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ARTICLE INFO ABSTRACT

Keywords: In recent years, the growth in Antarctic tourism has stimulated research on the anthropogenic impacts on the
Prokaryome region, boosted by advances in OMIC technologies applied to polar microbial communities. This study aimed to
Virome

assess the human impacts on marine prokaryotic and viral communities of Deception Island by identifying po-
tential taxonomic, functional, and resistome indicators of both anthropogenic and natural/volcanic pressures.
Proteobacteria, Bacteroidetes, and Actinobacteria were the dominant phyla, with notable variations attributed to
volcanic activity and anthropogenic pressure. The abundance of Euryarchaeota in regions with increased vol-
canic activity underlines their adaptability to extreme conditions. Their mercury resistance coupled with their
ability to cope with toxic heavy metals is a critical component in managing volcanic mercury concentrations.
Actinobacteria, Cyanobacteria, Planctomycetes, and Synergistetes showed distinctive abundance patterns with
potential ecological implications related to volcanic environments. Functional analyses revealed the enrichment
of functions associated with metal-based, hydrocarbon degradation, and nitrogen metabolism. Submarine vol-
canic vents contributed significantly to the shape of functional diversity. Identification of specific functions
related to nosocomial infections and gastroenteritis highlights the impact of anthropogenic activities on func-
tional traits. Antibiotic resistance genes (ARGs) showed nuanced patterns influenced by both anthropogenic
pressure and volcanic activity. Actinobacteria were correlated with increased ARG abundance, which was
enhanced by wastewater disposal. Remarkably, Fumarole Bay showed an increased prevalence of certain ARGs,
despite a lower anthropogenic impact, suggesting a unique selective pressure induced by volcanic activity. The
responsiveness of these indicators to varying levels of pressure characterizes them as valuable tools for assessing
and mitigating anthropogenic impacts on the marine waters of Deception Island.

Functional traits
Resistome
Anthropogenic pressures
Polar microbiomes

1. Introduction worldwide (Arroyo-Rodriguez et al., 2017; Bisht et al., 2023b). Auto-
genic changes, such as the advancement of successional stages, lead to
Autogenic and allogenic alterations have changed ecosystems dynamic equilibrium characterized by pre-climax and climax
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conditions, whereas allogenic changes cause stress in the ecosystem and
result in retrogressive changes (Bisht et al., 2023a; Maletha et al., 2020;
McClelland, 2011). Ecosystems vary greatly in terms of their sensitivity
to anthropogenic pressures, depending upon their nature and degree.
These pressures determine the ecosystem in terms of species composi-
tion, diversity, and regeneration at the local and global scales (Bisht
et al., 2022; Chaturvedi et al., 2017; Maletha et al., 2023). Antarctica’s
extreme geographical remoteness and environmental conditions have
deterred sustained human habitation, establishing the prevailing
narrative of this polar expanse as largely untouched for an extended
period (Bargagli, 2008). Recent empirical observations have highlighted
a disconcerting trajectory of anthropogenic contamination in Antarctica,
which is intricately linked to the increasing presence of visitors and
scientific undertakings (Amaro et al., 2015; Bargagli, 2008; Emnet et al.,
2015; Mao de Ferro et al., 2013; Padeiro et al., 2016). This unfolding
scenario underscores the importance of safeguarding Antarctic ecosys-
tems and alleviating the repercussions of human presence in accordance
with the principles articulated in the Antarctic Treaty and the Protocol
on Environmental Protection to the Antarctic Treaty.

Deception Island, situated in the South Shetland Archipelago of
Antarctica, stands out as a significant locale, characterized by its
distinctive geological features. Specifically, the island’s designation as
an active volcano has resulted in the creation of a caldera-an extensive
depression subsequently inundated by seawater (Baraldo and Rinaldi,
2000). The caldera, named Port Foster, exhibits a distinct horseshoe
shape, opening to the Southern Ocean through a narrow channel known
as Neptune’s Bellows, rendering it one of the few locations globally
where vessels can navigate directly into an active volcano (Baraldo and
Rinaldi, 2000). Deception Island offers various tourist attractions,
particularly penguins, fur seals, and whale watching (Dibbern, 2010;
Naveen et al., 2012), in addition to engaging in extreme tourism
(Pertierra et al., 2014).

Deception Island is one of the most naturally contaminated regions
on the continent with mercury (Hg), characterized by elevated con-
centrations in both water and sediments (Mao de Ferro et al., 2014). At
present, Deception Island hosts numerous fumaroles and hydrothermal
vents located at Fumarole, Telefon, Whalers Bays, and Pendulum Cove
(Rey et al., 1995), which act as the primary sources of mercury on
Deception Island (Mao de Ferro et al., 2014). Additionally, the water
within Port Foster exhibits a mean residence time of 2.4 years, with only
1% volume exchange occurring during each tidal cycle (Lenn et al.,
2003). This limited water exchange (Figueiredo et al., 2018) results in
the accumulation of particles predominantly in the western and north-
ern regions of the bay, influenced by a gradual decrease in velocity from
the Neptune Bellows to these areas. These factors, coupled with the
diminished absorption of Hg in sediments driven by geological compo-
sition, contribute to the establishment of an internal reservoir of vol-
canic Hg accessible to aquatic organisms (Duarte et al., 2018; Mao de
Ferro et al., 2014). The island also adhered to an Antarctic Specially
Managed Area Management Plan under the Protocol for Environmental
Protection of the Antarctic Treaty, also known as the Madrid Protocol
(1991), with visitor guidelines in place to support responsible tourism.
According to the International Association of Antarctica Tour Operators
(IAATO), 5634 tourists visited Deception Island between 2016 and 2017
(IAATO, 2017). Hosting two summer research stations managed by
Argentina (Deception station) and Spain (Gabriel de Castilla station),
Deception Island witnessed the operation of Deception station for
approximately 80 days with 25 individuals during the 2016-17 season,
while Gabriel de Castilla station was active for 81 days, accommodating
an average of 31 persons (Quesada, A., 2020, pers. comm., 17 July
2022). Both stations are equipped with waste and hazardous manage-
ment facilities, and are capable of responding to fuel spills (COMNAP,
2017). The Gabriel de Castilla station has been awarded the Environ-
mental Quality Certification ISO 14001, exemplifying efforts to diminish
the environmental impact through procedural enhancements and
improved waste treatment. These facts collectively underscore the
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human presence on this remote Antarctic Island and the ongoing
commitment to minimizing environmental ramifications. Nevertheless,
it is imperative to acknowledge that human activities may potentially
introduce new and emerging contaminants into this locale, substances
that would otherwise remain absent. Specifically for this category
termed Emerging Pollutants (EPs), encompassing a wide array of syn-
thetic chemicals such as pesticides, cosmetics, personal and household
care products (PPCP), and pharmaceuticals, increasingly utilized on a
global scale (Thomaidis et al., 2012). The remote and pristine environ-
ments of Antarctica are immune to the infiltration of emerging con-
taminants, as evidenced by studies examining the environment and
wastewater from scientific stations, vessels, and cruise ships. These
studies have uncovered a diverse array of contaminants, including UV
filters, parabens, antimicrobial compounds, plasticizers, and pharma-
ceutical residues, such as estrogen steroid hormones (Duarte et al.,
2021b; Emnet et al., 2015; Esteban et al., 2016). However, our under-
standing of the prevalence of PPCPs in the Antarctic natural environ-
ment is limited. Additionally, considering the conservation of
pharmaceutical action mechanisms across a broad spectrum of organ-
isms, understanding the potential effects of PPCPs on non-target species
is of paramount significance (Duarte et al., 2021a, 2022a; Gunnarsdottir
et al., 2013). The presence of these compounds in marine areas is known
to negatively affect not only primary producers (Duarte et al., 2018,
2021a) but also marine fauna that rely on them (Duarte et al., 2020;
Fonseca et al., 2021) and microorganisms (Centurion et al., 2022;
Duarte et al., 2022b; Zhang et al., 2022), with negative impacts on
biodiversity and ecosystem functioning. While this is already a critical
aspect for all ecosystems worldwide, it assumes particular concern in
vulnerable ecosystems, such as polar areas, already subjected to climatic
change pressures.

The inherent biogeochemical characteristics of Deception Island,
coupled with escalating anthropogenic influences, render this ecosystem
an optimal natural setting for investigating the impact of these pressures
on the ecological and functional dynamics of marine prokaryotes and
viruses, under the influence of both natural and human-induced factors.
Furthermore, within the One-Health Framework (Ewbank et al., 2021),
the identification and evolution of prokaryotic resistance genes are
critical, offering insights into how these conditions mold the marine
polar resistome, inducing the appearance of Antibiotic and Metal
Resistance Genes (ARGs and MRGs, respectively) in the prokaryotic
community. A recent work focusing on a terrestrial volcanic system,
highlighted the co-influence of the heavy metals released by volcanic
systems, with the inherent abiotic factors in the vicity of an active vol-
cano (for e.g., pH) in shapping the sensitivity/resistance of the micro-
organisms towards heavy metals, reinforcing the need to better
understand these associations in the development of MRGs (Chen et al.,
2024). Several studies have explored prokaryotic metagenomic diversity
within Antarctica, with a specific focus on Deception Island (Centurion
et al., 2022; Santos et al., 2022), particularly emphasizing function and
resistance traits, predominantly in the island’s soils. The unique envi-
ronmental conditions of Deception Island are significant because of
documented instances of co-resistance phenomena involving metals,
harsh environmental conditions, and antibiotics in environments that
are minimally influenced by human activity (Duarte et al., 2022b; Jar-
dine et al., 2019). Therefore, it is essential to monitor these microor-
ganisms, not only because of their fast response time, which allows them
to act as early warning sentinels, but also because of their key role in the
ecosystem’s biogeochemical functioning (which impacts all organisms
that inhabit the ecosystem) and the potential emergence of
multi-resistant microorganisms that can ultimately impact human
health.

Considering the two major ecosystem pressure sources in Deception
Island’s inner bay marine waters (volcanic and anthropogenic), it is
hypothesized that these would lead to differential impacts on the pro-
karyotic and viral community taxonomic and functional traits, leading
to the potential existence of singular features that could discriminate
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South Shetland Islands Archipelago

® Fumarole Bay (FB)

Gabriel de Castilla
Base (GdC)

Fig. 1. Sampling sites were located in the vicinity of the Spanish Gabriel de Castilla Base (GdC) and at Fumarole Bay (FB), both situated in Foster Bay, Deception

Island, South Shetland Islands archipelago, Antarctica.

Table 1

Surface water physical and chemical characteristics, namely pH, conductivity, dissolved oxygen (DO), salinity and suspended particulated matter (SPM) in the two
sampling sites, Gabriel de Castilla and Fumarole Bay (average + standard error, N = 3, * denotes statistical differences at p < 0.05) (Duarte et al., 2018).

Temperature (°C) pH Conductivity (uS em™?) DO (%) Salinity SPM (mg L)
Gabriel de Castilla 35 8.35 59.7 124.9 38.3 23.8+0.6
Fumarole Bay 3.8 8.12 63.7 127.5 41.0 382+1.0*

between these two main sources of impacts. Hence, the present study
aimed to elucidate the ecological, functional, and resistome traits of
prokaryotic and viral marine communities in the waters surrounding
Deception Island. Special attention was given to two distinct sampling
sites, namely, Fumarole Bay and waters in the vicinity of Gabriel de
Castilla station, each influenced by different volcanic and anthropogenic
factors. Additionally, this study sought to unveil potential taxonomic
and functional indicators (biomarkers) associated with these diverse
pressures. These indicators may serve as valuable tools for future as-
sessments of potential shifts in marine ecosystem dynamics on the island
influenced by both natural and anthropogenic sources.

2. Material and methods
2.1. Study area characterization and sample collection

Sampling was conducted in Port Foster Bay, situated within Decep-
tion Island (62°57'S, 60°38'W) in the South Shetland Islands of
Antarctica, during the austral summer of January 2017. Sampling was
conducted in the proximity of the Spanish Gabriel de Castilla station and
Fumarole Bay (Fig. 1). Surface water samples were collected and
transported under refrigeration using ice blocks to the laboratory at the
Gabriel de Castilla Spanish station. All samples were processed in the
laboratory, as previously described (Duarte et al., 2022b). The samples
were filtered using 0.22 pm pore size Sterivex filters (Merck Millipore)
without pre-filtration and were kept at —80 °C before transportation to
Portugal in liquid nitrogen. In situ measurements of water physico-
chemical parameters, including temperature, pH, conductivity, dis-
solved oxygen (DO), and salinity, were conducted using a
multiparameter probe (WTW, Multi 3430). Surface water was collected
in triplicate to determine suspended particulate matter (SPM). The
probe measurements represent the outcome of three readings automat-
ically performed by the probe. Despite the unique characteristics of
Deception Island (an open ocean bay resulting from a caldera collapse
with active submarine volcanic activity), its marine environment shares
common features with other marine systems (Table 1) (Duarte et al.,
2018).

2.2. DNA extraction and metagenomic sequencing

At the BioISIGenomics facilities, the Sterivex filters were opened and
removed using a sterile scalpel and tweezers, as demonstrated in the
video: https://vimeo.com/26582858. Subsequently, the filters were
placed into a 5 mL PowerWater Bead Pro Tube from the DNeasy Pow-
erWater Kit (Qiagen), using two sets of sterile forceps. This was achieved
by picking up the filter membrane at opposite edges and rolling the filter
into a cylinder, with the top side facing inward. The remaining steps
were performed in accordance with the manufacturer’s instructions.
DNA quality and concentration were assessed by NanoDropTM One and
QubitTM 4 Fluorometer analyses using the dsDNA HS assay for Qubit.
Three biological replicates were obtained for each sampling point and
used as independent samples. Quantification was performed using the
dsDNA HS assay for Qubit. DNA was end-repaired (New England Bio-
Labs, MA, USA), cleaned with Agencourt AMPure XP Beads (Beckman
Coulter, High Wycombe, UK), and dA-tailed (New England BioLabs, MA,
USA). The library was prepared from 1400 ng of input DNA using the
SQK-LSK109 kit (Oxford Nanopore Technologies, Oxford, UK),
following the manufacturer’s protocol. The library was quantified and
prepared for GridION sequencing using FLO-MIN106 flow cells, Min-
KNOW v18.12.4, standard 48-h run script with active channel selection
enabled, until 4.0 Gb of data was collected from each sample. The mean
read length of the sequenced reads was 2900 bps and the mean quality
score was 9.85.

2.3. Bioinformatic analysis

The site-associated metagenome was identified by long-read whole-
genome sequencing of the environmental samples. A total of 2.22
million reads were acquired, and reads with a length of >300 base pairs,
accompanied by quality scores >7, were selected for subsequent taxo-
nomic analysis. For taxonomic reconstruction, 1.69 million reads were
employed, and a custom in-house pipeline relying on k-mer taxonomic
classification identified 1.11 million reads. The analytical pipeline starts
with Prinseq-lite version 0.20.4 (Schmieder and Edwards, 2011) to
remove the reads with less than 300 bps and with a dust score, for
reduction of read complexity, below 7. Taxonomic classification was
performed using Kraken2 (version 2.1.2), running on default options
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All Archaea

Gabriel de Castilla Fumarola Bay Gabriel de Castilla Fumarola Bay

Bacteria Virus
Gabriel de Castilla Fumarola Bay Gabriel de Castilla Fumarola Bay

Gabriel de Castilla Fumarola Bay Gabriel de Castilla Fumarola Bay

Gabriel de Castilla Fumarola Bay Gabriel de Castilla Fumarola Bay

Fig. 2. Venn diagrams showing all OTUs from the three analyzed kingdoms (A) and for each kingdom individually (B, Archaea; C, Bacteria; D, Virus) detected in the
water samples collected at Fumarole Bay and Gabriel de Castilla sampling sites.
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Fig. 3. The number of unique Archaea (A), Bacteria (B), and Virus (C) phyla (normalized to the total number of unique phyla per kingdom) detected in the water
samples collected at Fumarole Bay (FB) and Gabriel de Castilla (GdC) sampling sites.

and with the NCBI Refseq database (Archaea, Bacteria, and Viruses) to
merge assignments into the highest common taxonomic rank (LCA)
(Wood et al., 2019).

Only Operational Taxonomic Units (OTUs) with a prevalence in all
three replicates obtained from each sampling site were retained for
analysis (a total of 9976 OTUs). Rarefaction, alpha, and beta diversity
analyses were conducted using the phyloseq package (McMurdie and
Holmes, 2013) in R-Studio Version 1.4.1717. The statistical significance
of the diversity metrics and abundance data between sampling sites was
assessed by Student’s t-test using the ggpubr package (Kassambara,
2023) in R-Studio Version 1.4.1717.

Heat trees were produced using the metacoder package (Foster et al.,
2017) in R-Studio Version 1.4.1717. Only OTUs with a complete taxo-
nomic lineage were used to avoid a taxonomic bias at the upper taxo-
nomic levels. Standard data preprocessing was performed according to
the manufacturer’s instructions. Briefly, zero- and low-abundance OTUs
were removed (counts <5), and data were normalized for uneven
sampling (Foster et al., 2017). The Davidson-Harel visualization layout
was used, and the Reingold-Tilford algorithm was used for node loca-
tions. Significant differences in the abundance of specific taxonomic
levels in both sample groups were evaluated using the built-in Wilcoxon
test of the metacoder package. Sample dissimilarity dendrograms were
generated using the phyloseq package (McMurdie and Holmes, 2013) in
R-Studio Version 1.4.1717 using Jaccard distance as a dissimilarity
measure.

Functional analysis of the prokaryotic community was performed
with the microeco R package using the prokaryotes database FAPROTAX
(Liu et al., 2021; Louca et al., 2016) in R-Studio Version 1.4.1717.

For resistome analysis, Diamond blastx (v2.1.8.162) was used to
align the reads against the NCBI nr database (July 2023). To obtain the
metal-resistance genes (MRGs), reads were aligned against the BacMet
database (Pal et al., 2014) using blastx (v2.14.0+) with the following
parameters: E-value cutoff = 1 x 10~2%; Number of aligned sequences to
keep = 5; Percent query coverage per hsp (%) = 80. The presence of
Antibiotic Resistance Genes (ARGs) was assessed using the ARGs
Desktop software (“ARGs Desktop: A cross-platform desktop software for
antibiotic resistance genes detection and analysis from metagenomic
data,” 2023) using an E-value cutoff = 1 x 10720, E-value cutoff for
Essential Single Copy Marker Genes of 3 and Identity cutoff (in

percentage) for Essential Single Copy Marker Genes of 45%. Annotation
of the detected ARGs into antibiotic resistance classes was performed
using the ResistoXplorer web-based database (Dhariwal et al., 2021).

Partial Least-Squares Discriminant Analysis (PLS-DA) was performed
using the DiscriMiner package (Sanchez, 2013) in R-Studio Version
1.4.1717. The number of components was set to 2. Variable importance
for model classification was evaluated using the Variable Importance in
Projection (VIP) parameter.

For the identification of potential site-associated indicator OTUs and
functional and resistome traits, two approaches were used: correlation
index analysis based on the point biserial correlation coefficient and
Variable Importance for Projection Partial Least-Squares Discriminant
Analysis (VIP-PLS-DA). OTUs, functional and resistome traits were
identified as potential site-associated indicator species or traits when
three criteria were met: biserial correlation coefficient >0.90, P-value
from the correlation index analysis was <0.05, VIP score >1. Correlation
indices analysis, indicating OTUs, functional or resistome traits that are
significantly (p < 0.05) associated with a given sampling site, was per-
formed using the R package indicspecies (Caceres and Legendre, 2009) in
R-Studio Version 1.4.1717.

3. Results
3.1. Prokaryotic and viral taxonomic diversity and composition

Following the application of rarefaction (Fig. S1), an enumeration of
9976 distinct microbial taxa was achieved, with 7140 taxa classified at
the species level. These taxa were further categorized into Bacteria
(8749 Operational Taxonomic Units - OTUs), Viruses (703 OTUs), and
Archaea (522 OTUs). Collectively, both the prokaryome and virome
exhibited taxonomic diversity encompassing 62 phyla, 119 classes, 248
orders, 549 families, and 2110 genera.

Considering all OTUs identified within the Archaea, Bacteria, and
Virus kingdoms, approximately 80% of these OTUs were shared across
both sampling sites (Fig. 2). Nonetheless, it is noteworthy that each site
exhibited more than 700 exclusive OTUs. A consistent pattern emerged
in the taxonomic groups Archaea, Bacteria, and Virus kingdoms. Spe-
cifically, archaeal OTUs presented the lowest number of exclusive oc-
currences at each site, between 45 and 51. Conversely, the Bacteria
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Fig. 4. Diversity indices, namely Shannon Diversity (H, panels A-D) and Maximum Diversity (Hmax, panels E-H), Pielou Equitability (J, panels I-L) and Specific
Richness (S, panels M-P) of the three considered Kingdoms combined (A, E, I and M) or for each kingdom OTUs (Archaea: panels H, F, J and N; Bacteria: panels C, G,
K and O; Virus: D, H, L and P) detected in the water samples collected at Fumarole Bay (FB) and Gabriel de Castilla (GAC) sampling sites (N = 3; T-test indicates the

Student’s t-test statistical significance value).

kingdom showed the highest number of OTUs shared between both
sampling sites (a total o 5621 shared OTUs representing 86 % of the
Bacteria OTUs). Notably, the Fumarole Bay samples exhibited a greater
number (523) of OTUs exclusive to that sampling station. In contrast,
Virus OTUs demonstrated a smaller shared proportion between the two
sites (24%), with a significant number of OTUs exclusively found in
samples collected at Gabriel de Castilla station (203 OTUs, 41.8%) and
Fumarole Bay (166 OTUs, 34.2%).

Upon further examination of the distinct OTUs present in the mi-
crobial communities within Deception Island, notable variations in the
community composition were observed (Fig. 3). A focused scrutiny of
the Archaea community disclosed that Fumarole Bay exhibited a
heightened number of unique Crenarchaeota OTUs (42.9%) when
compared to the samples obtained near the Gabriel de Castilla station.
Conversely, in the latter, the prevalence of exclusive Euryarchaeota
OTUs was more conspicuous, constituting 71.4% of the unique Archaea
phylum OTUs (Fig. 3A). In the realm of unique bacterial OTUs (Fig. 3B),
discernible differences were observed, particularly with Actinobacteria,

where Fumarole Bay manifested approximately 25.7% of all unique
OTUs belonging to this phylum, in contrast to only 16.0% in samples
from Gabriel de Castilla base. Furthermore, the Fumarole Bay samples
revealed the presence of four exclusive Chlorobi and Planctomycetes
OTUs (two from each phylum), whereas these phyla lacked any exclu-
sive OTUs in samples near the Gabriel de Castilla base. Conversely, the
latter samples contained unique OTUs from Aquificae, Chloroflexi,
Fusobacteria, and Ignavibacteriae, which were not found among the
unique phyla detected in Fumarole Bay, each displaying a singular OTU.
Interestingly, both sampling sites exhibited a similar proportion of
unique OTUs within Firmicutes (16.0% and 21.0% at Fumarole Bay and
GdC base, respectively) and Proteobacteria (45.1% and 46.0% at
Fumarole Bay and GdC base, respectively), which were two of the most
abundant phyla in the samples. In terms of unique viral OTUs, Fumarole
Bay presented three exclusive Peploviricota OTUs, a phylum without
any unique OTUs, in samples near the Gabriel de Castilla base (Fig. 3C).
Conversely, the samples from the vicinity of the Spanish base revealed
one unique OTU belonging to the phylum Cressdnaviricota, which



B. Duarte et al.

ae,

 Paragiagiecol
nerommapaceamslmhno Nitrosococcus
Cellvibrionaceae

arvs- Comanes | Chromatiaceao

Sulfuricell
Chromabagerium
sp.nuu
Hvdmanbphaga ‘Chromobadteri
Burkholderia, ""‘;g" ki
DeliZ0Xa

onas diomarinaceae | =\ at \

n(erobaclenaceae
orighia Hafniaceae Metdnosarcnsies .

i
ae, Ectohlorho
x, QA,THIOII a"? Citrobacter Xenorhabdus

Environmental and Sustainability Indicators 24 (2024) 100511

el Moffanobievioacie

[E—
Mothanodaidoceosacods
o Mghangbactoracoaaanocncocaeus

Mothdnocoscales ke

-
N Methafiobaderiaies
. Methanosooci  eesiomenndZ?

A rot P pror

bacteraceae anellace.
i G Envinia qpos
" Serratia ocoaceas » Marinobacterium
Vlmwaclrm CollvibgionNes ‘Arsaagptionu: Llssnospitiaceas

la nnadaceae
jelicobactér Nautlfales Aeromonadalés c Mannnmunas

sipiece:
ax
i Mel Iﬂ"y Ooearqsﬁ rllalss Reinobacilus
scsm fon teursljaceae Mannheimia
KanoSTcts o lales Fophius

Legoneian®\ 13 Pasteurella

el P

Gammaproteoba ria :""‘""‘

Frariisalla— °

Mtranobacteria

Vibrio!
raceae,

Xanthomonadaceae

Brachys
Bracnyspwacs Borreliaceae
rachyspirales

Proteol eria ) oty
it vl
) spia Xanthomonadales

ysot
Luteimon Mycoplasma
0a0

Lysobacter

Leptospira
'OS

roponema_Spiioplasma

Mollicutes, Mymlnmames Mycoplasmopsis
Thermotagae Thermot

vicrobiAles
e Bhodococcus
riaceae

Fervidobacteriaceae

bacteriaceae 2
Granulicella
acterium

lycobacteriurm -

4 =N @ Nodes
teriaceae &
iycolfcibacterium o 2
< Dermacoccacese S -2.000 F8 1.00
¥ o
Elpopcper ; rm:f::;ﬁ:z:; @ g -08%9 822
ichié " Tissierellia -]
P e S obacteriaceae . § 0222 | — 989 3
Sefor Erysipelotichia byt Steptospocangia coaq Salnibacterium S 3 g
Peptoni s jcrococcaceae g @ 0000  —21.00
Veillonell&ce ipeiotiichales Glostridia Dei Chiatydiaceas Cor @@ Arthrobacter E E
Thefmoanasmbeciales i ’7‘ VE pn W Thermomonasaea ot 5 0.222 — 36.60 5
Tnermoanaerobaciereas serly icincona Sadl oS Chamgsas o & osporaceas Viruses = o 0889 - 56.60
ENySIPoIcnaceas Halghaerobiacese Eubactériales Bacilli /‘ ofiexi ¥ Bactordidia "™ "“Roinopianes 2 0 g
Caldicallulosiruptdf Peplostraptococaal Lactococcus. Chiigophagia Propionid N © 2000 81.00
’ s bingoacteria ar\@-'wes arci T
- ,*wamae Ddinodocths phingobacterii Cytophagia Bacteroides. rdiaceae o~
Lachnospiracoeds \‘,‘ acoacilyd actobailajes (G S Am eudonocardia 2y
Clostridiace: e r B inopt etaceae b
sy i) WU ammeovirga, T S
B 1/ o C i
il L leﬂl’!}eu “?ﬂ
ey ll.‘amubscl : A g Sanacese
ol ““‘SWa-mua y.mmué Lisjeria, s Dokdonia. _Polerbastes / \ W
Ferte mm,,a%,,,mmmaw a“""‘c-mouhaga[ \n- Spirosoma Prevotellaceae
F Ponti =15' Fulvivirga Prevotella

smmsamn ill ksellaceae Lacinutrix
a,.;g,cus & \e‘spihmgobam s dL:Wb\ugmnskysHa “Y"‘E""WEC,‘,MO,E
aduf dobacter  Kaistella FlavobacteriumFormosa.

Bacillus Elizabethkingia Gramella = Muricauda
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is referred to the Web version of this article.)

lacked any unique OTUs in Fumarole Bay. Approximately 73.7% and
77.3% of the total unique viral OTUs in Fumarole Bay and in the vicinity
of the Spanish base, respectively, belonged to the phylum Uroviricota.
Two unique viral OTUs (10.5% of the total unique viral OTUs) in
Fumarole Bay pertain to Nucleocytoviricota, whereas 18.2% of the total
unique viral OTUs from this phylum were detected near the Gabriel de
Castilla base.

Considering the diversity of the samples obtained from both sam-
pling sites (Shannon Diversity index, H), discernible patterns emerged,
wherein no significant differences were evident when considering all
surveyed kingdoms or the virus kingdom alone (Fig. 4A). However,
notable disparities in Archaea and Bacteria diversities were evident
(Fig. 4B and C), with samples from Fumarole Bay exhibiting significantly
higher diversities. A more in-depth analysis of the maximum Shannon
diversity index (Hmax), encompassing all evaluated kingdoms (Fig. 4E)
or the Bacteria kingdom exclusively (Fig. 4G), revealed a markedly
higher index in the metagenomes collected at Fumarole Bay. In terms of
evenness, only Archaea OTUs exhibited a higher Pielou index value in
Fumarole Bay (Fig. 4J) in contrast to the values observed for samples
from the Gabriel de Castilla sampling station. Furthermore, the Bacteria
kingdom displayed significantly higher specific richness (S) in meta-
genome samples from Fumarole Bay (Fig. 40). This augmented value
contributed to an overall higher S value for all kingdoms, culminating in
a global S value that was significantly higher than that observed in the
Gabriel de Castilla samples (Fig. 4M). It is essential to highlight that the
reduced number of Archaea species (Fig. 4N) and their relative abun-
dance resulted in a considerably lower value for the Shannon diversity
index within this kingdom (Fig. 4B), juxtaposed with the values obtained
for the remaining kingdoms.

The utility of the heat trees is underscored in Fig. 5, revealing
numerous clades in the tree that are exclusive to samples from one of the
surveyed sites, often encapsulating the entire taxonomic group. Notably,
the clades predominantly featured Alphaproteobacteria and Bacter-
oidetes in Gabriel de Castilla station samples and Gammaproteobacteria
and Actinobacteria in the Fumarole Bay metagenomes. Additionally, at
lower taxonomic lineage levels (genus and node outer edges), the heat
trees accentuated the pronounced differences in taxonomic composition
between the two sampling stations, reflecting the high abundance of
several significant disparities. Despite the relatively less complex nature
of the Archaea heat tree, evident distinctions emerged, including a
noteworthy prevalence of Halobacteria OTUs (and their lower taxo-
nomic lineage levels) in Fumarole Bay metagenomes, whereas Gabriel
de Castilla samples exhibited a prevalence of other Archaea groups, such
as Methanobacteria, Methanococci, and Crenarchaeota. In the context of
the viral tree, it exhibited significantly lower complexity than Bacteria
and Archaea. Fumarole Bay displayed a marked prevalence of Algavir-
ales in contrast to Gabriel de Castilla metagenomes, which were prom-
inently dominated by Imitervirales, Paploviricota, and Uroviricota (and
their respective lower taxonomic branches).

Employing a dissimilarity analysis based on the Jaccard distance
within and between samples collected at each site (Fig. 6), we assessed
the contribution of each kingdom’s taxonomic composition to the
dissimilarity observed between the samples from both sites. Despite
certain differences in alpha diversity indices between sites, an exami-
nation of the Archaea phyla revealed that the Jaccard dissimilarity
distance between sites closely mirrors the dissimilarity observed within
site replicates. This suggests a high degree of similarity in the relative
abundance of Archaea phyla between the two sampling sites (Fig. 6A).
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Fig. 6. Archaea, Bacteria and Virus phyla-based Jaccard distance between sample groups (A, C and E respectively) and respective relative rarefied abundance
dendrogram (normalized for the total abundance in each Kingdom; B, D and F for Archaea, Bacteria and Virus respectively) in the water samples collected at
Fumarole Bay (FB) and Gabriel de Castilla (GAC) sampling sites (N = 3; significant level between Jaccard distances between sample groups are denoted as Student’s t-

test p-value).

Consequently, a lack of separation was evident in the respective abun-
dance dendrogram (Fig. 6B), where all samples were predominantly
characterized by Euryarchaeota, Crenarchaeota, and Thaumarchaeota.
In the context of dissimilarity distances among replicate samples and
between samples from different sampling sites concerning the relative
abundance of bacterial and viral phyla (Fig. 6C and E), in both instances,
the dissimilarity between sampling sites surpassed the observed
dissimilarity within replicate samples. This distinction was further evi-
denced in the corresponding dendrograms built using bacterial (Fig. 6D)
and viral (Fig. 6F) phyla relative abundance, where samples from both
sites were distinctly separated. Bacterial abundance was primarily
dominated by the Proteobacteria, Bacteroidetes, and Actinobacteria
phyla, collectively constituting approximately 90% of the relative
abundance of OTUs within the bacterial kingdom. Regarding the relative
abundance of viral phyla, OTUs were predominantly affiliated with
Uroviricota and Nucleocytoviricota, displaying varying relative pro-
portions in samples collected from both sampling sites.

Analyzing the relative abundance of phyla exhibiting marked dif-
ferences between sampling stations, an evident predominance of
Archaea was shown by the prevalent OTUs from the Fumarole Bay
metagenomes (Fig. 7A), particularly of the phylum Euryarchaeota

(Fig. 7B). Conversely, within the Bacteria kingdom, a significant prev-
alence was discerned in metagenome samples from Gabriel de Castilla
(GdC) (Fig. 7C), primarily attributable to the significantly higher
abundance of Bacteroidetes (Fig. 7E), Balneolaeota (Fig. 7F), Fusobac-
teria (Fig. 71), Ignavibacteriae (Fig. 7J), and Tenericutes (Fig. 7M), in
contrast to the relative abundance observed in Fumarole Bay (FB)
samples. The latter group exhibited a marked prevalence of Actino-
bacteria (Fig. 7D), Chrysiogenetes (Fig. 7G), Planctomycetes (Fig. 7K),
Synergistetes (Fig. 7L), and unassigned bacterial phyla (Fig. 7N).
Notably, the only viral phylum displaying significant abundance dif-
ferences at both survey sites was Nucleocytoviricota (Fig. 70), with
higher levels observed in the Fumarole Bay samples.

3.2. Bacteria and Archaea: functional diversities

Several distinctions emerged regarding the putative metabolic
functional profiles observed in the samples collected at both surveyed
sites (Fig. 8). The traits attained from this functional analysis should be
considered putative or potential functions and should be interpreted as
measured microbial activities. Chemoheterotrophic functions were
notably more abundant in the Gabriel de Castilla samples (Fig. 8A and



B. Duarte et al.

Envirc land S

bility Indicators 24 (2024) 100511

Archaea Archaea, Euryarchaeota Bacteria Bacteria, Actinobacteria Bacteria, Bacteroidetes
0.0080{A 000608 c 0.094D E
T-test, p = 0.0035 T-test, p = 0.0051 T-test, p = 0.0035 T-test p = 3.9e-06 0.30 T-test, p = 0.00029
ﬁ i
0.294
0.0075 000554 0.084
0.284
0.99304
0.0070 0.00504 0.07 0.274
0.99254 026
0.0065 4 - 0.064
. * | 000454 , —_— . ; —_— 0254 se—— .
FB GdC FB GdC FB GdC FB GdC FB GdC
Bacteria, Balneolaeota Bacteria, Chrysiogenetes Bacteria, Cyanobacteria Bacteria, Fusobacteria Bacteria, Ignavibacteriae
F 5e-05{G | 0.04004H 1 0.0028 " ] 0.00015 17
= T-test, p = 0.021 T-test, p = 0.081 T-test, p = 0.00023 T-test, p=0.019 T-test, p=0.017
3 - " -
E s w05 o) R -
S
s 3e-054
0.000100 1 0.03504 o
g 0.0024 0.00009 4
o
g 2e-051
2 0.000075 0.0523 0.0022 1
« 0.00006 4
& 1e-054
0.03004 0.00204
0.000050 4 *
v 0e+00+ ' . 0.00003 4 .
FB GdC FB GdC FB GdC FB GdC
Bacteria, Planctomycetes Bacteria, Synergistetes Bacteria, Tenericutes Bacteria, Unassigned Virus, Nucleocytoviricota
K 0.00020 1 L ™M N VO
T-lest. p = 1 T-test,p= 1 Test, p= 1 o ii i = 0. T-test, p = 0.041
0.00300 5! 0.018 st, p = 0.015 est, p = 0.02 0.003 st, p=0.04
# 0.000154 0.1054
0.00451 0.351
0.00275 4
0.000101
0.00250 4 0.1004
0.00404 0304
0.00225 1 0.00005 4
0.0954
0.00200 4 . . . . .
FB GdC FB GdC FB GdC FB GdC FB GdC

Sampling Station

Fig. 7. Relative abundance (normalized for the total abundance considering all hits from all Kingdoms) of the significantly different Archea (A-B), Bacteria (C-N)
and Virus (O) OTU taxonomic phyla detected in the water samples collected at Fumarole Bay (FB) and Gabriel de Castilla (GAC) sampling sites (N = 3; T-test indicates

the Student’s t-test statistical significance value).

F). Conversely, the Fumarole Bay samples exhibited a significantly
higher abundance of microorganisms with the potential ability to
degrade aromatic and hydrocarbon compounds (Fig. 8B-D and M).
Putative metal-based metabolic activities were also more prevalent in
the metagenome samples from Fumarole Bay (Fig. 8E-H, I, and P). Mi-
crobial nitrogen, sulfur, and phototrophic metabolism displayed a
similar pattern, with all functions associated with these metabolic
pathways being more abundant in the Fumarole Bay samples (Fig. 8G-R-
V, X, and Y). Samples collected in the vicinity of Gabriel de Castilla
station showed a prevalence of microorganisms with the potential to act
as human pathogens associated with gastrointestinal conditions
(Fig. 8J), while microbes with the potential to lead to nosocomial and
pneumonia pathogenic conditions were significantly more abundant in
Fumarole Bay samples (Fig. 8K and L). Potential activities related to the
degradation of plastic (Fig. 8W), lignomaterials (Fig. 8N), and urea
(Fig. 8Z) were significantly more abundant in the Fumarole Bay samples.
Additionally, the potential methanogenic metabolism associated with
CO4 reduction using H, was notably more abundant in samples collected
near Gabriel de Castilla station (Fig. 80).

Analysis of the presence of metal resistance genes (MRGs) and
antibiotic resistance genes (ARGs) in samples obtained from Fumarole
Bay and Gabriel de Castilla sampling stations revealed discernible dif-
ferences (Fig. 9). While overall ARGs and MRGs displayed significant
differences between the sampling sites, a deeper analysis of the indi-
vidual MRG groups revealed additional distinctions. Silver (Ag), iron
(Fe), magnesium (Mg), and vanadium (V) resistance genes were notably
more abundant in the samples collected from Fumarole Bay. Conversely,
gold (Au) and antimony (Sb) resistance genes were significantly more
abundant in samples collected at the Gabriel de Castilla site. Similarly,

analysis of specific antibiotic-type resistance genes revealed disparities
between samples from both sites. Macrolide, bacteriostatic, amino-
coumarin, multidrug, pleuromutilin, and mupirocin-like resistance
genes were significantly more abundant in the samples collected at the
Gabriel de Castilla site. Conversely, genes associated with resistance to
tetracycline, aminoglycoside, peptide, nitroimidazole, diaminopyridine,
and lincosamide-type antibiotics displayed an inverse trend, with a
significantly higher abundance in samples collected from Fumarole Bay.
A total of 13 ARG types were identified in samples from the vicinity of
the Gabriel de Castilla base, compared with 11 ARG traits detected in
samples from Fumarole Bay. Notably, genes related to bacteriostatic,
pleuromutilin, oxazolidinone, and mupirocin-like antibiotic resistance
were absent in the Fumarole Bay samples, whereas genes associated
with resistance to diaminopyrimidine and lincosamide were exclusively
found in samples from this sampling site.

3.3. Taxonomic and functional indicators

The taxonomic, functional, and resistome profiles of samples
collected near Gabriel de Castilla station and at Fumarole Bay have
proven to be highly effective discriminators of both prokaryotic and
viral communities, resulting in a distinct separation evident in the Par-
tial Least Squares Discriminant Analysis (PLS-DA) biplots (Fig. 10A, B,
and 10C). Considering the contribution of OTUs, functional traits, and
resistome features for each statistical model, it was determined that
approximately 2526 OTUs, 43 functional traits, and 18 resistome fea-
tures (Fig. 10D, E, and 10F), collectively accounting for 38.0%, 48.3%,
and 51.4% of the Variable Importance in Projection (VIP) scores,
respectively, exhibited VIP scores above 1, indicating a substantial
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Fig. 8. Relative abundance of the significantly different putative prokaryotic metabolic functional groups detected in the water samples collected at Fumarole Bay

(FB) and Gabriel de Castilla (GdC) sampling sites (N = 3).

contribution to the effective separation observed in the models.
Integrating the VIP score information with insights derived from
indicator species, functional, and resistome analyses allowed for the
identification of potential biomarker OTUs and functional traits using
point biserial analysis (threshold set at > 0.90). This analysis was cross-
referenced with OTUs, functional traits, and resistome features with a
VIP score above 1 (Fig. 11A, B, and 11C). Employing this approach
facilitated the depiction of site-specific biomarkers at both taxonomic
and metabolic levels within the sampled metagenomes. Indicator species
analysis revealed the existence of 831 and 851 OTUs with potential in-
dicator values in the samples collected at Gabriel de Castilla and
Fumarole Bay, respectively (Supplementary Fig. S2). The analysis
highlighted the dominance of Euryarchaeota within the Archaea
Kingdom at both sites, resulting in nine different Euryarchaeota OTUs
being extracted as indicator species for each sampling site
(Supplementary Figs. S2A and B). Regarding the Bacteria Kingdom
(Supplementary Figs. S2C and D) the indicator OTUs extracted were
dominated by Proteobacteria (394 and 330 for Gabriel de Castilla and
Fumarole Bay samples, respectively), Actinobacteria (245 and 235 for
Gabriel de Castilla and Fumarole Bay samples, respectively) and Fir-
micutes (76 and 120 for Gabriel de Castilla and Fumarole Bay samples
respectively) (Supplementary Figs. S2C and D). The fourth phylum with
the highest number of OTUs with indicator values was found to be
different between sampling sites, with Cyanobacteria occupying the
fourth group with a higher number of indicator OTUs in the samples
collected at Fumarole Bay, whereas Actinobacteria occupied the fourth
position in the ranking of the phylum with more indicator OTUs in the

10

samples collected in the vicinity of Gabriel de Castilla. Only two viral
OTUs were selected as indicator OTUs for the samples collected at
Fumarole Bay, one belonging to the Nucleocytoviricota and another
OTU to which it was not possible to assign a phylum from the sequences
retrieved) (Supplementary Figs. S2E and F). On the other hand, the in-
dicator species analysis of the data from the samples collected in the
vicinity of Gabriel de Castilla resulted in the identification of 16 viral
OTUs with potential indicator values (9 belonging to the Uriviricota
phylum, 2 from the Nucleocytoviricota phylum and five additional OTUs
to which it was not possible to assign a phylum). These indicator OTUs
were further filtered by combining indicator species point-biserial sta-
tistics with their VIP scores. Based on statistical criteria, 238 OTUs were
identified as eligible site-specific biomarkers (Fig. 11A). Approximately
42.9% of these OTUs were identified as specific biomarkers for the
Fumarole Bay metagenomes, while the remainder were exclusive in-
dicators of metagenomes from the vicinity of the Gabriel de Castilla
station. Archaea OTUs constituted 31.9% of the assessed indicator
OTUs, with 13.4% and 18.5% associated with Fumarole Bay and Gabriel
de Castilla stations, respectively, all belonging to the Sulfolobaceae
family. Virus OTUs accounted for 10.5% and 15.1% of the indicator
OTUs in samples from Fumarole Bay and Gabriel de Castilla station,
respectively (25.6% of all assessed OTUs), and all belonged to the
Siphoviridae family. Bacterial OTUs from the Planctomycetaceae, Ana-
plasmataceae, Rickettsiaceae, and Thermodesulfobacteriaceae families
constituted 18.9% and 23.5% of the indicator OTUs for the Fumarole
Bay and Gabriel de Castilla stations, respectively. Despite overlap at the
family level, these OTUs represented different taxonomic units,
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Fig. 9. Antibiotic and Metal Resistance Genes (ARGs and MRGs, respectively) relative abundance (normalized for the total number of resistance gene hits) heatmap
of the water sample prokaryome collected at Fumarole Bay (FB) and Gabriel de Castilla (GdC) sampling sites (N = 3; asterisks denote the Student’s t-test statistical
significance differences between the abundance of a resistance gene at both sampling stations at p < 0.05).

demonstrating the discriminatory power between the two sites. Notable
differences were evident in the context of functional traits with potential
biomarker utility (Fig. 11B). Following statistical filtration, only three
metabolic traits were deemed site-specific for the metagenomes near the
Gabriel de Castilla station (human pathogens gastroenteritis, chemo-
heterotrophy, and aerobic chemoheterotrophy), while the remaining 20
traits exhibited biomarker discriminatory power for Fumarole Bay
metagenomes. A similar analysis of resistome traits, identified as crucial
for sample differentiation through VIP and biserial correlation, revealed
six distinct resistome trait indicators for each community at the sam-
pling sites (Fig. 11C). Tetracycline-, peptide-, nitroimidazole-, magne-
sium-, diaminopyrimidine-, and Ag resistance-related genes were
identified as site-specific indicators for the prokaryotic community
collected in Fumarole Bay. Conversely, genes associated with resistance
to Sb, pleuromutilin, oxazolidinone, mupirocin-like, macrolide, and
aminocumarins were identified as statistically relevant resistome in-
dicators for the prokaryotic community near the Gabriel de Castilla
station.

When summing the relative abundance (calculated for each dataset)
of the traits highlighted by the previous selection procedure, we attained
an indicator value for each set of traits at each site (Fig. 12). When
adding up the traits identified as indicators for fumarole for each trait
category and comparing them to the same sum value for Gabriel de
Castilla samples (Fig. 12A-D), the samples collected at Fumarole Bay
always presented significantly higher values. The same pattern was
observed when a weighted mean of the trait sum indicators was applied
by merging all the indicator categories (Fig. 12E). When applying the
same procedure using the indicators selected by the point biserial cor-
relation and PLS-DA-VIP analysis for the samples collected at Gabriel de
Castilla station, the inverse trend was applied for both individual indi-
cator traits (Fig. 12F-I) and the unified indicator index, merging all
indicator categories (Fig. 12J). The samples collected near the GdC

station exhibited significantly higher values.
4. Discussion

The preponderance of research directed towards metagenomic
taxonomic and functional diversity in Deception Island centres on
sediment microbial communities across various spatiotemporal and
pressure gradients (Bendia et al., 2018; Centurion et al., 2021, 2022;
Doytchinov and Dimov, 2022). Consequently, this study serves as a
foundational exploration of prokaryotic and viral diversity and func-
tions within this specific and extreme ecosystem. Consistent with pre-
vious studies, Proteobacteria, Bacteroidetes, and Actinobacteria were
dominant in the Antarctic seawater (Liu and Jiang, 2020; Zhang et al.,
2022). The site exhibiting heightened volcanic activity unsurprisingly
presented a greater abundance of Archaea, known to flourish in
seawater samples from locales with active volcanic activity, such as
deep-sea hydrothermal systems (Takai et al., 2004), presumably owing
to the distinctive environmental conditions conducive to microorganism
growth (Huber et al., 2002). Euryarchaeota, specifically found in vent
fluids from mid-ocean ridge subseafloor habitats (Huber et al., 2002)
and waters surrounding deep-sea hydrothermal systems (Takai et al.,
2004), adapt remarkably well to volcanic environments, particularly
particle-rich coastal waters, and the specific temperature and chemical
conditions (e.g., acidity) characterizing these areas (Curtis et al., 2013;
Galand et al., 2008). Marine Euryarchaeota, which displays notable
tolerance to Hg and the capacity to degrade various toxic heavy metals
and xenobiotics (De and Ramaiah, 2007), supports this phylum’s ability
to contend with the elevated volcanic Hg concentrations in Fumarole
Bay (Mao de Ferro et al., 2014). Several unique OTUs were observed in
the samples from each sampling site, which were selected as potential
indicator species. Nevertheless, a finer filter using the VIP score attained
for the OTUs merged with the indicator species analysis statistics left the
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Euryarchaeota OTUs out of the biomarker OTUs sets assessed for each
sampling site. This can be due to the known ubiquity of organisms
belonging to Euryarchaeota, which allows them to cope and adapt to a
variety of abiotic constraints (Flores et al., 2012). In the Bacteria
kingdom, Actinobacteria, Cyanobacteria, Planctomycetes, and Syn-
ergistetes exhibited significantly higher abundance in Fumarole Bay
samples. Actinobacteria, a major phylum in the domain Bacteria
(Goodfellow and Fiedler, 2010), encompasses high GC-content Gram--
positive bacteria from 17 different orders (Gao and Gupta, 2005; Sen
et al., 2014). While the reasons remain unclear, prior studies have also
noted a substantial abundance of Cyanobacteria in the hydrothermal
system of Panarea Island as the dominant oxygenic phototrophs
(Maugeri et al., 2013). The ability of certain Cyanobacteria to engage in
diverse metabolic pathways, assimilating exogenous organic com-
pounds (e.g., adenine, acetate, urea, leucine, uracil, and thymidine),
underscores their ecological presence near hydrothermal vents (Colaco
et al., 2006; Maugeri et al., 2013). Chemoautotrophic Planctomycetes
and Synergistetes, which are highly abundant in metal-rich environ-
ments near hydrothermal vent fields (Stewart et al., 2018; Storesund
etal., 2018), gain competitive advantage in these extreme environments
(Colaco et al., 2006). The high abundance of marine Nucleocytoviricota,
a group of large double-stranded DNA viruses, in volcanic vents and
metal-rich environments, although in line with these areas’ ability to
boost ecosystem microbial diversity and activities, requires further

exploration (Bortoluzzi et al., 2017; Price and Giovannelli, 2017). The
presence of marine Fusobacteria and Bacteroidetes in coastal environ-
ments near human settlements in Antarctica stems from anthropogenic
disturbances, notably the release of sewage from research stations,
concomitant with high densities of fecal bacteria in these areas (Delille
and Delille, 2000; Lo Giudice et al., 2019). Human activities serve as the
primary source of marine Balneolaeota in Antarctic environments near
human settlements (Lenihan, 1992, 1992, 1992; Lenihan et al., 1990).
The presence of marine Ignavibacteriae in coastal environments near
human settlements in Antarctica results from anthropogenic distur-
bances, including the release of contaminants, such as hydrocarbons,
polychlorinated biphenyls, antibiotics, heavy metals, and (micro)plas-
tics (Lo Giudice et al., 2019). Tenericutes bacteria, highly abundant in
the glaciers near Gabriel de Castilla station (Garcia-Lopez et al., 2022),
likely arise from glacier melting and water runoff in the coastal seawater
area surrounding the Spanish station during the polar summer. These
taxonomic variations suggest the potential utility of prokaryotic and
viral ecological information as indicators of both human-induced
disturbance and volcanic influence.

Submarine volcanic vents on Deception Island emit substantial
quantities of metal sulfides (Angulo-Preckler et al., 2021), biotic
methane (CHy4), and other hydrocarbons originating from microbial or
thermogenic degradation of organic matter in sedimentary basins
(Riedel et al., 2018; Rovere et al., 2022). These submarine volcanic vents
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are also known to release various nutrients, including Fe, Si, P, and N,
into seawater (Gonzdlez-Vega et al.,, 2020; Santana-Casiano et al.,
2013). This substantiates not only a heightened prevalence of microor-
ganisms with potential nitrogen metabolism-related functions, but also
an augmented abundance of microbes with potential photoautotrophic
functions in Fumarole Bay’s communities, nourished by this substantial
inorganic nutrient influx. The high abundance of Actinobacteria OTUs
leads to an inevitable increase in organisms with potential pathogenic
activity (mostly associated with nosocomial infections and pneumonia)
in Fumarole Bay (Almasaudi, 2018; Hartzell et al., 2007). Conversely, in
the vicinity of Gabriel de Castilla station, the increased abundance of
pathogens associated with gastroenteritis is likely associated with
wastewater outflow stemming from human settlements (Duarte et al.,
2021b; Pertierra et al., 2014). The substantial input of dissolved organic
matter from wastewater discharge creates an ideal environment for the
growth of methanogenic prokaryotes (Qiao et al., 2015). Once again, as
mentioned earlier for taxonomic traits, these distinctions in the potential
functions of microorganisms already indicate certain functional attri-
butes as potential indicators of human-induced disruption and volcanic
impact.

Actinobacteria are recognized as significant producers of antibiotics
and often demonstrate resistance to multiple drugs, contributing to the
increased abundance and enrichment of antibiotic resistance genes
(ARGS) (Su et al., 2015). The presence of these characteristics can be
further intensified by the disposal of wastewater into Antarctic seawater,
introducing non-indigenous bacteria and associated genetic elements
(Stark et al., 2016) and affecting the bacterial community composition
and ARG prevalence in Antarctic seawater (Zhang et al., 2022). In
particular, in the study area, wastewater discharge from the Gabriel de
Castilla base is likely due to a higher abundance of genes related to
resistance against macrolide, bacteriostatic, aminocoumarin, multidrug,
pleuromutilin, and mupirocin-like antibiotics in the vicinity of this
human settlement (Duarte et al., 2021b). Previous studies (Fresia et al.,
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2019; Zhang et al., 2022) also indicated that the number of ARGs in
low-impact areas is not necessarily lower than that in human-impacted
aquatic environments. This suggests that the unique conditions in
Fumarole Bay, influenced by active submarine volcanic activity, exert
extreme selection pressure, fostering the development of specific ARGs
(e.g., genes associated with resistance to tetracycline, aminoglycoside,
peptide, nitroimidazole, diaminopyridine, and lincosamide-type anti-
biotics), possibly subject to horizontal transfer (Allen et al., 2010).
Additionally, the submarine volcanic emissions of certain metal ele-
ments may have driven the selection of genes encoding both metal and
antibiotic resistance (Baker-Austin et al., 2006). Despite the presence
and persistence of these inorganic elements, conservation is expected
not only in the vicinity of their emissions from volcanic cores but also
throughout the entire bay. Unlike the organic molecules emitted by
wastewater treatment plants, inorganic elements are present in the
water column. The prolonged water residency time of the island bay,
with a mean residence time of 2.4 years and only 1% volume exchange
occurring per tidal cycle, contributes to a highly uniform concentration
of these elements within the bay (Figueiredo et al., 2018; Mao de Ferro
et al., 2013). This uniformity imparts a consistent selective pressure on
the differential expression of metal resistance genes (MRGs), as evi-
denced by the lack of differences between the majority of MRG classes
identified at both sites.

As outlined, certain taxonomic, functional, and resistance traits seem
to be more closely associated with the inherent volcanic activity of the
island, whereas other prokaryotic and viral community features appear
to be more influenced by anthropogenic pressures in Deception Island
Bay. In light of the imperative to address the impacts of human activities
on the Antarctic ecosystem, particularly on Deception Island, it is crucial
to identify potential indicator features capable of assessing the anthro-
pogenic pressure conditions in the marine waters surrounding the is-
land. Taxonomic and resistome features have proven effective in
previous studies aimed at delineating various degrees of anthropogenic
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pressure in Atlantic systems, underscoring the potential applicability of
such an approach to the marine ecosystems of Deception Island
(Centurion et al., 2022; Duarte et al., 2022b). Four sets of site-specific
indicators were derived by integrating two statistical methodologies to
streamline the number of indicator features to a minimal yet acceptable
quantity. The first selection of exclusive indicators for each site allowed
for a reduction in the number of potential biomarkers for each site (831
and 851 for the samples collected at Gabriel de Castilla and Fumarole
Bay, respectively). After submitting this high number of potential
biomarker OTUs to a second filter using their importance in the PLS-DA
projection, we were able to reduce the number of biomarker OTUs to
136 and 102 for Gabriel de Castilla and Fumarole Bay samples,
respectively. The efficiency of these candidate biomarkers was further
confirmed by analyzing their total abundance in the samples of the sites
to which they were extracted and their site counterparts, revealing a
high abundance always in the site to which they were compiled. This is
of particular importance when dealing with large metagenomic datasets
for indicator extraction, where the reduction achieved without
discriminative power losses is of the utmost importance to allow a more
streamlined analysis of the differences between sites with different
pressures. Moreover, as mentioned above, the highlighted OTUs have a
very direct relationship with the ecological function and resistome
biomarkers, as well as with the conditions prevalent at each site, thus
reinforcing the utility of the biomarker selection approach employed
here. Although the ubiquity of several organisms and the proximity of
the sampling sites within an enclosed island-bay system, the taxonomic
functional and resistome traits here extracted as potential biomarkers of

14

the abiotic differences known to be present at each site, are consistent
with the literature available regarding not only the ecological traits of
the selected OTUs, but also the pressure-response relationship known to
shape functional and resistome traits, thus highlighting the accuracy and
resolution of the biomarkers presented here.

5. Conclusions

Our investigation into metagenomic taxonomic, functional, and
resistance traits in the marine ecosystems of Deception Island revealed
intricate patterns influenced by both intrinsic volcanic activity and
anthropogenic factors. The foundational understanding derived from
the prevalent focus on sediment microbial communities highlights the
dominance of specific bacterial and archaeal phyla in Antarctic
seawater, with discernible variations attributed to volcanic and human-
induced pressures. Adaptability of certain taxonomic groups (for
example, Archaea) to withstand extreme conditions, and their role in
coping with volcanic mercury concentrations, underscores their
ecological prevalence. More cosmopolitan bacterial taxa also exhibited
distinctive abundance patterns that are potentially linked to volcanic
environments and hydrothermal systems. In terms of potential func-
tional traits, notable specificities in Fumarole Bay were related to metal
sulfide emissions from submarine volcanic vents and nutrient release,
thus shaping functional diversity. Additionally, specific functions linked
to potentially pathogenic microorganisms underscore the impact of
anthropogenic activities on functional traits. Although resistance traits,
particularly antibiotic resistance genes (ARGs), exhibited nuanced
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patterns influenced by both anthropogenic pressures and volcanic ac-
tivity, some could be related to wastewater disposal. To assess anthro-
pogenic pressure, we proposed specific indicator features derived
through statistical approaches as robust monitoring tools. The applica-
tion of these indicator sets facilitated the differentiation of sampling
areas based on their contrasting characteristics, rendering the data from
both regions distinguishable. In the scenario of an increasing degree of
anthropogenic pressure, exemplified by Fumarole Bay, it is anticipated
that the set of indicators identified for Fumarole Bay would exhibit a
reduction in abundance, approaching values similar to those assessed for
the Gabriel de Castilla samples. Conversely, if measures are imple-
mented to mitigate anthropogenic impacts in the vicinity of Gabriel de
Castilla station, the abundance of selected indicator values for this area
is expected to diminish and converge toward the values observed for
Fumarole Bay. Consequently, the proposed set of indicator features has
emerged as a promising monitoring tool capable of depicting different
types (natural/volcanic and anthropogenic) and degrees of pressure in
the marine waters of Deception Island. Overall, this study provides
pivotal insights into the complex interplay of natural and anthropogenic
factors shaping microbial communities and provides a basis for informed
conservation and management strategies in the unique Antarctic
ecosystem of Deception Island.
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