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Abstract

Antarctic cryptogams and soils harbour diverse microbial communities that are fundamental to
nutrient cycling and ecosystem resilience. However, the functional roles of these communities are not
yet fully understood. This study investigated the bacterial communities associated with the moss
Andreaea regularis, the lichen Usnea aurantiacoatra and adjacent soils in Antarctica. Metagenomic
analysis revealed clear host-dependent structuring of microbial communities, with moss and soil
supporting diverse and metabolically versatile assemblages, while the lichen harbored a smaller and
more specialized bacterial community. Community composition exhibited significant variation
among substrates, with U. aurantiacoatra dominated by Pseudomonadota and a narrow set of
cyanobacteria (particularly Leptolyngbyales), whereas A. regularis and soils contained richer, more
even assemblages dominated by Pseudomonadota, Actinomycetota and Cyanobacteriota. Functional
profiling revealed that soil bacteria possessed the broadest metabolic potential, including a complete
nitrogen cycle and multiple nutrient uptake pathways, whereas the lichen microbiome showed the
most reduced representation of important metabolic pathways.

Keywords: Antarctica; moss; lichen; soil; bacteria; metagenomics

Introduction

Bryophytes and lichens represent a significant component of Antarctic terrestrial vegetation,
particularly in ice-free coastal and mountainous regions (Colesie et al., 2023). These cryptogamic
organisms have adapted to the continent's extreme conditions and often dominate primary
colonization zones where vascular plants are absent or rare. In addition to their visible structural role
in Antarctic ecosystems, they also function as microhabitats for diverse and often specialised
microbial assemblages (Benavent-Gonzalez et al., 2018). The microbial communities associated with
Antarctic bryophytes and lichens play a vital role in nutrient cycling, ensuring the resilience and
adaptation of ecosystems to extreme conditions (Doytchinov & Dimov, 2022). These microbiomes
comprise diverse bacteria, fungi and microalgae, many of which possess unique physiological and
metabolic traits that enable them to survive in conditions such as freezing temperatures, intense UV
radiation and prolonged desiccation. The interactions between these microbes and their host
organisms influence nutrient acquisition, stress tolerance and the overall functioning of ecosystems
in polar regions (Zhang et al., 2025).
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Previous studies have shown that Antarctic mosses, lichens and soils host distinct microbial
communities that differ in both composition and function, reflecting their contrasting
microenvironments and nutrient regimes (Zhang et al., 2025). Mosses often harbour metabolically
versatile microbiomes enriched in Actinobacteriota, Proteobacteria, Bacteroidota and Cyanobacteria
that contribute to nitrogen fixation and organic matter turnover (Henrique Rosa et al., 2021). In
contrast, lichens represent complex symbiotic systems combining fungi with algal and/or
cyanobacterial partners. The bacteria associated with lichens are typically dominated by stress-
tolerant taxa such as Pseudomonadota and Sphingomonadota, which play an important role in
photoprotection, nutrient exchange and environmental stress mitigation (Grimm et al., 2021). In
comparison, soils generally harbour the most taxonomically and functionally diverse bacterial
communities, supporting complete nutrient cycles and acting as reservoirs for cryptogam-associated
microbes (Klarenberg et al., 2023). Despite these insights, comprehensive metagenomic comparisons
across moss, lichen and soil microbiomes in Antarctica remain rare, limiting our understanding of
how host identity and substrate conditions shape microbial diversity and functional potential in
extreme terrestrial ecosystems.

Andreaea and Usnea frequently co-occur in Antarctic terrestrial ecosystems, particularly in ice-
free coastal and mountainous regions (Sancho et al., 1999). The spatial association of these organisms
has been thoroughly documented in studies from King George Island, where cushions of the
widespread lichen Usnea antarctica provide positive microhabitat effects that facilitate the
establishment and growth of co-occurring species, including moss Andreaea (Molina-Montenegro et
al., 2013). These positive effects by Usnea cushions can mitigate harsh microclimatic conditions by
increasing soil moisture and temperature while reducing UV radiation and evaporative water loss,
thereby supporting a richer associated biota and enhancing plant survival in extreme environments.

Based on these ecological and physiological contrasts, we hypothesised that host identity is the
primary factor that structures microbial communities and their metabolic potential in Antarctic
terrestrial habitats. Mosses, lichens and soils represent distinct yet interconnected microhabitats that
differ in nutrient availability, exposure and biological complexity. This unique assemblage provides
a framework for exploring how environmental filtering and host association shape bacterial diversity
and metabolism in extreme ecosystems. This study aims to compare the microbial assemblages
associated with Andreaea regularis, Usnea aurantiacoatra and adjacent soils in order to determine the
role of host specificity and habitat conditions in shaping microbiome composition and functional
potential.

Materials and Methods

Site Description and Sampling

Environmental samples of Andreaea, Usnea and adjacent soil were collected from Mount Reina
Sofia on Livingston Island, South Shetland Islands, Antarctica, during a field campaign in January
2025 (Figure 1). The sampling sites were located in close proximity to the Spanish Antarctic Station
Juan Carlos I. The local climate is characterised by mean monthly air temperatures ranging from
2.2°C in February to -5.1°C in July, with an annual mean of -1.2°C, and a mean annual wind speed of
14 km h'. For each sample type, three technical replicates were obtained at two distinct elevations:
low (44 m a.s.l.; samples marked with L) and high (276 m a.s.l., samples marked with H). The collected
samples were then dried at room temperature, placed in sterile bags, and transported to the
laboratory for further analyses.
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Figure 1. Representative images of (a) moss Andreaea regularis and (b) lichen Usnea aurantiacoatra collected from

Livingston Island and (c) their co-occurrence.

DNA Isolation and Metagenomic Sequencing

Total DNA was extracted from all samples using the DNeasy PowerSoil Pro Kit (QIAGEN, USA)
following the manufacturer’s protocol. For the lichen and moss samples, an additional grinding step
in liquid nitrogen was performed prior to extraction in order to facilitate efficient cell lysis. The DNAs
were submitted to Novogene (Planegg, Germany) for shotgun metagenomic sequencing on the
INlumina NovaSeq X Plus platform, generating paired-end 150 bp reads. The raw sequence data have
been deposited in the NCBI Sequence Read Archive (SRA) under the accession number
PRJNA1338217.

Bioinformatic and Statistical Analyses

Bioinformatic analyses were performed using OmicsBox software (v3.4.5, BioBam
Bioinformatics 2019). Raw metagenomic reads were quality-filtered with Trimmomatic (v0.39; Bolger
et al. 2014) to remove sequencing adapters and low-quality bases.

Phylogenetic Identification of Moss and Lichen Samples

Ribosomal RNA (rRNA) reads were then extracted from the filtered dataset using SortMeRNA
to enable taxonomic verification and species identification of the collected moss and lichen samples.
To verify the taxonomic identity of the collected moss and lichen samples, rRNA reads were
assembled using CAPTUS (Ortiz et al., 2024). All available assemblies of Andreaea and Usnea species,
along with appropriate outgroup assemblies, were retrieved from GenBank for comparative analysis.
For the Andreaea samples, chloroplast protein-coding markers were identified and extracted from the
assemblies using the SeedPlantsPTD reference dataset, which includes chloroplast proteins
conserved across seed plants. The minimum percentage of coverage required for marker retention
was set to 50%. For the Usnea samples, the annotated Usnea florida assembly (GCA_052784015.1) was
used as the reference to search and extract nuclear markers from both Usnea and outgroup assemblies.
The minimum percentage of sequence identity required for marker retention was set to 70%. Only
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alignments that included all six collected Usnea samples were retained, resulting in a final dataset of
21 gene alignments.

Alignments for all extracted markers were generated using CAPTUS align with the maximum
number of paralogs set to zero. Further, alignments for Andresea and Usnea were concatenated
separately using the phyx toolkit (pxcat; Brown et al. 2017). The concatenated sequences were aligned
with MAFFT (v7.508; Katoh and Standley 2013) and trimmed using phyx (pxclsq) to remove
alignment columns with <10% data presence. Model selection was performed for each partition using
ModelFinder in IQ-TREE 3 (Wong et al., n.d.), and clade support was evaluated with 1,000 ultrafast
bootstrap replicates. Resulting phylogenies were visualized in FigTree v1.4.4, with final graphical
annotations completed in Adobe Illustrator v29.5.1.

In addition, pairwise sequence similarity among samples and reference taxa was further
assessed by BLAST analysis of all retrieved Andreaea marker genes (petB, psbA, psbB, psbE, psbF,
psbL, psbT, rpl2, rps12_exon_2_3, rpsl9, rps2, rps7) against corresponding sequences from GenBank.

Metagenomic Characterization of Bacterial Communities

Quality-filtered reads were further taxonomically assigned using the SILVA database (v138.2)
and bacterial reads were selected for further analysis. To explore differences in community
composition, further statistical analyses were conducted using the R software (v4.2.1). Normality of
variance was assessed using Shapiro-Wilk's test, and data were centered log-ratio transformed when
required. To test for differences in bacterial community composition among moss, lichen and soil, a
one-way and two-way analysis of variance (ANOVA) were performed, followed by Tukey's HSD
post hoc test (p-value < 0.05). Furthermore, to visualize differences in community structure based on
metagenomic read assignments at the genus level, non-metric multidimensional scaling (NMDS) was
conducted using the vegan (v2.6-4; Oksanen et al. 2018), and group differences were evaluated with
PERMANOVA. In addition, indicator species analysis was applied to identify taxa significantly
associated with the sample of origin.

In order to characterise the functional potential of the bacterial microbiome, bacterial reads
identified by Kraken2 (RefSeq WGS database, v2024-11; Wood et al. 2019) were extracted and
assembled de novo using MEGAHIT (v1.2.8; Li et al. 2015). Gene prediction was performed with
Prodigal, and the resulting coding sequences were re-screened with Kraken2 to confirm bacterial
origin. The functional annotation was conducted using DIAMOND BLAST searches against the
Swiss-Prot database (1le-10), and pathway mapping was performed using KEGG within the pathway
analysis module of OmicsBox.

For comparative functional analysis among the A. regularis, U. aurantiacoatra and soil
microbiomes, separate assemblies were generated for each sample type (moss, lichen, and soil; low
and high elevations; three biological replicates each). Predicted genes were annotated using
EggNOG-mapper (orthologous groups and functional categories; Huerta-Cepas et al. 2017) and
PfamScan (protein families and domains; El-Gebali et al. 2019) within OmicsBox. Comparative
analyses were performed using the software’s integrated tools with default settings, except that the
count filter (minimum number of annotations required for inclusion) was set to 3. KEGG pathway
inference was based on the protein families identified in both annotation datasets.

Results

Metagenomic Sequencing Overview

A total of 155 Gb of raw data (=1.03 G reads) were obtained from all samples. After quality
filtering, approximately 977 million high-quality reads (94.5-98.7%) remained for downstream
analyses. The number of surviving reads per sample ranged from 18.7 M to 65.8 M. From these, a
total of 504 K metagenomic rRNA reads were assigned to bacteria.

Species Identification of Andreaea and Usnea

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Phylogenetic analysis demonstrated that all six Andreaea samples formed a strongly supported
clade sister to the Antarctic moss Andreaea reqularis (NC_070057; Figure 2a). The marker gene
sequences of the samples were almost identical to the reference sequence, with the exception of two
replicates of Andreaea collected at high elevation (H1 and H3). These samples exhibited
approximately 1% nucleotide divergence relative to the other samples (up to five single nucleotide
polymorphisms per gene), which is consistent with intraspecific variation. All Usnea samples were
found to cluster within a well-supported clade with Usnea aurantiacoatra (GCA_964256655.1; Figure
2b), exhibiting 100% sequence identity across all analysed genes. Overall, these findings confirm that
the collected moss and lichen samples belonged to A. regularis and U. aurantiacoatra, respectively.

Andreaea regularis_H2 Usnea aurantiacoatra_L1

Usnea aurantiacoatra_L2
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Figure 2. Maximum likelihood (ML) tree of (a) Andreaea and (b) Usnea species resulting from the IQ-TREE
analysis of a concatenated chloroplast gene (a) and nuclear gene (b) alignments. Maximum likelihood bootstrap

values are shown above or below branches. Branches with support > 95% are considered highly supported.

Bacterial Community Composition

The bacterial community associated with lichen differed significantly from those found in moss
and in soil samples (Figure 3). U. aurantiacoatra was strongly dominated by Pseudomonadota (81%
of total bacterial reads) and Cyanobacteriota (17% of total bacterial reads), with minimal
representation from other phyla. In contrast, A. regularis and soil samples exhibited a more
taxonomically diverse bacterial community composition, encompassing representatives from
Actinomycetota, Pseudomonadota, Cyanobacteriota and Bacillota. While both shared broadly
comparable phyla, A. regularis contained a markedly higher proportion of Cyanobacteriota (35% of
total bacterial reads) compared to soil (1% of total bacterial reads). Pairwise comparisons confirmed
that all substrates differed significantly in phylum-level composition, with the exception of
Acidobacteriota and Bacteroidota (Figure 3a). However, no statistically significant differences in
bacterial community composition were detected between low- and high-elevation samples.

Furthermore, soil harboured the highest number of bacterial genera (399), followed by moss
(375), whereas only 67 bacterial genera were detected in lichen (Suppl. Figure 1). Soil and moss shared
the largest fraction of the identified bacterial genera (144), while only 13 genera were present across
all three substrates.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. (a) Relative abundance of bacterial phyla across A. regularis, soil, and U. aurantiacoatra samples collected
at low and high elevations on Livingston Island, Antarctica. Taxonomic groups with a total relative abundance
below 0.5% are grouped as ‘Other’. Asterisks indicate significant differences between sample types based on
one-way ANOVA (p<0.05, p<0.01, p<0.001). (b) Principal Coordinate Analysis (PCoA) of bacterial community

composition among moss, lichen and soil samples, based on Bray—Curtis dissimilarities.

The relative abundance of cyanobacteria exhibited significant variation among the three
substrate types (Figure 4). U. aurantiacoatra was dominated almost exclusively by Leptolyngbyales
(99.8% of cyanobacterial reads), whereas A. regularis contained both Leptolyngbyales and Nostocales
(45.1 and 46.4% of cyanobacterial reads, respectively). The soil communities were found to be more
diverse, with Leptolyngbyales being the most abundant cyanobacterial order (74.8% of
cyanobacterial reads). Furthermore, no statistically significant differences in cyanobacterial
community composition were detected between low- and high-elevation samples.
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Figure 4. (a) Relative abundance of cyanobacterial orders across A. regularis, soil, and U. aurantiacoatra samples
collected at low and high elevations on Livingston Island, Antarctica. Taxonomic groups with a total relative
abundance below 0.5% are grouped as ‘Other’. Asterisks indicate significant differences between sample types
based on one-way ANOVA (p < 0.05, p < 0.01, p < 0.001). (b) Principal Coordinate Analysis (PCoA) of
cyanobacterial community composition among moss, lichen and soil samples, based on Bray—Curtis

dissimilarities.

PCoA of bacterial 16S rRNA reads assigned to genus revealed clear separation of communities
associated with A. regularis, U. aurantiacoatra and soil (Figure 3b). The first two axes explained 79.5%
and 9.6% of the total variance, respectively. PERMANOVA confirmed significant differences among
substrates (R? = 0.878, F = 54.2, p = 0.001). A similar pattern was observed for cyanobacterial reads,
where the first two axes explained 55.1% and 26.4% of the variance (Figure 4b). Community
composition also differed significantly among substrates (R2 = 0.688, F = 16.5, p = 0.001). In addition,
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indicator analysis showed that Nostoc and Geminocystis were strongly associated with A. regularis (p
<0.001), while Leptolyngbya was indicative of U. aurantiacoatra (p < 0.001).

Functional Profile of the Bacterial Microbiome

Based on the RefSeq database (Kraken2), soil samples contained the highest number of bacterial
reads (26 million), followed by A. regularis (15 million) and U. aurantiacoatra (13 million). U.
aurantiacoatra harbored the least complex microbiome, yielding 9,200 metagenomic contigs (Suppl.
Table S2). In contrast, the soil microbiome was the most complex, with approximately 500,000 contigs,
whereas A. regularis produced roughly 40% more contigs than soil.

KEGG pathway analysis identified 151 pathways in total, of which 122 were shared among all
three substrate types (Figure 5a; Suppl. Table S3). Four pathways were uniquely associated with A.
regularis (cutin, suberine and wax biosynthesis, flavonoid biosynthesis, monoterpenoid biosynthesis,
and biosynthesis of various other secondary metabolites) while a single pathway, tetracycline
biosynthesis, was unique to soil. No pathways were uniquely associated with U. aurantiacoatra.

Andreaea regularis Usnea aurantiacoatra

0/931
Andreaea 22/34 Usnea
regularis — aurantiacoatra
—
460,839 464
i 0/4
1 'y
4 o 466,00 0/0 8,243
24 0
3/82
575/854
1 Soil
EggNOG 425,139
(pathways/ortho group) 423,306
Pfamscan
soil (domain/family)

(@) (b)

Figure 5. Overview of functional metagenomic differences among A. regularis, U. aurantiacoatra and soil. (a)
Venn diagram showing the overlap of KEGG pathways shared among the three microbiomes. (b) Pairwise
comparison of functional profiles based on EggNOG and PfamScan annotations. Numbers within circles
indicate the number of genes at low (upper) and high (lower) elevations; arrows show the direction of

functional overrepresentation.

Pairwise comparisons of functional metagenomic profiles based on EggNOG (orthogroup and
pathway) and PfamScan (domain and family) annotations revealed distinct patterns of functional
enrichment among A. regularis, U. aurantiacoatra and soil (Figure 5b, Suppl. Tables S4 and S5). The
analysis of EggNOG annotations revealed that A. regularis exhibited an enrichment of 931
orthogroups in comparison to U. aurantiacoatra and 256 orthogroups in comparison to soil. In contrast,
soil exhibited enrichment in 22 orthogroups in comparison with A. regularis and 82 relative to L.
aurantiacoatra. The U. aurantiacoatra microbiome demonstrated an enrichment of five orthogroups in
comparison with A. reqularis, and none in comparison with soil.

PfamScan-based comparisons revealed a different pattern. The biggest functional differences
were seen between soil and U. aurantiacoatra, with 575 domains and 854 families overrepresented in
soil, and only six domains and 22 families enriched in U. aurantiacoatra. The differences between A.
regularis and U. aurantiacoatra were minimal, with no overrepresented domains or families in U.
aurantiacoatra and 22 domains and 34 families enriched in A. regularis. Similarly, a comparison
between A. regularis and soil revealed limited variation, with one domain and one family enriched in
A. regularis and seven domains and 12 families enriched in soil.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Furthermore, the functional annotation of nitrogen-cycle genes exhibited variation among A.
regularis, U. aurantiacoatra and soil (Figure 6). The soil microbiome exhibited an almost complete set
of genes associated with nitrification, denitrification, and nitrogen fixation, whereas A. regularis
demonstrated a partial set, with several steps absent. In contrast, U. aurantiacoatra showed the most
reduced representation, lacking multiple enzymes involved in denitrification.

N,0 N,0

N, NH, No N, N,H, NO
i 1 - - i D — T = -
OrganicN €= NH; ¢=————— N0,” T—> NO; OrganicN NH; No,” = NO,
NH,OH NH,OH
Andreaea regularis N.O Usnea aurantiacoatra
0
N, N,H, NO

OrganicN €= NH; g NO,” == NO,’

—
absent \NH,OH

— present
Soil

Figure 6. Potential nitrogen cycle in bacterial communities associated with A. reqularis , U. aurantiacoatra, and

soil. Dark and light blue indicate enzymes present and absent in the metagenomic assemblies, respectively.

Genes involved in the assimilatory sulfate reduction pathway were detected in all sample types
(Figure 7, Suppl. Table S6). The A. regularis and soil microbiomes contained nearly complete sets of
genes associated with both assimilatory (e.g., PAPSS/Sat/CystNC/CystD, CysC, CysH, Cys]/Sir) and
dissimilatory sulfate reduction and sulfide oxidation pathways (Sat, AprB), whereas the key genes
converting sulfite to sulfide (Dsr) were absent. In contrast, the microbiome of U. aurantiacoatra
exhibited only a minimal representation of assimilatory genes and lacked all detectable genes
associated with dissimilatory sulfate reduction and sulfide oxidation. The SOX system (thiosulfate —
sulfate) was present in moss and soil, but absent in the lichen-associated community.

Sulfate » APS » PAPSS » Sulfit » Sulfide » Cysteine
Andreaea regularis
Sulfate » APS » PAPSS » Sulfit » Sulfide » Cysteine
Soil
Sulfate » APS » PAPSS » Sulfit » Sulfide » Cysteine

Usnea aurantiacoatra

Figure 7. Sulfate metabolism in bacterial communities associated with A. regularis , U. aurantiacoatra, and soil.
The assimilatory sulfate reduction pathway is represented by straight arrows, while curved arrows indicate
dissimilatory sulfate reduction and sulfide oxidation pathways. Dark and light blue indicate enzymes present

and absent in the metagenomic assemblies, respectively.

A diverse array of ABC transporter genes was detected in all sample types, with the highest total
counts in A. reqularis (19K), followed by soil (15K) and markedly lower numbers in U. aurantiacoatra
(272; Suppl. Table S6). Genes encoding iron (AfuA), phosphate (pstB), sulfate (CysA) and nitrate
(NrtA) transport systems were present in all microbiomes, though in substantially higher abundance
in moss and soil compared with lichen. Furthermore, genes associated with siderophore biosynthesis
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were identified in all environments, with the highest prevalence observed in moss and soil samples,
as compared to lichen samples.

Discussion

Bacterial Community Composition

The bacterial community of A. reqularis, U. aurantiacoatra and soil differed markedly with host
identity as the primary factor structuring community composition, while altitude had only a minor
effect. U. aurantiacoatra was strongly dominated by Pseudomonadota, while A. regularis and soil
harbored more taxonomically diverse assemblages represented mainly by Pseudomonadota,
Cyanobacteriota and Actinomycetota. These findings are consistent with previous research
indicating that Alphaproteobacteria and other Pseudomonadota are predominant in Antarctic U.
aurantiacoatra microbiomes, suggesting adaptation to extreme stressors such as high UV radiation,
desiccation, and nutrient scarcity (Zhang et al. 2025). In contrast mosses generally exhibit more
complex and diverse microbiomes (Naz et al., 2023). However, to date, no studies have specifically
characterized the microbiome of A. regularis.

At the phylum level, A. regularis and soil exhibited similar bacterial diversity, a pattern also
reported for other mosses (Klarenberg et al., 2023; Martin et al., 2024), suggesting that local soils and
substrate-associated microbiomes are interconnected, with soils likely serving as primary microbial
source pools. Although U. aurantiacoatra supported a less diverse bacterial community, its dominant
taxa also overlapped with those found in soil, further supporting the role of soil as a potential
microbial reservoir. However, the reduced bacterial diversity in U. aurantiacoatra might indicate a
more restrictive host filtering process. For example, U. aurantiacoatra produces usnic acid, which has
been shown to exhibit antimicrobial properties (Sepahvand et al., 2021), thereby potentially inhibiting
the colonisation of sensitive taxa. In contrast, the polysaccharide-rich cell walls of A. regularis might
release carbon substrates that promoted microbial colonisation (Popper & Fry, 2003). Furthermore,
the dense, moisture-retaining cushions of A. regularis could create buffered microenvironments that
supported diverse bacterial growth, while the exposed fruticose thallus of U. aurantiacoatra favors
only highly stress-tolerant taxa such as Pseudomonadota (Zhang et al., 2025).

Cyanobacteriota are key bacterial contributors to both moss and lichen ecosystems, and they
represented major taxa in the A. reqularis and U. aurantiacoatra microbiomes. These phototrophic
bacteria play essential roles in nutrient input and symbiotic interactions (Aschenbrenner et al., 2016).
In particular, A. regularis was enriched in Nostocales, especially Nostoc, a well-known nitrogen-fixing
symbiont frequently associated with mosses in polar regions (Pushkareva et al., 2025), where it forms
beneficial associations through nutrient exchange (Rousk, 2025). Furthermore, Leptolyngbya spp., non-
heterocystous cyanobacteria that dominate Antarctic biological soil crusts (Pushkareva et al., 2018),
are also capable of nitrogen fixation under low-oxygen conditions by temporally separating
photosynthesis and nitrogen fixation to protect nitrogenase from oxygen damage (Tsujimoto et al.,
2014). These filamentous cyanobacteria could potentially provide an additional source of nitrogen to
the moss and lichen.

Overall, host identity exerted a stronger influence than elevation on microbial assembly. The
observed patterns indicate that both heterotrophic and phototrophic taxa are shaped primarily by
host-driven filtering, with moss supporting a broad, metabolically versatile bacterial microbiome
and lichen maintaining a narrower, stress-adapted bacterial community.

Functional Potential of Bacteria Associated with Moss, Lichen and Adjacent Soil

The functional metagenomic profiles of moss, lichen, and soil revealed pronounced differences
in bacterial community complexity and metabolic potential, reflecting distinct ecological roles of
these microbiomes within the Antarctic terrestrial ecosystem. Among the cryptogamic hosts, A.
regularis exhibited a broader functional repertoire than U. aurantiacoatra, including four metabolic
pathways detected exclusively in the moss microbiome. Three of these pathways (cutin, suberine and
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wax biosynthesis, flavonoid biosynthesis and monoterpenoid biosynthesis) are typically associated
with plant metabolism, suggesting possible eukaryotic contributions from bryophyte tissue or from
epiphytic green algae potentially present within the moss cushion. In contrast, the lichen microbiome
showed no unique pathways, consistent with its reduced metabolic diversity and strong symbiotic
dependence. The soil microbiome displayed the greatest overall functional complexity and uniquely
harboured the tetracycline biosynthesis pathway, characteristic of actinomycetes such as Streptomyces
spp. (Pickens & Tang, 2009). This likely reflects intense microbial competition in soil environments,
where antibiotic production provides a selective advantage (Maan et al., 2022). The absence of this
pathway in A. regularis and U. aurantiacoatra suggests that antibiotic-producing taxa are either rare or
unnecessary in these more specialized host-associated microbiomes.

Water and nutrient availability are the main growth-limiting factor for organisms in Antarctic
terrestrial ecosystems (Convey, 2010). Given the close spatial proximity of A. regularis and U.
aurantiacoatra on the same rock substrate, differences in water supply were likely minimal, although
the moss cushion may retain moisture more effectively than the lichen thallus. Consequently,
differences in nutrient metabolism, particularly nitrogen (N) and sulfur (S), were investigated to
elucidate how associated bacterial communities may contribute to host nutrient acquisition.

The reconstruction of the bacterial nitrogen cycle revealed strong contrasts among the three
sample types. In soil, nearly the complete bacterial N-cycle was represented, with hydroxylamine
oxidoreductase (HAO) being the only enzyme missing. In the A. reqularis microbiome, nitrification
was not detected and denitrification appeared incomplete, with the absence of nitrous oxide
reductase confirmed by pairwise PfamScan comparisons, suggesting a consistent pattern rather than
a stochastic absence due to sequencing coverage. In contrast, the U. aurantiacoatra microbiome
exhibited the most reduced nitrogen cycle and the genes associated with nitrogen fixation were
absent, despite the presence of bacterial taxa typically linked to diazotrophic potential (Grimm et al.,
2021). This absence suggests that the bacteria associated with the lichen may have lost the capacity
for nitrogen fixation, possibly as an adaptation to the stable yet nutrient-limited Antarctic
environment (Woltyniska et al., 2023). In contrast, both A. regularis and soil bacterial community
harboured nitrogenase-encoding genes, indicating potential for atmospheric N, fixation.
Furthermore, large proportion of sequences were assigned to nitrate assimilation and to the
GS/GOGAT pathway, which converts ammonia into organic nitrogen, whereas most other nitrogen-
cycle functions were represented by only a few sequences. This imbalance suggests that, despite the
apparent diversity of nitrogen-related pathways, microbiomes of moss, lichen and soil, might rely
primarily on external nitrogen inputs rather than on internal recycling (Tian et al., 2023).

The detection of assimilatory sulfate-reduction genes across all samples could indicate that
sulfur assimilation is a conserved metabolic function among bacterial communities in different types
of substrates (Mukhia et al., 2024). In general, dissimilatory sulfate reduction occurs less frequently
compared to assimilatory sulfate reduction (Linz et al., 2018), which was also observed in this study.
Besides, the complete absence of the AprB and Sat genes, converting SO, (sulfate) to SOs?~ (sulfite),
in the U. aurantiacoatra microbiome could indicate a restricted sulfur metabolism, likely reflecting the
stable, host-regulated conditions within the lichen thallus where energy generation via sulfur
compounds is unnecessary or replaced by host-derived substrates.

ABC transporters and siderophore biosynthesis pathways are essential for microbial nutrient
acquisition in nutrient-limited environments (Akhtar & Turner, 2022). The enrichment of these genes
in the A. regularis and soil microbiomes might indicate the competitive and oligotrophic conditions
characteristic of free-living microbial communities in Antarctic moss and soil, where nutrient and
metal availability are highly variable (Styczynski et al., 2022). Similar to observations from deep-sea
hydrothermal vent systems, where microbial communities actively express siderophore-related and
ABC transporter genes to scavenge particulate iron (M. Li et al., 2014), the moss and soil microbiomes
may rely on analogous mechanisms for mobilizing mineral-bound Fe under cold and nutrient-poor
conditions. In contrast, the lichen’s tightly regulated symbiotic system likely provides a more stable
internal nutrient supply, reducing the need for external nutrient uptake and iron scavenging.
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Conclusions

In conclusion, the microbiomes of Antarctic cryptogams and surrounding soils exhibited a clear
host-dependent structuring pattern, with soils and A. regularis harbouring diverse and metabolically
versatile bacterial communities, while the U. aurantiacoatra maintained a smaller and more specialised
consortium. These differences were also reflected in functional capacities, with soil bacteria
demonstrating the broadest metabolic potential, moss-associated bacteria retaining partial functional
capabilities, and lichen-associated bacteria showing the most reduced representation of key
metabolic pathways. Overall, these findings provide a comparative framework for understanding the
structure and functional potential of cryptogam-associated and soil microbiomes in Antarctic
ecosystems.
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