
chemical family, including anthraquinones, depsides, depsidones, coumarins, alkaloids, pulvinic derivatives, biflavonoids, and dibenzofurans (n = 3). Significant
differences were determined using one-way ANOVA with a Tukey post hoc test (p < 0.05). Putative metabolite assignments were based on LC-MS/MS fragmentation
patterns and METLIN spectral matching following MSI Level 2 criteria (Sumner et al., 2007). Unassigned molecular features correspond to MS-detected ions without a

confirmed spectral library match.

Sample 1

Sample 2

Sample 3

1.20 + 0.08 %°
2.44 +0.39 %
2.13 + 0.29 %
9.15 + 3.11 %°
1.19 + 0.05 %*
13.96 + 1.72 %°

2.71 + 0.55 %*

2.99 + 0.50 %"
1.59 + 0.08 %

1.40 + 0.17 %®
3.60 + 0.81 %
2.18 + 0.58 %

2.82+0.11 %

1.94 + 0.16 %°
5.29 + 0.97 %

4.24 £ 0.85 %°

41.17 £ 0.65%

1.65 % + 0.15 %"
1.86 % + 0.12 %®
1.69 % + 0.25 %°
2.26 % + 0.15 %"

2.07 % + 0.21 %®
3.71 % + 0.27 %
1.86 % + 0.28 %°
4.69 % + 0.28 %
14.33 % + 1.38 %"
2.25 % + 0.07 %°
6.79 % + 0.61 %"
1.40 % + 0.07 %

9.17 % £ 0.97 %

3.15% + 0.10 %
1.82% + 0.16 %
2.71 % + 0.12 %"

38.63 + 0.65 %

1.83 % + 0.07 %*
1.14 % + 0.09 %
5.45 % + 0.01 %"
1.30 % + 0.01 %*
9.39 % + 0.01 %°
3.80 % + 0.02 %
1.49 % + 0.34 %

1.50 % + 0.02 %*
2.14 % + 0.11 %*
0.92 % + 0.02 %
0.94 % =+ 0.10 %°
2.34 % =+ 0.03 %*

1.25 % + 0.08 %*
1.42% + 0.10 %
57.69 + 0.65 %

Family [M-H]~ Molecule

Alkaloid 251.2 Orellanine

Anthraquinone 251.2 Anthraquinone—2-carboxylic acid

Anthraquinone 253.2 Chrysophanol

Anthraquinone 285.2 Citreorosein

Anthraquinone 269.2 Emodin

Anthraquinone 299.3 Fallacinol

Anthraquinone 283.3 Parietin

Anthraquinone 445.4 Rheochrysin

Anthraquinone 299.3 Xanthorin

Biflavonoid 537.5 Skyrin

Coumarin 177.1 Esculetin

Depside 373.3 Atranorin

Depside 499.6 Confluentic acid

Depside 375.4 Dihydroatranorin

Depside 467.4 Gyrophoric acid

Depside 317.3 Lecanoric acid

Depside 371.3 Norstictic acid

Depside 443.5 Perlatolic acid

Depside 374.3 Protocetraric acid

Depside 385.3 Stictic acid

Depside 419.3 Thamnolic acid

Depsidone 305.3 Calycin

Depsidone 471.4 Fumarprotocetraric acid

Depsidone 357.3 Psoromic acid

Depsidone 321.3 Vulpinic acid

Dibenzofuran 343.3 Usnic acid

Pulvinic derivative 307.3 Pulvinic acid

Unassigned molecular features

Table 2

Profile of sugars identified using HPLC-RID in lichen samples collected from the moraine of Mount Rossman. Samples include Pleopsidium sp. (Sample 1), Sarcogyne sp.
(Sample 2), and Rusavskia sp. (Sample 3). Sugar content was measured in milligrams per gram (mg/g) of fresh weight. Values are expressed as the mean =+ standard
deviation. Different classes of sugars are reported, including hexoses, disaccharides, oligosaccharides, and sugar alcohols (n = 3). Significant differences were

determined using one-way ANOVA with a Tukey post hoc test (p < 0.05).

Sugars (mg/g) Sample 1 Sample 2 Sample 3
Hexoses Fructose - - 13.5+1.41
Disaccharides Sucrose 1.27 + 0.09% 1.33 +0.08* 1.74 + 0.12°
Oligosaccharides Stachyose - 0.02 + 1.5E-3? 0.03 + 0.00?
Verbascose 1.27 £ 0.11°¢ 0.49 + 0.03° 0.05 + 0.00?
Sugar alcohols Glycerol 1.02 £ 0.10 - -
Ribitol 32.31 + 2.50¢ 4,95 + 0.43° 0.06 + 0.01%
Mannitol 4.42 +0.51* 4.45 + 0.51% 4.50 + 0.38%
Arabitol 1.38 +£0.18% 3.48 + 0.39° 7.92 + 0.59¢
Pinitol - 1.12£0.12° 1.5E—5 + 0.00°
Iso-erythritol - - 1.30 £ 0.11

e Oligosaccharides: Stachyose was quantified in Sample 2 (0.02
+ 0.0015 mg/g) and Sample 3 (0.03 £+ 0.00 mg/g). Verbascose was
quantified in all three samples, with the highest concentration in
Sample 1 (1.27 +0.11 mg/g), followed by Sample 2 (0.49
+ 0.03 mg/g) and Sample 3 (0.05 + 0.00 mg/g).

e Sugar alcohols: Glycerol was quantified only in Sample 1 (1.02
+ 0.10 mg/g). Ribitol was quantified in all samples, but in varying
amounts: Sample 1 contained 32.31 + 2.50 mg/g, Sample 2 had
4.95 + 0.43 mg/g, and Sample 3 had 0.06 + 0.01 mg/g. Mannitol
was quantified in similar concentrations across all three samples at
approximately 4.4-4.5 mg/g. Arabitol was quantified in all samples,
increasing from 1.38 + 0.18 mg/g in Sample 1-7.92 + 0.59 mg/g in
Sample 3. Pinitol was quantified in Sample 2 (1.12 + 0.12 mg/g) and
detected at trace levels in Sample 3 (1.5E-5 + 0.00 mg/g). Lastly,
iso-erythritol was quantified only in Sample 3, at a concentration of
1.30 + 0.11 mg/g.

4. Discussion

Understanding how organisms persist in environments that appear
inhospitable to most life forms provides valuable insight into evolu-
tionary selection under extreme stress. The metabolic traits observed in
crustose lichens from Mount Rossman suggest that biochemical adap-
tation is central to their ecological success in Antarctica. Instead of
relying on rapid growth or dormancy strategies, these lichens deploy
specialized secondary metabolites and compatible solutes to actively
buffer against UV damage, microbial colonization and desiccation stress,
a pattern consistent with other extremophile lineages (Armstrong, 2017;
Gutt et al., 2021).

Antarctica’s harsh conditions, low temperatures, intense UV radia-
tion and prolonged water scarcity exert strong selective pressure on
exposed epilithic communities (Kappen, 2000). In this context, the pu-
tatively assigned anthraquinones and depsidic compounds detected in
Pleopsidium, Sarcogyne and Rusavskia reflect not only stress mitigation
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but also chemotaxonomic signatures characteristic of their respective
lineages. Members of Teloschistaceae, such as Rusavskia and Pleopsi-
dium, are known to accumulate parietin and related anthraquinones,
whereas Sarcogyne, within Verrucariaceae, is associated with depsides
such as gyrophoric acid, reinforcing the taxonomic placement inferred
from 18S rDNA sequencing (Scur et al., 2022). Although BLASTn
returned both Xanthoria elegans and Rusavskia elegans as closest matches
for Sample 3, we adopted the latter name in agreement with current
Teloschistaceae taxonomy (Arup et al., 2013), where Xanthoria elegans is
considered a synonym of Rusavskia elegans.

The ecological roles of these metabolites align with their chemical
nature. Parietin, emodin and related anthraquinones act as UV-
screening pigments, while depsides such as gyrophoric, stictic and
fumarprotocetraric acids exhibit antimicrobial or antioxidant functions,
providing chemical defense on exposed rock surfaces (Petrova et al.,
2022; Septlveda et al., 2022). These compounds, although only puta-
tively assigned by LC-MS/MS, are consistent with previously reported
metabolite patterns within these genera and likely contribute to
competitive exclusion of microbial colonizers and oxidative stability
during freeze-thaw transitions (Faiz ul Rasul et al., 2024; Ndhlovu et al.,
2024).

Sugars and sugar alcohols, in turn, were quantified using external
standards and not tentatively inferred, supporting their role as osmo-
protectants and metabolic reserves. Ribitol and arabitol are key
photobiont-derived polyols that sustain the mycobiont under carbon-
limited states while simultaneously regulating osmotic balance during
cyclic dehydration and rehydration events (Gasulla et al., 2021). The
marked difference in ribitol content between samples suggests
species-specific modulation of carbohydrate allocation strategies,
potentially reflecting microhabitat variability in irradiance and mois-
ture regimes.

Taken together, the coexistence of lineage-specific secondary me-
tabolites and differential sugar alcohol accumulation indicates a dual
adaptive strategy: chemotaxonomic specialization rooted in evolu-
tionary history, combined with dynamic metabolic allocation shaped by
local environmental constraints. This supports the view that crustose
lichens in Antarctica are not just passive stress-tolerant organisms but
chemically active systems capable of fine-tuned metabolic regulation in
response to one of the most extreme terrestrial environments on Earth.

5. Conclusions

This study underscores the remarkable biochemical diversity of
Antarctic crustose lichens and the pivotal role their secondary metabo-
lites play in helping them survive under extreme conditions. Compounds
such as parietin, fumarprotocetraric acid, and usnic acid were putatively
assigned and are consistent with known UV-protective and antimicro-
bial chemotypes in extremophilic lichens. Additionally, the sugars and
sugar alcohols quantified in the samples, such as ribitol and sucrose, are
likely vital for maintaining osmotic balance and serving as metabolic
reserves under repeated dehydration cycles. The metabolic profiles
observed in Pleopsidium sp., Sarcogyne sp., and Rusavskia sp. highlight
the essential contribution of these species to chemically mediated
resilience in Antarctic ecosystems, reinforcing their value as models for
stress-adapted chemical strategies.

Although further structural confirmation would be required for full
metabolite validation, the putatively assigned chemical signatures re-
ported here contribute to the chemotaxonomic characterization of these
genera and expand current knowledge on their adaptive metabolic
repertoire.
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