1506

UNIVERSITA
DEGLI STUDI
DI URBINO
CARLO BO

Department of Biomolecular Sciences (DISB)

Ph.D. PROGRAMME IN: BIOMOLECULAR AND HEALTH SCIENCES

CYCLE XXXVII

Innovative and eco-friendly approaches to mitigate

Microbiologically Influenced Corrosion

ACADEMIC DISCIPLINE: BIOS-15/A

Coordinator: Prof. Ferdinando Mannello

Supervisor: Prof. Emanuela Frangipani

PhD Student: Arianna Scardino

ACADEMIC YEAR
2023/2024






To my superhero Camillo, thank you for fighting the hardest battle for us.

To our baby son Mattia, the greatest gift we could ever receive.






ABSTRACT

Microbiologically influenced corrosion (MIC) is a type of corrosion caused or accelerated by
the presence of microorganisms, such as bacteria, fungi, and algae. The metabolic activity of
corrosive microorganisms influences the electrochemical processes that degrade materials,
especially metals, leading to pitting or crevice formation that significantly increase their
deterioration rate. MIC affects various industries worldwide, including oil and gas,
petrochemical, water treatment, marine, aviation, and defense, as well as any system where
metals are exposed to water, soil, or humid environments. Moreover, MIC causes significant
expenses in terms of operational and maintenance costs and account for up to 20 % of the total
global corrosion damage (ca. US$ 2.5 trillion/year) in the gas and oil sectors, excluding the
associated safety and environmental impacts. Counteracting MIC requires a combination of
preventative and corrective measures, often tailored to the specific industry and environment
affected. Sulfate-reducing bacteria (SRB) are the major contributors to MIC due to their
production of hydrogen sulfide, which accelerates corrosion. Effective strategies for
eliminating or controlling SRB involve both physical and chemical methods. While chemical
methods are the most effective, they often come with challenges such as toxicity and high
disposal costs, which underscore the need for developing new and more sustainable strategies.
In this PhD thesis two innovative and eco-friendly approaches have been explored with the aim
of contributing to the development of novel strategies to manage and control MIC. We have
initially investigated the potential use of cinnamaldehyde against the SRB model species
Desulfovibrio vulgaris. The rationale of choosing cinnamaldehyde lies in its well-documented
antimicrobial activity, as well as its efficacy to act as a green corrosion inhibitor for steels in
acidic environments. We found that low concentration of cinnamaldehyde, compared to the one
reported effective against representative pathogenic bacterial species (i.e., 12.5 pg/ml),
inhibited the growth and killed planktonic D. vulgaris cells and, more importantly, almost
eradicate pre-formed biofilms at 50 pg/ml, by reducing biomass (> 90 %), surface area (> 85
%) and thickness (> 60 %), with comparable efficacy to the conventional biocide,
glutaraldehyde. These findings are particularly relevant for strategies aimed at mitigating
microbial corrosion, since sessile cells within biofilms are notoriously more difficult to
eradicate than planktonic ones. Interestingly, we were able to show that cinnamaldehyde

effectively disrupts pre-formed D. vulgaris biofilms also on representative metal coupons.



Altogether our results pave the way for the future development of green sustainable strategies
involving the use of cinnamaldehyde to mitigate MIC.

Another strategy that we have pursued in this PhD thesis regards the potential role of endolysins
to control the growth of SRB. Endolysins are hydrolytic enzymes encoded by bacteriophages
during their lytic cycle, targeting the peptidoglycan layer of both Gram-positive and Gram-
negative bacteria, thus promoting osmotic lysis. Interestingly, their fast lytic activity can also
be accomplished when exogenously applied as recombinant proteins. These enzymes have
garnered significant attention for their efficacy against clinically-relevant pathogens and are
currently employed in clinical settings. However, the application of endolysins in
environmental contexts, particularly those impacted by MIC remains largely unexplored. We
have selected and tested D. vulgaris-specific endolysins targeting different peptidoglycan
structures, demonstrating their effectiveness against D. vulgaris planktonic cells. Although
preliminary, these promising results highlight the potential of endolysins in the sustainable
management of MIC, bypassing the use of conventional toxic biocides, and opening future
perspectives on the use of endolysins beyond their traditional clinical applications.

Finally, a case study highlighting the critical role of microbiological investigations as a
proactive strategy to prevent MIC has been performed, to advocate for the incorporation of
microbial community characterization into MIC management practices. Such proactive
approaches will offer significant potential to improve early detection and mitigation strategies,

protecting marine infrastructures from corrosion-related failures.
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1.1. Introduction to Microbiologically Influenced Corrosion

Microbiologically influenced corrosion (MIC) has emerged as a significant issue affecting a
wide range of industrial processes, materials and sectors. Unlike abiotic corrosion, which is
described as the gradual degradation of a metal resulting from electrochemical reactions in the
absence of biological activity (Kelly et al, 2002), MIC involves the active participation of
microorganisms and both types of corrosion often occur simultaneously. MIC is an
electrochemical process that can initiate, or accelerate metal corrosion reactions (Videla, 1996),
enhancing their kinetic rates by 10 - 1,000 times (Lane, 2005). It is crucial to distinguish MIC
from biofouling. Biofouling refers to the accumulation and growth of a wide variety of micro-
and macro- organisms on a surface, including plants and/or animals (e.g., algae, mussels,
barnacles) (AMPP, 2023; Kniz et al., 2023), while MIC has been defined by the National
Association of Corrosion Engineers (NACE) and the American Society for Testing and
Materials (ASTM) as “corrosion affected by the presence or activity, or both, of
microorganisms" (NACE-ASTM G193 2022), impacting different areas, such as petrochemical
installations (Kiani Khouzani et al., 2019), gas and oil industries (Skovhus et al., 2017), water

treatment facilities (Coetser, 2005), as well as the aviation and defense sectors (Lee et al., 2007)

(Fig. 1).

Microbial corrosion
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Fig. 1. Microbial corrosion affecting materials susceptible to MIC, such as various industries, as well as marine
environments, medical and space sectors (Xu et al., 2023).

MIC causes significant expenses in terms of operational and maintenance costs and may
account for up to 20 % of the total global corrosion damage (ca. US$ 2.5 trillion/year) in the
oil and gas sectors, excluding the associated safety and environmental impacts (NACE, 2016).
Two significant episodes in the history of MIC-related failures are considered as milestones for
assessing the associated financial costs and environmental damages. The first and most well-

known incident involves the Alaska pipeline leak, which caused a significant surge in global
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crude oil prices. The analysis of the damage was attributed to MIC driven by sulfate reducing
bacteria (SRB) (Jacobson, 2007). The leak released approximatively 750,000 liters of oil. The
27 km of the pipeline had to be rebuilt, temporarily halting production operations. The total
cost, including fines imposed by the State of Alaska, exceeded US$ 700 millions (Jacobson,
2007).

The second and most recent episode regards the Aliso Canyon gas leak, one of the largest
methane releases in USA history. The leak, which started in October 2015, released over
109,000 tons of methane leading to widespread evacuations and health complaints from the
local residents. Subsequent investigations concluded that MIC caused by methanogens was the
leading cause of the incident (Conley et al., 2016).

Understanding MIC requires the identification of interconnected mechanisms through which
microbiological activity influences and/or accelerates corrosion processes. Corrosion is
fundamentally linked to electrochemical processes involving oxidation (anode) and reduction
(cathode) reactions. The area of the metal surface that corrodes and goes into solution is the
anode, while the area that does not dissolve is the cathode. Oxidation or anodic reaction (Table
1, reaction 1) and reduction or cathodic reaction (Table 1, reaction 2) are defined as when metals

gain or lose electrons, respectively.

Table 1. Electrochemical corrosion process involves both anodic and cathodic reactions.

(1) Anodic reaction | Fe = Fe*' + 2¢
(2) Cathodic reaction | 2H" + 2e- > H»

Oxidation and reduction reactions occur in the presence of a solution, typically water. The
availability and interaction of these components form the "electrochemical triangle," which
allows the corrosion process to happen (Javaherdashti, 2017). Abiotic corrosion reactions and
microbiological processes influencing corrosion share similarities but exhibit also differences.
Both involve redox reactions driving metal degradation, but differently from abiotic corrosion,
microorganisms not only facilitate these redox reactions but also integrate them into their
metabolic processes by coupling energy-producing reactions to their energy dissipation
(Hamilton, 2003). For MIC to occur, the presence of “three M’s” is required: Microorganisms,
Media (chemical composition and physical parameters creating a conducive environment) and
Metals (Little et al., 2020). The interaction of these components affects various mechanisms

that influence the rate of metal corrosion, either directly or indirectly. Moreover, MIC can
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manifest itself in several forms [i.e., i) Surface deposition due to microorganisms; ii) Electrical

MIC (E-MIC); iii) Metabolite MIC (M-MIC), Fig. 2].
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Fig. 2. Schematic representation of corrosion mechanisms influenced by microorganisms. a) MIC mechanism due
to microbial deposits, oxygen gradient corrosion; b) direct and ¢) indirect electrical MIC (E-MIC). d) metabolite
MIC (M-MIC). Me: metal; EA: electron acceptor; ED: electron donor; ox: oxidized; red: reduced; sETM: soluble
electron transfer mediator (Knisz et al., 2023).

1.1.1. Surface deposition

MIC due to surface deposition is a type of localized corrosion where microorganisms can form
deposits on material surfaces by attaching to them and developing biofilms (Fig. 2a). These
multispecies communities are encased in a self-produces matrix of extracellular polymeric
substances (EPS) (Flemming et al., 2016). MIC mechanisms can be classified based on oxygen
availability, distinguishing between those occurring in oxygen-rich (aerobic) environments and
those in oxygen-deprived (anaerobic) conditions. When oxygen is present, biofilm growing

cells create an oxygen concentration gradient between the anodic and cathodic areas of the

13



surface, where oxygen acts as the electron acceptor. Anoxic regions develop when aerobic
microorganisms consume oxygen faster than its diffusion back into the area. This imbalance
results in localized zones of oxygen depletion, paving the way for anaerobic conditions
(Hamilton, 2003). Biofilms typically exhibit a layered structure, with aerobic activity located
at the surface where oxygen is rapidly depleted, while deeper layers directly in contact with the
surface become anoxic, supporting and favoring the occurrence of anaerobic processes

(Procopio, 2019).

1.1.2. Electrical MIC (E-MIC)

EPS secreted by the cells within biofilms exhibits redox and electrochemical properties that
contribute to microbial respiration and corrosion processes. The reduction of electron acceptors
occurs inside the bacterial cell, while the oxidation of electron donors happens externally. This
process, known as extracellular electron transfer (EET), is a critical part of the microbial
mechanism responsible for metal corrosion, and it is called Electrical MIC (E-MIC) (Enning
and Garrelfs, 2014).

When the electron donor is an organic carbon source that can enter the cell, no electron transport
mechanism is needed, as the electrons are already present in the bacterial cytoplasm. However,
when insoluble metals are used as electron donors, they cannot directly pass through the cell
membrane. Therefore, extracellular electron transport is required to facilitate their use. There
are two mechanisms for this electron transfer: direct and indirect. During direct E-MIC (Fig.
2b) (Lovley, 2011), cells come into direct contact with the metal surface and accept electrons
via cell surface enzymes, redox proteins, or membrane-bound structures, such as c-type
cytochromes (Paquete et al., 2022). Additionally, some bacteria may use electrically conductive
pili which allow for electron transfer between the metal and the cell (Lovley, 2017). Conversely,
during indirect E-MIC (Fig. 2c), cells release soluble electron transfer mediators that facilitate
electron exchange with the metal surface (Huang et al., 2018). These mediators are oxidized at

the anode and then return to the cell to take part in respiratory processes (Kato, 2016).

1.1.3. Metabolite MIC (M-MIC)

During Metabolite MIC (M-MIC) (Fig. 2d), microorganisms contribute to metal deterioration

processes by secreting corrosive metabolites, such as protons, organic or inorganic acids, such
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as hydrogen sulfide (H2S). When the pH is low enough, protons are directly reduced on the

metal surface, and unlike E-MIC, no biocatalysts are needed for the process (Jia et al., 2018).

1.2. Microorganisms responsible of MIC

Among the various microorganisms involved in corrosion processes, such as fungi, algae, and
archaea, bacteria have been the most extensively studied contributors (Lane, 2005). Indeed, the
majority of MIC research has focused on bacterial species, as they play a significant role in
accelerating corrosion through their metabolic activities and biofilm formation. Bacteria can
interact with metals like iron, copper and certain alloys directly or indirectly, influencing
electrochemical processes. These interactions can either accelerate or inhibit corrosion. A wide
variety of corrosive microorganisms have been identified (Lane, 2005, Liu et al., 2023), as
summarized in Fig. 3. These include acid-producing bacteria (APB), metal-oxidizing bacteria
(MOB), metal-reducing bacteria (MRB), sulfate-oxidizing bacteria (SOB), nitrate-reducing
bacteria (NRB), archaea, fungi, and, most notably, sulfate-reducing bacteria (SRB).
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Fig. 3. Main corrosive microorganisms associated with MIC. APB: acid-producing bacteria; SRB: sulfate reducing
bacteria; MOB: metal-oxidizing bacteria; MRB: metal-reducing bacteria; SOB: sulfate-oxidizing bacteria; NRB:
nitrate-reducing bacteria (Liu et al., 2023).
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APB produce organic or inorganic acidic metabolites that lower the pH, leading to the corrosion
of metallic materials (Khan et al., 2022). The inorganic acids produced by APB include nitric
acid (HNO:3), sulfurous acid (H2SOs3), sulfuric acid (H2SO4), nitrous acid (HNO,), and carbonic
acid (H2CO3). Moreover, APB can also create favorable conditions for SRB activity by
producing fatty acids that can be utilized by SRB (Telegdi et al., 2018).

MOB utilize metals such as iron and manganese as electron donors for energy metabolism,
resulting in their corrosion. By oxidizing ferrous or manganese ions (i.e., Mn*"), they produce
acidic metabolites that accelerate metal corrosion reactions. These bacteria are commonly
found in corrosion pits on steel surfaces (Lane, 2005).

MRB, which can be either strictly or facultatively anaerobic, reduce insoluble metal oxides [i.e.,
Fe(III) oxides] to Fe*", resulting in the increase of the ionic diffusion coefficient in the corrosion
products and the acceleration of corrosion kinetics (Liu et al., 2023).

NRB, found in nitrate- and organic matter-rich environments, reduce nitrate and accelerate steel
corrosion (Fu et al., 2021). In the gas and oil industry, nitrate addition is a strategy often used
to promote NRB growth, which compete with SRB growth, by inhibiting sulfate reduction (Fida
et al., 2016).

SOB oxidize sulfur (S°) and sulfides (S*°), producing the corrosive sulfuric acid (H>SO4) which
increases acidity, hydrogen penetration and corrosion rates (Little et al., 2000). Additionally,
SOB produce sulfate (SO4>) that supports SRB growth (Norlund et al., 2006).

SRB are among the most studied bacteria associated with MIC, impacting different industrial
settings and alloys. SBR comprise a group of anaerobic bacteria that obtain energy by reducing
sulfate ions, producing hydrogen sulfide (H2S), a highly toxic and corrosive compound. H>S
can then react with metal ions, such as iron, leading to the formation of metal sulfides, such as
ferrous sulfide (FeS). These last are poorly soluble in aqueous environment and often appear as
a dark, sludge-like residue (Telegdi et al., 2018).

MIC processes are primarily influenced by sessile cells, rather than planktonic ones in the
surrounding environment. As briefly mentioned above, microorganisms often coexist within
naturally occurring biofilms, which are dense aggregations of cells embedded in a self-produced
EPS matrix. The EPS provides a protective environment for microbes within the biofilm,
allowing them to grow, propagate, release metabolites, and communicate with other
microorganisms using quorum-sensing molecules (Waters and Bassler, 2005). Within biofilms,

microorganisms form synergistic communities (consortia) that collaboratively influence
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electrochemical processes. The cooperative metabolism within consortia differs significantly
from the activities of individual species, driving biochemical reactions that accelerate metal
surface corrosion (Lee and Newman, 2003; Phan et al., 2021).

In multispecies biofilms, groups of physiologically diverse bacteria often form stratified

structures, organized according to their redox processes (Fig. 4).

‘H [H]: Reducing equivalents @,‘1 SPB: Sulfide Producing Bacteria {,ﬁl IOB: Iron Oxidizing Bacteria
%;'9 MA: Methanogenic Archaea (1) SOB: Sulfide Oxidizing Bacteria 42 APB: Acid Producing Bacteria
@ SRB: Sulfate Reducing Bacteria Q; IRB: Iron Reducing Bacteria :f HB: Heterotrophic Bacteria
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L

H,+CO,C,

Org. / Inorg. Acids

Fig. 4. Representation of a multispecies biofilm at different stages of development on a metal surface, depicting
the most relevant microbial groups involved in MIC within an idealized redox zonation from the oxidized outer

layers to the more anaerobic inner core. Only the most representative half reactions are shown (modified from
Puentes-Cala et al., 2022).

Bacteria within biofilms can engage in cooperative or competitive interactions, both essential
in accelerating metal corrosion processes (Qian et al., 2022). Microbial competition occurs
when different species compete for resources, such as nutrients, oxygen, and space, resulting in
the production of corrosive agents like organic acids and H,S (Xu et al., 2023). For instance,
SRB and APB, both present in the deepest layer of biofilms in direct contact with the metal
surface, compete for nutrients and produce organic acids that speed up the metal corrosion in

marine environments (Dang and Lovell, 2015). This dynamic within the biofilm creates a
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layered structure, with the deeper layer in contact with the surface being anoxic. Indeed, initially
biofilms are composed by aerobic heterotrophic bacteria species, which use the dissolved
oxygen around them, generating a chemical gradient, where the outer layer presents high levels
of oxygen, while the inner zone is anoxic, allowing the growth of anaerobic species (Hamilton
2003). Over time, only anaerobic bacteria that can utilize metal compounds as resources for
they survival (i.e., anaerobic chemolithotrophs) remain (Procdpio, 2019). Iron-containing
metals, such as carbon and stainless steel, are subject to corrosion processes involving both
aerobic and anaerobic conditions (Fig. 4 and 5). More in detail, in the presence of oxygen the
Fe is abiotically oxidized to Fe?*(Fig. 5a, reaction 1). These last is further oxidized to Fe(III)
hydroxides, such as Fe(OH)s, resulting in the rust commonly seen on corroding iron (Fig. 5a,
reaction 4). Moreover, aerobic microorganisms, such as heterotrophs (i.e., Vibrio,
Pseudoalteromonas, Flexibacter and Marinobacter spp.), 10B (i.e., Mariprofundus,
Dechloromonas and Sideroxydans spp.), and SOB (Sulfurimonas spp.), colonize the metal
surface and contribute to O removal, by using it as terminal electron acceptor, generating
carbon dioxide (CO»), Fe(IIl) precipitates and sulfate (SO4%), respectively. These metabolites
lead to the generation of an anaerobic environment, especially in deeper layers in contact with
metal surfaces, where corrosive anaerobic bacteria are able to grow (Usher et al., 2014) (Fig.
5b). In O deprived conditions it is possible to find anaerobic Fe? oxidants, such as protons (H),
nitrate (NOs"), Fe(III), SO4*, CO> and H»S. Only H' and H>S can abiotically react with Fe® to
oxide and corrode it, producing H> (Tang et al., 2019) (Fig. 5a, reactions 2-3), while the
remaining Fe? oxidants require microbial catalysis, in which bacteria accept electrons from Fe?
to support their anaerobic respiration (Fig. 5a). These electron reactions are promoted by
anaerobic bacteria through various mechanisms, such as the production of metabolites leading
to the H, formation; Hy-mediated electron transfer between the metal and the microorganisms;
direct electron transfer between metal and microorganisms; and redox-active organic molecules
shuttling electrons between Fe? and microorganisms. H, formation is favored by the release of
hydrogenases during cell lysis or by its secretion outside the cell (Tsurumaru et al., 2018).
Microorganisms such as NRB, iron reducing bacteria (IRB), SRB, methanogens and acetogens,
possess the capacity to reduce nitrate, Fe(IlT), SO4* and CO, respectively, by oxidizing Hz
produced from fermentative bacteria or Fe? (Fig. 5b). Regarding the direct electron transfer
between metals and microorganisms, this mechanism happens when the initial electron acceptor

for electrons derived from Fe’is an outer-surface electrical contact on the cell surface (i.e., c-
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type cytochromes) (Tang et al., 2019). An alternative to H» is represented by redox-active
organic molecules (i.e., flavins, phenazines and pyocyanins) acting as electron shuttles between

Fe® and microorganisms (Lovley and Holmes, 2022). All these mechanisms influence and

accelerate metal corrosion processes.
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Fig. 5. Key reactions and microorganisms involved in the corrosion of Fe’-containing metals. a) Key reactions
associated with microbial corrosion of iron metals, with numbers 1-9 representing abiotic reactions. b) Microbial
diversity and spatial organization within a biofilm drive MIC process. Hydrogen (Hz), released abiotically from
iron (Fe®) and also produced by fermentative bacteria (in grey box), is consumed by various microbial groups,
including NRB (green box), SRB (yellow box), methanogens (light blue box) and acetogens (red box). Aerobic
microorganisms, such as heterotrophs (magenta box), SOB (yellow box) and IOB (grey box), consume Oz at the
surface of biofilm promoting anaerobic corrosion conditions. Electroactive methanogens (magenta box) and IRB
(orange boxes) directly extract electrons from Fe® generating ferrous ion (Fe?") that iron oxidizers convert to Fe(I1I)
oxides that serve as an additional electron acceptor for Fe(IIl) reducers. The diffusion of organic compounds and
electron acceptors, such as Oz, NO3~, SO4*, from the environment into the biofilm, along with their preferential
consumption (Oz first, followed by NOs~, and then SO4*), creates vertical heterogeneity stratification within the
biofilm, with Fe®as an electron donor at the base of the biofilm (modified from Xu et al., 2023).
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1.2.1 Sulfate Reducing Bacteria

SRB, strict anaerobes, are among the most extensively studied microorganisms in MIC research
due to their significant role in sulfur cycle (Jorgensen and Kasten, 2006). Sulfur, one of the
most abundant elements on the Earth, can be present in various forms, including pyrite (FeS:)
or gypsum (CaSOs) in rocks and sediments, as well as sulfate (SO4%) in seawater (Jasinska et
al., 2012). With a broad range of oxidation states ranging from -2 (completely reduced) to +6
(completely oxidized), sulfur supports various metabolic processes. SRB perform dissimilatory
sulfate reduction, using SO4> as the terminal electron acceptor in their energy metabolism to
produce H»S. The dissimilatory sulfate reduction reactions, inhibited by the presence of oxygen,
confine SRB only to O»-depleted environments (Fareleira et al., 2003). Indeed, in anoxic zones
of marine sediments SRB are predominant due to the high sulfate concentration in seawater (~
28 mM). They are also found in freshwater sediments, where sulfate concentrations are lower
(~ 1 mM) but maintained through redox cycling of H>S to sulfate at the oxic-anoxic interface,
facilitated by chemolithotrophic and phototrophic bacteria, respectively (Holmer and
Stoskholm, 2001) (Fig. 6, Table 2).
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Fig. 6. Sulfur transformation by SRB. SRB reduce sulfate (SO4+*) to hydrogen sulfide (H2S). Then the sulfide can
be oxidized aerobically by SOB (i.e., Thiobacillus or Beggiatoa spp.) or anaerobically by phototrophic sulfur
bacteria (i.e., Chlorobium spp.) to sulfur (S°) and SO4*. Other sulfur transformations include assimilation of SO4*
and S° disproportionation (Desulfovibrio sulfodismutans) and reduction (Desulfuromonas spp.). Moreover, organic
sulfur compounds, such as dimethylsulfoxide (DMSO) can be transformed into dimethylsulfide (DMS) and vice
versa by several groups of microorganisms (Muyzer and Stams, 2008).
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Table 2. Processes and microorganisms involved in the sulfur cycle.

Process Reaction and microorganisms involved
Sulfur oxidation HaS > S° > SO4*
e Aerobic e  Chemolithotrophic sulfur-bacteria (i.e, Thiobacillus)
e Anaecrobic e Phototrophic and some chemolithotrophic bacteria (i.e.,
Chlorobium spp.)
Sulfate reduction (Anaerobic) SO4* = HaS
Desulfovibrio, Desulfobacter, Archeoglobus (Archea)
Sulfur reduction (Anaerobic) S°=> H,S
Desulforomonas
Sulfur disproportionation $203* 2 HaS = SO4*
Desulfovibrio and others
Organic  sulfur  compounds | CH;SH = CO2 + HaS
oxidation and reduction DMSO - DMS
Various microorganisms
Desulfurylation Organic compound-S = H2S
Various microorganisms

Pathways to reduce sulfate include both assimilatory and dissimilatory sulfate reduction
reactions. Assimilatory sulfate reduction plays an important role in biomolecular synthesis by
providing reduced sulfur, essential for the production of sulfur-containing compounds. This
process is particularly important for the synthesis of the amino acids cysteine and methionine,
which requires energy-intensive steps within assimilatory pathways. However, only a small
fraction of sulfite synthetized during sulfate reduction is incorporated into sulfur-containing
amino acids. On the other hand, the majority of sulfate undergoes reduction to sulfide through
the dissimilatory sulfate reduction driven by SRB (Li et al., 2019), which occurs in two distinct
steps. From a chemical point of view, sulfate is an unfavorable electron acceptor for
microorganisms due to the redox potential (E*') of the sulfate-sulfite pair being -516 mV, which
is too low to be reduced by common intracellular electron carriers like ferritin or NADH.
Therefore, in the first step of dissimilatory sulfate reduction, SO4>" is activated by the enzyme
sulfate adenylyl transferase (Sat), forming adenosine-5’-phosphosulfate (APS) at the cost of
two ATP equivalents. APS reductase then reduces APS to bisulfite (HSO5") using two electrons
(Table 3, reactions 1 and 2). This activation is facilitated by the hydrolysis of the released
pyrophosphate (HP,O7*, PPi), which drives the reaction forward (Table 3, reaction 3). The
redox potential (E*) of the APS-sulfite plus AMP pair is -60 mV, enabling its reduction through
reduced ferredoxin or NADH.
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Table 3. Dissimilatory sulfate reduction reactions

(1) | SO + ATP + H* 2 APS + HP;07"

(2) | APS + 2+ 0.5H" 2 0.5HSO5 + AMP

(3) | HP-O7 + H,O 2 H:PO4~

(4) | 0.5HSO5 + 0.5505% + 6¢ + 7H* 2 0.5HS" + 0.5H>S + 3H>0

(5) | SO/ + ATP +8e” + 8.5H" 2 0.5 HS + 0.5 H2S + AMP + HPO/~ + 2H,0

In the second step, bisulfite reductase reduced HSO3™ to sulfide (HS") using six electrons
(Reaction 4). The E” of the sulfite-sulfide redox pair is -116 mV. Overall, the sulfate reduction
process requires 8 moles of electrons and 8.5 moles of protons to reduce 1 mole of sulfate

(Reaction 5) (Keller and Wall, 2011).

1.2.2 Dissimilatory sulfate reductase

Research on metabolism and biochemistry of SRB has predominantly focused on the genus
Desulfovibrio, a member of the O-proteobacteria class (Postgate, 1984). In particular, the
species Desulfovibrio vulgaris Hildenborough has been used as a model microorganism for

studying SRB energy metabolism (Heidelberg et al., 2004) (Fig. 7).

Fig. 7. Transmission electron microscopy (TEM) image of D. vulgaris Hildenborough cell. Scale bar, 0.5 pm.
Image courtesy of Wikimedia Commons/Graham Bradley (In This Issue, 2014).
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In SRB, dissimilatory sulfite reductase (Dsr) is the key enzyme involved in dissimilatory sulfate
reduction, allowing them to obtain energy (Fig. 8).

SO4* ions can enter the cell via specialized transport systems, including ATP-binding cassette
(ABC)-type (SulT) and superfamily-type (SulP) transporters, which facilitate their passage
across the cytoplasmatic membrane (Kertesz, 2001). Once inside, SOs* is activated in
adenosine-5'-phosphosulfate (APS) by the enzyme sulfate adenylyl transferase (Sat) (Fig. 8,
reaction I). APS reductase, encoded by the aps4B genes, subsequently reduces APS to sulfite
(SOs*) using two electrons (Fig. 8, reaction II). Dsr is composed of two subunits, namely DsrA
and DsrB, encoded by the dsr4 and dsrB genes, respectively (Miiller et al., 2014). DsrAB
activity is also supported by DsrC, a protein encoded by ds»C that is universally present in SRB
genomes containing dsrAB. DsrC acts as a substrate for sulfite reduction and possesses two
conserved cysteine residues, crucial for its function (Oliveira et al., 2008). During the reduction
process, sulfite binds to the active site of DsrAB, where it is converted into a sulfur (S°)
intermediate bound to DsrC, to form DsrC trisulfide (Fig. 8, reaction III). The membrane
complex DsrMKJOP facilitates the dissociation of the trisulfide intermediate from DsrC,
enabling further reduction of S° to sulfide (HS/S%*). Concurrently, DsrC is released and
recycled for subsequent reactions (Fig. 8, reaction IV) (Santos et al., 2015). Overall, in
dissimilatory sulfate reduction, sulfite can be reduced to a mixture of products, including
trithionate (S306%), thiosulfate (S203%) and sulfide (HS/S*), mediated by DsrAB (Ferreira et
al., 2022).
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Fig. 8. Sulfate respiratory pathway by SRB. The pathway involves the import of sulfate; activation of SO4> to
adenosine-5’-phosphosulfate (APS) (I); reduction of APS to sulfite by APS reductase (II); reduction of sulfite to
DsrC trisulfide by DsrAB/DsrC (III); reduction of the trisulfide to sulfide (IV) (Santos et al., 2015).
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1.2.3 Mechanisms of MIC due to SRB

The MIC mechanism consequent to the metabolic activity of SRB (Fig. 9) starts with iron
dissolution leading to a loss of 8 electrons (Table 4, reaction 1). This reaction occurs

extracellularly since insoluble iron cannot diffuse into SRB cells.

Table 4. Anodic depolarization mechanism of metal corrosion.

(1) Anodic reaction 4Fe - 4Fe*" + 8¢

(2) Water dissociation 8H,O - 8H + 80OH"

(3) Cathodic reaction 8H" + 8¢ > 8H + 4H,

(4) Anodic depolarization 3Fe?" + 60H" > 3Fe (OH)»

(5) Hydrogen oxidation SO4* + 4H, 2 HsS + 2H,0 + 20H-

(6) Dissociation of hydrogen sulfide | HoS - S? + 2H,

(7) Anodic depolarization Fe?" + S? - FeS

Total reaction 4Fe + SO4> + 4H,0 > FeS + 3Fe (OH), + 20H-

The electrons generated in the anodic reaction (Table 4, reaction 1) and the generated H*
through the H»>O dissociation (Table 4, reaction 2), lead to the formation of H> molecules thanks

to a cathodic polarization process (Table 4, reaction 3). The main corrosion product is Fe(OH)>
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(Table 4, reaction 4). SRB metabolism reduces SO4* to H»S by consuming H» (Table 4, reaction
5). Then, the H* concentration in the cathodic area increases with the dissociation of H,S (Table
4, reaction 6). Thanks to an anodic depolarization a new corrosion product, i.e., iron-sulfide

(FeS), is formed (Table 4, reaction 7).

2 Iada’iy—F 52

2 acetate + 2 CO.{ + 7 HJO

Fig. 9. Depolarization mechanisms of metal corrosion influenced by SRB (Muyzer and Stams, 2008).

On the other hand, at the cathode where sessile SRB are present in contact with the metal and
reduce SO4* to S*, protons act as electron acceptors (Fig. 9). By the SRB hydrogenase,
hydrogen adsorbing on the metal surface is removed. An organic carbon nutrient, such as
lactate, can diffuse into SRB cytoplasm and its oxidation releases electrons in the same location
where SO4>" is reduced to S* (Fig. 9). It is reasonable that at the metal surface, when in lack of
organic carbon, SRB may derive energy from iron oxidation for survival (Xu and Gu, 2011).
Central to this electrochemical process is the extracellular electron transfer across the SRB cell
wall which is required to couple the extracellular oxidation of iron to the intracellular SO4*
reduction (Li et al., 2018). When the SRB cell wall is in direct contact with the metal surface,
extracellular electrons are transferred into the cytoplasm thanks to the presence of SRB redox-
active proteins, such as c-cytochromes, providing electrons for the reduction of metal ions

(Heidelberg et al., 2004).
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1.3. Methods to prevent and mitigate MIC

To prevent and mitigate MIC, multiple strategies are currently in use aiming at fighting the
adhesion and biofilm formation of the microorganisms on metal surfaces. MIC can be
controlled using different ways: I) physical methods (i.e., cleaning by means of piggins; UV-
radiation; ultrasonic treatments), II) chemical methods (i.e., use of biocides); III)

electrochemical methods (i.e., cathodic protection; coating) (Fig. 10).
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Fig. 10. Examples of various strategies to control and mitigate MIC (Knisz et al., 2023).

Physical methods are widely employed in MIC mitigation by applying mechanical forces with
the aim to scrap the biofilm from metal surfaces. One of the most commonly used tools for
cleaning the inner surface of the oil and gas pipelines is the so-called “pig”. These devices are
primarily utilized for inspecting pipelines, cleaning their surfaces, and supplying chemicals
(Javaherdashti, 2017). When biofilms form inside the pipelines, pigging can mechanically
scrape them off. However, they cannot entirely remove bacterial colonization, allowing
microorganisms to regrow and reestablish biofilms over time. A limitation of pigging arises in

the context of localized corrosion, where bacterial cells penetrate into pits within the pipe walls.
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The brushes on pigs are unable to access these deep pits effectively, leaving the colonized areas
untreated (Cote et al., 2014). While pigging remains a recommended non-destructive method
for pipeline inspection and cleaning, its inability to completely prevent MIC, limits its
effectiveness as a standalone solution.

Another physical method explored for MIC control is UV treatment. UV radiations damage
microbial proteins and membranes and indirectly affect DNA by inducing the formation of
reactive oxygen compounds (i.e., H2O2, O%). These damages cause DNA breaks, leading to
microorganism death (Elasri and Miller, 1999). However, the efficacy of UV treatment is
restricted to microorganisms directly exposed to the radiation, while those shielded within
corrosion products or embedded in deeper biofilm layers remain unaffected. Moreover, while
UV irradiation can inactivate microorganisms, it does not remove them from the biofilm. Dead
cells will then serve as a nutrient source for other bacteria, including MIC-promoting ones
(Little et al., 2020). Practical challenges also arise in applying UV treatment to long pipelines,
further limiting its utility.

Ultrasonic treatment is another technique in MIC mitigation, utilizing acoustic pressure to
generate cavitation bubbles in liquid environments. When these bubbles collapse, they produce
localized high-pressure and high-temperature conditions that damage microbial cells. Despite
its potential, the application of ultrasonic treatment to MIC-specific contexts remains
unexplored, with limited supporting data (Pound et al., 2005).

Chemical methods to mitigate MIC prominently involve the use of biocides, which are highly
effective in addressing MIC issue, including the removal of biofilms. Biocides act by either
killing microorganisms or inhibiting their growth. They can be categorized as oxidizing (e.g.,
chlorine, ozone, bromine) or non-oxidizing (e.g., isothiazolones, quaternary ammonium salts,
aldehydes such as glutaraldehyde and acrolein) (Videla, 2002, Struchtemeyer et al., 2012; Xu
et al., 2017; Sharma et al., 2018). Oxidizing biocides operate by penetrating and releasing free
radicals, which disrupt cellular components and lead to cell death. Non-oxidizing biocides,
while also capable of penetrating cell membrane, work differently by directly targeting and
destroying the cell structure. However, the application of biocides has drawbacks, as they can
corrode equipments, thus exacerbating maintenance issues. For example, glutaraldehyde is
known to directly corrode carbon steel (Eid et al., 2018). Moreover, although highly effective,
biocides are unfriendly for the environment due to their toxicity, leading to high disposal costs

(Videla, 2002).
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Electrochemical methods, including cathodic protection and coatings, play a crucial role in
mitigating MIC. Cathodic protection, a widely applied corrosion mitigation technique, involves
applying a negative potential to the metal surface. This negative charge repels negatively
charged bacteria, reducing their attachment to the surface. Simultaneously, cathodic reactions
generate hydroxyl ions, increasing the pH around the metal and creating an alkaline
environment that inhibits bacterial growth (Javaherdashti, 2017). The concept of "protection
potential" refers to the specific electrical potential needed to reduce or eliminate generalized
corrosion in a corrosive environment (Bertolini et al., 1998). However, the effectiveness of
cathodic protection in mitigating MIC remains uncertain. In certain cases, the technique may
inadvertently provide electrons that electroactive microorganisms can exploit, potentially
exacerbating microbial corrosion instead of preventing it (Liduino et al., 2021). Corrosion
inhibitors offer another chemical strategy for MIC mitigation. These compounds are highly
effective in reducing corrosion by adsorbing onto metal surfaces through functional groups.
Common inhibitors include surfactants and heterocyclic organic compounds enriched with
heteroatoms (i.e., N, O and S) or groups with n-shared electrons (Feng et al., 2022). The
inhibitors work by forming a protective barrier through physical adsorption (via Van der Waals
forces) or chemical bonding. This barrier isolates the metal surface from corrosive agents,
reducing bacterial adhesion and biofilm formation (Kokalj, 2022). Physical adsorption is
associated with weaker interactions compared to chemical bonding, which creates more robust
and stable bonds on the metal surface. Protective coating is also a standard practice, especially
for underground pipelines. Coatings prevent corrosion by forming a physical barrier over the
metal. To be effective, a coating must be adherent, non-porous, and mechanically resistant.
Polymer-based coatings, such as polyurethanes, fluorinated compounds, epoxy resins, and
silicones, are commonly used in MIC protection. These coatings must withstand harsh
chemicals like sulfuric and acetic acids produced SRB and acidogenic bacteria, respectively,
during the corrosion process (Abdolahi et al., 2014). The primary challenge with coatings lies
in ensuring their integrity, as their disbandment can lead to corrosion failure.

Chemical biocides and coating, while effective in MIC mitigation, often come with significant
energy demands due to the use of reactive substances and the generation of manufacturing
waste. In contrast, microbial or plant-based synthesis present a potentially more sustainable
alternative, both environmentally and energetically. Bio-based methods could lead to the

development of less toxic products, making them more eco-friendly. Moreover, targeted
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biological interventions or strategic environmental modifications to suppress or eliminate
highly corrosive microbial populations offer a promising avenue for sustainable MIC control
(Fig. 11).

More Sustainable Approaches
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Fig. 11. Representative sustainable green corrosion mitigation alternatives (modified from Wang et al., 2023).

Microbial and plant-based production of corrosion inhibitors represent sustainable alternatives
to the chemical synthesis of traditional biocides, often offering lower human toxicity and
broader environmental applicability (Fig. 11).

For instance, the citrus-derived compound D-limonene enhances the biological efficacy of
tetrakis(hydroxymethyl)phosphonium sulfate (THPS) against oilfield biofilms in laboratory
studies (Unsal et al., 2022). Similarly, D-amino acids serve as biofilm dispersal agents (Genchi,
2017), Dboosting the efficacy of commercial biocides like THPS and
alkyldimethylbenzylammonium chloride (ADBAC) (Jia et al., 2017). Peptide A, a cyclic
peptide inspired by natural proteins, has shown extended activity against oilfield and marine
biofilms when used with 2,2-dibromo-3-nitrilopropionamide (DBNPA) (Herzberg et al., 2021).
Biosurfactants offer another promising approach, derived from microorganisms, plants, or
natural raw materials (Plaza and Achal, 2020; Farias et al., 2021; Verma et al., 2023) (Fig. 11).
For example, rhamnolipids, produced by Pseudomonas aeruginosa, form a protective barrier
on metal surfaces, inhibiting biofilm formation and protecting carbon steel from corrosive
microbes like Bacillus licheniformis (Li, Yuan et al., 2022). Similarly, biosurfactants from
Bacillus spp. common in oil reservoirs prevent biofilm adhesion and eradicate existing
Pseudomonas spp. biofilms (Purwasena et al., 2019). Quorum-sensing inhibitors disrupt
microbial communication necessary for biofilm formation, offering another innovative strategy
(Lamin et al., 2022). For instance, plant-derived methyl eugenol disintegrates Desulfovibrio
spp. biofilms on stainless steel, while other inhibitors reduce biofilm-associated gene
expression in D. vulgaris (Scarascia et al., 2019). Despite promising laboratory results, large-

scale field trials are essential to evaluate these strategies in real-world applications. Using
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microbes to combat corrosion caused by other microorganisms or abiotic factors is an intriguing
and cost-effective alternative to traditional methods. Protective microbial biofilms and
extracellular products can act as barriers, preventing oxygen and corrosive agents from reaching
metal surfaces. For example, marine Vibrio spp. form uniform biofilms that block oxygen and
metabolites, reducing corrosion (Gao et al., 2021; 2022). Similarly, Pseudoalteromonas
lipolytica produces biomineralized films containing calcite and extracellular polymeric
substances (EPS), inhibiting carbon steel corrosion (Guo et al., 2019). Tenacibaculum
mesophilum D-6 forms oxygen-consuming biofilms that hinder the diffusion of corrosive
species like chloride ions, thereby protecting carbon steel (Li et al., 2023). Additionally, Vibrio
spp. deposit iron-EPS complexes, reducing steel corrosion (Moradi et al., 2015). However,
fostering and maintaining protective biofilms in diverse, competitive microbial environments
poses significant challenges. Insights from natural phenomena, such as low corrosion rates in
iron sheet piles linked to mineral deposits from Methanobacterium spp., could guide future
strategies (Kip et al., 2017). Further studies of such microbial activities may enable sustainable
microbial corrosion mitigation.

Phage therapy also shows potential for targeting specific bacteria within microbial communities
to mitigate corrosion (Goldman et al., 2009) (Fig. 11). Lytic bacteriophages have been used to
reduce populations of Sphaerotilus natans and Haliscomenobacter hydrossis, the primary
culprits of sludge bulking in wastewater systems (Choi et al., 2011; Kotay et al., 2011). Phages
specific to Salmonella enterica, a hydrogen sulfide producer in sewage, reduced both bacterial
numbers and hydrogen sulfide production in synthetic sewage (Salim et al., 2021). In oil
pipeline environments, bacteriophages inhibited the growth of Stenotrophomonas maltophilia
PBM-IAUF-2, a corrosive microbe, though their direct impact on corrosion was not assessed
(Pedramfar et al., 2017). Predatory bacteria, such as Bdellovibrio bacteriovorus, reduced
corrosion caused by SRB by 80% (Qiu et al., 2016). While these methods show promise, their
application to complex, diverse microbial biofilms remain underexplored. Further research is
necessary to evaluate their efficacy and practical implementation, given their environmentally

friendly and non-toxic potential.
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1.4. Aims of thesis

The work presented in this thesis aims to contribute to the development of novel methods for
MIC prevention, mitigation and control. For this purpose, two complementary environmentally-
friendly approaches have been pursued, namely the investigation of the role of essential oils in
eradicating D. vulgaris biofilms, and an innovative strategy based on the production of
recombinant endolysins. Each of the following Chapters will be proceeded by a short summary
aimed at presenting the submitted manuscript (Chapter 2), the manuscript in preparation
(Chapter 3) and the publication (Chapter 4) collected in this PhD thesis.

Chapter 2 of this work investigates the potential use of cinnamaldehyde as an environmentally
friendly biocide against the model SRB microorganism, D. vulgaris. Cinnamaldehyde was
chosen for its dual role as an antimicrobial agent and as a well-documented corrosion inhibitor.
This study demonstrates that cinnamaldehyde effectively eradicates biofilm-grown D. vulgaris
similarly to the well-known biocide glutaraldehyde, highlighting its potential as a green
alternative biocide for MIC mitigation.

Chapter 3 investigates a novel approach to MIC control, through the use of bacteriophage-
derived endolysins, as green biocides. While endolysins are well-known for their efficacy in
treating bacterial infections in clinical settings, their potential in environmental applications,
particularly in the MIC field, remains unexplored. Therefore, this work has been focused on
selecting and testing in vitro D. vulgaris-specific endolysins, demonstrating their effectiveness
against planktonic cells and underscoring their potential application for controlling SRB-driven
MIC.

Finally, in Chapter 4, a study characterizing bacterial communities in offshore and nearshore
marine sediments, with a focus on the bacterial groups primarily responsible for MIC, has been
performed. This study promotes proactive strategies to detect MIC at its early stages and offers
insights into mitigating MIC through community profiling.

By addressing these aims, this thesis seeks to advance the knowledge required to MIC control

and mitigation through sustainable and innovative solutions.
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Preface to Chapter 2

Microbiologically influenced corrosion is an electrochemical process driven by the presence
and/or activity of microorganisms, impacting a wide range of industrial sectors. Sulfate
reducing bacteria (SRB) are among the key contributors to this type of corrosion. SRB are
anaerobic microorganisms that thrive in anoxic environments and produce corrosive
compounds such as ferrous sulfide (FeS) and hydrogen sulfide (H2S). Current methods to
prevent and mitigate microbiologically influenced corrosion involve the use of biocides, such
as glutaraldehyde. However, these biocides have drawbacks, including high toxicity and
disposal costs. Moreover, glutaraldehyde was reported to also be corrosive to low-carbon steel
materials, highlighting the urgent need for innovative, effective and environmentally-friendly
options. Essential oils, known for their potent antimicrobial properties and low toxicity, may
offer a promising alternative. Yet, their potential application against SRB remains poorly
investigated. This Chapter focuses on cinnamaldehyde, a compound selected both for its
antimicrobial properties as well as its documented efficacy as a corrosion inhibitor.
Specifically, the results reported in this Chapter have been recently resubmitted with minor
revision as a Research Article to Applied and Environmental Microbiology. In this work the
effectiveness of cinnamaldehyde in eradicating biofilm-grown Desulfovibrio vulgaris, an SRB
model microorganism, was investigated and compared to the well-known reference
glutaraldehyde, proving insights into the potential of cinnamaldehyde as a sustainable
alternative. To avoid misunderstanding, in this Chapter, the acronym MIC is used to denote
“Minimum Inhibitory Concentration”, while Microbiologically Influenced Corrosion has never

been shortened.
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ABSTRACT

Microbiologically influenced corrosion poses significant challenges to various industries, as
metal surfaces degrade due to the formation of microbial biofilms. Sulfate-reducing bacteria
(SRB) are key contributors to this process in anoxic environments (e.g., oil and gas pipelines),
mainly by producing highly corrosive hydrogen sulfide. Current prevention methods involving
biocides often have drawbacks such as high toxicity and disposal costs, calling for novel
environmentally-friendly alternatives. Essential oils with their antimicrobial properties and
biodegradability may represent promising candidates against microbial corrosion. In this study,
cinnamaldehyde was selected both for its antimicrobial activity and its well-documented role
as corrosion inhibitor; then its antibiofilm activity was investigated against Desulfovibrio
vulgaris, in comparison with the well-known reference biocide glutaraldehyde. Both
compounds were bactericidal against D. vulgaris at 12.5 pg/ml. D. vulgaris biofilms were
developed and monitored by confocal microscopy, then 72 h-old biofilms were exposed to serial
cinnamaldehyde and glutaraldehyde concentrations (12.5 - 100 pg/ml) for further 48 h, to
evaluate their disruptive effects. Both compounds caused a significant disruption of pre-formed
biofilms, at 50 pg/ml. The reduction compared to the untreated controls was ca. 90 % vs 85 %
for biomass, 60 % vs 45 % for average thickness, and 85 % vs 80 % for surface area,

respectively. Interestingly, cinnamaldehyde applied to a D. vulgaris biofilm grown on
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representative metal coupons completely inhibited the recovery of viable adherent cells. These
data, altogether, highlight the potential of cinnamaldehyde as an effective alternative for
controlling and mitigating microbiologically influenced corrosion, with comparable efficacy to

glutaraldehyde.

IMPORTANCE

The increasing environmental and health concerns associated with the use of conventional
biocides to manage and control microbiologically influenced corrosion highlight the need for
eco-friendly alternatives. SRB represent the main players in this process, by adhering and
proliferating as biofilms on metal infrastructures, producing metabolites that accelerate
corrosion. Essential oils have long been regarded as potent antimicrobials endowed with low
toxicity, however there is limited knowledge about their potential use against anaerobic bacteria
responsible for corrosion. This study focuses on the antimicrobial activity of cinnamaldehyde
and shows its efficacy in eradicating biofilm-grown D. vulgaris, a model species to study SRB
energy metabolism. Notably, cinnamaldehyde is also a well-known corrosion inhibitor, which
makes it an appealing candidate for industrial applications, particularly where SRB-induced
corrosion is prevalent. Altogether our results pave the way for the future development of green
sustainable strategies involving the use of cinnamaldehyde to mitigate microbiologically

influenced corrosion.

KEYWORDS

Desulfovibrio vulgaris, Sulfate reducing bacteria, Microbiologically influenced corrosion,

Biofilm, Cinnamaldehyde, Eco-friendly alternatives.
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Introduction

Microbiologically influenced corrosion is an electrochemical process in which microorganisms
can initiate, or accelerate metal corrosion reactions (Videla, 1996), enhancing its kinetic rates
by 10 - 1,000 times (Lane, 2005). Indeed, it has been defined by the National Association of
Corrosion Engineers (NACE) and the American Society for Testing and Materials (ASTM) as
“corrosion affected by the presence or activity, or both, of microorganisms" (NACE-ASTM
G193 2022), impacting a wide range of industrial processes, materials and sectors, such as
petrochemical installations (Kiani Khouzani et al., 2019), gas and oil industries (Skovhus et al.,
2017), water treatment facilities (Coetser, 2005), as well as the aviation and defense sectors
(Lee et al., 2007). Microbiologically influenced corrosion causes significant expenses in terms
of operational and maintenance costs and may account for up to 20 % of the total annual global
corrosion damage in the oil and gas sectors, excluding the associated safety and environmental
impacts (NACE, 2016). Various microorganisms play a role in this type of corrosion (Lane,
2005), with sulfate reducing bacteria (SRB) being identified as the primary contributors,
especially in anoxic environments (Gu et al.,, 2019). SRB contribute to corrosion through
multiple mechanisms, the main one being the metabolic production of hydrogen sulfide (H2S)
during cellular respiration, by reducing the electron acceptor sulfate (Postgate, 1965). The
presence of H»S leads to serious operational problems by reacting with metal ions (mainly iron)
and producing ferrous sulfide (FeS), which is poorly soluble in aqueous environments and,
together with slime, cause dark-colored sludge that hinders the flow in oil and gas pipelines,
and also complicates maintenance efforts, contributing to clogging issues during cleaning
operations (Telegdi et al., 2017). Additionally, some SRB species may also generate organic
acids, such as acetic and propionic acids, further acidifying the environment and accelerating
metal corrosion (Gu, 2014).

Typical SRB include Desulfovibrio spp., Desulfobacter spp., and Desulfotomaculum spp.,
which are detected on the inner surface of steel rust layers, where the abundance index of SRB
is much higher compared to other bacteria species (Li et al., 2017). To study SRB energy
metabolism and their impact on metal corrosion, the Gram-negative bacterium Desulfovibrio
vulgaris Hildenborough ATCC 29579 has been widely used as a model microorganism
(Heidelberg et al., 2004). Moreover, D. vulgaris has been extensively studied due to its ability

to form biofilms (i.e.,, dense aggregations of microorganisms embedded in a self-produced
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extracellular matrix). Bacterial biofilms strongly adhere to metallic surfaces, thereby generating
and maintaining oxygen-deprived zones that select, promote and support the growth of specific
anaerobic bacteria, such as SRB, thus positively affecting the kinetics of the microbial corrosion
process (Procopio, 2019). Indeed, biofilms facilitate the local presence of high concentrations
of bacteria on metal surfaces, leading to severe degradation, especially on carbon steel
materials, which are more vulnerable to SRB biofilms compared to stainless steel ones (Chen
et al., 2015). Moreover, biofilm-growing bacteria exhibit a very high tolerance to external
stresses, and their recurrent exposure to biocides used during cleaning and disinfection
procedures raises concern about the adaptation routes they might evolve, both at single-cell and
community levels (Cloete et al., 1998). When SRB grow as biofilms, they influence the
electrochemical conditions of metal surfaces (e.g., carbon steel) by acting as a cathodic
depolarizers. Indeed, some SRB possess hydrogenases that reduce sulfate to H»S, thus
accelerating the dissolution of the metal (i.e., iron) (Blackwood, 2018). Moreover, SRB
biofilms create localized microenvironments with altered pH and ion concentrations, physically
interact with metal surfaces via cell wall components or extracellular polymeric substances
(EPS), potentially disrupting protective oxide films and increasing susceptibility to localized
corrosion (Jin and Guan, 2014).

To prevent and limit microbiologically influenced corrosion in industrial applications, multiple
strategies are currently in use aiming at fighting the adhesion and biofilm formation of
microorganisms on metallic surfaces. To these aims, a conventional approach involves the use
of biocides (i.e., compounds that kill microorganisms or inhibit their growth), that can be both
inorganic compounds (e.g., chlorine, ozone, bromine) and organic ones (e.g., isothiazolones,
quaternary ammonium salts, aldehydes such as glutaraldehyde and acrolein) (Videla, 2002;
Struchtemeyer et al., 2012; Xu et al., 2017; Sharma et al., 2018). Glutaraldehyde is widely used
as a biocide, due to its broad-spectrum activity, solubility and stability across a wide pH and
salinity range (Javaherdashti, 2017). Moreover, glutaraldehyde is also cost-effective and can be
used individually or in combination with other compounds such as quaternary amines and
nitrites, to reduce the concentration needed to control SRB growth (Greene et al., 2006).
However, glutaraldehyde is toxic to aquatic organisms with long lasting effects, requiring
expensive and complex disposable procedures (Pereira et al., 2014). The environmental
apprehensions linked to the documented hazards to human health, together with the reported

evidence that glutaraldehyde can be as corrosive to low-carbon steel materials as to SRB (Eid
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etal., 2018), underscore the need for innovative, effective and environmentally safe alternatives
to replace toxic biocides. This need aligns with the mission area of the Horizon Europe
framework program, specifically focusing on the health of oceans, seas, coastal, and inland
waters, started in 2021 (European Commission, Directorate-General for Research and
Innovation et al., 2021). In this context, the development of bio-inhibitors, such as plant
extracts, demonstrated significant potential as effective corrosion inhibitors in various harsh
environments (Quraishi, 1999; Swaroop, 2016). Plant extracts serve as a valuable source of
naturally-occurring chemical compounds that are biodegradable and can be extracted using
simple and low-cost methods (Hossain et al., 2019). The effectiveness of these natural
compounds in inhibiting corrosion largely depends on the type of metal and their interaction
with the surface. Cinnamaldehyde, a naturally bioactive compound, is widely available in the
environment, primarily from the bark of cinnamon trees (Rieger et al., 2014). It exhibits
antibacterial, antifungal, insecticidal, acaricidal and nematocidal properties (Kalemba and
Kunicka, 2003; Haddi et al., 2017; OuYang et al., 2019; Lu et al., 2020; Marchesini et al., 2020;
Pang et al., 2021; Catani et al., 2023; D’Addabbo et al., 2024). Cinnamaldehyde is primarily
used in agriculture, food, medical, and flavor and fragrance industries. Its low toxicity, eco-
friendliness, and well-known strong adsorption properties make it a promising candidate as an
effective green corrosion inhibitor. Moreover, beside its antibacterial activity, cinnamaldehyde
has been reported to inhibit acid corrosion (i.e., HCl 10 % w/w), due to its ability to form a
protective macroscopic film on metal surfaces (Avdeev et al., 2013; Cabello et al., 2013; Negm
et al., 2013; Keles et al., 2014; Jafferji et al., 2018; Bouraoui et al., 2019; Hossain et al., 2019;
Wang et al., 2019; Saad et al., 2024). Interestingly, while numerous studies have highlighted
the wide antibacterial properties of plant extracts and essential oils (EOs), very few studies have
been focused on bacteria involved in microbial corrosion, especially on SRB (Korenblum et al.,
2013; Bhola et al., 2014; Souza et al., 2017). The innate ability of EOs as well as
cinnamaldehyde to inhibit corrosion, its minimal toxicity combined with its antibacterial
properties, offers a compelling approach to managing the proliferation of SRB in natural
settings. In this study, the activity of cinnamaldehyde against biofilm-growing D. vulgaris on
glass and metal surfaces, has been investigated for the first time, and compared to the well-
known biocide, glutaraldehyde. Cinnamaldehyde was found to be bactericidal at concentrations
ranging from 12.5 pg/ml to 100 pug/ml both on planktonic and sessile D. vulgaris cultures, with

a comparable efficacy to the conventional biocide glutaraldehyde. Moreover, cinnamaldehyde
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caused a significant disruption of pre-formed D. vulgaris biofilms, highlighting its potential as
an effective environmentally-friendly alternative for controlling and mitigating microbial

corrosion.
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Experimental Procedures

Bacterial strain and culture conditions

Desulfovibrio vulgaris Hildenborough strain ATCC 29579 (DSM 644) was obtained from the
Leibniz Institute DSMZ (Braunschweig, Germany) and grown anaerobically in Hungate tubes
filled with Desulfovibrio (Postgate) medium, prepared according to the DSMZ guidelines
(Medium N. 63), with minor modifications. Indeed, FeSO4 x 7H>O concentration was lowered
from 0.5 g/L to 0.02 g/L, to limit FeS precipitates formed during D. vulgaris growth. Each
Hungate tube containing the medium was purged with a N> flux to remove dissolved O> and
obtain anoxic conditions, and then sterilized by autoclaving. For solid media preparation, 15
g/L of agar was added prior to autoclaving. D. vulgaris was incubated in a standard anaerobic
environment for 48-72 h at 37 °C using a BD GasPak™ EZ Standard Incubation Container
equipped with a BD GasPak EZ Container System Sachet with Indicator. All culture
manipulations were performed into “La Petite” Glove Box (Plas Labs, Inc.™), to limit O

concentration. D. vulgaris stock solutions were kept as 15 % glycerol suspensions at -80 °C.

Determination of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal

Concentration (MBC)

Cinnamaldehyde (W228613, Sigma-Aldrich) and glutaraldehyde (G6257, Sigma-Aldrich)
were used for susceptibility testing. The minimum inhibitory concentration (MIC) of the
selected compounds was determined by following the broth macrodilution method, according
to the Clinical and Laboratory Standards Institute guidelines (CLSI, 2018). Briefly, 100 mg/ml
stock solutions of cinnamaldehyde and glutaraldehyde dissolved in dimethyl sulfoxide (DMSO)
and ddH»O, respectively, were serially diluted in 2 ml of sterile Postgate medium, to the lowest
concentration of 1.56 pg/ml. D. vulgaris was grown for 48 h at 37 °C in Postgate medium, and
further diluted in each assay tube, to achieve a final inoculum of 5 x 10> CFU/ml. The MIC was
determined as the lowest amount of antimicrobial agent that did not result in the rise of turbidity
and/or in blackish color of the medium caused by FeS precipitation, indicative of bacterial
growth (Fig. 1). From each test tube previously used for MIC determination, in which no growth
was visible, 1 ml of broth was mixed with 9 ml of Postgate solid medium, poured in a Petri dish

and anaerobically incubated at 37 °C for 72 h. MBC was determined as the first antibacterial
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dilution for which no visible growth of D. vulgaris as colonies on solid media was obtained at
the end of the incubation period. The MBC/MIC ratio was subsequently calculated, considering
a MBC/MIC ratio > 4 or < 4, indicative of a bacteriostatic or bactericidal effect, respectively

(Pankey and Sabath, 2004).

D. vulgaris biofilm formation and disruption on glass cover slips

D. vulgaris biofilms were allowed to form on sterile glass coverslips (13 mm diameter, VWR
International s.r.1., Italy) previously treated with 70 % v/v ethanol, then washed with ddH-O,
and air-dried before autoclaving. Briefly, a 72 h culture of D. vulgaris was diluted to an ODsoo
0f 0.007 (corresponding to ca. 1 x 10® CFU/ml) in Postgate medium and used to inoculate a 24-
well flat-bottom microtiter plate equipped with a glass cover slip in each well. Biofilms
formation occurred during static anaerobic incubation at 37 °C for 96 h and was inspected every
24 h by confocal laser scanning microscopy (CLSM). Prior to CLSM visualization, planktonic
cells were removed by gently washing each cover slip with sterile PBS, followed by acridine
orange staining. Biofilms were observed with a Leica TCS SP5 confocal microscope equipped
with a 40x oil immersion objective, and biofilm spatial characteristics were quantified using
COMSTAT version 2.1, analyzing at least five image stacks per condition (Heydorn et al.,
2000; Vorregaard 2008; Runci et al., 2017).

To investigate the disruptive effect of cinnamaldehyde and glutaraldehyde on D. vulgaris
biofilms, 72 h-old biofilms were gently washed in PBS to remove planktonic cells, and then
transferred to a new 24-well flat-bottom microtiter plate containing different cinnamaldehyde
and glutaraldehyde dilutions (100, 50, 25, 12.5 pg/ml) in Postgate medium. Plates were
incubated at 37 °C without shaking for further 48 h under anaerobic conditions. Then, CLSM

biofilm visualization was performed as described above.

D. vulgaris biofilm formation and disruption on metal coupons

Metal coupons (18 mm diameter, 2 mm of thickness - material code: S355J2G3 - chemical
composition: 0.20 % C, 0.20 % Si, 0.037 % Al, 0.005 % S, 0.02 % Cu, 0.98 % Mn, 0.009 % P,
0.005 % N, 0.02 % Cr, 0.36 % CEV, 0.01 % Ni, Rometec Srl, Roma, Italy) were treated with
70 % EtOH for 10 min, washed with ddH>O and dry heat sterilized (3 h at 180°C). Coupons

were then placed in a 12-well flat-bottom microtiter plate containing 3 ml of Postgate medium
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inoculated with 1 x 10 CFU/ml of D. vulgaris. Biofilm formation was allowed during static
anaerobic incubation at 37 °C for 72 h. Every 24 h three coupons were removed, washed twice
with sterile PBS to remove planktonic cells, and subjected to two rounds of sonication followed
by serial dilution and vital count, to quantify adherent bacterial cells (Fig. S1).

To investigate the disruptive effect of cinnamaldehyde on D. vulgaris biofilms formed on metal
coupons, 48 h-old biofilms were gently washed in PBS to remove planktonic cells, and then
transferred to a new 12-well flat-bottom microtiter plate containing 100 pg/ml of
cinnamaldehyde (i.e., 8X MIC) in Postgate medium. Plates were incubated anaerobically at 37
°C without shaking for further 48 h. Adherent cells were then quantified by viable cell count
(CFU/ml), as detailed (Fig. S1).

Statistical analysis

Statistical analysis was performed with the GraphPad Prism software, version 10.2.0, by using
one-way ANOVA, followed by the Dunn’s multiple-comparison test. Differences among
treatments and untreated controls (NT) were considered statistically significant with a P-value

<0.001, indicated with *.
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Results

Susceptibility of D. vulgaris to cinnamaldehyde and glutaraldehyde

D. vulgaris susceptibility to cinnamaldehyde and glutaraldehyde was initially investigated by
determining the MIC in Postgate medium. After 72 h of incubation in anaerobic conditions at
37 °C, bacterial growth was monitored by turbidimetry. Test tubes containing a compound
concentration < 6.125 pg/ml showed a turbidity increase comparable to the one of the positive
control devoid of any compound, whereas at concentrations > 12.5 nug/ml no change in turbidity
was recorded in comparison to the negative control (i.e., not-inoculated medium), indicative of
bacterial growth inhibition. Thus, the MIC of both cinnamaldehyde and glutaraldehyde was
determined to be 12.5 pg/ml (Fig. 1). MBC determination showed lack of bacterial growth at
the MIC, leading to a MBC/MIC ratio of 1, indicating a bactericidal activity of both
cinnamaldehyde and glutaraldehyde.

Cinnamaldehyde 100 50 25 12.5 6.25 3.125 1.56 c c
pg/ml ug/ml ug/ml ug/ml ug/ml ug/ml png/ml
0
@/\AH MIC
MBC
100 50 25 125 6.25 3.125 1.56 c c
Glutaraldehyde ug/ml png/ml pg/ml pg/ml pg/ml pg/ml pg/ml

¢} o] MIC
HWH S o S e

Fig. 1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
determination. The MIC of cinnamaldehyde and glutaraldehyde was determined by the broth macrodilution
method as the lowest amount of compound that did not result in the rise of turbidity and/or in blackish color of the
medium, after 48 h of incubation. The MBC was determined as the first compound dilution for which no visible
growth of D. vulgaris as colonies on solid media was obtained (representative plates are shown). C* and C indicate
positive and negative controls, respectively. DMSO (i.e., cinnamaldehyde solvent) did not affect growth, at all
concentrations tested (data not shown).

55



In order to examine the disruptive effect of cinnamaldehyde and glutaraldehyde on D. vulgaris
biofilm, the biofilm formation dynamics of D. vulgaris was carefully investigated over 96 h
post-inoculum in Postgate medium at 37 °C, on glass cover slips under anaerobic conditions,
using CLSM. Patches of D. vulgaris cell aggregates began to appear at 48 h, progressively
expanding to obtain a thick and confluent layer after 72 h, followed by the onset of dispersion
at 96 h (Fig. 2A). Analyses of biofilm architecture showed that biomass increased progressively
up to 72 h, reaching a maximum of ca. 7 pm?/pm?, along with an increase of thickness and
surface area (17 pm and 3 x 10® pm?, respectively) (Fig. 2B). The decrease of all biofilm spatial
characteristics observed after 96 h is likely due to nutrient exhaustion and catabolite buildup,

leading to the dispersal of the mature biofilm, as confirmed by CLSM observations (Fig. 2A).
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Fig. 2. Time course of D. vulgaris biofilm formation in Desulfovibrio (Postgate) medium. (A) Representative
confocal microscope images of biofilms (x-y plane and orthogonal view) stained with acridine orange. Scale bar,
50 pm. (B) Quantification of biofilm spatial characteristics determined by analysis with COMSTAT, version 2.1.
At least five image stacks were analyzed per condition.



Effect of cinnamaldehyde and glutaraldehyde against preformed D. vulgaris biofilms

To investigate the disruptive effect of cinnamaldehyde and glutaraldehyde on D. vulgaris
preformed biofilms, 72 h-old mature biofilms were exposed to different concentrations of each
compound (ranging from the MIC to 8X MIC) for further 48 h, under anaerobic conditions,
prior to confocal microscopy analysis. Both cinnamaldehyde and glutaraldehyde caused evident
disruption of preformed D. vulgaris biofilms in a concentration-dependent manner (Fig. 3A)
consistent with a reduction in biofilm biomass, surface area and average thickness (Fig. 3B).
Notably, treatment with 4X MIC of cinnamaldehyde and glutaraldehyde caused a significant
disruption of preformed biofilms compared to the untreated biofilm, with a reduction of ca 90
% vs 85 % for biomass, 85 % vs 80 % for surface area and 60 % vs 45 % for average thickness,
respectively (Fig. 3B). Since cinnamaldehyde was dissolved in DMSO, differently from
glutaraldehyde which was soluble in ddH2O, the potential disruptive effect of DMSO on D.
vulgaris biofilm was also investigated, to rule out a solvent-dependent effect. To this aim,
mature D. vulgaris biofilms were exposed to different DMSO concentrations (1 %, 0.5 %, 0.25
% and 0.125 % of DMSO corresponding to the DMSO contained in the 8X MIC, 4X MIC, 2X
MIC and MIC treatments, respectively) for 48 h, under anaerobic conditions (Fig. 4A). DMSO
at concentrations of 0.125 %, 0.25 % and 0.5 % did not significantly reduce the biofilm biomass
compared to the untreated control, thus confirming the potential of cinnamaldehyde, rather than
its solvent, in eradicating pre-formed D. vulgaris biofilms. When used at the concentration of
1 %, however, DMSO caused a statistically significant reduction in biomass and surface area
(ca. 40 % and 15 % compared to NT, respectively) (Fig. 4B), confirming that DMSO can be
toxic to microorganisms and should not be used at concentration higher than 2 % (Wang et al.,

2023).
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Fig. 3. Effect of cinnamaldehyde and glutaraldehyde on 72 h-old D. vulgaris biofilms (A) Representative
confocal microscope images of D. vulgaris biofilm developed for 72 h (top) and treated with cinnamaldehyde (left)
and glutaraldehyde (right) concentrations ranging from MIC to 8X MIC (12.5, 25, 50 and 100 pg/ml) for further
48 h at 37 °C in anaerobic conditions (x-y plane and orthogonal view). Scale bar, 50 um. (B) Quantification of
biofilm spatial characteristics determined by analysis with COMSTAT, version 2.1. At least five image stacks
were analyzed per condition. Statistical analysis was performed with the GraphPad Prism software, by using one-
way ANOVA, followed by the Dunn’s multiple-comparison test. Differences among treatments and untreated
control (NT) were considered highly statistically significant (*) with a P-value < 0.001; not significant (ns) indicate
a P> 0.001. Black columns indicate untreated control (NT), all other columns represent treatments with either
cinnamaldehyde or glutaraldehyde, at the indicated concentrations (MIC, 2X MIC, 4X MIC, 8X MIC).
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Fig. 4. Effect of DMSO on 72-old D. vulgaris biofilms. (A) Representative confocal microscope images of D.
vulgaris biofilm developed for 72 h and treated or not (NT) for 48 h with DMSO at the same concentrations present
during treatments with cinnamaldehyde (0.125 %, 0.25 %, 0.5 % and 1 % of DMSO, corresponding to the amount
present at MIC, 2X MIC, 4X MIC and 8X MIC, respectively). Treatments were performed under anaerobic
conditions and biofilm were stained with acridine orange. Scale bar, 50 um. (B) Quantification of biofilm spatial
characteristics determined by analysis with COMSTAT, version 2.1. At least five image stacks were analyzed per
condition. Statistical analysis was performed with the GraphPad Prism software, by using one-way ANOVA,
followed by the Dunn’s multiple-comparison test. Differences among treatments and untreated control (NT) were
considered highly statistically significant (*) with a P-value < 0.001; not significant (ns) indicate a P > 0.001.
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D. vulgaris biofilm formation and disruption of preformed biofilms on metal coupons

Since SRB-mediated corrosion mainly affects carbon steel surfaces (Javed et al., 2015), the
antibiofilm activity of cinnamaldehyde was investigated on representative metal coupons on
which D. vulgaris biofilms were allowed to form for 72 h. To this aim, metal coupons
inoculated with D. vulgaris were initially analyzed for cell adhesion/biofilm formation every
24 h for 72 h. Unlike glass cover slips, biofilm formation on metal coupons could not be
analyzed using CLSM due to the weight and thickness of the coupons. Consequently, every 24
h, three inoculated metal coupons were sacrificed, and the biofilm present on each coupon was
detached using cycles of vortex and sonication (Fig. S1), and the resulting supernatant was
serially diluted for D. vulgaris CFU enumeration.

After 48 h, D. vulgaris viable cell count reached ca. 1.5 x 107 CFU/ml, which decreased to ca.
1 x 10° CFU/ml at 72 h (Fig. 5A). Therefore, the D. vulgaris 48 h-old biofilm was chosen as
the optimal condition to evaluate the disruptive effect of cinnamaldehyde at the highest
concentration tested on cover glasses (i.e., 8X MIC). The same volume of DMSO present at 8X
MIC (i.e., 1 %) was included as control, to confirm that the observed effect was solely due to
cinnamaldehyde rather than the solvent. D. vulgaris 48 h-old biofilms were incubated for an
additional 48 h under anaerobic conditions, after which a viable count was performed.
Interestingly, no difference was observed between the untreated (NT) samples and those treated
with 1 % DMSO (Fig. 5B). In contrast, no CFU/ml were detected at 8X MIC, indicating a
bactericidal effect of cinnamaldehyde even on D. vulgaris biofilms developed on metal surfaces

(Fig. 5C).
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Fig. 5. D. vulgaris biofilms on metal coupons: formation, disruption and vital count. (A) D. vulgaris biofilm
formation on metal coupons for 72 h followed by vital count after biofilm detachment; (B) Disruption (measured
as CFU/ml after biofilm detachment from the metal coupons) of 48-old D. vulgaris biofilms treated with the
maximum concentration of cinnamaldehyde (8X MIC) as well as 1 % DMSO, compared to the untreated (NT)
control; (C) Representative images of serially-diluted (up to 10, US: undiluted sample) bacterial suspensions (10
ul) obtained after biofilm detachment from metal coupons, spotted onto Postgate agar medium.
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Discussion

Investigating the dynamics of biofilm formation in SRB responsible for microbiologically
influenced corrosion is essential for the development of eco-friendly strategies to replace the
use of toxic biocides, as part of corrosion mitigation strategies. In this study, we demonstrate
for the first time that cinnamaldehyde exhibits promising antibacterial and antibiofilm
properties against D. vulgaris, an SRB model microorganism. Indeed, cinnamaldehyde showed
comparable efficacy to the well-known reference biocide, glutaraldehyde, which is however
toxic to the environment, particularly to aquatic ecosystems (Sano et al., 2005; Pereira et al.,
2014). Cinnamaldehyde is well-known for its wide spectrum of antimicrobial activity, however,
planktonic growth inhibition of relevant pathogenic species, has been documented for
concentration > 250 pg/ml, including Escherichia coli (MIC = 250 pg/ml, Firmino et al., 2018;
MIC =310 pg/ml, Ye et al., 2013; Shen et al., 2015; MIC = 780 pg/ml, Pereira et al., 2021);
Staphylococcus aureus (MIC = 250 pg/ml, Firmino et al., 2018; MIC = 310 pg/ml, Ye et al.,
2013; MIC = 500 pg/ml; Ferro et al., 2016, Ferrando et al., 2024); Pseudomonas aeruginosa
(MIC = 250 pg/ml, Firmino et al., 2018; MIC = 800 pg/ml, Song et al., 2023; MIC = 1000
pg/ml, Subhaswaraj et al., 2018, Ferrando et al., 2024; MIC = 1024 pg/ml, Tetard et al., 2019)
and Enterococcus faecalis (MIC =250 pg/ml, Ferro et al., 2016; MIC = 1000 pg/ml, Ferrando
et al., 2024).

In this work we found that a > 20 times lower concentration of cinnamaldehyde (i.e., 12.5
pg/ml) inhibited the growth and killed planktonic D. vulgaris cells (Fig. 1) and, more
importantly, a concentration as low as 50 pg/ml (i.e., 4X MIC) almost completely disrupt
biofilm-grown cells, by reducing biomass (> 90 %), surface area (> 85 %) and thickness (> 60
%) (Fig. 3). These findings are particularly relevant for strategies aimed at mitigating microbial
corrosion, since sessile cells within biofilms are notoriously more difficult to eradicate than
planktonic ones. Indeed, in field applications, very high concentrations of biocides are typically
required to eradicate sessile cells due to biofilms’ multiple defense mechanisms such as the
presence of a diffusional barrier that slows biocide penetration, the reduced metabolic rates that
limit biocide uptake, and the upregulation of efflux pumps to expel biocides (Li et al., 2016).
Since SRB-mediated corrosion mainly affects steel surfaces, the effect of cinnamaldehyde was
also tested against D. vulgaris 48 h-old biofilms grown on metal coupons. Cinnamaldehyde
exposure (100 pg/ml) for 48 h resulted to be bactericidal against D. vulgaris adherent cells, as

revealed by viable count determination (Fig. 5). Differently from cover glass slips (Fig. 4), no
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difference was observed between untreated samples and those treated with 1 % DMSO (Fig.
5). Although the different experimental setting between glass cover slips and metal coupons
does not allow a direct comparison on the biofilm-disruptive effect of cinnamaldehyde, the
results observed might suggest that while 1 % DMSO seems to affect D. vulgaris biofilms in
terms of spatial features (i.e., biomass and surface area) it does not affect cell viability, as also
observed in the preliminary MIC determination experiments (data not shown).

Interestingly, while numerous studies have highlighted the broad-spectrum antibacterial
properties of plant extracts and EOs, very few are focused on bacteria directly involved in
microbial corrosion, such as SRB. It has been demonstrated that lemongrass essential oil (LEO)
and its principal component, citral, can effectively control both planktonic and sessile cultures
of Desulfovibrio alaskensis strain NCIMB 13491, with a MIC of 170 pg/ml, a> 10 times higher
concentration than the cinnamaldehyde one used in this study. Additionally, both LEO and
citral exhibited anti-biocorrosion effects on carbon steel (Korenblum et al., 2013). Other major
components of EOs, such as linalool, geraniol, nerol, eugenol R-limonene, and S-limonene,
have also been tested against D. alaskensis NCIMB 13491, showing MIC values ranging from
78 to 2,500 pg/ml (Souza et al., 2017), much higher (i.e., from 6 to 200 times) than the
cinnamaldehyde concentration effective against D. vulgaris.

Given the limited knowledge about the application of EOs or their components on SRB
biofilms, the present study aimed at investigating the potential effect of cinnamaldehyde, which
has not previously been applied in this specific area of research. The rationale of choosing
cinnamaldehyde lies in its well-documented efficacy as a green corrosion inhibitor for steels in
acidic environments (Hossain et al., 2019; Kumar et al., 2022). Indeed, cinnamaldehyde is able
to adsorb onto the metal surface, forming a protective macroscopic film (Avdeev et al., 2013;
Cabello et al., 2013; Negm et al., 2013; Keles et al., 2014; Jafferji et al., 2018; Hossain et al.,
2019; Wang et al., 2019; Saad et al., 2024). This adsorbed layer acts as a barrier, effectively
slowing down the corrosive attack from the surrounding aggressive environment (Mouaden et
al., 2020). Moreover, cinnamaldehyde has also been regarded as a quorum-sensing inhibitor in
biofouling seawater bacteria, able to reduce biofilm formation at the high concentration of 1,200
pg/ml (Katebian et al., 2016), and as a potential antifouling coating in combination with the
conventionally-used non-toxic polydimethylsiloxane (Guo et al., 2024).

We have demonstrated that cinnamaldehyde effectively disrupts pre-formed D. vulgaris

biofilms both on glass coverslip and metal coupons, paving the way for further studies on its
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long-term  effects and performance under different environmental conditions.
Cinnamaldehyde’s dual function as both an antimicrobial agent and a corrosion inhibitor makes
it an appealing candidate for industrial applications, particularly in environments where SRB-
induced corrosion is prevalent. By mitigating both microbial proliferation and metal
degradation caused by the corrosive agents produced by SRB metabolism (e.g., H»S),
cinnamaldehyde may offer a safer and environmentally-friendly approach for controlling SRB
activity and managing biofilm-related corrosion, making it a viable replacement for more

hazardous traditionally used biocides.
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Fig. S1. Workflow of D. vulgaris biofilm formation and disruption on metal coupons.
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Chapter 3

Bacteriophage-derived endolysins as green biocides against

Microbiologically Influenced Corrosion
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Preface to Chapter 3

Endolysins are hydrolytic enzymes encoded by bacteriophages during their lytic cycle,
targeting the peptidoglycan layer of both Gram-positive and Gram-negative bacteria, thus
promoting cell osmotic lysis. However, their fast lytic activity can also be accomplished when
exogenously applied as recombinant proteins. These enzymes have garnered significant
attention for their efficacy against clinically-relevant pathogens and are currently employed in
clinical settings. However, the application of endolysins in environmental contexts, particularly
those impacted by microbiologically influenced corrosion (MIC) driven by sulfate reducing
bacteria (SRB), remains largely unexplored. In this context, Chapter 3 introduces a novel
approach to MIC control using bacteriophage-derived endolysins as environmentally friendly
alternatives to conventional biocides. This work focuses on the selection and in vitro testing of
Desulfovibrio vulgaris-specific endolysins targeting different peptidoglycan structures and
demonstrates their effectiveness against D. vulgaris planktonic cells. This study has been
performed in collaboration with Dr. Roberto Vazquez Fernandez, Prof. Yves Briers (University
of Gent, Belgium) and Prof. Rob Lavigne (University of Leuven, Belgium), supported by a
FEMS research and training grant. Although preliminary, this study underscores the potential
of endolysins to revolutionize MIC management in an environmentally sustainable manner,
bypassing the use of conventional toxic biocides, and paves the way for the use of endolysins

beyond clinical applications.
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3.1 Introduction

The escalating threat posed by multidrug-resistant (MDR) bacteria is a global public health
concern, intensified by the scarcity of novel antibiotics. If comprehensive global measures are
not implemented, the World Health Organization (WHO) estimates suggest that by 2050,
antibiotic-resistant bacteria could cause over 10 million deaths, surpassing the mortality
associated with cancer. Recognizing this crisis, the WHO has emphasized that antimicrobial
resistance (AMR) is a serious issue requiring a One Health approach, integrating efforts across
human health, animal health, food production, and the environment (WHO, 2023).

Bacteriophages (phages) and phage-derived enzymes distinctly satisfy all four innovation
criteria defined by the WHO, serving as a novel class of “non-traditional” antibiotics
characterized by a unique mode of action, target, and an absence of known cross-resistance
(WHO, 2020). Bacteriophages are viruses that only infect bacteria. They are ubiquitous in the
environment and are considered as the most abundant organisms in the biosphere (Clokie et al.,
2011. They were independently discovered in 1915 by Frederick Twort in England (Twort,
1915) and in 1917 by Félix d’Hérelle in France (d’Hérelle, 1917). Phages are solely composed
of a nucleotide string carrying their genetic information (i.e., DNA or RNA) surrounded by a
protein shell or capsid. They can propagate through a lytic or lysogenic life cycle. During the
lytic cycle phages can infect, multiply within a host cell, generating a numerous progeny that
is liberated upon cell lysis, causing the rapid death of the bacterial host cell. Conversely, during
the lysogenic life cycle some phages, called temperate, can integrate their genome into the host
chromosome thus replicating within the host cell for several generations before undergoing the

lytic cycle (Little, 2005) (Fig. 1).

75



‘Q' Attachment

CYCLE

Penetration

'Y LYTIC
CYCLE
« 1 Y2 -
G o AR
/, L SN K. :\‘\4
W |
- SN
>

-y

L 4
Release \

Maturation

Fig. 1. Lytic and lysogenic cycle of bacteriophages. Lytic phages reproduce through a six-step process:
attachment, penetration, biosynthesis, maturation, and lysis of the host cell, which releases new phage progeny
leading to the death of the infected bacterium. In contrast, the lysogenic cycle involves the integration of the phage
genome into the bacterial DNA, forming a prophage. This integrated genome replicates within the bacterial cell
and can switch back to the lytic cycle when conditions are favorable (Bisen et al., 2024).

Phages can be seen as a natural toolbox offering several potential biotechnological tools, such

as:

- RNA polymerases used in driving protein expressions (Butler and Chamberlin, 1982;
Tabor and Richardson, 1985)

- phage receptor binding proteins (RBPs) involved in host-phage interactions, for
bacterial endotoxin detection and removal (Santos, 2018)

- exopolysaccharide (EPS) depolymerases for disruption of the bacterial biofilm matrix
(Topka-Bielecka et al., 2021)

- phage integrases and recombinases to mediate unidirectional site-specific
recombination between two DNA recognition sequences and for precise genome editing

(Groth and Calos, 2004; Murphy, 2012)
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- proteins that block the action of bacterial Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)-Cas systems, by targeting the bacterial Cas proteins
used by bacteria for genome editing (Stanley and Maxwell, 2018).

Phages offer several potential advantages compared to antibiotics. Their primary benefit lies in
their specificity for target bacteria, minimizing damage to the host's flora. Phages are self-
limiting, relying on their hosts for continuous growth; without specific hosts, their survival is
short-lived. Phages possess a narrow host range, making it difficult to look for suitable phages
for a given bacterium (Hibstu et al., 2022). On the other hand, the extensive use of
bacteriophages may promote the selection of phage-resistant bacteria through spontaneous
mutations, acquisition of restriction-modification systems, adaptive immunity, and other
mechanisms (Gondil et al., 2020).

The interest in phage-encoded peptidoglycan (PG) hydrolases, commonly known as endolysins,
has surged over the past decade, largely due to the critical demand for new antibacterial agents
to address the rise of MDR bacterial pathogens. Endolysins are hydrolytic enzymes encoded by
bacteriophages which play a specific role in the release of phage progeny, by degrading the PG
of the host bacterium thus promoting cell osmotic lysis (Sao-José, 2018). These endolysins
efficiently cleave the specific peptide bonds of bacterial PG from the inside of the host cell,
however their fast activity can also be accomplished when exogenously applied as recombinant
proteins (Vazquez and Briers, 2023). Indeed, the term "Enzybiotics" designates phage lysins
intended for use as antimicrobial agents (Nelson et al., 2001). The therapeutic application of
recombinant lysins in eliminating bacterial infections has been already assayed both in vitro
and in clinical trials (Fischetti, 2005; Fenton et al., 2010; Briers et al., 2014a; Murray et al.,
2021; Liu et al., 2023), and interestingly, the development of bacterial resistance by the
accumulation of point mutations has never been observed (Chang, 2020). Given the many
potential applications of endolysins, several biotechnology companies have started to
investigate the use of phage-derived and engineered lysins in various fields. Indeed, endolysins
have been applied not only as novel therapeutics, but also as novel food preservation tools in
the field of food safety (Dy et al., 2018; Nazir et al., 2023).

However, to the best of our knowledge, the potential of endolysins for the biocontrol of
aquaculture or other environmentally relevant issues remains largely unexplored (De Romero

etal., 2004). Therefore, this chapter is focused on the potential application of endolysins against
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D. wvulgaris, a model microorganism of the environmental issue constituted by

microbiologically influenced corrosion

3.1.1 Bacteriophage-encoded peptidoglycan hydrolases

Bacteriophage-encoded PG degrading hydrolases, known as endolysins, are proteins that
degrade bacterial cell wall and play a crucial role in the lytic replication cycle, facilitating the
release of phage progenies (Fischetti, 2005). First, at the beginning of lytic cycle, phages can
inject their genetic material into bacterial cells by degrading PG thanks to the virion-associated
PG hydrolases (VAPGHs) (Rodriguez-Rubio et al., 2013). Secondly, phages require endolysins
express inside the bacterial host, at the end of their infection cycle. The phage release is
complicated by the presence of a stronger barrier constituted by the bacterial cell wall. The most
of lytic double-stranded DNA (dsDNA) phages (belonging to the Caudovirales order) have
overcome this structural obstacle by adopting the endolysin-holin two component system (Fig.
2) to lyse the bacterial host in an optimal time (Stone, 2002). Holins are small hydrophobic
proteins encoded by phages, synthetized during the late phase of the phage infection cycle and
accumulated in the inner membrane of the bacterial cell in the form of homodimers (Grundling
et al., 2001). Once endolysins reach a critical concentration, a triggering event occurs, leading
to the formation of holes and subsequent collapse of the proton motive force of the cell
membrane (Savva et al., 2014). Holins are considered biological clock, as they regulate the
initiation of cell lysis. By controlling the access of endolysins to the cell wall (Young, 1992)
they favor the consequent break down of the host PG, leading to cell lysis and the release of the

phage progeny particles (De Smet et al., 2017) (Fig. 2).
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Fig. 2. Model of endolysin-holin two component system. Holins form pores in the cytoplasmic membrane that
allow the export of endolysins accumulated in cytoplasm into periplasm, across the cytoplasmic membrane. Once
outside the cell, endolysins degrade the PG structure (Grabowski et al., 2021).

3.1.2 Structural composition of phage endolysins

The structure of endolysins can be either modular or globular (Fig. 3). Modular endolysins,
which are encoded by Gram-positive bacteria infecting phages, consist of two domains: an
enzymatically active domain (EAD) and a cell wall binding domain (CBD). The EAD carries
out the catalytic function by targeting specific chemical bonds within the PG, while the CBD
directs endolysin to a specific cell wall substrate, such as lipoteichoic acids (Schmelcher et al.,
2012). Typically, modular endolysins have one or two EADs at the N-terminal and a single
CBD at the C-terminal end, with the domains connected by a flexible inter-domain sequence
(linker) that ensures an autonomous function of both domains (Briers et al., 2008, 2009;
Fischetti, 2010; Oliveira et al., 2013). In contrast, globular endolysins, which are encoded by
Gram-negative infecting phages, differ in structure from modular ones, since they consist of a

single EAD digesting the PG layer and lack a CBD (Briers et al., 2007).
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Fig. 3. Modular configuration models of most commonly found phage endolysins. (a) Modular endolysin with
one N-terminal enzymatically active domain (EAD) and a C-terminal cell wall-binding domain (CBD). (b)
Modular endolysin with two EADs and a C-terminal CBD. (¢) Simple globular model of an EAD with no CBD.

3.1.3 Lytic activity of endolysins

Endolysins exhibit broad lytic activities against Gram-positive and Gram-negative bacterial
cells. Catalytic domains of phage endolysins can be classified into different enzymatic activities

that target glycosidic, amide or peptide bonds present in the PG structure.

Endolysins can be classified into five groups based on the specific bonds they cleave, and
include: (I) muramidases, (II) glucosaminidases, (III) transglycosylase, (IV) amidase and (V)
endopeptidases (Fig. 4).

(I) N-acetyl-B-D-muramidases (similar to lysozyme) cleave the B-1,4 bond between N-
acetylmuramic acid (NAM) and N-acetylglucosamine (NAG) in the glycan strand, while (II)
N-acetyl-B-D-glucosaminidases hydrolyze the other -1,4 glycosidic bond between NAG and
NAM. Both of these hydrolases require H>O for bond cleavage. In contrast, (III) lytic
transglycosylases also cleave the B-1,4 linkages between NAM and NAG but through an
intramolecular reaction that forms of a 1,6-anhydromuramoyl product, without H,O presence
for reaction catalysis. (IV) N-acetylmuramoyl-L-alanine amidases cleave the amide bond
between sugar NAM and the peptide (L-alanine), detaching the glycan polymer from the
peptide, thus destabilizing the PG. Endopeptidases cleave peptide bonds within crosslinks.
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They include (V) L-alanoyl-D-glutamate endopeptidases, (Va) interpeptide bridge-specific
endopeptidases that directly cross-link the L-diaminopimelic (DAP) acid-to the D-alanine
terminal of the opposite peptide chain, and (Vb) y-D-glutaminyl-L-lysine endopeptidases,
which target bonds within the peptide stem connecting PG strands in gram-positive bacteria
(Loessner, 2005; Briers et al., 2007; Fischetti, 2010; Fenton et al., 2010). The most common,
universal and broad spectrum endolysins comprise amidase or muramidase activities, since they
target the most conserved PG bonds. In contrast, endopeptidases are more species-specific,
hydrolyzing the most variable parts of the PG, such as interpeptide bridges and crosslinks
(Schmelcher et al., 2012)
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Fig. 4. Enzymatic activities of phage endolysins on PG structure. PG is a complex molecule consisting of
alternating residues of p-(1,4) linked N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) sugars.
Attached to NAM there is an oligopeptide chain that can be cross-linked by peptide bonds to the peptide chain of
another strand, forming a 3D structure that surrounds the bacterial cell. The bonds that can be cleaved by the EADs
of endolysins are indicated. I) N-acetyl-B-D-muramidases; II) N-acetyl-B-D-glucosaminidases; III)
Transglycosylases; IV) N-acetylmuramoyl-L-alanine amidases; V) L-alanoyl-D-glutamate endopeptidase; Va)
interpeptide bridge-specific endopeptidase between DAP and D-Ala; Vb) interpeptide bridge-specific
endopeptidase y-D-glutaminyl-L-lysine endopeptidase. L-Ala: L-alanine; D-Glu: D-glutamate; DAP: acid-L-
diaminopimelic; L-Lys: L-lysine; D-Ala: D-alanine; Gly: Glycine.
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3.1.4 Possible strategies to overcome the outer membrane barrier

Gram-negative bacteria possess a protective outer membrane (OM) that distinguishes them
from Gram-positive ones and hinders the access of both hydrophobic and hydrophilic molecules
into the cell, including endolysins. Only the smallest molecules (< 600 Da) can pass through
embedded porins (Exner et al.,, 2017). The OM is an asymmetric lipid bilayer, with
phospholipids (PLs) in the inner part and a glycolipid known as lipopolysaccharide (LPS) in
the outer layer (Funahara and Nikaido, 1980; Sun et al., 2022) linked by divalent cations (Mg>*
and Ca?"). LPS can be subdivided in three regions: the O-polysaccharide part as outermost
layer, the core polysaccharide as intermediate region and the lipid A as the most inner part
(Raetz and Whitfield, 2002). The OM integrity can be mechanically or chemically disrupted,
allowing the endolysins access to the PG layer. Mechanical means involving the use of high
hydrostatic pressure that permeabilize the OM results in a bactericidal effect, and this approach
has been applied in the preservation of not-pasteurized fresh food products (Nakimbugwe et al.,
2006). When combined with endolysin activity, high hydrostatic pressure achieved up to a 4-
log reduction in cell numbers. Endolysins reduce the necessary pressure, thereby lowering the
associated equipment and energy costs needed for complete sterilization (Briers et al., 2008).
On the other side, chemical means (e.g., EDTA) involve the use of outer membrane
permeabilizers (OMP) causing the disintegration of the LPS layer by chelating divalent cations
(Ca?* and Mg?") that bridge adjacent LPS molecules, with the consequent OM disruption
(Vaara, 1992; Briers et al., 2011). OMP themselves may not be bactericidal, but they may
potentiate the activity of other compounds, such as endolysins, thus acting synergistically
(Vaara, 1999; Briers et al., 2011; Antonova et al., 2019). Weak organic acids, such as citric
acid, exhibit chelating and permeabilizing effects, mainly in their protonated form. Moreover,
citric acid can acidify the medium, potentially damaging the OM (Oliveira et al., 2014;
Helander and Mattila-Sandholm, 2000).

3.1.5 Endolysin-based antimicrobials

Endolysins were recognized by the WHO as a novel and non-traditional antimicrobial approach
(WHO, 2022) to treat various MDR-bacteria causing infections and diseases in clinical settings.
The first documented use of purified endolysin was reported in 1959 (Freimer et al., 1959),
while the first in vivo application was published in 2001, introducing the term “Enzybiotics” to

describe endolysins as antimicrobial agents (Nelson et al., 2001). Clinical trials involving
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endolysins have demonstrated promising results (Table 1), with no bacterial resistance observed
(recently reviewed by Pattnaik et al., 2024). ContraFect, a biotech company of the Rockefeller
University, obtained ownership rights to nine endolysins and has focused on developing
endolysin therapies for bacterial infections. ContraFects conducted a phase III clinical trial
(ClinicalTrials.gov Identifier #NCT04160468) on Exebacase (CF-301), a recombinant
endolysin targeting various Streptococcus and Staphylococcus species, including methicillin-
resistant Staphylococcus aureus (MRSA). In the phase II clinical trial, Exebacase, primarily
developed for infective endocarditis, showed a 42.8 % improvement in recovery rates when
combined with standard-of-care antibiotics (SOC) (Watson et al., 2019; Traczewski et al.,
2021) . Notably, in February 2020, the Food and Drug Administration (FDA) recognized
ContraFect CF-301 phase III study as a “Breakthrough Therapy”, marking it as the first
recombinant endolysin to enter human clinical trials in the United States.

Another advancement in the field is the endolysin N-Rephasin® SAL200, developed by Intron
Biotechnology Inc. (ClinicalTrials.gov Identifier #NCT03089697). This endolysin, evaluated
for intravenous administration, exhibited high safety and tolerance profiles during its phase Ila
clinical trial. SAL200, specifically targeting MRSA, did not cause significant adverse effects
in the endolysin pharmacokinetics study in humans, highlighting its potential as adjuvant to
conventional antibiotics (Jun et al., 2017).

Additionally, GengaGen Inc. has advanced the field with clinical trials of the phage-derived
endolysin P128, conducted up to phase I and phase II to assess safety and efficacy
(ClinicalTrials.gov Identifier #NCTO01746654). Administered intranasally, P128, an endolysin
targeting both coagulase-negative and coagulase-positive Staphylococci, demonstrated
effectiveness in both in vitro and in vivo studies.

The first commercially endolysin-containing product, Staphefekt SA.100. (ClinicalTrials.gov
Identifier #NCT02840955) was developed by Micreos Human Health. Staphefekt SA.100 is a
synthetic phage endolysin designed for topical skin application, to counteract persistent and
recurring S. aureus related skin infections. Staphefekt is currently registered as a (class 1)
medical device in Europe and is readily accessible over the counter as a cetomacrogol-based

cream and gel (Totte et al., 2017).
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Table 1: Studies showing the in vivo efficacy of phage-derived and modified endolysins (Pattnaik et al., 2024).

Target pathogens Endolysin/derivatives Route of Outcomes Clinical trials
and model used administration
Staphylococus aureus P128 (chimeric lysin) Intraperitoneal The combination of P128 and oxacillin Phase I/1I completed
(MRSA) Mouse resulted in the inhibition of 4 MRSA strains (NCT01746654)
and could kill biofilm-embedded bacteria.
Staphylococcus LysGH15 Intraperitoneal Bacteria in blood and organs were reduced by -
epidermidis 4 and 3 logs, respectively after treatment when
Mouse compared with untreated control mice.
Streptococcus ClyJ-3 (chimeric lysin Intraperitoneal Superior to the parental enzyme ClyJ, Pre-clinical
pneumonia with an improved demonstrating 20 % more efficacy, with the
Mouse linker) linker sequence also having a significant
impact on the chimeric lysin’s activity.
Streptococcus ClyJ (chimeric lysin) Intraperitoneal 100 % and 20 % survival when treated 1 hand  Pre-clinical
pneumonia 3 h post-infection, respectively;
Mouse No resistance to the chimeric lysine was
observed even after doubling the
concentration of ClyJ for 8 consecutive days.
Streptococcus Cpl-711 and PL3 Intraperitoneal 77.8 % survival was observed with the Pre-clinical
pneumonia (chimeric lysins) combination treatment; 50 % survival for PL3
Zebrafish alone; 44.4 % survival for Cpl-711 alone;
compared to 27.8 % survival for the control
group.
Streptococcus Cpl-711 (chimeric lysin)  subcutaneous 58 % of mice survived as compared to 53 % for ~ Pre-clinical
pneumonia the control group;
Mouse and 100 % survival was observed when the Cpl-
zebrafish 711 was combined with cefotaxime (67 % for
cefotaxime alone).
In the case of zebrafish, 100 % survival was
achieved compared to 23 % in the control
group.
Streptococcus ClyV (chimeric lysin) Intraperitoneal 100 % survival was observed in the mouse -
agalactiae model as compared to the 29%survaival rate in
Mouse the case of control models.
No adverse effects were observed even after
administration of higher dose of ClyV.
Streptococcus suis Ply5218 Intraperitoneal 80-90 % survival rate after immediate -
Mouse treatment; 70-80 % survival rate with delayed
triple treatment as compared to 10-20 %
survival in the case of the control group after 7
days of infection.
Bacterial burden was found to be less in the
case of both triple and immediate treatment
when compared to the group treated after 1
and 2 h post-infection.
Streptococcus suis Ply5218 Intramuscular Bacterial burden in the blood was significantly -
Piglet reduced than in the control untreated group;
reduced body temperature, clinical scores, and
pro-inflammatory cytokines were observed in
the treated group.
Acinetobacter LysSS Intraperitoneal 40 % survival after treatment with 125 pg of -
baumannii LysSS; a high mortality rate was seen after
Mouse treatment with 500 pg when compared with
the control group.

Ply6A3 70 % survival (0 % for the control); reduced Pre-clinical
white blood cell counts, T11-10, and (ALMO01856)
procalcitonin levels were observed after
treatment.

Pseudomonas PyS2-GN4 (pyocin- Intraperitoneal 73 %, 80 %, 93 %, and 100 % survival rate was -
aeruginosa endolysin fusion observed in infected mouse treated with 2.5, 5,
Mouse protein) 12.5, and 25 mg/kg lysocin respectively as

Staphylococus aureus
(MRSA and
MSSA)

Mouse and

SAL200 (N-Rephasin)

Intravenous and
intraperitoneal

compared to the control group with 37 %
survival rate, organs of the surviving lysocin
injected mice had ne sign of bacterial
infection.

~1.2 log reduction of CFU/ml in blood and up
to 1.8 log reduction in bacteremia when
combined with antibiotics.

Phase IIa terminated
(NCT03089697)



Target pathogens
and model used

Endolysin/derivatives

Route of
administration

Outcomes

Clinical trials

Galleria
mellonella larvae

Staphylococcus aureus
Mouse

Bacillus anthracis
Mouse

Staphylococus aureus
(MRSA)
Rat and rabbit

Staphylococus aureus
(MRSA) Rabbit

Staphylococus aureus
(MRSA and
MSSA) Mouse

Bacillus anthracis,
Mouse

Acinetobacter
baumannii,
Galleria
mellonella and
mouse

Pseudomonas

aeruginosa
Mouse

Streptococcus
pneumonia
Mouse

Clostridioides difficile
Mouse

ABD_M23 (chimeric

lysin fused to albumin-

binding domain)

PlyB

CF-301 (Exebacase)

CF-301 (Exebacase)

SAL200 (N-Rephasin)

LysB4

ElyAl

PlyPa91

Cpl-711 (chimeric lysin)

LHD (phage
lysin-human defensin
fusion protein)

Intravenous

Intravenous

Intravenous

Intravenous

Intranasal

Intranasal

Intranasal

2 intranasal or 1 each
intranasal and
intratracheal

Intranasal

Oral (gavage)
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After 96 h post-infection, the combination also
improved the Galleria mellonella larvae’s
survival rate.

~2 log reduction of 5. aureus in blood post 48 h
when administered with ABD-M23 (featuring
extended serum half-life) as compared to ~1
log reduction of bacteremia in case of parental
M23.

Control murine models administered with only
buffer after infection had a survival rate of 14
% that increased to 28 % and 100 % at 0.625
mg/kg and 5 mg/kg of PlyB respectively with
no significant side effects.

The synergistic effect of single doses of PlyB
and PlyG increased the survival rate to 71 %
(28 % survival rate in case of either PlyB or
PlyG administered alone at 0.625 mg/kg).

~6 log drop in bacterial densities was
observed in the case of both rat and rabbit at
10 mg/kg (~2600 pg/animal) & 0.09-0.18
mg/kg (~210-420 pg/animal) of CF-301
respectively when compared to 3 log reduction
in control having administered with only
daptomycin.

3 log reduction of MRSA vegetation in the
control group that increased to >8 log
reduction when daptomycin was combined
with the exebacase.

~10-fold reduction of bacterial density in the
lungs of the mouse when treated with SAL200
when compared to the control group (90-95 %
survival rate in the treated group compared to
10-40 % in the control group), recovery from
pneumonia was observed in histopathological
studies after treatment.

100 % survival was observed in a high dose
LysB4-treated group with 100pg/head at 6, 24,
and 48h post-infection whereas a low dose of
10pg/head extended the onset of death
improving the survival rate.

Reduced bacterial numbers in lungs (<1 log)
and other organs (2-3 log) compared to
control.

When treated with combination of colistin (1/
4 MIC) and 25 g/ml ElyA, infected wax moth
larvae demonstrated a higher survival rate
than those treated with colistin alone.

<1 log reduction of A. baumannii when treated
with ElyAl and colistin on the skin of infected
mouse compared to <0.5 log reduction when
treated with colistin alone.

70 % survival after intranasal plus
intratracheal treatment whereas 20 % after 2
intranasal treatments (having the same
amount of lysin) indicating that the mice’s
survival rate was significantly influenced by
the delivery method.

~2 log reduction of nasopharyngeal carriage,
independent of strain and treatment regime;
superior to parental endolysin Cpl-1

100 % survival rate observed in C. difficile
infected mice as that of 60 % survival for the
control, reduced percentage of diarrhea, and
significantly reduced concentration of

C. difficile spores and toxins in the feces of
infected mice.

PlyG is in pre-clinical
stage (PFW40491)

Phase I1I completed
(NCT04160468)

Phase III completed
(NCT04160468)

Phase Ila terminated
(NCT03089697)

Pre-clinical



Target pathogens Endolysin/derivatives Route of Outcomes Clinical trials

and model used administration

Staphylococus aureus CF-301 (Exebacase) Intravenous 0.48 log reduction of MRSA in the bone Phase III completed
(MRSA) compared to control (1.56 log reduction when  (NCT04160468)
Rat combined with daptomycin)

The treated group of rats (with daptomycin,
exebase, and a combination of both) had a
mean bacterial density of 4.09 (£0.37), 4.65
(+0.65), and 3.57 (+0.48) log,o CFU/g of bone
as compared to control group having a
bacterial density of 5.13 (+0.34) log;o CFU/g
of bone.

Klebsiella pneumnonia LysECD Intraperitoneal >1 log reduction of viable bacteria in biofilms -
Rat within the implant; significantly reduced

biofilm mass observed in LysECD treated rats.

Staphylococcus aureus ~ SEP_TAT and LST_TAT Subcutaneous >2.2 log reduction of bacteria within abscesses -
Mouse (lysins fused to cell- (peripheral) treated with lysin-CPP cocktail when

penetrating peptides, compared to control ones with 1 log reduction,
CPPs) significant reduction of intracellular bacteria
in the pus

Staphylococus aureus §25-3LYS-his Topical A significant decrease (1-2 logs) in -
Mouse intraepidermal Staphylococci numbers and the

size of pustules in impetigo mice with
increased skin microbiota diversity.

Staphylococus aureus LysGH15 Topical (ointment) The mean bacterial count of S. aureus on the Pre-clinical
(MRSA) skin of infected mice was ~10% CFU/mg after (ADG26756)
Mouse 18 h of treatment which became undetectable

after 96 h (10° CFU/ml bacterial count in
control groups); accelerated wound healing in
the mouse model by reducing the levels of pro-
inflammatory cytokines.

Staphylococcus aureus  TSPphg Topical ~3 log reduction of S. aureus on the skin of -
Mouse infected mice with accelerated wound closure.

Pseudomonas PlyPa03, PlyPa91 Topical P. aeruginosa was reduced by > 2 logs -
aeruginosa (PlyPa03) and 1 log (PlyPa91) on infected
Mouse mouse skin when compared to control, and 20

% and 70 % of mice treated with PlyPa91 in
two intranasal instillations and mice treated
with one intranasal and one intratracheal
instillation, respectively, survived lung
infection. These results suggest that the route
of delivery is important for increased efficacy.

Mycobacterium LysB Subcutaneous ~1 log reduction of bacteria in footpads -
ulcerans compared to the control group along with the
Mouse production of IFN-y and TNF in the draining

lymph node.

Staphylococus aurets, LysRODI Intramammary In protein-treated groups, zebrafish embryos -
S. epidermidis (preventive had a survival rate of >92 % survival in
Zebrafish and treatment) presence of LysRODI and CHAPSH3b,
mouse indicating a non-toxic effect.

3-4 log units’ reduction in bacterial burden
when compared with the control group,
improved mammary gland health.

Streptococcus mutans ClyR (chimeric lysin) Oral Continuous administration of ClyR showed a -
and S. sobrinus significant reduction in the severity of caries
Rat (56 %) in rat models.

Fusobacterium LysAm24, LysAp22, and  Topical The lifetime of the infected rabbits was -
necrophorum LysECD7 (gel) enhanced by approximately two times
Rabbit compared to the placebo-treated rabbits after

the topical gel was administered twice daily
for five days. Less acute infection and a delay
in the course of infection were also noted in the
gel-treated rabbit model.

Staphylococcus aureus  LysP108 - In vivo tests showed that compared to Preclinical

(MRSA)
Mouse
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monotherapy, the subcutaneocus abscess that
was produced in the mice was greatly
diminished when treated with LysP108 plus
vancomycin.

This was further supported by H&E
(hematoxylin and eosin) staining, which
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Target pathogens Endolysin/derivatives Route of Outcomes Clinical trials
and model used administration

demonstrated that combined therapy did not
result in the persistence of the abscess and
inflammatory response as compared to the
control groups.

Streptococcus Cpl-1 loaded chitosan - Histopathological and inflammatory analysis -
pneumonia nanoparticles showed that treatment with Cpl-1 loaded
Mouse chitosan nanoparticles resulted in the lowest

bacterial load in the lungs of infected animals
when compared to the contrel group treated
with Cpl-1 and chitosan nanoparticles alone,
and that treatment groups had lower
concentrations of pro-inflammatory and anti-
inflammatory cytokines than other groups at
48 and 72 h.

Streptococcus suis and ~ Ply0643 - 80 % survival rate from lethal bacteremia was -
Streptococcus observed in Streptococcus suis infected mice
agalactiae when treated with Ply0643 (total 0.8 mg/

Mouse mouse) and Streptococcus agalactiae infected
mice showed a significant reduction in
bacterial infection in mammary glands.

Klebsiella pneumoniae ~ LysCA and LysG24 Intranasal The infected mice treated with LysCA at the -

Mouse onset of symptoms showed full recovery after
48 h with no signs of abnormality in the lung
tissue, but their mental condition and mobility
were affected as compared to untreated ones.
The mice treated with LysG24 showed partial
recovery of mental status and mobility after
48 h which was not good as that of mice
treated with LysCA, slight congestion and
edema were also observed in the lungs of this
group of mice.

Staphylococcus aureus ~ XZ.700 (Chimeric Topical cream and gel  In vivo bioluminescence experiment showed Pre-clinical
(MRSA) endolysin) that male mice were 2 times more efficient in
Mouse eliminating the bacterial load than the female

when treated with XZ.700.

In vivo bioluminescence analysis also revealed
that both cream and gel were capable of
reducing a significant amount of bacterial
numbers in the skin-infected mice as compared
to untreated control.

- Means no information available on clinical trials.

Despite significant progress in treating Gram-positive bacteria, addressing Gram-negative
bacteria remains challenging due to the presence of the OM. Indeed, exogenous addition of
recombinant endolysins molecules is successfully being used to quickly kill Gram-positive
pathogens due to turgor pressure, but these molecules are too large to pass the OM of Gram-
negative bacteria. To this aim, a novel class of engineered enzyme-based antibacterials, coined
as Artilysins, with great potential as antibiotic alternatives/adjuvant, was recently developed
(Czaplewski et al., 2016). Artilysins are known to be active against drug-resistant Gram-
negative and Gram-positive bacteria (Gerstmans et al., 2016), since they can pass through the
OM and reach the PG layer, where they exert their action. Artilysins are generated by fusing an
OMP peptide with the EAD of an endolysin. This approach leverages the physicochemical
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properties of OMP peptides to locally disrupt the OM, enabling lysin entry and subsequent
osmotic lysis through PG degradation (Briers et al. 2014a; Briers et al. 2014b, Briers and
Lavigne, 2015). Artilysins are currently commercialized by Lysando AG, as a new
antimicrobial platform technology under the registered mark Artilysin®. These engineered
lysins act rapidly upon contact, are highly bactericidal, active against persisters, show no cross-
resistance with existing resistance mechanisms (including colistin) and do not elicit resistance
development upon serial exposure to subinhibitory doses (Briers et al., 2014; Briers et al.,
2014b). An example of Artilysin is Art-175, a broad-spectrum Artilysin composed of a P.
aeruginosa lysin (KZ144) encoded by the bacteriophage ®KZ, which was fused at its N-
terminal with a potent antimicrobial peptide, (i.e., the sheep myeloid 29 aa peptide SMAP-29)
(Skerlavaj et al., 1999; Briers et al., 2014; Defraine et al., 2016). The SMAP-29 peptide leads
to the destabilization of the OM, allowing the enzymatic domain of KZ144 to gain access to

and degrade the underlying PG (Fig. 5).

O-antigen

OM

WMINHLHINIID {

AOABAAHH, z

I
O
o,
I
E -w'\'\ ) \\ }) \‘\“-A )) \'C\ ,"‘ LAHEHLEE -“-“C\W \
O y
I

Inner core Qutercore

uuuuuuwwuuvuuuu lonic
interactions
mﬁﬁﬁ(\ﬁmﬁﬁﬁ(\ﬁ(\ ()
Gram-negative cell wall
< Hydrophobic
a interactions
-

Fig. 5. Artilysin mechanism of action. Artilysins are engineered lysins fused with OMP peptides that possess
cationic, hydrophobic, or amphipathic properties. These peptides disrupt the stabilizing forces within the LPS
layer, primarily targeting ionic interactions between divalent cations (Ca?*, Mg?") and phosphate groups present
on sugars of the lipid A or inner core. They also interfere with hydrophobic and van der Waals forces between the
fatty acids of the lipid A. The OMP peptide destabilizes the OM, allowing the enzymatic domain of Artilysin to
reach and degrade the underlying PG. CM: cytoplasmic membrane; PG: peptidoglycan; OM: outer membrane
(Gutiérrez and Briers, 2020).

88



3.2 Materials and Methods

3.2.1 Bacterial strains and culture conditions

Pseudomonas aeruginosa ATCC 15692 (PAO1) and Acinetobacter baumannii 19606 (Janssen
et al., 1997) used in this study were present in the strain collection of the University of Urbino
Carlo Bo (Urbino, Italy). Desulfovibrio vulgaris Hildenborough ATCC 29579 (DSM 644) was
obtained from the Leibniz Institute DSMZ (Braunschweig, Germany). Escherichia coli
BL21(DE3)pLysS and E. coli Arctic Express were provided by R. Lavigne from the University
of Leuven, Belgium. All strains were grown in Luria Bertani (LB) broth, except D. vulgaris,
which was grown in Desulfovibrio (Postgate) medium, prepared according to the DSMZ
guidelines (Medium N. 63), with minor modifications. Indeed, FeSO4 x 7H>O concentration
was lowered from 0.5 g/L to 0.02 g/L, to limit FeS precipitates formed during D. vulgaris
growth. The Postgate medium, after sterilization by autoclaving, was placed into the Whitley
A35 anaerobic workstation (Don Withley Scientific Ltd., Shipley UK) the day before its use,
to obtain an anaerobic medium. All strains were grown with shaking at 37°C, except for D.
vulgaris which was grown on static condition. All media were solidified by supplementing 15
g/L agar, prior autoclaving. For protein expression in E. coli strains, ampicillin (Ap) and

gentamicin (Gm) were used at 100 pg/ml and 20 pg/ml, respectively.

3.2.2 Endolysins expression and purification

All nucleotide sequences used were optimized for E. coli codon usage and are listed in
Appendix L. D. vulgaris endolysin sequences were retrieved from Fernandez-Ruiz et al. (2018),
by Vazquez Fernandez R., Briers Y. and Lavigne R. (unpublished results).

Recombinant endolysins were expressed in both E. coli BL21(DE3)pLysS and Arctic Express
(Stratagene, USA), from at least 500 ml of bacterial culture. Briefly, a preculture of each
expressing E. coli strain (10 ml LB in 50 ml flask inoculated from fresh plate) was grown
overnight at 37 °C. The cells were diluted into fresh medium at ODgoo = 0.1 and grown at 37
°C to ODsoo = 0.6. Next, protein expression was induced with 1 mM isopropyl-p-d-
thiogalactopyranoside (IPTG) at 37 °C for 3h for E. coli BL21(DE3)pLysS and at 16 °C for 18
h for E. coli Arctic Express cells. Recombinant Art-175 was purified as previously described

(Briers et al., 2014a). Concerning D. vulgaris endolysins (Appendix 1), all E. coli induced
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bacterial cultures were harvested by centrifugation (4,000 x g for 45 min at 4 °C), and the
obtained cell pellet was resuspended in 20 ml of lysis buffer (20 mM NaH>PO4 x 2H>0, 500
mM NaCl, 20 mM imidazole [pH 7.4] supplemented with 25 pg/ml DNasel). Cell disruption
was performed by sonication (Bandelin Sonopuls HD3200) under the following conditions:
40% maximum amplitude for 4 min with 1s/1s pulse for 30°’ break steps, on ice. Cell debris
were separated by centrifugation at 26,000 x g for 10 min at 4 °C, and the supernatant was then
filtered (Filtropur S 0.2, PES-membrane, 0.2 um pore size; Sarstedt AG & Co., Germany)
before applying it to a Poly-Prep® Chromatography Column (Bio-Rad; Hercules, California,
USA) filled with Ni-NTA His Bind® beads (Merck). Bound proteins were washed using buffer
A (20 mM NaH;PO4 x 2H>0, 500 mM NaCl, 20 mM and 50 mM imidazole [pH 7.4]) and eluted
with a linear gradient to 100 % buffer B (20 mM NaH>PO4 x 2H>0, 500 mM NaCl, 500 mM
imidazole [pH 7.4]). The endolysin containing fractions were pooled and dialyzed against
buffer C (20 mM NaH;PO4 x 2H>0, 500 mM NaCl [pH 7.4]). After dialysis, the protein
concentration was determined spectrophotometrically in silica cuvettes at 280 nm (Jasco V-
650; Jasco Corporation, Tokyo, Japan), as well as by the Bradford assay (Bradford, 1976).
Protein expression and localization were determined by running cell fractions in 15 % (w/v)
SDS-PAGE with Coomassie blue staining (Brunelle and Green, 2014). Immunoblot analysis
was performed with monoclonal Anti-6xHis antibody (1:3000) (Sigma-Aldrich, Cat.# H1029),
using Anti-Mouse IgG, HRP conjugate secondary antibody (1:2500) (Promega, Cat.#4021).

3.2.3 Invitro antibacterial assay

P. aeruginosa, A. baumannii and D. vulgaris strains were grown to the mid-exponential phase
(ODsoo, 0.6), harvested by centrifugation (16,000 x g for 5 min), washed, and 10-fold diluted in
20 mM HEPES (pH 7.4) to a final concentration of 10® cells/ml. For P. aeruginosa and A.
baumannii 50 pl of the bacterial cell dilutions were incubated at 25 °C, with shaking, with 50
ul of a protein solution containing 10 pg, 20 pg and 30 pg of Art-175 in 20 mM HEPES buffer
(pH 7.4). After a 60-min incubation, appropriate dilutions of the cell suspensions were plated
on LB agar in triplicate. Colonies were counted after overnight incubation at 37 °C. For D.
vulgaris, 500 pl of bacterial cell dilution was incubated at 25 °C, with shaking, with 500 pl of
a protein solution containing 200 ug Art-175 in 20 mM HEPES buffer (pH 7.4). After a 120-
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min incubation, appropriate dilutions of the cell suspensions were plated on Postgate agar.
Colonies were counted after 72 h incubation at 37 °C in anaerobic conditions.

For D. vulgaris specific endolysins, the procedure detailed by Briers et al. (2007) was employed
with minor modifications. Briefly, bacterial cells were pre-treated with chloroform (0.5 % v/v)
for 15 min (in static conditions) to permeabilize the outer membrane, then cells were harvest
by centrifugation (8,000 x g, 20 min) and washed with ddH2O twice. Bacterial pellets were
resuspended in 50 mM Tris-HCI buffer containing 0.1 % Triton X-100 (pH 8.2) and adjusted
to an ODgoo = 0.8. A total of 50 ul of a protein solution containing 10, 20, 30, 40 or 50 pg of D.
vulgaris specific endolysins were added to 150 pl of bacterial suspension (ODgoo = 0.8). The
same volume of Tris-HCI buffer containing 0.1 % Triton X-100 without any endolysin was
used as negative control. After 60-min of incubation at 37 °C in anaerobic and static conditions,
appropriate dilutions of the cell suspensions were plated on Postgate agar in triplicate. The
antibacterial activity was quantified as Log reduction, by calculating the ratio Logio[No/Ni]
(with N as the initial number of untreated cells and N; as the number of residual cells counted

after treatment).
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3.3 Results and Discussion

3.3.1 Art-175 antibacterial activity against Pseudomonas aeruginosa, Acinetobacter

baumannii and Desulfovibrio vulgaris

Art-175 is a recombinant endolysin in which a P. aeruginosa bacteriophage ®KZ endolysin
(KZ144), is fused at the N-terminus with the sheep myeloid 29-amino acid (SMAP-29,
Skerlavaj et al., 1999) peptide, that targets and transports the endolysin across the outer
membrane of Gram-negative bacteria (Briers et al., 2014a). KZ144 is a modular endolysin with
a N-terminal PG binding domain and a C-terminal catalytic domain with transglycosylase
activity (Briers et al., 2014a). The nucleotide sequence of Art-175 (Appendix I) was synthetized
into the expression vector pET-21a+ (Bio-Fab Research s.r.l., Rome - Italy), expressed and
purified by metal affinity chromatography as previously described by Briers et al. (2014a) (Fig.
6).

Fig. 6. SDS-PAGE analysis and purification of Art-175. M, molecular size marker; uninduced (NI) E. coli
BL21(DE3)pLysS/pET21a-Art-175 whole cells; induced (I) E. coli BL21(DE3)pLysS/pET21a-Art-175 whole
cells; Art-175 fractions obtained after AKTA purification (from B6 to B11).

The B6 fraction (Fig. 6), containing the highest amount of Art-175 (molecular weight 33.4
kDa), was tested at 10, 20 and 30 pg against P. aeruginosa (Fig. 7A) and 4. baumannii (Fig.
7B) (Briers et al., 2014a; Defraine et al., 2016). After 60-min of incubation Art-175 confirmed
its well-known bactericidal activity already at 10 pg (Briers et al., 2014a) displaying complete
killing (> 5 log reduction compared to the untreated control) against P. aeruginosa (Fig. 7A).
Moreover, since Art-175 was also shown to be active against other Gram-negative bacteria, its

antibacterial activity was also tested against A. baumannii (Fig. 7B). Art-175 displayed an
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almost complete killing at all concentrations tested (ca. 3 log reduction compared to the

untreated control) for 4. baumannii (Fig. 7B), thus confirming literature data (Defraine et al.,
2016).

Pseudomonas aeruginosa Acinetobacter baumannii
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Fig. 7. Time-kill assay of P. aeruginosa (A) and A. baumannii (B) strains, resuspended in 20 mM HEPES (pH
7.4) and exposed to 10, 20 or 30 pug of purified Art-175. Untreated cells were exposed to HEPES buffer without
Art-175 (orange lines, CTL). Cells treated with 10, 20, 30 ug of Art-175 are indicated in grey, yellow and blues
lines, respectively. Bacteria were enumerated by vital count (Logio CFU/ml) and Art-175 antibacterial activity was
assessed after 60 min of exposure. Each value represents the mean + standard deviation of three replicates.

Despite being a recombinant endolysin based on the P. aeruginosa phage ®KZ, Art-175 has
shown a broad activity within Gram-negative bacteria, therefore its potential to control the
growth of bacteria involved in microbiologically influenced corrosion has been investigated.
To this aim, different concentrations of Art-175 (ranging from 200 pg/ml to 6.25 pg/ml) were
tested against D. vulgaris, an anerobic Gram-negative model microorganism used for the study
of sulfate reducing bacteria (SRB) energy metabolism. The buffer in which Art-175 is
resuspended (20 mM HEPES), was also tested against D. vulgaris as control (Fig. 8A). The
MIC value of Art-175 determined against D. vulgaris was 200 pg/ml (Fig. 8A). Time-kill
experiments of D. vulgaris planktonic cultures treated with 200 pg/ml Art-175 or 20 mM
HEPES buffer were performed (Fig. 8B). Unlike the previously observed results about the
bactericidal activity of Art-175 against P. aeruginosa and A. baumannii, Art-175 did not kill D.
vulgaris planktonic cells, in spite of the low tonicity of the 20 mM HEPES buffer, blowing up
the cells, and making them more sensitive to the action of phage lysins. Indeed, no log
reduction, in term of viable cells, was observed compared to the untreated control, after 2 h of
incubation (Fig. 8B). The enzymatic activity of Art-175 was also determined by using a

turbidimetry reduction assay (Fig. 8C). The ODeoo of a D. vulgaris culture was measured both
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at the beginning (To) and at the end (T2) of the antibacterial assay. Surprisingly, a raise in
turbidimetry was observed in D. vulgaris cells treated with 200 pg/ml Art-175 compared to the
untreated and HEPES controls (Fig. 8C). Indeed, treated D. vulgaris cultures resulted to be
darker than the control ones (Fig. 8D). These results suggest that Art-175 may weaken the outer
membrane without killing the bacterium, thus causing the release of iron complexes formed
during cellular respiration, that are likely to accumulate in the periplasmic space (Park et al.,

2008).
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Fig. 8. (A) Minimum Inhibitory Concentration (MIC) determination of Art-175 (ranging from 200 pg/ml to 6.25
pg/ml) against D. vulgaris planktonic cultures. Positive (C+) and negative (C-) control represent unamended
Postgate medium with or without D. vulgaris, respectively. The buffer in which Art-175 is resuspended (20 mM
HEPES), was also included. (B) Time-kill experiments of D. vulgaris treated with 200 pg/ml Art-175 (orange
line), and HEPES buffer (green line) at pH 7.4. Bacteria were enumerated by vital count (Logio CFU/ml). The
untreated control (blue line) was also included. (C) The enzymatic activity of Art-175 was determined by using a
turbidity reduction assay with 200 pg/ml Art-175 and HEPES as control. (D) Representative image showing the
blackening of D. vulgaris cultures treated with 200 ug/ml Art-175.

3.3.2 Invitro antibacterial activity of D. vulgaris endolysins

Although Art-175 exhibited broad-spectrum activity against several Gram-negative bacteria, it
has proven ineffective against D. vulgaris planktonic cells. Consequently, the potential use of
endolysins encoded by bacteriophages targeting D. vulgaris may represent a promising
direction for overcoming this limitation. To this aim, all D. vulgaris endolysin sequences

(Appendix 1) were retrieved from a database of uncultured viral genomes containing 2,628
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putative endolysins (Fernandez-Ruiz et al., 2018) and obtained in collaboration with Dr.
Roberto Vazquez Fernandez, Prof. Yves Briers (University of Gent, Belgium) and Prof. Rob
Lavigne (University of Leuven, Belgium), supported by a FEMS research and training grant.
For each D. vulgaris specific endolysin the nucleotide sequence (Appendix I) was codon-
optimized for the E. coli to enhance soluble expression efficiency. Furthermore, since these 9
selected endolysins have not been previously characterized, an in silico analysis was conducted
to predict their functional domains and structures, by using InterProScan (Mulder and Apweiler,
2007), and Alphafold predictions with ChimeraX Daily: alphafold21 predict colab.ipynb
(Mirdita et al., 2022), respectively (Appendix I). All nine D. vulgaris endolysins were expressed
in E. coli BL21(DE3)pLysS and only proteins present in the soluble fractions were subjected to
purification by metal affinity chromatography. The remaining D. vulgaris endolysins were also
expressed in E. coli Arctic Express to overcome protein insolubility, however only endolysin
RVLD1983 was successfully expressed in the soluble fractions and purified.

The nine endolysins specific for D. vulgaris are listed in Fig. 9 and have different PG targets.
Two of them (i.e., RVLD 1528 and RVLD 1699) are predicted amidases (A), thus able to cleave
the amide bond between the sugar-derivative (glycan, MurNAc) and the peptide moiety (L-
alanine). RVLD 1601 is a predicted peptidase (P), targeting peptide bonds within PG crosslinks.
RVLD 1985, RVLD 2367, RVLD 1984 full length (FL), RVLD 1984 without N-terminal helix
(WONH), RVLD 1983 FL and RVLD 1984 WONH are all predicted soluble lytic
transglycosylases (SLT), cleaving the -1,4 bonds between MurNAc and GlcNac present in the
PG structure by forming of a new 1,6-anhydro bond.

A A P SLT SLT SLT SLT SLT SLT

Fig. 9. Scheme depicting all D. vulgaris endolysins identified in this study. Proteins highlighted in green were
successfully purified and tested against D. vulgaris planktonic cultures. A= Amidase; P= Peptidase; SLT: Soluble
Lytic Transglycosylase.
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Of all these endolysins (Fig. 9), RVLD 1699, RVLD 1601, RVLD 1983 FL and RVLD 1983
WONH were successfully expressed, purified and tested in vitro against D. vulgaris planktonic
cultures (Fig. 10).

The preliminary results have been achieved during a 3 months secondment in the Laboratory
of Gene Technology in Leuven (Belgium) under the supervision of Prof. Rob Lavigne.
Initially, the activities of purified proteins were tested against D. vulgaris planktonic cells with
the same procedure used in the antibacterial assay with Art-175 (Fig. 8). No log reduction, in
terms of viable cells, was observed in D. vulgaris cells treated with specific endolysins
compared the untreated ones (data not shown). The lack of activity is most likely due to the
inability of endolysins to cross the outer membrane of D. vulgaris. Therefore, to favor
endolysins entrance in D. vulgaris cells, a pre-treatment with chloroform (0.5%. v/v) was
employed to destabilize the outer membrane and allow the access of selected endolysins to their
target (i.e., the PQG), as previously described (Briers et al., 2007), with minor modifications as
detailed in the Materials and Methods section. Starting from the same stock containing D.
vulgaris cells treated with chloroform, an aliquot was used as negative control exposing it to
Tris-HCI buffer containing 0.1% Triton X-100 without endolysins, while the other one was
treated with different concentrations of purified endolysins suspended in the same buffer,
ranging from 10 to 50 pg of protein (Fig. 10).

The antibacterial activity of RVLD 1699 was evaluated by testing protein concentrations of 10,
20, 30, 40 and 50 pg against D. vulgaris, resulting in a > 2 log reduction compared to the
negative control (CTL). Specifically, a > 2 log reduction was achieved with 10 and 20 pg, while
concentrations of 30, 40 and 50 pg led to a > 3 log reduction (Fig. 10).

For RVLD1601, the antibacterial assay also demonstrated a > 2 log reduction with all
concentrations tested (i.e., 10, 20, 30, 40 and 50 pg) when compared to the untreated cells (Fig.
10).

In the case of RVLD 1983 FL, only 10 pg of the protein were tested, due to the limited
availability of the purified protein. Nevertheless, even at this low concentration, a log reduction
> 3 was observed compared to the negative control (Fig. 10).

Finally, the antibacterial activity of RVLD 1983 WONH also resulted in a consistent log
reduction (> 3 log) across all tested concentrations, when compared to the negative control (Fig.
10), in line with what observed for the full length endolysin (RVLD 1983 FL). These results

suggest that the predicted transmembrane N-terminal helix is dispensable for the enzymatic
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activity but may play a role in the bacterial cell lysis from within. Indeed, expression of the full-
length protein (i.e., RVLD 1983 FL) led to a smaller amount of purified protein compared to
the yield of RVLD 1983 WONH, suggesting a mild toxicity in E. coli expressing cells. Notably,
given the impurities of the purified RVLD 1983 FL (Fig. 10) the amount tested (i.e., 10 pg) is

a rough estimate of the amount of endolysin present in the assay.
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Fig. 10. Expression and purification of D. vulgaris specific endolysins used in this study. SDS-page analyses
(Coomassie blue staining) of E. coli overexpressing cell lysates; Western blot analyses targeting the Hise tag of
each recombinant protein; SDS-page analyses of purified protein fractions obtained by Poly-Prep®
Chromatography; Antibacterial assay against D. vulgaris planktonic cells pre-treated with chloroform (5% v/v).
M= molecular weight marker; NI: not induced; I: induced; I sol: induced soluble fraction; CTL: bacterial cells not
treated with endolysin (negative control).
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Although preliminary, these results pave the way for the development of engineered endolysins
specifically targeting D. vulgaris. The addition of an OMP peptide that mimics the destabilizing
action of chloroform, may lead to the development of recombinant endolysins that will enable
their EAD to reach and degrade the PG layer more effectively. To this aim D. vulgaris specific
lysins libraries for the rapid assembling and high-throughput screening of customized modular
lysins for the development of new antibacterials could be generated, by using the VersaTile
technique (Gerstmans et al., 2020; Duyvejonck et al., 2021). This technique is a new DNA
assembly method for the rapid construction of combinatorial libraries of engineered lysins that
involves a two-step approach: i) the construction of a collection of all modules, referred to as
tiles (i.e., a coding sequence for a specific module such as OMP, linker, CBD, or EAD) and ii)
the assembly of all tiles in a directed or random manner (Gerstmans et al., 2020; Duyvejonck
et al., 2021). The specific D. vulgaris engineered endolysins obtained with VersaTile could
provide a more effective mean to mitigate SRB-associated issues, offering a novel and

innovative strategy for targeted microbial control.
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3.4 Appendix I

Nucleotide, amino acid sequences and in silico structure
prediction of all endolysins used in this study
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Art-175

Nucleotide sequence

B8 G TGGTCTGCGTCGTCTGGGTCGTAAAATCGCGCACGGTGTTAAAAAATACGGTCC
GACCGTTCTGCGTATCATCCGTATCGCGGGCGGTTCTAAAGTTCTGCGTAAAGGTGACCGTG
GTGACGAAGTTTGCCAGCTGCAGACCCTGCTGAACCTGTGCGGTTACGACGTTGGTARACCG
GACGGTATCTTCGGTAACAACACCTTCAACCAGGTTGTTAAATTCCAGAAAGACAACTGCCT
GGACTCTGACGGTATCGTTGGTAAAAACACCTGGGCGGAACTGTTCTCTAAATACTCTCCGC
CGATCCCGTACAAAACCATCCCGATGCCGACCGCGAACAAATCTCGTGCGGCGGCGACCCCG
GTTATGAACGCGGTTGAAAACGCGACCGGTGTTCGTTCTCAGCTGCTGCTGACCTTCGCGTC
TATCGAATCTGCGTTCGACTACGAAATCAAAGCGAAAACCTCTTCTGCGACCGGTTGGTTCC
AGTTCCTGACCGGTACCTGGAAAACCATGATCGAAAACTACGGTATGAARATACGGTGTTCTG
ACCGACCCGACCGGTGCGCTGCGTAAAGACCCGCGTATCTCTGCGCTGATGGGTGCGGAACT
GATCAAAGAAAACATGAACATCCTGCGTCCGGTTCTGAAACGTGAACCGACCGACACCGACC
TGTACCTGGCGCACTTCTTCGGTCCGGGTGCGGCGCGTCGTTTCCTGACCACCGGTCAGAAC
GAACTGGCGGCGACCCACTTCCCGAAAGAAGCGCAGGCGAACCCGTCTATCTTCTACAACAA
AGACGGTTCTCCGAAAACCATCCAGGAAGTTTACAACCTGATGGACGGTAAAGTTGCGGCGC

ACCGTAAACTCGAG

Amino acid sequence (predicted MW including His¢-tag = 33.4 kDa)

MRGLRRLGRKIAHGVKKYGPTVLRIIRIAGGSKVLRKGDRGDEVCQLQTLLNLCGYDVGKPD
GIFGNNTENQVVKFQKDNCLDSDGIVGKNTWAELFSKYSPPIPYKTIPMPTANKSRAAATPV
MNAVENATGVRSQLLLTFASIESAFDYEIKAKTSSATGWEFQFLTGTWKTMIENYGMKYGVLT
DPTGALRKDPRISALMGAELTKENMNILRPVLKREPTDTDLYLAHFFGPGAARRFLTTGONE
LAATHFPKEAQANPSTFYNKDGSPKTIQEVYNLMDGKVAAHRKLEHHHHHH

In silico structure prediction with InterProScan and Alphafold

~ Domains

PG_binding_1
PGBD-like

Lysozyme-like

SLT
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Nucleotide, amino acid sequences and in silico structure prediction (InterProScan, Mulder and Apweiler, 2007)
and Alphafold prediction with ChimeraX Daily: alphafold21 predict colab.ipynb, (Mirdita et al., 2022) of Art-
175.

Ndel site encompassing the ATG and the Xhol site of Art-175 gene are highlighted in pink and green, respectively.
DNA sequence was cloned in the Ndel/Xhol site of pET21a (Novagen), that allows the insertion of an in-frame
Hiss-tag at the C-terminal of protein. PG: Peptodoglycan; SLT; Soluble Lytic Transglicosilase.

In the InterProScan figure protein representative domains are highlighted, such as the PG-binding and SLT
(lysozyme-like) domains.
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RVLD 1601

Nucleotide sequence

BEEEES . GCTTTAAATACTTCARACTGGAAGAATTCGACTGTCAGGAAACCGGCAAGAATAA
CATGTCTGAAGGCTTCATCCATAAGCTGGACGAACTGCGTGAAGCGTGTGGTTTCCCGTTTA
CCATCACTTCCGGTTACCGTGATCCGTCCCACTCTGTAGAGARATCCAAGAAAAAAGGTGGT
CAGCATACCCTGGGTATCGCTGCTGACATCCGTATTCACTCTGGTGACGACCGCTATACCAT
CGTTCAGAAAGCGATGGAACTGGGCTTCACCGGTATTGGTATCGCAAAAACCTTCGTTCACG
TTGATCTGCGTGTTACCACGCCGGTTATTTGGACCTACCECCAG

Amino acid sequence (predicted MW including Hise-tag = 13.85 kDa)

MSFKYFKLEEFDCQETGKNNMSEGFIHKLDELREACGEFPEFTITSGYRDPSHSVEKSKKKGGQ
HTLGIAADIRIHSGDDRYTIVOKAMELGFTGIGIAKTFVHVDLRVTTPVIWTYLEHHHHHEH

In silico structure prediction with InterProScan and Alphafold

~ Representative Domains

Peptidase_M15_3

~ Domain

Peptidase_M15A_C

Paptidase M15 3

Nucleotide, amino acid sequences and in silico structure prediction (InterProScan, Mulder and Apweiler, 2007)
and Alphafold prediction with ChimeraX Daily: alphafold21 predict colab.ipynb, (Mirdita et al., 2022) of
RVLD 1601. Ndel site encompassing the ATG and the Xhol site of RVLD 1601 gene are highlighted in pink and
green, respectively. DNA sequence was cloned in the Ndel/Xhol site of pET21a (Novagen), that allows the
insertion of an in-frame His6-tag at the C-terminal of protein.

In the InterProScan figure protein representative domains are highlighted, such as peptidase M15 3 domain.
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RVLD 1699

Nucleotide sequence

BEEREE" » 2 nACGGCAAGATCGACCTGCGTGACAARACCAACTATATTGTTGTGCACTGCGC
TGCGACTAAACCGAGCATGGATATCGGTGCCGCAGAAATTCGCAAATGGCATACTGACCCGC
CTCGTAACTGGGATGATATCGGTTACCACTTTGTCATCACGCGTGATCGCAACCCGATCATC
GAACTGGGTCGTCACGTTTCCGTACCAGGCGCTCATGTTGCGAAACACAACTGGGAATCCGT
TGGCATTTGTCTGGTTGGCGGTATGGCCGAAGATGGCACCTCCGAAAACAACTTCACGAACA
ATCAGATGGCAGCACTGCACGACCTGATCCGTGTTCTGATGATGATTTACCCGCAGGCAGAA
GTAGTTGGCCACTGCGATCTGGATCCGGACAACAAGGCTGATTGTCCAGGTTTCGACGTTGG
TGAATGGTTCGCTGAAGAATTCATCGGTCTGACCAACGAAAGCATCEECCAG

Amino acid sequence (predicted MW including Hise-tag = 18.59 kDa)

MKNGKIDLRDKTNYIVVHCAATKPSMDIGAAEIRKWHTDPPRNWDDIGYHEFVITRDRNPITIE
LGRHVSVPGAHVAKHNWESVGICLVGGMAEDGTSENNFTNNOMAALHDLIRVLMMIYPQAEV
VGHCDLDPDNKADCPGFDVGEWFAEEFIGLTNESILEHHHHHEH

In silico structure prediction with InterProScan and Alphafold

+ Representative Domains
ami_2
* Family
|

PEPTIDOGLYCAN RECOGNITION PROTEIN

* Domain

Amidase_domain
PGRP

ami_2
PGRP_domain_met/bac
T

Nucleotide, amino acid sequences and in silico structure prediction (InterProScan, (Mulder and Apweiler, 2007)
and Alphafold prediction with ChimeraX Daily: alphafold21 predict colab.ipynb, (Mirdita et al., 2022) of
RVLD 1699. Ndel site encompassing the ATG and the Xhol site of RVLD 1699 gene are highlighted in pink and
green, respectively. DNA sequence was cloned in the Ndel/Xhol site of pET21a (Novagen), that allows the
insertion of an in-frame His6-tag at the C-terminal of protein.

In the InterProScan figure protein representative domains are highlighted, such as amidase domain.

106



RVLD 1983 FL

Nucleotide sequence

B8 CC~GACGTGACCCTGARAGTAGAAACTAGCCCGACCTGGARAGAAATCCTGGTGCA
GGCGCTGTGTTGCTGCGCACGTTGGATCCTGCGTGGCTTTCTGCTGTTCATCGGTTTCTACC
TGGCAAGCCTGTGGCTGCCGATCTCCGCGAAAGCGGCGGAAGTGACCATTCCGCGTGCTGCA
CAGCAGTACCGTGCGACCCTGGTTCGTGCTGCTCATGCCACCTGGGGTCTGGATGCACCGGT
TGCGGTATTTGCTGCCCAGGTTCACACGGAGAGCTGGTGGCGTAACGACACCGTGTCCCATG
TGGGTGCCCAGGGTCTGGCTCAGTTCATGCCAGCTACCGCTCGCTGGCTGCCGTCTGTTGCG
CCGGAGACTGGTAAACCGGCTCCGTTTAACCCGGGTTGGTCCCTGCGTGCTCTGTGTGTTTA
CGATAAGTGGCTGTGGGACCGCGTTGCCGGCCATTCTGATTTCGAACGTATGGCGTTCACCC
TGTCCGCTTATAACGGTGGCCTGGGTTGGGTGAACCGTGATCGTAAGAAGGCTCGTGCTCTG
GGCGTTGACGATCGCCGCTGGTTCGGTGCAGTTGAAAACGTTAACGCGGGTCGTTCCAAGGC
CGCTTTCCGTGAAAACCGTAACTATCCGCGTCTGATCCTGGAGGAACGCCAGTACGCATACA
TCAAAGCAGGCTGGGGTCCGGGCGTGGAAGATGAAGCGCGTCTGEICEAE

Amino acid sequence (predicted MW including Hise-tag = 27.95 kDa)

MPDVTLKVETSPTWKETILVQALCCCARWILRGFLLFIGFYLASLWLPISAKAAEVTIPRAAQ
QYRATLVRAAHATWGLDAPVAVFAAQVHTESWWRNDTVSHVGAQGLAQFMPATARWLPSVAP
ETGKPAPENPGWSLRALCVYDKWLWDRVAGHSDFERMAFTLSAYNGGLGWVNRDRKKARALG
VDDRRWEFGAVENVNAGRSKAAFRENRNYPRLILEERQYAYTKAGWGPGVEDEARLLEHHHHH
H

In silico structure prediction with InterProScan and Alphafold

~ Representative Domains
* Domain

Transglycosylase_SLT_dom_1

~ Homologous Superfamily

Lysozyme-like_dom_sf

* Unintegrated
_————————————————————————————

~ Other Features

Non cytoplasmic domain
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Transmembrane domain

Transglycosylase SLT domain

Nucleotide, amino acid sequences and in silico structure prediction (InterProScan, (Mulder and Apweiler, 2007)
and Alphafold prediction with ChimeraX Daily: alphafold21 predict colab.ipynb, (Mirdita et al., 2022) of
RVLD 1983 FL. Ndel site encompassing the ATG and the Xhol site of RVLD 1983 FL gene are highlighted in
pink and green, respectively. DNA sequence was cloned in the Ndel/Xhol site of pET21a (Novagen), that allows
the insertion of an in-frame His6-tag at the C-terminal of protein. SLT; Soluble Lytic Transglicosilase.

In the InterProScan figure protein representative domains are highlighted, such as SLT (lysozyme-like) domain.
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RVLD 1984 FL

Nucleotide sequence

BB G T TTTCACAAAGGTTATCGTGCCATTCGTCTGCCGTTCGGTTGGGAGGTATGGGT
GTGGCCACCTGCGCCGGCTACGCCATTCGGTCGCCGCCTGGCAACCCTGTTTGTGTCTGCGG
CGCTGTCCTTTCTGGGTTGGTGTCTGGAGGCACTGCGTGTTCTGGGTATCGCTCTGCTGGCA
GCGATCCTGCTGCACCTGTGGTTCGGCTATTCCGCACACGCGGCTACTATCCCGCGCGAGGC
ACAGGCTCACCGTTCCGTCCTGGTCCGCGCCGCGCGTCTGGAATGGGGTCTGGGTGCACCGG
TTGCCACCTTCGCGGCGCAAGTACACCAGGAATCTGAGTGGCGCCCGGATGCTGTCTCTCCG
GTGGGCGCCCAGGGTCTGGCACAGTTTATGCCGAGCACGGCTCGTTGGCTGCCGTCCGTTGC
GCCGCAGACCGGTCAGCCGGCTCCATTTAACCCGGCGTGGGCGCTGCGTGCTGTTGTGGCGT
ACGACCTGTGGCTGCACCAGCGCGTACGTGCAGCTACCCCGTGTGACCGTATGGCCATGGCT
CTGGCAGCATACAACGGTGGCCTGGGCTGGGTTCAGCGTGACGTTCGTCTGGCGGCAACCCG
TGGTCGTAACCCAGCAGCTTGGTGGGGCAACGTCGAAGCGGTTAACGCCGGTCGTAGCGCAR
ACGCATTCCGCGAGAACCGCGGCTACCCGCGCCGCATCCTGCTGACGCTGGAACCGGTGTAC
GAAGCGGCTGCATGGGGCGGTGGTAGCTGCGACGGCGGTCGTAGEECEAG

Amino acid sequence (predicted MW including Hise-tag = 29.32 kDa)

MGFHKGYRAIRLPFGWEVWVWPPAPATPFGRRLATLFVSAALSFLGWCLEALRVLGIALLAA
ILLHIWFGYSAHAATIPREAQAHRSVLVRAARLEWGLGAPVATFAAQVHQESEWRPDAVSPV
GAQGLAQFMPSTARWLPSVAPQTGOPAPEFNPAWALRAVVAYDLWLHQRVRAATPCDRMAMAL
AAYNGGLGWVQRDVRLAATRGRNPAAWWGNVEAVNAGRSANAFRENRGYPRRILLTLEPVYE
AAAWGGGSCDGGRLEHHHHHH

In silico structure prediction with InterProScan and Alphafold

+ Representative Domains

* Domain

Transglycosylase_SLT dom_1
A

+ Homologous Superfamily

Lysozyme-like_dom_sf

Somme- T

~ Unintegrated

SOLUBLE LYTIC MUREIN TRANSGLYCOSYLASE-RELATED

+ Other Features
=
Non cytoplas... Non cytoplasmic domain
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Transglycosylase SLT domain

Nucleotide, amino acid sequences and in silico structure prediction (InterProScan, (Mulder and Apweiler, 2007)
and Alphafold prediction with ChimeraX Daily: alphafold21 predict colab.ipynb, (Mirdita et al., 2022) of
RVLD 1984 FL. Ndel site encompassing the ATG and the Xhol site of RVLD 1984 FL gene are highlighted in
pink and green, respectively. DNA sequence was cloned in the Ndel/Xhol site of pET21a (Novagen), that allows
the insertion of an in-frame His6-tag at the C-terminal of protein. SLT; Soluble Lytic Transglicosilase.

In the InterProScan figure are protein representative domains are highlighted, such as SLT (lysozyme-like)
domain.
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RVLD 2367

Nucleotide sequence

BB G CACCATCCCTCCAGACGCACTGTGTCACCGCGCAACCCTGACTCGTGAAGCGCG
TTTCCGTTTCGGTATGGACGCTCCGGTTGCCACGTTCGCTGCGCAGATCCACCAGGARAGCG
AATGGCGTGCGGGCGCAGTGTCCCCAGTTGGTGCTCAGGGTCTGGCACAGTTTATGCCGGGT
ACGGCGCGTTGGCTGCCAACCGTGATGCCAGACACCGGCCAACCGGCCCCTTTTAACCCGGC
CTGGGCGATTCGCGCACTGGTGGCCTACGATTGGTGGATCCTGCAGCGTGTTCGTGCCGCAA
CTCCGTGCGACCGTATGGCCAAAGGTCTGGCAGGCTACAACGGCGGTCCGGGCTGGCTGACT
CGTGACGAACGTAAGGCCGCAGCACAGGGCCTGGACCCGGATGTTTGGTGGGGTAGCGTGGA
AACCGTTAACGCGGGTCGCAGCCGTGCCGCGTTTCGTGARAAACCGTGGCTACCCGCGCCGTA
TCCTGCTGGTGCTGGAACCTGTATACATGGCCGCTGGTTGGGGCGCGGGCTCCTGTCCAGCT
CAGGGTGGTCGCTCTEECCAG

Amino acid sequence (predicted MW including Hise-tag = 21.47 kDa)

MATIPPDALCHRATLTREARFRFGMDAPVATFAAQIHQESEWRAGAVSPVGAQGLAQEFMPGT
ARWLPTVMPDTGQPAPFNPAWATRALVAYDWWILQRVRAATPCDRMAKGLAGYNGGPGWLTR
DERKAAAQGLDPDVWIWGSVETVNAGRSRAAFRENRGYPRRILLVLEPVYMAAGWGAGSCPAQ
GGRSLEHHHHHH

In silico structure prediction with InterProScan and Alphafold

~ Representative Domains
SLT

* Domain

Transglycosylase SLT dom_1
SLT

» Homologous Superfamily

Lysozyme-like_dom_sf

Nucleotide, amino acid sequences and in silico structure prediction (InterProScan, (Mulder and Apweiler, 2007)
and Alphafold prediction with ChimeraX Daily: alphafold21 predict colab.ipynb, (Mirdita et al., 2022) of
RVLD 2367. Ndel site encompassing the ATG and the Xhol site of RVLD 2367 gene are highlighted in pink and
green, respectively. DNA sequence was cloned in the Ndel/Xhol site of pET21a (Novagen), that allows the
insertion of an in-frame His6-tag at the C-terminal of protein. SLT; Soluble Lytic Transglicosilase.

In the InterProScan figure protein representative domains are highlighted, such as SLT (lysozyme-like) domain.
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RVLD 1984 WONH

Nucleotide sequence

BAEREE C~.CGCGGCTACTATCCCGCGCGAGGCACAGGCTCACCGTTCCGTCCTGGTCCGCGC
CGCGCGTCTGGAATGGGGTCTGGGTGCACCGGTTGCCACCTTCGCGGCGCAAGTACACCAGG
AATCTGAGTGGCGCCCGGATGCTGTCTCTCCGGTGGGCGCCCAGGGTCTGGCACAGTTTATG
CCGAGCACGGCTCGTTGGCTGCCGTCCGTTGCGCCGCAGACCGGTCAGCCGGCTCCATTTAR
CCCGGCGTGGGCGCTGCGTGCTGTTGTGGCGTACGACCTGTGGCTGCACCAGCGCGTACGTG
CAGCTACCCCGTGTGACCGTATGGCCATGGCTCTGGCAGCATACAACGGTGGCCTGGGCTGG
GTTCAGCGTGACGTTCGTCTGGCGGCAACCCGTGGTCGTAACCCAGCAGCTTGGTGGGGCAA
CGTCGAAGCGGTTAACGCCGGTCGTAGCGCAAACGCATTCCGCGAGAACCGCGGCTACCCGC
GCCGCATCCTGCTGACGCTGGAACCGGTGTACGAAGCGGCTGCATGGGGCGGTGGTAGCTGC
GACGGCGGTCGTAGCEICEAG

Amino acid sequence (predicted MW including Hise-tag = 21.39 kDa)

MHAATIPREAQAHRSVLVRAARLEWGLGAPVATFAAQVHQESEWRPDAVSPVGAQGLAQFMP
STARWLPSVAPQTGOQPAPEFNPAWALRAVVAYDLWLHQRVRAATPCDRMAMALAAYNGGLGWV
QRDVRLAATRGRNPAAWWGNVEAVNAGRSANAFRENRGYPRRILLTLEPVYEAAAWGGGSCD
GGRSLEHHHHHH

In silico structure prediction with InterProScan and Alphafold

« Representative Domains

+ Domain

Transglycosylase_SLT_dom_1

» Homologous Superfamily

Lysozyme-like_dom_sf

Nucleotide, amino acid sequences and in silico structure prediction (InterProScan, (Mulder and Apweiler, 2007)
and Alphafold prediction with ChimeraX Daily: alphafold21 predict colab.ipynb, (Mirdita et al., 2022) of
RVLD 1984 WONH. Ndel site encompassing the ATG and the Xhol site of RVLD 1984 WONH gene are
highlighted in pink and green, respectively. DNA sequence was cloned in the Ndel/Xhol site of pET21a
(Novagen), that allows the insertion of an in-frame His6-tag at the C-terminal of protein. SLT; Soluble Lytic
Transglicosilase.

In the InterProScan figure protein representative domains are highlighted, such as SLT (lysozyme-like) domain.
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RVLD 1528

Nucleotide sequence

BEERES » CAATCGCAAAAACACCGACTACATCATCATCCACTGCTCTGCTACCARACCGTC
TATGAACATCGGTGCATACGAAATCGACCGTTGGCACCGTGAACGTGGTTGGCTGGAGATTG
GTTACCATTTCGTCGTTAAACGTAACGGCGCTATCGAACTGGGTCGTCCAATGGAAGCGGTT
GGTGCGCACGCTAAAGGCTACAACGATAAAAGCGTTTCTGTTTGCCTGATCGGCGGTGTCAA
CGATAAACTGAAACCGGATAACAACTACACGCCGGAACAGTGGACTTCTCTGGACTGCTCCA
TCAAGTTCATTAAAAAAATCTACCAGGACGCAGAAGTCATCGGCCACAATGAAGTTTCTGAC
AAAGCTTGTCCGTCCTTCAACGTGCGCAACTACATGAGCGAAAAAGTCTCCAACTTTTGGEH

Amino acid sequence (predicted MW including Hise-tag = 17.28 kDa)

MNNRKNTDYITIHCSATKPSMNIGAYEIDRWHRERGWLEIGYHFVVKRNGAIELGRPMEAVG
AHAKGYNDKSVSVCLIGGVNDKLKPDNNYTPEQWTSLDCSIKEFIKKIYQODAEVIGHNEVSDK
ACPSEFNVRNYMSEKVSNFWLEHHHHHH

In silico structure prediction with InterProScan and Alphafold

 Representative Domains
ami_2

* Family

PEPTIDOGLYCAN RECOGNITION PROTEIN

~ Domain

Amidase_domain
Amidase_2

PGRP
ami_2
PGRP_domain_met/bac

Nucleotide, amino acid sequences and in silico structure prediction (InterProScan, (Mulder and Apweiler, 2007)
and Alphafold prediction with ChimeraX Daily: alphafold21 predict colab.ipynb, (Mirdita et al., 2022) of
RVLD 1528. Ndel site encompassing the ATG and the Xhol site of RVLD 1528 gene are highlighted in pink and
green, respectively. DNA sequence was cloned in the Ndel/Xhol site of pET21a (Novagen), that allows the
insertion of an in-frame His6-tag at the C-terminal of protein. PGRP: Peptidoglycan recognition protein

In the InterProScan figure protein representative domains are highlighted, such as amidase domain.
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RVLD 1985

Nucleotide sequence

-CACAGCGCGCCGGCCATTCCTATGCAAGCTATCCAGTACCGCAGCCAGCTGATGCG
CGAAGCTCGTGCGCAGTGGGGTCTGAGCGCGCCGACTGCAACTTTCGCGGCGCAGGTGCACC
AGGAATCTGGTTGGAACGCAGACGCCGTTTCCCCGGTGGGCGCGCAGGGCCTGGCTCAGTTT
ATGCCGTCTACCGCTCGTTGGCTGCCAACCGTGGCTTCCGACACCGGCAAACCACTGCCATT
CAACCCAGGCTGGGCTCTGCGCGCTCTGGTCACCTACGATCGTTGGCTGTGGCAGCGTGTCC
AAGCCGTGACCCCATGCGATCGCATGGCGCTGGCGCTGGCAGCGTATAACGGTGGTCTGGGL
TGGGTTCAGCGTGATGCACGTCTGGCTGCTGCTCGCGGTCTGGATGCTCGCCGTTGGTGGGA
CAACGTTGAGACGGTGAACGCGGGCCGTTCTGCGAACGCCAAGCGTGAAAACCGTGGCTATC
CGCGTCGCATCCTGCTGACCCTGGAACCGGCATACATGGCAGCCGGTTGGGGTGGCGGCATG

TGTCATGAAGTCCAG

Amino acid sequence (predicted MW including Hise-tag = 21.53 kDa)

MHSAPATPMOAIQYRSQLMREARAQWGLSAPTATFAAQVHQOESGWNADAVSPVGAQGLAQEM
PSTARWLPTVASDTGKPLPENPGWALRALVTYDRWLWOQRVQAVTPCDRMALALAAYNGGLGW
VORDARLAAARGLDARRWWDNVETVNAGRSANAKRENRGYPRRILLTLEPAYMAAGWGGGMC
HELEHHHHHH

In silico structure prediction with InterProScan and Alphafold

+ Representative Domains
SLT

+* Domain

Transglycosylase_SLT _dom_1
T

~ Homologous Superfamily

Lysozyme-like_dom_sf
Lysozyme-liki

Transglycosylase SLT domain

Nucleotide, amino acid sequences and in silico structure prediction (InterProScan, (Mulder and Apweiler, 2007)
and Alphafold prediction with ChimeraX Daily: alphafold21 predict colab.ipynb, (Mirdita et al., 2022) of
RVLD 1985. Ndel site encompassing the ATG and the Xhol site of RVLD 1985 gene are highlighted in pink and
green, respectively. DNA sequence was cloned in the Ndel/Xhol site of pET21a (Novagen), that allows the
insertion of an in-frame His6-tag at the C-terminal of protein. SLT; Soluble Lytic Transglicosilase.

In the InterProScan figure protein representative domains are highlighted, such as SLT (lysozyme-like) domain.
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RVLD_ 1983 WONH

Nucleotide sequence

BEEE C GGARGTGACCATTCCGCGTGCTGCACAGCAGTACCGTGCGACCCTGGTTCGTGC
TGCTCATGCCACCTGGGGTCTGGATGCACCGGTTGCGGTATTTGCTGCCCAGGTTCACACGG
AGAGCTGGTGGCGTAACGACACCGTGTCCCATGTGGGTGCCCAGGGTCTGGCTCAGTTCATG
CCAGCTACCGCTCGCTGGCTGCCGTCTGTTGCGCCGGAGACTGGTAAACCGGCTCCGTTTAR
CCCGGGTTGGTCCCTGCGTGCTCTGTGTGTTTACGATAAGTGGCTGTGGGACCGCGTTGCCG
GCCATTCTGATTTCGAACGTATGGCGTTCACCCTGTCCGCTTATAACGGTGGCCTGGGTTGG
GTGAACCGTGATCGTAAGAAGGCTCGTGCTCTGGGCGTTGACGATCGCCGCTGGTTCGGTGC
AGTTGAAAACGTTAACGCGGGTCGTTCCAAGGCCGCTTTCCGTGAAAACCGTAACTATCCGC
GTCTGATCCTGGAGGAACGCCAGTACGCATACATCARAGCAGGCTGGGGTCCGGGCGTGGAR
GATGAAGCGCGTCTCEICEAG

Amino acid sequence (predicted MW including Hise-tag = 22.18 kDa)

MAEVTIPRAAQQYRATLVRAAHATWGLDAPVAVFAAQVHTESWWRNDTVSHVGAQGLAQFMP
ATARWLPSVAPETGKPAPENPGWSLRALCVYDKWLWDRVAGHSDEFERMAFTLSAYNGGLGWV
NRDRKKARALGVDDRRWEGAVENVNAGRSKAAFRENRNYPRLILEERQYAYTKAGWGPGVED
EARLLEHHHHHH

In silico structure prediction with InterProScan and Alphafold

¥ Representative Domains

¥ Domain

Transglycosylase_SLT_dom_1

Nucleotide, amino acid sequences and in silico structure prediction (InterProScan, (Mulder and Apweiler, 2007)
and Alphafold prediction with ChimeraX Daily: alphafold21 predict colab.ipynb, (Mirdita et al., 2022) of
RVLD 1983 WONH. Ndel site encompassing the ATG and the Xhol site of RVLD 1983 WONH gene are
highlighted in pink and green, respectively. DNA sequence was cloned in the Ndel/Xhol site of pET21a
(Novagen), that allows the insertion of an in-frame His6-tag at the C-terminal of protein. SLT; Soluble Lytic
Transglicosilase.

In the InterProScan figure protein representative domains are highlighted, such as SLT (lysozyme-like) domain.
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Preface to Chapter 4

Microbiologically Influenced Corrosion (MIC) is a critical threat to marine infrastructures,
posing significant safety and environmental risks due to structural failures and potential
leakages of hazardous substances. These risks, coupled with substantial economic losses and
reputational damage, underscore the necessity for proactive MIC management. Understanding
site-specific microbial communities in marine sediments is essential for the safe design,
installation, and maintenance of infrastructure systems in such environments. In this context,
Chapter 4 describes the characterization of bacterial communities in offshore and nearshore
marine sediments, with a particular focus on groups implicated in MIC processes. Results
presented in this Chapter have been published as a Research Article to PLoS One. Using 16S
rRNA sequencing and quantitative PCR targeting the dsr4 gene, the research highlights
differences in microbial profiles between nearshore sediments, enriched with sulfate-reducing
bacteria (SRB) like Desulfobulbus and Desulfosarcina genera due to anthropogenic
contamination, and offshore sediments, characterized by bacterial members typical of low-
impact environments. The findings demonstrate that microbial communities influenced by high
levels of organic compounds derived from human activities are more likely to drive MIC. This
study emphasizes the importance of microbiological investigations as a preventive strategy
against MIC. The profiling of sedimentary bacterial communities can identify suitable sites for
infrastructure development and enable the monitoring of microbial evolution near existing
installations, mitigating MIC at early stages. Advances in omic technologies have made such
analyses more accessible and efficient, offering valuable tools to support infrastructure
resilience and environmental sustainability.

Finally, this work advocates for the integration of microbial community characterization into
MIC management practices. This proactive approach holds promise to enhance early detection

and mitigation of MIC, safeguarding marine infrastructures from corrosion-induced failures.

123



124



PLOS ONE

Check for
updates

E OPEN ACCESS

Citation: Ghezzi D, Mangiaterra G, Scardino A,
Fehervari M, Magnani M, Citterio B, et al. (2024)
Characterization of bacterial communities
associated with seabed sediments in offshore and
nearshore sites to improve Microbiologically
Influenced Corrosion mitigation on marine
infrastructures. PLoS ONE 19(9): e0309971.
https://doi.org/10.1371/journal.pone.0309971

Editor: John M. Senko, The University of Akron,
UNITED STATES OF AMERICA

Received: May 22, 2024
Accepted: August 19, 2024
Published: September 4, 2024

Copyright: © 2024 Ghezzi et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: The lllumina
sequencing raw data were deposited in the
Sequence Read Archive of NCBI under accession
number PRINA1053306, and are already available.

Funding: D.G. and G.M. salaries were co-financed
by the European Union — PON Ricerca e
Innovazione 2014-2020 pursuant to art. 24, lett. a,
of Law 30 December 2010, n. 240 and subsequent
amendments and integration and of the D. M. 10

RESEARCH ARTICLE

Characterization of bacterial communities
associated with seabed sediments in offshore
and nearshore sites to improve
Microbiologically Influenced Corrosion
mitigation on marine infrastructures

Daniele Ghezzi®'", Gianmarco Mangiaterra’, Arianna Scardino, Mauro Fehervari?,
Mauro Magnani', Barbara Citterio!, Emanuela Frangipani '+

1 Department of Biomolecular Sciences, University of Urbino Carlo Bo, Urbino (PU), Italy, 2 R&D
Engineering, Asset Based Services—Saipem SpA, Fano (PU), ltaly

u Current address: Department of Pharmacy and Bictechnology, University of Bologna, Bologna (BO), Italy
* emanuela.frangipani@ uniurb.it

Abstract

Microbiologically Influenced Corrosion (MIC) is one of the main threats for marine infrastruc-
tures, leading to severe safety and environmental risks associated with structural failures
and/or leakages of dangerous fluids, together with potential huge economic losses and rep-
utational damage for the involved parts. For a safe design and a proper installation of infra-
structure systems in contact with the seabed, a deep knowledge of the site-specific
microbial community of the sediments should be beneficial. Therefore, in addition to the sim-
ple detection or the sole quantification of Sulphate-Reducing Bacteria (SRB), the whole
characterization of the microbial members involved in MIC phenomena is desirable. In this
study, 16S rRNA-based comparison between bacterial communities thriving in offshore and
nearshore marine sediments was performed, with a focus on the main bacterial groups puta-
tively responsible for MIC. The nearshore sediments were significantly enriched in bacterial
members associated with human and organic compounds contamination belonging to the
Bacteroidota, Desulfobacterota, and Firmicutes phyla, while the offshore sediments hosted
Alphaproteobacteria, Nitrospinota, and Nitrospirofa members, representative of a low
anthropogenic impact. Quantitative PCR targeting the dsrA gene and detailed community
analyses revealed that the nearshore sediments were significantly enriched in SRB mainly
affiliated to the Desulfobulbus and Desulfosarcina genera potentially involved in biocorro-
sion, compared to the offshore ones. These results suggest that the bacterial community
associated with the high concentration of organic compounds derived by an elevated
anthropogenic impact is likely to favour MIC. Such observations highlight the importance of
microbiological investigations as prevention strategy against MIC processes, aiming both at
characterizing sites for the establishment of new infrastructures and at monitoring those
already installed.
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Introduction

Corrosion of metal infrastructures in aquatic settings raises significant worries regarding envi-
ronmental pollution, potential harm to aquatic ecosystems, degradation of infrastructure
integrity, and substantial economic losses [1]. Metal abiotic deterioration is further accelerated
by the involvement of biofouling and Microbiologically Influenced Corrosion (MIC), two
mechanisms mediated by the biological activity of different organisms [2]. Biofouling refers to
the accumulation and growth of various micro- and macro- organisms, including plants and/
or animals (e.g., algae, mussels, bernacles) on a specific surface [3], while MIC has been defined
by the National Association of Corrosion Engineers (NACE) and the American Society for
Testing and Materials (ASTM) as “corrosion affected by the presence or activity, or both, of
microorganisms” (ASTM G193 2022) and denotes a complex process caused only by microor-
ganisms and/or their metabolites on metallic surfaces that can accelerate corrosion by 10-
1,000 times [4]. Although the potential for MIC can be found in both freshwater and seawater,
the latter represents an extremely harsh corrosive environment, favoring MIC and leading to
the breakdown or degradation of metallic materials also through an electrochemical reaction
stimulated by the naturally high salt concentration, combined with its elevated electrical con-
ductivity [5, 6]. Indeed, the high sulfate content of seawater (i.e., 2.5-5 g L) [7] also supports
the metabolic activity of specific bacterial taxa responsible for MIC, thus indirectly boosting
the corrosive process.

MIC constitutes the main significant challenge for the maintenance of marine infrastruc-
tures, deeply affecting many industrial fields, including the oil, gas and water utilities ones [8],
being the direct cause of catastrophic corrosion failures with very high associated damage
costs. In this regard, according to estimates by NACE International, the total cost of corrosion
is ca. US$ 2.5 trillion/year globally, with MIC accounting for 20%-40% [9-11]. Furthermore,
MIC and abiotic corrosion often occur simultaneously, making it challenging to differentiate
the costs attributed to these two processes independently [12]. The key categories of bacteria
linked to metal corrosion vary according to their metabolic activities, primarily encompassing
Sulfate-Reducing Bacteria (SRB), Acid Producing Bacteria (APB), Sulfur-Oxidizing Bacteria
(SOB), Metal-Oxidizing Bacteria (MOB), Metal-Reducing Bacteria (MRB), Slime-Forming
Bacteria (SFB) and microorganisms that produce organic acids and are able to grow as biofilms
[4, 13]. Usually, aerobic and facultative microorganisms tend to be found in the outer layers of
the biofilm and establish the conditions that promote metal corrosion, but most corrosion has
been attributed to anaerobes that are located in the inner layer of the biofilm [14]. Among
these, SRB are the most reported corrosion-related microbes, as well as the best characterized.
SRB play key roles in the carbon and sulfur cycles in marine environments by participating in
the dissimilatory sulfate reduction process [15, 16]. They are estimated to perform half of the
organic matter mineralization and degrade a variety of byproducts [17]. As a consequence of
the organic matter degradation and sulfate reduction, SRB produce hydrogen sulfide (H,S)
that accumulates in sediment and diffuses towards the shallower sea layers where it promotes
corrosive processes to the marine infrastructures [18]. Indeed, SRB are considered one of the
main types of microorganisms responsible for MIC and can cause severe issues both in terms
of hydrocarbon contaminants pollution and economic losses, causing corrosive phenomena in
downstream processes of companies working on marine infrastructures and offshore oil pro-
ducers [19]. Moreover, SRB are able to adhere to metal surfaces and form biofilms character-
ised by the presence of a thick exopolysaccharide (EPS) matrix, that contributes to the
establishment of a localized, oxygen-depleted, and corrosive microenvironment. The H,S pro-
duced by SRB reacts with the metal surface, leading to the formation of iron sulfides (FeS) that
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can initiate pitting and under deposit corrosion. These localized areas of corrosion can, in
turn, lead to structural damages and the eventual failure of metal components [20].

To prevent and limit MIC in marine infrastructures, multiple strategies are currently in use
aiming at fighting the adhesion and biofilm formation of the microorganisms on the surfaces.
The most applied approach includes the employment of chemicals before and/or during the
usage of the infrastructures, which are highly effective, but also toxic for non corrosion-caus-
ing organisms present in the marine ecosystem, causing great environmental concern in the
long run [13]. Additional strategies include the development of coatings appliable on the sur-
faces with anti-adhesion and antibiofilm capacity, but their efficacy over time is often limited
[21, 22], and the cathodic protection, which is useful to reduce the migration of electron dur-
ing corrosion, can occasionally promote bacterial corrosion [13]. Moreover, applicable techni-
cal standards are duly implemented during design to properly consider all known aspects of
corrosion [23, 24], since operating practices may create conditions that promote the prolifera-
tion and spread of biocorrosive microorganisms, especially in offshore oil-producing plat-
forms [25]. Moreover, in specific sites where the SRB presence and H,S abundance have been
definitely recognized in the sediments (e.g., Black sea and Baltic sea), dedicated analyses are
adopted to select materials and design cathodic protection of strategic infrastructures which
pass through such critical environments, like large export gas pipelines [26, 27].

MIC assessment in the oil and gas industry is mainly estimated using culture-based meth-
ods (i.e., Most Probable Number determination), which are biased by the complex growth con-
ditions of SRB. Culture-independent molecular studies on bacterial communities impacting
MIC are listed by NACE as non mandatory methods, although there has been much more
emphasis in the past decade on the potential use of these molecular methods to aid in defining
the potential risk for MIC and provide insight into microbial control strategy to list sites that
requires periodic monitoring [28, 29].

Apart from these strategies, which are employed regardless of the microbiome composition
of the sites, there are currently no additional standard mandatory analyses planned prior to
the installation of marine infrastructures, to detect the presence of specific microorganisms
potentially capable of carrying out corrosion in the sites of interest.

In this work, the microbial communities associated to anthropogenically-impacted near-
shore and to less impacted offshore marine sediments were analysed through metabarcoding
sequencing targeting the V3 and V4 hypervariable regions of the 16S rRNA gene to gain infor-
mation on the possible proneness of these two different sites to develop MIC, affecting marine
infrastructures. Furthermore, the quantification of SRB was assessed through quantitative PCR
targeting the dsrA gene involved in the dissimilatory sulfate reduction process. Sediment sam-
ples were collected from the Trieste port and the Norwegian Barents Sea in the proximity of an
oil/gas extraction platform. Trieste port is part of the contaminated Sites of National Interest,
which include several areas featured by high levels of hazardous contaminants that can pro-
voke serious damages to the environment, to the human health, and to the cultural heritage
[30-32]. Indeed, ports suffer numerous dangerous environmental impacts mainly due to the
discharge of petroleum-based pollutants in combination with the morphological structure of
the port area, which is bordered by lands and promotes the accumulation of contaminants on
site that require a complex remediation policy [33]. Conversely, the Barents Sea is an open
marine system, where large amounts of dispersed organic matter from the northern Atlantic
and Arctic oceans interchange, mainly precipitating on the sea bottom [34-36]. The sampling
site in the Norwegian Barents Sea is featured by a different human-dependent contamination
typology, which is represented by the presence of a drilling platform installed at 100 km far
from the coast in the nearby of the collected sediments. These samples have been chosen as
case studies to assess the microbial community composition of two differentially human-
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Fig 1. Samples’ geographical localization and microbial diversity. A) Geographical map of Norway (N) and Trieste (T) sample sites. The star indicates the
position of the Scarabeo 8 offshore semisubmersible drilling unit. B) Chaol and Shannon indices of microbial communities at Amplicon Sequence Variant
(ASV) level detected in N and T sediments. C) Dendrogram of N and T microbial communities at ASV level.

https://doi.org/10.1371/journal.pone.0309971.g001

impacted locations, to evaluate the ecological health of marine sediments and to discuss the
importance of monitoring the evolution of microbial groups involved in corrosion processes,
as a strategy to prevent and/or mitigate MIC.

Materials and methods
Sampling and environmental parameters

Sediments (between 100 and 200 g each) were collected in March 2021, during routine opera-
tions conducted by Saipem S.p.A., and stored in sterile containers at 4°C during transport to
the laboratory, where they were kept at -80°C until processed. For each sediment sample, three
DNA extractions were performed and pooled. Norway sediments (N1, N2, and N3) were col-
lected from the surface of the seabed in undisturbed locations in the Goliat field at 370 m
depth in the proximity of the Saipem’s Scarabeo 8 offshore semisubmersible drilling rig

(Fig 1A, S1 Table). N sediments were collected with a Van Veen grab sampler at 4 m South, 15
m East, and 15 m South of the platform, respectively (51 Table, Fig 1A). Trieste (Italy) sedi-
ments (T1, T2, and T3) were collected from a seabed close to a Saipem SpA base within a 50-m
port area at 8-9 m depth.

Environmental parameters were either measured in the lab upon sample reception (pH) or
retrieved from dedicated databases and Saipem S.p.A. internal reports, as detailed in S2 Table.
Since this work focuses on the environmental features potentiating MIC, the material of the
infrastructures and the activity of the microorganisms on them were not investigated.

Total DNA extraction, 16S rRNA gene amplification and sequencing

Total DNA was extracted from around 250 mg of homogenized sample using the PowerSoil
DNA Isolation Kit (Qiagen) with slight modifications, as previously described [37]. Three
independent extractions were performed for each sample, and the obtained DNA was pooled.
The V3 and V4 hypervariable regions of the 165 rRNA gene were amplified using 341F (5’ -
CCTACGGGNGGCWGCAG-3") and 806R (5’ ~-GACTACHVGGGTATCTAATCC-3’ ) primers
pair [38] with 5’-Illumina adapters and for MiSeq Illumina sequencing. The amplifications
were performed in 25 pl final volume containing 1x KAPA HiFi HotStart Ready Mix, 0.2 pM
each primer, and 30 ng DNA (Bio-Fab Research s.r.l., Rome—TItaly). The amplification pro-
gram included a first DNA denaturation at 95°C for 3 minutes, followed by 25 cycles of
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denaturation at 95°C for 30 seconds, primer annealing at 55°C for 30 seconds, extension at
72°C for 30 seconds, and a final extension at 72°C for 5 minutes. Amplicons were submitted to
the library preparation and Illumina MiSeq sequencing platform for indexing and pair-end
sequencing (2 x 300 bp; reagent kit, v2) at the sequencing service Bio-Fab Research s.r.1.

The Illumina sequencing raw data were deposited in the Sequence Read Archive of NCBI
under accession number PRJNA1053306.

Data processing

The output reads were first trimmed for their adapters and primer sequences and then checked
for chimera and quality by using QIIME2 software version 2022.2.0. Reads were processed
into Amplicon Sequence Variants (ASVs) using the DADA2 package version 1.14, as described
in [39]. Statistical analyses, rarefaction curves, alpha and beta diversity indices calculation were
performed by using Microbiome Analyst software [40] and Primer-E version 7 (Primer-E Ltd,
Plymouth, UK). The taxonomic assignment of the resulting ASVs was performed by querying
the ASVs against SILVA SSU database version r138.1 [41]. Eukaryotic, mitochondrial, and
chloroplast sequences were removed from further analyses. Differentially abundant taxa were
assessed by performing ANOVA-based single-factor analysis in Microbiome Analyst.

An unrooted phylogenetic tree was built with the neighbor-joining method, maximizing
the likelihood with a gamma model distribution, and using the most abundant ASVs represen-
tative of each sample together with the most closely related sequences retrieved from the NCBI
database (Best Blast Hits). MEGA11 [42] was used to construct phylogenetic trees based on
ClustalW sequences alignment and neighbor-joining clustering method with 1,000 non-
parametric bootstrap replicates (model: Jukes-Cantor; rates among site: uniform rates; gap/
missing data treatment: pairwise deletion). iTOL was used to visualize the phylogenetic tree.

Quantitative PCR targeting the drsA gene

The SRB population was quantified in the sediment samples by qPCR assays targeting the
alpha subunit of the dissimilatory sulfate reductase (dsrA) gene. The reactions were performed
using 10 pl of the 2x QuantiNova SYBR Green PCR Master Mix (Qiagen), 2 pl of template
DNA and 0.2 pM of each primer of the previously described pair DSR1-F+ (5’ ~ACSCACTG
GAAGCACGGCGG-3" )/DSR-R (5’ ~-GTGGMRCCGTGCAKRTTGG-3") [43].

A calibration curve was built using 10-fold dilutions of the purified dsrA amplicon from the
genomic DNA of Desulfovibrio vulgaris ATCC 29579, according to a previously validated
qPCR setting [44], properly modified for this target gene. The gene copy number was deter-
mined dividing the total quantified DNA by the weight of one amplicon copy, i.e., 2.42 x 107 '°
ng, calculated considering the amplicon size (221 bp) and the weight of 1 bp (1.10 x 10~ ? ng).
Each sample was tested in duplicate in two independent reactions. The results were expressed
as gene copy number per gram of sediment.

Resuits
Sequencing results and diversity analysis

A total of 54,771 reads were obtained of which 28,865 from the Norway (N) samples and
25,906 from the Trieste (T) samples (S1 Table). The processed ASVs were 836 and 784 for N
and T microbial communities, respectively, with N2 and T2 having the highest number of
ASVs (i.e., 489 and 471, respectively). The rarefaction curves showed that the sequencing pro-
vided sufficient depth to investigate the microbial community composition and diversity (S1
Fig). The alpha diversity indices calculation revealed that Chaol and Shannon mean values
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were not significantly different between N and T sediments (Fig 1B), whereas Bray-Curtis
analysis at ASV level revealed two clusters corresponding to the two different sample groups,
with T communities being more similar among each other compared to N ones (Fig 1C).

Taxonomy composition of the microbial communities in offshore and
nearshore sediments

The offshore N sediments presented 14 high abundant (>2% in at least one sample) bacterial
phyla, while nearshore T sediments were composed of 10 high abundant bacterial phyla.
Among these, DTB120, Gemmatimonadota, Methylomirabilota, NB1-j, Nitrospirota, Plancto-
mycetota, and Verrucomicrobiota were more abundant in N, while Campylobacterota, Myxo-
coccota, and Sva0485 prevailed in T (Fig 2A). Proteobacteria represented the most abundant
phylum in both sites and was mainly composed of Alphaproteobacteria and Gammaproteobac-
teria classes. The average abundance (avg.) of Gammaproteobacteria accounted for 23% in T
and 21% in N, while Alphaproteobacteria were highly abundant in N only (avg. 21%), and
poorly present in T (avg. 2%) (Fig 2B). Gammaproteobacteria were distinguished between N
and T at lower taxonomic levels. In N, they were taxonomically affiliated to genera of the Pseu-
domonadales order, i.e., Alcanivorax, Amphritea, and C1-B045 of the Porticoccaceae family,
and to genera of the Steroidobacterales order, e.g., Woeseia. On the other hand, Gammaproteo-
bacteria in T were mainly composed of unclassified genera belonging to Thiotrichaceae, Thio-
microspiraceae, and Sedimenticolaceae families (Fig 2 and S2 Fig). The most abundant families
of Alphaproteobacteria in N included Rhodobacteraceae, Hyphomicrobiaceae, Kiloniellaceae,
and unclassified Defluviicoccales (Fig 2 and S2 Fig). The second most abundant phylum was
represented by Actinobacteriota in N (avg. 9%; 2% in T) and Desulfobacterota in T (avg. 20%;
7% in N). Actinobacteriota in both sites were mainly affiliated to unclassified Actinomarinales
order (Fig 2 and S2 Fig). Desulfobacterota in T were composed of the Desulfobacterales and
Desulfobulbales orders and Desulfosarcina and Desulfobulbus genera, whereas in N they were
affiliated to the Desulfuromonadales order and Geopsychrobacter genus (Fig 2 and S2 Fig).

Bacteroidota and Firmicutes phyla accounted for 16% (avg.) and 9% in T, whereas in N they
composed 6% and 1% of the community, respectively. In T, Bacteroidota were composed of
Cyclobacteriaceae and Flavobacteriaceae families, whereas Firmicutes were composed of Erysi-
pelotrichaceae (mainly Turicibacter), Clostridiaceae (mainly Clostridium), and Peptostreptococ-
caceae (mainly Romboutsia). Campylobacterota were also highly abundant in T only (avg. 7%)
and were composed of Sulfurimonadaceae (mainly Sulfurimonas) and Sulfurovaceae (mainly
Sulfurovum) families (S2 Fig).

Additional phyla present in N and T were Planctomycetota (avg. 4% and 1%, respectively),
Nitrospirota (avg. 3% and <1%), Acidobacteriota (avg. 5% and 4%), Myxococcota (avg. 2% in
both sites), Chloroflexi (avg. 4% and 7%), Verrucomicrobiota (avg. 2% and <1%), Gemmatimo-
nadota (avg. 2% and <1%), and Sva0485 (avg. <1% and 2%) (Fig 2).

Abundant (>3% in at least one sample) classified genera belonging to these phyla included
Lutibacter of the Flavobacteriaceae family (Bacteroidota), Nitrospira (Nitrospirota), and the
acidobacterial Subgroup 10 and Subgroup 23 genera of the Thermoanaerobaculaceae family.
Whilst all the abundant phyla in T were also present in N, some abundant phyla in N were not
present in T, i.e., DTB120 (avg. 2%), NB1-j (2%), and Methylomirabilota (3%) (S2 Fig).

Differentially abundant taxonomic analysis was performed to compare the microbial com-
munities of the two different location and identify the bacterial taxa significantly describing
each sampling location. At phylum level, T sediments were significantly (p<0.05) enriched in
Bacteroidota, Desulfobacterota, Firmicutes, and Sva0485 (Fig 3A). Their affiliated genera signif-
icantly present in T were Clostridium, Desulfobulbus, and Desulfosarcina (Fig 3B). On the
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other hand, N sediments were featured with the presence of Methylomirabilota, Nitrospinota,
and Nitrospirota phyla, along with members of Proteobacteria (mainly of the Alphaproteobac-
teria class). At genus level, N were characterized by Nitrospina, Nitrospira, wb1_A12, and Woe-
seia (Fig 3B). Taxonomically unclassified sequences at phylum level were significantly

abundant in N sediments (Fig 3A).
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Phylogenetic analysis of the most abundant ASVs identified in offshore
and nearshore sediments

The most abundant ASVs obtained from both N and T samples analyses were used to build a
phylogenetic tree together with their closest cultured and uncultured relatives retrieved from
the NCBI database. These ASV's were taxonomically affiliated to the dominant phyla identified
in the taxonomic analysis, i.e., Proteobacteria, Firmicutes, Actinobacterota, Methylomirabilota,
Chloroflexi, and Desulfobacterota (Fig 4).

Methylomirabilota- and Actinobacteriota-affiliated ASV0004 and ASV0017, respectively,
were enriched in N sediments and shared >99% with uncultured representatives retrieved
from non-contaminated sediments collected from an area within the Gulf of Mexico, where in
2010 the largest oil spill at sea in history took place after the Deepwater Horizon drilling plat-
form explosion [45, 46]. ASV0004 shared low sequence identity (88%) with an isolate belong-
ing to Candidatus Methylomirabilis retrieved from a reactor with anaerobic oxidation of
methane coupled with nitrite reduction, while ASV0017 shared ~88% with a strain of Rhab-
dothermincola sediminis isolated from hot spring sediments. ASV0013 abundant in N shared
~96% with a strain of Woesia oceani isolated from coastal sediments and >99% with uncul-
tured bacteria retrieved from non-contaminated sediments of the Gulf of Mexico and from
manganese nodules in deep sea sediments. Three additional ASVs characterizing N sediments
were affiliated with the Alphaproteobacteria class: ASV0002, which was >99% similar to clones
retrieved from non-contaminated sediments of the Gulf of Mexico and shared ~97% identity
with an isolate of the Hypomicrobium aestuarii species; ASV0003, which shared high nucleo-
tide identity with an uncultured representative retrieved from an oil-contaminated surface
brown layer of the Gulf of Mexico and shared ~97% with bacterial isolates of Yoonia maritima
and Thalassobacter stenotrophicus species; ASV0012, which was >99% similar to clones
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retrieved from deep sea metallic nodules and offshore drilling samples and shared ~97% iden-

tity with a Hypomicrobium aestuarii strain (Fig 4).

Among the seven ASVs characterizing T sediments, two were affiliated to Desulfobacterota,
i.e., ASV0001 and ASV0006. ASV0001 shared ~99% nucleotide identity with a cultured bacte-
rial strain of Sulfurovum lithotrophicum isolated from deep-sea hydrothermal vents and with
uncultured bacteria retrieved from contaminated marine sediments, whereas ASV0006 shared
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94-95% identity with cultured strains of Desulfosediminicola, Desulfocastanea, and Desulforho-
palus genera but formed a separated branch in the phylogenetic tree with uncultured clones
from marine seabed sediments including the Janssand intertidal surface sediment (Fig 4).
Additionally, the gammaproteobacterial ASV0010 and ASV0016 shared high percentage
(>99%) with uncultured clones retrieved from marine sediments, including the Janssand ones
(ASV0010 only), and low percentage (<93%) with cultured bacteria deposited in NCBL
ASV0010 shared ~92% with a cultured strain of Thioprofundum lithotrophicum isolated from
a hydrothermal vent, whereas ASV0016 shared ~91% with a cultured strain of Sedimenticola
thiotaurini isolated from a salt marsh sediment. One additional ASV characterizing T sedi-
ments was ASV0008, which shared >99% identity with uncultured clones retrieved hydrother-
mal and coastal sediments, and ~89% with a strain of Thermomarinilinea lacunifontana
(belonging to the Chloroflexi phylum) isolated from a hydrothermal vent. Two Firmicutes-affil-
iated ASVs are indicators of anthropogenic impact of Trieste sediments, i.e., ASV0007, which
shared >99% identity with Clostridium disporicum and Clostridium celatum isolates, and
ASV0011, which shared >99% with uncultured bacteria identified from a wastewater treat-
ment system and cultured isolates belonging to Romboutsia sedimentorum species (Fig 4).

Quantification and community analysis of sulfate-reducing bacteria

Quantitative PCR targeting the dsrA gene, which encodes the alpha subunit of the dissimila-
tory sulfite reductase involved in the conversion of bisulfite to sulfide within the dissimilatory
sulfate reduction pathway [47], was performed to assess the amount of SRB in both N and T
sites. N sediments possessed a significant (p < 0.01) lower number of dsrA gene copies per
gram compared to T sediments (1.8 x 10% and 3.5 x 107, respectively) (S3 Fig).

To identify possible significant differences among SRB between N and T, further computa-
tional analyses of the microbial communities belonging to those bacterial groups known to be
potentially involved in the sulfate reduction processes were carried out (Fig 5). SRB are taxonom-
ically affiliated to specific classes within the Desulfobacterota, Firmicutes, Nitrospirota, and Ther-
modesulfobiota phyla [16, 48, 49]. Our sequencing data revealed that in both N and T sediments
all the SRB-associated ASV's belonged to the Desulfobacterota phylum. Desulfobacterota has been
proposed as new phylum in 2020 containing the former Deltaproteobacteria class and Thermode-
sulfobacterota phlyum [48]. By analyzing the alpha diversity indices at ASV level affiliated to
Desulfobacterota, richness (Chaol) and diversity (Shannon) were both significantly higher in T
compared to N (Fig 5C). T sediments were significantly enriched with Desulfobulbia and Desul-
fobacteria classes, which were found in low abundance in N sediments (Fig 5A and 5B). On the
other hand, Desulfuromonadia and Syntrophobacteria classes were slightly more abundant in N
compared to T, although without statistical significance. The ASVs belonging to the Desulfobac-
terota phylum were used to build a phylogenetic tree that showed a clear clustering of T-enrich-
ing ASVs, which were mainly affiliated with the Desulfocapsaceae, Desulfobulbaceae, and
Desulfosarcinaceae families, whereas the N-enriching ASV's were mainly affiliated with the Desul-
furomonadales and Syntrophobacterales orders (Fig 5D). Differently from N-enriching ASVs,
most of the ASVs characterizing T sediments were classified up to the genus level and were
mainly affiliated to Desulfobulbus and Desulfosarcina. The Desulfuromonadia-affiliated ASVs in
N belonged mainly to the Sva1033 family and Geopsychrobacter genus (data not shown), whereas
Syntrophobacteria-affiliated ASV's were all classified up to the Syntrophobacterales order.

Discussion

MIC constitutes a concerning issue for marine infrastructures, especially the long-standing
ones, such as wharves or even oil and gas pipelines, since the continuous exposure to seawater
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microflora leads to corrosion and is responsible for heavy damages [18, 50-52]. Currently
employed strategies to prevent MIC in marine infrastructures lack comprehensive microbio-
logical analyses of the installation sites. Additionally, no monitoring procedures aiming at
studying the evolution of the microbial communities are usually performed on the sediment
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sites in the nearby of already installed and operative infrastructures. To get further insights of
the microbial communities associated with differentially-impacted marine sites, we analysed
the microbial community composition and assessed the SRB abundance in marine sediments
collected from nearshore Trieste and offshore Norwegian sites.

The presence of high levels of contaminants, low macrozoobenthic diversity, high organic
matter concentration, and high numbers of hydrocarbon-degrading bacteria was reported in
previous studies on water and sediments collected from the Trieste port [30, 53]. Indeed, this
area possesses contaminants that exceed the legal limits fixed by the Italian government,
including mercury, vanadium, zinc, total hydrocarbons, and polycyclic aromatic hydrocarbons
[30-32]. By combining the experimental data on the collected sediments either performed in
our laboratory or by Saipem S.p.A. sediments collected from the Trieste port area showed sig-
nificantly higher concentration of total organic carbon and total hydrocarbons in T compared
to N (52 Table), indicating both a higher anthropic contamination and higher proneness to
possible MIC processes in the Trieste port area. We intended to focus the attention on the
marine communities inhabiting these two sites and their impact on the associated MIC hazard.
Therefore, we opted not to take into account the features, characterizing the marine infrastruc-
tures (i.e., their materials and coatings), which also contribute to determine the entity of MIC
events.

The sediments collected at different distances of N and T sites presented similar microbial
community structures among the three samples of each group, that significantly differed
between the two sites. However, no significant differences were observed in terms of microbial
richness and diversity between N and T. This indicates that the environmental settings of the
two sites shape the taxonomy composition of the global microbial communities without affect-
ing their richness and diversity. Conversely, the main bacterial group distribution varied
greatly between N and T. Many of the differently-distributed bacterial taxa can be considered
bioindicators of the health conditions of the marine sediments under analysis. Among the
most abundant phyla, Bacteroidota and Firmicutes were associated with T sediments and their
members suggested high human activity compared to N sediments. This was highlighted by
the significantly enriched genera and most abundant ASVs in T affiliated to anaerobe species
belonging to the Clostridium and Rombutsia, which are indicator of sewage solids, and which
are similar to clones previously associated to wastewater treatments, anaerobic digesters, and
fecal contamination [54, 55]. Trieste sediments were also characterized by the methanotrophic
Methyloceanibacter genus, previously associated with marine sediments in the proximity of
hydrothermal vents [56, 57]. Although this bacterial genus is commonly associated with
hydrothermal vents, its enrichment in T can be associated with anthropogenic contamination
from synthetic fertilizers that are poured into the sea [58].

Differently from T, N sediments were significantly enriched in some bacterial groups that
are associated with pristine/healthy environments and poorly impacted by human contamina-
tion. In particular, N was enriched in Nitrospinota and Nitrospirota phyla and in Nitrospina
and Nitrospira genera, whose members are the main responsible for the nitrification processes
in marine environments by performing oxidative reaction of nitrite to nitrate [59, 60]. More-
over, these genera provide pioneering metabolic activities for the establishment of the entire
microbial community and for the maintenance of the global nitrogen cycling [61]. N sedi-
ments were also significantly enriched in Woeseia genus, whose members are commonly
found in marine sediments communities and are characterized by a facultative chemolithoau-
totrophic metabolism [62, 63]. Their contribution in the inorganic and organic carbon cycling
is hypothesized to be crucial for the marine ecology in pristine seafloor sediments and the
abundance of these microbial members in N sediments represents an additional indication of
the ecological health of the offshore sampling site. Despite the most abundant bacterial taxa
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retrieved from N sediments suggest a low impact of contaminants, the phylogenetic analysis of
the most abundant ASVs in N sediments indicated nucleotide similarities with clones identi-
fied from the oil-contaminated marine site in the Gulf of Mexico after the Deep Horizon plat-
form explosion in 2010 [45, 46]. These ASVs were mostly unclassified at order, family, or
genus level, and were affiliated to Alphaproteobacteria, Methylomirabilota, and Actinobacter-
iota. Although similar environmental damages have never been documented in the Barents
Sea sampling site, this finding suggests that the presence of the drilling platforms close to the
collected sediments might contribute to the selection of these specific microbial group, which
are still poorly characterized and/or have not been isolated yet.

One of the main issues of the contamination of marine sediments concerns the possible
enrichment of microorganisms that can be harmful for marine pipeline systems [19, 51]. The
installation of infrastructures in marine environments needs to consider the microbial com-
munity inhabiting the putative dedicated location, with the aim of preventing/retarding the
establishment of MIC processes [18]. Although the main species responsible for MIC are posi-
tively selected by the formation of thick biofilms on the metal surface of infrastructures, these
microorganisms are endemic and already present in the anoxic niches of the bent sediments
[51]. Moreover, model studies have demonstrated that the microorganisms from marine sedi-
ments enhanced both biofouling and biocorrosion in model tank reactors [64]. Indeed, MIC
management is mainly reactive rather than being proactive, including the use of physical treat-
ments as pigging and ultraviolet irradiation, as well as broadband biocides endowed with high
toxicity [65]. Very few studies have considered the evolution of the microbial community dur-
ing the usage of an infrastructure over time, and no specific microbiological investigations of
marine water and sediments are usually planned before the installation of marine infrastruc-
tures. Our data reveled a highly diversified microbial community between the two sites, with T
sediments harboring a large number of bacteria involved in MIC, suggesting a higher suscepti-
bility of port and harbors’ infrastructures to corrosion [66]. We performed deeper analyses tar-
geting the portion of microbial communities potentially involved H,S production, which
revealed a significant enrichment in T compared to N in terms of both relative abundance of
SRB (through 16S rRNA-targeting Illumina sequencing) and total number of SRB cells quanti-
fication (through drsA-targeting qPCR). These data confirm that T sediments harbor a signifi-
cant higher number of SRB cells compared to N sediments. Additionally, the SRB
communities of the two sites were taxonomically different. T sediments were enriched in SRB
species belonging to the Desulfobulbaceae and Desulfosarcinaceae families, i.e., Desulfobulbus
and Desulfosarcina genera. Both these genera live in anoxic environments, they are highly
abundant in sediments with high concentration of organic compounds where they perform
organic matter mineralization [67-69]. Desulfosarcina belongs to the Desulfosarcina/Desulfo-
coccus (DSS) clade, which is considered one of the most important lineages involved in hydro-
carbon degradation within marine sediments [70]. Additional SRB significantly enriched in T
belonged to the Sva0485 clade, which is a marine benthic group (MBG) widely distributed in
marine sediments playing a key role in carbon cycling in organic-rich marine environments
and representing an important sink of acetate and hydrogen in coastal marine sediments [71-
73]. If on one hand the sulfate reducing Desulfobulbus and Desulfosarcina were highly present
in T and associated with high amount of organic matter in the marine sediments, the Desulfo-
bacterota community in N was characterized by other SRB members that are not typically cor-
related with locations featured by pollution/organic compounds, and that contribute to the
sulfur cycle in the marine environment. Among these, the Sval033 family and the Geopsychro-
bacter genus were the most abundant taxa identified in N. Geopsychrobacter and Sva1033
members are psychrotolerant and psychrophile, respectively, are frequently associated with
Antarctic and Arctic marine sediments, and possess iron-reducing capacities contributing to
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the sulfur metabolism [74-76]. We are well aware that characterizing the SRB population
abundance and composition is not sufficient to reliably infer the proneness of a specific site to
be affected by MIC, as many other microbial phyla could contribute to this process [77, 78].
However, these data might indicate that the detection of specific microbial classes could pre-
dict the corrosion rate characterizing a defined environment, especially when suffering from
anthropic impact. This seems to be the case of the T site, which also resulted enriched of bacte-
rial groups capable of contributing to the production of corrosive sulfur species. Chemo-
lithoautotrophic sulfur-oxidizing bacteria belonging to the Thiogranum genus were
significantly present in T compared to N sediments, whose members were isolated from
marine environments and are capable of oxidizing reduced sulfur compounds [79, 80]. Their
presence in T is likely attributable to the low depth of the sampling site, in which oxygen is
more available compared to the deeper sampling sites in N.

Conclusions

MIC is one of the main consequences associated with anthropic contamination of marine
environments and is dependent on the establishment of specialized SRB. The investigation of
the microbial communities inhabiting marine sediments is a key factor in the identification of
healthy and suitable locations for the establishment of infrastructures. Further, the monitoring
of the microbial community evolution in the proximity of in-use marine infrastructures should
be promoted to prevent and/or mitigate MIC events. The enrichment of human-associated
and sulfate-reducing bacterial members in Trieste demonstrated that this site is featured with
high anthropogenic impact and is more likely to host corrosion events on installed marine
infrastructures than the Norwegian site. On the other hand, some SRB members were also
detected in the Norwegian sediments, suggesting that periodic monitoring of the evolution of
the microbial communities at this location should be promoted and regulated to mitigate pos-
sible MIC processes. With the recent advancement of omic sequencing technologies, these
analyses are now economically accessible and allow reliable results to be obtained in a very
short time. Implementation of the survey already in use with microbial community studies
would provide a comprehensive scenario of potential corrosion processes and represents a
proactive complementary strategy to detect MIC at an early stage and to mitigate MIC already
underway.
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Supporting informations

S1 Table. Geographical characteristics of Norway (N1-3) and Trieste (T1-3) sediments analysed in this work
and sequencing results.

Sediment Location Coordinates no. reads no. ASVs
N1 Norway %f:%g;‘zg;),’g 7,141 152
N Nowy  ZBRE o 99
N3 Norway 27210011885205091,;\]13 10,194 195

. 13°45.6361’E
T1 Trieste 45°39 8362°N 6,305 155

13°45.6646’E

T2 Trieste 45°39.8404°N

11,702 471

. 13°45.6766’E
T3 Trieste 45°39 8438°N 7,899 158

S2 Table. Environmental parameters from N and T sampling area. TOC = Total Organic Carbon;
THC = Total Hydrocarbon Concentration; PAH = Polycyclic Aromatic Hydrocarbons.

Site pH? Temperature” Salinity® TOC THC PAH
O (g/kg) (%) (mg/kg) (ng/kg)
+
N 7.08+0.2 4'%3 9())‘4 35.1+0.0 <14 5.03+0.8 211 + 4¢
T 72802 15~(36j;)5'7 36.7+09 230404 151 + 703 > 500"

aData experimentally measured in lab, upon samples reception.

bValues represent the annual seawater temperature at the sampled depth (i.e., 400 mt for N and 10 mt for T), the values in parentheses are indicative of the month
of March in which samples were collected. These data were extracted from the NOAA World Ocean Atlas 13 (WOAI13) database
(https://www.nodc.noaa.gov/OC5/woal3/woal3data.html), and provided by Saipem S.p.A.

¢Values represent the annual seawater salinity at the sampled depth (i.e., 400 mt for N and 10 mt for T). These data were extracted from the NOAA World Ocean
Atlas 13 (WOA13) database (https://www.nodc.noaa.gov/OC5/woal3/woal3data.html), and provided by Saipem S.p.A.

dData for the N site were retrieved from mareano.no database, mediating values from sites in the nearby coordinates.
¢ Data for the T site were collected by the Istituto Nazionale di Oceanografia e di Geofisica Sperimentale (https://www.o0gs.it) and provided by Saipem S.p.A.
Analyzes were conducted in triplicate by Accredia accredited laboratory according to ISO 17025:2005 standard for all the analytes researched and operating with

a quality system certified according to ISO 9001:2015 standard.

fPAH value was retrieved from literature [30-32].
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S1 Fig. Rarefaction curves. Rarefaction curves of the microbial communities in offshore Norway (N) and nearshore Trieste (T)

samples, showing the number of Amplicon Sequence Variants (ASVs, y axis) against the number of obtained reads (x axis).

145



)

0%  13%
PHYLUM CLASS ORDER FAMILY GENUS N1 N2 N3 T1 T2 T3
i i Subgroup 21 - - -

Acidobacteriota Subgroup 22 - - -
Acidobacteriota Thermoanaerobaculia R b Subgroup 10
Acidobacteriota Thermoanaerobaculia b Subgroup 23
i i idimicrobii uncultured -
Actinobacteriota - - - -
Bacteroidota Bacteroidia Bacteroidales Bacteroidetes BD2-2 -

i VC2.1Bac22 - -
Bacteroidota Bacteroidia Cytophagales Cyclobacteriaceae uncultured
Bacteroidota Bacteroidia Flavobacteriales Flavobacteriaceae Lutibacter
Bacteroidota Bacteroidia Flavobacteriales Flavobacteriaceae Lutimonas
Bacteroidota Bacteroidia Flavobacteriales Flavobacteriaceae -

Campylobacterota Campylobacteria [ i Sulfurimonas
c c i c
Chloroflexi uncultured
Chloroflexi Anaerolineae uncultured - -
Cyanobacteria Cyanobacteriia Chioroplast - -
D D D
Desulfobacterota Desulfobacteria Desulfobacterales Desulfosarcinaceae LCP-80
D D D D Sva0081 sediment group
D D [3} [3} D
Desulfobacterota Desulfobulbia Desulfobulbales Desulfobulbaceae -
Desulfobacterota Desulfobulbia Desulfobulbales Desulfobulbaceae uncultured
Desulfobacterota Desulfobulbia Desulfobulbales Desulfocapsaceae uncultured
Desulfobacterota Desulfuromonadia D
Desulfobacterota Desulfuromonadia Desulfuromonadales Sva1033 -
D D i D - R
Desulfobacterota Syntrophobacteria Syntrophobacterales uncultured -
Firmicutes Bacilli
Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium sensu stricto 1
Firmicutes Clostridia i Fusibacter
Firmicutes Clostridia Romboutsia
Firmicutes Clostridia -
Gemmatimonadota Gemmatimonadetes uncultured
i irabili wh1-A12
Myxococcota Polyangia Polyangiales Sandaracinaceae uncultured
NB1- - - - -
Nitrospinota Nitrospinia Nitrospinales Nitrospinaceae Nitrospina
ospirota Nitrospiria trospi trospi Nitrospira
Nitrospirota Thermodesulfovibrionia uncultured - -
Planctomycetota Phycisphaerae Phycisphaerales Phycisphaeraceae Urania-18-19 marine sediment group
Pirellulales Pird lineage
Planctomycetota Planctomycetes Pirellulales Pirellulaceae -
i i uncultured -
Proteobacteria Alphaproteobacteria Kiloniellales Kiloniellaceae uncultured
i Rhizobiales icrobi -
Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Sedimentitalea
Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae uncultured
Proteobacteria Alphaproteobacteria Rhodospirillales Magnetospiraceae Magnetovibrio
Proteobacteria Alphaproteobacteria Rhodospirillales Magnetospiraceae -
Proteobacteria Alphaproteobacteria - - -
Proteobacteria Gammaproteobacteria AT-52-59 - -
Proteobacteria Gammaproteobacteria B2M28 - -
i Nitrosomonas
Proteobacteria Gammaproteobacteria Chromatiales Sedimenticolaceae uncultured
Proteobacteria Gammaproteobacteria i Thiogranum
Proteobacteria ia Incertae Sedis Unknown Family uncultured
MBMPE27 - -
Proteobacteria Gammaproteobacteria Milano-WF1B-44 - -
Proteobacteria Gammaproteobacteria Pseudomonadales Alcanivoracaceaet Alcanivorax
Halieaceae -
Proteobacteria Gammaproteobacteria Pseudomonadales Nitrincolaceae Amphritea
Proteobacteria Gammaproteobacteria Pseudomonadales Porticoccaceae C1-B045
Proteobacteria Gammaproteobacteria Pseudomonadales - -
Proteobacteria Gammaproteobacteria Steroidobacterales Woeseiaceae Woeseia
Proteobacteria Gammaproteobacteria Thiomicrospirales Thiomicrospiraceae endosymbionts
Proteobacteria Gammaproteobacteria Thiotrichales Thiotrichaceae uncultured
Proteobacteria Gammaproteobacteria - - -
uncultured - -

Sva0485

S2 Fig. Most abundant microbial lineages. Microbial community composition of the offshore N and nearshore T sediments at the lowest

taxonomy classification with relative abundances >3% in at least one sample. The gray scale color indicates the abundance of each taxa.
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S3 Fig. Abundance of sulfate-reducing bacteria. Quantitative PCR targeting the dsr4 gene from the

offshore N and nearshore T sediments.
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Chapter 5
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Microbiologically influenced corrosion (MIC) poses a significant challenge due to the presence
and/or activity of microorganisms (NACE-ASTM G193, 2022). This process impacts various
industries, including marine infrastructures, gas and oil pipelines, and water treatment systems
(Coetser, 2005; Skovhus et al., 2017; Kiani Khouzani et al., 2019). While conventional MIC
mitigation strategies, such as chemical biocides and cathodic protection, have been effective,
they often present environmental, economic, and regulatory challenges (Videla, 2002;
Javaherdashti, 2017). To overcome these limitations, the development of eco-friendly
alternatives has become increasingly important. Green corrosion inhibitors, such as plant-
derived extracts, are particularly promising. These inhibitors offer key advantages, including
low toxicity, biodegradability, and a reduced environmental impact (Hossain et al., 2019).
Moreover, their adoption aligns with global efforts toward sustainability and circular economy
principles, making them a desirable option for modern corrosion management.

The work presented in this thesis aimed to contribute to the development of novel methods for
MIC prevention, mitigation and control. For this purpose, two complementary approaches have
been pursued, namely the potential use of essential oils in eradicating biofilms-grown of
Desulfovibrio vulgaris, as well as an innovative strategy based on the production of
recombinant endolysins.

Among the various microorganisms involved in corrosion processes, such as fungi, algae, and
archaea, bacteria have been the most extensively studied contributors (Lane, 2005). Sulfate
reducing bacteria (SRB) represent the main players in this process, by adhering and
proliferating as biofilms in the inner surface of metal infrastructures, and producing metabolites
(i.e., HoS and FeS) that accelerate corrosion (Postgate, 1965; Telegdi et al., 2017). We have
focused our studies on D. vulgaris, a representative SRB species, to investigate the dynamics
of biofilm formation on different surfaces (Chapter 2), with the aim of researching the biofilm-
eradication properties of eco-friendly biocides such as essential oils and plant extracts, as part
of MIC-mitigation strategies. Cinnamaldehyde has been chosen as a proof of concept due to its
well-known antimicrobial properties and its effectiveness as a corrosion inhibitor. Its anti-
corrosion activity is attributed to the formation of a protective macroscopic film on metal
surfaces (Hossain et al., 2019). However, while the antimicrobial activity of EOs or their
components is well-documented, there is very limited knowledge about their application on
microorganisms involving in MIC, especially on biofilm-growing SRB (Korenblum et al.,

2013; Bhola et al., 2014; Souza et al., 2017). We have successfully demonstrated for the first
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time that cinnamaldehyde exhibited comparable efficacy to the well-known reference biocide,
glutaraldehyde, which is however toxic to the environment, particularly to aquatic ecosystems
(Sano et al., 2005; Pereira et al., 2014). Cinnamaldehyde (i.e., 12.5 pg/ml) inhibited the growth
and killed planktonic D. vulgaris cells and, more importantly, almost completely disrupted
biofilm-grown cells at 50 pg/ml, by reducing biomass (> 90 %), surface area (> 85 %) and
thickness (> 60 %). These findings are particularly relevant for strategies aimed at mitigating
microbial corrosion, since sessile cells within biofilms are notoriously more difficult to
eradicate than planktonic ones. Interestingly, we were able to show that cinnamaldehyde
effectively disrupts pre-formed D. vulgaris biofilms also on metal coupons, paving the way for
further studies on its long-term effects and performance under different environmental
conditions. Indeed, while cinnamaldehyde has demonstrated significant potential in lab-scale
studies, its widespread adoption will face challenges related to scalability and variability in
performance under diverse field conditions. Moreover, although SRB have historically been the
primary focus of MIC research due to their prominent role in corrosion processes, other
microbial groups also contribute significantly, and should be taken into account to better mimic
the natural population dynamics responsible for MIC. The composition of microbial consortia
in a given location is influenced by a variety of biotic and abiotic factors, including temperature,
physiochemical properties, nutrient availability and fluid mixing (Dang and Lovell, 2016).
Regarding the attached or biofilm-forming microbial consortia, it is widely recognized that
microorganisms attach and form biofilm in a sequential manner. The formation of a biofilm can
provide significant advantages to the community, such as improved resistance to environmental
stressors and biocides (Bridier et al., 2011; Burmglle et al., 2014). Furthermore, the presence
of diverse species within a consortium fosters interspecies cooperation, where certain species
may supply nutrients or create habitats critical for the survival and growth of others. Among
these natural population dynamics, aerobic iron-oxidizing bacteria (IOB) play a notable role in
MIC. I0B oxidize ferrous ions (Fe*") to ferric ions (Fe*"), using oxygen as the terminal electron
acceptor, and this biologically-mediated oxidation occurs at a much faster rate than abiotic
processes (Liu et al., 2016). IOB are known to accelerate the dissolution and localized corrosion
of steels, and their interaction with SRB can exacerbate pitting corrosion (Xu et al., 2008).
Oxygen consumption by IOB within biofilms creates anaerobic microenvironments, supporting
the proliferation of SRB, which further facilitate and intensify corrosion processes. In addition

to SRB and IOB, other microbial consortia, such as SRB and acid producing bacteria (APB),
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also play a significant role in MIC. SRB and APB consortia have demonstrated resistance to
biocides commonly used in water treatment (Pereira et al., 2021), highlighting the limitations
of conventional chemical biocides. Future studies should explore the effects of cinnamaldehyde
on these microbial consortia to evaluate its dual antibacterial and anti-corrosive activity.
Specifically, the corrosion inhibition properties of cinnamaldehyde against these bacteria both
individually and in mixed consortia should be investigated and monitored in long-term
experiments. Moreover, to simulate environmental conditions where MIC occurs and provide
valuable insights into cinnamaldehyde efficacy, research should examine biofilm formation,
corrosion behavior, and the disruptive and anti-corrosion activity of cinnamaldehyde in a
nutrient-rich artificial seawater as growth medium (Tran et al., 2020). Finally, advanced tools
such as Scanning Electron Microscopy (SEM) should also be employed to assess
cinnamaldehyde effectiveness in mitigating corrosion on metal surfaces. By fostering
interdisciplinary collaboration and integrating cutting-edge science with sustainability
principles, the next generation of MIC mitigation strategies will be able to address diverse
microbial threats while minimizing the environmental impact. Advancing eco-friendly
solutions like cinnamaldehyde not only tackles current challenges but also paves the way for
sustainable and innovative approaches to combat MIC.

The second approach investigated in this thesis is based on an innovative strategy that regards
the production of recombinant endolysins specific for D. vulgaris, as part of the development
of green biocides to be used as a replacement for conventional toxic ones utilized in MIC control
and mitigation. Endolysins are hydrolytic enzymes encoded by bacteriophages during their lytic
cycle, targeting the peptidoglycan (PG) layer of both Gram-positive and Gram-negative
bacteria, thus promoting cell osmotic lysis (Sao-José, 2018). Endolysins present a fast lytic
activity against bacteria when they are exogenously applied as recombinant proteins (Véasquez
and Briers, 2023). Moreover, these enzymes have garnered significant attention for their
efficacy against clinically-relevant pathogens. Indeed, recombinant lysins were applied as
“Enzybiotics” to eliminate bacterial infections and have been already assayed both in vitro and
in clinical trials, and interestingly, the development of bacterial resistance has never been
observed (Fischetti, 2005; Fenton et al., 2010; Briers et al., 2014; Chang, 2020 Murray et al.,
2021; Liu et al, 2023). Given the many potential applications of endolysins, several
biotechnology companies have started to investigate the use of phage-derived and engineered

lysins in various fields. Indeed, endolysins have been applied not only as novel therapeutics,
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but also as novel food preservation tools in the field of food safety (Dy et al., 2018; Nazir et al.,
2023). Endolysins stand out as promising biocontrol agents due to their minimal biohazard
potential for both human health and the environment. Extensive research has demonstrated their
safety in human and animal models, with enzymatic inactivation deemed sufficient to prevent
any environmental damage (HERA, 2007). Furthermore, the lack of hazardous effects on the
human body suggests, by analogy, that their disposal and/or accumulation poses no detrimental
effect to the environment. Being readily biodegradable, endolysins are environmentally friendly
and do not present a biohazard concern, making them a sustainable option for various
applications (Nelson et al., 2012). The last trend of enzymatic application is the eco-friendly
remediation of xenobiotic-dependent pollution. Hydrolases have been shown to be efficient and
safe when applied in different bioremediation scenarios, mainly because of their availability,
their being economical and eco-friendly and their tolerance to the addition of water-miscible
solvents (Bhandari et al., 2021). However, the potential of endolysins for the biocontrol in
aquaculture and other environmentally relevant contexts, particularly those impacted by MIC,
remains largely unexplored (De Romero et al., 2004). To fill this gap, this thesis focused on
selecting and in vitro testing endolysins specific for D. vulgaris (Chapter 3), targeting various
PG structures. The aim was to identify potential endolysins as green biocides as part of
corrosion-mitigation strategies. Promising preliminary results highlighted the potential of
different endolysins (i.e., amidases, peptidases and soluble-lytic transglycosylases) to kill D.
vulgaris planktonic cells permeabilized with chloroform. The latter treatment has been crucial
to destabilizing the outer membrane (OM) of D. vulgaris, thus enabling the endolysins to access
and degrade the PG layer. These results pave the way for developing engineered endolysins
specifically targeting D. vulgaris and endowed with a permeabilizing peptide. To this aim, an
outer membrane peptide (OMP) (Briers et al., 2011) could be included to mimic the membrane-
destabilizing effect of chloroform, thus allowing D. vulgaris recombinant endolysins to cross
the OM, reach and degrade the PG target. A promising approach to achieve this goal may
involve the construction of D. vulgaris specific lysins libraries using the VersaTile technique
(Gerstmans et al.,, 2020; Duyvejonck et al., 2021). The specific D. vulgaris engineered
endolysins obtained with VersaTile could provide a more effective mean to mitigate SRB-
associated issues, offering a novel and innovative strategy for controlling MIC, bypassing the

use of conventional toxic biocides.
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Finally, another strategy for MIC mitigation and control could include testing the synergistic
antimicrobial activity of EOs and/or their components, such as cinnamaldehyde, with
endolysins, since their combined application may yield enhanced results by leveraging their

complementary mechanisms of action (Chang et al., 2017; Kim et al., 2024; Tyagi et al., 2024).
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