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Summary

Shallow-water hydrothermal vents (SHVs) are dynamic interfaces

where geological activity, seawater chemistry, and microbial life con-
verge, forming unique ecosystems shaped by steep gradients in tem-
perature, chemistry, and light. Their accessibility compared to deep-
sea vents makes them valuable natural laboratories, bridging terrestrial
and marine influences while supporting both chemosynthesis and pho-
tosynthesis. Microbial communities here drive primary production, me-
diate mineral transformations, and produce metabolites with potential
biotechnological applications. Yet, despite their relevance to global bio-
geochemical cycles, SHVs remain underexplored, particularly regarding
microbial diversity, functional capacity, and environmental controls.
This thesis investigates SHVs as systems of ecological, evolutionary,
and applied significance, integrating field observations, molecular ap-
proaches, and geochemical analyses. Chapter 1 reviews the state of
knowledge on SHV geochemistry, microbiology, and ecosystem ser-
vices, identifying knowledge gaps in microbial ecology, viral communi-
ties, and cultivation approaches. Chapter 2 presents a detailed case
study from Milos Island, showing how hydrodynamic flow and benthic
boundary layer interactions shape the composition and structure of white
microbial mats. Chapter 3 examines carbon fixation in the Gulf of Naples’
Secca delle Fumose vent field, quantifying rates, and linking microbial
processes to biosignature formation and carbon sequestration poten-
tial. Chapter 4 explores SHVs and hot springs as untapped reservoirs
for novel antibiotic discovery, highlighting biosynthetic gene clusters and
underexplored microbiomes in extreme environments. Together, these
studies advance our understanding of SHV microbiology, revealing their
ecological roles and their promise for biotechnology, from climate change
mitigation to new drug discovery.
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Sommario

Le sorgenti idrotermali in acque basse sono interfacce dinamiche

in cui 'attivita geologica, la chimica dell’acqua marina e la vita micro-
bica si incontrano, dando origine a ecosistemi unici modellati da forti
gradienti di temperatura, composizione chimica e luce. La loro acces-
sibilita, rispetto alle sorgenti idrotermali profonde, le rende preziosi lab-
oratori naturali, in grado di collegare gli ambienti terrestri e marini e di
sostenere sia la chemiosintesi sia la fotosintesi. Le comunita micro-
biche che vi abitano guidano la produzione primaria, mediano le trasfor-
mazioni minerali e producono metaboliti con potenziali applicazioni biotec-
nologiche. Tuttavia, nonostante la loro rilevanza nei cicli biogeochimici
globali, le SHV rimangono poco esplorate, in particolare per quanto
riguarda la diversita microbica, le capacita funzionali e i fattori ambi-
entali che le regolano.
Questa tesi indaga le SHV come sistemi di rilevanza ecologica, evolu-
tiva e applicata, integrando osservazioni sul campo, approcci molecolari
e analisi geochimiche. Il Capitolo 1 esamina lo stato delle conoscenze
sulla geochimica, la microbiologia e i servizi ecosistemici delle SHV,
individuando le lacune nella ricerca riguardanti I'ecologia microbica, le
comunita virali e i metodi di coltivazione. |l Capitolo 2 presenta uno
studio di caso dettagliato sull'isola di Milo, mostrando come il flusso
idrodinamico e le interazioni nello strato limite bentonico influenzino la
composizione e la struttura dei tappeti microbici bianchi. Il Capitolo 3
analizza la fissazione del carbonio nel campo di sfiati di Secca delle Fu-
mose, nel Golfo di Napoli, quantificando i tassi di attivita e collegando i
processi microbici alla formazione di biofirme e al potenziale di seque-
stro del carbonio. |l Capitolo 4 esplora le SHV e le sorgenti termali
come riserve ancora poco sfruttate per la scoperta di nuovi antibiotici,
evidenziando i cluster di geni biosintetici € i microbiomi poco studiati
in ambienti estremi.Complessivamente, questi studi ampliano la com-
prensione della microbiologia delle SHYV, rivelandone i ruoli ecologici € il
potenziale biotecnologico, che spazia dalla mitigazione dei cambiamenti
climatici alla scoperta di nuovi farmaci.
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Objectives & Aims

The overarching aim of this PhD is to comprehend the ecological,
functional, and biotechnological significance of microbial communities
inhabiting shallow-water hydrothermal vents (SHVs). These environ-
ments form a bridge between terrestrial geothermal systems and deep-
sea vents, offering a unique opportunity to study how geological pro-
cesses and geochemical gradients influence microbial life, primary pro-
ductivity, and metabolic potential.

This work integrates microbiological, geochemical, and bioinformatic
approaches to address how microbial communities colonising SHVs in-
teract with their environment, contribute to carbon cycling, and express
biosynthetic potential. The main goals are:

1. To characterise the microbial diversity and community structure
of SHV biofilms through 16S rRNA gene sequencing, metage-
nomics, and microscopic observations, linking microbial assem-
blages to local geochemical and hydrodynamic conditions.

2. To quantify carbon fixation rates in vent-associated biofilms using
13C—bicarbonate incubation assays and isotope ratio mass spec-
trometry, providing direct estimates of autotrophic productivity and
its role in sustaining vent ecosystems.

3. To compare shallow-vent microbiomes with continental geother-
mal systems, using a global dataset to identify common and diver-
gent biosynthetic capacities across volcanic provinces.

4. To develop and apply an analytical workflow for estimating carbon
fixation rates, including isotopic corrections and dilution factors,
ensuring methodological consistency across vent sites.

5. To assess the biosynthetic potential of microbial communities through
large-scale identification of biosynthetic gene clusters (BGCs), eval-
uating how geological and chemical factors shape natural product
diversity.
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Chapter 1

1 Shallow water hydrothermal vents: micro-
biology, geochemistry and coevolution

Abstract

Shallow-water hydrothermal vents (SHVs) represent dynamic biogeo-
chemical systems situated at the interface between terrestrial and deep-
sea environments. Unlike their deep-sea counterparts, SHVs are shaped
by both subsurface geothermal processes and surface influences such
as terrigenous inputs, photic zone exposure, and hydrodynamic forcing.
This chapter synthesizes the current understanding of SHV microbiol-
ogy and geochemistry, highlighting their complex co-evolution and eco-
logical distinctiveness. SHVs support metabolically diverse microbial
communities, including chemolithoautotrophs, phototrophs, heterotrophs,
and extremophiles, which mediate key transformations in carbon, nitro-
gen, and sulfur cycles. The presence of both light and hydrothermal
energy enables unique primary production modes that combine pho-
tosynthesis and chemosynthesis, thereby influencing microbial compo-
sition and function in ways distinct from deep-sea hydrothermal sys-
tems.Through a comparative framework, this chapter distinguishes SHVs
from deep-sea hydrothermal vents based on depth thresholds, terrige-
nous organic inputs, and the role of light. Key environmental gradients,
temperature, pressure, and redox chemistry, are identified as critical
drivers of microbial diversity and spatial structuring within SHV habitats.
Despite the increasing recognition of SHVs as biogeochemically signif-
icant and biotechnologically promising, substantial gaps persist in our
knowledge. Notably, biases in sampling depth, limited culture-based
studies, and underexplored functional genomics have hindered a holis-
tic understanding of microbial ecology in these systems.This chapter
also highlights novel avenues for research, including the roles of vi-
ral communities, symbiosis, and microbial polysaccharide production,
as well as the relevance of SHVs to astrobiology, origin-of-life studies,
and climate change mitigation. Emphasizing the need for integrative ap-
proaches that couple high-resolution geochemical data with advanced
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‘omics’ techniques, this chapter advocates for SHVs to be studied as
distinct ecological entities. In doing so, it provides the conceptual and
empirical groundwork for understanding how these environments con-
tribute to global biogeochemical cycles and how their microbiomes may
inform future biotechnological innovation.

1.1 Exploring the Geochemistry and Microbiology of
Marine Shallow-Water Hydrothermal Vents

Localized areas where water heated by geothermal processes emerges
through openings in the Earth’s crust, either above or below water sur-
faces, are called hydrothermal vents, another widely used noun for these
geological environments is hot springs (e.g Figures 1 and 4). These
fascinating phenomena occur in regions abundant in thermal energy
sources that facilitate the movement of fluids (Jannasch and Taylor [1984];
Pichler et al. [2006]; Sievert and Vetriani [2012a]; Price et al. [2015]). On
our planet, these energy sources primarily stem from dynamic geolog-
ical events occurring in proximity to boundaries where tectonic plates
interact, involving processes such as the formation of molten rock or the
occurrence of geological faults (Jannasch and Taylor [1984]).

Figure 1: Hydrothermal vents present at over 3 Km below sea level in the Galapagos
Rift. Photograph by MARUM - Zentrum fir Marine Umwelt.
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In this thesis, shallow-water hydrothermal vents (SHVs) are defined
as hydrothermal systems occurring at depths shallower than 200 m,
where volcanically or tectonically driven fluid circulation intersects the
photic zone and oxygenated seawater. The scope of this work is to syn-
thesize current knowledge of SHV geochemistry and microbiology, while
identifying major gaps that distinguish these environments from deep-
sea hydrothermal systems. The following chapters combine geological
context, microbial community analyses, and targeted case studies to es-
tablish a coherent framework for understanding SHVs as unique, transi-
tional ecosystems with both ecological and biotechnological relevance.
While the generation of molten rock can take place at various types of
plate boundaries, including transform, divergent, and convergent bound-
aries, it is worth noting that hydrothermal venting mainly occurs at diver-
gent boundaries along mid-ocean ridges, and convergent boundaries
associated with island arc volcanoes and seamounts (Jannasch and
Taylor [1984]). Furthermore, the circulation of hydrothermal fluids at
transform fault boundaries can be attributed to heat generated through
frictional processes (Jannasch and Taylor [1984]). Another potential
driving force behind hydrothermal circulation is the occurrence of geo-
chemical reactions, such as serpentinization (Lowell and Rona [2002]).
Within these complex hydrothermal systems, the fluids discharged from
the vents often display a high concentration of inorganic chemical species
that serve as electron donors. As the heated fluids intermingle with
oxygen-rich seawater, which is rich in electron acceptors, a fundamen-
tal chemical interplay occurs, resulting in the formation of aqueous so-
lutions marked by a multitude of imbalances within the realm of redox
reactions. These chemical imbalances offer valuable resources that are
effectively utilized by microbial communities comprised of bacteria and
archaea (Jannasch and Taylor [1984]; Pichler et al. [2006]; Sievert and
Vetriani [2012a]; Price et al. [2015]). Notably, these deep-sea hydrother-
mal vent environments harbor microbial communities that exploit these
energy sources, forming the foundation of highly diverse ecosystems
(Felbeck and Somero [1982]; Hlgler and Imhoff [2009]; Lutz and Ken-
nish [1993]).
Nonetheless, the mixing processes of hydrothermal systems described
earlier are not solely limited to the deeper regions of the oceans. Shallow-
water hydrothermal vents, also known as "shallow-sea” vents (SHVs),
can be found at shallower depths, encompassing coastal marine en-
vironments and shallow lakes, provided there exists a sufficient heat
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source to stimulate hydrothermal circulation. New studies suggest that
SHVs are not as scarce as previously thought worldwide (Figure 2). De-
spite sharing several resemblances with deep-sea hydrothermal vents
(DHVs), SHVs exhibit significant differences mainly attributed to their
presence at lesser depths. This literature review aims to provide a con-
cise overview of SHV geochemistry and microbiology, highlighting unex-
plored research areas and acknowledging the current limitations in our
understanding of these unique systems.

Figure 2: Global distribution of hydrothermal vents (red), cold seeps (blue) and whale
falls (yellow). Diagram by German et al. [2003]. New studies suggest that SHV are as
widespread as deep-sea vents, however significantly understudied.

1.1.1 Deep-sea vents versus shallow-sea vents

Three factors seem to be the most essential when distinguishing DHVs
and SHVs. These are depth, terriginous input, and light.

1.1.1.1 How deep is deep?

Up until now, the recognized definition of SHVs is associated with water
depths less than 200 m (Tarasov and et al. [2005]). This specific depth
choice serves multiple purposes. Firstly, it approximately aligns with the
maximum extent of the photic zone, beyond which light penetration into
the ocean is significantly limited, even though certain conditions may
allow light to reach deeper depths (Garrison [2016]). Additionally, quali-
tative observations indicate that around 200 m, there is a noticeable shift

10
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in the slope of the seawater boiling curve (Price and Giovannelli [2017]),
which has been utilized to distinguish between "deep” and "shallow” vent
systems (Bischoff and Rosenbauer [1985]; Tarasov and et al. [2005]).
However, these distinctions are somewhat arbitrary when considering
the classification of hydrothermal venting as a whole. In a pioneering
study conducted by Price and Giovannelli [2017], precise calculations
were conducted to determine the exact point where the slope of the
temperature versus depth seawater boiling curve transitions to a 1:1 ra-
tio (Figure 3). This delineates the point at which changes in pressure
become more influential than changes in temperature regarding boil-
ing. Based on the calculations conducted, it has been determined that
this pivotal threshold occurs at a depth of 212 meters, having in mind
a consistent salinity level (Price and Giovannelli [2017]). Hence, 212 m
may be regarded as a more accurate depth threshold for differentiating
between "deep-sea” and “shallow-sea” hydrothermal vents (Price and
Giovannelli [2017]).
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Figure 3: Two phase curve for seawater compiled by Price and Giovannelli [2017].
Data points by Havig [2009], all represent seawater hydrothermal vent systems. It is
worth noting that below ~ 200 m, the curve shallows signficantly indicating that beyond
this point changes in pressure will dominate changes in temperature.
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1.1.1.2 SHVs, a way to communicate between terrestrial and deep
vents

SHV communities are characterized by the frequent presence of Cyanobac-

teria (Davila-Ramos et al. [2014]; Giovannelli et al. [2013]; Kamenev
et al. [1993]; Maugeri et al. [2013]; Roeselers et al. [2007]), anoxygenic
phototrophs (Dando et al. [1999]; Hirayama et al. [2007b]; Lentini et al.
[2014]), and abundant aerobic and anaerobic heterotrophs (Gugliandolo
and Maugeri [1998]; Hoaki et al. [1995]; Sievert et al. [2000]). These
communities benefit from the presence of sunlight and high organic car-
bon loads (Tarasov and et al. [2005]). Unlike deep-sea vents, shallow-
sea vents often receive meteorically derived groundwater discharging
into the marine realm, especially in tropical areas with high precipita-
tion. This transitional nature between terrestrial and deep-sea vents is
a defining and distinctive characteristic of shallow-sea vents.

However, there is a notable research gap concerning microbial diver-
sity in shallow-water vent communities. Only a limited number of stud-
ies have investigated the microbial composition, revealing the presence
of a range of mesophilic, thermophilic, and hyperthermophilic Archaea
and Bacteria (e.g., Alfredsson et al. [1988]; Dando et al. [1999]; Hi-
rayama et al. [2007b]; Sievert et al. [2000]) in subsurface and surface
sediments, as well as on the hard substrate surrounding hydrothermal
emissions. The high input of organic carbon in shallow-water vents likely
contributes to their rich microbial diversity.

1.1.1.3 Temperature and light affecting the microbiome of SHVs

Temperature plays a crucial role in shaping the abundance of prokary-
otes in the vents, as observed in previous studies (Giovannelli et al.
[2013]; Manini et al. [2008]; Maugeri et al. [2009]). In a comprehensive
investigation conducted by Giovannelli et al. [2013] at Milos (Greece), a
decline in the number of cells was noted in the sediments surrounding
the vents, with a gradual decrease from the background areas charac-
terized by temperatures around 20°C, reaching the central region of the
vent patch with temperatures around 90°C (Sievert et al. [1999]; Gio-
vannelli et al. [2013]). These findings suggest that the distribution of
different microbial taxa within each vent is primarily influenced by tem-
perature, as well as the presence of suitable electron donors and accep-
tors, as highlighted in previous studies (Giovannelli et al. [2013]; Price

12
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and Giovannelli [2017]; Sievert et al. [2000]; Yucel et al. [2013]).

The designation of SHVs is partially based on their occurrence within
the upper limit of the photic zone, approximately 200 meters deep, as
mentioned in the previous subsection of this report. These unique en-
vironments, characterized by the coexistence of light and geothermally
reduced compounds, exhibit high energy levels that support both pho-
tosynthesis and chemosynthesis (Dando et al. [1999]; Gugliandolo and
Maugeri [1998]; Tarasov and et al. [2005]; Price et al. [2013]). This
phenomenon finds similarity with terrestrial vents, such as the colorful
pools observed in Yellowstone National Park (Figure 4), which owe their
vibrancy to phototrophic bacteria boasting diverse pigments. The pres-
ence of light and the substantial inputs of photosynthetically derived or-
ganic carbon make SHVs truly exceptional in the realm of hydrothermal
vent ecosystems (Figure 5). These factors profoundly shape the micro-
biology of SHVs, distinguishing them from deep-sea vents and highlight-
ing the remarkable influence of light in these environments (Dando et al.
[1999]; Giovannelli et al. [2013]; Gugliandolo and Maugeri [1998]).

Figure 4: Grand Prismatic Spring, Yellowstone National Park — the vivid rings of blue,
green, yellow, and orange are created by temperature-dependent microbial mats.
Thermophilic bacteria and archaea thrive in distinct zones around the spring, with
pigments and metabolic activity changing as water cools from the deep, sterile blue
center toward the cooler, more biologically active edges. Photo credit by Officers Row,
Yellowstone National Park.

13
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Figure 5: Conceptual model of shallow-water hydrothermal vent systems, highlighting
their distinct position between terrestrial and deep-sea ecosystems. In addition to sub-
surface magmatic inputs and water—rock reactions, these environments are shaped
by surface influences such as terrigenous inputs (g), wave action and storms (h), light
penetration (i), and tidal forces (j). This combination of deep geochemical drivers and
dynamic surface processes creates unique physical and chemical gradients that sup-
port diverse microbial and macrofaunal communities. Scheme from Giovannelli et al.
[2013].

Shallow submarine hydrothermal systems exposed to sunlight are
expected to harbor more diverse microbial communities compared to
dark deep-sea hydrothermal systems. This is because these systems
support in situ primary production by both chemolithotrophs and pho-
totrophs. One such intriguing system associated with a subtropical coral
reef has been discovered off Taketomi Island in the Southern Ryukyu
Archipelago, Japan (Hirayama et al. [2007b]). This hydrothermal system

14
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is located within a craterlike basin structure within barrier reefs, with vis-
ible fluid emissions and gas bubbles mainly composed of CH, and Ns.
Extensive microbial communities, including white microbial mats at the
deepest vent site and colored microbial mats at shallower vent sites,
have been observed (Hirayama et al. [2007D]).

Analysis of the microbial communities in the Taketomi system reveals
the predominance of chemolithoautotrophs and methanotrophs, includ-
ing members of the Epsilonproteobacteria and uniqgue members of the
Gammaproteobacteria. Previous investigations in shallow submarine
hydrothermal systems are limited, but Sievert et al. [2000] also found
higher numbers of heterotrophs than autotrophs in the sediment com-
munity of the Milos, Greece shallow hydrothermal system, despite the
presence of chemolithoautotrophic sulfur-oxidizing bacteria. In the Take-
tomi system, phototrophic microorganisms are not prominent compo-
nents of the communities around the main vent site at a 23 m depth.
This may be attributed to the lower energy input from sunlight compared
to the greater input of inorganic energy sources from the hydrothermal
fluid. It is noteworthy that the combination of light availability and the
geological features, such as the crater basin, significantly influences the
metabolic diversity of the microbiome in shallow submarine hydrother-
mal vents.

1.2 What are we still to discover about SHV?

1.2.1 Depth as a bias in the SHV realm

The scientific exploration of SHVs has been predominantly focused on
a specific subset of sites. This bias can be attributed to the significant
attention given to deep-sea vents located at depths exceeding 1000
meters. Additionally, the exploration of SHVs has primarily centered
around those vents accessible to recreational SCUBA diving depths,
typically around 50 meters or shallower. As a result, there is a signifi-
cant expanse of depth encompassing hydrothermal venting that remains
largely uncharted (Price and Giovannelli [2017]). To ensure a compre-
hensive understanding of SHVs, it is crucial to conduct investigations
that encompass the depths ranging from approximately 50 to 1000 me-
ters, thereby mitigating any potential knowledge biases associated with
these ecosystems.

15
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1.2.2 Studying SHV as its own entity

SHV exhibit various characteristics, encompassing focused vent struc-
tures that bear a resemblance, though less pronounced, to the well-
known black smokers found in deep-sea vents (Figure 1 and 6). Addi-
tionally, they include areas where gas discharges appear predominantly
as free gas with minimal fluid content, as well as regions where vent-
ing occurs diffusively through sediment. The temperatures within these
vents can reach levels approaching the boiling point on the seawater
boiling curve, with higher temperatures observed at greater depths. No-
tably, a SCUBA diver recorded an extreme temperature of 135.2°C at a
depth of approximately 22 meters in a shallow-sea vent off the coast of
Panarea (Price et al. [2015]).

Figure 6: Diver approaching the shallow water vent Secca delle Fumose in the Gulf of
Naples, present at 13 m depth. It is noticeable that light is still readily present at these
depths in the ocean. Here we notice Secca delle Fumose as a diffused gas emission
zone.

Shallow-sea vents associated with magmatic systems often display
enrichment in either iron or sulfur. The dominance of iron or sulfur in
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surface manifestations depends on the intricate interplay between these
elements in the subsurface, wherein the abundance of one element in-
fluences the enrichment pattern (Price and Giovannelli [2017]). How-
ever, the specific processes driving the initial enrichment of one element
over the other remain uncertain. Interestingly, shallow-sea vents can be
sourced from meteoric water, which tends to have lower sulfate levels.
It seems that vents originating from meteoric water sources are more
inclined towards iron enrichment rather than sulfur enrichment. This dis-
crepancy may arise from the substantial initial supply of sulfate in vents
sourced from seawater, enabling sustained elevated sulfur concentra-
tions until all iron is depleted (Price and Giovannelli [2017]). Neverthe-
less, further investigation and supporting evidence focused specifically
on SHVs are necessary to corroborate this hypothesis.

Extensive research has been conducted to unravel the complex under-
ground processes that govern the chemical composition of hydrother-
mal fluids discharged at deep-sea vents (Alt [1995]; Berndt et al. [1988];
Bischoff and Rosenbauer [1985]; Dzurisin and Fournier [2007]; Fous-
toukos and Seyfried Jr [2007]; German et al. [2003]; Hannington et al.
[2005]; Hedenquist and Lowenstern [1994]; Rusk et al. [2004]; Henley
and Ellis [1983]; Seyfried Jr and Mottl [1982]; Tivey [2007]). These in-
tricate processes involve the interaction between fluids and minerals,
separation of different phases, input of volatile substances from mag-
matic sources, precipitation of minerals at varying depths, and the mix-
ing of seawater (Alt [1995]). While significant strides have been made
in understanding DHV systems along mid-ocean ridges and back-arc
basins (Gamo et al. [1997]; Reeves and Johnson [2011]), our knowl-
edge of the subsurface mechanisms occurring at SHV remains limited.
In fact, the current understanding of SHV is often inferred from studies
conducted on deep-sea vents (Price and Giovannelli [2017]), highlight-
ing the urgent need for dedicated investigations into the unique char-
acteristics of shallow-sea hydrothermal vents. It is imperative to bridge
this knowledge gap and gain insights into the distinct properties of SHV,
particularly considering the alkaline SHV, which are very distinct from
their deep-sea counterparts. In-depth examinations of shallow-sea hy-
drothermal vents can provide valuable insights into the origins of life on
Earth, given the possibilities associated with alkaline systems as poten-
tial environments for the emergence of life (Herschy and Smith [2014]).
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1.2.3 SHV parameters in need of more investigation
1.2.3.1 Low Pressure

SHVs inherently operate at considerably lower pressures compared to
their deep-sea counterparts. The critical transition point, where pres-
sure changes surpass temperature changes in influencing the ascend-
ing hydrothermal fluids, occurs around 212 meters (Giovannelli et al.
[2013]). Consequently, SHVs systems commonly exhibit free gas phases,
which have previously earned them the name "gasohydrothermal” vents
(Dando et al. [1995]). The presence of free gas bubbles or degassing,
resulting from enhanced gas exsolution (Caracausi et al. [2005]; Lupton
et al. [2008]), is altered by gas scrubbing (process where gases present
in a fluid, such as hydrothermal vent fluids, interact and exchange with
the surrounding liquid phase. In the context of SHVs, the process in-
volves the removal or absorption of certain gases from the fluid by the
surrounding water). This phenomenon was observed in hydrothermal
vent fluids off Panarea Island (Price et al. [2015]), it suggests that vent
fluids, which have undergone gas scrubbing, show similar patterns of
energy production to fluids present in DHV systems. This suggests that
gas scrubbing may have a comparable impact on the overall character-
istics of the fluids in hydrothermal vents. However, further research and
evidence are required to delve deeper into this potential similarity be-
tween SHVs and DHVs.

It is interesting to notice that even within the hydrothermal system, depth
within sediments can alter the local microbiome. In a research con-
ducted by Molari and Manini [2012], the quantity of prokaryotes was
shown to decrease the deeper the depth of shallow marine sediments.
The reverse was also true, as prokaryotes increased in number in the
vicinity of SHVs. A report written on the Milos Island (Greece) by Siev-
ert et al. [2000] identifies that deeper sediments are also the hottest.
Therefore, it is plausible to confirm the inversely correlated relationship
between prokaryote quantity and temperature. Phytopigments seem to
follow the same pattern as prokaryotes (Giovannelli et al. [2013]), there-
fore there is an increase of phototrophic organisms as temperature de-
creases. Following this hypothesis, temperature and pressure would be
far more significant in affecting the microbial distribution than external
terriginous input. The different bacteria present on the surface and deep
in the sediments indicates a variety of regional environments in SHVs
and reflects on the distinct thermal regimes present in these ecosys-

18



/%, Ministero
U dell’Universita
* edella Ricerca

C R ESCENDO u\I\-I-_I'\:-I]-l'\m.l,lj STu

ot Narou Feoerico 1]

tems.

1.2.3.2 Terrigenous input and the sedimentary nature of SHVs

Svensson et al. [2004] conducted measurements of dissolved amino
acids in various shallow-water vents and found that the composition of
organic matter in these vents is greatly influenced by the surrounding
geological conditions. Gomez-Saez et al. [2015] demonstrated that dis-
solved organic matter near shallow-water hydrothermal vents can bond
with iron through coprecipitation. This process specifically removes aro-
matic compounds, leading to significant changes in the molecular com-
position of the remaining dissolved organic matter. As a result, the
availability of more easily degradable organic compounds to microbial
consumers may be affected. Shallow-water vents, being close to land
masses, come into direct contact with inputs of terrigenous primary
production, phytodetritus, and organic carbon (Figure 7). Compared
to deep-sea vents, the presence of terrigenous inputs in shallow-water
vents is significantly higher, which can have important implications for
carbon cycling and primary productivity in these environments. Neverth-
less, there has been limited research on the fate of terrigenous organic
carbon in shallow vents, and the role of microbial communities in the
diagenesis of organic carbon and the breakdown of both external and
internally produced organic carbon sources remains largely unexplored
(Gomez-Saez et al. [2015]; Svensson et al. [2004]).

4 Mtrkeon (NOZ 4 D3
TeOm  Meaedaton (N e Ds

Figure 7: Cartoon illustrating range of processes taking place in SHV. Including ter-
rigenous inputs, photosynthesis and magmatic inputs. Cartoon made by Bernardo
Barosa.
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The distinct characteristics of SHVs compared to DHVs, such as
exposure to light, input of terrestrial materials, presence of free gas
phases, influence of waves, storms, and tides, and variability in salinity
due to meteoric water inputs, create a diverse and intricate environment
for microbial communities to thrive. These systems, often composed
of sediments and hosting a wide range of minerals, exhibit remarkable
spatial and temporal dynamics in their microbial populations. Despite
recent efforts to investigate these interactions, our understanding of the
complex nature of SHV ecosystems is still in its early stages. There is
a significant knowledge gap regarding the factors that drive microbial
diversity in these ecosystems, as well as the metabolic pathways and
activities of the microbial communities involved. Additionally, no stud-
ies to date have explored the contribution of these ecosystems to global
biogeochemical cycles, highlighting the need for further research in this
area (Pichler et al. [2006]; Godelitsas et al. [2015]; Becke et al. [2009];
Dando et al. [1995]; Ylcel et al. [2013]).

1.2.4 The microbiome of SHVs

1.2.4.1 Functional diversity

The majority of research conducted to explore the microbial community
of SHVs has relied on traditional molecular biology techniques, such as
clone libraries or most probable numbers (Brinkhoff et al. [1999]; Gio-
vannelli et al. [2013]; Miranda et al. [2016]; Price et al. [2013]).

In SHVs, similar to DHVs, specific pathways are used by microorgan-
isms to obtain energy through chemical reactions instead of relying on
sunlight. These pathways include the reductive tricarboxylic acid (rTCA)
cycle for converting carbon and the sulfur oxidation pathway for process-
ing sulfur compounds (Price and Giovannelli [2017]; Hlgler and Sievert
[2011]; Sievert and Vetriani [2012b]). The genetic makeup of microor-
ganisms found in these vents supports such findings (Brinkhoff et al.
[1999]; Giovannelli et al. [2013]; Hirayama et al. [2007a]; Price et al.
[2013]).

As the temperature changes along the vent, there are interesting shifts
in how the microorganisms get their energy. They switch from using
the rTCA cycle to the more well-known process of the Calvin cycle for
converting carbon. Additionally, the types of bacteria that process sul-
fur compounds change from one group called Epsilonproteobacteria to
another group called Gammaproteobacteria (Giovannelli et al. [2013];
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Tang et al. [2013]). This suggests that the microorganisms adapt to
their environment and use different strategies to survive as conditions
change. These results also show us that the metabolic diversity of the
microbial community in SHVs can be greatly diversified depending on
which area they occupy in the hydrothermal vent system. In the same
study, it was shown that the high quantity of prokaryotes in SHV is com-
parable to the abundance found in DHVs. Moreover, because temper-
ature changes in different microregions of the SHV, it is noticeable that
the prokaryotic abundance and the presence of photoautrotophics in-
crease in the surrounds of the vents -low temperature regions-.
However, it is important to note that only a limited number of studies
have used advanced sequencing techniques to explore the variety of mi-
croorganisms in these environments (Gugliandolo et al. [2015]; Marziah
et al. [2016]; Lentini and Rye [2014]; Zhang et al. [2012]). In fact, there
is only one study that has used shotgun metagenomic sequencing (Tang
et al. [2013]).

To gain a deeper understanding of the importance of different pathways
and energy sources in shallow vent ecosystems, future research should
combine various sequencing methods like metagenomics (studying the
genetic material of the entire microbial community), metatranscriptomics
(examining the active genes being expressed), and metaproteomics (an-
alyzing the proteins produced by the microorganisms). These studies
should be conducted alongside measurements of the local chemistry
and efforts to isolate specific microorganisms for further study.

1.2.4.2 Are SHVs a place for symbiosis?

In DHV communities, the symbiotic relationship between prokaryotes
and metazoa is worth to be highlighted (Tarasov and et al. [2005], Fig-
ure 8). These communities exhibit a shift in species composition from
endemic symbiont-bearing metazoans in SHVs to opportunistic species
capable of tolerating extreme conditions (Tarasov and et al. [2005]).
Within these environments, the meiofauna, which refers to small benthic
invertebrates, play a significant role in terms of abundance and diversity
(Zeppilli and Danovaro [2009]).

21



# = Ministero
o

w dell'Universita
;&7 edella Ricerca

CRESCENDO u\I\-l-.l'\:-l'].i\_pl:c,u STuo

or Narow Frorrico 1]

Figure 8: Dense aggregation of giant tubeworms (Riftia pachyptila) at a hydrothermal
vent. These tubeworms host chemosynthetic bacterial symbionts in a specialized or-
gan (the trophosome), enabling them to thrive in the absence of sunlight by relying on
the oxidation of reduced sulfur compounds for nutrition. The image highlights the key
role of symbiosis in sustaining complex communities at deep-sea hydrothermal vents.
Photograph by BBC.

The vent meiofauna is primarily composed of nematodes, particu-
larly those belonging to the Onchalaimidae family, which have been re-
peatedly observed near emission points of diverse shallow hydrothermal
vents (Dando et al. [1995]; Zeppilli and Danovaro [2009]). Notably, these
organisms have also been found in sedimentary environments such as
harbors and are associated with bivalve byssuses in the deep sea (Bel-
lec et al. [2018]; Bellec et al. [2019]).

Recent studies have uncovered potential symbiotic associations between
nematodes and sulfur-oxidizing bacteria affiliated with the Epsilonpro-
teobacteria group. The presence of the AprA gene, which is involved in
sulfur metabolism, in the nematode microbial communities suggests a
close relationship between nematodes and chemosynthesis—a mecha-
nism through which organisms derive energy from inorganic compounds.
This association appears to be particularly significant in shallow-water
environments (Bellec et al. [2019]).

SHVs are commonly found in the Mediterranean Sea due to the vol-
canic activity in the region. While microbial communities in these vents
have been studied to some extent, there is limited research on the bio-
logical aspects. Examining the microbial communities associated with
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Nematoda can contribute to our understanding of these ecosystems.
In a recent study by Bellec et al. [2020], the bacterial community of a
free-living marine nematode and its surrounding environment in a shal-
low hydrothermal vent near Naples, Italy, was investigated. The findings
indicate that nematode-associated bacteria from shallow vents exhibit
more similarities with those from deep-sea vents, across different in-
vertebrate host taxa. This suggests that the associations between ne-
matodes and bacteria may be influenced by habitat and environmental
factors rather than co-evolutionary mechanisms. These findings open
up new avenues for future research and raise important questions about
bacterial dispersal between shallow and deep-sea vent systems, as well
as the independent development of symbiotic relationships in these dis-
tinct environments, both in terms of depth and geographical location. It
is worth remembering, however, that it is still very challenging to identify
patterns or compare the microbiome and macrofauna of SHV because
the majority of studies in SHV focus distinctively on single environmen-
tal features such as biofilms, sediments or fluid/gas samples. A more
holistic approach is necessary when studying SHV, including all possi-
ble drivers of the diverse metabolic functioning of bacteria in SHV.

1.2.5 Culture Isolation, a necessary but overlooked mean to study
SHVs

In the early 1980s, pioneering studies on the microbiology of shallow-
sea vent systems started with the culturing efforts conducted by Stet-
ter et al. [1983] in the shallow-water vents off Vulcano Island in Sicily.
Researchers successfully isolated Pyrodictium, an organism capable of
optimal growth above 100°C, and Pyrolobus, which can thrive at temper-
atures up to 113°C (Stetter et al. [1983]; Stetter et al. [1987] ). These
discoveries sparked significant interest in isolating thermophiles and hy-
perthermophiles from shallow-water hydrothermal vents. While a few
subsequent studies have been carried out over the years, it is important
to note that the systematic investigation of microbial community diversity
and functioning in shallow-water geothermal areas has lagged behind
the research conducted in deep-sea hydrothermal vents.

Due to the limited research conducted on the operational dynamics of
microbial communities in shallow-water volcanic systems, our under-
standing of the microbial diversity associated with SHVs remains in-
complete. Studies, encompassing both experimental and observational
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approaches, have identified certain commonalities between DHVs and
SHVs in terms of their microbial communities. However, nuanced dis-
tinctions exist beyond the mere presence of photosynthetic organisms
in SHVs. To gain deeper insights, future investigations should focus
on unraveling the influence of organic matter influx and the dynamic
geological factors inherent in shallow environments on the taxonomic
and functional diversity of microbial communities in SHVs (Gomez-Saez
et al. [2015]; YUcel et al. [2013]).

Early explorations of SHVs were predominantly guided by methodolo-
gies employed in deep-sea ecosystems (Sievert and Vetriani [2012b]).
Such research was heavily based on investigating sulfur-oxidizing bac-
teria and their role in the microbial community, while other metabolic
strategies were overlooked (Davila-Ramos et al. [2014]; Miranda et al.
[2016]). Consequently, the importance of sulfur-based metabolisms in
shaping shallow-water hydrothermal vent systems has been confirmed
by several studies.

Latest research has revealed that Epsilonproteobacteria are the domi-
nant microbial group in shallow-water hydrothermal vent fluids and sedi-
ments (Giovannelli et al. [2013]; Tang et al. [2013]; Miranda et al. [2016])
found in regions characterized by high temperatures (up to 55°C) and el-
evated hydrogen sulfide concentrations. Epsilonproteobacteria are well-
adapted to thrive in sulfidic conditions and are commonly found in DHVs,
where they often form the predominant microbial communities (Sievert
and Vetriani [2012b]). Even though they are a dominant microbial form
in SHVs (Giovannelli et al. [2013]), no study managed to successfully
isolate Epsilonproteobacteria from these environments.

Very little studies have been written on the functioning of genes and
substrate utilization rates in energy-conserving reactions within SHVs.
Research suggests that alternative electron acceptors such as nitrate,
may be crucial for the ecosystem of SHV (Meyer-Dombard and Amend
[2014]). Nevertheless, more work is necessary to comprehend the sig-
nificance of these alternative electron acceptors.

One evidence provided by molecular studies is that Epsilonproteobac-
teria are genetically adapted to perform nitrate reduction (Vetriani et al.
[2014]). Nevertheless, the fact that Epsilonproteobacteria was never
able to be sucessfully isolated in laboratory, and the majority of the iso-
lates on SHV have not been confirmed as nitrate reducers, adds to our
current lack of knowledge of the microbiome of SHV.
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1.2.6 Viral communities: a niche to be explored in SHVs

Viral communities in shallow-water hydrothermal vents are poorly under-
stood, despite the key roles viruses play in marine ecosystems (Suttle
[2007]). They can shape microbial diversity and distribution, redirect
large fractions of microbial biomass through lysis, and drive horizon-
tal gene transfer, influencing microbial evolution on both short and long
timescales. While some work has explored viral abundance, diversity,
and function in deep-sea hydrothermal vents (DHVs), almost nothing
is known about these aspects in SHVs (Anderson et al. [2011]; Manini
et al. [2008]; Rohwer and Thurber [2009]; Sharon et al. [2009]; Rastelli
et al. [2017]; Williamson et al. [2008]).

In SHVs, viruses coexist with archaeal and bacterial hosts across steep
thermal, chemical, and physical gradients. Many of these microbes in-
habit biofilms attached to hard substrates, vent chimneys, or sediments,
dense communities that can act as hotspots for viral activity. Evidence
from other environments shows that viruses readily accumulate within
biofilms (Skraber et al. [2005]),and that viral lysis can be common during
biofilm development (Resch et al. [2005]). This makes SHVs promising
sites to study virus—host dynamics under extreme conditions.
Understanding viruses in SHVs is also relevant to astrobiology and early
Earth research. Hydrothermal systems provide natural laboratories for
examining adaptation to extreme environments, which may resemble
settings on other worlds. During the Hadean eon (~ 4 billion years ago),
hydrothermal activity was likely more widespread due to intense tectonic
and volcanic processes. These systems created geological, physical,
and chemical gradients (Baross and Hoffman [1985]) capable of sup-
porting complex, interconnected prebiotic reactions. Models suggest
that such gradients, combined with confined mineral pores, could have
fueled early metabolic processes such as CO, reduction by H, (Koonin
and Martin [2005]; Lane and Archibald [2010]). These gradients provide
favorable conditions for the development of diverse and interconnected
processes that could have facilitated the origin and evolution of life on
Earth.

Within this framework, viruses may have been present from the earliest
stages of life’s evolution. The “Virus World” hypothesis proposes that
self-replicating RNA molecules, possibly precursors to modern viruses,
emerged within these hydrothermal environments and played a cen-
tral role in shaping early biological systems (Koonin and Martin [2005]).
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By studying viral diversity, abundance, and ecological roles in present-
day SHVs, we may gain new insights not only into their contemporary
ecosystem functions but also into the ancient evolutionary processes
that shaped life on Earth.

1.3 Why is it relevant to study SHVs?
1.3.1 SHV as accessible analogs to DHV

Shallow-water hydrothermal vents offer a unique window into the biolog-
ical, chemical, and physical processes that shape organic matter in the
hot subsurface. By studying these systems, we can gain insights into
carbon cycling in the deep hot biosphere, which is far less accessible.
In particular, the sudden introduction of labile organic carbon (organic
matter readily broken down by microbes) can shift dominant microbial
metabolisms toward heterotrophy, the use of organic compounds as an
energy source (Bianchi [2011]). Such shifts can rapidly alter community
composition and activity.

Laboratory studies with pure cultures from both deep-sea and shallow-
water vents have shown that organic compounds in the growth medium
can inhibit chemolithoautotrophic bacteria (Takai et al. [2006]; Voordeck-
ers et al. [2005]). In contrast, certain substrates, such as Fe and humic
substances, can stimulate specific species, like Thiobacillus denitrifi-
cans, which performs nitrate-dependent iron oxidation (Kanaparthi and
Conrad [2015]). These results suggest that organic carbon availability
strongly influences the balance between heterotrophic and chemolithoau-
totrophic processes in vent ecosystems.

Understanding how organic matter interacts with SHV processes, and
how inputs from nearby land sources shape microbial communities, re-
quires further targeted research (Bianchi [2011]). Such work could shed
light in to the complex feedbacks between organic carbon, microbial
metabolism, and geochemical cycling in both shallow and deep hy-
drothermal environments.

Physical forcing also differs markedly between SHVs and deep hydrother-
mal vents. While temperature fluctuations in DHVs may follow tidal cy-
cles (Williams Il and Tivey [2001]), SHVs, being much shallower—are
additionally influenced by storms, waves, and more pronounced tidal
changes. These dynamic conditions make SHVs excellent natural labo-
ratories for studying how physical energy inputs interact with hydrother-
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mal chemistry and biology.

As analogs to DHVs, SHVs share many fundamental processes but
also introduce unique environmental variables that remain understudied.
Their accessibility and lower operating costs compared to deep-sea ex-
peditions make them ideal for high-resolution, long-term investigations.
However, our understanding of how their variability drives chemical com-
position and microbial (including viral and macrobenthic) diversity is still
in its early stages.

1.3.2 Biotechnological applications
1.3.2.1 Exopolysaccharides

Microbial polysaccharides, including polysaccharides produced by ma-
rine bacteria, have gained significant attention in various industries. While
many marine bacteria are known to produce exopolysaccharides (EPS),
there is ongoing exploration to discover new microorganisms capable
of producing polysaccharides. The exploration of DHVs has shown
promise in uncovering novel EPS. Screening efforts have identified sev-
eral mesophilic heterotrophic bacteria from various vent locations as po-
tential sources of these polysaccharides (Guezennec [2002]).
Polysaccharides occur as important constituents of plant and microbial
cell walls, either as storage polysaccharides or as biopolymers known
as exopolysaccharides (EPS) secreted by microorganisms. In recent
years, there has been a growing interest in the isolation and identi-
fication of new microbial polysaccharides that might have novel uses
such as gelling agents, viscosifiers, emulsifiers, stabilizers, and texture
enhancers. Bacterial polysaccharides offer a diverse range of charac-
teristics that may not be present in conventional plant-based polymers.
While they may compete with polysaccharides derived from algae (such
as alginates), crustaceans (like chitin), or plants, their production is less
susceptible to fluctuations caused by marine pollution, crop failure, or
climate-related factors (Guezennec [2002]). They possess a wide range
of fascinating physical and chemical properties, such as their ability to
stabilize, suspend, thicken, gel, coagulate, form films, and retain water
(Sutherland [1996]). As a result, they have found applications in vari-
ous industrial sectors, including detergents, textiles, adhesives, paper,
paint, food and beverage industries (Sutherland [1996]). Polysaccha-
rides also play a role in pharmaceuticals and cancer therapy, drug deliv-
ery (Benedetti et al. [1989]), and in the formulation of cell culture media
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(Sutherland [1996]). In some cases, polysaccharides are chemically
modified to enhance or introduce specific functional properties (Roller
and Dea [1992]).

The discovery of novel polysaccharides with biotechnological signifi-
cance has led to the recognition that extremophilic microorganisms offer
valuable resources for both novel biotechnological processes and the
study of biomolecule stability under extreme conditions. In the last 15
years, there has been a growing isolation of new genera and species of
hyperthermophilic and mesophilic bacteria from DHVs. This increased
bacterial diversity includes strains that have the capacity to produce new
molecules such as enzymes, polymers, and other bioactive compounds.
This exploration may uncover and characterize innovative molecules
that hold promise for various industries (Guezennec [2002]).

Bacteria found in deep-sea hydrothermal environments have shown their
ability to produce unique extracellular polymers when grown in aerobic
carbohydrate-based conditions. So far, three main producers of these
polymers have been identified: Pseudoalteromonas, Alteromonas, and
Vibrio (Guezennec [2002]). Microbes isolated from extreme environ-
ments offer a wide range of chemical and physical properties in their
polymers that are not typically found elsewhere in nature. The explo-
ration of bacteria in remote areas, particularly hydrothermal vents, holds
great potential for discovering microorganisms of biotechnological im-
portance. Strains that produce novel EPS with unique properties can be
transferred to private industries for further evaluation and potential com-
mercial development. However, factors such as yield, cost, and mar-
ket demand will ultimately determine the commercial viability of these
polysaccharides, despite their interesting properties and potential appli-
cations.

For example, the polysaccharide expelled by Alteromonas macleodii
subsp. fijensis -found in a deep hydrothermal vent of the coast of Fiji-
presented an excellent metal-binding maximum capacity, which sug-
gests that such polymer can be promising for wastewater and polluted
water treatment (Loaec et al. [1998], Loaéc et al. [1997]). This EPS also
had the characteristic of being hydrophobic and when used to promote
the attachment of osteoblastic cells in in vivo rat calvaria experiments,
the surfaces it was able to provide with hydrophobic coating allowed
for significant bone healing, demonstrating that the use of EPS found
in bacteria inhabiting hydrothermal vents has potential to extend to the
medical domain (Zanchetta and Guezennec [2001]).
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1.3.2.1.1 EPS from DHV applied in medicine

EPS produced by bacteria from deep-sea hydrothermal vents have shown
significant potential for medical applications due to their unique chem-
ical structures and biological activities. These EPS often mimic gly-
cosaminoglycans (GAGs), which are important in human biology for
roles such as tissue regeneration and cancer treatment. EPS from
vent bacteria are rich in hexosamines, uronic acids, and sometimes sul-
fate groups, giving them properties similar to GAGs and making them
promising candidates for regenerative medicine and as anti-cancer agents
(Delbarre-Ladrat et al. [2017], Akoumany et al. [2019], Zykwinska et al.
[2019]). Some EPS derivatives have demonstrated the ability to mod-
ulate the human complement system, which is involved in immune de-
fense and inflammation, suggesting possible uses in immunotherapy or
as anti-inflammatory agents (Courtois et al. [2014]).

Additionally, EPS from these environments have shown antioxidant ac-
tivity and the ability to bind heavy metals, which could be relevant for
detoxification therapies or as protective agents against oxidative stress
(Ahamed et al. [2024]). The biocompatibility and biodegradability of
these molecules further enhance their appeal for biomedical use (Nichols
et al. [2005]). While some EPS have already found applications in cos-
metics, their full biotechnological and pharmaceutical potential remains
largely untapped, with ongoing research aiming to discover new strains
and optimize EPS production for medical use (Guezennec [2002], Cambon-
Bonavita et al. [2002]).

1.3.2.2 Using SHVs to investigate ocean acidification

SHVs can and have also been investigated for reasons that expand be-
yond understanding their basic geochemistry, ecology, and functioning.
In addition, given the growing concerns regarding global warming and
ocean acidification, these vents offer valuable insights. For instance,
certain marine SHVs, characterized by the absence of hydrogen sul-
fide and lacking steep temperature gradients (e.g., Milne Bay Province,
Papua New Guinea; Azores, Portugal), are now being utilized as nat-
ural laboratories to study the effects of ocean acidification on the biota
and microbiota (Engel et al. [2015]; Fabricius et al. [2011]; Hall-Spencer
et al. [2008]; Kerfahi et al. [2014]). It has been observed that increased
acidity resulting from dissolved CO, (and/or H,S) can have detrimental
effects on nearby carbonate-secreting organisms, leading to potentially
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drastic shifts in the coastal marine ecosystem. Investigations conducted
at shallow-sea vents not only helps us understand their unique charac-
teristics but also provides valuable knowledge and understanding re-
garding the impacts of global warming and ocean acidification.

1.3.2.3 Climate change mitigation

In the last century and a half, there has been a roughly 30% rise in atmo-
spheric CO, levels (Vitousek et al. [1997]). Biotechnological approaches
have been employed to mitigate atmospheric CO, in two primary ways:
through biological fixation using microorganisms and through the cap-
ture of carbon dioxide using enzymes, specifically carbonic anhydrase.
The enzymes present in hydrothermal vents have been hypothesised to
help with carbon sequestration, also helping to mitigate global warming
(Minic and Thongbam [2011]).

DHVs are situated near active volcanic regions along the mid-ocean
ridge system, where tectonic plates diverge. Seawater enters the cracks
in the volcanic bed and becomes heated by magma. This heated wa-
ter ascends to the surface, carrying dissolved minerals that serve as an
energy and nutrient source for chemoautotrophic organisms. Despite
the extreme conditions in this environment, including the absence of
photosynthesis, high temperature, high pressure, acidic pH, and chem-
ical toxicity, a wide range of microorganisms and animal species have
adapted to thrive in this hostile habitat. These organisms have devel-
oped highly efficient metabolic processes to utilize inorganic CO, from
the surrounding environment (Wankel et al. [2012]). Given the need to
develop technologies for carbon dioxide capture and reduction of green-
house gases in the atmosphere, the enzymes involved in CO, fixation
and assimilation found in these organisms hold great potential for appli-
cation.

There are microalgae, such as Cyanophyceae (blue-green algae), Chloro-
phyceae (green algae), Bacillariophyceae (including diatoms), and Chrys-
ophyceae (comprising golden algae), that exhibit remarkable proficiency
in harnessing atmospheric CO, through the process of photosynthesis
(Kumar et al. [2010]). Through the application of genetic modification
and advanced technology, novel strains of these microalgae have been
developed, enhancing their resilience in environments characterized by
elevated CO, levels (Kumar et al. [2010]). Concurrently, ongoing en-
deavors are exploring the potential fusion of wastewater treatment with
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the cultivation of microalgae, with the overarching objective of biofuel
production (Kumar et al. [2010]). In a recent milestone, scientists have
genetically engineered a cyanobacterium called Synechococcus elon-
gatus PCC7942 to directly synthesize isobutyraldehyde and isobutanol
from CO,. Isobutyraldehyde serves as a precursor for diverse chemical
synthesis pathways, while isobutanol holds promise as a biofuel source.
Nevertheless, the creation of a bioreactor that can attain peak produc-
tivity and optimal energy efficiency within specific operational budget
constraints remains an unaccomplished goal (Kumar et al. [2010]). A
primary challenge associated with these reactors stems from the sub-
optimal effectiveness of carbon fixation through the microalgae’s inher-
ent Calvin cycle (Milne et al. [2009]). To engineer an innovative reactor
that can augment the CO, fixation capacity of microalgae, it becomes
imperative to enhance the efficiency of the Calvin cycle. A possible so-
lution for such problem also includes utilization of carboxylase enzymes
or even other CO, fixation pathways.

We can consider, for instance, the diverse bacteria strains that harness
energy through chemical oxidation in the absence of light. These mi-
croorganisms exhibit proficiency in the capture of CO, and its subse-
quent conversion into fuel. They harbor the genetic blueprints for pivotal
enzymes responsible for synthesizing ethanol from pyruvate. Numerous
investigations have illustrated the potential for Rhodobacter species to
transform CO, into ethanol, whether in illuminated anoxygenic environ-
ments or under dark aerobic cultivation environments (Wahlund et al.
[1996], Conway et al. [1987]) . Consequently, microorganisms sourced
from the depths of hydrothermal vents, capable of converting CO, into
biomass, hold promise in advancing technologies for biofuel production
and the synthesis of various compounds.

There has been successful case studies in the industry of companies
which transformed CO, emissions into fuels and raw material. Carbon
Sciences Inc. has created a technique for artificial generation of precip-
itated calcium carbonate (PCC) that finds applications in multiple sec-
tors such as paper manufacturing, pharmaceuticals, and plastics pro-
duction. Additionally, they developed technology that serves to convert
CO, emissions into the fundamental components essential for produc-
ing fuels like gasoline, diesel, jet fuel, and others. Circular economy
alternatives have also been implemented by CO, Solution Inc in cement
factories. This consists of capturing the CO, emissions of cement fac-
tories and convert them into bicarbonate ions. Such ions are the raw

31



Vs N Ministero
(U~ dell’Universita
“7 edella Ricerca

CRESCENDO UsiversiTaoreu STuo

o Narow Froerico

material for limestone production, which can be reintroduced in the ce-
ment factories (Gaill [1993]).

However, the current carbonic anhydrases (CAs) available are costly
due to their expensive production, and they suffer from low activity and
stability issues. Most of the enzymes tend to lose their activity or be-
come completely inactive when exposed to temperatures above 50 °C
(Conway et al. [1987]). Since most industrial CO, elimination processes
require elevated temperatures, the challenge lies in finding immobiliza-
tion techniques that can preserve biocatalyst activity at these higher
temperature ranges (Lee et al. [2010]).

In contrast, microorganisms thriving in the extreme conditions of deep-
sea hydrothermal vents have developed adaptations to survive in high-
temperature environments, and cope with toxic substances like H,S and
heavy metals. Hence, biomolecules sourced from these organisms hold
significant promise for various biotechnological applications (Minic and
Thongbam [2011]). Consequently, investigating carbonic anhydrases
sourced from these environments for carbon capture could present an
appealing avenue for novel biotechnological advancements.

1.3.3 Origin of life research

Early research into the origin of life focused heavily on ancient deep-sea
“black smoker” vents, where mineral-rich fluids emerge at high tempera-
ture and low pH. While these environments are rich in chemical energy,
their extreme acidity and heat make them less likely analogs for the sta-
ble conditions that may have fostered prebiotic chemistry. More recent
attention has shifted toward serpentinization-driven vent systems—both
deep and shallow—that generate more moderate, alkaline conditions
thought to be more favorable for the emergence of life (Amend et al.
[2011]).

Serpentinization occurs when ultramafic rocks such as olivine and py-
roxene react with water, producing molecular hydrogen (H-). This hydro-
gen can then react abiotically with carbon monoxide or carbon dioxide
to form methane, short-chain hydrocarbons, formate, and acetate (See-
wald et al. [2006]; Bradley et al. [2009]; Etiope and Sherwood Lollar
[2013]). These reactions also create proton and redox gradients—natural
energy sources that could have been harnessed by primitive biochemi-
cal systems (Lane [2010]; Lane and Martin [2010]).

One well-studied deep-sea example is the Lost City Hydrothermal Field
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(LCHF), located on the Mid-Atlantic Ridge flanks at ~ 800 m depth (Kel-
ley et al. [2001]). LCHF emits alkaline fluids (pH up to 11) enriched in
H, and abiotic methane, making it a compelling analog for early Earth
hydrothermal systems (Bradley et al. [2009]).

Importantly, similar serpentinization-driven systems also occur in shallow-
water settings, providing more accessible, cost-effective opportunities
for study. The Prony Hydrothermal Field (PHF), located in Prony Bay,
New Caledonia, is one such example. Here, meteoric water infiltrates
ultramafic rocks, driving serpentinization and producing warm (up to 41
°C), highly alkaline (pH up to 11.2) fluids rich in H, and CH,. These
fluids discharge directly into a coastal marine environment, precipitat-
ing spectacular carbonate—brucite towers up to 38 m tall (Cox and Rye
[1982]; Launay and Fontes [1985]; Figure 9).

Figure 9: Hydrothermal carbonate structures at shallow-sea vent systems. (a)
Schematic of the Prony Needle, a 38-m-high carbonate chimney formed by the precip-
itation of minerals as alkaline, calcium-rich vent fluids mix with seawater. (b) SCUBA
diver exploring the large flange of the Prony tower illustrated in (a). (c) Diver collecting
hydrothermal fluids from an active venting site on the Prony Needle. (d) The Big Stry-
tan carbonate tower at the Strytan Hydrothermal Field, Iceland. (e) The most active
venting zone located at the summit of the Big Strytan structure shown in (d). Image
from Barge and Price [2022].

Shallow systems like PHF bridge the environmental gap between
terrestrial serpentinizing springs and deep-sea fields such as LCHF. Mi-
crobial communities at PHF share features with both the deep-sea Lost
City microbiome and terrestrial sites like The Cedars, California (Frouin
et al. [2018], Postec et al. [2015], Quéméneur et al. [2014]) . This over-
lap suggests that shallow serpentinizing vents could preserve, in a sin-
gle location, chemical and biological characteristics relevant to multiple
stages of Earth’s early geochemical evolution.
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1.4 ” Cﬁﬁent debates on the microbiome of SHVs

1.4.1 Photosynthesis on SHVs

The productivity of photosynthesis directly above the emissions of hy-
drothermal vents is typically reduced compared to the surrounding ar-
eas. This decrease in photosynthetic rates can be attributed to the pres-
ence of higher concentrations of hydrogen sulfide, metals, and elevated
temperatures (Tarasov et al. [1999]). For instance, a research study
conducted by Gomez-Saez et al. [2017] demonstrated that in sediments
with a temperature of 55°C in Dominica, although photosynthesis played
a significant role, there was often a dominant reliance on chemotro-
phy, which refers to the utilization of chemical energy sources. This
chemotrophic process accounted for up to 65% of the carbon fixation
observed. Conversely, other studies have distinct findings and have
reported elevated photosynthetic rates in the immediate vicinity of the
vents (Dando et al. [1995]). This increase in photosynthesis is believed
to be linked to the release of CO,, ammonia, and phosphate from the
venting system. The debate of whether hydrothermal emissions en-
hance or inhibit photosynthesis becomes even more complex because
the presence of light as a controlling agent in the microbial diversity
SHVs has not yet been studied in depth.

In order to investigate the enhancement or inhibition of photosynthesis
on SHVs, we might want to recur to the microbiome of sulfidic caves,
these environments provide a valid analog to DHVs parameters while
also being in the shallow water realm (Canganella and Wiegel [2007]).
They form a propitious experimental setting to study even more the sig-
nificance of light in hydrothermal vents. The coexistence of sunlight, hy-
drogen sulfide, and other forms of reduced sulfur in shallow-water vents
can create a favorable environment to understand more about anoxy-
genic phototrophic microorganisms.

1.4.2 Metabolic Diversity & Culture Isolations

Early investigations in shallow-water hydrothermal vents were primarily
guided by approaches employed in deep-sea ecosystems (e.g. Sievert
and Vetriani [2012b]). These studies focused extensively on examin-
ing the presence and role of sulfur-oxidizing bacteria as important con-
stituents of the microbial community, while other metabolic strategies
received comparatively less attention (Davila-Ramos et al. [2014]; Mi-
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randa et al. [2016]). As a consequence, the significance of sulfur-based
metabolisms in shaping the functioning of shallow-water hydrothermal
vent systems has been supported by several investigations.

In recent studies, Epsilonproteobacteria have emerged as the prevailing
microbial group in SHV fluids and sediments (Giovannelli et al. [2013];
Tang et al. [2013]; Miranda et al. [2016]) found in regions characterized
by elevated temperatures (35-55°C) and high concentrations of hydro-
gen sulfide. Epsilonproteobacteria are well-suited to thrive in sulfidic
conditions and are frequently observed in surveys of DHVs, where they
often dominate the microbial communities (Sievert and Vetriani [2012Db]).
Despite their abundance in SHVs (Giovannelli et al. [2013]), no isolates
of Epsilonproteobacteria have been obtained from these environments.
The lack of pure cultures of Epsilonproteobacteria from shallow-water
hydrothermal vents highlights a significant knowledge gap regarding the
ecological understanding of these dominant microbial community mem-
bers.

Limited research has been conducted on the range of functional genes
and the utilization rates of different substrates in energy-conserving re-
actions in shallow-water vents. The existing studies indicate that alter-
native electron acceptors such as nitrate, nitrite, manganese, and iron
(1) might play a significant role in SHVs (Meyer-Dombard and Amend
[2014]). However, further investigation is needed to fully understand the
importance and contribution of these alternative electron acceptors.
Molecular evidence (Tang et al. [2013]) suggests that a considerable
portion of chemolithoautotrophic production in SHVs may be linked to
nitrate reduction, similar to DHVs communities (Sievert and Vetriani
[2012b]). This observation is supported by both thermodynamic cal-
culations (Price et al. [2015]) and the abundance of genetic sequences
closely related to Epsilonproteobacteria, a class known to possess a
conserved pathway for nitrate reduction (Vetriani et al. [2014]). How-
ever, the limited number of isolates obtained from shallow-water vents
that have been confirmed as nitrate reducers adds to the ongoing de-
bate. Furthermore, Epsilonproteobacteria have never been successfully
isolated from SHVs.

Our current understanding of the metabolic diversity present in SHVs is
debatable because firstly there is a research bias in investigating sul-
fur metabolisms in SHVs, and secondly some bacteria, such as Ep-
silonproteobacteria, which was never successfully isolated in laboratory,
does not show a pathway for nitrate reduction when isolated (Vetriani
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et al. [2014]), whereas studies suggest that chemolithoautotrophic or-
ganisms should be able to perform nitrate reduction (Sievert and Vetriani
[2012b]). In order to solve the ongoing debate, it is essential to tackle
these two major problems.

In light of the knowledge gaps outlined in this chapter, particularly the
limited understanding of microbial metabolic diversity, the following chap-
ter focuses on addressing these open questions within a well-characterized
shallow-water hydrothermal vent system. Chapter 2 therefore presents
a detailed investigation of the vents at Milos Island, Greece, where
white microbial mats are used as a model habitat to explore taxonomic
and functional diversity, evaluate carbon, sulfur, and nitrogen cycling,
and assess community responses to short-term physical disturbances.
By integrating high-resolution geochemical measurements with metage-
nomic analyses, this study aims to bridge current gaps in linking envi-
ronmental variability to microbial function in shallow-vent ecosystems.
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Abstract

Shallow-water hydrothermal systems represent underexplored analogues
of early Earth ecosystems with substantial implications for both micro-
bial ecology and carbon cycling. This study investigates the carbon fix-
ation potential of microbial mats at Secca delle Fumose, a hydrother-
mal vent field within the Campi Flegrei volcanic complex in the Gulf
of Naples. Using in situ *C—bicarbonate incubations, coupled with
stable isotope probing and geochemical profiling, we quantified light-
dependent and chemoautotrophic carbon assimilation in two distinct mi-
crobial biofilms: a filamentous, sediment-bound white biofilm located in
diffuse vent emissions and a mat-forming, rock-attached orange biofilm
situated proximal to active venting. Results revealed significantly higher
dark carbon fixation rates in the white biofilm (4.16 pg C g—! organic
C h~1), primarily associated with Aquificota-dominated communities, in
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contrast to markedly lower rates in the orange mat under both photic
and aphotic conditions. These findings underscore the ecological signif-
icance and metabolic flexibility of filamentous chemoautotrophs in ther-
mally dynamic, oxygen-rich vent zones. Furthermore, morphological
characteristics emerged as key determinants of productivity, with fila-
mentous structures enhancing gas exchange and metabolic rates, de-
spite their lower fossilization potential. The high carbon fixation rates
observed in these microbial systems not only challenge assumptions
about biosignature preservation in the geologic record but also highlight
their potential for biotechnological applications in carbon capture and
resource-efficient bioengineering under extreme conditions.

3.1 Introduction

Microbial communities today exhibit various physical structures such
as filaments, microbial mats, and stromatolites. These formations are
prevalent in different environments, including hydrothermal areas, and
consist of diverse microbial groups. Notably, filaments, microbial mats,
and stromatolites have been identified in ancient rock records, with stud-
ies conducted by Logan [1964], Schopf [1993], Allwood [2006], Noffke
[2006], Schopf [2007]. Also hydrothermal systems, are present in a
wide depth range (Tarasov and et al. [2005], Hawkes [2014]) and are
starting to be more recognisable in deep time (Dodd et al. [2017]). Ma-
rine shallow-water hydrothermal systems, located at depths of less than
200 meters, are relatively accessible extreme environments character-
ized by distinctive biogeochemical conditions (Tarasov and et al. [2005]).
These systems derive energy for primary production from the interac-
tion between hot, reduced hydrothermal fluids and cold, oxygenated
seawater (Amend and Shock [1998]). Unlike deep-sea hydrothermal
vents, shallow-water vents support not only chemosynthetic processes
but also photosynthetic primary production due to the presence of light
(Tarasov and et al. [2005]).

Present day research has underlined the importance of studying mi-
croscopic and macroscopic morphologies and their respective biosig-
natures in ancient and modern environments (Berelson et al. [2011]).
Shallow-water hydrothermal vent systems are mostly understudied in
terms of microbial diversity, potential biosignature formation, and biotech-
nology in comparison to their deep counterparts -deep hydrothermal
vents present beyond 200 m depth such as the well known vents in the
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East Pacific Rise (Damm et al. [1995]) or in mid-oceanic ridges in the At-
lantic (Desbruyeres et al. [2001])-. The lack of studies in this domain un-
derscore the need to investigate deeper into the microbial communities
making these modern environments, knowing their metabolic pathways,
and knowing their carbon fixation rates; the latter can be significant for
both, biosignatures research (Blumenberg et al. [2007]), and for biotech-
nology purposes in terms of carbon sequestration (Jo et al. [2014]).

In the Mediterranean Sea, numerous shallow-water hydrothermal vents
have been discovered, stemming from the collision between the African
and European tectonic plates. These unique vent environments are dis-
tinguished by the presence of major compounds such as carbon dioxide,
sulfur dioxide, hydrogen sulfide, methane, and hydrogen (Dando et al.
[1999]. In the Gulf of Naples, we investigated the small submarine relief
Secca delle Fumose (Figure 10), which is the largest degassing struc-
ture offshore of Campi Flegrei (Di Napoli et al. [2016], Figure 11). It has
been suggested that Secca delle Fumose was formed on the edge of
a N-S graben-like structure during dike emplacement (Di Napoli et al.
[2016]). The Secca delle Fumose relief now preferentially facilitates the
upward movement of hot brines, which have an equilibrium temperature
of 179°C, thereby maintaining hydrothermal degassing on the seafloor
(Di Napoli et al. [2016]).

Here, we examined the rate of carbon fixation in two biofilms present
in the Secca delle Fumose surroundings, analysing how photosynthesis
as well as chemoautotrophy can contribute to carbon fixation within the
same microbial morphology.
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Figure 10: Map collocation of Secca delle Fumose geyser (G), and diffused hydrother-
mal vent with white biofilm location (H). Map addapted from Appolloni et al. [2020].
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Figure 11: Figure illustrating the pCO- according to depth, and longitudinal and latitu-
dinal location in relation to the Secca delle Fumose vent. We notice that the pCO, is
greater from 8 m to 12 m deep in the immediate vicinity of the vent.

3.2 Materials & Methods

3.2.1 Microbial Community Morphology Descriptions

The two collected biofilms had different colours. They can be differ-
entiated into WSB (White Smooth Biofilm, Figure 12), and OB (Or-
ange Biofilm, Figure 13). The biofilms might contain different textures
due to diverse substrate attachments, WSB was attached to sediment,
whereas the orange biofilm was rock-attached. It is interesting to notice
that WSB was very fragile, and as soon as scuba divers approached this
morphology, a slight movement of water would be enough for spreading
out the biofilm. Therefore, care needed to be taken when nearing it.
The carbon fixation experiment was performed on both kinds of biofilm,
being the orange one the nearest biofilm to the geyser, and the white
one the furthest away from the geyser.
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Figure 12: Sampling of the white biofilm. In the image, we can observe patches of the
biofilm around sediments. This biofilm was located further away from the geyser.
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Figure 13: Orange biofilm located near the geyser. The Secca delle Fumose geyser is
in the bottom right corner of the image.

3.2.2 Sample Collection & Geochemistry

All measurements, samples, and in situ microcosms (described below)
were performed and collected on November 2024. Samples for C con-
tent and §'3C determination (n = 1) were collected using 60 mL syringes.
Samples were filtered through an ADVANTEC 25mm diameter 0.22 ;m
glass fibre filters, also known as GFF (Tokyo Roshi Kaisha Ltd.), with the
flow-through being placed in a 15 mL falcon tube and stored at 4°C. The
GFF containing the filtered biofilms were then placed for 10 minutes in
-80°C to ensure incubation was ceased. After drying up the filters on a
60°C incubator for one week, they were then processed for IRMS anal-
ysis. Temperature, pH and conductivity were measured onsite using a
WTW 330i meter and probe (Hanna probe). Sulfide, Fe?* and dissolved
silica were measured onsite using a DR1900 portable spectrophotome-
ter.

Water samples were filtered through 25 mm diameter 0.2um polyether-
sulfone syringe filters (VWR International, Radnor, PA, USA). For ion
chromatography analysis of anions, water was filtered into 15-mL cen-
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trifuge tubes (pre-soaked in 18.2 MQ2/cm DI water). Samples were stored
at 4oC until analysis.

3.2.3 CO, Assimilation

A microcosm-based method was used to evaluate the potential for inor-
ganic carbon absorption directly in the environment by adding NaH?COs.
These in situ microcosms were conducted between noon and 4 PM
under full or partial sunlight. Samples were collected using 60mL sy-
ringes and was injected into overnight acid-washed (0.5 M HCI), pre-
combusted (2h, 180 °C), autoclaved, gas-tight black butyl rubber septa
10mL vials, which already contained a solution of NaH*CO3 0.01 M
(100 pM final concentration). Care was taken to maintain the struc-
ture of the biofilms. Samples were filled completely by their respective
biofilms. All serum vials were performed in triplicate.

We assessed the potential for photoautotrophic (light) and chemoau-
totrophic (dark) NaH!3CO; uptake. To assess CO, assimilation in the
dark, vials (n = 3 replicates) were amended with NaH!'3*CO3 and com-
pletely wrapped in black tape. Assays were stopped by freezing GFFs
with filtered biofilms on -80°C. Reported values of *C-labeled DIC up-
take (carbon fixation rates) reflect the difference in uptake between the
biomass in the assays that received NaH!*CO3 and the natural abun-
dance biomass samples described below.

3.2.4 C and Stable Isotopes Concentrations

Natural abundance samples were collected at the time of sampling.
These control vials did not contain any pre-injected NaH!3COs, and went
through the same steps as samples enriched in NaH!3COs. Biofilms
were filtered through GFF and left to dry for a week (60°C). At the time of
analysis, half of the GFF were cut and used for determination of C con-
centration and placed into tin boats, sealed, and analyzed via a Costech
Instruments Elemental Analyzer (EA) periphery connected to a Thermo
Scientific Delta V Advantage Isotope Ratio Mass Spectrometer (IR-MS)
at the Stable Isotope Geochemistry Lab in the Department of Geology
at the University College of London, and §'3C values were calibrated
using reference standards USGS-40 and USGS-41 and checked with
a laboratory working standard (glycine). Total uptake of DIC was cal-
culated using DIC numbers determined for the source water (described
above). All stable isotope results are given in delta formation expressed
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as per mil (%o). Carbon stable isotopes are calculated as:

5130 = [((Ra)sample/(Ra)standard) - 1] X 103 (1)

where R, is the *C/'2C ratio of the sample or standard, and are re-
ported vs. the Vienna Pee Dee Belemnite (VPDB) standard.
Precautions were taken to minimize cross contamination of natural abun-
dance samples with incubation assays. Natural abundance samples
were processed and analyzed in turn, prior to incubation assays. All
laboratory processing and weighing equipment was cleaned with 80%
ethanol between each sample.

Assimilation rates were calculated from the following parameters: Abso-
lute isotopic stable carbon ratios were used to determine the difference
between the total amount of '3C in natural abundance samples and in-
cubation assay replicates. The difference represents total mass of *C-
labeled DIC taken up during incubations. Incubation duration times were
recorded in the field. Using the organic carbon content, the uptake rate
is then calculated from the total ug C taken up divided by the grams of
organic C, and that was divided by the number of hours the incubation
was carried out over (typically ~ 3 h).

3.2.4.1 Full workflow of calculations

Since we are investigating how much '3C-labeled the sample has up-
taken, we calculate the total *C-labeled mass as follows:

R ) mpl
13C " _13 Cm ( a )sample > 2
sample (mg) ass X (—1 + (Ra)sample ( )

Having in mind that Rsample iS calculated as:

513C
Rsample = Rstandard X (1 + 1000) (3)

In order to calculate the amount of *C accumulated in the sample,
we first compute the '3C in the control experiment (no 3C-labeled bicar-
bonate added). Formulas used were:
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R .
13Ccontrol (mg) = (#ntroltl) x total C in sample (4)
contro
13Caccumulated (mg) =13 Csample —13 Ceontrol (5)

We further convert the result to ug:

13Caccumulated (ug) =13 Caccumulated (mg) x 107 (6)

We calculate the carbon fixation rate (pre-dilution factor) as:

F— 13Caccumulated (,Ug)
net weight sample (g) x incubation time (h)

(7)

The incubation time (h) and the net weight of the sample (g) were
used to normalize the accumulation rate.

However, because the added '*C—bicarbonate mixes with the natu-
ral dissolved inorganic carbon (DIC) already present in the incubation
water, only a small fraction of the total DIC inside each vial is labeled.
To correct for this dilution, a label dilution factor (DF) was calculated as:

[DICtotaI]

DF =
[BBC-HCO3 Jfinal

(8)

where: [DICq, ] is the total inorganic carbon concentration derived
from the total alkalinity (in mM); [**C-HCO3 Jsina is the final concentration
of labeled bicarbonate in the incubation water (in mM).

The corrected rate, accounting for this dilution, was then calculated
as:

Ratecorrected = CF x DF (9)

Normalizing the results to the organic carbon (OC) content in the
total sample mass (m) follows as:
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OC (g)  mass of C in sample (mg)

= 10

Msample 1000 X net sample mass (g) (10)
Final rate normalized to organic carbon:
Rate

RateOC—normaIised = #Z;tw (1 1)

Full workflow of calculations can be visualised in the diagram below:
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Filter biofilms on GFF, dry (60 °C, 1 week).
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All results in delta notation.
6130 _ (Ra sample — Ra standard % 103 (1)

(Ra)standard
Sample path Control path
(Reampie = Rueos (1 + °C/1000) (3) (Roontol = Rupos (1 +6%C/1000))
E:@samp\e (ng) = "Chnass X 157;:;:; (2a [@conlrol mg) = 1%;;2;:10‘ x total C (4 a
Accumulated Iabel
C'alcc (mg) Csample contro\
“Cacc(ﬂg) acc(mg) x 10°

Pre—cle%Jtlon rate
CF = acc(ﬂg)l @
net mass (g) x time (h)

Label dilution factor
_ total @)

 [3C-HCO3 Jina
[DIC]iotar from total alkalinity; [**C—HCO; Jina from spike.

Dilution-corrected rate
Rategorr = CF x DF (9)

OC fraction in sample
goc _ mass C (mg)/1000 (10)
YJsample net mass (g)

ateoC-norm =

Final rate (per g OC)
R Rategor a1

goc / YJsample

3.2.5 DNA Extraction and Amplicon Sequencing

DNA extraction was performed using the DNeasy PowerSoil Kit (QIA-
GEN), following the manufacturer’s instructions, with an additional elu-

tion step. When low DNA yields were obtained, a modified phenol—chloroform
DNA extraction method was applied, adapted for shallow-water hydrother-
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mal vent conditions Giovannelli et al. [2013].

Briefly, 850 pl of extraction buffer (50 mM Tris-HCI pH 8, 20 mM EDTA
pH 8, 100 mM NaCl) was added to 0.5 g of sediment and Sterivex fil-
ters. Then, 100 pl of lysozyme (100 mg/ml) and 5 pl of proteinase K were
added sequentially, each followed by incubation at 37 °C for 30 min and
a 1 min vortexing step. Subsequently, 50 pl of 20% SDS was added
to the samples and incubated for 30 min at 65 °C with regular mixing,
followed by a 1 min vortexing step. Samples were then centrifuged for
3 min at 14,000 x g.

The supernatant was collected and transferred to a phenol:chloroform:isoamyl
alcohol (25:24:1) solution, followed by centrifugation for 3 min at 14,000 x g.
The aqueous phase was then transferred to a chloroform:isoamyl alco-
hol (24:1) solution and centrifuged for 3 min at 14,000 x g. The result-
ing supernatant was collected and supplemented with sodium acetate
(0.1 vol) and isopropanol (0.7 vol), then incubated at —20 °C for 2 h. The
precipitated DNA was washed with 70% cold ethanol and re-suspended
in 50 pl of Tris-HCI.

DNA quality was verified by agarose gel electrophoresis and quantified
both spectrophotometrically and spectrofluorimetrically using NanoDrop
and Qubit instruments, respectively. Successfully extracted DNA was
sequenced at the Integrated Microbiome Resource (https://imr.bio) us-
ing primers targeting the V4-V5 region (515FB: GTGYCAGCMGCCGCGGTAA
and 926R: CCGYCAATTYMTTTRAGTTT) of the 16S rRNA gene, on an lllu-
mina MiSeq platform (V3 chemistry).

3.3 Bioinformatic analysis

The raw sequencing data were analysed using the DADA2 package
Callahan et al. [2016]. Quality profile analysis was performed after trim-
ming primers and adapters, retaining only sequences with a per-base
quality score between 20 and 40 for downstream analysis. Amplicon
sequencing variants (ASVs) were inferred through error profiling, and
taxonomy was assigned to each ASV using the SILVA database, re-
lease 138 Quast et al. [2013].

Amplicon variant abundance tables and taxonomic assignments were
imported into a phyloseq object to calculate diversity indices and as-
sess microbial diversity, as previously described Cordone et al. [2022,
2023], Barosa et al. [2023]. Sequences assigned to mitochondria, eu-
karyotes, chloroplasts, groups related to human pathogens, and known
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DNA extraction contaminants Sheik et al. [2018], as well as sequenced
blanks, were removed from the dataset. The remaining reads repre-
sented 95% of the original dataset, with a total of 178,671 reads as-
signed to 4,612 ASVs.

ASV taxonomic classification was further refined using the EzBioCloud
database Yoon et al. [2017], and verified by comparison against the
nucleotide database of the National Center for Biotechnology Informa-
tion (NCBI) using BLAST searches. All the sequences analysed in this
study are available through the European Nucleotide Archive (ENA) un-
der project accession PRJEB67762, under the ENA Umbrella project
CoEvolve PRJEB55081.

3.4 Results

We strategically targeted the OB, which was the biofilm near-most the
Secca delle Fumose geyser, and the WSB which was present far away
from the geyser, around diffused emissions in the sand. OB was rock-
attached, while WSB was sediment-attached. Near the geyser, temper-
atures reached up to 74.9 °C and the recorded pH was 5.74. Dissolved
oxygen reached 51.7% and conductivity 51.62 mS/cm. Around the dif-
fused emissions where WSB was present, temperature reached 46.6
°C, and pH of 6.34. Dissolved oxygen reached 93.7% and conductivity
56.04 mS/cm.

3.4.1 C Content and §'3C Natural Abundance

The orange mat site contained highest overall carbon content, with an
average of 9.06 mg of C being present in the samples, white biofilm sam-
ples had an average of 0.96 mg of C. Natural abundance §'3C values of
the white biomass ranged from -19.94 %, for the white chemoautotroph
community (dark-taped vial incubated around diffused emissions), to -
17.87 %o for the white photosynthetic community (clear vial incubated
around diffused emissions). For the orange biomass values ranged from
-18.82 %. for the orange chemoautotroph community, to -19.07 %. for the
orange photosynthetic community. All the incubation assays with 13C
label added had §'3C values more positive than the natural abundance
samples (Table 1 and Figure 14).
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3.4.2 Carbon Assimilation

A microcosm-based approach was employed to assess the potential
for inorganic carbon uptake in-situ across biofilm morphologies in the
Secca delle Fumose area through the addition of NaH!'*CO;. We as-
sessed light-dependent and light-independent inorganic carbon uptake
in white and orange microbial mats.

Biofilm description | Type of incubation | Replicates | Net weight sample (g) | d13C | Incubation time (h) | 13C accumulated (ug) | Carbon uptake rates (ug/g OC/h)
1 0,3909 -17,29 | 3 0,225451 0,68
L " 2 0,0884 -174 |3 0,056776 0,64
Orange Biofilm Photosynthetic 3 02380 18523 0.040034 0.21
Control 0,0415 -19.07 | 3
1 0,5539 ND 3 ND ND
" 0,1144 -18,26 | 3 0,021967 0,21
Orange Biofilm Chemosynthetic 0.7629 185113 0.052303 0.12
Control 0,2186 -18,82 | 3
1 0,0092 9,22 3 0,026404 5,22
. . 2 0,0142 -6,16 |3 0,035498 1,10
White Biofilm Chemosynthetic 3 0.0160 q381 13 0.065141 247
Control 0,0415 -19,94 | 3
1 0,0576 ND 3 ND ND
" g " 0,0476 -12,24 | 3 0,087211 1,01
White Biofilm Photosynthetic 0.0490 6373 0.027514 028
Control 0,0193 -17,87 |3

Table 1: Carbon uptake rates and isotope composition of orange and white biofilms
under photosynthetic and chemosynthetic incubation. Values show replicate measure-
ments for net sample weight, 6'3C, incubation time, 13C accumulation, and calculated
carbon uptake rates. “ND” indicates no data; control samples were not enriched.
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Figure 14: Carbon fixation rates across color treatments and metabolic processes.
Bars show mean carbon fixation rates (ug C g~! organic C h—!) for white and or-
ange treatments under photosynthetic (clear bars) and chemosynthetic (hatched bars)
conditions. Error bars represent standard deviations (n = 3). The legend indicates
both color treatments (white and orange) and metabolic processes (photosynthetic
and chemosynthetic).

The highest rates of inorganic carbon uptake are observed in the
white biofilm when not exposed to light (chemosynthetic incubation),
comprising a mean of 4.16 ug C/ g organic C/ hour. It is also possi-
ble to observe elevated values of carbon fixation for the light dependent
incubation of the white biofilm (mean 0.64 ug/ g organic C/ hour). The
OB seems to have a distinct trend in which the light-dependent incuba-
tion scored higher values of carbon uptake than the light-independent
essays (0.51 mean vs 0.17 mean ug/ g organic C/ hour).

Nevertheless, it must be remarked that the potential for light-independent
primary productivity (chemolithoautotrophy) was observed in all sites.

3.4.2.1 Comparison to other geothermal systems worldwide

When normalized to biomass (g C g~! h™'), carbon fixation rates mea-
sured in microbial mats from SdF occupy an intermediate range relative
to other geothermal systems in the light incubations (Figure 15a).
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Figure 15: Comparison of carbon fixation rates across geothermal microbial com-
munities worldwide in light-exposed and dark incubations. Carbon fixation rates
(ug C g~ ' h~, log scale) for microbial mats from Secca delle Fumose (SdF) are com-
pared with published data from Yellowstone National Park (YNP; Boyd et al. [2012];
Schuler et al. [2017]) and Milos hydrothermal sediments (Sievert et al. [2022]). .

Both the orange and white SdF mats exhibited higher dark-incubation
activities than the chemoautotrophic biofilms reported for Nymph and Bi-
jah Springs in Yellowstone National Park (Boyd et al. [2012],Figure 15).
The orange mat at SdF remained lower than the highly phototrophic
mats and higher than the stromatolites characterized by Schuler et al.
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[2017]. The SdF white mat displayed fixation rates that were the high-
est reported for dark incubations amongst both terrestrial and marine
ecosystems.

3.5 Discussion

3.5.1 Carbon Fixation, Microbial Morphology, and Biotechnologi-
cal Relevance

The rock record contains diverse microbially generated structures, from
filaments to bacterial mats, and the classic stromatolites, that repre-
sent some of the oldest biosignatures of life on Earth. Among these,
stromatolites are the most commonly preserved, with well-documented
occurrences dating back to 3.5 Ga (Noffke et al. [2013]) and putative
forms identified even earlier (Lepot [2020]). Traditionally, stromatolites
are associated with phototrophic microbial activity in shallow aquatic en-
vironments (Schuler et al. [2017]), microbial mats and filamentous struc-
tures, though often less preserved, also provide valuable insights into
past biological productivity (Lehn et al. [2024]). It is worth noting that
both photoautotrophic and chemoautotrophic communities can give rise
to similar morphologies, complicating efforts to interpret their metabolic
origins in the geological record.

In this study, we investigated modern analogues of ancient microbial
systems in the shallow-water hydrothermal field of Secca delle Fumose
in the Gulf of Naples. Specifically, we targeted microbial mats with con-
trasting visual morphologies (orange, rock-attached biofilms near active
venting, and white, sediment-bound biofilms farther from the geyser) to
assess their potential for carbon fixation under light and dark conditions.
By combining morphological observation, stable isotope probing, and
quantitative measurements of carbon uptake, our goal was to better un-
derstand the ecological roles of these communities, and to clarify how
photoautotrophic versus chemoautotrophic processes contribute to their
productivity.

Importantly, microbial communities inhabiting extreme environments such
as shallow hydrothermal systems are increasingly recognized not only
as analogues for early Earth ecosystems, but also as promising candi-
dates for biotechnological applications, including natural carbon seques-
tration, biofilm engineering, and metabolic resource harvesting (Rawat
et al. [2024]. Assessing their fixation capacity and metabolic flexibility

70



¥ N Ministero
i dell’Universita
“7 edella Ricerca

CRESCENDO U\I\-i-_l-'\r-ll-l'\n|u|| STup

or Narou FepERIcO

under natural conditions is therefore crucial for both paleoenvironmental
interpretation and emerging climate-oriented technologies.

The marked difference in carbon fixation rates between the white and
orange biofilms can be largely explained by their contrasting microbial
community structures, morphologies, and local geochemical settings.
The white biofilm, located in diffuse emission zones farther from the
main geyser, developed under moderately warm conditions (46.6 °C,
pH 6.34) with high dissolved oxygen (93.7%). This habitat supports
a community dominated by Aquificota (Aquificae, 88.9%), well-known
thermophilic chemolithoautotrophs that oxidize hydrogen or reduced sul-
fur compounds to fix CO, (Barosa et al., in revision; Figure 16). Field
observations showed that the white biofilm exhibited a distinctly filamen-
tous morphology, loosely attached to sediment and easily disrupted by
water movement. Such a morphology has been suggested to enhance
nutrient and gas exchange with the surrounding water column, increas-
ing the effective surface area for CO, uptake (Havig [2009]; Barthelmef3
et al. [2021]). This is consistent with the high dark incubation uptake
rates observed (0.54 ug C/ g/ h) and relatively modest light—dark differ-
ences. The Yellowstone study by Havig [2009] proposed that filamen-
tous communities are generally more effective in carbon fixation than
mat-like structures, although they have a lower preservation potential in
the rock record, which may bias interpretations of ancient productivity
(Figure 17).
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Figure 16: Microbial community composition of the biofilms sampled around the
shallow-water hydrothermal vents studied here: A) Phylum taxonomic rank; B) Or-

der taxonomic rank. Figure adapted from Barosa et al., in prep.
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Figure 17: Cartoon illustrating the relationship between productivity and preservation
potential for microbial community morphologies, adapted from Schuler et al. [2017].

In contrast, the orange biofilm, located immediately adjacent to the
vent, was morphologically mat-like, densely bound to rocky substrates.
It experienced more extreme thermal (74.9 °C) and acidic (pH 5.74)
conditions with lower dissolved oxygen (51.7%). Despite hosting pho-
totrophic Cyanobacteria (16.6%) and photosynthetic Alphaproteobacte-
ria (Figure 24), carbon uptake rates in both light and dark conditions
were very low (~ 0.51 ug C/g/h and ~ 0.17 ug C/g/h, respectively), and
513C enrichment was negligible. This reduced activity may reflect the
thicker, stratified mat structure, which can limit light penetration, nutrient
exchange, and gas diffusion to active phototrophic layers, especially un-
der physiologically stressful geochemical conditions (Stal et al. [1985];
Lichtenberg et al. [2020]). Additionally, environmental stress near the
geyser, such as elevated sulfide and temperature, likely suppresses
metabolic activity or channels energy into stress responses rather than
growth.

Together, these observations support the notion that morphology is not
merely a passive outcome of community composition, but a functional
trait influencing carbon fixation potential. Filamentous forms, as in the
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white biofilm, can enhance metabolic rates through increased interface
with the water column, while mat structures may confer stability under
harsh conditions but at the cost of lower metabolic efficiency. These
functional trade-offs have important implications for interpreting the rock
record: the preferential preservation of mats and stromatolites over fila-
ments (Schuler et al. [2017]) may underestimate past primary productiv-
ity, especially in hydrothermal or marginal marine environments where
filaments could have played a dominant role.

Despite these insights, several limitations should be acknowledged. Sam-
pling was limited to a single moment in time, preventing assessment
of short-term or seasonal variability in venting, geochemistry, or micro-
bial physiology. The sealed microcosm incubations, although necessary
for in-situ isotope probing, may not perfectly reproduce natural diffusion
and redox gradients, particularly for loosely structured filamentous mats.
DIC concentrations can fluctuate rapidly around vents, introducing un-
certainty in dilution-factor corrections. Future work should include re-
peated temporal sampling, continuous microsensor profiling, and flow-
through or open-chamber incubation systems that better mimic natural
conditions. Complementary metagenomic and metatranscriptomic anal-
yses would directly link metabolic pathways to measured uptake, while
nanoSIMS or microautoradiography could reveal fine-scale spatial het-
erogeneity in carbon fixation within each morphology.

Microbially generated structures such as stromatolites have been readily
preserved in the rock record since the Archean (Awramik [1992]), yet fil-
amentous and mat-like morphologies are far less frequently preserved,
potentially obscuring their contribution to past carbon fixation and oxy-
gen production. By studying distinct microbial community macrostruc-
tures within the same shallow-water hydrothermal system, we demon-
strate a clear link between morphology, community composition, and
carbon uptake potential. The orange biofilm, exhibiting a dense mat-
like structure and located under high-temperature, low-oxygen, acidic
conditions near the vent, showed the lowest rates of carbon uptake in
both light and dark incubations, paralleling the lower productivity often
observed in some stromatolitic forms. In contrast, the white biofilm,
characterized by a loosely attached filamentous morphology in cooler,
oxygen-rich diffuse flows, displayed the highest dark carbon uptake rates,
nearly an order of magnitude greater than the orange mat, and sub-
stantial light-dependent activity. These findings support the idea, also
observed in Yellowstone hot springs, that filamentous phototrophic or
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chemolithoautotrophic communities can be highly productive but have
low preservation potential, while mat-like or stromatolitic forms may be
more robust in the rock record despite lower metabolic rates. This neg-
ative correlation between preservation potential and productivity sug-
gests that the rock record may systematically underestimate the role of
fast-growing, high-uptake microbial forms in early carbon cycling. Be-
yond paleoenvironmental reconstruction, the high carbon fixation ef-
ficiency and environmental resilience of filamentous biofilms highlight
their potential for biotechnological applications. Their capacity to sus-
tain high productivity under elevated temperatures, variable pH, and
fluctuating redox conditions positions them as promising candidates for
engineered carbon sequestration systems in geothermal or industrial
contexts, as well as sources of thermostable enzymes, bioactive com-
pounds, and metabolic pathways that can be harnessed for sustainable
bioprocessing in extreme environments.

3.6 Conclusion

Here we present primary productivity, morphology, geochemistry, and
community composition data for filamentous and mat-like biofilms from a
shallow-water hydrothermal vent system. We demonstrate pronounced
differences in carbon fixation rates between these morphologies de-
spite their shared hydrothermal origin and overlapping dominant taxa
at the phylum level. Filamentous white biofilms, dominated by Aquifi-
cota, exhibited the highest dark carbon fixation rates and substantial
light-dependent activity, while mat-like orange biofilms showed minimal
uptake under both light and dark conditions. These results reinforce the
view that morphological form strongly influences productivity, with fila-
mentous communities representing high-productivity but low-preservation
end members, and mat-like structures acting as low-productivity but
more preservation-prone analogues. Collectively, our findings suggest
that the contribution of filamentous microbial forms to carbon cycling
in ancient hydrothermal systems may be underrepresented in the rock
record, with implications for both the reconstruction of early biospheres
and the identification of microbial taxa of interest for biotechnological
carbon capture in extreme environments.
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3.7 Supplementary Figures
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Figure 18: Photograph of white smooth biofilm present in the Gulf of Naples.
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Abstract

Microbial communities in geothermal environments constitute an under-
explored reservoir of biosynthetic gene clusters with significant biotech-
nological potential. Here, we investigate the secondary metabolite po-
tential of 219 microbial communities across marine and continental geother-
mal field sites, encompassing broad environmental gradients in temper-
ature (4.7 °C t0 93.5 °C), pH (0.85 to 10.3), and tectonic setting, includ-
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ing convergent margins, divergent margins at mid-ocean ridges, and
paleo-convergent intraplate plume systems. We identified 37,178 new
biosynthetic gene clusters and demonstrated that volcanic arc systems
consistently harbor the most biosynthetically diverse communities. In-
traplate plume systems exhibit a terpene-enriched profile, with terpenes
comprising 47 % of their biosynthetic repertoire, whereas divergent mar-
gins were dominated by nonribosomal peptide synthetases and riboso-
mally synthesized and post-translationally modified peptides pathways,
together accounting for 64 % of their total potential. These findings po-
sition tectonics as a key driver of microbial secondary metabolism and
offer a geobiological framework for guiding natural product discovery in
extreme geothermal ecosystems.

Chapter partially available as a preprint in BioXirv:
doi.org/10.1101/2025.09.14.675129

4.1 Introduction

Microorganisms produce a vast repertoire of specialized (secondary)
metabolites that mediate interactions with neighbouring cells and the
surrounding environment and have profoundly impacted medicine and
biotechnology (Sayed et al. [2020], Chen et al. [2020]). The genes en-
coding them are typically not required for the organism survival and
growth, but confer critical adaptive advantages, for example, inhibiting
competitors, scavenging nutrients, or tolerating stress, thereby enhanc-
ing the overall fitness of the producing organism (Chen et al. [2020]).
Notably, natural products derived from microorganisms remain indis-
pensable as drug leads; indeed, 70 % of clinically used anti-infectives
originate from naturally occurring microbial metabolites (Berdy [2005]).
Among these, many well-known antibiotics such as penicillin (from Peni-
cillium spp.), streptomycin (from Streptomyces griseus), and vancomycin
(from Amycolatopsis orientalis) are direct microbial products that have
transformed clinical medicine (Fleming [1929], Kudo and Eguchi [2009]).
Beyond anti-infectives, microbial metabolites also contribute to the food
industry: for example, nisin, a bacteriocin produced by Lactococcus lac-
tis, is widely used as a natural food preservative (Gharsallaoui et al.
[2016]). Likewise, psychrophilic microorganisms have yielded enzymes
with unique catalytic properties at low temperatures, such as cold-active
lipases and proteases, which are valuable in dairy processing and biotech-
nology (Gerday et al. [2000]).
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Biosynthetic gene clusters (BGCs) encode the enzymatic pathways that
assemble specialized metabolites (Kwon et al. [2021]). Key classes
of BGCs include those for nonribosomal peptide synthetases (NRPS),
which encode siderophores and other metallophores (Le Govic et al.
[2019]). These compounds serve dual ecological functions: in nutrient-
limited systems they scavenge essential metals such as Fe, Cu, and
Zn (Ghssein and Ezzeddine [2022], Ohlemacher et al. [2018]), whereas
in metal-rich or toxic settings they chelate and detoxify excess metals
(e.g., As, Cd, Hg) (Alexander et al. [2025], Avalon et al. [2024]), enabling
microbial survival under contrasting geochemical regimes. Polyketide
synthases (PKS) generate a wide spectrum of bioactive molecules, in-
cluding many clinically important antibiotics (Chen et al. [2020], Le Govic
et al. [2019]). Ribosomally synthesized and post-translationally modified
peptides (RiPPs) encompass bacteriocins, lantibiotics, and archaeocins,
which frequently act as antimicrobials that shape microbial communi-
ties, particularly in dense biofilms (Vagstad [2023], Hudson and Mitchell
[2018], Li and Rebuffat [2020], Novotny Jr and Perry [1992]). It is worth
highlighting archaeocins specifically, as they often exhibit remarkable
stability under extreme environmental conditions such as high temper-
ature and salinity (Besse et al. [2015], O’connor and Shand [2002]),
making them relevant for biofilm formation in geothermal spring systems
(Li and Rebuffat [2020],Besse et al. [2015]). Finally, terpene synthase
clusters produce structurally diverse metabolites involved in signaling,
membrane stabilization, and oxidative stress protection (Avalos et al.
[2022]). Because terpenes are chemically stable and can persist in sed-
iments, they might also serve as potential geobiological markers, linking
modern microbial activity to ancient Earth environments and potentially
offering insights into other planetary environments (Finkel et al. [2023],
Thiago et al. [2018]). For instance, studies using Mars soil analogs,
including those from the Atacama Desert, have demonstrated that com-
plex microbial communities can persist under conditions analogous to
extraterrestrial environments. These studies also suggest that terpene-
related compounds may be detectable using advanced analytical tech-
niques (Finkel et al. [2023], Aerts et al. [2020]).

Prior work has highlighted geothermal extremophiles as an untapped
source of natural products (Barosa et al. [2023], Nagar et al. [2023]),
with environmental stressors often correlating with enrichment of spe-
cific BGC classes in the microbiome: for example, chronic metal ex-
posure favors NRPS-linked metallophores that detoxify metals (Nagar
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et al. [2023]), whereas extremely acidic, heat-stressed systems domi-
nated by few chemolithotrophs often show a dearth of large NRPS/PKS
clusters (Liu et al. [2016], Tiquia-Arashiro and Rodrigues [2016]). These
patterns suggest that BGC repertoires reflect the selective pressures of
their environment. It is important to notice, however, that the geochemi-
cal landscapes in which microbial communities adapt to are not random
but are firmly rooted in the geological settings from which they arise
(Fullerton et al. [2021]). The mineral content, redox potential, tempera-
ture and ionic composition of each environment are shaped by underly-
ing tectonic and geological processes, which in turn influence microbial
community structure and function (Fullerton et al. [2021], Upin et al.
[2023]).

Traditionally, the search for new BGCs (and the metabolites they en-
code) has focused on readily culturable organisms such as soil Strepto-
myces (Lee et al. [2020]). However, the continued emergence of drug-
resistant pathogens and the frequent rediscovery of known compounds
underscore the urgent need to access untapped biosynthetic diversity in
less conventional sources (Miethke et al. [2021]).

Extreme environments have emerged as especially promising reservoirs
of novel BGCs and chemistry (Andreani-Gerard et al. [2024]). Harsh
conditions, for example, the desiccation and intense ultraviolet radia-
tion of hyper arid deserts, immense pressures of deep-sea trenches,
or the acidity of geothermal springs, impose unique selective pressures
on resident microbial communities (Sayed et al. [2020]). There is now
compelling evidence supporting this premise: extremophilic microbes
have yielded a wealth of previously unknown natural products in the past
decade (Amina and Lotfi [2024]). For instance, a recent review doc-
umented 186 new secondary metabolite structures isolated from 129
extremophilic strains collected between 2010 and 2018 (Sayed et al.
[2020]). Among these discoveries are novel antimicrobial and cytotoxic
compounds from desert actinomycetes, including 46 new molecules
identified from Atacama Desert isolates alone (Andreani-Gerard et al.
[2024]). Likewise, organisms from other extreme biomes, such as Antarc-
tic soil communities and deep-sea sediments, have revealed extraordi-
nary biosynthetic richness, often with little overlap to known chemical
space (Medeiros et al. [2024]). Even archaeal lineages once thought
devoid of secondary metabolism have been found to harbor BGCs in
extreme settings: for example, Heimdallarchaeota and Lokiarchaeota
from hypersaline microbial mats were recently shown to possess puta-
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tively novel BGCs, expanding the phylogenetic range of natural product
producers (Chen et al. [2020]).

In spite of the increasing evidence suggesting the high potential of ex-
treme environments in harboring new biosynthetic pathways and metabo-
lites, large scale BGCs surveys across diverse ecosystems are lacking.
Advances in genomics and metagenomics are now enabling the sys-
tematic exploration of BGC potential in these inaccessible ecosystems
(Du et al. [2023]). Many extremophiles remain uncultivated, but culture-
independent genome mining approaches, including high-throughput se-
quencing of environmental DNA and reconstruction of metagenome-
assembled genomes (MAGs), allow researchers to recover biosynthetic
genes directly from environmental samples (Paoli et al. [2022]). Us-
ing these approaches, recent works explored the biosynthetic potential
of microbiomes on a global scale, across terrestrial and marine envi-
ronments (Nayfach et al. [2021], Paoli et al. [2022]) and in more local-
ized settings such as the extreme microbial mats of Shark Bay (Chen
et al. [2020]), Antarctic soils (Waschulin et al. [2022]), glacier-fed stream
biofilms (Geers et al. [2025]), or the Tibetan Plateau extreme aquatic
microbiomes (Cheng et al. [2024]). Geothermal environments are the
source of a large number of active compounds and enzymes used in
industry (Giordano [2020]). Despite this, we lack systematic investiga-
tions of the biosynthetic potential of geothermal systems and how the
diversity of secondary metabolites is influenced by environmental fac-
tors.

Here, we address this knowledge gap by investigating the biosynthetic
potential of global geothermal extreme environments. We combine com-
prehensive analyses of 219 microbial communities from marine and
continental geothermal sites to map the diversity and distribution of
BGCs across diverse tectonic settings. Our results show that the ge-
ological and geochemical complexity of geothermal systems translate
into diversity of microbial natural products. This work lays a foundation
for future bioprospecting efforts and expands our understanding of how
Earth’s subsurface drives chemical innovation in the microbial world.
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Figure 19: Geographic distribution of sampled geothermal extreme environments in-
cluded in this study. Locations span diverse volcanic provinces in the Central America
Volcanic Arc (CAVA), the Guaymas basin, East Pacific Rise (EPR), the South Ameri-
can Central Volcanic Zone (SA-CVZ), the Reykjkanes Volcanic Belt (RVB), the South
Khangai Volcanic Province (SKVP) and the TLVP (Tuscan-Latium Volcanic Province),
the Campania region, and the Aeolian Arc Volcanic Province (AAVP).

4.3 Methods

4.3.1 Sample acquisition and locations

The present work encompasses sampling campaigns spanning differ-
ent tectonics settings distributed worldwide, and following a large-scale
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sampling approach described in Giovannelli et al. [2022] (Figure 19).
Environmental metadata and geological context were integrated based
on the extended geochemical and tectonic framework outlined in Gio-
vannelli et al. [2022], which emphasizes the role of deep subsurface
inputs in structuring microbial communities. This broader context al-
lowed us to systematically categorize geothermal sites by their under-
lying tectonic regime (backarc, volcanic arc, forearc, outer forearc and
on axis ridges), facilitating standardized comparisons across disparate
geographic regions.

At each site, the primary venting point was identified based on temper-
ature and pH gradients in combination with visual cues (e.g., gas bub-
bling, mineral precipitates), as described by Giovannelli et al. [2022].
Fluids were collected directly from the venting orifice using silicone tub-
ing attached to a portable peristaltic pump, and passed through Sterivex
0.22 um cartridges (MilliporeSigma). Up to 2 L of hydrothermal fluid
was filtered at each site. To preserve sample integrity for molecular
applications, fluids were immediately filtered through 0.22 pm Millipore-
Sigma membranes and stored at —20 °C on-site. Subsamples of the
filtered fluids were reserved for major ion analysis, and aliquots were
stored in 12 mL gas-tight vials for §'3C analysis of the dissolved inor-
ganic carbon content. Samples were later maintained under controlled
storage conditions to ensure the stability of microbial and geochemical
features. Gas-phase and water samples for dissolved gases were col-
lected in pre-evacuated 250 mL Giggenbach bottles containing 50 mL
of 4 N NaOH, following the method of Stix and de Moor [2018], to mini-
mize atmospheric contamination. Additionally, copper tubes were used
to sample noble gases at each site, as detailed by Barry et al. [2022].
Sediment samples were collected in close proximity (within centime-
ters) to the fluid vents using sterile, acid-washed PTFE spatulas and
transferred into 50 mL Falcon tubes. Sediment aliquots were also sam-
pled for subsequent analysis of trace elements concentration and CNS
content in each site. The use of PTFE spatulas was chosen to avoid
metal contamination, as Teflon prevents the release of metals during
sampling. Adjacent background soils were also sampled as controls
(when present) from areas with no apparent geothermal influence, typi-
cally upsloping from the vent. Approximately 40—45 mL of sediment was
transferred into 50 mL Falcon tubes. Collected sediment samples were
immediately frozen at —20 °C and kept at this temperature during trans-
port to the laboratory, where they were stored until further analyses. To
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identify and count cells by using flow cytometry, we sampled both fluids
and sediments into 2 mL cryovials, preserved them with 2 % formalin
and stored at 4 °C.

Physicochemical parameters of the fluids were measured in situ using
a thermocouple and a multiparameter probe (HANNA, HI98196). The
thermocouple was used to record pool temperatures directly at the main
vent inlet. Freshly venting fluids were analyzed with the multiprobe,
which measured pH, oxidation-reduction potential, specific conductivity,
dissolved oxygen, and total suspended solids. For fluid temperatures
exceeding 65°C, the maximum operating limit of the dissolved oxygen
sensor, samples were cooled in a closed container prior to measure-
ment. This cooling may have affected the accuracy of the dissolved
oxygen readings, potentially resulting in overestimated values for high-
temperature sites.

4.3.2 Geochemical analysis

In situ environmental parameters were recorded using a multiparametric
probe (HANNA HI98196), field thermometer, and Fisherbrand™ refrac-
tometer. Core measurements included temperature, pH, conductivity,
redox potential, dissolved oxygen, and total suspended solids. To char-
acterize the ionic composition of geothermal fluids, we conducted ion
chromatography (IC) on filtered water samples using a Metrohm ECO
IC system, following the standardized procedures detailed in Correggia
et al. [2024]. In the field, fluids were collected in acid-washed plastic
containers and immediately filtered through 0.22 um membrane filters.
To prevent contamination and ensure analytical accuracy, both filters
and collection vessels were rinsed with sample fluid three times prior to
use. Samples were stored at 4 °C and processed within recommended
holding times depending on target analytes. For chloride preservation,
ethylenediamine (EDA) was added in accordance with Jackson [2000],
when applicable.

Cation and anion analyses were performed in separate runs using Met-
rosep C 4 and A Supp 5 columns, respectively. Samples were diluted
with ultrapure water (typically 1:10) to maintain conductivity below 600
uS/cm, which is critical for optimal chromatographic resolution and col-
umn longevity. Where necessary, additional pretreatment steps were
applied, such as silver ion exchange to reduce chloride interference
and solid-phase extraction (C18) to remove excess organic compounds.
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Chromatographic runs included a protective guard column, followed by
the analytical column and conductivity detector. For anion analysis,
chemical suppression was used to minimize background conductivity
and enhance analyte signals. Retention times were matched against
certified standards, and quantification was performed through multipoint
calibration curves. This workflow allowed precise quantification of en-
vironmentally relevant ions (e.g., sulfate, chloride, sodium, potassium,
calcium, magnesium), facilitating site comparisons and enabling down-
stream ecological interpretations 83. All samples were analyzed in tech-
nical triplicates, and quality control included routine injections of blank
and standard reference solutions.

Concentrations of trace elements were determined by inductively cou-
pled plasma mass spectrometry (ICP-MS) following the protocols de-
scribed by Correggia et al. [2024]. Briefly, filtered and acidified hy-
drothermal fluid samples were analyzed on an Agilent 7900 ICP-MS
equipped with a collision/reaction cell to minimize polyatomic interfer-
ences. Calibration was carried out using multi-element standards span-
ning 0.01-100 pg/L, with internal standards (e.g., Rh, In) added to cor-
rect for instrumental drift. Accuracy and precision were verified against
certified reference materials and matrix-matched standards, ensuring
reliable quantification even in high-salinity geothermal fluids. The pro-
cedure allows detection of trace metals of biological relevance (e.g., Fe,
Mn, Co, Ni, Cu, Mo, W, V, As) at sub-ppb levels.

Gas composition analysis was performed at the Volcano Observatory of
the Universidad Nacional de Costa Rica. Headspace gases (He, Hs, Oo,
Ar, N,, CH,4) were analyzed using an Agilent 7890a gas chromatograph
equipped with two HP-molesieve columns (Agilent 19095P-MSQO) main-
tained at 30 °C. Methane was detected with a flame ionization detector,
while the remaining gases were quantified using thermal conductivity
detectors. Following gas chromatograph analysis, the NaOH solution
from the Giggenbach bottles was titrated with 0.1 N HCI to determine
CO, content. The CO,/CH, ratio was calculated by determining the to-
tal moles of CO, and CH, in each sample. Carbon isotope compositions
(613C) of gas samples were measured using a Picarro G2201-1 analyzer,
following acidification of the NaOH solutions extracted from the Giggen-
bach bottles. §'3C values (reported in %o relative to the PDB standard)
were calibrated against a set of eight reference standards ranging from
+2.42%0 t0 37.21%., including internationally recognized standards such
as NBS19 and Carrara Marble.
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The analysis of carbon (C), nitrogen (N), and sulfur (S) content (ex-
pressed as percentages) was performed using a vario PYRO cube el-
emental analyzer (Elementar) operating in combustion mode. Samples
were first dried at 70 °C for 48 hours and then homogenized using an
agate mortar. Approximately 2—10 mg of the dried, ground sample was
weighed into tin capsules, which were then loaded into the autosampler
for CNS analysis. Sulphanilamide was used as the reference material
for quantification. In the vario PYRO cube system, samples are com-
busted in a high-temperature combustion tube operating at 1150 °C. The
resulting gases are then passed through a reduction tube maintained at
850 °C and packed with copper, which facilitates the reduction of NO,,
and SOj. Following these reactions, the analytes are fully converted
into their target gaseous forms: Ny, CO,, and SOs.

4.3.3 DNA extraction, metagenomic sequencing and BGC analy-
sis

DNA was extracted with a combination of the DNeasy PowerSoil Kit
(QIAGEN), and a modified phenol-chloroform DNA extraction method
adapted for low biomass samples (Fullerton et al. [2021]). Sequencing
was carried out by NOVOGENE using lllumina MiSeq platforms. For all
the campaigns used here, the same metagenomics pipeline was used
to ensure uniformity of the data. We applied therefore the GEOMOSAIC
pipeline (github.com/giovannellilab/Geomosaic), made to integrate state
of art metagenomic softwares for analysis. Briefly, all the raw reads were
trimmed using fastp, set to default parameters. The trimmed reads were
then assembled using metaSPAdes (v. 3.15.5) (Nurk et al. [2017]), with
k-mers -k 33, 55, 77, and 127, and filtering for minimum contig length
of 2000 base pairs. Read mapping to the assemblies was carried out
using Bowtie2 (v. 2.5.4) (Langmead and Salzberg [2012]) set to de-
fault parameters. Gene coverage was obtained by using hidden Markov
model search as implemented in GEOMOSAIC.

All the generated 219 assemblies were analyzed with antiSMASH 7.0
(Blin et al. [2019]), using default settings, including KnownClusterBlast/MIBIG
(Minimum Information about a Biosynthetic Gene cluster) 4.0 (Terlouw
et al. [2023]) matching and the product/substrate prediction modules to
investigate the richness of biosynthetic potential in geothermal environ-
ments. AntiSMASH detects BGC classes by rule-based domain profiling
and, when possible, predicts candidate product scaffolds. Each BGC
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was compared against the MIBIG repository of experimentally charac-
terized clusters; we report the best MIBIG hit of some terpene BGCs
in Figure 20. Results were combined into a single feature table and im-
portedin R (v. 4.3, R Core Team 2024). The subsequent statistical anal-
yses, data processing and plotting were carried out using the phyloseq
package (McMurdie and Holmes [2013]), vegan (Oksanen et al. [2013]),
and ggplot2 (Wickham [2011]) packages. Alpha diversity of BGCs was
quantified using Shannon’s diversity index, calculated from antiSMASH-
derived BGC profiles. Differences among tectonic settings (volcanic arc,
backarc, post-subduction) were tested with the Kruskal-Wallis test fol-
lowed by pairwise Wilcoxon rank-sum tests with Benjamini-Hochberg
correction. To test for differences in BGC repertoires, we calculated un-
weighted and weighted Jaccard distance matrices. Ordination was per-
formed using principal coordinate analysis (PCoA), and community-level
differences among groups were assessed using analysis of similarities
(ANOSIM). In addition to our PCoA, k-means clustering of ordination
scores was used to identify data-driven sample clusters. Environmen-
tal vector fitting (envfit) was then applied to the PCoA to identify the
geochemical variables most strongly correlated with cluster structure.
To assess how continuous environmental variables (e.g., temperature,
pH, sulfate, crustal thickness) explain variation in BGC profiles, we used
permutational multivariate analysis of variance (PERMANOVA, adonis2)
based on Jaccard distances. Prior to analysis, conductivity (spc), chlo-
ride, and sulfate were log,o-transformed to reduce skew. Finally, differ-
ences among clusters in individual environmental variables were tested
using the non-parametric Kruskal-Wallis test with Dunn’s post hoc com-
parisons and Benjamini—Hochberg correction.

4.4 Results

We analyzed metagenomic assemblies from 219 geothermal features
across ten major volcanic provinces, summarized in Figure 19. These
include environments in present-day convergent tectonics settings, in-
cluding volcanic arcs (e.g., the South American Central Volcanic Zone
(SA-CVZ), Central America Volcanic Arc (CAVA), and Aeolian Arc Vol-
canic Province (AAVP)), adjacent back-arc regions (e.g., part of the
SA-CVZ), and transitional post-subduction extensional arcs (Campa-
nia, southern ltaly and the Tuscan-Latium Volcanic Province, (TLVP)
in central ltaly); plume-influenced mid-ocean ridge settings (Reykjanes
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Volcanic Belt, RVB); intracontinental magmatic systems in paleoaccre-
tionary environments in the South Khangai Volcanic Province (SKVP);
and deep-sea vents in the Guaymas basin and the East Pacific Rise
(EPR) (Figure 19). BGCs predicted from these metagenomes revealed
distinct patterns linked to tectonic context and geochemical regimes
(Figure 20). Thus, volcanic arc samples preferentially occupy distinct
clusters from those of back-arc, post-subduction extensional volcanics,
and mid-oceanic ridge (MOR) spreading systems. This structure held
across both unweighted and weighted ordinations (ANOSIM, unweighted
Jaccard: R =0.7, n =219, p < 0.001; weighted Jaccard: R =0.5, n =
219, p < 0.001), showing that the geothermal systems located in di-
verse tectonic systems differ both in the most abundant BGCs as well
their overall biosynthetic potential (Figure 20 and Supplementary Sup-
plementary Figure 26).
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Figure 20: Biosynthetic gene cluster (BGC) composition across geothermal sites. (a) Principal Coordinates
Analysis (PCoA) based on unweighted Jaccard similarity of BGC presence/absence across samples. Clus-
ter 1: majorly composed of subduction-driven volcanic arc geothermal sites, Cluster 2: subduction-driven
volcanic arc and a strong presence of SA-CVZ backarc sites. Cluster 3: diverse tectonic settings such as
backarc, volcanic arc, along with a notable share of on-axis MOR settings. vari Points are colored by vol-
canic province of origin: CAVA (Central American Volcanic Arc), SA-CVZ (South American Central Volcanic
Zone), RVB (Reykjanes Volcanic Belt), TLVP (Tuscan-Latium Volcanic Province), AAVP (Aerolian Arc Vol-
canic Province), Campania region, SKVP (South Khangai Volcanic Province), the Guaymas basin, and the
EPR (East Pacific Rise). Arrows represent environmental variables (e.g., pH, temperature, salinity, conduc-
tivity (spc), crustal thickness (CT), elevation, Cl- content, SO4 content, longitude and latitude) fitted post hoc
using envfit; arrow length and direction indicate strength and orientation of correlation with ordination space.
Colored convex hulls illustrate the spatial distribution of three k-means clusters, used here to highlight com-
positional similarities. (b) pH as a function of temperature scatter plot. Size of samples are correlated with
their log conductivity values (spc), and coloured by volcanic province of origin. (c) Environmental variables
by cluster. Mean + standard error (SE) values are shown for six key environmental parameters across mi-
crobial community clusters (1-3). Colors represent cluster identity: pale yellow (Cluster 1), pale teal (Cluster
2), and pale purple (Cluster 3). Statistical differences were tested using the Kruskal-Wallis test followed by
Dunn’s post-hoc comparisons with Benjamini-Hochberg correction. Asterisks indicate significant pairwise
differences between clusters (*p<0.05, **p<0.01, **p<0.001). (d) Volcanic province origin across tectonic
clusters. Stacked horizontal bar plots show the proportion of each volcanic province represented within each
k-means-derived cluster. (e) Relative abundance of major BGC classes across sample clusters defined by
unweighted Jaccard distances, reflecting presence/absence of biosynthetic profiles. Cluster 1 (volcanic arc
majorly) exhibits a more even distribution across BGC classes, with notable enrichment in NRPSs (nonribo-
somal peptide synthetases). Cluster 2 (backarc and volcanic arc majorly) shows a higher relative proportion
of terpenes and RiPPs (ribosomally synthesized and post-translationally modified peptides), in comparison
to the remaining categories of secondary metabolites. Cluster 3 (rich in on-axis MOR) is dominated by
RiPPs with minor contributions from terpenes, NRPSs, and PKSs (polyketide synthases).

Three major environmental clusters were identified, each aligned
with different geochemical profiles and tectonic regimes (Figure 20a).
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Cluster 1, was dominated by volcanic arc samples (90 %) along the pri-
mary geochemical gradient (Figure 20a). CAVA samples contributed the
most (51.4 %), followed by the volcanic arc of the SA-CVZ at 24.8 %,
AAVP at 8.9 %, TLVP at 3.9 %, and Campania at 1 %. In addition, 6
% of the samples come from the SKVP, and the young spreading sys-
tem of the Guaymas Basin and EPR contribute 2 % each. This cluster
was associated with higher pH, electrical conductivity (spc), and crustal
thickness (CT) values (Figure 20b-c). Cluster 2, which occupied the
central portion of the ordination, was associated with elevated sulfate
concentrations and was also primarily composed of volcanic arc sam-
ples (73.8 %). However, its internal composition differed from that of
Cluster 1. CAVA remained the main contributor (37 %), but Campania
samples show a stronger presence (18.6 %), equaled by the SA-CVZ
backarc, also at 17.6 %. TLVP contributes 2.9 %, while AAVP, SKVP
and the Guaymas Basin contribute 1.3 % each. EPR contribution rises
by 1 % in comparison to Cluster 1 (3 %). Notably, the proportion of SA-
CVZ volcanic arc samples show a 10.8 % decrease compared to Cluster
1 (14 % vs. 24.8 %). The remaining 3 % of the samples come from the
RVB. Cluster 3, located on the far right of the ordination along the pri-
mary geochemical gradient, is characterized by a stronger presence of
volcanic provinces associated with divergent tectonic margins. The RVB
accounts for 16.6 % of the sample pool, the highest among divergent
settings, and EPR samples account for 10.4 %. Despite this, volcanic
arc provinces related to convergent margins still dominate the cluster.
The SA-CVZ volcanic arc contributes 23 % to the sample pool, CAVA
and the SA-CVZ backarc contribute 21 % each. Campania contributes
6 %, and the TLVP adds 2 %. Overall, there is a noticeable decrease in
the proportion of volcanic arc samples from Cluster 1 to Cluster 3, drop-
ping from 90 % to 52 %. Cluster 3 aligns closely with high-temperature
environments, suggesting it includes predominantly sites that could host
thermophilic microbes.

We next examined the biosynthetic composition across clusters, focus-
ing on the relative abundance of BGCs. Cluster 1 showed the highest
representation of nonribosomal peptide synthetases (NRPSs), account-
ing for 20 % of its BGC pool, compared to 15 % in Cluster 2 and 12 % in
Cluster 3. Terpenes were most abundant in Cluster 2 (27 %), followed
by Cluster 1 (23 %) and Cluster 3 (22 %). Ribosomally synthesized and
post-translationally modified peptides (RiPPs) were the most dominant
BGC category across all clusters, forming more than half of the BGC
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pool in Cluster 3 (51 %), and representing 32 % and 29 % in Clusters
2 and 1, respectively. Polyketide synthases (PKSs) were less prevalent,
contributing 14 % in Cluster 1, 13 % in Cluster 2, and only 8 % in Cluster
3. The remaining BGCs, which included hybrid BGCs, rare or unusual
RiPPs that have not yet been fully categorised or recognised and BGC
fragments that do not contain enough hallmark genes for a confident
type call, grouped as “Other,” comprised 14 % of Cluster 1, 13 % of
Cluster 2, and 7 % of Cluster 3 (Figure 20).

Among the environmental variables tested, crustal thickness (CT) ex-
plained the largest proportion of variance in BGC profiles (PERMANQOVA,
Jaccard distance; R2= 0.8, F = 1.4, p < 0.001; Supplementary Figure 27
a), followed by temperature (R = 0.7, F = 1.5, p < 0.001; Supplemen-
tary Figure 27 b) and pH (R? = 0.6, F = 1.6, p < 0.001; Supplementary
Figure 27 ¢). When analysing samples in active convergent margins,
volcanic arc geothermal systems exhibit greater diversity in comparison
to backarc and post-subduction extensional arcs (volcanic arc: 2.18 +
0.69; backarc: 1.85 4+ 0.57; post-subduction extensional arcs: 1.88 +
0.41; Kruskal-Wallis 2 = 17.35, p = 1.7 x 10~*, Supplementary Fig-
ure 28). The strong, non-linear underlying environmental gradient driv-
ing the differences between samples is reflected in this classic visual
artifact (i.e., horseshoe-shaped pattern) observed in the PCoA ordina-
tion. Specifically, the gradient separates samples from metal-rich sub-
duction zone arc volcanoes at one end, to high temperature/silica-rich
mid-ocean ridge environments at the other, underscoring the influence
of geological/tectonic setting in shaping microbial biosynthetic potential.

4.5 Discussion

4.5.1 BGCs, geology and geochemistry

The extreme conditions and metal bioavailability in geothermal systems
not only select which microbes thrive (Basili et al. [2024]), but also the
BGC repertoire those communities harbor. In our study, geothermal sys-
tems of volcanic arcs in subduction zones exhibit high potential for mi-
crobial BGC richness (Cluster 1, Figures 20, Supplementary Figure 28).
This is exemplified by Cluster 1, which consists of over 90 % volcanic arc
samples from active convergent margins and contains a diverse BGC
pool. The SA-CVZ volcanic arc can serve as an example and accounts
for 25 % of samples within Cluster 1. Here, deeply sourced springs fed
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by surrounding arc volcanism carry waters with high arsenic concentra-
tions (often > 1 mg/L, Supplementary Table 2) derived from arc geother-
mal inputs (Romero et al. [2003]), along with several metals (e.g., Sb,
Cu) mobilized by magmatic fluids (Tapia et al. [2021]). Despite the toxi-
city, the resident microbial community in the hot springs of the SA-CVZ
volcanic arc is metabolically rich (Castro-Severyn et al. [2021]). This
is consistent with our metagenomic surveys of microbial BGC potential
in volcanic arcs exhibiting broad BGC diversity (Supplementary Figure
28). In the AAVP, geothermal fields likewise produce acidic, sulfur-rich
emissions with significant heavy metal enrichment in Cu, Zn, Hg, and
Co (Bargagli et al. [1991]). Accordingly, the microbial communities from
volcanic arc springs reveal significantly higher NRPS prevalence com-
pared with all other sites (Figure 21), suggesting prolific metallophore
production and metal-microbe interactions in this environment (Zelaya-
Molina et al. [2025]).
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Figure 21: Schematic representation of volcanic arcs at convergent margins and their influence on micro-
bial biosynthetic potential. (a) Schematic representation of the SA-CVZ (South American Central Volcanic
Zone) volcanic arc and its influence on microbial biosynthetic potential. On the macro scale, the steeply
dipping oceanic slab dehydrates, releasing Cl-enriched fluids from altered oceanic crust. These fluids mi-
grate upward through faults and fractures in the continental crust. Metal leaching in these environments
favor NRPS-rich (nonribosomal peptide synthetases) microbial communities. Macro-scale cross-section of
the SA-CVZ adapted from (Tapia et al. [2021]) (b) Schematic of the lonian convergent margin tectonic sys-
tem and its role in shaping microbial biosynthetic potential in the AAVP (Aeolian Arc Volcanic Province).
The subduction of the lonian slab beneath the Aeolian Arc fuels arc magmatism and geothermal activity
across southern Italy, and enhances mantle input in hydrothermal fluids. Beneath Vulcano Island, CO2 and
chloride-bearing fluids ascend through permeable structures, mixing with meteoric water or seawater to form
acidic, and metal-rich environments, selecting for a microbiome capable of withstanding heavy metal toxic-
ity. Cross-section of the Vulcano Geyser adapted from Rizzo et al. [2022]. (c) At the microbiological level,
volcanic arc microbiomes carry a biosynthetic gene cluster repertoire rich in NRPS, that support survival
through metal chelation and detoxification. The bar plots show the per-sample relative abundance of NRPS
BGCs (number of NRPS contigs divided by the total number of BGC contigs in each sample, expressed as
%) in 125 volcanic arc samples versus the remaining 87 samples within active plate tectonic settings. Differ-
ences between the two groups (“volcanic arc” vs “others”) were evaluated with the non-parametric two-sided
Wilcoxon rank-sum (Mann—-Whitney U) test. Significance is coded as p <0.05 (*), p < 0.01 (**).

4.5.2 Metal-Poor Volcanic Fluids Drive Terpene-Enriched BGC pool

The metagenomic BGC profile of backarc sites is accordingly less di-
verse (Supplementary Figure 28), and specialized in terpenes com-
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pared to other sites (Figure 22). High levels of terpenes might sug-
gest a specific strategy of membrane fortification and stress quenching
mechanisms (Simon et al. [2025]). A comparable trend is observed in
the shallow degassing system of the Campi Flegrei in the Campania re-
gion in Italy,where shallow CO, degassing can reach up to 4000-5000
tones per day (Cardellini et al. [2017]), and the Solfatara crater and sur-
rounding fumaroles (e.g., Pisciarelli) continuously emit CO2-rich, sul-
furous fumes (Cardellini et al. [2017]). Despite such geochemical harsh-
ness, cultivation efforts have yielded spore-forming isolates (e.g., Alicy-
clobacillus mali from Pisciarelli mud) whose genomes encode enzymes
for unusual isoprenoid terpene biosynthesis (Aulitto et al. [2021]). It
is worth highlighting this cultivation evidence aligned with our metage-
nomic data from these Campania systems, which similarly reveals abun-
dant terpene biosynthetic clusters (Figure 22). Both the SA-CVZ backarc
and ltalian Campania cases illustrate that when volcanic systems skew
toward high volatile (COy and H,S) flux and away from direct input of
metal-rich magmatic fluids, microbial secondary metabolism might shift
toward a terpene-enriched repertoire.
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Figure 22: Schematic representation of backarc and post-subduction extensional volcanic systems in active
plate tectonic settings and their influence on the microbial biosynthetic potential. (a) Schematic representa-
tion of the Galan system in the SA-CVZ (South American Central Volcanic Zone) backarc and its influence
on the local microbial biosynthetic potential. The Galan Caldera overlies a large crystal mush reservoir
within the continental crust. In contrast to volcanic arcs, backarc systems experience fewer direct discharge
of magmatic gases to the surface and therefore are more scarce in the primary metal-rich fluids associated
with direct magmatic degassing. They are majorly controlled by the hydrothermal circulation of deep hy-
drothermal reservoirs, receiving less direct input from the subducting slab, and hence their fluid chemistry
is comparatively restricted. Accordingly the BGC potential diversity is lower and specialised in terpenes,
likely involved in membrane stabilization. Geological and regional scale cartoons were adapted from Chiodi
et al. [2024]). (b) Schematic representation of Campi Flegrei Caldera (post-subduction extensional arc), in
the Campania region, ltaly; "m.a.s.l.” refers to meters above sea level. At the macro scale, Campi Flegrei
is influenced by a deep hydrothermal reservoir within the continental crust. The system is high in volatiles
such as CO2 and HzS. These conditions support microbial communities adapted to high acidity, elevated
COa2, and sulfide concentrations. Cross sections adapted from Isaia et al. [2021]) (c) At the microbiological
level, the BGC potential in backarc systems and Campania is high in terpenes, which may aid in stress tol-
erance, cellular protection, and adaptation to volatile-rich environments. The bar plots show the per-sample
relative abundance of terpene BGCs (number of terpene contigs divided by the total number of BGC contigs
in each sample, expressed as %) in 34 backarc samples, versus 17 Campania samples and the remaining
161 samples within active plate tectonic settings. Group differences in terpene proportions were evaluated
with the non-parametric two-sided Wilcoxon rank-sum (Mann—Whitney U) test. Significance is coded as p
<0.05 (*), p < 0.01 (**).
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4.5.3 Microbial strategies for metal homeostasis and competition
in Mid-Ocean Ridge Ecosystems

Tectonic settings at spreading centers, such as at mid-ocean ridges
(MORs), generate biosynthetic profiles distinct from both volcanic arcs
and backarc systems. In the RVB, geothermal fields like Gunnuhver
lie directly atop the Mid-Atlantic Ridge, tapping basaltic magmas and
mantle-derived volatiles. At Gunnuhver, subsurface temperatures reach
290 °C, with localized zones exceeding 300 °C (Fridriksson et al. [2006]).
Previous studies of (plume influenced) Icelandic solfataric fields have re-
ported enrichment in RiPPs, such as archaeocins (Besse et al. [2015]),
and our RVB hot spring microbiomes likewise show the highest relative
abundance of both RiPP and NRPS pathways (Supplementary Figure
29), together accounting for 64 % of their total BGC pool. The preva-
lence of RiPP BGCs suggests that antimicrobial production plays an
important role in these communities: many thermophiles produce heat-
stable bacteriocins and related peptides that help maintain competitive-
ness within dense biofilm assemblages coating sinter deposits in hot
springs (Li and Rebuffat [2020], Novotny Jr and Perry [1992]). The
NRPS enrichment likely reflects a dual adaptation to the environment
of MOR hot springs where basalt-hosted fluids are indeed enriched in
metals such as Fe, Cu, Zn, and various trace elements, primarily due
to intense fluid-rock interaction and magmatic degassing at depth (Zeng
et al. [2021], Saby et al. [2022]). However, the bioavailability of these
metals is highly variable, largely because of rapid mineral precipitation,
which removes metals from the fluid phase as the fluids ascend and
cool (Saby et al. [2022], Clark et al. [2020]). In this context, NRPS met-
allophores may serve a dual role: scavenging essential trace nutrients
under limitation (Alexander et al. [2025], Avalon et al. [2024]), and detox-
ifying excess metals when concentrations become inhibitory (Kraemer
et al. [2015], Gomes et al. [2024]). The resulting BGC profile thus can
represent a strategy shaped by MOR geochemistry, which creates a
complex system for metal bioavailability (Zeng et al. [2021], Saby et al.
[2022], Allen and Seyfried Jr [2005]).

Overall, our findings suggest that tectonic setting exerts a strong influ-
ence on microbial biosynthetic repertoires. The volcanic arc BGC poten-
tial is enriched in NRPS pathways that respond to magmatic metal in-
puts, while backarc systems, especially those located at high elevation,
are characterized by less diverse, stress-adaptive terpenoid metabo-
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lites. In divergent settings such as MOR, the tilt toward NRPS- and
RiPP-dominated profiles likely reflects strategies for metal scavenging
and microbial competition. Thus crustal thickness, which emerged as
the strongest environmental correlate of BGC variation, might be un-
derstood as a geophysical proxy for the diverse tectonic regimes inves-
tigated in this study. By influencing magmatic differentiation (Alasino
et al. [2022]), pressure of mineral stabilization (Tang et al. [2020], Park
et al. [2021]), and fluid-rock interaction pathways (Filiberto et al. [2023]),
crustal thickness indirectly structures the chemical and thermal condi-
tions that subsurface microbial communities experience in geothermally
influenced ecosystems. The strong crustal thickness—BGC diversity sig-
nal reinforces that large-scale geodynamic context, rather than any sin-
gle physicochemical factor, underlies the observed patterns in microbial
biosynthetic potential.

4.5.4 Microbial terpenes as potential biosignatures in modern and
ancient geothermal systems

While our analysis focuses on broad-scale patterns in BGC abundance
and composition, we observed notable structural diversity within terpene
biosynthetic clusters across the sampled sites. Gene clusters from mul-
tiple volcanic provinces and tectonic settings encode a wide range of
predicted products, including carotenoids, sesterterpenes, and smaller
cyclic terpenes such as pristinol and sodorifen (Figure 23), many of
which hold potential as molecular indicators of past life and environ-
mental conditions (Finkel et al. [2023]). Although most biomarker appli-
cations to-date rely on plant-derived terpenes (e.g., triterpenoids) pre-
served in sedimentary archives from the mid-Paleozoic onwards (Naka-
mura [2019], Panczak et al. [2023]), recent work has highlighted the
presence of microbial terpenes in modern and ancient hydrothermal de-
posits (Summons et al. [2022], Finkel et al. [2023]).
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Fossilized microbial lipids, including terpenes, serve as molecular
fossils (biomarkers) that show the history of microbial life on Earth (Sum-
mons et al. [2022], Jia et al. [2016]). For example, carotenoids (a subset
of terpenes) in ancient sediments are used to infer the presence and
ecological roles of phototrophic microbes in past environments (Meyer
et al. [2011]). The structural diversity and recurrence of microbial ter-
pene BGCs in our geothermal samples reinforces the view that these
compounds could serve as biomarkers not only in modern geothermal
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Figure 23: Variety of terpene biosynthetic gene clusters (BGC) present within our
geothermal samples, demonstrating the variety of potential biomarkers. Genes are
colored by predicted function: red for core biosynthetic genes, pink for accessory
biosynthetic, green for regulatory, and grey for non-biosynthetic or unknown function.
The first and last genes in each BGC are labeled.
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environments but also in ancient settings where microbial biomass dom-
inated, as already suggested by Avalos et al. [2022], Finkel et al. [2023]).
As very early Earth environments were often geothermal (Nisbet and
Sleep [2001], Westall et al. [2018]), the rich terpene diversity present
today in these systems may reflect a long-standing association between
geothermal activity and microbial terpene biosynthesis (Kompanichenko
[2017], Kietdvainen et al. [2025], Alvaro et al. [2021]). It is also worth
remarking that the biosynthetic pathways for terpenoids are equally an-
cient and widespread among microorganisms (Kuzuyama [2017], Zhang
et al. [2023]). If preserved in the rock record, microbial terpenes ex-
tend the application beyond the plant-derived molecules typically used,
broadening both the range of environments and the geological time pe-
riods that can be reconstructed (Finkel et al. [2023]).

Among our sites, the SKVP stands out as particularly relevant for the
study of palaeoenvironments and the preservation of microbial biosyn-
thetic signatures on Earth and potentially beyond. These hydrother-
mal systems are linked to Late Cenozoic intraplate volcanism driven by
mantle plume-lithosphere interaction, which generated widespread vol-
canic centers and elevated regional heat flow (Savatenkov et al. [2010],
Windley and Allen [1993]). Unlike hydrothermal systems at convergent
margins, the SKVP is hosted in a tectonically inactive, paleo conver-
gent, intracontinental plume setting but still shows evidence of long-
lived geothermal activity and elevated regional heat flow (Rychkova and
Kalnaya [2023]). Geothermal springs in the region are largely fed by me-
teoric waters, and there is minimal evidence for the contribution of mag-
matic gases or metals, which contrasts with present-day subduction-
related hydrothermal systems where such inputs diversify the chemistry
of the fluids (Oyuntsetseg et al. [2015], Meng et al. [2018]).

Continental plume volcanism has been hypothesised in other planetary
bodies (Broquet and Andrews-Hanna [2022], Broquet and Andrews-
Hanna [2023], Fuller and Head lii [2003]) and directly inferred on Mars
(Broquet and Andrews-Hanna [2023]). These systems could offer pro-
longed heat sources that might have potentially sustained subsurface
hydrothermal habitats even as surface waters waned (Crandall et al.
[2021]). The SKVP plume-heated, meteoric-fed springs (Figure 24a)
thus might provide a terrestrial analogue for such environments, emerg-
ing as an intraplate-hosted simple hydrothermal circuit, driven by vol-
canic heat but with limited magmatic metal flux.

Interestingly, our analysis of the SKVP geothermal sites revealed the
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strongest terpene enrichment across our global dataset (47 %), a value
nearly double that observed in tectonically active convergent margins
at volcanic arcs, where terpene contributions never exceeded 25 %
(Figure 24b, Supplementary Figure 29). Comparable enrichments in
terpenes and volatile organic compounds have also been documented
in the Outokumpu deep drill site in Finland, which is hosted within a
paleoserpentinized ultramafic complex, emplaced and metamorphosed
during the Svecofennian orogeny (Kietavainen et al. [2025]). The recur-
rence of terpene-dominated signatures in inactive plate tectonic loca-
tions either plume-related (e.g SKVP), or ancient intraplate settings (e.g
Outokumpu) might suggest that long-lived hydrothermal circulation with
limited magmatic metal inputs can foster modern microbial communities
that preferentially invest in membrane-protective and stress-mitigating
terpene pathways. Such parallels point to the potential persistence of
terpene biosynthetic strategies in hydrothermal systems over geologi-
cal timescales, as terpene signatures can be constantly present even if
plate tectonics ceases.
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Figure 24: Geological context and distribution of biosynthetic gene clusters (BGCs)
across the South Khangai Volcanic Province (SKVP). (a) Conceptual cross-section of
the plume—lithosphere interaction in the SKVP, modified from Savatenkov et al. [2010],
where meteoric waters circulate through the lithosphere sitting above a mantle plume.
The adjacent donut plot depicts the diversity of BGC categories recovered from a rep-
resentative SKVP metagenome (Taragat hot spring), with each segment correspond-
ing to a contig. Terpene and terpene-precursor BGCs dominate the biosynthetic reper-
toire. The full list of BGCs present in this site is available in Supplementary Table 3.
(b) Proportions of NRPS (nonribosomal peptide synthetase) and terpene BGCs across
different volcanic provinces: AAVP (Aeolian Arc Volcanic Province, n=10), SKVP (n=7),
CAVA (Central American Volcanic Arc, n=88), and SA-CVZ volcanic arc (South Ameri-
can Central Volcanic Zone, n=46). Significant differences in BGC proportions amongst
volcanic provinces evaluated with the non-parametric two-sided Wilcoxon rank-sum
(Mann—Whitney U) test. Significance is coded as p <0.05 (*), p < 0.01 (™), p <
0.001( ***).

The enrichment of terpene biosynthetic clusters in the SKVP plume-
related geothermal systems highlights a functional contrast with the ac-
tive convergent margin tectonics of volcanic arcs, where NRPS path-
ways dominate (Figure 42). In arc settings such as the SA-CVZ, CAVA,
and AAVP, hydrothermal fluids are directly influenced by magmatic de-
gassing (Kleint et al. [2019]), and subducting slab metal input (Castillo
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[2023]). Under these conditions, NRPS systems provide a selective
advantage by producing metal-binding metabolites that mitigate toxic-
ity (Carroll and Moore [2018], Alves et al. [2022]), Similar NRPS en-
richment is observed in other tectonically active volcanic settings, such
as the Kolumbo submarine volcano (Santorini) (Bourbouli et al. [2015]),
shallow-water hydrothermal vents in the Azores (Ramasamy et al. [2020]),
and the Barren Islands volcanic arc in Southeast Asia (Meena et al.
[2019]). In contrast, the SKVP hot springs are primarily fed by meteoric
waters circulating through the continental crust, with limited magmatic
input but constant heat-flux from remnants of the intraplate plume. Here,
other environmental factors, such as the local thermal regime and the
arid, high altitude desert like nature of the region, might favor the pro-
tective and stabilizing functions of terpenes (Gershenzon and Dudareva
[2007]). These compounds are well-suited to mitigate oxidative stress
(Borisov et al. [2021], Bosak et al. [2008]), maintain membrane integrity
under variable temperature and pH conditions (Willdigg and Helmann
[2021], Hoshino and Villanueva [2023], Santana-Molina et al. [2022]),
and enhance UV protection (Avalos et al. [2022]). Thus, intraplate in-
active tectonic systems hosting residual geothermal activity have the
potential to foster microbial communities that harbor terpene-enriched
strategies of stress resilience, in contrast to the NRPS-driven metal re-
sponse typical of volcanic arcs in active convergent margins of subduc-
tion zones.

4.6 Conclusion

Altogether, understanding how geological processes shape microbial
secondary metabolism over large planetary scales not only sheds light
on microbial adaptation on Earth but also informs on planetary biosigna-
tures exploration. Our results exemplify how the large-scale geological
context can influence the natural product potential of regional micro-
biomes, positioning tectonics as a fundamental yet underexplored driver
of microbial BGC repertoires and biosynthetic signatures (Figure 25).
Future efforts to map microbial function at the planetary scale will fur-
ther increase our understanding of the extent of tectonics influence, may
expand the repertoire of known microbial natural products, and even re-
fine molecular tools for reconstructing ancient environments on Earth
and other planets that undergo plate tectonics.
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Figure 25: Schematic cross-section of representative tectonic regimes and associ-
ated geothermal systems in this study, illustrating large-scale geodynamics shaping
microbial biosynthetic gene cluster (BGC) diversity. In volcanic arcs, fluids sourced
from subducting slabs and magmatic degassing support NRPS-linked (nonribosomal
peptide synthetases) to metallophore production. Back-arc springs, with reduced di-
rect magmatic input, shift toward stress-adaptive terpene pathways. Mid-ocean ridge
(MOR) systems, influenced by divergent tectonics and mantle plumes, display NRPS-
and RiPP-dominated (ribosomally synthesized and post-translationally modified pep-
tides) repertoires reflecting metal-microbe interactions and microbial competition. In-
traplate plume-influenced settings are characterized by pronounced terpene enrich-
ment potentially reflecting scarce direct magmatic input in this system. BGC charts
represent the relative proportions of BGC categories within the SA-CVZ (South Amer-
ican Central Volcanic Zone) volcanic arc, SA-CVZ backarc, RVB (Reykjanes Volcanic
Belt) and SKVP (South Khangai Volcanic Province) respectively. Moho and 122 °C
isotherm are representative general changes across tectonic settings. Cross section
adapted from Giovannelli et al. [2022].
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Figure 26: Weighted Jaccard principal coordinate analysis (PCoA) of biosynthetic gene cluster (BGC) com-
munity structure across geothermal sites. Top: PCoA plot with environmental vector fitting (envfit) showing
the direction and strength of selected geochemical variables (temperature, pH, chloride, conductivity, crustal
thickness, etc.) alongside sample symbols colored by tectonic regime and shaped by volcanic zone of origin:
CAVA (Central American Volcanic Arc), SA-CVZ (South American Central Volcanic Zone), RVB (Reykjanes
Volcanic Belt), AAVP (Aerolian Arc Volcanic Province), TLVP (Tuscan-Latium Volcanic Province), and SKVP
(South Khangai Volcanic Province). Middle: The same ordination with point color scaled by in situ tempera-
ture (°C), illustrating a gradient aligned with Axis 1. Bottom: The same ordination colored by pH, showing a
similar transition in geochemical conditions along the ordination space.
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Figure 27: Environmental gradients shaping microbial BGC composition across
geothermal systems. Top: Principal Coordinate Analysis (PCoA) showing ordination
of microbial biosynthetic gene cluster (BGC) profiles constrained by crustal thickness
(CT). Middle: PCoA constrained by temperature, showing a diffuse gradient across
samples. Bottom: PCoA constrained by pH. Environmental variables tested for impact
in the dataset using PERMANOVA (adonis2, Jaccard distance).
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Figure 28: Alpha diversity of biosynthetic gene clusters (BGCs) across tectonic set-
tings. Shannon diversity indices were calculated from BGC profiles of geothermal
samples grouped by tectonic context (volcanic arc, backarc, post-subduction). Diver-
sity differed significantly among groups (Kruskal-Wallis x? = 17.35, p = 1.7 x 107%).
Volcanic arc sites (n = 125) showed the highest diversity (mean = SD = 2.18 + 0.69),
significantly greater than both backarc (n = 34, 1.85 + 0.57; p = 0.0026) and post-
subduction sites (n =17, 1.88 £ 0.41; p = 0.0026). Backarc and post-subduction sites
did not differ significantly (p = 0.99). Box plots display medians (horizontal line), in-
terquartile range (box), and full range (whiskers), with individual samples shown as
jittered points.
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Figure 29: Biosynthetic gene cluster (BGC) composition across geothermal and volcanic regions. Stacked
bar plots show the relative abundance of BGC categories in metagenomic assemblies from different global
sites. Variations in BGC profiles reflect distinct microbial adaptations to the geochemical and geological
characteristics of each location. At the volcanic province scale, the same patterns as of our Clusters are
possible to be seen. SA-CVZ (South American Central Volcanic Zone) volcanic arc samples (most abun-
dant in Cluster 1) exhibit high proportions of NRPS (nonribosomal peptide synthetases) (24.7 %) and RiPP
(ribosomally synthesized and post-translationally modified peptides) (29.0 %) BGCs, consistent with envi-
ronments characterized by heavy metal input. Terpenes contribute 18.4 %, PKSs (polyketide synthases)
account for 14.7 %, and other BGC types make up the remaining 13.2 %. In contrast, SA-CVZ back-arc
samples (most abundant in Clusters 2 and 3) display a more streamlined BGC profile, with RiPPs further
elevated to 35.8 % and terpenes rising to 28.7 %, and NRPSs drop to 14.7 %, a notable 10 % decrease rel-
ative to the volcanic arc counterpart. PKS and other categories share the remaining 20.4 % of the SA-CVZ
backarc BGC pool. Samples from the CAVA (Central American Volcanic Arc) reveal a relatively balanced
biosynthetic landscape. RiPPs still dominate (31.1 %), followed by terpenes (24.0 %), NRPSs (16.7 %),
PKSs (13.6 %), and other clusters (14.6 %). In Italy, which spans diverse tectonic regimes, from subduction-
related island arcs (e.g., AAVP (Aeolian Arc Volcanic Province)) to post-subduction extensional arcs (e.g.,
Campania and TLVP (Tuscan-Latium Volcanic Province)), the BGC distribution is varied. AAVP samples
show the lowest terpene contribution to BGC pool amongst Italian samples (18.8 %, while Campania and
TVLP had a contribution of 23 % both), and Campania samples show a modest NRPS contribution (14 %
in comparison to 19 % for both AAVP and TVLP). TVLP samples show a slightly elevated RiPP proportion
33 %, followed by AAVP 32 % and Campania 31 %. PKS show small contributions in all Italian samples,
reaching no more than 15 % for each of them. Other BGCs contribute 17 % for Campania and AAVP, and 13
% for TVLP. Geothermal springs in the RVB (Reykjanes Volcanic Belt), located along the active Mid-Atlantic
Ridge, as well as deep-sea hydrothermal vents in the Guaymas Basin and deep seeps in the SKVP (South
Khangai Volcanic Province), show distinctly different biosynthetic profiles compared to all other sample sites.
In the RVB (most abundant in Cluster 3), biosynthetic gene clusters (BGCs) are dominated by RiPPs (36.8
%) and NRPSs (27.5 %), while all other categories each account for less than 12 %. The EPR BGC pool
is relatively well balanced containing 24 % terpene, 23 % RiPP, 22 % NRPS and 20 % PKS, other BGCs
occupy the remaining 10 %. The Guaymas Basin microbiome shows the highest PKS representation across
all sampled volcanic provinces (22 %), terpenes were the most abundant BGC category in these samples
(28 %), followed by RiPPs (27 %) and NRPSs (14 %). Other BGCs contributed modestly at 9 %. SKVP
samples exhibit strongest terpene enrichment across our global dataset (47 % ). RiPPs contribute 22 %,
NRPSs 13 %, and the remaining categories together comprise the final 18 %. These distributions suggest
a focused yet distinct biosynthetic specialization across such geothermal systems.
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6 | Appendlx II: Sampling expeditions

6.1 Aeolian Islands July 2025 AEO25

| participated in the sampling expedition “AEO25” organized by Prof. Do-
nato Giovannelli (donato.giovannelli@unina.it) in the framework of the
ERC CoEvolve project. The expedition sampled several gas emissions
sites particularly in Vulcano island, including both terrestrial and sub-
marine locations. Sampled matrices included fluids, sediments, biofilms
and gas that will be used for the characterization of the geochemistry
and microbiology of the sites. | was involved in sample collection, sam-
ple processing and preservation in the field.

6.2 CN5 Expedition Gulf of Pozzuoli 2024

| participated in the sampling expedition “CN5” organized by Prof. Do-
nato Giovannelli (donato.giovannelli@unina.it). The focus was on shallow-
water hydrothermal vents in the Gulf of Pozzuoli, to analyze their micro-
bial taxonomic and functional diversity and to unveil their impact on the
surrounding ecosystem. Sampled matrices included fluids and biofilms
that will be used for the characterization of the geochemistry and micro-
biology of the sites. | was involved in sample collection, sample process-
ing and preservation in the field. This expedition happened in January
2024, May 2024, June 2024 and lasted 5-8 days each.

6.3 International Continental Drilling Program Drilling
into the Ivrea-Verbano Zone November 2023

| participated in the expedition “ICP-DIVE” where the focus was sam-
pling rock cores from the area of Ivrea-Verbano. | was involved in sam-
ple collection, sample processing and preservation in the field.

6.4 Bio Ocean 5D October 2023

| participated in the expedition Bio Ocean 5D where | was in charge of
collecting macro and microfauna and sediment samples on seafloor and
freezing some samples on liquid nitrogen after collection.
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7 Appendix lll: Publications

» Ana Clara Pelliciari Silva, Flavia Migliaccio, Bernardo Barosa,
Luigi Gallucci, Mustafa Yucel, Dyonisius Foustoukos, Nadine le
Bris, Constantino Vetriani, Donato Giovannelli (2025a). Hydro-
dynamic flow and benthic boundary layer interactions shape the
microbial community in Milos shallow water hydrothermal vents.
Front. Microbiol. 16, 1649514. doi: 10.3389/fmicb.2025.1649514

» Bernardo Barosa, Carmela Celentano, Flavia Migliaccio, Sara Clau-
dia Diana, Ana Clara Pelliciari Silva, Matteo Selci, Luca Toni-
etti, Deborah Bastoni, Martina Cascone, Alessia Bastianoni, Mon-
ica Correggia, Luciano di lorio, Roy Price, Stefano Caliro, Marco
Milazzo, Alessandro Aiuppa, Costantino Vetriani, Angelina Cor-
done, Donato Giovannelli. The microbiology and geochemistry of
the shallow-water hydrothermal vents of the Gulf of Naples, Italy,
preprint at biorxiv
doi.org/10.1101/2025.10.02.679971.

« Ana Clara Pelliciari Silva, Benoit de Pins, Francesco Monte-
magno, Flavia Migliaccio, Martina Cascone, Deborah Bastoni, Bernardo
Barosa, Matteo Selci, Costantino Vetriani, Agostina Chiodi, Fed-
erico A. Vignale, Maria Garcia Alai, Alberto Vitale Brovarone, Gerd-
hard L. Jessen, Jenny M. Blamey, J. Maarten de Moor, Karen G.
Lloyd, Peter Barry, Donato Giovannelli (2025). Tectonic setting
shapes microbial biosynthetic potential across global geothermal
environments, preprint at biorxiv doi.org/10.1101/2025.09.14.675129

8 Appendix IV: Participations in congresses

» ltalian Society of Microbial Biotechnology Congress - Rome, ltaly
September 2025 "Geosphere-Biopshere coevolution: the role of
trace metal availability in the evolution of biogeochemistry” con-
tributed as coauthor, D. Giovannelli as first author

« Life and Planet 2025 (sponsored by The Geological Society) - Lon-
don, UK July 2025 presenting "Tectonic regime shapes microbial
biosynthetic potential across global geothermal systems” as first
author
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» Goldschmidt 2025 - Prague, Czech Republic July 2025 present-
ing as first author "Hydrodynamics and Benthic Boundary layer in-
teractions shape the microbial community in Milos’ shallow water
vents”

+ Volcanic Gas Sampling Summer School in the Aeolian Islands,
Sicily June 2025 joining as full-time participant

» Banff Geobiology - Banff, Canada April 2025 presenting "Micro-
bial mats as time capsules: lessons from modern hydrothermal
systems” as first author

» Exploring Otherness on Earth and beyond: Bridging the gap be-
tween natural sciences, social sciences and humanities - Berlin,
Germany April 2025 presenting as first author "Organic matter and
ferric ferrous minerals in Frutexites dubiofossils might support the
search for life on Mars”

« American Geophysical Union - Washington D.C, USA December
2024 presenting "Niche Differentiation in Freshwater Beggiatoa
Mats” as first author

 57th European Marine Biology Symposium - Naples, Italy Septem-
ber 2024 "Multilevel analysis of the ecosystem effects of marine
geothermalism - the case study of the Gulf of Pozzuoli (ltaly)” con-
tributed as coauthor, F. Migliaccio first author

* International Geobiology Summer Course June 2024-July 2024
hosted by Penn State University (Pennsylvania, USA) joining as
full-time participant

* GRC Geobiology Conference, Galveston - Texas, USA January
2024 joining as funded participant

+ Lyell Day, Royal Holloway University - London, UK February 2023
presenting "Organic matter and ferric ferrous minerals in Frutex-
ites dubiofossils might support the search for life on Mars” as first
author

9 Appendix V: Selected papers and preprints
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boundary layer interactions shape
the microbial community in Milos
shallow water hydrothermal vents
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Nadine Le Bris®, Stuart J. Bartlett®, Valerio D'Alessandro’,
Costantino Vetriani®®* and Donato Giovannelljl89101t12%

!Department of Biology, University of Naples “Federico II", Naples, Italy, 2Department of Molecular
Ecology, Max Planck Institute for Marine Microbiology, Bremen, Germany, *Institute of Marine
Sciences, Middle East Technical University, Mersin, Turkiye, “Earth and Planets Laboratory, Carnegie
Institution of Washington, Washington, DC, United States, °Institute of Systematics Biodiversity and
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Ancona, Italy, *Marine Chemistry and Geochemistry Department, Woods Hole Oceanographic
Institution, Woods Hole, MA, United States, *2Earth-Life Science Institute, Tokyo Institute of
Technology, Tokyo, Japan

In shallow-water hydrothermal vents, the dynamic interface between the discharged
reduced hydrothermal fluids and the oxidized seawater allows the establishment
of gradients capable of supporting diverse and complex microbial mats. Due
to their shallow depths and proximity to land masses, shallow vents are heavily
influenced by dynamic forcing, tidal fluctuations, and episodic events (e.g., storms,
tides, etc.). Although several studies have investigated the microbial communities
inhabiting shallow vents in the last decades, less is known about how microbial
communities respond to episodic events and how the complex interplay of physical
and chemical drivers shapes the establishment and structure of microbial biofilms
in these systems. Here we present data combining the taxonomic and functional
diversity of the white microbial mats commonly found in sulfide rich shallow-water
hydrothermal vents in Paleochori Bay (Milos Island, Greece), using a combined
approach of 16S rRNA transcript amplicon sequencing (from RNA) and shotgun
metagenomic sequencing (from which 16S rRNA genes were retrieved). We show
that the white microbial mats of Milos shallow-water hydrothermal vents are
dominated by Epsilonproteobacteria, now classified as Campylobacterota, with
metabolic functions associated with chemolithoautotrophic lifestyles and exposed
to a diverse array of viral communities. Taxonomic names follow the classification
available at the time of analysis (2012). We explore how dynamic forcing and storm
events influence microbial community restructuring and turn-over, and provide
evidence that dynamic interactions with the benthic boundary layer play a key
role in controlling the spatial distribution of taxa. Overall, our results show diverse
processes through which geodynamic events influence microbial taxonomic and
functional diversity.

KEYWORDS

shallow-water hydrothermal vents, microbial diversity, metagenomics, fluid-mixing,
microbiome, ripples, storms, benthic boundary layer
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1 Introduction

Shallow-water hydrothermal vents (SWHVs) are dynamic
environments that form near tectonic plate boundaries and active
volcanic areas, where geothermal heat drives the circulation of
hydrothermal fluids (Price and Giovannelli, 2017). Upon discharge,
hydrothermal fluids show unique chemical compositions, and are
often enriched in carbon dioxide, sulfide, hydrogen, and iron among
other compounds. Several of the compounds and elements released in
the water column by SWHY, like iron, cobalt and reduced sulfur and
nitrogen compounds, play a crucial role in marine ecosystems,
supporting primary productivity and other metabolisms (Yiicel et al.,
2011; Price and Giovannelli, 2017; Schine et al., 2021; Gledhill and
Buck, 2012; Frawley and Fang, 2014; Gomez-Saez et al., 2017).
Additionally, the presence of sunlight in SWHV's fosters a dual-energy
ecosystem, supporting both photosynthetic and chemosynthetic
metabolisms. The availability of locally produced organic carbon,
along with terrigenous and water column derived organic matter
inputs, support complex heterotrophic microbial communities (Bellec
et al., 2020; Arcadi et al., 2023).

Due to their shallow depths, SWHV:s are also subject to unique
dynamic physical and chemical forces that differ from their deep-sea
counterparts. These include increased exposure to storm-induced
turbulence, which enhances seawater-hydrothermal fluid mixing and
creates steep chemical and thermal gradients across relatively short
spatial scales (Yiicel et al., 2013). For example, episodic storm events,
driven by high wind velocity and surface shear stress, and resulting
strong waves, can resuspend sediments in the Milos shallow vent
system, altering fluid discharge patterns, and influencing both
microbial and geochemical zonation (Yiicel et al., 2013). These mixing
processes result in the formation of localized microenvironments
characterized by rapid changes in temperature, redox conditions, and
electron donor/acceptor availability (Yiicel, 2013). Such steep gradients
strongly influence microbial colonization and niche differentiation. The
thermodynamic disequilibria created at the interface of hydrothermal
fluids and oxygenated seawater provide abundant energy sources for
microbial metabolism, particularly for chemolithoautotrophs that
exploit reduced compounds such as hydrogen and sulfide (Price and

10.3389/fmicb.2025.1649514

Giovannelli, 2017; Lu et al., 2020). As a result, SWHV's serve as natural
laboratories for studying microbial processes shaped by both
geochemical potential and hydrodynamic forces.

Biofilm formation is expected to be a dominant microbial strategy
in shallow-water hydrothermal vents, given the dynamic mixing
processes and steep physicochemical gradients described above.
Biofilms and microbial mats are structured microbial communities
embedded in self-produced extracellular polymeric substances that
facilitate surface colonization, metabolic cooperation, and resilience
to fluctuating environmental conditions (Dobretsov, 2009; Flemming
and Wingender, 2010). While extensively studied in deep-sea
hydrothermal vents, where they play critical roles in primary
productivity and community stability under extreme thermal and
chemical regimes (Alain et al., 2004; Gulmann et al., 2015; O’Brien
etal,, 2015), biofilms are also recognized as key features of microbial
life in terrestrial hot springs, such as those in Yellowstone and Iceland,
where similarly steep gradients drive spatial microbial stratification
(Schuler et al,, 2017). In shallow-water hydrothermal vents, however,
these structures are likely even more significant due to increased
environmental variability, including exposure to light, turbulence, and
storm-induced mixing (Price and Giovannelli, 2017; Patwardhan
et al., 2018; Sciutteri et al,, 2022). Shifting physical and chemical
conditions in SWHYV selects for microbial assemblages capable of
adhering to surfaces and rapidly adapting to changing redox and
nutrient conditions, making biofilms not just prevalent but essential
to microbial survival and ecosystem function in shallow vents.

The hydrothermal area of Milos Island, situated within the Aegean
Volcanic Arg, is a region extending from the island of Kos close to the
Turkish coast in the east to Methana in the west. The arc has been
formed by the subduction of the African plate beneath the northeastern
edge of the European plate, hosting Milos Island. Milos island spans a
geo-active zone of vents covering approximately 35 km?” and stands as
one of the most extensively studied shallow-water geothermal systems
globally (Dando et al., 1995, 2000; Price and Giovannelli, 2017; Nomikou
etal,, 2021). Within this area, Paleochori Bay, located on the southeast
coast of Milos island (Figure 1), represents a venting site characterized
by intense degassing, hydrothermal activity, and a pronounced thermal
and redox vertical gradient (Dando et al., 1995, 2000; Yiicel et al., 2013).
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FIGURE 1

(A) Map of the Eastern Mediterranean Sea and Aegean Sea showing the position of the Hellenic Trenches and the Hellenic Volcanic Arc (adapted from
Kokkalas et al., 2006). (B) Upper: Map of the south portion of Milos Island; lower: detail of the study area in Paleochori Bay.
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The entire Paleochori Bay area manifests as regions of elevated
temperature and degassing on the sandy seabed (Khimasia et al., 2020).
Vertical gradients in temperature and redox are steep, with sediment
depth correlating with temperature rise, whereas horizontal changes in
temperature and redox are gradual and decrease as the distance from the
venting center increases (Sievert et al., 1999; Sievert et al., 2000; Dando
et al,, 2000; Wenzhofer et al., 2000). Reported temperatures of up to
119 °C at a vent site at 10-meter water depth underscore the extreme
thermal conditions present (Botz et al., 1996). Venting fluids exhibit
varying salinity levels, often mixed with freshwater. The CO, content in
these fluids ranges between 54.9 and 91.9%, while the emissions of H,S,
CH, and H, comprise < 8.1%, < 9.7%, and < 3%, respectively (Botz
etal,, 1996; Dando et al., 2000). Hydrothermal fluids have been found
to contain elevated concentrations of reduced inorganic chemicals,
including NH,* (up to 1 mM), Mn** (up to 0.4 mM) (Fitzsimons et al.,
1997), and arsenic primarily in the trivalent oxidation state [As(III)] (in
the range of 30 uM) (Price et al,, 2013). Common occurrences near vent
orifices include arsenic minerals and elemental sulfur precipitates, while
sediment depressions often harbor dense brines (Dando et al., 2000).

Within the extreme conditions found in the Milos hydrothermal
systems, biofilms and microbial mats can attain thicknesses of several
centimeters (Figure 2), representing the most abundant biomass
structures (Hall-Stoodley et al., 2004). These biofilms offer homeostasis
in fluctuating environments, potentially mitigating variations in pH,
oxygen levels, exposure to ultraviolet radiation, and detoxifying heavy
metals while concentrating nutrients. By confining cells in close
proximity, biofilms facilitate inter- and intra-specific chemical
signaling and nutrient exchange (Hall-Stoodley et al., 2004; Garnett
and Matthews, 2012; Patwardhan et al., 2021). The presence of thick
white microbial mats, which form at the interface of an oxygen-rich
environment, such as in contact with both seawater and a H,S-rich
environment, where hydrothermal fluids are discharged, is a
prominent feature of hydrothermal systems on the seafloor (Sievert
and Vetriani, 2012; Giovannelli et al., 2013; Yiicel et al., 2013).

Despite their importance and visual prominence, the taxonomic
and functional diversity of white mats in the Paleochori Bay has never
been explored in response to hydrodynamics events. In this study,
we combined 16S rRNA amplicon sequencing, from DNA and RNA,
and metagenomic sequencing to investigate microbial community
composition before, during, and after major storm events in
Paleochori Bay. We also investigated mat structuring following
hydrodynamic interactions with the sandy bottom. By integrating
these approaches, we unravel the extent to which environmental
perturbations shape microbial communities in SWHVs and provide
new insights into the resilience and adaptability of biofilm-associated
microbiota in fluctuating conditions. Our findings contribute to a
broader understanding of the complex geobiological interactions
governing hydrothermal vent ecosystems and highlight the
importance of considering dynamic events when studying microbial
diversity in geothermal ecosystems.

2 Materials and methods
2.1 Sites and sample collection

Samples were collected from May 21st to May 29th, 2012, from the
shallow-water vents of Paleochori Bay in the island of Milos, Greece. The

sampling site was characterized by shallow depth (9-13 meters) (Yiicel
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FIGURE 2

Scanning electron microscopy micrographs of Milos white microbial
mats filtered onto a 0.22 pm filter. (a) A low-magnification overview
of the microbial mats showing the high abundance of filamentous
structures and the presence of large sand granules (scale bar

300 pm); (b) detail of a marginal section of the microbial mat
structure showing the presence of long (20-50 pm) filaments and
globular precipitates (scale bar 50 pm); (c) detail of the filamentous
structures and globular precipitates. Each filaments is coated with a
large number of small precipitates (scale bar 20 pm); (d) close up of
the filamentous structures and globular precipitates (scale bar

10 pm); and (e,f) phase contrast micrograph of the filaments (1,000x).
The globular precipitates are visible as bright spots under this light.

etal, 2013) and the presence of thick microbial mats (Giovannelli et al.,
2013; Puzenat et al., 2021; Le Moine Bauer et al., 2023), enabling close
monitoring of the hydrodynamic disturbances impact on hydrothermal
activity and microbial community (Figure 1). White mat samples used
to assess the taxonomic and functional diversity were sampled during a
period of calm sea state when the mats were mature and reached the
thickness of a few centimeters. Samples for assessing the spatial changes
in composition across small scales (i.e., at the scale of a single sand
ripple) were acquired during the same period of time. Different coloured
microbial mat samples were collected across sand ripples following the
changes in the visual composition of the community from white, to
yellow to brown. These changes occurred on sand ripples of 15-20 cm
length from crest to crest. Samples used to analyze the microbial
community composition after a major dynamic event were sampled
before and after a 5 and 7 day period from a storm event with winds
reaching up to 50 m s (Yiicel et al., 2013). All microbial mats samples
were collected by SCUBA divers using sterile syringes and stored directly
on the seafloor either in empty sealed hungate tubes or in hungate tubes
pre-filled with RNAlater solution using al8G needle. Samples for
molecular analysis were frozen 12 h after collection to allow for the
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RNAlater solution to stabilize the mats. Aliquots of the mats were
preserved in 2% glutaraldehyde for microscopy analysis.

2.2 Scanning electron microscopy and
phase contrast microscopy

Fragments of the microbial mats preserved in glutaraldehyde (2%
final concentration) were recovered on a 0.22 pm pore-size
Nucleopore polycarbonate filter, then frozen at —20 °C, mounted on
a temperature controlled sample holder, and visualized at —25 °C on
a Phenom ProX microscope (Phenom World). Images were acquired
at maximum resolution using either a 10 kV or 15 kV acceleration
voltage. Energy-dispersive X-ray spectroscopy (EDS) was performed
at 15 kV acceleration voltage using the Phenom ProX EDS module.
Microbial biofilms were also observed under optical microscopy using
phase contrast at 1,000x magnification.

2.3 RNA and DNA extractions

Community DNA was extracted from RNAlater-fixed biomass
using a modified phenol:chloroform protocol, following the method
outlined by Giovannelli et al. (2013). Briefly, biomass aliquots (ca.
0.5 mL) were centrifuged to remove the RNAlater solution, followed by
the resuspension of the pellet in extraction buffer (100 mM Tris-HCI,
100 mM EDTA, 1.5M NaCl pH 8.0) supplemented with lysozyme
(10mgmL™), and incubated at 37 °C for 30 min. Proteinase K
(20 mg mL™") was added, followed by another 30 min-long incubation
at 37 °C. The sample was then treated with 20% SDS and agitated at
60 °C for 1 h. Precipitates and cell debris were removed by centrifugation
(5 min at 14,000 x g) and the supernatant was collected and extracted
with 1 volume of phenol:chloroform:isoamyl alcohol (25:24:1, pH 8.0),
followed by one extraction with chloroform:isoamyl alcohol (24:1). DNA
was then precipitated overnight with sodium acetate and isopropanol,
washed with 70% ethanol, and resuspended in PCR grade water. DNA
was visualized on 1% agarose gel stained with ethidium bromide and
quantified on a NanoDrop 2000 spectrophotometer (Thermo Scientific).
RNA extraction was carried out using a similar procedure, with acidic
phenol used instead of phenol:chloroform:isoamyl alcohol, and the pellet
was resuspended in diethylpyrocarbonate (DEPC)-treated water. RNA
samples were then treated with DNAse I TURBO DNA-free kit
(Ambion) following the manufacturer protocol. This DNase treated
RNA was reverse transcribed into cDNA using the Invitrogen cDNA
synthesis kit (Invitrogen, Carlsbad, CA, United States), according to the
manufacturer’s specifications. Appropriate negative and no-RT control
were carried out. Obtained cDNA was tested by PCR using 338F/517R
bacterial primers targeting the 16S rRNA gene (Muyzer et al., 1993).

2.4 Pyrotag sequencing and analysis

Pyrotag amplicon sequencing was performed on the Roche 454
GS-FLX sequencer at MR DNA," using the cDNA as template and the

1 http://www.mrdnalab.com
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bacterial primer 27F mod and 530R (Dowd et al., 2008). White
microbial mat samples collected before (on the 21st May 2012), during
(on the 26th May 2012) and after the storm event (the 28th May 2012),
along with samples of different mats collected across the sand ripple
(yellow, orange and green) were subjected to DNA extraction and 16S
rRNA gene amplicon sequencing, concluding a total of six samples.
Pyrotag amplicon sequencing was performed as specified above, by
targeting the variable regions V1-V3 with the Roche 454 GS-FLX
sequencing platform at MR DNA (see text footnote 1) (Dowd
et al., 2008).

Generated raw 16S rRNA gene sequences were processed and
analyzed using the QIIME 1.8 software package (Caporaso et al.,
2010). Pyrosequencing noise was removed by employing the Denoiser
0.91 (Reeder and Knight, 2010) included in QIIME. Chimeric
sequences were removed using UCHIME (Edgar et al., 2011), included
in USEARCH (6.0.152). We applied UCHIME in de novo mode to
cluster sequences, as this has been shown to outperform closed
reference clustering approaches (Westcott and Schloss, 2015). The
determination of Operational taxonomic unit (OTUs) was performed
with the UCLUST algorithm (Edgar, 2010) at 97% similarity, and a
representative set was selected employing the QIIME scripts “pick_
otus.py” and “pick_rep_set.py” Singleton were removed from the
dataset. Taxonomic classification of selected reference sequences
(OTUs) was performed by similarity searches using the Ribosomal
Database Project naive Bayesian classifier, version 2.12 (Wang et al.,
2007), included in QIIME with a cut off level of 0.80 on the assignment
confidence. Therefore, all taxonomic affiliations used herein are based
on those used at the time of the analysis. Individual OTUs represented
by more than 10 sequences were searched against the EzTaxon
database (Chun et al, 2007) in order to identify the closest
cultured relative.

2.5 Metagenome sequencing and analysis

High quality community DNA extracted from the undisturbed
microbial white microbial mat before the storm was submitted to MR
DNA lab (see text footnote 1) for shotgun sequencing on the Roche
454 GS-FLX platform. Sequences obtained from the metagenomic
shotgun sequencing were uploaded to MG-RAST webserver (Meyer
etal., 2008), followed by a demultiplexing, quality and length filtering
and dereplication steps. The obtained QC reads were analyzed using
the built in MG-RAST pipeline and downloaded for downstream
analysis. The raw fastq sequences were analyzed using webMGA (Wu
etal, 2011) and Real Time Metagenomic (Edwards et al., n.d.) web
servers. Sequences were screened for ribosomal RNA genes using
RNAmmer (Lagesen et al., 2007) and Metaxa (Bengtsson et al., 2011).
Obtained 16S rRNA sequences were clustered and classified using
UCLUST and the RDP classifier as described above. Metaphlan2
(Truong et al., 2015) was used for taxonomic profiling of the entire
metagenome. Quality checked reads downloaded from MG-RAST
were assembled into contigs using the CLC genomic workbench.
Gene calling was performed on the obtained contigs using prodigal
(Hyatt et al., 2010). Obtained coding sequences were analyzed using
NCBI blastp service (McGinnis and Madden, 2004) against the
non-redundant database and the KEGG GostKOALA web service
(Kanehisa and Goto, 2000). Given the high amount of reads assigned
to viruses, the quality checked reads were uploaded to MetaVIR
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(Roux et al, 2011). All raw data is available through ENA
Bioproject PRJEB88540.

To link taxonomic classification to functional potential,
representative OTU sequences were analyzed using BLAST (McGinnis
and Madden, 2004) against the NCBI non-redundant database,
allowing for functional assignment based on sequence homology.

2.6 Fluid flow model generation

The effects of hydrodynamic forcing in sand ripples at the vicinity
of the shallow-water hydrothermal systems were inferred by applying
both the Lattice Boltzmann Method (LBM) and Finite Volume
Method (FVM) to model the interaction between the tide and shear
imposed fluid flow, thermal advection and an obstacle represented by
a sand ripple. The FVM was adopted to solve the flow model, based
on the Navier-Stokes equations with a momentum sink term to
represent soil porosity. Specifically, a colocated unstructured FVM
strategy was used (Greenshields and Weller, 2022). Furthermore, all
diffusive terms and pressure gradients were approximated with
second-order accuracy, while the convective terms were discretized
using a linear-upwind approach. The aforementioned solution strategy
was implemented within the well-known object-oriented OpenFOAM
open-source library.

We performed lattice Boltzmann modeling (LBM) simulations
to examine water flow around and through a simplified ripple
geometry. Flow within the computational domain was driven by
imposing a constant horizontal velocity at the upper boundary,
simulating shear flow conditions. Both the ripple structure and the
underlying sand bed were represented as porous media, permitting
fluid penetration to a limited extent. In addition, a vertical
temperature gradient was imposed throughout the domain. This
gradient was deliberately set below the threshold required to induce
natural convection, thereby ensuring that heat transport within the
system occurred exclusively via advection associated with the
imposed horizontal flow. Model parameters, including upper
boundary flow velocity, sediment porosity, and the magnitude of the
temperature gradient, were selected based on typical environmental
conditions observed in sediment-water interaction scenarios (Precht
and Huettel, 2004).

The code for implementing this LBM was written in C with MPI
routines for parallelization. It can be found at the following github
repository: https://github.com/giovannellilab/Milos_white_mats.

3 Results

3.1 Microbial mat structure and
microscopic observations

A close association between the curved non-branching filaments
and the small bright granules emerged from phase contrast
observations of the microbial mat (Figure 2). Granules with diameters
below 2 pm appeared to be attached to the outer surface of the
filaments. The white microbial mat structure did not present classic
evidence of well structured exopolysaccharides, but was composed of
a network of loosely packed microbial filaments and mineral
precipitates. EDS analysis of the larger granules revealed the presence
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of dominant sulfur peaks, suggesting the presence of sulfur-rich
mineral phases, possibly including oxidized sulfur species and
elemental sulfur precipitates. We also identified additional minerals
embedded in the mat filaments, such as manganese oxide and arsenic
sulphides. Individual cells shaped like elongated, curved rods and
measuring 1.5-2 pm in length were visible under phase contrast,
though they were not consistently present across all samples. The
samples included a variety of microbial morphologies, such as
vibroids, cocci, and rods. Filaments were the most abundant
morphology observed. The granules were bright under phase contrast
(Douglas, 2000; Kiimpel et al., 2023).

3.2 Taxonomic and functional diversity of
the white microbial mat community

The diversity and activity of the resident microbial community
were investigated by analyzing and comparing the V1-V3 variable
regions of the 16S rRNA gene transcripts, thus representing the
actively transcribing community, with genes encoding for the 58, 16S,
and 23S rRNA extracted from the shotgun metagenomic sequencing
(Figure 3). A total of 4,294 reads from the 16S rRNA gene transcripts
sequencing passed quality control steps and were clustered in 804
unique OTUs at 97% similarity. The library is dominated by sequences
belonging to the Proteobacteria (91%—all percentages refer to relative
abundances), with the majority belonging to the Epsilonproteobacteria
class (90.6%, now classified as Campylobacterota), and a small fraction
not assigned to any known Proteobacteria class (0.4%; Figure 3a). The
majority of the remaining sequences (8.5%) was not classified in any
known bacterial phyla, while a very small fraction (0.5%) was
into the candidate division GNO02. Within the
Epsilonproteobacteria, 23.8% was classified as belonging to the

classified

Sulfurimonas genus, 6.1% to Arcobacter genus, and 1.3% to the
within  the
Epsilonproteobacteria class were evenly classified as unidentified

Sulfurovum genus. The remaining sequences
Helicobacteraceae (29.6%), and unidentified Epsilonproteobacteria
(29.8%). A search of all the OTUs (each represented by more than 10
sequences) against the EzTaxon database revealed very low similarities
(between 89 and 93%) against cultured strains, even for sequences for
which the Ribosomal Database Project (RDP) classifier returned high
confidence of assignment to specific genera.

A total of 559 partial 16S rRNA genes were recovered from the
metagenomic library. The sequences were dominated by the
Proteobacteria phylum (87.9% of the 16S rRNA sequences), followed
by the Bacteroidetes (5.3%; Figure 3b). The remaining 16S rRNA
sequences were represented by uncultured bacteria (6.9%). At the class
level the Proteobacteria sequences were evenly assigned to the Epsilon-
and Gammaproteobacteria class (41 and 36.9%, respectively), followed
by unidentified Proteobacteria (9.4%), uncultured Bacteria (6.9%) and
a small percentage of sequences assigned to the Alphaproteobacteria
class (0.5%). The sequences belonging to the Epsilonproteobacteria
were further assigned to the genera Arcobacter (21.9%), Sulfurimonas
(11.6%), and Sulfurospirillum (2.1%), with the remaining sequences
classified as either unidentified Helicobacteraceae (2.2%) or
unidentified Campylobacterales. The sequences belonging to the
Gammaproteobacteria were dominated by sequences closely related to
the genera Pseudoalteromonas (11.8%), Vibrio (4.7%), Marinomonas
(3.4%) and other unidentified Vibrionales (2.6%). The sequences
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related to the Alphaproteobacteria class of the Proteobacteria and the
Bacteroidetes were not identified at the class or genus level.

Metagenomic shotgun sequencing of the white microbial mat
resulted in 264,257,917 bp in 1,284,013 reads. These were assembled
in a total of 3,988 contigs (N50 = 3,407 bp, total contigs length of
7,796,078 bp). Functional assignments made through the use of Kegg
Orthologues (KO) and Enzyme Commission numbers (EC) on the
MG-RAST database resulted in a diverse number of assigned reads
(259,784 and 130,269 counts, respectively; Figure 4). By contrast,
functional assignment using NCBI Protein Cluster through WebMGA
and the RAST Subsystem database through Realtime MG yielded
149,920 and 3,205,896 assigned reads, respectively (Supplementary
Table 1).

3.2.1 Carbon and energy metabolism

The high abundance of sequences assigned to genes encoding for
ATP citrate (Pro-S) lyase (aclA; up to 476 reads), for
2-oxoglutarate:ferredoxin oxidoreductase (korA; up to 814 reads) and
for pyruvate:ferredoxin oxidoreductase (porA; up to 788 reads), key
genes for the rTCA cycle, suggests that carbon fixation through this
pathway was highly represented in the white mat metagenome (Hiigler
et al., 2005; Fuchs, 2011). Likewise, the identification of sequences
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assigned to the bifunctional carbon monoxide dehydrogenase/
acetyl-CoA synthase gene (codH/acs; up to 43 reads), and to the
formate dehydrogenase complex (fdh; up to 788 reads) hint to the
relevance of the Wood-Ljungdahl pathway, also known as the
reductive acetyl coenzyme A pathway.

The high number of sequences assigned to genes encoding for
the SOX (sulfur oxidation) complex (up to 550 reads), responsible
for the oxidation thiosulfate and sulfide, suggests that all major
prokaryotic sulfur oxidation pathways typical of geothermal
environments were widespread in the white microbial mat
community (Ghosh et al., 2009; Chen et al., 2022). All subunits of the
SOX gene complex are detected in our dataset, suggesting the
presence of a complete thiosulfate oxidation pathway in the white
mat microbial community. In addition, genes associated with both
assimilatory and dissimilatory sulfate reduction pathways are
present, indicating that the community held the potential for
multiple sulfur transformations (Figure 4) (Weissgerber et al., 2013;
Dahl, 2017).

We retrieved a consistent set of nitrogen cycle-related sequences
across all five annotation databases. Specifically, we identified
sequences assigned to gene nifH (up to 178 reads) encoding one
subunit of nitrogenase, the enzyme complex responsible for biological
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Commission numbers using MG-RAST; (4) genes assigned to functions against the NCBI Protein Cluster database using WebMGA; (5) genes assigned
to the RAST Subsystem database using Realtime MG. Raw gene counts are shown in Supplementary material.
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nitrogen fixation under anaerobic or microaerobic conditions (Mehta
etal,, 2003; Chen et al., 2023). In addition, sequences assigned to genes
involved in dissimilatory nitrate reduction and denitrification
pathways were recovered, including narGHJI (up to 62 reads), napA
(up to 215 reads), nirB (up to 565 reads), nirK (up to 112 reads), nrfA
(up to 75 reads), and norB (up to 47 reads), indicating the potential
for both respiratory and dissimilatory nitrate/nitrite reduction
mechanisms (Pérez-Rodriguez et al, 2013; Reyes et al., 2017
Patwardhan et al., 2021, 2023). Sequences assigned to gene nasA (up
to 589 reads), encoding the nitrate reductase involved in assimilatory
nitrate reduction, were also present, supporting the role of nitrate as a
nutrient source in this community.

Oxidative phosphorylation in the white mat microbial community
appeared to be facilitated by the presence of multiple terminal oxidase
complexes and oxidative stress defense enzymes. Of significance is the
presence of the cytochrome c oxidase cbb3-type gene (cbb3-Cox; up
to 506 reads). Furthermore, our analysis revealed the presence of
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sequences assigned to catalase-peroxidase gene (hpi, up to 435 reads)
and bacterial cytochrome c peroxidase gene (ccpl; 249 reads).

3.2.2 Additional functions: mobile elements,
quorum sensing and motility, and heavy metal
detoxification

The analysis highlighted the presence of sequences assigned to
phage integrase-related genes (xerC; 692 reads), which encode
proteins mediating unidirectional site-specific recombination
between the phage attachment site (attP) and the bacterial
attachment site (attB) on two DNA recognition sequences (Groth
and Calos, 2004).

Our read-based analysis revealed the presence of genes
encoding for autoinducer ligands (JuxS), which are released by
bacteria to monitor cell density. The presence of the gene flbA
encoding for a flagellar protein, further highlights motility related
to quorum sensing.
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Our sample shows the presence of sequences assigned to key
genes involved in heavy metals detoxification pathways, such as
arsenate reductase (arsC; up to 687 reads), mercury reductase (merA;
up to 130 reads) and selenate reductase (yfgK; up to 32 reads).

3.2.3 Taxonomic affiliation of the functional
genes

To better understand the diversity of the microorganisms involved
in diverse biogeochemical pathways, we taxonomically annotated the
main functional genes of each major element cycle, showing
interesting relationships between microbial diversity and functions in
the SWHYV white mat (Figure 5). This analysis revealed that the genes
involved in the rTCA cycle, dissimilatory nitrate reduction,
denitrification, thiosulfate oxidation and CAS genes were assigned to
Epsilonproteobacteria. The relative abundance of aclA is divided
among Sulfurimonas (46.4%), Sulfuricurvum (32.9%), Sulfurovum
(9.3%) and other related genera (11.3%). The taxonomic assignment
of the functional genes was consistent with the microbial composition
obtained with the 16S rRNA transcripts (Figure 5). Thiosulfate
oxidation gene (soxC) sequences were assigned to Sulfurimonas
(58.2%), Arcobacter (36.9%) and Nitratifractor (3.5%) taxonomic
groups. Dissimilatory nitrate reduction and denitrification (napA)
showed a similar distribution compared to soxC, with high dominance
of Sulfurimonas (69.1%), and differed from the latter as napA is also
consistently assigned to Gammaproteobacteria (Vibrio 16.1% and
Alteromonadales 4.8%). In relative abundance, CAS genes were
dominated by the genera Campylobacter (28%), Sulfurospirillum
(20.5%) and Arcobacter (10.2%). The diversity data about transposon
and phage integrase gene (int) showed, contrary to the others genes, a

10.3389/fmicb.2025.1649514

dominance of Gammaproteobacteria (59.5% of taxonomically
annotated genes), followed by Epsilonproteobacteria (21.1%).

3.3 Changes in microbial community
composition before and after a storm
event

Field observations and microscopy analysis suggest that the
microbial mat is loosely attached to the sandy seafloor, likely as a
result of benthic deposition due to the presence of a high percentage
of minerals attached to the microbial filaments and dispersed in the
matrix. Rapid movements of the SCUBA divers or increased lateral
fluid flow near the seafloor due to currents and waves can easily
resuspend the mats that dissolve in seawater creating a milky
resuspension (Figure 6). Hydrodynamic stress and water column
mixing is minimal during periods of calm sea conditions, allowing
the establishment of the white microbial mats around the outflow
zones of the shallow vent, and leading to the creation of stable white
patches that might grow to several cm thickness (Figures 2, 6A).
Our data show that immediately prior to a storm, the white mat
community was dominated by Arcobacter (78.3%), followed by a
lower percentage of Sulfurimonas and unclassified bacteria (16.3
and 2.5%, respectively). During the storm events, the white mat
disappeared due to blowing of South-East (SE) wind, characterized
by velocities up to 50 m s™'. The storm also determined a shift in
the sulfide and temperature regime of the vent (Figure 6B; Yiicel
etal., 2013). The white mats reappeared as thin white layers one day
after the storm. The samples taken one day after the disturbance

aclA

CAS int

FIGURE 5
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Taxonomic affiliation and relative abundance of key selected genes recovered in the metagenome. Diversity of recovered ATP citrate lyase alpha
subunit gene aclA (a); periplasmic nitrate reductase catalytic subunit gene napA (b); thiosulfate oxidation protein coding gene soxC (c); CRISPR
associated sequences gene diversity (d); and diversity of transposon and phage integrase gene int (e). In all plots the diversity of sequences associated
with the Epsilonproteobacteria is shown at the genus level, except in plot (e), where the sequences are combined at the class level.
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(A) Reproduction of establishment and disruption of white mat precipitate in response to hydrothermal fluid emissions. Dynamics of the site under light
wind and calm sea (1), during which the SCUBA Divers observed the deposition of the white precipitate and fluid emissions unaffected by currents.
Dynamics of the site under sustained wind and rough sea (II), during which the SCUBA Divers observed the disruption of the white mat precipitate and
its related resuspension, resulting in a whitish water column rich in suspended material. (B) Time series of in situ sensor measurements coupled with
temporal changes in the microbial community based on cDNA 16S rRNA amplicons. The gray area indicates the approximate timing of the high wind
and wave conditions and the corresponding mat-free period. In this period, maximum wind speeds approaching 50 m s=! were recorded on May 23rd.
Temperature close to the surface of the sediment (10 mm depth, 0.5 m away from the vent center) is represented by a thin black line. The total
dissolved sulfide time series at 10 mm below the sediment—water interface is indicated by a bold line. Sampling to understand the community
composition and its variation over time are conducted, respectively, one day before disturbance (pre-storm conditions), one day after it (post-storm
conditions—mats re-establishment) and three days after it (post-storm conditions—mats development).

event showed a shift in community toward dominance of
Sulfurimonas (59.1%), with a lower abundance of Arcobacter
(34.4%). Notably, Cyanobacteria relative abundance increased after
the storm event (1.6% compared to pre-storm abundance of 0.3%).
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Three days after the disturbance event, there was a further shift to
a community dominated by Sulfurovum (36.2%) and Sulfurimonas
(22.5%), with an additional decrease of Arcobacter (5.2%),
disappearance of Cyanobacteria, and higher abundance of
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Campylobacteraceae (22.0%) and unclassified bacteria (13.8%)
(Figure 6).

3.4 Fluid flow across the sandy bottom

The interaction of buoyancy-driven fluid flow discharge with
ripple topography modifies the direction and mixing of vent fluids. As
hot, buoyant fluid convects upward from subsurface conduits, it
encounters lateral flow from bottom currents driven by regional
circulation and surface wind forcing. When this convective upwelling
intersects ripple crests and troughs, it generates heterogeneous flow
regimes, including zones of focused upwelling, lateral shear, and
recirculation eddies. It is very important to put evidence that ripple
shape induces flow acceleration over the ripple crest and a consequent
pressure drop in accordance with the Euler equation in streamlines
coordinates (Supplementary Figure S1A). The deriving pressure field
generates a vertical stream (Supplementary Figure S1B); on the
contrary high pressure zones in the ripple troughs inhibit discharge or
can produce a lateral flow. Moreover, the aforementioned pressure
difference produces a mixing layer between the involved fluids and the
resulting effect is chemical species gradients spatial variability.

Actually, ripple shape produces a particular flow field with a
strong heterogeneity in fluid chemical composition, temperature, and
redox conditions over centimeter scales. Crest regions may be more
exposed to oxygenated seawater, while troughs trap reducing
hydrothermal fluids, creating sharp horizontal and vertical gradients
in electron donors and acceptors. As a result, the relative contribution
of hydrothermal versus seawater inputs varies dramatically across the
ripple, directly shaping the chemistry of porewater and the structure
of microbial mats growing on the surface. These microscale variations
help explain the spatial patchiness observed in microbial community
structure and function described in Section 3.4.

We conducted LBM studies of the flow around and through a
simplified ripple shape. The driving force of the flow was an assumed
constant velocity (horizontal shear flow) upper boundary (the upper
layer of grid cells). The ripple and sand bed are assumed porous so
there is a modest flow through both. We see in Supplementary Figure S1
that there is boundary layer separation due to the ripple, and a subtle
recirculation eddy on the lee side of the ripple. We impose a vertical
temperature gradient, as shown in the lower panel of
Supplementary Figure S1C. However, this temperature gradient is not
sufficient to drive natural convection, hence advection of heat occurs
only due to the flow past the ripple (the eddy described above).

3.5 Spatial variability in microbial
community composition across a sand

ripple

Near the venting location in the shallow-water hydrothermal
systems in Paleochori Bay we observed microbial mats of different
colours (e.g., white, yellow, light brown and brown mats) in close
proximity following single sand ripples. Analysis performed on these
differently coloured mats provide insights into the short-scale spatial
variability of microbial communities in these systems (Figure 7).
White colored mats were consistently present in the sand ripple
valleys, and yellow and brown colors appeared to be preferentially
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located on the sand ripple flank and crest. This distribution suggested
a physical control over the microbial composition of the mats.

White mat composition has been described in section 3.2
(Figures 3, 7). The yellow mat community was dominated by
Proteobacteria (68.2%). At the class level, Epsilonproteobacteria
dominated the community (64.0%), with a high abundance of
Arcobacter (28.2%). In contrast, the light brown mat showed higher
variability at the class level, with a similar abundance of Proteobacteria
(66.6%), but a reduced proportion of Epsilonproteobacteria (46.7%),
showing differences with the white mat due to a higher percentage of
Deltaproteobacteria and Gammaproteobacteria (12.0% and 7.0%,
respectively). The brown mat, compared to the other types, showed
increased differences, with a lower proportion of Proteobacteria
(36.4%) represented mainly by sequences belonging to the
Epsilonproteobacteria class (27.2% of the total). The genus Arcobacter
was less represented when compared to the other types of mat (18.5%).
The Cyanobacteria abundance varied across the sand ripple surface,
increasing from the yellow mat to the brown mat (26.6% in the yellow
mat; 26.0% in the light brown mat; 57.6% in brown mat). Moreover,
we observed a decreasing gradient of Sulfurimonas presence along the
sand ripple surface, which lowered towards the brown mat (35.3% in
the yellow mat; 18.1% in the light brown mat; 8.1% in the brown mat).

4 Discussion
4.1 White mat diversity and composition

Shallow-water hydrothermal vents are ubiquitous systems in
coastal marine environments characterized by volcanic activity (Price
and Giovannelli, 2017). The primary productivity in these systems is
driven both by photosynthesis and chemosynthesis carried out by
diverse microbial groups (Tarasov, 2006; Dando, 2010). The relative
contribution of the two is controlled by complex physical and chemical
interactions between the advecting fluids, the seafloor features and
seawater column processes (Price and Giovannelli, 2017; Giovannelli
and Price, 2019). Biofilm and microbial mats represent an important
strategy for microorganisms to colonize these dynamic ecosystems
and constitute the base of the food web sustaining local diversity and
possibly exporting carbon and nutrients to neighboring ecosystems
(O’Brien et al.,, 2015; Sciutteri et al.,, 2022). Milos shallow-water
hydrothermal vents are dominated by white microbial mats loosely
attached to the sandy bottom in areas of hydrothermal fluid discharge
(Giovannelli et al., 2013; Price et al., 2013; Yiicel et al., 2013). The mat
exhibits a filamentous structure intertwined with sulfur-rich granules
(Sievert et al., 1999), either attached to filaments or dispersed within
the matrix. The composition of the biofilm communities shows
similarities to those found in other shallow hydrothermal vent systems
worldwide (Kamenev et al., 1993; Dando et al., 1999; Wenzhofer et al.,
20005 Cardigos et al., 2005; Lentini et al., 2014). Elemental analysis
(EDS) of the sulfur granules confirms their composition (Figure 2).
The
Epsilonproteobacteria, in the active fraction of the community, further

detection of sulfur-oxidizing bacteria, particularly
supports their possible role in the biological mediated precipitation of
sulfur granules. Members of this class, especially the genus Arcobacter,
have been implicated in filamentous sulfur structures in similar
environments (Sievert et al., 1999, 2007; Wirsen et al., 2002). This

functional role is further corroborated by the abundance of sox gene
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(A) Proposed model depicting the dynamics of water flow surrounding the vent structure and its interaction with vent fluid emissions. The area under
consideration extends to a depth of 20-40 mm within the sediments. The outflow of hydrothermal fluids creates a void, generating negative pressure,
which in turn establishes a positive pressure gradient from top to bottom inside the sand ripple. The flow direction of water currents facilitates the
thinning of the benthic boundary layer over the gentle slope of the ripples, enabling increased oxygen penetration into the sediments and facilitating
the growth of associated microbial mats. (B) Microbial community gradient established by different degree of oxygenation and its comparison with a
community of the opposite side of the ripple (steep one) rich in H,S. Differences regarding the composition in phototrophic players are created by
different oxygenation of the geo-biological system. The light-grey layer beneath the colored microbial mats (yellow, Siena red, brown) represents the
underlying white microbial mat that serves as a basal layer upon which the overlying colored microbial communities develop.

Frontiers in Microbiology 11 frontiersin.org


https://doi.org/10.3389/fmicb.2025.1649514
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Silva et al.

clusters identified in the metagenomic dataset, which include genes
such as soxB, key components of the sulfur oxidation pathway known
to lead to the accumulation of elemental sulfur as an intermediate
(Friedrich et al., 2005; see below section 4.2). Altogether, given that
both biotic and abiotic processes can generate such structures, the
strong microbial activity observed in this site (Giovannelli et al., 2013)
likely plays a key role in their formation.

The higher abundance of Sulfurimonas spp. in the 16S rRNA
transcriptome (Figure 3a) could be related to their metabolic
flexibility, such as the utilization of a wide range of electron donors of
geothermal origin, including sulfide, sulfur, thiosulfate, sulfite, and
hydrogen, while employing nitrate, nitrite, or oxygen as electron
acceptors. Sulfurimonas spp. have been shown to use CO, as their
primary carbon source, though some species have also been reported
to metabolize acetate (Giovannelli et al., 2013; Labrenz et al., 2013).
Similarly, Arcobacter and Sulfurovum genera exhibit wide metabolic
flexibility in the usage of several electron donors and acceptors of
hydrothermal origin (Xie et al., 2021). Previous studies have shown
the Arcobacter spp. implication in sulfur filaments formation within
the white mats of Milos shallow vents (Sievert et al, 2007).
Additionally, members belonging to Sulfurimonas have been widely
described in other shallow water and deep-sea hydrothermal systems
(Wang et al., 2017, 2021). The presence of an active community with
distinct members that use multiple species of sulfur as electron donors
hints at their ecological adaptation to shallow water hydrothermal
systems and at their crucial roles in the sulfur cycle therein. Notably,
no sequences associated with the Gammaproteobacteria genus
Galenea (Giovannelli et al., 2012), a chemolithoautotrophic thiosulfate
oxidizing organism originally isolated from Milos shallow vents, have
been found in the libraries. This could be due to its low abundance at
the time of sampling, or to biases in the annotation database used.

In contrast to the active community revealed by 16S rRNA
transcripts (Figure 3a), the total resident community captured by 16S
rRNA genes in the metagenomes (Figure 3b) shows a higher
abundance of Gammaproteobacteria and Bacteroidetes. Among
Gammaproteobacteria, the genus Pseudoalteromonas is notably
dominant, aligning with its known roles in organic matter degradation
and metabolite production in marine hydrothermal systems (Sievert
et al.,, 1999; Patwardhan et al., 2021; Lu et al., 2020; Price and
Giovannelli, 2017; Holmstrom and Kjelleberg, 1999). Other notable
genera include Vibrio, and Marinomonas, both associated with
nutrient cycling and adaptability to hydrothermal fluid interactions
(Huang et al., 2020; Huber et al., 2003). This comparison revealed that
the active community represents only a fraction of the total resident
microbial groups. The active taxonomic groups do correspond to a
substantial proportion of the total community, while the
low-abundance genera are metabolically inactive, quiescent.

The observed groups are well known members of the water
column; their detection in the gene (but not transcript) dataset
suggests they are delivered to the white mats by the short-scale
circulation patterns reported by Yiicel et al. (2013). This mechanism
works in a way that microbial taxa present and active in the water
column are trapped by short scale hydrothermal recharges in the
white mats that act as a mechanical filter. This brings into the active
mats, dominated by Epsilonproteobacteria, new trophic and genetic
resources, potentially sustaining the heterotrophic community and
favouring lateral gene transfer between the water column genetic pool
and the hydrothermally sustained active white mat community. This
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hypothesis is supported by the presence of integrase and CAS
associated genes in the white mat metagenome that are of
gammaproteobacterial origin (Figure 5).

Viral analysis revealed the predominance of dsDNA viruses
primarily from the order Caudovirales, including families Siphoviridae,
Myoviridae, and Podoviridae (Supplementary Figure S2). These phages
likely play a role in microbial population control and horizontal gene
transfer, potentially influencing community structure and metabolic
capacity (Howard-Varona et al., 2020).

4.2 White mat contribute to carbon, sulfur
and nitrogen cycling in Milos shallow vents

The microbial communities inhabiting shallow-water
hydrothermal vents off Milos, Greece, exhibit a diverse functional
profile. The high abundance of genes involved in the rTCA cycle
suggests this might be the primary pathway for carbon fixation,
consistent with the dominance of Epsilonproteobacteria, particularly
Sulfurimonas, Sulfuricurvum, Sulfurovum which rely on this cycle
(Huigler and Sievert, 2011; Wang et al., 2017). This metabolic strategy,
common in both shallow and deep-sea hydrothermal vents, likely
reflects adaptation to CO,-rich conditions from magmatic degassing
and the microaerophilic to anaerobic conditions (Hiigler and Sievert,
2011; Giovannelli et al.,, 2013; Wang et al., 2017). Epsilonproteobacteria
have been previously identified as major chemoautotrophs in similar
systems, supporting their role as primary producers (Tarasov et al.,
2005; Giovannelli et al., 2013; Wang et al., 2015).

Sulfur metabolism is well-represented with a strong presence of
sox genes associated with sulfur oxidizing bacteria, particularly
Epsilonproteobacteria (Dahl, 2017; Patwardhan et al., 2021).
Thermodynamic calculations of the Milos shallow water vents systems
suggest thiosulfate/sulfide oxidation through the SOX pathway as
highly energy-efficient for chemolithotrophs (Lu et al., 2020). Genes
such as soxCD and polysulfide reductase indicate a mix of sulfur-
storing and non-storing microorganisms, supporting the biogenic
origin of sulfur globules seen microscopically (Dahl, 2017). The
detection of genes involved in both sulfur oxidation (sox genes) and
those typically linked to sulfate reduction (sat, aprAB, dsrAB)
highlights the metabolic versatility of the community in adapting to
sulfur-rich conditions. While these genes are commonly associated
with dissimilatory sulfate-reducing pathways (Pereira et al., 2011;
Miiller et al., 2015), their potential bidirectional function, including
use in oxidative sulfur metabolism (Dahl, 2017), prevents definitive
assignment of functional direction. Nonetheless, their co-occurrence
suggests the community harbors both oxidative and reductive sulfur
metabolic potential, consistent with dynamic redox conditions at
hydrothermal vents.

Nitrate reduction is another prominent pathway. The napA gene,
involved in nitrate reduction, was the most abundant and mainly
attributed to Sulfurimonas. Its presence is widespread in
Epsilonproteobacteria from marine hydrothermal systems, and the
enzyme’s high affinity for nitrate may be related to the adaptation to
environments with low nitrate concentrations, such as hydrothermal
vents (Vetriani et al., 2014) and other nitrate-limited habitats (Han
and Perner, 2015). This aligns with previous studies that have linked
the process of denitrification to Sulfurimonas denitrificans. This
process plays a critical role in balancing the nitrogen and carbon
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cycles in hydrothermal vent ecosystems by regulating nitrogen
availability and supporting microbial metabolism (Grote et al., 2012;
Sievert and Vetriani, 2012). Additional genes for dissimilatory nitrate
reduction, assimilatory nitrate reduction, and nitrogen fixation
suggest flexible nitrogen cycling strategies with oxygen-limited zones
(Vetriani et al., 2014; Sievert and Vetriani, 2012; Tang et al., 2013).
Dissimilatory nitrate reduction and denitrification (napA) have
mainly been attributed to the genus Sulfurimonas (69.1%) in our
reads, but these pathways differ as to the association to
Gammaproteobacteria (Vibrio 16.1% and Alteromonadales 4.8%,
respectively). These data indicate that a significant fraction of the
chemolithoautotrophic production at shallow-water vents could
be coupled to nitrate reduction.

Aerobic and microaerophilic oxygen respiration appears to
be supported by cytochrome ¢ oxidase (cbb;-COX), which can
be coupled with the oxidation of H,S and thiosulfate found in white
mat areas (Yiicel et al., 2013). In these environments, microaerophilic
bacteria thrive at the interface where oxygen (O.) and hydrogen
sulfide (H,S) gradients meet (Yiicel et al, 2013). The cbb3-type
cytochrome c oxidase is particularly well adapted to these conditions
as it has a high affinity for oxygen, allowing bacteria to efficiently
respire in low-oxygen (microaerobic) zones while simultaneously
oxidizing sulfide (Smirnov et al., 2009). Cytochrome c oxidase
affiliated with the Sulfurimonas genus (Labrenz et al., 2013), and other
Epsilonproteobacteria (Campbell et al., 2006) support its functional
role as terminal enzymes in the bacterial respiratory chain (bd
complex) (Borisov et al., 2011, 2021). The detection of cytochrome ¢
(Cyt-c) further indicates a complete electron transport chain, acting
as a soluble electron carrier that facilitates electron flow between
dehydrogenases and terminal oxidases (Kranz et al., 2009). Together,
the co-occurrence of cbb3-type, Cyt-bd, and Cyt-c enzymes supports
the idea that these microbial communities are well-adapted to the
fluctuating redox conditions typical of shallow-water hydrothermal
vent systems (Borisov et al., 2021).

The predominance of the chemolithoautotrophic community,
dominated by microorganisms of the Epsilonproteobacteria class and,
more specifically, by the Sulfurimonas genus, highlights their key roles
in the ecosystem functioning. Our sequence data depict a metabolic
framework in which carbon fixation likely occurs alongside nitrate
reduction, as already suggested by Tang et al. (2013) and observations
made on chemoautotrophy in a deep-sea context (Sievert and Vetriani,
2012). This result is in line with what we observe in other studies
performed on Milos shallow water vents (Lu et al., 2020; Sievert et al.,
1999; Sievert et al., 2000; Giovannelli et al., 2013). While previous
research has highlighted the dominance of Epsilonproteobacteria and
their role in sulfur and carbon cycling, our findings further emphasize
the functional adaptation of these microbial communities to
low-nitrate environments and their genetic potential to oxidize
molecular hydrogen (H,) as a potential energy source, although
hydrogen sulfide (H,S) is likely the dominant electron donor in
this environment.

We also detected viral genes in the white microbial mat
community (Supplementary Figure S2) that could promote the
transfer or exchange of genetic material (Jarett et al., 2020; Carreira
et al,, 2020). The integrase genes identified in our reads facilitate
horizontal gene transfer by enabling the integration and excision of
genetic elements, thereby promoting genetic diversity and adaptation
to environmental stressors (Springael and Top, 2004). The high
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abundance of CRISPRs and Cas-related genes suggest that microbes
in our samples developed a defense system against viral activity
(Heidelberg et al., 2009), thus pointing to viral-host interactions and
coevolution as a driver of microbial genetic diversity in hydrothermal
vents ecosystems (Andersson and Banfield, 2008). Moreover, a high
number of transposable element (TE) has been found in our reads,
which can be significant in extreme environments, serving as a signal
of cell stress and consequently facilitating movement of functional
genes between genomes, thus serving as powerful means of adaptation
(Vigil-Stenman et al., 2017). Specifically, in extreme environments
such as hydrothermal vents, TEs play a crucial role in microbial
evolution by facilitating genome plasticity, enabling rapid adaptation
to fluctuating conditions, and increasing genetic diversity (Piednoél
and Bonnivard, 2009). By mediating horizontal gene transfer, TEs can
help microbes acquire beneficial traits, such as heavy metal resistance
or enhanced metabolic capabilities, which are essential for survival in
these extreme habitats (Casacuberta and Gonzalez, 2013; Prieto-
Barajas et al., 2018). The dense microbial aggregation within the mat
creates microhabitats with distinct physicochemical gradients,
fostering niche specialization and supporting a high diversity of
metabolic functions (Meier et al., 2017). This structural complexity
not only promotes microbial diversity but also enhances ecological
resilience by enabling the exchange of adaptive genes through
horizontal gene transfer, allowing microbes to rapidly respond to
environmental fluctuations and stressors (Ghosh et al.,, 2015). In
summary, our study reveals the presence of viral-associated genes and
transposable elements, suggesting a potential for dynamic genetic
exchange within the mat community, though further analysis is
required to assess co-localization with functional genes.

4.3 White microbial mats are resilient to
storm events

The hydrothermal activity reported in this region is linked to the
mixing between the hydrothermal fluids and seawater (Yiicel et al.,
2013). A previous study on the shallow-water hydrothermal systems
of the Gulf of Naples showed how different fluid mixing played a
determining role in constraining microbial community structure in
shallow-water hydrothermal systems (Bellec et al., 2020). Similarly, the
distribution of the white mats of Milos islands is strongly influenced
by hydrothermal fluid and seawater mixing patterns (Yiicel et al.,
2013), and by episodic hydrodynamic events (i.e., storms) which
determine a shift in the mixing pattern and the transient disappearance
of the white mats (Yiicel et al., 2013).

The increase of Sulfurimonas related sequences with respect to
Arcobacter during and after the storm (i.e., after a disturbance event)
may reflect its resilience and competitive advantage under the new
environmental conditions, possibly driven by temperature shifts,
sulfide dynamics, and possibly other electron donor availability (e.g.,
hydrogen). These factors may have favored Sulfurimonas as an early
colonizer in the re-establishing community, although the specific
drivers of this shift remain difficult to untangle. This interpretation is
supported by environmental data from Yiicel et al. (2013), which were
collected concurrently with the microbial samples analyzed in this
study. Three days after the storm event, the microbial white mat was
once again thick (up and over 1 cm) and the community diversified
further, suggestive of an ecological succession already described in
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shallow-water vents of Tor Caldara (Patwardhan et al., 2018), and
deep-sea hydrothermal vent chemosynthetic biofilm colonization
(O’Brien et al., 2015). Species belonging to Sulfurovum have been
found in sulfidic habitats worldwide, including deep-sea and shallow-
water hydrothermal vents (Dahle et al., 2013; Mino et al., 2014; Price
and Giovannelli, 2017), and were reported in this study to be the most
abundant bacterial genus at the late stage of storm recovery. The
microbial community composition 3 days post storm was the most
diverse, compared to both the mature community before, and the
recently established community right after the storm event. This
suggests that the storm (along with the following increased fluid
mixing) and the re-establishment of the microbial mat, could have
allowed the replenishment of essential nutrients (for instance, nitrogen
species and organic carbon), expanding the ecological niches to
be explored by the microbial communities, and therefore selecting for
a more diverse microbial community in line with prediction from the
intermediate disturbance theory (Giguére and Tunnicliffe, 2021).
These temporarily available niches become exhausted overtime, and
Arcobacter spp. become dominant prior to the next disturbance cycle.
Disturbance events, such as storms and tides, with their transient
nature, exert influence on the environment and, as a consequence, on
the resident microbial communities. Such results underscore the
interplay among episodic hydrodynamic events, geochemical
gradients and niche differentiation created by the mixing of seawater
and vent fluids and by disturbance events. These factors emerge as
critical determinants shaping the dynamics of benthic microbial
communities in shallow-water hydrothermal vents and additional
research with focused time-series studies is necessary for an in-depth
understanding of these processes.

4.4 Benthic boundary layer interactions
shape the spatial distribution of microbial
mats in shallow vents

Sand ripples in shallow-water hydrothermal vent fields such as
Paleochori Bay are formed by the interaction between bottom currents
and unconsolidated sediment. These bedforms arise as flow
instabilities develop when current velocity exceeds a threshold,
causing sediment to be entrained, transported, and redeposited in a
rhythmic pattern (Blondeaux, 1990). In hydrothermal settings, these
ripples are not only shaped by hydrodynamics due to current and
waves, but also by hydrothermal fluid advection and the complex
interaction between the two influence fluid—sediment interactions,
creating microtopographies that affect both geochemical gradients
and microbial community structure.

The sampled Milos microbial mats were characterized by a
stratified layering of mat colors within a sand ripple near the venting
location. Mat coloration transitioned from yellow at the base, through
Siena red in the middle, to brown moving from the trough to the crest
and were present only on one side of the ripple (Figure 7B;
Supplementary Figure S3). These three colored mat layers overlaid a
foundational white mat. The composition of the community varied
according to the color, with the relative abundance of Cyanobacteria
increasing along the side of the ripple and having the highest
abundances in the brown mats at the top of the ripple (Figure 7B). A
possible explanation for this distribution is the exposure to sunlight
(facing south) on one of the ripple sides favoring phototrophic
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microorganisms. This hypothesis can be quickly eliminated as the
ripples changed in direction during our sampling campaign in Milos,
and the coloring of the mats was always present on the leading edge
of the ripple, with respect to the main currents generating the ripples,
rather than facing the same bearing. We therefore hypothesized that
complex fluid interactions between the buoyant hydrothermal fluids,
the dominant currents and the porous sandy bottom might account
for the differential microbial distribution observed. In porous
sediments the diffusion of O, can be modulated by the interactions of
the benthic boundary layer with the sandy bottom (Jorgensen, 1994).
The flow of seawater over the sandy sediments in the presence of sand
ripple can favour the advective flow of deeper pore water (Precht and
Huettel, 2004). This would contribute to a velocity gradient of
oxygenated water through the sandy structure, which is reported to
be lower at the basis of the ripple and higher in correspondence of the
crest (Precht and Huettel, 2004). In addition, the presence of microbial
mats, together with the porosity of the sediments, could affect the flow
through sandy structures (Jorgensen and Revsbech, 1985; Precht and
Huettel, 2004).

The Milos system is shaped by the interplay between lateral
seawater flow, driven by tides and wave action, and the buoyant ascent
of hydrothermal fluids characteristic of shallow-water hydrothermal
vents. This interaction creates complex sediment structures such as
sand ripples, which in turn generate dynamic boundary layer
conditions influencing both fluid mixing and microbial colonization.
In our initial modeling experiments, using a computational method
known as the lattice Boltzmann approach, we explored how water flow
with ripple
(Supplementary Figure S1). We found that when water moves over

interacts a  simplified  sediment shape
this ripple structure, it creates a swirling, recirculating flow pattern—
known as an eddy—ijust behind the ripple. This phenomenon occurs
due to a process called boundary layer separation. Boundary layer
separation happens when flowing water near a solid surface, such as
the ripple, slows down and detaches from the surface, forming
turbulent vortices or eddies downstream.

These eddies are important because they significantly influence
how substances dissolved in water (known as passive scalars, such as
nutrients or chemical signals) mix and distribute in the area around
the ripple. Additionally, they control the transport and deposition of
small particles, which could include sediment grains
or microorganisms.

Interestingly, the microbial communities present in the sediment
may also interact with these flow patterns. Microbes might alter the
local environment, potentially changing sediment stability or flow
characteristics, while at the same time, the flow could affect where and
how microbes grow and thrive.

In future studies, we plan to expand our modeling to capture more
complex interactions. This will include tracking how particles move
within these flow patterns, understanding how erosion and deposition
processes reshape the ripple structures, and examining how microbial
communities directly impact the physical structure of the sediment
and thereby influence the overall flow dynamics. When using
combined FVM and LBM fluid flow to reconstruct the possible
interactions in the Milos microbial mats system, our results show that,
at the small scale of a single sand ripple, the primary mechanism
driving the temperature-redox gradient is the mixing of hydrothermal
fluids with the overlying seawater. This process, which governs the

availability of electron donors and acceptors for the in situ microbial
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community, is controlled by the relative speed of the lateral seawater
flow. In conditions where lateral flow is reduced or near zero, the
advection of hydrothermal fluids dominate the system creating
complex microcirculation cells near the vent center (Yiicel et al,
2013). This pressure-driven phenomenon, observed previously by
Yiicel et al. (2013) using in situ microsensors, generates an inward flux
of oxygenated seawater in the area surrounding the vent center. When
lateral flow of seawater reaches a threshold velocity capable of
overcoming and interacting with the advective flow, complex
boundary layer dynamics control mixing (Supplementary Figure S1).
We observed the presence of a positive pressure area in the stoss side
of the sand ripple, favouring the oxygenated, cold seawater flux in the
ripple side and crest. This might lead to higher re-circulation of
nutrients and oxygenated water, lower temperatures and lower
concentrations of sulfide favouring the presence of microorganisms
involved in aerobic respiration and photosynthesis (Figure 7A). Our
results support this conclusion as the relative abundance of
Cyanobacteria increases over the ripple stoss side, reaching its peak at
the ripples crest, while the abundance of chemolithotrophic sulfur
oxidizers like Sulfurimonas and related Epsilonproteobacteria
genera decreases.

On the lee side of the sand ripple, the negative pressure generated
by the lateral flow of seawater induces an increased flux of
hydrothermal fluids, generating a pocket of higher temperature,
reduced fluids in the trough between ripples. Microbial diversity data
shows at this location the community is dominated by Sulfurimonas
and related Epsilonproteobacteria genera, consistent with their
physiology and preferred metabolisms (Campbell et al., 2006). The
complex dynamics between microbial distribution and fluid dynamic
interactions over the seafloor has been overlooked as a possible
explanatory variable in describing small scale variability, especially in
shallow-water hydrothermal vents (Esposito et al., 2018). Overall our
results highlight the importance of considering the effects of dynamic
events, both episodic events like storms and complex dynamic mixing
across small scales to comprehend the factors controlling microbial
community structuring in natural systems.

5 Conclusion

Our study demonstrates that hydrodynamic forces play a
fundamental role in shaping microbial communities in the white mats
of Milos shallow-water hydrothermal vents. These mat communities
are dominated by chemolithoautotrophic Epsilonproteobacteria that
thrive on the chemical energy of vent fluids, yet their population
structure is highly dynamic in space and time. We found that a major
storm disturbance caused a rapid but transient reorganization of the
community, followed by a succession that restored the mats
characteristic sulfur-oxidizer dominance within days. Spatially, small-
scale variations in fluid mixing created a patchwork of niches across
the vent field: for example, oxygen-rich microhabitats generated by
benthic boundary layer flow dynamics supported cyanobacterial
growth in the sand ripple crests, whereas sulfide-rich small scale zones
selected for Sulfurimonas and Arcobacter. Together, these results
highlight that both transient events acting on a large spatial scale
(storms) and persistent physical gradients affecting the local niches
(flow and diffusion across the benthic boundary layer) drive the
diversity and function of vent-associated biofilms. The close coupling
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between hydrodynamic processes (fluid flow, tides, waves and storms)
and microbial ecology controls the distribution and contribution of
these ecosystems to biogeochemical cycling, both at the local and
regional scale. Understanding this interplay is crucial for predicting
how shallow vent ecosystems respond to natural disturbances and
environmental changes. Our findings provide a framework for how
geodynamic events influence microbial succession and resilience in
coastal hydrothermal systems, and underscore the need for further
studies of these dynamic habitats. Future work targeting shallow-water
vents will help refine our models of biogeochemical feedback in these
systems and shed additional light on the strategies microbial
communities use to persist amidst environmental variability.
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(A) Streamwise velocity component field deriving from FVYM model, [m/s].
Flow direction starting from left to right of the modelling mesh. The
modeling domain is constrained within a 45x55 cm box. (B) Transverse
velocity component field deriving from FVM model, [m/s]. (C) Steady state
flow structure of our modelled ripple and porous bed. The units here are
simply the number of simulation grid points, so the numerical simulation grid
in this case was 5000x10000 grid points in size. These units are
dimensionless as the only relevant parameters in the model are
dimensionless number groups such as the Reynolds number (a
dimensionless quantity in fluid dynamics that helps predict the flow pattern
of a fluid), Rayleigh number (a dimensionless quantity that characterizes the
buoyancy-driven flow, or free convection, of a fluid), Nusselt number
(dimensionless number that describes the ratio of convective heat transfer to
conductive heat transfer at the boundary between a solid surface and a fluid).
Upper panel: fluid density, second panel: horizontal flow rate, third panel:
vertical flow rate, lower panel: temperature. Steady fluid motion is imposed
using a constant horizontal shear flow at the upper boundary, as seen in the
colormap of horizontal momentum [second panel of (C)]. In the third panel
we see the vertical velocity component, w. The lower panel shows
temperature: convection has little impact in this particular configuration, but
thermal energy is being advected by the flow, namely the boundary layer
separation effect downstream of the ripple.
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Viral Taxonomy classification at the Order (median circle) and Family (outer
circle) level. A total of 30,891 sequences were classified using MetaVIR with
an e-value cutoff of 10~° (a total of 50,050 sequences were classified using a
less conservative e-value cutoff of 1079).

SUPPLEMENTARY FIGURE S3

Photograph of microbial mats at the hydrothermal venting area off Milos
Island, Greece. The image shows a series of sand ripples coated with
microbial mats displaying distinct surface coloration gradients: white, yellow,
light reddish/orangish and brownish, with yellow mats often overlying white
mats along ripple flanks. These mat colors reflect differences in microbial
community composition and are consistent with stratified layering
represented in Figure 7B. The coloration and distribution are influenced by
venting intensity and hydrodynamic flow conditions. Image credit: Thanos
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Abstract

Shallow-water hydrothermal vents are dynamic ecosystems that occur below 200 m in tectonically
active regions of the planet. While their geochemical composition has been investigated in several
locations, knowledge about the microbial diversity they harbour remains scarce. Moreover, the
relationships between hydrothermal fluid chemistry, geological settings and microbial community
structure in shallow vents have not been explored in detail. Here, we investigate the interplay between
fluid geochemistry and microbial diversity in two underwater volcanic regions in the Gulf of Naples,
Italy, one under the influence of the Somma-Vesuvio volcano and the other located within the
underwater portion of the Campi Flegrei caldera. By combining 16S rRNA amplicon sequencing with
geochemical measurements, and by contextualizing it with previous geochemical measurements done
in the region, we found that hydrothermal fluid chemistry, influenced by the geological setting where
the vents are hosted, plays a key role in shaping microbial ecological niches, and imposes strong
selective pressures on the resident microbial communities. We additionally describe two new shallow
vent sites, contributing to the characterization of the hydrothermalism in the area and unveiling the

biodiversity associated with shallow-water hydrothermalism in the region.

Keywords: Shallow-water hydrothermal vents, microbial diversity, geochemistry, biodiversity, Gulf

of Naples, Campi Flegrei
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1 Introduction

Hydrothermal vents are dynamic marine ecosystems that occur in tectonically active regions of the
planet and in proximity to active volcanic regions, where geothermal heat drives fluid circulation in
the crust (German and Seyfried, 2014). The resulting hydrothermal fluids enriched in reduced
compounds, metals and volatiles mix with oxidised seawater, promoting a redox thermodynamic
disequilibrium that fuels highly diverse microbial communities that employ different metabolic
strategies (Amend et al., 2003, 2011; Rogers and Amend, 2005, 2006; Dahle et al., 2015, 2018; Price
et al.,, 2015; Rucker et al, 2022). In contrast to their deep-sea counterparts, shallow-water
hydrothermal vents (SWHYV) occur closer to the surface (below 200 m), and are strongly influenced
by solar radiation (Price and Giovannelli, 2017). In these ecosystems chemotrophy and phototrophy
co-occur, making SWHVs high energy environments capable of sustaining complex trophic networks
(Tarasov et al., 2005; Gomez-Saez et al., 2017; Price and Giovannelli, 2017; Barosa et al., 2023). Due
to the shallow depths and consequent decrease in pressure, it is possible to find abundant free-gas
phases formed by the exsolution of dissolved volatile gases (Barge and Price, 2022), as well as intense
tidal fluctuations and dynamic forcing (Yiicel et al., 2013; Price and Giovannelli, 2017; Barge and
Price, 2022; Barosa et al., 2023). Additionally, their general proximity to land masses entails a higher

transport of terrigenous carbon and phytodetritus into these systems. (Price and Giovannelli, 2017).

Previous studies conducted in shallow-water hydrothermal vents have demonstrated a highly diverse
microbial consortia inhabiting these ecosystems (Cardigos et al., 2005; Rusch et al., 2005; Manini et
al., 2008; Maugeri et al., 2010, 2013; Giovannelli et al., 2013; Gugliandolo et al., 2015; Sciutteri et
al., 2022; Silva et al., 2025b). SWHVs were recently proposed to be a possible cradle for the origin of
life or the early evolution of microbial metabolism (Barge and Price, 2022; Rucker et al., 2022).
Thermodynamic mapping of exergonic reactions has demonstrated a high energy landscape available
for microbial metabolism (Amend et al., 2003; Rogers and Amend, 2005, 2006; Rogers et al., 2007,
Price et al., 2015; Lu et al., 2020). Depending on the typology of the hydrothermal system, niche
stratification can be observed, with a shift from sites dominated by chemolithoautotrophic and sulfur
utilising microbial communities to an increase of phototrophic and heterotrophic communities
(Giovannelli et al., 2013; Gugliandolo et al., 2015; Fagorzi et al., 2019; Barosa et al., 2023; Silva et
al., 2025b).

Differences in fluid geochemistry and the geological setting where hydrothermal systems are hosted
have been shown to impose strong controls on the resident microbial communities (Fullerton et al.,
2021; Colman et al., 2023; Sims et al., 2023; Upin et al., 2023). As water percolates into the crust,
fluids are transformed by subsurface processes, such as temperature dependent water-rock-gas
reactions, the release of metals and other elements from the host lithologies, as well as phase

separation events (Tivey, 2007; German and Seyfried, 2014; Price et al.,, 2015). As such, the
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composition of each hydrothermal fluid can be, to some degree, unique to every hydrothermal system,
reflecting changes in rock type, shape and size of the heat sources, composition of the primary
volatiles, geochemical reactions happening during fluid ascent, timescales of fluid-rock interaction
(German and Seyfried, 2014; Ely et al., 2023). The typology of the system also exerts control on how
the fluids are being discharged at the surface. For instance, hydrothermal systems hosted close to a
heat source (e.g. magmatic chamber or intrusions) or with direct channelling to the surface, usually
present higher temperatures and more focused flows, compared to more diffuse fluids, where there is a
higher degree of mixing between the hydrothermal fluids with seawater (Von Damm and Lilley, 2004;
Scheirer et al.,, 2006). This mixing also constrains the possible niches occupied by microbial
communities, given the variance in electron donors/acceptors available, as well as different carbon
sources. However, the extent to which these different geochemical landscapes constrain shallow-water

hydrothermal vents communities has not been explored in detail.

A previous study conducted in SWHYV of the Aeolian archipelago (Italy) reported that microbial
communities changed according to the different geochemical regimes found within the different
islands, following large-scale trends in volcanic activity (Barosa et al., 2023). Here, we combine 16S
rRNA amplicon sequencing with geochemical and physico-chemical measurements of the
shallow-water hydrothermal vents present within two volcanic regions of the Gulf of Naples, in the
Campania region, Italy, to investigate how the geochemistry and typology of the hydrothermal
systems in the area structure the microbial communities. The Gulf of Naples is characterized by the
presence of active volcanisms, with three active volcanoes in the area that are either surrounded or
extend at sea. Given the recent signs of unrest with increasing seismic activity of the Campi Flegrei
volcano (Astort et al., 2024; Giudicepietro et al., 2025), this study may provide baseline
microbiological data for future research aimed at understanding shifts in microbial communities in

response to changes in volcanic activity.
2 Experimental Procedures

2.1 Campi Flegrei and Somma-Vesuvius volcanic complexes

Naples's area is characterized by the presence of three active volcanoes: the Ischia volcanic complex,
the Campi Flegrei caldera and the Somma-Vesuvius volcanic complex. The gulf is characterized by
intense hydrothermal activity, with numerous submarine hydrothermal systems reported in the region
(Figure 1) (De Astis et al., 2004; Aiello et al., 2010; Kerrison et al., 2011; Calosi et al., 2013; Torrente
and Milia, 2013; Passaro et al., 2014b; Somma et al., 2016; Donnarumma et al., 2019; Baldrighi et al.,
2020; Bellec et al., 2020; Sacchi et al., 2020).
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The Campi Flegrei caldera is a significant and historically active volcanic field situated along the
Neapolitan Tyrrhenian coastline of Italy. The distinctive geomorphology of the Pozzuoli Bay area has
been shaped by two major explosive eruptions: the Campanian Ignimbrite approximately 39,000 years
ago (Rosi et al., 1996) and the Neapolitan Yellow Tuff around 15,000 years ago (Orsi et al., 1992).
The southern part of the caldera is now submerged (the Pozzuoli Bay area), and is hence characterised
by intense underwater hydrothermal activity. The area has been characterized by uplifting and intense
seismic events (Astort et al., 2024; Giudicepietro et al., 2025), and the inland and submarine
geothermal features are constantly monitored to understand the state of unrest of the volcano. The last

eruption is dated 1538, with the formation of Monte Nuovo.

On the western side of the city of Naples, the Somma-Vesuvius volcanic complex originated from a
sequence of eruptions through time, starting from the construction of the Somma edifice (>20,000
years ago) that was later (partially) dismantled in a sequence of Plinian eruptions between 20,000 to
1,871 years ago. These eruptions gave rise to the formation of a summit caldera, measuring 4.9 by 3.4
kilometres in an east-west elongated configuration (Bertagnini et al., 1998), topped by the young
(post-caldera) Vesuvius cone. Mild hydrothermal activity has been ongoing at Vesuvius since its last
eruption in 1944. Key indicators of this activity include: (a) weak fumarolic emissions, accompanied
by diffuse soil CO, degassing in the crater area (Chiodini et al., 2001; Frondini et al., 2004); (b)
CO,-rich groundwaters along the southern flank of Vesuvius and in the adjacent plain (Caliro et al.,
2011); and (c) episodic seismic activity with epicentres concentrated within the crater (Caliro et al.,
2011). The toe-shaped morphology on the seafloor located in the southwestern side of the

Somma-Vesuvius is explained by two flank collapses in the Late Pleistocene (Passaro et al., 2014a).

2.2 Sampling and site description

Samples were collected from June to October 2020 during the FEAMP20 expedition on the
shallow-water hydrothermal vents present on the Gulf of Naples (Figure 1) following a large-scale
sampling approach (Giovannelli et al., 2022). More specifically, samples were collected at the region
of Campi Flegrei caldera: Secca delle Fumose (SF) and Gabbiano (GB), at the region of Campi
Flegrei caldera rim: Capo Miseno (CM), and the region of Somma-Vesuvius: Bagno Conte (BC). The
most interesting sites, Secca delle Fumose (geyser) and Capo Miseno, were sampled twice, and
indicated as SF_G2 and CM2, respectively (Table 1). All samples were retrieved by scuba divers, and
in order to get a broader characterization of the vent environment, three types of samples were
collected at each site: sediments, fluids, and biofilms. Fluids were sampled through the insertion of a
silicon tube in the selected vent orifice (7-15 cm), and filtered through Sterivex 0.22 um filter
membranes. The sediments were collected in the vent orifice (top 1-2 cm), and biofilms were
collected at or in the vicinity of the vents. For geochemical analyses, fluids were filtered (0.22 pum)

and treated with nitric acid (final concentration of 2 %). In the laboratory, Sterivex filters and
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sediments were stored at -20 °C until DNA extraction, while the samples for geochemical analyses
were stored at 4 °C. Physico-chemical parameters for each sample site were measured in-situ using a
multiparametric probe (HANNA, HI98196), a refractometer (Fisherbrand ™), and a field

thermometer.
2.3 Geochemical Analysis

The concentrations of major cations (sodium-Na®, potassium-K*, magnesium-Mg?**, ammonia-NH,",
and calcium-Ca") and anions (chlorine-CI', sulfate-SO,* and bromide-Br) of the sampled fluids were
measured (in duplicates) using ion chromatography (ECO, IC Metrohm). Calibration curves for the
ion species were measured in the range of 0.1 and 200 ppm with an R > 0.999. All samples were
filtered (0.22 pm) and diluted to a conductivity of 600 pS/cm (Correggia et al., 2023a). All dilutions
were made using 18.2 MQ/cm type 1 water, also used as a blank for blank subtractions. Anions were
run using a 3.2 mM Na,CO; + 1 mM NaHCO; mobile phase on a Metrosep A Supp 5 column
equipped with a 0.15 M ortho-Phosphoric acid suppressor. The flow of the anionic eluent was 0.7 ml
min' for 30 min. Cations were run using a 2.5 mM HNO; + 0.5 mM (COOH), x 2H,0O mobile phase
on a Metrosep C4 column. The flow of the cationic eluent was 0.9 ml min™ with a total separation of
35 min. Data acquisition and analysis were carried out through MagIC Net 3.3 software. Calibration
curves were defined using certified CPA chem external multi-ion standards for each of the anions and
cations analysed in this study (1000 mg/L). Additionally, the concentration of biologically relevant
trace elements (i.e. Fe, Zn, As, Rb, Sr, Mo and Cs), were measured (in triplicates) using an Agilent
inductively coupled plasma mass spectrometer (Agilent ICP-MS 7900) following the standard
operating practice developed at the Giovannelli Lab (Correggia et al., 2023b). Calibration curves
covered a concentration range between 0.01 to 100 ppb, and were run using Agilent certified
multistandard 2A (10 pg/mL of Ag, Al, As, Ba, Be, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, K, Li, Mg, Mn,
Na, Ni, Pb, Rb, Se, Sr, TI, U, V, Zn). Additionally, we contextualised the geochemistry of these
hydrothermal systems with published data from the region found in the literature. The visualisation
and statistical analysis on geochemical data were carried out in the R statistical software version 4.1.2

(Core, 2021) and ggplot2 packages (Wickham, 2011).
2.4 DNA Extraction and Amplicon Sequencing

DNA extraction was performed using the DNeasy PowerSoil Kit (QIAGEN), following the
manufacturer's instructions, with an extra elution step. When low DNA yields were obtained, a
modified phenol-chloroform DNA extraction method was used, adapted for shallow-water
hydrothermal vent conditions (Giovannelli et al., 2013, 2016b). Briefly, 850 ul of extraction buffer
(50 mM Tris-HCI pH 8, 20 mM EDTA pH 8, 100 mM NaCl) was added to 0.5 g of sediment and
sterivex filters. Followed with 100 pl of Lysozyme (100 mg/ml) and 5 pl of Proteinase K, with a step
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of incubation at 37 °C for 30 min after each supplementation step, and followed by 1 min of
vortexing. Subsequently, 50 ul of 20 % SDS was added to the samples and incubated for 30 min at 65
°C, with regular mixing, followed by a vortexing step for 1 min. Samples were then centrifuged for 3
min at 14,000 x g. The supernatant was collected and transferred to a phenol:chloroform:isoamyl
alcohol (25:24:1) solution, followed by centrifugation for 3 min at 14,000 x g. The aqueous phase was
collected and transferred to a solution of chloroform:isoamyl alcohol (24:1) and centrifuged for 3 min
at 14,000 x g. The supernatant was collected and supplemented with Na-acetate (0.1 vol) and
isopropanol (0.7 vol), and incubated at -20 °C for 2 h. The precipitated DNA was further washed with
70% cold ethanol and re-suspended in 50 pl of Tris-HCL. DNA was visualised with agarose gel
electrophoresis and quantified spectrophotometrically and spectrofluorimetrically (NanoDrop and
Qubit, respectively). The successfully extracted DNA was sequenced at the Integrated Microbiome
Resource (IMR, https://imr.bio) using primers targeting the V4-V5 region (515FB =
GTGYCAGCMGCCGCGGTAA and 926R = CCGYCAATTYMTTTRAGTTTS15FB - 926R) of the
16S rRNA gene, using an Illumina V3 sequencing MiSeq.

2.5 Bioinformatic and statistical analysis

The raw sequencing data were analysed using the DADA2 package (Callahan et al., 2017). Quality
profile analysis was carried out after trimming the primers and adapters, where only the sequences
with a quality call for each base between 20 and 40 were kept for downstream analysis. Amplicon
sequencing variants (ASVs) were estimated through error profiling, and taxonomy was assigned to
each ASV with the SILVA database, release 138 (Quast et al., 2013). Amplicon variant abundance
tables and taxonomic assignments were used to create a phyloseq object to further calculate diversity
indices and investigate the microbial diversity, as previously reported (Cordone et al., 2022, 2023;
Barosa et al., 2023). Sequences belonging to Mitochondria, Eukaryotes, Chloroplasts, groups related
to human pathogens and common DNA extraction contaminants (Sheik et al., 2018), as well as the
sequenced blanks, were removed from the dataset. The remaining reads represented 95 % of the
original reads, with 178671 reads assigned to 4612 ASVs. Diversity analyses were carried out using
the Phyloseq package (McMurdie and Holmes, 2013) with the relative abundance values set to 100 %.
Beta diversity was investigated using the Jaccard diversity index (Unweighted and Weighted) as
implemented in the vegan package (Oksanen et al., 2018). The obtained ordination was used to
investigate the correlation between the environmental and geochemical variables using environmental
fitting (envfit and ordisurf functions). ASV taxonomic classification was further carried out using the
EzBioCloud database (Yoon et al., 2017), as well as blasted against the nucleotide database of the
National Center for Biotechnology Information (NCBI). All statistical calculations, data processing,
and visualisation were carried out in the R statistical software version 4.1.2 (Core, 2021) and ggplot2

packages (Wickham, 2011). All the sequences analysed in this study are available through the
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European Nucleotide Archive (ENA) under project accession PRIEB67762, under the ENA Umbrella
project CoEvolve PRJEB55081. A complete R script containing all the steps of our analysis is
available at https://github.com/giovannellilab/Barosa_et _al Feamp20_ 16S with DOI:
10.5281/zenodo.14966493, together with all the environmental and geochemical data.

3 Results

3.1 Site description and physico-chemical parameters

The samples were collected in three different locations belonging to two different volcanic regions
(Figure 1), the Campi Flegrei caldera (SF_G1, SF_G2, SF_EF, and GB) and caldera rim (CM1 and
CM2), and the Somma-Vesuvius area (BC). Venting in the SF_G1 site, known by local divers as the
geyser, occurs in a rocky bottom and it is characterized by intense focused emission surrounded by
yellow, orange and white bacterial mats and mineral precipitates. No free gas is visible at this site.
Venting in the SF_EF site, located in close proximity to SF_G1, occurs in a field of large rocks . Gas
bubbles are visible and run against the rocks determining the distribution of abundant white biofilms.
Venting at site GB is diffuse and occurs through sediments covered with white particles. Minimal free
gas is present in the area. The site CM, located in the Campi Flegrei caldera rims is characterized by
diffuse gas emission in a rocky area and the presence of a larger more focused opening named “the
flute”, covered with white filamentous biofilms. The site BC, in the region of Somma-Vesuvius, is
located at the shoreline, and characterised by white particles in suspension and an intense smell of

“rotten eggs” characteristic of H,S.

The physico-chemical parameters of the shallow-water hydrothermal vents of the Gulf of Naples
sampled in this study are shown in Table 1. Vent temperatures varied from 26.3 °C in the SWHV of
CM1 to 71 °Cin SF_Gl. The salinity ranged from 17.65 PSU in BC to 38.37 PSU in CM2. Dissolved
oxygen (DO) values ranged from 43 % in GB to 92 % in CM2. The oxidation-reduction potential
(ORP) was negative for all the sampling sites with the exception of CM2, in which the value is 54.2
mV. The pH was slightly acidic for every sampled shallow-water vent (average pH of 5.73). The
conductivity for each site is around 50 mS/cm, with the exception of BC, in which the value is 28.7
mS/cm. The total dissolved solid (TDS) ranged between 14.31 ppt TDS in BC to 28.76 ppt TDS in
CM2.

3.2 Geochemical Results

The concentrations of the major and minor elements (and respective measurement errors reported in
% RSD) of the shallow-water hydrothermal vents sampled in this study are presented in Table 2 and
Table 3, respectively. Chloride (CI') ranged from 10,030.06 ppm in the BC site to 21,094.04 ppm at
CMI1. Bromide (Br) values ranged from 34.27 ppm in BC to 72.48 ppm in CM1, whereas sulfate
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(SO,*) ranged from 1,377.55 ppm in BC to 2,920.13 ppm in SF_EF. Sodium (Na") values ranged
from 5,844.84 ppm in BC to 12,783.86 ppm in SF_EF, while ammonium (NH;") ranged from 33.28
ppm in GB to 40.30 ppm in SF_G2. Potassium (K"), magnesium (Mg*"), and calcium (Ca*")
concentrations ranged from 198.47 ppm in BC to 598.43 ppm in GB, 606.89 ppm in BC to 1,395.17
ppm in CM1, and 434.79 ppm in SF_EF to 497.28 ppm in SF_G2, respectively.

The trace elements measured in this study are presented in Table 3. Manganese (Mn) concentrations
ranged from 0.0037 ppm in CM2 to 3.1 ppm in GB, while iron (Fe) concentrations ranged from 0.011
ppm in CM2 to 11.12 ppm in GB. Zinc (Zn) and Arsenic (As) concentrations ranged from 0.023 ppm
in SF_EF2 to 0.46 ppm in CMI, and 0.011 ppm in SF_EF2 to 2.45 ppm in SF_G2 in SF_G2,
respectively. Rubidium (Rb) concentrations ranged from 0.12 ppm in BC to 3.23 ppm in GB.
Strontium (Sr) and Caesium (Cs) values ranged from 8.11 ppm in BC to 13.3 in SF_Gl1, and 0.002
ppm in CM1 to 1.73 ppm in SF_G1, respectively. Molybdenum (Mo) concentrations ranged from 0
ppm in BC to 0.012 ppm in SF_EF2. Seawater element concentrations were obtained from Price et.

al., 2015.

Principal Component Analysis (PCA, Figure 2A) constructed using the physico-chemical
characteristic of each site and major ion composition shows that sites clustering according to the
geographic locations where venting occurs, with the exception of SF_EF. Site BC, located under the
influence of the Somma-Vesuvius volcanic complex, presented the most diverse geochemistry
compared to all the other sites investigated and clustered on its own (Figure 2A). The concentrations
of chloride plotted against sodium suggest that all the fluids are of seawater origin and mixed with
lower salinity deeply-derived fluids with the exception of BC, that might be the results of meteoric
recharge mixing with seawater and shows much lower salinities (Figure 2B). The mixing plots of the
other major ions (Figure 2D-E) support this trend, revealing three distinct clusters (consistent with the
PCA results). Sites SF_EF, CM1, and CM2 exhibit concentrations similar to seawater, indicating a
higher degree of fluid mixing with background seawater, compared to sites SF_ G1, SF G2, and GB.
The higher Fe concentrations observed at site GB (Figure 2F) suggest increased rock leaching,

possibly influenced by the local host lithology.
3.3 Microbial Diversity

The microbial diversity of the shallow-water vents of the Gulf of Naples was investigated using the
V4-V5 regions of the 16S rRNA gene. A total of 4,612 ASVs were identified (after quality check and

filtering steps, see methods for details).

The sites SF_G1, SF_G2, SF_EF, and GB are in the Campi Flegrei caldera region (Figure 3). The site
SF_Gl1, represented only by a fluid sample, was dominated by the Aquificota phylum, followed by

Chloroflexi, Desulfurobacterota, and an unidentified phylum, at lower abundances. Within Aquificota,


https://doi.org/10.1101/2025.10.02.679971
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.10.02.679971; this version posted October 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Hydrogenothermus was the most abundant genus in this site (63.0 % average relative abundance).
Within Chloroflexi, the most abundant family was Anaerolineaceae, with no classification down to
the genus level (8.8 % average relative abundance). Within Desulfurobacterota, the most abundant
genera belonged to the Thermodesulforhabdus and Thermosulfurimonas (4.5 % and 3.0 % average
relative abundance, respectively). An unidentified phylum was also present in lower abundances (2.1
% average relative abundance). The site SF_G2, composed of both fluid and sediment samples, was
dominated by members belonging to the phyla Proteobacteria, Cyanobacteria and Bacteroidota, at
lower abundances. Within Proteobacteria, the most abundant family belonged to Thiomicrospiraceae,
with no further classification down to the genus level (5.2 % average relative abundance across fluid
and sediment samples), followed by a gammaproteobacterial unidentified ASV (3.0 % average
relative abundance across fluid and sediment samples). Additionally, it was possible to identify the
genera Thiogranum, and Woeseia, the Sarsl1 clade, and the genus Thiohalophilus (2.4 %, 2.3 %, and
2.2 % average relative abundance across fluid and sediment samples, respectively). Within
Cyanobacteria, the most abundant genus belonged to Synechococcus CC9902 (3.6 % average relative
abundance across fluid and sediment samples). Within Bacteroidota, the most abundant family
belonged to Cryomorphaceae, with no further taxonomic classification (2.2 % average relative

abundance across fluid and sediment samples).

The site SF_EF has as most abundant members, ASVs affiliated to the Bacteroidota phylum, with
Calditrichota, Desulfurobacterota, Halobacterota, and Campylobacterota, present in lower
abundances. Within Bacteroidota, the most abundant ASV belongs to the clade bacteroidetes VC2.1
Bac22 (5.0 % average relative abundance across the fluid and sediment samples), and to the families
Lentimicrobiaceae, Melioribacteraceae, and Bacteroidetes BD2-2 (3.8 %, 3.1 %, and 2.1 % average
relative abundance across fluid and sediment samples, respectively). Within Calditrichota,
Desulfurobacterota, Halobacterota, and Campylobacterota, ASVs were affiliated with the genera
Caldithrix, Desulfovibrio, Methanofolis, and Sulforovum, respectively (3.3 %, 2.7 %, 2.7 %, 2.5%

average relative abundance across fluid and sediment samples, respectively).

The site GB, located near both SF_G1 and SF_@2, is the one in this region closest to land. This site is
composed of both fluid and sediment samples, and dominated by members belonging to the
Bacteroidota phylum, with Acidobacterota, Desulfurobacterota, Nanoarchaeota, and an unidentified
phylum, present at lower abundances. Within Bacteroidota, the most abundant genus belongs to
Marinifilum (7.6 % average relative abundance across fluid and sediment samples), followed by the
clade PHOS-HE36 and family Cyclobacteriaceae, which could not be resolved to the genus level (5.9
% and 2.5 % average relative abundance across fluid and sediment samples, respectively).
Additionally, it was possible to identify the clade lheB3-7 (2.2 % average relative abundance across
fluid and sediment sample, as well as an ASV belonging to an unidentified phylum (3.9 % average

relative abundance across fluid and sediment sample). Within Acidobacteriota, the genus
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Thermotomaculum was present in higher abundances (2.5 % average relative abundance across fluid
and sediment samples). Within Desulfurobacteriota and Nanoarchaeota, it was possible to identify the
family Desulfosarcinaceae and the clade SCGC_AAAO011-D5, with no further taxonomic

classification (2.1% average relative abundance in both the fluid and sediment samples).

The sites CM1 and CM2 are located within the Campi Flegrei caldera rim region. The site CM1,
composed of both fluid and sediment samples, was dominated by the phylum Bacteroidota and
Proteobacteria, with Campylobacterota present at lower abundances. Within Bacteroidota, the most
abundant family belonged to the Flavobacteriaceae, where it was possible to identify the genera
Lutibacter, Olleya, and Maritimimonas (8.0 %, 3.7 %, and 2.0 % average relative abundance across
fluid and sediment samples, respectively). Additionally, one ASV could not be resolved to the genus
level (5.1 % average relative abundance in both the fluid and sediment samples). The ASVs belonging
to the families Saprospiraceae and Cryomorphaceae were not possible to classify down to the genus
level (4.2 % and 2.6 % average relative abundance across fluid and sediment samples). Within
Proteobacteria, the most abundant family belonged to the Rhodobacteraceae, where one ASV could
not be classified to the genus level, and the other to the genus Actibacterium (3.8 % and 2.1 % average
relative abundance across fluid and sediment samples). The family Thiotrichaceae could not be
resolved to the genus level (3.0 % average relative abundance across fluid and sediment samples).
Within Campylobacterota, Sulfurovum was the most abundant genus (2.5 % average relative
abundance across fluid and sediment samples). The site CM2 was dominated by the phylum
Bacteroidota and Proteobacteria in higher abundances, with Cyanobacteria, Campylobacterota, and
Planctomycetota present at lower abundances. Within Bacteroidota, the most abundant family
belonged to Cyclobacteriaceae, with no further taxonomic classification (2.3 % average relative
abundance across the fluid and sediment samples). Within Proteobacteria, Woesia was the most
abundant genus (4.3 % average relative abundance across fluid and sediment samples), followed by
the SAR 11 and B2M28 clades, with no classification down to the genus level (2.5 % and 2.2 %
average relative abundance across the fluid and sediment samples). Within Cyanobacteria,
Campylobacterota and Plactomycetota, Synechococcus CC9902, Sulfurovum and Rubripirellula were
the most abundant genera (3.5 %, 2.2 %, and 2.2 % average relative abundance across the fluid and

sediment samples, respectively).

The BC site located within the Somma-Vesuvius volcanic area, was dominated by members belonging
to the Bacteroidota and Proteobacteria phyla, with Desulfurobacterota present at lower abundances
(Figure 3). Within Bacteroidota, the most abundant order belongs to the Flavobacteriales, with the
most abundant ASV not resolved to the genus level (13.3 % average relative abundance across fluid
and sediment samples), followed by the clade n7 marine group (9.8 % average relative abundance
across fluid and sediment samples), and the genus Artictiflavibacter (2.3 % average relative

abundance across fluid and sediment samples). The order Ignavibacteriales was dominated by the
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clade LheB3-7 (4.0 % average relative abundance across fluid and sediment samples), followed by the
Bacteroidetes VC2.1 Bac22 clade (4.6 % average relative abundance across fluid and sediment
samples). Within Proteobacteria, the most abundant genera belong to Thiomicrorhabdus (7.8 %
average relative abundance across fluid and sediment samples), followed by Thioclava (3.8 % average
relative abundance across fluid and sediment samples), and Cocleimonas (2.7 % average relative
abundance across fluid and sediment samples). The low abundance phylum Desulfurobacteriota was
dominated by the genus Desulfobulbus (2.1 % average relative abundance across fluid and sediment

samples).

The biofilm samples were collected in the vicinity of the vent orifice (Figure 4). At the Campi Flegrei
region, in SF_G1 and SF_QG?2 sites (two biofilms were collected - SF_ G2A and SF_G2B), the biofilm
communities were dominated by ASVs belonging to the Aquificota phyla, more specifically to
Hydrogenothermus genus (49 %, 37.4 %, and 87.4 % relative abundance, respectively), with other
phyla present at lower abundances. On the other hand, at the site CM2, the biofilms were instead
dominated by ASVs belonging to the class Gammaproteobacteria (36.9 % relative abundance), with
no classification down to the genus level, and the genus Thiothrix at lower abundances (8.4 % relative
abundance). At the site BC, the most abundant ASVs were affiliated to the genus Thiothrix (30.7 %

relative abundance).

In order to understand the role of the measured geochemical and environmental parameters in
constraining the distribution of the microbial communities inhabiting the sampled shallow-water
hydrothermal vents, we performed both abundance weighted and unweighted (presence-absence)
multivariate ordination (nMDS) based on the Jaccard dissimilarity indexes. We found that the
microbial communities are separated according to the different settings where the vents occur, as well
as to fluid geochemistry observed in our geochemical analysis (Figure 2A, Figure 5A and 5B, and
Supplementary Figure 2 for nMDS based on the unweighted Jaccard index). The clustering based on
the geographic location is statistically significant in both the weighted, as well as the unweighted
jaccard based nMDS, taking into account the volcanic region (ADONIS, n=7, p =0.034 and adj.p =
0.005), as well as the geochemical regime (ADONIS, n = 7, p = 0.034 and adj.p = 0.004).
Environmental fitting performed on the weighted Jaccard nMDS show that: salinity, total dissolved
solids, conductivity, and the concentrations of Na, Cl, and Br, were statistically correlated with the
changes in betadiversity (adj.p < 0.05). Salinity and Sr concentrations were statistically correlated

with the unweighted jaccard based nMDS (adj.p < 0.05) (Supplementary Table 2).

4 Discussion

Coupled geochemical and microbiological analyses are fundamental to understanding the

geosphere-biosphere feedback in natural ecosystems (Giovannelli et al., 2022). In hydrothermal
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systems, both continental and marine hosted, geosphere-biosphere coupling is much stronger
compared to other ecosystems, since the microbial communities largely rely on compounds and
elements provided by the hydrothermal fluids and derived from fluid-rock interactions (Dahle et al.,
2018; Fullerton et al., 2021; Barosa et al., 2023; Colman et al., 2023; Basili et al., 2024). In the
present study, we analysed the geochemistry of hydrothermal fluids collected from the shallow-water
hydrothermal vents of the Gulf of Naples, occurring within two different volcanic regions, Campi
Flegrei and Somma-Vesuvius (Figure 1). We also report the geochemical characterization of two new
shallow-water hydrothermal vent sites (CM1/2, and GB) that, to our knowledge, have never been
described in the literature before. We contextualised the geochemistry of these hydrothermal systems

with previous studies done in the region.
4.1 Geochemistry of the shallow-water vents of the Gulf of Naples

On the seafloor, the ascent of hydrothermal fluids is facilitated through the permeability of
lithospheric fault systems, allowing a more focused channelling of subsurface fluids to the surface
(Pearce et al., 2019). All the sampled sites are located within proximity to fault systems (see
geological maps in Tramparulo et al., 2018 and Aucelli et al., 2020), which might facilitate both

recharging and discharge.

Three major groups of venting fluid geochemistry can be identified using the major ions composition
(Table 2 and Figure 2A-E). The first two groups occur within the Campi Flegrei caldera and are
hosted in Campania ignimbrite rocks, characterizing the area and can be recognized by their fluid
chemistry using classic diagnostic plots for hydrothermal systems (Price et al., 2015). In end-member
hydrothermal fluids, Mg*" is depleted due to high temperature water-rock reactions, and it can
therefore be used as a tracer to infer the degree of mixing with seawater (Price et al., 2015; Di Napoli
et al., 2016). Ion concentrations, including Mg*" in the first group of samples, composed of the fluids
from the sites CM1, CM2, and SF_EF, had concentrations and compositions similar to seawater,
suggesting a high degree of mixing between the venting hydrothermal fluids and seawater. By
contrast, a second group of samples, from GB, SF_G1, and SF_G2, presented a lower degree of
mixing, as suggested by the lower Mg*" concentrations and the presence of NH,". In seawater, NH,"
is present in trace amounts, as it is readily assimilated by phytoplankton and oxidised by nitrifying
microorganisms (Karl et al., 2008; O’Connor Sraj et al., 2017), while high concentrations of NH,"
have been reported in hydrothermal springs within the Campi Flegrei region (Sieland, 2009). This
suggests a higher contribution of primary hydrothermal fluids to these sites. Additionally, sites SF_G1
and SF_G2 have similar fluid chemistry with respect to previous geochemical data collected in 2006,

highlighting the stability of the system (Di Napoli et al., 2016).
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The third group, represented only by the site BC, occurs within a different host lithology in the
southern portion of the Gulf of Naples (carbonates - Figure 1). The site location in the intertidal zone
and the low concentrations of Cl" and Na® compared to the other sites suggest mixing with
groundwaters before discharge. A previous study done in the region has shown that the fluids of the
vents present in this region are a mixture of seawater and groundwater end-members, as a result of
saltwater intrusion into fractured and karstified aquifers, which could account for the differences in

fluid chemistry seen here (Baiocchi et al., 2010).

The fluids from the site GB, SF_G1 and SF_G2 were enriched in elements such as Rb, Cs, Fe, As, and
Mn. It has been demonstrated that some elements, such as Rb and Cs, can be efficiently extracted
from basalt at higher temperatures (Palmer and Edmond, 1989). Cs/Rb ratios in the SF_G1/G2 fluids
are high, suggesting equilibration with mafic rocks at depth (Palmer and Edmond, 1989). Sites GB,
SF Gl and SF_G2 were also enriched in As, which can be leached from host lithologies at high
temperatures. Arsenic, in the form AsO;* and AsO,> is an important electron donor and acceptor for
microorganisms and it has already been reported in high concentrations in multiple shallow-water
hydrothermal systems (Aiuppa et al., 2006; Pichler et al., 2006; Leal-Acosta et al., 2013; Price et al.,
2013; Ruiz-Chancho et al., 2013). Fluids from SF_G1/SF_G2, and GB, were also enriched in Mn and
Fe, although with different concentrations (GB site had higher concentrations of Fe and Mn). These
elements are frequently enriched in hydrothermal fluids (Tebo and Mandernack, 1993; Scholten et al.,
2019), indicating that these fluids could be equilibrating within similar host lithologies. The difference
in temperature (more than 30 °C), Fe, and Mn, observed between SF_G1/SF G2, and GB, could be
due to the mixing with seawater as the fluids approach the surface, and/or different water-rock

reactions (for instance, in the upflow zone - secondary mineral precipitations), respectively.

The PCA analysis (Figure 2A) shows that the concentrations of the fluids from the shallow-water
hydrothermal vents CMI1, CM2, and SF EF cluster together and therefore have similar fluid
chemistry. Their similar chemistry, with respect to seawater in the major ions biplots (Figure 2- B-E),
suggests a higher degree of mixing at these locations (i.e., a lower ratio between hydrothermal fluid vs
seawater). The sites GB, SF_GIl, and SF G2, had similar fluid chemistry between each other
(clustering together in the PCA analysis), and were located within the same region within the Campi

Flegrei caldera (see Figure 1).

Noble gases, due to their inert properties, can serve as valuable geochemical tracers (Hilton et al.,
2002). Helium, for instance, has two stable isotopes: *He and “He. *He is primordial and has been
stored in the mantle following Earth’s accretion 4.56 Gyr. In contrast, “He is produced continuously
on Earth through the radioactive decay of U and Th (Barry et al., 2022, Hilton et al., 2002). The mean
ratio of *He/*He for arc gases is approximately 5.4 + 1.9 Ra (Ra = 1.39 x 10°, Hilton et al., 2002;

Ozima and Podosek, 2002). Changes in this ratio can provide information about the origin of volatiles
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in hydrothermal systems (i.e. crust and/or mantle derived) (Hilton et al., 2002). A previous study
measured *He/*He in both shallow-water hydrothermal vents, as well as in-land geothermal wells and
fumaroles in the Campi Flegrei volcanic region (Tedesco et al., 1990). The authors found that there is
no significant difference in the *He/*He ratio between the sites (*He/*He ratios ranging between 2.0
and 3.2 Ra), thus suggesting a common source of helium in the two regions. Notably, however,
‘He/*He ratios have been shown to decrease towards the margins of the Campi Flegrei caldera. A
lower *He/*He ratio in the peripheral manifestations could be due to greater distances from the
magmatic source and the primary location of degassing, or mixing with crustal derived volatiles
higher in “He (Tedesco et al., 1990). One of the lowest *He/*He values measured in Campi Flegrei was
found close to where the CM1 and CM2 sites were sampled in the present study. Additionally,
Orlando et al. (2011), through the analysis of gas ratios of H,, Ar, CH,, and CO,, found that gases
from the Secca della Fumosa region (SF site in this work) are equilibrated at approximately 250 °C,
compared to lower equilibration temperatures in samples collected from the Capo Miseno region (150
°C). Even though we did not directly measure gases in this work, the aforementioned studies suggest
that the CM1 and CM2 vents occur further away from the main magmatic gas outflow path than, for
instance, the vents present in the SF region, supporting regional differences in geochemistry of the
fluids controlled by regional difference in volcanism. Since the shape, size and distance to the heat
source has been acknowledged to be one of the most important parameters dictating the chemistry of
hydrothermal fluids (German and Seyfried, 2014), this could explain both the divergence in fluid
chemistry measured in CM1 and CM2, as well as the possible higher mixing with seawater as the

fluids approach the surface.

Taken together these results highlight how even in such small scales, regional differences in the host

lithologies and geological background can have an impact in the hydrothermal fluid chemistry.
4.2 Microbial Diversity

The microbial communities inhabiting the shallow-water hydrothermal vents of the Gulf of Naples,
were mostly dominated by ASVs belonging to Proteobacteria and Bacteroidota, with other phyla
present at lower abundances (Figure 3). Dominant groups have been previously reported from other
shallow-water hydrothermal environments (Zhang et al., 2012; Giovannelli et al., 2013; Gomez-Saez
et al., 2017; Price and Giovannelli, 2017, 2019; Barosa et al., 2023). The inherent characteristics of
SWHY, such as the presence of both sunlight and geochemical energy, coupled with organic and
inorganic carbon sources, reflect both the diversity of taxa as well as the metabolic strategies found in
these ecosystems (Price and Giovannelli, 2017). For instance, in the present study, we consistently
find ASVs associated with groups known to perform chemolithoautotrophy, chemoheterotrophy,
heterotrophy, and photoautotrophy. The differences in their distribution, however, may be related to

the topology of the hydrothermal system, as well as to fluid geochemistry and mixing patterns. The
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mixing of hydrothermal fluids with seawater during ascent and venting creates dynamic mixing zones,
generating a plethora of microbial niches with diverse combinations of electron donors and acceptors,
suggesting that hydrothermal systems with a higher degree of mixing could support a greater diversity

of ecological niches to be explored by the resident microbial communities.

The Campi Flegrei venting sites SF_G1 and SF_G2 were collected at the same location, on two
different occasions. They present remarkably different communities. For instance, SF_G1 has the
most abundant ASVs related to taxa commonly found in high temperature shallow-water
hydrothermal systems (Barosa et al., 2023). At this site, the majority of the ASVs were associated
with the genus Hydrogenothermus, with the ASV affiliated with the species Hydrogenothermus
marinus (99.5 % similarity; supplementary table 1). Members belonging to this genus are
thermophilic, chemolithoautotrophic bacteria, coupling the oxidation of hydrogen to inorganic carbon
fixation using the rTCA cycle (Stohr et al., 2001). Other abundant ASVs were affiliated with the
family Anaerolineceae, within Chloroflexi. This family is known to harbour genera employing widely
diverse metabolic strategies with anaerobic growth (Bedoya-Urrego and Alzate, 2024). Furthermore,
it was also possible to find ASVs related to known groups associated with sulfur metabolism, such as
Thermodesulforhabdus, which is a thermophilic, acetate-oxidizing, sulfur-reducing bacterium (Beeder
et al., 1995), as well as Thermosulfurimonas, which is a group known to perform the
disproportionation of sulfide to sulfate (Slobodkin et al., 2012). In contrast, samples from site SF_G2
present marked differences in the microbial communities. On one hand, we detected a high abundance
of ASVs related to chemolithoautotrophs, such as Thiomicrospiraceae, known sulfur-oxidizing
thermophilic bacteria, and Thiogranum, obligate sulfur-oxidizing, chemolithoautotrophic bacteria
(Mori et al., 2015). On the other hand, we found the presence of ASVs affiliated with groups
commonly found in open seawater, such as photoautotrophic taxa Syneccococus and SARII clade,
suggesting mixing with seawater. The difference between these two sampling times could be
explained by multiple factors, such as changes in the community over time due to the entrainment of
seawater in the hydrothermal system or sampling errors that collected a variable amount of seawater
during the sampling of SF_G2. The latter seems more plausible given the similar geochemistry and
temperature of the fluids (~68 °C, providing the same selective pressures). Additionally, the microbial
communities of the SF_G2 site are more similar to other sampled locations in the study, which are

associated with more diffuse and seawater-mixed hydrothermal fluids.

The site SF_EF was sampled approximately 80 meters from SF_G1/2, and was located in an area of
vigorous diffuse gas degassing and low temperature anomaly. The geochemistry was very different
from the sites SF_G1 and SF_G2, and showed similar chemical composition to seawater (Figure 2-B).
At this location, most of the high abundance ASVs are affiliated with known chemoorganotrophs. For
instance, the family Lentimicrobiaceae has been shown to grow chemoorganotrophically using a

narrow range of carbohydrates under anaerobic conditions (Sun et al., 2016). There is a high
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abundance of ASVs related to known groups that use nitrogen species known to be present in
seawater (N,O, NO,’, NOy") as electron acceptors. The Bacteroidetes VC2.1Bac22 clade, which is an
uncultured clade distributed in marine ecosystems, including hydrothermal systems, has been shown,
through MAG analysis, to play key roles in complex organic carbon mineralization. It has also been
suggested to play equally important roles in N,O sinks in deep-sea hydrothermal systems (Leng et al.,
2022, p. 202). High abundance ASVs related to members belonging to the Calditrix genus were
recovered from the same sample. The type species of this genus, Calditrix abissi, couples the
oxidation of hydrogen to the reduction of nitrate, using organic carbon to build biomass (Kublanov et
al., 2017). The family Melioribacteraceae was affiliated with highly abundant ASVs, and are known
facultative anaerobic chemoorganotrophic bacteria, which can use Fe*', nitrite (NO,), and As>*, as
electron acceptors (Podosokorskaya et al., 2013). The presence of ASVs affiliated with known
sulfate-reducing chemoorganotrohic groups was also present, such as Desulfovibrio, which are known
mesophilic, hydrogenotrophic, sulfate-reducing bacteria previously isolated from a deep-sea
hydrothermal system (Alazard et al., 2003). At this site, there were also ASVs affiliated to the species
Methanofolis fontis (99.47 % similarity; supplementary table 1), which has been isolated from

deep-sea sediments, and it is a mesophilic, hydrogenotrophic methanogen (Chen et al., 2020).

Chemolithoautotrophic bacteria are present in high abundances, such as AVS related to the genus
Sulfurovum, a sulfur and thiosulfate-oxidizing bacterium that uses oxygen or nitrate as the electron
acceptor (Inagaki et al., 2004; Giovannelli et al., 2016a). The site GB, from all the sites within the
Campi Flegrei caldera, was the closest to land. Similar to the other sites in this region, the ASVs with
higher abundances were affiliated with known chemoorganotrophs, chemolithoautotrophs, as well as
heterotrophic groups. The most abundant ASVs were affiliated with the species Marinifilm fragile
(100 % similarity; supplementary Table 1), isolated from a tidal flat sediment in Korea. This
bacterium was described as being facultatively anaerobic, moderately halophilic, and was also
identified in shallow-water hydrothermal vent systems (Na et al., 2009; Barosa et al., 2023). It was
also possible to identify the clade PHOS-HE36, which some previous studies have suggested to be
composed of denitrifying bacteria (Xin et al., 2023). A recent study showed that the relative
abundance of PHOS-HE36 gradually increased as the Mn?* concentrations increased, as an indication
of the strengthening of denitrification (Jiang et al., 2024). This site has the highest concentration of
Mn*" measured (Table 3), and therefore indicates a possible relationship between the metals that are
being released from the hydrothermal system and the types of metabolism found (Giovannelli, 2023).
The family Cyclobacteriaceae was also affiliated with abundant ASVs, which have been
demonstrated to have wide physiological properties, such as growth temperature and salinity range,
and have also been observed in hot springs and mud volcanoes (Dworkin et al., 2006). Similarly to
SF_EF, it was possible to identify the family Melioribacteraceae. Heterotrophic groups associated

with Thermotomaculum were affiliated with some ASVs, which are thermophilic, heterotrophic
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bacteria, initially isolated from deep-sea hydrothermal systems (Izumi et al., 2012). ASVs at this site
were also affiliated with the family Desulfosarcinaceae, which includes groups associated with
sulfate-reducing bacteria (Watanabe et al., 2021). Overall, the shallow-water hydrothermal vents
hosted within the Campi Flegrei region were populated by ASVs affiliated with a mixture known
chemolithoautotrophic, chemoorganotrophic, and heterotrophic groups, which heavily relied on
nitrogen species as electron acceptors, and hydrogen as electron donors, and used organic as well as
inorganic carbon to build biomass. These types of metabolisms have been described before in these

types of ecosystems in previous studies (Price and Giovannelli, 2017; Barosa et al., 2023).

The shallow-water hydrothermal vents hosted in the Campi Flegrei caldera rim are represented here
by the sites CM1 and CM2. These vents have fluid chemistry similar to seawater, suggesting a higher
degree of mixing as the fluids approach the surface. At these shallow-water hydrothermal vents, the
microbial communities were dominated by ASVs associated with groups known to perform
heterotrophic lifestyles, common marine taxa, as well as chemolithoautotrophic and phototrophic
groups at lower abundances. In the site CMI1, it was possible to identify ASVs affiliated with the
Lutibacter genus, commonly found in marine environments as well as deep-sea hydrothermal vents,
and shown to reduce nitrate to nitrite (Le Moine Bauer et al., 2016). Similar to other shallow-water
hydrothermal vents, it was possible to identify ASVs affiliated with Thiotrichaceae, which can grow
chemolithoautotrophically or chemolithoheterotrophically in the presence of hydrogen sulfide and/or
thiosulfate or chemoorganoheterotrophically, as well as Sulfurovum. Similarly, at the site CM2, the
most abundant ASVs were affiliated with the family Cyclobacteriaceae, which are present in a wide
variety of environments, including hot springs, and where some species have been shown to degrade
polysaccharides and other complex molecules (Dworkin et al., 2006). It was also possible to find
ASVs related to common marine heterotrophic bacteria, such as Woesia, which have also been
recently described in other shallow-water hydrothermal environments (Barosa et al., 2023). At this
site, we also retrieved ASVs related to known photoautotrophic taxa, Synechococcus CC9902, that is
widely distributed in marine environments, and is regarded as one of the most important components
of photosynthetic picoplankton (Kim et al, 2018), as well as SARI1, chemoheterotrophic
alphaproteobacteria accounting for 25 % of all plankton (Giovannoni, 2017). Notwithstanding, there
were still present ASVs related to chemolithoautotrophic taxa, such as in the case of Sulfurovum. At
both these sites, the increase of groups associated with heterotrophic metabolisms in the high
abundance ASVs, as well as common marine taxa, sheds light on the complexities inherent to the
mixing ratios observed in shallow-water hydrothermal systems. Vents hosted further away from a heat
source, and where hydrothermal fluids mix to a higher degree with seawater, present lower
temperatures and the presence of increased members associated with marine taxa and heterotrophic
metabolisms. This pattern was also observed in the Aeolian archipelago, especially in the islands with

less pronounced volcanic activity (Barosa et al., 2023).
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The site BC was located within the area of influence of the Somma-Vesuvius volcano. The
geochemistry of these fluids was the most divergent compared to all the other sites of the Campi
Flegrei region. As discussed in the geochemistry section, these differences could be due to difference
in the host rocks between BC, occurring in carbonates in contact with volcanic deposits, compared to
the Campi Flegrei sites occurring within trachytic ignimbrites, by diverse primary fluids and mixing
regimes between the two areas, or most likely a combination of both. In the BC site was possible to
find the presence of ASVs related to common marine taxa, as well as high abundances of ASVs
affiliated to groups capable of sulfur oxidation, such as the genus Thiomicrorhabdus, Thioclava, and
Cocleimonas (Sorokin et al., 2005; Tanaka et al., 2011; Kojima and Fukui, 2019). From all the sites,
BC is the one with the lowest oxidation reduction potential, suggestive of a highly reducing
environment. This is also supported by the very low concentrations of SO,*, coupled with a very
strong smell of “rotten eggs” at the location, characteristic of the presence of H,S. Enzymes catalyzing
the oxidation of sulfur species, as noted in (Hay Mele et al., 2023), are heavily based on the trace
metals Fe and Mo. These specific metals were present in very low abundances at this site, especially
Mo, below the detection limit in all dilutions conducted pre-measurements. Microbial communities
inhabiting strongly reducing environments undergo selective pressures to exploit the abundance of
"free" electrons for their metabolic needs. This could imply heavy scavenging of the specific metals
needed to perform these reactions, possibly explaining their low abundance in this particular site. The
relationship between metal availability and microbial distribution and metabolism has been suggested
in recent studies, and this could provide yet another hint on how these relationships happen in

complex natural environments (Giovannelli, 2023; Hay Mele et al., 2023).

At sites SF_G1 and SF_G2 in the Campi Flegrei region, the biofilms sampled in the vicinity of the
vents were mostly composed of ASVs affiliated with the Aquificota phylum, more specifically with
the genus Hydrogenothermus. Interestingly, previous studies that analyzed the microbial communities
of biofilms in both deep-sea and shallow-water hydrothermal systems report a community composed
mainly of sulfur-oxidizing groups belonging to Campylobacterota and the class Gammaproteobacteria
(Gulmann et al., 2015; O’Brien et al., 2015; Sciutteri et al., 2022; Barosa et al., 2023). Members
belonging to the Aquificota, on the other hand, have been identified in biofilms of high temperature
deep-sea vents (Fullerton et al., 2024). This suggests that both the availability of electron donors and
acceptors, as well as the temperature of the system, can have important roles in constraining the
establishment of bacterial biofilms in natural hydrothermal systems. For this reason, Secca delle
Fumose, due to its easy access, can serve as an ideal laboratory to understand biofilm dynamics in

hydrothermal systems.

The beta-diversity analysis (Figure 5) coupled with permutational multivariate analysis (ADONIS)

shows that the microbial communities from the shallow-water hydrothermal vents hosted in different
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settings, that is, the Campi Flegrei caldera, Campi Flegrei caldera rim, and the Somma-Vesuvius
regions, are statistically different from one another (Figure 5A). That takes into account the most
abundant groups, as well as the rare species. Interestingly, the vents separated by type of fluid
chemistry are also statistically different. Differences between microbial communities inhabiting
geologically and geographically distinct shallow-water hydrothermal vents have been previously
reported for the shallow vents of the Aeolian archipelago (Barosa et al., 2023). This suggests that the
geological setting where the vents occur and the consequent difference in hydrothermal fluid
chemistry can impose controls on microbial distribution. Geological controls on the microbial
diversity have also been observed on land for deeply sourced seeps in the volcanic regions of Costa
Rica, Peru, and Bolivia (Fullerton et al., 2021; Colman et al., 2023; Sims et al., 2023; Upin et al.,
2023). In SWHYV, however, the complex mixing with seawater, the presence of sunlight, tidal forcing,
and organic matter inputs to the system, could overlap, cross and influence geological and
geochemical processes, also playing a key role in mediating microbial diversity and distribution.
These parameters are in themselves a property of each individual hydrothermal system. For instance,
recent studies have demonstrated that in deeply sourced seeps of Costa Rica, even though
chemolithoautotrophic communities were responding to changes in geochemistry, no such pattern was
observed for secondary consumers, i.e, heterotrophs (Paul et al., 2023). The quality and abundance of
fresh organic matter might play an important role in controlling the abundance of taxa associated with
heterotrophic metabolic strategies. In SWHYV, organic matter can be either produced by
chemolithoautotrophs, phototrophs, as well as imported to the system from the water column or
terrigenous input from nearby landmasses (Price and Giovannelli, 2017). In the shallow-water
hydrothermal vents of the Aeolian archipelago, the presence of fresh organic matter in some sites was
associated with the higher abundance of heterotrophic groups (Barosa et al., 2023). Gases from
volcanic origin, such as H,, CO,, H,S, and CH,, due to their key roles in microbial redox metabolism
as electron donors and acceptors, might also play a key role in shaping ecological niches for microbial

exploitation in these systems.

The ordisurf analysis conducted here (Figure 5C-H) shows how the groups that have similar fluid
chemistry (as seen in the PCA analysis on the geochemistry section), cluster closely, illustrating their
similar microbial community structure. As previously discussed, it follows that the nature of any
given hydrothermal system, such as its proximity to the magmatic heat source, has a direct influence
on the types of temperature dependent water-rock-gas reactions happening during fluid trajectory, and
consequent fluid chemistry, dictating also the degree to which the upflowing fluids mix with seawater.
This highlights the importance of taking a multidisciplinary sampling approach to study geothermal
environments, such as the one suggested by Giovannelli at al., 2022. Additionally, in order to untangle
the complex mixing ratios in these systems, we further suggest an approach based on the background

concept introduced in Cascone at al., 2025. By sampling background seawater, and similar to what is
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currently done in geochemical analysis, it can allow us to provide a microbiological “end-member” to

gain further knowledge on life inhabiting these dynamic ecosystems.
5 Conclusion

The Gulf of Naples shows intense underwater hydrothermalism as a function of the volcanic activity
in the area. In the present study, we describe both the geochemistry as well as the microbiology of the
SWHYV occurring within two different volcanic regions, Campi Flegrei and Somma-Vesuvius.
Through geochemical analysis, we found that on the SWHYV sampled, hydrothermal fluid chemistry is
contingent on the region where the vents occur, with the distance from the heat source possibly
playing a key role in dictating the chemistry of the fluids, corroborated by gas geochemistry
measurements conducted in the past. Additionally, we found diverse microbial consortia inhabiting
these SWHYV, with a high abundance of ASVs affiliated with known chemolithoautotrophic,
heterotrophic, and photoautotrophic groups. This is consistent with previous studies conducted in
other shallow-water hydrothermal systems, and therefore, can be regarded as a definite characteristic
of these dynamic systems. Notably, here the distribution of the ASVs is suggested to be related to
differences in hydrothermal fluid geochemistry as a function of fluid mixing landscapes, as well as the
vent’s location (Campi Flegrei caldera, Campi Flegrei caldera rim, and Somma-Vesuvius). The
chemistry of hydrothermal fluids, as a response to water-rock-gas reactions at depth, can strongly
influence the availability/diversity of ecological niches to be exploited by microorganisms, through
differences in electron donors and acceptors, as well as organic and inorganic carbon sources. On the
other hand, the geological background and location of hydrothermal systems, and the consequent
diffusivity of the fluids approaching the surface, can generate complex mixing ratios with seawater,
which, coupled with sunlight, tidal fluctuations, and organic matters, can also play key roles in
constraining microbial distribution and composition in SWHV. As the Campi Flegrei volcano
continues to exhibit signs of unrest with increasing seismic activity, this work provides an important
baseline for future studies aiming at understanding how microbial communities respond to
geochemical shifts driven by volcanic processes. In this context, our findings could contribute
valuable insights for the development of long-term monitoring strategies within highly geodynamic

systems.
6 Data Availability Statement

Sequences are available through the European Nucleotide Archive (ENA) with bioproject accession
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Figure Legends

Figure 1. Map depicting the shallow-water hydrothermal vents sampled. A - Regional map of Italy
(red square indicating the sampled locations). B - Map of the Gulf of Naples. Coloured points
represent the different locations sampled in the present study, along the bathymetry depiction of the
region. Grey points are known shallow-water hydrothermal vents from the literature (De Astis et al.,
2004; Aiello et al., 2010; Kerrison et al., 2011; Calosi et al., 2013; Torrente and Milia, 2013; Passaro
et al., 2014b; Somma et al., 2016; Donnarumma et al., 2019; Baldrighi et al., 2020; Bellec et al., 2020;
Sacchi et al., 2020).
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Figure 2. Geochemical data measured at the different shallow-water hydrothermal vents of the Campi
Flegrei region and Somma-Vesuvius. Seawater concentrations were taken from Price et al., 2015. A)
Principal component analysis (PCA) with geochemical data measured (major ions and trace elements;
see Table 2 and 3). B) Biplot Cl against Na* C) Biplot CI against Mg** D) Biplot Br* against CI" E)
Biplot SO,* against CIand F) Biplot Fe against Mg*". Values reported in ppm and errors related to the

measurements are reported in Table 2 and 3.

A 1.5 B 2250
GMI.
SW
cmqF
1.0 = e SF_EF2
20000 -
2 SF G2 5
sk G1
0.5
i 17800
2
o 0.0 e =
o ———*pH e
8 G 45000
0
12500
1}
BC BC
= 10000
B 1 2 7000 9000 11000
PLTIAE2%) Na™ (ppm)
Tetal axplained variance: 74.0%
22500 D
sn@ cu1 s.w
cuz*m ] EF_EF2$
GB 2
20000 SF_EF2
= SF G1 G
SF G2 aF G SF_G2
17500 60
3 15000 &
12500
40
BC BC
1woo0 | O O
&o0 an0 10060 1200 1400 10000 12500 15000 17500 20000 22500
Mo (ppm) o' (ppm)
E F
=1 GB
3000 5F_EF2
T
CM2 2
_. 2500
- ¥ m 3
g GB i
2000 SF_G2 . .
! sFez 58
1500 BC ML
Bc SF_EF2 CMigyy
ol O oMz
10000 12500 15000 17500 20000 225( 600 B0 1000 1200 1400
clippm) Mg {ppm)
Region Type

@ Campi Flegrei Caldera @ Campl Flegrei Caldera rim Somma-Vesuvius sample @ Secawater


https://doi.org/10.1101/2025.10.02.679971
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.10.02.679971; this version posted October 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Figure 3. Microbial community composition of the different shallow-water hydrothermal vents

sampled, with the two matrices, sediments and fluids. A) Phylum taxonomic rank; B) Order

taxonomic rank.
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Figure 4. Microbial community composition of the biofilms sampled around the different

shallow-water hydrothermal vents studied here: A) Phylum taxonomic rank; B) Order taxonomic

rank.
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Figure 5. Beta-diversity analysis based on Non-metric multidimensional scaling (nMDS) using the
Weighted Jaccard similarity index. A) nMDS coloured by sampling region, B) nMDS coloured by
geochemistry (clusters seen on the PCA analysis of the geochemical data) and C-H) ordisurf analysis

of the most significant variables.
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Tables

Table 1. Location (GPS coordinates), Depth, and the Physico-chemical parameters measured on the
venting fluids at the different sampled locations. ORP - Oxido-reduction potential; DO - Dissolved
oxygen; mS/cm - Conductivity; ppt tds - Total dissolved solids.

Site Latitude Longitude  Depth Temp Salinity DO  ORP pH SPC TDS
CN) (°E) (m) ‘O (PSU) (%) (mV) (mS/cm)  (ppm)
CM1 40.77955 14.08835 7 26.3 27.54 55 -1154 587 56.58 28.35
CM2 40.77955 14.08835 83 27 38.37 92 54.2 6.3 57.54 28.76
GB 40.82375 14.0789 5.4 28 35.41 43 -1452 533 53.64 26.8
SF_EF2  40.82305556 14.0875 10 34 26.5 75 -173 525 NA 28.5
SF_Gl1 40.82305556 14.0875 13.3 71 34.06 50.8  -159 545 51.8 259
SF_G2 40.82305556 14.0875 12.9 68.9 34.5 51.8  -142 5.6l 52 26.1

BC 40.688578 14.454745 -0.5 26.4 17.65 537 -2262 63 28.66 14.31
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Table 2. Concentrations (ppm) of the major anions and cations of the different sampled shallow-water

hydrothermal vents (error £ in % RSD). Seawater (SW) values were obtained from Price et al., 2015.

Site Cr Br SO, * Na* NH,* K* Mg Ca*
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
CM1 21094.04 + 72.48 + 2909.92 + 1245639 + NA 401.85 + 1395.68 + 462.97 + 1.32
0.08 0.38 0.12 0.04 0.81 0.71
CM2 20846.61 + 72.06 + 2868.06 £  12246.10 + NA 394.59 + 1366.58 + 435.08 + 0.09
0.09 0.79 0.15 0.00 0.53 0.1
GB 19842.83 + 68.07 + 2206.67 +  11868.50 + 33.28 + 598.43 + 1026.30 + 479.80 + 1.28
0.08 0.03 0.05 0.05 2.59 0.81 0.05
SF_EF2 20741.32 + 72.20 + 2020.13 +  12783.86 + NA 406.04 + 1383.97 + 434.79 + 0.69
0.07 0.91 0.06 0.03 0.99 0.13
SF Gl 18952.08 + 64.86 + 231692 = 1123385 + 40.08+ 0.55  384.93 + 1096.45 + 444 47 + 033
0.08 0.44 0.01 0.05 0.24 0.24
SF G2 19033.28 + 64.18 + 205721 = 11297.79 + 4030 + 412,15+ 965.41 + 497.28 + 0.43
0.04 0.66 0.20 0.01 0.21 0.06 0.72
BC 10030.06 + 3427 + 137755 +  5844.84 + NA 198.47 + 606.89 + 461.07 + 0.74
0.06 0.36 0.09 0.02 0.77 0.06

SW 21910 75.11 3160.4 12581 NA 430 1417 444.9
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Table 3. Concentrations (ppm) of the trace elements of the different sampled shallow-water

Site Mn Fe Zn As Rb Sr Mo Cs
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
CM1 0.061 = 2 0.113 £ 1.7 0457 + 1.8 0.022 + 1.2 0.158 = 1 11.403 + 0.2 0.011 £ 4.3 0.002 + 4.2
CM2 0.004 + 4.9 0.011 + 4.2 0.033 + 7.1 0.020 + 3.8 0.148 + 0.8 10.232 + 0.8 0.012 = 1.2 0.005 + 3.3
GB 3.099 + 06 11.123 = 1.1 0.171 = 3.1 0.513 = 1 3.237 £ 0.6 11.488 + 0.5 0.001 £ 6.2 0.170 + 0.7
SF_EF2 0.007 + 6.8 0.034 + 4.7 0.023 + 9.6 0.011 £ 0.9 0.146 + 1.4 10.712 £ 04  0.012 £ 1.5 0.004 + 1.4
SF Gl 1.184 + 2.9 3.591 + 3.1 0.186 + 3.7 1.909 + 2.3 2430 + 2.4 13.262 £ 1.9 0.001 + 3.7 1.730 + 2.8
SF G2 1.131 + 0.8 3361 = 1.2 0.048 + 0.6 2447 + 04 2424 + 0.2 13.074 £ 1 0.002+£6.5 1.645 + 0.6
BC 0.047 + 4.5 0.098 + 3.8 0.194 + 2.3 0.011 + 4.9 0.121 + 14 8.111 + 0.6 0.000 (NA) 0.006 = 1.3
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