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ABSTRACT Antarctica harbors diverse Pseudomonas lineages, yet their evolutionary
histories and ecological strategies remain poorly understood. Growing genomic
resources now enable comparative analyses that link genome information to lifestyles.
Here, we report the complete genome of Pseudomonas sp. AU10, an Antarctic freshwater
isolate, and use it as a model to investigate polar adaptation through phylogenomics,
pangenomics, metabolic reconstruction, and phenotypic assays. Incorporating the 40
most closely related genomes from public databases, we identified that all 11 strains
from permanently cold environments clustered into two well-defined monophyletic
clades with contrasting biogeographic patterns: a geographically restricted “Antarctic
clade,” to which AU10 belongs, and a “cold clade” distributed worldwide from the
Himalayas to the Arctic and Antarctica. The two lineages lacked a shared conserved
gene set for adaptation to permanently frozen habitats; instead, clade-specific genomic
signatures suggested independent adaptive strategies. The Antarctic clade resolved into
two species, both sharing distinctive features related to ionic/osmotic homeostasis,
respiratory flexibility, and virulence factors, including insecticidal toxins. Within this
clade, AU10’s species showed expanded virulence factors and iron acquisition systems.
Genomic evidence pointed to a potential pathogenic lifestyle involving freshwater
arthropods, supported by AU10’s metabolism oriented toward protein, lipid, and chitin
hydrolysis and the overrepresentation of transport systems for amino and organic acids.
Intraspecific variability involved the replacement of O-antigen gene clusters and a
mobilome comprising a natural plasmid and several prophages carrying UV-resistance
and outer-envelope modification genes. Overall, these findings place AUT0 within a
long-evolving Antarctic lineage with distinct adaptations, offering insights into bacterial
evolution in extreme environments.

IMPORTANCE Antarctica is one of the most extreme environments on Earth, yet it
sustains diverse microbial life. How these microorganisms adapt to permanent cold
conditions and the lifestyles they adopt remain difficult to elucidate. The growing
wealth of genomic data offers opportunities to reconstruct these evolutionary histories.
Still, in versatile genera such as Pseudomonas, extracting consistent biological meaning
from comparative genomics remains challenging. Here, we focused on a restricted
set of genomes closely related to the Antarctic strain Pseudomonas sp. AU10 and
integrated genomic analyses with phenotypic assays and metabolic reconstruction. This
strategy uncovered two cold-adapted lineages with contrasting biogeographic patterns,
highlighted lineage-specific genomic features associated with adaptation to the extreme
Antarctic environment, and provided insights into their ecological strategies. Ultimately,
this approach underscores the value of linking genomic, phenotypic, and ecological
information to illuminate bacterial evolution in extreme environments.
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he genus Pseudomonas comprises a highly diverse group of Gram-negative bacteria

within the class Gammaproteobacteria, renowned for their metabolic versatility,
adaptability to environmental stress, and wide range of ecological strategies (1).
Members of this genus inhabit virtually all terrestrial and aquatic ecosystems, from
soils and freshwater bodies to marine environments, and display lifestyles ranging
from innocuous environmental saprobes to plant-growth promoters, phytopathogens,
entomopathogens, and opportunistic pathogens of mammals, including humans (1-3).
In Antarctica, one of the most inhospitable regions on Earth, records of Pseudomonas
date back to the 1970s (4, 5), but systematic study of these native dwellers began only
two decades ago, resulting in the description and genome sequencing of more than a
dozen novel species isolated from soils, rocks, ponds, marine sediments, microbial mats,
and fauna (6-13). It can be presumed that these native species have undergone a long
evolutionary history in Antarctica, leading to specific adaptations to its harsh conditions,
such as low temperatures, frequent freeze—thaw cycles, and intense ultraviolet radiation
(14).

Despite increasing efforts to unveil the diversity of Antarctic Pseudomonas, their
ecology and lifestyle strategies in natural habitats remain poorly understood (15, 16).
In contrast, several studies have begun to elucidate the molecular bases that enable
members of the genus to thrive as cold-adapted extremophiles (17-20). Advances
in high-throughput sequencing have enabled comparative genomic approaches to
address such questions, particularly through phylogenomic and pangenomic analyses.
These methods clarify the relationships among closely related strains and capture the
core and accessory genome components of the group. The resulting patterns reflect
lineage-specific gene gain via horizontal transfer and gene loss, processes recognized
as major drivers of bacterial evolution (21, 22). Thus, they provide insights into the
distinct environmental conditions and selective pressures each lineage has faced
over evolutionary time (2). Such genome-to-lifestyle links were first demonstrated in
intracellular pathogens, such as Buchnera aphidicola and Mycobacterium leprae, where
massive genome reduction was tied to obligate, host-dependent lifestyles (23, 24). They
were later extended to environmental bacteria, where comparative genome analyses
have provided valuable insights into environmental adaptation across diverse taxa and
ecological contexts, including marine bacteria (25, 26), polar microorganisms (27-29),
and diverse lineages of Pseudomonas (2, 3, 30).

In this study, we generated and analyzed the complete genome sequence of
Pseudomonas sp. AU10, a freshwater Antarctic isolate recognized for producing cold-
active enzymes of biotechnological interest (31-33) and previously shown to be
psychrotolerant and resistant to several heavy metals, metalloids, and antibiotics (34,
35). Using AU10’s genome as reference, we performed phylogenomic and pangenomic
analyses with its closest relatives retrieved from public databases to clarify its taxo-
nomic placement and explore patterns of diversification and adaptation. This framework
positioned AU10 within a long-evolving Antarctic clade and revealed lineage-specific
gene gains and losses associated with ecological specialization. By integrating genomic,
phenotypic, and biochemical evidence, we provide insights into AU10’s evolutionary
history and into the broader lifestyle strategies that enable Antarctic Pseudomonas
lineages to persist in extreme polar ecosystems.

MATERIALS AND METHODS
Bacterial strains and growth conditions

Pseudomonas sp. AU10 was isolated by our research team from a freshwater sample
collected at Uruguay Lake (Fildes Peninsula, King George Island, South Shetlands,
Antarctica) (31). Escherichia coli ATCC 25922 (Genetic Stock Center) was used as a
reference for biochemical tests; E. coli UT400 (K12, entA403, streptomycin-resistant),
a mutant deficient in enterobactin production (36), served as a negative control for
siderophore production assays; and Herbaspirillum seropedicae Z69, which produces both
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siderophores and polyhydroxyalkanoates (37), was employed as a positive control for
testing the production of these compounds. UT400 and Z69 were kindly provided by M.
Lavifa (FGB, UdelaR) and S. Batista (BIOGEM, IIBCE), respectively. Bacterial cultures were
routinely grown on LB agar (1% tryptone, 0.5% yeast extract, 1% NaCl, 1.5% agar, pH 7.4)
or in LB broth and incubated at the appropriate temperature for each species (20 or 37
°C). Liquid cultures were shaken at 150 rpm.

Genome sequencing, assembly, and annotation

Genomic DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen). Whole-
genome sequencing was performed by Macrogen Inc. (Seoul, South Korea). Illumina
TruSeq PCR-Free libraries were sequenced on a HiSeq 2000 platform, generating 101 bp
paired-end reads, and PacBio SMRTbell libraries were sequenced on a Sequel lle system
to obtain HiFi long reads.. All subsequent analyses were performed in-house.

lllumina reads were quality-checked with FastQC (v0.11.6) and trimmed with Trim
Galore (v0.6.10) using a minimum Phred score of 30, whereas PacBio HiFi reads were not
further processed. Hybrid de novo assembly was performed using Unicycler (v0.4.8), with
the minimum contig length set to 500 bp and all other parameters left at their default
values (38). Within Unicycler, SPAdes assembled Illumina reads into contigs (optimal
k-mer size of 89), Miniasm overlapped them with the long HiFi reads to construct the
hybrid assembly, and Racon polished the assembly by aligning the long reads back
to the draft in multiple rounds. For further refinement, lllumina reads were mapped
back to the assembly using BWA (0.7.18), the alignments were processed with Samtools
(1.21), and two iterations of Pilon (v.1.24) were performed to ensure high base accu-
racy (39). Assembly quality statistics were obtained with QUAST (v.5.2.0), closure was
examined with Bandage (v.0.8.1), and completeness was assessed with BUSCO (v5.8.2)
using pseudomonas_odb12 data set (40).

The complete genome of AU10 was annotated with the NCBI Prokaryotic Genome
Annotation Pipeline (PGAP) during the GenBank submission process (accession
JAIUXL020000001 for the chromosome and 0Q302170 for the plasmid). An additional
annotation was performed with RASTtk within the BV-BRC online server (https://
www.bv-brc.org/) (41, 42). Predicted genes were functionally categorized in BV-BRC
subsystems and in BRITE hierarchies, the latter obtained through the KEGG Auto-
matic Annotation Server (KAAS), which also enabled the reconstruction of KEGG
metabolic pathways (43, 44). KEGG orthologs were assigned using GHOSTZ and 40
reference genomes. Results obtained with BV-BRC subsystems, BRITE hierarchies, and
KEGG pathways were interpreted using the MetaCyc database (https://metacyc.org/) to
elucidate AU10’s metabolic networks (45). Prophages were predicted using PhiSpy within
RASTtk.

Taxonomic placement and comparative genomics

Different approaches were used to position AU10 taxonomically and identify the most
similar genomes from public databases. First, an identification report was obtained from
the Type Strain Genome Server (TYGS; https://tygs.dsmz.de/ ), based on the 16S rRNA
gene and genome-scale analyses (46). Second, 1 Mb segments of AU10’s genome were
BLAST-searched against the GenBank database, selecting genomes with the highest
scores that appeared consistently across searches. Lastly, the “Similar Genome Finder”
tool within BV-BRC, which uses the Mash/MinHash algorithm, was run against the BV-BRC
bacterial genome database. Only genomes sharing at least 10% of their k-mers with the
query were kept for further analysis. Genomic relatedness among the selected strains
was assessed by calculating pairwise average nucleotide identity using BLAST (ANIb)
with pyani (v0.2.12) (47).

Phylogenomic analyses

The Codon Tree pipeline within the BV-BRC server was used to construct phylogenomic
trees. The pipeline identified single-copy orthologous genes from distinct global protein
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families (PGFams) shared among the analyzed genomes. For each selected gene, the
nucleotide and deduced amino acid sequences were retrieved and aligned with the
Codon_align function of BioPython and MUSCLE, respectively. A maximum-likelihood
phylogenomic tree was inferred using RAXML based on concatenated codon-aware
alignments guided by protein sequences. The analysis was performed under a parti-
tioned scheme, with a GTRCAT nucleotide substitution model applied separately to each
codon position and a JTT protein substitution model applied to the protein partition
(48). Node support was assessed using 100 bootstrap replicates. Trees were visualized in
MEGA 11, and labels were edited in Inkscape (49). The list of orthologous genes used is
available in the Zenodo repository (https://zenodo.org/records/17237991).

Pangenomic analysis

A pangenome analysis was performed using Anvi'o (v.8) (50). Briefly, genomes were
processed from nucleotide FASTA files to generate Anvi'o contig databases, in which
genes were predicted and functionally annotated based on the NCBI COG20 database.
Single-copy genes were then identified within each contig database by searching
profile Hidden Markov models (HMMs) with HMMER. Finally, the contig databases
were integrated, and a pangenome was constructed by identifying homologous genes
with BLASTp (NCBI) and clustering them as COGs (Clusters of Orthologous Genes) by
sequence similarity using the Markov Cluster Algorithm (MCL). Gene clusters were
classified into core, accessory, and unique categories according to their distribution
across genomes. The pangenome was manually divided into bins of gene clusters
within the Anvi'o interface, based on presence-absence patterns, grouping genes with
shared evolutionary relevance. Functional enrichment analysis was conducted to identify
overrepresented COG functions within specific genome groups, as explained in Shaiber
etal. (51). A function was considered enriched when the g-value (FDR-corrected P-value)
was below 0.05.

To complement the cluster-based perspective provided by Anvi'o, proteomes of
related strains were compared using the BV-BRC Proteome Comparison tool (42).
Bidirectional BLASTp (=80% identity, >80% coverage, E-value < 1e-10) was applied to
align protein sequences. Results were displayed in syntenic order relative to a reference
genome, allowing visualization of proteins in genomic context rather than as isolated
matches. The resulting comparison tables were exported and manually inspected to
assess concordance across genome groups by identifying regions that were present or
absent across them. To confirm these observations, the selected regions were examined
with the BV-BRC Compare Region Viewer, using the “Selected genome group” option and
the PLfam classification method, which enabled a clear visualization of gene conserva-
tion and variation in syntenic context across genomes.

Phenotypic analyses

Standard biochemical tests were performed from fresh cultures using the following
kits: APl 20E (BioMérieux), HiCarbo Kit (KB0O09, HiMedia), HiAssorted Biochemical Test
Kit (KB002, HiMedia), Hi24 Enterobacteriaceae Kit (KB0O16, HiMedia), and BD BBL
Crystal Enteric/Nonfermenter ID Kit. All tests were performed following manufacturer’s
instructions and were incubated at 28°C for at least 48 h before interpretation.

Lipolytic activity was assessed on tributyrin agar (TBA) plates (1% [vol/vol] tributyrin,
7.0 g/L peptone, 2.5 g/L soytone, 2.5 g/L NaCl, 18 g/L agar, pH 7) and on Tween 80 agar
(T80A) plates (1% [vol/vol] Tween 80, 7.0 g/L peptone, 2.5 g/L soytone, 2.5 g/L NaCl, 0.1
g/L CaCly, 18 g/L agar, pH 7) (52). Bacterial suspensions were inoculated on the plates
and incubated at 28°C for 48 h. Esterase activity was detected on TBA plates by the
appearance of clear hydrolysis halos after iodine staining, whereas lipase activity was
indicated on T80A plates by the formation of an opalescent zone around colonies.

Cellulolytic activity was tested on carboxymethyl cellulose (CMC) agar plates (1.0 g/L
CMC, 2.5 g/L NaNOs, 0.2 g/L MgSQg, 0.2 g/L NaCl, 0.1 g/L CaCl,.6H50, 18 g/L agar, pH 7)
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(52). After 48 h of incubation at 28°C, plates were stained with 1% Congo red solution
and destained with 1 M NaCl to reveal discoloration halos indicative of cellulase activity.

Siderophore production was assessed using Chrome Azurol S (CAS) agar medium
and incubating the plates at 30°C, following the method of Schwyn & Neilands (53).
Pyoverdine production was evaluated on King B agar (20 g/L proteose peptone No. 3, 10
g/L glycerol, 1.5 g/L K;HPOg4, 1.5 g/L MgSO4-7H,0, 18 g/L agar) by observing fluorescence
under UV light (54).

Polyhydroxyalkanoate (PHA) production was tested on M9 salts agar (55) supplemen-
ted with 4% glucose. After 48 h of incubation at 28°C, a 0.1% (wt/vol) Nile Red solution
in acetone was added dropwise onto the surface of the grown colonies, and fluorescence
was assessed under UV light. Orange-red fluorescence was interpreted as a positive
result for PHA accumulation (56).

B-hemolysis was evaluated on 5% sheep blood agar plates, as described (57).

RESULTS
General features of the Pseudomonas sp. AU10 genome

The genome of AU10 was sequenced using Illumina and PacBio technologies, yielding
12,949,692 short reads (101 bp) and 90,592 long HiFi reads (938 Mb; Nsg: 11,449
bp). A hybrid de novo assembly was performed, with lllumina reads contributing high
per-base accuracy and PacBio reads providing long-range continuity. The final assem-
bly consisted of a circular chromosome (6,719,885 bp) and a circular plasmid (31,152
bp), thus achieving complete genome closure. Bandage visualization confirmed the
absence of disconnected contigs. Sequencing coverage was approximately 194x for
lumina and 139x for PacBio. The chromosome GC content was 59.7%, consistent
with the expected range for Pseudomonas species (58), and 54.9% for the plasmid.
According to BUSCO analysis, the assembly was 99.2% complete, with 0.1% duplicated,
0.3% fragmented, and 0.5% missing genes, likely reflecting natural variation relative to
the genus-level reference data set. Genome annotation identified 6,236 protein-coding
sequences (CDSs), 71 tRNA genes, and 19 rRNA genes, corresponding to six complete
rRNA operons plus an additional 55 gene. Functional annotation assigned putative
functions to 76.7% of CDSs. Yet, only 30% were categorized into functional subsystems
and 15% into KEGG pathways. These fractions provided insight into the strain’s metabolic
and general capabilities.

Mobilome contribution to AU10’s Antarctic adaptation

The 31 kb natural plasmid from AU10 (named pAU10) showed no full-length homologs
in a BLAST search. The closest match was a 78 kb plasmid from Pseudomonas lurida 228,
isolated from plant material in Ireland, with 88% identity and 43% query coverage. This
suggests that pAU10 is a previously unreported Antarctic plasmid. It carries 46 CDSs (Fig.
S1), most of which are related to plasmid metabolism, including replication (repJ and
repB), partitioning (parA and parB), remnants of a conjugative tra region, and addiction
systems (relE/relB and chpS/chpB). It also carries an O-antigen acetylase gene and the
umuDC operon, which codes for an error-prone DNA polymerase involved in mutagenic
repair during an SOS response triggered, for instance, by UV damage.

Additionally, six prophages were identified in the chromosome, ranging in size from
11 to 33 kb. Notably, one of them encodes an O-antigen acetylase, as does pAU10.

A synopsis of AU10’s metabolic potential

We reconstructed the metabolic pathways and transport systems of AU10 from its
assembled genome to assess its metabolic potential. Fig. 1 illustrates the expected
range of assimilable carbon and energy sources, along with the central carbon pathways
through which they would be channeled. This metabolic model was partially suppor-
ted by 64 standardized biochemical assays (Table S1), which confirmed AU10’s broad
heterotrophic capacity.
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Metabolic model for Pseudomonas sp. AUT0 carbon metabolism based on genomic and phenotypic information. A schematic cell is depicted with

both membranes defining the cytosolic and periplasmic subcellular spaces. Transport systems are represented schematically, with different colors according to

their specificity: sugars and derivatives in red; polyols in orange; organic acids in green; amino acids and derivatives in blue; and nucleotide bases in purple.

Phosphotransferase transport systems are identified as PTS. Central carbon pathways are represented as solid-colored arrows: gluconeogenic and glycolytic

reactions in red; Entner-Doudoroff pathway in purple; decarboxylation of pyruvate and the Krebs cycle in blue; the methylcitrate cycle in yellow; anaplerotic

nodes including the glyoxylate shunt in orange; and cataplerotic/gluconeogenic interconnecting nodes in green. Deduced catabolic pathways for each carbon

source are represented with dashed gray arrows showing the point of central carbon pathways at which they end. Solid gray lines represent pathways named

in the figure. Abbreviations: 2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate; BCAA, branched-chain

amino acids; BPG, 2,3-bisphosphoglycerate; DHAP,

dihydroxyacetone phosphate; FBP, fructose-1,6-bisphosphate; G3P, glyceraldehyde 3-phosphate; G6P, glucose-6-phosphate; KDPG, 2-dehydro-3-deoxy-6-phos-

pho-gluconate; PEP, 2-phosphoenolpyruvate.

Results presented in Fig. 1 suggest that AU10 is biased toward the catabolism of
amino acids and organic acids over sugars and their derivatives. Most of its transporters
are dedicated to small mono-, di-, and tricarboxylic acids, amino acids, fatty acids, and
even detergents such as alkane sulfonates and alkyl/aryl sulfate esters (Fig. 1). In contrast,
only a handful of ABC transporters and three phosphotransferase systems (PTS) were
identified for sugars and related derivatives. This pattern matches what is observed in
other Pseudomonas species, where catabolite repression favors the assimilation of
organic acids and amino acids over sugars (59).

For glucose utilization, AU10 presents both the phosphorylative and oxidative
pathways typical of Pseudomonas, which converge at 6-phosphogluconate (60). This
intermediate can be further metabolized through either the Entner-Doudoroff or the
pentose phosphate pathways (Fig. 1). As expected for the genus (60), the classical
Embden-Meyerhof-Parnas glycolytic pathway is incomplete in AU10 due to the lack
of 6-phosphofructokinase. The strain showed acid production from certain sugars (Table
S1); however, since members of this genus are considered sugar non-fermentative (1),
this phenotype is likely due to the promiscuous activity of periplasmic membrane-bound
glucose dehydrogenase, as previously described (61). Thus, AUT0 may oxidize glucose
and other sugars at the periplasm through the oxidative route, releasing aldonic acids
and thereby contributing to local acidification of the medium (60).

The respiratory chain of AU10 would be strictly aerobic and branched, comprising
five complete terminal oxidases: three cytochrome c oxidases (types aa3, cbb3-1, and
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cbb3-2) and two ubiquinol oxidases (bo and bd types). These enzymes differ in oxygen
affinity, redox potential, energy coupling efficiency, and tolerance to environmental
stressors (62), suggesting that AU10 could grow under a wide range of oxygen concen-
trations. No genes involved in nitrate respiration or denitrification were detected, and
no nitrate or nitrite reductase activity was observed (Table S1). Interestingly, AU10 has
the arcDCB operon and exhibited arginine deiminase activity, confirming its ability to
ferment arginine. In other Pseudomonas species, this pathway supports survival or even
growth under transient anoxic conditions (63, 64). In contrast, pyruvate fermentation to
lactate and acetate, a pathway present in several Pseudomonas strains (15, 65), appears to
be incomplete in AU10 due to the absence of the acetate kinase gene.

Metabolic versatility in AU10 is underscored by the presence of several anaplerotic
and cataplerotic/gluconeogenic nodes known to interconnect central carbon metabo-
lism in bacteria (66). We identified three cataplerotic enzymes, which enable the use
of di- and tricarboxylic acids and certain amino acids as energy or gluconeogenic
sources: phosphoenolpyruvate (PEP) carboxykinase, NADP*-dependent malic enzyme,
and oxaloacetate decarboxylase (green arrows in Fig. 1). The anaplerotic nodes identified
in AU10, which replenish the Krebs cycle with intermediates, include a PEP carboxylase,
a pyruvate carboxylase, and the complete glyoxylate shunt (orange arrows in Fig. 1).
The shunt would enable this strain to meet its carbon requirements when growing on
substrates that enter central pathways as acetyl-CoA, such as fatty acids. Additionally,
AU10 has the full methylcitrate cycle (yellow arrows in Fig. 1), which converts the
toxic intermediate propionyl-CoA into succinate and pyruvate (67). Altogether, these
interconnecting nodes would allow AU10 to fine-tune its metabolism under different
carbon regimes.

AU10’s reliance on amino and organic acids matches its hydrolytic enzyme repertoire.
The strain was originally recognized for its proteolytic activity at low temperatures, and
one of its secreted enzymes was biochemically characterized as a cold-active alkaline
serine-metalloprotease (31, 33). Here, we identified more than 50 encoded proteases,
along with several lipases, esterases, a chitinase, and a chitin-binding protein. On the
bench, lipase/esterase activity was demonstrated on Tween 80 and tributyrin agar plates
(Fig. S2). Conversely, we found no genes encoding enzymes for the degradation of
disaccharides or complex plant polysaccharides, such as B-galactosidases, invertases,
polygalacturonases, xylanases, arabinofuranosidases, endoglucanases, or cellobiohydro-
lases. These findings are consistent with the negative results on carboxymethyl cellulose
plates and in several biochemical tests (Table S1). Thus, AU10 appears to lack the
enzymatic machinery required to degrade lactose, sucrose, or major plant-derived
polysaccharides, such as pectins, hemicellulose, and cellulose, consistent with a non-
plant-associated lifestyle.

Concerning storage polymer metabolism, genome analysis revealed that AU10
harbors complete gene sets for the synthesis and degradation of glycogen, cyanophycin,
polyphosphate, and polyhydroxyalkanoates (PHA). Its PHA gene cluster matches Class
Il systems typical of the genus Pseudomonas, which mediate the synthesis of medium
chain-length PHAs (68). However, PHA production was not detected under the tested
conditions, as assessed by Nile Red staining.

AU10 belongs to a long-established Antarctic lineage

To clarify the taxonomic placement of AU10 within the genus Pseudomonas, we first
submitted its genome sequence to the TYGS platform (46). The resulting report indicated
that AU10 would be a novel species, as no type strain showed digital DNA-DNA
hybridization (dDDH) values above the 70% threshold used for species delineation
(69). The similarity matrix derived from dDDH values and the GBDP (Genome BLAST
Distance Phylogeny) tree indicated that the closest described species were Pseudo-
monas antarctica, Pseudomonas fluorescens, Pseudomonas salomonii, and Pseudomonas
edaphica. To gain further insight, we constructed a phylogenomic tree including AU10
and 40 type strains of validated Pseudomonas species, selected based on previously
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published phylogenies (70), and including all publicly available type-strain genomes
of Antarctic Pseudomonas species (Fig. S3). The resulting tree confirmed AU10’s closest
relationship with P. antarctica, followed by the three species mentioned above. The tree
topology also revealed that Antarctic species are distributed polyphyletically across the
genus, interspersed among species from other geographic regions.

To explore whether AU10 belongs to a coherent Antarctic lineage, we searched public
databases for closely related genomes using both BLASTn and the “Similar Genome
Finder” tool from BV-BRC. At the time of the analysis, both databases contained around
12,000 Pseudomonas genomes not belonging to the human pathogen Pseudomonas
aeruginosa. Query genomes in both searches included AU10, isolates previously assigned
to P. antarctica (BS2772", S101, 03-1.1-1.2, and PAMC 27494), and the type strain of
P. fluorescens (ATCC 13525"). This approach enabled us to identify 40 non-redundant
genomes closely related to AU10, all of which fell within the clade outlined by a dashed
rectangle in Fig. S3.

To further resolve AU10’s relationship to these 40 similar strains, we performed
a second phylogenomic analysis and calculated pairwise average nucleotide identity
(ANIb) values. Pseudomonas kitaguniensis and Pseudomonas constantinii type strains
were included as outgroups because they represent the closest species external to
the focal group, based on their placement in our initial tree (Fig. S3) and published
phylogenies (70, 71). Results are shown in Fig. 2, together with relevant metadata from
the 43 strains included in the analysis. Nearly half of these lacked formal species-level
assignments, and only seven originated from Antarctica. The tree revealed that AU10
and five of the seven Antarctic strains (IB20, YeP6b, ArH3a, B52772", and S101) formed a
monophyletic clade supported by 100% bootstrap values. This group, hereafter termed
“AU10’s Antarctic clade” or simply the “Antarctic clade,” was the only lineage in the tree
that combined phylogenetic cohesion with a clear geographic origin and is outlined
by a dashed rectangle in Fig. 2. In contrast, all other clades showed geographically
mixed compositions (see figure metadata). The Antarctic clade was also characterized by
relatively long branches in the tree, suggesting a prolonged period of divergence from
its closest relatives. One observation that drew our attention was the absence of South
American genomes among AU10’s closest relatives, despite the geographic proximity of
South America to the Antarctic Peninsula. At the time of analysis, the BV-BRC database
contained 928 Pseudomonas genomes from South America (excluding P. aeruginosa)
and only 125 from Antarctica. In contrast, closely related strains were retrieved from
comparatively under-sampled regions such as Nigeria and Pakistan. Taken together,
these observations are consistent with the putative endemism of the Antarctic clade.

Regarding the ecology of the clade, almost all members were recovered from
freshwater or soil samples, suggesting an adaptation to terrestrial Antarctic habitats.
Only the origin of IB20 is somewhat ambiguous: while its GenBank entry (2017) classifies
it as a freshwater isolate, the published report (2018) describes it as marine (72) in the
context of a survey that included both freshwater and marine environments. The first
strain described was P. antarctica BS27727, collected in 2002 from a cyanobacterial mat in
the McMurdo Dry Valleys. The remaining members were isolated more recently and
further west from islands surrounding the Antarctic Peninsula (72, 73).

Within the Antarctic clade, ANIb values displayed as a heatmap in Fig. 2 revealed two
distinct species-level subgroups, based on the 95% identity threshold commonly applied
for species delineation (69). One corresponded to P. antarctica, represented in our data
set by strains BS2772" and S101. The other species included AU10, IB20, YeP6b, and
ArH3a, which form a well-defined cluster in both the phylogenetic tree and the ANIb
matrix. Very recently, the name Pseudomonas gelidaquae was proposed for this species,
with I1B20 designated as the type strain (71). Although formal validation is still pending,
we will refer to this lineage hereafter as P. gelidaquae or "AU10’s species.”

The two remaining Antarctic strains in our data set (PAMC 27494 and Ant01) did not
cluster within AU10’s Antarctic clade. To our surprise, they grouped with three strains
isolated from samples collected in remote, permanently cold environments, including
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FIG 2 Phylogenomic tree and pairwise average nucleotide identity (ANIb) heatmap of Pseudomonas

sp. AU10 and closely related genomes. The maximum-likelihood tree, showing branch lengths in
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Fig 2 (Continued)

substitutions per site, was inferred from 959 single-copy orthologous genes. Bootstrap support values
(100 replicates) are shown at the nodes. P. kitaguniensis and P. constantinii type strains were included
as outgroups. Type strains are shown in bold; strains from Antarctica are shaded in blue; and strains
from non-Antarctic freezing environments are shaded in light blue. Metadata for each strain is indicated.
Dashed rectangles highlight two separate monophyletic clades, the “Antarctic clade” and the “cold clade,’
each comprising isolates from extremely cold environments. The adjacent heatmap shows pairwise ANIb
values (%), with darker shading indicating higher nucleotide identity. Each cell represents a pairwise
comparison between the named genomes on rows and columns.

glacier meltwater in the Himalayas and Arctic snow from Svalbard (74, 75). These
geographically distant yet ecologically similar strains clustered into a distinct monophy-
letic group, hereafter termed the “cold clade,” highlighted by a dashed rectangle in Fig. 2.
Although this clade was phylogenetically close to P. fluorescens species, ANIb values
among members of both groups ranged from 94% to 95% (Fig. 2), placing the cold clade
at the boundary of species delimitation. These results also indicated a species misassign-
ment for PAMC 27494, which would not belong to P. antarctica. The remaining strains in
the data set (not belonging to the Antarctic or cold clades) originated from warmer
regions, except for a few from seasonally cold areas that experience warm summers, such
as Fairbanks, Alaska, and therefore cannot be considered permanently cold environ-
ments.

Pangenomic insights into the evolution of AU10’s lineage

Based on the results presented above, we asked whether the Antarctic and cold clades
evolved specific adaptations to freezing environments. To investigate these putative
lineage-specific signatures of adaptation, we performed a pangenomic analysis with
Anvi‘o, built on clusters of orthologous genes (COGs) from the genomes of AU10 and the
40 closely related strains identified earlier (Fig. 3; Table Z3 at Zenodo: https://zenodo.org/
records/17237991). The resulting pangenome revealed that the core genome, shared by
all analyzed strains, accounted for only 25% of the total COGs (3,901 out of 15,625). In
contrast, 39% corresponded to accessory clusters shared by at least two strains (6,072
clusters), while 36% were singletons (5,652 clusters) present in only one genome (Fig. 3).
Within this framework, we identified blocks of accessory gene clusters specific to AU10’s
Antarctic clade, the cold clade, AU10’s species, and AU10 singletons. These blocks were
binned using Anvi'o and are indicated with radial color shading in Fig. 3, while their
constituent gene clusters are listed in Table Z3 in the Zenodo repository. To interpret
this variability in an evolutionary context, gene cluster presence-absence patterns were
examined in light of the phylogenetic topology shown in Fig. 2.

To support the assignment of bins and gain further insight into their biologi-
cal relevance, we combined two complementary approaches. Functional enrichment
analyses in Anvi‘o identified functions significantly overrepresented in particular groups
of strains (Tables Z4-Z7 at Zenodo: https://zenodo.org/records/17237991). To reduce
potential biases due to unequal group sizes, only functions broadly represented within
each group were retained for interpretation. In turn, alignments generated with the
“Proteome Comparison” and the “Compare Region Viewer” tools in BV-BRC displayed
gene gains and losses in syntenic order relative to a reference genome (AU10, ATCC
1352257, and PAMC 27494; Tables Z8-Z10 at Zenodo). This provided genomic context
to determine whether they corresponded to genomic islands, mobile elements, or
functionally coherent clusters restricted to specific lineages. The most relevant findings
obtained from these complementary strategies are summarized in Fig. 4 and further
developed below in the form of key questions that guide the presentation of our results.
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FIG 3 Pangenome of Pseudomonas sp. AU10 and 40 related strains. The central dendrogram organizes gene clusters (GCs) by their presence/absence patterns
across genomes. Concentric rings indicate the presence (colored) or absence (pale shade) of each GC in a given genome. Bins of GCs, defined by their distribution
patterns, are shown as shaded radial bands: core genome (magenta), Antarctic clade-specific (purple), cold clade-specific (cyan), accessory to AU10’s species
(blue), or AU10 singletons (orange). Genome order follows the phylogenomic tree in Fig. 2. The top-right panel shows an ANIb heatmap (mirror image of Fig. 2)
illustrating pairwise genomic similarity.

Are there genomic hallmarks of freeze adaptation?

When comparing the 11 strains from the Antarctic and cold clades collectively with the
remaining 30 strains not associated with permanently cold environments, no accessory
gene clusters or functions were found to be exclusively shared or absent. Functional
enrichment did identify significant COG functions, but only as partial enrichments rather
than absolute 11-versus-30 exclusivity. Syntenic proteome comparisons likewise did not
reveal genomic regions exclusive to these groups. Together, these results indicate that
cold adaptation does not rely on a single convergent set of accessory genes.
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identified through pangenomic analyses, and their genomic integrity was visually and syntenically verified using the Compare Region Viewer tool from the

BV-BRC server. Gradient-filled squares indicate gene decay, including premature stop codons or partial remnants.

On the other hand, three gene clusters were absent in both the Antarctic and cold
clades, although not exclusively. These included a genomic island encoding a TRAP-type
C4-dicarboxylate transport system and a citrate lyase, involved in dicarboxylate uptake
and metabolism; the phn operon responsible for phosphonate degradation; and a gene

cluster involved in xylose and pectin degradation (Fig. 4).
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We also examined well-described genetic determinants associated with bacterial
survival at low temperatures, including cold-shock protein genes (csp), the fatty acid
A9-desaturase gene (desA), and genes involved in the synthesis of cryoprotectant
molecules, such as compatible solutes and exopolysaccharides (EPS) (15, 17, 18, 76). We
found that all analyzed genomes encoded multiple csp paralogs, and copy number did
not correlate with isolation from permanently cold environments (Fig. 4). Likewise, the
desA gene, important for preserving membrane homeoviscosity under cold conditions
(76), was present in all strains. All genomes also carried genes for cryoprotectant
compatible solutes (15, 76), including the bet/BA operon for glycine betaine synthesis
from choline and treYZXS for trehalose production from maltose and glycogen (Fig. 4),
whereas the otsAB operon for de novo trehalose synthesis was absent in all genomes.
Finally, EPS gene clusters for alginate, Psl, and poly-—1,6-N-acetyl-D-glucosamine (PGA)
synthesis were present in almost all strains (Fig. 4). In sum, these canonical cold-associ-
ated genes were widespread and did not distinguish strains from permanently cold
environments from closely related strains inhabiting warmer habitats.

What distinguishes AU10’s Antarctic clade?

The Antarctic clade was distinguished from the remaining 35 related strains by a set of
accessory gene clusters uniquely shared among its six genomes (Fig. 3 and 4). Notably,
it carries a genomic island encoding multiple proteins involved in ionic and osmotic
regulation, including Na*/H* antiporters (NhaA and NhaP), a H*/CI~ antiporter (ClcA),
a K uptake protein (TrkH), and a choline-glycine betaine transporter (BetT). These
genes represent additional copies of canonical variants that are typically dispersed
across the chromosome, rather than organized in clusters. It also carries a distinctive
ccoNQ operon, which encodes two subunits of a high-affinity Cbb3-type cytochrome ¢
oxidase. This operon adds to the two canonical ccoNOQP versions (cbb3-1 and cbb3-2),
which are conserved across all 41 strains and function as branched terminal oxidases
in the respiratory chain. The Antarctic clade also differs in genes potentially associated
with the heat-shock response: it lacks ibpA, which encodes a small ATP-independent
heat-shock chaperone that prevents irreversible protein aggregation during heat stress,
and harbors an additional copy of the ftsH gene (Fig. 4). The canonical ftsH encodes
a membrane-bound, ATP-dependent protease that targets the heat-shock sigma factor
RpoH for degradation under non-stress conditions (77).

The remaining features associated with AU10’s Antarctic clade correspond to
virulence-related traits typically linked to pathogenicity. In particular, the clade has
acquired a gene cluster encoding a type VI secretion system (T6SS), which mediates the
injection of effector proteins into target cells (78), as well as a genomic island encoding
insecticidal toxins of the Toxin Complex (Tc) type. The Tc locus identified (~18 kb)
contains five genes encoding large proteins (800 to 1,600 amino acids) and shows the
same organization as type V and type VI Tc clusters known to confer insect toxicity
in other Pseudomonas species (79). These proteins assemble into a giant pore-forming
complex that delivers a lethal cytotoxic domain into target cells (80). Of note, both
species within the Antarctic clade harbor distinct versions of the Tc cluster. A BLASTn
comparison between the loci of AUT0 and P. antarctica BS2772" showed only 71%
query coverage and 83% nucleotide identity, whereas the AU10 cluster displayed much
higher similarity to 11 distantly related Pseudomonas simiae strains, with 100% coverage
and 91% identity in all cases (see phylogenetic distance in Fig. S3). In both Antarctic
species, the Tc cluster is inserted at the same chromosomal site, with no mobile elements
flanking it.

Which accessory genes define AU10’s Antarctic species?

The four strains of P. gelidaquae (AU10, 1B20, ArH3a, and YeP6b) shared a distinct set
of accessory genes, as summarized in Fig. 4. In addition to the distinct Tc toxin cluster,
all strains encode a complete type Il secretion system (T3SS), known to inject effector
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proteins into eukaryotic host cells (81). Here, we found that most other closely related
strains encode an alternative T3SS variant (Fig. 4), except for P. antarctica, which lacks
both T3SS variants.

Additional acquisitions are related to iron uptake. In this regard, AU10 is a sidero-
phore-producing bacterium, as evidenced by the formation of a clearance halo around
stabs on CAS agar plates (Fig. S2A). More specifically, it secreted pyoverdine when
grown on King B agar (Fig. S2B), a yellow-green siderophore that fluoresces under
UV light. Pyoverdine production is a hallmark of fluorescent Pseudomonas (1), but its
structure varies among species due to differences in the peptide backbone linked to the
chromophore. These peptides are synthesized by different combinations of non-riboso-
mal peptide synthetases (NRPS) encoded in pyoverdine biosynthesis clusters (82). Here,
we found that all strains of P. gelidacquae harbor a distinct set of three NRPS genes, while
almost all remaining strains harbor only two (Fig. 4), consistent with the production of a
structurally distinct pyoverdine. Moreover, the four genomes of P. gelidaguae gained two
further gene clusters encoding all the necessary components for the synthesis, excretion,
and uptake of the siderophore pyochelin and the hemophore HasA. While pyochelin
mediates Fe*" uptake, HasA scavenges heme from extracellular hemoproteins, and both
are considered virulence factors in P. aeruginosa (83).

AU10’s species also acquired two catabolic operons involved in amino acid metab-
olism and benzoate degradation, while losing the complete cluster for nicotinic acid
catabolism. The amino acid operon includes additional copies of proline dehydrogenase
(PutB), threonine aldolase, and cysteine desulfurase genes, supplementing those present
in the core genome. The benzoate degradation operon likewise represents a complete
copy, in contrast to the canonical cluster, which lacks both the gene encoding the
specific outer membrane porin and the terminal enzyme of the pathway, benzoate diol
dehydrogenase (BenD).

An additional species-specific trait is the tellurite resistance operon (terZABCDE),
which could expand its resistome against this widespread metalloid. Additionally,
all four genomes lack the genes for assimilative nitrate and nitrite reductases and
carry nonsense mutations in the nitrate-specific transporter genes (Fig. 4). As already
mentioned, AU10 showed no detectable nitrate or nitrite reductase activity (Table S1).

Does AU10’s species show variation at the strain level?

Some genomic signatures were not shared among all P. gelidaquae strains (AU10, 1B20,
ArH3a, and YeP6b), providing evidence of intraspecific variability. Notably, AU10 and 1B20
lost a large genomic island present in closely related strains, which contains genes for
the general secretory pathway (type Il secretion system, T2SS) and the fecBCDE operon,
encoding an ABC-type transporter responsible for ferric citrate uptake as a siderophore
(Fig. 4). Despite lacking the fec operon, both AUT0 and IB20 retained the fecA gene,
which encodes the outer membrane porin that binds ferric citrate. In contrast, both
strains acquired a copper resistance gene cluster previously linked to AU10’s copper
resistance phenotype (35).

Other major contributors to intraspecific variability were the genomic islands carrying
O-antigen biosynthetic loci, which determine the outermost and most variable portion
of the outer membrane lipopolysaccharides (LPS). All four P. gelidaquae genomes
contained two O-antigen clusters, but their composition and distribution varied across
strains. One of them corresponded to an OSA cluster, a common variant among
Pseudomonas species and determinant of serotype in P. aeruginosa (84). The same OSA
locus was present in AU10, IB20, and YeP6b, while ArH3a carries a different variant at the
same genomic location.

The second O-antigen cluster, present in AU10 and IB20 but absent from YeP6b
and ArH3a, was rare among Pseudomonas genomes. BLASTn analysis of AU10’s entire
cluster identified closest homologs in two related strains—Pseudomonas sp. PMA22 and
Pseudomonas sp. R76 (86% identity, 63% query coverage; see relatedness in Fig. 2)—as
well as in several distant Pseudomonas protegens strains (~80% identity, ~35% query
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coverage; see phylogenetic distance in Fig. S3). The best-characterized homolog cluster
was found in P. protegens CHAOQ, an entomopathogenic model strain, where it was shown
to be responsible for the production of long O-antigen polymers called OBC3 (85). Based
on gene content and homology, we classified the AU10/IB20 locus as OBC3-like. In Fig.
S4, we show the similarity blocks of AU10’s OBC3-like and OSA-like clusters compared to
P. protegens CHAO and P. aeruginosa PAO1.

Interestingly, all 43 closely related strains here analyzed harbored an OSA variant
always located between the conserved chromosomal genes ihfB and wbpM. By contrast,
only 12 strains carried an O-antigen island at the same chromosomal site as AU10’s
OBC3-like locus, located between the CAAX amino-terminal protease gene and the
aerotaxis sensor receptor gene, although the encoded clusters differed from OBC3.
Moreover, neither locus was flanked by mobile genetic elements.

DISCUSSION

This study aimed to elucidate the lifestyle and evolutionary history of Pseudomonas
sp. AU10 by integrating genome-based approaches with targeted phenotypic assays.
To this end, we sequenced the strain’s genome, reconstructed its metabolic potential,
and performed phylogenomic and pangenomic analyses. After placing AUT0 within
the broader phylogenetic framework of the Pseudomonas genus, we narrowed our
comparative genomic analysis to a phylogenetically focused data set comprising AU10
and its closest relatives with publicly available genomes. This strategy enabled the
resolution of fine-scale evolutionary signals that would likely be less apparent at broader
phylogenetic scales. Accordingly, our approach differs from genus-wide pangenomic
studies (3, 30).

From the broader phylogenomic analysis (Fig. S3), AU10 was found to belong to one
of several Antarctic lineages interspersed among species from other geographic regions.
This polyphyletic pattern suggests repeated, independent colonization of Antarctica by
members of this genus, rather than radiation from a single ancestral founder. Therefore,
AU10’s Antarctic clade represents the outcome of one of several evolutionary incursions
that overcame both the geographic isolation and the extreme environmental conditions
of the Antarctic continent. A similar scenario has recently been described for Polaromo-
nas, in which multiple lineages would have independently colonized polar regions and
diversified (29). In addition, our pangenomic analysis of closely related strains showed
that canonical genes encoding functions commonly associated with cold tolerance—
such as cold-shock proteins, fatty acid desaturases, and pathways for compatible solute
and exopolysaccharide synthesis—are not restricted to lineages from permanently cold
environments, but are also present in strains isolated from temperate and even warm
habitats. This agrees with previous studies indicating that many Pseudomonas lineages
are intrinsically psychrotolerant and already harbor the genetic capacity required for
growth at low temperatures (86). Indeed, fluorescent Pseudomonas are well known for
their ability to grow at refrigeration temperatures and for their frequent occurrence
as spoilers of chilled foods (87). Together, these observations suggest that intrinsic
psychrotolerance likely facilitated multiple independent colonization events of Antarctic
environments.

Within the phylogenetically focused data set, AU10’s Antarctic lineage emerged as
a coherent monophyletic clade (Fig. 2) composed of six strains distributed into two
species, P. antarctica and P. gelidaquae, the latter being a recently described species
to which AU10 belongs (71). Notably, this was the only clade combining a clearly
geographically restricted distribution with relatively long branches, together pointing
to long-term Antarctic endemism. Moreover, because bacterial generation times are
expected to be considerably longer in permanently cold environments (88), branch
length comparisons within the tree may underestimate the actual temporal depth of
divergence, further supporting a prolonged evolutionary history in Antarctica. In parallel,
our analysis identified a second monophyletic clade composed of strains isolated from
permanently cold environments across a broad geographic range, including the Arctic,
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Antarctica, and Himalayan glaciers. The wide geographic distribution and ecological
coherence of this “cold clade” suggest an evolutionary trajectory shaped by long-range
dispersal and environmental filtering under cold extremes. As such, it exemplifies the
Baas-Becking principle—"everything is everywhere, but the environment selects"—and
aligns with niche-based models of microbial biogeography (89-91). In contrast, AU10’s
Antarctic clade appears to reflect a history shaped by either limited dispersal or strong
environmental filtering outside Antarctica, resulting in its restricted distribution. Thus,
our findings revealed two closely related Pseudomonas lineages adapted to freezing
conditions but exhibiting sharply contrasting biogeographic patterns.

Despite being native to freezing environments, our pangenomic analysis found
no evidence of a distinctive gene set shared between the two clades that could be
considered as a common toolkit for adaptation to permanently frozen habitats. Instead,
their genomic repertoires point to independent evolutionary trajectories shaped by
distinct combinations of gene acquisition and loss. These findings underscore the
importance of interpreting bacterial adaptation to polar environments through the lens
of lineage-specific evolutionary histories, an idea previously proposed (92, 93), but here
supported by evidence from two very closely related clades.

Focusing on AU10’s Antarctic clade, we identified several genomic features that
differentiate it from its closest relatives and may have contributed to its evolutionary
success in Antarctica, including those related to ionic and osmotic regulation, aero-
bic respiratory metabolism, and heat-shock response. Of note, we found a distinctive
genomic island encoding redundant systems for potassium, sodium, chloride, and
glycine betaine homeostasis. Such redundancy is likely to enhance fine-scale control
of osmotic and ionic balance, a strategy repeatedly highlighted as central to cold
adaptation (15, 27, 29). In line with this, Raiger et al. (2015) reported that Pseudomonas
extremaustralis carries a genomic island encoding redundant potassium homeostasis
systems and emphasized their role in coping with osmotic stress in Antarctic environ-
ments (15). In parallel, the acquisition of an incomplete ccoNQ operon lacking the OP
genes may expand the functional versatility of the respiratory chain in the Antarctic
clade. In P. aeruginosa PAO1, similar incomplete operons contribute to the formation of
alternative cbb3-type cytochrome c oxidase isoforms with distinct physiological roles
by pairing orphan NQ subunits with canonical OP subunits. For instance, one such
isoform has been shown to contribute to cyanide resistance, biofilm development, and
virulence in a nematode infection model (94, 95). Regarding heat-shock-related genes,
the Antarctic clade is distinguished from its closest relatives by the absence of the ibpA
gene, which encodes a small heat-shock chaperone. In P. putida, deletion of ibpA causes
severe growth defects at high temperatures, underscoring its key role in heat tolerance
(96). Under permanently cold conditions, however, this chaperone may have become
dispensable.

Below the clade level, we identified genomic features that are either characteristic of
AU10’s species or variable within it, and which may be relevant for shaping adaptation
to the Antarctic environment. Several acquisitions point to metal homeostasis as a major
selective pressure. For instance, P. gelidaquae acquired multiple gene clusters related
to iron uptake, including those involved in the synthesis of the pyochelin siderophore
and the HasA hemophore, as well as a replacement of the NRPS portion of its pyover-
dine biosynthetic cluster, which would likely result in the production of a structurally
distinct siderophore variant. Butaite et al. (97) showed that strong competition for iron
among soil and freshwater Pseudomonas strains promotes cheating behaviors through
heterologous pyoverdine exploitation, thereby favoring structural diversification as a
mechanism to avoid siderophore piracy (98). Thus, by producing a structural variant, P.
gelidaquae might be better able to compete with other community members, including
its sister species, P. antarctica. Together, these features suggest that iron availability
represents an important ecological constraint in the niche occupied by AU10’s species.
On the other hand, all P. gelidaquae strains acquired a tellurite resistance operon
(terZABCDE), whereas only a few carry a copper resistance genomic island. In line
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with this, we previously showed that AU10 displays resistance to Cr(VI), Cu(ll), Mn(ll),
Fe(ll), and As(V), describing these loci as part of a broader set of genomic resistance
determinants (35). However, AU10 exhibited a tellurite-sensitive phenotype under the
conditions tested, suggesting the operon might be inactive or functionally repurposed.
Notably, homologous operons have also been associated with resistance to phagocyto-
sis, bacteriophage infection, and oxidative stress in Pseudomonas citronellolis (99).

Genomic plasticity in AU10 reflects additional selective pressures operating within
this species. The strain carries a hitherto unreported natural plasmid (pAU10), whose
most striking feature is the presence of the umuDC operon, encoding a DNA polymer-
ase involved in mutagenic DNA repair during the SOS response. Plasmids harboring
the umuDC operon have been directly associated with UV-resistant phenotypes (97),
suggesting that pAU10 may contribute to coping with the intense ultraviolet radiation
characteristic of Antarctic environments (100). In addition, O-antigen acetylase genes
were detected in two mobile genetic elements of AU10 (pAU10 and a prophage),
suggesting that recent selective pressures favor modification of the outer portion of
lipopolysaccharides, the frontline of cellular exposure and defense. In E. coli, for example,
O-antigen acetylation reduces outer membrane permeability, decreases susceptibility
to bacteriophages, and increases resistance to lysozyme-mediated lysis (101). In this
context, we found further intraspecific variability in O-antigen biosynthesis gene clusters
among P. gelidaquae strains. All four strains carry one of two OSA-type clusters, and
only AU10 and IB20 harbor a second O-antigen cluster corresponding to an OBC3-like
locus, similar to one described in an entomopathogenic strain of P. protegens (85).
Importantly, we found that each O-antigen locus is consistently inserted at the same
chromosomal position and flanked by conserved genes, a pattern that extends across
the remaining closely related strains analyzed. Similar modular exchanges of O-anti-
gen islands have been reported previously in pathogenic Pseudomonas species and
were attributed to recurrent replacement events mediated by horizontal transfer and
homologous recombination (102, 103). The maintenance of O-antigenic diversity among
conspecific strains suggests that balancing selection is at play, likely driven by fluctuating
ecological pressures, such as phage recognition or predatory and immune evasion (103,
104). Our results show that comparable genome plasticity affecting O-antigen loci also
shapes Antarctic environmental species.

Several of the clade- and species-specific features discussed above highlight the role
of biotic interactions in shaping the evolutionary trajectories of these Antarctic lineages,
particularly in the context of competition for limited resources and evasion of parasites
or predators. However, a striking finding was that many of the key acquisitions distinctive
of these groups correspond to genomic clusters encoding well-known virulence factors.
For instance, the Antarctic clade acquired two genomic islands: one encoding insecticidal
toxins of the Toxin Complex (Tc) type and the other encoding a type VI secretion system
(T6SS). In turn, P. gelidaquae differs from P. antarctica by the presence of key virulence
genes, including the above-mentioned pyochelin and hemophore (HasA) synthesis
clusters, as well as a genomic island encoding a distinct type Ill secretion system (T3SS),
which was recognized in the recent description of P. gelidaquae as a key feature of
the species (71). Moreover, we found that both species harbor different versions of the
Tc toxin cluster at the same chromosomal site, with the P. gelidaquae variant showing
higher similarity to homologous clusters from distantly related Pseudomonas strains.
This points to an ancestral acquisition followed by replacement through horizontal
transfer and recombination. Taken together, the acquisition and divergence of virulence
genes suggest that pathogenic traits have been under sustained selective pressure since
the ancestral establishment of the clade in Antarctica and continued throughout its
diversification process. We further propose that differences in virulence gene reper-
toires between P. antarctica and P. gelidaquae may have favored specialization toward
different hosts, reflecting niche segregation within their shared Antarctic environment
and potentially contributing to an ecological speciation process.
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If the Antarctic clade indeed exhibits a pathogenic lifestyle, a key question concerns
the identity of its potential hosts. Although direct experimental evidence is currently
lacking, multiple lines of genomic, metabolic, and environmental evidence converge on
a plausible hypothesis. At the genomic level, a central clue is provided by the presence
of insecticidal toxins, whose name directly implicates arthropods and which have been
extensively characterized in entomopathogenic bacteria (79, 105). In line with this, type
Il and type VI secretion systems—such as those present in AU10’s Antarctic clade or
species—have been shown to play key roles in insect infections mediated by Pseudo-
monas and Photorhabdus strains (78, 106). Although this points to insects as potential
hosts, the Antarctic environment is nearly devoid of them, with only two native species
reported (107). Because AU10 and other clade strains were isolated from freshwater
environments, we instead propose a potential pathogenic interaction with freshwater
arthropods inhabiting Antarctic freshwater systems (108). Supporting this view, divers
from the Artigas Antarctic Scientific Base have informally reported remarkably dense
swarms of crustaceans in Uruguay Lake, the isolation source of AU10 (31). Moreover,
fluorescent Pseudomonas populations in this lake have been shown to be particularly
abundant, reaching approximately 10°-10° CFU mL~"' over a five-year survey (109).
We consider this spatial co-occurrence to provide ecological support for the proposed
interaction. For AU10, the associated lifestyle is further supported by its hydrolytic profile,
which is oriented toward the degradation of proteins, lipids, and chitin, along with a
bias toward amino acid and organic acid uptake, as inferred from its metabolic recon-
struction (Fig. 1). This combination suggests the capacity to exploit the major compo-
nents of zooplankton biomass through extracellular hydrolysis and subsequent uptake
of the released products, including N-acetylglucosamine. In addition, the potential to
synthesize multiple storage polymers (glycogen, cyanophycin, polyphosphate, and PHA)
may allow AU10 to persist as dormant planktonic propagules between infection events,
while the versatility of its respiratory chain and the capacity for arginine fermentation
could enable survival across distinct redox conditions within the water column. More
broadly, a life cycle tightly coupled to local arthropods could help explain the restric-
ted geographic distribution of the Antarctic clade. In contrast, members of the cold
clade—Ilacking these virulence determinants—may rely on a more flexible, free-living
lifestyle, facilitating the colonization of cold environments worldwide. These contrast-
ing ecological strategies could therefore underlie the distinct biogeographic patterns
observed. Future work using appropriate infection models will be essential to test these
hypotheses.

To conclude, this work illustrates how integrating metabolic reconstruction,
phylogenomics, and pangenomics within a restricted evolutionary framework can
illuminate the lifestyles of environmental bacteria that are otherwise difficult to infer.
While genome-based metabolic reconstructions delineate coarse boundaries of the
fundamental niche, comparative analyses of closely related genomes better reveal
the evolutionary imprints of past selective pressures shaping the realized niche. Our
results caution against the prevailing assumption that bacteria isolated from Antarc-
tic lakes are necessarily free-living oligotrophs, subsisting on dilute organic matter.
Instead, they point to more complex life strategies involving trophic interactions and
host associations, operating within the microscale heterogeneity of polar environments.
With respect to cold adaptation, our findings further reinforce the view that no single
genetic solution underlies survival in permanently frozen habitats. Rather, adaptation to
extreme environments such as Antarctica emerges from lineage-specific combinations
of gene gains and losses, superimposed—in the case of fluorescent Pseudomonas—
on a background of intrinsic psychrotolerance. Overall, we provide an evolutionary
perspective on microbial adaptation to polar environments and position AU10 as a
valuable model for future experimental studies addressing the ecological and evolution-
ary dynamics of Antarctic bacteria.
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