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Abstract: An assemblage nexus of microorganisms enclosed in a composite extracellular polymeric
matrix is called as a biofilm. The main factor causing biological fouling, or biofouling, is biofilms.
Biofilm-mediated biofouling is a significant detrimental issue in several industries, including the
maritime environment, industrial facilities, water treatment facilities, and medical implants. Conven-
tional antibacterial remedies cannot wholly eradicate bacterial species owing to the structural rigidity
of biofilm and the eventual growth of antibiotic-resistant microorganisms. Consequently, several
approaches to disrupt the biofilm have been investigated to address this particular phenomenon. An-
timicrobial peptides (AMPs) have emerged as a promising contender in this category, offering several
advantages over traditional solutions, including broad-spectrum action and lack of antibiotic resistance.
Because biofouling significantly impacts the marine industry, AMPs derived from marine sources
may be suitable natural inhibitors of bacterial proliferation. In this article, we discuss the range of
physicochemical and structural diversity and the model of action seen in marine AMPs. This makes
them an appealing strategy to mitigate biofilm and biofilm-mediated biofouling. This review also
systematically summarizes recent research on marine AMPs from vertebrates and invertebrates and
their industrial significance, shedding light on developing even better anti-biofouling materials shortly.

Keywords: biofouling; biofilm; antimicrobial peptides; AMPs; natural peptides; marine source;
antibacterial

1. Introduction

Biofilm, a naturally occurring matrix structure of immense microbial diversity, is
formed by microorganisms enclosed in the extracellular composite. Bacterial biofilm
proliferation is accomplished on the surface, assisted by extracellular polymeric secretion [1].
These bacterial polymeric secretions enable them to exist on the surface and protect them
from unfavorable and harmful exposure [2]. Bacterial morphology and physical properties
as colloidal particles, such as size, general negative charge, and a range of growth rates,
facilitate their invasion into various habitats [3]. Therefore, the mechanical complexity
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of biofilm formation proliferates as physical properties assist in becoming resistant to
numerous chemical and radiation-based solutions [4].

Subsequent biofilm growth on the surface of objects gained complexity further and
yielded harmful impact. Hence, the destructive effects of microorganisms on artificial
materials are called biofouling. Biofouling substantially obstructs various processes by
creating interferences, such as mechanical blockage (where engine performance decreases
due to poor heat transmission), microorganism-based corrosion, product contamination,
plumbing defect, medical contamination involving implants or prosthetic devices, marine
pollution, oil pipeline blockage, cleaning equipment damage for hospitals and laboratories,
and public health risks. (Figure 1).
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Figure 1. Schematic overview of the harmful impact of biofilm-mediated biofouling. Various sectors
affected by biofouling are shown with representative pictures of the damaged part of affected objects.
(Figure credit Freepik.com, accessed on 27 October 2022).

Several solutions, including mechanical and chemical treatments, have been employed
to address the critical challenge of biofilm-mediated biofouling. However, these solutions
could be more effective. Hence, newer technologies with alternate solutions are being
explored to overcome this adherent biofilm and biofouling. Recently, antimicrobial peptides
(AMPs) have been shown to be effective in alleviating complex biofilm on the surfaces
of various objects. AMPs are naturally abundant short peptides that are part of many
species’ immune systems and have been extracted and identified from multiple sources.
Antimicrobial Peptide Database (APD3) lists 3425 antimicrobial peptides from six life
kingdoms (385 isolated/predicted bacteriocins/peptide antibiotics from bacteria, five from
archaea, eight from protists, 25 from fungus, 368 from plants, and 2489 from animals) [5].
The amino acid length of AMPs varies significantly, and with up to 60 residues long
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polypeptide chains are considered peptides. Generally, cationic peptides exhibit excellent
antimicrobial activity. Therefore, majorly reported AMPs are cationic, with an average
charge of 3.32. However, some anionic AMPs are also reported which are composed of
multiple repetitions of acidic amino acids, such as aspartic or glutamic acid [6–8]. The
cationic AMPs are composed of basic charge-containing amino acid residues, such as
arginine and lysine. Depending on the structural architecture, they potentially form
α-helix, β-sheet, linear stretch, circular, and even more complicated bridge structures [9,10].
Their functional mode of action also varies significantly among various AMPs, particularly
intervening intracellular processes. They can exhibit membrane damage and cellular
injury [11], disrupt protein and DNA synthesis, and crosslink single or double-stranded
DNA [12]. Several instances can sight upon the undeniable potency of AMPs that can block
targeted cellular activity is yet to be discovered.

Besides the negative impact, biofilm-based biofouling has had the most significant
impact on marine ecology. Because unicellular and multicellular animals thrive in these
environments under extreme conditions, such as salt, pressure, and temperature, these
ecosystems create the widest variety of AMPs in terms of novel sequences, structures, and
antibiotic potential with a diverse spectrum of biomolecules. Hence, there is immense
potential to explore the chemical and structural properties of such natural marine AMPs
that may ease future concerns in the marine industry and human health [13]. When all the
facts and details are considered, marine AMPs are a gold mine for biofilm-based biofouling
control, with the ability to offer solution keys.

2. Biofilm Formation

The attachment of microorganisms initiates biofilm formation to the surfaces by em-
ploying various physicochemical interaction forces. Early colonies control colony expansion.
Thus, the bacterial layer’s capacity to change surface characteristics is significant. A com-
plex network with different species distribution, shapes, cell surface charges, and other
unique cell-to-cell interaction patterns cannot predict community formation [14]. They
may reduce strong hydrophobic interactions and increase hydrophilic contacts, affecting a
surface’s adhesiveness [15]. The previous investigation shows how varied the substratum’s
hydrophilicity, electrostatic interaction, and acid-base interaction are. Eleven of the sixteen
bacteria had hydrophilic cell surfaces, while five had hydrophobic ones. They are negatively
charged in typical saltwater because their isoelectric point is between 2.2 and 3.4, allowing
electrostatic and acid-base interactions in specific strains [8]. Extracellular appendages such
as pili and structural elements of attachment surfaces may help with initial attachments.
There are four stages in forming a biofilm: (1) Biochemical conditioning: within minutes
of submersion, macromolecules such as polysaccharides and peptides begin to adhere to
the surface. (2) Bacterial colonization: bacteria begin to aggregate and form a layer after a
few hours. (3) Unicellular eukaryotic colonization: secondary colonizers, such as diatoms,
yeast, protozoa, and others, begin to settle on the colony after a few days, and eventually
begins the process of (4) Multicellular eukaryotic colonization: multicellular eukaryotes
such as larvae, spored, etc., entering the colony after a few weeks to a year [16,17].

Bacteria and diatoms dominate the population of marine biofilms. The proportion
of bacteria, diatoms, and heterotrophic flagellates in the White Sea was 640:4:1 [17], while
that of other single-celled creatures was just about 0.15%. [17,18]. According to a study,
Roseobacter clade members are the most prevalent and dominating primary colonizers
because of their quick response to nutritional conditions that cause film formation [19].
Since they are the original colonizers, they substantially influence the mature biofilm’s
shape and function [20].

Bacterial cells have been shown to represent multicellular-like cluster formations in
biofilms that have progressed via course of evolution. Those cluster representations may
improve the survivability of predators and the supply of nutrients. Furthermore, biofilms
can produce violacein, an antipredator secretion [21], and build a multilayered biofilm
surface [14,21]. Biofilm develops into a self-sustaining complex colony that protects each
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participating cell from external stress such as temperature changes, pH shifts, dryness,
radiation, food scarcity, predation, and other biological pressures.

3. Biofilm-Mediated Biofouling

The production of biofilms typically starts with biofouling, and the mechanical com-
plexity of biofilms allows for biofouling maintenance. Most microfouling is initially pro-
duced by bacteria and diatoms, making space for other organisms like algae, fungi, bar-
nacles, and others, known as macrofouling [16,22]. Depending on the surface layer, three
types of biofilms develop at the start of fouling: type I has only bacterial cells in both living
and dead states; type II has a diatom layer over the bacterial layer; and type III has a layer
of multicellular organisms over the diatom layer [23] (Figure 2).
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Figure 2. Major steps in biofilm formation may lead to biofouling events in the maritime sector.
The biofouling started with the attachment of bacterial population on the object’s surface and
was followed by the growth of other microorganisms, including diatoms, algae, and invertebrates.
(Figure credit Freepik.com, accessed on 27 October 2022).

Biofilm buildup in ship hulls and pipelines especially submerged infrastructure has
the most significant economic loss due to biofouling (Figure 1). Various approaches are
currently being used to mitigate the financial loss mediated by biofouling. These include
hull cleaning, sealing, and repainting. However, these approaches are not economical
and cost more than $250 million annually [24]. Industrial equipment and engines with
macrofouling significantly impact marine environments, potentially reducing heat transfer
efficiency. It reduces water flow and increases biomass beneath aquaculture plants, in-
creasing the risk of fish illness [25,26]. Since a coastal power plant requires a large amount
of cooling water via submerged pipelines, biofouling impacts the smooth flow of water
to heat exchangers. Subsequently, invertebrate larvae and other higher-order creatures
breed on the heat exchanger walls, where a layer of bacteria has formed [18]. Macrofouling
is influenced by local hydrodynamics and the environment. As a result of biofouling,
the heat transfer module loses efficiency and becomes an insulating chamber. Biofouling
also interferes with membrane separation systems used in water purification. Membrane
biofilm increases membrane resistance during reverse osmosis, decreasing water flow.

4. Antimicrobial Peptides from Marine Sources

All living things contain natural antimicrobial peptides, which act as the first line of
defense against microorganisms as part of their innate immune response [26,27]. Oceans
are considered a repository for bioactive compounds as they make up more than 70% of our
planet’s surface and more than half of its biodiversity [28]. Above all else, it offers versatile
conditions for biodiversity, including fluctuations in pressure, salinity, illumination, and

Freepik.com
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temperature that allow the diversification of AMPs molecules with various functional
modes. AMPs are considered up to 60 amino acid-long peptide molecules. They typically
have a net charge of +2 to +9 owing to the inclusion of lysine and arginine amino acids
and hydrophobic residues, which facilitate successful adhesion to target pathogen mem-
branes [29]. Counting on marine AMPs, the majority of them are cationic peptides, such as
piscidin from teleost fish, aurelin from mesoglea of a scyphoid jellyfish, and Epinecidin-1,
from fish [30,31] (Figure 3). At the same time, a small number of them are anionic and
may fold into an amphipathic shape when they come into contact with membranes [32].
They display a wide variety of structural features, including α-helices, β-strands con-
nected by disulphide bridges, loop, and extended structures, such as the α-helix peptide
found in Hediste diversicolor and the antiparallel β-sheets protruding from CATH-BRALE,
a salmonoid cathelicidin found in an ancient fish called Bracgymysttazlenok [33]. A wide
variety of bacteria may be affected by their enormous structural diversity and other charac-
teristics, such as size, charge, hydrophobicity, amphipathic stereo geometry, and peptide
self-association to the biological membrane [34].
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Figure 3. Current status of the natural AMPs to date as per AMP database. The circular pi charts
were generated by data obtained from APD3 database [5].

5. Mechanisms of Action

AMPs are contacted to target molecule surfaces primarily through electrostatic in-
teraction. They penetrate cell membranes and obstruct vital cellular functions, including
protein and nucleic acid synthesis, enzymatic reactions, and cell wall formation. AMPs are
classified into two types based on their functional mode of action: membrane-acting and
non-membrane-acting peptides.

5.1. Membrane Targeting Mechanism

The membrane targeting mechanism is primarily based on the membrane compo-
sition, particularly the lipid variation. Regarding biofilm production, glycerophospho-
lipids, lysolipids, sphingolipids, and sterols are the major cell membrane lipids. Phos-
phatidylethanolamine (PE), phosphatidylglycerol (PG), and cardiolipin (CL) are prevalent
lipids in bacteria, whereas phosphatidylcholine (PC), phosphatidylinositol (PI), phos-
phatidylethanolamine (PE), and phosphatidic acids (PA) are the primary glycerophospho-
lipids in fungal cell membranes. Membrane-targeting antimicrobial peptides can break
down biofilms by disrupting cell membranes. However, they differ from cell-penetrating
peptides (CPPs), which can enter cells and enter through their membrane. CPPs fall short
of the physicochemical standards for anti-biofilm peptides. Anti-biofilm peptides disrupt
biofilm signals, permeate the cytoplasmic membrane and extra polymeric substance (EPS),
alter EPS synthesis, and other mechanisms to attack biofilms, which can be used to treat
bacterial infections that are persistent and multi-resistant. Another variation in the mem-
brane targeting mechanism was reported as external membrane disruption [35]. Based on
the current mode of action reported in the literature, the methods of action of AMPs can be
further classified as follows (Figure 4).
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5.1.1. Toroidal Pore Model

The toroidal pore model, also known as the wormhole model, proposed by Matsuzaki
and his colleagues. It describes how AMPs get trapped in the cell surface layer and bend to
form a ring aperture with a radius of 1–2 nm [36]. These models’ common examples are
arenicin, lacticin Q, and magainin 2. Additionally, cationic peptides like BP2, TC19, and
TC84 weaken the membrane wall by forming fluid domains [37].

5.1.2. Barrel-Stave Model

Multimers of antimicrobial peptides can penetrate a cell’s lipid bilayer and establish
channels that lead to cytoplasmic outflow. AMPs may trigger apoptosis (cell death) in
extreme situations [38], similarly to alamethicin, which uses mechanical structure to carry
out its pore-forming function. Additionally, computations have demonstrated that both
the inner and outer membranes of hairpin AMP protegrin-1 can generate stable octameric
barrels and tetrameric arches (half barrels) [39].

5.1.3. Carpet-like Model

Antimicrobial peptides are positioned along the cell membrane’s surface, with their
hydrophobic ends directed toward the phospholipid bilayer and their hydrophilic ends
oriented toward the solvent. AMPs will cover the membrane surface like a carpet and
dissolve the cell membrane, acting as though they were employing detergent [40]. Signifi-
cant amounts of AMPs are required, and a certain concentration threshold is required for
this pore-forming process. This mechanism explains how the human cathelicidin LL-37
demonstrates its action, and how AMPs with a beta-sheet structure also play a part in this
scenario [41]. When AMP cecropin P1 was applied flat to the surface of the pathogen’s
cell membrane, it destabilized and ultimately destroyed the cell membrane, according to
research using Fourier transform infrared spectroscopy (FTIR) [12].
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5.2. Non-Membrane Targeting Mechanism

Once AMPs enter the cell, they activate a non-membrane target mechanism that
suppresses cell division, nucleic acid synthesis, protein synthesis, and protease activity.
In essence, AMPs have the potential to target any major cellular function. Bac7 1–35,
Tur1A, and DM3, for example, may serve as protein synthesis inhibitors, with ribosomes
or other pathways as possible targets [42]. AMPs also target inhibition of bacterial cell
wall biosynthesis by lipid II binding, characteristic of some bacteriocins and defensins
such as mersacidin, plantaricin, and nisin. Both pyrhocoricin and drosocin may disrupt
protein maturation activity by inhibiting ATPase activity DnaK chaperone. Indolicidin, a
C-terminally amidated cationic Trp-rich AMP with 13 amino acids and a particular target
for the basic region of DNA, may block DNA topoisomerase I and crosslink single- or
double-stranded DNA. It is an example of a nucleic acid biosynthesis inhibitor [43]. An
AMP from tongues called TFP (Tissue factor pathway inhibitor) 1-1TC24 penetrates the
cytoplasm of target cells upon cell membrane rupture, where it destroys DNA and RNA.
Protease activity can prevent by histatin 5, eNAP-2, and indolicidin which can inhibit
microbial serine proteases, elastase, and chymotrypsin; meanwhile, Cathelicidin-BF, a
peptide isolated from the venom of Bungarus fasciatus, can successfully prevent thrombin-
induced platelet aggregation and further block protease activated receptor 4 [44]. Due to
their high DNA binding affinity and significant penetration ability, APP and MciZ may
also stop cell division.

6. Classification of Marine AMPs

Oceans are home to various organisms, including mollusks, echinoderms, plants,
algae, porifera, cnidaria, bacteria, and plants, among others, that are rich in biodiversity
and provide a variety of sources of AMPs. The AMPs can be classified according to their
(1) source, (2) charge, (3) structure or residual pattern, and (4) function. Here, we explain the
source-oriented classification that helps to illustrate the vast diversity of the natural AMPs
data set (Table 1). These AMPs display antimicrobial capabilities against bacteria, fungi, etc.

Table 1. Summary of various types of AMPs and organized from data obtained from APD3
(As on 30 June 2022) [5].

Functional Type Number of AMPs Examples

Antibiofilm peptide 76 Pleurocidin, Nisin A, Gramicidin S

Antibacterial peptide 2900 Ericin S, Bactericidin B-3, Pleurocidin

Antifungal peptide 1257 Catfish PACAP38, Trematocine,
Moronecidin-like

Antiparasitic peptide 140 Bombinin H4, HbbetaP-1, Piscidin 2

Insecticidal peptide 41 Magainin 2, Esculentin-1

Ion-channel inhibitor 7 Microcin H47, Bldesin

Protease inhibitor 33 Odorranain-B1, Microcin H47,
Kunitzin-OS

Surface immobilized peptides 31 Magainin 2, Nisin A, Chrysophsin-1

6.1. AMPs from Bacterial Sources

Bacteria synthesize AMPs in two modes: through bacteriocin (ribosomal) or the riboso-
mal independent pathway. Oceans harbor different types of bacteria, such as actinomycetes,
proteobacteria, cyanobacteria, etc. Andrimid, cyclic dipeptides, cyclo-peptides, holomycin,
indigoidine, kahalalides, massetolides, moiramide, ngercheumicins, solonamides, thiomari-
nols, unnarmicins, etc. are obtained from proteobacteria [45]. AMPs synthesized by
non-ribosomal pathways include althiomycin and myxothiazols, and the list continues.
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6.2. AMPs from Marine Invertebrates

Marine invertebrates produce around 40 different families of AMPs. Marine invertebrates
live close to high bacterial densities, so they are rich sources of AMPs. 40% of the biomass
of organisms belonging to phylum Porifera is attributed to bacteria, making them active
producers of AMPs. A few peptides isolated from sponges include Callyaerin A and B from
Callyspongia aerizusa, Theonellamide F and Theonellamide G isolated from Theonella swinhoei.
Few peptides from sponges display anti-HIV activity: Koshikamides F and H from Theonella
cupola and T. swinhoei, Celebesides A-C from Siliquariaspongia mirabilis, Mirabamides A–D from
Siliquariaspongia mirabilis, Mirabamides E–H from Stelletta sp., and Stellettapeptins A and B
from Stelletta sp., whereas peptides from Geodia barrette possess antifouling activity (Table 2).

The phylum Cnidaria comprises 13,000 species and contains an impressive array of
physiologically active peptides, including corals, jellyfish, and anemones [46]. Aurelin
peptide isolated from Aurelia aurita showed antimicrobial activity against gram-positive
bacteria by blocking the potassium channel [47] (Table 2). Crude extract of six cnidarians
Carijoa riisei, Muriceopsis sulphurea, Neospongodes atlantica, Palythoa caribeorum, Plexaurella
grandiflora, and Phyllogorgia dilatata inhibited growth of bacteria responsible for common
hospital infection. Pd-AMP1 isolated from Phyllogorgia dilatata was found effective in
controlling S. aureus [48] (Table 2).

Several AMPs have been isolated and characterized from various animals of the Mol-
lusca phylum, including octopus, squid, oyster, and snails. AMPs myticusin-1, mytichitin-CB
and myticusin-beta have been isolated from the mussel Mytilus coruscus. Myticusin-1 and
Myticusin-beta are active against both gram-positive and gram-negative bacteria.
Mytichitin-CB extracted from the hemolymph acts against gram-positive bacteria;
Bacillus subtilis, S. aureus, Sarcina luteus, and Bacillus megaterium, and against the fungi
C. albicans and Monilia albicans. Octominin isolated from Octopus minor inhibits the growth of
C. albicans via formation of pores on cell walls and increases oxidative stress in the cell [49]. Pep-
tides RpdefB isolated from Ruditapes philippinarum and VpMacin from Venerupis philippinarum
shows bactericidal activity by increasing membrane permeability. Myticin C, isolated from
Mytilus galloprovincialis is an antiviral peptide that interferes with viral replication (Table 2).

Several AMPs, highly potent against bacteria and fungus, have been characterized
by the Annelida phylum. Arenicin-1, 2, and 3 peptides have been isolated from poly-
chaeta Arenicola marina lugworm. A broad-spectrum, bromotryptophan containing peptide,
hedistin, was isolated from Nereis diversicolor. Nicomycin-1, a highly cationic peptide,
was identified in the arctic polychaeta Nicomache minor. Capitellacin was reported from
Capitella teleta. Perinerin, has been extracted from an Asian marine clamworm,
Perinereis aibuhitensis Grube (Table 2).

Arthropoda phylum is an excellent source of AMPs as a diverse range of AMPs have
been characterized by this phylum. Ss-arasin extracted from hemocytes of
Scylla serrate showed significant activity against S. aureus, P. aeruginosa, and E. coli. Sphistin
from Scylla paramamosain permeabilizes bacterial membranes of aquatic pathogens;
Aeromonas hydrophila, Pseudomonas fluorescens, and Pseudomonas stutzeri. Crustin and Par-
alithocins 1-3 were isolated from Penaeus monodon, and Paralithodes camtschaticus display
significant antimicrobial activities (Table 2).

Bioactive AMPs from marine invertebrates, Echinodermata, have been shown effective
against various microorganisms. EeCentrocin was isolated from the coelomic fluid of the
sea urchin Echinus esculentus and acted against Corynebacterium glutamicum and S. aureus,
E. coli and P. aeruginosa. SdStrongylocin 1 and 2 inhibit E. coli, S. aureus, C. glutamicum, and
Listonella anguillarum.
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Table 2. Anti-microbial peptides isolated from marine organisms.

Source Peptides References

Porifera peptides

Callyaerin A and B (antimicrobial) [48]

Theonellamide F(antimicrobial) [49]

Theonellamide G(antimicrobial) [49]

Koshikamides F and H (antiviral) [50]

Celebesides A-C (antiviral) [50]

Mirabamides A–D (antiviral) [51]

Mirabamides E–H (antiviral) [51]

Stellettapeptins A and B (antiviral) [52]

Barettin and 8,9-dihydrobarettin
(antifouling) [53]

Barrettides A and B (antifouling) [54]

Cnidaria peptides
Aurelin (antimicrobial) [45]

Pd-AMP1 (antimicrobial) [46]

Mollusca peptides

Myticusin-1 (antimicrobial) [55]

Mytichitin-CB (antimicrobial) [56]

Myticusin beta (antimicrobial) [57]

Octominin (antimicrobial) [47]

RpdefB (antimicrobial) [58]

VpMacin (antimicrobial) [58]

Myticin C (antiviral) [59]

Annelida peptides

Arenicin-1, 2, and 3 (antimicrobial) [60]

Hedistin (antimicrobial) [61]

Nicomicin -1 (antimicrobial) [62]

Capitellacin (antimicrobial) [62]

Perinerin (antimicrobial) [63]

Arthropoda peptides

rSs-arasin (antimicrobial) [64]

Sphistin (antimicrobial) [65]

Anti-lipopolysaccharides
(ALFs)(ALFPm11) (antimicrobial) [66]

Crustin (antimicrobial) [67]

paralithocins 1–3 (antimicrobial) [68]

Echinodermata peptides

PpCrAMP (antimicrobial) [69]

SdStrongylocin 1 and 2 (antimicrobial) [70]

EeCentrocin 1 and 2 (antimicrobial) [71]

EeStrongylocin 2 (antimicrobial) [71]

Chordata peptides

Pc-pis (antimicrobial) [72]

CodCath (antimicrobial) [73]

RbLEAP-2 (antimicrobial) [74]

Styelin D (antimicrobial) [75]

Among chordates, fishes are good sources of AMPs as they rarely get infected. Pleuro-
cidins, Misgurins, chrysophsins, piscidins, moronecidins, and hepcidins are all obtained
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from fishes [73]. Pc-pis, Styelin D, codCath, and RbLEAP-2 were isolated from chordates;
Pseudosciaena croceaolated, Styela clava, Gadus morhua, and Oplegnathus fasciatus, respectively.

6.3. AMPs from Marine Algae

Algae are a rich source of various bioactive compounds which show antimicrobial,
antiviral, anti-tumorigenic, and antihypertensive properties. They produce a cocktail of
peptides, polyphenols, alkaloids, polysaccharides, and fatty acids of pharmaceutical and
industrial importance [76–79].

7. Strategies for AMPs Extraction from Marine Sources

Collection and isolation of bioactive peptides from marine sources is challenging
due to the influence of seasonal availability, inhabitants, geographical location, and the
ecological habitat of organisms [78–80]. Identification of a compound for antimicrobial
activity begins with sample collection followed by monitoring the specific activities such
as anti-bacterial, anti-fungal, anti-viral, etc. Isolation of bioactive peptides starts with the
group of source organisms, followed by tissue isolation, trituration, or cell lysis. Extraction,
concentration, precipitation, centrifugation, and membrane filtration are performed after
this to remove particulate matter. Different chromatographic techniques, including size
exclusion chromatography (SEC), ion-exchange chromatography (IEC), and solid-phase
extraction (SPE), are used for further purification to remove the presence of inorganic
compounds and fatty acids [81,82].

Mytilus defensins, mytilins, and mytimycin from hemocytes were isolated and purified
using acetic acid extraction, C18 solid-phase extraction, reversed-phase high-performance
liquid chromatography (RP-HPLC), size-exclusion chromatography, and further two rounds
of RP-HPLC [55,56,79]. Perinerin from the whole clamworm was extracted in 1 M HCl + 5%
formic acid + 1% TFA, then using SPE (C18), affinity chromatography (heparin), and lastly,
RP-HPLC to get AMP [62]. Crustin (carcinin) was isolated from Shore crab hemocytes by
20% acetic acid, dialysis, ion exchange chromatography (cation), RP-HPLC, and finally,
size exclusion chromatography (SEC) [83]. Arenicins from Lugworm coelomocytes were ex-
tracted in 10% acetic acid, followed by Ultrafiltration, AU-PAGE, and RP-HPLC [60]. Other
marine AMPs undergo a similar multi-step purification process, the specifics of which
are determined by the AMPs themselves [82,83]. The process of isolating and purifying
AMPs is known as “bioassay-guided purification” since the presence of bioactive peptides
is evaluated at each stage (Figure 5).

Alternate approaches are being explored to influence organisms for AMP production,
such as exposing the organism to the bacterial pathogen [84]. Recombinant production
of AMPs is another strategy that includes the extraction of mRNA from tissues of the
organism and building a cDNA library. Identification of the AMP encoding ORF gene
sequence was facilitated by primer-specific sequencing [85]. The recombinant production of
hepcidin (CiHep) from grass carp (Ctenopharyngodon idella) was reported very recently [84].
The hepcidin-encoding gene was overexpressed in Escherichia coli and purified by affinity
chromatography [84].

Recently, the chemical synthesis of marine AMPs has been explored to overcome the
insufficiency of source organisms in bulk amounts. Total chemical synthesis of peptides
offers advantages over isolation from marine organisms as it does not affect the biodiversity
of an ecosystem. The total synthesis of cyclic peptides from the marine sponge Stylissa carteri
has been described [85]. The synthesis of bioactive cyclic proline-rich heptapeptide through
two-step solid-phase/solution synthesis offers a promising strategy for the bulk synthesis
of natural AMPs. Chemical synthesis of highly effective AMP, anti-lipopolysaccharide
factors (ALFs), was described recently [66]. This highly amphipathic peptide belongs to
group G ALF from the Giant Tiger Shrimp (Penaeus monodon) (ALFPm11) [66].
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Figure 5. A generalized schematic workflow for the isolation and purification of antimicrobial pep-
tides. A natural extraction from a native source employs extraction, partitioning, and chromatography
steps, while recombinant peptide production includes mRNA isolation, cDNA preparation, cloning,
and overexpression of peptide encoding gene. The recombinant peptide can be purified easily using
affinity chromatography. (Figure credit Freepik.com, accessed on 27 October 2022).

Advancements in various research areas, such as developments in sequencing tech-
nologies, allow access to large data sets at low cost in minimal time, which could help
quickly identify AMPs from marine organisms. Cutting-edge “Omics” technologies, including
transcriptomics, proteomics, and metabolomics have eased the identification of drugs from
natural sources. Integrating omics techniques with improved equipment, such as liquid
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chromatography-tandem mass spectrometry, and data mining platforms, potentially leads the
way for innovative and better identification of potential AMPs from marine sources [86,87].

8. Advantages of Marine AMPs

In contrast to AMPs derived from terrestrial sources, marine AMPs provide a wide
variety of different and exclusive chemical properties that consider giving them distinct
advantages. They are particularly stable in high salt concentrations and may operate at
low temperatures (4 ◦C to 20 ◦C) [88–90]. Though biofilms are collections of microbial
communities with intricate, distinctive social virtues pertaining to defenses, natural marine
AMPs may assault many targets in a biofilm to thwart its development. The positive aspects
of natural marine AMPs are explained more below.

8.1. Exhibit Early-Stage Killing Potential

Biofilm undergoes fast entity changes as it develops. Therefore, AMP must be able
to intervene quickly to impede growth, and we can avoid the drug resistance phenomena.
Rapid application of AMPs to a targeted early-stage aids in preventing them from altering
their phenotype and joining a stable community.

8.2. Act in Varied Micro-Environment and Niches in Biofilm

A biofilm’s environmental circumstances vary greatly. It is possible to see gradients
in oxygen, nutrients, pH, and waste products. While cells at deeper places experience
anoxia, nutritional deficiency, and acidic conditions, cells in the film’s perimeter enjoy
an abundance of nutrients and oxygen. Diverse kinds of bacteria live in biofilm due to
environmental variation. Metabolic heterogeneity is also evident in a similar group of
microbes. Due to the film’s prevalent environmental gradations, a wide range of cells,
from quickly dividing to slowly dividing to non-dividing cells known as “persisters”, are
present. Combining marine AMP should effectively target the whole population, including
persisters that are critical contributors to antibiotic resistance [91].

8.3. Hinder Cell Propagation through Extracellular Matrix Interference

The microbial community is encapsulated within an extracellular matrix (ECM) that
acts as a physical barrier and provides protection. ECM comprises a self-produced matrix of
extracellular polymeric substances (EPS). It also has proteins, lipids, and extracellular DNA
(eDNA). It increases the stubbornness of the microbial community against antibiotics by
delaying or even preventing interaction with microbes. Broad-spectrum AMPs can bind the
active EPS component to inhibit its bio integrity. Besides, AMPs have proven their potential for
pore formation in bacterial cells, which can be the ideal treatment for drug resistance [87,91].

8.4. Stands in the Way of Bacterial Communication

Bacterial cells communicate via auto-inducers and follow the higher virulence. For
example, acyl homoserine lactones act as communication molecules in gram-negative
bacteria. Still, in gram-positive bacteria, it is accomplished by quorum sensing (QS), which
regulates the formation of biofilm and virulence traits of microorganisms. AMPs have the
potency to serve as an antagonist of QS, which can solve the dual purpose of inhibiting
biofilm formation and interfering with the virulence traits of the bacteria [92].

8.5. Synergistic Action with Other Antimicrobial Drugs

AMP must act synergistically with other antimicrobial drugs to combat bio-film,
as none of the current medications can fight numerous traits associated with biofilm.
Researchers across nations are trying to utilize the synergistic action of two or more
antimicrobial agents to fight biofilm. Thus, an ideal AMP can extant its full strength in
synergy with other antimicrobial drugs [92].

The successful applications of AMPs in various sectors, such as medicine, food, and
veterinary, show great potential in other application sectors for AMPs [91]. Polylysine and
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nisin are already a preservative to inhibit the growth of microorganisms in food items.
Since research on AMPs has been focused on therapeutical applications, several AMPs are
already in the market. Bacitracin, colistin, fuzeon, and gramicidin are a few examples of
AMPs that are being used clinically.

9. Conclusions

Current issues provide a window of opportunity when a tailored antimicrobial peptide
may work successfully while still being environmentally benign. The process of producing
biofilms is a complex environment with a wide variety of physiological factors and various
stages for creating both micro and macro biofouling. In this situation, APMs may be an
ideal approach for combating biofouling at an early stage when a biofilm forms; however,
the delivery system beneath an open body of water should be more challenging. Modern
technology, on the other hand, can isolate certain AMPs, and as for distribution, tagged
coating, slow-dissolving tablets, spray, etc., may be done with correct engineering. Restora-
tion of ecological balance is a sustainable strategy, and nature has many resources that
can adequately handle the biofouling situation. Future maritime businesses should have
considered this. According to earlier estimates, the maintenance costs associated with this
specific issue should effectively decrease.

Author Contributions: Conceptualization, G.S.K. and Y.-O.S.; writing—original draft preparation,
A.P., J.D. and N.R.A.; writing—review and editing, A.P., J.D., G.S.K. and M.G.; project administration,
G.S.K.; funding acquisition, G.S.K. and Y.-O.S. All authors have read and agreed to the published
version of the manuscript.

Funding: Anupam Patra acknowledges senior research fellowship from Council of Scientific & Industrial
Research, India. Jhilik Das is recipient of UGC Senior Research Fellowship. Gajraj Singh Kushwaha
acknowledges ICMR-Research Associate Award (ICMR/BMI/11(45)/2020). The authors are thankful to
the Brain Pool Program supported by the Ministry of Science and ICT through the National Research
Foundation of Korea (2022H1D3A2A02053110).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Donlan, R.M.; Costerton, J.W. Biofilms: Survival mechanisms of clinically relevant microorganisms. Clin. Microbiol. Rev. 2002, 15,

167–193. [CrossRef] [PubMed]
2. Zeng, W.; Li, F.; Wu, C.; Yu, R.; Wu, X.; Shen, L.; Liu, Y.; Qiu, G.; Li, J. Role of extracellular polymeric substance (EPS) in toxicity

response of soil bacteria Bacillus sp. S3 to multiple heavy metals. Bioprocess. Biosyst. Eng. 2020, 43, 153–167. [CrossRef] [PubMed]
3. De Carvalho, C.C.C.R. Marine Biofilms: A successful microbial strategy with economic implications. Front. Mar. Sci. 2018, 5, 126.

[CrossRef]
4. Sharma, D.; Misba, L.; Khan, A.U. Antibiotics versus biofilm: An emerging battleground in microbial communities. Antimicrob.

Resist. Infect. Control. 2019, 8, 76. [CrossRef]
5. Wang, G.; Li, X.; Wang, Z. APD3: The antimicrobial peptide database as a tool for research and education. Nucleic Acids Res. 2016,

44, D1087–D1093. [CrossRef]
6. Schittek, B.; Hipfel, R.; Sauer, B. Dermcidin: A novel human antibiotic peptide secreted by sweat glands. Nat. Immunol. 2001, 2,

1133–1137. [CrossRef]
7. Malkoski, M.; Dashper, S.G.; O’Brien-Simpson, N.M. Kappacin, a novel antibacterial peptide from bovine milk. Antimicrob. Agents

Chemother. 2001, 45, 2309. [CrossRef]
8. Lai, Y.; Villaruz, A.E.; Li, M. The human anionic antimicrobial peptide dermcidin induces proteolytic defence mechanisms in

staphylococci. Mol. Microbiol. 2007, 63, 497–506. [CrossRef]
9. Lei, J.; Sun, L.C.; Huang, S. The antimicrobial peptides and their potential clinical applications. Am. J. Transl. Res. 2019, 11, 3919.
10. Koehbach, J.; Craik, D.J. The vast structural diversity of antimicrobial peptides. Trends Pharmacol. Sci. 2019, 40, 517–528. [CrossRef]
11. Huan, Y.; Kong, Q.; Mou, H.; Yi, H. Antimicrobial Peptides: Classification, design, application and research progress in multiple

fields. Front. Microbiol. 2020, 11, 2559. [CrossRef] [PubMed]

http://doi.org/10.1128/CMR.15.2.167-193.2002
http://www.ncbi.nlm.nih.gov/pubmed/11932229
http://doi.org/10.1007/s00449-019-02213-7
http://www.ncbi.nlm.nih.gov/pubmed/31549306
http://doi.org/10.3389/fmars.2018.00126
http://doi.org/10.1186/s13756-019-0533-3
http://doi.org/10.1093/nar/gkv1278
http://doi.org/10.1038/ni732
http://doi.org/10.1128/AAC.45.8.2309-2315.2001
http://doi.org/10.1111/j.1365-2958.2006.05540.x
http://doi.org/10.1016/j.tips.2019.04.012
http://doi.org/10.3389/fmicb.2020.582779
http://www.ncbi.nlm.nih.gov/pubmed/33178164


Molecules 2022, 27, 7546 14 of 16

12. Subbalakshmi, C.; Sitaram, N. Mechanism of antimicrobial action of indolicidin. FEMS Microbiol. Lett. 1998, 160, 91–96. [CrossRef]
[PubMed]

13. Bertrand, B.; Munoz-Garay, C. Marine antimicrobial peptides: A promising source of new generation antibiotics and other
bio-active molecules. Int. J. Pept. Res. Ther. 2019, 25, 1441–1450. [CrossRef]

14. Dalton, H.M.; Goodman, A.E.; Marshall, K.C. Diversity in surface colonization behavior in marine bacteria. J. Ind. Microbiol.
1996, 17, 228–234. [CrossRef]

15. Johnson, B.D.; Azetsu-Scott, K. Adhesion force and the character of surfaces immersed in seawater. Limnol. Oceanogr. 1995, 40,
802–808. [CrossRef]

16. Wahl, M. Marine epibiosis. I. Fouling and antifouling: Some basic aspects. Mar. Ecol. Prog. Ser. 1989, 58, 175–189. [CrossRef]
17. Railkin, A.I. Marine Biofouling: Colonization Processes and Defenses; CRC Press: Boca Raton, FL, USA, 2003.
18. Dang, H.; Li, T.; Chen, M.; Huang, G. Cross-ocean distribution of Rhodobacterales bacteria as primary surface colonizers in

temperate coastal marine waters. Appl. Environ. Microbiol. 2008, 74, 52–60. [CrossRef]
19. Dang, H.; Lovell, C.R. Microbial surface colonization and biofilm development in marine environments. Microbiol. Mol. Biol. Rev.

2016, 80, 91–138. [CrossRef]
20. Matz, C.; Webb, J.S.; Schupp, P.J.; Phang, S.Y.; Penesyan, A.; Egan, S. Marine biofilm bacteria evade eukaryotic predation by

targeted chemical defense. PLoS ONE 2008, 3, e2744. [CrossRef]
21. Cao, S.; Wang, J.; Chen, H.; Chen, D. Progress of marine biofouling and antifouling technologies. Chin. Sci. Bull. 2011, 56, 598–612.

[CrossRef]
22. Karpov, V.A.; Kovalchuk, Y.L.; Kharchenko, U.V.; Beleneva, I.A. The effect of microfouling on marine corrosion of metals and

destruction of protective coatings. Prot. Met. Phys. Chem. Surf. 2012, 48, 803–809. [CrossRef]
23. Schultz, M.P.; Bendick, J.A.; Holm, E.R.; Hertel, W.M. Economic impact of biofouling on a naval surface ship. Biofouling 2011, 27,

87–98. [CrossRef] [PubMed]
24. Fitridge, I.; Dempster, T.; Guenther, J.; de Nys, R. The impact and control of biofouling in marine aquaculture: A review. Biofouling

2012, 28, 649–669. [CrossRef] [PubMed]
25. Floerl, O.; Sunde, L.; Bloecher, N. Potential environmental risks associated with biofouling management in salmon aquaculture.

Aquac. Environ. Interact. 2016, 8, 407–417. [CrossRef]
26. Diamond, G.; Beckloff, N.; Weinberg, A.; Kisich, K. The roles of antimicrobial peptides in innate host defense. Curr. Pharm. Des.

2009, 15, 2377–2392. [CrossRef]
27. Mora, C.; Tittensor, D.P.; Adl, S. How many species are there on earth and in the Ocean? PLoS Biol. 2011, 9, e1001127. [CrossRef]
28. Hancock, R.E.W.; Brown, K.L.; Mookherjee, N. Host defence peptides from invertebrates—Emerging antimicrobial strategies.

Immunobiology 2006, 211, 315–322. [CrossRef]
29. Yin, Z.X.; He, W.; Chen, W.J. Cloning, expression and antimicrobial activity of an antimicrobial peptide, epinecidin-1, from the

orange-spotted grouper, Epinephelus coioides. Aquaculture 2006, 253, 204–211. [CrossRef]
30. Acosta, J.; Montero, V.; Carpio, Y. Cloning and functional characterization of three novel antimicrobial peptides from tilapia

(Oreochromis niloticus). Aquaculture 2013, 372–375, 9–18. [CrossRef]
31. Brogden, K.A. Antimicrobial peptides: Pore formers or metabolic inhibitors in bacteria? Nat. Rev. Microbiol. 2005, 3, 238–250.

[CrossRef]
32. Semreen, M.H.; El-Gamal, M.I.; Abdin, S. Recent updates of marine antimicrobial peptides. Saudi Pharm. J. 2018, 26, 396.

[CrossRef] [PubMed]
33. Hancock, R.E. Cationic peptides: Effectors in innate immunity and novel antimicrobials. Lancet Infect. Dis. 2001, 1, 156–164.

[CrossRef]
34. Matsuzaki, K.; Murase, O.; Fujii, N.; Miyajima, K. Translocation of a channel-forming antimicrobial peptide, magainin 2, across

lipid bilayers by forming a pore. Biochemistry 1995, 34, 6521–6526. [CrossRef] [PubMed]
35. Omardien, S.; Drijfhout, J.W.; Vaz, F.M. Bactericidal activity of amphipathic cationic antimicrobial peptides involves altering

the membrane fluidity when interacting with the phospholipid bilayer. Biochim. Biophys. Acta Biomembr. 2018, 1860, 2404–2415.
[CrossRef] [PubMed]

36. Lohner, K.; Prossnigg, F. Biological activity and structural aspects of PGLa interaction with membrane mimetic systems. Biochim.
Biophys. Acta 2009, 1788, 1656–1666. [CrossRef] [PubMed]

37. Lipkin, R.B.; Lazaridis, T. Implicit membrane investigation of the stability of antimicrobial peptide β-barrels and arcs. J. Membr.
Biol. 2015, 248, 469–486. [CrossRef] [PubMed]

38. Shai, Y. Mode of action of membrane active antimicrobial peptides. Biopolym. Pept. Sci. Sect. 2002, 66, 236–248. [CrossRef]
39. Corrêa, J.A.F.; Evangelista, A.G.; de Melo Nazareth, T.; Luciano, F.B. Fundamentals on the molecular mechanism of action of

antimicrobial peptides. Materialia 2019, 8, 100494. [CrossRef]
40. Lyu, Y.; Fitriyanti, M.; Narsimhan, G. Nucleation and growth of pores in 1,2-Dimyristoyl-sn-glycero-3-phosphocholine

(DMPC)/cholesterol bilayer by antimicrobial peptides melittin, its mutants and cecropin P1. Colloids Surf. B Biointerfaces
2019, 173, 121–127. [CrossRef]

41. Mardirossian, M.; Grzela, R.; Giglione, C. The host antimicrobial peptide Bac71-35 binds to bacterial ribosomal proteins and
inhibits protein synthesis. Chem. Biol. 2014, 21, 1639–1647. [CrossRef]

http://doi.org/10.1111/j.1574-6968.1998.tb12896.x
http://www.ncbi.nlm.nih.gov/pubmed/9495018
http://doi.org/10.1007/s10989-018-9789-3
http://doi.org/10.1007/BF01574697
http://doi.org/10.4319/lo.1995.40.4.0802
http://doi.org/10.3354/meps058175
http://doi.org/10.1128/AEM.01400-07
http://doi.org/10.1128/MMBR.00037-15
http://doi.org/10.1371/journal.pone.0002744
http://doi.org/10.1007/s11434-010-4158-4
http://doi.org/10.1134/S207020511207009X
http://doi.org/10.1080/08927014.2010.542809
http://www.ncbi.nlm.nih.gov/pubmed/21161774
http://doi.org/10.1080/08927014.2012.700478
http://www.ncbi.nlm.nih.gov/pubmed/22775076
http://doi.org/10.3354/aei00187
http://doi.org/10.2174/138161209788682325
http://doi.org/10.1371/journal.pbio.1001127
http://doi.org/10.1016/j.imbio.2005.10.017
http://doi.org/10.1016/j.aquaculture.2005.10.002
http://doi.org/10.1016/j.aquaculture.2012.07.032
http://doi.org/10.1038/nrmicro1098
http://doi.org/10.1016/j.jsps.2018.01.001
http://www.ncbi.nlm.nih.gov/pubmed/29556131
http://doi.org/10.1016/S1473-3099(01)00092-5
http://doi.org/10.1021/bi00019a033
http://www.ncbi.nlm.nih.gov/pubmed/7538786
http://doi.org/10.1016/j.bbamem.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/29902419
http://doi.org/10.1016/j.bbamem.2009.05.012
http://www.ncbi.nlm.nih.gov/pubmed/19481533
http://doi.org/10.1007/s00232-014-9759-4
http://www.ncbi.nlm.nih.gov/pubmed/25430621
http://doi.org/10.1002/bip.10260
http://doi.org/10.1016/j.mtla.2019.100494
http://doi.org/10.1016/j.colsurfb.2018.09.049
http://doi.org/10.1016/j.chembiol.2014.10.009


Molecules 2022, 27, 7546 15 of 16

42. Shu, G.; Chen, Y.; Liu, T.; Ren, S.; Kong, Y. Antimicrobial peptide cathelicidin-bf inhibits platelet aggregation by blocking
protease-activated receptor 4. Int. J. Pept. Res. Ther. 2019, 25, 349–358. [CrossRef]

43. Desriac, F.; Jégou, C.; Balnois, E. Antimicrobial peptides from marine proteobacteria. Mar. Drugs 2013, 11, 3632–3660. [CrossRef]
[PubMed]

44. Klompen, A.M.L.; Macrander, J.; Reitzel, A.M.; Stampar, S.N. transcriptomic analysis of four cerianthid (cnidaria, ceriantharia)
venoms. Mar. Drugs 2020, 18, 413. [CrossRef] [PubMed]

45. Ovchinnikova, T.V.; Balandin, S.V.; Aleshina, G.M. Aurelin, a novel antimicrobial peptide from jellyfish Aurelia aurita with
structural features of defensins and channel-blocking toxins. Biochem. Biophys. Res. Commun. 2006, 348, 514–523. [CrossRef]
[PubMed]

46. Lima, L.; Migliolo, L.; Castro, C. Identification of a novel antimicrobial peptide from Brazilian coast coral Phyllogorgia dilatata.
Protein Pept. Lett. 2013, 20, 1153–1158. [CrossRef]

47. Nikapitiya, C.; Dananjaya, S.H.S.; Chandrarathna, H.P.S.U. Octominin: A novel synthetic anticandidal peptide derived from
defense protein of octopus minor. Mar. Drugs 2020, 18, 56. [CrossRef]

48. Daletos, G.; Kalscheuer, R.; Koliwer-Brandl, H. Callyaerins from the marine sponge Callyspongia aerizusa: Cyclic peptides with
antitubercular activity. J. Nat. Prod. 2015, 78, 1910–1925. [CrossRef]

49. Nishimura, S.; Arita, Y.; Honda, M. Marine antifungal theonellamides target 3beta-hydroxysterol to activate Rho1 signaling.
Nat. Chem. Biol. 2010, 6, 519–526. [CrossRef]

50. Plaza, A.; Bifulco, G.; Keffer, J.L. Celebesides A-C and theopapuamides B-D, depsipeptides from an indonesian sponge that
inhibit HIV-1 entry. J. Org. Chem. 2009, 74, 504–512. [CrossRef]

51. Lu, Z.; Van Wagoner, R.M.; Harper, M.K. Mirabamides, E-H, HIV-inhibitory depsipeptides from the sponge Stelletta clavosa. J. Nat.
Prod. 2011, 74, 185–193. [CrossRef]

52. Shin, H.J.; Rashid, M.A.; Cartner, L.K.; Bokesch, H.R.; Wilson, J.A.; McMahon, J.B.; Gustafson, K.R. Stellettapeptins A and
B, HIV-inhibitory cyclic depsipeptides from the marine sponge Stelletta sp. Tetrahedron Lett. 2015, 56, 4215–4219. [CrossRef]
[PubMed]

53. Sjögren, M.; Göransson, U.; Johnson, A.L. Antifouling activity of brominated cyclopeptides from the marine sponge Geodia barretti.
J. Nat. Prod. 2004, 67, 368–372. [CrossRef] [PubMed]

54. Sjögren, M.; Johnson, A.L.; Hedner, E. Antifouling activity of synthesized peptide analogs of the sponge metabolite barettin.
Peptides 2006, 27, 2058–2064. [CrossRef] [PubMed]

55. Liao, Z.; Wang, X.C.; Liu, H.H.; Fan, M.H.; Sun, J.J.; Shen, W. Molecular characterization of a novel antimicrobial peptide from
Mytilus coruscus. Fish Shellfish Immunol. 2013, 34, 610–616. [CrossRef] [PubMed]

56. Oh, R.; Lee, M.J.; Kim, Y.O. Myticusin-beta, antimicrobial peptide from the marine bivalve, Mytilus coruscus. Fish Shellfish Immunol.
2020, 99, 342–352. [CrossRef]

57. Yang, D.; Zhang, Q.; Wang, Q. A defensin-like antimicrobial peptide from the manila clam Ruditapes philippinarum: Investigation
of the antibacterial activities and mode of action. Fish Shellfish Immunol. 2018, 80, 274–280. [CrossRef]

58. Yang, D.; Han, Y.; Chen, L.; Cao, R.; Wang, Q.; Dong, Z.; Liu, H.; Zhang, X.; Zhang, Q.; Zhao, J. A macin identified from Venerupis
philippinarum: Investigation on antibacterial activities and action mode. Fish Shellfish Immunol. 2019, 92, 897–904. [CrossRef]

59. Novoa, B.; Romero, A.; Álvarez, Á.L. Antiviral activity of myticin C peptide from mussel: An ancient defense against her-
pesviruses. J. Virol. 2016, 90, 7692–7702. [CrossRef]

60. Wang, X.; Wang, X.; Teng, D. Candidacidal mechanism of the arenicin-3-derived peptide NZ17074 from Arenicola marina. Appl.
Microbiol. Biotechnol. 2014, 98, 7387–7398. [CrossRef]

61. Tasiemski, A.; Schikorski, D.; Le Marrec-Croq, F.; Pontoire-Van Camp, C.; Boidin-Wichlacz, C.; Sautière, P.E. Hedistin: A novel
antimicrobial peptide containing bromotryptophan constitutively expressed in the NK cells-like of the marine annelid, Nereis
diversicolor. Dev. Comp. Immunol. 2007, 31, 749–762. [CrossRef]

62. Panteleev, P.V.; Tsarev, A.V.; Safronova, V.N. Structure elucidation and functional studies of a novel β-hairpin antimicrobial
peptide from the marine polychaeta Capitella teleta. Mar. Drugs 2020, 18, 620. [CrossRef] [PubMed]

63. Pan, W.; Liu, X.; Ge, F. Perinerin, a novel antimicrobial peptide purified from the clamworm Perinereis aibuhitensis grube and its
partial characterization. J. Biochem. 2004, 135, 297–304. [CrossRef] [PubMed]

64. Anju, A.; Smitha, C.K.; Preetha, K. Molecular characterization, recombinant expression and bioactivity profile of an antimicrobial
peptide, Ss-arasin from the Indian mud crab, Scylla serrata. Fish Shellfish Immunol. 2019, 88, 352–358. [CrossRef] [PubMed]

65. Chen, B.; Fan, D.Q.; Zhu, K.X. Mechanism study on a new antimicrobial peptide Sphistin derived from the N-terminus of crab
histone H2A identified in haemolymphs of Scylla paramamosain. Fish Shellfish Immunol. 2015, 47, 833–846. [CrossRef]

66. Zhou, L.; Li, G.; Jiao, Y.; Huang, D.; Li, A.; Chen, H.; Liu, Y.; Li, S.; Li, H.; Wang, C. Molecular and antimicrobial characterization of a
group G anti-lipopolysaccharide factor (ALF) from Penaeus monodon. Fish Shellfish Immunol. 2019, 94, 149–156. [CrossRef] [PubMed]

67. Antony, S.P.; Singh, I.S.B.; Sudheer, N.S. Molecular characterization of a crustin-like antimicrobial peptide in the giant tiger shrimp,
Penaeus monodon, and its expression profile in response to various immunostimulants and challenge with WSSV. Immunobiology
2011, 216, 184–194. [CrossRef]

68. Moe, M.K.; Haug, T.; Sydnes, M.O. Paralithocins, antimicrobial peptides with unusual disulfide connectivity from the red king
crab, Paralithodes camtschaticus. J. Nat. Prod. 2018, 81, 140–150. [CrossRef]

http://doi.org/10.1007/s10989-018-9677-x
http://doi.org/10.3390/md11103632
http://www.ncbi.nlm.nih.gov/pubmed/24084784
http://doi.org/10.3390/md18080413
http://www.ncbi.nlm.nih.gov/pubmed/32764303
http://doi.org/10.1016/j.bbrc.2006.07.078
http://www.ncbi.nlm.nih.gov/pubmed/16890198
http://doi.org/10.2174/0929866511320100010
http://doi.org/10.3390/md18010056
http://doi.org/10.1021/acs.jnatprod.5b00266
http://doi.org/10.1038/nchembio.387
http://doi.org/10.1021/jo802232u
http://doi.org/10.1021/np100613p
http://doi.org/10.1016/j.tetlet.2015.05.058
http://www.ncbi.nlm.nih.gov/pubmed/26139946
http://doi.org/10.1021/np0302403
http://www.ncbi.nlm.nih.gov/pubmed/15043412
http://doi.org/10.1016/j.peptides.2006.03.027
http://www.ncbi.nlm.nih.gov/pubmed/16781016
http://doi.org/10.1016/j.fsi.2012.11.030
http://www.ncbi.nlm.nih.gov/pubmed/23247103
http://doi.org/10.1016/j.fsi.2020.02.020
http://doi.org/10.1016/j.fsi.2018.06.019
http://doi.org/10.1016/j.fsi.2019.07.031
http://doi.org/10.1128/JVI.00591-16
http://doi.org/10.1007/s00253-014-5784-6
http://doi.org/10.1016/j.dci.2006.11.003
http://doi.org/10.3390/md18120620
http://www.ncbi.nlm.nih.gov/pubmed/33291782
http://doi.org/10.1093/jb/mvh036
http://www.ncbi.nlm.nih.gov/pubmed/15113828
http://doi.org/10.1016/j.fsi.2019.03.007
http://www.ncbi.nlm.nih.gov/pubmed/30851450
http://doi.org/10.1016/j.fsi.2015.10.010
http://doi.org/10.1016/j.fsi.2019.08.066
http://www.ncbi.nlm.nih.gov/pubmed/31465873
http://doi.org/10.1016/j.imbio.2010.05.030
http://doi.org/10.1021/acs.jnatprod.7b00780


Molecules 2022, 27, 7546 16 of 16

69. Kim, C.H.; Go, H.J.; Oh, H.Y. Identification of a novel antimicrobial peptide from the sea star Patiria pectinifera. Dev. Comp.
Immunol. 2018, 86, 203–213. [CrossRef]

70. Solstad, R.G.; Li, C.; Isaksson, J. Novel antimicrobial peptides eecentrocins 1, 2 and eestrongylocin 2 from the edible sea urchin
Echinus esculentus have 6-br-trp post-translational modifications. PLoS ONE 2016, 11, e0151820. [CrossRef]

71. Solstad, R.G.; Johansen, C.; Stensvåg, K. Structure-activity relationship studies of shortened analogues of the antimicrobial
peptide EeCentrocin 1 from the sea urchin Echinus esculentus. J. Pept. Sci. 2020, 26, e3233. [CrossRef]

72. Niu, S.F.; Jin, Y.; Xu, X. Characterization of a novel piscidin-like antimicrobial peptide from Pseudosciaena crocea and its immune
response to Cryptocaryon irritans. Fish Shellfish Immunol. 2013, 35, 513–524. [CrossRef] [PubMed]

73. Broekman, D.C.; Zenz, A.; Gudmundsdottir, B.K. Functional characterization of codCath, the mature cathelicidin antimicrobial
peptide from Atlantic cod (Gadus morhua). Peptides 2011, 32, 2044–2051. [CrossRef] [PubMed]

74. Hwang, S.D.; Joo, M.S.; Hwang, J.Y. Molecular characterization and gene expression data of liver expressed antimicrobial
Peptide-2 (LEAP-2) isolated from rock bream (Oplegnathus fasciatus). Data Br. 2019, 26, 104538. [CrossRef] [PubMed]

75. Taylor, S.W.; Craig, A.G.; Fischer, W.H.; Park, M.; Lehrer, R.I. Styelin D, an extensively modified antimicrobial peptide from
ascidian hemocytes. J. Biol. Chem. 2000, 275, 38417–38426. [CrossRef] [PubMed]

76. Kang, H.K.; Seo, C.H.; Park, Y. Marine peptides and their anti-infective activities. Mar. Drugs 2015, 13, 618–654. [CrossRef]
77. Bajpai, V.K. Antimicrobial bioactive compounds from marine algae: A mini review. Rev. Artic. Indian J. Geo-Mar. Sci. 2016, 45,

1076–1085.
78. Smith, D.; Buddie, A.G.; Goss, R.J.M. Discovery pipelines for marine resources: An ocean of opportunity for biotechnology?

World J. Microbiol. Biotechnol. 2019, 35, 107. [CrossRef]
79. Cheung, R.C.F.; Ng, T.B.; Wong, J.H. Marine peptides: Bioactivities and applications. Mar. Drugs 2015, 13, 4006–4043. [CrossRef]
80. Wang, X.; Yu, H.; Xing, R.; Li, P. Characterization, preparation, and purification of marine bioactive peptides. Biomed. Res. Int.

2017, 2017, 9746720. [CrossRef]
81. Charlet, M.; Chernysh, S.; Philippe, H. Innate immunity: Isolation of several cysteine-rich antimicrobial peptides from the blood

of a mollusc, Mytilus edulis. J. Biol. Chem. 1996, 271, 21808–21813. [CrossRef]
82. Relf, J.M.; Chisholm, J.R.S.; Kemp, G.D.; Smith, V.J. Purification and characterization of a cysteine-rich 11.5-kDa antibacterial

protein from the granular haemocytes of the shore crab, Carcinus maenas. Eur. J. Biochem. 1999, 264, 350–357. [CrossRef] [PubMed]
83. Zhao, J.; Li, C.; Chen, A. Molecular characterization of a novel big defensin from clam Venerupis philippinarum. PLoS ONE 2010, 5,

e13480. [CrossRef] [PubMed]
84. Shike, H.; Lauth, X.; Westerman, M.E. Bass hepcidin is a novel antimicrobial peptide induced by bacterial challenge. Eur. J.

Biochem. 2002, 269, 2232–2237. [CrossRef] [PubMed]
85. Li, Y.; Chang, Q.; Wu, M.; Zhao, X. Total synthesis of five proline-enriched cyclic heptapeptides from the marine sponge Stylissa

carteri. Tetrahedron Lett. 2018, 59, 1828–1831. [CrossRef]
86. Chen, T.; Zhou, J.; Qu, Z. Administration of dietary recombinant hepcidin on grass carp (Ctenopharyngodon idella) against

Flavobacterium columnare infection under cage aquaculture conditions. Fish Shellfish Immunol. 2020, 99, 27–34. [CrossRef]
87. Sperstad, S.V.; Haug, T.; Blencke, H.M. Antimicrobial peptides from marine invertebrates: Challenges and perspectives in marine

antimicrobial peptide discovery. Biotechnol. Adv. 2011, 29, 519–530. [CrossRef]
88. Lebeaux, D.; Ghigo, J.-M.; Beloin, C. Biofilm-related infections: Bridging the gap between clinical management and fundamental

aspects of recalcitrance toward antibiotics. Microbiol. Mol. Biol. Rev. 2014, 78, 510–543. [CrossRef]
89. Ghosh, M.; Pulicherla, K.K. Psychrophiles as the Source for Potential Industrial Psychrozymes. In Recent Developments in Microbial

Technologies; Prasad, R., Kumar, V., Singh, J., Upadhyaya, C.P., Eds.; Environmental and Microbial Biotechnology; Springer:
Singapore, 2021. [CrossRef]

90. Ghosh, M.; Gera, M.; Singh, J.; Prasad, R.; Pulicherla, K.K. A Comprehensive Investigation of Potential Novel Marine Psychrotol-
erant Actinomycetes sp. Isolated from the Bay-of-Bengal. Curr. Genom. 2020, 21, 271–282. [CrossRef]

91. Sun, H.; Hong, Y.; Xi, Y. Synthesis, self-assembly, and biomedical applications of antimicrobial peptide-polymer conjugates.
Biomacromolecules 2018, 19, 1701–1720. [CrossRef]

92. Shang, D.; Han, X.; Du, W. Trp-containing antibacterial peptides impair quorum sensing and biofilm development in multidrug-
resistant Pseudomonas aeruginosa and exhibit synergistic effects with antibiotics. Front. Microbiol. 2021, 12, 185. [CrossRef]

http://doi.org/10.1016/j.dci.2018.05.002
http://doi.org/10.1371/journal.pone.0151820
http://doi.org/10.1002/psc.3233
http://doi.org/10.1016/j.fsi.2013.05.007
http://www.ncbi.nlm.nih.gov/pubmed/23727503
http://doi.org/10.1016/j.peptides.2011.09.012
http://www.ncbi.nlm.nih.gov/pubmed/21945422
http://doi.org/10.1016/j.dib.2019.104538
http://www.ncbi.nlm.nih.gov/pubmed/31667299
http://doi.org/10.1074/jbc.M006762200
http://www.ncbi.nlm.nih.gov/pubmed/10978343
http://doi.org/10.3390/md13010618
http://doi.org/10.1007/s11274-019-2685-y
http://doi.org/10.3390/md13074006
http://doi.org/10.1155/2017/9746720
http://doi.org/10.1074/JBC.271.36.21808
http://doi.org/10.1046/j.1432-1327.1999.00607.x
http://www.ncbi.nlm.nih.gov/pubmed/10491079
http://doi.org/10.1371/journal.pone.0013480
http://www.ncbi.nlm.nih.gov/pubmed/20975988
http://doi.org/10.1046/j.1432-1033.2002.02881.x
http://www.ncbi.nlm.nih.gov/pubmed/11985602
http://doi.org/10.1016/j.tetlet.2018.03.083
http://doi.org/10.1016/j.fsi.2020.01.042
http://doi.org/10.1016/j.biotechadv.2011.05.021
http://doi.org/10.1128/MMBR.00013-14
http://doi.org/10.1007/978-981-15-4439-2_16
http://doi.org/10.2174/1389202921666200330150642
http://doi.org/10.1021/acs.biomac.8b00208
http://doi.org/10.3389/fmicb.2021.611009

	Introduction 
	Biofilm Formation 
	Biofilm-Mediated Biofouling 
	Antimicrobial Peptides from Marine Sources 
	Mechanisms of Action 
	Membrane Targeting Mechanism 
	Toroidal Pore Model 
	Barrel-Stave Model 
	Carpet-like Model 

	Non-Membrane Targeting Mechanism 

	Classification of Marine AMPs 
	AMPs from Bacterial Sources 
	AMPs from Marine Invertebrates 
	AMPs from Marine Algae 

	Strategies for AMPs Extraction from Marine Sources 
	Advantages of Marine AMPs 
	Exhibit Early-Stage Killing Potential 
	Act in Varied Micro-Environment and Niches in Biofilm 
	Hinder Cell Propagation through Extracellular Matrix Interference 
	Stands in the Way of Bacterial Communication 
	Synergistic Action with Other Antimicrobial Drugs 

	Conclusions 
	References

