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Abstract

Blue Biotechnology focuses on the use of marine microorganisms and their
secondary metabolites to address global challenges such as antibiotic resistance,
climate change and environmental sustainability. Natural products are attracting
increasing interest for their unique properties and therapeutic potential, with
applications ranging from medicine to environmental protection. In particular,
marine extremophilic bacteria represent an under-explored source for the
discovery of novel bioactive metabolites due to their ability to thrive in extreme
environmental conditions such as high salinity, elevated pressure, extreme
temperatures, high UV irradiation, and low-nutrient environments. Their
metabolic diversity is driven by biosynthetic gene clusters (BGCs) that regulate
compound production. Among relevant bio-based products, biosurfactants
represent a viable alternative to synthetic surfactants, as they are secreted
molecules that reduce interfacial liquid tension, endowed with multiple
bioactivities and a high level of biodegradability. Siderophores, iron-chelating
agents, support microbial survival and hold significant potential in
bioremediation and developing strategies to combat antimicrobial resistance
(AMR). Furthermore, antimicrobial compounds derived from marine
extremophiles are increasingly recognized for their ability to treat infections
caused by multidrug-resistant pathogens. This PhD research contributes to
exploring the biosynthetic potential of marine extremophilic bacteria (deep-sea,
halophilic and tropical bacteria) by combining functional screening, genome
analysis and chemical characterization of relevant metabolites. In particular, in
three main chapters, this PhD project I) reveals the NRPS biosynthesis of novel
nobilamide molecules along with known surfactins produced by a deep-sea
Bacillus sp. BCP32, with antimicrobial activity against MDR bacteria, II) identifies
new aquachelin siderophores and their previously unknown biosynthetic gene

cluster (BGC) from a marine Halomonas and III) describes the isolation and
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characterization of two novel coral-associated microorganisms (CAMs)

displaying potent antimicrobial, antioxidant and UV protectant properties.



Introduction

1.1 Marine Habitat and Extreme Environments

The oceans and seas form a single global ocean, interconnected by a complex
system of currents, covering 70% of the Earth's surface and representing over 95%
of the biosphere's volume. The immense depth of the oceans, more than 11,000
meters, hosts a remarkable biodiversity, with species distributed differently in
the water column, based on factors such as depth, salinity, and light availability
[1,2]. The marine environment is a highly complex ecosystem; therefore, it is
crucial to recognize that life thrives in all areas, from the surface to the deepest
regions. Marine biodiversity is the richest on Earth and remains largely
unexplored, as evidenced by the frequent discoveries of new marine species
compared to terrestrial ones [3,4]. Over the past decade, there has been growing
interest in studying extreme environments to isolate novel extremophilic
microorganisms and analyze their metabolites which have significant potential
for advancing bio-based economies [5-7].

The definition of an extreme ecosystem is complex and depends on chemical,
biological, and physical characteristics that push the limits of life. An
environment can be considered extreme due to particularly harsh conditions,
such as extreme temperatures, unusual pH, high pressure, high salinity, lack of
oxygen, or absence of light [6,8]. Moreover, ocean temperatures have risen
significantly in recent years, including in the deep seafloor. This warming may
alter the flow of carbon from the surface to deep-sea ecosystems, affecting
microbial biodiversity, which may develop adaptive strategies in response to
changes in ocean productivity [9-11].

The deep sea, which includes waters and depths below 200 meters, is one of the
most extreme, remote, and unexplored biomes in the biosphere, comprising more
than two-thirds of the ocean volume [11,12]. These extreme environments are

characterized by the absence of light, an average depth of around 4200 meters,
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temperatures below 4 °C, and a hydrostatic pressure of around 40 MPa [13].
These conditions pose one of the greatest challenges to the survival of life.
However, over the past decades, exploration of the depths has led to discovering
peculiar and highly diverse habitats, including hydrothermal springs, cold seeps,
mud volcanoes, and anoxic hypersaline basins [11,14]. These ecosystems further
push the limits of life, revealing the incredible adaptive capacity of extremophile
organisms. An emblematic example of the complexity of the deep are the oceanic
trenches, deep depressions formed by the subduction of tectonic plates. These
environments reach depths of over 10,000 meters, where pressure exceeds 1,100
bar and temperatures are close to freezing. Despite these conditions, the
sediments that accumulate in these areas are home to metabolically active
microbial communities. These microorganisms survive and play a crucial role in
nutrient recycling, contributing to the global carbon and nitrogen cycles [11,15].
Another characteristic of a deep-sea environment is hydrothermal vents, located
along ocean ridges where magma rises through the Earth's crust. Here, seawater
is heated to 400°C and enriched with heavy metals and gases such as hydrogen
sulphide. This extreme environment is the cradle of unique ecosystems
supported by chemoautotrophic bacteria, which can use chemical energy to
produce organic matter. Such microorganisms form the basis of complex food
webs that include specialized organisms, demonstrating that life can evolve
independently of sunlight [16]. Hypersaline anoxic basins (DHABs), discovered
in the depths of the Mediterranean and Red Seas, are another example of extreme
adaptations. These basins, characterized by up to 30% higher salinity than
seawater and a complete lack of oxygen, are home to unique microbial
communities [17]. Bacteria living in these environments have developed
strategies to withstand high pressure and hypersalinity and have shown

exceptional metabolic versatility and adaptability [14].



In polar environments life challenges equally harsh conditions. The Arctic and
Antarctic represent 14% of the total biosphere and must endure several stresses,
including dehydration, osmotic stress, low biochemical activity, limited
nutrients, harmful UVB radiation, and extreme light. Antarctica, separated from
the other continents by the Southern Ocean, Antarctica is almost 98% covered by
the Antarctic ice sheet, an area of 14 million square kilometers, with winter
temperatures can drop to -80°C [18]. Despite the scarcity of resources and harsh
climatic conditions, the region hosts a wide variety of extremophiles. Prokaryotes
are the main component of biomass and play a key role in biogeochemical cycles
and the mineralization of pollutants [19]. However, Antarctica is threatened by
the introduction of contaminants such as heavy metals, antibiotics and pesticides,
which are carried by atmospheric currents and human activities, and which
threaten its purity and ecological balance. Also, the Arctic has a similarly extreme
environment, with temperatures ranging from -80°C to 15°C and high osmotic
pressure. Here, a frozen sea and permafrost make survival even more difficult
[20].

However, the effects of climate change could drastically alter these ecosystems.
Rising temperatures, decreasing dissolved oxygen and ocean acidification
predicted for the coming decades threaten to upset the delicate ecological
equilibrium of the deep sea, negatively affecting the growth and survival of
organisms adapted to extreme conditions [13]. Habitats that are sensitive to
climate change are transitional environments, such as coral reefs, which are rich
and complex marine ecosystems where the warm, nutrient-rich waters of the
coastal zone meet the deeper marine environment [21]. Coral reefs are essential
to marine biodiversity, providing shelter, food and habitat for many species.
However, their ability to maintain this ecological balance depends on the health
of the corals, which are extremely sensitive to environmental changes [22]. The

warmer waters and acidification can alter the symbiotic balance between corals



and their photosynthetic endosymbionts, the Symbiodinium dinoflagellates,
which are vital to their survival. In addition, coral reefs are threatened by disease,
pollution and other local pressures that further reduce their resilience. Recent
studies have highlighted the importance of the coral microbiome, composed of
bacteria, protists and other microorganisms, the balance of which could
significantly influence the health and adaptability of coral reefs to increasingly

harsh environmental conditions [23,24].

1.2 Exthremophilic Bacteria (Thermophiles, Psychrophiles, Halophiles)

"Extremophiles" can be defined as organisms that thrive under conditions very
different from those found in standard habitats. These organisms are also
categorized as extremotolerant, capable of surviving in such environments, from
the poles to the ocean depths, even to the stratosphere [3,25]. While eukaryotes
struggle to survive in such harsh gradients, prokaryotes, including Bacteria and
Archaea, have evolved remarkable metabolic processes that enable them to
endure and thrive in extreme environments [6,26]. Consequently, these
extremophiles possess unique capabilities, including the production of
secondary metabolites with properties that are hugely different from their
terrestrial counterparts [25,27]. Temperature and pressure are key factors
modulating bacterial physiology, changing the conformation of macromolecules
and affecting the efficiency of metabolic reactions. To maintain internal stability
in the face of extreme conditions, these organisms rely on homeostasis, a process
that enables them to regulate their internal environments despite external
stressors [3,28]. They are grouped into categories according to the specific
environmental conditions they can endure, like thermophiles (high
temperatures), psychrophiles (low temperatures), halophiles (high salt
concentrations), acidophiles, and alkalophiles (acidic or alkaline pH levels),

anaerobes  (anaerobic = conditions), = piezophiles  (high  pressures),
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polyextremophiles (UV radiation, and combinations of these conditions) [4].
During the last millennium, numerous studies have highlighted the
biotechnological importance of marine extremophiles, a still under-explored
source of secondary metabolites [5,29-32]. Their rich genetic diversity allows the
production of stable and efficient enzymes, lipids and biomolecules with
significant potential for commercial applications in both the pharmaceutical and
industrial fields, opening up new perspectives for biotechnological innovation
[33,34]. In fact, polyextremophiles demonstrate exceptional biochemical
adaptability, making them key players in advancing biotechnology and

promoting environmental sustainability.
Thermophiles

Thermophiles are heat-loving microorganisms that thrive at mesophilic
temperatures, typically above 45°C. In pure culture, the highest known
temperature limit for life is 122 °C, from the genus Pyrococcus used in research to
understand extremophilic life and enzyme stability [28,35,36]. Found in
environments such as deep-sea hydrothermal vents, volcanic hot springs, and
compost, thermophiles are adapted to extreme heat, due to a range of specialized
adaptations. The cell membranes of thermophilic bacteria have specialized lipids,
like saturated fatty acids and ether-linked lipids, that maintain stability and
fluidity at high temperatures[37]. They produce heat-stable proteins and
enzymes through increased hydrophobic interactions, salt bridges, and disulfide
bonds [38]. They also have a higher G+C content in their tRNA and DNA,
contributing to RNA structure stability and enhancing thermal resilience. A
notable example is Taq polymerase from Thermus aquaticus, which is crucial for
DNA amplification in PCR [39]. Additionally, thermophilic enzymes are used in
industries for processes like cellulose breakdown in biofuel production and

waste treatment. Likewise, these bacteria produce molecular chaperones, such as
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heat shock proteins, which help stabilize and refold proteins under thermal

stress, preventing aggregation and ensuring proper protein function.
Psychrophiles

Frozen environments such as icy lakes, glaciers, and the deep-sea harbor cold-
adapted organisms known as psychrophiles. These microorganisms thrive in
temperatures ranging from -20°C to +10°C by making crucial cellular adaptations
to withstand the cold [40]. The term “psychrophile” reflects their affinity for cold,
derived from Greek words meaning ‘cold” and “to love’[25]. These organisms are
genetically equipped to withstand cold stress, producing enzymes with high
catalytic efficiency that remain functional at low temperatures, and their cytosol
adapts to prevent damage from freezing [34]. Psychrophiles also generate
antifreeze proteins, with flexible structures that prevent rigidity and protect
cellular components from damage caused by cold temperatures, which are
utilized as cryoprotectants in food technology. In particular, Cold Shock Proteins
(CSPs) are used for moderate cold, and Cold Acclimation Proteins (CAPs) are
used for extreme cold. CSPs are activated under milder cold conditions, while
CAPs are produced in response to severe cold at 4 °C [41]. These adaptations help
them combat oxidative stress and maintain membrane fluidity in cold conditions
fluidity [42]. They also exhibit increased gene activity related to membrane
biogenesis, fatty acid synthesis, and desaturation, which enhances their survival
and function in cold environments [43]. Their bioactive metabolites had anti-
inflammatory, anticancer, antibacterial, and antioxidant properties, making them
valuable for biotechnological applications. Psychrophilic enzymes are utilized in
various applications where low temperatures are advantageous, including in the
formulation of cold-water detergents, food preservation processes, and the
production of chemicals and pharmaceuticals that require low-temperature

conditions [44].
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Halophiles

Halophiles are microorganisms that thrive in highly saline environments, such
as salt flats, saline lakes, and salt mines, where salt concentrations range from
1.5% to over 30%. They are classified based on salt tolerance: weak (1-3%),
moderate (3-15%), and extreme (15-30%) [45]. Halophiles use two main
strategies to survive these harsh conditions. One strategy involves accumulating
and synthesizing compatible solutes like glycerol or potassium ions, which
stabilize cellular structures and help the organisms withstand high salt
concentrations, dehydration, heat, and cold. The other strategy, known as the
salt-in-cytoplasm approach, involves concentrating inorganic ions (mainly KCI)
inside the cells while expelling sodium ions (NaCl) to balance osmotic pressure
[33,46]. To maintain osmotic balance, halophiles also possess specialized cellular
membranes with unique lipids that ensure stability and fluidity in hypertonic
environments. Haloclines, or microbial ‘hotspots,” are characterized by the
presence of active microbial populations and unique bacterial species [47,48]. The
analysis of sediments from environments such as Discovery Deep and Atlantis II
has identified various microbial groups, including Proteobacteria,
Actinobacteria, Deferribacteres and Euryarchaeota. Genera such as
Pseudoalteromonas, Halomonas and Pseudomonas are particularly widespread,
indicating a mixed microbial composition of halophiles and halotolerants. They
are interesting for their ecological and evolutionary implications, as well as their
ability to produce bioactive molecules and enzymes with potential industrial and
biotechnological applications [49,50]. Also, halophiles are particularly suited to
carotenoid production due to their high salt tolerance, which minimizes
contamination and allows effective cultivation without requiring sterile
conditions. As a result, they are highly sought after by the pharmaceutical
industry because of the antioxidant, antitumor, and immunomodulatory

properties of these pigments [51,52]. Furthermore, halophiles have useful
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properties for biotechnology, such as their ability to use seawater and mixed
substrates, grow in high pH environments, and possess negatively charged
enzymes [53]. These include applications in detergent formulations, where high-
salt environments are common, and in the production of biochemicals and
pharmaceuticals, where enzyme stability in saline conditions is advantageous.
Finally, the use of biogenic nanoparticles (NPs) derived from halobacteria offers
a sustainable solution for heavy-metal bioremediation, thanks to their natural
metal resistance mechanisms, including enzymatic detoxification, metal

precipitation and energy-dependent efflux system [54,55].

1.3 Marine Bacterial Bioactive Compounds and their Involvement in the
Blue Biotechnologies

The field of marine biotechnology, often referred to as "blue biotechnology," has
emerged as a significant area of scientific and industrial interest, driven by the
untapped potential of marine resources for biotechnological applications [56-59].
Often described as the "century of the ocean," the 21st century has seen an
explosion in the exploration of marine environments, thanks to advancements in
genomics, synthetic microbiology, and bioinformatics [60-62]. These
technologies are accelerating the discovery of new marine microorganisms and
bioactive compounds, opening new avenues for industrial applications,
particularly in pharmaceuticals, cosmetics, and environmental solutions
[5,56,63-65].

Marine microorganisms, including bacteria and cyanobacteria, are a particularly
rich source of bioactive compounds, which are small molecules produced by
organisms to perform critical ecological functions such as defense, competition
for resources, and interspecies communication [66,67]. These secondary
metabolites, with molecular weights under 3000 Da, are increasingly recognized
for their unique and complex chemical structures, making them valuable in drug

discovery [68]. The potential of marine bacteria is enormous, as they can produce
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compounds that exhibit a range of biological activities, such as anticancer,
antibiotic, antiviral, antimalarial, antioxidative, antifungal and anti-
inflammatory properties [69-71]. The exploration of marine natural products
(MNPs) has unveiled an impressive diversity of bioactive compounds (Figure 1).
Reviews by Blunt et al. [72] and Carroll et al. [71] documented the extensive
literature on marine natural products up to 2017, highlighting the growing body
of knowledge about biologically active metabolites derived from marine
microorganisms. As marine environments continue to be explored, new bioactive
compounds are discovered, with an average of over 1,000 new metabolites
discovered annually. Currently, over 40,000 marine natural products (MNPs)
have been isolated from marine environments, as recorded in the MarinLit
database (https://marinlit.rsc.org/). More than half of these have come from
marine microorganisms, highlighting their role as a promising source for new
drug discovery.

The pharmaceutical industry has already begun to capitalize on these
compounds [63,73]. One prominent example is trabectedin (Yondelis®), the first
marine-derived anticancer drug approved in the European Union, which was
originally isolated from the Caribbean tunicate Ecteinascida turbinate [74,75].
Additionally, salinosporamide A (Marizomib®), a compound extracted from the
marine bacterium Salinospora tropica, is currently in clinical trials for the treatment
of multiple myeloma [76]. Other promising compounds, such as Thiocoraline, a
depsipeptide from Micromonospora sp., have also shown significant anticancer
potential by inhibiting DNA polymerase-a [77].

Beyond pharmaceuticals, marine bioactive compounds are increasingly being
used in the cosmetics industry, with marine-derived ingredients now
incorporated into various skincare products [32]. The demand for cosmeceuticals,
cosmetic products that offer therapeutic benefits, has seen rapid growth, with

marine-derived compounds such as peptides and terpenoids being utilized for
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their anti-aging, antioxidant, and skin-healing properties [5,32]. In fact, the
market for marine-derived cosmeceuticals reached $13 billion in 2011 in the U.S.
alone [78].

Marine bioactive compounds also have considerable potential in environmental
remediation. Marine microorganisms play a key role in the breakdown of
pollutants and can be used for bioremediation processes to clean up
contaminated coastal and marine environments [55,79]. This underscores the
dual potential of marine biotechnology to address environmental challenges
while also providing valuable bio-based products [57].

The growing interest in marine biotechnology is reflected in the significant
economic contributions of the blue bioeconomy. In 2018, the sector generated
over €750 billion in turnover, creating nearly 5 million jobs (European

Commission, 2019- Roadmap for the Blue Bioeconomy). Projections indicate that in

2026 the blue biotechnology market will be valued at $6.4 billion, with ocean-
based industries outpacing global economic growth by 2030 [58]. Exploring
marine environments and harnessing marine microorganisms for
biotechnological innovations hold immense potential for economic,

environmental, and societal benefits.
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Figure 1. Graphical representation of MNPs and their biotechnological applications.

1.3.1 Marine Biosurfactants

Marine bacteria have developed the ability to produce a range of metabolites,
including biosurfactants (BSs), which are essential for their interactions with
materials that do not dissolve in water. These BSs enable marine bacteria to
adsorb, emulsify, wet, disperse, or solubilize substances that are water-insoluble,
helping them thrive in complex and extreme marine environments [80,81].
Biosurfactants are highly valued due to their biodegradability, low toxicity, and
ability to be produced from renewable, cost-effective substrates. This makes them
an eco-friendly alternative to synthetic chemical surfactants, particularly for
industrial and environmental applications [82,83]. Biosurfactants (BSs) are
amphiphilic compounds produced by bacteria and other microorganisms,
composed of both hydrophilic/polar portion (water-attracting such as acids,

peptides, or carbohydrates) and hydrophobic/non.-polar portion (water-
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repelling like hydrocarbon chains or fatty acids) components [79,84,85]. Thanks
to their dual nature, these compounds are able to reduce surface and interfacial
tension, having the ability to self-assemble and form micelles and
microemulsions between different phases, facilitating processes like
emulsification, solubilization, cleansing, and dispersion [85]. Usually, they are
produced extracellularly, but they can also be part of the cell membrane,
depending on the organism and environmental conditions. These compounds
facilitate key functions such as motility, cell-to-cell interaction, cellular
differentiation, adhesion to substrates, protection against toxic elements, and
high ionic strength [86]. BSs can be classified based on their molecular weight,
cell secretion type (intracellular, extracellular, or cell-associated), ionic charge
(anionic, cationic, non-ionic, or neutral), and chemical structure. Based on their
molecular weight, biosurfactants are grouped into low-molecular-weight types,
including glycolipids and lipopeptides (500 and 1500 Da), and high-molecular-
weight types, known as bioemulsifiers, which consist of polysaccharides,
lipopolysaccharides, proteins, or lipoproteins, which efficiently stabilize
emulsions without altering surface tension [79,80]. Marine biosurfactants stand
out for their remarkable effectiveness in extreme conditions, such as high salinity,
wide temperature ranges, and varying pH levels, where synthetic surfactants
often fail [44,87]. They are highly effective and remarkably efficient, achieving
significant reductions in surface tension with much lower concentrations than
synthetic alternatives [82]. This efficiency is reflected in their low critical micelle
concentrations (CMCs), which indicate the point at which surfactant molecules
begin forming micelles. For example, certain marine biosurfactants can reduce
water's surface tension from 72 to 35 mN/m and decrease the interfacial tension
between water and non-polar liquids, such as n-hexadecane, from 40 to 1 mN/m
[88,89]. The production of biosurfactants is influenced by the composition of the

fermentation medium, including factors such as carbon, nitrogen, metal ions, and
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other additives [90-92]. Among these, the carbon source has a particularly strong
impact on the type and quantity of biosurfactants produced [93]. Research has
shown that glucose-based media tend to produce biosurfactants with superior
antimicrobial and anticancer properties compared to substrates like glycerol,
starch, or sucrose [94,95]. The two most studied classes, glycolipids and
lipopeptides, are known for their high production yields and wide application
potential, while Fatty acids represent the simplest amphiphilic class of
metabolites. For instance, the marine Gammaproteobacterium Cobetia sp. which
secretes linear 3-hydroxy fatty acids [96].

Glycolipids are the best-studied microbial biosurfactants that consist of a
carbohydrate attached to aliphatic acids or hydroxyaliphatic acids through ether
or ester bonds. The carbohydrate portion can include sugars such as rhamnose,
mannose, glucose, galactose, galactose sulfate, or glucuronic acid. Sophorolipids,
mannosylerythritol lipids (MELs), trehalose lipids, and rhamnolipids are well-
known glycolipids that have proven efficient in large-scale production., For
example, Pseudomonas aeruginosa, a known producer of rhamnolipids, has also
been isolated from marine environments, which shows promise for industrial
[97,98]. Also produced by Streptomyces, Burkholderia spp. and Saccharomyces
species [99,100]. While Mycobacterium, Nocardia, and Rhodococcus species are
known for producing Trehalose lipids, these involve mycolic acids attached to
the disaccharide trehalose [101,102].

Lipopeptides are a type of biosurfactant that combines a peptide chain with a
lipid tail, offering a unique combination of properties. These compounds are
predominantly produced by bacteria from the Actinobacteria and Firmicutes
phyla. In particular, marine Firmicutes, such as Bacillus species, are known to
produce well-known lipopeptides like surfactins, fengycins, and iturins, which
are highly valued for their surfactant properties. These cyclic lipopeptides have

a peptide backbone made up of seven amino acids (iturins and surfactins) or ten
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amino acids (fengycins), attached to a -hydroxy or (3-amino fatty acid [65]. The
fatty acid chains vary in length, from C-10 to C-16 for surfactins, C-14 to C-17 for
iturins, and C-14 to C-18 for fengycins. Each lipopeptide family is further divided

based on the specific amino acid positions in the peptide ring [103].

Rhamnolipids

Hydrophilic head

Sophorolipids

Hydrophobic tail

l Micelle in
] aqueous solution

Figure 2. Structure of biosurfactants and well-known types of Glycolipids and Lipopeptides
classes.

One of the most notable examples of a cyclic lipopeptide is surfactin, a versatile
biosurfactant produced by various Bacillus strains, especially during the
stationary growth phase when nutrients and oxygen are limited [104]. Surfactin
is a macrolide lipopeptide with a molecular weight of 1,036 Da and an
amphipathic structure, meaning it has both hydrophilic and hydrophobic
components. This structure allows surfactin to interact with cell membranes in
complex ways, leading to its antimicrobial, antifungal, antiviral, anti-
inflammatory, and even anticancer activities [105,106]. Its mechanism of action is
largely due to the hydrophobic interaction between the fatty acid chain and lipid

bilayers, enabling it to penetrate the membrane while the peptide component
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binds to polar lipid heads [89]. This interaction can disrupt membranes, form
micelles, or produce detergent-like effects, depending on the concentration. This
interaction can lead to membrane disruption, micelle formation, or even
detergent-like effects depending on the concentration. Surfactin's effectiveness as
a biosurfactant is evident from its (CMC) is notably low, with values of 9.4 uM in
a 200 mM NaHCQO; solution at pH 8.7 and 7.5 uM in a solution with 10 mM Tris
and 10 mM NacCl at pH 8.5, demonstrating its ability to reduce surface tension at
very low concentrations significantly. This exceptional performance underscores

its superiority over many synthetic detergents [107-109].

1.3.1.1 Biosurfactant Screening Methods

The assessment of biosurfactants (BSs) production and interfacial activity is
crucial for identifying potential candidates for various applications, particularly
in bioremediation and industrial processes. Several methods are employed for
screening biosurfactant (BS) and bioemulsifier production, assessing key
properties. Here there is a summary of the common techniques:

Hemolysis Assay

The hemolytic activity assay is a widely used method for identifying
microorganisms that produce biosurfactants with hemolytic properties. It was
first discovered by Bernheimer and Avigad (1970), who observed that surfactin,
a biosurfactant produced by Bacillus subtilis, lysed red blood cells [110]. The test
involves culturing microbes on blood agar plates (5% blood and incubating at 25-
45 °C for 24-48 h) and looking for a clear zone around colonies, which indicates
red blood cell lysis. While the assay is useful, it has limitations, as only a small
percentage of hemolytic strains produce biosurfactants, and false positives or
negatives can occur due to unrelated enzyme activities [111,112]. Despite this, it

remains a reliable initial screening tool for biosurfactant production.
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Drop Collapse Technique

This technique, developed by Jain et al. (1999) is widely used for its simplicity
and rapid results in detecting biosurfactant-producing cultures [113]. In this test,
a drop of culture supernatant is placed on a hydrophobic surface, and in the
presence of biosurfactants, the oil droplet expands or collapses due to reduced
interfacial tension. In the absence of surfactants, the droplet remains stable as
polar water molecules are repelled by the hydrophobic nature of the surface
[114]. This method is sensitive to surfactant activity and can test multiple cultures
simultaneously.

Oil Spreading Assay

The oil spread test evaluates the production of biosurfactants based on their
ability to displace oil from the surface of water [112,115]. The procedure involves
adding 50 mL of distilled water to a Petri dish, followed by the addition of 100
uL of crude oil to form a thin layer on the water surface. Then, 10 uL of the culture
filtrate is added to the center of the oil film, and the clear zone formed by the
displacement of oil is observed. The diameter of this clear zone reflects the
biosurfactant emulsifying properties and it is directly proportional to the
concentration of biosurfactant, providing a quantitative measure of surfactant
activity. Furthermore, it is especially advantageous for initial screening.
Emulsification Activity (Emulsification Index - EI-24)

The emulsification capacity assay measures a biosurfactant's ability to form and
stabilize emulsions. The standard protocol involves a 1:1 or 1:2 ratio between
culture filtrate and oil, followed by vigorous vortexing for 1-2 minutes to form
an emulsion. After 24 hours, the height of the emulsion layer is measured, and
the emulsification index (E24) is calculated [116,117]. This assay evaluates
biosurfactant performance in various industrial applications, though

emulsification may not always reflect surface activity [118].
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CTAB Agar Plate Assay

The agar method with CTAB (Cetyltrimethylammonium Bromide) is a semi-
quantitative technique used to detect specifically anionic surfactants produced
by microorganisms. Developed by Siegmund and Wagner, this method involves
growing microorganisms on agar plates with light blue mineral salts containing
CTAB, a cationic surfactant, and methylene blue, a basic dye [119]. When the
microorganisms secrete anionic surfactants, they form a dark blue, insoluble ion
pair with CTAB and methylene blue, which appears as a blue halo surrounding
the colonies. The sensitivity of the CTAB test can be increased by introducing
small wells into the agar gel. However, CTAB can be toxic to some
microorganisms and inhibit their growth, limiting the test's applicability [120].
Additionally, not all anionic surfactants can be detected by this method, and it
remains specific to anionic biosurfactants. An improvement of this method is that

also possible to use it to test culture supernatants or extracts.

1.3.1.2 Biotechnological applications of biosurfactants

As consumer demand for safer, eco-friendly products continues to rise,
biosurfactants are expected to play a critical role in shaping future industrial
applications, driving innovation, and offering greener alternatives to traditional
chemical-based ingredients. BSs offer superior performance with lower toxicity
and better biodegradability, in line with global sustainability goals [108].
However, their production is still expensive, and further research is needed to
improve their scalability and cost-effectiveness. The market for biosurfactants is
expected to grow by 5% from 2023 to 2032, reaching over USD 8 billion. Demand
is increasing in sectors such as personal care, household cleaning and healthcare
[121]. In 2023, biosurfactants held 45% of the household cleaning market. The
personal care sector is growing strongly, with a compound annual growth rate

(CAGR) of 6.3%, driven by increasing demand for natural and eco-friendly
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products [122]. In addition, the value of biosurfactants, particularly in drug
delivery systems, was recognized during the COVID-19 pandemic due to

increased hospital admissions and accelerated development of new drugs.
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Figure 3. Biosurfactants industrial applications [123].

BSs in Bioremediation of Heavy Metal and Hydrocarbon Pollution

One of the most relevant applications of biosurfactants concerns the
bioremediation of hydrocarbon pollutants and heavy metals. Petroleum-derived
hydrocarbons, a major source of environmental pollution, are difficult to degrade
due to their low solubility in water [79]. However, some microorganisms, such as
hydrocarboclastic bacteria (e.g. Alcanivorax, Cycloclasticus and Marinobacter), are

able to utilize oil as a carbon source. These bacteria, often dominant during oil
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spills, produce biosurfactants that enhance the solubilization of hydrocarbons,
making these contaminants more bioavailable and easily degradable [55,124]. In
this context, biosurfactants act as both emulsifiers and bioemulsifiers, facilitating
the bioremediation process, which has proven effective even under difficult
conditions, such as low temperatures or the presence of compounds that are
difficult to degrade, such as polycyclic aromatic hydrocarbons (PAHs) [125]. For
example, rhamnolipid, produced by Pseudomonas aeruginosa, has demonstrated
an effective ability to remove contaminants such as cadmium and lead from soil
while also showing the ability to preserve soil quality and support microbial
activity [126]. Moreover, biosurfactants have been utilized in microbial-enhanced
oil recovery (MEOR) to increase oil extraction efficiency, making them a key
player in the energy sector as well. In some studies, biosurfactants like
rhamnolipids and surfactin have demonstrated recovery rates exceeding 90%,
with some reaching 100% oil recovery [127]. Although the potential is promising,
large-scale production of biosurfactants for bioremediation applications still
faces challenges related to cost and scalability.

BSs in the Detergent and cosmetic Industry

Biosurfactants, due to their ability to emulsify, cleanse and foam, have proven
very effective in detergents and personal care products. These compounds, which
boast similar characteristics to synthetic surfactants, such as high stability and
biodegradability, are used in household and industrial detergents, but also in
skin care products [83,128]. For example, lipopeptides produced by Bacillus
subtilis SPB1 have shown greater efficiency in removing vegetable oil and coffee
stains than conventional detergents [129]. Furthermore, biosurfactants such as
surfactants and rhamnolipids are used in cosmetic products for their non-
irritating properties and ability to promote emulsification, solubilization, and
foam formation. Their application also extends to gentle skin cleansers,

shampoos and hair care products, with the need for more natural and low-

25



toxicity products increasing [130]. Furthermore, Beyond their functional benefits,
biosurfactants contribute antimicrobial properties, adding value to hygiene and
skincare products [131].

BSs in Medicinal and Pharmaceutical Industry

Biosurfactants are increasingly used in the medicinal and pharmaceutical fields,
primarily for their antimicrobial, anti-adhesive, and enzyme-inhibiting
properties. In the medical field, particularly lipopeptides like surfactin from
Bacillus subtilis, play a significant role in biomedical applications due to their
ability to disrupt cell membranes, increasing permeability and leading to cell
lysis [109,132]. Other antimicrobial BSs like daptomycin, viscosin, and
rhamnolipids, also have potent antimicrobial properties against pathogenic
bacteria, including antibiotic-resistant strains such as methicillin-resistant
Staphylococcus aureus (MRSA). Ramnolipids and surfactin also showed the
potential to improve the efficacy of antibiotics by facilitating their penetration
through bacterial cell walls [98,133-135]. In addition to antimicrobial
applications, biosurfactants are also being investigated for their anti-
inflammatory and anti-cancer properties, with studies suggesting that surfactin
induces apoptosis in breast cancer cells, while other studies have found a
beneficial effect in the treatment of inflammatory bowel disease[136-138].
Moreover, it also shows anti-biofilm effects, addressing persistent infections
caused by biofilms, which protect pathogenic bacteria from immune responses
and antibiotics. Biosurfactants destabilize microbial communities by inhibiting
biofilm formation and interfering with quorum sensing, making them more
vulnerable to treatment [139,140].

BSs in the Food Industry

Biosurfactants are being increasingly utilized in the food industry to enhance the
quality and longevity of food products, due to consumer demand for sustainably

sourced, plant-based, and healthier alternatives has surged [103,121,141].
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Biosurfactants (BSs), derived from microorganisms with Generally Regarded as
Safe (GRAS) status, and play a versatile role in food formulations, not only by
reducing surface and interfacial tension to stabilize emulsions, making them
suitable for a wide range of applications in baked goods, ice cream, sauces, and
flavored oils. Notably, rhamnolipid is used to improve the stability and texture
of doughs [142]. Another biosurfactant produced by Enterobacter cloacae is used
to enhance the viscosity of acidic food products containing citric acid [143].
Moreover, biosurfactants have shown antimicrobial properties that are
advantageous for maintaining food safety. By preventing the adhesion of
pathogenic bacteria such as Salmonella and Listeria monocytogenes, biosurfactants
help mitigate the risk of contamination and deterioration in food products [143—
146].

BSs in Agricultural Applications

Biosurfactants are also gaining traction in agriculture, particularly as
replacements for synthetic surfactants in agrochemical formulations. Their
application supports green chemistry by reducing the environmental and health
risks associated with conventional chemical surfactants. Rhamnolipid and
lipopeptide biosurfactants have been identified for their ability to improve soil
quality and serve as bioremediation agents for hydrophobic organic pollutants

and heavy metals in contaminated environments [142].

1.3.2 Marine Siderophores

In the ocean, the concentration of iron varies between 0.01 and 2 nM, whereas
marine microbes require iron levels in the micromolar range. Given the scarcity
of iron in marine environments, particularly in its soluble form (Fe3*), marine
bacteria must possess mechanisms to solubilize and transport this essential
nutrient [147-150]. Despite the natural solubility of Fe®* being as low as 1077 M,

bacteria have developed the ability to extract iron from insoluble precipitates to
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meet their energy and growth demands [150-152]. Siderophores have been
identified as essential growth factors for bacteria, with over 500 siderophores
discovered and 270 of these with defined structures. Siderophores (SID), meaning
"iron carriers," are small iron-chelator molecules (200-2000 Da) secreted by
marine bacteria, particularly in poor-iron environments, making them available
for microbial uptake [148,153]. The affinity of siderophores for Fe®* can vary
significantly, with association constants ranging from 10'? to 102, reflecting their
strength in binding iron [148,154]. To date, over 500 siderophores have been
discovered, with 270 having defined structures [152,154]. The first siderophores
discovered, such as myobactin and ferrochrome, were considered by researchers
as growth factors by introducing siderophore-producing organisms into iron-
deficient media [147]. Siderophores can generally be classified into four
categories based on the type of ligand they use to coordinate Fe®*: catecholate,
hydroxamate, carboxylate and mixed types.

Catechol siderophores such as enterobactin, are particularly notable for their
exceptional affinity for Fe III, driven by 2,3-dihydroxybenzamide motifs.
Naturally produced by Gram-negative Enterobacteriaceae like Escherichia coli
and Salmonella typhimurium, enterobactin is a tri-catechol siderophore, exhibits
the highest known affinity for iron (Ka = 10%2) [155,156]. An example of a novel
siderophore derived from the marine bacterium is nigribactin from Vibrio
nigripulchritudo, which shares structural similarities with vibriobactin [157].
Hydroxamate Hydroxamate-type siderophores, particularly acyl peptidic
variants, feature a nonpolar fatty acid tail and are commonly produced by marine
bacteria like alcaligin Alcaligenes denitrificans by and desferrioxamine produced
by Streptomyces spp; they also form stable iron complexes crucial for acquiring
iron in limited environments [158]. For example, Marinobacter sp. DS40M6 that

producs marinobactins [159].
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Carboxylate types have carboxylate groups derivatives of citric acid are
carboxylates, such as for example, staphyloferrin A produced by Staphylococcus
species [156]. The unusual marine siderophore Vibrioferrin from Vibrio spp., a
bis-a-hydroxycarboxylate, has one co-ordinating group from a-ketoglutarate
and another from citrate [160]. Moreover, Achromobactin, produced by
Pseudomonas syringae pv. syringae, is a tris-a-hydroxycarboxylate in which the
coordinating groups come from «a-ketoglutarate and citric acid [161].

Mixed-types siderophores, like pyoverdine from Pseudomonas spp., combine
catecholate and other chelating groups, enabling efficient iron capture and
binding of additional elements. Pyoverdine also fluoresces green-yellow under
iron-deficient conditions due to its chromophore group. Similarly, pyochelin
forms stable iron complexes, facilitating iron uptake and showcasing the

versatility of mixed-ligand siderophores [162-164].
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Figure 4. The most common iron-binding moieties found in microbial siderophores and
examples. (A) Catecholate, (B) hydroxamate, and (C) carboxylate. Some siderophores present a
combination of iron-binding moieties and are known as mixed-type siderophores [165].

Among them, another significative class is represented by amphiphilic
siderophores produced mainly by marine bacteria. Both polar and non-polar
components form them. The polar group is the binding site for iron and is

attached to one or two fatty acid chains [150,151,159,166,167]. Another common
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structural feature is the presence of an a-hydroxy carboxylic acid moiety, usually
in the form of (-hydroxy aspartic acid or citric acid, which gives them
photochemical reactivity. When exposed to light, ferric amphiphilic siderophores
form photoproduced complexes with fatty acids and ferric iron, which are
important in maintaining ferrous iron in the oceans [167,168]. The structure of
amphiphilic siderophores varies depending on the length and polarity of the fatty
acids. Siderophores such as amphibactins and moanachelins are hydrophobic,
with long fatty acid chains (C16-C18), whereas loihichelins or aquachelins are
more hydrophilic, with shorter chains and larger polar groups [151,166,169,170].
These differences influence the extraction method, with the former being
obtained from the cell pellet and the latter from the supernatant. A key
characteristic of amphiphilic siderophores is their ability to self-assemble into
micelles and vesicles when iron is bound. When the concentration of amphiphilic
siderophore exceeds the CMC (critical micelle concentration), and is not bound
to iron, micelles are formed. If ferric iron (Fe III) is introduced into the solution,
the size of the micelles reduces. Additionally, adding more iron can lead to a
transition from micelles to vesicles [166]. This process has been observed in
studies on marinobactins and has implications for biotechnology and
pharmacology [159].

Siderophores are particularly useful when iron is concentrated in specific areas,
such as mineral particles, and bacteria are not nearby. They help dissolve and
distribute the iron more evenly, making it accessible to bacteria. These molecules,
once secreted, can spread far from their producers, benefiting other bacteria or
organisms rather than the original cells [149,154]. This cooperative behavior is
common in bacterial biofilms, where secreted siderophores often help
neighboring cells rather than the ones that produced them. In fact, the production
of siderophores is considered a form of cooperation, as these molecules can be

shared and support the lives of other individuals [153]. In addition, bacterial cells
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usually grow in aggregates, such as biofilms adhered to surfaces and therefore
secreted siderophores are not necessarily used by the cells themselves. Studies
on siderophores are mainly based on controlled laboratory experiments where
iron availability is regulated. In these settings, siderophore concentrations in the
medium typically range from micromolar (uM) to millimolar (mM) during liquid
fermentations [151]. Siderophore secretion is an energy-dependent process
mediated by various efflux pumps. In Gram-negative bacteria, siderophores bind
to specific receptors in the outer membrane, are transported into the periplasm,
and then into the cytosol with the help of the TonB complex and ATP-binding
cassette transporters. In contrast, Gram-positive bacteria lack an outer membrane
and import siderophores directly through ATP-binding cassette transporters in
the cell membrane. After iron release, siderophores may either be recycled or
hydrolyzed to release the iron. Their production, release, and uptake are tightly
regulated to maintain iron balance within the cell. The main regulator, Fur (ferric
uptake regulator), controls this process by repressing siderophore synthesis and

activating related proteins [152,154].

1.3.2.1 Siderophores Screening Methods

Various techniques have been developed to identify different types of

siderophores based on their biological and functional properties.

CAS assay

The chrome azurol S (CAS) assay is a colorimetric method, created by Schwyn
and Neilands. The assay operates on the principle of competition for iron
between the siderophore and the CAS dye, causing a color change from blue to
orange. While widely used for its sensitivity and quantitative potential, the CAS
assay has limitations due to its non-specificity and the presence of HDTMA
(hexadecyltrimethylammonium bromide), which can inhibit microbial growth at

high concentrations [171,172]. To address the limitations of the CAS method,
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several variants have been developed, such the CAS-Agar Plate Assay, which
allows for the detection of siderophores produced by Gram-positive fungi and
bacteria, reducing dye toxicity and improving medium stability [171,173]. In
addition, this method can also be used by assaying the cell-free supernatant of
the culture or crude extracts. The liquid CAS assay, a more widely used version,
is sensitive and quantitative but is limited to chemically defined media, as it is
interfered with by yellowish components in complex culture media and
biological fluids. New quantitative siderophore tests are being developed,
combining methods from both plate and liquid assays to improve accuracy. In
the liquid CAS assay, the color change from blue to yellow occurs as siderophores
chelate iron from the CAS dye. Absorbance is measured at 630 nm, and
siderophore activity is expressed as a relative absorbance ratio [174]. The O-CAS
assay, also known as "Overlaid CAS", allows for the simultaneous detection of
multiple siderophore-producing microorganisms by optimizing the soil
composition to enhance the growth of Gram-positive bacteria and fungi [175].
The Layer Plate CAS Assay employs DDAPS, a less toxic surfactant than
HDTMA, while maintaining comparable results to the traditional method.
Arnow test

It is a colorimetric method used to detect catecholate-type siderophores in
microbial cultures. The procedure involves treating the sample with ferric
chloride (FeCls) and sodium hydroxide (NaOH), producing a reddish-brown
color if catecholate siderophores are present [176].

Csaky test

This test identifies hydroxamate-type siderophores. This test requires adding a
mixture of ferric chloride and hydroxylamine hydrochloride to the sample,
where a reddish color indicates the presence of hydroxamate siderophores
through iron chelation. While, the Tetrazolium test [177] is utilized to assess the

production of hydroxamate siderophores. This method is based on the ability of
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siderophores to reduce tetrazolium compounds, resulting in the development of

a red color, which indicates the presence of siderophores [178].

1.3.2.2 Biotechnological applications of siderophores

Siderophore research has shown a significant growth trend over the last two
decades. The number of articles published has doubled from an average of 16.6
per year between 2004 and 2013 to 32.2 between 2014 and 2023. This increase
highlights the growing interest in their practical applications, particularly in
bioremediation and antimicrobial therapies [179]. In 2019, the largest increase in
research will be in microbiological and ecological studies. The main areas of
research focus on the role of siderophores in combating antibiotic resistance,
fungal pathogenicity and improving environmental remediation [180]. Indeed,
beyond their ecological roles, SIDs are being explored for several potential

applications.
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Figure 5. Siderophores industrial applications [181].

34



SIDs in Agriculture

Siderophores (SIDs) are valuable in agriculture due to their ability to enhance
plant growth and health by improving iron bioavailability in soils [152,172]. Iron
is an essential micronutrient for plants, participating in crucial processes such as
chlorophyll production and redox reactions. However, plants require only trace
amounts of soluble iron, whereas microorganisms need much higher
concentrations. Certain bacteria, such as Pseudomonas species and other
endophytes, produce siderophores that facilitate iron uptake, indirectly boosting
plant growth [182]. This property positions these microorganisms as effective
plant-growth-promoting agents, contributing to enhanced crop productivity and
ecosystem stability. By increasing iron solubility in the rhizosphere, siderophore-
producing bacteria help mitigate iron deficiencies that can otherwise reduce
agricultural yields and quality [172].

SIDs as Biosensors

In biosensing, siderophore-based biosensors and nanosensors serve as powerful
tools for detecting various compounds, including metal ions, antibiotics,
pesticides, and microorganisms with high precision and sensitivity also their
cost-effective. Biosensors combine a biological recognition element, such as a
siderophore, with a transducer to generate quantifiable signals based on analyte
concentration. These biosensors biosensors have been used for environmental
monitoring, to assess the presence of contaminants like heavy metals, and in
agricultural applications to track pesticide residues. Additionally, they play a
crucial role in detecting antibiotic resistance and monitoring microbial
populations in various settings [183-185]. For example, fluorescent siderophores
like pyoverdines are particularly effective for constructing optical biosensors that

monitor iron bioavailability in soils, ocean waters, and other environments [186].
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SIDs in pharmaceutical Industry

Siderophores have emerged as powerful tools in medicine for addressing
challenges such as antibiotic resistance, cancer, and parasitic diseases. These
compounds utilize their natural iron-scavenging properties to deliver therapeutic
agents into cells, often bypassing mechanisms of resistance or targeting iron-
dependent cellular pathways [149,187,188]. In combating antibiotic resistance,
siderophores act as "Trojan horses", which leverages siderophores as carriers to
deliver drugs directly to pathogenic microbes, improving targeting precision
while reducing the use of pesticides. In medicine, this approach addresses the
challenges of selectively permeable cell membranes by conjugating siderophores
with antibiotics to create sideromycins [189,190]. The conjugate comprises three
components: the siderophore (for iron binding), the drug (for antibacterial
activity), and a linker (to connect the two and regulate drug release). These
compounds exploit the microbes' iron uptake systems to transport the drug into
pathogen cells, enhancing therapeutic effectiveness [189,190]. This strategy is
particularly effective against Gram-negative bacteria, whose outer membrane
often blocks conventional drugs. Examples include Cefiderocol, a cephalosporin-
catechol conjugate in advanced clinical trials, and synthetic siderophore-
antibiotic conjugates like beta-lactam-siderophores, which have demonstrated
strong activity against pathogens like E. coli and Acinetobacter baumannii [191]. In
cancer treatment, the iron dependency of tumor cells makes them susceptible to
siderophore-based iron chelation therapies, such as deferasirox[192].
Compounds like deferoxamine (DFO), initially used for iron overload conditions,
have shown potential against neuroblastoma and leukemia by reducing
oxidative stress and disrupting iron metabolism [144,193]. Additionally, bacterial
siderophores like enterobactin have been found to arrest cancer cell proliferation
by targeting intracellular iron stores and reducing reactive oxygen species

[155,194].
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SIDs in Bioremediation of Heavy Metal and Hydrocarbon Pollution

Siderophores (SIDs) are increasingly recognized for their role in bioremediation,
particularly in the management of heavy metal and hydrocarbon contamination.
Metals such as copper, cobalt, zinc, and chromium, while essential for many
biochemical processes, can become toxic at high concentrations due to industrial
activities, posing significant risks to human health and the environment. Unlike
organic pollutants, heavy metals cannot be fully degraded but can be
transformed into more soluble and mobile forms through complexation with
siderophores, enhancing their removal from contaminated sites [154,195]. The
effectiveness of siderophores in this process depends on several factors, such as
the nature of the ligands and the type of metal involved [196]. For example,
pyoverdine has a strong affinity for metals like zinc, copper, and manganese,
while its affinity for iron is even stronger. Siderophores like deferoxamine B can
also chelate metals like cobalt, facilitating their removal, especially in
environments with high pH levels [197]. Siderophores are also valuable in marine
environments, where they help in the bioremediation of oil spills. Marine
bacteria, such as Marinobacter hydrocarbonoclasticus, produce petrobactin, a
siderophore that aids in oil degradation [198]. Similarly, siderophores like
ochrobactine, produced by bacteria in response to oil spills, can also help in the

cleanup of hydrocarbons [168].

1.3.3 Marine Antimicrobials

The discovery of antibiotics has largely focused on terrestrial microorganisms,
such as Actinobacteria and Penicillium. However, since the 1980s, this approach
has led to diminishing returns, rediscovering known compounds [199,200]. This
stagnation is concerning, especially as antibiotic resistance (AMR) has become a
global health crisis. AMR, responsible for 1.3 million deaths annually, is driven

by genetic mutations and the misuse of antibiotics [201]. By 2050, AMR could
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cause up to 10 million deaths per year [202]. Acquired resistance spreads through
horizontal gene transfer, where bacteria exchange resistance genes via
transformation, transduction, or conjugation, leading to multidrug-resistant
strains [203-205]. Key resistance mechanisms include the absence of antibiotic
targets, enzyme production to deactivate antibiotics, changes in membrane
permeability, and efflux pumps expelling antibiotics [203,206]. For instance,
Staphylococcus aureus develops resistance by acquiring the mecA gene, which
alters penicillin-binding proteins, reducing penicillin effectiveness [133,207]. In
response to this growing crisis, the need for new antibiotics with novel
mechanisms of action has never been more urgent. Marine bacteria, which thrive
in extreme environments, have developed unique bioactive compounds, such as
peptides, polyketides, and non-ribosomal peptides, that have unique structures
and mechanisms of action, making them promising candidates for overcoming
AMR that could provide innovative solutions for combating AMR [67,208-210].
For instance, polyketides like erythromycin and vancomycin show activity
against a broad range of pathogens [207,211]. Additionally, marine antimicrobial
peptides (AMPs), which are small, amphiphilic polypeptides, have demonstrated
potent activity by disrupting bacterial membranes through electrostatic
interactions [67,135,205]. These peptides are particularly valuable because their
mechanisms of action make it harder for bacteria to develop resistance [212].
Also, some AMPs have been observed to inhibit DNA and protein synthesis
within target cells [203]. Among the various types of AMPs, cyclic peptides are
of particular interest. These peptides, which are synthesized by non-ribosomal
peptide synthetases (NRPS), possess stable chemical bonds and can include
lipopeptides, glycopeptides, and depsipeptides [213,214]. Their ability to target
bacterial membranes and inhibit vital cellular processes makes them strong
candidates for antibiotic development. For example, daptomycin, a cyclic

lipopeptide approved by the FDA, is effective against Gram-positive bacteria
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[134,139,215]. Moreover, the combination of marine-derived antimicrobials with
novel delivery strategies, like using siderophores to transport drugs into bacterial
cells, offers further potential. Cyclic peptides are also less prone to resistance due
to their unique structural features, making them a promising alternative to
conventional antibiotics [190,216]. Recent scientific studies have demonstrated
that the primary groups of bacteria exhibiting antimicrobial activity are
Actinobacteria, Firmicutes, and Proteobacteria [201,205]. These groups account
for over 93% of the articles published in the past twenty-five years, with
Actinobacteria being of particular significance as they are responsible for the
production of 90% of the antibiotics currently in use [132]. A variety of chemical
compounds, including fijimicins and linamycins derived from Actinobacteria, as
well as macrolactins derived from Bacillus, have been identified as playing a

crucial role in this field [67,135,212,217].

1.3.3.1 Antimicrobial Screening Methods

Agar diffusion method

The agar disk-diffusion method (ADM), developed in 1940, remains one of the
most widely used techniques for antimicrobial susceptibility testing in clinical
microbiology, endorsed by the Clinical and Laboratory Standards Institute
(CLSI) [218]. In this method, a standardized microbial inoculum is spread on an
agar plate, and filter paper disks containing an antimicrobial agent are placed on
the surface. As the agent diffuses, it creates a concentration gradient that inhibits
microbial growth, with the inhibition zone measured to determine its
effectiveness. Variants like the Agar Well Diffusion method are also used, where
a sample is applied to wells or discs in the agar, forming a zone of inhibition if
the compound is active [219].

Broth dilution methods

The dilution methods are widely used to determine the Minimum Inhibitory

Concentration (MIC) of antimicrobial agents, defined as the smallest
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concentration of an antimicrobial agent that prevents visible growth, usually
expressed in pg/mL or mg/L [220]. In the broth dilution method, antimicrobial
agents are serially diluted in a liquid growth medium in a 96-well microtitration
plate and a bacterial culture suspension, typically at a concentration of 1.5 x 108
CFU/ml, is added to the wells medium at each dilution. After inoculation, the
cultures are incubated at 37 °C and the resulting turbidity is observed to assess
the efficacy of the antimicrobial agent. While these methods provide high
accuracy, they are more complex and time-consuming, limiting their widespread

clinical use [218].

1.3.3.2. Biotechnological applications of antimicrobials

Marine-derived antimicrobials have significant biotechnological applications
due to their potential to address the increasing threat of antimicrobial resistance
(AMR) and their broad range of biological activities.

AMPs in Pharmaceutical Industry

In medical settings, these compounds represent a promising frontier in
combating infections, especially those linked to biofilms and multidrug-resistant
pathogens. These compounds have shown exceptional efficacy in preventing
biofilm formation on medical devices, such as catheters, implants, and wound
dressings, reducing the risk of associated infections [220,221]. AMPs work
through diverse mechanisms, including disrupting extracellular biofilm
matrices, inhibiting bacterial quorum sensing—essential for microbial
communication—and targeting resilient microbial populations, such as
antibiotic-resistant "persister” cells that often evade traditional treatments [222]
Genera like Streptomyces and Nocardiopsis, are well-known for producing
antimicrobial molecules that effectively combat resistant pathogens like S. aureus
and S. epidermidis, offering solutions for infections associated with biofilm

formation on medical devices and chronic wounds [223]. Moreover, their ability
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to act synergistically with existing antimicrobial drugs enhances their overall
effectiveness, offering a potent solution to tackle multidrug-resistant infections.
Other marine-derived antimicrobials, demonstrate diverse mechanisms of action.
For instance Chromomycins bind to DNA, disrupting bacterial replication, while
Napyradiomycins and Marinomycins exhibit potent antibacterial activities
against resilient strains [224-226]

Innovative advancements, such as antimicrobial peptide—polymer conjugates,
have further improved the stability, bioavailability, and therapeutic efficacy of
these compounds. These conjugates merge the natural antimicrobial potency of
AMPs with the structural versatility of polymers, paving the way for enhanced
infection control and therapeutic delivery [227]. Additionally Liposomal and
solid lipid nanoparticle (SLN) delivery systems are promising approaches in the
transport of AMPs. These systems are designed to improve the bioavailability
and efficacy of AMPs, especially in the face of challenging infections caused by
both Gram-positive and Gram-negative bacteria [227].

In addition to their antimicrobial properties, AMPs have also other bioactivities.
Anti-inflammatory peptides, such as those inhibiting NF-kB or MAPK pathways,
reduce the release of inflammatory mediators and cytokines, helping to manage
conditions like arthritis [228]. Anti-diabetic peptides, including those that
activate glucagon-like peptide-1 (GLP-1) receptors, assist in regulating blood
sugar levels and enhancing insulin sensitivity [229]. Furthermore, certain
peptides exhibit anticancer activity by inducing apoptosis or necrosis in cancer
cells. For instance, tritrpticin and its analogs have shown toxicity towards tumor
cells [230].

AMPs in Aquaculture

In modern aquaculture, infectious diseases pose a significant challenge, driven
by high population densities and stressful farming conditions. As an alternative,

antimicrobial peptides (AMPs) have emerged as a promising and sustainable
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solution to prevent and treat infections in fish [231]. In addition to their
antimicrobial properties, AMPs exhibit immunomodulatory effects, enhancing
both innate and adaptive immune responses. They also play a key role in
reducing oxidative stress through their antioxidant activity, which is particularly
important in aquaculture, where stress can severely impact fish health.

AMPs in Cosmetic Industry

In the cosmetic industry, marine antimicrobials are increasingly incorporated
into skincare products to target acne-causing bacteria and other dermatological
infections [232]. Studies on coral-associated Streptomyces sp. have identified
tirandamycin derivatives that effectively target bacteria such as Streptococcus
agalactiae and S. aureus, highlighting their potential in treating acne-related and
other bacterial infections [233]. They also serve as natural preservatives,
enhancing product safety by reducing reliance on synthetic chemicals.

AMPs in Agriculture and Food

AMPs are increasingly being explored as natural food preservatives due to their
ability to inhibit bacteria and fungi, offering a safer alternative to synthetic
preservatives. For example, nisin, a bacteriocin produced by Lactococcus lactis, is
widely used to preserve food and is recognized as safe by the FDA [234]. AMPs
also show potential in active packaging solutions, such as combining e-poly-L-
lysine with starch biofilms to prevent mold growth on food [235]. In agriculture,
AMPs like antifungal peptides (AFPs) have demonstrated effectiveness in
controlling plant diseases caused by fungi, such as Aspergillus flavus on corn and
peanuts, and Penicillium digitatum on citrus fruits [236]. However, the widespread
use of AMPs in food and agriculture faces challenges, including high costs,

particularly for transportation and preservation of perishable goods.
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AMPs in Environmental Industry

In environmental applications, these compounds are used as biofilm control and
biofouling prevention. In marine environments, these compounds help inhibit
the growth of fouling organisms like barnacles and algae on underwater
structures such as ships and pipelines. This significantly reduces maintenance
costs and environmental impacts, as it reduces the need for regular cleaning and
harsh chemicals [237]. Moreover, these antimicrobial agents are incorporated into
water treatment systems to improve microbial control, preventing biofilm
formation and enhancing the efficiency of water purification processes. Beyond
this, research is advancing the development of antimicrobial biomaterials and
biomedical devices with antibacterial and antibiofouling properties.
Multifunctional antimicrobial surfaces, including antibacterial metal surfaces
created through methods like magnetron sputtering, are also being explored for
their potential to combat microbial growth and biofilm formation across various
sectors [237]. These developments contribute to better maintenance practices and

more sustainable technologies.

1.4 Barriers in MNPs Discovery

The field of NPs discovery from marine bacteria is increasingly driven by the vast
and largely unexplored microbial diversity of the oceans. Marine bacteria offer a
unique opportunity for the development of new bioactive compounds [220].
However, discovering these compounds presents numerous challenges, as
demonstrated by the increasing frequency of the rediscovery of known
compounds. The traditional process of marine drug discovery extracting,
isolating, and purifying bioactive products through bioassays remains slow,
labor-intensive, and inefficient, with no guaranteed success [239,240]. Marine
natural product discovery faces a several important barriers that limit its

potential.
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One of the main difficulties is access to the hostile marine environment. For a
long time, research was limited to coastlines and sea surface, while deep-sea
exploration remains underdeveloped, with only a tiny fraction (0.001%) of the
deep sea comprehensively studied for biodiversity [1,13]. Moreover, the
collection of marine resources must be balanced with environmental
sustainability, as marine ecosystems are increasingly protected by stringent
regulations [12].

Another challenge lies in the fact that over 99% of marine bacteria cannot be
cultured using conventional laboratory methods [241]. This phenomenon, known
as the “great plate count anomaly,” complicates the identification and cultivation
of potential bioactive compound producers [242]. Many microorganisms that are
isolated end up in a viable but non-culturable state (VBNC), making them
difficult to study and exploit for natural product discovery. Even when culturing
is possible, replicating the specific environmental conditions required for
bioactive secondary metabolite production is often impractical in the lab [243—
245].

Moreover, marine microorganisms frequently live in symbiosis with other
organisms, such as sponges and corals [246]. These symbiotic relationships
further complicate the discovery of new bioactive compounds, as the microbial
products often depend on these intricate associations [243,247]. Additionally,
slow-growing species from nutrient-poor environments are often outcompeted
by fast-growing bacteria, limiting our ability to isolate these valuable organisms
[248].

Even when bacteria can be cultured, another barrier arises: many secondary
metabolites remain “silent” under standard laboratory conditions due to inactive
biosynthetic gene clusters (BGCs) [249]. This means that even though a
microorganism may have the genetic capability to produce bioactive compounds,

the compounds may not be detected unless specific environmental conditions
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trigger the expression of the relevant genes [250]. Additionally, the process of
extracting natural compounds from marine sources is complicated by low yields
and the complexity of identifying bioactive compounds among other chemicals
in the sample. Identifying bioactive compounds is an expensive and resource-
intensive process. It can take months and cost up to $50,000 per isolate. One way
to optimize this process is by rapidly identifying compounds that have already
been discovered, enabling researchers to focus resources on more promising

leads [251].

1.5 Overcoming barriers

To unlock the vast biosynthetic potential of marine microorganisms, several
strategies have been developed, overcoming the barriers that once hindered
exploration of the deep ocean. Consequently, the probability of discovering novel

natural compounds with various applications can be enhanced.

1.5.1 Advanced technologies to gain access to the unexplored ocean environment

and life

The ocean, once a "deep secret," has only recently become accessible to scientific
exploration, thanks to advancements such as scuba diving, submersibles, and
remotely operated vehicles (ROVs) [252,253]. These technologies have facilitated
sampling at great depths, revealing a previously unknown diversity of life. For
example, the ROVs developed by Galloway et al., capable of gently collecting
marine microorganisms from depths of 100 to 170 meters, has significantly
enhanced marine bioprospecting efforts [2,254]. However, traditional methods of
isolating and cultivating marine microbial species continue to present challenges,
especially with regard to rare and more uncultured bacteria. Several studies have
revealed a wealth of bioactive compounds from rare actinobacteria in under-
explored marine environments, highlighting the need for innovative isolation
methods [255,256]. Infact, traditional culture media often favour fast-growing
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bacteria, but new techniques such as diluted media and longer incubation times
have been successful in isolating slow-growing species [248,257]. Furthermore,
the use of diluted media, longer incubation times and modifications to standard
agar preparations, such as the use of gellan gum or separate autoclaving of
medium components, enabled the isolation of slow-growing bacteria and
previously uncultured species [258]. For instance, Choi et al. (2005)
demonstrated that relatively simple cultivation techniques enabled the isolation
of previously uncultured bacterial taxa from the phyla Bacteroidetes and
Proteobacteria [259]. The "dilution to extinction" method has been effective in
isolating rare bacteria by diluting samples to allow individual colonies to grow
[260]. This technique has been crucial for isolating species like SAR11 [261].
Moreover, several approaches are used to entry into the “uncultured majority”.
They allow to mimic the habitat of the specific microorganism, such as the
diffusion chamber system, and the subsequent I-chip method, that allow in situ
cultivation of previously unculturable strains [262,263]. The iChip enabled the
discovery of teixobactin, a novel antibiotic from the previously uncultured
Eleftheria terrae [264]. Later, Maclntyre et al. adapted the iChip for marine
environments, isolating a new species from the sponge Xestospongia muta [265].
Additionally, methods like the I-tip focus on isolating symbiotic microorganisms,
using micropipette tips filled with agar and microbeads that are placed directly

on the host-organism [266].

1.5.2 Unveil potential novel BGCs

MNPs are often encoded by biosynthetic gene clusters (BGCs), which have a
modular structure, with specific genes for the biosynthesis of each compound
clustered in the genome. Marine bacteria use multienzyme complexes to conduct
multistage biosynthetic processes, resulting in the production of metabolites. The
products of BGCs are subdivided into several classes, such as polyketides (PKS),
ribosomally synthesised and post-translationally modified peptides (RiPP, which
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include lantipeptides, lasso peptides, glycopeptides and others), terpenes,
alkaloids and saccharides and non-ribosomal peptides (NRPS). The biosynthesis
of these products varies depending on the substrates and enzymes involved
[62,213,246]. In particular, the production of these compounds is guided by the
NRPS enzyme system. The NRPS are multi-modular enzymes that synthesise
peptides with diverse structures. This is achieved by the enzyme recognising,
activating, modifying and linking amino acids. The structural diversity of
nonribosomal peptides confers significant biological activity. NRPS enzymes are
composed of modules, composed by three or more domains and each module
performs a specific function [213]. The adenylation domain (A) recognizes and
activates specific substrates using ATP, forming an acyl-AMP intermediate
(Figure 6). This activated substrate is then transferred to the phosphopantetheine
(ppant) arm of the PCP domain or (T) through a transesterification reaction. The
thiolation domain (T) equipped with a CoA-derived ppant cofactor, shuttles the
substrate to the C domain. The condensation domain (C) catalyzes peptide bond
formation by facilitating nucleophilic attack of the a-amino group of the acceptor
substrate on the activated a-carboxy group of the donor substrate. This modular
process is repeated in a co-linear fashion, with the sequence of modules
determining the peptide's structure [213,267,268]. The thioesterase (Te) domain
(Te) the final peptide through hydrolysis or macrocyclization, completing the
synthesis process. Substrate specificity in NRPS is governed by the A domain,
which selects its cognate substrate based on the amino acid residues lining its
binding pocket. This specificity is described by the "Stachelhaus code," a
sequence motif that correlates with substrate preference [269]. The modular
nature of NRPS allows for immense structural variability in their products.
Additional tailoring domains, such as epimerization (E) domains and
methyltransferase (MT) domains, a further enhancing peptide diversity and

function. The first one catalyzes the conversion of L-amino acid residues to D-
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amino acids. This modification is often essential for NRPs to adopt specific
conformations, which are critical for their biological activities, such as antibiotic
efficacy [270]; the second one transfers a methyl group to the substrate, that could
influence the chemical properties and biological activity of the peptide, further
expanding its potential applications. The heterocyclization domain (Cy) is also

crucial, ensuring proper peptide synthesis and modification [213,267].
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Figure 6. Non-ribosomal peptide synthesis (NRPS). Adenylation domain (A), Condensation
domain (C), Thiolation domain (T) with Peptidyl Carrier Protein (PCP), Termination domain (TE).

1.5.2.1 Culture-independent approach:

Advances in marine microbial genomics, particularly through meta-omics
techniques like metagenomics and metaproteomics, has allowed the study of
marine microorganisms without their cultivation, overcoming the limitations of
traditional techniques [271]. Projects such as Global Ocean Sampling (GOS) have
greatly expanded the marine genetic landscape, revealing that over 50% of the
protein sequences discovered were previously unknown [272]. This has led to a
better understanding of microbial biodiversity and the discovery of new genes
and biosynthetic pathways. Genome mining, particularly targeted approaches,

are valuable tool for the identification of biosynthetic gene clusters (BGCs)
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responsible for the production of secondary metabolites, such as antibiotics and
other bioactive compounds [62,273-275]. Thanks to several bioinformatics tools
such as antiSMASH [276,277], GECCO [278], DeepBGC [279], EvoMining [280]
and PRISM 4 [281], it is possible to and analyze various biosynthetic pathways,
offering predictions on the chemical structures of metabolites. based on genetic
data. These methods allow for targeted discovery of compounds like non-
ribosomal peptides (NRPs) and polyketides (PKS), which have significant
potential novel bioactivities [62,213,246]. Therefore, Initiatives like the Minimum
Information about a Biosynthetic Gene Cluster (MIBiG) [282] allows genomic
dereplication by comparing newly discovered BGCs by sequence homology with
genes involved in the production of known natural compounds (Bachmann, Van
Lanen, & Baltz 2014). Ultimately, omics technologies and metabolic engineering
have significantly improved the modification of metabolic pathways, leading to
better production of specific compounds, particularly in industrial fermentation
processes, through the application of recombinant DNA technologies [271,283].
The refinement of the techniques of cloning and heterologous gene has opened
the way for new tools in the synthetic biology field [284,285]. These innovations
create new opportunities for natural product discovery by enabling the
overexpression of activator genes and the inactivation of transcriptional

repressors.

1.5.2.2 Culture-dependent approach: OSMAC strategy

Among the strategies used to activate cryptic microbial biosynthetic gene clusters
(BGCs), the One Strain - Many Compounds (OSMAC) approach has emerged as
one of the most successful [286-288]. This strategy highlights how a single
microbial species can produce a diverse range of metabolites when different
cultivation parameters, such as nutrient concentration, temperature, pH, osmotic

conditions, aeration and the addition of specific inducers (e.g. metals, vitamins),
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are altered [95,289]. In addition to modifying cultivation parameters, the OSMAC
strategy includes the addition of small molecules in the culture media, such as
chemical elicitors, which influence gene expression at the transcriptional level
[287], also heavy metals, nickel and (-glucans are recognised as common
elicitors, but DNA methyltransferase (DNMT) and histone deacetylase (HDAC)
inhibitors, such as 5-Azacytidine and SAHA, have also been successfully used to
remodel the epigenetic profile of microbial metabolomes, thereby increasing
chemical diversity and activating silent biosynthetic pathways [290,291]. Some
studies have shown that antibiotics at sub-inhibitory concentrations induce
transcriptional changes in bacteria [155,292]. Another promising strategy for
activating 'silent' BGCs is co-cultivation, where two or more microorganisms are
grown together. This method can be seen as an extension of OSMAC and often
leads to enhanced production of known compounds or the discovery of
previously cryptic metabolites that may not be detected in axenic cultures. Co-
culturing microorganisms leads to a variety of interactions, such as competition
for resources, exchange of signalling molecules (quorum sensing) and biofilm
formation, all of which mimic natural ecosystems. These interactions can
stimulate the production of metabolites that would otherwise remain dormant in
isolated cultures [293]. Co-culture strategies also include innovations such as
shared liquid media, solid-liquid interfaces (bead entrapment), spatial
arrangements and microfluidic systems to promote beneficial interactions

between microorganisms [294,295].

1.5.3 Fast Dereplication and Metabolomics

In the discovery of microbial natural products (MNPs), dereplication plays a
crucial role in quickly identifying known bioactive compounds and avoiding
redundant discoveries [240,275]. This process involves the comparison of new

compounds against existing databases to determine whether they have already
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been identified. The most effective dereplication techniques combine high-
performance liquid chromatography (HPLC) with tandem mass spectrometry
(MS/MS). This combination allows researchers to separate multiple compounds
within a sample and identify them based on their molecular mass. High-
resolution mass spectrometry (HRMS) provides precise mass data, while MS/MS
further refines structural analysis by examining fragmentation patterns of
metabolites [275]. Furthermore, Nuclear magnetic resonance (NMR) has also
evolved, enabling the prediction of stereochemical relationships and the rapid
determination of metabolite connectivity using chemical shift models [275].
Advanced software such as Sirius and MS-FINDER allow in silico analysis of
MS/MS data, making it easy to identify known molecules without the need to
compare them with spectral libraries [296]. One of the challenges in dereplication
is the large volume of data generated during analysis. Computational tools, like
MZ mine, are used to pre-process raw LC-MS/MS data, filtering features based
on isotope patterns and retention times, which are then uploaded to platforms
like GNPS (Global Natural Products Social). This platform provides access to
over 80,000 MS/MS spectra, generating a feature-based molecular network
(FBMN), highlighting chemical relationships between metabolites detected in an
extract based on similar fragmentation patterns [297,298]. After These networks
are visualized using software like Cytoscape, aiding in the efficient identification
of metabolites [299]. In addition, through new bioinformatics tools such as
Dereplicator+ [300], CSI:FingerID [301] and RODEO [273], it is possible to
compare the fragmentation spectra of the compounds present in a sample with
those of known products deposited in the databases.

Metabolomics, positioned downstream in the "omics" cascade, focuses on the
comprehensive analysis of metabolites, bridging the gap between genomics and
natural product chemistry [271]. The integration of metabolomics with genomics

and genetic engineering has led to the emergence of metabologenomics, a field
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combining metabolic and genomic analysis to expedite the discovery of new
natural product [302]. Metabolomics utilizes both targeted and untargeted
approaches [271,303]. Targeted methods focus on known metabolites, using prior
knowledge to perform quantitative analyses and track changes in specific
compounds. This is supported by metabolite libraries for tailored analysis [304].
Conversely, untargeted approaches aim to identify as many metabolites as
possible, producing large datasets that require annotation and identification,
often through databases like METLIN [305]. Techniques like NMR, GC-MS, and
LC-MS are commonly used, and their integration broadens the scope of
metabolomic studies, enabling the discovery of new metabolites and enhancing

the analysis of metabolic profiles [306].
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Conclusions

The findings presented above underscore the vast and largely untapped potential
of marine ecosystems as reservoirs for biotechnological innovations.
Extremophilic bacteria have evolved remarkable metabolic pathways to thrive
under extreme conditions, enabling them to produce structurally diverse and
biologically active compounds. These include antibiotics, anticancer,
biosurfactants, and siderophores, which hold promise for applications in
medicine, agriculture, and environmental conservation. However, substantial
challenges remain, particularly in accessing extreme marine habitats, overcoming
the "great plate count anomaly," and activating silent biosynthetic gene clusters
(BGCs). Advances in cultivation-independent techniques, genome mining, the
development of advanced screening techniques and metabolic engineering have
significantly expanded our ability to discover and harness new marine natural
products offering promising solutions to overcome the current barriers. By
integrating interdisciplinary approaches, this research highlights the importance

of exploring unexplored marine environments.
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Overview of this PhD PROJECT

The aim of this doctoral research is to discover and characterise novel bioactive
compounds produced by extremophilic marine bacteria and to identify their
biosynthetic pathways, for future biotechnological applications.

In order to achieve this goal, an interdisciplinary approach was applied
involving;:

(a) fast functional screening, including colorimetric assays (CTAB, CAS), oil
displacement assays, and liquid inhibition assays to detect the presence of
relevant compounds such as biosurfactants, siderophores and antimicrobials.

(b) metabolomics, utilising high resolution mass spectrometry combined with
feature-based molecular networking (FBMN), for a fast dereplication and
identification of novel metabolites.

(c) genomics elucidating new biosynthetic clusters that encode for novel bioactive
compounds, including antimicrobials, biosurfactants and siderophores and to
evaluate the biotechnological potential of selected strains.

In particular, this PhD thesis is divided in three main chapters. The first two
chapters are focused on the exploration of two marine extremophilic strains: a
deep-sea Bacillus sp. BCP32, isolated from the Canyon Dohrn in the Gulf of
Naples, and Halomonas sp. P26, isolated from the Bay of Piran in the Adriatic Sea.
Both strains were selected through high-throughput screening for antimicrobial,
biosurfactant and siderophore activity among approximately 300 marine strains
(belonging to the SZN library). The third chapter is focused on the bioprospecting
of novel Maldivian coral-associated microorganisms (CAMs) displaying

antimicrobial, antioxidant and UV protectant properties.

In the first study, based on the screening results, Bacillus sp. BCP32 was selected
for its ability to produce biosurfactants and antimicrobials. Using an integrated

approach combining metabolomics, feature-based molecular networking
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(FBMN), and functional bioassays, 71 new depsipeptide analogues were
identified, belonging to TL-119/nobilamide molecules, along with known
surfactins. Four compounds were isolated, including the well-known TL-119 and
Nobilamide I, and two new analogues, T1 and S1. Among them, TL-119 and the
novel compound S1 showed excellent antimicrobial activity against Listeria
monocytogenes and multidrug-resistant S. aureus strains suggesting highlighting
their therapeutic potential. Additionally, the surfactin fractions demonstrated
significant surfactant activity and potent inhibitory effects against the fish
pathogen P. piscicida. In addition, de novo genome sequencing of BCP32 led to
the identification of the previously unknown biosynthetic gene cluster (BGC)
encoding for the NRPS responsible for the production of nobilamides, providing

valuable insights into their biosynthesis.

The second study investigated the halophilic strain Halomonas sp. P26 selected
for its promising siderophore activity. Cultivating P26 under iron limited
conditions followed by a bioactivity-guided fractionation approach and chemical
analysis, 9 novel aquachelins (E-F-G-K-H-L-M-N-O), were identified and
structurally characterized. The enriched fraction containing these amphiphilic
siderophores exhibited strong antimicrobial activity against Gram-positive and
Gram-negative pathogens, as well as significant antioxidant and biosurfactant
properties. The biosynthetic pathway for aquachelins was elucidated, consisting

of five NRPS-encoding genes, named agl.

In the third study, an investigation of the microbial community associated with
the Maldivian corals Porites lobata and Acropora gemmifera, along with the
identification of novel bioactive CAMs was carried out. In particular,
approximately 50 bacterial strains were isolated from the two coral species, and
10 strains were selected for functional screening, focusing on antimicrobial,
antioxidant and UV protection activities. The results demonstrated that,

Streptomyces sp. 79, Pseudoalteromonas sp. 39, Salinispora sp. 93 and Microbacterium
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sp. 92 exhibited potent antimicrobial activity against human and fish pathogens,
as well as significant antioxidant and UV protectant properties. Three out four
most promising strains were subjected to whole genome sequencing and
annotation. Genome-based identity allowed to assign Pseudoalteromonas sp. 39
and Microbacterium sp. 92 to two novel species. The bioinformatic analysis also
revealed a high number of genes involved in stress response and encoding for
novel BGCs suggesting the high potential of the selected CAMs for coral

restoration purposes and biotechnological applications.

This work highlights the immense potential of marine environment as a source
of novel natural products. Using an integrated approach combining advanced
omics techniques with functional assays, this research highlights the potential to
unlock the unique capabilities of marine extremophilic bacteria paving the way
for new strategies for drug discovery to combat antimicrobial resistance while

contributing to generate further sustainable biotechnological solutions.

This work is part of the European funded project SECRETED (H2020-FNR-11-
2020: SECRETED; Grant agreement: 101000794).

It is also co-founded by Programma Operativo Nazionale Ricerca e Innovazione
2014-2020, risorse FSE REACT-EU Azione IV.4 “Dottorati e contratti di ricerca su

tematiche dell’innovazione” e Azione IV.5 "Dottorati su Tematiche Green”
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CHAPTER 1

Novel Insights into the Nobilamide Family from a Deep-Sea
Bacillus: Chemical Diversity, Biosynthesis and Antimicrobial
Activity towards MDR Bacteria

Abstract: With rising concerns about antimicrobial resistance (AMR), identifying new
lead compounds targeting multidrug-resistant strains is mandatory. This study
employed high-throughput screening to cultivate and probe for biosurfactant and
antibacterial activities about 300 marine strains simultaneously, leading to the selection
of the deep-sea Bacillus halotolerans BCP32. The integration of tandem mass spectrometry
molecular networking and bioassay-guided fractionation unveiled this strain as a
prolific factory of surfactins and nobilamides. Particularly, 84 nobilamide congeners
were identified in the bacterial exometabolome, 71 of them being novel metabolites.
Among these, four major compounds were isolated, including the known TL-119 and
Nobilamide I as well as the two new nobilamides T1 and S1. Antimicrobial assays
demonstrated that TL-119 and nobilamide S1 exhibited potent antibiotic activity against
various multidrug-resistant Staphylococcus strains and other Gram-positive pathogens,
including the foodborne pathogen Listeria monocytogenes. Moreover, in silico analysis of
Bacillus halotolerants BCP32 genome revealed nobilamide biosynthesis to be directed by

a previously unknown heptamodular nonribosomal peptide synthetase.

1. Introduction

During the last decades, the selective pressure caused by the overuse of
antibiotics led to the development of a new class of bacteria, defined Multidrug
Resistant (MDR) bacteria. Most of them are resistant to at least three classes of
antibiotics and represent a serious threat to human health [1] with the real risk to
recreate the pre-antibiotic era. Recently, World Health Organization (WHO)
highlighted the issue represented by antimicrobial resistance showing a scaring
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future scenario (https://www.who.int/publications/i/item/9789240093461) [2].

After COVID-19, this phenomenon was defined the “Silent Pandemic” [3]. To
counteract this phenomenon, different strategies are needed. The bioprospecting
of unexplored environments like (extreme) marine habitat could lead to the
discovery of new Natural Products (NPs) especially produced by
microorganisms. Marine microbial species have developed several adaptation
strategies in order to survive to extreme environmental conditions, often through
the production of relevant molecules with biotechnological interest [4,5] such as
antibiotics with innovative mechanisms of action [6-10] able to overcome the
resistance issue. As a fact, microbial NPs represent the largest source of new
antibiotic molecules, covering about two-thirds of antibacterial therapies
approved between 1980 and 2010 for human medicine [11,12]

Among relevant compounds, cell membrane-targeting molecules displaying a
“detergent-like” activity represent one of the most promising NPs to prevent or
reduce resistance mechanisms [13-15]. For example, daptomycin, a cyclic
lipodepsipeptide produced by Streptomyces roseosporus, is among the last resort
antibiotic for treatment of Gram-positive pathogens [16,17]. Depsipeptides are
chemical compounds with both ester and amide bonds in their structures [18,19].
On a broader perspective, biosurfactants (BSs), including lipodepsipeptides, are
bacterial membrane-disrupting biomolecules [20].

Today, there is a growing interest for microbial-derived biosurfactants, secreted
molecules with the ability to reduce interfacial liquids tension showing eco-
compatibility, cost-effectiveness, low toxicity and better selectivity compared to
synthetic surfactants [21,22]. They also exhibit antimicrobial, antiviral, and
antitumor properties [23-25].

Among (marine) microorganisms, the members of Bacillus genus are well-known
to produce a variety of novel peptides and lipopeptides, which have high

potential as antimicrobials and biosurfactants [26-28]. These molecules are
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synthesized by biosynthetic gene clusters (BGCs), i.e. operonic genes, and can be
easily predicted or elucidated by the support of genomic data. In fact, they are
usually produced by large multimodular enzymes, known as non-ribosomal
peptide synthetases (NRPSs), which work as assembly lines to build peptides by
sequential amino acid condensation [29,30]. Nonribosomal peptides are non-
essential compounds, classified as secondary metabolites, that confer advantages
by inhibiting competitors and modulating symbiont interactions in challenging
environments [37]. Typically, an NRPS module includes adenylation (A),
peptidyl carrier protein (PCP), and condensation (C) domains, while the
termination module has a thioesterase (TE) domain for releasing and/or cyclizing
the peptide. Some modules also feature an epimerization (E) domain to convert
amino acids from the L- to the D-form during synthesis, thereby introducing a
mixture of L- and D-amino acids to give peptides a specific stereochemistry for
selective interaction with the cellular target [32]. The identification of novel BGCs
encoding new active molecules is of crucial importance in drug discovery, as
providing the tools to create sustainable sources of NPs.

The present work describes the screening of around 300 marine bacteria leading
to the identification of a deep-sea Bacillus sp. BCP32 with both antimicrobial and
biosurfactant activity. Tandem mass spectrometry-based molecular networking
analysis of bacterial exometabolome, demonstrated the production of the
depsipeptides antibiotic TL-119/A-3302-B [33-36] and other known congeners
reported as nobilamides [37], along with almost 70 new analogues, showing
potent antimicrobial activity against drug resistant Gram-positive pathogens. On
the other hand, the high biosurfactant effect has been attributed to the secretion
of a rich mixture of surfactins [27,38], well-known lipopeptides from Bacillus spp.,
which were shown to exert significant antibacterial activity against S. aureus and
the fish pathogen, Photobacterium damselae subsp. piscicida. Finally, in silico

genome analysis enabled for the identification of the previously unknown BGC
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encoding the biosynthesis of TL-119/ A-3302-B and the nobilamide family. This
work emphasizes the importance of the exploration of marine microbial
biodiversity for the discovery and production of novel clinically relevant

molecules.

2. Results and Discussion

2.1. Microbial Collection Screening and Selection of Bacillus sp. BCP32

Aiming to discover new biosurfactants and antimicrobials, about 300 marine
bacteria belonging to the Stazione Zoologica Anton Dohrn (SZN) library were
screened. A miniaturized system was employed, setting-up a micro-cultivation
system for metabolite production in four steps, including 1) starting cultures, 2)
metabolites production, 3) cells separation, 4) bioassay detection (as described in
Materials and Methods and shown in Figure 1). This method relies on the use of
deep well microplates, thereby allowing to test a relatively high number of
strains, cultivated in different growth media to enhance biosynthesis of a wide
range of metabolites. The CTAB agar assay (followed by the oil-spreading assay
for positive strains) and the agar well diffusion method [39] were employed to
detect the presence of biosurfactants and antimicrobials, respectively, in bacterial
supernatants. Among the 300 strains, around 10% of samples showed bioactivity.
Particular attention was given to the strain Bacillus sp. BCP32 due to its significant
potential as a biosurfactant in both the CTAB and oil spreading assay, and its
notable inhibition halo against S. aureus 6538p. Bacillus sp. BCP32 is an
extremophilic strain isolated from deep-sea sediments collected from Canyon

Dohrn in the Gulf of Naples (Italy) [40].
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Figure 1. Graphical overview of the primary screening method applied to 300 marine bacteria
from the Stazione Zoologica Anton Dohrn library. Bacterial cultures were grown in deep-well
plates under various conditions, including different growth media, incubation periods, and
temperatures. To evaluate their bioactivities, the CTAB agar assay was used to screen for
biosurfactant production, while the agar diffusion well method was employed to assess
antimicrobial activity.

2.2 Biological Activity Evaluation, Extraction and Fractionation of Bacillus

sp. BCP32 exhausted broth

The selected bacterium was cultivated on a small scale (50 mL in a 250 mL
flask) using liquid TYP medium at 28 °C for 2 days allowing the production of
relevant metabolites to validate results from the primary screening. The
exhausted broth was then extracted by ethyl acetate (EtOAc) obtaining 17 mg of
crude extract and dissolved in DMSO (50 mg/mL) for biological assays. The oil
spreading test was carried out confirming the biosurfactant activity of Bacillus sp.
BCP32 extract. Furthermore, liquid inhibition assays were conducted against
Staphylococcus aureus 6538p and Escherichia coli ATCC 10536 showing

antibacterial activity with a MIC value of 15 ug/ml and 125 ug/ml, respectively.
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Both pathogens have been selected because they are the primary causes of
nosocomial infections and are increasingly developing resistance to conventional
antibiotics [41,42]. Based on these results, BCP32 was scaled-up (1L) and culture
broth was extracted by EtOAc obtaining 430 mg of organic extract, which was
fractionated by solid-phase extraction (SPE) obtaining five fractions (F), as
described in Materials and Methods. Each fraction was subjected to oil-spreading
test and liquid inhibition assay and analysed through liquid chromatography-
high resolution tandem mass spectrometry (LC-HRMS?). Fraction eluted with
90% MeOH (F-90% MeOH) displayed the best bioactivity in both biosurfactant
and antimicrobial assays (Tables 1 and S1, Figures 2 and S1). Concerning the
antibacterial activity, the pathogens panel was expanded, including several S.
aureus MDR strains, S. epidermidis, S. xylosus, and Listeria monocytogenes. The F-
90% MeOH showed a MIC value ranging from 0,9 ug/ml to 3,9 ug/ml (Table 1)
towards all the pathogens, with the only exception of vancomycin-resistant S.

aureus (VRSA).

a) DMSO b) F-90% MeOH

Figure 2. Surfactant activity of the F-90% MeOH from Bacillus sp. BCP32 in the oil spreading test.
a) DMSO vehicle (4 pL) was used as negative control. b) The clear zone on the oil surface indicates
the presence of biosurfactants.
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Table 1. Antibacterial activity of the F-90% MeOH towards a panel of Gram-positive pathogens.
MIC values are expressed in pg/mL.

Strain F-90% MeOH
S. aureus 6538p 0.9
S. aureus 6538 0.9
S. aureus Methicillin Resistant 3.9
S. aureus Macrolide Resistant 3.9
S. aureus Quinolone Resistant 3.9
S. aureus Vancomycin Resistant --
S. epidermidis RP206 1.9
S. xilosus MB5209 1.9
Listeria monocytogenes 677 0.9

2.3.Molecular Networking Analysis and Purification of Nobilamides

Since the F-90% MeOH showed both biosurfactant and antimicrobial
activities, the chemical space present in this fraction was mapped by feature-
based molecular networking (FBMN) analysis of untargeted MS? data, as
previously reported [43,44]. The FBMN workflow is available at the GNPS2

platform (https://gnps2.org, accessed on 02/10/2024) and generates an MS?

spectral similarity map, highlighting structurally related molecules. The
molecular network of the F-90% MeOH (Figure 3) unveiled the presence of two
dominant molecular clusters, including nobilamides (blue nodes) and surfactins
(orange nodes).
While almost 70 nodes within the orange cluster could be promptly annotated as
surfactins or surfactin analogues through the GNPS spectral library search, an in-
depth manual dereplication of MS? data was required for the identification of
nobilamides. The careful examination of product ion spectra of individual
compounds within the blue cluster, allowed us for elucidation of 84 nobilamide
congeners, 71 of them being novel molecules.
The nobilamide family mainly comprises cyclic N-acyldepsiheptapeptides,
where the D-allo-Thr* side-chain OH group forms an ester bond with the C-
terminal (Z)-2,3-dehydrobutyrine (Figure 4). Nevertheless, nobilamides may
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occur also as linear heptapeptides (nobilamides A-C and S-W) [45,46]. Minor
congeners including the cyclic N-acyldepsihexapeptide nobilamide D, the linear
hexapeptides nobilamide C, and the linear pentapeptide nobilamide W, have
been observed in Streptomyces and Bacillus spp. [45,46]. Besides the presence of
cyclic N-acyldepsiheptapeptides (32) and linear heptapeptides (26), the
nobilamide cluster from Bacillus sp. BCP32 was shown to be composed of cyclic
N-acyldepsihexapeptides (11), cyclic N-acyldepsioctapeptides (2), cyclic N-
acyldepsinonapeptide (1) as well as linear hexapeptides (4) and octapeptides (8),
thus unveiling that the nobilamide biosynthesis may take divergent paths to

create an outstanding chemical diversity (Figure 4).
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Figure 3. LC-HRMS? based molecular network (MN) of the F-90% MeOH from Bacillus sp. BCP32.
The MN is dominated by two large clusters, i.e. nobilamides (blue nodes) and surfactins (orange
nodes). Compounds are visualized as nodes and node size reflects compound peak area. Edge
thickness is related to MS? spectra similarity.
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Figure 4. Chemical structures of representative nobilamides from Bacillus sp. BCP32.

2.4 Structural Characterization of Nobilamide Depsiheptapeptides and
Linear Heptapeptides by Mass Spectrometry

The structural characterization of the 84 nobilamide congeners was
performed by LC-HRMS? on a Q Exactive Focus Orbitrap mass spectrometer. The
high resolution masses of the pseudomolecular ions [M+H]* included in the
nobilamide network (blue nodes, Figure 3), designated the molecular formulas
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reported in Tables 1-7 (mass accuracy < 3.0 ppm). Nobilamide precursor ions
were selected to be fragmented in the higher-energy collision dissociation cell
(HCD) and acquire MS? data of individual compounds.

During mass fragmentation, cyclic nobilamides first underwent ring opening at
the ester bond, thus yielding the linear fragment o, where the Thr residue
forming the lactone ring is converted into a dehydrobutyrine residue (Figures 5A
and S2). Sequential N- and C-terminal cleavages of the linear fragment generated
a complete y- and b-type ion series which enabled the assignment of the amino
acid sequence of nobilamides. In agreement with Iloabuchi and Spiteller [46],
nobilamide lactones can be fairly distinguished from the linear counterparts as
featuring a diagnostic neutral loss of the dehydrobutyrine residue (CsHsNO,
83.0371 amu) from the corresponding b fragment ion (e.g. b: ion in N-
acyldepsiheptapeptides) (Figure 5). In addition, while linear nobilamides
underwent in most cases a rearrangement reaction leading to loss of the C-
terminal residue and formation of a bx1+H20 ion [47], nobilamide lactones gave
only the b.1 fragment ion, losing an intact C-terminal amino acid after the ester
bond cleavage. The b: fragment ions of N-acylated nobilamides displayed neutral
loss of the fatty acyl chain as ketene, which was useful to infer the acyl group

linked to the N-terminal amino acid (Figure 5A).
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Figure 5. LC-HRMS? spectra of the [M+H]* pseudomolecular ions of representive cyclic (A) and
linear (B) nobilamides from Bacillus sp. BCP32.

The consensus sequences of cyclic N-acyldepsiheptapeptides and linear
heptapeptides from Bacillus sp. BCP32 is D-Phe!-D-Leu?-L-Phe3-D-allo-Thr*-L-Val®-
L-Ala%-(Z)-2,3-dehydrobutyrine’ (Tables 2 and 3) and nicely matches the
specificity prediction of A domains in the nobilamide (1nbl) synthetase (see section
2.7).
Phe' is replaced by either Leu, Met, MetO, or Tyr in a few congeners. When MetO
is incorporated, product ion spectra of nobilamides display fragment ions arising
from the neutral loss of methanesulfenic acid (CHsSOH, 63.9983 Da), which is
indicative of the sulfoxide group in-side chain of MetO. Leu? is conserved across
all depsiheptapeptides and linear heptapeptides, except nobilamide X and Y,
which feature MetO at position 2. Met, MetO, and Leu are also found in place of
Phe®in some congeners; notably, nobilamide F2 bears an unprecedented putative
kynurenine (Kyn) residue at position 3, as shown by the neutral loss of 190.0742
Da (Ci0H1N202) from the ys and bs ions (Figure S6). In general, by analogy with
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the nobilamide structures described so far, we tentatively discriminated between
the isobaric Ile and Leu residues, thus assigning Leu at positions 1, 2, and 3 where
present. Interestingly, this assignment was corroborated by the A domain
substrate selectivity predicted in silico (see section 2.7). Nobilamide
depsiheptapeptides and linear heptapeptides from Bacillus sp. BCP32 share Thr?,
with only two congeners, i.e. nobilamide L1 and L2, including Ser*. The most
frequent amino acid at position 5 is Val, even if either Ile/Leu, Phe, Ala, or homo-
Ala are incorporated in minor isoforms. We tentatively distinguished between
the isomeric homo-Ala and N-Me-Ala in nobilamide B2 as homo-Ala was already
reported in the structural analogue nobilamide M [46]. Ala® is replaced by either
Gly, Ser, or Thr, while the last amino acid is most cases represented by (Z)-2,3-
dehydrobutyrine, which can be substituted by Thr. Notably, the presence of
diaminobutyric acid (Dab) in nobilamide B1, phenethylamine (Pea) in
nobilamide Q2, and tyramine (Tym) in nobilamide J2 was observed at position 7,
thus unveiling unique structural variations in the nobilamide family from
Bacillus sp. BCP32.

Most nobilamide depsiheptapeptides and linear heptapeptides undergo N-
terminal acetylation. Neverthless, isoforms having propanoyl, isobutanoyl, and
GCsH9O acyl groups have been identified together with deacylated derivatives.
The stereochemistry of the seven amino acids was assigned through
bioinformatic prediction and by analogy with the stereochemistry of nobilamides
determined by Marfey’s method and NMR spectroscopy [35,46]. As the
nobilamide synthetase includes three epimerization domains within modules 1,
2, and 4 (Figure 6), respectively, the presence of D-Phe!, D-Leu ? and D-allo-Thr *
was inferred, while the remaining amino acids were assumed to possess the L
configuration. The genomics-driven absolute configuration assignment turned

out to be in agreement with the reported stereochemistry for nobilamides.
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The F-90% MeOH was separated by reversed phase HPLC chromatography, thus

yielding the pure cyclic depsiheptapeptides TL-119, nobilamide I, and the novel

congeners T1 and S1 that were assessed for antimicrobial activity (see section 2.6).

Table 2. Cyclic depsiheptapeptides from Bacillus sp. BCP32. 2 The D-allo-Thr/Ser* side-chain OH
group forms an ester bond with the C-terminal residue. *Nobilamides in bold have been already
reported elsewhere. Abbreviations: Ac, acetyl; Pr, propanoyl; D-a-Thr, D-allo-threonine; Dhb, 2,3-
dehydrobutyrine; Dab, diaminobutyric acid.

Nobilamide® [M+H]* mlz Rt (min) Ri aa-1 aa-2 aa-3 aa-4° aa-5 aa-6 aa-7
CaHssN-OuS  856.3907 14.8 Ac D-Phe D-MetO L-Phe D-a-Thr  L-Val  L-Ala L-Thr
CuHseN7O10S  838.3792 16.4 Ac D-Phe D-MetO L-Phe D-a-Thr L-Val L-Ala Z-Dhb
CasHssN7Ow0S  804.3950 16.8 Ac D-Phe D-Leu L-MetO  D-a-Thr  L-Val L-Ala  Z-Dhb

Al CasHssN7O10S  804.3950 17.2 Ac D-MetO D-Leu L-Phe D-a-Thr  L-Val L-Ala  Z-Dhb
Bl CeHeNsOw — 839.4654 17.7 Ac D-Phe D-Leu L-Phe D-a-Thr  L-Val L-Ala L-Dab
I Ci2HeoN7Ow0  822.4387 19.1 Ac D-Phe D-Leu L-Phe D-aThr L-Val L-Ala L-Thr
c1 CuHoN-Os 7944443 192 ; D-Phe  p-Leu  L-Phe  D-a-Thr L'Il“leeu/ L-Ala  L-Thr
N CaHssN-Ow  820.4237 19.5 Ac D-Phe D-Leu L-Phe D-aThr  L-Val L-Ser  Z-Dhb
D1 CasHssN7OoS  788.4004 20.2 Ac D-Met D-Leu L-Phe D-a-Thr  L-Val L-Ala  Z-Dhb
E1 Cu1H5sN7O1o 808.4234 20.2 Ac D-Phe D-Leu L-Phe D-a-Thr  L-Val L-Gly L-Thr
F1 CaHsN7Ow  806.4087 20.3 Ac D-Phe D-Leu L-Phe D-a-Thr  L-Thr L-Ala  Z-Dhb
Gl CasHssN7OsS  788.4009 20.5 Ac D-Phe D-Leu L-Met  D-a-Thr L-Val L-Ala  Z-Dhb
L Ca1Hs6N7O9 790.4128 20.6 Ac D-Phe D-Leu L-Phe D-aThr L-Val  L-Gly Z-Dhb
Hi1 Ca2H5sN7O10 820.4236 20.7 Ac D-Tyr D-Leu L-Phe D-a-Thr  L-Val L-Ala  Z-Dhb
Q C39HeoN7O» 770.4446 21.2 Ac D-Leu D-Leu L-Phe D-aThr L-Val L-Ala  Z-Dhb
11 CaoHs4N7Oo 776.3969 21.2 Ac D-Phe D-Leu L-Phe D-a-Thr L-Ala L-Ala Z-Dhb
J1 CasHeoN7O10 834.4380 21.3 Ac D-Phe D-Leu L-Phe D-a-Thr L-Val L-Thr  Z-Dhb
o C39HeoN7O9 770.4446 21.4 Ac D-Phe D-Leu L-Leu D-aThr L-Val L-Ala  Z-Dhb
K1 CisHeoN7O10 834.4392 21.4 Pr D-Tyr D-Leu L-Phe D-a-Thr L-Val L-Ala Z-Dhb
L1 CuHs6N7Oo 790.4133 21.7 Ac D-Phe D-Leu L-Phe D-Ser L-Val L-Ala  Z-Dhb
( AT;;;;?B) Ca2HssN7Oo 804.4289 22.0 Ac D-Phe D-Leu L-Phe D-aThr 1-Val 1-Ala Z-Dhb
M1 CuoHe2N7Oo 784.4608 22.6 Pr D-Leu D-Leu L-Phe D-a-Thr  L-Val L-Ala  Z-Dhb
N1 CuoHe2N7Oo 784.4608 22.6 Pr D-Phe D-Leu L-Leu D-a-Thr  L-Val L-Ala  Z-Dhb
o1 CoHeN/Os 7844608  22.6 Ac pleu  Dleu  L-Phe DaThr L'Iﬁeeu/ L-Ala  Z-Dhb
A-3302-A CisHeoN7O» 818.4446 235 Pr D-Phe D-Leu L-Phe D-aThr 1-Val L-Ala Z-Dhb
P1 C»H=N-Os  748.4023 245 - D-Phe D-Leu L-Phe D-a-Thr ~ L-Val  L-Gly  Z-Dhb
J CuHaNsOo  832.4604 245 CH,O D-Phe D-Leu L-Phe D-a-Thr  L-Val  L-Ala  Z-Dhb
Q1 CxHssN,Os  728.4339 24.6 - D-Leu D-Leu L-Phe D-a-Thr  L-Val  L-Ala  Z-Dhb
R1 CiHssN7Oo  852.4289 24.8 Ac D-Phe D-Leu L-Phe D-a-Thr  L-Phe L-Ala  Z-Dhb
s1 CoHaN/Os  818.4447  24.8 Ac pD-Phe  D-Lew  L-Phe  D-a-Thr L'II‘I‘:‘/ L-Ala  Z-Dhb
K CasHeaN7Oo 846.4763 25.5 CsHyO D-Phe D-Leu L-Phe D-aThr L-Val L-Ala Z-Dhb
T1 Ca0Hs6N7Os 762.4182 28.3 - D-Phe D-Leu L-Phe D-a-Thr L-Val L-Ala Z-Dhb

85



Table 3. Linear heptapeptides from Bacillus sp. BCP32. * Nobilamides in bold have been already
reported elsewhere. Abbreviations: Ac, acetyl; Pr, propanoyl; D-a-Thr, D-allo-threonine; Dhb, 2,3-
dehydrobutyrine; h-Ala, homo-alanine; Kyn, kynurenine; Pea, phenethylamine; Tym, tyramine;

OMe, methyl ester.

Nobilamide® [M+H]* m/z R: (min) Ru aa-1 aa-2 aa-3 aa-4 aa-5 aa-6 aa-7
U1 CxsHeoN-OuS 8224068  15.1 Ac D-MetO  D-Leu L-Phe D-a-Thr L-Val L-Ala Z-Dhb
A\t CasHeoN7OuS  822.4068 154 Ac D-Phe D-Leu L-MetO D-a-Thr L-Val L-Ala Z-Dhb
Wi Ca2HeN7On2 856.4438  16.9 Ac D-Phe D-Leu L-Tyr D-a-Thr L-Val L-Ala L-Thr
X1 Ca1HeoN7On1 826.4336  17.3 Ac D-Phe D-Leu L-Phe D-a-Thr L-Val L-Gly L-Thr

S C2He2N7O11 840.4491 174 Ac D-Phe D-Leu L-Phe D-a-Thr L-Val L-Ala L-Thr
Y1 CaoHs6N7On1o 794.4071 17.7 Ac D-Phe D-Leu L-Phe D-a-Thr L-Ala L-Ala Z-Dhb
Z1 CasHeoN7O10S — 806.4104  17.7 Ac D-Met D-Leu L-Phe D-a-Thr L-Val L-Ala Z-Dhb
A2 Ci2HeoN7On 838.4339 18.1 Ac D-Phe D-Leu L-Phe D-a-Thr L-Val L-Ser Z-Dhb
B2 CuHssN7O1o 808.4232 183 Ac D-Phe D-Leu L-Phe D-a-Thr  L-h-Ala L-Ala Z-Dhb

A Ca2HsoN7O10 822.4388 18.3 Ac D-Phe D-Leu L-Phe D-a-Thr L-Val L-Ala Z-Dhb
2 C2HeoN7On 838.4336  18.4 Ac D-Tyr D-Leu L-Phe D-a-Thr L-Val L-Ala Z-Dhb
D2 CsHuN-On  854.4650  18.4 Ac pD-Phe D-Leu LPhe D-a-Thr L-Val L-Ala L(')TMhZ'
E2 C39He2N7O10 788.4544 18.6 Ac D-Phe D-Leu L-Leu D-a-Thr L-Val L-Ala Z-Dhb
F2 CasHetNsOn 865.4446  18.7 Ac D-Phe D-Leu L-Kyn D-a-Thr L-Val L-Ala Z-Dhb
G2 C3sHe2N7Ono 788.4538  18.8 Ac D-Leu D-Leu L-Phe D-a-Thr L-Val L-Ala Z-Dhb
H2 Ca1HssN7Ono 808.4232  18.8 Ac D-Phe D-Leu L-Phe D-a-Thr L-Val L-Gly Z-Dhb
12 CasHeN7Omn 852.4490 18.8 Pr D-Tyr D-Leu L-Phe D-a-Thr L-Val L-Ala Z-Dhb
J2 Ci6HeaN7Oo 858.4751 19.4 Ac D-Phe D-Leu L-Phe D-a-Thr L-Val L-Ala Tym
K2 CasHe2N7Ono 836.4543  19.5 Ac D-Phe D-Leu L-Phe D-a-Thr L-Val L-Ala  Z-Dhb-OMe

B Cs3He2N7O10 836.4544  20.0 Pr D-Phe D-Leu L-Phe D-a-Thr L-Val L-Ala Z-Dhb
L2 CsHeN/On 8364544 20.0 Pr D-Phe  D-Leu  L-Phe D-Ser L'ILleeu/ L-Ala Z-Dhb
M2 CaoHssN7Oo 780.4287  20.4 - D-Phe D-Leu L-Phe D-a-Thr L-Val L-Ala Z-Dhb
N2 CuaHesN7O1o 850.4705  20.8 CiHO D-Phe D-Leu L-Phe D-a-Thr L-Val L-Ala Z-Dhb
02 CasHesN7O1o 864.4863  21.6 CsHoO D-Phe D-Leu L-Phe D-a-Thr L-Val L-Ala Z-Dhb
P2 CoHaN-Ow  864.4863 216 GHO Dp-Phe D-Leu L-Phe  Da-Thr L'Il“le:/ -Ala  ZDhb
Q2 CicHeaN7Os 842.4785 21.7 Ac D-Phe D-Leu L-Phe D-a-Thr L-Val L-Ala Pea
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2.5 Structural Characterization of Cyclic and Linear Hexa-, Octa-, and
Nonapeptides by Mass Spectrometry

Manual inspection of the nobilamide cluster within the molecular network
led to the identification of cyclic N-acyldepsihexapeptides and linear
hexapeptides (Tables 4 and 5). These congeners bear the same structural features
as cyclic depsiheptapeptides and linear heptapeptides, except for nobilamide A3
having an unusual CéHsO2 acyl group, tentatively identified as a 4-methyl-2-
oxovaleryl moiety, which may either be recruited by the first NRPS module of
the Nbl synthetase [48] or derive from oxidative deamination of a leucine starter
unit. Cyclic nobilamides R2-U2, V2, and W2 and linear nobilamides C3 and E3
are truncated isoforms at the N- or C-terminus of the cognate heptapeptide
analogues, while nobilamides X2-B3 and D3 are closely related to the already
known nobilamide D, where the second amino acid, i.e. D-Leu, is missing. These
findings suggest that modules 1, 2 and 7 of the Nbl synthetase might be skipped
for the generation of the truncated congeners, likely as a result of an aberrant
event leading to production of minor metabolites [49]. While module skipping
processes occurred in several PKSs and hybrid PKS/NRPS systems, this event has
been described only once for multimodular NRPS so far, that is the case of

myxochromide S biosynthesis [50].

Table 4. Cyclic depsihexapeptides from Bacillus sp. BCP32. " Nobilamides in bold have been
already reported elsewhere. 2 The D-allo-Thr*side-chain OH group forms an ester bond with the
C-terminal residue. *[M+H+NHs]*. Abbreviations: Ac, acetyl; Pr, propanoyl; D-a-Thr, D-allo-
threonine; Dhb, 2,3-dehydrobutyrine.

Nobilamide" [M+H]* mlz R: (min) Ru aa-1 aa-2 aa-3 aa-4 aa-5 aa-6
R2 CrHaN/O# 7244009 17.4 Ac  D-Phe D-Leu LPhe D@Thr .y L-Gly
s2 CxHxNeOs 7213908 182 Ac D-Phe D-Leu  LPhe  DThr L-Val L-Ala
T2 CxHsN/O 7524331 185 Pr p-Phe D-Leu  L-Phe D-a-Thr L-Val L-Ala
w2 CxHsN/O 7524331 185 Ac p-Phe D-Leu  L-Phe D-a-Thr* | Teylle 1-Ala
D C:eHoNeOs 6913438 189 Ac p-Phe 1Phe D-#Thr .y, 1-Ala  Z-Dhb
V2 CxHoNeOs  657.3594 193 Ac p-Leu L-Phe D-a-The  L-Val L-Ala  Z-Dhb
w2 CxHoNeOs 6573599 197 Ac pD-Phe L-leu D-a-Thr  L-Val L-Ala  Z-Dhb
X2 CoHuoNeOs  705.3600 19.7 Pr D-Phe 1-Phe D-4-Thr L-Val L-Ala Z-Dhb
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Y2 CxHoNeOs  705.3597  19.9 Ac D-Phe L-Phe D4 Thr' [ pey/le L-Ala Z-Dhb
72 CasHsiNeOs  719.3756  20.8 CHO D-Phe L-Phe D-o-Thr L-Val L-Ala Z-Dhb
A3 CuHsNeQs  761.3869  23.9 CHsO: D-Phe L-Phe D-o-Thr L-Val L-Ala Z-Dhb

Table 5. Linear hexapeptides from Bacillus sp. BCP32. Abbreviations: Ac, acetyl; D-a-Thr, D-allo-
threonine; Dhb, 2,3-dehydrobutyrine.

Nobilamide [M+H]* m/z Ri(min) Ru aa-1 aa-2 aa-3 aa-4 aa-5 aa-6
B3 CsHs1NeOw  727.3658  15.7 Ac D-Phe L-Phe D-aThr L-Val L-Ala L-Thr
C3 C33H51NeOo9 675.3702  16.8 Ac D-Leu L-Phe D-aThr L-Val L-Ala  Z-Dhb
D3 C3eHwNeOs  709.3544  16.9 Ac  D-Phe L-Phe D-aThr L-Val L-Ala Z-Dhb
E3 CsHsNeOs  721.3905  17.7 Ac D-Phe D-Leu L-Phe Z-Dhb 1L1-Val L-Ala

Differently from the other nobilamide-producing strains, Bacillus sp. BCP32
showed the biosynthetic ability to assemble cyclic octa- and nona- depsipeptides
and linear octapeptides (Tables 6-8). Nobilamides F3 and G3 are cyclic
octadepsipeptides, which differ from TL-119 as having at the C-terminus an
additional amino acid, i.e. L-dehydro-Asn and L-Thr, respectively, involved in
the formation of the lactone ring with the side-chain OH group of D-allo-Thr*
(Figures S6). Linear octapeptides H3-O3 have the hexapeptide motif Phe!-D-Leu?-
L-Phe3-D-allo-Thr*1L-Val>-L-Ala®, while structural diversification results from
amino acid substitutions in positions 7 and 8 (Figures S6). Indeed, either L-Thr,
L-Thr-O-methyl ether, or (Z)-2,3-dehydrobutyrine is incorporated at position 7,
whereas Pea, Tyr, Leu/lIle, Phe, or Ala may occupy position 8. Considering that
Nbl synthetase includes only 7 modules, it can be argued that cyclic
octadepsipeptides may derive from the iterative use of module 7, which is
expected to allow for the accommodation of L-dehydro-Asn and L-Thr -
structurally similar amino acids - and catalyse cyclization for the assemblage of
nobilamides F3 and G3. On the other hand, linear octapeptides H3-O3 apparently
derive from linear/cyclic heptapeptides which could undergo spontaneous
nucleophilic acyl substitution at the C-terminus with aromatic amines (Pea, Tym)
or amino acids. It has been demonstrated that aromatic amine accumulation due

to amino acid decarboxylation, may provide building blocks for spontaneous
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condensation reactions leading to biosynthesis of imidazolium alkaloids, i.e.
discolins, from Tenacibaculum discolor sv11 [51]. However, it cannot be excluded
that a TE domain, as reported for bacillothiazols [52], or even a C-type domain
present elsewhere in the chromosome, as speculated for crochelins [53], may be
involved in the addition of the additional C-terminus moietes beyond the
prediction of the heptamodular assembly line [54].

The peptide backbone of nobilamide P3 was determined as Phe!-D-Leu?L-Phe’-
D-allo-Thr*-L-Val>- D-allo-Thré-L-Val’-L-Ala?- L-Thr°, where the D-allo-Thr® side-
chain OH group was predicted to form an ester bond with the C-terminal L-Thr?
(Figures S6). Biosynthetically, nobilamide P3 may be the result of an aberrant
process where modules 4 and 5 are used twice to generate this nonapeptide

lactone, which is unusual among its congeners.

Table 6. Cyclic depsioctapeptides from Bacillus sp. BCP32 2 The D-allo-Thr*side-chain OH group forms an
ester bond with the C-terminal residue. \[M+H+NHs]*. Abbreviations: Ac, acetyl; D-a-Thr, D-allo-threonine;
Dhb, 2,3-dehydrobutyrine.

Nobilamide [M+H]* mlz R: (min) R: aa-1 aa-2 aa-3 aa-4° aa-5 aa-6 aa-7 aa-8
F3 CiHeNoOn  916.4557 18.6 Ac  D-Phe D-Leu L-Phe D-aThr L-Val L-Ala Z-Dhb  L-dehydro-Asn
G3 CusHesNsOn 905.4762 20.8 Ac D-Phe  D-Leu L-Phe  D-aThr L-Val L-Ala  Z-Dhb L-Thr

Table 7. Linear octapeptides from Bacillus sp. BCP32. Abbreviations: Nob, nobilamide; Ac, acetyl; D-a-Thr,
D-allo-threonine; Dhb, 2,3-dehydrobutyrine; Pea, phenethylamine; Tym, tyramine; OMe-L-Thr, L-threonine
methy]l ether.

Nob [M+HJ* m/z Rt (min) Ru aa-1 aa-2 aa-3 aa-4 aa-5 aa-6 aa-7 aa-8
H3  CsHsNsOwn 9535333 18.1 Ac  DPhe D-leu L-Phe DuThr L-Val L-Ala L-Thr LLeu/
13 CsiH7nNsO2 - 9875175 18.3 Ac D-Phe D-Leu L-Phe D-a-Thr 1L[-Val L-Ala L-Thr L-Phe
J3 CsoH7NsOn 959.5222  19.0 Ac D-Phe D-Leu L-Phe D-a-Thr L-Val L-Ala L-Thr Tym
K3 CisHesNsOu1-~ 893.4757  19.6 Ac D-Phe D-Leu L-Phe D-a-Thr 1L[-Val L-Ala Z-Dhb L-Ala
L3  CsHsNOn 967.5503 21.1 Ac DPhe Dleu 1-Phe DaThr L-Val 1-Ala OMe-i-Thr “HY
M3 CsoH7nNsOw ~ 943.5279  22.6 Ac D-Phe D-Leu L-Phe D-a-Thr 1L-Val L-Ala L-Thr Pea
N3  GsiHzsNsOn  973.5398  26.4 Ac  D-Phe D-Leu L-Phe D-a-Thr 1[-Val 1-Ala OMe-L-Thr  Tym
O3 CsoHesNsOw ~ 941.5132  28.0 Ac D-Phe D-Leu L-Phe zppp L-Val L-Ala L-Thr Tym

Table 8. Cyclic depsinonapeptide from Bacillus sp. BCP32 @ The D-allo-Thr® side-chain OH group forms an
ester bond with the C-terminal residue. Abbreviations: Nob, nobilamide; Ac, acetyl; D-a-Thr, D-allo-
threonine.

N R
° [M+H]* m/z ', R: aa-1 aa-2 aa-3 aa-4 aa-5 aa-6? aa-7 aa-8 aa-9
b (min)
P3 CsiH7eNsO1 - 1022.554 18.8 A D- D- L- D-a- L- D-a- L- L- L-
3 5 ) c Phe Leu Phe Thr Val Thr Val Ala Thr
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2.6. Surfactant and Antibacterial Activity of Nobilamides and Surfactins

F-90% MeOH was subjected to HPLC to obtain pure nobilamides T1, I, TL-119,
and S1 as well as surfactin C and a mixture of two isomers of surfactin B -
featuring identical MS? spectra , which could not be resolved (major isomer 56%,
minor isomer 44%) (Figure S5).

Surfactins demonstrated high biosurfactant activity in the oil spreading test
(Figure S3) and antimicrobial activity against a) the human pathogens S. aureus
6538 and 6538p (MIC values ranging from 15,6 to 64,5 ug/mL), and b) the fish
pathogen Photobacterium damselae subsp. piscicida, at a MIC value of 3 ug/mL for
surfactin C and 7 pg/mL for surfactin B (Table S2). No activity was observed
against antibiotic resistant S. aureus strains, S. epidermidis, S. xylosus, and L.
monocytogenes.

As lacking antibacterial activity against gram-negative bacteria, such as E. coli
ATCC 10536 and Acinetobacter baumannii Ab13, nobilamides T1, I, TL-119, and S1
were assessed against a panel of Gram-positive pathogens. TL-119 was the most
potent antibacterial agent, with MIC values ranging from 0,24 pg/mL to 7,8
ug/mL towards all tested pathogens, while no nobilamides showed activity
against VRSA (Table 9). This could suggest nobilamides may have a mechanism
of action similar to that of vancomycin, which targets bacterial membranes, by
inhibiting cell wall synthesis [55,56].

Interestingly, even if less active as compared to TL-119, the novel nobilamide S1
mantained potent growth inhibition towards S. aureus 6538, S. aureus 6538p and
L. monocytogenes 677 and mild effects against S. xilosus MB5209 (Table 9). To the
best of our knowledge, TL-119 and one of its congeners, i.e. nobilamde S1, were
demonstrated for the first time to possess antibiotic activity towards Listeria and

antibiotic-resistant Staphylococcus strains.
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Table 9. Antibacterial activity of nobilamides from Bacillus sp. BCP32 towards a panel of Gram-
positive pathogens. MIC values are expressed in ug/mL.

Nobilamide Nobilamide T1-119 Nobilamide

Strain

T1 I S1
S. aureus 6538p - - 0.24 15.6
S. aureus 6538 - - 0.24 7.8
S. aureus Methicillin Resistant - - 3.9 -
S. aureus Macrolide Resistant - - 1.9 -
S. aureus Quinolone Resistant - - 0.9 -
S. aureus Vancomycin Resistant - - - -
S. epidermidis RP206 - - 7.8 -
S. xilosus MB5209 - - 7.8 31.5
Listeria monocytogenes 677 - - 0.24 3.9

These findings unveiled structural features essential for maintaining growth
inhibitory effects against the panel of human pathogens reported in Table 9. The
absence of the N-acetyl group on Phe! led to loss of bioactivity of nobilamide T1,
although having the same peptide backbone as the N-acetyl encapped TL-119. In
addition, Dhb” is crucial to keep antibiotic activity of TL-119, as the molecule
became inactive, when replaced by Thr as in nobilamide I. The Val*>Leu/Ile
substitution observed in nobilamide S1 weakened markedly growth inhibitory
properties of TL-119. Finally, previous results revealed the lactone ring - and the
C-terminal Dhb - as a key structural motif for the antimicrobial effects of
nobilamides against S. aureus and L. sphaericus [46].

Nobilamides did not show any activity in the oil spreading test, thereby
indicating that only surfactins are responsible for the surfactant effects of F-90%

MeOH (Figure S3).

2.7 Whole Genome Sequencing and Identification of Nobilamide
Biosynthetic Gene Cluster

Bacillus sp. BCP32 was subjected to whole genome sequencing for the correct
taxonomical assignment of the species and to search for biosynthetic gene
clusters (BGCs), encoding the discovered compounds. DNA sequencing was
performed using both Illumina short-read sequencing and Oxford Nanopore
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technology's long-read sequencing, thus yielding the complete closed genome
sequence. BCP32 genome has a total length of 4.186.340 bp with a G+C content of
43.76%. The analysis of its 165 rRNA gene, through EzBioCloud [57,58] revealed
high similarity with Bacillus halotolerans ATCC 25096 (99.93%), Bacillus mojavensis
RO-H-1 (99.86%) and Bacillus cabrialesii TE3 (99,80%). The BCP32 assembled
genome was compared with the genomes of the above-mentioned strains by
using the OrthoANI Genomic Similarity tool. Bacillus sp. BCP32 shared the
highest ANI value with B. halotolerans ATCC 25096 (98%), thus allowing for
species assignment. The presence of Bacillus halotolerans was already reported
from deep-sea and salty environments, demonstrating its capability to adapt to
extreme conditions [59,40,60].

Although the first member of the nobilamide family, i.e. TL-119, was discovered
in 1975 [33], there is no evidence about the nobilamide biosynthesis so far.
Aiming to detect the biosynthetic pathway for nobilamides, the Bacillus sp.
BCP32 genome was mined by antiSMASH for NRPS and RiPP BGCs, that are
known to assemble peptide secondary metabolites. AntiSMASH enabled the
detection of 6 NRPS and RiPP pathways, including the surfactin, bacillaene,
bacillabactin, fengycin, subtilosin A, and a putative novel multimodular NRPS
BGCs. Nobilamide biosynthesis was inferred to be directed by this orphan
multimodular NRPS, designated as Nbl, based on the collinearity between the
adenylation (A) domain specificity within each NRPS module and the chemical
structure of TL-119 (see Table S3). The putative nbl operon is 27723 bp long and
is made up of seven NRPS modules. In silico prediction of the A domain substrate
selectivity nicely correlates with the consensus sequence D-Phe!-D-Leu?-L-Phe®-D-
allo-Thr*-L-Val>-L-Ala®-(Z)-Dhb7?, inferred by MS-based structural
characterization of cyclic depsiheptapeptides and linear heptapeptides (section
2.4), except for Dhb’ (Figure 6, Table S3). Indeed, antiSMASH analysis predicted

Nbl_A7 to recruit Thr and this is likely true considering that Dhb 7 may derive

92



from Thr dehydration. The incorporation of dehydroamino acids - such as Dhb
and Dha (a,B-dehydroalanine)- in nonribosomal peptides has been reported to
involve a threonine/serine dehydration step, which can be catalysed either by the
so-called “modified AA” condensation domains (Cmodaa), such as AIbB_ Cmodaa
in albopeptide biosynthesis, or by a distinct class of °C. domains, such as
NocB_C5 in nocardicin biosynthesis [61]. The nbl gene cluster apparently lacks a
C domain in the last module which can presumably participate in Thr
dehydration, as Nbl_C7 did not cluster with any of these unique C domains in a
phylogenetic analysis performed with NaPDoS [62]. Therefore, it remains
unclear whether Nbl_C7 or an auxiliary tailoring enzyme is responsible for
dehydration of Thr” and how this mechanism is regulated to generate Dhb’ or
Thr” —containing nobilamide isoforms. Three typical epimerization domains are
present in modules 1, 2, and 4, thereby suggesting the D configuration for aal,
aa?, and aa* of cyclic depsiheptapeptides and linear heptapeptides of the
nobilamide family, which is consistent with the reported stereochemistry for
nobilamides. The last module terminates with a canonical thioesterase (TE)
domain, which is expected to catalyse the peptide release through hydrolysis or
cyclization to give linear or cyclic nobilamides, respectively. Most nobilamide
variants bear an acyl group at the N-terminus, which is in most cases represented
by an acetyl unit. N-acetylated cyclic peptides are extremely rare in nature.
Beyond nobilamides, chaiyaphumines from Xenorhabdus sp. PB61.4, heptarhizin
from the endosymbiotic bacterium Burkholderia rhizoxinica, and griselimycins
from Streptomyces DSM 40835 are among the few N-acetyl encapped peptides
reported so far [63-65]. Following a typical lipoinitiation strategy, starter C
domains (Cs) catalyze N-acetylation of the nonribosomal peptides griselimycins
and heptarhizin. However, Nbl synthetase lacks a canonical Cs domain, although
featuring a C domain in the first module, which obviously does not share

significant similarity with Cs domains deposited in the NaPDoS database.
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Therefore, the acetylation mechanism remains elusive, raising the question of
whether Nbl_C1 may acylate nobilamides at the N-terminus. In addition,
acyltransferases or acyl-CoA ligases, presumably located in a different locus of
the bacterial genome, could participate in nobilamide acetylation.

Interestingly, the detection of nobilamide variants containing more/less than
seven amino acids clearly indicates that the Nbl synthetase may deviate from the
canonical “collinearity” rule. Generation of these “odd”, minor isoforms can be
traced back to aberrant biochemical processes, such as module skipping or
iterative use of specific modules, rather than programmed biosynthetic events.
In addition, following amine/amino acids accumulation, spontaneous
nucleophile-mediated ring opening reactions could trigger formation of
unexpected linear octapeptide congeners from cyclic heptadepsipeptides.

These processes together with the relaxed substrate selectivity of the Nbl
adenylation domains have contributed to expand the chemical diversity of the

nobilamide family.
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Figure 6. Putative biosynthesis of TL-119. Abbreviations: C, condensation domain; A, adenylation
domain; PCP, peptidyl-carrier protein; E, epimerase; TE, thioesterase.

3. Materials and Methods

3.1. Strain Isolation and Identification

The strain Bacillus sp. BCP32 was isolated, along with other 300 bacteria, from

a 450 m deep-sea sediment sample collected from the Canyon Dohrn at 19 km off
the coast of the Gulf of Naples (Italy). The isolation was conducted using MB agar
plates with 5 dilution of water sample. The strain was identified as belonging to
the genus Bacillus via 16S rRNA gene amplification and subsequent phylogenetic
analysis. PCR was carried out in a total volume of 40 uL containing 25 uL of PCR
Master Mix 2x ExtraWhiteTaq (a ready-to-use solution containing TaqPol, buffer,
MgCl: and dNTPs), 02 puM of both primers 27F (Forward, seq: 5'-
AGAGTTTGATCCTGGCTCAG-3") and  1492R  (Reverse, seq 5
GGTTACCTTGTTACGACTT-3') [66]. PCR was carried out under the following
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conditions: initial denaturation at 95 °C for 5 min, followed by 33 cycles of 95 °C
for 30 s, 58 °C for 30 s and 72 °C for 1.30 min, with a final extension at 72 °C for 7
min.

Afterwards PCR products were evaluated on 1% agarose gel and then purified
with the GeneAll kit and sequenced by Eurofins Genomics. Finally, the
phylogenetical affiliation was assigned by wusing the EzBioCloud
(http://ezbiocloud.net).

3.2. Primary Screening

The collected marine psychrophilic bacteria were subjected to a primary
screening, in order to select promising strains for the production of the molecules
of interest. Micro-cultivation was carried out in 96 multiwell plates. After 2 days
of incubation in the most suitable medium at 20 °C under shaking condition, 20
uL of microcultures were transferred in a new 96-deepwell (Thermo Scientific™
278743) with different growth media. Secondary metabolite production was
evaluated in a range of 3-10 days of cultivation at temperatures between 10-37
°C. Afterwards the cultures were centrifuged to separate the cells from the
supernatant, which was then transferred into a new deep well plate. Particularly,
10 pL of the supernatant were used for biosurfactant assays (CTAB agar assay
and oil displacement test) and 100 uL for the agar well diffusion assay to assess

antibacterial activity.

3.3. Bacterial Cultivation, Chemical Extraction and Compounds Isolation

After selection of Bacillus sp. BCP32 as one of the most active strains in the
SZN library, a single colony of the bacterial isolate was used to inoculate 3 mL of
liquid TYP medium (16 g/L bacto-tryptone, 16 g/L yeast extract, 10 g/L NaCl) in
sterile bacteriological tubes. After 48 h of incubation at 20 °C at 200 rpm, the
preinoculum was used to inoculate 4x250 mL flasks, each containing 50 mL of

TYP medium, at a concentration of 0.01 ODsw/mL. Bacterial cultures were

96



incubated at 28°C under shaking (150rpm) for 48h. Then cultures were
centrifuged at 7500 rpm at 4 °C for 30 min to collect supernatants, and extracted
with two volumes of EtOAc. Successively, organic phases were combined and
evaporated with a rotary evaporator (Buchi R-100, Biichi Labortechnik AG,
Postfach, Switzerland) to afford crude extract. Finally, the obtained extract was
dissolved in DMSO at 50 mg/mL and stored at 4 °C to be tested for bioactivities.
For large scale fermentation of Bacillus sp. BCP32 and subsequent compounds
isolation, 4x500ml flask, each containing 250mL of TYP medium, were inoculated
at an initial concentration of 0.01 ODesw/mL and incubated at 28 °C under shaking
(150 rpm). After two days, the aforementioned extraction protocol was
performed to obtain the crude extract from exhausted culture broth. The EtOAc
extract (430 mg) was fractionated into five fractions by solid-phase fractionation
(SPE) using reverse-phase Chromabond C-18 column Cartridge (Macherey-
Nagel GmbH & Co. KG, Duren, Germany). Briefly, the extract was resuspended
in the minimum volume of MeOH and uploaded on the pre-activated SPE
column. The elution was performed with two column volumes of different
mixtures of MeOH and H:O, as follows: 1) 100% H20, 2) 50% MeOH/H:0 (v/v),
3) 90% MeOH/H:0 (v/v), 4) 100% MeOH, and 5) MeOH+0.1%TFA. Aliquots of
the obtained fractions were dissolved in DMSO at 50 and 25 mg/mL to perform
antibiotic and biosurfactant assays. The 90% MeOH fraction (238.2 mg) was
subjected to reverse-phase HPLC separation on a semi-preparative Jupiter Proteo
column (4 um, 250 x 10 mm), thus affording nobilamide T1 (R¢= 6.8 min, 1.5 mg),
nobilamide I (R:= 8.6 min, 5.2 mg), TL-119 (R:=11.1 min, 6.4 mg), nobilamide S1
(R¢=12.7 min, 1.9 mg), surfactin A (R¢=21.9 min, 4.4 mg), surfactin B (mixture of
two isomers, R: =22.7 min, 7.6 mg), and surfactin C (R: = 23.6 min, 26 mg). The
column was eluted at room temperature at a flow rate of 5 mL/min with H.0O and
CHsCN (both eluents supplemented with 0.1% TFA), following the gradient
elution program: 0-60% CHsCN 0-1min, 60-75% CHsCN 1-14 min, 75-85%
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CHsCN 14-15 min, 85%-100% CH3CN 15-35 min. Detection was achieved through

at 210 nm wavelength.

3.4. LC-HRMS? analysis of the 90% MeOH Fraction

The F-90% MeOH fraction from Bacillus sp. BCP32 crude extract was
dissolved in MeOH at a concentration of 1 mg/mL for LC-HRMS? analysis, as
previously described [67]. Chemical profiling was conducted using a Thermo
Scientific Q Exactive Focus Orbitrap mass spectrometer coupled to a Thermo
Ultimate 3000 HPLC system equipped with an Hypersil C18 column (100 x 4.6
mm, 3 pum). The column was eluted at room temperature at a flow rate of 400
pL/min with H20 (containing 0.1% HCOOH) and CH3CN, following the gradient
elution program: 25% CH3CN for 3 minutes, 25-80% CH3CN over 60 minutes,
and 95% CHsCN for 7 minutes. Mass spectra were recorded in positive ion mode
with a mass accuracy of <3 ppm. MS parameters were: spray voltage of 4.8 kV,
capillary temperature of 285 °C, sheath gas flow rate of 32 units N2 (~150
mL/min), and auxiliary gas flow rate of 15 units N2. MS? data were collected in
data-dependent acquisition mode to fragment the three most intense ions from a
full-scan mass spectrum, with an m/z range of 50 to 2000 Daltons. HRMS? scans
were performed HCD fragmentation, using an isolation width of 2.0 m/z, a

normalized collision energy of 15 units, and an automated injection time.
3.5. Feature-Based Molecular Networking

Raw files from LC-HRMS?analysis of the 90% MeOH fraction were processed
by MZmine 2.53, using parameters reported in Table 54 to obtain a .mgf file. This

file was employed as input on the GNPS2 Analysis Hub ( https://gnps2.org,

accessed on 2/10/2024) [68] to build a molecular network with the feature-based
molecular networking (FBMN) workflow [69]. For FBMN analysis, the precursor
ion mass tolerance was set to 0.02 Da, and the MS? fragment ion tolerance was set

to 0.05 Da. Subsequently, a molecular network was constructed, setting to 100 the
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maximum number of nodes in one cluster, with edges filtered to have a cosine
score above 0.7 with a minimum of four matching peaks. Analogues were also
searched, not exceeding the difference of 300 Da between the query and the hit;
the analogues had to follow the same clustering rules as mentioned above.
Finally, the network was visualized by the Cytoscape software v. 3.8.2 and can
be publicly accessed at
https://gnps2.org/status?task=1b1c1180d47d47debeeea7{688d989fb.

3.6. Biosurfactant and Antimicrobial assays

Biosurfactant and antimicrobial assays were performed to assess bioactivity

of crude extracts, SPE fractions, and purified compounds.

3.6.1. Biosurfactants Assays

Biosurfactant-producing bacteria were screened using
cetyltrimethylammonium bromide (CTAB) agar assay [70] and oil displacement

test [71].

CTAB Agar Assay

The CTAB agar plates method is a semi-quantitative test for the detection of
anionic surfactants, devised by Wagner and Siegmund [70].The test is positive if
the extracts contain anionic surfactants due to the formation of an insoluble ion
pair between the anionic biosurfactant, CTAB and methylene blue. Therefore,
positivity is revealed by the dark blue halos around the extracts. For this assay 1
uL of the extracts at 50 ug/mL, dissolved in DMSO were spotted on the blue agar
plates. As a negative control, 4 pL of pure DMSO were used, while 4 uL of 0.1%
and 0.01% sodium dodecyl sulphate (SDS) were used as positive controls. After
2 days at 4 °C, the extracts containing biosurfactants were selected by the

presence of a dark blue halo around.
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Oil Displacement Test

The oil spreading assay, also called oil displacement test [71], was performed in
a Petri dish of polystyrene containing 40 pl of crude oil added to the surface of
40 ml of distilled water to form a thin oil layer. Then, 10 ul of culture supernatant
and 1 pl of extracts at 50 ug/mL were gently placed on the centre of the oil layer.
The diameter of the clear zone on the oil surface is related to surfactant activity,

due to the presence of the biosurfactant that displaces the oil.

3.6.2. Antimicrobial Assays-Minimal Inhibitory Concentration Assay (MIC)

To assess the antibacterial activity of the 300 bacteria screened, the agar well-
diffusion method (ADM), was performed against Escherichia coli ATCC 10536, S.
aureus ATCC® 6538™. This method involves inoculating an agar plate with a
standardized microbial inoculum and placing 100 ul of culture supernatants into
the agar through wells, previously obtained as shown in Figure 1. The sample
diffuses into the medium for 24h at 37°C, and if the sample has activity, a zone
of inhibition forms around the applied area, which is measured to assess the level
of effectiveness [72] . While, to evaluate the antimicrobial potential of all extracts,
the MICs for E. coli ATCC 10536 , S. aureus ATCC® 6538™, S. aqureus ATCC®
6538p™, methicillin-resistant S. aureus (MRSA), macrolide-resistant S. aureus
(MRSA), quinolone-resistant S. aureus (QRSA), vancomycin-resistant S. aureus
(VRSA) [73] Staphylococcus epidermidis RP206 [7], Staphylococcus xylosus MB 5209
[74] were determined by the broth microdilution method [75]. The surfactins
fractions B and C were also tested against two fish-pathogens strains, like
Photobacterium damselae subsp. piscicida ATCC® 51736™ and Vibrio anguillarum
ATCC® 19264™. Briefly, the bacterial strain was inoculated in 3 mL of liquid
Mueller-Hinton broth (MHB) (HiMedia, Einhausen, Germany) in sterile
bacteriological tube, and incubated in agitation at 37 °C until they reached the

turbidity of 0.5 McFarland. Differently from the remaining pathogens, Listeria
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monocytogenes MB 677 [76] was diluted in Trypticasein Soy Broth (TSB) medium
with an additional 0.6% yeast extract, while for the fish pathogen strains was
used Marine Broth (MB) (Condalab, Spain) as medium. Finally, serial dilutions
of the inoculum were performed to obtain a final bacterial concentration of about
5 x 10° CFU/mL. Then, 4 uL of each sample was added into a 96-well microtiter
plate containing 200 pL of MH medium. After serially diluted using MH
medium, 100 uL of bacterial suspension was inoculated into the broth (~5 x
10*CFU/well) and incubated statically for 18h at 37°C. DMSO was used as control
to determine the effect of solvent on cell growth. The MIC was identified as the
lowest concentration that completely inhibited growth of the pathogens, which
was measured the absorbance at 600 nm by using a ELX800 Absorbance

Microplate Reader (Biotek, Winoosky,VT, USA) by monitoring the absorbance.

3.7. Whole-genome Sequencing and Bioinformatics

1 pg of genomic DNA was used for whole genome sequencing of Bacillus sp.
BCP32, performed by Eurofins Genomics (Ebersberg,Germany) using the
[llumina NovaSeq 6000 platform. All sequenced paired-ends reads were clipped
and trimmed with Trimmomatic tool [77] to remove adaptor and low quality
sequences, and a quality check was obtained with FastQC [78]. Bacterial genome
was assembled with MEGAMit algorithm [79], employing the genome of Bacillus
halotolerans ZB201702 (NZ_CP029364.1) as a reference to direct the arrangement
and alignment of contigs. In addition, the whole genome was re-sequenced using
the Oxford-Nanopore technology (ONT) [80], to obtain longer reads, sending 30
uL of genomic DNA at 20 ng/ml to Eurofins Genomics. Then, to obtain a closed
genome, a hybrid assembly was performed by various k-mer analyses using the
bioinformatic tool "create assemblies with Unicycler" [81] on the Galaxy Europe
0.5.0 server (https://usegalaxy.eu/), by inputting the raw data of both sequencing

processes [82]. The assembled genome identification was carried out using ANI
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Calculator by EzBioCloud [57] and the digital DNA:DNA hybridization (dDDH)
analysis by Type (strain) Genome Server (https://tygs.dsmz.de). Subsequently
the assembly was analyzed using the genome mining tool anti-SMASH 7.0 web
server (http://antismash.secondarymetabolites.org, leading to the identification

of biosynthetic gene clusters (BGCs).

4, Conclusions

In this study, the exploration of marine microbial biodiversity by a rapid and
effective screening allowed for the identification of a deep-sea Bacillus of
biotechnological interest. The strain showed both potent antimicrobial and
biosurfactant activities in the same growth condition. Feature based molecular
networking analysis of bacterial exometabolome shed light on the presence of
two molecular families, namely surfactins and nobilamides, thereby explaining
the observed bioactivities. Manual inspection of MS? spectra of the nobilamide
cluster enabled for the structural characterization of 84 nobilamide congeners -
71 of them being novel molecules -, thus expanding the outstanding chemical
diversity of these nonribosomal peptides. The well-known TL-119 and the novel
congener nobilamide S1 were isolated as pure compounds and shown to be
promising antibiotics against a range of Gram-positive bacteria, including several
S. aureus MDR strains, S. epidermidis, S. xylosus, and Listeria monocytogenes. A
significant finding of this study was the potent activity of TL-119 against the
foodborne pathogen Listeria, which has been demonstrated for the first time,
suggesting it could be an alternative to (3-lactams in the treatment of listeriosis.
In addition, the novelty of this work lies in elucidating the previously unknown
BGC of nobilamides. Future studies will foresee the scale-up of Bacillus sp. BCP32
culture in order to purify and assess for antibiotic activity most of the novel

nobilamides identified so far.
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Supplementary

F-H,0

F-50%MeOH

F-90% MeOH

F-100%MeOH

F-MeOH/TFAO0,1%

Figure S1. Surfactant activity evaluation of SPE fractions from Bacillus sp. BCP32 by oil spreading
test. DMSO (4 pL) was used as negative control. The clear zone on the oil surface indicates the

presence of biosurfactants. F-90% MeOH showed the best surfactant effect.
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Figure S2. Ring opening of cyclic nobilamides during mass fragmentation. The cleavage of the
ester bond generates the linear fragment a, where the Thr residue forming the lactone ring is

converted into a dehydrobutyrine residue.
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Figure S3. Surfactant activity evaluation of nobilamides T1, I, TL-119, and S1 and surfactins A, B,

and C. DMSO (4 pL) was used as negative control. Surfactins displaced oil and formed a clear
zone in the oil layer, thus indicating potent surfactant activity.

Table S1. Antibacterial activity of SPE fractions from Bacillus sp. BCP32 crude extract towards a

panel of Gram-positive pathogens. MIC values are expressed in pg/mL.

Strain F-H-0 F-50%MeOH F-90%MeOH F-100%MeOH F-100%MeOH

S. aureus 6538p - 31.2 0.9 62.5 125
S. aureus 6538 - 15.6 0.9 62.5 125
S. aureus Methicillin Resistant - - 3,9 - -

S. aureus Macrolide Resistant - 125 3.9 62.5 62.5
S. aureus Quinolone Resistant - 125 3.9 62.5 -

S. aureus Vancomycin Resistant - - - - -

S. epidermidis RP206 - 62.5 1.9 125 250
S. xilosus MB5209 - 62.5 1.9 125 250
Listeria monocytogenes 677 125 15.6 0.9 31.2 62.5

Table S2. Antibacterial activity of surfactins B (mixture of two isomers) and C. MIC values are

expressed in pg/mL.

Strain surfactin B surfactin C
S. aureus 6538p 62,5 15,6
S. aureus 6538 31,2 15,6
Photobacterium damselae subsp. piscicida 5173 7 3

Vibrio anguillarum 19264 - -

Table S3. Binding pocket signatures of adenylation domains from the Nbl synthetase.

antiSMASH Binding pocket signatures (position)?
Prediction
235 236 239 278 299 301 322 330 331 517
Nbl_A1 Phe D A W T I A A 1 C K
Nbl_A2 Leu D A W L I G A 1 I K
Nbl_A3 Phe D A W T I A A 1 C K
Nbl_A4 Tr D F W N I G M V H K
Nbl_A5 vaia D A F W I G G T F K
Nbl_A6 Ala. D V T N F A 1 I Y K
Nbl_A7 Tr D F W N I G M V H K
Nbl_A1 Phe D A W T I A A 1 C K

2as reported by Della Sala et al. [43].
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Table S4. MZmine2 parameters for MS raw data processing.

Feature detection

MS level 1 1.0e5

MS level 2 1.0e3

e group intensity threshold: 1.0e5
ADAP chromatogram builder e minimum highest intensity: 1.0e5
e m/z tolerance: 0.01 m/z or 10 ppm

Chromatogram deconvolution

e chromatographic threshold: 10%

e search minimum in RT range: 0.50 min
e minimum relative height: 30%

e minimum absolute height: 1.0e5

e minimum ratio of peak top/edge: 1.2

e peak duration: 0-10 min

local minimum search

e m/z range for MS2 scan pairing: 0.01 Da
e RT range for MS2 scan pairing: 0.2 min

Alignment

Join aligner e m/z tolerance: 0.002 m/z or 5 ppm
& e retention time tolerance: 0.2 min

Identification

Adduct search e retention time tolerance: 0.1 min
(IM+Na-H], [M+K-H], [M+Mg-2H], e m/z tolerance: 0.002 m/z or 5 ppm
[M+NHs3], [M-Na+NH4], [M+1, 13C]) e max relative adduct peak height: 100%

Table S5. Putative genes flanking the nbl gene cluster.

rotein amino closest homolog identities/ accession #

P acids (protein, origin) positives (%)

ORF1 197 DUF_881 domain-containing protein 100/100 WP_202852504.1
[Bacillus halotolerans]

ORF2 121 small basic family protein 100/100 WP_010334164.1
[Bacillus] _

ORF3 440 cell division protein FtsA 100/100 WP_024121323.1
[Bacillus]

ORF4 382 cell division protein FtsZ 98/98 WP_095843675.1
[Bacillus]

nbIA 7068  nhon-ribosomal peptide synthase 98/99 WP_160243239.1
[Bacillus subtilis]

nbiB 2116  hon-fibosomal peptide synthase 99/99 WP_240304268.1
[Bacillus subtilis] —

ORF7 91 cell division protein FtsZ 99/98 MCY8131166.1
[Bacillus spizizenii]

ORF8 1434 S8 family peptidase 97/99 WP _227599196.1

[Bacillus halotolerans]

Sporulation sigma-E factor processing
ORF9 317 peptidase (SpollGA) 99/99 QJC96072.1
[Bacillus mojavensis]

RNA polymerase sporulation sigma
ORF10 239 factor SigE 100/100 WP_024121327.1
[Bacillus]
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Figure S5. LC-MS chromatograms (upper panel) and HRMS? spectra (lower panel) of surfactin B

isomers (A) and surfactin C (B).

Figures S6. LC-HRMS? spectra for nobilamides from the strain Bacillus sp. BCP32. Vertical lines
across the structure show the mass-to-charge ratio values for the y and b fragments obtained via

HRMS2
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Paper in preparation

CHAPTER 2

Characterization of Novel Aquachelin Siderophores from
Halomonas sp. P26: Bioactivity evaluation and Biosynthetic Gene
Cluster identification

Abstract: The Halomonas genus is known for producing amphiphilic siderophores,
which play a crucial role in the iron cycle in marine environments. This study focused
on exploring the natural products of Halomonas sp. P26, isolated from the Bay of Piran in
the Adriatic Sea. The analysis led to the identification of nine new aquachelin
(siderophores) analogues through bioassay-guided fractionation combined with feature-
based molecular networking (FBMN). Structural characterization via in-depth LC-
HRMS? analysis revealed that these compounds share a common core structure
consisting of a linear hexapeptide with -hydroxyaspartate and two hydroxamate
functional groups that coordinate iron binding. The new aquachelin variants were
characterized by different amino acid substitutions at positions 1, 5, and 7, as well as
variations in the length and saturation of the fatty acid chains. Further genome
sequencing and bioinformatics analysis identified the biosynthetic gene cluster (BGC),
confirming the production of these siderophores via a multimodular non-ribosomal
peptide synthetase (NRPS) pathway. The fraction containing the novel compounds
exhibited strong antimicrobial activity against Gram-negative bacteria, including E. coli
and S. enterica, as well as significant antioxidant and biosurfactant activity. These
findings suggest that Halomonas sp. P26 is a promising resource for discovering new

bioactive compounds with biotechnological applications.

1. Introduction

Iron (Fe) is essential for marine microorganisms, as it serves as a cofactor for
enzymes involved in vital processes such as photosynthesis, respiration and

nitrogen fixation [1]. However, iron availability in marine environments is
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extremely limited [2]. Under aerobic conditions and physiological pH, the highly
insoluble oxidised form Fe (III) prevails, forming solid compounds such as oxides
and hydroxides. Consequently, the concentration of bioavailable iron in the
oceans reaches extremely low values, on the order of (10® M), imposing a
significant challenge for microorganisms that depend on it for survival and
growth [3,4]. Bacteria overcome this challenge by producing iron-chelators called
siderophores, low molecular weight compounds (500-1500 Da) with a high
affinity for Fe(IlI) [5,6]. These siderophores scavenge insoluble iron present in the
environment, forming soluble complexes that can be transported into the
bacterial cell via specific transport systems [7,8]. Once inside, the iron is released
and integrated into essential structures, such as [Fe-S]-containing ferredoxins
and heme-containing cytochromes, to support vital metabolic functions [9]. Due
to their high affinity for iron, siderophores regulate its availability in seawater,
binding around 99% of the iron present [10]. They have the ability to capture and
sequester iron from a variety of sources, including the solubilisation of
particulate forms of iron, effectively making it more accessible for microbial
uptake even in challenging environments [11-15]. Traditionally, the functional
groups responsible for iron binding have been classified into three main
categories: hydroxamates, catecholates and hydroxycarboxylates [16]. However,
additional siderophore structures have been discovered, such as oxazolin, a-keto
acid components, thiazoline, and a- and B-hydroxy acids. Unlike terrestrial
siderophores, some marine siderophores, which are still poorly studied, display
a peculiar amphiphilic nature, combining a polar peptide group with a
hydrophobic fatty acid chain attached to the N-terminus [17-19]. This property
allows marine siderophores to self-assemble into supramolecular structures,
such as micelles and vesicles, which enhance their ability to capture and transport
iron in the marine environment [20]. The structural diversity of siderophores is

surprising and reflects the need for microorganisms to adapt to a wide range of
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environments. Furthermore, marine siderophores, such as aquachelins,
loihichelins, variochelins, imaqobactin and amphibactins, show a peculiar
photochemical reactivity due to the presence of functional groups such as 3-
hydroxyaspartic acid [21-25]. These groups allow the photo-reduction of Fe(III)
to Fe(I) and photo-oxidation of the ligand, a process that not only facilitates iron
uptake by microorganisms, but also contributes to the overall nutrient dynamics
in the oceans by providing a source of iron accessible to other marine organisms,
such as phytoplankton [26,27]. An emblematic example of photoreactive
siderophores is represented by aquachelins, isolated for the first time by
Halomonas aquamarina DS40M3, and later by Halomonas meridiana HC4321C1 [20].
They are characterised by a unique structure comprising a heptapeptide core
attached to N-terminal fatty acid chains ranging from C10 to C14. These
molecules have a remarkable ability to bind iron through the coordinated activity
of two hydroxamate groups and a 3-hydroxy-aspartic acid residue. The fatty acid
chains present in aquachelins include both saturated and cis-configured
unsaturated variants, highlighting their strong amphiphilicity, facilitating its
interaction with biological membranes and aquatic environments [28]. Thanks to
their distinctive characteristics and properties, marine siderophores possess
considerable potential for biotechnological applications, particularly in their
capacity to effectively solubilise iron and interact specifically with marine
environments[6]. Halomonas species are Gram-negative, non-spore-forming rods
widely distributed in saline environments such as salt lakes, marine habitats, and
hydrothermal vents [29]. Known for their metabolic and physiological versatility,
they thrive in mesophilic temperatures (25-37°C), neutral pH (6.8-7.8), and
moderate salinity (2.5-10% NaCl) [30] . This adaptability allows Halomonas to
exploit diverse resources, making them one of the most abundant genus in
marine ecosystems [31,32] . Although many siderophores have been identified in

marine bacteria, the number of siderophores that have been fully characterized
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is still much smaller compared to those isolated from terrestrial bacteria [18]. This
gap is largely due to the complexity of marine ecosystems and the technical
challenges associated with isolating and analyzing these compounds. Advances
in genomics and bioinformatics have recently unlocked new opportunities for
exploring the biosynthetic potential of these compounds, leading to the discovery
of novel pathways and mechanisms [22]. Marine siderophores are often
synthesised by large multi-modular enzymes known as non-ribosomal peptide
synthases (NRPS) [33]. The modular structure of NRPS allows for the production
of a wide range of molecules, introducing variations such as epimerisation,
methylation or addition of specific functional groups [33] and the introduction of
genome mining could guide the discovery of new NRPS, expanding the
siderophores potential applications [34,35]. The current study describes the
identification and structural characterization of nine novel amphiphilic
aquachelin siderophores produced by Halomonas sp. P26. The biosynthetic
pathway for aquachelins has also been elucidated, shedding light on the
molecular mechanisms behind their synthesis. In addition, the antibacterial,
biosurfactant and antioxidant properties of the fraction containing the
siderophores were evaluated, displaying significant bioactivity. These findings
contribute to the growing knowledge of Halomonas as a promising source of novel

bioactive compounds with potential biotechnological applications.

2. Results and Discussion

2.1. Selection of Halomonas sp. P26, Cultivation and Fractionation

As part of efforts to explore marine biotechnology and identify novel bioactive
siderophores, about 300 marine bacterial strains from the Stazione Zoologica
Anton Dohrn (5ZN) collection were screened. A micro-cultivation approach was
used to optimise the screening procedure (as described in Chapter 1, section 3.6).

Siderophore activity was assessed using the CAS liquid assay in multiwell plates,
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targeting compounds present in the bacterial supernatants. Approximately 5% of
the strains tested showed a positive result in the CAS assay. Among these, strain
Halomonas sp. P26 was selected for its strong siderophore activity, indicated by
an intense red color in the CAS assay. Halomonas species rive in hypersaline
environments, often contaminated with heavy metals, hydrocarbons, and other
toxic substances. The selected bacterium was previously isolated from a Mytilus
galloprovincialis collected in the Bay of Piran (Northern Adriatic sea), that is a
highly urbanised and polluted maritime area affected by heavy port traffic,
including large quantities of oil, petroleum products and other pollutants [36].
To enhance siderophore production, the strain Halomonas sp. P26 was cultivated
in 500mL ASG medium containing casamino acids and glucose as nitrogen and
carbon sources, respectively, and under iron starvation conditions by
supplementing only 1 uM FeCl3 [35,37-39]. After six days of incubation at 28 °C
the exhausted broth was extracted by EtOAc. The crude EtOAc extract yielded
216 mg and 16 mg were resuspended in DMSO (50 mg/mL) for bioactivity assay.
The CAS liquid assay confirmed the siderophore activity, as indicated by a color
change from blue to red/pink.

Furthermore, the crude EtOAc extract was fractionated by solid phase extraction
(SPE) using C-18 cartridges, obtaining six fractions (F) as described in Materials
and Methods. Each fraction was solubilised in MeOH and DMSO to perform

metabolomic analysis and to evaluate the biological activity, respectively.

2.2. Siderophores Detection and Chemical Dereplication by Molecular
Networking

To further investigate the bioactive metabolites, functional screening was
performed to identify the most active fraction. Siderophore activity was assessed

using both liquid and agar CAS assays, which revealed that the F-75% MeOH (F-

75) fraction exhibited the highest activity (strongest red/orange color), while the
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F-50% MeOH (F-50) and F-100% MeOH (F-100) fractions showed only a weak

effect (Figure 1).
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Figure 1. Siderophores activity evaluation of all fractions of Halomonas sp. P26 by CAS liquid and agar
assay. 4 uL of EDTA 1 mM and DMSO are used as positive and negative controls, respectively.

F-75%MeOH \

Based on functional screening results, the F-75 was selected to assess its chemical
composition and was analysed by liquid chromatography coupled with
untargeted high-resolution tandem mass spectrometry (LC-HRMS?). Raw LC-
HRMS? data acquired in positive ion mode were processed by MZmine [40]. The
output files were submitted to the Global Natural Products Social Molecular
Networking (GNPS2) platform to build a molecular network using the Feature
Based Molecular Networking (FBMN) workflow [41], which allows clustering
molecules based on MS? fragmentation similarity. The metabolites are then
visualised using Cytoscape 3.8.2 as nodes connected by edges [42]. The thickness
of each edge is related to the similarity of the MS? spectra of connected nodes.
The molecular networking (MN) unveiled a dominant molecular cluster
including the amphiphilic siderophores aquachelins.

The mass fragmentation analysis of aquachelins from Halomonas sp. P26
provided insights into their structural diversity revealing the presence of novel
analogues (E- F-G-K-L-M-N-O) (Figure 6), along with other known aquachelins
(A-]). In detail, MN via GNPS2 identified matches for aquachelins A-J, grouped

in a single molecular cluster, connected with a number of unidentified related
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compounds (Figure 2). Specifically, aquachelins B, C, and D were found as
protonated ions ([M+H]"), while aquachelins A, I, and ] appeared as iron adducts
([M-2H+Fe]*). Titanium adducts ([M-3H+Ti]*) of aquachelins A, B, C, and D were
also identified in the same molecular cluster, further corroborating the presence

of these siderophores.
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Figure 2. LC-HRMS? based molecular networking (MN) of the F-75% MeOH from Halomonas sp. P26.
Compounds are visualized as nodes and node size reflects compound peak area. Edge thickness is
related to MS? spectra similarity.
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Fragmentation patterns in the MS? spectra of known aquachelins A-J showed

" n

y
supporting the heptapeptide structure (Figure 3) [20]. As reported by Martinez

conserved ions at m/z 191, m/z 278, m/z 450, m/z 578, m/z 665, and m/z 752,
et al., these peptides feature a conserved backbone consisting of N-acetyl-N-
hydroxy-D-ornithine, L-serine, D-serine, D-glutamine, and L-threo-pB-hydroxy-
aspartate, with fatty acid chains varying in length (C10-C14) and saturation [20].
The consensus sequence L-threo-B-OH-Asp!-D-Ser?-L-Ser3-D-GIn*-D-N-Ac-N-
OH-Orn®-D-ser-L-N-Ac-N-OH-Orn” matches the specificity predictions for the
aquachelin biosynthetic gene cluster (agl) from the genome of strain P26 (see

section 2.4.).
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Figure 3. LC-HRMS? spectrum for aquachelin C from the strain Halomonas sp. P26. Vertical lines across
the structure show the mass-to-charge ratio values for the y and b fragments obtained via HRMS?.
The nomenclature "y" and "b" refer to the charge when retained by the COOH-terminal fragment or

the NHo-terminal fragment of the peptide, respectively [43].

Structural characterization of not-annotated nodes revealed nine novel
aquachelin analogues through an in-depth analysis of the fragmentation pattern

of the relevant pseudomolecular ions [M+H]*. These congeners exhibited
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structural differences due to substitutions in positions 1, 5, and 7 of the peptide
backbone and variations in the length and saturation of the fatty acid chain.
Sequential N- and C-terminal fragmentation provided three diagnostic ions,

enabling unambiguous amino acid sequence assignment (Figure 4, Tablel).

L- asp (1)
L-ser (3)

AN ﬁg EL
D-ser (2)

D- aa(5) I-\aa(7

D-ser (6)
D-gin (4)

Figure 4. General structure of aquachelins.

Table 1. Structures of aquachelins E-O (1-9) from Halomonas sp. P26. Abbreviations: Rt, retention time;
FA, fatty acid; aa, amino acid;

R R
Aquachelin [M+H]* ml/z _‘ ' R: d-aa-5 l-aa-7
(min) (FA)2
) N-Ac-N-OH-
aquachelin E (1)  CuH7N100O19  1047.5210 18.36 CisH2 (C14:1) -OH . GIn
orn
: N-OH-N-OAc-
aquachelin F (2)  CuH7N1oOw  1049.5341 17.30 Ci1Hz23 (C12:0) -OH  N-Ac-N-orn* orn
) N-Ac-N-OH-  N-OH-N-OAc-
aquachelin G (3) CwuH7N1oO19  1049.5341 18.10 C11H23 (C12:0) -H
orn orn
. N-Ac-N-OH-
aquachelin H (4)  CuH7N1oOw  1049.5341 19.30 Ci3Hz7 (C14:0) -OH orn* GIn
) N-OH-N-OAc-
aquachelin K (5)  CasH7»N10O19  1075.5493  18.56 Ci3H22(C14:1) -OH  N-Ac-N--orn*
orn
. N-Ac-N-OH-  N-OH-N-OAc-
aquachelin L (6)  CusH7N10019  1075.5493 19.30 CisH2 (C14:1) -H .
orn orn
: N-OH-N-OAc-
aquachelin M (7)  CasHsiN10Ow  1077.5642  19.56 Ci3Hz7 (C14:0) -OH  N-Ac-N-orn*
orn
) N-Ac-N-OH-  N-OH-N-OAc-
aquachelinN (8)  CusHsiN10O19  1077.5642 20.45 Ci3H27 (C14:0) -H .
orn orn
: N-OH-N-OAc-
aquachelin O (9)  CasH7N9O1o 1082.5257 19.30 CisH2 (C14:1) -OH Tyr

*Abbreviations: d-N-Acetyl-d-N-hydroxyornithine.

orn

In detail, aquachelins G, L, and N feature a L-aspartate in position 3 rather than
the typical L-threo--hydroxy-aspartate of known aquachelins, identified by the
neutral loss of 115.0269 Da. Sharing a conserved peptide backbone which gives a
fragment ion at m/z 867.3695, these congeners differ only in the fatty acid chain.

Aquachelins F, K, and M lack the OH group on the side chain of N-acetyl-D-
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ornithine in position 5, as indicated by the neutral loss of 156.0889 Da (instead of
172.0848) from the bs fragment ion. As for aquachelins G, L, and N, the peptide
core of aquachelins F, K, and M gives the y7 fragment ion at m/z 867.3695, with
the variability among the latter being located in fatty acid appendages.

The analogues aquachelins E and H replace the terminal L-N-OH-N-Ac-ornithine
in position 7 with L-glutamine, as shown by the loss of 146.0691 Da from the
relevant pseudomolecular ions, corresponding to glutamine (CsHioN>Os).
Aquachelin H differs from aquachelins E as bearing a fully saturated C14 fatty
acyl chain.

Aquachelin O shows a pseudomolecular ion [M+H]J* at m/z 1082.5229 and
features a D-tyrosine in position 5 instead of D-N-OH-N-Ac-ornithine. This
substitution was confirmed by the bs ion fragmentation, showing the neutral loss
of a tyrosine residue (Figure 5). The exact molecular formulas of [M+H]*ions and

retention times of these analogues are detailed in Table 1.

d—iO
\/\/\/\/_\/\)L—N
H
L L L L O INH, L
¥z Yo Y5 Ya Y3 Y2 Vi
Aquachelin O
b5
100 8053950
30
80
?I]—_ Y3
& 4411965 10825219
%5 B0—
g
2 504 b,
S ] 892 4765
2 40 .
5 0] 542.9322 Ye
£ 304 b : TI3ATE
] b b 5143740 v, LT LA EEN P
] P sinanop 2720 | 13623 6263215 8744153 |893.4301
Y2 - ; Ya
10 M 423880 ¥s
(limnoms (19170 O Cfesen ) | esezeen ||| . | 1oagse ) | | 1221280
L 1

TR T T e e 500 RN alo T "

mi
Figure 5. LC-HRMS? spectrum for aquachelin O from the strain Halomonas sp. P26. Vertical lines
across the structure show the mass-to-charge ratio values for the y and b fragments obtained via
HRMS? The nomenclature "y" and "b" refers to the charge when retained by the COOH-terminal

fragment or the NHz-terminal fragment of the peptide, respectively [43].
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The aquachelins exhibit a mixture of D- and L-amino acids, with absolute

configurations assigned through bioinformatics predictions (Figure 6) These

findings highlight the structural diversity of aquachelins, emphasizing their

potential for therapeutic applications.
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Figure 6. Chemical structures of novel aquachelins E-O from Halomonas sp. P26.

2.3. Expanding the Biological Activity of Halomonas sp. P26

Based on the F-75% MeOH chemical characterisation and due to the

identification of aquachelins, additional assays have been performed to evaluate

the biological potential of Halomonas sp. P26, including antimicrobial, antioxidant

and biosurfactant activity.

2.3.1. Evaluation of the Antimicrobial Activity

The antimicrobial activity of the active fraction (F-75% MeOH), in addition

to all the P26 fractions, was evaluated using the microdilution method,

determining MIC values for each pathogen. DMSO at an initial concentration of

2% (v/v) was used as a negative control. The results, detailed in Table 2, show
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that F-75 exhibits the strongest antibacterial activity demonstrated. This fraction
was active against both Gram-negative and Gram-positive pathogens, with the
lowest MIC value of 31 pg/mL against E. coli and S. enterica.

Table 2. Antibacterial activity of all fractions of Halomonas sp. P26 towards a panel of Gram-
positive and Gram-negative pathogens.

F-30%MeOHF-50%MeOHEF-75%MeOHF-100%MeOH

Strain
(ug/mL) (ug/mL) (ug/mL) (ug/mL)
S. aureus 6538p - - 500 500
E. coli ATCC 10536 - 500 31 500
P. damselae subsp. Piscicida ATCC 51736 - - 500 500
Vibrio anguillarum ATCC 19264 - - 250 250
Listeria monocytogenes MB 677 - 50 125 -
S. enterica - 125 31 -

The antimicrobial properties of F-75 could be attributed to aquachelins as, being
amphiphilic siderophores, they are known for their dual role in iron chelation
and interaction with bacterial membranes. Their structure, characterized by long
fatty acid chains, could enables them to disrupt membrane integrity, similar to
the action of biosurfactants [44-49]. This mechanism could impair the structural
stability of bacterial membranes, leading to cell lysis or disruption of nutrient
acquisition pathways. This dual functionality is not unique to aquachelins. Other
amphiphilic siderophores, such as loihichelins and marinobactins, have
demonstrated antimicrobial properties through similar membrane-targeting
mechanisms [20]. Additionally, these compounds may act as competitive tools in
marine ecosystems, limiting iron availability to other microbes and indirectly
inhibiting their growth [19].

In addition, the use of siderophores as carriers for antimicrobials, known as
“sideromycins”, highlights their potential to combat bacterial resistance. These
'Trojan Horse' strategies involve conjugating a bactericidal head to a siderophore,
using the bacterial iron uptake system to facilitate the targeted delivery and

uptake of the antibiotic [28,50,51]. This approach has been applied to synthetic
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constructs, improving therapeutic efficiency against multi-drug-resistant Gram-
negative pathogens. Examples of siderophore-antibiotic conjugates, such as those
involving catecholate or hydroxamate groups, have shown promising results in
preclinical studies [52].

Natural sideromycins, such as grisein from Streptomyces griseus, serve as
foundational examples for this strategy [53]. Among the five known families of
natural sideromycins, three (albomycins, ferrimycins, and salmycins) use
hydroxamate-based iron-chelating fractions [54]. Albomycins, the most studied,
are particularly effective against organisms expressing the FhuA receptor in their
outer membranes, showcasing their ability to bypass microbial cell wall
permeability barriers [19]. Similarly, aquachelins, could serve as effective
hydroxamate-based sideromycins, offering targeted antimicrobial effects against

resistant bacteria.

2.3.2. Evaluation of the Biosurfactant Activity

In addition, all the fractions were also tested for biosurfactant activity. Once
again, the F-75 fraction displayed the best activity, as shown in Figure 7, which

can therefore be attributed to the aquachelines.

F-50%MeOH

>4
F-75%MeOH

F-100%MeOH
F-30%MeOH

\
A \ F-MeOH/Tfa0.1%

\

Figure 7. Biosurfactants activity evaluation of all fractions of Halomonas sp. P26 using oil spreading
test. 4 uL. of DMSO are used as negative controls.
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The strong biosurfactant activity observed can be attributed to the amphiphilic
nature of aquachelines. These compounds, with a hydrophilic head and a shorter
hydrophobic tail compared to other marine siderophores like amphibactins,
exhibit surfactant-like behavior, reducing surface tension and facilitating the
solubilization of hydrocarbons [20]. Similar to amphibactins found in oil spill
regions such as the Deepwater Horizon disaster, aquachelins leverage their
amphiphilic properties to help bacteria thrive in challenging environments by
enhancing both iron acquisition and hydrocarbon degradation [55]. The dual
function of these siderophores, acting as both iron chelators and surfactants,
likely offers significant adaptive advantages, especially in oil-rich environments
where they can increase the solubility of nutrients and provide protection against
environmental stresses. Unlike other siderophores that associate with bacterial
membranes, aquachelins are secreted into the extracellular environment, making
them particularly effective in oil-contaminated sites [56]. This characteristic could
enhance their role in bioremediation facilitating the degradation of

hydrocarbons.

2.3.3. Evaluation of the Antioxidant Activity

The antioxidant activity of P26 fractions was evaluated using the DPPH
assay, one of the most rapid and reliable methods for determining the radical-
scavenging capacity of bioactive compounds. Results showed that among the six
fractions analyzed, F-30 and F-75 displayed significant antioxidant effect,
exceeding 50% of activity, with fraction F-75 reaching 68% activity at a
concentration of 0,31 mg/mL (Figure 8). While all fractions demonstrated some
level of antioxidant activity, further chemical analyses are required to identify

the compounds responsible for this effect.
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Figure 8. Antioxidant activity evaluation of all fractions of Halomonas sp. P26 using DPPH assay. 8 uL
of ascorbic acid (at 25 mg/mL) is used as positive control.

Species of Halomonas, known for their metabolic versatility and adaptability to
extreme environmental conditions, represent a promising source of bioactive
compounds, including molecules with antioxidant properties. Some species,
characterized by the production of orange pigments, have been shown to have a
high polyphenol content and significant antioxidant activity, as demonstrated by
numerous biological and chemical analyses [40-42]. A plausible hypothesis is
that the high antioxidant activity observed in the F-75% MeOH fraction may be
influenced by the presence of aquachelins, which are known for their potential in
reducing reactive oxygen species (ROS) [43]. Previous studies suggest that
siderophores not only facilitate iron acquisition but also perform "non-classical"
functions, such as ROS detoxification [44]. For example, catechol-type
siderophores produced by bacteria such as Pseudomonas aeruginosa, Salmonella,
and Escherichia coli have demonstrated ROS scavenging capabilities, protecting
bacteria from oxidative stress and promoting bacterial cooperation in adverse

environmental conditions [45,46]. These findings suggest that siderophores
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produced by Halomonas may contribute to the observed antioxidant activity of
the fractions, particularly in extreme environments such as endolithic or saline

soils.

2.4. Genome Mining and Elucidation of Aquachelin BGC

To explore the biosynthetic potential of the halophilic strain and identify the
biosynthetic gene cluster (BGC) responsible for producing the identified
siderophores, the P26 whole-genome was sequenced. Genomic DNA was
extracted from a single colony grown on a Marine Agar plate. The de novo whole
genome assembly was further refined and optimized with the Medusa
scaffolding software obtaining 64 contigs, with a total length of 3,418,53 bp and
a G+C content of 56,81%. This value falls within the G+C content range reported
for species of this genus, which varies from 52% to 74.3 mol% [47]. In addition,
annotation of the genome using PATRIC [48] identified 3277 coding sequences
and an N50 value of 152.201 bp., The phylogenetic identity and species affiliation
of the strain Halomonas sp. P26 was established by using a genome-based identity
approach. This included orthologous average nucleotide identity (OrthoANI)
using the EZBioCloud algorithm [49] and digital DNA-DNA hybridization
(dDDH) analysis via the Type (Strain) Genome Server [50]. The results
demonstrated that Halomonas sp. P26 clustered closely with other Halomonas
species such as Halomonas axialensis DSM 15723, Halomonas meridiana ACAM 246,
Halomonas aquamarina 558, exceeding the species affiliation cut-off values of 96.1,
70.0, 73.6, respectively. In agreement with this analysis, the highest ANI value
(97,7%) corresponds to Halomonas axialensis (Vreelandella aquamarine DS40M3,
GenBank GCA_028580285.1), a halophilic bacterial species found in deep-sea
environments [51]. Subsequently the genome analysis was performed using the
software antiSMASH 7.1.0, to predict and annotate the BGCs that encode for

secondary metabolites. As a result, a total 4 putative BGCs have been identified,
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including an NRP-Methallophore gene cluster, identified in the region 8.1, which
showed 39% similarity with Potashchelin (BGC0002117 from Halomonas sp.
MG34) a lipid siderophore [52]. The collinearity rule in the biosynthesis of
modular NRPS made possible to infer in silico the functions of the catalytic
domains, confirming the correspondence of this NRPS with the chemical

structure of aquachelines [53] (Table 3).

Table 3. Binding pocket signatures of adenylation domains from the Agl synthetase.

antiSMASH Binding pocket signatures (position)2
Prediction 235 236 239 278 299 301 322 330 331 517

Aql C1 Asp D L T K I G H VvV G K
Aql_D1 Ser D VvV W H V S L I D

Aql D2 Ser b v W H V S L I D K
Aql_E1  Unknown D A E Y I G A I S K
Aql_E2  Unknown D vV W N M G L I H K
Aql_E3 Ser b v W H V S L I D K
Aql_E4  Unknown D VvV W N M G L I H K

a as reported by Della Sala et al. 2020 [70].

Although the first aquachelin molecule was identified in 2000 [20], its
biosynthetic pathway has not yet been elucidated. The BGC responsible for
aquachelin synthesis consists of five modular NRPS enzymes, designated aglA,
aqlB, aqlC, aglD and agqlE, which operate in an end-extension model. The
specificity of the adenylation (A) domains in each module is directly aligned with
the sequence of the heptapeptide backbone of the identified aquachelin
compounds (see Table 3 for details). Each NRPS module consists of three main
domains: the adenylation domain (A), the PCP (peptidyl transporter protein)
domain and the condensation domain (C). These domains work together to
ensure the precise synthesis of siderophores, as illustrated in (Figure 9). The
predicted agl NRPS has a length of 50,353 bp, located on the contig 8, and
organised into eight modules, one for process initiation and seven for peptide
extension and termination. The consensus sequence L-threo-3-OH-Asp!-D-Ser?-
L-Ser3-D-GIn*-D-N-Ac-N-OH-Orn?-D-Ser®-L-N-Ac-N-OH-Orn?, obtained from
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the structural characterisation of aquachelins A, B, C and D by MS analysis, is
strongly associated with the in silico prediction of substrate selectivity of the A
domain. The domain arrangement in the agl operon loading module was also
found in the BGCs of other siderophores such as variochelin, taiwachelin and
potashchelin, suggesting a common biosynthetic mechanism between these
molecules [54,52,55]. A distinctive feature of this BCG is the presence of two core
biosynthetic genes, aglA and agqlB, which contain the TauD (hydroxylase) and
CAL domain, respectively. The TauD domain is also involved in the removal of
methyl groups, which contributes to modifying the final structure of the peptide
and enhances its affinity for metals. This modification is crucial for the function
of siderophores, which play a key role in metal binding and transport. Whereas
the CAL (CoA-ligase) domain is crucial for the aquachelin acetylation, usually
catalyzed by the initial condensation domain (Cs) [56]. To be included in
biosynthesis, fatty acids must first be activated in the form of coenzyme A or
transported by acyl-carrier proteins. In this context, the orf6 and orf7 protein, a
4'-phosphopanthenyl transferase [57] and a thioesterase, may be involved in the
formation of the fatty acid moiety. In addition, orf8 (MbtH-like) appears to play
a role in the activation and optimisation of the NRPS biosynthetic complex.
MbtH-like proteins (MLPs) are essential for the proper functioning of the
adenylation (A) domains of non-ribosomal peptide synthetases [58]. For
example, in the biosynthesis of taxtomine A in Streptomyces scabiei, the TxtH
protein, an MLP, acts as a chaperone, promoting the correct folding of the NRPS
TxtA and TxtB. Although the mechanism of action of MLPs is not fully
understood, they are critical for the soluble expression and optimal activity of
many NRPS enzymes and may interact with several biosynthetic pathways [59].
In addition, the analysis of NCBI BlastP of orf9, situated downstream of the NRPS
gene, revealed that the gene encodes for a transport-related protein identified as

FhuD, a periplasmic binding protein for iron (III)-hydroxamate siderophore,
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either linear and nonlinear. Furthermore, the protein encodes by the orfl gene,
belonging to the ABC (Multidrug Resistance ATP-binding Cassette) family of
transporters, which translocate molecules by coupling the flow of drugs or lipids
to the energy generated by ATP hydrolysis [60]. This suggests that this gene may
be involved in the transport of the aquachelin-Fe complex within bacterial cells
[61]. Once the Fe(IlI)-siderophore complex crosses the outer membrane, the ABC
transporter transfers it into the cytoplasm, where the iron is reduced to Fe(II) and
absorbed by the cell [62]. This NRPS cluster could also be exploited as a “Trojan
horse” to combat difficult-to-treat resistant pathogens [63]. In this case, the design
of the linker is crucial to ensure full antibacterial efficacy [64]. However, the genes
necessary for the synthesis of an acetyltransferase and an N-monooxygenase,
enzymes involved in the biosynthesis of the amino acid precursor N(d)-OH-orn,
seem to be absent [65]. The index of the condensation C domain is crucial for the
stereospecificity of amino acid binding to the peptide. This domain possesses
Dual-function Epimerization/Condensation (E/C) domains possess both
epimerization activity and DCL condensation functionality. These domains first
convert the substrate amino acid to its D-configuration through epimerization,
and subsequently catalyze the condensation reaction between the D-
aminoacyl/peptidyl-PCP donor and an L-aminoacyl-PCP acceptor. There are
four dual C domains, in modules 3, 5, 6, and 7. This suggests that the amino acids
aa-2, aa-4, aa-5, and aa-6 in the N-acetyl-eptapeptides of the aquachelins family
have a D configuration, in accordance with the structural elucidation by HRMS?
spectra analysis. Finally, Module 7 presents a thioesterase (TE) domain, which
plays a key role in cleaving the final product from the polypeptide chain,

allowing the release of the synthesised siderophore.
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Figure 9. Putative biosynthesis of aquachelins. Abbreviations: C, condensation domain; A, adenylation domain;
PCP, peptidyl-carrier protein; E, epimerase; Cs, starter condensation domain; TE, thioesterase.

3. Materials and Methods

3.1. Bacterial Isolation and Screening

The strain Halomonas sp. P26 was isolated, along with other 150 bacteria, from
a mussel Mytilus galloprovincialis collected at 200 mt off the coast of the Bay of
Piran, Slovenia, at the northern extremity of the Adriatic Sea [66]. The isolation
was conducted by serial dilutions using LB agar plates. The strain was identified
as the genus Halomonas via 165 tRNA genes amplification and subsequent
phylogenetic analysis. PCR was carried out in a total volume of 40 puL containing
25 pL of PCR Master Mix 2x ExtraWhiteTaq (a ready-to-use solution containing
TaqPol, buffer, MgCl2 and dNTPs), 0.2 uM of both primers 27F (Forward, seq: 5'-
AGAGTTTGATCCTGGCTCAG-3') and  1492R  (Reverse, seq 5'-
GGTTACCTTGTTACGACTT-3') [67]. The reaction conditions used were: 1 cycle
(95 °C for 5 min), 30 cycles (95 °C for 30 s, 58 °C for 30s, and 72 °C for 1.30 min),
with a final extension of 7 min at 72 °C. Afterwards PCR products were evaluated
on 1% agarose gel and then purified with the GeneAll kit and sequenced by
Eurofins Genomics. Finally, the phylogenetical affiliation was assigned by using
the EzBioCloud (http://ezbiocloud.net) for the phylogenetic affiliation.
In order to identify the most promising strains for the production of bioactive
molecules, the isolated halophilic bacteria were screened.
The cultivation was conducted in 96-deepwell plates (Thermo Scientific™
278743), varying growth conditions (medium composition, incubation period

between 3 and 10 days, temperature range of 10 to 37°C) to optimise production
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and confirm the presence of the desired compounds (as described in Chapter 1,
section 3.6). Subsequently, centrifugation was performed to recover the
supernatant, which was then subjected to biological activity tests. In particular,
10 pL of supernatant was used for each siderophore detection assay, performed

by the CAS method on agar and in liquid.

3.2. Bacterial Cultivation and Fractionation

For siderophore isolation, the strain Halomonas P26 was inoculated into 3 mL
ASG (medium composition (ASG-Fe) containing 1L of doubly deionized water
(Barnstead Nanopure II), 1.0 g of NHiCl, 10 g of casamino-acids, 1.0 g of
glycerophosphate, 12.4 g of MgSO+7H:0O, 3 g of CaCl>2H:0, 17.5g of NaCl, 0.75
g of KCl, and 3 mL of glycerol. After autoclave sterilization, 10 mL of filter-
sterilized 1.0 M HEPES buffer (pH 7.4), 2 mL of filter-sterilized 1.0 M NaHCOs,
and 10 mL of filter-sterilized BME vitamins 100x solution-Sigma-Aldrich) in
sterile tubes. After 48 hours of incubation at 20°C with shaking at 200 rpm, the
pre-inoculum was transferred into 4x500mL flask each containing 125 mL of ASG
supplemented with 1 uM di FeCls, with an initial cell concentration of 0.01
OD600/mL, and incubated at 28 °C on a rotary shaker (180 rpm). The glassware
was deferrated with Chelex (Sigma Aldrich) resin and also was washed with acid
(HCl1 6M), to remove all traces of iron, because iron-starved media promotes
maximum siderophore production. Siderophore detection (CAS liquid assay)
were done once a day, taking 100 uL of supernatant from the growths to check
the production of the molecules of interest. Then after 6 days, the cultures were
harvested by centrifugation at 7,500 rpm for 30 minutes at 4°C and the
supernatant was extracted with two volumes of ethyl acetate (EtOAc). The
organic phases were collected, concentrated using a rotary vacuum evaporation

(Buchi R-100, Biichi Labortechnik AG, Switzerland) and united to provide a
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single sample of crude extract. Finally, the extract was dissolved in DMSO at 50
mg/mL and stored at 4°C for future characterization and bioactivity tests.

The concentrated EtOAc extract (216 mg) was further fractionated using the solid
phase extraction (SPE) through a reverse phase Chromabond C-18 column (45
um, 45 mL/5000 mg -Macherey-Nagel GmbH & Co. KG, Diiren, Germany),
yielding 6 fractions. In practice, the extract was resuspended in the lowest
volume of methanol (MeOH) and loaded onto the pre-activated SPE column. The
elution was performed with three column volumes of increasing gradient elution
of MeOH/H:0, used in this order: 1) 100% H20 (10 mg), 2) 30% MeOH/H:O (v/v)
(22 mg), 3) 50% MeOH/H20 (v/v) (27 mg), 4) 75% MeOH (v/v) (101,5 mg), 5) 100%
MeOH (v/v) (7.6 mg) and 6) MeOH+0,1%TFA (trifluoroacetic acid) (5 mg)
respectively. Finally, all the obtained fractions were collected, dried, dissolved in
DMSO at 50 mg/mL and stored at 4°C for bioactivity tests (CAS assay,

antimicrobial and antioxidant activity) and for future characterization.

3.3. LC-HRMS? Analysis of the 75% MeOH Fraction

The most active fraction for siderophore effect (F-75% MeOH fraction), was
solubilised in MeOH at a concentration of 1 mg/mL and analysed by LC-HRMS?.
Chemical profiling was carried out using a Thermo LTQ Orbitrap XL high-
resolution electrospray ionisation mass spectrometer in conjunction with a
Thermo U3000 high-performance liquid chromatography system and a Kinetex
C18 column (5 pm, 50 x 2.10 mm). The column was maintained at 25 °C with a
flow rate of 400 uL/min, eluting with a gradient of H,O and ACN, with 0.1%
HCOOH: initially 10% ACN for 1 minute, then 10 —-100% ACN over 40 minutes,
and finally 10 min reconditioning of the column with 100% CAN. Mass spectra
were acquired in positive ion mode with an accuracy of <3 ppm. The MS settings
included a spray voltage of 4.8 kV, a capillary temperature of 285 °C, a sheath gas

flow rate of 32 units of N, (~150 mL/min), and an auxiliary gas flow rate of 15

147



units of N> (~50 mL/min). MS? data were obtained through data-dependent
acquisition, with the five most intense ions in each full-scan mass spectrum
within an m/z range of 50-2000 Dalton selected for analysis. The HRMS? analysis
was conducted using CID fragmentation with an isolation width of 2 m/z, a
normalized collision energy of 35, an activation Q of 0.250, and an activation time
of 30 ms. The relative areas of in-source fragments were quantified using the
Thermo Xcalibur Software (version 2.2, Thermo Fisher Scientific, Waltham, MA,

USA).

3.4. Feature-Based Molecular Networking

The metabolome was studied by analyzing the raw files from LC-HRMS?
analysis of the F-75% MeOH fraction were converted to mzXML format,
processed by MZmine 2.53 [40] to remove noise, filter isotopes and align the data.
Then, the output files were uploaded to Global Natural Products Social
Molecular Networking (GNPS2) (https://gnps2.org accessed on 27/11/2024) and

used to build a feature-based molecular network (FBMN) [41]. For FBMN
analysis, the precursor ion mass tolerance was set to 0.02 Da, and the MS2
fragment ion tolerance was set to 0.05 Da. After, a MN was constructed, setting
to 100 the maximum number of nodes in one cluster, with edges filtered to have
a cosine score above 0.7 with a minimum of four matching peaks. The search of
analogues was not exceeding the difference of 300 Da between the query and the
hit; the analogues had to follow the same clustering rules as mentioned above.
Finally, the data was exported, and the network was visualized by the Cytoscape
software V. 3.8.2 and can be publy accessed at

https://cytoscape.gnps2.org/process?override path=nf output%2Fnetworking%

2Fnetwork singletons.graphmlé&task=68fcb3d0f4e94389al17dd2ada8c228fb [42].
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3.5. Bioactivity Evaluation of All Fraction from Halomonas sp. P26

A series of functional assays were conducted to evaluate the bioactivity of the

crude and fractionated extracts.

3.5.1. Siderophores Assays - CAS Liquid and Agar Assays

The chrome azurol S (CAS) universal assay is a colorimetric method, created
by Schwyn and Neilands[68]. The CAS/HDTMA solution was prepared by
dissolving chrome azurol sulfonate (60 mg) in 50 mL of H,O, followed by the
addition of 10 mL of 2,7 mg FeCl; in 10 mM HCI to form Solution I. In parallel,
HDTMA (73 mg) was dissolved in 40 mL of H,O to create Solution II. Solution I
was gradually mixed into Solution II with gentle stirring to prevent foam
formation. Solution I was then gradually mixed with Solution II while stirring to
prevent foam formation. The resulting mixture was sterilized by autoclaving at
121 °C for 20 minutes and subsequently cooled in a water bath. The CAS liquid
assay was conducted in 96 multi-well plates, using a CAS solution diluted 1:4
with distilled water. Each well is filled with 100 uL of CAS solution and 100 pL
of supernatant, or alternatively, 192 uL of CAS and 8 pL of extract. EDTA 1mM
was used as positive control. For the CAS agar assay, an agar solution (500 mL,
17 g/L) was prepared, autoclaved and then cooled in a water bath at 60 °C. The
previously prepared CAS/HDTMA solution was combined with the agar
solution, and the plates were poured under a laminar flow hood and allowed to
solidify. The agar plates were double-checked for siderophore production. A
drop of 4 uL of extract, dissolved in DMSO at 50 mg/mL were spotted on the CAS
agar plates. As a negative control, 8 pL of pure DMSO were used, while 4 puL of
EDTA 1mM were used as positive control. After 2 days at 4 °C, the extracts
containing siderophores were detected by the presence of a clear zone around

the sample.
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3.5.2. Minimal Inhibitory Concentration Assay (MIC)

To evaluate the antimicrobial potential of all extracts, the MICs for ATCC®
6538™, S. aureus ATCC® 6538p™, E. coli ATCC 10536, Pseudomonas aeruginosa
PAO1,  Photobacterium damselae subsp. piscicida ~ ATCC®  51736™,  Vibrio
anguillarum ATCC® 19264™ , Salmonella enterica subsp. enterica Serovar Sloterdijk
(ATCC 15791) and Listeria monocytogenes MB677 were determined by the broth
microdilution method [69]. Briefly, the bacterial strain was inoculated in 3 mL of
liquid Mueller-Hinton broth (MHB) (HiMedia, Einhausen, Germany) and TSB
medium, for Lysteria, in sterile bacteriological tube, and incubated in agitation at
37 °C until they reached the turbidity of 0.5 McFarland. Differently, for the fish
pathogen strains was used Marine Broth (MB) (Condalab, Spain) as medium.
Finally, serial dilutions of the inoculum were performed to obtain a final bacterial
concentration of about 5 x 105 CFU/mL. Then, 4 puL of each sample was added
into a 96-well microtiter plate containing 200 uL of MH medium. After serially
diluted using MH medium, 100 uL of bacterial suspension was inoculated into
the broth (~5 x 104 CFU/well) and each plate was incubated statically for 18h at
37 °C to allow optimal bacterial growth. DMSO was used as negative. The MIC
was identified as the lowest concentration that completely inhibited growth of
the pathogens, and was measured with a by ELX800 Absorbance Microplate
Reader (Biotek, Winoosky, VT, USA) by monitoring the absorbance at 600 nm.

3.5.3. Biosurfactants assay - Oil spreading test

The oil spreading assay, also known as the oil displacement test, was
conducted using polystyrene Petri dishes (100 mm x 15 mm) [70]. In this method,
40 ul of crude oil was gently applied to the surface of 30 mL of distilled water to
create a thin oil layer. Then, a drop of 10 pL of filtered supernatant and 1 pL of
extracts were carefully pipetted on the centre of the oil layer. The size of the clear
zone on the oil surface is directly related to the surfactant activity, due to the

presence of the biosurfactant displacing the oil.
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3.5.4. Antioxidant assays-DPPH Radical Scavenging Activity Assay

The antioxidant activity of the fractions obtained from Halomonas sp. P26
was evaluated using 2,2-diphenyl-1-picrylhydrazyl (DPPH) to assess free radical
scavenging capacity [71]. Briefly, 4 uL of each sample (at a concentration of 50
mg/mL) was added into a 96-multiwell plate containing 196 pL of DPPH (0.002%
in MeOH) solution. After serially diluted using MeOH (100%), 100 pL of DPPH
solution was added. After 30 minutes of incubation in the dark at room
temperature, the optical density (OD) was measured at 517 nm. The absorbance
of the control (DPPH without the sample) was also measured, and all readings
were performed in triplicate. Ascorbic acid at 25 mg/mL was used as positive
control. The scavenging activity was expressed using Equation:
Scavenging activity (%) = [(Acontrol — Asample)/Acontrol] x 100; where A control
is the absorbance of the DPPH solution; A sample is the absorbance of the sample

mixed with DPPH.

3.5.5. Genomic DNA Sequencing, Assembly and Bioinformatics Analysis

A total of 1 ug of genomic DNA was used for the whole genome sequencing
of Halomonas sp. P26 performed by Eurofins Genomics (Ebersberg, Germany)
using the Illumina NovaSeq 6000 platform. All sequenced paired-ends reads
were clipped and trimmed with Trimmomatic tool [7] to remove adaptor and low
quality sequences, and a quality check was obtained with FastQC [8]. The de
novo assembly was performed with PATRIC, which various k-mer analyses
using the bioinformatic tool "Unicycler" and then and employing the genome
Vreelandella aquamarine DS40M3 (GCA_028580285.1) as a reference to direct the
scaffold and alignment of contigs through MEDUSA scaffolder algorithm [48,72].
The assembled genome identification was carried out using ANI Calculator by
EzBioCloud [49] and the digital DNA:DNA hybridization (d{DDH) analysis by

Type (strain) Genome Server (https:/tvgs.dsmz.de) [50]. Subsequently the
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assembly was analyzed using the genome mining tool anti-SMASH 7.0 [73] web
server (http://antismash.secondarymetabolites.org, leading to the identification

of BGCs.

4, Conclusions

The findings of this study have unveiled the immense biotechnological
potential of Halomonas sp. P26, as a source of novel amphiphilic aquachelin
siderophores with broad applications. The identification and structural
characterization of nine new aquachelin analogues emphasize their critical role
in addressing pressing challenges such as antimicrobial resistance and oxidative
stress. Acting as both iron chelators and bioactive agents, these compounds
present significant opportunities for advancements in biotechnology and
pharmacology.

Moreover, this study underscores the importance of integrating advanced
metabolomic approaches, functional assays, and genomic analyses to uncover the
biosynthetic capabilities of marine bacteria. The elucidation of the aquachelin
biosynthetic pathway via genome mining offers valuable insights into the
molecular mechanisms governing their synthesis and paves the way for further
exploration of their therapeutic potential. These findings contribute substantially
to the growing knowledge of marine-derived bioactive compounds, highlighting
their potential in addressing global health and environmental challenges. By
expanding our understanding of marine natural products, this research also sets

the stage for their future application in sustainable biotechnological solutions.
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Paper in preparation

CHAPTER 3

Discovery of Novel Maldivian Coral-Associated Microorganisms
displaying Antimicrobial, Antioxidant, and UV-Protectant
Activities

Abstract: Coral survival is crucial for socio-ecological interest of many countries,
particularly for the Republic of Maldives, an atoll nation in the Indian Ocean built by
coral reefs, whose health and integrity strongly affect the country’s livelihoods and
economy. Maldivian reefs cover approximately 4,500 km?, representing the 7% largest
coral reef system in the world. However, these reefs are increasingly impacted by
multiple stressors, leading to significant declines in biodiversity and abundance. This
alarming trend has spurred interest in coral restoration efforts, where enhancing coral
resilience is a primary objective. In the last decades, researchers focused on the study of
coral associated microorganisms (CAMs) to better understand their symbiotic roles in
coral health and resilience. Emerging evidence suggests that certain CAMs confer critical
benefits and protection to corals by the production of microbial natural products, such
as UV protectants, antimicrobials, antioxidants, among others. Intriguingly, these
microbial-derived molecules hold significant potential for a broad range of
biotechnological and pharmaceutical applications. While metabarcoding analysis has
been widely utilized to study CAMs diversity under various conditions, it is limited in
its ability to elucidate their functional roles. To address this limitation, the cultivation of
bacterial strains remains indispensable for validating ecological and biotechnological
hypotheses derived from multi-omics data. In this study, we isolated approximately 50
CAMs, identifying two novel microbial species, and evaluated the promising
antimicrobial, antioxidant and UV protectant properties of selected strains. Remarkably,
the crude extracts of the selected CAMs exhibited strong antibiotic activity against a
panel of ten different human and fish pathogenic strains, alongside other bioactive
effects. Furthermore, genome annotation revealed their significant potential to
contribute to both coral restoration and drug discovery strategies. These findings

highlight the dual ecological and biotechnological relevance of CAMs, representing an
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important step toward the identification of novel bacterial species with the potential to

benefit both coral reef ecosystems and human health.

1. Introduction

Coral reefs are considered among the largest hot spot of marine biodiversity
including chemical and genetic diversity [1] and one of the most productive
ecosystems globally, offering vital ecological, economic, and social benefits.
Unfortunately, these ecosystems face escalating threats from human activities,
including climate change, overfishing, and pollution [2-4]. To counteract the
alarming degradation of coral reefs, restoration efforts have become a critical
strategy. Techniques such as coral transplantation and assisted evolution
supported by microorganisms show considerable promise; however, their long-
term effectiveness depends on a deeper understanding of the intricate
relationships between corals and their associated microorganisms. At
microscopic scale, coral reefs are composed by millions of polyps that live in
symbiosis with dinoflagellates of the Symbiodiniaceae (photosynthetic
microalgae) family. In addition to corals-microalgae relation, the whole coral
holobiont is also composed by archaea, bacteria, fungi and viruses forming a
small ecosystem and primarily cooperating for mutual nutrient exploitation [5].
This associated microbial community rapidly respond to environmental stimuli
and signals, changing its composition and metabolic activities as consequence of
heat waves, acidification, light intensity, pollutions [6]. As an effect, recent
studies have been focused on coral-associated microorganisms (CAMs) for a
better understanding of their role within symbiosis. For example, certain
bacterial symbionts may offer benefits to corals playing a crucial ecological role
in numerous processes being involved for example in food supply, participating
in the carbon, nitrogen and sulphur cycles, thermal stress mitigation, in defence

strategies against pathogens and predators. The term Beneficial Microorganisms
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for Corals (BMC) has been proposed to identify symbionts that promote coral
health and which could be exploited for coral restoration purposes [7]. This
concept is analogue to the known term “Plant Growth Promoting Rhizosphere”
used to identify microorganisms, especially localised within the rizosphere,
which promote plant growth. These beneficial processes are mediated through
secretion of bioactive compounds (e.g., antimicrobial, antioxidant and
photoprotective molecules) making corals more resilient to environmental
changes and stressors [7-10]. Hundreds of marine natural products (MNPs) have
been discovered form CAMSs, displaying relevant biotechnological and
pharmaceutical applications [11].

Harnessing and manipulating these microbial interactions can potentially
enhance coral resilience and improve restoration outcomes. More specifically,
CAMs could be utilised to protect corals form bleaching, phenomenon driven by
environmental stressors such as elevated temperatures and high solar irradiance,
and closely linked to the overproduction of reactive oxygen species (ROS) and
reactive nitrogen species (RNS) [12,13]. Molecules provided by CAMs such as
scavenging enzymes including catalase, superoxide dismutase (SOD), and non-
enzymatic antioxidants (mannitol, glutathione and carotenoids) could provide
additional ROS scavenging capacity that can mitigate ROS damage [14]. In terms
of RNS detoxification, genes encoding nitric oxide reductase may help reduce
harmful interactions between ROS and RNS, alleviating oxidative damage
during stress [15]. Approaches such as probiotics, microbial transplantation, and
the development of stress-tolerant microbial strains are being actively explored
to strengthen coral health under challenging conditions [7]. These interventions
align with the emerging concept of “assisted microbiome engineering,” which
involves tailoring microbial communities to deliver specific benefits to the coral
host. For instance, applying probiotics has been shown to improve coral survival

during heat stress, presenting a promising strategy to mitigate the effects of
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climate change [16,17]. However, the relevance of the CAMs should be further
investigated to better expand the concept of BMC, through i) elucidation of coral
microbiome compositions and distribution ii) isolating cultivable (and
“uncultivable”) associated microbes iii) exploring the biotech potential through
the discovery of novel microbial natural products produced by the isolated
strains. As a matter of fact, while most of the knowledge about CAMs has been
generated through metabarcoding or metagenomic analysis, still scares are the
studies involving the isolation of microorganisms and even less, the evaluation
of their biotechnological activities. Moreover, the microbial cultivability still
represents a barrier which hampers the access to the real chemical diversity. This
study aims to use a holistic approach to examine microbial community
compositions associated to the Maldivian Porites lobata and Acropora gemmifera
corals at different growth stages and depths, isolate associated bacteria with
relevant biological activities in terms of antimicrobial, antioxidant and
photoprotective effects and investigate their genome looking for relevant genes
which could be involved in the coral-microbes beneficial relation. This work lays
the basis for future coral restoration strategies, together with the identification of

potential new marine sources for human health applications.

2. Results

2.1. Comparative Analysis of Coral Associated Microbiomes

Samples from Acropora gemmifera colonies consistently showed the lowest
ASV richness, ranging from 44 to 119 Amplicon Sequence Variants (ASVs) (Figure
S1). Higher richness values were reached in Porites samples, which ranged from
176 to 587 ASVs. However, the highest values were found for seawater samples
(up to 1449 ASVs).

Beta-diversity analyses showed that seawater and sediment samples clustered

together, both deep and shallow samples. Different results were obtained for the
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two coral species, which showed very different microbial communities. Porites
lobata microbiome collected in depth cluster close to microbiome found in
shallow colonies. Acropora gemmifera exhibited higher grade of diversity if
microbiome from shallow colonies was compared to microbial composition of
deep coral (Figure S2).

Taxonomic analyses carried out on the samples showed that, indeed, prokaryotic
assemblaged associated with coral samples were different from those of either
seawater or sediment samples. Environmental microbiome was mainly
composed of by Cyclobacteriaceae, Rhodobacteriaceae, Kiloniellaceae and
Woeseiaceae families, with relative abundances among 5 and 10%.
Endozoicomonadaceae was recorded as main bacterial family of Acropora
gemmifera microbiome. It was recorded with higher percentage in shallow
colonies, (90% and 60% for small and large colonies, respectively). In deep
environment, Endozoicomonadaceae remained the most abundant identified
falimy, but it was recorded at lower percentages (less than 10% for small and
large colonies). Porites lobata showed a diversified family predominance in the
four samples analysed. In shallow water, big colonies were found associated with
Cyclobacteriaceae and Desulfovibrionaceae (30% of each family), whereas
microbiome of small colonies showed predominance of Endozoicomonadaceae
(30%). Different microbiome profiling was recorded for Porites lobata collected on
deep reef. In this ecosystem, big colonies were mainly characterized by
Rhizobiaceae (40%), and microbiome of small colonies was composed for 20% of

Microtrichaceae (Figure S3).

2.2. Bacterial CAMSs Isolation

Around 50 strains were islated from the different coral samples, 37 strains
from Acropora gemmifera and 18 from Porites lobata. Morphologically different
strains were selected and identified based on 16 rRNA gene. The isolates ranged

from 10different genera such as, the most abundant Bacillus and Vibrio, followed
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by Exiguobacterium, Priestia, Metabacillus, Pseudoalteromonas, Saccharopolyspora,

Streptomyces, Salinispora and Microbacterium (Figure 1).
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Figure 1. Phylogenetic relationships among members of the different genera isolated from
Acropora and Porites. Sequences were aligned using the MUSCLE algorithm and evolutionary
distances were calculated using maximum likelihood method in MEGA11. Blue circles represent
bootstrap values based on 100 replicates. The 16S rRNA gene sequence from Mariprofundus
ferrooxydans was chosen as an outgroup to define the root of the tree.

No significant trend was observed among the different conditions/samples which
instead emerges by the metabarcoding data, meaning that the isolation
procedure limits and strongly impact on the selection of relevant genera.
Moreover, among the isolates some industrially relevant actinobacteria were
retrieved, which emerged after long incubation period (>45 days), Streptomyces
and Salinispora, reflecting, especially for the latter, their slow growth rate. In order
to explore the biotechnological potential of coral-associated bacteria bioactivities

were evaluated.

2.3. Bioactivity Evaluation of CAMs

The 10 selected strains were cultivated in MB-modified medium (250 mL),
extracted by organic solvents (EtAOc for the exhausted broth and MeOH for the
bacterial biomass) and the extracts evaluated for different bioactivities including
i) antimicrobial activity to identify strains able to defend corals from pathogens,
ii) antioxidant activity relevant in response to oxidative stress due to climate
change and iii) UV protection to identify bacteria able to cope with high solar

irradiation potentially bringing benefits to corals. As above-mentioned, in future
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molecules responsible for those bioactivities could be adopted both in coral

restoration strategies and applied in the pharmaceutical sector.

2.3.1 Evaluation of the Antimicrobial Activity

A panel of 11 different pathogens have been implied as target strains,
including fish and multidrug resistant human pathogens. Among the 10 selected
CAMs, the extracellular extracts generated from Pseudoalteromonas sp. 39,
Streptomyces sp. 79, Microbacterium sp. 92 and Salinispora sp. 93 displayed the
highest bioactivity (Table 1). In particular, Streptomyces sp. 79 was able to inhibit
8 out of the 11 tested strains, showing the strongest effect towards P. damselae
subsp. piscicida (a fish pathogen) with a MIC value of 0.0098 pg/mL. Similarly,
Microbacterium sp. 92 and Salinispora 93 inhibited 7 out of 11 pathogens ranging
from 125 to 0.3 pg/mL. Pseudoalteromonas sp. 39 instead showed potent
antimicrobial activity (MIC 0.031 pg/mL) against V. anguillarum (a fish and coral
pathogen) and P. damselae (MIC 30 pg/mL). Notably, no extracts were reported to
have effect towards S. aureus vancomycin resistant and P. aeuroginosa, while only
a weak inhibition was displayed by Streptomyces sp. 79 against E. coli. It is also
important to note that these are crude complex extracts, for this reason, further
fractionation and purification processes could concentrate the active molecules

and enhance the antimicrobial properties.
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Table 1: Antimicrobial activity reporting the MIC of the most active extracts towards the

pathogens panel.
Pathogen Strains Active Strain []pug/mL
E. coli ATCC 10536 79 500
79 1
L. monocytogenes MB 677 92 1
93 0.5
39 30
P. damselae subps. Piscicida ATCC 51736 79 0.00%
92 125
93 125
39 500
hicilli . 79 1
S. aureus methicillin resistant 9 125
93 31
79 500
S. aureus - chinolone resistant 92 2
93 1
79 0.5
S. aureus - macrolide resistant 92 2
93 20
39 125
79 0.3
S. aureus 6538p 9 0313
93 1.25
39 0.031
V. anguillarium ATCC 19264 92 20
93 60
C. albicans ATCC 76485 79 0.25

S. aureus - vancomycin resistant

P. aeruginosa

2.3.2. Evaluation of the Antioxidant Activity

Antioxidant assays highlighted the high level of bioactivity of strain 39, which

reached the ascorbic acid antioxidant potential at 125 pg/mL and Trolox level at

250 ug/mL (Figure 2). In addition, this extract had a dose-response effect, with

decrease of antioxidant activity at 10% for the lowest concentration (15,62 pg/mL)

in both assays. The second extract with interesting activity is strain 93, with

comparable Trolox antioxidant effect at highest concentration tested 250 pg/mL.

All the other extracts showed moderate or low antioxidant potential.
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Figure 2. Mean % activity of DPPH. a) and ABTS b) assays. Bars represent the mean + SD (n = 3)
from triplicate measurements for total extracellular extracts of the 10 selected strains. In DPPH
assay, ascorbic acid was used as positive control (red dotted line). In ABTS assay, trolox was used
as positive control (red dotted line).

2.3.3. Evaluation of the UV Protection Effect

Untreated HaCat cells exposed for 30 seconds to UVC reduced cell viability
at 55%. Cells pre-treated with Uvinul and Vanillin exhibited protection against
cell death induced by UVC exposure, increasing cell viability at 80%. Intracellular
extracts were tested for their potential protective effect on HaCat cells injured
with UVC (Figure 3). No significant effect was detected by the extracellular
extracts (Data not shown). Strain 39 exhibited the most significant effect, since
extract at 200 ug/mL reached highest level of cell viability (74%), comparable to
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the two positive controls. Lower concentration of strain 39 (100 ug/mL) was also
able to increase cell viability (63%) with respect to untreated cells. Extracts from
12, 24 and 93 strains showed a moderate protective effect only at higher

concentration (64, 70, 67% of viable cells, respectively).
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Figure 3. Protective effect of intracellular bacterial extracts on viability of HaCat cells injured with UVC.
Control without UVC exposure represents 100% of viable cells. Red dotted line represents viability of UVC
injured cells, without extract pre-treatments. Uvinul and Vanillin have been used at 100uM as positive
control (well-known UV-absorbing properties).

2.4. Bacterial Genome-Based Identification

Due to the well-known metabolic potential of these genera and the strong
demonstrated bioactivity, Pseudoalteromonas sp. 39, Streptomyces sp. 79 and
Microbacterium sp. 92 were selected for whole genome sequencing. Summarised

results are showed in the table below (Table 2).
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Table 2. General features of the whole genome of the 3 selected strains

Pseudoalteromonas  Streptomyces Microbacterium

Attribute sp. 39 sp. 79 sp. 92
Genome size (bp) 5,126,368 8,179,209 3,274,840
DNA G+C (%) 43.2 71.6 70.2
Number of contigs 33 19 2
N50 (bp) 225,663 239,681 1,441,367
Number of Coding Sequences 4,646 7,428 2
RNA genes (tRNA+rRNA) 70 74 48

The bacterial genomes of the three strains were subjected to average nucleotide
identity (ANI) and digital DNA-DNA hybridization (dDDH, also known as d4).
These analyses were performed in comparison to the closest phylogenetic
relatives for each strain. Pseudoalteromonas sp. 39 showed a dDDH value of 25%,
24.9%, 24.7%, 24.5% and ANI values of 82.12%, 82.09%, 81.89%, 81.77%, when
compared to P. flavipulchra (GenBank: GCA_000259115.1), P. maricaloris
(GenBank: GCA_012641725.1), P. piscicida (GenBank: GCA_000382005.1) & P.
galatheae (GenBank: GCA_005886105.2). Both values were below the standard
cutoff (dDDH <70% and ANI <95%) and strongly supporting the classification of
this strain as a novel species. Similarly, low dDDH (31.1%, 30.6%, 27.9% and
27.9%) and ANI (86.52%, 86.09%, 84.91%, 84.75%) values were detected for
Microbacterium sp. 92 when compared to Microbacterium plantarum (GenBank:
GCA_028737425.1), M. arborescens (GenBank: GCA_030369635.1) M. imperiale
(GeneBank: GCA_017876655.1) and M. thalli (GenBank:
GCA_028737415.2). These results confirmed its designation as a novel species.
For Streptomyces sp. 79, the corresponding dDDH (89.3%) and ANI (98.72%)
assigned this strain to S. parvus (GenBank: GCA_008632535.1). In summary,
Pseudoalteromonas sp. 39 and Microbacterium sp. 92 represent novel species based

on both ANI and dDDH analyses (Figure 4).
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Figure 4: Phylogenetic tree of novel coral associated bacteria based on TYGS Whole Genome
Newick file and processed in iToL. a) Pseudolateromonas sp. 39, b) Microbacterium sp. 92.

2.5. Genome Annotation and Biosynthetic Potential Analysis of selected

strains

In order to assess the potential of the selected strains as future coral probiotics
and to validate the presence of relevant BGCs, the genomes of strain 39, 79 and
92 were interrogated by genome annotation using RAST (Figure S4 and Table 3)
and antiSMASH (Figure S5). As target, we selected specific genes involved in
oxidative and nitrogen stress response (ROS and RNS), ability to produce
pigments and antimicrobial compounds. The analysis summarised in Table 3
(Figure S5 and Table S1) reveals significant features linked to stress response and

secondary metabolite biosynthesis in accordance with the detected bioactivities.
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Pseudoalteromonas sp. 39 revealed high potential for antioxidant activity. Its
genome annotation revealed the presence of 92 genes involved in stress response
from which 38 are related to oxidative stress, in particular genes which neutralise
or reduce ROS (glutathione, SOD, peroxidases, catalase). Regarding RNS, this
strain shows genes necessary to cope with nitrosative stress (nnrS and norR).
Moreover, Pseudoalteromonas has lipoate regulatory protein YbeD and
arylpolyene compounds, both involved in the antioxidant activity and holds
more than 8 NRPS clusters putatively encoding for novel bioactive peptides.
Concerning Streptomyces parvus 79, a total of 12 genes corresponding to ROS and
RNS response and presence of pigments similarly to Pseudoalteromonas sp. 39,
were detected. Furthermore, it shows terpene genes related to the production of
carotenoids and numerous BGCs encoding for potentially novel antimicrobial
compounds. Finally, Microbacterium sp. 92 shows low number of genes involved
in the oxidative stress response and no genes related to RNS response. According
to the antiSMASH analysis it also encodes for terpenes carotenoids and for a

limited number of antibiotic molecules.

Table 3: Summary table of RAST results on genes involved in the response to oxidative and
nitrogen stress present in strains sp. 39, sp. 79, sp. 92. For each strain, 1 indicates the presence of
the gene, 0 its absence.

Pseudoalteromonas Streptomyces Microbacterium
sp. 39 sp. 79 sp. 92

G-lutathlon‘e 1 1 1
biosynthesis
3-Carotene 0 1 0
M .

anmt(.)l 0 0 1
synthesis
DMS 0 0 0
DMSP 0 0 0
Per0x1futr1te 1 0 0
reduction (ahpC)
Nitric oxide 1 0 0
reductase
Lipoic Acid
Metabolism 1 1 1
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Catalase- 1 1 1
peroxidase (KatG)

Catalase (KatE) 1 1 1
SOD (One of the 1 1 1
following: Mn, Fe,

Cu-Zn, Nickel-

dependant, Mn/Fe,

Fe-Zn)

Nitrosative  Stress 1 1 0
(Present one of the

following: NnrsS,

NorR,

flavorubredoxin,

NsrR)

3. Discussion

This paper analysed coral microbiomes of two among the most abundant
species of coral in Maldives, Porites lobata and Acropora gemmifera. No data are
present in literature on the microbial characterization of these two coral species
in Maldivians reefs and this is the first study that describes their associated
microbial communities both at molecular and microbiological level. The study
also considers two distinct growth phases (small and big colonies) in two
different environments (shallow and deep reefs) for the understanding of main
bacteria groups that characterise their microbiomes in these ecologically related
ecosystems. Microbial composition recorded for the two coral microbiomes
showed different response to environment of origin in terms of bacteria family
composition. Acropora gemmifera microbial composition is similar in terms of
family taxonomic groups among the four conditions. In this coral species,
microbiome is mainly characterised by the presence, at family level, of
Endozoicomonadaceae, that in the swallow water contributed for more than 50%
of whole microbiome composition for both small and big colonies in shallow reef.
Same microbial family is present in the deep reef, but at lower percentages.
Opposite results were obtained from comparative analysis of Porites lobata
samples. In this case, microbial compositions changed along size colony and reef

depth. This coral species showed, in shallow water, predominance of
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Cyclobacteriaceae and Desulfovibrionaceae on big colonies and of
Endozoicomonadaceae on small colonies. Other two families were found in deep
environment, where Rhizobiaceae characterize microbiome of large colonies and
Microtrichaceae was abundant in small colonies. Endozoicomonadaceae was
found among the most common families of coral associated bacteria. Recent
studies recorded this family in Acropora species corals in 99 reefs across the Pacific
Ocean [36]. The high percentage of Rhizobiaceae in Porites lobata microbiome was
also confirmed in other studies, as corals sampled in carrabian reefs [37].

In order to elucidate the nature of those complex interactions, the isolation of
microorganisms in pure cultures is crucial. However, one of the main issue is
represented by the microbial (un)cultivability [38]. Less than 1% of
microorganisms present in an environmental sample is cultivable in standard
laboratory conditions and this is also true for CAMs. In response to this
limitation, different strategies have been successfully developed and applied to
increase the microbial cultivable fractions [39,40]. Recent evidence report that,
when CAMs have been cultivated their relevance and ecological role have been
demonstrated. For example, in a recent review, Mohamed et al., listed the bacteria
which potentially have a beneficial or antagonistic relationship with corals. The
authors showed that most bacteria that confer benefit to the holobiont belong
mostly to the a- and y -proteobacteria and to a lesser extent the, Actinomycetia,
Cytophagia, Flavobacteriia, Bacilli, and Oligoflexia classes [10]. In our work, ten
different bacterial genera were identified and screened for several bioactivities.
Among them, the most active have been identified as Pseudoalteromonas sp. 39,
Microbacterium sp. 92, Streptomyces sp. 79 and Salinispora sp. 93. With only
exception of 93, the whole genome of the other selected strains has been
sequenced, allowing to establish Pseudoalteromonas sp. 39 and Microbacterium sp.
92 as novel species. The genus Pseudoalteromonas includes 47 described species

(https://lpsn.dsmz.de/genus/pseudoalteromonas) and is known for its diverse
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ecological roles, including both pathogenicity and beneficial activity. For
example, some species, like Pseudoalteromonas piratica, are implicated in coral
diseases like white syndrome [41,42], whereas others produce bioactive
compounds with antimicrobial, antioxidant, and antifouling properties [43,42].
In the work by Shnit-Orland et al., five out six Pseudoalteromonas spp. isolated
from different coral species showed antimicrobial activity against Gram positive
strains, especially Bacillus cereus, Staphylococcus aureus [41]. More recently
Ushijima et al., developed a potential probiotic treatment for infectious coral
diseases in aquarium studies using  Pseudoalteromonas sp. McH1-7. This
bacterium produces at least two broad-spectrum antibacterials, korormicin and
tetrabromopyrrole, along with other molecules (pseudoalterins), potentially
active against many coral pathogens [44]. P. shioyasakiensis isolated from
Mussismilia braziliensis showed to detoxify radicals and ROS mainly by producing
ROS-reactive pigments, working as antioxidant [45]. Similarly, three different
Pseudoalteromonas symbionts of soft-coral showed antioxidant effect by
producing carotenoid pigments [46]. Pigmented Pseudoalteromonas strains are
particularly prolific in producing secondary metabolites, with their pigmentation
often linked to antifouling and antibacterial activities [43]. In our study, the novel
Pseudoalteromonas sp. 39 exhibited moderate antibacterial activity against Vibrio
anguillarum, Photobacterium damselae, and Staphylococcus aureus. It also
demonstrated antioxidant activity, and an orange pigmentation observed after
one day of growth at 28 °C. Accordingly with these results, the genome
annotation of strain 39 shows high number of genes potentially involved in stress
response, especially towards ROS and RNS and pigments production.
AntiSMASH analysis of this strain revealed a diverse biosynthetic repertoire,
including phosphonate, RiPP-like clusters, hybrid NRPS-like, arylpolyene and
T3PKS-NRPS hybrids BGCs. The limited similarity of these BGCs to known

clusters suggests a strong potential for the discovery of novel
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antimicrobial/bioactive compounds. Regarding the other selected strains object
of this study, Salinispora, Streptomyces, and the novel identified Microbacterium,
they belong to actinobacteria and are among the most prolific in terms of
secondary metabolites production. As a matter of fact, most of the current drugs
currently on the market derive or are inspired by Streptomyces, so it is not
surprisingly that the current isolate shows strong antimicrobial activity against
most of target strains [47-49]. A wide range of new molecules endowed with
antimicrobial activity have already been discovered from Streptomyces-associated
corals confirming the enormous potential of these filamentous bacteria in the
biotech industry [50]. In coral ecosystems, these bacteria contribute significantly
to the health and resilience of their hosts. They are involved in processes such as
nutrient cycling, protection against pathogens, and chemical signalling.
Specifically, Streptomyces strains produce bioactive compounds that act as
antimicrobials, deterring opportunistic infections and maintaining the stability
of the coral microbiome. Their production of antioxidants and UV-protectant
molecules further underscores their importance in mitigating environmental
stressors, such as oxidative damage and solar radiation [51]. Moreover, the
unique adaptations of these bacteria to the coral environment suggest that they
may harbour unexplored pathways for the biosynthesis of compounds with
unique structures and functions [52]. Despite their ecological and
biotechnological significance, our understanding of Streptomyces strains in coral
ecosystems remains limited. Future research should focus on isolating and
characterizing these bacteria, elucidating their metabolic capabilities, and
evaluating their potential for both coral restoration and the development of
innovative biotechnological solutions.

The novel Microbacterium sp. 92 isolated in this study exhibited antimicrobial
activity towards 7 out of the 10 pathogens tested and demonstrated a diverse

biosynthetic potential as revealed by antiSMASH analysis. Currently there are
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155 species included in this genus (https://lpsn.dsmz.de/ genus/microbacterium)
having around 20% isolated from marine habitats [53]. From the antiSMASH
results it appears to have cryptic BGCs showing low similarity with known
compounds. These bacteria are integral members of the coral microbiome. Recent
studies indicate that Microbacterium strains produce a range of bioactive
compounds, including enzymes, antimicrobial agents, and antioxidants, which
aid in mitigating environmental stressors and maintaining coral homeostasis
[54].

Lastly, although relatively understudied in coral ecosystems, and with only 9
species described (https://lpsn.dsmz.de/genus/salinispora) the strictly marine
genus Salinispora is widely recognized for its prolific production of secondary
metabolites exhibiting potent antimicrobial, anticancer, and anti-inflammatory
properties, with potential applications in pharmaceuticals [55]. Notable examples
include salinosporamide A, a potent proteasome inhibitor currently in clinical
trials for cancer therapy. The unique chemical structures of Salinispora-derived
compounds make them attractive candidates for drug development and other
industrial applications [56,51]. In the coral environment, Salinispora strains
contribute to the protection of their host by producing natural products that
inhibit the growth of pathogenic microorganisms, thereby enhancing coral health
and resilience [56,57]. The ability of Salinispora to thrive in nutrient-limited
marine environments underscores their metabolic versatility and their
importance in sustaining coral ecosystems [58]. These bacteria hold promise for
coral restoration efforts, as their bioactive compounds can be leveraged to
mitigate disease outbreaks and promote coral resilience.

Despite their recognized significance, much remains to be uncovered about the
role of Salinispora in coral ecosystems. Future research should aim to explore their
functional diversity, isolate novel strains, and evaluate their contributions to both

coral health and biotechnological innovation.
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4. Materials and Methods

4.1 Sampling Site and Coral Collection
All sampling activities were conducted at the MaRHE Center (University of

Milano Bicocca), on Magoodhoo island, Faafu Atoll, Republic of Maldives. The
“wall street barrier” was chosen as sampling site within Faafu Atoll (3°6'52.08"N;
72°59'4.48"E, see Figure S6A). The sampling site is characterized by patch reefs
interspersed with small sand pockets, with high coral diversity. Coral colonies
were identified and sampled following the scheme illustrated in figure S6B. Two
sampling areas were identified at 5 and 17 m depth. In these areas small (<10 cm)
and large colonies (> 30 cm) of Porites lobata and Acropora gemmifera were collected
in biological triplicate. Water and sediments were collected closely to coral
colonies. Pieces of coral colonies were collected by scuba divers and stored in
sterile bags in seawater. Sediments were collected in triplicate using 50 ml tubes
from sand pockets closest to each sampling area. Seawater (3L per replicate) was
collected from the colonies surrounding using sterile bags. Samples were quickly
stored in a refrigerated box until reached the laboratory. Coral fragments were
washed with filtered seawater, reduced into smaller pieces with sterile hammer
and scalpel, placed into 50 mL tubes containing RNA later and stored at 4°C.
Seawater was removed from tubeswith sediments and then filled with RNA later
and stored at 4°C. Seawater samples were vacuum filtered using sterile
nitrocellulose filters (0.2 um porosity; 47mm diameter), stored in 2mL tubes filled

with RNA later and stored at 4°C.

4.2 DNA Extraction and Sequencing

Sediments and corals were extracted using DNeasy PowerSoil Pro Kit
(Qiagen, cat. n. 47014). Corals were fragmented using pestle and mortar prior to
DNA extraction. Seawater filters were extracted using Dneasy PowerWater Kit
(Qiagen, cat. n. 14900-100-NF). Seawater filters were reduced in smaller pieces

using sterile scalpels prior to DNA extraction. DNA concentrations were assessed
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with NanoDrop microvolume spectrophotometer (ThermoFisher Scientific) and
with Qubit™ dsDNA Quantification Assay Kit (High Sensitivity, cat. N. Q32851).
Size range and DNA integrity was evaluated on agarose gel electrophoresis
(0.8%). The Next Generation Sequencing was performed by the external service

Eurofins Genomics (https://eurofinsgenomics.eu/, Ebersberg, Germany).

4.3 Microbial Community Characterization

Raw sequences were analysed through the QIIME2 pipeline (version 2022.2;
https://qiime2.org/; [18]). The cutadapt plugin [19] was used to trim sequences to
the amplified region. Trimmed paired-end sequences were analysed through the
DADA2 procedure [20] thus removing chimeric sequences, correcting
sequencing errors, and generating Amplicon Sequence Variants (ASVs).
Taxonomy was assigned using the reference databases SILVA (version 138 nr
SSU) [21]. Taxonomic affiliation was performed through the VSEARCH plugin
[22] after trimming the reference dataset to the region amplified by the chosen
primers. For a proper comparison among samples for alpha- and beta-diversity
analyses, as well as for taxonomic investigation of the assemblage composition,
the ASV table was rarefied to a common sampling depth [23] of 23000 sequences.
After rarefaction, data analysis was performed with R (v4.2; R Core Team, 2022),

within the Rstudio program, using the Microeco package [24].

4.4 Bacterial Isolation and Preliminary Molecular Identification

Coral samples were resuspended in filtered sea water (FSW) for enrichment.
Corals and FSW were shaked in 50 mL tube for 30 min, allowing the release of
coral-associated bacteria in liquid solution. Then, 1 mL of enriched FSW was
collected from the eight coral samples and serially diluted until 107. Each dilution
was spread on two different solid growth media and incubated at 28°C up to 3
months, allowing the development of slow-growing strains. Growth media used

for the experiments were prepared using 1L of distilled water as follows:
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Marine Broth modified (MBmod - 19.4 g Na(Cl, 8.8 g MgCl, 20 g Bacteriological
Peptone, 3.24 g NaSO4, 1.8 g CaCl, 1 g Yeast Extract, 0.55 g KCl, 0.16 g NaHCOs,
0.10 g Fe(III) Citrate, 0.08 g KBr, 0.034 g SrCl,, 0.022 g HsBOs, 0.008 g Na:HPOs,
0.004 g Na-Silicate, 0.0024 g NaF, 0.0016 g NHsNOs, pH 7.6 at 25°C, in distilled
water); M1 medium (10 g Starch, 4 g Yeast extract, 2 g Peptone, in filtered sea
water).

Solid media were prepared adding 17 g of Agar. CaCOs (2 g) was used to
supplement all media. Moreover, 50 mg/L of Nystatin and 25 pg/mL Nalidixic
acid were added to M1 to inhibit the growth of fungi and reduce the presence of
fast-growing strains, respectively. After the incubation period, selected single
colonies were propagated in liquid and stored at -80°C in presence of 20%
glycerol.

The phylogenetic affiliation of bacterial isolates was performed through the 16S
rRNA genes amplification and analysis. The freeze and thaw method was used
to obtain bacterial genomic DNA. Colonies from each isolate were picked,
transferred in 0.5 mL tube, dissolved in 100 pL of sterile water, mixed and frozen
at -20°C for 1 h. Thereafter, the frozen tubes were incubated for 15 min at 99°C in
a thermocycler and centrifuged for 10min at 8900 rpm; then, 50 uL of
supernatant was transferred in a new 0.5 mL tube and used as template for the
amplification via PCR of 16S rDNA genes. PCR was carried out in a total volume
of 40 uL, containing 20 puL of Super White Master MIX 2X, 1.5 uL of each primer
(Eub27F - Forward, seq: 5-AGAGTTTGATCCTGGCTCAG-3’; Univl492R -
Reverse, seq: 5-GGTTACCTTGTTACGACTT-3") and 12 uL of sterile water and 5
uL of each sample. Reaction conditions used were: 1 initial cycle (93°C for 2 min),
30 amplification cycles (92°C for 30s, 55°C for 30s, and 72°C for 1 min), and a
final extension cycle of 5min at 72°C. PCR products were then purified,
sequenced and submitted to BLAST and EzBioCloud [25] for the phylogenetic

affiliation.
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4.5 Bacterial Cultivation and Extraction

Single colonies of selected bacteria were used to inoculate 3 mL of liquid MB
mod medium in sterile bacteriological tubes. After 48 h of incubation at 28 °C at
180 rpm, the preinoculum was used to inoculate 250 mL of MBmod medium in a
1 L flasks, at cell concentration of 0.05 ODsowo/mL. The flasks were incubated at
28 °C with 150 rpm constant shaking for 4 days and 9 days (for the slow-growing
strains). Then the cultures were centrifuged at 7500 rpm at 4 °C for 20 min, and
the obtained exhausted broth were extracted with two volumes of EtOAc, while
the intracellular material extracted by incubating the pellet with 3 volumes of
MeOH for 3 hours in agitation. Successively, both organic phases were collected
and evaporated with a rotary evaporator (Buchi R-100, Biichi Labortechnik AG,
Postfach, Switzerland) to obtain crude extracts. Finally, all the extracts were
weighted and dissolved in DMSO to achieve 50 mg/mL and stored at - 20°C to be

tested for bioactivities.

4.6 Functional Screening of All Extracts from the Isolated Strains

To assess the bioactivity of all the extracts obtained from the isolated strains,

antimicrobial, antioxidant and anti-UV assays were performed.
4.6.1 Antimicrobial Assay

The antimicrobial activities were assessed on a panel of both human and
fish/coral pathogens including Staphylococcus aureus ATCC 6538p™, methicillin-
resistant S. aureus (MRSA), quinolone-resistant S. aureus (QRSA), vancomycin-
resistant S. aureus (VRSA), Vibrio anguillarum ATCC 19264™, Photobacterium
damselae subsp. Piscicida ATCC 51736™, Escherichia coli ATCC 10536™,
macrolide-resistant S. aureus (MRSA), Listeria monocytogenes MB 677, Pseudomonas
aeruginosa PAO1 and Candida albicans ATCC 76485™. Each strain was plated on
MB or LB agar plates and incubated overnight, at 28°C or 37 °C, depending on

cultivation requirements. Then, 2-3 fresh colonies were transferred in 3 mL of
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medium (MB, LB, TSB or YPD) and incubated in agitation overnight, at 28 °C or
37 °C. Finally, a bacterial concentration of about 5x10° CFU/mL was used for the
liquid inhibition assay [26]. To evaluate the antimicrobial potential of the coral
extracts, samples were placed into each well of a 96-well microtiter plate at an
initial concentration of 0.5 mg/mL and serially diluted using the respective
medium. Wells containing no compound represented the negative control.
DMSO was used as positive control to determine the effect of solvent on cell
growth. Briefly, 8 uL of each sample was dispensed into 200 pL of appropriate
medium in a microtiter plate, and twofold serially diluted. Then 100 pL of
bacterial suspension were inoculated into the broth (~5x10* CFU/well) and
incubated statically for 18h-24h, at 28°C or 37 °C and growth was measured with
a Cytation3 Plate Reader (Biotek, Winoosky, VT, USA) by monitoring the

absorbance at 600 nm.

4.6.2. Antioxidant Assay

DPPH Assay

The capacity to scavenge the stable radical DPPH (Diphenyl-1-picrydrazyl) of all
the extracts produced was assessed [27]. The extracts were dissolved in MeOH at
an initial concentration of 50 mg/mL, and 4 uL of each extract were put in the first
well, while the other wells were filled with 100 pL of the same solvent. Then, a 2-
fold serial dilution starting from the first well was performed for all the extracts.
Finally, the final volume of 200 uL was reached by adding 100 puL of a 0.2 mM
methanolic solution of DPPH to all the wells. Ascorbic acid (AA) and MeOH were

used respectively as positive and negative controls.

ABTS Assay

The scavenging activity of the ABTS radical was determined according the
method provided by Ahn [28]. Briefly, an ABTS stock solution (7 mM ABTS, in
water) was mixed with 2.45 mM K25:0s (final concentration) and incubate in a

dark room for 16-18 h at room temperature, allowing ABTS radical cation
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generation. Then, the ABTS was mixed with ddH2O to create the working
solution with an absorbance about 0.7 + 0.05 at 734 nm. 4 pL (25 mg/ml) of each
sample were added in 196 pL of ABTS working solution, mixed and hold in the
dark at 25-27 oC for 7 min; the absorbance was read at 734 nm. 96-well
microplates were used for test.

The scavenging activity was expressed using Equation:

Scavenging activity (%) = [(Ab control — Ab sample)/Ab control] x 100

where Ab control is the absorbance of the ABTS solution; Ab sample is the

absorbance of the sample mixed with ABTS. Trolox was used as positive control.

4.6.3. UV Screen in Vitro Assay

The immortalized human epidermal keratinocyte cell line (HaCaT, cat. n°
SCCE020, Sigma-Aldrich) were cultured at 37 °C in a humidified atmosphere of
95% air, and 5% CO: in DMEM high glucose medium (ATCC, 30-2002 ™)
supplemented with 10% Fetal Bovine Serum (FBS, ATCC, 30-2020 ™) and 1%
penicillin/streptomycin (ATCC, 30-2300 ™). Cells were seeded at a density of
2x10™ cells/well in 96-well plates and grown in completed DMEM medium for
24h. For each 96 wells plate, a maximum of 60 inner wells were seeded, to ensure
each well to be fully irradiated [29]. Prior to UVC irradiation, cells were pre-
treated with or without intracellular bacterial extracts (100 and 200 pg/mL), in
PBS (Corning, cat. n°® 21-040-CM) for 1h. Uvinul® MC 80 and Vanillin (100 uM)
were used as positive control, due to their UV shielding proprieties. After the pre-
treatment, the HaCaT cells were exposed to UVC radiation for 30 seconds. The
UVC exposure was performed locating the 96-well plates, without the lid, inside
the laminar flow hood, directly underneath and 55 cm of distance from the UVC
lamp (germicidal lamp TUV T8 GL15, PHILIPS) [29]. After UVC exposure, the
intracellular bacterial extracts in PBS were removed and replaced with fresh
DMEM supplemented with the same extracts. After 24h from the UVC exposure,

the cell viability (MTT assay, cat. n° 475989, Sigma-Aldrich) was assessed to
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define the shielding and/or repairing effects of intracellular extracts on the UVC-
irradiated HaCaT cells. More in detail, 10uL of MTT (5 mg/ml) was added to each
well. After 3h of incubation at 37 °C, the well’s content was removed, and the
isopropanol was added to dissolve formazan crystals. Absorbance was measured
by a microplate reader (Biotek Synergy HT Multi-Mode Microplate Reader) at
570 nm. Cell viability was expressed as a percentage of cell viability calculated as
the ratio between the mean absorbance of each sample and the mean absorbance

of the control.

4.7. Whole Genome Sequencing and Annotation

Genomic DNA (1 pg) from the strains Pseudoalteromonas sp. 39, Streptomyces
sp. 79, and Microbacterium sp. 92 was sequenced using the Illumina NovaSeq 6000
platform by Eurofins Genomics (Ebersberg, Germany), to obtain the whole
genome sequence. Sequenced paired-end reads were processed with
Trimmomatic tool [30] for adapter removal and quality trimming, followed by
validation with FastQC [31]. The de novo genome assemblies and scaffolding
were conducted with MEGAhit algorithm [32] and SPAdes [33], guided by
closely related reference genomes (P. flavipulchra (GenBank: GCA_000259115.1),
S. parvus (GenBank: GCA_008632535.1), Microbacterium plantarum (GenBank:
GCA_028737425.1), to direct the arrangement and alignment of contigs. The
whole genome sequencing of Salinispora sp. 93 is still ongoing. The tool ANI
Calculator by EzBioCloud was used for the assembled genome identification [34]

while the Type (strain) Genome Server (https://tygs.dsmz.de) was employed for

the digital DNA:DNA hybridization (dDDH) . The obtained genome was
automatically annotated using both RASTtk (v1.073) [35] through the KBase
platform [32]. Subsequently the genome mining tool anti-SMASH 7.0 web server

(http://antismash.secondarymetabolites.org) was applied to identify and

annotate the biosynthetic gene clusters (BGCs) of the whole genome.
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5. Conclusion

This study shows the taxonomic, genomic, and functional diversity of coral-
associated microorganisms and their critical roles in coral health and resilience.
In the context of assisted evolution, leveraging beneficial CAMs for coral
restoration involves enhancing these bacterial functions through targeted
microbiome manipulation. By promoting microbial communities that confer
stress tolerance, it is possible to improve coral's overall resilience to climate
change. Genetic selection and microbial inoculation may offer promising
strategies to accelerate coral adaptation, ensuring their survival and continued
ecological function in increasingly hostile ocean environments. The identification
of novel species such as Pseudoalteromonas sp. 39 and Microbacterium sp. 92, and
other relevant strains such as Streptomyces sp. 79 and Salinispora sp. 93, alongside
the characterization of their biotechnological potential, provide a strong
foundation to continue working on these strains to uncover their full potential.
By addressing oxidative stress, nutrient imbalances, and pathogen defence, these
bacteria represent promising tools for microbiome-based coral restoration
strategies. Further exploration of coral microbiomes across diverse
environmental conditions and experimental validation of these bacterial
functions will enhance our understanding of host-microbe interactions under
climate change scenarios. Future challenges include the identification and the
application of the right stimuli to CAMs to support coral restoration along with
the valorisation of microbial-derived natural products for pharmaceutical

applications.
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Strain___contig id _ feature id _start stop _strand function

39 Scaffold_10 fig6666666.1c 296315 296758 + Hy { protein YqcA with tR NA pseudouridine synthase C)

39 Scaffold_10 fig/p666666.1¢ 334440 336017 + Glutamate--cysteine ligase (EC 6.3.2.2)

39 Scaffold_14  fig/s666666.15 495623 493881 - G y (EC23.22)@ I y (EC 3.4.19.13)

39 Scaffold_4  fig[p666666.1¢ 22891 21131 - G y (EC 23.22)@ I y (EC 3.4.19.13)

39 Scaffold_8 fig p666666.15 286662 287621 + Glutathione synthetase (EC 6.3.2.3)

39 Scaffold_8  fig/p666666.1 608774 607080 - G gl y { (EC2322)@ G I y (EC 3.4.19.13)
Glutathione:_biosynthesis 79 Scaffold_11 fig[1883.4678. 52288 50792 - hypothetical protein

79 Scaffold_14 fig[1883.4678. 1566 817 - Regulatory protein RecX

79 Scaffold_7  fig[1883.4678. 163792 162476 - Glutamate--cysteine ligase (EC 6.3.2.2)

79  Scaffold 8  figl883.4678. 521170 519353 - Gamma-glutamyltr idase (EC 2.3.2.2) @ Glutathione hy (EC 3.4.19.13)

92 Scaffold_1  fig[33882.357. 730143 731132 + Integral membrane protein

92 Scaffold_1  figl33882.357. 1237732 1239519 + G y (EC23.22)@ I y (EC 3.4.19.13)

92 Scaffold 2 fig[33882.357. 757206 758054 + Oxidoreductase

+

39 Scaffold_10 fig 6666666.1 334440 336017 Glutamate--cysteine ligase (EC 6.3.2.2)

79 Scaffold 7 fig[1883.4678. 163792 162476 - Glutamate--cysteine ligase (EC 6.3.2.2)

39 Scaffold_10 fig6666666.1c 296315 296758 Hy { protein YqcA with tR NA pseudouridine synthase C)
39 Scaffold_10 666.1395253.) 336134 336742 + putative lipoprotein

glutamate--cysteine (gshA)

+

39 Scaffold_14  fig/s666666.15 495623 493881 - G y (EC23.22)@ I y (EC 3.4.19.13)
39 Scaffold_4  fig[p666666.1¢ 22891 21131 - G y (EC 23.22) @ I y (EC 3.4.19.13)
39 Scaffold_8 fig p666666.15 286662 287621 + Glutathione synthetase (EC 6.3.2.3)
39 Scaffold_8  fig/p666666.1 608774 607080 - G y { (EC2322)@ G I y (EC 3.4.19.13)
gamma-glutamyl_cycle 79 Scaffold_11 fig[1883.4678. 52288 50792 - hypothetical protein

79 Scaffold_14 fig[1883.4678. 1566 817 - Regulatory protein RecX
79 Scaffold_7  fig[1883.4678. 163792 162476 - Glutamate--cysteine ligase (EC 6.3.2.2)
79  Scaffold 8  figl883.4678. 521170 519353 - Gamma-glutamyltr idase (EC 2.3.2.2) @ Glutathione hy (EC 3.4.19.13)
92 Scaffold_1  fig[33882.357. 730143 731132 + Integral membrane protein
92 Scaffold_1  figl33882.357. 1237732 1239519 + G y (EC23.22)@ I y (EC 3.4.19.13)
92 Scaffold 2 fig[33882.357. 757206 758054 + Oxidoreductase
39 Scaffold_10 fig 6666666.1: 189321 188473 - Fatty acid hy y family (carotene hy terol

Carotene 79 Scaffold_11 fig[1883.4678. 262245 263762 + Beta-carotene ketolase
79 Scaffold_17 fig[1883.4678. 1367166 1368101 + Fatty acid hy y family (carotene hy terol
79 Scaffold 8  fig[1883.4678. 58259 57318 - Fatty acid hydroxylase family (carotene hydroxylase/sterol desaturase)

b-carotene 79 Scaffold_11 fig[1883.4678. 262245 263762 Beta-carotene ketolase

+
92 Scaffold_2  fig[33882.357. 550100 551683 + PTS system, mannitol-specific IIC component/PTS system, mannitol-specific IIB component (EC 2.7.1.197)
92 Scaffold_2  figl33882.357. 551770 552207 + PTS system, mannitol-specific A component (EC 2.7.1.197)
+
¥

92 Scaffold 2 fig[33882.357. 552204 553370 Mannitol-1-phosphate 5-dehydrogenase (EC 1.1.1.17
AhpC/TSA family protein

Peroxynitrite Reduction (ahpC) 39 Scaffold_7  fig|p666666.1¢ 107589 108047

40 Scaffold 7 fig $62.1993.p 696772 696299 - Antioxidant, AhpC/T sa famil
39 Scaffold_11 fig/p666666.15 170944 170798 - Anaerobic nitric oxide reductase transcription regulator NorR
Nitric oxide reductase 39 Scaffold_12  figl666666.15 83656 82094 - Anaerobic nitric oxide reductase transcription regulator NorR
79 Scaffold_12 fig[1883.4678. 29818 30666 + Anaerobic nitric oxide reductase transcription regulator NorR
92 Scaffold_1 fig 33882.357. 1047151 1046801 - Anaerobic nitric oxide reductase transcription regulator NorR
39 Scaffold_8  fig6666666.15 108169 108447 + Proposed lipoate regulatory protein YbeD
Lipoic_acid_metabolism 79 Scaffold_8 fig [1883.4678. 492352 493416 + Lipoate-protein ligase A
92 Scaffold 2 fig[33882.357. 727368 726319 - Lipoate-protein ligase A
39 Scaffold_12  fig|p666666.1¢ 164185 166374 + Catalase-peroxi KatG (EC 1.11.1.21)
N 39 Scaffold_5 fig 666666.12 102621 104843 + Catalase-peroxidase KatG (EC 1.11.1.21)
catalase-peroxidase (KatG) )
79 Scaffold_5 fig 11883.4678. 59143 56888 - Catalase-peroxidase KatG (EC 1.11.1.21)
92 Scaffold 2 fig[33882.357. 489199 486857 - Catalase-peroxidase KatG (EC 1.11.1.21)
39 Scaffold_10 fig/s666666.15 157531 158538 + Catalase KatE (EC 1.11.1.6)
39 Scaffold_9  fig|p666666.1¢ 65808 67250 + Catalase KatE (EC 1.11.1.6)
c 79 Scaffold_13  fig[1883.4678. 39539 40996 + Catalase KatE (EC 1.11.1.6)
atalase (KatE) )
79 Scaffold_14  fig[1883.4678. 249089 247566 - Catalase KatE (EC 1.11.1.6)
79 Scaffold_14  fig[1883.4678. 729420 727969 - Catalase KatE (EC 1.11.1.6)
92 Scaffold 2 fig[33882.357. 243700 245355 + Catalase KatE (EC 1.11.1.6)
39 Scaffold_12  figp666666.15 101291 100680 - Superoxide dismutase [Mn] (EC 1.15.1.1)
39 Scaffold_14 fig 6666666.1 141962 142543 + Superoxide dismutase [Fe] (EC 1.15.1.1)
Superoxide Dismutase (SOD) 79 Scaffold_14 fig[1883.4678. 644563 644958 + Nickel-dependent superoxide dismutase (EC 1.15.1.1)
79 Scaffold_17 fig[1883.4678. 432530 431889 - Superoxide dismutase [Fe-Zn] (EC 1.15.1.1)
92 Scaffold 1 fig[33882.357. 683570 684190 + Superoxide dismutase [Mn/Fe] (EC 1.15.1.1)
Denitrification 39 Scaffold 12 fig|p666666.15 84042 85259 + Nnr$ protein involved in response to NO
39 Scaffold_12 fig|p666666.1¢ 83656 82094 - Anaerobic nitric oxide reductase transcription regulator NorR
Nitrosative_stress 39 Scaffold_12 fig6666666.1 84042 85259 + NnrS protein involved in response to NO

79  Scaffold 14 figl1883.4678. 669721 670167 + Nitrite-sensitive transcriptional repressor NsrR
Table S1. Description of the function of oxidative and nitrogen stress-related genes (ROS and

RNS) present in the sp. 39, sp. 79 and sp. 92 genomes by RAST annotation.
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Pseudoalteromonas sp. 39 genome annotation

Subsystem Coverage Subsystem Feature Counts
m Miscellaneous (7)
@m Nitrogen Metabolism (9)
@M Fatty Acids, Lipids, and Isoprencids (61)
@m Virulence, Disease and Defense (40)
© M Phosphorus Metabolism (38)
@u Stress Response (92)
@m Dormancy and Sporulation (c)
@m Cofactors, iP5, Pigr (137)
@M Amino Acids and Derivatives (312)
@ Respiration (66)
@m Potassium metabolism (7)
@m RNA Metabolism (67)
@m Cell Division and Cell Cycle (0)
© 1 Motility and Chemotaxis (72)
@m Cell Wall and Capsule (37)
@  Phages, Proph (13)
@u Secondary Metabolism (9)
@M lron acquisition and metabolism (27)
bolism of Ye € ds (8)

@m ONA Metadolism (74)

@m Carbohydrates (132)

@m Photosynthesis (0)

@ Regulation and Cell signaling (19)
@ Nudleosides and Nudeotides (64)
@  Protéin Metabolism (209)
(o]
@

a)

1 Membrane Transport (119)
m Sulfur Metabolism (S)

Streptomyces parvus 79 genome annotation

Subsystem Coverage Subsystem Category Distribution Subsystem Feature Counts

E @m Respiration (96)

@m Phosphorus Metabolism (23)

@M Dormancy and Sporulation (1)

©m Stress Response (47)

@m Cofactors, Groups, Pig (161)

@1 Amino Acids and Derivatives (371)

@m Virvlence, Disease and Defense (50)

@m Miscellaneous (28)

@m Nitrogen Metadolism (17)

@ Fatty Adids, Uipids, and Isoprencids (150)

@M Protein Metabolism (213)

@@ Membrane Transport (42)

@m Sulfur Metadbolism (9)

@ Photosynthesis (0)

@M Regulation and Cell signaling (22)

@ Nudeosides and Nudeotides (104)

@m Cardohydeates (277)

©m DNA Metablism (107)

@m lron xquimlon and meubol«sm (61)
21)

on S«eodw Meubelcsm (21)
@M Cell Wall and Capsule (40)

® es,
@  Cell Division and Cell Cycle (0)
@  Motility and Chemotaxis (0)
@
a

()

b)

Potassium metabolism (9)
RNA Metabolism (53)

Subsystem Feature Counts
@M DNA Metabolism (48)
@m Carbohydrates (157)
@M lron acquisition and metabolism (8)
on bolism of [« (11)
@MW Membrane Transport (24)
®m Sulfur Metabolism (4)
@m Protein Metabolism (151)
®m Nudeosides and Nudeotides (83)
@m Photosynthesis (0)
® Regulation and Cell signaling (6)
@m Motility and Chemotaxis (0)
®m Cell Division and Cell Cycle (0)
®m RNA Metabolism (27)
@ Potassium metabolism (6)
@m Secondary Metabolism (4)
@  Cell Wall and Capsule (22)

@ Phages, ble el Plasmids (0
@M Amino Adds and D«ivaum (206)
@m Cofactors, Groups, Pig (118)

@m Phosphorus Metabolism (21)

@M Dormancy and Sporulation (1)

@m Stress Response (13)

® Respiration (33)

@  Fatty Acids, Upids, and Isoprencids (32)
®  Miscellaneous (19)

@ Nitrogen Metabolism (6)

@m Virulence, Disease and Defense (28)

Figure S4. Overview of functional categories assigned to predicted genes from sp. 39, sp. 79, sp.
92 genomes, annotated using RAST. The number of genes assigned to each category is indicated.
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Pseudoalteromonas sp. 39 - - - - - -
Streptomyces parvus 79 . [: - - - - - - -
Microbacterium sp. 92 - - - -

Il Arylpolyene [ Lassopeptide O T1PKS
[l Betalactone [ Ni-siderophore E T2PKS
CJ LAP [ NRP-Metallophore Il T3PKS
[0 Lantipeptide Class I [ NRPS [ Thiopeptide
[ Lantipeptide Class II ] NRPS-like [ Terpene

[ Lantipeptide Class Il [J Ranthipeptide
[ Lantipeptide Class IV [ RiPP-like

Figure S5. Graphical visualisation of the BCGs present in the strains sp.39, sp.79, sp.92 obtained
from antiSMASH analysis.

large small
colonies colonies

Porites E
lobata !

b) . shallow area

...........................................

|
|
Acropora E
gemmifera !
|
:

Figure S6. A) Southeast side of Faafu Atoll; Red marker indicates MaRHE center, while yellow
marker is on wall street barrier (the sampling site). B) sampling design. Two sampling areas were
identified at 5 and 17 m depth. In these areas small (< 10 cm) and large colonies (> 30 cm) of Porites
lobata and Acropora gemmifera were collected in biological triplicate.
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