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Microbial life dominates the extreme continent Antarctica, playing a pivotal role in ecosystem functioning
and serving as a reservoir of specialized metabolites known as natural products (NPs). NPs not only
contribute to microbial adaptation to harsh conditions but also modulate microbial community structure.
Long-term isolation and environmental pressures have shaped the genomes of Antarctic bacteria,
suggesting that they also encode unique NPs. Since NPs are also an important source of drugs, we argue
that investigating Antarctic bacterial NPs is essential not only for understanding their ecological role and
evolution, but also for discovering new chemical structures, biosynthetic mechanisms, and potential new
drugs. Yet, despite advances in omics technologies and increased scientific activities in Antarctica,
relatively few new bacterial NPs have been discovered. The lack of systematic research activities focused
on the exploration of Antarctic bacteria and their NPs constitutes a big problem considering the climate
change issue, to which ecosystems in polar regions are the most sensitive areas on the Earth. Here, we
highlight the currently available data on Antarctic bacteria, their biosynthetic potential, and the
successful NP discoveries, while addressing the challenges in NP research and advocating for systematic,
collaborative efforts aligned with the Antarctic Treaty System and the Antarctic Conservation
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Antarctica represents a primarily pristine and extreme envi-
ronment that is biologically and climatically isolated from the
rest of the world by the Antarctic Convergence. This natural
boundary, where cold Antarctic waters meet and sink beneath
warmer sub-Antarctic waters, creates a unique ecological
barrier, maintaining distinct ecosystems and fostering the
evolution of specialized life forms. Despite its isolation, Ant-
arctica plays an essential role in global climate regulation and
ocean ecosystem functioning.
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Microbes are the most dominant forms of life on this continent,
where they play a significant role in biogeochemical cycles.?
Among the tools microbes use to interact with their environ-
ment, specialized metabolites — also known as natural products
(NPs) - are particularly important. Produced notably by
bacteria, these compounds help them adapt to extreme condi-
tions and play a crucial role in shaping the composition and
interactions of microbial communities, both within and
between kingdoms.** From the human perspective, investi-
gating bacterial NPs in an environment as unique and extreme
as Antarctica is crucial not only for the discovery of novel drugs
but also for understanding their role in Antarctic ecosystems.
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These studies offer insights into the logic, structural diversity,
biochemistry, and evolution of NP biosynthetic pathways under
extreme conditions.

The increased scientific activities in Antarctica during the
last decades and the broader availability of powerful omics
technologies provided the first insights into microbial
community composition, microbial diversity, and NP-encoding
biosynthetic genes.*” Using both culture-dependent and
-independent methods, a small set of studies showed high
bacterial diversity, widespread endemism, and, importantly,
a tremendous and unique diversity of NP biosynthetic genes as
compared to sequences stored in public databases.>”*° Despite
the indicated biosynthetic potential, relatively few bacterial NPs
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from Antarctic ecosystems have been discovered which is
alarming in the light of the current speed of climate change (see
ESI dataft).

Although climate change influences all regions around the
world, the polar regions are the most sensitive ones, since even
moderate alterations in the environmental conditions have
a significant impact on the landscape structure together with
the associated ecosystems, many of which will completely
vanish in the near future (e.g. cryoconites on melting
glaciers)."*> Antarctica is the most isolated and unexplored
continent on the planet™ and the threat of perturbations due to
climate change can undermine attempts to understand the
unique evolutionary history of life on this continent, including
diversity and evolution of NPs, a key to understanding microbial
adaptations and ecological dynamics in this extreme
environment.

This article will: (i) contrast data on different Antarctic
ecosystems and the number of studies concerning bacterial
NPs, while addressing the divergent evolution of Antarctic
microbes and its implications for NP uniqueness; (ii) explore
the biosynthetic potential for novel NP discovery revealed by
(meta)genome mining; (iii) highlight successful NP discoveries
using diverse methodological approaches; and (iv) emphasize
the importance of systematic, collaborative research on bacte-
rial NPs in Antarctic microbial communities aligned with the
Antarctic Treaty System (ATS) and the Antarctic Conservation
Biogeographic Regions (ACBRs).

2. Antarctic ecosystems and natural
products research

Antarctica's extremely cold environment, limited nutrient
availability, and short vegetative seasons make it an inhospi-
table region for most macroscopic organisms. As a result,
microbes are the most dominant forms of life in terrestrial
Antarctica, where they play a critical role in ecosystem func-
tioning and biogeochemical cycles. They are also recognized as
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a promising source of NPs with significant potential for human
applications.™ Over the last two decades, studies of microbiome
composition and diversity across various Antarctic
ecosystems>*"7 have revealed highly diverse microbial
communities with widespread endemism.*'*'* However, our
understanding of the evolution of these microbes and their NP
biosynthetic pathways across different Antarctic ecosystems
remains limited. Furthermore, climate change is driving
significant shifts in microbial community structure, likely
altering their metabolic repertoire and associated functions.*

2.1 Microbial life across Antarctic ecosystems

Antarctica is often described as a polar desert due to its extreme
aridity and harsh conditions.”* Despite this characterization,
the continent hosts a surprising diversity of ecosystems,
particularly at the interface between glaciated and deglaciated
regions. Deglaciated parts of Antarctica give rise to freshwater
habitats such as lakes, melting ponds, streams, and seepages/
wetlands.”” They also allow access to soils and sediments. In
addition, glacial and snow-covered environments harbor
specialized habitats unique to polar regions, including cry-
oconites, which are microbe-rich granules found on ice
surfaces. Together, these environments constitute Antarctic
terrestrial ecosystems.* However, marine ecosystems are
equally significant, hosting a critical part of Antarctic microbial
diversity and ecological functioning.>>® For a detailed
description of Antarctic terrestrial and marine habitats, we
direct interested readers to comprehensive reviews on these
topics'22,27729

Environmental conditions shape the structure of microbial
communities so that a wide range of community structures
occur across Antarctic ecosystems (Fig. 1). Hotspots of Antarctic
primary production include vertically stratified microbial mats
in lakes, where stratification is driven by physicochemical
conditions. These mats are characterized by upper layers
dominated by cyanobacteria.*® Cyanobacteria are even more
dominant in microbial mats typical of wetlands and seepages,
where filaments of cyanobacteria from the genus Nostoc form
the basis of the community. Nevertheless, the members of the
phyla Pseudomonadota and Bacteriodota are equally abundant
in many Antarctic ecosystems, including lakes or streams.
Among these, Pseudomonadota represents the most diverse
phylum within the microbial mats. Additionally, Bacillota,
Actinomyceota, Chloroflexota, Verrucomicrobiota, and Dein-
ococcota frequently occur in the Antarctic microbial mats with
their composition strongly dependent on the mat type.*
Notably, a recent study showed that older lakes host signifi-
cantly more diverse bacterial communities than young lakes
formed by deglaciation.** Despite this microbial diversity and
the presence of well-recognized prolific producers of NPs, the
biosynthetic potential of these microbial mats remains
unexplored.

Cyanobacteria also dominate streams where simple biofilms
can grow to vertically stratified microbial mats.*> In less
microbially colonized ecosystems, such as rocks (lithic envi-
ronments), cyanobacteria or lichen-dominated biofilms

This journal is © The Royal Society of Chemistry 2025
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typically occur.®® A unique microbial community structure is
found in cryoconites, where mineral granules create a distinc-
tive ecological niche for glacial microbes.** In soils, microbial
community composition is largely driven by soil types.** Marine
ecosystems, by contrast, exhibit highly diverse microbial
communities, varying spatially from coastal areas to the open
ocean, and vertically from sunlit surface waters to the deep
ocean floor.*® This remarkable diversity of microbial ecosystems
strongly suggests the diversification of NPs and the presence of
unique NP profiles across distinct environments.

2.2 Microbial evolution in Antarctica as a ground for
investigation of NPs evolution

The evolution of microbial life in Antarctica has been strongly
influenced by long-term glaciation and isolation from the rest of
the world. Although various hypotheses exist regarding the
global dispersion of microorganisms (e.g., the global ubiquity
hypothesis), a recent study by Tytgat et al. (2023)*” provided new
insights into the evolution of microorganisms in polar lakes.
Their research revealed that only 1% of microbial taxonomic
diversity, measured in operational taxonomic units (OTUs) and
amplicon sequence variants (ASVs), detected in Antarctic lakes
overlaps with that of other polar regions. This finding high-
lights a deep phylogenetic divergence of polar microbiota, with
many clades restricted to specific biogeographical regions.
Moreover, the same study showed that the net diversification
rates of regionally restricted taxa significantly differ between
polar regions. Notably, diversification rates are higher in
unsaturated niches, allowing for the accumulation of new
genotypes. Antarctica is likely an unsaturated niche,*” providing
unique opportunities for microbial evolution, including the
diversification of biosynthetic gene clusters (BGCs) encoding
bacterial NPs. All these findings suggest long-term evolutionary
divergence of bacteria in Antarctic lakes because of low inter-
hemispheric dispersal and isolated diversification.

Since NPs constitute grounds of molecular co-evolution and
ecological relationships among different forms of life,* it can be

. L
Vertically stratified mats
-~ =

Nostoc-like mats

Fig. 1 Type of microbial communities in Antarctica. While vertically
stratified mats are typical for lakes, and melting ponds, biofilms are
common in streams, and Nostoc-like mats are typical for seepages/
wetlands. Image created in PowerPoint and with Sketch to Image,
OpenArt, 11 May 2024, openart.ai.
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strongly anticipated that the long-term evolutionary divergence of
polar microbiota has been reflected in the long-term evolution of
pathways encoding NP biosynthesis associated with the accumu-
lation of new genotypes in unsaturated Antarctic niches.

However, to our knowledge, no information is currently
available on the biosynthetic potential of bacteria in Antarctic
lakes or other freshwater ecosystems, nor on the evolution of NP
biosynthetic pathways within these environments. To date,
studies on bacterial NPs and their respective biosynthetic
pathways in Antarctica have been limited to soils and sedi-
ments, using either culture-independent™'® or culture-depen-
dent®*® approaches. Despite this, these studies provide
valuable insights into the diversity and divergence of BGCs
harbored by Antarctic bacteria.

2.3 Sequencing data availability across Antarctic ecosystems

One of the main objectives of this chapter is not only to show
the types of diverse ecosystems that shape NP biosynthesis in
Antarctic microbes but also to highlight what data are currently
(un)available, what is their current use towards NP research,
and what type of data from which type of ecosystem should be
systematically produced.

Next-generation sequencing has
prospecting strategies, enabling rapid access to microbial
diversity and biosynthetic potential across ecosystems.**
Antarctic ecosystems represent no exception: an overview of the
currently available shotgun metagenome sequencing data in
four selected nucleotide sequence repositories is shown in
Table 1. While samples from soils and sediments are available
across all investigated databases, marine samples are present in
3 of the databases. However, freshwater, glacial/snow, rock, and
host-associated ecosystems remain strongly under-represented.
Only 7 (0.25% of all) Antarctic soils or sediment samples were
studied to identify the biosynthetic potential of microbes in
these samples.**®

Another issue regarding the available data is the sequencing
platform used for shotgun metagenome sequencing. Long-read
sequencing data provide better resolution and completeness of
BGCs and are therefore more suitable for BGC detection and

revolutionized Dbio-

characterization.*®** However, long-read data from PacBio and
Oxford Nanopore Technologies (ONT) constitute only 0.2% and
1.2%, respectively, of the available shotgun metagenome
sequencing data stored in the Sequence Read Archive (SRA),
while 95% of the Antarctic whole metagenome sequencing data
have been generated using the Illumina sequencing platform.
On one hand, short-read Illumina data can be problematic for
the detection of BGCs encoding the production of polyketides
and non-ribosomal peptides due to the highly repetitive nature
of the biosynthetic genes.*® This may represent a bottleneck in
the accurate mining of these Antarctic datasets.*>*> On the other
hand, Illumina data are so far more accurate than long-read
data, and thus, also useful, especially in follow-up experi-
mental work. However, long-read sequencing is rapidly
advancing® and is expected to complement short-read
sequencing, particularly enhancing metagenome studies in
the future.

Nat. Prod. Rep., 2025, 42, 774-787 | 777
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3. Biosynthetic potential in Antarctic
bacteria

Exploring Antarctic bacterial genomes has uncovered genetic
signatures indicative of evolutionary divergence, reflecting the
long-term isolation and environmental pressures in Antarctica.
This divergence is reflected in the unique enzymatic and
biosynthetic potential of these bacterial communities.**>
Antarctic bacterial metabolites exhibit distinct specialized
adaptations to freezing temperatures, high UV radiation, and
persistent nutrient limitation. These adaptations include cold-
active enzymes, regulatory elements sensitive to environ-
mental stressors, and structural modifications that enhance
metabolite stability in extreme conditions.”**® Comparative
genomic studies have revealed that Antarctic-derived BGCs
often contain unusual domain architectures, novel gene
combinations, or regulatory features that distinguish them
from their non-Antarctic counterparts, even when homologous
BGCs are found in other environments.>** While certain
biosynthetic pathways may be globally distributed, the selective
pressures in Antarctica have likely contributed to the functional
divergence of these clusters, leading to the production of
specialized metabolites with potentially unique properties.*

While the unique biosynthetic potential of Antarctic bacteria
is evident, Fig. 2 highlights the uneven distribution of NP
research efforts across the continent. Notably, studies are
mostly concentrated in the Antarctic Peninsula, underscoring
its importance as a primary site for such explorations. However,
this focus also highlights that many other areas within Ant-
arctica remain underexplored, suggesting significant opportu-
nities for further investigation in less-studied regions and
niches of this unique environment. Currently, available studies
about the biosynthetic potential of Antarctic bacteria indicate
a high diversity of terpene, non-ribosomal peptide, and poly-
ketide BGCs, which are predicted to encode compounds with
antitumor, antifungal, antibacterial, and biosurfactant proper-
ties.>'%**¢* Unsurprisingly, the most striking BGC diversity and
novelty are observed in understudied microbial phyla, particu-
larly Acidobacteriota, Verrucomicrobiota, Gemmatimonadota,
and rare Actinomycetota.”*

View Article Online
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Metagenomic analysis provides the most comprehensive
approach for assessing the genetic NP potential in Antarctica.
However, the exploration of bacterial biosynthetic potential
within metagenomes is hindered by the limited availability of
long-read sequencing data (see also Chapter 2). To date, only
five studies have offered initial insights into the biosynthetic
potential of Antarctic soil bacteria.”*'*%** These include two
comprehensive metagenome analyses and three amplicon
sequencing projects, focusing primarily on desert and maritime
soils, as well as sediments. Despite their contributions, these
studies have explored only a narrow range of Antarctic envi-
ronments, leaving much of the continent's biosynthetic poten-
tial unexplored. A shotgun metagenomic analysis of Antarctic
maritime soils by Waschulin et al. (2022)° found that well-
known NPs producers - Actinomycetota, Pseudomonadota,
and Bacteroidota - encoded roughly 60% of all identified BGCs.
Most BGCs were harbored in Actinomycetota, especially Strep-
tomyces and Pseudonocardia. Less studied actinobacterial
classes, Acidimicrobiia and Thermoleophilia, hosted the most
unique BGCs, underlining the overlooked NP potential in these
lineages. Additionally, the challenging-to-cultivate phyla Acid-
obacteriota and Verrucomicrobiota made up another 20% of the
BGCs, with Acidobacteriota being particularly prevalent in
Antarctic soils, making them promising subjects for further
bioprospecting.®* Nevertheless, the study of Acidobacteriota is
challenging worldwide due to their slow-growing nature and
low genetic tractability. The isolation of the Acidobacteriota
members and their successful genetic engineering to establish
stable, fast-growing strains would be substantial achievements
which would allow heterologous expression of BGCs from both
other isolated strains and metagenomes worldwide.

The most abundant types of BGCs in Antarctic environments
include terpenes, non-ribosomal peptide synthetases (NRPSs),
polyketide synthases (PKSs) and bacteriocins, which encompass
ribosomally synthesized and post-translationally modified
peptides (RiPPs) and RiPP-like families.®*® Supporting this,
Medeiros et al. (2024)" reported a high abundance of terpene
BGCs in biofilms on Deception Island in Antarctica, influenced
by both Antarctic and volcanic conditions.'>® Their findings
confirmed the presence of key BGC classes, including PKSs,
NRPSs, terpenes, and RiPPs, all with significant drug discovery

Tablel Overview of dataset availability across Antarctic ecosystems. The table shows the number of shotgun metagenome sequencing datasets
available for different Antarctic ecosystems across public repositories: SRA under National Center for Biotechnological Information (NCBI), Joint

Genome Institute (JGI), MGnify and MG-RAST*+~%

Environment SRA JGI MGnify MG rast Ecosystems®

Soils and sediments 236 358 14 33 Al, A3

Freshwater ecosystems 95 46 — — B1, B2, B4

Marine ecosystems 208 134 — 8 C1, C2, C3

Host-associated 49 — — — D4

Glacial/snow ecosystems 21 2 — — E1

Terrestrial and rocks 239 102 — — F1

Others 817 499 — 3 A2, A4, B3, B5, D2-4, E2, F2
TOTAL 1665 1141 — — —

% A1 - permafrost, A2 — upper soil layer, A3 - lake sediments, A4 - polygons; B1 - lake, B2 - melting pond, B3 - stream, B4 - wet land (seepages), B5 -
wet rocks; C1 - plankton, C2 - marine sediments; C3 — water column; D1 - animals; D2 - plants, D3 - lichens, D4 - human; E1 - cryoconites, E2 -
glacial lakes, E3 — snow surface; F1 - endolithic communities, F2 — airborne bacteria.
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Fig. 2 Geospatial distribution of studies focused on bacterial NPs
across Antarctica. Map of sampling sites across Antarctica featured in
studies on bacterial natural products. The figure highlights the
geographical distribution of sampling efforts, showcasing the diverse
environments explored for biosynthetic potential in Antarctic micro-
bial communities. Different colors and marker shapes indicate various
sample types and collection methods, summarizing the range of study
sites and methodologies used in bacterial NP research in Antarctica.
Map created using Python with geopandas, cartopy and matplotlib
libraries.

potential. These observations align with the results from the
recently developed bioinformatics tool, BGC Atlas,*® which
analyzed nearly two million BGCs across more than 31000
metagenomes and identified a high abundance of terpenes in
terrestrial samples.

Furthermore, Medeiros et al. (2024)* highlighted the unique
character of Antarctic BGCs, as evidenced by their limited
overlap with entries in the MIBiG database,” indicating
untapped biosynthetic diversity. Notably, this study also
revealed spatiotemporal variations in BGC distribution within
the biofilm community, emphasizing the dynamic nature of
biosynthetic activity.

Amplicon sequencing targeting NRPS and PKS domains
identified Actinomycetota and Pseudomonadota as primary
producers in Antarctic soils, with Cyanobacteria emerging as
a notable source of NRPS.”>% Additionally, these studies found
evidence that a high percentage of adenylation (A) domains of
NRPS and ketosynthase (KS) domain of PKS in Antarctic
ecosystems are unassigned to known A/KS domains in reference
databases and potentially endemic, suggesting untapped
biosynthetic potential.

While the biosynthetic potential of terrestrial Antarctic
microbiota has been explored to some extent, our under-
standing of marine counterparts remains limited (see also
Chapter 2). Despite comprehensive studies on the structure and

This journal is © The Royal Society of Chemistry 2025
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function of Antarctic marine microbial communities,*® ">
investigations into their biosynthetic capabilities remain
scarce. A global ocean microbiome survey, which included data
from the Southern Ocean, highlighted the prevalence of NRPS
and PKS BGCs.”” However, dedicated studies on Antarctic
marine NP-synthesizing microbes are few. Notable exceptions
include research on palmerolide biosynthesis in Verrucomi-
crobiota associated with the Antarctic ascidian Synoicum adar-
eanum,”® and on the complexity of carotenoid biosynthesis in
the Southern Ocean.™

Cultivation-based studies have complemented meta-
genomics by uncovering biotechnologically relevant NPs
(comprehensively reviewed in 77°). For example, Mar-
isediminicola antarctica Z8314", a likely endemic species iso-
lated from Antarctica, exhibits diverse biosynthetic potential,
including C50 carotenoids, oligosaccharides, salinixanthin,
alkylresorcinol derivatives, and NRPS-encoded compounds.*
Similarly, Antarctic bacteria such as Planococcus and Rhodo-
coccus strains produce carotenoids, surfactants, and side-
rophores, all of which hold significant biotechnological value.®*
The unique evolutionary pressures of the Antarctic environment
have shaped microbial biosynthetic capabilities, leading to
novel BGCs. This is exemplified by an Antarctic Sphingomonas
strain, which harbors divergent orthologous clusters related to
pollutant degradation.®

Promising microorganisms from well-known antibiotic-
producing phyla, such as Pseudomonadota, Actinomycetota,
Cyanobacteriota, Bacillota, and Bacteroidota have been isolated
from Antarctica.”® For instance, Streptomyces strain S013.3
produces potent antibiotics against Gram-positive bacteria,
harboring 42 BGCs, many of which encode novel NRPS gene
clusters.®” Similarly, Sphingomonas alpina So64.6b contains six
distinct BGCs, including three with potential antibiotic
activity.®® In addition, Antarctic isolates like Flavobacterium sp.
Ant342 and janthinobacterium sp. Ant5-2 produce the anti-
mycobacterial pigments flexirubin and violacein, respectively.®®
Aside from antimicrobial NPs, bacteria from Antarctic soils and
plant rhizospheres exhibited diverse metabolic potentials, with
some strains showing a high number of predicted genes for
amino acid, carbohydrate, and xenobiotics metabolism, and
anticancer/anticancerogenic compounds.®"*

4. NP - discoveries from Antarctica

In addition to genomic studies aimed at understanding the
biosynthetic potential of bacterial NPs in Antarctica, phenotypic
screening approaches have been widely employed to isolate
bioactive compounds. These methods, which involve growth
inhibition assays and other bioactivity tests, have successfully
identified numerous bioactive bacterial strains from diverse
Antarctic ecosystems.”®”>*"% While many studies report the
detection of bioactivities, only a small number have progressed
to the purification and characterization of specific compounds.
Based on our literature review, less than 40 structurally distinct
bacterial NPs have been identified to date (end of the year 2024;
see ESI datat). Nevertheless, these efforts have resulted in the
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discovery of several novel bacterial secondary metabolites,*-**

with a selection highlighted in Fig. 3.

Contemporary studies have predominantly focused on
quantifying and exploring the novelty of BGCs in bacterial
strains.®>**-°° However, only a small number of isolate-centered
NP studies incorporate chemical evaluations, which limits our
understanding of the actual NPs produced by these
microbes. %479

Liao et al. (2019)* showcase the power of integrating geno-
mics and chemical analysis. Despite its relatively small genome
(3.35 Mb), the Antarctic isolate M. antarctica ZS314" encoded
five BGCs, including novel terpene, NRPS, PKS III, and oligo-
saccharide clusters. Detailed analysis of a terpene BGC sug-
gested the production of a C50 carotenoid glucoside, a pigment
known for its UV protection and antioxidant properties. This
was supported by the extraction of a compound with UV-visible
spectra and a molecular mass consistent with glycosylated
carotenoids. While these findings highlight the potential of M.
antarctica ZS314" to produce unique secondary metabolites,
further purification and structural elucidation are needed to
fully characterize the compound and its bioactivity.

The value of multifaceted approaches in Antarctic NP
discovery was highlighted by Vitale et al. (2023).°® Genomic
analysis of the Antarctic bacterium Lacinutrix shetlandiensis
WUR?7, which harbors only three biosynthetic gene clusters
(BGCs), uncovered an unusual plant-like decarboxylase. This
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enzyme catalyzes the decarboxylation of r-tryptophan, removing
its carboxyl group to produce tryptamine. Tryptamine serves as
a precursor for various indole-based alkaloids. When the
researchers supplemented the bacterial culture with L-trypto-
phan, they observed a significant increase in the production of
indole alkaloids, including a novel compound named 8,9-
dihydrocoscinamide B with antimicrobial activity against
Staphylococcus aureus and MRSA (methicillin-resistant S.
aureus) strains.

Chemical analysis also proves to be a powerful tool for NP
discovery, as demonstrated by a study on Nocardiopsis sp. LX-1,
an Antarctic krill isolate.’ This research, solely reliant on
chemical analysis using molecular networking, successfully
identified a novel antifungal compound named nocarpyrroline
A, alongside 11 other structurally diverse secondary metabolites
exhibiting antimicrobial activity. Nocarpyrroline A itself
exhibited antifungal activity against Fusarium fujikuroi and
antibacterial activity against Aeromonas hydrophila.

A pioneering study on the Antarctic bacterium Pseudomonas
sp. ANT_H4 demonstrated the successful integration of
genomic analysis with a fosmid expression system.'®* This
approach led to the identification of pyomelanin, a UV-
protective pigment with remarkable multifunctional proper-
ties. Pyomelanin not only exhibited antioxidant activity and sun
protection capabilities but also promoted plant growth, as
demonstrated by its priming effects on Calendula officinalis

This journal is © The Royal Society of Chemistry 2025
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hairy roots in vitro. These findings highlight the unique
biosynthetic adaptations of Pseudomonas sp. ANT_H4 to
extreme Antarctic conditions, with significant implications for
biotechnological applications such as agricultural enhancers
and skincare formulations.

Similarly, Chen et al. (2024)'*> employed a combined strategy
of genomics, chemical analysis, and heterologous expression to
uncover weddellamycin, a metabolite produced by the Antarctic
Streptomyces sp. DSS69. Weddellamycin exhibited potent anti-
cancer activity, targeting cancer cell lines with significant effi-
cacy, as well as broad-spectrum antimicrobial properties. The
study also provided crucial insights into the biosynthetic
pathway of weddellamycin, identifying not only the genes
responsible for its synthesis but also key regulatory elements
that influence its production. Remarkably, the pathway's
structure suggests adaptations specific to the extreme Antarctic
environment, including possible responses to cold stress and
low-nutrient availability. These adaptations may enhance the
efficiency and versatility of weddellamycin production, offering
unique advantages for pharmaceutical applications. In addition
to characterizing the compound, Chen et al. (2024)'** explored
the heterologous expression of weddellamycin BGC, which
successfully replicated its production in a model host. This
approach paves the way for scalable production of weddella-
mycin and its derivatives, highlighting the potential for
Antarctic microbes to serve as a sustainable source of bioactive
compounds.

4.1 Challenges in Antarctic NP research

Modern NP discovery employs a powerful toolbox that inte-
grates genomics, metagenomics, cheminformatics, metab-
olomics, and artificial intelligence to identify novel NPs from
diverse sources. Antarctica represents still a pristine environ-
ment, although strongly influenced by climate change. The
glacier ablation and global deglaciation speed increased during
the last decade, which is significantly changing Antarctica
including many unique ecosystems, some of which are irre-
versibly vanishing (e.g., cryoconites on melted glaciers).'*
Despite that, Antarctica provides many underexplored ecosys-
tems like freshwater, glacial, and rock environments that hold
untapped potential. It also points out the urge for systematic
biobanking of Antarctic samples and data. Limited sequencing
data from these areas, coupled with the dominance of short-
read sequencing technologies, further restricts the discovery
and the resolution of complex BGCs. Incorporating long-read
sequencing technologies could certainly enhance the detec-
tion and characterization of these clusters. Other innovative
technologies that improve the field of NPs are expected, and
systematic biobanking can conserve the valuable Antarctic
samples and information for future re-analysis, from ecosys-
tems that will not exist in that time.
Moreover, while culture-independent
provided insights into the biosynthetic potential of Antarctic
microbes, advanced culture-dependent approaches are also
crucial. Integrating genomic, chemical, and synthetic biology
approaches is necessary to unlock the full potential of Antarctic

methods have
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bacterial NPs. Successful studies combining these methodolo-
gies highlight the effectiveness of this integrated approach.

Although enzyme-centric explorations of Antarctic micro-
bial sources have taken precedence in recent years,'**"%*
remarkably few studies have employed cutting-edge tech-
niques to activate dormant or metagenome-sourced BGCs for
NP production in Antarctic microbial life forms. Despite their
rich biosynthetic potential, Antarctic bacterial BGCs remain
largely unexplored using advanced methods, although
promising examples exist, such as the above-mentioned
studies utilizing heterologous expression to discover pyome-
lanin and weddellamycin.*****>

5. Future directions of NP research in
Antarctica

A delicate balance between scientific exploration, and ethical,
and environmental considerations is necessary for future
exploration of the untapped NP diversity harbored by Ant-
arctica's pristine environments. Antarctica is governed by the
Antarctic Treaty System (ATS), a unique international agree-
ment that prioritizes peace, scientific collaboration, and
environmental protection. This system ensures that research
activities uphold the highest ethical and sustainable stan-
dards. While the ATS promotes responsible research in Ant-
arctica, the ACBRs'*'** provide a framework for targeted
conservation efforts. This system divides Antarctica and
surrounding islands into distinct biogeographic regions,
allowing for more targeted and effective conservation strate-
gies based on unique species assemblages, environmental
conditions, and potential threats.

5.1 Bioprospecting: balancing innovation with
responsibility

The growing interest in NP research in Antarctica overlaps with
the concept of “bioprospecting” - a search for valuable biolog-
ical resources. While this presents exciting scientific opportu-
nities, it also raises complex legal questions."** One challenge
lies in reconciling the ATS's principle of sharing scientific
findings (ATCM Resolution 7, 2005) with intellectual property
rights.”> While Resolution 5 on Biological Prospecting
acknowledges the potential of bioprospecting to benefit
humanity, it also emphasizes the importance of adhering to
Article III (1) of the Antarctic Treaty. This article mandates the
open and unrestricted sharing of scientific discoveries made in
Antarctica — a cornerstone of collaborative research in the
region. This can complicate the transition from basic research
to commercialization, raising questions about ownership of
potential benefits. Should they benefit the global community,
scientists, research institutions, or commercial partners?
Additionally, ensuring bioprospecting activities in compliance
with Antarctica's nature reserve status is essential. As of 2021
(‘Antarctic Bioprospecting: SCAR Survey of Member Countries’),
the ATS lacks comprehensive regulations and oversight mech-
anisms for bioprospecting activities, including the transition
from research to commercialization. Addressing this gap
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requires collaboration among ATS member countries. The goal
is to develop legislation that promotes scientific progress,
maintains Antarctica’s pristine environment, and ensures fair
and ethical benefit-sharing on a global scale.

5.2 Proposal for systematic collaborative research on
Antarctic bacterial NPs

Our understanding and utilization of Antarctic bacterial NPs is
currently limited, both in terms of potential applications and
their ecological significance in extreme environments. While
few studies have highlighted the evolutionary divergence of
Antarctic bacteria and their BGCs or led to the identification of
compounds with diverse bioactivities, there is a need to shift
towards a more comprehensive approach that focuses on
exploring novel NPs with bioactivities and understanding their
evolution and role in extreme conditions, including the whole
spectrum of Antarctic ecosystems. To bridge this gap and
ensure sustainable and protective research on Antarctica's
unique environment, a systematic and collaborative research
effort is essential (Fig. 4). Key actions may include:

e Active biobanking initiatives: biobanking plays a critical
role in the protection and availability of Antarctic microbial
resources. By systematically collecting, preserving, and cata-
loging bacterial strains from various Antarctic ecosystems,
biobanks ensure that these invaluable resources are safe-
guarded for future research and potential biotechnological
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applications. While pioneering efforts like the Australian
Collection of Antarctic Microorganisms (ACAM)'™* or the
Culture Collection of Fungi from Extreme Environments
(CCFEE, Italy)"* exist, the current landscape of Antarctic
microbial biobanking remains fragmented. Given the signifi-
cant research activity in Antarctica (75 research stations across
25 countries), a comprehensive assessment of existing bio-
banking efforts is necessary to identify potential gaps and avoid
redundant sampling.

¢ Open sharing of Antarctic microbial strains: researchers
should freely share isolated Antarctic microbial strains. To
facilitate knowledge exchange and resource optimization,
a centralized Antarctic platform, modeled after the Global
Catalogue of Microorganisms (GCM),'** is essential. This plat-
form would serve as a repository for strain information and
accessibility details, facilitating resource sharing and collabo-
ration within the Antarctic research community, minimizing
redundant sampling, and promoting sustainable practices
aligned with the ATS.

¢ Fostering transparency and collaboration through infor-
mation sharing: transparent data sharing is crucial for maxi-
mizing research efficiency and Antarctic microbial discoveries.
A comprehensive database modeled after the Global Biodiver-
sity Information Facility (GBIF),"** could gather information on
available bacterial strains, their DNA or protein sequences,
metagenomic and transcriptomic profiles, and bioactivity

This journal is © The Royal Society of Chemistry 2025
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results. Notably, Antarctica currently has the fewest entries on
GBIF itself (https://www.GBIF.org, accessed 3 August 2024),
highlighting the need for improved data sharing within the
Antarctic research community.

¢ Joint studies using larger datasets: collaborative efforts
should focus on conducting extensive joint studies utilizing
larger datasets and diverse sources. This approach can provide
a more comprehensive understanding of microbial diversity
and biosynthetic potential than individual research endeavors.
It also promotes efficient use of resources, significantly
reducing the environmental footprint of Antarctic research.'”
Additionally, research networks often provide additional fund-
ing opportunities for participating teams, further supporting
collaborative initiatives and enhancing the overall impact of the
research (e.g. European COST Actions or Biodiversa).

o Improved coordination of field studies and sampling
expeditions: Antarctic logistics and operations are fossil fuel
intensive.""”"*® By optimizing these activities, researchers can
minimize their environmental footprint while maximizing data
collection and scientific output. Coordinated efforts, like the
Antarctic Circumnavigation Expedition (ACE) organized by the
Swiss Polar Institute, would help cover a wide range of ecolog-
ical niches and seasonal variations and capture a broader
diversity of microbial life and their metabolites. Careful plan-
ning and collaboration can reduce redundant efforts and
minimize negative environmental impact of these expeditions.

e Cross-disciplinary collaboration: bringing together teams
with diverse scientific backgrounds can enrich the research
process. Collaboration between microbiologists,
bioinformaticians, chemists, geologists and ecologists can
provide a holistic approach to studying Antarctic microbial
communities and their environmental drivers (such as during
the ACE expeditions). This diversity in expertise ensures that
research considers both ecological impacts and potential
applications, fostering a balanced approach to sustainability
and innovation.

o Regular workshops and conferences: regular workshops
and conferences dedicated to Antarctic microbial research are
crucial for fostering collaboration, knowledge exchange, and
the dissemination of latest findings. While the International
Conference on Polar and Alpine Microbiology (PAM) and the
SCAR (Scientific Committee on Antarctic Research) Open
Science Conference are valuable platforms, additional dedi-
cated events are needed, such as those focused on NPs or other
biotechnologically valuable outcomes. These gatherings should
prioritize sustainable research practices, data sharing, and
resource optimization to ensure scientific progress aligns with
environmental protection.

To ensure the success of this proposal/initiative, we advocate
for the involvement of both governmental bodies and interna-
tional organizations. Governments can provide crucial funding,
logistical support, and policy alignment with the ATS, while
international organizations such as the Scientific Committee on
Antarctic Research (SCAR), the International Council for
Science (ICSU), the European Polar Board (EPB) or the United
Nations Environment Programme (UNEP) can facilitate collab-
oration, data sharing, and sustainability frameworks. These
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actions will not only advance NP research but also significantly
benefit the broader Antarctic microbiology community, as well
as contribute to the preservation of Antarctica and its microbial
resources.

6. Conclusion

The NP research in Antarctica holds great potential due to the
unique environmental conditions that foster the evolution of
distinct microbial communities. These microorganisms
produce specialized metabolites, which are crucial for their
survival and have significant biotechnological and medicinal
potential. Despite advances in omics technologies, the
discovery of new NPs from Antarctic bacteria remains limited,
highlighting several pressing issues.

The evolutionary divergence of Antarctic bacteria suggests
the presence of unique BGCs encoding novel bioactive
compounds. However, a comprehensive understanding of BGC
diversity across Antarctic ecosystems is lacking, limiting the
realization of their full biosynthetic potential. Moreover,
Antarctic NP research must adhere to the ethical and legal
frameworks established by the ATS. Sustainable, collaborative
research efforts and transparent data sharing are essential to
ensure responsible exploration and utilization of these micro-
bial resources. By addressing these challenges through
systematic and collaborative research, we can advance our
understanding on NPs research on three major levels: (i) deci-
phering NPs ecological and evolutionary roles, (ii) uncovering
their evolutionary history, and (iii) discovering novel NPs and
unlocking their potential for transformative applications in
medicine and biotechnology.
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