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Abstract

The extreme environments of Antarctica offer unique habitats for microbial life, fostering distinct ecological interactions,
including antagonism among bacteria. This study investigates the antagonistic interactions and volatile organic compounds
(VOCs) production of psychrotrophic bacterial strains belonging to the genera Pseudoalteromonas and Psychrobacter,
isolated from seawater and marine sponges. Antagonism assays revealed that only a small fraction of isolates exhibited
significant inhibitory activity, with seawater strains showing a greater antagonistic potential than sponge-associated ones.
Inhibition and sensitivity patterns were influenced by both the ecological origin and phylogenetic relatedness of the strains,
particularly within the Pseudoalteromonas genus. SPME-GC/MS analyses identified sulfurated compounds such as dime-
thyl and trimethyl disulfide, along with 2-undecanone, as prominent VOCs produced by the strains. Although antagonistic
activity was generally low, VOCs from these strains have demonstrated potential inhibitory effects on pathogens, including
multidrug-resistant Staphylococcus spp. and Pseudomonas aeruginosa strains. These findings highlight the ecological and
biotechnological relevance of Antarctic bacteria VOCs, shedding light on their potential as bioactive compounds for applica-
tions in agriculture and pharmaceutical fields.

Keywords Antagonistic interactions - Pseudoalteromonas - Psychrobacter - Microbial ecology - Volatile organic
compounds

Introduction

Located approximately 950 km from the nearest continent
(South America), Antarctica represents one of the Earth’s
most extreme and geographically isolated environments.
This isolation, combined with harsh conditions such as
extreme cold, seasonal fluctuations, and limited nutrient
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availability, has fostered the development of a unique eco-
system (Campbell and Graeme 1987). Microorganisms
inhabiting this region have evolved under these adverse con-
ditions, leading to distinctive dynamics and adaptive strate-
gies within microbial communities (Wilkins et al. 2013).

The Ross Sea, an inlet along the Antarctic coast, is a sig-
nificant geographical feature of this region. With an average
water depth of around 500 m, the Ross Sea encompasses an
area of approximately 750,000 square kilometers, including
five sedimentary basins of fluvial, continental, and marine
origins (Geletti and Busetti 2011). Terra Nova Bay, situated
on the western coast of the Ross Sea, spans about 80 km and
is a focal point for studying the region’s marine biodiversity
(Hong et al. 2021).

Bacterial species thriving in Antarctica are classified as
extremophiles, capable of surviving in extreme environ-
ments, thanks to different adaptive mechanisms. These
include modifications of cellular structures, such as the
thickening and increased flexibility of their cell mem-
branes, which are essential for maintaining cellular function
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at low temperatures and in the presence of ice formation
(Ramasamy et al. 2023). Additionally, these bacteria engage
in antagonistic interactions within their ecological niches, a
strategy that confers adaptive advantages and plays a crucial
role in shaping microbial population dynamics, contributing
to the stability and resilience of microbial communities (Lo
Giudice et al. 2007a).

Antagonistic interactions are a common feature in marine
habitats, exhibited by phylogenetically diverse bacterial
groups (Long and Azam 2001; Grossart et al. 2004). How-
ever, studies on the interactions among bacteria within the
same marine environment remain limited. Antarctic marine
ecosystems, among the least explored on the planet, present
a unique opportunity to investigate novel evolutionary mech-
anisms and microbial interactions, potentially uncovering
new bioactive compounds and ecological strategies (Lo Giu-
dice et al. 2007a). Indeed, research on the antibacterial activ-
ity of sponge-associated bacteria is of significant relevance,
as these organisms have been pivotal in the discovery of new
antimicrobial compounds with potential applications against
human pathogens (Mangano et al. 2009; Papaleo et al. 2012;
Maida et al. 2015).

The genus Pseudoalteromonas, a major group of psy-
chrophilic, flagellated, Gram-negative bacteria, is frequently
found in association with marine eukaryotic organisms
(Thomas et al. 2008). Notably, some Pseudoalteromonas
species produce potent antibacterial metabolites during
surface colonization, targeting competing microorganisms
(Bowman 2007). Similarly, bacteria belonging to the genus
Psychrobacter, comprising Gram-negative, non-motile,
aerobic bacteria, have been isolated from various Antarc-
tic environments, including soils, sea ice, and deep marine
ecosystems (Juni 2015). These bacteria, like Pseudoalte-
romonas, play a significant role in the Antarctic microbial
landscape (Bozal et al. 2003).

This study aims to explore the antagonistic interactions
between bacteria belonging to the genera Pseudoaltero-
monas and Psychrobacter, which were isolated from two
distinct ecological niches in Antarctica: seawater and marine
sponges, and to check whether the antagonistic interactions
might rely on the production of volatile organic compounds
(VOCs). By investigating these interactions, we seek to
determine whether the antagonistic activities of these bacte-
rial strains are more influenced by their genetic background
or their association with specific ecological niches.

Materials and methods
Sampling area and bacterial strains

Bacterial strains used in this study belong to the Italian
Collection of Antarctic Bacteria (CIBAN) of the National
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Antarctic Museum (MNA) ‘‘Felice Ippolito’” kept at the
Department of Animal Biology and Marine Ecology of
the University of Messina (Italy). They were isolated from
marine environments, i.e., sponges, marine water column,
marine surface water, and marine sediments in Terra Nova
Bay (Ross Sea, Antarctica) from 1990 to 2005 (Giovannini
et al. 2024). The stock suspensions of the strains were stored
in 20% [v/v] glycerol solution at — 80 °C. All strains were
grown in Plate Count Agar (PCA, Merck) supplemented
with 24 g/L of NaCl, under aerobic conditions at 21 °C for
96 h (Table 1).

The multidrug-resistant (MDR) bacterial human patho-
genic strains used in the cross-streaking experiments are
listed in Table 2. Strains were isolated from different sources
(foods, patients, healthy subjects, hospital devices, and the
environment) and were previously characterized for their
resistance to multiple antibiotics (Delfino et al. 2021). Coag-
ulase-Negative Staphylococci (CoNS), Pseudomonas aer-
uginosa, Staphylococcus aureus, and Klebsiella pneumoniae
strains were provided by the Applied Microbiology Labora-
tory (Health Sciences Department, University of Florence,
Italy), while S. aureus ATCC 25923, P. aeruginosa ATCC
27853, and K. pneumoniae ATCC 700603 were obtained
from Thermo Fisher Diagnostics S.p.A. All the strains were
grown on Tryptic Soy Agar (TSA, Biolife Italiana) plates at
37 °C for 24 h.

Screening for antagonistic interactions
among isolates through cross-streaking tests

The cross-streaking method (Semenzato et al. 2024) is com-
monly used to study the possible antagonism between two
different strains, a first strain defined as a tester and a second
one referred to as a target. Tester strains were streaked across
one half of a plate with PCA medium supplemented with
24 g/L of NaCl and grown at 21 °C for 96 h, to allow the
growth of the testers and the synthesis of antibacterial com-
pounds. This medium and temperature were chosen based
on previous studies, which found no significant differences
in antagonistic activities when using PCA or Marine Agar,
nor when incubating plates at 21 °C or 15 °C (Lo Giudice
et al. 2007b; Mangano et al. 2009). A few colonies of each
target strain were then suspended in 100 pL of a solution
composed of PCA broth supplemented with NaCl (5 g/L
tryptone, 2,5 g/L yeast extract, 1 g/L glucose, 24 g/L. NaCl;
Oxoid). Target strains were then streaked perpendicularly
to the tester strain and plates were incubated at 21 °C for a
further 96 h. Additionally, targets were streaked on half of
a Petri plate in the absence of the tester and were allowed to
grow at 21 °C for 96 h (positive growth control). After the
incubation time, the test plates were compared with the con-
trol ones, and the antagonistic interactions were interpreted
as the reduction or absence of growth of the target strain.
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Table 1 Antarctic bacterial
strains used in this work and

their isolation niches

Strain

Genus

Isolation niche

MNA Code

D48

41
CAL260
2

3

5

19

24

G24
TBS
TB6
CAL107
GW168
AC71
CAL494
RB2
MER 144
SMN1298
CAL242
20

43

45

120

15
GW193
CAL429
CAL606
GW64
78a
CALA495
GW208
16

TB55
TB20
HY3
SMN/5/1215
S8-7
W2-37
S1-30
WI1-15
CAL346
EVC214

Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Psychrobacter
Psychrobacter
Psychrobacter
Psychrobacter
Psychrobacter
Psychrobacter
Psychrobacter
Psychrobacter
Psychrobacter
Psychrobacter
Psychrobacter
Psychrobacter
Psychrobacter
Psychrobacter
Psychrobacter
Psychrobacter
Psychrobacter
Psychrobacter

Marine Water Column
Marine Water Column

Sponge: Haliclona dancoi

Sponge: Haliclona spp.
Marine Water Column
Marine Water Column
Marine Water Column
Marine Water Column
Marine Water Column

Sponge:
Sponge:
Sponge:
Sponge:
Sponge:
Sponge:
Sponge:

Lissodendoryx nobilis
Lissodendoryx nobilis
Hemigellius pilosus
Hemigellius pilosus
Lissodendoryx nobilis
Myxodoryx hanitschi
Myxodoryx hanitschi

Marine Water Column
Marine Water Column
Sponge: Haliclona spp.
Marine Water Column
Marine Water Column
Marine Water Column
Marine Water Column
Marine Water Column

Sponge:
Sponge:
Sponge:

Hemigellius pilosus
Tedania charcoti

Haliclonissa verrucosa

Sponge: Haliclona spp.
Sponge: Haliclona spp.

Sponge: Myxodoryx hanitschi
Sponge: Hemigellius pilosus

Marine Water Column

Sponge: Anoxycalyx joubini
Sponge: Lissodendoryx nobilis

Marine Surface Water
Marine Surface Water
Marine Sediments
Marine Surface Water
Marine Sediments

Marine Surface Water

Sponge: Tedania charcoti

Sponge: Tedania charcoti

MNA-CIBAN-0056
MNA-CIBAN-0057
MNA-CIBAN-0059
MNA-CIBAN-0060
MNA-CIBAN-0064
MNA-CIBAN-0065
MNA-CIBAN-0066
MNA-CIBAN-0067
MNA-CIBAN-0072
MNA-CIBAN-0075
MNA-CIBAN-0076
MNA-CIBAN-0098
MNA-CIBAN-0100
MNA-CIBAN-0107
MNA-CIBAN-0108
MNA-CIBAN-0110
MNA-CIBAN-0113
MNA-CIBAN-0114
MNA-CIBAN-0172
MNA-CIBAN-0454
MNA-CIBAN-0464
MNA-CIBAN-0466
MNA-CIBAN-0494
MNA-CIBAN-0191
MNA-CIBAN-0053
MNA-CIBAN-0129
MNA-CIBAN-0158
MNA-CIBAN-0177
MNA-CIBAN-0178
MNA-CIBAN-0180
MNA-CIBAN-0184
MNA-CIBAN-0192
MNA-CIBAN-0194
MNA-CIBAN-0197
MNA-CIBAN-0198
MNA-CIBAN-0208
MNA-CIBAN-0209
MNA-CIBAN-0211
MNA-CIBAN-0213
MNA-CIBAN-0216
MNA-CIBAN-0220
MNA-CIBAN-0221

The different antagonism levels were indicated as follows:

complete antagonism (3), strong antagonism (2), moderate
antagonism (1), weak antagonism (0,2), and absence (0) of
antagonism. An Inhibition Score (IS) and a Sensitivity Score
(SS) were calculated for each tester and target strain, respec-
tively, as the mean of the values obtained in each antagonism

experiment.

The same strategy was used to screen for the putative pro-
duction of volatile organic compounds (VOCs) by the most
inhibitory strains against a subgroup of Antarctic target strains.
This was achieved using Petri plates with a septum, which pre-
vented the spread of diffusible antibacterial compounds from
the tester strains to the other plate compartment, thereby allow-

ing the evaluation of the activity of the volatile compounds
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Table 2 Human pathogen strains origin and their antimicrobial resistance profiles

Species Strain Antibiotic resistance® Origin
CoNS 5419 FOX, DA, CIP, LEV, SXT, TIG Food
5318 P,E, CN, FD Human
5377 P, TE, E, TEC Hospital
5403 P, E, TIG, TE Human
5323 P, TE, TIG, E, CN Human
5321 P, E, CN, AK, FD Human
5284 P, TE, E, CN, FD Hospital
5285 E, CN, CIP, LEV, FD Hospital
5383 P, FOX, TE, E, CN Hospital
5396 P, FOX, SXT, CN, FD Human
P. aeruginosa ATCC 27853 FOX, K
5779 TOB, CAZ, FEP, MEM Environmental
4189 AK, TOB, CIP, LEV, CAZ, FEP, MEM, IPM, PRL, TZP Medical device
5234 AK, CAZ, ATM, TZP, PRL, FEP, CN, IPM, MEM, LEV, CIP, TOB Medical device
5245 CAZ, ATM, PRL, FEP, CN, LEV, CIP, IPM, MEM, TOB Medical device
714 CAZ, FEP, MEM, LEV, ATM Environmental
715 CAZ, FEP, MEM, TOB, ATM Medical device
7/3 CAZ, ATM, FEP, MEM Environmental
5009 ATM, CAZ, CIP, CN, FEP, IPM, LEV, MEM, PRL, TOB, TZP Medical device
5236 AK, ATM, CAZ, CIP, FEP, IPM, LEV, MEM, TOB Medical device
S. aureus ATCC 25923 P, NA
3428 P, C,RD, FD, TE, TGC, LZD Medical device
5788 P, FOX Human
3709 DA, TE,E Food
3710 DA, TE,E Food
4070 P, DA, TE, E, CIP, LEV, DAP Food
4168 AMP, P, DA, SXT, TE Food
4302 P, FOX, SXT, DAP Food
4691 P, FOX, E, CN, CIP, LEV, DAP Hospital
4708 P, FOX, CN, VA, DAP Hospital
K. pneumoniae ATCC 700603 CAZ, AMP, ATM, PRL, TE
4409 AK, AMX, FEP, CTX, CAZ, CIP, ETP, IPM, MEM, TZP, SXT, TIG Human
4412 AMX, FEP, CTX, CAZ, CIP, ETP, IPM, MEM, TZP, SXT, TIG Human
4417 AK, AMX, FEP, CTX, CAZ, CIP, ETP, IPM, MEM, TZP, SXT, TIG Human
4420 AK, AMX, FEP, CTX, CAZ, CIP, IPM, MEM, TZP, SXT, CN Human
4422 AK, AMX, FEP, CTX, CAZ, CIP, ETP, IPM, MEM, TZP, SXT Human

*AK: Amikacin; AMX: Amoxicillin; AMP: Ampicillin; ATM: Aztreonam; CTX: Cefotaxime; CAZ: Ceftazidime; CIP: Ciprofloxacin; CN: Gen-
tamicin; DA: Clindamycin; DAP: Daptomycin; ETP: Ertapenem; E: Erythromycin; FD: Fusidic acid; FEP: Cefepime; FOX: Cefoxitin; IPM:
Imipenem; K: Kanamycin; LEV: Levofloxacin; MEM: Meropenem; NA: Nalidixic acid; P: Penicillin G; PRL: Piperacillin; SXT: Sulfamethoxa-
zole/trimethoprim; TE: Tetracycline; TEC: Teicoplanin; TIG: Tigecycline; TOB: Tobramycin; TZP: Piperacillin/tazobactam; VA: Vancomycin

(Semenzato et al. 2023). The same values were used to express
the antagonistic activity of the tester strains.

Evaluation of the antibacterial activity of bacterial
volatile organic compounds (VOCs) against human
pathogenic target strains

The antibacterial activity of bacterial VOCs produced by
some of the strains from Antarctica was also evaluated

@ Springer

against a panel of MDR human pathogens (Table 2), using
Petri dishes with a septum separating two compartments
to allow the growth of the tester and the target strains
without any physical contact and on two different media
(PCA +NaCl 24 g/L for the Antarctic tester strains and TSA
for the pathogenic target strains). Antarctica tester strains
were plated on one half of a Petri plate with a septum and
incubated at 21 °C for 96 h to allow the growth of the colo-
nies and the production of VOCs. In the meantime, target
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strains (Staphylococcus spp., P. aeruginosa, and K. pneumo-
niae strains) were isolated on TSA medium and grown for
24 h at 37 °C. A few colonies of each target strain were then
diluted in 35 pL (for coagulase-negative strains (CoNS)) or
50 pL (all the other target strains) of saline solution (NaCl
0.9%) and streaked on the second half of the Petri dishes
containing TSA. Target strains were then streaked on half of
a Petri plate in the absence of the tester as a positive growth
control. Plates were incubated according to the necessities
of each target strain. The antagonistic effect was evaluated as
the reduction of the target strains’ growth in the presence of
the tester compared to control plates. The different inhibition
levels were indicated as follows: complete (4), strong (3),
moderate (2), weak (1), and absent (0) inhibition. An Inhibi-
tion Score (IS) and a Sensitivity Score (SS) were calculated
for each tester and target strain, respectively, as the mean of
the values obtained in each antagonism experiment.

Identification of volatile organic compounds
by means of SPME-GC/MS

Each strain was cultured on PCA supplemented with NaCl
for 72 h at 21 °C. Headspace vials were partially filled with
the biomass of each strain and sealed. Bacterial biomass
(around 50 mg) was collected from plates with a sterile spat-
ula and placed at the bottom of the HS vial. The vials were
weighed to determine the exact amount of collected biomass.
Bacterial volatile organic compounds (VOCs) produced
were extracted from the vial headspace and concentrated
by solid-phase microextraction (SPME) before the desorp-
tion in the GC injection port. The headspace extraction was
performed with a SPME Syringe (Supelco, Bellefonte, PA,
USA) conditioned and held at 40 °C from sample collection
to injection. In the SPME, one Fiber Assembly was evalu-
ated and used: 50/30 um divinylbenzene (DVB)/carbowax
(CAR)/polydimethylsiloxane (PDMS) (Supelco, Bellefonte,
PA, USA). Fiber was exposed to the bacterial culture in a
20 mL SPME vial (75.5%22.5 mm) for 30 min at 40 °C,
after 30 min of equilibration time. The desorption time was
5 min. Before use, the fiber was conditioned and cleaned at
270 °C for 30 min, following instructions from Supelco®.
Splitless injection was used.

Gas chromatographic analysis was performed using
an Agilent 7000C GC (Agilent Technologies, Inc., Santa
Clara, CA, USA) system equipped with a split/splitless
injector, fitted with an Agilent HP5-MS UI capillary col-
umn (30 mx 250 pm; 0.25 pm film thickness) coupled to
an Agilent triple quadrupole Mass Selective Detector MSD
5973 (Agilent Technologies, Inc., Santa Clara, CA, USA),
with ionization voltage, 70 eV; electron multiplier energy,
2000 V; transfer line temperature, 270 °C. Solvent Delay:
0 min. Helium was used as the carrier gas (1 mL/min). The
oven program was as follows: the temperature was initially

kept at 40 °C for 5 min and then gradually increased to
250 °C at a rate of 2 °C/min, which was held for 15 min and
finally raised to 270 °C at 10 °C/min. Samples were injected
at 250 °C automatically. Interval scan: 35-450 m/z; Scan
speed: 10,000 amu-s — 1 (25 Hz).

The GC-MS mass spectrum data were analyzed using
MassHunter Qualitative Analysis B.06.00, and the database
of the National Institute Standard and Technology (NIST)
was used to interpret the analyzed data. A comparison of the
mass spectrum of the unidentified components released by
the bacterial isolates was carried out against the mass spec-
trum of already-known components available in the NIST 11
MS library. The molecular weight and peak area percentage
of unknown compounds were evaluated by the software as
observed from the chromatogram.

Data visualization and statistical analysis

Data analysis and visualizations were carried out in the R
software (R Core Team 2022): heatmaps were obtained
through the pheatmap package (Kolde 2019), while ANOVA
tests were performed using R’s aov() function. The degree
of significance was set at p <0.05.

Results

Antagonism tests were performed between Antarctic bac-
terial strains belonging to the genera Pseudoalteromonas
(24 strains) and Psychrobacter (18 strains), isolated from
eight different sponge species and different sampling sites
of the seawater of the Terra Nova Bay. Each strain was tested
against all strains belonging to the same genus (intra-genus)
and against all bacteria of the other genus (inter-genera), for
a total of 1024 interactions. The mean Sensitivity Score (SS,
which indicates the degree of growth inhibition of a given
strain due to the activity of the tester strains) and Inhibition
Score (IS, which refers to the ability of a given strain to
inhibit the growth of the other ones) were then calculated for
each strain, as described in Materials and Methods.

Intra-genus antagonistic interactions

Results obtained from the intra-genus tests are reported
in Supplementary Fig. S1 and Fig. S2. When Pseudoalte-
romonas strains were tested against each other, various
antagonistic patterns were observed. The most sensitive
target strains were inhibited by almost all tester strains.
Target strains Pseudoalteromonas sp. TB6, sp. SMN1298,
sp. CAL242, and sp. CAL107 exhibited the highest SS
(SS=1.26, SS=1.63, SS=1.85, and SS =2, respectively);
three out of four of the sensitive strains were isolated from
sponges, except for SMN1298. On the contrary, the most
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resistant strains were all isolated from the marine water col-
umn, namely Pseudoalteromonas sp. 24, sp. 20, sp. 120, sp.
45, and sp. 15. Regarding the most inhibiting tester strains,
the highest ISs were recorded for Pseudoalteromonas sp.
43 and sp. 19 (IS=1.2 and IS = 1.08, respectively), isolated
from the marine water column, while the strains exhibiting
the lowest antagonistic activities were sp. 41, sp. 15, sp. 2,
and sp. RB2 (ISs ranging from 0.12 to 0.22), scarcely inhib-
iting even the most sensitive strains.

Regarding the results of the “Psychrobacter vs. Psychro-
bacter” test (Supplementary Fig. S2), a more widespread
inhibition pattern was observed, although weak in many
cases. The most sensitive target strains (SS> 1) were Psy-
chrobacter sp. CAL346, sp. 16, sp. EVC214, and sp. GW64
(SS=2; SS=1.83; SS=1.34 and SS=1.13, respectively);
two of the four most sensitive strains were isolated from
the same sponge species Tedania charcoti. Concerning the
inhibitory activity, the IS of the Psychrobacter strains was
all < 1. The highest inhibitory potential was observed for
Psychrobacter sp. HY3, sp. W2-37, and sp. S1-30 IS=0.97,

TARGET STRAINS

A

IS=0.88, and IS =0.82, respectively); all three bacteria were
sampled from seawater.

To gain better insights into specific groupings of strains,
heatmaps were generated for each type of intra-genus test
based on hierarchical clustering. This allowed for the divi-
sion of strains into well-defined groups according to their
inhibition/sensitivity profiles. In Fig. 1 and Fig. 2, the col-
umns represent the target strains, while the rows correspond
to the tester strains. For each strain, the niche from which
they were isolated ("Origin-Type" and "Origin") was high-
lighted. In the heatmap depicting the "Pseudoalteromonas
vs. Pseudoalteromonas" antagonism test, the most sensi-
tive target strains were grouped on the left, with a slight
predominance of strains originating from sponges (Fig. 1).
Additionally, a grouping of target strains from the marine
water column is noted on the right, being the most resist-
ant. In contrast, no distinct groupings based on origin were
observed among the tester strains.

In the heatmap for the "Psychrobacter vs. Psychrobac-
ter" antagonism test (Fig. 2), no significant groupings were

TESTER

adA] "uibup
uibuo

941

L01LIvO

Fig. 1 Heatmap relating to the antagonism test “Pseudoalteromonas
vs. Pseudoalteromonas.” Rows represent tester strains, while col-
umns are the target strains (n=24). Cells’ color intensity represents
the inhibition level in each antagonistic interaction. Both columns and

@ Springer

Origin

I B Origin_TypeI 3
43 25

19
41 2

SMN1298
15 15
RB2
MER144 1
$Q|6_107 .. Origin_Type
CAL242 b Water

.- 3D48 0 Sponge
g 4 Origin
CAL494 Haliclona_dancoi
ECV:\!/'1168 Haliclona_spp.
TB5 Haliclonissa_verrucosa

| G24 Hemigellius_pilosus
120 ; .
20 Lissodendoryx_nobilis
CAL260 Marine_Water_Column
e 45 Myxodoryx_hanitschi
©

Z

N

(2]

o

rows of the heatmap are reordered based on hierarchical clustering
(dendrograms reported above and on the left of the image). The color
notations on top and the left of the plot represent the ecological niche
from where each strain was isolated
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TARGET

TESTER

SLZL'SNINS |

Fig.2 Heatmap relating to the antagonism test “Psychrobacter vs.
Psychrobacter.” Rows represent tester strains, while columns are the
target strains (n=18). Cells’ color intensity represents the inhibition
level in each single antagonistic interaction. Both columns and rows

evident based on either general or specific origin. Further-
more, ANOVA test results confirmed that neither the ISs
nor the SSs of both Pseudoalteromonas and Psychrobac-
ter strains were significantly correlated with the ecological
niche (p > 0.05, not shown).

Inter-genera antagonistic interactions

Results from the inter-genera tests are represented in Sup-
plementary Fig. S3 and Fig. S4. The antagonism test Pseu-
doalteromonas vs. Psychrobacter revealed a generally weak
antagonistic activity from the Pseudoalteromonas tester
strains, with a few exceptions (Supplementary Fig. S3). All
ISs were below 1, with the highest being 0.91 for the marine
water column strain sp. D48. As previously highlighted from
the intra-genus tests, the most sensitive Psychrobacter target
strains were sp. CAL346, sp. EVC214, and sp. 16, which
obtained the highest SS (SS=2.26, SS=1.83, and SS=1.38,
respectively). Of these, strain 16 was isolated from the sea-
water, while the other two originated from the sponge spe-
cies Tedania charcoti.

In the Psychrobacter vs. Pseudoalteromonas test, the
lowest degree of inhibition was observed (Supplementary
Fig. S4). Both SS and IS were generally lower than in the

CAL606
78a
TB55
GW64
GW208

Origin_Type
‘W1-15 e
TB20 nater
S8-7 2 Sponge
CAL346
16 15 Origin
EVC214 I
W2-37 Ano'xycalyx _joubini
HY3 1 Haliclona_spp.
gw&% - Hemigellius_pilosu§ .
CAL495 - ~ Lissodendoryx_nobilis
CAL429 I Marine_Sediments
SMN/5/1215 0

Marine_Surface_Water
i Marine_Water_Column
Myxodoryx_hanitschi
Tedania_charcoti

of the heatmap are reordered based on hierarchical clustering (den-
drograms reported above and on the left of the image). The color
notations on top and the left of the plot represent the ecological niche
from where each strain was isolated

previous tests. The highest SS was recorded for strain 41
(SS=0.81), followed by Pseudoalteromonas sp. CAL242
and sp. CAL107, both isolated from sponges and among the
most sensitive strains in the intra-genus test. Tester strain
Psychrobacter sp. S8-7, isolated from marine sediments,
exhibited the highest IS (IS =0.44), together with strains
TB20 and SMN/5/1215.

A comprehensive heatmap integrating data from all indi-
vidual interactions (both inter-genera and intra-genus) was
generated (Fig. 3).

Such heatmap reveals well-defined clusters of strains
within the same genus, whereas groupings based on the
strains’ origin are less distinct. This is particularly true for
tester strains (rows). To further explore the observed genus-
based clustering, we examined the phylogenetic relation-
ships among the strains. Both the total SS and IS were cal-
culated for each strain and annotated on the full maximum
likelihood phylogenomic trees constructed from amino acid
sequences of core genes (readapted from Giovannini et al.
2024). In the phylogenetic tree of Pseudoalteromonas strains
(Fig. 4), strains that scored the highest IS were phylogeneti-
cally close and all originated from the marine water column
(e.g., Pseudoalteromonas sp. 19, sp. 45, sp. 3, sp. 5, sp.
43, sp. 24, sp. 120, and sp. 20). Interestingly, these strains
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Fig.3 Heatmap containing data from inter-genera and intra-genus
tests. Rows represent tester strains, while columns are the target
strains (n=42; Pseudoalteromonas, n=24; Psychrobacter, n=28).
Cells’ color intensity represents the inhibition level in each single
antagonistic interaction. Both columns and rows of the heatmap are

also exhibited the lowest SS. Conversely, strains with the
lowest IS belong to a separate phylogenetic cluster (e.g.,
Pseudoalteromonas sp. 2, sp. CAL494, sp. AC71, sp. TB6,
sp. TBS, sp. SMN1298, sp. 41, sp. CAL107, and sp. RB2),
almost all isolated from marine sponges, which are charac-
terized by some of the highest SS values. In contrast, SS and
IS values of Psychrobacter strains (Fig. 5) were relatively
uniform, making it challenging to identify distinct clusters
of sensitivity or inhibition.

The total ISs and SSs were subsequently analyzed to deter-
mine whether the observed results were more influenced by
the genus or the origin of the isolates, using an ANOVA test.
When the various origins were considered (including different
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Genus g
Origin_Type
Origin 25
2
1.5
1
0.5
CAL107 0
EVC214
MER144
SMN1298 Genus
Pseudoalteromonas
Psychrobacter
gAL429
MN/5/1215 Origin_Type
606 Water
Sponge
Origin
CAL346 Anoxycalyx_joubini
Haliclona_dancoi
CAL495 Haliclona_spp.

Haliclonissa_verrucosa
Hemigellius_pilosus
Lissodendoryx_nobilis
Marine_Sediments
Marine_Surface_Water
Marine_Water_Column
Myxodoryx_hanitschi
Tedania_charcoti

reordered based on hierarchical clustering (dendrograms reported
above and on the left of the image). The color notations on top and
the left of the plot represent the ecological niche from where each
strain was isolated, and the taxonomical identification at the genus
level

sponge species and distinct sampling points within the seawa-
ter), the analysis yielded a non-significant result, indicating
that neither genus nor specific origin is responsible for the
observed antagonism. However, when the origins were cat-
egorized more broadly as “‘WATER’ or ‘SPONGE’ (Table 3),
the IS analysis produced a statistically significant result, sug-
gesting that the activity of tester strains is influenced by their
origin (p =0.0175). In contrast, when the same analysis was
conducted using the SSs, the results were not statistically sig-
nificant, indicating that the sensitivity of target strains is not
dependent on their origin or strain genus.
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Fig.4 Phylogenetic tree of Pseudoalteromonas strains. Strains used in this work are highlighted in bold and blue. To facilitate the annotation of
the origin, total Inhibition Scores (IS), and Sensitivity Scores (SS), all strain names were aligned to the right

Evaluation of volatile organic compounds (VOCs)
emission

Results obtained through the cross-streaking tests revealed
a scarce antagonistic activity in both intra-genus and inter-
genera, with only a few notable exceptions where ISs were
relatively high. This observation is consistent with the lim-
ited number of biosynthetic gene clusters (BGCs) identified
in the genomes of the strains using antiSMASH (Giovannini
et al. 2024), as detailed in Table 4.

The BGCs were identified using antiSMASH, which does
not specifically recognize clusters responsible for the pro-
duction of volatile compounds. To investigate whether the
strong or complete targets’ growth inhibition observed in
the previous experiments could be attributed to the produc-
tion of volatile compounds, we performed some additional
cross-streaking tests using Petri plates with a septum. This
setup physically separates the tester strains from the target
strains, thereby focusing exclusively on VOCs and exclud-
ing the effects of diffusible metabolites. The experiment was
conducted using the most inhibitory strains (higher total IS,
namely, Pseudoalteromonas sp. 43, sp. 45, sp. D48, sp.
CAL260, sp. 3, sp. 5, sp. 19, sp. 24, sp. G24, and Psychro-
bacter sp. HY 3, sp. W2-37) against the most sensitive target
strains (higher total SS, namely, Pseudoalteromonas sp. 2,

sp. 41, sp. TB6, sp. SMN1298, sp. CAL242, sp. CAL107,
and Psychrobacter sp. GW64, sp. 16, sp. EVC214, and
sp. CAL346). However, no or very weak inhibition was
observed in these antagonistic experiments.

To further investigate whether the strains could actually
produce volatiles with biological activities, we employed
SPME-GC/MS. The volatilomes obtained for each strain are
reported in Table 5, Supplementary Fig. S5, and Supplemen-
tary Table S1. The results are expressed as the peak area of
the detected VOC divided by the total area of the chroma-
togram peaks for each bacterial strain. A total of 50 distinct
metabolites were detected from all strains. The major identi-
fied compounds belong to the following structurally distinct
classes: sulfides, alcohols, pyrazines, esters, ketones, and
aldehydes. Besides some of the strains tested belonged to
the same phylogenetic cluster and exhibited similar inhibi-
tory patterns, all chemical profiles obtained were different.

Notably, strains Pseudoalteromonas sp. 3 and Psychro-
bacter sp. W2-37 were the main VOCs producers (Fig. 6),
emitting 22 and 25 different compounds, respectively. Based
on the relative peak area, dimethyl disulfide, acetaldehyde,
and 2-butanone were the only metabolites common to all
tested strains, while dimethyl trisulfide was produced by all
strains except for Pseudoalteromonas sp. CAL260. Dime-
thyl disulfide was also the major metabolite for most of the
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Fig.5 Phylogenetic tree of Psychrobacter strains. Strains used in this work are highlighted in bold and red. To facilitate the annotation of the
origin, total Inhibition Scores (IS), and Sensitivity Scores (SS), all strain names were aligned to the right

strains, except for Pseudoalteromonas sp. 24, Pseudoalte-
romonas sp. CAL260, and Psychrobacter sp. W2-37 (the
last two with a different origin), which produced dimethyl
trisulfide, benzaldehyde, and 2-undecanone as the main
compounds, respectively.

Inhibition of human pathogens

Five Antarctic strains were also tested for their VOCs’ anti-
bacterial activity against a panel of MDR human pathogens
(Fig. 7). The five strains were selected based on the hierar-
chical clustering obtained in the heatmap summarizing data
from both intra-genus and inter-genera experiments (Fig. 3),
with tester strains chosen from four different clusters:

Table3 Summary of the ANOVA test that shows the relationship
between the IS obtained for each tester strain with their origin, taxo-
nomic affiliation at the genus level, and their interaction. Significance
codes: *>0.05

Df SumSq MeanSq Fvalue Pr(>F)
Origin 1 0.1198 0.11977 6.174 0.0175 *
Genus 1 0.0304 0.03035 1.565 0.2187
Origin:Genus 1 0.0227 0.02274 1.172 0.2858
Residuals 38 0.7372 0.01940

@ Springer

Pseudoalteromonas sp. G24, sp. TBS, sp. TB6, and Psychro-
bacter sp. TB55 and sp. TB20. For each tester, an IS was
calculated as the mean value of the scores recorded against
all target strains. Similarly, a SS was calculated for each tar-
get strain, and a group-specific NSS (Normalized Sensitivity
Score) was determined for each group of MDR pathogens,
including Coagulase-negative Staphylococci (CoNS, n=10),
K. pneumoniae (n=06), P. aeruginosa (n=10), and S. aureus
(n=10).

The data revealed a stronger inhibitory effect against the
CoNS group (NSS=0.9), followed by P. aeruginosa strains
(NSS =0.8). Notably, Pseudoalteromonas sp. G24 and sp.
TBS achieved the highest IS, with sp. TB5 demonstrating
significant antagonistic activity against CoNS strains 5383
and 5323, which were isolated from hospital environments
and human samples, respectively.

Discussion and conclusion

The marine ecosystem, covering over half of the Earth’s
surface, offers a wide range of habitats that harbor diverse
microbial communities (Doytchinov and Dimov 2022).
Among these, the extreme environments of Antarctica,
characterized by high pressure, low temperatures, and
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Table 4 Biosynthetic Gene Clusters (BGCs) identified in Antarctic strains genomes through AntiSMASH and their correlation with the scores
obtained in the cross-streaking tests. The complete table is available in the work of Giovannini et al. 2024

Genus Strain Identified BGCs Cross-streaking scores
RiPP-like redox- betalactone siderophore arylpolyene Total IS Total SS
cofactor
Pseudoalteromonas 120 1 0 0 0 1 0.55 0.17
Pseudoalteromonas 19 1 0 0 0 1 0.87 0.23
Pseudoalteromonas 2 2 0 0 0 0 0.37 0.66
Pseudoalteromonas 20 1 0 0 0 1 0.54 0.17
Pseudoalteromonas 24 1 0 0 0 1 0.58 0.15
Pseudoalteromonas 3 1 0 0 0 1 0.68 0.26
Pseudoalteromonas 41 2 0 0 0 1 0.30 0.74
Pseudoalteromonas 43 1 0 0 0 1 0.96 0.20
Pseudoalteromonas 45 1 0 0 0 1 0.70 0.18
Pseudoalteromonas 5 1 0 0 0 1 0.65 0.22
Pseudoalteromonas ACT1 2 0 0 0 0 0.47 0.24
Pseudoalteromonas CAL107 2 0 0 0 1 0.44 1.48
Pseudoalteromonas CAL260 1 0 0 0 1 0.73 0.30
Pseudoalteromonas CAL494 2 0 0 0 0 0.55 0.28
Pseudoalteromonas D438 1 0 0 1 0 0.82 0.20
Pseudoalteromonas G24 1 0 0 1 0 0.57 0.23
Pseudoalteromonas GW168 1 0 0 0 1 0.47 0.19
Pseudoalteromonas MER144 1 0 0 1 0 0.36 0.20
Pseudoalteromonas RB2 1 0 0 0 1 0.30 0.24
Pseudoalteromonas SMN1298 1 0 0 0 1 0.40 1.13
Pseudoalteromonas TBS 2 0 0 0 0 0.51 0.26
Pseudoalteromonas TB6 2 0 0 0 0 0.35 0.88
Psychrobacter 16 0 0 0 0 0 0.30 1.57
Psychrobacter 78a 0 0 1 1 0 0.45 0.55
Psychrobacter CAL346 0 0 1 0 0 0.38 2.15
Psychrobacter CALA495 0 0 1 0 0 0.46 0.43
Psychrobacter CAL606 0 0 1 0 0 0.45 0.20
Psychrobacter EVC214 0 0 1 0 0 0.37 1.62
Psychrobacter GW208 0 0 1 0 0 0.48 0.21
Psychrobacter GW64 0 0 1 1 0 0.48 0.76
Psychrobacter HY3 0 0 1 0 0 0.60 0.26
Psychrobacter S1-30 0 0 1 0 0 0.52 0.30
Psychrobacter SMN/5/1215 0 1 1 0 0 0.50 0.32
Psychrobacter TB20 0 0 1 0 0 0.47 0.43
Psychrobacter TBS55 0 0 1 1 0 0.44 0.24
Psychrobacter WI1-15 0 0 1 1 0 0.46 0.25
Psychrobacter W2-37 0 0 1 1 0 0.57 0.52

limited light, represent unique settings for microbial life
(Margesin and Miteva 2011). These harsh conditions foster
the development of distinct microbial strategies, including
antagonistic interactions, which contribute to the stabil-
ity and dynamics of microbial populations (Wilkins et al.
2013). While genomic studies have revealed the wide-
spread presence of antagonistic mechanisms among bac-
teria, their ecological role in natural environments is only

now coming into sharper focus (Peterson et al. 2020). The
complexity and diversity of Antarctic ecosystems, coupled
with the challenges of real-time monitoring, have made it
difficult to fully grasp the extent of these interactions (Che
et al. 2024). Nonetheless, growing evidence suggests that
antagonism is a fundamental feature of bacterial habitats,
including those in polar regions (Long and Azam 2001).
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Table5 List of VOCs identified by means of SPME-GC/MS. The strain, the origin is reported (MWC: marine water column; HC:
values are expressed in percentages (%) of the total emitted VOCs. sponge H. dancoi; MSW: marine surface water)
The major compound for each strain is highlighted in bold. For each

Pseudoalteromonas Psychrobacter
MwWC MWC MWC MWC MWC MWC HC MWC MWC MSW MSW
Compound 19 45 3 5 43 24 CAL260 G24 D48 HY3  W2-37
10-Octadecenal 0.8
10-Octadecynoic acid, methyl ester 1.7
10-Undecen-1-ol, acetate 1.0
12,15-Octadecadiynoic acid, methyl ester 0.5
2,3,5-Trimethyl-6-ethylpyrazine 2.7 2.1 1.0 5.2
2.3-Dimethyl-5-ethylpyrazine 5.2
2.3-Pentanedione 0.5 0.1 1.4 1.5 0.6 2.5
2.5-dimethyl-3-(2-methyl-butil)pyrazine 0.7
2.5-Dimethyl-3-ethylpyrazine 0.6 2.5 1.7
2.5-Dimethylpyrazine 1.7 33 18.6 5.0 3.0 1.1 1.7 0.2
2.6-Diethyl-3-methylpyrazine 1.2
2.6-Diethylpyrazine 52 1.6
2.6-Dimethyl-3-ethylpyrazine 24 2.8 0.7
2.6-Dimethylpyrazine 7.7
2-Butanone 5.1 32 1.6 3.0 3.6 1.5 2.3 1.6 2.3 153 33
2-decanone 0.5 0.8 0.9 0.8 1.0 0.1 0.2 5.7
2-dodecanone 29
8-methyl-2-nonanone 0.9
2-ethyl-3.5-dimethyl-pirazine 1.7 0.2 0.2
2-ethyl-3-methyl-pirazine 2.5 3.6 1.3
2-Heptanone 0.6 0.9 0.8
2-hexanol-3.4-dimethyl- 0.9
2-Isobutyl-3-methyl-pyrazine 1.1
2-nonanone 6.5
2-octanone 0.6
2-Pentanone 24 6.1
2-tridecanone 1.1
2-undecanone 0.5 1.6 0.7 1.4 23 1.0 5.5 36.1
9-methyl-2-decanone 0.4 1.4 1.1 1.0 1.2 0.1 0.8 0.2 0.5
3-methythiol-2-butanone 0.3
3-Phenyl-1.2.4-trioxolane 4.0
4-octanone. 5-hydroxy-2.7-dimethyl- 0.6
5-decanone. 6-hydroxy- 0.3
5-decanone. 6-hydroxy-2.9-dimethyl- 0.7
9-octadecene. 1-methoxy- (E)- 1.6
Acetaldehyde 5.8 8.0 3.7 45 6.2 3.8 4.0 4.6 4.5 185 39
Benzaldehyde 29.5 47.2
Cyclohexadecanone 1.6
Cyclopentadecanone 5.2
Dimethyl disulfide 39.6 39.3 45.6 42.3 66.5 40.8 33.0 73.7 50.0 389 64
Dimethyl trisulfide 321 3.0 9.8 29.3 9.1 4.9 15.1 40.2 7.8 1.9
Ethyl hexyl disulfide 0.9 0.4
Methanethiol 79
Methylpyrazine 2.1
Pentanal 0.8 0.3 0.5 1.7
Pyrazine 3.5-diethyl-2-methyl 1.2 1.7 0.7
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Table 5 (continued)

Pseudoalteromonas Psychrobacter
MWC MWC MWC MWC MWC MWC HC MWC MWC MSW MSW
pyrazine. 2.5-dimethyl-3-(3-methylbutyl)- 0.1
Pyrazine. trimethyl- 2.9 2.1 1.6 2.2 1.5 3.0
s-methyl 3-methyl-pentanethioate 0.8 0.7
tetrasulfide-dimethyl 1.0 1.7 0.1 2.1 2.1 2.0 0.4
INHIBITION SCORE 0.87 0.70 0.68 0.65 0.93 0.58 0.73 0.57 0.82 0.60  0.57
SENSITIVITY SCORE 0.23 0.18 0.26 0.22 0.20 0.15 0.30 0.23 0.20 026  0.52
Fig.6 Total VOCs produced
by each Antarctic strain. Data Total VOCs
were expressed as the total area
norma.hzec.l with respect to the 4,00E+07
bacterial biomass. Reported
data are single data sets 3,50E+07
3,00E+07
2,50E+07
2,00E+07
1,50E+07
1,00E+07
5,00E+06 I I I
0,00E+00
% ) 2 > NG el S W@ o> O ,-;\
Q (<] 09 &
33
Targets
CoNS K. pneumoniae P. aeruginosa S. aureus
Origin H|{H|H|(H|H|H|H|H]|H E H|H|H|H|H H|H|H|H|H E E E|H H|H E E E E E|H|H
g 3 g 1
s (212121512 EEIEEERIZEEREREEEEEEEEIEEElEl2IEEIE|IZ|E]E
-n-n-n-n-n-nlnmmméwﬁ'ﬂ'v?évmwmmwoooéwmmmv?w#?
Ga ot o]t fo i ]ol22]otololo etttz ololo[ ittt olo]o]o]r1]os
n TBS 0 1 1 P 2 2 1 0 0 0 0 0 0 0 1 1 2 1 1 1 0 1 0 0 0 0 0 2 0 0 0 0 0 0 ]0.69
g s [o[ o2 o2 1 [of2]ofoloJolofoJol oo it tfofr]ol o2l i [t][t]ofo]o]ofo]oss
= [rBss | 1 0 1 0 1 1 1 1 1 1 1 0 1 0 1 1 1 0 1 0 1 0 0 1 0 1 0 0 2 1 0 1 0 0 1 1 | 0.64
oo [ofofolt [t [r]ola]t]ololololt]ola]tuia]i]t]ololt]ololol2]2]1]o]o]o|1]o]oa
SS 02106 1 |06 1 12114)08)14]106]02]04]06] 0 |06]02| 1 |0o4]|14]| 1 1 1102 1 ]04|04] 0 |O4|12|14]06[02] 0 0 ]04]04
NSS 0.9 0.3 0.8 0.5

Fig.7 Cross streaking against multidrug-resistant (MDR) pathogenic
strains. Different inhibition levels were indicated as follows: complete
(4, deep red), strong (3, red), moderate (2, orange), weak (1, yellow),
and absence of inhibition (0, white). Inhibition and sensitivity scores

In this study, we explored the antagonistic interactions
potentially existing among psychrotrophic bacterial strains
belonging to the genera Pseudoalteromonas and Psychro-
bacter, isolated from two distinct Antarctic niches: sea-
water and marine sponges. These genera, both known for

were calculated by adding all the values obtained for each tester or
target strain, respectively. NSS=Normalized Sensitivity score;
H=hospital or human origin; E =environmental origin

producing bioactive metabolites, represent key players in
the cold-adapted microbial communities of Antarctica (Li
et al. 2008; Chau et al. 2021). Considering both inter-gen-
era and intra-genus antagonism, our findings highlighted
that only a small fraction of the analyzed isolates exhibited
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a strong antagonistic activity. This observation aligns with
previous reports on seawater bacteria, where only 15%
of isolates showed inhibitory activity (Lo Giudice et al.
2007a), but contrasts with studies on sponge-associated
bacteria, where inhibition was detected in a much higher
percentage of strains (Mangano et al. 2009). This suggests
that antagonism may not be a common trait among these
strains, at least under the laboratory conditions tested.
Instead, other factors such as mutualistic relationships or
resource competition could be more relevant in shaping
these communities (Weiland-Brduer 2021). In extreme
environments like Antarctica, mutualistic relationships
might play a key role in ensuring survival by promoting
resource sharing and co-adaptation among microbial popu-
lations (Stachowicz 2001).

The heatmaps generated for each antagonistic test
revealed distinct clusters based on inhibition and sensitivity
patterns. Pseudoalteromonas strains with the lowest IS were
predominantly isolated from sponges and displayed some of
the highest SS values. Conversely, the ones exhibiting the
highest inhibitory potential were all isolated from the water
column. These strains were also among the least sensitive to
the antagonistic activity of other isolates and grouped in a
single phylogenetic cluster (Fig. 4). These findings diverge
from earlier studies where antagonistic activity was more
variable among closely related strains (Grossart et al. 2004;
Lo Giudice et al. 2007b; Mangano et al. 2009) and suggest
that the inhibition and sensitivity traits of Pseudoaltero-
monas bacteria may be influenced by phylogenetic related-
ness and shared genetic characteristics within species, even
though niche-specific factors also seem to play a role. While
both niche and phylogenetic relatedness seemed correlated
to the antagonistic behavior of Pseudoalteromonas strains,
they were not major contributing factors for Psychrobacter
ones, as neither the IS nor SS showed significant niche-based
clustering, both in the heatmaps and in the phylogenetic tree.
This contrast between the two genera could highlight the
complexity of ecological interactions and suggest that envi-
ronmental pressures may shape antagonism in distinct ways.
Nevertheless, the ecological origin of the strains appeared
to influence the Antarctic strains’ antagonistic potential.
Bacteria isolated from marine sponges were generally less
inhibitory but more sensitive when compared to their sea-
water counterparts. This observation is inconsistent with
the hypothesis that attached bacteria, such as those found in
sponges, experience greater competitive pressures and are
more likely to benefit from antagonistic interactions com-
pared to free-living bacteria in seawater (Long and Azam
2001). Indeed, in our experimental settings, seawater isolates
showed greater inhibitory capacity. The ANOVA test sup-
ported this observation, showing that the origin (seawater
versus sponge) was a more significant factor in determining
antagonistic activity than taxonomic affiliation.
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The scarce antagonistic activity in both intra-genus and
inter-genera experiments was consistent with the limited
number of biosynthetic gene clusters (BGCs) identified in
the genomes of the strains using antiSMASH (Giovannini
et al. 2024). However, to determine whether the strong or
complete growth inhibition reported for some target strains
was due to the production of volatile compounds, we con-
ducted additional cross-streaking tests using Petri plates
with a septum. Contrary to expectations, no inhibition was
observed in these antagonistic experiments, suggesting
either the resistance of the target strains to the VOCs pro-
duced by the selected Antarctica strains or the lack of vola-
tile production. To further investigate whether the strains
could produce volatiles with other interesting biological
activities, we conducted SPME-GC/MS analyses. Among
the major compounds identified, the sulfurated compounds
dimethyl and trimethyl disulfide were the ones produced by
almost all strains. It was demonstrated that these two vola-
tiles cause significant growth inhibition on different plant
pathogens such as Rhizoctonia solani, Pythium ultimum, and
many Gram-negative and Gram-positive bacteria (Ossowicki
et al. 2017). Moreover, many bacteria produced 2-undecan-
one, known for its nematocidal and fumigant activity against
the nematode Meloidogyne incognita (Cheng et al. 2017).
Sulfurated compounds and 2-undecanone, together with
methanethiol and 2-butanone, have also been previously
identified among the volatile profiles of Psychrobacter and
Pseudoalteromonas Antarctic strains isolated from seawater
or sponges, able to inhibit the growth of opportunistic patho-
genic strains belonging to the Burkholderia cepacia com-
plex (Romoli et al. 2011; Papaleo et al. 2012, 2013), and in
other studies investigating the role of several Psychrobacter
and Pseudoalteromonas strains in the spoilage of sterilized
brown shrimps (Broekaert et al. 2013). Notably, among all
the identified compounds, 16 of them were pyrazines. In
contrast with what was previously observed, those com-
pounds were not identified in the spectra of other Antarctic
strains. The presence of multiple pyrazines may indicate
distinct ecological roles for these strains or suggest meta-
bolic diversity that could be explored further for biotech-
nological applications, such as antifungal and nematocidal
activities (Stracquadanio et al. 2020). These findings suggest
that Antarctic bacteria might represent a promising source
of bioactive compounds that should be further explored for
their potential use in industries seeking sustainable solutions
for pest control and pathogen management. Exploring VOCs
from extremophiles for novel biotechnological applications
is indeed of great importance, as harsh environments might
produce unique compounds with practical benefits (Kochhar
et al. 2022).

The low antagonistic activity observed in both septum
and non-septum plate cross-streaking experiments could
be attributed to the high resistance of Antarctic strains
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to antibacterial compounds produced by strains from the
same ecological niche. This resistance may reflect the
evolutionary pressures of Antarctic ecosystems, where
bacteria have adapted to withstand inhibitory compounds
produced by their neighbors, potentially making them
more resistant to antagonistic interactions (Baquero et al.
2021). However, this does not exclude the possibility that
these compounds could be effective against bacteria from
non-Antarctic environments. Previous works on Antarc-
tic bacterial isolates revealed their ability to inhibit the
growth of terrestrial microorganisms (Lo Giudice et al.
2007b; Papaleo et al. 2012, 2013; Orlandini et al. 2014;
Maida et al. 2015). In line with these findings, preliminary
antagonism tests conducted with five Antarctic strains
against 36 MDR human pathogens revealed moderate
antagonistic activity, particularly against CoNS, followed
by P. aeruginosa, and S. aureus isolates, with milder inhi-
bition observed against K. pneumoniae strains. Notably,
the most significant inhibitory activity, although limited
to a few cases, was observed against target strains isolated
from humans or hospital settings. This suggests a poten-
tial, albeit modest, application of these Antarctic bacte-
ria in developing antibacterial agents, especially against
clinically relevant MDR pathogens. Further studies under
more diverse environmental conditions and with different
pathogen strains could help better assess this potential.

In conclusion, results obtained in this work, although
derived from laboratory assays, provide insights into the
potential role of antagonism in structuring bacterial com-
munities in Antarctic ecosystems. It should be noted that
laboratory conditions cannot fully replicate the complex
biotic and abiotic factors present in natural environments,
and many other types of interactions likely remain unde-
tected due to limitations in the cultivability of marine bac-
teria. Nevertheless, the observed antagonistic interactions
among cultivable bacteria represent a valuable baseline
for further investigations into the ecological roles of these
interactions in situ. Finally, the VOCs produced by Ant-
arctic strains may have potential biotechnological applica-
tions as bio-control agents. Further studies should explore
these compounds for scalable applications in agriculture
and pharmaceutical fields.
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