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Resumo

A biodiversidade marinha é uma componente fundamental dos servicos dos
ecossistemas marinhos e desempenha um papel vital na sua conservacao e gestéo
sustentavel. Apesar da importancia ecolégica e econdmica das espécies marinhas,
muitos grupos, como os chidarios, permanecem pouco estudados. Este diversificado filo
ancestral, que compreende principalmente organismos marinhos pertencentes a
Anthozoa (p.ex., anémonas-do-mar e corais) e Medusozoa (p.ex., medusas e
hidrozoarios), desempenha fungdes essenciais no ambiente marinho. No entanto,
persistem lacunas no nosso conhecimento relativamente a estes organismos, devido as
dificuldades associadas & sua amostragem, detecdo e analise molecular. E essencial
enfrentar estes desafios para alcancar uma conservacgao eficaz da biodiversidade e um
avango biotecnoldogico sustentavel com base no potencial inexplorado destes
organismos. Assim, esta tese investiga a diversidade dos cnidarios, o potencial dos
péptidos antimicrobianos (AMPs) de invertebrados aquaticos, onde se incluem os
cnidarios, e a protedmica de duas espécies de cnidarios, com 0 objetivo de melhorar a
compreensao dos seus papéis ecologicos e das suas aplicagcdes biotecnoldgicas.

Foi compilado um conjunto de dados abrangente de espécies de cnidarios da regido
ibérica, através da integracdo de dados Omicos globais, proporcionando novos
conhecimentos sobre a sua biologia e ecologia (Capitulo 2). Este recurso ndo so6
identifica espécies de importancia ecoldgica e socioecondmica, como também evidencia
a necessidade urgente de mais estudos 6émicos.

A investigagao realizada nesta tese explora ainda as propriedades antimicrobianas dos
invertebrados aquaticos, examinando a diversidade, estrutura e fungdes dos seus AMPs
(Capitulo 3). Estas moléculas bioativas apresentam um potencial significativo para
combater a resisténcia aos antimicrobianos (AMR), atuando como elementos-chave na
luta contra os patdégenos e oferecendo potenciais aplicagdes em varias industrias,
incluindo na aquacultura. Ao catalogar quase 350 AMPs provenientes de 10 filos de
invertebrados, este estudo sublinha tanto o potencial destas moléculas como os
desafios associados a sua validagao e aplicagao pratica.

Contributos adicionais sao fornecidos pela analise proteémica de duas espécies de
cnidarios, a anémona-do-mar Actinia fragacea (Anthozoa) (Capitulo 4) e a medusa-de-
pintas Phyllorhiza punctata (Capitulo 5), que revela novos compostos bioativos—
incluindo toxinas e AMPs—com promissoras aplicagbes biotecnoldgicas. A analise
protedmica de A. fragacea elucida a composigao do seu extrato de nematocistos, bem

como dos seus tecidos e secre¢cdes do muco, enquanto o estudo integrado de
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protedmica e transcriptomica de P. punctata recorre a abordagens computacionais e
algoritmos preditivos baseados em inteligéncia artificial para identificar moléculas com
relevancia biotecnoldgica.

Globalmente, esta tese representa um avanco significativo na compreensao da ecologia
dos cnidarios, da diversidade émica e do seu potencial biotecholdgico, destacando os
papéis cruciais destes organismos nos ecossistemas marinhos. Ao integrar a
investigagao da sua biodiversidade com a protedmica e a biologia computacional, esta
tese oferece informagdes valiosas acerca do potencial inexplorado dos cnidarios.
Pesquisas futuras devem priorizar a ampliagao dos dados moleculares, a validagdo dos
AMPs em condigbes in vitro e in vivo, bem como a otimizacdo da sua estabilidade,
seguranga e eficacia para aplicagcbes sustentaveis, especialmente em areas como a

aquacultura.

Palavras-chave: invertebrados marinhos, Cnidaria, protedmica, péptidos
antimicrobianos, toxinas, medusas, anémonas do mar, compostos bioativos, resisténcia

antimicrobiana, peptidomica, medusozoarios, patdbgenos da aquacultura.
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Abstract

Marine biodiversity is a fundamental component of marine ecosystem functions and vital
in conservation and sustainable management. Despite marine species’ ecological and
economic importance, many groups, such as cnidarians, remain understudied. This
diverse ancestral phylum, comprising mainly marine organisms from Anthozoa (e.g., sea
anemones and corals) and Medusozoa (e.g., jellyfish and hydrozoans), plays essential
roles in the marine environment. However, gaps in our knowledge regarding these
organisms persist due to difficulties associated with their sampling, detection and
molecular analysis. It is essential to face these challenges to achieve effective
biodiversity conservation and sustainable biotechnological advancement based on the
untapped potential of these organisms. Therefore, this thesis investigates the diversity
of cnidarians, the potential of antimicrobial peptides (AMPs) from aquatic invertebrates,
including cnidarians, and the proteomics of two species of cnidarians to improve our
understanding of their ecological roles and biotechnological applications.

A comprehensive dataset of cnidarian species from the Iberian region has been compiled
by integrating global omics data, providing new insights into their biology and ecology
(Chapter 2). This resource identifies species of ecological and socioeconomic
importance and highlights the urgent need for further omics studies.

The research further explores the antimicrobial properties of aquatic invertebrates by
examining the diversity, structure, and functions of their AMPs (Chapter 3). These
bioactive molecules hold significant promises for addressing antimicrobial resistance
(AMR), as key players in combating pathogens and have potential applications in several
industries including aquaculture. By cataloging nearly 350 AMPs across 10 invertebrate
phyla, the study underscores the promise of these compounds and the challenges
associated with their validation and practical use.

Additional insights are provided by the proteomic analysis of two cnidarian species, the
sea anemone Actinia fragacea (Anthozoa) (Chapter 4) and the white-spotted jellyfish
Phyllorhiza punctata (Chapter 5), which reveals novel bioactive compounds—including
toxins and AMPs—uwith promising biotechnological applications. The proteomic analysis
of A. fragacea elucidates the composition of its nematocyst extract, tissue, and mucus
secretions, while the integrated proteomic and transcriptomic study of P. punctata
employs computational approaches and Al-driven predictive algorithms to identify
molecules of biotechnological relevance.

Overall, this work advances our understanding of cnidarian ecology, omics diversity, and

biotechnological potential, emphasizing these organisms’ critical roles in marine
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ecosystems. By integrating research into their biodiversity with proteomics and
computational biology, this thesis offers valuable information into the unexplored
potential of cnidarians. Future research should focus on expanding molecular datasets,
validating AMPs through both in vitro and in vivo studies, and optimizing their stability,

safety, and efficacy for sustainable applications in fields such as aquaculture.

Keywords: marine invertebrates, Cnidaria, proteomics, antimicrobial peptides, toxins,
jellyfish, sea anemone, bioactive compounds, antimicrobial resistance, peptidomics,

medusozoans, aquaculture pathogens.
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General Introduction
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General Introduction

Oceans cover approximately 70% of the Earth’s surface, yet marine biodiversity
represents only about 13—16% of all currently described living species, totaling just under
250,000 species [1]. However, many evolutionary lineages are exclusively marine, and
numerous marine taxa trace their ancestry to some of the oldest branches of the tree of
life, highlighting the ocean’s critical role in evolutionary history. While significant
uncertainty surrounds estimates of undiscovered marine species [2], most known marine
species have not yet been formally described [3]. However, marine biodiversity is
essential for maintaining ecosystem stability, regulating biogeochemical cycles, and
supporting crucial services, such as climate regulation and carbon sequestration, with
the ocean absorbing approximately 25% of anthropogenic CO; emissions [4]. Therefore,
given the escalating anthropogenic pressures on marine ecosystems, expanding our
understanding of marine biodiversity is essential for its conservation and sustainable
management.

A particularly rich, diverse, and underexplored group within marine ecosystems is the
phylum Cnidaria, an ancient lineage of predominantly marine species that plays a crucial
role in marine food webs and ecosystem services. This phylum is classified into three
major clades: Anthozoa (corals, sea anemones, and sea pens), Medusozoa (true
jellyfish, hydrozoans, box jellyfish, and stalked jellyfish), and Endocnidozoa (obligate
endoparasites) [5]. A defining characteristic of cnidarians is the presence of cnidocytes,
stinging cells containing nematocysts, specialized stinging organelles employed in both
defense and prey capture [6]. These organisms exhibit a relatively simple body plan with
radial symmetry, a gastrovascular cavity, and typically alternate between two main body
forms: the sessile polyp and the free-swimming medusa [7].

Among cnidarians, Medusozoa includes four classes: Scyphozoa (true jellyfish),
Hydrozoa (hydras, hydromedusae, and siphonophores), Cubozoa (box jellyfish), and
Staurozoa (stalked jellyfish) [8]. Medusozoans display remarkable life cycle diversity,
typically alternating between a benthic polyp stage and a pelagic medusa stage. Most
species exhibit a metagenetic life cycle, in which sexual reproduction occurs in the
medusa stage while polyps reproduce asexually. However, some species, have
holoplanktonic life cycles with continuous reproduction in the water column [9,10].
Medusozoans have recently gained increased attention due to the global awareness of
jellyfish blooms and their associated ecological and economic impacts, such as
disrupting trophic webs, interfering with fishing, and damaging aquaculture [11,12].

Nevertheless, despite their central role in marine ecosystem dynamics, jellyfish remain
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significantly understudied compared to other aquatic animals [13]. This knowledge gap
stems from several factors, including their unpredictable distribution influenced by
environmental and anthropogenic conditions, their transparent and gelatinous bodies
that hinder detection and sampling, and the fragility of their tissues, which complicates
the extraction of high-quality DNA, RNA, and proteins, limiting omics data availability
[14-16]. As a result, the molecular and functional diversity of jellyfish remains poorly
understood, restricting our ability to assess their evolutionary adaptations, ecological
roles, and biotechnological potential.

In contrast to Medusozoa, the clade Anthozoa consists exclusively of sessile marine
species permanently attached to substrates. They are distributed into two classes:
Hexacorallia (stony corals, sea anemones, and tube anemones), and Octocorallia (soft
corals, sea fans, sea pens, and gorgonians) [17]. Anthozoans exhibit diverse
reproductive strategies with some species reproducing asexually through budding,
fission, or fragmentation, while others engage in sexual reproduction, with some being
hermaphroditic [18,19]. Despite their ecological significance, anthozoans remain
understudied, particularly in molecular biology, limiting our understanding of their
adaptive mechanisms, symbiotic relationships, and biotechnological applications.
Recently, cnidarians have gained increasing recognition as important sources of
bioactive compounds, attracting significant interest for their biotechnological potential in
pharmaceuticals, cosmeceuticals, and nutraceuticals [20]. Cnidarian toxins, known for
their diverse neurotoxic, cytotoxic and immunomodulatory properties, though still
understudied, have shown promising potential for therapeutic applications, including as
analgesics and anti-cancer agents [21]. However, much remains to be explored in
cnidarians, particularly regarding their antimicrobial peptides (AMPs). AMPs are small
molecules produced by a wide variety of organisms, including cnidarians, that exhibit a
wide range of bioactive properties, including immunomodulatory, anticancer, and
antimicrobial activities against a wide range of pathogens, such as bacteria, fungi,
viruses, and parasites [22]. Amid the growing global crisis of antimicrobial resistance
(AMR), discovering new AMPs as alternatives to traditional antibiotics has become
critical, particularly due to their significantly low propensity to induce resistance [23,24].
Despite their promising potential, the practical applications of AMPs, especially in
aquaculture, remain primarily theoretical, with very few applied studies.

To bridge this gap, integrated high-throughput multi-omics approaches, combined with
Al-driven predictive algorithms, such as machine learning and deep learning, offer a
powerful framework for screening and optimizing bioactive compounds [25]. When

paired with traditional biochemical and cellular approaches, these advancements can

3
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accelerate the discovery of bioactive compounds, unlocking their therapeutic and
biotechnological potential to address global challenges in healthcare and food production
[26].

Considering all of this, this thesis aimed to address existing knowledge gaps in the
ecological diversity and proteomic complexity of cnidarians, with a particular focus on
identifying bioactive compounds with therapeutic and biotechnological potential,
including applications in aquaculture. The scientific research has been organized into

four main chapters as described below:

e Chapter 2 compiles the occurrence records of cnidarian species from the Iberian
region, integrating available global omics data. This comprehensive approach
provides valuable insights into the biology and ecological significance of
underexplored cnidarian groups, including Hydrozoa, Scyphozoa, Cubozoa, and
Staurozoa. The chapter serves as an essential resource for identifying species
of both ecological and socioeconomic importance, while emphasizing the need
for further omics studies to fully explore their biotechnological potential.

e Chapter 3 explores the diversity and richness of AMPs from aquatic
invertebrates, focusing on their antimicrobial activities against pathogens
relevant to human health and aquaculture. It connects the ecological importance
of cnidarians with their potential as sources of bioactive compounds, highlighting
AMP’s promising applications in aquaculture and their role in combating AMR.

o Chapter 4 presents the first proteomic study of the sea anemone Actinia fragacea
(Anthozoa: Hexacorallia), a native cnidarian species from the Iberian region. This
study contributes to bridging the gap in cnidarian omics data, integrating
proteomics with predictive algorithms to trace and explore the proteomic profiles
of the sea anemone’s venom nematocyst extract, tissues, and mucus secretion,
focusing on bioactive compounds such as toxins and AMPs that may have both
ecological and biotechnological significance.

e Chapter 5 expands the proteomic analysis, presenting the first proteomic study
of the invasive jellyfish Phyllorhiza punctata (Medusozoa: Scyphozoa), a species
recently detected in the Iberian region. By integrating transcriptomic data,
proteomics, and advanced predictive algorithms, this pioneering study identifies
and characterizes the jellyfish’s bioactive compounds, with a particular focus on

toxins and AMPs that hold significant therapeutic and biotechnological potential.

Overall, this Ph.D. thesis explores the regional ecology and diversity of some of the most

understudied cnidarian groups, investigates AMPs derived from aquatic invertebrates,
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and their potential applications in aquaculture. It characterizes the proteomes of two
underexplored cnidarian species representing the two main cnidarian clades: the sea
anemone A. fragacea and the jellyfish P. punctata. The focus is on identifying bioactive

compounds, particularly toxins and AMPs, to evaluate their biotechnological potential.
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Abstract

This study investigates the diversity and distribution of Medusozoa, a clade of the phylum
Cnidaria, within the framework of the Iberian Peninsula and surrounding archipelagos.
Medusozoa is notably recognized for encompassing jellyfish species with the capacity to
exert detrimental ecological and socioeconomic impacts, this group of mostly marine
organisms assumes a critical role in aquatic food webs and exhibits considerable
biotechnological potential. A comprehensive dataset sourced from over 230 bibliographic
references and public databases, comprising over 30,000 reports of Medusozoa in the
Iberian region, reveals 593 species across the four medusozoan classes (549
hydrozoans, 37 scyphozoans, 5 staurozoans, and 2 cubozoans). Additionally, publicly
available genomic, transcriptomic, and proteomic metadata from the phylum Cnidaria
are incorporated. The analyses highlight Hydrozoa as the most frequently reported and
diverse class in the Iberian region. Specifically, the order Leptothecata exhibits the
highest diversity, while Siphonophorae stands out as the most documented with Physalia
physalis emerging as the highest reported species. Spatial distribution patterns reveal
that holoplanktonic species are more widespread and abundant than their benthic and
meroplanktonic counterparts. Furthermore, medusozoans with a free-swimming life form
display greater diversity and dispersal compared to sessile species. The Northeast
Atlantic section of the region demonstrates greater medusozoan diversity compared to
the Mediterranean. Key findings also include information into invasive and introduced
species, bloom-forming organisms, and edible species. A sustained trend of discovering
new species of Medusozoa over time was observed, underscoring untapped exploration
potential in the Iberian region. The study reveals a clear limitation of omics data in
cnidarians, particularly in the Medusozoa clade. This research provides an overall
perspective on medusozoans in the lberian region, underlining the importance of
additional omics studies while highlighting growing interest in exploring the
biotechnological potential of these organisms. This research serves as a valuable
resource for future investigations, providing insights into underexplored species and

those with greater ecological and socioeconomic importance.

Keywords: Iberian Peninsula; Cnidaria; Medusozoa; Reports; Jellyfish
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2.1. Introduction

Medusozoans represent a predominantly marine clade of Cnidaria that comprises four
classes: Hydrozoa (hydrozoans), Scyphozoa (true jellyfish), Cubozoa (box jellyfish), and
Staurozoa (stalked jellyfish) (Fig. 1) [27,28]. These invertebrates inhabit various marine
environments, ranging from shallow coastal waters to deep-sea habitats [29-32].
Nonetheless, some species have been observed in non-marine ecosystems, such as
estuaries, lakes, and rivers [33—36]. These organisms play critical roles in aquatic
ecosystems and food webs, preying on planktonic organisms, crustaceans, and small
fishes, while also serving as prey for sea turtles, fish, sea slugs, and birds [11]. Moreover,
they can act as hosts for a variety of symbiotic organisms, including algae [37], bacteria

[38], bryozoans [39], crustaceans [40], and dinoflagellates [41].

STAUROZOA [ Myostaurida (36) - 8]

- [Amyostaurida (13) ¥V 8 |
M‘:: Chirodropida (14) - ® |

Carybdeida (34) v ® ]

) ———[Semaeostomeae (91) ¥~ ® |
SCYPHOZOA [Rhizostomeae (91)  »~ & |
——{Coronatae (59) ¥~ ® |

——{ Anthoathecata (1292) "y ® =*|

[ Leptothecata (2133) R 9|

[ Siphonophorae (190) ]

HYDROZOA [Actinulida (10) 8

“¥~ PoLYP —— Tl imnomedusae (41) N~ ® |
E :‘!ZT;:‘: T Narcomedusae (43) [ |
' L [ Trachymedusae (52) [l |

Fig. 1 Phylogeny of the clade Medusozoa. The four classes of Medusozoa: Staurozoa (blue outline), Cubozoa (yellow),
Scyphozoa (red), and Hydrozoa (green), with the life forms present in each order (suborder, in the case of Staurozoa). In
parenthesis: the total number of species of each order (suborder, in the case of Staurozoa); asterisk: the sessile
stauromedusae. Image credits (with colorful outlines): blue — licensed by HE Westlake under the CC BY-SA 4.0, source
Wikimedia Commons (https:/bit.ly/3jHfW9U); yellow — licensed by Seascapeza under the CC BY-SA 3.0, source
Wikimedia Commons (https://bit.ly/3bhOYkF); red — licensed by Christophe Quintin under the CC BY-NC 2.0, source flickr
(https://bit.ly/3BvLAOS5); green -licensed by Biusch under the CC BY-SA 3.0, source Wikimedia Commons
(https://bit.ly/3Emo2wU).

Hydrozoa, the most diverse class in Medusozoa, comprises over 3,700 species,
consisting predominantly of small organisms, although certain hydroids within the
Siphonophora order can remarkably reach over 40 m long [42]. Hydrozoans are primarily
marine, yet some species are euryhaline, and inhabit brackish and freshwater

environments [43]. In most cases, their life cycle begins with the formation of a planula
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larva, that develops into a sessile polyp, which, through asexual reproduction, forms a
colony [44]. The colony asexually produces medusae when a free-medusa stage is
present. In the absence of this stage, the medusa transforms into a fixed sporosac. The
cycle ends with the fusion of gametes and the formation of a zygote, which develops into
a new planula larva [45]. Multiple variations exist and are well described in Piraino et al.
(2004) [46]. Species from Anthoathecata, Leptothecata, and Limnomedusae orders often
display meroplanktonic behavior, asexually producing jellyfish from the colonial hydroid
stage. In contrast, the Actinulida, Narcomedusae, and Trachymedusae orders are
holoplanktonic, lacking a sessile benthic stage. The order Siphonophorae comprises
colonial, highly polymorphic, holoplanktonic jellyfish with polypoid and medusoid zooids
[47].

According to the World Register of Marine Species (WoRMS, 2023), the class
Scyphozoa includes about 240 marine species distributed in three orders (Coronatae,
Rhizostomeae, Semaeostomeae). Often referred to as "true jellyfish”, they are known to
cause blooms with adverse effects on fisheries, aquaculture, and tourism [15,48-50].
Despite this, only 49 species have had their life cycles described, while the complete life
cycle of most scyphozoans yet to be described [51]. Scyphozoans can exhibit either a
meroplanktonic or a holoplanktonic life cycle [52]. Meroplanktonic species alternate
between asexual polyps and sexual medusae stages, with medusae being more
dominant and longer-lived [9]. The cycle begins with medusae releasing gametes for
external fertilization. The fertilized eggs develop into planula larvae, that settle on the
substrate to become scyphistomae polyps. Trough asexual reproduction, they produce
ephyrae by strobilation, which then mature into adult medusae [9,53]. In contrast,
holoplanktonic scyphozoans remain in the medusa planktonic state throughout their
entire life cycle. They develop directly from fertilized eggs to planula larvae, which
metamorphose into ephyrae or actinulae-like stages [53].

The class Cubozoa comprises 50 species of marine box jellyfish [54]. These marine,
pelagic, metagenetic species, typically found in coastal warm waters, are remarkably
known for their visual capacities (complex eyes) and extreme toxicity, posing a threat to
human health [50,55-57]. The life cycles of cubozoans resemble those of scyphozoans,
except they do not release ephyrae into the water. Instead, the entire scyphistoma
metamorphoses into an ephyra, which then detaches from the substrate and develops
into an adult medusa [56]. However, there are notable exceptions such as incomplete
metamorphosis, swimming secondary polyps, or monodisc strobilation [58—61].

The class Staurozoa includes the stalked jellyfish and comprises about 49 species [54].

Staurozoans are benthic animals found in shallow temperate waters [62,63]. These

9
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invertebrates also display a metagenetic life cycle with some remarkable changes as
they present stauropolyps that metamorphose into non-free swimming stauromedusae
that remain attached to the substrate by a basal peduncle [64,65].

Medusozoans have gained increasing attention mainly due to the growing global
awareness of jellyfish blooms and their significant im- pacts in key areas. These blooms
adversely affect fisheries by damaging or obstructing fishing equipment, resulting in
reduced catches [12]. In aquaculture, the invasion of jellyfish into the cultures poses
threats to fish and causes damage to facility infrastructures [66]. Additionally, in
industries such as desalination plants and power stations, jellyfish can clog intake pipe
systems, leading to increased operational and maintenance costs [67,68]. Furthermore,
the proliferation of stinging jellyfish in bathing areas negatively impacts tourism, deterring
tourists and impacting local businesses [69,70]. On the other hand, jellyfish aquaculture
has gained interest aiming the prospect of bioactive compounds {71,72], used as food
source, for human consumption [73] and aquafeed [74], and for aquaria and research
[75,76].

The application of omics technologies has greatly enhanced the understanding of the
biology and evolution of medusozoans [77,78]. Omics information can help identify the
causes of jellyfish abundance and invasions [79], explore and identify new genes and
compounds [80-82], search the evolution of develop- mental pathways and cell
differentiation [83,84], and to investigate the potential of venom proteins [85,86].

The study of Medusozoans, although limited by the irregularity of their occurrence [87],
has provided a wealth of information on their diversity in the Iberian Peninsula and
surrounding archipelagos. However, data regarding medusozoans from this region is
dispersed across numerous publications, including the studies by Medel and Lopez-
Gonzalez (1996) [88], Cantero and Carrascosa (2002) [89], Altuna (2015) [90], and
Gueroun et al. (2021) [91]. To address this issue, a comprehensive review conducted on
the diversity of Medusozoa in the entire Iberian region, including Portugal, Spain, Azores,
Madeira, and Canary Islands, is presented, extending the work previously initiated by
Rodrigues et al. (2020) [8]. This research includes medusozoan reports in the Iberian
region, integrated with genomic, transcriptomic, and proteomic metadata for the phylum
Cnidaria, shedding light on the medusozoan biogeography and ecology, and

emphasizing the need for further omics studies.
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2.2. Methods

2.2.1. Diversity and distribution data

To assess Medusozoa diversity in the Iberian Peninsula and its surrounding
archipelagos, an extensive literature review was conducted and complemented by data
obtained from publicly accessible databases, resulting in the compilation of the publicly
available medusozoan reports.

The study area is in the southwestern region of Europe, where the Northeast Atlantic
Ocean and the Mediterranean Sea converge (24°35’'N - 46°52’N, 35°35’'W - 06°18’E),
including the Exclusive Economic Zones (EEZs) of Portugal (with the EEZs of Azores
and Madeira archipelagos) and Spain (with the EEZ of Canary Islands). Additionally, the
study area also includes the minor Spanish territories in North Africa, such as the two
autonomous cities, Ceuta and Melilla, and the "Plazas de Soberania" (Alhucemas
Islands, Chafarinas Islands, and Pefdn de Vélez de la Gomera) (Fig. 2). Throughout this
work, mainland Portugal and Spain will be referred as Portugal and Spain, respectively,

and the entire study area as the "Iberian region".

EEZ's Spanish North Africa
[ Portugal [0 Melilla
[ Spain [0 Ceuta

[ Madeira [J Perion de Vélez de la Gomera

[ Canary [J Alhucemas Islands

[ Azores [ Chafarinas Islands 0 250 500 km
[ |

Fig. 2 Study area. The Iberian region encompassing the Iberian Peninsula with the exclusive economic zones (EEZ’s) of
Continental Portugal and Spain, and the surrounding archipelagos of Macaronesia with the EEZ’s of Azores, Madeira,

and the Canary Islands.
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When compiling the reports of Medusozoa, only records from the EEZs above mentioned

were considered. Data were gathered from scientific literature, including articles, books,

reports, and theses, published between 1829 and 2023 (see Supplementary material

references). Data retrieval from Google Scholar involved systematically using the

nomenclature of each of the 593 species found. Subsequently, the literature retrieved

were examined to determine the presence of each species within the EEZs considered.

Search results were not constrained by time or language, and only the first two pages

results were considered, as subsequent pages did not provide relevant information. To

expand the data compilation, three online databases, namely Global Biodiversity

Information Facility [92], iNaturalist.org [93], and Ocean Biodiversity Information System

[94], were accessed to retrieve data on medusozoan reports within the area of study (last

retrieved in October 2023). To ensure reliability and relevance, data was manually

curated. Redundant data was removed to prevent duplication and only records

containing at least the genus-level identification and the year of the record were retained.

For iNaturalist records, a "research grade" data quality level was required and

observations with "private" coordinates were excluded. Additionally, reports of species

that could not be confirmed in existing scientific literature were included and labelled as

such in the datasheet for future considerations.

Taxonomic data were cross-checked in the WoRMS for accuracy and validation.

Currently accepted nomenclature was used for invalid species names, and entries with

“cf." qualifiers indicating uncertain identifications were recorded at the genus level.

Species entries identified at the genus level were only included in the tally and analysis

of species diversity if that genus had no other representatives in the collected data. This

criterion applies consistently across all comparisons of species diversity counts,

including those between different EEZs, the Mediterranean and Atlantic areas, and so

on. Disputed species, non- marine species, and those with temporary nomenclature were

included for future consideration. Data analysis (e.g., species counting and percentage

calculations) were performed using an Excel spread- sheet. Life history information was

obtained from bibliographical research, with particular attention paid to the works of

Bouillon and Schuchert for Hydrozoa [95-101], Jarms and Morandini for Scyphozoa
[102], Jarms and Straehler-Pohl for Cubozoa [58,103,104], and Miranda for Staurozoa
[62,63,105,106]. For analytical purposes, scyphozoan species lacking disclosed details

about their life cycle were tentatively categorized as meroplanktonic. Information about

the natural environment of each species (marine, brackish, freshwater) was retrieved
from WoRMS [54].
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Distribution maps for medusozoans in the Iberian region were created using the QGIS
3.28.2 software [107]. EEZ shapefiles for the study area were retrieved from
Marineregions.org [108]. Heatmap layers were generated with a radius of 1 map unit,
layer rendering blending mode set to “Multiply”, and the remaining settings kept as
default.

Non-marine species were excluded from the analysis comparing species distribution
between the Atlantic and Mediterranean regions, as they are not present in either.
Nevertheless, a separate distribution map for non-marine species was produced (Fig. S
1).

Species flagged as invasive or introduced were identified using the Global Invasive
Species Database (GISD) [109], and the Global Register of Introduced and Invasive
Species (GRIIS) catalogue [110].

2.2.2. Medusozoan reports datasheet description

The Medusozoan reports datasheet compiles public data on Medusozoa in the Iberian
region, organized into columns. The "recordOrigin" column specifies the data source,
with "referencelD" serving as the record identifier. For database records, it corresponds
to the original occurrence id. The "refYear" column indicates the publication year for
literature records. Date details are in “year”, “month”, and “day” columns, while location
information includes “latitude”, “longitude”, "location”, "location2" and "location3”. When
available, reports coordinates are presented in decimal degrees format (WGS84) in the
“latitude” and “longitude” columns. If not available, approximate coordinates from Google
Maps were used, retaining descriptive site data in the “location3” column. The “location”
column categorizes reports by EEZ, and “location2” labels them as from the
Mediterranean Sea, Northeast Atlantic Ocean, or non-marine area. Taxonomic data is

” ” ” LT

columns “class”, “subclass”, “order”, “suborder”,

family”, “genus”, and “species”. Species
life history details are in "lifeCycle", "lifeForms," and "isFree-swim". The "lifeCycle"
column categorizes species as holoplanktonic, meroplanktonic, or benthic. "lifeForms"
column provides information on each species main life forms, and "isFree-swim"
indicates if a species has a free-swimming life form. Data on the species’ natural

LT

environment is in columns labeled “isMarine”, “isBrackish”, and “isFresh”.

2.2.3. Omics data
Transcriptomic and genomic data were retrieved from the National Center for
Biotechnology Information (NCBI) Sequence Read Archive (SRA) [111], encompassing

all cnidarian entries. The data were manually curated, categorized by class, and refined

13
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by assay type, selectively including RNA-sequencing (RNA-seq) for transcriptomes, as

well as whole-genome amplification (WGA) and sequencing (WGS) for genomes.

Simultaneously, comprehensive proteomic metadata were compiled from major
repositories such as ProteomeXchange [112], PRIDE [113], MassIVE [114], iProX [115],
and UniProt Proteome [116]. Additionally, a thorough literature review was conducted to
identify and incorporate additional proteomic studies on Medusozoa not available in any

repository.

2.3. Results

2.3.1. Diversity and distribution data

The investigation compiled a total of 233 studies and public data from GBIF, iNaturalist,
and OBIS databases, resulting in a datasheet of public reports of medusozoans in the
Iberian region (Table S 1). Additionally, a checklist of the reported medusozoan species
is provided (Table S 2). Upon the acceptance of this manuscript, any data that is currently

unavailable on GBIF will be uploaded and made accessible through the platform.

The compilation identified 30,121 reports, uncovering 593 medusozoan species from all
four classes in the Iberian region. Hydrozoa dominates with 549 species and 26,390
reports, followed by Scyphozoa (37 species, 3680 records), Staurozoa (five species, 17
records), and Cubozoa (two species, 34 records) (Fig. 3). The total medusozoan diversity
of the region encompasses 290 genera, 117 families, and 12 orders (Table 1).
Leptothecata is the most specious order, and Siphonophorae is the most frequently
observed order (Fig. 4), with Physalia physalis (Linnaeus, 1758) being the most reported
species (Table S 3).
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Fig. 3 Schematic representation of the global and regional diversity of Medusozoa. A: General diversity of each Cnidaria

class. (source: WoRMS Database accessed in October 2023) B: Global and regional diversity of Medusozoa in which the

striped portions of each bar represent the species present in the Iberian region.

Table 1 Medusozoan diversity in the Iberian Peninsula and Islands.

Iberian Portugal Spain Azores  Madeira Canary
region
EEZ2 Area 2,736,391 315,501 561,763 960,421 452,796 445,910
(km*)
EEZ Species  2.167x10" 7.258x10" 7.530%x10" 2.749x10" 3.556%x10" 5.203x10"
density 4 4 4 4 4 4
(species/km?)
Number of
species
All 593 229 423 264 161 232
Hydrozoa 549 205 394 246 152 213
Scyphozoa 37 20 26 18 9 17
Staurozoa 5 3 2 0 0 1
Cubozoa 2 1 1 0 0 1
Number of
genera
All 290 143 234 154 106 145
Hydrozoa 261 127 213 145 100 133
Scyphozoa 22 12 18 9 6 10
Staurozoa 5 3 2 0 0 1
Cubozoa 2 1 1 0 0 1
Range species 1—19 1-8 1-17 1—12 1—12 1—7
per genus
Max. Lensia Aglaophe Lensia Lensia Lensia Aglaophe
representative nia/ nia

Lensia
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Number of
families
All 117 72 100 68 52 71
Hydrozoa 96 58 83 61 46 60
Scyphozoa 15 10 14 7 6 9
Staurozoa 4 3 2 0 0 1
Cubozoa 2 1 1 0 0 1
Range genera 1—12 1-8 1—10 1—10 1—7 1—11
per family
Max. Rhopalon Diphyidae Rhopalon Rhopalon Diphyidae Rhopalon
representative ematidae ematidae ematidae ematidae
/
Sertulariid
ae
Range species 1—35 1—17 1-=30 1—23 1—22 1—15
per family
Max. Diphyidae Campanu Diphyidae Diphyidae Diphyidae Rhopalon
representative lariidae / ematidae
Diphyidae
Number of
orders
All 12 11 12 8 8 11
Hydrozoa 7 6 7 6 6 6
Scyphozoa 3 3 3 2 2 3
Staurozoa 1 1 1 0 0 1
Cubozoa 1 1 1 0 0 1
Range family 1—34 1—22 1—29 1—23 1—17 1—19
per order
Max. Anthoath Leptothec Leptothec Leptothec Anthoath Anthoath
representative ecata ata ata ata ecata ecata,
Leptothec
ata
Range genera 1—95 1-54 1—79 1-55 1—40 1—46
per order
Max. Leptothec Leptothec Leptothec Leptothec Leptothec Leptothec
representative ata ata ata ata ata ata

Range species 1—240 1—106 1—-174 1—116 1—76 1—86
per order

Max. Leptothec Leptothec Leptothec Leptothec Leptothec Leptothec

representative ata ata ata ata ata ata

Life cycle

Holoplanktonic 192 57 (25%) 131 111 61 (38%) 98 (42%)

(%) (32%) (31%) (42%)

Meroplanktonic 164 67 (29%) 119 54 (20%) 29 (18%) 57 (25%)

(%) (28%) (28%)

Benthic (%) 237 105 173 99 (38%) 71 (44%) 77 (33%)
(40%) (46%) (41%)

Free-

swimming?

Yes (%) 352 122 246 165 90 (56%) 155
(59%) (53%) (58%) (63%) (67%)

No (%) 241 107 177 99 (37%) 71 (44%) 77 (33%)

(41%) (47%) (42%)
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Fig. 4 Iberian region relative percentage (%) composition of medusozoan reports by order. A: Hydrozoa; B: Scyphozoa,
Cubozoa, and Staurozoa. IR: Iberian region; PT: Portugal; SP: Spain; AZ: Azores; MD: Madeira; CN: Canary Islands.

The only reported non-marine species in this study belong to class Hydrozoa, totaling
six species and 1795 records, mainly from Hydra spp. in Spain. Marine species are
distributed in both the Northeast Atlantic Sea area and the Mediterranean Sea area. The
Northeast Atlantic has 21,756 records, including 537 species (314 exclusive), while the
Mediterranean Sea has 6570 reports, with 273 species (50 exclusive, 223 shared). Of
the reported medusozoans, 40% display a benthic life cycle strategy, 32% are
holoplanktonic, and 28% are meroplanktonic. Additionally, 59% of all registered species
have a free-swimming form in their life cycle, while the remaining are exclusively sessile.
Medusozoans are documented along nearly the entire coastline of the study area,
including all minor Spanish territories in North Africa, except for the Alhucemas Islands
and Pefidn de Vélez de la Gomera (Fig. 5). Notably, the public records of Medusozoa
are concentrated in the coastal area of Portugal, the Spanish Valencian coast, and the
central group of the Azores (Fig. S 2). A significant concentration of reports is observed

in the Northwest of the Spain EEZ. The distribution pattern indicates that species with a
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free-swimming life cycle stage are more widespread across the Iberian region, while
sessile species are mostly concentrated in coastal areas (Fig. S 3). The number of
publicly available sightings of medusozoans is increasing exponentially, and there is no

decrease in the discovery of new species in recent times (Fig. 6).
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Fig. 5 Distribution of medusozoans in the Iberian region. The points represent the reports available in Table S 1.

>
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No. public medusozoan
reports in the Iberian region

Iberian region

No. medusozoan species inthe 00

Fig. 6 Medusozoans reported in the Iberian region over the years. A: Cumulative number of public reports of medusozoans

in the Iberian region; B: Cumulative number of medusozoan species in the Iberian region.
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The EEZ of Portugal has 10,104 records, documenting 229 species, 143 genera, 72
families, and 11 orders. The region has the largest number of staurozoan species, with
three species recorded. Most records in Portugal's EEZ are of holoplanktonic species
with a free-swimming life stage. Leptothecata is the most species-rich order, while
Siphonophorae has the highest number of occurrence records. Muggiaea atlantica
Cunningham, 1892 is the most frequently recorded hydrozoan in Portugal, and
Catostylus tagi (Haeckel, 1869) is the most recorded scyphozoan.

Spain’s EEZ has 13,088 records, hosting 423 species, 234 genera, 72 families, and
representatives from all 12 orders, surpassing other regions in diversity, especially in
hydrozoans and scyphozoans. It is the area of the Iberian region with the highest density
of medusozoan species, with most records pertaining to holoplanktonic species with a
free-swimming life stage. Velella velella (Linnaeus, 1758) is the most frequently recorded
hydrozoan, and Pelagia noctiluca (Forsskal, 1775) is the most documented scyphozoan.
The Azores EEZ boasts 4892 records, cataloging 264 species, 154 genera, 68 families,
and eight orders, with a prevalence of benthic species. Notably, it has the lowest
medusozoan species density among the examined areas.

The EEZ of Madeira has the fewest records, with only 692 reports, and it is the least
diverse area in the Iberian region, documenting 161 species across 106 genera, 52
families, and eight orders. Reports in this area are mainly from holoplanktonic species
with a free-swimming life form and benthic species.

The Canary EEZ, with 1345 records, features 232 species, 145 genera, 71 families, and
11 orders, with most of the records documenting holoplanktonic species with a free-
swimming life stage.

In the Azores, Madeira, and Canary EEZs, P. physalis emerges as the dominant
hydrozoan, while P. noctiluca stands out as the most common scyphozoan.
Furthermore, a comprehensive compilation of the most frequently reported hydrozoan
and scyphozoan species in both the overall region and individual EEZs has been
provided (Table S 3). In addition, a list of reported invasive and introduced medusozoan
species is presented (Table 2), along with compiled data on documented bloom-forming
species (Table 3), and a gathered list of recorded edible species (Table 4). These tables
serve as valuable references for a better understanding of the ecological dynamics of
these organisms within the context of the Iberian region and shedding light on their

ecological and socioeconomic potential.
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Table 2 Medusozoans with invasive and introduced status reported in the Iberian region.

Taxonomy

Portugal Spain Azores

Hydrozoa

Order Anthoathecata

Cordylophora caspia (Pallas, 1771)
Ectopleura crocea (Agassiz, 1862)
Tubularia indivisa Linnaeus, 1758
Order Leptothecata

Blackfordia virginica Mayer, 1910

Kirchenpaueria halecioides (Alder, 1859) X X
Tridentata marginata (Kirchenpauer, 1864) X

Order Limnomedusae

Craspedacusta sowerbii Lankester, 1880
Gonionemus vertens A. Agassiz, 1862

Maeotias marginata (Modeer, 1791)
Scyphozoa
Order Rhizostomeae

X X X

Phyllorhiza punctata® von Lendenfeld, 1884 X

*it is the only species with invasive status

Table 3 Medusozoans with worldwide reports of blooms in the Iberian region.

Taxonomy Location Reference

Class Cubozoa

Order Carybdeida

Carybdea marsupialis (Linnaeus, Denia, Spain [117]

1758

Copu)la sivickisi (Stiasny, 1926) Shirahama, Japan [118]

Class Hydrozoa

Order Anthoathecata

Velella velella (Linnaeus, 1758) Northern California Current, USA [119]

Order Leptothecata

Aequorea pensilis (Haeckel, 1879) North Arabian Sea, Pakistan [120]

Staurostoma mertensii (Brandt, Bay of Fundy, Grand Manan [121]

1834) Island, Canada

Order Limnomedusae

Gonionemus vertens* A. Agassiz, Berre Lagoon, France [122]

1862

Olindias muelleri Haeckel, 1879 Aegean Sea, Cesme Peninsula, [123]
Turkey

Order Siphonophorae

Apolemia uvaria (Lesueur, 1815) Norwegian waters, Norway [124]

Physalia physalis (Linnaeus, 1758)  Mediterranean Sea [125]

Class Scyphozoa

Order Coronatae

Linuche unguiculata (Swartz, 1788)  Karujeu Island, Solomon Islands [126]

Nausithoe punctata Kolliker, 1853 East China Sea, Northeast [127]
Taiwan

Periphylla periphylla (Péron & Trondheimsfjord, Norway [128]

Lesueur, 1810)
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Order Rhizostomeae

Cotylorhiza tuberculata (Macri, 1778) Northern Adriatic Sea [129]
Phyllorhiza punctata® von Southern Brazil, Brazil [130]
Lendenfeld, 1884

Rhizostoma pulmo (Macri, 1778) Northern Adriatic Sea [129]
Order Semaeostomeae

Aurelia aurita (Linnaeus, 1758) Northern Yellow Sea, China [131]
Aurelia solida Browne, 1905 Gulf of Trieste, Croatia [38]
Chrysaora fuscescens Brandt, 1835  Northern California Current, USA [132]
Chrysaora hysoscella (Linnaeus, Gulf of Trieste, ltaly [133]
1767

Chry;aora quinquecirrha (Desor, Chesapeake Bay, USA [134]
1848

Cyan)ea capillata (Linnaeus, 1758) Yangtze Estuary, China [135]
Discomedusa lobata Claus, 1877 Iran and Croatia [136]
Drymonema dalmatinum Haeckel, Puerto Rico [137]
1880

Mawia benovici (Piraino et al., 2014)  Gulf of Trieste, Italy [138]
Pelagia noctiluca (Forsskal, 1775) Strait of Messina, Italy [139]

Table 4 Edible jellyfish species recorded in the Iberian region.

Scyphozoa References
Order Coronatae

Periphylla periphylla (Péron & Lesueur, 1810) [140]

Order Rhizostomeae

Catostylus tagi (Haeckel, 1869) [141]
Cotylorhiza tuberculata (Macri, 1778) [142]
Phyllorhiza punctata* von Lendenfeld, 1884  [143,144]
Rhizostoma luteum™ (Quoy & Gaimard, 1827) [145]

Rhizostoma pulmo (Macri, 1778) [146,147]
Stomolophus meleagris Agassiz, 1860 [142,148,149]
Order Semaeostomeae

Aurelia aurita (Linnaeus, 1758) [150]
Chrysaora hysoscella* (Linnaeus, 1767) [145]

Cyanea capillata* (Linnaeus, 1758) [145]

Pelagia noctiluca (Forsskal, 1775) [151]

2.3.1.1. Class hydrozoa

The Iberian region accounts for 549 hydrozoan species across 261 genera, 96 families,
and seven orders. Spain’s EEZ boasts the highest hydrozoan diversity with 394 species,
followed by Azores (246), Canary (213), Portugal (205), and Madeira (152). The average
number of species per order is 78, with Leptothecata emerging as the most speciose
order in all the EEZs, boasting 240 species belonging to 95 genera, and Lensia Totton,
1932 as the most speciose genus with 19 species. Notably, Leptothecata dominates in
Azores and Madeira EEZ’s, while Siphonophorae prevails in the other EEZs. Actinulida

is exclusive to Spain, with the remaining orders represented in all areas of the Iberian
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region. Approximately 57% of documented hydrozoans have a free-swimming life stage,
and over 80% are colonial or present a colonial phase. Moreover, more than 62% are
holoplanktonic. Lensia is the most frequently registered genus, and P. physalis is the
most documented species in the public Iberian region records.

Introduced hydrozoan species in Portugal comprise Blackfordia virginica Mayer, 1910,
Cordylophora caspia (Pallas, 1771), and Craspedacusta sowerbii Lankester, 1880 in
brackish and freshwater environments, and Gonionemus vertens Agassiz, 1862,
Kirchenpaueria halecioides (Alder, 1859), Maeotias marginata (Modeer, 1791), and
Tubularia indivisa Linnaeus, 1758 in marine habitats [152]. In Spain, including the Canary
Islands, the introduced hydrozoan species are C. caspia in freshwater environments,
and Tridentata marginata (Kirchenpauer, 1864) in marine ecosystems [153]. None of the
reported hydrozoans is considered invasive. The distribution heatmap of hydrozoan
public records aligns closely with the total distribution of medusozoans, encompassing
almost 88% of total medusozoan reports (Fig. 7). Reports of hydrozoans in the Iberian
region are higher in the spring and summer months and lower in the autumn and winter
months (Fig. S 4).
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Fig. 7 Heatmaps of Medusozoa distribution in the Iberian region. A: Hydrozoa. B: Scyphozoa. Heatmaps represent the

marine reports available in Table S 1.

2.3.1.2. Class scyphozoa

In the study region, there are 37 species of Scyphozoa belonging to 22 genera, 15
families, and three orders. Spain’s EEZ holds the highest scyphozoan diversity with 26
species, followed by Portugal (20), Azores (18), Canary (17), and Madeira (9). On
average, each order contains 12 species, with Coronatae being the most speciose with
17 species belonging to six genera, and Nausithoe Kolliker, 1853 as the leading genus
with eight species. Remarkably, the predominant scyphozoan order displays significant
variation across different EEZs. Rhizostomeae overwhelmingly dominates in Portugal,

shares dominance with Semaeostomeae in Spain, is absent in the Azores and Madeira
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EEZs, and sees Semaeostomeae as the dominant order in the Canary EEZ. P. noctiluca,
is the most frequently recorded scyphozoan species, while the Australian spotted jellyfish
Phyllorhiza punctata von Lendenfeld, 1884 is the only invasive species recorded in the
Iberian region. The distribution heatmap of scyphozoan public occurrences in the Iberian
region shows a hotspot in the central area of the Portuguese coast and on the Spanish
Valencian and Catalan coasts (Fig. 7). Scyphozoan reports show they start to increase

in the beginning of spring until they reach a maximum in the warm August summer.

2.3.1.3. Class staurozoa

The Iberian region contains five staurozoans from the Stauromedusae order, distributed
among four genera and three families. Notable sightings include Calvadosia
campanulata (Lamouroux, 1815) in Portugal (Setubal) and Spain (Southern Bay of
Biscay) [90,154], Depastrum cyathiforme (M. Sars, 1846) in the Canary Islands
(Lanzarote) [155], Haliclystus auricula James-Clark, 1863 in Portugal (Porto and Viana
do Castelo) [154,156], Lipkea ruspoliana Vogt, 1886 in Portugal (Arrabida Natural Park)
[106], and Stylocoronella riedli Salvini-Plawen, 1966 in Spain (Southern Bay of Biscay)
[90,152].

2.3.1.4. Class cubozoa

Two cubozoan species of the order Carybdeida were documented in the study area,
rendering Chirodropida the sole unrepresented medusozoan order in the region.
Carybdea marsupialis (Linnaeus, 1758) was reported in Portugal [153] and Spain
[117,159-162], while Copula sivickisi (Stiasny, 1926) was reported in the Canary
Archipelago [163].

2.3.2. Omics data

The comprehensive examination of Cnidaria data gathered from repositories such as
NCBI SRA, ProteomeXchange, PRIDE, MassIVE, iProX, and UniProt Proteome, as well
as a literature review focused specifically on medusozoan proteomic studies (until
November 2023), unveiled interesting insights. Among the vast phylum Cnidaria, only
about 650 out of the approximately 12,100 species have publicly available genomic
(WGA, WGS), transcriptomic (RNA-Seq) (Table S 4), or proteomic data (Table S 5).
Notably, only 20% of these belong to the Medusozoa clade, comprising 87 hydrozoans,
26 scyphozoans, nine cubozoans, and eight staurozoans, totaling 130 species.
Remarkably, nearly half of these medusozoan species were reported in the Iberian
region, encompassing 53 hydrozoans, 12 scyphozoans, two staurozoans and two

cubozoans. Noteworthy representatives such as the scyphozoans Chrysaora
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fuscescens Brandt, 1835, and Chrysaora quinquecirrha (Desor, 1848), and the
hydrozoans Clytia hemisphaerica (Linnaeus, 1767), and H. vulgaris, are particularly
distinguished for having all three types of omics data publicly accessible. Within the
Anthozoa class, over 77% of genomic, transcriptomic, and proteomic data in the
repositories originate from the last five years. This trend is even more pronounced for
Medusozoa, (over 87%), indicating a growing interest in employing omics approaches to
study these organisms. Many studies have employed various specimens or pooled
tissues for the extraction of DNA, RNA or proteins from cnidarians. A broad array of
tissues and structures, such as acrorhagi, bell margin, body wall, branch, gonad, head,
nectosome, oral arm, siphosome, tentacle, umbrella, and zooid, have been used for
genetic material extraction. Notably, the extensive use of nematocysts should be
highlighted, as much research on Cnidaria is particularly focused on studying their

venoms and toxins [164—-1606].
2.4. Discussion

2.4.1. Medusozoan diversity and distribution in the Iberian region: key findings
and considerations

In biodiversity studies, the nature of compiled data plays a crucial role in result analysis.
This study focuses on Medusozoa reports in the Iberian region, documented through
sightings and samplings. Medusozoan sightings are influenced by organism size,
morphology, and other visual characteristics, where smaller or more transparent
organisms pose challenges in their detection [87,167]. Depth in the water column is also
a factor to consider, as organisms from deeper waters may be less observable compared
to those closer to the surface. Yet, diminished visibility in deeper waters does not
necessarily signify lower organism abundance [168]. In some cases, the use of Remotely
Operated Vehicles (ROVs) can help surpass this limitation [169]. Sampling methods
including dredges, trawl nets, and plankton nets, present additional challenges. Indeed,
various sampling methods demonstrate selectivity towards distinct animal groups [170].
Dredges and trawl nets are better suited for benthic medusozoans [171], while plankton
nets, designed for planktonic medusozoans, may yield varied results influenced by mesh
size [172,173].

2.4.1.1. Diversity
Hydrozoans take the lead in the Iberian region, particularly with the prevalence of the
dominant Siphonophora order, a trend consistent with their recognition as the most

speciose class in the clade [54]. This aligns with findings from Hosia et al. (2017) [170],
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who studied gelatinous organisms in the northern Mid-Atlantic Ridge from Iceland to the
Azores, confirming siphonophores as the most abundant species in that region.

The highest reported medusozoan species is the Portuguese man-of-war, P. physalis.
Known for its high toxicity and potent stinging capabilities, this species is easily
recognized by local communities due to awareness campaigns, and its distinctive
features such as vibrant colors, large tentacles, and a sizable pneumatophore, as well
as for frequently washing up on beaches [174,175]. The reports are predominantly
derived from human observations submitted on the accessed databases, which may help
explain why this is the most reported species in the region. Within Scyphozoa, the order
Coronatae, which is the least speciose order, exhibited the highest species richness in
the region. The pre- dominant scyphozoan order varied a lot between EEZs.
Interestingly, the EEZs of Azores and Madeira archipelagos did not present any
Rhizostomeae, contradicting the supposed distribution of C. tagi (Scyphozoa,
Rhizostomeae) from the Tagus estuary to the African coast [176]. Currently, the
predominantly meroplanktonic nature of scyphozoans is challenged solely by the
holoplanktonic Pelagia and Periphylla, lacking a polyp stage in their life cycle [51].
However, comprehensive knowledge of scyphozoan life cycles remains limited, with only
about 50 out of nearly 250 species having fully described life cycles [51,102]. In this
study, scyphozoan species with undisclosed life cycle details were pro- visionally
classified as meroplanktonic for analytical purposes. Yet, a more thorough
understanding requires additional data, especially from deep-sea species that can have
different life cycle features (Morandini, personal communication). Among the
scyphozoan genus documented in the region, Afolla Haeckel, 1880, Discomedusa
Claus, 1877, Mawia Avian et al., 2016, Paraphyllina Maas, 1903, Periphyllopsis
Vanhoffen, 1902, and Poralia Vanhoéffen, 1902 have only their free-swimming stage
described, with their complete life cycles yet to be documented.

The study region observes five staurozoan species, which may appear limited in number
but represent 10% of the class’s diversity. The absence of recorded staurozoans in the
Azores and Madeira is likely due to limited investigations on this group. Global
distribution patterns, concentrated in mid-latitudes, suggest the unlikelihood of
staurozoan absence in both archipelagos [63]. Scarcity of scientific research locally and
globally, contributes to the limited available information on this taxonomic group. Notable
exceptions are the publications by Miranda et al. [62—65,105,106,177-179].

Limited data on Cubozoa in the Iberian region comprises two species: C. marsupialis,
reported throughout the Mediterranean and considered native [180,181], and C. sivickisi,

recently reported in the Canary [163]. The latter report raises questions given the
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absence of other Iberian reports and misidentifications observed in previous studies
mistaking other cubozoan species for C. marsupialis [181]. On the other hand, Schlaefer
et al. (2020) [182] propose C. sivickisi as a cosmopolitan species, supporting its
presence in the Mediterranean Sea. The absence of cubozoans and staurozoans in the
Azores and Madeira archipelagos aligns with Gueroun et al. (2021) [91], who also
observed no cubozoan records in the Macaronesia region, of which the Azores and
Madeira archipelagos are a part.

This research extends the data compilation initiated by Rodrigues et al. (2020) [8],
originally focused solely on Portugal. The current analysis reveals a substantial increase
of 135 species reported in Portugal, encompassing mainland Portugal, Azores, and
Madeira, rising from 272 in Rodrigues et al. (2020) [8] to 407 in the present study. This
expansion is attributed to the use of GBIF, iNaturalist and OBIS data, along with an
expansion of the literature volume revisited, especially older publications predating the
1960 s. It is important to acknowledge that certain species likely no longer inhabit the
region, possibly facing local extinctions. This assumption is supported by the absence of
recent reports for several species documented in the past, such as Atolla bairdii Fewkes,
1886 [183,184], Atolla verrilli Fewkes, 1886 [184,185], D. cyathiforme [155], Nausithoe
rubra Vanhoffen, 1902 [186], and Zygophylax pinnata (G. O. Sars, 1874) [187].
Conversely, it is equally or more plausible that other species may inhabit the area but
have not yet been recorded. In fact, comparing the gathered results to other diversity
studies provides an intriguing perspective. Gravili et al. (2015) [188] reported 115 non-
siphonophore hydrozoan species in the Mediterranean Salento Peninsula, while the
present study identified around 200 from Mediterranean records. Additionally, Bouillon
et al. (2004) [189] documented 457 hydrozoan species in the entire Mediterranean,
whereas the current investigation found 549, with 256 belonging to Mediterranean
reports. When accounting temporal evolution, following Gravili et al. (2015) [190]
consideration, and focusing on species reported in the last decade, the total number of

medusozoan species in the |Iberian region decreases to 226, with less than 7000 records.

2.4.1.2. Distribution

Medusozoans in the Iberian region concentrate mainly along the coasts of Portugal and
Spain, and in the Azores central group, with a notable concentration of records in the
Northwest of Spain’s EEZ. This “hotspot” is explained by a substantial number of
Siphonophora records from the OBIS database, specifically sourced from the National
Oceanography Centre Southampton dataset “Discovery Collections Midwater Database”
[191], reflecting extensive sample campaigns during Discovery sailings. This illustrates

the importance of analytical caution. While compiled reports may not precisely reflect the
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actual prevalence of Medusozoa in the study area, the commendable effort
acknowledges data limitations. To enhance diversity and distribution analysis, obtaining
additional data through monitoring programs, such as the Portuguese GelAvista
program, a citizen science project monitoring gelatinous organisms [175], and the CIESM
JellyWatch Program, dedicated to recording jellyfish outbreaks across the Mediterranean
Sea [192] is crucial.

Results show that holoplanktonic medusozoans are more widely distributed and
abundant than benthic and meroplankton species in the Iberian region (Fig. S 5). This
pattern aligns with the distribution of pelagic medusozoans and ctenophores in
Macaronesia [91] and global patterns of medusozoan distribution and abundance [10].
These results confirm global trends indicating benthic and meroplanktonic medusozoans
primarily found in coastal waters, while holoplanktonic species exhibit no specific
preference for coastal or open waters [10]. The observed medusozoans diversity by life
cycle showed higher diversity of benthic species, followed by holoplanktonic, and
meroplanktonic. These results partially contradict the global trend that suggests that
benthic species are indeed the highest diverse, but holoplanktonic species are typically
less diverse than meroplankton [193]. The importance of addressing the gaps in the
current understanding of medusozoan life cycles becomes evident, as new knowledge
can potentially alter observed trends. The higher diversity of medusozoans in the
Northeast Atlantic Ocean compared to the Mediterranean Sea can be attributed to
several factors. For example, the Strait of Gibraltar, a narrow passage connecting the
two seas, plays a crucial role in shaping water flow dynamics. The denser and saltier
Atlantic waters form a surface layer that flows over the Mediterranean waters, while a
subsurface current flows out of the Strait and into the Atlantic, with the latter having a
lesser impact on the volume of water exchanged. [194]. The Northeast Atlantic Ocean,
with its larger size, complex oceanographic regime, and enhanced connectivity to other
waters, may provide a more diverse ecosystem with a wider range of habitats for
medusozoans to thrive. In contrast, the Mediterranean Sea is a more stable and
predictable environment, characterized by less niche differentiation and fewer nutrients
that may limit the diversity of medusozoans [195]. Additionally, human activities such as
fishing, pollution, and coastal development may have greater impacts on the semi-
enclosed Mediterranean Sea than in the wide-open Northeast Atlantic Ocean, leading to
reduced global diversity of medusozoans.

There is a significant scarcity of information worldwide concerning the nature - whether
native, introduced, or invasive - of medusozoan species, and the Iberian region is no

exception. The GISD (2023) [196] recognizes only one medusozoan species as invasive,
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the white spotted jellyfish P. punctata. The GRIIS catalogue (2022) [110] provides further
insights into invasive and introduced medusozoans in the Iberian region. However,
recent sightings of P. punctata along the southwestern Atlantic coast of Spain [197], have
yet to be included. Additionally, the GRIIS acknowledges the rhizostomeae Rhopilema
nomadica Galil et al., 1990 in its checklist for Spain as an introduced species, but despite
extensive data compilation efforts, the occurrence of this species in the Iberian region

could not be confirmed.

2.4.1.3. Omics disparity in Cnidaria: unraveling Anthozoa’s wealth and Medusozoa's
potential for bioprospection of natural compounds

The analysis of cnidarian omics metadata collected various repositories and literature,
highlights a significant disparity between Anthozoa and Medusozoa, the two primary
clades of the phylum. Approximately 80% of available omics data pertains to Anthozoa
(Fig. S 6), resulting in four times the amount of information available for Medusozoa. This
aligns with the prevalent focus on bioprospecting for natural products within the Cnidaria
phylum. Cnidaria stands as the second most extensively explored group of marine
invertebrates in the search for novel natural products [198,199], with most of these
natural products being sourced from benthic Anthozoan species [200]. This imbalance
may be due the easier access to samples from anthozoans compared to medusozoans.
Moreover, the available information on Cnidaria is concentrated on a few species, with
the top seven cnidarian species holding over half of the total omics data of the phylum.
These include anthozoans Nematostella vectensis Stephenson, 1935 and four species
of Acropora Oken, 1815, along with the hydrozoan H. vulgaris. Notably, H. vulgaris
constitutes approximately 60% of the total Medusozoa data, primarily due to its status
as a model organism.

Genomes annotation is crucial for functional gene identification and protein
characterization, aiding in metagenomics, transcriptomic, and proteomics studies.
However, the annotated genomes from Cnidaria are limited to 33 from Anthozoa, six
from Hydrozoa, and three from Myxozoa. Remarkably, there is an absence of annotated
genomes from Scyphozoa, emphasizing the insufficient attention that jellyfish has
received in omics studies despite the recent increasing interest. Most of the medusozoan
omics data has been generated in the past five years, with a predominant focus on
venom studies. The main objective of such studies is to identify and characterize the
molecular structure, function, and mode of action of toxins. This information serves
valuable purposes, including comparative analyses, exploration of bioactive compounds,
and the development of more effective treatments for jellyfish stings in humans [201-

204]. Furthermore, omics studies can aid unravel the evolutionary and phylogenetic
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relationships of Medusozoans, shed light on their developmental processes and
mechanisms of gene regulation, and provide insights into host-microbiota interactions
[84,205-208]. Omics projects focusing on underexplored species holds promise for
significant advancements in bioprospecting natural compounds with numerous relevant
biotechnological applications [209,210].

Exploring the omics of Cnidaria, with its rich diversity, involves extracting genetic material
from various tissue types. The choice depends on the inherent characteristics of the
organisms and the study objectives. Extract genetic material from small or low-cell
content organisms, such as rich in water gelatinous medusozoans, can be challenging
[14]. Often, a collective pool of specimens or tissues is used to concentrate samples,
addressing biological heterogeneity and enhancing quality control [211]. Moreover,
studies may encompass organisms at different life stages, providing a holistic
understanding of the genetic landscape across developmental phases [212]. Some
investigations focus on organisms or tissues under distinct laboratory conditions, offering
insights into the impact of environmental variables on genetic expression [213]. Other
research may analyze specific tissues or structures to achieve their objectives [205,214].
This versatility of omics studies ensures the alignment of research objectives and the

characteristics of the organism under study.
2.5. Conclusion

Information on Medusozoa in the Iberian region is spread across more than 200
publications and thousands of reports available in public databases. This investigation
brings together all this vast information in a collective dataset, comprising over 30,000
records of 593 Medusozoa species across four classes along with omics metadata
covering the phylum Cnidaria. Addresses the challenge of dispersed and varied data
formats, presenting a valuable preliminary resource for researchers and stakeholders.
Key findings from our comprehensive analysis shed light on critical aspects of
medusozoan species, including the most prevalent with each class, those reaching
highest abundances in specific EEZs, invasive and introduced species, bloom-forming
organisms, and edible species. A sustained trend of discovering new Medusozoa
species over time was observed in the examination, underscoring the untapped potential
for further exploration in the region.

The surge in available omics data in recent years reflects a growing interest in unlocking
the biotechnological potential of Cnidaria, and Medusozoa in particular. Although limited,
studies have explored a range of topics, including analysis of novel toxins and other non-

toxin compounds, evolutionary and phylogenetic relationships, developmental

29



30 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

processes, gene regulation, and microbiome investigations. Additional data would be
needed to obtain a more accurate view of Cnidaria in the Iberian context. As future work,
it would be interesting to add Anthozoa data compiled from the literature, and integrate
data from monitoring programs, such as citizen science initiatives.

This comprehensive compilation of data on medusozoan diversity and omics research
establishes a sturdy groundwork for future research. It aids in pinpointing less-explored
target organisms and underscores the pivotal role of certain species in the environment,

society, and economy.
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Abstract

The intensification of aquaculture has escalated disease outbreaks and overuse of

antibiotics, driving the global antimicrobial resistance (AMR) crisis. Antimicrobial

peptides (AMPs) provide a promising alternative due to their rapid, broad-spectrum

activity, low AMR risk, and additional bioactivities, including immunomodulatory,

anticancer, and antifouling properties. AMPs derived from aquatic invertebrates,

particularly marine-derived, are well-suited for aquaculture, offering enhanced stability in

high-salinity environments. This study compiles and analyzes data from AMP databases

and over 200 scientific sources, identifying approximately 350 AMPs derived from

aquatic invertebrates, mostly cationic and a-helical, across 65 protein families. While in

vitro assays highlight their potential, limited in vivo studies hinder practical application.

These AMPs could serve as feed additives, therapeutic agents, or in genetic engineering

approaches like CRISPR/Cas9-mediated transgenesis to enhance resilience of farmed

species. Despite challenges such as stability, ecological impacts, and regulatory hurdles,

advancements in peptidomimetics and genetic engineering hold significant promise.

Future research should emphasize refining AMP enhancement techniques, expanding

their diversity and bioactivity profiles, and prioritizing comprehensive in vivo evaluations.

Harnessing the potential of AMPs represents a significant step forward on the path to

aquaculture sustainability, reducing antibiotic dependency, and combating AMR,

ultimately safeguarding public health and ecosystem resilience.

Keywords: antimicrobial peptides; aquatic invertebrates; aquaculture; bioactive

compounds; cryptides; pathogens; antimicrobial resistance; antibacterial; antifungal;

antiviral
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3.1. Introduction

The transition to intensive aquaculture has increased population densities, resulting in
stress and weakened immune systems in farmed species, which increases their
susceptibility to infectious diseases. These diseases contribute to high mortality rates,
reduced productivity, and significant economic losses [215]. To address these issues,
antibiotics were introduced, initially reducing disease-related mortality and supporting
industrial growth [216]. However, antibiotic overuse promoted the resurgence of bacterial
diseases, with the emergence of new pathogens and the reoccurrence of older
infections, driven by the rapid spread of AMR [217,218]. Bacteria develop resistance
through various mechanisms, such as the use of efflux pumps to actively expel
antibiotics, the production of enzymes that degrade or modify antibiotics, and horizontal
gene transfer, which allows the exchange of resistance genes between bacterial
populations, including from nonpathogenic to pathogenic strains [219-221].
Furthermore, bacterial mutations change antibiotic targets, resulting in the development
of treatment-resistant strains that cause more severe and prolonged infections, leading
to increased healthcare costs [222]. Nevertheless, there is currently no comprehensive
global system to regulate and monitor the use of antimicrobial agents in aquaculture.
Despite the approval of only a limited number of antibiotics for use, they are still widely
and indiscriminately applied, especially in major aquaculture-producing countries in Asia
[223,224]. The unrestricted use of antibiotics in aquaculture poses environmental risks,
including accumulation in culture systems, disruption of microbial communities, and
harm to non-target organisms. It promotes the development of antibiotic-resistant
microbial strains, reducing antibiotic efficacy, threatening aquaculture sustainability, and
posing human health risks through the consumption of seafood contaminated with
resistant bacteria [225]. Therefore, it is crucial to explore alternative strategies to address
pathogens and AMR in aquaculture, such as the use of AMPs.

AMPs are evolutionarily conserved, gene-encoded natural molecules with diverse
functional and structural properties. They have a wide range of biological activities,
including antibacterial, antifungal, antiviral, antiparasitic, anticancer, antibiofilm,
immunomodulatory, wound healing, and anti-inflammatory [226—233]. These molecules
provide distinct advantages, including rapid and direct antimicrobial action, broad-
spectrum activity against bacteria, viruses, fungi, and parasites, and a reduced risk of
contributing to AMR, making them highly attractive for clinical applications [24,234]. In
metazoans, AMPs evolved through recurrent gene duplications, leading to the

emergence of paralogs, and balancing/positive selection in response to bacterial
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pathogens [23,235,236]. The first AMP, gramicidin, was isolated in 1939 from a soil
Bacillus strain [237]. Since then, numerous AMPs have been isolated, many of which are
specific to certain taxa or species [238]. Their common features include being composed
of 10—-100 amino acids, having a molecular weight below 25-30 kDa, and a positive net
charge [239-241]. Despite their common features, AMPs vary widely in structural motifs
and secondary structures—such as a-helical, B-sheet, aff motifs, and random coils—with
similar sequences often adopting different conformations, leading to diverse
classifications [242,243]. AMPs can be natural (NAMPs), directly isolated from natural
sources, or produced synthetically (SAMPs) [244]. While NAMPs may have issues like
instability, low solubility, toxicity, and salt sensitivity [245], SAMPs are designed based
on NAMPs with modifications to enhance bioactivity. These modifications include the
addition of specific amino acid residues, sequence truncation to retain only active
regions, cyclization, and peptidomimetics for improved stability [238,246—-248].

AMPs exhibit diverse modes of action to target and disrupt microbial cells. Most AMPs
primarily target cell membranes through several proposed mechanisms, including the
toroidal pore, barrel-stave, carpet, and agglutination models. In the toroidal pore model,
peptides integrate into the membrane, forming pores that remain associated with the
membrane’s polar groups [249]. In the barrel-stave model, peptides create
transmembrane pores that form a central cavity and detach after formation [250]. The
carpet model involves peptides interacting with the membrane surface, disrupting its
structure and causing the formation of multiple pores [251]. In the agglutination model,
peptides aggregate bacterial cells into a micellar complex, preventing membrane
penetration [252]. Alternatively, some AMPs interfere with intracellular processes, such
as protein synthesis, nucleic acid functions, and enzyme activity, impairing cell wall
formation. Other AMPs disrupt cellular energy metabolism by inhibiting ATP synthase or
interfering with the electron transport chain, ultimately leading to cell death [253]. New
AMPs are discovered through several approaches, including direct extraction from cells
or tissues followed by identification via mass spectrometry, cDNA cloning of AMP genes
using primers targeting conserved regions, and omics-based methods that integrate
genomic, proteomic, or transcriptomic data with bioinformatics analysis [254].
Additionally, the development of advanced AMP prediction tools like amPEPpy [255] and
AMPIify [256], which use artificial intelligence and machine learning tailored to predicting
and characterizing AMPs, alongside AlphaFold2 [257], which utilizes deep learning to
predict protein structures from amino acid sequences, has greatly improved the
discovery and characterization of new AMPs. While amPEPpy and AMPIlify focus

specifically on AMP prediction, AlphaFold2 provides a more generalized solution for
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predicting the structures of proteins, offering faster and more accurate predictions than
traditional methods like X-ray crystallography, Nuclear Magnetic Resonance (NMR), and
cryogenic electron microscopy (cryo-EM), which are accurate but time-consuming and
labor-intensive. While advances in DNA sequencing have vastly increased the number
of known protein sequences, the structures of many remain undetermined. AlphaFold
has revolutionized the field by providing a faster and more accurate way to predict protein
structures, helping bridge the gap between the substantial number of known sequences
and the limited number of experimentally determined structures. Several AMP
databases, including APD3 [258], CAMPR4 [259], DBAASP [260], dbAMP 2.0 [261],
DRAMP 3.0 [262], and Inverpep [263], serve as useful repositories for cataloging known
AMPs. However, these resources face limitations such as data redundancy, lack of
standardization, and inadequate curation. The StarPep graph database, which integrates
over 45,000 peptide sequences and metadata from 42 databases, including more than
22,600 AMPs, represents a notable effort to address these issues [264]. Nonetheless, a
significant data gap for AMPs derived from aquatic invertebrates still persists, given the
sparsity of relevant information, which is dispersed across numerous studies, and often
lacks structural information.

Our study provides a comprehensive review of AMPs derived from aquatic invertebrates.
We focus on the AMPs’ activities against pathogens relevant to both aquaculture and
human health, including antibacterial, antifungal, antiviral, antiparasitic, antibiofilm, and
anticancer properties. Furthermore, we address gaps in knowledge about the structures

of these AMPs and explore their potential applications for the aquaculture industry.
3.2. Data Collection and Analysis

A comprehensive data review was conducted to compile AMPs derived from aquatic
invertebrates, classified within the Marine, Brackish, and Freshwater categories as
defined by the World Register of Marine Species (WoRMS) database [265].

Data on the AMPs were sourced from over 200 scientific articles and several databases,
including the National Center for Biotechnology Information (NCBI) GenBank [266],
UniProt [267], RCSB Protein Data Bank (RCSB PDB) [268], and StarPep [264]. The
selection of articles was based on specific inclusion criteria, prioritizing peer-reviewed
studies with clear methodologies, and peptides with documented experimental evidence
of antimicrobial activity, either through antimicrobial assays or gene expression analyses
following antimicrobial challenges. Articles lacking sufficient data or relevance to the
review's focus were excluded. Duplicate records and inconsistencies were

systematically checked and removed.
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Given the focus on AMP activity against pathogens relevant to aquaculture and human

health, the pathogenic status of the reported microbial agents was verified by consulting
over 180 articles and books, e.g., [269-271] (Table S 6). The study adhered to the
accepted nomenclature from the List of Prokaryotic names with Standing in
Nomenclature (LPSN) [272] for bacteria, MycoBank [273] for fungi and fungi-like

organisms, and the NCBI Taxonomy browser [274] for viruses and parasites.

The physical and chemical properties of AMPs, including net charge, molecular weight

(MW), isoelectric point (pl), and the grand average of hydropathy (GRAVY), were

calculated using a custom Biopython script based on the ProtParam tool from the Expasy

Proteomic Server [275]. Signal peptides were predicted using SignalP 6.0 [276], and

propeptides were predicted using ProP 1.0 with minimum probability confidence of 70%

[277]. Mature AMP sequences were analyzed against the Pfam database [278] using

InterProScan [279] to identify protein domains and functional annotations. Structural
predictions were made using ColabFold [280] with the AlphaFold2 model [257],

generating for each peptide, five independent models with 10 recycles to enhance

prediction accuracy. Model relaxation ensured physical plausibility and energetic

stability, and the highest-ranked model was selected for structure visualization using

ChimeraX [281]. ColabFold and AlphaFold2 provide significant benefits in terms of

speed, accuracy, and cost-effectiveness for predicting AMP structures. However, they

may face challenges with highly flexible or disordered peptides, which are common in

AMPs and may not fully capture the dynamic nature of AMP-pathogen interactions

essential to their antimicrobial activity. Despite these limitations, these tools accelerate

the understanding of AMP structures in the absence of experimental data, thereby

supporting further experimental validation.

3.3. Aquaculture Pathogens

Pathogen control is a major challenge in aquaculture, where densely populated,

intensive farming systems facilitate the rapid spread of infections, emphasizing the need

for effective disease management strategies [282]. A comprehensive approach includes

proper husbandry practices, the development of disease-resistant strains, and the

implementation of robust biosecurity protocols, such as quarantine procedures, water

treatment methods, and regular health monitoring. Additionally, preventive strategies,

including vaccination, the use of immunostimulants, and the application of probiotics, as

well as advances in pathogen biology and epidemiology, are essential for improving

treatment strategies and reducing disease outbreaks [283—-285].
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Pathogens, including bacteria, fungi, viruses, and parasites, cause significant diseases
in farmed aquatic organisms in both marine and freshwater systems. These diseases
result in high mortality rates, reduced productivity, and substantial economic losses
[286]. Among these, bacterial pathogens are the most prevalent, causing diseases such
as columnaris disease, edwardsiellosis, furunculosis, septicemia, streptococcosis,
ulcerative diseases, and vibriosis. Genera such as Aeromonas, Edwardsiella,
Enterobacter, Flavobacterium, Pseudomonas, Staphylococcus, Streptococcus, and
Vibrio have developed multidrug-resistant strains, which complicate treatment efforts
[287,288]. These bacteria use mechanisms like biofilm formation, iron acquisition,
extracellular polysaccharide production, and Iytic enzyme production to enhance their
virulence and persistence in aquaculture systems [289].

Fungal and fungi-like pathogens also pose significant threats. Water molds, like
Saprolegnia and Aphanomyces, were initially classified as fungi due to their morphology
and feeding behavior but are now recognized as oomycetes [290]. Differentiating
between true fungi (e.g., members of Ascomycota, Basidiomycota, and Mucoromycota)
and oomycetes is crucial for developing effective treatments [291]. While true fungi
typically infect external fish tissues, oomycetes can invade internal organs and are
commonly found in aquaculture systems [285,292].

Viral diseases represent an increasing concern in aquaculture, with significant
pathogens including Infectious Salmon Anaemia Virus (ISAV), viral hemorrhagic
septicemia virus (VHSV), infectious hematopoietic necrosis virus (IHNV), Shrimp
hemocyte iridescent virus (SHIV), Abalone Herpesvirus (AbHV), and White Spot
Syndrome Virus (WSSV) [293]. Several factors contribute to the growing concern,
including the high mortality rates associated with viral infections and the lack of effective
therapeutic options compared to bacterial infections, which can often be treated with
antibiotics. In contrast, viral diseases primarily rely on preventive measures, such as
vaccination, which is not available for all pathogens [294]. Moreover, viral infections can
spread rapidly in densely populated aquaculture systems and may remain asymptomatic
in the early stages, complicating early detection and containment. The rapid mutation
rates and ability of viruses to evolve quickly further challenge control efforts, as new
strains may emerge that evade existing measures [294]. Additionally, parasitic
infestations caused by sea lice and protozoans further reduce production yields and
increase treatment costs [295,296].

In this study, the antimicrobial activities of aquatic invertebrate-derived AMPs were

compiled, with a focus on pathogens relevant to aquaculture (Fig. 8). A detailed list of
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microorganisms, along with their pathogenic significance for aquaculture and human
health, is provided in Table S 6.
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Fig. 8 Distribution of antimicrobial activities of aquatic invertebrate AMPs against various pathogens. The chart
categorizes microorganisms into Gram-positive bacteria, Gram-negative bacteria, fungi, viruses, and parasites, showing
their pathogenic (red) and non-pathogenic (blue) statuses. Each taxonomic group (Ann: Annelida, Art: Arthropoda, Cho:
Chordata, Cni: Cnidaria, Ech: Echinodermata, Mol: Mollusca, Others: Nematoda, Placozoa, Platyhelminthes, Porifera)

highlights the diversity and potential antimicrobial targets of AMPs, emphasizing their relevance to aquaculture pathogens.

Notably, aquatic invertebrate-derived AMPs demonstrated activity against a wide range
of pathogens, including 47 Gram-negative bacteria, 25 Gram-positive bacteria, 11 fungi
and fungi-like organisms, and the virus WSSV. Among these, the Gram-negative
bacterium E. coli, the Gram-positive bacterium S. aureus, and the fungus C. albicans
were identified as the primary targets of these AMPs.

3.4. AMPs and Other Antimicrobial Agents Isolated from Aquatic

Invertebrates

Aquatic invertebrates are globally distributed and remarkably diverse, representing

ancient animal lineages with diversified adaptations to overcome microbial threats in
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environments increasingly impacted by anthropogenic factors [297]. Traditionally,
invertebrates, unlike vertebrates, were thought to lack an adaptive immune system,
relying solely on an innate immune system that includes both cellular and humoral
responses mediated by pattern recognition receptors [298]. However, recent evidence
suggests that some invertebrates exhibit immunological priming leading to enhanced
long-term immune responses, although the underlying mechanisms remain largely
unexplored [299]. The cellular immune response in invertebrates involves defense
mechanisms such as encapsulation, nodule formation, and phagocytosis, mediated by
motile cells known as hemocytes found in the hemolymph. The humoral immune
response, on the other hand, is characterized by the presence of antimicrobial
substances in the blood cells and plasma, together with responses such as hemolymph
coagulation [300]. AMPs are an integral part of the humoral defense system of
invertebrates, protecting against infection primarily by disrupting microbial plasma
membranes and compromising microbial integrity [295]. AMPs from aquatic
invertebrates typically possess cationic and hydrophobic properties, which are critical for
effectively targeting key components of microbial cell walls and membranes [301].
Specifically, marine-derived AMPs have evolved to thrive in the unique conditions of the
seawater, characterized by its high salinity. This adaptation has led to enhanced
electrostatic interactions, increased stability, and a broader antimicrobial spectrum,
ultimately making them more potent antimicrobial agents [302]. Invertebrates are the
major source of AMPs among aquatic organisms, with approximately 40 families of
AMPs characterized to date [234]. This study focuses on invertebrates and the content
is organized into sub-chapters based on phyla, providing a comprehensive overview of

the diverse range of AMPs derived from aquatic invertebrates (Fig. 9, Table S 7).
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Fig. 9 Phylogenetic distribution of currently known AMPs from aquatic invertebrates by phylum and subphylum/class.
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3.4.1.1. Defensins

Defensins are small, cysteine-rich cationic AMPs involved in innate immunity across a
wide range of organisms, including invertebrates. These proteins are classified into a-,
B-, and 6-defensins, with invertebrates producing B-defensins and big defensins. 3-
defensins feature a conserved B-sheet structure stabilized by three disulfide bridges and
show antimicrobial activity against bacteria, fungi, and viruses [303]. Big defensins,
considered ancestral to vertebrate B-defensins, feature a bipartite structure with an N-
terminal hydrophobic domain and a C-terminal p-defensin-like domain, making them
particularly effective against Gram-negative bacteria by disrupting their outer
membranes. This disruption occurs as the hydrophobic N-terminal domain inserts into
the membrane, forming pores that cause leakage of the cellular content, leading to
bacterial death [304]. Defensins have been identified in various invertebrate phyla,
including Arthropoda [305—-309], Chordata [310], Cnidaria [311-313], Mollusca [314—
329], and Porifera [330].
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3.4.1.2. Macins

Macins are a family of cationic, cysteine-rich AMPs with a disulfide-stabilized af
structural motif. The first macin, theromacin, was isolated from the shallow-water leech
Theromyzon tessulatum [331]. Since then, macins have been identified in various
aquatic invertebrates, including other annelids [332—334], cnidarians [335], and mollusks
[336—344]. Despite their high sequence identity, macins exhibit distinct biological
activities, such as membrane-aggregating and permeabilizing effects against Gram-
positive bacteria and Gram-negative bacteria [331-334,342,344-346]. Some macins
also promote central nervous system regeneration [332,346] and display antibiofilm
properties [342,344].

3.4.2. Annelida

The phylum Annelida, comprising approximately 20,200 species, is categorized into
three groups: Clitellata, Polychaeta, and Sipuncula [347]. These aquatic and semi-
aquatic organisms include clam worms, sand worms, tube worms, and leeches [348].
Extremophile worms are adapted to inhabit harsh environments like abyssal depths,
hydrothermal vents, polar regions, and polluted areas, making them valuable for studying
novel bioactive compounds [349]. AMPs derived from these organisms often exhibit
exceptional properties, such as acid resistance, thermostability, salt tolerance, and
broad-spectrum antibacterial activity [350]. In this study, 38 AMPs distributed into six
AMP families were identified from 14 aquatic annelids (three Clitellata, 11 Polychaeta).
These AMPs have antimicrobial activity against 41 microbial species, including 29
pathogens relevant to aquaculture: 12 Gram-positive bacteria, 16 Gram-negative

bacteria, and the fungus Candida albicans (Table S 8).

3.4.2.1. Clitellata AMPs

Lumbricins are proline-rich AMPs first identified in the earthworm Lumbricus rubellus
[351] and later found in other earthworms [352—-354]. Hm-lumbricin was discovered in H.
medicinalis where its expression is upregulated upon exposure to D. nishinomiyaensis,
indicating a role in innate immunity. Additionally, Hm-lumbricin has been shown to
promote central nervous system regeneration, linking immune defense with tissue repair
[332]. Theromyzin is a linear anionic a-helical peptide extracted from the coelomic fluid
of T. tessulatum (Fig. 10). It is the first anionic AMP identified in invertebrates [331].
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Fig. 10 Examples of AMPs from aquatic invertebrate phyla.

3.4.2.2. Polychaeta AMPs

Polychaete AMPs are often found in species from fluctuating thermal habitats, where
factors like temperature, salinity, and pressure may influence their evolution and function.
BRICHOS-related AMPs are characterized by a conserved structure comprising a
hydrophobic region (signal peptide or transmembrane domain), a proregion containing
the BRICHOS domain, and a carboxy-terminal (C-terminal) double-stranded B-sheet
[355]. The BRICHOS domain acts as an intramolecular chaperone, facilitating protein
targeting to the secretory pathway and protease-mediated processing [356]. Highly
conserved across species, this domain is associated with diseases such as Alzheimer’s,
Parkinson’s, cancer, diabetes, dementia, and respiratory distress [357,358]. In annelids,
BRICHOS-related peptides demonstrate diverse precursor peptides, reflecting
adaptation to fluctuating thermal habitats [359,360]. The first BRICHOS-related AMP,
arenicin, was found in the extremophile lugworm A. marina. This B-hairpin peptide,
stabilized by a disulfide bond, inspired synthetic derivatives with enhanced biological
properties [361-368]. Subsequent discoveries include abarenicin from AbA. pacifica and
UuBRI-21 from Urechis unicinctus [369]. Other BRICHOS-related AMPs include a-helical
nicomicin from the Arctic polychaeta Nicomache minor, which displays anticancer
properties [254], and alvinellacin, the first AMP from a deep-sea organism, found in the
thermotolerant Pompeii worm Alvinella pompejana. Alvinellacin and its homolog
capitellacin, from Capitella teleta, form a double-stranded [-sheet stabilized by two

disulfide bonds [370-372]. Recent discoveries of polaricin from the Antarctic worm
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Amphitritides sp., the a-helical HfBRI-28 and B-hairpin HfBRI-25 from Heteromastus
filiformis, and AmBRI-44a, a defensin-like peptide stabilized by four disulfide bonds from
A. marina, expand the structural repertoire of BRICHOS-related AMPs [360,373,374].

Hedistin is a cationic a-helical peptide extracted from the coelomic fluid of the sandworm
Hediste diversicolor. It contains two brominated tryptophan residues and a C-terminal
amide [375]. Bromination, a rare post-translational modification, occurs at the 6-position
of the tryptophan indole ring, typically found in marine organisms due to the high bromide
content and (halo)peroxidases in seawater [376]. Perinerin, a cationic a-helical peptide,
was isolated from the Asian clam worm P. aibuhitensis. Its full structure remains partially

unknown, but it likely contains two intramolecular disulfide bridges [377].

3.4.3. Arthropoda

Arthropods represent the most abundant and diverse group of animals, comprising four
subphyla: Chelicerata, Crustacea, Hexapoda, and Myriapoda. Despite the continuous
discovery of new species, only a small fraction is aquatic. It is estimated that there are
between 100,000 and 110,000 arthropod species, with nearly 100,000 species of aquatic
insects from 12 orders, representing 60% of all aquatic animal species [5,378]. However,
the assessment of aquatic arthropod diversity is biased due to several factors. There are
more taxonomic studies on terrestrial arthropods than on aquatic ones, geographic data
is limited, identification efforts primarily target insects and large crustaceans, and there
is a global decline in taxonomists and scientific expeditions [379]. Arthropods represent
one of the most prominent taxa for the discovery of AMPs with several already identified.
In this study, 107 AMPs distributed into 19 AMP families were identified from 22 aquatic
arthropods (four Chelicerata, 18 Crustacea). These AMPs were tested and showed
antimicrobial activity against 86 microbial species, including 47 pathogens relevant to
aquaculture: 13 Gram-positive bacteria, 25 Gram-negative bacteria, eight fungi, and the
WSSV (Table S 9).

3.4.3.1. Anti-Lipopolysaccharide Factor

Anti-lipopolysaccharide factors (ALFs) are essential immune peptides in arthropods
(both Chelicerata and Crustacea) that bind and neutralize bacterial lipopolysaccharides
(LPS), the primary component of Gram-negative bacterial outer membranes, thereby
regulating immune responses [380]. They primarily target the lipid A component of LPS,
disrupting membrane integrity and neutralizing LPS-induced toxicity through electrostatic
and hydrophobic interactions, with some ALFs sequestering LPS to prevent host
receptor binding [302,381]. Their main structural feature is the lipopolysaccharide-

binding domain (LBD), a conserved region with a disulfide loop formed by two cysteines,
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crucial for antimicrobial activity [381]. First identified in horseshoe crabs Limulus
polyphemus and Tachypleus tridentatus [382], ALFs have since been found in crabs
[383-387] as well as shrimp and prawns [388—391].

3.4.3.2. Chelicerata AMPs

Horseshoe crabs, the closest living relatives of trilobites, have thrived for up to 500 million
years, originating in Mesozoic European waters before migrating as seas receded.
Today, Carcinoscorpius rotundicauda, T. tridentatus, and Tachypleus gigas inhabit
Asia’s coasts, while Limulus polyphemus is found along North America’s Atlantic coast.
These ancient arthropods produce unique AMPs with diverse bioactivities [392—394].
Tachyplesin, first discovered in T. tridentatus and later in C. rotundicauda and T. gigas,
is a short cationic peptide with two disulfide bonds that exhibits antibacterial, antifungal,
anticancer, and antibiofilm activities. Cyclized forms show similar bioactivities with
enhanced stability and therapeutic potential [395-399]. Polyphemusin, isolated from L.
polyphemus, is structurally similar to Tachyplesin, and includes variants with optimized
amphipathic properties and comparable bioactivities [396,398,400]. Tachycitin,
discovered from T. tridentatus, features a stabilized ap-motif structure with a chitin-
binding domain and a C-terminal region with 10 cysteine residues. Its antimicrobial
activity is synergistically enhanced with big defensin [401,402]. Tachystatin is a B-sheet
chitin-binding peptide from T. tridentatus stabilized by three disulfide bonds. Isoforms A
and B are homologous, while isoform C has amphiphilic and hemolytic properties [403—
405]. A thermally stable, non-cytotoxic variant, tachystatin-A2, was identified in T. gigas
[403,406]. Tatritin is a chitin-binding peptide from T. fridentatus with an N-terminal a-helix
and a C-terminal B-sheet stabilized by six disulfide bonds, which showed interesting
antimicrobial effects [407,408].

3.4.3.3. Crustacea AMPs

Arasins are proline-rich, cationic AMPs with two distinct domains: a proline/arginine-rich
N-terminal region and a cysteine-rich C-terminal region with four cysteines [409]. The
first arasin identified, callinectin, was found in the blue crab Callinectes sapidus
[410,411]. Arasins were then found in the hemocytes of various crustaceans, including
crabs [409,412,413], crayfish [414], and prawns [415]. Notably, the proline/arginine-rich
N-terminal region of Ha-arasin1 exhibits in vitro chitin-binding activity, indicating its
potential role in targeting pathogens with chitin-containing structures [416]. Crustins are
cationic AMPs primarily found in crustaceans, first identified in the hemocytes of the
shore crab Carcinus maenas as a cysteine-rich 11.5-kDa peptide [417]. The term

“crustins” was introduced when similar peptides were discovered in penaeid shrimp
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[418]. They typically feature one or two whey acidic protein (WAP) domains at the C-
terminal, each with eight cysteines linked by four disulfide bonds, and a signal sequence
at the N-terminal with a variable region between the signal sequence and WAP domain
[419]. Crustins are classified into several types based on structural variations. Type |
crustins have a cysteine-rich region between the signal peptide and WAP domain, further
divided into Ia, Ib, and Ic, with Type Ib having a longer C-terminal region and Type Ic
featuring two linked cysteine-rich domains [420]. Type Il crustins have both glycine-rich
and cysteine-rich regions, with subgroups lla and llb differing in the glycine-rich domain
length [421]. Type lll crustins have a short proline/arginine-rich N-terminal region [419].
Additional types include Type IV, which has two WAP domains [422,423], Type V, which
is exclusive to insects and has a cysteine-rich domain and an aromatic amino acid-rich
region preceding the WAP domain [424], Type VI, consisting of a glycine-rich region and
a WAP domain, and Type VII, with a serine/leucine-rich region followed by a cysteine-
rich region and a WAP domain [420]. Crustins are known for their antibacterial and
antifungal activities, which vary by type. Type | crustins are particularly effective against
Gram-positive bacteria, while Types Il and Il target both Gram-positive and Gram-
negative bacteria [425,426]. Type IV crustins are antiproteolytic, with some exhibiting
antibacterial and antifungal properties [427]. Certain crustins have demonstrated antiviral
activity [428], antibiofilm properties [429], and wound-healing potential [430], highlighting
their multifunctional roles in immune defense and tissue repair. Many AMPs from crabs
are rich in specific amino acids that contribute to their antimicrobial properties. Proline-
rich AMPs, for instance, exhibit membrane permeability and non-lytic mechanisms that
inhibit protein synthesis and induce bacterial death [431,432]. Notable examples include
the 6.5-kDa proline-rich peptide from C. maenas, the first AMP discovered in crustaceans
[433], and SpPR-AMP1 from S. paramamosain [434]. Glycine-rich AMPs include GRPSp
featuring glycine-rich motifs flanked by two C-terminal cysteine residues, and the
thermally stable Spgly-AMP26-62, both from S. paramamosain [435,436]. Hyastatins are
multi-domain chitin-binding cationic peptides with a conserved six-cysteine C-terminal
region. The first hyastatin, discovered in the spider crab Hyas araneus, contains a
glycine-rich N-terminal region followed by a proline/arginine-rich short region. Their
antibacterial and chitin-binding functions are mainly attributed to the cysteine-rich
domain, but both the cysteine-rich and proline/arginine-rich regions contribute to their
antimicrobial activity [437,438]. Recent transcriptomic studies in P. trituberculatus have
identified 14 distinct hyastatin variants, indicating significant peptide diversity [439].
Paralithocins, identified in the red king crab Paralithodes camtschaticus, are cysteine-

rich cationic peptides with eight cysteine residues forming four disulfide bridges [440].
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Other AMPs from crabs include scygonadin, an anionic peptide from the seminal plasma
of S. serrata. It is expressed in the ejaculatory duct and plays a role in maintaining a
sterile environment essential for successful fertilization [441-444]. Sparanegtin, an
anionic peptide from S. paramamosain containing three a-helices, binds to pathogen-
associated molecular patterns (PAMPs) like LPS and peptidoglycan. It plays a crucial
role in immune defense during spermatogenesis and modulates immune gene
expression in response to bacterial infections. By reducing bacterial loads in critical
tissues like the gills and hepatopancreas, sparanegtin enhances the survival of infected
crabs [445]. Astacidins are small, cationic, proline/arginine-rich AMPs found exclusively
in crayfish, where they bind to PAMPs and play a crucial role in host defense. Initially
identified in the invasive Pacifastacus leniusculus and later in P. clarkii, astacidins are
classified into two groups: astacidin 1, derived from the C-terminal region of hemocyanin,
and astacidin 2, which consists of proline/arginine-rich peptides with an amidated C-
terminus [446—448]. Recent research also identified four proline-rich, non-cytotoxic,
astacidin 2-related peptides in the transcriptome of P. clarkii [449]. Prawns and shrimp
are aquatic crustaceans that differ in taxonomy and morphology. Prawns belong to
Dendrobranchiata, and have larger, straighter bodies, longer legs, and branching gills,
inhabiting both freshwater and saltwater environments. Shrimp, under Pleocyemata, are
smaller, with curled bodies, shorter legs, and lamellar gills, primarily found in marine
habitats. Misclassifications exist, such as “penaeid shrimp” from the Penaeidae family,
which are actually prawns. Penaeidins, cationic AMPs unique to Penaeus, have a
proline-rich N-terminal and cysteine-rich C-terminal [450]. First identified in P. vannamei,
they are classified into four subgroups: PEN2, PEN3, and PEN4, which primarily target
Gram-positive bacteria and fungi, and PEN5, which also targets Gram-negative bacteria
and viruses [451-456]. Some penaeidins exhibit chitin-binding properties [251], while
structural variants like MjPen- Il in P. japonicus with a serine-rich N-terminal and BigPEN
in P. vannamei with an extra repeat region at its N-terminus further highlight their
diversity [456—459]. Stylicins are anionic AMPs exclusive to Penaeus, featuring a proline-
rich N-terminal and a cysteine-rich C-terminal with 13 conserved cysteines [460—464].
Stylicins target filamentous fungi, exhibit strong LPS, prevent biofilm formation, and aid
immunity against WSSV [461-465].

3.4.4. Chordata
The phylum Chordata includes a diverse array of animals primarily defined by the
presence of a notochord and a dorsal hollow nerve chord. It is divided into three

subphyla: Cephalochordata (amphioxus), Tunicata (ascidians, larvaceans, and
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thaliaceans), and Vertebrata (amphibians, birds, fishes, reptiles, and mammals) [377].
The limited number of known AMPs derived from invertebrate chordates is restricted to
one amphioxus species and five ascidians. In this study, 71 AMPs distributed into 11
AMP families were identified from seven invertebrate chordates (one Cephalochordata,
six Tunicata). These AMPs were tested and showed antimicrobial activity against 40
microbial species, including 26 pathogens relevant to aquaculture: eight Gram-positive

bacteria, 14 Gram-negative bacteria, and four fungi (Table S 10).

3.4.4.1. Cephalochordata AMPs

A single AMP, BjAMP1, has been identified in the amphioxus Branchiostoma japonicum,
exhibiting a unique mode of action. Its structure comprises two a-helices connected by
a reverse turn, forming an amphipathic arrangement of polar and hydrophobic residues.
This configuration enables BjAMP1 to penetrate bacterial cell membranes without
causing structural disruption. Instead, it employs a membranolytic mechanism that
induces membrane depolarization and permeabilization. BjAMP1 also binds to LPS and
LTA within bacterial membranes and may further inhibit biological functions by interacting
with DNA or RNA after membrane penetration, ultimately inducing cell death. It shows
broad-spectrum antibacterial activity while remaining non-toxic to mammalian cells
[466,467]. Synthetic analogs of mBjAMP1, developed through amino acid modifications,

have shown enhanced antimicrobial and antibiofilm properties [468].

3.4.4.2. Tunicata AMPs

The majority of invertebrate AMPs derived from the phylum Chordata have been
identified in ascidians [469]. In Styela clava, a variety of AMPs have been identified,
including phenylalanine-rich styelins, a-helical clavanins, and histidine-rich clavaspirin.
These AMPs have been shown to exhibit antibacterial activity against both Gram-positive
and Gram-negative bacteria, as well as fungi [470—473]. A unique group of amphipathic
a -helical AMPs isolated from the hemocytes of Halocynthia aurantium have been
described which includes halocidin and dicynthaurin. Both peptides have an unusual
structural motif consisting of two amphipathic helices that are covalently linked through
a single disulfide bond formed between adjacent single cysteine residues. Dicynthaurin
is composed of two 30 amino acid monomers bounded together by a single cysteine
disulfide bond. Both the peptide monomers and the dimer have an ao-helical
conformation. Dicynthaurin has a broad-spectrum antibacterial activity [474,475].
Halocidin is composed of an 18 amino acid residues monomer and a 15 residues
monomer covalently linked by a single cysteine disulfide bond. Antimicrobial assays

verified that the 18-residue monomer is more active than the 15-residue monomer.
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Moreover, several synthetic Halocidin analogs have been developed with enhanced
antimicrobial activities including di-K19Hc [476]. In Halocynthia papillosa, the AMPs
halocyntin and papillosin demonstrated broad-spectrum antibacterial activity [477]. The
identification of AMPs in Ciona intestinalis commenced with a search of its expressed
sequence tag (EST) database, which yielded the identification of Ci-MAM-A24 and Ci-
PAP-A22 [478,479]. Another study predicted over 180 potential AMPs from the small
open reading frames (sORF) of C. instestinalis. The researchers synthesized the ten
most promising candidates, of which five (P-02, P-03, P-04, P-05, and P-10)
demonstrated antibacterial activity [480]. Recently, two novel cysteine-rich AMPs,
designated as turgencins, along with their oxidized derivatives, were isolated from the
Arctic ascidian Synoicum turgens. The peptides are post-translationally modified,
containing six cysteines with unusual disulfide connectivity of C1-C6, C2-C5, and C3-
C4, as well as an amidated C-terminus. Furthermore, the peptides contain methionine
residues, resulting in the isolation of peptides with different degrees of oxidation. The
most potent peptide, turgencin AMox1, which contains one oxidized methionine,
displayed antimicrobial activity against both Gram-negative and Gram-positive bacteria.
Additionally, the peptide inhibited the growth of the melanoma cancer cell line A2058 and
the human fibroblast cell line MRC-5 [481]. Moreover, 11 synthetic peptides based on
turgencin were designed and designated StAMP-1 to StAMP-11. The most potent overall
was StAMP-9, which demonstrated potent antimicrobial activity against Gram-positive
and Gram-negative bacteria and fungi, as well as non-hemolytic activity against sheep
red blood cells. It also exhibited non-cytotoxic effects against the human melanoma cell
line A2058 and the non-malignant human lung fibroblast cell line MRC-5, indicating high
selectivity [482].

3.4.5. Cnidaria

Cnidaria is a diverse and ancient phylum of predominantly marine organisms, comprising
approximately 12,000 extant species [77,483]. These organisms are characterized by
the presence of cnidae—organelle-like capsules containing venomous eversible tubules
used for defense and prey capture [6,28]. Cnidarians are categorized into three main
clades: Anthozoa (anemones, corals, sea fans, sea pens, zoanthids), Medusozoa
(hydroids, jellyfish, siphonophores), and Myxozoa (obligate endoparasites) [8,484]. Their
defense mechanisms primarily rely on innate immunity, although there is evidence
suggesting the presence of immune memory in some species [485]. The cnidarian
immune system encompasses immune recognition, intracellular signaling cascades,

effector responses, and tissue repair mechanisms [486]. In this study, 10 AMPs
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distributed into 10 AMP families were identified from eight cnidarians (six Anthozoa, two
Medusozoa). These AMPs were tested and showed antimicrobial activity against 27
microbial species, including 22 pathogens relevant to aquaculture: six Gram-positive

bacteria and 16 Gram-negative bacteria (Table S 11).

3.4.5.1. Anthozoa AMPs

A few AMPs have been extracted from coral species, including damicornin from the stony
coral Pocillopora damicornis. This peptide, containing six cysteine residues, exhibits
activity against Gram-positive bacteria and the fungus Fusarium oxysporum. Notably,
the coral pathogen Vibrio coralliilyticus represses the expression of the damicornin gene,
providing the first evidence of AMP gene repression mediated by Vibrio [487]. Another
six-cysteine peptide, AMAMP1, was identified in the stony coral Acropora millepora. It is
expressed in ectodermal cells during late coral development and shows antibacterial
activity against a broad range of Gram-positive and Gram-negative bacteria [488].
Additionally, Pd-AMP1, a peptide with a p-hairpin structure isolated from the soft coral
Phyllogorgia dilatata, showed activity against Gram-positive bacteria [489]. Many AMPs
have been identified in sea anemones, such as crassicorin isolated from Urticina
crassicornis. This peptide adopts a double B-hairpin structure, contains six cysteines,
and exhibits antibacterial activity [490]. Recently, equinins were discovered in Actinia
equina, demonstrating low antibacterial activity and no hemolytic effects on human cells
[491].

3.4.5.2. Medusozoa AMPs

The first AMP identified in a cnidarian, aurelin, was isolated from the mesoglea of the
moon jellyfish Aurelia aurita. This six-cysteine peptide, composed of two helices linked
by a random coil, shows antibacterial activity [492,493]. In Hydra, the arminin family of
a-helical peptides was discovered, with arminin 1a-C (the C-terminal region of arminin
1a) showing strong antibacterial activity and selective anticancer effects, suppressing
leukemia cell viability without causing hemolysis in human erythrocytes [494,495].
Another Hydra-derived AMP, periculin-1, features an anionic N-terminal region and a
cationic C-terminal region with eight cysteine residues. Expressed in the germline of
female Hydra, periculin-1 plays a crucial role in selectively targeting bacterial colonization

during embryogenesis, demonstrating potent antimicrobial activity [334,496].

3.4.6. Echinodermata
The phylum Echinodermata (from the Greek echinos, “spiny”, and derma, “skin”) includes

over 7500 species [265]. These marine organisms, with few species found in brackish

49



50

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

waters [497,498], are divided into five classes: Asteroidea (sea stars), Crinoidea (feather

stars and sea lilies), Echinoidea (sea urchins, sand dollars, and sea biscuits),

Holothuroidea (sea cucumbers), and Ophiuroidea (brittle stars) [347]. Echinoderms

possess an innate immune system mediated by coelomic fluid, containing coelomocytes

that defend against pathogens and injuries, along with antimicrobial components such

as lysozymes and AMPs [499]. Although genetic sequencing has revealed a complex

repertoire of immune genes, the echinoderm immune system remains poorly

understood, though recent studies have led to the discovery of new AMPs [500]. In this

study, 17 AMPs distributed into five AMP families were identified from six echinoderms

(one Asteroidea, four Echinoidea, and one Holothuroidea). These AMPs were tested and

showed antimicrobial activity against 20 microbial species, including 13 pathogens

relevant to aquaculture: five Gram-positive bacteria, six Gram-negative bacteria, and two
fungi (Table S 12).

3.4.6.1. Asteroidea AMPs

The only known AMP derived from a sea star, Patiria pectinifera, was named P.

pectinifera cysteine-rich antimicrobial peptide (PpCrAMP). It is predicted to adopt a B-

hairpin structure with two extended B-strands linked by a random coil region and exhibit

antibacterial activity [501].

3.4.6.2. Echinoidea AMPs

Sea urchins produce interesting AMPs with notable properties. Strongylocins, first

identified in Strongylocentrotus droebachiensis, are cationic peptides featuring a distinct

cysteine pattern of six residues and a brominated tryptophan. These peptides exhibit

strong antibacterial activity and have been also identified in Strongylocentrotus

purpuratus and Echinus esculentus [502—-504]. Centrocins, also from S. droebachiensis,

are heterodimeric peptides composed of a 30-residue antimicrobial heavy chain linked

by a disulfide bond to a 12-residue inactive light chain. Similar to strongylocins, native

centrocins contain a post-translational brominated tryptophan. These peptides display

strong antibacterial activities, some antifungal activity, and have also been found in E.
esculentus [504,505].

3.4.6.3. Holothuroidea AMPs

Holothuroidins isolated from Holothuria tubulosa are the only characterized AMPs

derived from a sea cucumber. While these small cationic a-helical peptides exhibit weak

antibacterial potency, they also display interesting antibiofilm activity [506,507].
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3.4.7. Mollusca

Mollusca, the second largest phylum of invertebrates, includes over 50,000 species
[265]. Of its eight classes, Bivalvia (clams, cockles, mussels, oysters, and scallops),
Cephalopoda (octopuses, squids, cuttlefishes, and nautilus), and Gastropoda (snails and
slugs) account for more than 95% of its diversity [377]. Mollusks are extensively studied
for AMPs, with several AMPs reported, mostly from bivalves [469]. In this study, 86 AMPs
distributed into 17 AMP families were identified from 28 mollusks (17 Bivalvia, three
Cephalopoda, and eight Gastropoda). These AMPs were tested and showed
antimicrobial activity against 71 microbial species, including 45 pathogens relevant to
aquaculture: 13 Gram-positive bacteria, 27 Gram-negative bacteria, and five fungi (Table
S 13).

3.4.7.1. Molluscidin

Molluscidins are AMPs with repeated dibasic residues, identified in the gills of mollusks
such as the bivalves Crassostrea gigas [508] and Afrina pectinata [509], and the
gastropod Haliotis discus [510]. Their predicted non-amphipathic structures alternate
between a-helical and random coil conformations. Molluscidins exhibit antimicrobial
activity against Gram-positive and Gram-negative bacteria while maintaining low

cytotoxicity.

3.4.7.2. Bivalvia AMPs

Bivalves, particularly mussels, produce diverse cysteine-rich AMPs essential for their
immune defense. These include mytilins [313,316,511], mytimycins [313,512,513],
myticins [514-518], and myticusins [342,519,520], all derived from precursor peptides
comprising a signal peptide, a mature cysteine-rich region, and a C-terminal extension.
Mytilins, mytimycins, and myticins show activity against bacteria, fungi, and viruses,
while myticusins also target parasites. Mussels also produce other AMPs, such as
myticalins, cationic peptides with a-helical and random coil structures active against
Gram-positive and Gram-negative bacteria [521-523], and mytichitins, which contain
chitin-binding domains that enhance antimicrobial activity against bacteria, fungi, and
parasites [524,525]. In non-mussel bivalves, AMPs include Ap from the shellfish
Argopecten purpuratus, a cationic proline-rich peptide with strong antifungal properties
[526], and Cg-Prp from C. gigas, a proline-rich peptide with limited direct antimicrobial
effects but significant synergy with defensin Cg-Def. This synergistic activity may
compensate for the low concentrations of antimicrobials in the oyster tissues [527,528].

Additionally, in C. hongkongensis, the cationic a-helical peptide URP20 exhibits potent
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antimicrobial activity against bacteria and fungi without cytotoxicity to mammalian cells
[529].

3.4.7.3. Cephalopoda AMPs

Despite extensive research on cephalopod extracts, the isolation and characterization of
peptides with antimicrobial properties remain limited [530-532]. A notable discovery is
octopartenopin, a random-coiled pentapeptide from the suckers of Octopus vulgaris
[533]. Cationic a-helical AMPs have been identified in Octopus minor, including
octominins [534,535], octopromycin [536], and octoprohibitin [537]. Additionally,
screening of the cuttlefish Sepia officinalis revealed peptides with antimicrobial potential:
three (KT19, VA20, and GR21) identified by Houyvet et al. [538] and three others (NF19,
AV19, and GK28) by Benoist et al. [539].

3.4.7.4. Gastropoda AMPs

Several AMPs have been identified in aquatic snails. In marine snails, the a-helical
peptide Cm-p1 and its derivatives obtained from Cenchritis muricatus exhibited potent
antifungal activity without toxicity to mammalian cells [540,541]. Two proline-rich
peptides from the invasive Rapana venosa, the random-coiled peptide 4 and the a-
helical peptide 7, showed antibacterial activity against Gram-negative bacteria [542]. In
freshwater snails, Bb-AMP4 from Filopaludina bengalensis displayed antibacterial
effects against Gram-positive bacteria [543]. Additionally, two fragments of a-helical
peptides, Pom-1 (Closticin 574) and Pom-2 (Cecropin D-like), identified in Pomacea
poeyana, exhibited antibacterial activity, with Pom-1 also showing antiviral effects
against ZIKV [544]. Moreover, the a-helical peptide Dolabellanin B2, isolated from the
sea hare Dolabella auricularia and the sea slug Peronia peronii, displayed antifungal and

antibacterial properties [545,546].

3.4.8. Other phyla

Despite the extensive research on AMPs across many aquatic invertebrate phyla, certain
groups remain significantly underrepresented in scientific literature, despite their
ecological and evolutionary importance. Determining whether this limitation arises from
a lack of studies or rather a genuine scarcity of AMPs is crucial. Four phyla are explored
(Nematoda, Placozoa, Platyhelminthes, and Porifera) highlighting their known AMPs

(Table S 14) and addressing the challenges involved in studying these organisms.

3.4.8.1. Nematoda
The phylum Nematoda comprises over 28,000 species of roundworms divided into two

classes, Chromadorea and Enoplea [265,377]. While AMPs in the terrestrial model
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organism Caenorhabditis elegans are well-studied, few works have explored AMPs in
aquatic nematodes [547]. A notable exception is the discovery of anisaxins, cecropin-
like helical AMPs from the marine parasite Anisakis, the etiological agent of anisakiasis.
These AMPs show potent bactericidal activity against Gram-negative bacteria with
minimal cytotoxicity to human cells [548]. Recently, an integrated homology
computational methodology was applied for the discovery of new helminth (both
Nematoda and Platyhelminthes) AMPs. This approach identified thousands of putative
AMPs and out of the selected few synthetized, four (nAMP-LP-18, nAMP-LP-104, nAMP-
LP-249, and nAMP-LP-298) revealed antibacterial activity (<100 yg/mL) against at least

one bacterial species [549].

3.4.8.2. Placozoa

Placozoa is an ancient phylum of highly simplified multicellular organisms, considered
among the most basal metazoans [550]. Although only four species are currently
described, phylogenomic and gene content analyses suggest much greater diversity
within the phylum [551,552]. Trichoplaxins, a-helical peptides from Trichoplax
adhaerens, are the sole known AMP family in Placozoa, showing strong antimicrobial
activity against bacteria and fungi. Additionally, the synthetic analog Trichoplaxin-2A
shows minimal cytotoxicity to mammalian cells and high anticancer activity and
selectivity [553,554].

3.4.8.3. Platyhelminthes

Platyhelminthes, or flatworms, are a diverse phylum that includes parasitic species like
Schistosoma mansoni, the causative agent of schistosomiasis, a disease affecting
millions globally [377,555]. A peptide from S. mansoni, SmDLP, shares high homology
with dermaseptin 3.1 from the frog Agalychnis annae. SmDLP demonstrates strong
antimicrobial and hemolytic activities, which may help the parasite survive and evade the
host immune system [556]. Additionally, an in silico study using an innovative algorithm
and homology searches found that flatworms lack traditional AMPs, instead possessing
a repertoire of unique, mostly cysteine-rich AMP-like peptides. Two novel AMP-like
peptides, fAMP-LP-5 and fAMP-LP-17, showed antibacterial activity (<100 ug mL-1),
highlighting their potential as novel antimicrobials [549].

3.4.8.4. Porifera
The phylum Porifera, the oldest living metazoan group, comprises over 9300 species
across four classes, with Demospongiae representing over 80% of sponge diversity

[265]. Sponges form symbiotic relationships with microorganisms that produce chemical
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compounds previously thought synthesized by the sponges themselves [296]. Nearly
half of all marine natural products discovered from invertebrates between 1990 and 2019
originated from sponges [557]. However, only one known AMP has been extracted from
sponges: ASABF_SUBDO, a defensin-like cysteine-stabilized aff motif from Suberites
domuncula. ldentified through EST database screening, ASABF_SUBDO shares high
similarity with ASABF, a cysteine-rich AMP from terrestrial nematodes [329]. The ancient
lineage of sponges may explain their advanced chemical defense mechanisms, with their
broad peptide arsenal likely reducing the need for traditional short, linear AMPs. This
suggests that sponges have evolved multiple defense strategies, including antimicrobial
cyclic peptides [558-560].

3.4.9. “Non-Classical AMPs” Derived from Aquatic Invertebrates

While most AMPs derived from aquatic invertebrates are traditionally described as short,
linear peptides composed of basic amino acids and directly involved in host defense, a
broader category of “non-classical AMPs” is also found within these organisms. These
molecules diverge significantly from the classical definition and demonstrate remarkable
diversity in structure, origin, and function. This group encompasses a wide array of
bioactive compounds, including cyclic peptides, antimicrobial enzymes, neuropeptides,
pattern recognition proteins, and various cryptides with distinct origins (Fig. 11, Table S
15).
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Fig. 11 Key categories of “non-classical” AMPs.

3.4.9.1. Cyclic Peptides
Among several chemical modifications used to enhance peptide-based therapeutics,
including N-methylation, PEGylation, glycosylation, lipidation, peptide stapling, and the

incorporation of unnatural amino acids and disulfide bonds, cyclization of linear peptides
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is particularly promising [561-565]. Cyclization restricts peptide flexibility, improving
bioavailability, stability, and specificity, while enhancing resistance to exopeptidase
hydrolysis due to the absence of terminal ends, and protecting against endopeptidase
cleavage with its rigid ring structure. These structural changes also improve membrane
interactions, which may contribute to the enhanced antimicrobial properties by increasing
the peptide’s ability to penetrate microbial membranes and maintain its functional
conformation in the presence of environmental stressors such as changes in pH,
temperature fluctuations, high salt concentrations, and the presence of proteases [566—
568]. Cyclized peptides can be homodetic (with only peptide bonds) or heterodetic
(containing non-peptide bonds like isopeptides, disulfides, or esters), with cyclic
depsipeptides being a subtype that incorporates ester bonds by replacing amino acids
with hydroxy acids [569,570]. Over 50 cyclic peptide drugs have been FDA-approved,
making up nearly half of all approved peptide drugs, with many more in clinical trials
[568,571]. However, only one originates from a marine organism: ziconotide, a synthetic
version of w-conotoxin MVIIA from the marine snail Conus magus [572]. Most
antimicrobial cyclic peptides and depsipeptides from aquatic invertebrates have been
isolated from marine sponges, with some exceptions from ascidians and sea slugs.
These compounds primarily exhibit antibacterial activity, with some showing antifungal,
antiviral, and antiparasitic properties. Although none have been approved, several,
including Celebesides, Dolastatins, Homophymine A, Mirabamides, Theonellamides,
and Theopapuamides, are being evaluated by pharmaceutical and nutraceutical
industries [573].

3.4.9.2. Antimicrobial Enzymes

Enzymes, primarily proteins or RNA molecules, act as biological catalysts to accelerate
chemical reactions. In aquatic invertebrates, lysozymes and chitinases are key enzymes
involved in innate immunity. Lysozymes, first identified by Alexander Fleming when he
observed nasal mucus dissolving bacteria [574], hydrolyze glycosidic bonds between N-
acetylglucosamine and N-acetylmuramic acid in bacterial peptidoglycans, resulting in
cell lysis [575]. Beyond bacteriolysis, they enhance immune defenses by activating the
complement pathway, promoting phagocytosis, and modulating immune responses,
while also exhibiting anti-inflammatory, antitumor, and digestive functions [576].
Although they display antimicrobial activity, lysozymes are not classified as classical
AMPs due to their enzymatic action. Based on their sequence, structure, and properties,
lysozymes are categorized into three types: chicken-type (c-type), goose-type (g-type),
and invertebrate-type (i-type) [577]. C-type lysozymes are common in both vertebrates

and invertebrates, g-type lysozymes, initially discovered in goose egg whites, are also
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present in some invertebrates, and i-type lysozymes are primarily found in invertebrates.

In aquatic invertebrates, i-type lysozymes are reported in Annelida, Arthropoda,

Echinodermata, Mollusca, and Porifera [578-582], c-type lysozymes in Arthropoda and

Mollusca [5683,584], and g-type lysozymes in Arthropoda, Chordata, Mollusca, and

Placozoa [585-588]. Chitinases, another class of immune-related enzymes, are glycosyl

hydrolases that catalyze the degradation of chitin, a structural polysaccharide found in

arthropod exoskeletons, fungal cell walls, and crustacean shells [589]. These enzymes

are classified into two main families—GH18 and GH19—which differ significantly in their

catalytic mechanisms and structural features. GH18 chitinases typically require two

catalytic residues: a glutamic acid to break down the chitin substrate and an acidic

residue that stabilizes the reaction. In contrast, GH19 chitinases rely on a single catalytic

residue, usually glutamate, for their activity. The active site and overall structure of GH19

chitinases, which are characterized by a higher content in a-helices, contrast with the

triose-phosphate isomerase (TIM) barrel fold seen in GH18 enzymes. Additionally, GH19

chitinases exhibit higher specificity for chitin and enhanced stability under acidic

conditions, while GH18 chitinases are more versatile, and capable of degrading both

chitin and peptidoglycan. Beyond their direct antimicrobial activity, chitinases play

important roles in immune regulation, tissue remodeling, and wound healing [590]. In

aquatic invertebrates, the antimicrobial activity of chitinases has been reported only in

arthropods, particularly prawns and crabs [591-593].

3.4.9.3. Neuropeptides

Neuropeptides, highly conserved peptide-based neuromodulators released by neurons,

regulate physiological processes, neural signaling, and behavioral plasticity, with some

also displaying antimicrobial activity. Among these, tachykinin-related peptides (TRPs)

are a prominent neuropeptide family characterized by a conserved C-terminal region.

They have been identified in various aquatic invertebrates, including arthropods [594],

mollusks [256], and annelids [595]. Notably, urechistachykinins, TRPs isolated from the

echiuroid worm Urechis unicinctus, exhibit broad-spectrum antimicrobial activity against

bacteria and fungi without cytotoxicity to human erythrocytes [595]. In addition, other

neuropeptides with antimicrobial properties include peptide B, derived from

proenkephalin A in the leech T. tessulatum, and nda-1, hym-357, hym-370, and rfamide

[ll, secreted by sensory and ganglion neurons in the ectodermal epithelium of Hydra
[596].
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3.4.9.4. Pattern Recognition Proteins

The innate immune response relies on the recognition of pathogen-associated molecular
patterns (PAMPs) by pattern recognition proteins (PRPs). PAMPs are conserved
pathogen structures, such as LPS, (3-1,3-glucans, and peptidoglycans, which trigger
immune responses including phagocytosis, encapsulation, proteinase cascades, and
AMP synthesis [597-599]. PRPs include Toll-like receptors (TLRs), lectins,
peptidoglycan recognition proteins (PGRPs), lipopolysaccharide-binding proteins
(LBPs), bactericidal permeability-increasing proteins (BPIs), B-glucan binding proteins
(BGBPs), and lipopolysaccharide- and p-1,3-glucan-binding proteins (LGBPs). TLRs are
the most extensively studied in aquatic invertebrates. They play a crucial role in both
innate and adaptive immunity by recognizing diverse PAMPs, including bacterial DNA,
LPS, mannose, and peptidoglycans [600,601]. TLRs have been functionally
characterized in numerous aquatic invertebrate phyla, such as Annelida [602],
Arthropoda [603], Chordata [604], Echinodermata [605], and Mollusca [606]. Although
the functional roles of LBPs and BPIs in invertebrates are unclear, these LBP/BPI
proteins have been identified in Echinodermata [607], Mollusca [608], and Nematoda
[609]. Similarly, LGBPs, which bind both LPS and [B-1,3-glucans, have been
characterized in Arthropoda [610] and Mollusca [611]. PRPs have also inspired AMPs’
development, such as HDH-LGBP-A1 and HDH-LGBP-A2, derived from the
polysaccharide-binding motif of Haliotis discus hannai LGBP. These AMPs show
antibacterial, antifungal, and anticancer activities with minimal toxicity to human cells
[612].

3.4.9.5. Cryptides from Regulatory Proteins

Cryptides are bioactive peptides derived from larger parent proteins or precursor
peptides that serve a primary function. These cryptides are “hidden” within the parent
protein, become functional once cleaved, and often exhibit activities distinct from their
parent protein’s primary role, such as immunomodulatory, hormone-like, or antimicrobial
[613]. Histones, essential proteins for DNA packaging in eukaryotic cells and regulating
gene expression, also hide cryptides with antimicrobial properties such as Buforin |
derived from histone H2A in Bufo gargarizans [614]. In aquatic invertebrates, several
histone-derived cryptides with antibacterial and antifungal effects have been reported in
Arthropoda [615] and Mollusca [616]. Ubiquitin, a small, highly conserved protein found
in all eukaryotes is classified into two groups: type-l and type-Il ubiquitin-like proteins.
Type-l ubiquitin contains a conserved Gly-Gly sequence at its C-terminus, enabling
cleavage and attachment to target proteins through a post-translational modification

(PTM) known as ubiquitination, which commonly leads to protein degradation, protein
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activity regulation, or removal of damaged proteins [617]. In contrast, type-Il ubiquitin-
like proteins lack the glycine motif and do not undergo cleavage; instead, they regulate
protein interactions and cellular pathways [618]. Ubiquitin also plays roles in DNA repair,
cell signaling, and immune response [619]. In aquatic invertebrates, ubiquitin-derived
cryptides with antimicrobial activities have been found in Mollusca, including cgUbiquitin
from C. gigas [620], and RpUbi from R. philippinarum [621]. Additionally, paracentrin, a
cationic cryptide derived from a 3-thymosin of Paracentrotus lividus displays antibacterial
and antibiofilm properties [622,623]. There are also synthetic peptides designed based
on portions of proteins, such as schistocins. Their design was inspired by the C-terminal
of S. mansoni Kunitz Inhibitor SmKI-1. Synthetized schistocins undergo a membrane-
induced conformational change from random coil to a-helix and their antimicrobial
activities are variable with some having interesting effects against bacteria and fungi
[624].

3.4.9.6. Cryptides from Respiratory Proteins

Respiratory proteins primarily function to bind and transport oxygen, but some cryptides
derived from them also contribute to immune responses. Hemerythrin, an ancient non-
heme oxygen-binding protein family, is found across all three domains of life and is most
diverse in Annelida [625-628]. In aquatic invertebrates, the cryptide MsHemerycin,
derived from the N-terminus of hemerythrin, was isolated from the lugworm Marphysa
sanguinea. This peptide, characterized by N-terminal acetylation and an unordered
structure, demonstrates unique mechanisms of action and shows antimicrobial activity
against B. subtilis [629]. Hemocyanin, a binuclear type 3 copper protein responsible for
oxygen transport in the hemolymph of many arthropods and mollusks, is also a source
of cryptides with antimicrobial properties [630]. Cryptides derived from C-terminal
fragments of shrimp hemocyanin, including PsHCt1, PsHCt2, PvHCt, FCHc-C1, and
FCHc-C2, exhibit diverse antimicrobial activities [631,632]. Additionally, haliotisin, a
cryptide from the functional unit E of abalone Haliotis tuberculata hemocyanin, has been
used as a template for synthetic peptides with demonstrated antibacterial properties
[633]. Furthermore, five synthetic peptides (L1, L2, L8, L10, and L12) predicted from the

large subunit of P. vannamei hemocyanin also show antibacterial effects [634].

3.4.9.7. Cryptides from Ribosomal Proteins

Ribosomal proteins, traditionally known for their role in protein synthesis, can also
generate cryptides involved in host defense. In aquatic invertebrates, CgRPL29, a
cryptide derived from the C. gigas 60S ribosomal protein L29, has a predicted unordered,

non-amphipathic structure with two partial a-helical regions and demonstrates
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antibacterial activity [635]. Additionally, BjRPS23, a cryptide from the B. japonicum
ribosomal protein RPS23, functions as both a pattern recognition receptor and an
antimicrobial effector. It interacts with bacterial membranes and promotes the generation

of reactive oxygen species within bacterial cells, leading to their death [636].

3.4.9.8. Toxin-like Proteins

Toxin-like proteins play a vital role in prey capture and defense in various organisms,
especially in cnidarians. These proteins, released through specialized cells called
nematocysts, immobilize or kill prey by disrupting cellular membranes, interfering with
signaling pathways, or causing tissue damage, facilitating prey capture. In defense, they
deter predators by inducing pain, inflammation, or paralysis, thus reducing predation risk.
Evolutionarily, these proteins are optimized to balance prey acquisition and protection
against a variety of ecological threats, ensuring survival in competitive marine
environments [24].

Beyond their role in prey capture and defense, toxin-like proteins have evolved to target
and neutralize microbial pathogens [637]. Cytolysins from the sea anemone
Stichodactyla helianthus, sticolisins, demonstrate antiparasitic activity against Giardia
duodenalis with minimal toxicity to human erythrocytes [638]. Neurotoxin 2 from
Anemonia sulcata demonstrates antibacterial effects against Gram-positive M. luteus
[639], while the cysteine-rich Ueq 12-1 from Urticina eques displays moderate activity
against Gram-positive bacteria and enhances transient receptor potential ankyrin 1
channel activity [311]. Additionally, transcriptomic analysis of Epiactis japonicus
tentacles identified toxin-like AMPs, some of which display weak antibacterial activity
[640].

3.5. Applications of Aquatic Invertebrate AMPs in Aquaculture

The intensification of aquaculture has led to increased stress on farmed species,
weakening their immune systems and leading to the overuse of antibiotics. This overuse
has exacerbated the rise of AMR, posing significant risks to both aquaculture and public
health [218]. Effective strategies to mitigate AMR include adopting good aquaculture and
biosecurity practices, implementing disease prevention measures, and minimizing
antibiotic use by exploring alternative solutions [641,642]. Research has identified
multiple antibiotic-resistance genes in aquaculture, including those related to B-lactams,
tetracyclines, macrolides, quinolones, and sulfonamides [643]. To combat AMR, global
regulations should enforce stricter controls on antibiotic use and ban commonly misused

antibiotics, following the good examples of FDA-banned nitrofurans and chloramphenicol
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[641]. Currently, only four antibiotics are FDA-approved for aquaculture use, namely
florfenicol, oxytetracycline, sulfadimethoxine/ormetoprim, and sulfamerazine [644].
Several alternatives to antibiotics have been explored, including vaccines, probiotics,
prebiotics, synbiotics, bacteriophages, chicken egg yolk immunoglobulin (IgY), medicinal
plants, bacteriocins, and AMPs [643]. AMPs are particularly promising due to their
immediate and direct antimicrobial action, broad-spectrum activity against diverse
pathogens (Gram-positive and Gram-negative bacteria, viruses, fungi, and parasites),
and low risk of AMR development. Additionally, some AMPs possess immunomodulatory
properties that enhance the host’s innate immunity. AMPs offer practical advantages,
including relatively low production costs, easy and long storage in bulk, and rapid
availability after an infection [645]. In aquaculture, AMPs have been studied as feed
additives and therapeutic drugs and through genetic engineering, provide a potential
alternative to antibiotics and support the health and productivity of farmed species.
However, their application faces several challenges, including the high cost and difficulty
of scaling up production, as natural extraction often yields low quantities. AMPs are
susceptible to degradation by proteases, and their stability can be affected by
environmental factors such as pH, salinity, and temperature. Moreover, some AMPs may
exhibit cytotoxicity at higher concentrations and may potentially impact non-target
organisms. Delivering AMPs effectively in aquatic environments is challenging due to
dilution and dispersion, necessitating optimized delivery systems. Furthermore, stringent
regulatory requirements for safety and efficacy must be met before AMPs can be

approved for use in aquaculture [646].

3.5.1. AMPs as Aquaculture Feed Additives and Therapeutic Drugs

Several studies have explored the use of AMPs as dietary supplements in aquaculture,
focusing primarily on fish, but also extending to shrimp and shellfish [647-649]. Wang et
al. [650] analyzed the literature results on the application of AMPs as dietary
supplements and concluded that AMPs can significantly enhance growth performance,
enzymatic activity, and disease resistance of cultured species. Furthermore, although
research on this topic is still limited, AMPs have also demonstrated a positive impact on
the gut microbiomes of fish. However, none of the AMPs reviewed were derived from
aquatic invertebrates. Studies on the application of aquatic invertebrates’ AMPs as feed
additives are indeed very scarce. The AMP octopromycin derived from the proline-rich
protein 5 of O. minor was in vivo tested in zebrafish infected with A. baumannii and
showed to cause a significant survival increase in fish [536]. Additionally, 6His-tatritin,

derived from the AMP tatritin with six added histidines, revealed an improvement in
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immune responses and intestinal microbiota in the grass carp Ctenopharyngodon idellus
challenged with A. hydrophila [407].

3.5.2. Genetic Engineering and Transgenesis of AMP Genes in Fish

CRISPR/Cas9 gene editing is a powerful tool for enhancing fish immunity by introducing
vector-engineered antimicrobial peptide genes and other immune-related genes. Studies
reviewed by Wang and Cheng [651] show that AMP gene transgenesis in aquaculture
fish reduces bacterial loads, improves survival rates after infection, and modulates the
expression of immune and AMP genes. AMP genes often work synergistically with other
immune-related genes to strengthen defenses, though their effectiveness varies by fish
species, pathogen targeted, and the AMP gene used. While highly effective against
bacterial infections, immune defense by AMP gene transgenesis against viral and
parasitic infections is limited. Additionally, CRISPR/Cas9-based transgenesis can also
combine immune improvements with trait enhancements like rapid growth, sterility, and
improved fatty acid profiles. While CRISPR/Cas9 technology holds great promise for
introducing AMP genes into farmed species, its practical application faces several
challenges. These include the high costs of gene editing, difficulties in scaling these
methods for commercial use, limited genomic knowledge of many farmed species,
challenges in achieving stable AMP gene expression across generations, and significant
regulatory and ethical concerns. Currently, there are no works on the application of
aquatic invertebrates AMPs gene transgenesis, and further work should be done to
explore the significant potential CRISPR/Cas9 gene editing has to offer for sustainable

and efficient aquaculture production.
3.6. Conclusions

The rapid intensification of aquaculture has resulted in higher population densities of
farmed species, increasing their vulnerability to disease outbreaks, while the
overreliance on traditional antibiotics has exacerbated the global AMR crisis. This
underscores the urgent need for alternative strategies to manage pathogens and ensure
the sustainability of aquaculture systems, with AMPs emerging as a promising solution.
As natural components of the humoral defense systems of many organisms, AMPs play
a critical role in protecting hosts from pathogenic threats. These molecules possess
several unique advantages, including immediate and direct antimicrobial action, broad-
spectrum activity against bacteria, viruses, fungi, and parasites, and a low risk of
promoting AMR. Additionally, AMPs exhibit additional bioactivities such as

immunomodulatory, anticancer, and antifouling properties, making them versatile tools
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in biotechnology. Practical benefits of AMPs include cost-effective production, long-term

bulk storage, and rapid availability for deployment during infections.

Marine-derived AMPs are especially promising due to evolutionary adaptations to high-

salinity environments, resulting in improved stability, enhanced electrostatic interactions,

and a broader antimicrobial spectrum—traits that are particularly suited for aquaculture

applications, where salinity fluctuations are common. Despite their potential, research on

AMPs from aquatic invertebrates, particularly from phyla like Cnidaria, Platyhelminthes,

and Porifera, remains underdeveloped. Existing knowledge is fragmented, with limited

information in AMP databases, and dispersed in literature. Around 350 AMPs from 10

invertebrate phyla have been identified, with some demonstrating promising in vitro

results, including activity against 85 pathogens relevant to aquaculture. However, the

lack of in vivo studies hinders the application of these peptides in aquaculture.

Addressing this gap could open new opportunities for using AMPs from aquatic

invertebrates in aquaculture, including their applications as feed additives, therapeutic

agents, and in genetic engineering approaches, such as the transgenesis of AMP genes,

in line with recent successful efforts involving AMPs from other sources.

The application of AMPs in aquaculture faces several technical challenges, including

efficacy, availability, and stability in aquatic environments, as well as ecological

concerns, such as potential impacts on non-target organisms. To overcome these

hurdles, the development of peptidomimetics—synthetically designed molecules

inspired by natural AMPs—presents a promising alternative [652,653]. However,

challenges such as production scalability, regulatory compliance, and other ecological

impacts remain. To fully exploit the potential of AMPs, future research should focus on

expanding the understanding of their natural diversity, particularly regarding their

structures, mechanisms of action, and bioactivities. Comprehensive in vivo assessments

are essential to evaluate their efficacy and safety as feed additives and therapeutic

agents in relevant aquaculture species. Furthermore, advances in genetic engineering,

particularly CRISPR/Cas9-mediated transgenesis of AMP genes into fish genomes, hold

significant promise for developing enhanced aquaculture species. These advancements

can strengthen the immune system of farmed species while also improving key physical

and compositional traits, making them more resilient and ultimately a better aquaculture

product. Exploring the biotechnological potential of AMPs can revolutionize aquaculture,

fostering sustainability and resilience, safeguarding ecosystem health and public well-

being, and curbing antibiotic dependency while tackling the escalating threat of AMR.
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Abstract

Sea anemones (Actiniaria, Cnidaria) are promising targets for biomedical research, as
they produce unique bioactive compounds, including toxins and antimicrobial peptides
(AMPs). However, the diversity and mechanisms underlying their chemical defenses
remain poorly understood. In this study, we investigate the proteomic profiles of the
unexplored sea anemone Actinia fragacea by analyzing its venom nematocyst extract,
tissues, and mucus secretion. A total of 4011 different proteins were identified, clustered
into 3383 protein groups. Among the 83 putative toxins detected, actinoporins,
neurotoxins, and phospholipase A2 were uncovered, as well as two novel zinc
metalloproteinases with two specific domains (ShK) associated with potassium channel
inhibition. Common Gene Ontology (GO) terms were related to immune responses, cell
adhesion, protease inhibition, and tissue regeneration. Furthermore, 1406 of the 13,276
distinct peptides identified were predicted as potential AMPs, including a putative
Aurelin-like AMP localized within the nematocysts. This discovery highlights and
strengthens the evidence for a cnidarian-exclusive Aurelin peptide family. Several other
bioactive compounds with distinctive defense functions were also detected, including
enzymes, pattern recognition proteins (PRPs), and neuropeptides. This study provides
the first proteome map of A. fragacea, offering a critical foundation for exploring novel

bioactive compounds and valuable insights into its molecular complexity.

Keywords: sea anemones, cnidaria, proteomics, toxins, antimicrobial peptides (AMPs)
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4 1. Introduction

The phylum Cnidaria, recognized as the sister group of Bilateria [654], represents the
oldest extant lineage of venomous animals [655-658], encompassing approximately
11,000 described species [659]. This group exhibits remarkable diversity in morphology,
lifecycles, ecology, and development processes, being established by three major clades
— the sessile Anthozoa (e.g., sea anemones, stony corals, and sea fans), the free-living
Medusozoa (e.qg., jellyfish and Hydrozoa), and the microscopical endoparasites Myxozoa
[17,77,660]. These animals possess specialized stinging cells distributed along their
body, named cnidocytes, with harpoon-like large secretory organelles — nematocysts —
that have an established role in venom delivery, being discharged upon contact for prey
capture and defense against predators [6,655,661]. Cnidaria venom is constituted by a
combination of several peptides and other bioactive molecules, collectively referred to
as toxins. Known peptide toxins from Cnidaria include enzymes (e.g., phospholipase A2,
metalloproteinases), membrane-active toxins (e.g., jellyfish toxins, actinoporins and
hydralysins), neurotoxins (e.g., sodium and potassium-channel inhibitory toxins and
SCRIPs — small cysteine rich proteins) and protease inhibitors [24,662—665]. Moreover,
cnidarians rely heavily on their innate immune systems through the production of AMPs,
as they thrived in challenging environments for hundreds of millions of years with high
microbial and viral loads (approximately 10¢ bacteria/mL and 10° viruses/mL of seawater
[666]) and without adaptative immune responses [300,469,667]. Some uncovered AMPs
include Aurelin [492] from the scyphoid jellyfish Aurelia aurita and Damicornin [487] from
the stony coral Pocillopora damicornis, with potent antibacterial and antifungal
properties.

Sea anemones (order Actiniaria) are generally large, solitary soft-bodied polyps usually
attached to rocks or other suitable substrata, with approximately 1350 species estimated
to exist worldwide [668]. They are distributed from tropical to polar regions, occupying
several habitats from the intertidal oceanic zones to depths of more than 10,000 m [661].
Sea anemones possess vital roles in marine ecosystems. They act as predators of
several organisms, including crustaceans, fish, and mollusks, which are caught with
tentacles, paralyzed and secured by the cnidae, and carried to the mouth. Mutualistic
interactions are also common with hermit crabs and fish of the genus Amphiprion
(clownfish) [668]. Sea anemones account for most of the toxins uncovered in Cnidaria,
which have been identified to date by traditional protein analyses [662]. Also, their
ecological function can be inferred by their location in the sea anemone tissues.

Neurotoxins and membrane-active toxins are more common in the tentacles and
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epidermis, supporting prey immobilization and predator deterrence. Enzymatic toxins

support digestive roles in the gastrodermis and mesenteric filaments [656,669-671]. Sea

anemones also have additional structures from other anthozoans. Acrorhagi are found

within the Actiniidae family, inflatable organs located below the tentacles with roles in

intraspecific aggression. Acrorhagins from Actinia equina were the first described toxins

from the acrorhagi, showing lethality in crabs [672]. Additionally, acontia is a structure

unique to specific lineages of the superfamily Metridioidea, constituted from long thread-

like structures formed from the mesenterial filaments with a possible role in defense

[673]. Depending on the species, their toxins may be localized in both nematocysts and

ectodermal gland cells [674]. Interestingly, certain neurotoxins produced by sea

anemones exhibit antimicrobial properties, highlighting a dual role in their survival. These

toxins facilitate prey capture and defend against bacterial infections that could result from

injuries to their tentacles [490,639].

The strawberry anemone A. fragacea [675], with yellow or green spots displayed in its

column, is genetically distinct from the most abundant A. equina in the northern coasts

of Portugal, which shows a high degree of polymorphism. Compared with A. equina, A.

fragacea lacks viviparity, is larger (up to 10cm in diameter), and is mainly found solitary

[676,677]. Five pore-forming toxins (actinoporins) causing hemolysis are known from A.

fragacea, corresponding to the Fragaceatoxins [677,678].

Recent advances in omics technologies—including genomics, transcriptomics,

proteomics, and metabolomics—have significantly deepened our understanding of

marine organisms' ecology, distribution, and defense mechanisms and the ability to

uncover novel bioactive compounds for biotechnological applications. Despite these

developments, the chemical arsenal and protein composition of A. fragacea remains

poorly characterized, with only 111 proteins currently documented in the NCBI database.

In this study, we present a comprehensive proteomic profile of the nematocyst venom

extract, four different tissues and the mucus secretion of the sea anemone A. fragacea,

addressing this knowledge gap (Fig. 12). To the best of our knowledge, this research

represents the first proteomic characterization of this species.
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Sampling of Actinia fragacea Tugwell, 1856 (Praia do Castelo do Queijo, Porto, Portugal)
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Fig. 12 Methodological workflow for proteomic profiling of nematocysts and tissues in A. fragacea.

4.2. Results

4.2.1. LC-MS/MS Analyses and Protein Identification

Specimens of A. fragacea collected from Praia do Castelo do Queijo, Porto, Portugal,
were analyzed to assess their protein and peptide content. The study encompassed the
nematocyst venom extract, four different tissues, and the mucus secretion, providing a

comprehensive overview of the species' proteomic profile (Fig. 13).
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Acrorhagi

Tentacles

Mesenteric
Filaments
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Fig. 13 Overview of sampling location, specimens, and experimental approach for A. fragacea. (a) Map showing the
geographic context of the sampling location, centered on Praia do Castelo do Queijo, Porto, Portugal. (b) Photograph of
A. fragacea in its natural habitat, a tide pool at the sampling site, showcasing the species' distinctive spots in the column.
(c) Microscopic image of nematocysts isolated from A. fragacea tentacles, with a scale bar of 25 pm. (d) Photographs

illustrating the location of the dissected tissues of A. fragacea, including top and side views of the specimen.

A total of 4011 different proteins, clustered into 3383 protein groups, were identified in
A. fragacea across all analyzed samples (Table S 16). Detailed sample composition

statistics are presented in Table 5.

Table 5 Summary of results from A. fragacea protein profiling experiments by LC-MS/MS.

Sample Proteins Protein Groups Total Total
Category (mean * SD) (mean % SD) Proteins  Protein Groups
Acrorhagi 1358 + 275 1086 + 217 1958 1561

Column 1241 + 203 966 + 158 1821 1416

M. Filaments 1523 + 180 1181 £ 129 2078 1580
Mucus 866 + 334 637 + 273 1523 1150
Nematocyst 2156 + 113 1936 + 107 3009 2769

Tentacle 1237 + 186 980 + 154 1660 1322
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“Proteins (mean + SD)” and Protein Groups (mean + SD)” indicate the average number and respective standard deviation
of unique proteins and protein groups identified per sample category. “Total Proteins” and “Total Protein Groups” show

the cumulative counts of unique proteins and protein groups identified across all samples within each category.

In total, 891 proteins were ubiquitous and identified across all sample categories (Fig.
14). Nematocysts were the samples with more exclusively identified proteins (1440),
followed by mesenteric filaments (147), acrorhagi (50), mucus (35), and tentacles (16).
Interestingly, no proteins were exclusive from column samples. Acrorhagi, column, and

mesenteric filaments shared the highest number of proteins (1735), while mucus,

nematocysts, and tentacles shared the lowest (Table 6).

Acrorhagi

Column

Mesenteric Filaments
Mucus

Nematocyst

Tentacle

Fig. 14 Area-proportional Venn diagram illustrating the overlap of identified proteins across six sample categories,
including nematocysts, tissues and mucus secretions of A. fragacea. Generated using DeepVenn

(https://www.deepvenn.com, accessed on 10 January 2025).

Table 6 Pairwise comparison of shared proteins across sample categories, highlighted by gradient coloring (red shades

indicate higher protein overlap, while blue shades indicate lower protein overlap)

A C F M T N
A 1424 1616 1398
C 1446 1556 1346
F 1446 1574 1407
M 1424 1446 1446
T 1616 1556 1574
N 1398 1346 1407
A: Acrorhagi; C: Column; F: Mesenteric filaments; T: Tentacle; N: Nematocysts.

4.2.2. Functional Annotation
A comprehensive functional analysis was conducted to gain insight into the biological

roles of the identified proteins. InterProScan was used to predict Pfam protein domains
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and key functional sites, with the analysis performed separately for each sample
category to identify functional differences. InterProScan was run independently for each
sample category to all validated proteins and a subset of uncharacterized proteins (e.qg.,
hypothetical, predicted without annotation, unnamed protein product) (Fig. 15). The
results revealed that the Immunoglobulin-I set domain is the most abundant across all
sample types. Nematocyst samples contained the most identified protein domains,
including several exclusively found in them. Interestingly, the Concanavalin A-like
lectin/glucanases superfamily was the second most abundant domain in tentacle
samples but was absent in all the other categories. Also, the Thyroglobulin type-1 repeat
domain was highly present in all sample types except the column. Among
uncharacterized proteins, the most common domains across all sample types included
Thyroglobulin type-1 repeat, von Willebrand factor type A, Thrombospondin type 1, and
EGF domains. These are often associated with protease inhibition, cell adhesion, tissue

remodeling, and cell growth. Complete InterProScan results are provided in Table S 17.

Top Pfam Domains Of All Proteins Across Each Sample
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Fig. 15 Top Pfam domains identified in A. fragacea samples: (a) all proteins (minimum 25 copies), (b) uncharacterized
proteins (minimum six copies).

A common toxic domain found in potassium channel inhibitors of sea anemones, the
Stichodactyla toxin (ShK) domain-like, was detected with high abundance across all
samples. Among the 17 uncharacterized proteins containing this domain, two proteins
from the transcriptomes of Anthopleura elegantissima (Aelegantissima_304099 TSA)
and Anemonia viridis (Avirdis_207505_SRA) identified in nematocysts, showed high
percentage identity with zinc metalloproteinases containing ShK and astacin domains
from other sea anemones, suggesting potential toxin functionality (Table 7). Additionally,
several other major domains associated with the nematocyst proteome that may contain
toxic functions include Kazal-type serine protease inhibitor domains, the cysteine-rich
secretory protein family (CAP/CRISP), and Kunitz/bovine pancreatic trypsin inhibitor
domains. Ubiquitin family domains were detected in all samples, with their peptides

potentially possessing immune function. Detailed functional annotation results are
available in Tables S 17 and S 18.

Table 7 Identification of a zinc-metalloproteinase (ZnMc) domain and two ShK domains in two proteins identified in the
nematocyst proteome of A. fragacea.

Protein Aelegantissima_304099_ TSA Avirdis_207505_ SRA
Domain 1 ZnMc (152-291; 5.88 x 10%?) ZnMc (163-302; 2.19 x 10%7)
Domain 2 ShK (351-391; 1.96 x 1073) ShK (364-402; 2.16 x 107)
Domain 3

ShK (397—-432; 6.46 x 10*) ShK (408—444; 5.24 x 10*)
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VFU02998.1 (0; 73.77%) VFU02998.1 (0; 72.65%)
BLASTp Results XP_031553445.1 (0; 72.31%) XP_031553445.1 (0; 72.54%)
P VFU02997.1 (2.0 x 10°1%0; VFU02997.1 (2.0 x 10°%;
57.89%) 63.88%)
S T )

Domains

These proteins are homologous to transcripts from A. elegantissima and A. viri[dis obtailln\ned from the putative toxin-tailored
database. The homologous sequences include VFU02998.1 (mRNA, Oulactis sp. MM-2018), XP_031553445.1 (zinc
metalloproteinase nas-15-like, Actinia tenebrosa), and VFU02997.1 (mRNA, Oulactis sp. MM-2018). Domain start—end

positions and E-values are shown in parentheses. BLASTp results show homologous sequences, along with their E-

values and percentage identities. Protein domain representations were obtained using the SMART database [679].

Proteins annotated by InterProScan were further blasted for Gene Ontology (GO)

mapping and annotation using Blast2GO software (implemented in the OmicsBox

platform version 3.4.0). The annotation process followed standard GO configuration

parameters, and redundancy was eliminated through GO validation. Proteins were

categorized into the three main GO domains at Ontology level 2: cellular component
(CC), biological process (BP), and molecular function (MF) (Fig. 16). A total of 11,740

GO annotations were assigned, with an average GO level of 6.65 and a standard

deviation of 2.39 (Fig. S 7). The annotation results indicate that the identified proteins

are predominantly localized in the cytoplasm, primarily involved in binding functions, and

participate in biological processes such as proteolysis.

Additionally, the annotated proteins were categorized according to their enzymatic

functions by mapping the corresponding Enzyme Commission (EC) codes to their

respective annotations (Fig. S 8 and S 9).
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Fig. 16 The most represented GO terms of the A. fragacea samples in the three domains of biological process, molecular

function, and cellular component.

4.2.3. Putative Venom Proteins Identified in A. fragacea
Overall, 83 putative toxins were detected (Fig. 17). Of these, 32 constitute well-

characterized toxins, while 51 may be related to venom-like functions (Fig. 18).

Putative Toxin Families Detected in the Proteome of Actinia fragacea

= Metalloproteinase

m Actinoporin

m Sea Anemone Type 3 (BDS) KTx
Phospholipase A2

m Peroxiredoxin

® Sea anemone Type 2 (Kunitz-Type) KTx

m Sea anemone NaTx

m Chitinase

= Peptidase

m Cobra Venom Factor

® MACPF family toxin

= Natterin
= NEP-6
= Neuropeptide ShK
= Sea anemone 8 toxin family
Venom phosphodiesterase
= Venom prothrombin activator
6 = Verrucotoxin

® 5-Nucleotidase
= Venom Allergen (CAP)
® Phospholipase C

Fig. 17 Overview of toxin family types detected in the proteome of the sea anemone A. fragacea, including nematocysts,

tissues, and mucus secretions. KTx — potassium-channel inhibitory toxins; NaTx — sodium-channel inhibitory toxins. In
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the legend, toxin families are arranged in descending order of abundance. Comprehensive details of the detected toxins

associated with each family can be found in Table S 19.
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71 Actinoporin (APQ32069.1)

Actinoporin (CAA2284939.1)
Cobra venom factor-like (XP_031560360.1)

53 Cytolysin (ALL34494.1)
DELTA-actitoxin-Afrlb/ Fragaceatoxin A (PODUWS)
DELTA-actitoxin-Afrlc/ Fragaceatoxin B (ADA515MEN7)
DELTA-alicitoxin-Pse2b-like (XP_031572095.1)
DELTA-thalatoxin-Avlla-like (XP_044167121.1)
Equinatoxin V precursor/ DELTA-actitoxin-Aeqlb (AAC05720.1)
Kappa-actitoxin-Avdde-like (AOAGPEHE12)
Kappa-actitoxin-Avd4m (PODMY7)
KappaPl-actitoxin-Avd3a/Kunitz-type proteinase inhibitor 5 IT (P10280.2)
KappaPl-actitoxin-Avd3e-like (AOA6PSHTQ4)
Natterin-4-like (ADA6PSIY19)
Nematocyst expressed protein 6-like (XP_031561243.1)
Neuropeptide ShK-like2 (A75RR3.2)
Phospholipase A2 (AOA6PSHBI3)
Phospholipase A2 A2-actitoxin-Cgg2a-like (XP_031553863.1)
Pl-actitoxin-Aeq3a-like (XP_031550082.1)
Putative neurotoxin 2-2 precursor / Delta-actitoxin-Aeq2b 2 (ABW97359.1)
Sodium channel toxin protein (ALL34521.1)
Sodium channel toxin protein (ALL34523.1)
Type II potassium channel toxin protein (AOAOSIM168)
Type Il potassium channel toxin protein (ALL34537.1)
Type III potassium channel toxin protein (ALL34538.1)
Type LI potassium channel toxin protein (ALL34553.1)
U-actitoxin-Avd3g (PODN07.1)
U-actitoxin-Avd3r (PODN19)
U-actitoxin-Avd8d-like (XP_031551814.1)
Venom phosphodiesterase-like (XP_031551600.1)
Venom prothrombin activator oscutarin-C non-catalytic subunit-like isoform X1 (XP_031566310.1)
Verrucotoxin subunit beta (AQA2B4R557)
A disi in and lloprotei with thrombospondin motifs 16-like (XP_031559185.1)
A disintegrin and metalloproteinase with thrombospondin motifs 16-like (XP_031573976.1)
A disintegrin and metalloproteinase with thrombospondin motifs 18-like (XP_031559179.1)
A disintegrin and metalloproteinase with thrombospondin motifs 6-like (A0AGPSIZUS)
A disintegrin and metalloproteinase with thrombospondin motifs é-like (XP_031563380.1)
A disintegrin and protei with th bospondin motifs adt-1-like isoform X1 (ADA6PSI6S0)
A disintegrin and metalloproteinase with thrombospondin motifs adt-1-like isoform X1 (XP_031561120.1)
A disintegrin and metalloproteinase with thrombospondin motifs adt-2-like (ADA6PSHOI0)
Acidic endochitinase-like (XP_031573002.1)
Acidic mammalian chitinase-like (AOA6PSIZGY)
Acidic mammalian chitinase-like (XP_031573816.1)
ADAMI10 endopeptidase (ADASPRHQWO)
ADAMI10 endopeptidase (AOA6PE]5X0)
Cytosolic 5'-nucleotidase 1A-like isoform X1 (XP_031569682.1)
Digestive cysteine proteinase 2-like (XP_031549819.1)
Golgi-associated plant pathogenesis-related protein 1-like (AOA6PSHIR0)
Group XV phospholipase A2 (XP_020894635.1)
Group XV phospholipase A2-like (XP_031572943.1)
Matrix metalloproteinase-9-like (XP_031549712.1)
Metalloendopeptidase (ADAGPSHASY)
Metalloendopeptidase (ADA6PSHE49)
Metalloendopeptidase (ADAGPSHTFS)
Metalloendopeptidase (ADAGPSHTKS)
Metalloendopeptidase (ADAGPSHXZS)
Metalloendopeptidase (ADA6PSIBCS)
Metalloendopeptidase (ADA6PSID79)
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Peroxiredoxin-5 (AOAGPS[1R1)
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Fig. 18 Heatmap of the venom protein expression across nematocysts, tissues, and mucus secretion samples in A.

fragacea. Proteins highlighted in yellow constitute well-characterized toxins, while those highlighted in blue are related to
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venom-like functions. The expression levels of each protein across sample types were log-transformed using the formula
logz (mean of the normalized total spectrum counts from the three biological replicates +1). The heatmap was constructed

using Morpheus https://software.broadinstitute.org/morpheus (accessed on 7 January 2025).

Most toxins identified showed close identity with those from Actinia (59/83), followed by
Anemonia sulcata (8/83), A. equina (3/83) and A. viridis (3/83). Two common
actinoporins from A. fragacea were detected in the proteomic data: DELTA-actitoxin-
Afr1b/Fragaceatoxin A (PODUWS), which was exclusively expressed in the nematocysts,
and DELTA-actitoxin-Afr1c/Fragaceatoxin B (AOA515MEN7), which was expressed in all
sample types but exhibited higher expression in the mucus. Among the toxins detected,
most were identified as putative metalloproteinases (33/83), followed by actinoporins
(7/83), members of the sea anemone type 3 (BDS) potassium channel toxin family (6/83),
and phospholipases A2 (6/83). XP_031553863.1 and XP_031553799.1 from A.
tenebrosa were classified as toxins based on the presence of the phospholipase A2
domain (Table S 17), high sequence similarity to other PLA2s from other sea anemones
and snakes, and the presence of conserved catalytic residues (Fig. 19).

(a)

XP_031553863.1 (100%), 18 813,9 Da
phospholipase A2 A2-actitoxin-Cgg2a-like [Actinia tenebrosa]

1 lusive unique peptides, 1 lusive unique spectra, 1 total spectra, 14/159 amino acids (9% coverage)
MKSFALVILW LALQLLGVAR SNEELDLDSS KYEDDVQVSK RSVLQFYTMI RSQTGRDPKD
YMGYGCWCGY GGKGRPVDEV DRCCQQHDWC YNRLYKTRRI CGRYEIYHKN YYYSGLKCYK
GWLSSRCGRS LCACDVAAVK CFKRNRFNNR YKDWNKKSC
XP_031553799.1 (100%), 20 043,9 Da
basic phospholipase A2 pseudexin A chain-like [Actinia tenebrosa]
1 unique peptides , 1 lusive unique spectra, 1 total spectra, 16/174 amino acids (9% coverage)
MGKVLYTKCS MLLAMILVMS VIVSSKVVKH LKKNKDHHYG KNHRKVDVPA QKRQLWQFKN
MIECATGRST FDFVNYGKYC GWGGSGIPVD DLDRCCQVHD ECYGDWKECR PKSNLYDYKL
SGEHPQCNIT CSHNPKNTEC ERAVCICDKL AAECFAKSHY NPEHKKPTFN FLGW
] 19 20 EY 40 0 o 7 8 £y
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Fig. 19 Identification and alignment of the phospholipase A2 (PLA2). The amino acid sequence of the two identified PLA2
domains in the nematocyst proteome of A. fragacea are represented in (a) XP_031553863.1 and (b) XP_031553799.1,
both derived from the genome of A. tenebrosa. (c) Multiple sequence alignment of the identified PLA2 with others from
sea anemones (Condylactis gigantea [CONGI], Bunodosoma caissarum [BUNCI], Urticina crassicornis [URTCR],
Adamsia palliata [ADAPA] and snakes (Vipera ammodytes [VIPAA], Daboia russelii [DABRR], and Oxyuranus scutellatus
[OXYSC]). The signal peptides are highlighted in yellow, the propeptide in dark blue, and mature peptide in pink. The
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PLA2 domain detected in the identified proteins is marked in red. The catalytic center characteristic of PLA2 is highlighted

in light blue. Generated using Geneious software (version 11.1.5).

Other neurotoxins commonly found in sea anemones were also detected, including five

sea anemone type-2 potassium channel toxins/Kunitz-type proteinase inhibitors, two sea

anemone sodium-channel inhibitory toxin families, and one sea anemone 8 toxin family.

Other interesting compounds include the detection of Natterin-4-like expressed in all

sample categories but with higher expression in the mucus and the Verrucotoxin subunit

beta, detected exclusively in nematocysts. These are common toxins from the venom

glands of Thalassophryne nattereri and Synanceia verrucosa fish. Furthermore, two

toxins typically found in the sea anemone Nematostella vectensis were identified: the

metalloprotease nematocyst expressed protein 6-like, present in all tissues, with higher

expression in the column, and the neuropeptide ShK-like2, which was detected

exclusively in the nematocysts (Fig. 20). All information is available in Table S 19.
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Darmata_169064_SRA [TVMNKRACYDRFPY L CINREN GBTMKMMH-R WY/ C]
Haurora_80923_TSA TLNKRACYDKYPYL ClERIASISIBIYII CIANANHRISHAF 1DV CRIFT CIZISC]
Osp._112712_SRA MNKRACNDKFPYL CINRIZ GBVM-N-KMHH E@
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Fig. 20 Multiple sequence alignment of ShK-like neuropeptides detected in the nematocyst proteome of A. fragacea.

These are derived from the transcriptomes of the sea anemones Dofleinia armata (Darmata_169061_SRA,
Darmata_169064_SRA), Heteractis aurora (Haurora_80923_TSA), Oulactis sp. (Osp._112712_SRA), and A.
elegantissima (Aelegantissima_175497_TSA) and had high sequence identity (E-value 1 x 103 — 4 x 10'%) with the

neuropeptide Shk-like2 from the sea anemone N. vectensis (A7SRR3). The signal peptides are highlighted in yellow, the

propeptide in dark blue and mature peptide in pink. The peptides identified in the proteome of A. fragacea are highlighted

in light blue. Generated using Geneious software (version 11.1.5).

In addition, a whole animal sample was included as a preliminary test, and interestingly,

this analysis revealed the presence of two exclusively identified cephalotoxin-like

proteins, which are known for their neurotoxic properties and potential bioactivity (Fig.
21).
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ADAGPSIMR2 (100%), 109 206,0 Da
SE-cephalotoxin-like 0S=Actinia tenebrosa 0X=6105 GN=L0OC116302879 PE=3 SV=1
1 exclusive unique peptides, 1 exclusive unique spectra, 7 total spectra, 102/958 amino acids (11% coverage)
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AOAGPS8HNE1 (100%), 106 626,1 Da
SE-cephalotoxin-like OS=Actinia tenebrosa O0X=6105 GN=LOC116293223 PE=3 SV=1
2 exclusive unique peptides, 2 exclusive unique spectra, 8 total spectra, 114/941 amino acids (12% coverage)
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Fig. 21 Amino acid sequences of the two identified cephalotoxin-like proteins, with the detected peptides highlighted.

4.2.4. Putative Peptides with Antimicrobial Activity Identified in A. fragacea

Several bioactive compounds with potential immune-related and antimicrobial functions
were identified, providing valuable insights into the organism’s defense mechanisms.
Among these, AMPs such as Aurelin-like peptide and Myticin-A were detected (Fig. 22).
Additionally, immune-related molecules, including neuropeptides like RFamide,
enzymes such as peroxiredoxins, and PRPs like lectins were also detected (Table S 20).
These findings highlight the organism’s diverse biochemical repertoire for pathogen

defense and immune regulation.
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AOA6PBHHTO (98%), 9 032,3 Da
Antimicrobial peptide aurelin-like OS=Actinia tenebrosa O0X=6105 GN=L0OC116289367 PE=4 SV=1
1 exclusive unique peptides, 1 exclusive unique spectra, 1 total spectra, 14/77 amino acids (18% coverage)
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Fig. 22 |dentification and alignment of the Aurelin-like antimicrobial peptide. (a) Amino acid sequence of the identified
Aurelin-like antimicrobial peptide, with peptides detected in this study highlighted. (b) Multiple sequence alignment of
Aurelin from A. aurita and Aurelin-like antimicrobial peptides from A. tenebrosa and P. damicornis. The signal peptides
are highlighted in yellow, the propeptide in dark blue and mature peptide in pink. The ShK domain is marked in red, while
the six cysteine residues forming the conserved motif are highlighted in light blue. Generated using Geneious software

(version 11.1.5).

To further explore the antimicrobial potential of the identified trypsinized peptides,

peptide predictions were performed using the Collection of Anti-microbial Peptides
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(CAMPR4) https://camp.bicnirrh.res.in/ (accessed on 20 January 2025), and the

Antimicrobial

Peptide Scanner

vr.2 https://www.dveltri.com/ascan/v2/ascan.html

(accessed on 20 January 2025). The CAMPRA4 tool predicted a total of 2950 AMPs, while

the Antimicrobial Peptide Scanner vr.2 identified 2073 with antimicrobial potential (Table

S 21). Upon comparison, 1037 peptides were predicted as AMPs by both tools, which

represents approximately 5% of the 20,353 distinct peptides identified in the entire

dataset. Importantly, only nine peptides from the total dataset achieved a prediction

probability greater than 90% in both tools, indicating a relatively high level of confidence

in their antimicrobial potential (Table 8).

Table 8 Peptides predicted to be AMPs with over 90% probability according to both CAMPR4 and Anti-microbial Peptide

Scanner vr.2.
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4 .3. Discussion

4.3.1. Comparative Analysis of Protein Content and Distribution Across Sample
Categories

Total protein content varied significantly across the different sample categories.
Nematocysts exhibited the highest protein content, followed by mesenteric filaments and
acrorhagi, while mucus samples showed the lowest. These differences may reflect the
distinct nature of the samples and variations in the sample preparation protocols.
Notably, nematocyst samples were processed using a different method than the other
sample types, as explained in the methods section. The standard deviation for proteins
and protein groups was particularly high in the mucus samples, potentially reflecting the
inherent variability of mucus composition or challenges associated with sample
collection. Nematocyst samples were the samples with the most distinctive content.
Internal tissues (mesenteric filaments and column) show stronger overlap, likely due to
shared metabolic or structural proteins, whereas mucus and nematocyst samples have

distinct protein profiles due to their more specialized functions.

4.3.2. Functional Annotation of Identified Proteins

The most common Pfam domains identified in the proteome of A. fragacea were
associated with housekeeping functions. Immunoglobulin I-set domains, which are
involved in immune defense mechanisms in antibodies or cell surface receptors, were
also receptors. However, like other marine invertebrates, sea anemones lack adaptive
immune responses and instead rely on their innate immune systems, including PRRs—
pattern recognition receptors—that recognize intracellular and extracellular molecular
patterns associated with microorganisms or cellular damage [680] The high presence of
this domain in the proteome of A. fragacea underscores their critical role in survival in

high microbial marine environments. Several immunity-related domains were also
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identified in the immunotranscriptome of other Anthozoans [681]. These domains may
be associated with cell adhesion molecules (CAMs), which mediate cell interactions in
the nervous system and potentially support nerve regrowth and tissue organization in
sea anemones [682]. Additionally, other commonly found domains in the proteome of A.
fragacea included the von Willebrand A (VWA), Thrombospondin Type 1 (TSP1),
Thyroglobulin type-1 Repeat, and Epidermal Growth Factor (EGF) domains. The VWA
domain is known to be involved in cell adhesion, extracellular matrix proteins, and
integrin receptors [683]. TSP1 proteins are multidomain glycoproteins involved in tissue
homeostasis and remodeling. Notably, the phyla Cnidaria and Porifera encode a broader
diversity of TSP superfamily members than vertebrates [684]. For instance, a TSP from
Hydra magnipapillata was identified as a major component of the cnidarian mesoglea,
where it plays a crucial role in head regeneration [205]. Similarly, a TSP from the sea
anemone N. vectensis was found to be upregulated during regeneration, being present
in neuron-like cells within the mesoglea of the retractor muscles and the pharynx [685].
Thyroglobulin type-1 repeat is often associated with protease inhibition. For instance,
Equistatin, detected in the mesenteric filaments of A. fragacea, is a protein found in A.
equina that contains three of these domains and acts as an inhibitor of papain-like
cysteine proteinases and the aspartic proteinase cathepsin D [686] (Table S 19). EGF
domains, which are associated with cell growth, proliferation, and differentiation, were
also notably abundant. Additionally, an EGF-like toxin, Gigantoxin | (UniProt: Q76CA1),
isolated from the nematocysts of the sea anemone Stichodactyla gigantea, shows 31-
33% sequence identity with mammalian EGF. This toxin exhibits EGF-like activity by
inducing cell rounding in human epidermoid carcinoma A431 cells and promoting
tyrosine phosphorylation of the EGF receptor while also displaying potent paralytic
activity in crabs [687].

Several toxin-like domains were also detected in the proteome of A. fragacea. ShK
domains were found in mucin-like glycoproteins from nematodes, which are implicated
in parasite immune invasion [688], and in cysteine-rich secretory proteins (CRISPs),
found in the mammalian male reproductive tract and in the venom of reptiles [689]. In
sea anemones, these domains are associated with potassium channel toxin inhibitors,
including BgK from Bunodosoma granulifera [690], and ShK from Stichodactyla
helianthus [691]. In the current study, two proteins with zinc metaloproteinases and ShK
domains, homologous to other sea anemone metalloproteinases, were detected,
suggesting a potential role in toxin function. Similar findings were reported in the jellyfish
Pelagia noctiluca and the sea anemone N. vectensis [692] Domains commonly

associated with protease inhibitors were also detected in the nematocyst proteome of A.
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fragacea, including Kunitz/bovine pancreatic trypsin inhibitor domains, commonly found
in other venomous organisms, and Kazal-type serine protease inhibitors, previously
detected in the venom of other sea anemones [693].

Additionally, several ubiquitin domains were also identified. While ubiquitin is primarily
recognized for its role as a post-translational modification that targets proteins for
proteasomal degradation, ubiquitin-derived peptides are known to contain antimicrobial
activity [694], making them an interesting target for biomedicine in cnidaria proteomic

studies.

4.3.3. Identification of Putative Venom Proteins in A. fragacea Reveals a Diverse
Toxin Arsenal

Sea anemones are known to produce a diverse range of toxins with mixed functionalities.
To understand their chemical arsenal, several proteomics studies have been made,
including for Bunodactis verrucosa [695], B. caissarum [696], Bunodosoma cangicum
[697], Entacmaea quadricolor [698], Heteractis magnifica [699] and Stichodactyla
haddoni [700].

Here, we detected different toxin types. We detected seven actinoporins, common pore-
forming toxins specific to sea anemones that interact with sphingomyelin from animal
cell membranes to form oligomeric pores [701]. Here, we detected two out of the five
fragaceatoxins previously isolated from A. fragacea itself: FraA and FraB. We may have
only detected these because they are known to be the most thermally stable isoforms.
Additionally, they are the most potent toxins causing hemolysis (HC50 of 0.4 and 0.3,
respectively) of sheep red blood cells [678]. Both are expressed in the nematocysts of
A. fragacea, but curiously, only FraB was detected in the tissues and mucus secretion,
with higher expression in mucus, which could mean distinct intracellular locations and
ecological functions. Additionally, Equinatoxin-V (DELTA-actitoxin-Aeq1b) from A.
equina [702] was also detected in all sample types (with higher expression in
nematocysts and mucus), as well as four other homologous actinoporins from the sea
anemones A. equina (APQ32069.1), Oulactis sp. (CAA2284939.1), and A. sulcata
(ALL34494.1), and the stony coral Acropora millepora (XP_044167121.1).This provides
evidence that the A. fragacea membrane-active toxin arsenal may be more diversified.
We also detected some neurotoxins. Of the sea anemone potassium channel toxin
family, we found five toxins of type Il (venom Kunitz-type family) and six of type Ill (BDS)
with close identity to others from A. viridis, A. sulcata and A. tenebrosa. Type-Il KTx are
homologous to Kunitz-type inhibitors of serine proteases, possessing dual functionality

by blockage of Kv activity, namely Kv1.2 channels, and also by inhibiting rapid
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degradation of the venom by endogenous enzymes of prey [663]. On the other hand,
type-lll KTx include BDS-I and Il from A. viridis [703] and APETx1 from A. elegantissima
[704] and are involved in blocking of Kv3 subunits or ERG (ether-a-go-go, Kv11.1)
channels [663]. We also detected two sea anemone sodium-channel toxins, including
Delta-actitoxin-Aeqg2b 2 from A. equina.

Previously, metalloprotease NEP-6 was detected in the nematocytes and pharyngeal
glands in later life stages of the sea anemone N. vectensis [705]. Here, we had a similar
pattern, where a NEP-6 like toxin is expressed in both nematocysts and mesenteric
filaments and may be a common toxin expressed in all sea anemones that may aid in
digestion. Another interesting compound from N. vectensis, the toxin-like Neuropeptide
ShK-like2, was also detected in the nematocysts of A. fragacea. This neuropeptide,
together with the neurotoxin ShK-like1, have a contraction paralysis effect on zebrafish
and body contraction on Nematostella polyps [706]. As previously mentioned, the ShK-
like2 peptide is conserved throughout sea anemone phylogeny [706]. In the present
work, homologous genes to this peptide were detected in the transcriptomes of A.
elegantissima, D. armata, H. aurora, and Oulactis sp., further supporting this assumption.
Additionally, we detected two interesting PLA2 domains (XP_031553863.1 and
XP_031553799.1, both derived from the genome of A. tenebrosa) with close identity to
others from sea anemones and snakes, with the conserved catalytic domain. PLA2 has
been convergently recruited into the venom of several taxa, including cephalopods,
cnidarians, insects, arachnids, and reptiles [707].

Other interesting toxins found in the proteome of A. fragacea included a toxin
homologous to the Verrucotoxin subunit beta (AOA2B4R5S7) [708], which has hemolytic,
cytolytic, hypotensive, and calcium-channel-modulation activities, and Natterin-4-like
(AOABP8IY19), a class of toxins from stonefish that demonstrates nociceptive, edema-
inducing and kininogenase activities [709]. This is evidence of convergent evolution of
toxins across the animal kingdom, and sea anemones may have ancestral toxin-like

genes that suffered neofunctionalizations.

4.3.4. A. fragacea Reveals Peptides With Putative Antimicrobial Activity

Sea anemones are known to produce several bioactive compounds that contribute to
their innate immune defense system. Among these, AMPs are particularly understudied,
with only two examples reported to date: Crassicorin from U. crassicornis [490] and
Equinin from A. equina [491]. In this work, two putative AMPs were identified: Aurelin-
like peptide and Myticin. Aurelin, the first AMP described in cnidarians, was initially

isolated from the moon jellyfish A. aurita [492]; a putative Aurelin homolog was predicted
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from the transcriptome of the coral P. damicornis (XR_003447557), while another
potential homolog, referred to as Aurelin-like peptide, was identified in A. tenebrosa
(AOABGP8HHTO). This peptide has a 6-cysteine residue motif and a ShK domain
characteristic of Aurelin. The Aurelin-like peptide identified in A. fragacea in the present
work may represent another member of a cnidarian-exclusive Aurelin peptide family.
Given its evidence in the proteome of a sea anemone, evolutionary studies targeting this
family should be performed to understand the origin and phylogenetic distribution of
Aurelin-like peptides. Myticin, on the other hand, is a well-characterized AMP that has
been exclusively identified in mussels [518]. Its detection in A. fragacea samples is likely
attributable to cross-contamination, given the strong evidence supporting its mussel-
specific origin. This is further supported by the presence of mussels (Mytilus spp.) in the
tide pools where the sea anemones were collected, which could explain the detection of
Myticin in the samples. This finding underscore both the importance of Myticin in Mytilus
defense system and the need for caution when interpreting AMP data from
environmental samples.

Putative peptides with antimicrobial activity include not only AMPs but also other
bioactive compounds with antimicrobial properties. Among these are RFamide peptides,
a class of neuropeptides defined by a C-terminal arginine and an amidated phenylalanine
motif. While their primary function involves neuroregulation, such as cell signaling within
the nervous system [710], RFamide lll identified in the cnidarian Hydra, also exhibits
antimicrobial activity [596]. In the present work, an Antho-RFamide neuropeptide type-
1-like isoform X2 was detected in all sample types analyzed except for the mesenteric
filaments. Peroxiredoxins are a conserved family of antioxidant enzymes present across
all domains of life that use a highly reactive cysteine residue to neutralize hydroperoxides
[711]. Their activity relies on a recycling mechanism mediated by thioredoxin, which
restores their catalytic function by reducing oxidized cysteine residues in their active
sites. Peroxiredoxins are classified into six subfamilies, four of which are represented in
cnidarians (Prx1-AhpC, BCP-PrxQ, Prx5, and Prx6) [712]. A key portion of the (Prx5)
peroxiredoxin-5 active site (AFTPGCSKTHL) has been identified. Moreover,
peroxiredoxins also perform functions such as molecular chaperone and phospholipase
activities, contributing to the host antimicrobial defenses.

The innate immune response is mediated by the recognition of pathogen-associated
molecular patterns (PAMPs) through pattern recognition proteins (PRPs). Lectins, which
are carbohydrate-binding proteins, play essential roles in immune responses, cell
signaling, and pathogen recognition [713]. By binding to PAMPs such as

lipopolysaccharides in Gram-negative bacteria or mannose in fungi, certain lectins can
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trigger innate immune responses, including processes like phagocytosis and the
activation of signaling pathways involved in inflammation and immune defense [714]. In
this study, Galectin, L-rhamnose-binding lectin ELEL-1-like, and Malectin-A-like lectins
were directly identified from the Scaffold report, while C-type lectin domain-containing
protein and SUEL-type lectin domain-containing protein were detected through GO
annotations. Additionally, one uncharacterized protein was manually identified based on
its GG-type lectin domain profile, further emphasizing the diverse lectin repertoire
present in A. fragacea. Additional proteins associated with pattern recognition processes
were identified, including Toll-interacting protein-like, and a variety of scavenger
receptors (SRs). SRs represent a highly diverse superfamily of innate immunity genes
that are essential for microbial ligands recognition and facilitating phagocytosis of
pathogens [715]. Among the identified SRs were macrophage SR types | and ll-like, SR
cysteine-rich type-1 protein M130 and M130-like, and SR cysteine-rich domain

superfamily protein-like.
4 4. Materials and Methods

4.4.1. Sample Collection and Preparation

A total of 19 specimens of the sea anemone A. fragacea were collected in April 2024
from Praia do Castelo do Queijo, Porto, Portugal (41.1639341, —8.6880545) during low
tide (Fig. 13). The specimens were maintained in aerated aquaria under starvation
conditions for two days to eliminate potential impurities, such as food particles and
excretions. The samples were divided into two groups. The first group consisted of four
batches, each containing four biological replicates (n = 16). Tentacles were dissected
from the specimens and placed in distilled water at 4 °C to induce osmotic lysis of
nematocytes, leading to the release of the nematocysts. The resulting suspension was
filtered using Falcon cell strainers with a 100 ym mesh size and centrifuged at 10,000x
g for 15 min at 4 °C to remove debris and concentrate the nematocysts. The isolation of
nematocysts was confirmed through electron microscopy using a Leica DMi8 widefield
microscope equipped with a Hamamatsu ORCA Flash v3 camera, and the samples were
stored at —80 °C until protein extraction. The second group comprised three specimens
(n = 3). Mucus and four tissue types—acrorhagi, tentacles, mesenteric filaments, and

column—uwere dissected and stored at —80 °C for subsequent analyses.

4.4.2. Protein Extraction
Nematocyst and tissue samples were thawed on ice and incubated in SDT buffer (2%
SDS, 0.1M Tris/HCI pH 7.6, and 0.1 M dithiothreitol) at a ratio of 0.5 g fresh weight/mL.
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Protease inhibitors (Halt PI Cocktail, Cat No. 78429, Thermo Fisher Scientific, Waltham,
MA, USA) were added at a 1:100 dilution. Samples were kept in the dark at room
temperature (RT, 21 °C) for 20 min. Tissue samples were homogenized for 1 min in a
cold room (0 °C) using a benchtop homogenizer (Kinematica Polytron Model PT MR
2100). All samples were sonicated for 1 min, with 10 s intervals, at a pulse amplitude of
15 ym (MSE Soniprep 150). Samples were heated to 95 °C for 3 min, followed by
centrifugation at 16,000x g for 1 h at RT. The resulting supernatants were transferred to
new Eppendorf tubes, and total protein concentration was measured by absorbance at
280 nm using a NanoDrop One spectrophotometer (Thermo Fisher Scientific, Waltham,

MA, USA). Extracted protein samples were stored at —20 °C until further use.

4.4.3. Filter Aided Sample Preparation for LC-MS Analyses

The Filter-Aided Sample Preparation (FASP) method was performed as described by
Wisniewski et al. (2009) [716] with modifications. Protein samples were diluted to a
concentration of 1 ug/uL, in SDT buffer. A total of 30 uL of diluted protein sample was
mixed with 200 uL of UA buffer (8 M urea in 0.1 M Tris/HCI, pH 8.5). The mixture was
transferred to pre-washed filter units (Merck Millipore Amicon Ultra 0.5 mL, Ultracel 10K,
Cat. No. UFC501096, Merck Millipore, Darmstadt, Germany) and centrifuged at 14,000x
g for 20 min. The flow-through was discarded, and iodoacetamide solution (100 uL, 0.05
M iodoacetamide in UA buffer) was added to the filter, mixed at 600 rpm for 1 min using
a Thermomixer, and incubated in the dark at RT for 20 min. Filters were then centrifuged
at 14,000x g for 20 min. Three washes were performed with 100 yL UA buffer for sample
washing, centrifuging at 14,000x g for 15 min each. Three additional washes were
carried out using 100 L of 0.05 M ammonium bicarbonate, centrifuging at 14,000x% g for
10 min each. Peptide digestion was performed by adding trypsin (Roche, recombinant,
proteomics grade, Cat No. 3708985001, Mannheim, Germany) at a 1:100 enzyme-to-
protein ratio in 0.05 M ammonium bicarbonate. Samples were mixed at 600 rpm for 1
min in a Thermomixer and incubated in a wet chamber at 37 °C for 16h. Digested
peptides were eluted into new collection tubes by centrifugation at 14,000x g for 10 min.
A second elution step was performed using 0.5 M NaCl, followed by centrifugation at
14,000x% g for 10 min. Peptides were acidified with trifluoroacetic acid (TFA, 10% v/v) to
achieve a pH between 2 and 3. For peptide desalting, C18 columns (Thermo Fisher
Scientific Pierce C18 Tips, 100 uL, Cat. No. 87784, Thermo Fisher Scientific, Waltham,
MA, USA) were conditioned with 80% acetonitrile (vv) and 0.1% formic acid (v/v).
Acidified samples were loaded onto the columns and washed with 0.1% formic acid (v/v)

and eluted with 80% acetonitrile (v/v) and 0.1% formic acid (v/v) into new tubes. Peptide
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concentration was measured at 280 nm, and samples were dried using a vacuum

concentrator (Eppendorf Concentrator Plus, Eppendorf, Hamburg, Germany). Dried

peptides were stored at —20 °C until further processing.

4.4.4. LC-MS Analysis of Protein Samples
The LC-MS/MS was carried out using a nano-LC coupled to Q Exactive HF Hybrid

Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA,

USA). Peptide separation was performed by reverse-phase chromatography using an
EASY-Spray C18 reversed-phase nano-LC column (PepMap RSLC C18, 2 um, 100A 75
pm x 25 cm, Thermo Fisher Scientific) with a gradient of 0.1% formic acid in water (A)
and 0.1% formic acid in 80% acetonitrile (B) as follows: from 6% B to 30% B in 65 min;
from 30% B to 100% B in 20 min; and 100% B from 85 to 90 min at a flow rate of 0.3

pL/min. Separated peptides were electrosprayed and analyzed using a Q Exactive HF

mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), operated in positive

polarity in a data-dependent mode. Full scans were performed at 120,000 resolutions at

a range of 380—1400 m/z. The top 15 most intense multiple charged ions were isolated

(1.2 m/z isolation window) and fragmented at a resolution of 30,000 with a dynamic

exclusion of 30.0 s.

4.4 5. Protein Identification and Quantification

The generated RAW files were analyzed using Sequest HT software package in
Proteome Discoverer (v. 2.4.0.305, Thermo Fisher Scientific, San Jose, CA, USA). The

Sequest HT search to identify proteins in A. fragacea was conducted against a custom

database that integrated protein sequences from multiple sources: Cnidaria sequences

retrieved from The National Center for Biotechnology Information (NCBI) (1,115,555

sequences, accessed on 13 December 2024) [266], Cnidaria sequences from the

Universal Protein knowledgebase (UniProt) (392,627 sequences, accessed on 13

December 2024) [267], sequences from Database of Antimicrobial Activity and Structure
of Peptides (DBAASP) (22,272 sequences, accessed on 13 December 2024) [260],

sequences from the Animal toxin annotation project (ToxProt) (7970 sequences,

accessed on 13 December 2024) [717], sequences from the Antimicrobial Peptide
Database (APD3) (5069 sequences, accessed on 13 December 2024) [258], putative

toxin sequences identified through Hidden Markov Models of cnidarian toxin families

from VenomZone available online https://venomzone.expasy.org/ (accessed on 13

December 2024), BLASTp searches against ToxProt on sea anemones transcriptomes

(1493 sequences) [718], and sequences from invertebrate antimicrobial peptides (340

sequences) [23].



FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Sequest was configured to use a fragment ion mass tolerance of 0.1 Da and a parent
ion tolerance of 10 ppm; trypsin was selected for protein cleavage, allowing for one
missed cleavage. Carbamidomethylation of cysteine was specified as a fixed
modification, and oxidation of methionine was specified as a variable modification.
MS/MS-based peptide and protein identifications were validated using Scaffold (version
Scaffold_5.3.3, Proteome Software Inc., Portland, Oregon, USA). Peptides were
accepted if they met a 0.1% false discovery rate (FDR) threshold, and proteins were
accepted with a 1% FDR threshold and required at least one unique identified peptide.
Protein probabilities were assigned using the Protein Prophet algorithm [719]. Peptide
quantification was based on quantitative values (total spectra). Proteins with similar
peptide evidence that could not be distinguished based solely on MS/MS data were
grouped to satisfy the principle of parsimony. Only proteins with significant peptide
evidence were grouped into clusters and included in further analyses. Venn diagrams
were used to identify the shared proteins between different tissues using DeepVenn

available online: https://www.deepvenn.com (accessed on 10 January 2025).

4.4.6. Functional Annotation and Expression Profiles
Functional annotation was performed using the BLAST2GO suite [720], implemented
through the OmicsBox platform version 3.4.0 available at

https://www.biobam.com/omicsbox (accessed on 17 January 2025). This process

incorporated InterProScan [721], GO mapping, and GO annotation [720]. Proteins were
first categorized into families, and functional domains were predicted using
InterProScan. The graphical representation of InterProScan results was generated using
R software (version 2024.12.0), ggplot package [722]. Potential GO terms were then
mapped based on sequence similarity and domain information. Subsequently, GO
annotations were refined and validated using experimental data and curated databases,
providing a comprehensive characterization of the molecular functions, biological
processes, and cellular components associated with the identified proteins.

The expression profiles of putative toxins across different sample categories were
visualized using a heatmap, created with the online software Morpheus (Broad Institute,

Cambridge, MA, USA, htips://software.broadinstitute.org/morpheus, accessed on 14

January 2025). Necessary alignments were performed using Geneious software 11.1.5
(Biomatters Ltd., Auckland, New Zealand; https://www.geneious.com/) (accessed on 19
January 2025).

Additionally, identified peptides were scanned for their potential to be antimicrobial using
the Collection of Anti-microbial Peptides (CAMPR4) [259], which employs a Random
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Forest (RF) algorithm, and the Antimicrobial Peptide Scanner vr.2 [723], which uses a

Support Vector Machines (SVM) algorithm. These tools were used to predict peptides

from the proteomic dataset that could potentially exhibit antimicrobial activity, based on

their sequence characteristics and structural features associated with known AMPs.

4.5. Conclusions

This study represents the first comprehensive proteomic analysis of the sea anemone A.

fragacea, comparing the protein profiles of its nematocysts, mucus and tissues. A total

of 4011 proteins were identified in the whole proteome, providing a valuable reference

for further research on sea anemone biology. Functional bioinformatic analysis revealed

that these proteins play key roles in immune responses, cell adhesion, protease inhibition

and tissue regeneration, highlighting the complexity of the proteome. Moreover, some

potential toxins were identified, including neurotoxins, membrane-active actinoporins,

PLA2 enzymes similar to those found in other sea anemones and snakes,

metalloproteinases with ShK domains, and putative cephalotoxins—emphasizing the

intricate venom composition used for both prey capture and defense. The study also

uncovered AMPs, including an Aurelin-like peptide and nine peptides with predicted

strong antimicrobial potential, suggesting an important role in pathogen defense.

Additionally, immune-related molecules, such as PRPs, antioxidants, and

neuropeptides, were detected. Despite the limitations of not having a transcriptomic

dataset for the analyzed specimens, we ensured the accuracy of the results by using a

robust cnidarian-specific database, which included sea anemones from the same genus

and other closely related species, providing a reliable foundation for our analysis. Our

findings provide new insights into the survival strategies of A. fragacea and identify

bioactive compounds that could have promising applications in biomedical research.
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Abstract

The white-spotted jellyfish, Phyllorhiza punctata, is an invasive species with significant

ecological and economic relevance spreading across various regions. While its

ecological impact is well-documented, its molecular and biochemical characteristics

remain poorly understood. In this study, we integrate proteomic data generated by LC-

MS/MS with publicly available transcriptomic information to characterize P. punctata,

analyzing differential protein expression across three distinct tissues: oral arms, mantle,

and gonads. A total of 2764 proteins and 25,045 peptides were identified, including

several venom components such as jellyfish toxins (JFTs) and phospholipase A2 (PLA2),

which were further investigated and compared to toxins from other species. Enrichment

analyses revealed clear tissue-specific functions. Additionally, deep learning and

machine learning tools identified 274 promising AMP candidates, including the a-helical,

B-sheet, and aB-motif peptides. This dataset provides new insights into the protein

composition of P. punctata and highlights strong AMP candidates for further

characterization, underscoring the biotechnological potential of underexplored cnidarian

species.

Keywords: Phyllorhiza punctata, jellyfish, proteomics, antimicrobial peptides (AMPs),

toxins, venom, bioactive compounds, transcriptomics, invasive species, cnidaria, marine

biology, deep learning
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5.1. Introduction

Jellyfish (phylum Cnidaria) are an ancient and diverse group of gelatinous zooplankton
predominantly found in marine ecosystems, where they play important ecological roles
[724,725]. Their ability to sting through the deployment of specialized stinging cells called
nematocysts [6] and their association with jellyfish blooms are their most well-known
characteristics. These blooms are sudden massive population increases that can disrupt
ecosystems by altering nutrient dynamics, outcompeting native species, and interfering
with local food chains. Moreover, they negatively impact human industries such as
fishing, tourism, and aquaculture [12,15,725]. Despite these issues, jellyfish remain
essential components of marine food webs, playing a crucial role in the dynamics of
these ecosystems. They serve as predators of planktonic organisms, crustaceans, small
fish, and the eggs and larvae of various marine species [724,726]. Conversely, they are
prey for fish, sea turtles, sea slugs, and birds [727,728]. Jellyfish also contribute to
nutrient cycling, as they assimilate nutrients during feeding and release inorganic
nutrients through excretion and decomposition [11,729]. Given their versatility and
ecological importance, jellyfish are increasingly recognized as valuable bioresources.
They are used as human food [730], as aquafeed for fish and crustaceans [72], as
attractions in zoos and aquariums [731], and as sources of bioactive compounds for
biotechnological applications in pharmaceutical, nutraceuticals, and cosmeceuticals
[210].

Phyllorhiza punctata von Lendenfeld, 1884 (Cnidaria: Rhizostomeae: Mastigiidae),
commonly known as the Australian white-spotted jellyfish, has become a subject of
concern due to its invasive nature and expanding distribution. Originally from the South
Pacific Ocean, this species has spread to various regions, including the Indian Ocean
[732], Caribbean Sea [733], Gulf of Mexico [734], Mediterranean Sea [735], and
Northeastern Atlantic Ocean [197]. The rise in sightings of this jellyfish correlates with
global changes such as ocean acidification, global warming, and salinity fluctuations
[736]. Research on P. punctata has largely concentrated on its ecological aspects (e.g.
life cycle, distribution, feeding behavior and invasiveness) [737]. However, there is a gap
in studies focusing on its molecular and biochemical characteristics. Some research has
examined its lipid composition and extract properties [738]. Moreover, the venom
composition of the jellyfish remains poorly understood, with only one article analyzing a

crude protein extract using High-Performance Liquid Chromatography (HPLC) [739].
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Investigating the proteomic profiles of different tissues, such as the gonads, mantle, and
oral arms, could reveal valuable insights into the general protein content of the species,
as well as the reveal interesting bioactive compounds.

Recent advancements in computational models have significantly impacted biological
sequence analysis, particularly in AMP prediction. These models use various machine
learning and deep learning algorithms to analyze peptide sequences and predict their
antimicrobial properties. Traditional machine learning methods, based on algorithms
such as random forests (RF), support vector machines (SVM), and artificial neural
networks (ANNs), have been widely used to predict AMPs based on their
physicochemical properties, amino acid composition, and sequence motifs, as
exemplified by resources like CAMPR4 [259]. More recently, deep learning
methodologies, including convolutional neural networks (CNNs), recurrent neural
networks (RNNs), and transformer-based models, have improved AMP prediction by
effectively capturing complex sequence patterns and structural features, as illustrated by
platforms such as AI4AMP [740], AMPScanner vr.2 [722], and PepNet [741]. These
computational tools accelerate the discovery of AMPs and help identify potential
candidates for therapeutic applications in areas like aquaculture, human medicine, and
biotechnology [742]. Despite their advantages, these predictive models show variability
in their accuracy, sensitivity, and generalization capabilities, highlighting the need for
comparative performance studies to evaluate their reliability [743].

Thus, this study aims to combine transcriptomic and proteomic data, together with
computational tools, to explore the bioactive potential of P. punctata. By utilizing publicly
accessible RNA-seq data, proteomic analysis by mass spectrometry, and computational
prediction tools, this research identifies interesting bioactive compounds, including
putative toxins and candidate peptides with potential antimicrobial properties that could

serve different biotechnological applications.

5.2. Materials and Methods

5.2.1. Sample Collection and Tissue Preparation

Three adult specimens of the jellyfish P. punctata were provided and collected in March
2022 from the Oceanario de Lisboa (Fig. 23). They were maintained in aerated,
circulating aquariums at 25 °C, with salinity of 33.5-34.0, pH of 7.9-8.10, ammonia of
0-0.10 mg/L, nitrites of 0.050-0.150 mg/L, and nitrates of 1.0-10.0 mg/L. These water
quality parameters follow established aquaculture guidelines, under routine water

exchanges, as outlined in the Jellyfish Care Manual [744]. Oral arms, gonads, and
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mantle tissues were dissected on-site and immediately placed on dry ice for transport to

the laboratory, where they were stored at —80 °C for subsequent analyses.
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Fig. 23 Overview of P. punctata specimens and sampled tissues. (a) Live specimens maintained in an aerated, circulating
aquarium. (b) Frontal (left) and dorsal (right) views of a single specimen, illustrating the sampled tissues and highlighting
the characteristic x-shaped gonads.

5.2.2. Protein Extraction and Filter-Aided Sample Preparation

Samples were kept on ice to thaw and then incubated in SDT buffer (2% SDS, 0.1 M
Tris/HCI pH 7.6, and 0.1 M dithiothreitol) at a ratio of 0.5 g fresh weight per mL. A
protease inhibitor cocktail (Halt Pl Cocktail, Cat No. 78429, Thermo Fisher Scientific,
Waltham, MA, USA) was added at a 1:100 dilution. The mixture was incubated in the
dark at room temperature for 20 min. Following incubation, samples were subjected to
sonication for a total of 1 min, with 10-s pulses at an amplitude of 15 pm, using an MSE
Soniprep 150 sonicator. Subsequently, the samples were heated to 95 °C for 3 min and
then centrifuged at 16,000x g for 1 h at room temperature. The supernatants were
collected and transferred into new Eppendorf tubes, and the total protein concentration
was quantified by absorbance at 280 nm using a NanoDrop One spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). The extracted protein samples were
stored at —20 °C until further use.

The Filter-Aided Sample Preparation (FASP) method was performed as described by
Wisniewski et al. (2009) [716] with modifications. Protein samples were diluted to 1 pg/pL
in SDT buffer. A total of 30 uL of the diluted protein sample was mixed with 200 uL of UA
buffer (8 M urea in 0.1 M Tris/HCI, pH 8.5) and transferred to pre-washed filter units
(Merck Millipore Amicon Ultra 0.5 mL, Ultracel 10K, Cat. No. UFC501096, Merck
Millipore, Darmstadt, Germany). The mixture was centrifuged at 14,000x g for 20 min.
The flow-through was discarded, and 100 pL of iodoacetamide solution (0.05 M
iodoacetamide in UA buffer) was added, mixed at 600 rpm for 1 min using a
Thermomixer, and incubated in the dark at room temperature for 20 min. The filters were

then centrifuged at 14,000x g for 20 min. Three washes were performed with 100 uL UA
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buffer, then centrifuging conducted at 14,000x% g for 15 min each. Additional washes were
performed using 100 uL of 0.05 M ammonium bicarbonate, then centrifuging conducted
at 14,000x% g for 10 min each. Peptide digestion was carried out by adding trypsin (Roche,
recombinant, proteomics grade, Cat No. 3708985001, Mannheim, Germany) at a 1:100
enzyme-to-protein ratio in 0.05 M ammonium bicarbonate. Samples were mixed at 600
rom for 1 min in a Thermomixer and incubated in a wet chamber at 37 °C for 16 h.
Digested peptides were eluted into new collection tubes by centrifugation at 14,000x g
for 10 min, and a second elution step was performed using 0.5 M NacCl, followed by
centrifugation at 14,000x g for 10 min. The peptides were acidified with trifluoroacetic
acid (TFA, 10% v/v) to a pH of 2-3. Peptides were desalted using C18 columns (Thermo
Fisher Scientific Pierce C18 Tips, 100 pyL, Cat. No. 87784, Thermo Fisher Scientific,
Waltham, MA, USA), and conditioned with 80% acetonitrile (v/v) and 0.1% formic acid
(v/v). The acidified samples were loaded onto the columns, washed with 0.1% formic
acid (v/v), and eluted with 80% acetonitrile (v/v) and 0.1% formic acid (v/v) into new
tubes. Peptide concentration was measured at 280 nm, and samples were dried using a
vacuum concentrator (Eppendorf Concentrator Plus, Eppendorf, Hamburg, Germany).

Dried peptides were stored at =20 °C until further analysis.

5.2.3. LC-MS Analysis of Protein Samples

LC-MS/MS analysis was performed using a nano-LC coupled to Q Exactive HF Hybrid
Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA). Peptides were separated by reverse-phase chromatography on an EASY-Spray
C18 reversed-phase nano-LC column (PepMap RSLC C18, 2 um, 100A 75 pym x 25 cm,
Thermo Fisher Scientific) with a gradient of 0.1% formic acid in water (A) and 0.1% formic
acid in 80% acetonitrile (B) as follows: from 6% B to 30% B in 65 min; from 30% B to
100% B in 20 min; and 100% B from 85 to 90 min, at a flow rate of 0.3 yL/min. Separated
peptides were electrosprayed and analyzed on a Q Exactive HF mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) in a positive polarity, data-dependent
mode. Full scans were performed at a resolution of 120,000 over the 380-1400 m/z
range. The top 15 most intense multiple charged ions were isolated (1.2 m/z isolation
window) and fragmented at a resolution of 30,000, with a dynamic exclusion set to 30.0

S.

5.2.4. Transcriptome Assembly, Quantification, and Annotation

Raw RNA-seq data for P. punctata were obtained from a publicly available Sequence
Read Archive (SRA) under accession ERR14056194, originating from Biosample
SAMEA114771597. Quality assessment was performed using FastQC [745], followed by
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the trimming of adapter sequences and low-quality bases using Trimmomatic (version
0.39) [746]. Cleaned reads were assembled into contigs using Trinity (version 2.2.1)
[747] with default parameters. Potential coding sequences were predicted using
TransDecoder (version 5.7.1) [748], also with default settings. Transcript abundance
quantification was performed using Kallisto (version 0.46.1) with default settings to obtain
Transcripts Per Million (TPM) values. The coding sequence predictions were annotated
using DIAMOND BLAST (version 2.1.9) [749] against a custom protein database
previously described in Barroso et al. (2025) [750]. This integrative database includes
curated sequences from Cnidaria, antimicrobial peptide (AMP), and toxin-related
databases, and manually annotated venom components. Transcriptome completeness
was assessed using BUSCO (version 6.0.0) with the metazoa_odb10 lineage dataset,
yielding 88.8% complete BUSCOs (67.0% single-copy, 21.8% duplicated), 6.7%
fragmented, and 4.5% missing out of the 954 BUSCO groups searched.

5.2.5. LC-MS/MS Data Processing and Protein Identification

The RAW files generated were analyzed using the Sequest HT software package within
Proteome Discoverer (v. 2.4.0.305, Thermo Fisher Scientific, San Jose, CA, USA).
Protein identification was performed using Sequest HT against the obtained annotated
transcriptome. The search parameters included a fragment ion mass tolerance of 0.1 Da
and a parent ion mass tolerance of 10 ppm. Trypsin was specified as the digestion
enzyme, allowing for up to two missed cleavages. Carbamidomethylation of cysteine was
set as a fixed modification, while methionine oxidation was specified as a variable
modification. Peptide and protein identifications were validated with Scaffold (version
5.3.3, Proteome Software Inc., Portland, Oregon, USA), applying a 0.1% false discovery
rate (FDR) for peptides and a 1% FDR for proteins, with a minimum requirement of one
uniquely identified peptide per protein. Protein probabilities were calculated using the
Protein Prophet algorithm [719]. Peptide quantification was based on total spectral
counts. Proteins supported by identification metrics that met these thresholds were
considered to have significant peptide evidence and were retained for downstream
analyses. Proteins with shared peptide evidence that could not be differentiated based
solely on MS/MS data were grouped according to the principle of parsimony. Shared
proteins between different tissues were visualized using Venn diagrams created with
DeepVenn, available online: https://www.deepvenn.com (accessed on 24 January
2025).
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5.2.6. Functional Annotation and Enrichment Analyses

Protein functional annotation was performed using InterProScan associated with Gene
Ontology (GO) [721]. This analysis was carried out on both the complete set of validated
proteins and a subset comprising uncharacterized proteins (e.g., hypothetical, predicted
without annotation, or unnamed protein products).

In parallel, GO enrichment analysis was conducted. GO annotations were obtained
through EggNOG-mapper, and enrichment testing was performed using the topGO R
package (version 5.3.3) with the classic Fisher's exact test. To enhance biological
interpretability, only GO terms with more than three annotated proteins and at least two
significant hits were retained for visualization. The most-enriched terms (top six per
ontology: Biological Process, Molecular Function, and Cellular Component) were
selected based on the highest —log1(p-value) scores. The GO.db package was used to
retrieve ontology classifications. Results were visualized as horizontal bar plots using
ggplot2 (version 3.5.2), with terms grouped and color-coded by ontology. Data
preprocessing was conducted using the dplyr (version 1.1.4) and tidyr (version 1.3.1)
packages.

Additionally, KEGG pathway enrichment analysis was performed to explore the pathway-
level functional specializations among tissue-specific proteins. KEGG Orthology (KO)
assignments obtained via EggNOG-mapper were used to associate proteins with
pathways. Enrichment analysis was carried out using a custom R pipeline based on
Fisher's exact test, comparing the frequency of each KEGG pathway in each tissue-
specific dataset (gonads, mantle, and oral arms) against the complete protein set. KEGG
pathway descriptions were retrieved from the KEGG REST API. p-values were adjusted
using the FDR method, and significantly enriched pathways (p < 0.05) were visualized
using ggplot2. The enrichment plot displayed tissue-specific pathway enrichment based
on -logio(p-value), with the dot size proportional to the number of tissue-associated
proteins.

The identification of putative protein toxins was based on their functional annotations,

comparative analysis, and bibliographic support.

5.2.7. Identification of Putative Toxins and Phylogenetic Analysis of Jellyfish
Toxins (JFTs)

Putative protein toxins were identified based on functional annotations, domain
predictions, comparative sequence analyses, and bibliographic evidence. Due to the
presence of incomplete or redundant transcript isoforms and inconsistencies between

transcriptomic and proteomic datasets, protein sequences detected in the P. punctata
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proteome were mapped to their closest full-length homologs in public databases (UniProt
and NCBI). This approach improved annotation confidence and enabled reliable
downstream analyses. Notably, the transcriptomic and proteomic data originated from
different individuals, further justifying the use of curated reference sequences for
functional and phylogenetic inference.

Amino acid multiple sequence alignments (MSAs) were performed for jellyfish toxins
(JFTs), incorporating P. punctata matched peptides, along with 12 additional JFT
sequences from Scyphozoa and Cubozoa. Three-domain Cry toxins (3d-Cry) from
Bacillus thuringiensis were used as outgroup sequences.

Alignments were generated using Geneious v11.1.5. and the MAFFT algorithm via the
GUIDANCE2 webserver (https://guidance.tau.ac.il/, accessed on 31 January 2025), with
100 bootstrap replicates. Alignment columns with fewer than 17.65% informative
residues were trimmed to improve phylogenetic reliability.

The refined MSA was submitted to ProtTest3 v3.4.2 [751] to determine the best-fitting
amino acid substitution model based on the corrected Bayesian Information Criterion
(BIC). Phylogenetic inference was conducted using the maximume-likelihood (ML)
algorithm implemented in IQ-TREE v2.0.7 (http://www.igtree.org/, accessed on 31
January 2025) under the WAG substitution model. Node support was assessed using
10,000 ultrafast bootstrap replicates, 10,000 replicates of the Shimodaira—Hasegawa

approximate-likelihood ratio test (SH-aLRT), and an approximate Bayes test (aBayes).

5.2.8. Peptide characterization and Antimicrobial Peptide (AMP) Prediction

The peptides identified in the dataset were evaluated for their potential to function as
AMPs. Key physicochemical properties, including peptide length, net charge, isoelectric
point (pl), molecular weight (MW), average hydropathicity (GRAVY), and Boman index,
were calculated using an in-house Python script integrated with the ProtParam tool from
the Expasy Proteomics Server [275].

To assess the AMP potential of each peptide, a combination of machine learning- and
deep learning-based AMP prediction tools was employed, including AMPScanner vr.2
[723], PepNet [741], AI4AMP [740], and CAMPR4 with Random Forest algorithm [259].
Although a precision-weighted average of AMP probability scores could improve
prediction reliability by accounting for inter-model variability, reported precision values
for these models vary considerably across studies [752-754]. Due to this inconsistency,
we used a simple unweighted average of the probabilities from all models,

acknowledging this as a limitation in the prediction approach.

97



98 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Candidate peptides were filtered based on thresholds derived from the average
physicochemical and predictive characteristics of AMPs reported in aquatic
invertebrates, as described in our previous study [22]. Peptides were retained for further

analysis if they met the following criteria:

. A positive net charge;
. A GRAVY value between -1.5 and +1.5;
. An average AMP prediction probability = 0.7.

For structural characterization, the tertiary structures of the selected AMP candidates
were modeled using two complementary tools: ColabFold [280], based on the
AlphaFold2 algorithm [257], and PEP-FOLD4 [755], a tool specifically designed for the
structural prediction of short linear peptides. AlphaFold2-based predictions were
generated using five independent models per peptide, with 20 recycles to enhance
structural accuracy. Predicted local distance difference test (pLDDT) scores and
predicted template modeling (pTM) scores were retrieved to assess model confidence.
PEP-FOLD4 was employed in parallel under default parameters for cross-validating
structural predictions. All predicted structures from both methods were visualized and
analyzed using ChimeraX [281] to identify secondary structural features. Structural
patterns such as a-helices, B-sheets, and coil regions were annotated and compared
with known AMPs to infer potential functional relevance. These structural models provide
a basis for further studies on the mechanism of action and therapeutic potential of the
predicted AMPs.

5.3. Results

5.3.1. Quantitative Correlation Between Transcriptomic and Proteomic Data

The assembly produced 126,144 contigs (File S 1), with 45,011 predicted coding
sequences. There were 3160 transcript counts identified in the oral arms (out of 3184
total transcripts), 3064 in the gonads (out of 3086), and 2836 in the mantle (out of 2861).
To assess the relationship between transcript expression and protein abundance, TPM
values were correlated with two mass spectrometry-derived metrics from oral arm
samples: Total Spectrum Matches (TSMs) and Exclusively Unique Spectrum Counts
(EUSCs). Log1e-transformed TPM, TSM, and EUSC values were used after adjusting by
+1 to avoid undefined values. The results indicated moderate positive correlations, with
Pearson’s correlation coefficients of R = 0.35 for TPM vs. TSMs and R = 0.33 for TPM
vs. EUSCs (Fig. 24).
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Fig. 24 Scatter plots showing the correlation between transcript expression and protein abundance in oral arm samples.

(a) Correlation between log10-transformed TPM values and TSMs, adjusted by adding +1. (b) Correlation between log10-
transformed TPM values and EUSCs, also adjusted by +1.

5.3.2. Overview of Proteomic Data from P. punctata

A total of 2764 proteins and 25,045 peptides were identified in the proteome of P.
punctata (Table S 22). Among these, 2180 proteins and 9207 peptides were present
across all sample categories (Fig. 25). Results show that oral arms contained the highest
total number of proteins (2614) and peptides (18,058), followed by the gonads (2547
proteins and 16,459 peptides) and mantle (2385 proteins and 15,437 peptides). The oral
arms also had the highest number of uniquely identified proteins (83) and peptides
(4088), followed by the mantle (49 and 2935), and the gonads (30 and 2320).

(a) (b)

Mantle
[ Gonads
M Oral Arms

Fig. 25 The area-proportional Venn diagram depicting the overlap of identified (a) proteins and (b) peptides across the
three sample categories: mantle, gonads, and oral arms of P. punctata. The diagrams were generated using DeepVenn

(https://www.deepvenn.com, accessed on 25 January 2025).

The most abundant proteins identified were primarily housekeeping proteins, which are

responsible for basic cellular functions (Table 9).
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Table 9 Most abundant proteins identified in the proteome of P. punctata.

Accession Protein Name G M O T
XP_065065861.1 myosin heavy chain, striated muscle-like 623 1724 706 3053
XP_065067169.1 filamin-A-like isoform X5 432 871 436 1739

ADR10434 .1 non-muscle actin Il 461 621 410 1492
XP_065065923.1 myosin-10-like isoform X1 367 272 400 1039
XP_065676232.1 tubulin beta chain 221 259 254 734

CAH3037106.1 unnamed protein product (actin) 190 323 170 683
XP_065054978.1 clathrin heavy chain 1-like 226 152 259 637

XP_065051959.1 probable glutathione S-transferase 8 235 193 202 630
XP_065060176.1 alpha-1-macroglobulin-like isoform X4 179 265 169 613

ACT_HYDVU Actin, non-muscle 6.2 185 239 186 610
XP_065052735.1 uncharacterized protein LOC135681977 170 258 134 562
XP_065052612.1 ATP synthase subunit beta 146 282 131 559
XP_065065546.1 alpha-actinin-like 168 145 233 546
CAH3152489.1 unnamed protein product 193 80 248 521
XP_065065852.1 myosin heavy chain-like isoform X1 262 44 195 501

XP_065054022.1 collagen alpha-1(l) chain-like isoform X1 178 129 191 498
XP_065063720.1 heat shock protein HSP 90-alpha-like 184 150 154 488

XP 0650517081 myosin light cham_ kinase, smooth muscle-like 103 273 106 482
- isoform X2

XP_065059929.1 ATP synthase subunit alpha, mitochondrial-like 120 250 108 478
G: Gonads, M: Mantle, O: Oral arms, T: Total

5.3.3. Functional Annotation and Enrichment Analysis of Tissue-Specific Proteins
Identified in P. punctata

To elucidate the biological functions of tissue-specific proteins in P. punctata, functional
annotation was performed using InterProScan associated with GO terms, revealing a
diverse array of protein domains and functional sites (Fig. 26). Notably, many previously
uncharacterized proteins were found to contain conserved domains and associated GO
terms, suggesting involvement in enzymatic activity, structural roles, and signal
transduction. This analysis not only confirmed known cnidarian protein signatures but
also uncovered potential novel functions among less-characterized sequences. The full

InterProScan annotation dataset is provided in Table S 23.
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Fig. 26 Most frequently identified InterPro domains in the P. punctata proteome with associated GO terms and
descriptions: (a) top 30 domains across all identified proteins; (b) domains found in uncharacterized proteins only

(minimum of 8 occurrences).

Subsequent GO enrichment analysis revealed the significant overrepresentation of
specific functional categories within the tissue-specific protein sets of the oral arms,
gonads, and mantle. The analysis covered the three GO domains, Biological Process
(BP), Molecular Function (MF), and Cellular Component (CC), revealing clear functional
differentiation across tissues (Fig. 27). In the BP domain, gonads were enriched in terms
related to mRNA processing and ion homeostasis; in the oral arms, for responses to
mechanical and chemical stimuli, skeletal development, and angiogenesis; and in the
mantle, for metabolic, catabolic, and oxidative stress-related processes. In MF, gonads
were enriched in nucleotide hydrolysis and protein modification; the oral arms showed
enrichment in transcriptional regulation, signaling, and proteolytic activity; and the mantle
in catalytic functions, metal ion binding, and amino acid metabolism. For the CC domain,
gonads were associated with RNA processing complexes and membrane-related

structures; the oral arms with dendritic components and neuromuscular junctions; and
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the mantle with mitochondrial components and protein kinase complexes. The full GO

enrichment dataset is provided in Table S 24.
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Fig. 27 GO enrichment analysis of tissue-specific proteins in P. punctata. Bar plots show the top six enriched GO terms
in each ontology, Biological Process (BP), Molecular Function (MF), and Cellular Component (CC), identified among
proteins exclusive to the gonads, mantle, and oral arms. Enrichment significance is represented as —log+(p-value), and
terms are color-coded by ontology. Only GO terms with at least three annotated proteins and two significant hits were

included.

To complement GO-based insights, KEGG pathway enrichment analysis was carried out
using KO annotations to identify pathway-level functional specializations. Several
pathways were significantly enriched in a tissue-specific manner, supporting the
presence of metabolic and functional compartmentalization among the tissues (Fig. 28).
In the oral arms, enriched pathways included TNF signaling, GnRH signaling, Notch
signaling, glycosaminoglycan degradation, and apelin signaling. Gonads showed
enrichment in protein digestion and absorption, ovarian steroidogenesis, and circadian
rhythm. In the mantle, enriched pathways included cholesterol metabolism; cysteine and
methionine metabolism; steroid biosynthesis; valine, leucine, and isoleucine
degradation; metabolic pathways; as well as malaria and TGF-beta signaling pathways.

The complete KEGG enrichment results are provided in Table S 25.

Tissue-Specific KEGG Pathway Enrichment

Circadian rhythm o

Ovarian steroidogenesis .
Protein digestion and ®
absorption
TGF-beta signaling pathway ®
Nicotine ad diction o Tissue
Th1 and Th2 cell ®
differentiation ¢ Gonads
Prion disease ® ® Mantle
B Dorso-ventral axis formation (] ® Oral Arms
E Apelin signaling pathway [ J
=
<
£~ Glycosaminoglycan degradation ® Tissue Count
Q
QO Metabolic pathways
9 pathways 9 ® 25
b Malaria L ® 50
Notch signaling pathway ® ® 75
Valine, leucine and isoleucine
2 10.
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Fig. 28 KEGG pathway enrichment analysis of tissue-specific proteins in P. punctata. Dot plot showing significantly
enriched KEGG pathways (Fisher’s exact test, FDR-adjusted p < 0.05) among proteins exclusive to the gonads, mantle,

and oral arms. The x-axis represents enrichment significance as —-log1o(p-value). Dot size indicates the number of proteins
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associated with each pathway, and colors distinguish the tissue of origin. Pathway descriptions were retrieved via the
KEGG REST API.

5.3.4. Identification and Comparative Analysis of Venom Components Across P.
punctata Tissues

A total of 15 high-confidence toxin-related proteins were identified in the proteome of P.
punctata, supported by consistent annotations across multiple databases (e.g., UniProt,
Tox-Prot), the presence of conserved toxin-like domains, and homology to known venom
proteins from other cnidarians (Table 10). An extended list, which also includes lower-

confidence candidates with partial toxin signatures, is provided in Table S 26.

Table 10 Major toxins identified in P. punctata and their corresponding total spectrum counts across sample categories
(G: gonads, M: mantle; O: oral arms, T: sum of total spectrum counts). Underlined: jellyfish toxins (JFTs).

Accession Toxin Protein Name G M O T

DAC80636 TPA exp: toxin a 121 23 200 344
XP_065065639 ras-related C3 botulinum toxin substrate 1 84 84 112 280
XP_065067572 venom factor-like 50 45 24 119
XP_065064594 conodipine-P3-like 34 25 45 104

XP_065067570 LOW-QUALITY PROTEIN: venom factor-like 37 18 19 74
XP_065054632 aflatoxin B1 aldehyde reductase member 2-like 22 30 10 62

CAB3985090 agrin-like 33 15 6 54
AOA7M5UUY9 BPTI/Kunitz inhibitor domain-containing protein 19 28 7 54
XP_065070484 toxin CfTX-A-like 18 2 28 48
XP_065055594 plancitoxin-1-like 10 11 13 34

QNH72454 toxin candidate 19 7 7 33
AFK76348 toxin TX1 5 12 15 32
XP_065063396 ADAM 17-like protease 10 9 13 32
XP_065065308 snake venom 5’-nucleotidase-like 4 7 10 21
XP_065071254 zinc metalloproteinase-disintegrin-like MTP8 3 3

G: gonads, M: mantle, O: oral arms, T: total.

Among the high-confidence toxins, three were classified as JFTs: toxin TX1 from A.
aurita (AFK76348); TPA_exp: toxin a from Cassiopea xamachana (DAC80636); and
CfTX-A-like from Rhopilema esculentum (XP_065070484.1), which was not detected in
the mantle tissue (Fig. 29).
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Fig. 29 Normalized spectral abundance of JFT proteins identified in the P. punctata proteome. Bars represent normalized

total spectra counts across different MS samples (oral arms, gonads, mantle). Only proteins with a minimum identification
probability of 95% (as determined by the PeptideProphet algorithm in Scaffold) were included to ensure high-confidence

identifications. TPA_exp: toxin a (DAC80636) was detected across multiple transcript entries; spectral values were

aggregated and normalized accordingly. CfTX-A-like and TX1 toxins were each detected from a single unique transcript.

These JFTs, which belong to Scyphozoa, are phylogenetically distinct from their

Cubozoan counterparts (Fig. 30). The corresponding multiple sequence alignment is
available in Supplementary Material (File S 2). Additionally, the identified phospholipase
A conodipine-P3-like toxin (XP_065064594) exhibited conserved sequence motifs when

aligned with the original conodipines from Conus purpurascens (Fig. 31).
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Fig. 30 Maximum-likelihood (ML) phylogenetic tree of jellyfish toxins (JFTs). The tree was constructed using IQ-TREE
based on amino acid sequences of best-matching reference proteins from UniProt and NCBI, with detected peptides from
the P. punctata proteome mapped to these sequences. Node support values are shown for Shimodaira—Hasegawa
approximate-likelihood ratio test (SH-aLRT), approximate Bayes test (aBayes), and ultrafast bootstraps. Colored dots
indicate JFTs detected in the P. punctata proteome. Cubomedusae sequences are highlighted in yellow, and Scyphozoan
sequences are highlighted in blue. Three-domain Cry (3d-Cry) toxins from Bacillus thuringiensis were included as

outgroup sequences.
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Fig. 31 Multiple sequence alignment of a phospholipase A; (PLA;) protein identified in the P. punctata proteome, aligned
with conodipine-P3 sequences from Conus purpurascens (AOA5C2A2T2, AOA5C1ZW08 AOA5C1ZXT8), and top BLASTp
hits from other cnidarian species. The P. punctata sequence corresponds to the best-matching reference protein from
Rhopilema esculentum (XP_065064917.1). Conserved PLA, motifs are highlighted.

5.3.5. Peptide Characterization and AMP Prediction
A total of 25,045 peptides were identified in the P. punctata proteome, with sequence
lengths ranging from 7 to 44 amino acids. Their physicochemical properties varied as

follows: net charge (-15 to +3), isoelectric point (pl) (4 to 12), molecular weight (MW)
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(730 to 4610 Da), GRAVY (-3.3 to +2.8), Boman index (0.02 to 0.15), and average
predicted AMP probability of 24%.

Based on selection thresholds derived from aquatic invertebrate AMPs [22], a total of
274 unique AMP candidates were retained, with 81 shared across all sample types, 29
exclusive to the gonads, 52 to the mantle, and 47 to the oral arms.

AMP potential was assessed using multiple machine learning and deep learning models
(AMPScanner vr.2, PepNet, AI4AMP, and CAMPR4), and the final score for each peptide
was computed as a precision-weighted average across all predictors.

The tertiary structures of all AMP candidates were predicted using both ColabFold with
the AlphaFold2 model and PEP-FOLD4. While AlphaFold2 offers state-of-the-art protein
structure prediction, it has recognized limitations for short, linear peptides, often resulting
in a high number of disordered (random coil) predictions [257]. PEP-FOLD4, a tool
specialized for de novo modeling of short peptides, was used to cross-validate these
predictions. The predictions revealed notable differences between the two tools (Table
11). AlphaFold2 classified a high proportion (130/274) of peptides as random cails,
whereas PEP-FOLD4 yielded fewer (45/274) in this category. Conversely, PEP-FOLD4
predicted a greater number of a-helical structures (203 vs. 140). Consistent predictions
across both tools were found in 113 a-helical peptides, 1 B-sheet, and 28 random coils.
These results suggest that AlphaFold2 may overestimate disorder in short peptides,

reinforcing the importance of complementary prediction approaches.

Table 11 Summary table comparing AlphaFold2 and PEP-FOLD4 results.

Structure No. Peptides No. Peptides Consistent Predictions
(AlphaFold2) (PEP-FOLD4) (Both Tools)
a-helix 140 203 113
B-sheet 4 23 1
ap-motifs 0 3 0
Random caoill 130 45 28

To represent potential promising candidates, the top 10 AMPs were selected based on
their physicochemical properties, the unweighted average of AMP probability across all
models, and the structural consistency using both predictors (Table 12). The complete
dataset, including AMP scores and structural predictions, is available in the
Supplementary Material (Table S 27 and File S 3).

Table 12 Top 10 AMP candidates filtered by physicochemical properties, AMP prediction scores, and structural

consistency.
. Predicted
Protel_n Sequence Structure C Avg OMG
Accession Score pred.

(Alphafold2)
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The table includes the protein accession number, peptide sequence, predicted structure, composite score (C Score),

average AMP prediction probability (Avg pred.), and occurrence across the different sample types: oral arms (O), mantle

(M), and gonads (G). C Score was calculated as (0.6 x N pLDDT + 0.4 x pTM) to balance local and global structure

confidence.

5.4. Discussion

5.4.1. Proteomic Analysis of P. punctata Tissues

The proteomic profile of P. punctata was constructed using the only available

transcriptome of P. punctata as of January 2025. The dataset is labeled as “tentacle” but

likely corresponds to oral arm tissue, since P. punctata, being a Rhizostomeae jellyfish,

lacks marginal tentacles [756]. This discrepancy should be considered when analyzing

the data, as the oral arms transcriptome is expected to provide a more accurate

representation of the proteome for this specific tissue. Despite this, the approach still

yielded significantly more and higher-quality results than using a general cnidarian-

based database (results not shown), underscoring the need to improve the availability

and quality of omics data for better species-specific analysis.
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Oral arm samples indeed revealed a greater number of proteins and peptides identified.
Interestingly, while the total protein coverage from the oral arms accounts for 95% of the
total proteins identified, this value decreases to 72% when considering peptides instead.
This difference could very likely be attributed to post-translational modifications (PTMs).
The most abundant proteins identified in the proteome of P. punctata were unsurprisingly
mostly those with essential cellular functions: structural proteins such as myosin, filamin,
actin, tubulin, and collagen, which contribute to maintaining cell shape, motility, and
structural integrity [757,758]; proteins involved in energy production, like ATP synthase
subunits alpha and beta, which play a fundamental role in cellular respiration and ATP
synthesis for cellular metabolism [759]; proteins related to protein folding and
stabilization, such as heat shock protein HSP 90-alpha-like, that ensure proper protein
conformation and function, particularly under stress conditions, which is crucial for
maintaining cellular homeostasis in response to environmental changes [760]; and
proteins associated with vesicular trafficking, namely clathrin, which is vital for
endocytosis and intracellular transport [761]. Additionally, there were proteins associated
with cellular stress responses, like glutathione S-transferase 8 that participates in
detoxification processes and protection against oxidative damage [762], and immune-
related proteins such as macroglobulin, known for their role as broad-spectrum protease
inhibitors [763]. Some of the most abundant identified proteins exhibit remarkable
properties and are already widely applied across various fields. A notable example is
collagen, which serves as a natural alternative to mammalian-derived collagen.
Traditionally used in industries such as cosmetics and food production, mammalian
collagen has faced growing concerns due to the risk of diseases like bovine spongiform
encephalopathy and religious restrictions [764]. The highly conserved structure and
sequence of fibrillar collagen make jellyfish-derived collagen a promising biomaterial,

valued for its low immunogenicity and high biocompatibility [765].

5.4.2. Interpretation of Transcriptome—Proteome Correlation

The weak positive correlation between transcript and protein abundance suggests that
while transcript abundance partially reflect protein detection, other biological and
technical factors likely influence this relationship. This discrepancy is common, as
proteomic datasets are often incomplete when compared to transcriptomic datasets
[766]. The issue is possibly aggravated by the fact that transcriptomic and proteomic
data were obtained from different specimens, introducing potential genetic and
physiological variability. Additionally, environmental factors may contribute to these

differences as well, as the transcriptomic data were derived from a wild specimen,
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whereas the proteomic data originated from aquarium-maintained individuals. This

variation in habitat could lead to differences in gene and protein expression patterns

[767,768]. Moreover, it is important to acknowledge the main factors of protein

expression regulation, including post-transcriptional, translational and protein-

degradation processes [769]. Studies have shown that translation-related sequence

features alone can account for up to 26% of the total variation of transcript—protein

correlations [770]. Despite the moderate correlation observed, these findings provide

valuable insights into the complexity of transcript—protein relationships, underscoring the

importance of integrative approaches in transcriptomic and proteomic studies.

5.4.3. Tissue-Specific Functional Enrichment Reveals Metabolic and Regulatory

Specialization

GO and KEGG enrichment analyses of Phyllorhiza punctata revealed distinct tissue-

specific molecular profiles in the oral arms, gonads, and mantle, reflecting their

specialized functions and highlighting the species’ ecological resilience and

biotechnological potential.

In the gonads, enrichment was linked to RNA metabolism and nucleotide processing,

supporting the high transcription and translation demands of gametogenesis in this fast-

proliferating species [771]. Small nuclear ribonucleoprotein (snRNP) terms indicated

active pre-mRNA splicing typical of dividing cells [772]. Pathways for ovarian

steroidogenesis and circadian rhythm were also enriched, emphasizing hormone

production and the temporal regulation of reproduction [773]. Metal regulation likely

reveals the mechanisms of germ cells’ protection from oxidative stress [774].

The oral arms were enriched in signal transduction, transcriptional regulation, and

mechanosensory response, consistent with their roles in prey capture and environmental

sensing, which require neuromuscular coordination [775]. Immune and developmental

pathways, including Th1/Th2 cell differentiation, TNF, apelin, and dorso-ventral axis

formation, indicate immune defense and regenerative functions, aligning with their

interaction with microbes and potential AMP production.

The mantle showed enrichment in mitochondrial components and metabolic pathways,

supporting energy production and adaptation to environmental stress, traits likely

contributing to the species’ invasive success. Metal ion binding and catalytic activity

suggest roles in detoxification and microbial defense, as seen in other marine

invertebrates [776].
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5.4.3. P. punctata Venom Composition

Given that the diagnostic feature of cnidarians is the presence of cnidocytes, specialized
cells containing cnidae, among which nematocysts are the venom-bearing type [6], it is
important to acknowledge that all cnidarians have the potential for toxicity. This includes
species not considered a threat to humans, such as the case of P. punctata. Therefore,
analyzing the species’ venom proteome is crucial for gaining a comprehensive
understanding of their full toxicological profile.

Among other toxins, three JFTs were identified in the proteome of P. punctata: toxin
CfTX-A-like (XP_065070484) originally predicted from a genomic sequence of the
rhizostomeaen jellyfish R. esculentum; toxin TX1 (AFK76348), previously identified from
MRNA of A. aurita polyps; and TPA_exp: toxin a (GenBank ID: DAC80636.1), verified
through proteomic analysis of the stinging-cell structures (cassiosomes) released in the
mucus of Cassiopea xamachana [777]. These toxins are homologous to the JFTs, potent
cytolytic toxins that disrupt cell membranes through pore creation. These were isolated
initially from several species of box jellyfish and were linked with harmful stinging
reactions to humans. For example, the toxins CfTX-1/2 and CfTX-A/B from the Australian
box jellyfish Chironex fleckeri are highly cardiotoxic and hemolytic, respectively [778].
JFTs have also been identified in the tentacle and stinging-cell proteomes of Scyphozoa
[214,777]; in the hydrozoan Hydractinia symbiolongicarpus, where their expression in
nematocysts was confirmed at the proteomic level using immunohistochemistry [779];
and in Anthozoa, within the transcriptomes of Ceriantharia [780], though these findings
still require validation through proteomic analysis. In the phylogenetic tree, the three
JFTs are detected in the proteome of P. punctata clustered with other JFTs from
Scyphozoa, forming a distinct clade separate from the two Cubozoan-specific clades.
This phylogenetic pattern suggests that each group may have arisen through
independent gene duplication and neofunctionalization events, potentially linked to
lineage-specific differences in venom composition and toxic potency. A similar
phylogenetic structure was observed in a broader study analyzing JFT distribution across
20 species representing all major medusozoan groups, but with more extensive taxon
sampling [781]. Further studies will be required to understand the phylogenetic
distribution of JFTs within scyphozoans and other cnidarians.

Additionally, a conodipine-P3-like derived from a genomic sequence of the scyphozoan
R. esculentum was detected in the proteome of P. punctata. Conodipines are PLA2
toxins characterized from cone snail venoms [782]. However, similar toxins may be
present in other venomous organisms, given that PLA2 enzymes have been

convergently recruited into multiple insect orders, cephalopods, arachnids, reptiles, and
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cnidarians [707]. As revealed by the sequence alignment (Fig. 29), several putative PLA2

toxins in Cnidaria with high homology to conodipines are known, containing the

conserved catalytic domain residues, including the Asp/His dyad. Indeed, PLA2 activity

has previously been detected in tissue homogenates of anthozoans, hydrozoans,

scyphozoans, and cubozoans [783].

5.4.4. Potential AMPs Identified in P. punctata

Our previous study on the AMPs derived from aquatic invertebrates [22] provided

valuable insights that enabled a more informed selection of candidate AMPs based on

their most common physicochemical properties.

As a result, while the identification of both a-helical and B-like peptides among the

candidates is an intriguing finding, it is not entirely unexpected. Generally, most AMPs

adopt cationic amphipathic helices, a characteristic commonly associated with

antimicrobial activity [242]. This trend is also observed in cnidarian AMPs, with peptides

such as Aurelin from A. aurita [492], Arminin 1a from Hydra [494], Damicornin from

Pocillopora damicornis [487], and AmMAMP1 from Acropora millepora [488] all sharing

cationic a-helices. However, some cnidarian AMPs adopt B-like structures instead,

including defensin BDS-I from Anemonia sulcata [311], and Pd-AMP1 from the
Phyllogorgia dilatata [489].

Additionally, no significant differences were found between tissues when comparing

either the total number of peptides with the number of putative AMPs identified in each

tissue or the number of exclusive peptides from each tissue with the number of exclusive

putative AMPs identified in each tissue, which may suggest that P. punctata AMPs are

not tissue-specific.

Furthermore, our integrative structure prediction approach revealed discrepancies

between AlphaFold2 and PEP-FOLD4 outputs, particularly in the prediction of disordered

regions. While AlphaFold2 tended to overpredict random coil structures, PEP-FOLDA4

provided a more a-helix-rich profile. The overlap between methods in identifying

consistent a-helical AMPs supports the utility of a dual-tool strategy for short-peptide

modeling and strengthens confidence in the top candidate structures. Taken together,

these findings support the presence of diverse and potentially bioactive AMP candidates

in P. punctata, with structural traits aligned with known cnidarian antimicrobial peptides.

This lays a strong foundation for future functional validation and potential

biotechnological exploration.
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5.5. Conclusions

Our findings highlight the largely untapped potential of cnidarians, particularly
understudied species like P. punctata, as sources of toxins and AMPs. While P. punctata
may not possess the potent toxin arsenal found in other jellyfish species, it still exhibits
inherent toxicity. Moreover, as an invasive species, P. punctata demonstrates key
features that favor its biotechnological exploration, including its adaptability to diverse
environmental conditions, suggesting the production of bioactive compounds in
response to environmental stressors, and its high reproductive capacity, which enables
rapid biomass production for compound extraction. In this study, we identified several
protein toxins in the species’ proteome, including JFTs and PLA2. Furthermore, using a
proteome-wide and peptidome-integrated approach, we applied precision-informed AMP
prediction combined with structural validation via AlphaFold2 and PEP-FOLD4. This
pipeline enabled the identification of 274 candidate AMPs, including structurally diverse
a-helical and B-sheet peptides. Importantly, no strong tissue-specific distribution of AMPs
was observed, implying a systemic expression of these peptides in P. punctata. These
findings lay a strong foundation for future studies, including in vitro assays to validate
antimicrobial activity efficacy, assess cytotoxicity, and evaluate peptide stability and
bioavailability. Together, these efforts will advance P. punctata as a suitable and versatile

source of bioactive compounds for potential biotechnological applications.
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Chapter 6.

Concluding Remarks
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Concluding Remarks

This thesis provides a broad exploration of cnidarian diversity, AMPs from aquatic
invertebrates, and the proteomics of two distinct cnidarian species, offering significant
contributions to our understanding of these marine organisms and their ecological
significance and biotechnological potential.

The research provides an extensive overview of Medusozoa diversity and distribution in
the Iberian region, identifying 593 species across the four classes, with hydrozoans being
the most prevalent and species such as P. physalis being the most recorded.
Holoplanktonic and free-swimming species exhibit higher dispersal and diversity, with
the Northeast Atlantic part of the region harboring greater medusozoan diversity than the
Mediterranean part. This study also underlines invasive, introduced, bloom-forming, and
edible species. A critical gap in available molecular data was identified, underscoring the
need for further omics-based research to fully evaluate the potential of these organisms.
Additionally, the study pinpoints underexplored target species with greater ecological
and socioeconomic importance.

In parallel, this thesis underscores the critical role of AMPs from aquatic invertebrates,
including cnidarians, in addressing the growing antimicrobial resistance crisis. It catalogs
approximately 350 AMPs from 65 protein families across 10 invertebrate phyla, detailing
their diverse structures and bioactivities. These peptides present promising sustainable
alternatives to antibiotics in aquaculture, with potential applications as feed additives,
therapeutic agents, or through genetic engineering to enhance farmed species.
However, challenges such as the scarcity of in vivo studies and the need for AMP
optimization must be addressed to advance with their practical application.
Furthermore, this thesis fills some knowledge gaps in cnidarian omics by investigating
the proteomes of two unexplored cnidarian species, each representing a major cnidarian
clade: the sea anemone A. fragacea (Anthozoa), and the white-spotted jellyfish P.
punctata (Medusozoa).

The proteomic profiling of A. fragacea employed two distinct protocols: one for venom
nematocyst extraction and another for tissue and mucus secretion analyses. This
approach identified 4,011 different proteins (13,276 distinct peptides) grouped into 3,383
protein clusters. Among these, 83 putative toxins, including actinoporins and
neurotoxins, were detected. Additionally, 1,406 peptides were predicted as potential
AMPs, including a putative Aurelin-like peptide. Numerous bioactive molecules involved
in immune defense, such as antimicrobial enzymes, PRPs, and neuropeptides, were

identified, highlighting the species’ molecular complexity and biotechnological potential.
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Similarly, the proteomic analysis of P. punctata integrated proteomic and publicly
available transcriptomic data, identifying 2,764 proteins and 25,045 peptides. This
included venom components such as jellyfish toxins (JFTs) and phospholipase A2
(PLA2). In addition, advanced deep learning and machine learning approaches identified
274 promising AMP candidates, including structurally characterized a-helical and B-like
peptides, further emphasizing P. punctata’s untapped biotechnological potential.

While this thesis provides valuable insights into cnidarian ecology, diversity, molecular
complexity, and biotechnological applications, certain limitations must be acknowledged.
A primary constraint is the scarcity of genomic and transcriptomic data from cnidarians,
which limits the depth of proteomic studies, including those on A. fragacea and P.
punctata. Future research should prioritize generating genomic and transcriptomic
datasets to complement proteomic analyses, thereby improving protein identification and
functional annotation.

Additionally, while numerous potential AMPs have been identified, they remain
unvalidated. Future studies should focus on in vitro microbial assays (e.g., MIC, MBC,
time-kill kinetics, anti-biofilm assays), to evaluate their antimicrobial efficacy. Cytotoxicity
assays (e.g., MTT, LDH release, hemolysis assays) are also essential to determine their
safety, while mechanistic studies such as liposome leakage, membrane
permeabilization, and fluorescence microscopy can elucidate their mechanisms of
action. Stability testing under different conditions (e.g., pH, temperature, salinity), drug
interaction studies, and pharmacokinetic evaluations (e.g. gastrointestinal permeability
tests, plasma protein binding assays), are crucial to determine peptide absorption,
distribution, and bioavailability in aquaculture species. Furthermore, investigating
potential additional bioactivities of these peptides, such as immunomodulatory,
antioxidant, anti-inflammatory, and growth-promoting properties, could yield further
valuable insights. Ultimately, the most promising AMPs should undergo in vivo testing to
assess their sustainable therapeutic efficacy in aquaculture, including challenge tests,
toxicity assessments, evaluations of growth and health performance, and environmental
impact analysis.

Overall, this thesis advances our understanding of cnidarians, their ecology, molecular
composition, and immense biotechnological potential. Future research efforts should aim
at closing omics data gaps, validating AMPs, and exploring novel applications, ultimately

supporting sustainable marine biotechnology and aquaculture management.



FCUP | 117
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

References

1. Costello, M.J.; Chaudhary, C. Marine Biodiversity, Biogeography, Deep-Sea
Gradients, and Conservation. Curr. Biol. 2017, 27, R511-R527,
doi:10.1016/j.cub.2017.04.060.

2. Luypaert, T.; Hagan, J.G.; McCarthy, M.L.; Poti, M. Status of Marine Biodiversity
in the Anthropocene. In YOUMARES 9 - The Oceans: Our Research, Our Future;
Springer International Publishing: Cham, 2020; pp. 57-82 ISBN 978-3-030-
20389-4.

3. Bouchet, P.; Decock, W.; Lonneville, B.; Vanhoorne, B.; Vandepitte, L. Marine
Biodiversity Discovery: The Metrics of New Species Descriptions. Front. Mar. Sci.
2023, 10, 1-14, doi:10.3389/fmars.2023.929989.

4. DeVries, T. The Ocean Carbon Cycle. Annu. Rev. Environ. Resour. 2022, 47,
317-341, doi:10.1146/annurev-environ-120920-111307.

5. Schierwater, B.; DeSalle, R. Invertebrate Zoology: A Tree of Life Approach; CRC
Press: Boca Raton, FL, USA, 2021.

6. Fautin, D.G. Structural Diversity, Systematics, and Evolution of Cnidae. Toxicon
2009, 54, 1054-1064, doi:10.1016/j.toxicon.2009.02.024.

7. Boero, F.; Bouillon, J.; Piraino, S. The Role of Cnidaria in Evolution and Ecology.
Ital. J. Zool. 2005, 72, 65—-71, doi:10.1080/11250000509356654.

8. Rodrigues, T.; Dominguez-Pérez, D.; Almeida, D.; Matos, A.; Antunes, A.
Medusozoans Reported in Portugal and Its Ecological and Economical
Relevance. Reg. Stud. Mar. Sci. 2020, 35, 101230,
doi:10.1016/j.rsma.2020.101230.

9. Collins, A.G. Phylogeny of Medusozoa and the Evolution of Cnidarian Life Cycles.
J. Evol. Biol. 2002, 15, 418-432, doi:10.1046/j.1420-9101.2002.00403.x.

10. Boosten, M.; Sant, C.; Da Silva, O.; Chaffron, S.; Guidi, L.; Leclére, L. Loss of the
Benthic Life Stage in Medusozoa and Colonization of the Open Ocean. bioRxiv
2023, doi:10.1101/2023.02.15.528668.

11. Doyle, T.K.; Hays, G.C.; Harrod, C.; Houghton, J.D.R. Ecological and Societal
Benefits of Jellyfish. In Jellyfish Blooms; Pitt, K.A., Lucas, C.H., Eds.; Springer
Netherlands: Dordrecht, 2014; Vol. 9789400770, pp. 105-127 ISBN 978-94-007-
7014-0.

12. Bosch-Belmar, M.; Milisenda, G.; Basso, L.; Doyle, T.K.; Leone, A.; Piraino, S.
Jellyfish Impacts on Marine Aquaculture and Fisheries. Rev. Fish. Sci. Aquac.
2020, 29, 242-259, doi:10.1080/23308249.2020.1806201.

13. Richardson, A.J.; Bakun, A.; Hays, G.C.; Gibbons, M.J. The Jellyfish Joyride:
Causes, Consequences and Management Responses to a More Gelatinous
Future. Trends Ecol. Evol. 2009, 24, 312-322, doi:10.1016/j.tree.2009.01.010.

14. Frazao, B.; Antunes, A. Jellyfish Bioactive Compounds: Methods for Wet-Lab
Work. Mar. Drugs 2016, 14, 75, doi:10.3390/md14040075.

15. Fuentes, V.L.; Purcell, J.E.; Condon, R.H.; Lombard, F.; Lucas, C.H. Jellyfish
Blooms: Advances and Challenges. Mar. Ecol. Prog. Ser. 2018, 591, 3-5,
doi:10.3354/meps12536.



118

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Fernandez-Alias, A.; Marcos, C.; Pérez-Ruzafa, A. The Unpredictability of
Scyphozoan Jellyfish Blooms. Front. Mar. Sci. 2024, 11, 1-20,
doi:10.3389/fmars.2024.1349956.

McFadden, C.S.; Quattrini, A.M.; Brugler, M.R.; Cowman, P.F.; Duefnas, L.F.;
Kitahara, M. V.; Paz-Garcia, D.A.; Reimer, J.D.; Rodriguez, E. Phylogenomics,
Origin, and Diversification of Anthozoans (Phylum Cnidaria). Syst. Biol. 2021, 70,
635—647, doi:10.1093/sysbio/syaa103.

Kahng, S.E.; Benayahu, Y.; Lasker, H.R. Sexual Reproduction in Octocorals. Mar.
Ecol. Prog. Ser. 2011, 443, 265-283, do0i:10.3354/meps09414.

Wagner, D.; Waller, R.G.; Toonen, R.J. Sexual Reproduction of Hawaiian Black
Corals, with a Review of the Reproduction of Antipatharians (Cnidaria: Anthozoa:
Hexacorallia). Invertebr. Biol. 2011, 130, 211-225, doi:10.1111/j.1744-
7410.2011.00233.x.

Rocha, J.; Peixe, L.; Gomes, N.C.M.; Calado, R. Cnidarians as a Source of New
Marine Bioactive Compounds - An Overview of the Last Decade and Future Steps
for Bioprospecting. Mar. Drugs 2011, 9, 1860-1886, doi:10.3390/md9101860.

Jouiaei, M.; Yanagihara, A.; Madio, B.; Nevalainen, T.; Alewood, P.; Fry, B.
Ancient Venom Systems: A Review on Cnidaria Toxins. Toxins 2015, 7, 2251
2271, doi:10.3390/toxins7062251.

Rodrigues, T.; Guardiola, F.A.; Almeida, D.; Antunes, A. Aquatic Invertebrate
Antimicrobial Peptides in the Fight Against Aquaculture Pathogens.
Microorganisms 2025, 13, 156, doi:10.3390/microorganisms13010156.

Tennessen, J.A. Molecular Evolution of Animal Antimicrobial Peptides:
Widespread Moderate Positive Selection. J. Evol. Biol. 2005, 18, 1387-1394,
doi:10.1111/j.1420-9101.2005.00925 .x.

Browne, K.; Chakraborty, S.; Chen, R.; Willcox, M.D.P.; Black, D.S.; Walsh, W.R.;
Kumar, N. A New Era of Antibiotics: The Clinical Potential of Antimicrobial
Peptides. Int. J. Mol. Sci. 2020, 21, 7047, doi:10.3390/ijms21197047.

Reel, P.S.; Reel, S.; Pearson, E.; Trucco, E.; Jefferson, E. Using Machine
Learning Approaches for Multi-Omics Data Analysis: A Review. Biotechnol. Adv.
2021, 49, 107739, doi:10.1016/j.biotechadv.2021.107739.

Zhang, HW.; Lv, C.; Zhang, L.J.; Guo, X.; Shen, Y.W.; Nagle, D.G.; Zhou, Y.D.;
Liu, S.H.; Zhang, W.D.; Luan, X. Application of Omics- and Multi-Omics-Based
Techniques for Natural Product Target Discovery. Biomed. Pharmacother. 2021,
141, 111833, doi:10.1016/j.biopha.2021.111833.

Marques, A.C.; Collins, A.G. Cladistic Analysis of Medusozoa and Cnidarian
Evolution.  Invertebr. Biol. 2004, 123, 23-42, doi:10.1111/j.1744-
7410.2004.tb00139.x.

Daly, M.; Brugler, M.R.; Cartwright, P.; Collins, A.G.; Dawson, M.N.; Fautin, D.G.;
France, S.C.; Mcfadden, C.S.; Opresko, D.M.; Rodriguez, E.; et al. The Phylum
Cnidaria: A Review of Phylogenetic Patterns and Diversity 300 Years after
Linnaeus*. Zootaxa 2007, 1668, 127—182, doi:10.11646/zootaxa.1668.1.11.

Benovic, A.; Benovic, A.; LuCi¢, D.; Onofri, V.; Batisti¢, M.; Njire, J. Bathymetric
Distribution of Medusae in the Open Waters of the Middle and South Adriatic Sea
during Spring 2002. J. Plankton Res. 2004, 27, 79-89, doi:10.1093/plankt/foh153.



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Altuna, A. Bathymetric Distribution Patterns and Biodiversity of Benthic
Medusozoa (Cnidaria) in the Bay of Biscay (North-Eastern Atlantic). J. Mar. Biol.
Assoc. United Kingdom 2007, 87, 681-694, doi:10.1017/S0025315407055920.

Moura, C.J.; Harris, D.J.; Cunha, M.R.; Rogers, A.D. DNA Barcoding Reveals
Cryptic Diversity in Marine Hydroids (Cnidaria, Hydrozoa) from Coastal and Deep-
Sea Environments. Zool. Scr. 2008, 37, 93-108, doi:10.1111/j.1463-
6409.2007.00312.x.

Luci¢, D.; Benovi¢, A.; Morovi¢, M.; Batisti¢, M.; Onofri, I. Diel Vertical Migration
of Medusae in the Open Southern Adriatic Sea over a Short Time Period (July
2003). Mar. Ecol. 2009, 30, 16-32, doi:10.1111/j.1439-0485.2008.00264 .x.

Stefani, F.; Leoni, B.; Marieni, A.; Garibaldi, L. A New Record of Craspedacusta
sowerbii, Lankester 1880 (Cnidaria, Limnomedusae) in Northern Italy. J. Limnol.
2010, 69, 12, doi:10.3274/JL10-69-1-N1.

Wintzer, A.P.; Meek, M.H.; Moyle, P.B. Life History and Population Dynamics of
Moerisia Sp., a Non-Native Hydrozoan, in the Upper San Francisco Estuary
(U.S.A). Estuar. Coast. Shelf Sci. 2011, 94, 48-55,
doi:10.1016/j.ecss.2011.05.017.

Amorim, K.; Mattmiller, R.M.; Alguer6-Muhiz, M.; Meunier, C.L.; Alvarez-
Fernandez, S.; Boersma, M.; Morais, P.; Teoddsio, M.A. Winter River Discharge
May Affect Summer Estuarine Jellyfish Blooms. Mar. Ecol. Prog. Ser. 2018, 591,
253-265, doi:10.3354/meps12356.

Morales, J.; Negro, A.l.; Lizana, M. Observaciones Ecoldgicas, Coroldgicas y
Taxondmicas de Hidridos Dulceacuicolas (Cnidaria, Hydrozoa: Hydridae) en la
Cuenca del Duero. Graellsia 2018, 74, doi:10.3989/graellsia.2018.v74.210.

Newkirk, C.R.; Frazer, T.K.; Martindale, M.Q. Acquisition and Proliferation of Algal
Symbionts in Bleached Polyps of the Upside-down Jellyfish, Cassiopea
xamachana. J. Exp. Mar. Bio. Ecol. 2018, 508, 44-51,
doi:10.1016/j.jembe.2018.08.010.

Kramar, M.K; Tinta, T.; Lu€i¢, D.; Malej, A.; Turk, V. Bacteria Associated with
Moon Jellyfish during Bloom and Post-Bloom Periods in the Gulf of Trieste
(Northern Adriatic). PLoS One 2019, 14, 1-21,
doi:10.1371/journal.pone.0198056.

Altuna, A. The Life Cycle of Symbiotic Zanclea Sessilis (Hydrozoa: Zancleidae)
Colonies with Polymorphic Hydranths from the Bay of Biscay. Mar. Biodivers.
2016, 46, 901-910, doi:10.1007/s12526-016-0456-7.

Gongalves, G.R.L.; Wolf, M.R.; da Costa, R.C.; Castilho, A.L. Decapod
Crustacean Associations with Scyphozoan Jellyfish (Rhizostomeae: Pelagiidae)
in the Southeastern Brazilian Coast. Symbiosis 2016, 69, 193-198,
doi:10.1007/s13199-016-0395-x.

Montgomery, M.K.; Kremer, P.M. Transmission of Symbiotic Dinoflagellates
through the Sexual Cycle of the Host Scyphozoan Linuche unguiculata. Mar. Biol.
1995, 124, 147-155, doi:10.1007/BF00349156.

Dunn, C. Siphonophores. Curr. Biol. 2009, 19, R233-R234,
doi:10.1016/j.cub.2009.02.009.

Folino-Rorem, N.C.; Renken, C.J. Effects of Salinity on the Growth and
Morphology of the Invasive, Euryhaline Hydroid Cordylophora (Phylum Cnidaria,

119



120 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Class Hydrozoa). Invertebr. Biol. 2018, 137, 78-90, doi:10.1111/ivb.12207.

44. Boero, F.; Bouillon, J.; Piraino, S. On the Origins and Evolution of Hydromedusan
Life Cycles (Cnidaria , Hydrozoa). Sex Orig. Evol. 1992, 6, 59—68.

45. Miglietta, M.P.; Schuchert, P.; Cunningham, C.W. Reconciling Genealogical and
Morphological Species in a Worldwide Study of the Family Hydractiniidae
(Cnidaria, Hydrozoa). Zool. Scr. 2009, 38, 403-430, doi:10.1111/j.1463-
6409.2008.00376.x.

46. Piraino, S.; De Vito, D.; Schmich, J.; Bouillon, J.; Boero, F. Reverse Development
in Cnidaria. Can. J. Zool. 2004, 82, 1748-1754, doi:10.1139/z04-174.

47. Uye, S.; Brodeur, R.D. Report of Working Group 26 on Jellyfish Blooms around
the North Pacific Rim: Causes and Consequences; Sidney, British Columbia,
Canada, 2017.

48. Purcell, J.E.; Graham, W.M.; Dumont, H.J. Jellyfish Blooms: Ecological and
Societal Importance; Springer Science & Business Media: Dordrecht, 2001; ISBN
978-94-010-3835-5.

49. Bosch-Belmar, M.; Milisenda, G.; Girons, A.; Taurisano, V.; Accoroni, S.; Totti, C.;
Piraino, S.; Fuentes, V. Consequences of Stinging Plankton Blooms on Finfish
Mariculture in the Mediterranean Sea. Front. Mar. Sci. 2017, 4, 1-11,
doi:10.3389/fmars.2017.00240.

50. Avian, M.; Ramsak, A. Cnidaria: Classes Scyphozoa, Cubozoa, and Staurozoa.
In Invertebrate Zoology: A Tree of Life Approach; Schierwater, B., DeSalle, R.,
Eds.; CRC Press, 2021; pp. 149-172.

51. Jarms, G. The Early Life History of Scyphozoa with Emphasis on Coronatae a
Review with a List of Described Life Cycles. Verhandlungen des
Naturwissenschaftlichen Vereins Hambg. 2010, 45, 17-31.

52. Holst, S.; Sdtje, I.; Tiemann, H.; Jarms, G. Life Cycle of the Rhizostome Jellyfish
Rhizostoma octopus (L.) (Scyphozoa, Rhizostomeae), with Studies on Cnidocysts
and Statoliths. Mar. Biol. 2007, 151, 1695—-1710, doi:10.1007/s00227-006-0594-
8.

53. Helm, R.R. Evolution and Development of Scyphozoan Jellyfish. Biol. Rev. 2018,
93, 1228-1250, doi:10.1111/brv.12393.

54. WoRMS Editorial Board World Register of Marine Species Available online:
http://www.marinespecies.org (accessed on 10 July 2023).

55. Bentlage, B.; Cartwright, P.; Yanagihara, A.A.; Lewis, C.; Richards, G.S.; Collins,
A.G. Evolution of Box Jellyfish (Cnidaria: Cubozoa), a Group of Highly Toxic
Invertebrates. Proc. R. Soc. B Biol. Sci. 2010, 277, 493-501,
doi:10.1098/rspb.2009.1707.

56. Kingsford, M.J.; Mooney, C.J. The Ecology of Box Jellyfishes (Cubozoa). In
Jellyfish Blooms; Pitt, K.A., Lucas, C.H., Eds.; Springer Netherlands: Dordrecht,
2014; Vol. 9789400770, pp. 267-302 ISBN 9789400770157.

57.  Straehler-Pohl, I.; Gul, S. Rediscovery and Description of the Cubomedusa
Alatina Grandis (Agassiz & Mayer, 1902) (Cnidaria: Cubozoa: Alatinidae) from
Pakistani Waters. Plankt. Benthos Res. 2017, 12, 1-14, doi:10.3800/pbr.12.1.

58.  Straehler-Ponhl, I.; Jarms, G. Life Cycle of Carybdea Marsupialis Linnaeus, 1758
(Cubozoa, Carybdeidae) Reveals Metamorphosis to Be a Modified Strobilation.



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Mar. Biol. 2005, 147, 1271-1277, doi:10.1007/s00227-005-0031-4.

Toshino, S.; Miyake, H.; Ohtsuka, S.; Adachi, A.; Kondo, Y.; Okada, S
Hirabayashi, T.; Hiratsuka, T. Monodisc Strobilation in Japanese Giant Box
Jellyfish Morbakka virulenta (Kishinouye, 1910): A Strong Implication of
Phylogenetic Similarity between Cubozoa and Scyphozoa. Evol. Dev. 2015, 17,
231-239, doi:10.1111/ede.12127.

Courtney, R.; Browning, S.; Seymour, J. Early Life History of the ‘lrukandji’
Jellyfish Carukia barnesi. PLoS One 2016, 11, e0151197,
doi:10.1371/journal.pone.0151197.

Underwood, A.H.; Straehler-Pohl, I.; Carrette, T.J.; Sleeman, J.; Seymour, J.E.
Early Life History and Metamorphosis in Malo maxima Gershwin, 2005
(Carukiidae, Cubozoa, Cnidaria). Plankt. Benthos Res. 2018, 13, 143-153,
doi:10.3800/pbr.13.143.

Miranda, L.S.; Hirano, Y.M.; Mills, C.E.; Falconer, A.; Fenwick, D.; Marques, A.C.;
Collins, A.G. Systematics of Stalked Jellyfishes (Cnidaria: Staurozoa). PeerJ
2016, 4, 1951, doi:10.7717/peerj.1951.

Miranda, L.S.; Mills, C.E.; Hirano, Y.M.; Collins, A.G.; Marques, A.C. A Review of
the Global Diversity and Natural History of Stalked Jellyfishes (Cnidaria,
Staurozoa). Mar. Biodivers. 2018, 48, 1695-1714, doi:10.1007/s12526-017-0721-
4,

Miranda, L.S.; Collins, A.G.; Marques, A.C. Molecules Clarify a Cnidarian Life
Cycle — The “Hydrozoan” Microhydrula limopsicola Is an Early Life Stage of the
Staurozoan Haliclystus antarcticus. PLoS One 2010, 5, e10182,
doi:10.1371/journal.pone.0010182.

Miranda, L.S.; Collins, A.G. Eyes in Staurozoa (Cnidaria): A Review. PeerJ 2019,
7, €6693, doi:10.7717/peerj.6693.

Clinton, M.; Ferrier, D.E.K.; Martin, S.A.M.; Brierley, A.S. Impacts of Jellyfish on
Marine Cage Aquaculture: An Overview of Existing Knowledge and the
Challenges to Finfish Health. ICES J. Mar. Sci. 2021, 78, 1557-1573,
doi:10.1093/icesjms/fsaa254.

Baliarsingh, S.K.; Lotliker, A.A.; Srichandan, S.; Samanta, A.; Kumar, N.; Nair,
T.M.B. A Review of Jellyfish Aggregations, Focusing on India’s Coastal Waters.
Ecol. Process. 2020, 9, 58, doi:10.1186/s13717-020-00268-z.

Lin, H.; Zhang, S.; Cao, R.; Yu, S.; Bai, W.; Zhang, R.; Yang, J.; Dai, L.; Chen, J,;
Zhang, Y.; et al. A Review on the Risk, Prevention and Control of Cooling Water
Intake Blockage in Coastal Nuclear Power Plants. Nucl. Eng. Technol. 2023,
138824, doi:10.1016/j.net.2023.10.009.

Ghermandi, A.; Galil, B.; Gowdy, J.; Nunes, P.A.L.D. Jellyfish Outbreak Impacts
on Recreation in the Mediterranean Sea: Welfare Estimates from a
Socioeconomic Pilot Survey in lIsrael. Ecosyst. Serv. 2015, 11, 140-147,
doi:10.1016/j.ecoser.2014.12.004.

Ruiz-Frau, A. Impacts of Jellyfish Presence on Tourists’ Holiday Destination
Choices and Their Willingness to Pay for Mitigation Measures. J. Environ. Plan.
Manag. 2023, 66, 2107-2125, doi:10.1080/09640568.2022.2061926.

De Domenico, S.; De Rinaldis, G.; Paulmery, M.; Piraino, S.; Leone, A. Barrel
Jellyfish (Rhizostoma Pulmo) as Source of Antioxidant Peptides. Mar. Drugs

121



122 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

2019, 17, 134, doi:10.3390/md17020134.

72. Duarte, I.M.; Marques, S.C.; Leandro, S.M.; Calado, R. An Overview of Jellyfish
Aquaculture: For Food, Feed, Pharma and Fun. Rev. Aquac. 2021, 14, 265-287,
doi:10.1111/raq.12597.

73.  Amaral, L.; Raposo, A.; Morais, Z.; Coimbra, A. Jellyfish Ingestion Was Safe for
Patients with Crustaceans, Cephalopods, and Fish Allergy. Asia Pac. Allergy
2018, 8, doi:10.5415/apallergy.2018.8.e3.

74. Costa, R.; Capillo, G.; Albergamo, A.; Li Volsi, R.; Bartolomeo, G.; Bua, G,
Ferracane, A.; Savoca, S.; Gervasi, T.; Rando, R.; et al. A Multi-Screening
Evaluation of the Nutritional and Nutraceutical Potential of the Mediterranean
Jellyfish Pelagia noctiluca. Mar. Drugs 2019, 17, 172, doi:10.3390/md17030172.

75.  Purcell, J.E.; Baxter, E.J.; Fuentes, V.L. Jellyfish as Products and Problems of
Aquaculture. In Advances in Aquaculture Hatchery Technology; Elsevier, 2013;
pp. 404—430 ISBN 9780857091192.

76. Leal, M.C.; Rocha, R.J.M.; Rosa, R.; Calado, R. Aquaculture of Marine Non-Food
Organisms: What, Why and How? Rev. Aquac. 2018, 170, 400-423,
doi:10.1111/raq.12168.

77. Kayal, E.; Bentlage, B.; Sabrina Pankey, M.; Ohdera, A.H.; Medina, M,
Plachetzki, D.C.; Collins, A.G.; Ryan, J.F. Phylogenomics Provides a Robust
Topology of the Major Cnidarian Lineages and Insights on the Origins of Key
Organismal Traits. BMC Evol. Biol. 2018, 18, 68, doi:10.1186/s12862-018-1142-
0.

78. Moura, C.J.; Ropa, N.; Magalhaes, B.l.; Gongalves, J.M. Insight into the Cryptic
Diversity and Phylogeography of the Peculiar Fried Egg Jellyfish Phacellophora
(Cnidaria, Scyphozoa, Ulmaridae). Peerd 2022, 10, doi:10.7717/peerj.13125.

79. Dawson, M.N.; Cieciel, K.; Decker, M.B.; Hays, G.C.; Lucas, C.H.; Pitt, K.A.
Population-Level Perspectives on Global Change: Genetic and Demographic
Analyses Indicate Various Scales, Timing, and Causes of Scyphozoan Jellyfish
Blooms. Biol. Invasions 2015, 17, 851-867, doi:10.1007/s10530-014-0732-z.

80. Felician, F.F.; Yu, R.H.; Li, M.Z,; Li, C.J.; Chen, H.Q.; Jiang, Y.; Tang, T.; Qi, W.Y;
Xu, H.M. The Wound Healing Potential of Collagen Peptides Derived from the
Jellyfish Rhopilema esculentum. Chinese J. Traumatol. - English Ed. 2019, 22,
12-20, doi:10.1016/j.cjtee.2018.10.004.

81. Nong, W.,; Cao, J.; Li, Y.; Qu, Z.; Sun, J.; Swale, T.; Yip, H.Y.; Qian, P.Y.; Qiu,
J.W.; Kwan, H.S.; et al. Jellyfish Genomes Reveal Distinct Homeobox Gene
Clusters and Conservation of Small RNA Processing. Nat. Commun. 2020, 11, 1—
11, doi:10.1038/s41467-020-16801-9.

82. Dong, M.; Kwok, S.H.; Humble, J.L.; Liang, Y.; Tang, S.W.; Tang, K.H.; Tse, M.K;;
Lei, J.H.; Ramalingam, R.; Koohi-Moghadam, M.; et al. BING, a Novel
Antimicrobial Peptide Isolated from Japanese Medaka Plasma, Targets Bacterial
Envelope Stress Response by Suppressing CpxR Expression. Sci. Rep. 2021, 11,
doi:10.1038/s41598-021-91765-4.

83. Lim, R.S.M.; Anand, A.; Nishimiya-Fujisawa, C.; Kobayashi, S.; Kai, T. Analysis
of Hydra PIWI Proteins and PiRNAs Uncover Early Evolutionary Origins of the
PiRNA Pathway. Dev. Biol. 2014, 386, 237—251, doi:10.1016/j.ydbio.2013.12.007.

84. Matsumoto, Y.; Piraino, S.; Miglietta, M.P. Transcriptome Characterization of



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Reverse Development in Turritopsis dohrnii (Hydrozoa, Cnidaria). G3 Genes,
Genomes, Genet. 2019, 9, 4127-4138, do0i:10.1534/93.119.400487.

Choudhary, I.; Lee, H.; Pyo, M.J.; Heo, Y.; Chae, J.; Yum, S.S.; Kang, C.; Kim, E.
Proteomic Investigation to Identify Anticancer Targets of Nemopilema nomurai
Jellyfish Venom in Human Hepatocarcinoma HepG2 Cells. Toxins 2018, 10,
doi:10.3390/toxins10050194.

Li, R.; Li, R.; Yu, H.; Yu, H.; Li, T.; Li, P.; Li, P. Comprehensive Proteome Reveals
the Key Lethal Toxins in the Venom of Jellyfish Nemopilema nomurai. J. Proteome
Res. 2020, 19, 2491-2500, doi:10.1021/acs.jproteome.0c00277.

Boero, F.; Bouillon, J.; Gravili, C.; Miglietta, M.P.M.; Parsons, T.; Piraino, S.
Gelatinous Plankton: Irregularities Rule the World (Sometimes). Mar. Ecol. Prog.
Ser. 2008, 356, 299-310, doi:10.3354/meps07368.

Medel, M.D.; Lépez-Gonzalez, P.J. Updated Catalogue of Hydrozoans of the
Iberian Peninsula and Balearic Islands, with Remarks on Zoogeography and
Affinities. Sci. Mar. 1996, 60, 183—209.

Cantero, A.P.; Carrascosa, A.G. The Benthic Hydroid Fauna of the Chafarinas
Islands (Alboran Sea, Western Mediterranean). Zool. Verh. 2002, 337, 1-180.

Altuna, A. Cnidarios (Cnidaria) Benténicos Del Golfo de Vizcaya y Zonas
Proximas (Atlantico NE). Lista de Especies, Batimetria y Anotaciones; Proyecto
Fauna Ibérica, Museo Nacional de Ciencias Naturales: Madrid, 2015;

Gueroun, S.K.M.; Javidpour, J.; Andrade, C.; Nogueira, N.; Freitas, M.; Canning-
Clode, J. Pelagic Cnidaria and Ctenophora Diversity Patterns and Trends in
Macaronesia Insular Systems (NE Atlantic). Mar. Biodivers. 2021, 51, 32,
doi:10.1007/s12526-021-01174-z.

GBIF.org GBIF Home Page Available online: https://www.gbif.org (accessed on
23 January 2023).

INaturalist No Title Available online: https://www.inaturalist.org (accessed on 23
January 2023).

OBIS Ocean Biodiversity Information System. Intergovernmental Oceanographic
Commission of UNESCO. Available online: www.obis.org.

Bouillon, J.; Gravili, C.; Pagés, F; ,Gili, J.M.; Boero, F. An Introduction to
Hydrozoa; Betsch, J.-M., Bouchet, P., Erard, C., Eds.; Muséum National d’Histoire
Naturelle: Paris, 2006; ISBN 2-85653-580-1.

Schuchert, P. The European Athecate Hydroids and Their Medusae (Hydrozoa,
Cnidaria): Capitata Part 1. Rev. Suisse Zool. 2006, 113, 325-410,
doi:10.5962/bhl.part.80356.

Schuchert, P. The European Athecate Hydroids and Their Medusae (Hydrozoa,
Cnidaria): Filifera Part 2. Rev. Suisse Zool. 2007, 114, 195-396,
doi:https://doi.org/10.5962/bhl.part.80395.

Schuchert, P. The European Athecate Hydroids and Their Medusae (Hydrozoa,
Cnidaria): Filifera Part 4. Rev. Suisse Zool. 2008, 115 677-757,
doi:10.5962/bhl.part.80453.

Schuchert, P. The European Athecate Hydroids and Their Medusae (Hydrozoa,
Cnidaria): Filifera Part 3. Rev. Suisse Zool. 2008, 115, 221-302,
doi:10.5962/bhl.part.80426.

123



124 | FCUP

Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.

114.

Schuchert, P. The European Athecate Hydroids and Their Medusae (Hydrozoa,
Cnidaria): Filifera Part 5. Rev. Suisse Zool. 2009, 116, 441-507,
doi:10.5962/bhl.part.117779.

Schuchert, P. The European Athecate Hydroids and Their Medusae (Hydrozoa,
Cnidaria): Capitata Part 2. Rev. suisse Zool. 2010, 117, 337-555,
doi:10.5962/bhl.part.117793.

Jarms, G.; Morandini, A.C. World Atlas of Jellyfish: Scyphozoa except
Stauromedusae; Dolling und Galitz; Hamburg, 2019; ISBN 3862180824.

Straehler-Pohl, I.; Jarms, G. Morphology and Life Cycle of Carybdea morandinii,
sp. nov. (Cnidaria), a Cubozoan with Zooxanthellae and Peculiar Polyp Anatomy.
Zootaxa 2011, 36-56, doi:10.11646/zootaxa.2755.1.2.

Straehler-Pohl, I. Cubozoa and Scyphozoa: The Results of 20 Years of
Scyphozoan Life Cycle Research with New Results on Cubozoan Life Cycles to
Suggest a New Nomenclature Referring to Both Classes. In Frontiers in ecological
studies of jellyfish; Toyokawa, M., Miyake, H., Nishikawa, J., Eds.; Seibutsu
Kenkyu Sha Co. Ltd. (Organisms Research Co. Ltd.): Tokyo, 2017; pp. 17-29.

Miranda, L.S.; Morandini, A.C.; Marques, A.C. Do Staurozoa Bloom? A Review of
Stauromedusan Population Biology. Hydrobiologia 2012, 690, 57-67,
doi:10.1007/s10750-012-1048-6.

Miranda, L.S.; Tavares, S.; dos Santos, A.; Gongalves, E.J.; Serrao, E.A.; Coelho,
M.A.G. Lipkea ruspoliana Vogt, 1886 (Cnidaria: Staurozoa) in Portugal: The
Contribution of Citizen Science to Range Extension and Taxonomic Discussion of
Rare Species. Aquat. Ecol. 2023, 1886, doi:10.1007/s10452-023-10070-6.

QGIS.org QGIS Geographic Information System 2023.

Flanders Marine Institute MarineRegions.Org Available online:
www.marineregions.org (accessed on 16 January 2023).

Invasive Species Specialist Group ISSG The Global Invasive Species Database
Available online: http://www.iucngisd.org/gisd/ (accessed on 10 October 2023).

Pagad, S.; Bisset, S.; Genovesi, P.; Groom, Q.; Hirsch, T.; Jetz, W.; Ranipeta, A.;
Schigel, D.; Sica, Y. V.; McGeoch, M.A. Country Compendium of the Global
Register of Introduced and Invasive Species. Sci. Data 2022, 9, 1-13,
doi:10.1038/s41597-022-01514-z.

Leinonen, R.; Sugawara, H.; Shumway, M. The Sequence Read Archive. Nucleic
Acids Res. 2011, 39, D19-D21, doi:10.1093/nar/gkq1019.

Deutsch, E.W.; Bandeira, N.; Perez-Riverol, Y.; Sharma, V.; Carver, J.J;
Mendoza, L.; Kundu, D.J.; Wang, S.; Bandla, C.; Kamatchinathan, S.; et al. The
ProteomeXchange Consortium at 10 Years: 2023 Update. Nucleic Acids Res.
2023, 51, D1539-D1548, doi:10.1093/nar/gkac1040.

Perez-Riverol, Y.; Bai, J.; Bandla, C.; Garcia-Seisdedos, D.; Hewapathirana, S.;
Kamatchinathan, S.; Kundu, D.J.; Prakash, A.; Frericks-Zipper, A.; Eisenacher,
M.; et al. The PRIDE Database Resources in 2022: A Hub for Mass Spectrometry-
Based Proteomics Evidences. Nucleic Acids Res. 2022, 50, D543-D552,
doi:10.1093/nar/gkab1038.

Center for Computational Mass Spectometry MassIVE Available online:
https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp.



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Ma, J.; Chen, T.; Wu, S.; Yang, C.; Bai, M.; Shu, K.; Li, K.; Zhang, G.; Jin, Z.; He,
F.; et al. IProX: An Integrated Proteome Resource. Nucleic Acids Res. 2019, 47,
D1211-D1217, doi:10.1093/nar/gky869.

The UniProt Consortium UniProt: The Universal Protein Knowledgebase in 2023.
Nucleic Acids Res. 2023, 51, D523-D531, doi:10.1093/nar/gkac1052.

Bordehore, C.; Fuentes, V.L.; Atienza, D.; Barbera, C.; Fernandez-Jover, D.; Roig,
M.; Acevedo-Dudley, M.J.; Canepa, A.J.; Gili, J.M. Detection of an Unusual
Presence of the Cubozoan Carybdea marsupialis at Shallow Beaches Located
near Denia, Spain (South-Western Mediterranean). Mar. Biodivers. Rec. 2011, 4,
€69, doi:10.1017/S1755267211000650.

Morandini, A.C.A.C.; Stampar, S.N.; Kubota, S. Mass Occurrence of the
Cubomedusa Copula sivickisi (Cnidaria: Cubozoa) at Seto Harbor, Shirahama,
Wakayama, Japan, in Summer of 2013; a Possible Recent Example of Global
Warming. Publ. Seto Mar. Biol. Lab. 2014, 42, 108-111, doi:10.5134/185694.

Zeman, S.M.; Corrales-Ugalde, M.; Brodeur, R.D.; Sutherland, K.R. Trophic
Ecology of the Neustonic Cnidarian Velella velella in the Northern California
Current during an Extensive Bloom Year: Insights from Gut Contents and Stable
Isotope Analysis. Mar. Biol. 2018, 165, 150, doi:10.1007/s00227-018-3404-1.

Gul, S.; Gravili, C. Aequorea pensilis (Cnidaria: Hydrozoa) Bloom and First
Record from Pakistan Coast (North Arabian Sea). Mar. Biodivers. Rec. 2013, 6,
doi:10.1017/S1755267213001085.

Young, G.A.; Hagadorn, J.W. Evolving Preservation and Facies Distribution of
Fossil Jellyfish: A Slowly Closing Taphonomic Window. Boll. della Soc. Paleontol.
Ital. 2020, 59, 185—203, doi:10.4435/BSP1.2020.22.

Marchessaux, G.; Gadreaud, J.; Martin-Garin, B.; Thiéry, A.; Ourgaud, M.; Belloni,
B.; Thibault, D. First Report of the Invasive Jellyfish Gonionemus vertens A.
Agassiz, 1862 in the Berre Lagoon, Southeast France. Biolnvasions Rec. 2017,
6, 339-344, doi:10.3391/bir.2017.6.4.06.

Aytan, U.; Aksu, I.i.; Bektas, Y. Recent Occurrence of Olindias muelleri Haeckel,
1879 (Cnidaria, Hydrozoa, Limnomedusae, Olindiidae) in the Aegean Sea. Plankt.
Benthos Res. 2019, 14, 22—-28, doi:10.3800/pbr.14.22.

Bamstedt, U.; Fossa, J.H.; Martinussen, M.B.; Fosshagen, A. Mass Occurrence
of the Physonect Siphonophore Apolemia uvaria (Lesueur) in Norwegian Waters.
Sarsia 1998, 83, 79-85, doi:10.1080/00364827.1998.10413673.

Boero, F. Review of Jellyfish Blooms in the Mediterranean and Black Sea; 2013;
Vol. 92; ISBN 978-92-5-107457-2.

Fossette, S.; Gleiss, A.C.; Casey, J.P.; Lewis, A.R.; Hays, G.C. Does Prey Size
Matter? Novel Observations of Feeding in the Leatherback Turtle (Dermochelys
coriacea) Allow a Test of Predator—Prey Size Relationships. Biol. Lett. 2012, 8,
351-354, doi:10.1098/rsbl.2011.0965.

Tseng, L.-C.; Chou, C.; Chen, Q.-C.; Hwang, J.-S. Jellyfish Assemblages Are
Related to Interplay Waters in the Southern East China Sea. Cont. Shelf Res.
2015, 103, 3344, doi:10.1016/j.csr.2015.04.025.

Tiller, R.G.; Mork, J.; Liu, Y.; Borgersen, A.L.; Richards, R. To Adapt or Not Adapt:
Assessing the Adaptive Capacity of Artisanal Fishers in the Trondheimsfjord
(Norway) to Jellyfish (Periphylla periphylla) Bloom and Purse Seiners. Mar. Coast.

125



126 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Fish. 2015, 7, 260-273, doi:10.1080/19425120.2015.1037873.

129. Kogovsek, T.; Bogunovi¢, B.; Malej, A. Recurrence of Bloom-Forming
Scyphomedusae: Wavelet Analysis of a 200-Year Time Series. Hydrobiologia
2010, 645, 81-96, doi:10.1007/s10750-010-0217-8.

130. Haddad, M.A.; Nogueira Junior, M. Reappearance and Seasonality of Phyllorhiza
punctata von Lendenfeld (Cnidaria, Scyphozoa, Rhizostomeae) Medusae in
Southern Brazil. Rev. Bras. Zool. 2006, 23, 824-831, doi:10.1590/S0101-
81752006000300030.

131. Dong, Z,; Liu, D.; Wang, Y.; Di, B.; Song, X.; Shi, Y. A Report on a Moon Jellyfish
Aurelia aurita Bloom in Sishili Bay, Northern Yellow Sea of China in 2009. Aquat.
Ecosyst. Health Manag. 2012, 15, 161-167, doi:10.1080/14634988.2012.689583.

132. Suchman, C.L.; Brodeur, R.D. Abundance and Distribution of Large Medusae in
Surface Waters of the Northern California Current. Deep Sea Res. Part Il Top.
Stud. Oceanogr. 2005, 52, 51-72, doi:10.1016/j.dsr2.2004.09.017.

133. Del Negro, P.; Kokelj, F.; Tubaro, A.; Della Loggia, R.; Loggia, R. Della Chrysaora
hysoscella in the Gulf of Trieste: Presence, Evolution and Cutaneous Toxicity in
Man. In Marine Coastal Eutrophication; Elsevier, 1992; pp. 427-430.

134. Decker, M.B.; Brown, C.W.; Hood, R.R.R.; Purcell, J.E.; Gross, T.F.; Matanoski,
J.C.J.; Bannon, R.O.; Setzler-Hamilton, E.M. Predicting the Distribution of the
Scyphomedusa Chrysaora quinquecirrha in Chesapeake Bay. Mar. Ecol. Prog.
Ser. 2007, 329, 99-113, do0i:10.3354/meps329099.

135. Xian, W.X,; Kang, B.; Liu, R. Jellyfish Blooms in the Yangtze Estuary. Science
2005, 307, 41.

136. Purcell, J.E.; Milisenda, G.; Rizzo, A.; Carrion, S.A.; Zampardi, S.; Airoldi, S.;
Zagami, G.; Guglielmo, L.; Boero, F.; Doyle, T.K.; et al. Digestion and Predation
Rates of Zooplankton by the Pleustonic Hydrozoan Velella velella and
Widespread Blooms in 2013 and 2014. J. Plankton Res. 2015, 37, 1056-1067,
doi:10.1093/plankt/fbv031.

137. Williams, E.H.; Bunkley-Williams, L.; Lilyestrom, C.G.; Larson, R.J.; Engstrom,
N.A.; Ortiz-Corps, E.A.R.; Timber, J.H. A Population Explosion of the
Rare/Tropical Subtropical Purple Sea Mane, Drymonema dalmatinum, around
Puerto Rico in the Summer and Fall of 1999. Caribb. J. Sci. 2001, 37, 127-130.

138. Avian, M.; Rams8ak, A.; Tirelli, V.; D’Ambra, |.; Malej, A. Redescription of Pelagia
benovici into a New Jellyfish Genus, Mawia, Gen. Nov., and Its Phylogenetic
Position within Pelagiidae (Cnidaria:Scyphozoa:Semaeostomeae). Invertebr.
Syst. 2016, 30, 523-546, doi:10.1071/IS16010.

139. Milisenda, G.; Martinez-Quintana, A.; Fuentes, V.L.; Bosch-Belmar, M.; Aglieri,
G.; Boero, F.; Piraino, S. Reproductive and Bloom Patterns of Pelagia noctiluca
in the Strait of Messina, Italy. Estuar. Coast. Shelf Sci. 2016, 201, 29-39,
doi:10.1016/j.ecss.2016.01.002.

140. Wang, K. The Use of Untraditional Sea Food: The Commercialization of
Norwegian Jellyfish, Red Sea Cucumber and Whelk. In SINTEF Report,
Trondheim, Norway, 2007; p. 108.

141. Raposo, A.; Coimbra, A.; Amaral, L.; Gongalves, A.; Morais, Z. Eating Jellyfish:
Safety, Chemical and Sensory Properties. J. Sci. Food Agric. 2018, 98, 3973—
3981, doi:10.1002/jsfa.8921.



142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Brotz, L.; Schiariti, A.; Lopez-Martinez, J.; Alvarez-Tello, J.; Peggy Hsieh, Y.H.;
Jones, R.P.; Quifones, J.; Dong, Z.; Morandini, A.C.; Preciado, M.; et al. Jellyfish
Fisheries in the Americas: Origin, State of the Art, and Perspectives on New
Fishing Grounds. Rev. Fish Biol. Fish. 2017, 27, doi:10.1007/s11160-016-9445-y.

Coleman, A.; Micin, S.; Mulvay, P.; Rippingale, R. The Brown Jellyfish (Phyllorhiza
punctata) in the Swan-Canning Estuary; No. 2. Swan River Trust: Perth, Australia,
1990;

Kailola, P.J.; Williams, M.J.; Stewart, P.C.; Reichelt, R.E.; McNee, A.; Grieve, C.
Australian Fisheries Resources; Bur Resour Sci Fish Res Dev Corp: Canberra,
Australia, 1993; ISBN 0854046356.

Edelist, D.; Angel, D.L.; Canning-Clode, J.; Gueroun, S.K.M.K.M.; Aberle, N.;
Javidpour, J.; Andrade, C. Jellyfishing in Europe: Current Status, Knowledge
Gaps, and Future Directions towards a Sustainable Practice. Sustainability 2021,
13, 12445, doi:10.3390/su132212445.

Ozer, N.P.; Celikkale, M.S. Utilization Possibilities of Jellyfish Rhizostoma pulmo
as a Food in the Black Sea. J. Food Sci. Technol. 2001, 38, 175-178.

Torri, L.; Tuccillo, F.; Bonelli, S.; Piraino, S.; Leone, A. The Attitudes of Italian
Consumers towards Jellyfish as Novel Food. Food Qual. Prefer. 2020, 79,
103782, doi:10.1016/j.foodqual.2019.103782.

Hsieh, Y.H.P.; Leong, F.M.; Rudloe, J. Jellyfish as Food. Hydrobiologia 2001, 451,
11-17, doi:10.1023/A:1011875720415.

Lépez-Martinez, J.; Alvarez-Tello, J. The Jellyfish Fishery in Mexico. Agric. Sci.
2013, 04, 5761, doi:10.4236/as.2013.46a009.

Pedersen, M.T. A Gastrophysical Investigation of Moon Jellyfish (Aurelia aurita),
University of Southern Denmark, 2016.

Armani, A.; Tinacci, L.; Giusti, A.; Castigliego, L.; Gianfaldoni, D.; Guidi, A. What
Is inside the Jar? Forensically Informative Nucleotide Sequencing (FINS) of a
Short Mitochondrial COI Gene Fragment Reveals a High Percentage of
Mislabeling in Jellyfish Food Products. Food Res. Int. 2013, 54, 1383-1393,
doi:10.1016/j.foodres.2013.10.003.

Marchante, H.; Marchante, E.; Paiva, M.; Chainho, P.; Anastacio, P.; Sequeira,
M.; Ribeiro, F.; Elias, R.M.; Figueiredo, A.; Jardim, R.; et al. Global Register of
Introduced and Invasive Species - Portugal. Version 1.9. Invasive Species
Specialist Group ISSG Available online: https://doi.org/10.15468/5siv3h
(accessed on 19 October 2023).

Dana, E.D.; Garcia-Berthou, E.; Wong, L.J.; Pagad, S. Global Register of
Introduced and Invasive Species - Spain. Version 1.4. Invasive Species Specialist
Group ISSG Available online: https://doi.org/10.15468/ylk7wp.

Da Cunha, A.X. Hidropolipos Das Costas de Portugal; Coimbra Editora: Coimbra,
1944;

Haeckel, E. Das System Der Medusen, Pt. 2, System Der Acraspeden. In Das
system der medusen: erster theil einer monographie der medusen; G. Fischer:
Jena, Germany, 1880; pp. 364—672.

Nobre, A. Subsidios Para o Estudo Da Fauna Marinha Do Sul de Portugal. In
Annaes de Sciencias Naturaes; 1903; pp. 37-94.

127



128 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

157. Besteiro, C.; Urgorri, V. Cnidarios Mesopsamicos Novos Para o Litoral Ibérico
Recolhidos Na Galiza. Ciénc. Biol. Ecol. Syst. 1988, 8, 43—45.

158. Nobre, A. Contribuigdes Para o Estudo Dos Coelenterados de Portugal. In Fauna
marinha de Portugal; Imprensa Portuguesa: Porto, 1931; pp. 1-82.

159. Acevedo, M.J.; Fuentes, V.L.; Olariaga, A.; Canepa, A.; Belmar, M.B.; Bordehore,
C.; Calbet, A. Maintenance, Feeding and Growth of Carybdea marsupialis
(Cnidaria: Cubozoa) in the Laboratory. J. Exp. Mar. Bio. Ecol. 2013, 439, 84-91,
doi:10.1016/j.jembe.2012.10.007.

160. Acevedo, M.J.; Straehler-Pohl, I.; Morandini, A.C.; Stampar, S.N.; Bentlage, B.;
Matsumoto, G.l.; Yanagihara, A.; Toshino, S.; Bordehore, C.; Fuentes, V.L.
Revision of the Genus Carybdea (Cnidaria: Cubozoa: Carybdeidae): Clarifying the
Identity of Its Type Species Carybdea marsupialis. Zootaxa 2019, 4543, 515-548,
doi:10.11646/zootaxa.4543.4.3.

161. Rubio Gomez, A.; Gutiérrez-Hernandez, O. Impacto de Las Medusas En El Litoral
Andaluz. Implicaciones Para El Turismo de Sol y Playa. Estud. Geograficos 2020,
81, 038, doi:10.3989/estgeogr.202053.033.

162. Rodriguez-Garcia, C.; Sanz-Fernandez, V.; Mufioz-Lechuga, R.; Gutiérrez-
Martinez, M.; Cabrera-Castro, R. First Records and Presence over Time of the
Cubozoan Carybdea marsupialis (Linnaeus, 1758) on the Southwestern Spanish
Coast (Northeast Atlantic). Reg. Stud. Mar. Sci. 2021, 44, 101712,
doi:10.1016/j.rsma.2021.101712.

163. Moro, L.; Herrera, R.; Ayza, O.; Ocaia, O.; Monterroso, O.; Freitas, R.; Ledn, A.;
Cozzi, S.; Iglesias, R.; Marrero, J.; et al. Primeros Registros de Invertebrados
Marinos Para Las Islas Canarias y de Cabo Verde (V). Rev. la Acad. Canar.
Ciencias 2020, 32, 127-148.

164. Leung, T.C.N.N.; Qu, Z.; Nong, W.; Hui, J.H.L.L.; Ngai, S.M. Proteomic Analysis
of the Venom of Jellyfishes Rhopilema esculentum and Sanderia malayensis.
Mar. Drugs 2020, 18, 655, doi:10.3390/md18120655.

165. Guo, Q.; Whipps, C.M.; Zhai, Y.; Li, D.; Gu, Z. Quantitative Insights into the
Contribution of Nematocysts to the Adaptive Success of Cnidarians Based on
Proteomic Analysis. Biology 2022, 11, 91, doi:10.3390/biology11010091.

166. Hernandez-Elizarraga, V.H.; Ocharan-Mercado, A.; Olguin-Lépez, N.;
Hernandez-Matehuala, R.; Caballero-Pérez, J.; Ibarra-Alvarado, C.; Rojas-
Molina, A. New Insights into the Toxin Diversity and Antimicrobial Activity of the
“Fire Coral’ Millepora complanata. Toxins 2022, 14, 206,
doi:10.3390/toxins14030206.

167. Gonzalez-Duarte, M.M.; Megina, C.; Lopez-Gonzalez, P.J. How Tiny Species Can
Be Overlooked: The Finding of Eudendrium capillaroides (Cnidaria, Hydrozoa) in
the Strait of Gibraltar. Mar. Biodivers. 2023, 53, doi:10.1007/s12526-023-01337-
0.

168. Raskoff, K.A. Bathykorus bouilloni: A New Genus and Species of Deep-Sea
Jellyfish from the Arctic Ocean (Hydrozoa, Narcomedusae, Aeginidae. Zootaxa
2010, 67, 57—67, doi:10.11646/zootaxa.2361.1.5.

169. Wenneck, T. de L.; Falkenhaug, T.; Bergstad, O.A. Strategies, Methods, and
Technologies Adopted on the R.V. G.O. Sars MAR-ECO Expedition to the Mid-
Atlantic Ridge in 2004. Deep Sea Res. Part Il Top. Stud. Oceanogr. 2008, 55, 6—



170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

28, doi:10.1016/j.dsr2.2007.09.017.

Hosia, A.; Falkenhaug, T.; Baxter, E.J.; Pages, F. Abundance, Distribution and
Diversity of Gelatinous Predators along the Northern Mid-Atlantic Ridge: A
Comparison of Different Sampling Methodologies. PLoS One 2017, 12,
e0187491, doi:10.1371/journal.pone.0187491.

Rios, P.; Altuna, A.; Frutos, |.; Manjén-Cabeza, E.; Garcia-Guillén, L.; Macias-
Ramirez, A.; Ibarrola, T.P.; Gofas, S.; Taboada, S.; Souto, J.; et al. Avilés Canyon
System: Increasing the Benthic Biodiversity Knowledge. Estuar. Coast. Shelf Sci.
2022, 274, 107924, doi:10.1016/j.ecss.2022.107924.

Nogueira Junior, M.; Pukanski, L.E. de M.; Souza-Concei¢ao, J.M. Mesh Size
Effects on Assessments of Planktonic Hydrozoan Abundance and Assemblage
Structure. J. Mar. Syst. 2015, 144, 117-126, doi:10.1016/j.jmarsys.2014.11.014.

Tosetto, E.G.; Neumann-Leitdo, S.; Nogueira Junior, M. Sampling Planktonic
Cnidarians with Paired Nets: Implications of Mesh Size on Community Structure
and Abundance. Estuar. Coast. Shelf Sci. 2019, 220, 48-53,
doi:10.1016/j.ecss.2019.02.027.

Munro, C.; Vue, Z.; Behringer, R.R.; Dunn, C.W. Morphology and Development of
the Portuguese Man of War, Physalia physalis. Sci. Rep. 2019, 9, 1-12,
doi:10.1038/s41598-019-51842-1.

Instituto Portugués do Mar e da Atmosfera (IPMA). Gelavista; Available online:
https://gelavista.ipma.pt/ (accessed on 23 January 2023).

Cornelius, C.; Jarms, G.; Hirano, Y. Scyphozoa. In European Register of Marine
Species: A check-list of the marine species in Europe and a bibliography of guides
to their identification; Costello, M., Emblow, C., White, R., Eds.; Patrimoines
Naturels, 2001; pp. 111-119.

Miranda, L.S.; Collins, A.G.; Hirano, Y.M.; Mills, C.E.; Marques, A.C. Comparative
Internal Anatomy of Staurozoa (Cnidaria), with Functional and Evolutionary
Inferences. PeerJ 2016, 2016, 1-83, doi:10.7717/peerj.2594.

Miranda, L.S.; Branch, G.M.; Collins, A.G.; Hirano, Y.M.; Marques, A.C.; Griffiths,
C.L. Stalked Jellyfishes (Cnidaria: Staurozoa) of South Africa, with the Description
of Calvadosia lewisi sp. nov. Zootaxa 2017, 4227, 369-389,
doi:10.11646/zootaxa.4227.3.5.

Miranda, L.S.; Garcia-Rodriguez, J.; Collins, A.G.; Morandini, A.C.; Marques, A.C.
Evolution of the Claustrum in Cnidaria: Comparative Anatomy Reveals That It Is
Exclusive to Some Species of Staurozoa and Absent in Cubozoa. Org. Divers.
Evol. 2017, 17, 753-766, doi:10.1007/s13127-017-0342-6.

Gueroun, S.K.M.; Acevedo, M.J.; Kéfi-Daly Yahia, O.; Deidun, A.; Fuentes, V.L.;
Piraino, S.; Daly Yahia, M.N. First Records of Carybdea marsupialis Proliferation
(Cnidaria: Cubozoa) along the Eastern Tunisian Coast (Central Mediterranean).
Ital. J. Zool. 2015, 82, 430—-435, doi:10.1080/11250003.2015.1045945.

Acevedo, M.J. Biology, Ecology and Ecophysiology of the Box Jellyfish Carybdea
marsupialis (Cnidaria: Cubozoa), Universitat Politécnica de Catalunya, 2016.

Schlaefer, J.A.; Wolanski, E.; Yadav, S.; Kingsford, M.J. Behavioural Maintenance
of Highly Localised Jellyfish (Copula sivickisi, Class Cubozoa) Populations. Mar.
Biol. 2020, 167, 1-18, doi:10.1007/s00227-020-3646-6.

129



130 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

183. Maas, O. Méduses Provenant Des Campagnes Des Yachts Hirondelle et
Princesse Alice (1886-1903). In Résultats des campagnes scientifiques
accomplies sur son yacht par Albert 1er, prince souverain de Monaco; 1904.

184. Broch, H. Scyphomedusae from the “Michael Sars” North Atlantic Deep-Sea
Expedition 1910. In Report on the scientific results of the “Michael Sars” north
Atlantic deep-sea expedition 1910; 1913; pp. 1-23.

185. Vanhoffen, E. Die Acraspeden Medusen Der Deutschen Tiefsee-Expedition 1898-
1899. 1902.

186. Ranson, G. Scyphoméduses Provenant Des Campagnes Du Prince Albert ler de
Monaco; Imprimerie de Monaco, 1945;

187. Pictet, C.; Bedot, M. Hydraires Provenant Des Campagnes de I'Hirondelle (1886-
1888). In Résult. Camp. scient. Prince de Monaco; 1900; pp. 1-59.

188. Gravili, C.; Bevilacqua, S.; Terlizzi, A.; Boero, F. Missing Species among
Mediterranean Non-Siphonophoran Hydrozoa. Biodivers. Conserv. 2015, 24,
1329-1357, doi:10.1007/s10531-015-0859-y.

189. Bouillon, J.; Medel, M.D.; Pagés, F.F.; Gili, J.M.; Boero, F.; Gravili, C. Fauna of
the Mediterranean Hydrozoa; Barcelona, 2004; Vol. 68;.

190. Gravili, C.; De Vito, D.; Di Camillo, C.G.; Martell, L.; Piraino, S.; Boero, F. The
Non-Siphonophoran Hydrozoa (Cnidaria) of Salento, Italy with Notes on Their
Life-Cycles: An lllustrated Guide; 2015; Vol. 3908; ISBN 9781775576174.

191. Pugh, P. Discovery Collections Midwater Database. Natl. Oceanogr. Centre,
Southampton, UK 2000.

192. CIESM. Jellywatch Program; Available online:
https://www.ciesm.org/marine/programs/jellywatch.htm.  (.accessed on 23
January 2023)

193. Gibbons, M.J.; Buecher, E.; Thibault-Botha, D.; Helm, R.R. Patterns in Marine
Hydrozoan Richness and Biogeography around Southern Africa: Implications of
Life Cycle Strategy. J. Biogeogr. 2010, 37, 606-616, doi:10.1111/j.1365-
2699.2009.02237 .x.

194. Margirier, F.; Testor, P.; Heslop, E.; Mallil, K.; Bosse, A.; Houpert, L.; Mortier, L.;
Bouin, M.-N.N.; Coppola, L.; D’Ortenzio, F.; et al. Abrupt Warming and
Salinification of Intermediate Waters Interplays with Decline of Deep Convection
in the Northwestern Mediterranean Sea. Sci. Rep. 2020, 10, 20923,
doi:10.1038/s41598-020-77859-5.

195. Powley, H.R.; Cappellen, P. Van; Krom, M.D. Nutrient Cycling in the
Mediterranean Sea: The Key to Understanding How the Unique Marine
Ecosystem Functions and Responds to Anthropogenic Pressures. In
Mediterranean Identities - Environment, Society, Culture; InTech, 2017.

196. Global Invasive Species Database Species Profile: Phyllorhiza punctata Available
online: http://www.iucngisd.org/gisd/speciesname/Phyllorhiza+punctata
(accessed on 28 November 2023).

197. Enrique-Navarro, A.; Prieto, L. First Record of Phyllorhiza punctata (Cnidaria:
Rhizostomae: Mastigiidae) in the Northeast Atlantic Ocean. Cah. Biol. Mar. 2020,
61, 349-353, doi:http://dx.doi.org/10.21411/CBM.A.16E1B5E.

198. Datta, D.; Nath Talapatra, S.; Swarnakar, S. Bioactive Compounds from Marine


https://www.ciesm.org/marine/programs/jellywatch.htm

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Invertebrates for Potential Medicines - An Overview. Int. Lett. Nat. Sci. 2015, 34,
42—-61, doi:10.18052/www.scipress.com/ILNS.34.42.

Carroll, A.R.; Copp, B.R.; Davis, R.A.; Keyzers, R.A.; Prinsep, M.R. Marine
Natural Products. Nat. Prod. Rep. 2019, 36, 122—-173, doi:10.1039/C8NP00092A.

Mariottini, G.L.; Grice, I.D. Antimicrobials from Cnidarians. A New Perspective for
Anti-Infective Therapy? Mar. Drugs 2016, 14, 48, doi:10.3390/md14030048.

Jaimes-Becerra, A.; Chung, R.; Morandini, A.C.; Weston, A.J.; Padilla, G
Gacesa, R.; Ward, M.; Long, P.F.; Marques, A.C. Comparative Proteomics
Reveals Recruitment Patterns of Some Protein Families in the Venoms of
Cnidaria. Toxicon 2017, 137, 19-26, doi:10.1016/j.toxicon.2017.07.012.

Choudhary, I.; Hwang, D.H.; Lee, H.; Yoon, W.D.; Chae, J.; Han, C.H.; Yum, S;;
Kang, C.; Kim, E. Proteomic Analysis of Novel Components of Nemopilema
nomurai Jellyfish Venom: Deciphering the Mode of Action. Toxins 2019, 11,
doi:10.3390/toxins11030153.

Wang, C.; Wang, B.; Wang, B.; Wang, Q.; Liu, G.; Wang, T.; He, Q.; Zhang, L.
Unique Diversity of Sting-Related Toxins Based on Transcriptomic and Proteomic
Analysis of the Jellyfish Cyanea capillata and Nemopilema nomurai (Cnidaria:
Scyphozoa). J. Proteome Res. 2019, 18, acs.jproteome.8b00735,
doi:10.1021/acs.jproteome.8b00735.

Riyas, A.; Kumar, A.; Chandran, M.; Jaleel, A.; Biju Kumar, A. The Venom
Proteome of Three Common Scyphozoan Jellyfishes (Chrysaora caliparea,
Cyanea nozakii and Lychnorhiza malayensis) (Cnidaria: Scyphozoa) from the
Coastal Waters of India. Toxicon 2021, 195, 93-103,
doi:10.1016/j.toxicon.2021.03.005.

Lommel, M.; Strompen, J.; Hellewell, A.L.; Balasubramanian, G.P.; Christofidou,
E.D.; Thomson, A.R.; Boyle, A.L.; Woolfson, D.N.; Puglisi, K.; Hartl, M.; et al.
Hydra Mesoglea Proteome Identifies Thrombospondin as a Conserved
Component Active in Head Organizer Restriction. Sci. Rep. 2018, 8, 1-18,
doi:10.1038/s41598-018-30035-2.

Mortzfeld, B.M.; Taubenheim, J.; Fraune, S.; Klimovich, A. V.; Bosch, T.C.G. Stem
Cell Transcription Factor FoxO Controls Microbiome Resilience in Hydra. Front.
Microbiol. 2018, 9, 1-10, doi:10.3389/fmicb.2018.00629.

Koch, T.L.; Grimmelikhuijzen, C.J.P. Global Neuropeptide Annotations From the
Genomes and Transcriptomes of Cubozoa, Scyphozoa, Staurozoa (Cnidaria:
Medusozoa), and Octocorallia (Cnidaria: Anthozoa). Front. Endocrinol.
(Lausanne). 2019, 10, 1-14, doi:10.3389/fendo.2019.00831.

Rathje, K.; Mortzfeld, B.; Hoeppner, M.P.; Taubenheim, J.; Bosch, T.C.G,;
Klimovich, A. Dynamic Interactions within the Host-Associated Microbiota Cause
Tumor Formation in the Basal Metazoan Hydra. PLOS Pathog. 2020, 16,
1008375, doi:10.1371/journal.ppat.1008375.

Chandhini, S.; Rejish Kumar, V.J. Transcriptomics in Aquaculture: Current Status
and Applications. Rev. Aquac. 2019, 11, 1379-1397, doi:10.1111/raq.12298.

Merquiol, L.; Romano, G.; lanora, A.; D’Ambra, |. Biotechnological Applications of
Scyphomedusae. Mar. Drugs 2019, 17, 1-26, doi:10.3390/md17110604.

Ames, C.L.; Ryan, J.F.; Bely, AE.; Cartwright, P.; Collins, A.G. A New
Transcriptome and Transcriptome Profiling of Adult and Larval Tissue in the Box

131



132 | FCUP

Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

Jellyfish Alatina alata: An Emerging Model for Studying Venom, Vision and Sex.
BMC Genomics 2016, 17, 650, doi:10.1186/s12864-016-2944-3.

Brekhman, V.; Malik, A.; Haas, B.; Sher, N.; Lotan, T. Transcriptome Profiling of
the Dynamic Life Cycle of the Scypohozoan Jellyfish Aurelia aurita. BMC
Genomics 2015, 16, 74, doi:10.1186/s12864-015-1320-z.

Cziesielski, M.J.; Liew, Y.J.; Cui, G.; Schmidt-Roach, S.; Campana, S,
Marondedze, C.; Aranda, M. Multi-Omics Analysis of Thermal Stress Response
in a Zooxanthellate Cnidarian Reveals the Importance of Associating with
Thermotolerant Symbionts. Proc. R. Soc. B Biol. Sci. 2018, 285, 20172654,
doi:10.1098/rspb.2017.2654.

Ponce, D.; Brinkman, D.L.; Potriquet, J.; Mulvenna, J. Tentacle Transcriptome and
Venom Proteome of the Pacific Sea Nettle, Chrysaora fuscescens (Cnidaria:
Scyphozoa). Toxins 2016, 8, 2016, doi:10.3390/toxins8040102.

Soliman, W.S.; Shaapan, R.M.; Mohamed, L.A.; Gayed, S.S.R. Recent Biocontrol
Measures for Fish Bacterial Diseases, in Particular to Probiotics, Bio-
Encapsulated Vaccines, and Phage Therapy. Open Vet. J. 2019, 9, 190-195,
doi:10.4314/0vj.v9i3.2.

Manage, P.M. Heavy Use of Antibiotics in Aquaculture: Emerging Human and
Animal Health Problems — A Review. Sri Lanka J. Aquat. Sci. 2018, 23, 13,
doi:10.4038/sljas.v23i1.7543.

Howard, S.J.; Catchpole, M.; Watson, J.; Davies, S.C. Antibiotic Resistance:
Global Response Needed. Lancet Infect. Dis. 2013, 13, 1001-1003,
doi:10.1016/S1473-3099(13)70195-6.

Romero, J.; Gloria, C.; Navarrete, P. Antibiotics in Aquaculture — Use, Abuse and
Alternatives. Heal. Environ. Aquac. 2012, doi:10.5772/28157.

Davies, J.; Davies, D. Origins and Evolution of Antibiotic Resistance. Microbiol.
Mol. Biol. Rev. 2010, 74, 417—-433, doi:10.1128/MMBR.00016-10.

von Wintersdorff, C.J.H.; Penders, J.; van Niekerk, J.M.; Mills, N.D.; Majumder,
S.; van Alphen, L.B.; Savelkoul, P.H.M.; Wolffs, P.F.G. Dissemination of
Antimicrobial Resistance in Microbial Ecosystems through Horizontal Gene
Transfer. Front. Microbiol. 2016, 7, 1-10, doi:10.3389/fmicb.2016.00173.

Peterson, E.; Kaur, P. Antibiotic Resistance Mechanisms in Bacteria:
Relationships Between Resistance Determinants of Antibiotic Producers,
Environmental Bacteria, and Clinical Pathogens. Front. Microbiol. 2018, 9, 1-21,
doi:10.3389/fmicb.2018.02928.

Theuretzbacher, U.; Outterson, K.; Engel, A.; Karlén, A. The Global Preclinical
Antibacterial  Pipeline. Nat. Rev. Microbiol. 2020, 18, 275-285,
doi:10.1038/s41579-019-0288-0.

Ringa, E.; Olsen, R.E.; Jensen, |.; Romero, J.; Lauzon, H.L. Application of
Vaccines and Dietary Supplements in Aquaculture: Possibilities and Challenges.
Rev. Fish Biol. Fish. 2014, 24, doi:10.1007/s11160-014-9361-y.

Lulijwa, R.; Rupia, E.J.; Alfaro, A.C. Antibiotic Use in Aquaculture, Policies and
Regulation, Health and Environmental Risks: A Review of the Top 15 Major
Producers. Rev. Aquac. 2020, 12, 640-663, doi:10.1111/raq.12344.

Kuebutornye, F.K.A.; Abarike, E.D.; Lu, Y.; Hlordzi, V.; Sakyi, M.E.; Afriyie, G.;



226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Wang, Z.; Li, Y.; Xie, C.X. Mechanisms and the Role of Probiotic Bacillus in
Mitigating Fish Pathogens in Aquaculture. Fish Physiol. Biochem. 2020, 46, 819—
841, doi:10.1007/s10695-019-00754-y.

Zhang, L.; Gallo, R.L. Antimicrobial Peptides. Curr. Biol. 2016, 26, R14—R19,
doi:10.1016/j.cub.2015.11.017.

Ageitos, J.M.; Sanchez-Pérez, A.; Calo-Mata, P.; Villa, T.G. Antimicrobial
Peptides (AMPs): Ancient Compounds That Represent Novel Weapons in the
Fight against Bacteria. Biochem. Pharmacol. 2017, 133, 117-138,
doi:10.1016/j.bcp.2016.09.018.

Buda De Cesare, G.; Cristy, S.A.; Garsin, D.A.; Lorenz, M.C. Antimicrobial
Peptides: A New Frontier in Antifungal Therapy. MBio 2020, 11, 1-21,
doi:10.1128/mBio.02123-20.

Chessa, C.; Bodet, C.; Jousselin, C.; Wehbe, M.; Lévéque, N.; Garcia, M. Antiviral
and Immunomodulatory Properties of Antimicrobial Peptides Produced by Human
Keratinocytes. Front. Microbiol. 2020, 11, 1-15, doi:10.3389/fmicb.2020.01155.

El-Dirany, R.; Shahrour, H.; Dirany, Z.; Abdel-Sater, F.; Gonzalez-Gaitano, G.;
Brandenburg, K.; Martinez de Tejada, G.; Nguewa, P.A. Activity of Anti-Microbial
Peptides (AMPs) against Leishmania and Other Parasites: An Overview.
Biomolecules 2021, 11, 984, doi:10.3390/biom11070984.

Luo, Y.; Song, Y. Mechanism of Antimicrobial Peptides: Antimicrobial, Anti-
Inflammatory and Antibiofilm Activities. Int. J. Mol. Sci. 2021, 22, 11401,
doi:10.3390/ijms222111401.

Thapa, R.K.; Diep, D.B.; Tennesen, H.H. Topical Antimicrobial Peptide
Formulations for Wound Healing: Current Developments and Future Prospects.
Acta Biomater. 2020, 103, 52—67, doi:10.1016/j.actbio.2019.12.025.

Tornesello, A.L.; Borrelli, A.; Buonaguro, L.; Buonaguro, F.M.; Tornesello, M.L.
Antimicrobial Peptides as Anticancer Agents: Functional Properties and Biological
Activities. Molecules 2020, 25, 2850, doi:10.3390/molecules25122850.

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, doi:10.1007/s10989-018-9789-3.

Yang, W.; Cheng, T.; Ye, M.; Deng, X.; Yi, H.; Huang, Y.; Tan, X.; Han, D.; Wang,
B.; Xiang, Z.; et al. Functional Divergence among Silkworm Antimicrobial Peptide
Paralogs by the Activities of Recombinant Proteins and the Induced Expression
Profiles. PLoS One 2011, 6, doi:10.1371/journal.pone.0018109.

Unckless, R.L.; Howick, V.M.; Lazzaro, B.P. Convergent Balancing Selection on
an Antimicrobial Peptide in Drosophila. Curr. Biol. 2016, 26, 257-262,
doi:10.1016/j.cub.2015.11.063.

Dubos, R.J.R.J.; York, N. The Effect Of Specific Agents Extracted From Soil
Microdrganisms Upon Experimental Bacterial Infections. Ann. Intern. Med. 1940,
13, 13, doi:10.7326/0003-4819-13-11-2025.

Sarkar, T.; Chetia, M.; Chatterjee, S. Antimicrobial Peptides and Proteins: From
Nature’s Reservoir to the Laboratory and Beyond. Front. Chem. 2021, 9,
doi:10.3389/fchem.2021.691532.

Bulet, P.; Stocklin, R.; Menin, L. Anti-Microbial Peptides: From Invertebrates to

133



134 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Vertebrates. Immunol. Rev. 2004, 198, 169-184, doi:10.1111/j.0105-
2896.2004.0124 x.

240. Pasupuleti, M.; Schmidtchen, A.; Malmsten, M. Antimicrobial Peptides: Key
Components of the Innate Immune System. Crit. Rev. Biotechnol. 2012, 32, 143—
171, doi:10.3109/07388551.2011.594423.

241. Haney, E.F.; Mansour, S.C.; Hancock, R.E.W.W. Antimicrobial Peptides: An
Introduction. In Methods in Molecular Biology, Humana Press Inc., 2017; Vol.
1548, pp. 3—-22 ISBN 9781493967377 .

242. Epand, R.M.; Vogel, H.J. Diversity of Antimicrobial Peptides and Their
Mechanisms of Action. Biochim. Biophys. Acta - Biomembr. 1999, 1462, 11-28,
doi:10.1016/S0005-2736(99)00198-4.

243. Li, S.;Wang, Y.; Xue, Z.; Jia, Y.; Li, R.; He, C.; Chen, H. The Structure-Mechanism
Relationship and Mode of Actions of Antimicrobial Peptides: A Review. Trends
Food Sci. Technol. 2021, 109, 103-115, doi:10.1016/j.tifs.2021.01.005.

244. Lima, P.G.; Oliveira, J.T.A.; Amaral, J.L.; Freitas, C.D.T.; Souza, P.F.N. Synthetic
Antimicrobial Peptides: Characteristics, Design, and Potential as Alternative
Molecules to Overcome Microbial Resistance. Life Sci. 2021, 278, 119647,
doi:10.1016/j.1fs.2021.119647.

245. Boto, A.; De La Lastra, J.M.P.; Gonzalez, C.C. The Road from Host-Defense
Peptides to a New Generation of Antimicrobial Drugs. Molecules 2018, 23,
doi:10.3390/molecules23020311.

246. Kumar, P.; Kannan, M.; ArunPrasanna, V.; Vaseeharan, B.; Vijayakumar, S.
Proteomics Analysis of Crude Squid Ink Isolated from Sepia esculenta for Their
Antimicrobial, Antibiofilm and Cytotoxic Properties. Microb. Pathog. 2018, 116,
345-350, doi:10.1016/j.micpath.2018.01.039.

247. Torres, M.D.T.; Sothiselvam, S.; Lu, T.K.; de la Fuente-Nunez, C. Peptide Design
Principles for Antimicrobial Applications. J. Mol. Biol. 2019, 431, 3547-3567,
doi:10.1016/j.jmb.2018.12.015.

248. Souza, P.F.N.; Marques, L.S.M.; Oliveira, J.T.A.; Lima, P.G.; Dias, L.P.; Neto,
N.A.S.; Lopes, F.E.S.; Sousa, J.S.; Silva, A.F.B.; Caneiro, R.F.; et al. Synthetic
Antimicrobial Peptides: From Choice of the Best Sequences to Action
Mechanisms. Biochimie 2020, 175, 132—145, doi:10.1016/j.biochi.2020.05.016.

249. Matsuzaki, K.; Murase, O.; Fujii, N.; Miyajima, K. An Antimicrobial Peptide,
Magainin 2, Induced Rapid Flip-Flop of Phospholipids Coupled with Pore
Formation and Peptide Translocation. Biochemistry 1996, 35, 11361-11368,
doi:10.1021/bi960016v.

250. Sharma, K.; Aaghaz, S.; Shenmar, K.; Jain, R. Short Antimicrobial Peptides; 2018;
Vol. 13; ISBN 1722292024.

251. Dean, R.E.; O'Brien, L.M.; Thwaite, J.E.; Fox, M.A.; Atkins, H.; Ulaeto, D.O. A
Carpet-Based Mechanism for Direct Antimicrobial Peptide Activity against
Vaccinia Virus Membranes. Peptides 2010, 31, 1966—-1972,
doi:10.1016/j.peptides.2010.07.028.

252. Sinha, S.; Zheng, L.; Mu, Y.; Ng, W.J.; Bhattacharjya, S. Structure and Interactions
of a Host Defense Antimicrobial Peptide Thanatin in Lipopolysaccharide Micelles
Reveal Mechanism of Bacterial Cell Agglutination. Sci. Rep. 2017, 7, 1-13,
doi:10.1038/s41598-017-18102-6.



253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Zhang, D.; He, Y.; Ye, Y.; Ma, Y.; Zhang, P.; Zhu, H.; Xu, N.; Liang, S. Little
Antimicrobial Peptides with Big Therapeutic Roles. Protein Pept. Lett. 2019, 26,
564-578, doi:10.2174/1573406415666190222141905.

Panteleev, P. V.; Tsarev, A. V.; Bolosov, |.A.; Paramonov, A.S.; Marggraf, M.B;
Sychev, S. V.; Shenkarev, Z.0.; Ovchinnikova, T. V. Novel Antimicrobial Peptides
from the Arctic Polychaeta Nicomache minor Provide New Molecular Insight into
Biological Role of the BRICHOS Domain. Mar. Drugs 2018, 16, 401,
doi:10.3390/md16110401.

Lawrence, T.J.; Carper, D.L.; Spangler, M.K.; Carrell, A.A.; Rush, T.A.; Minter,
S.J.; Weston, D.J.; Labbé, J.L. AmPEPpy 1.0: A Portable and Accurate
Antimicrobial Peptide Prediction Tool. Bioinformatics 2021, 37, 2058-2060,
doi:10.1093/bioinformatics/btaa917.

Lee, S.; Kim, M.A_; Park, J.M.; Park, K.; Sohn, Y.C. Multiple Tachykinins and Their
Receptors Characterized in the Gastropod Mollusk Pacific Abalone: Expression,
Signaling Cascades, and Potential Role in Regulating Lipid Metabolism. Front.
Endocrinol. 2022, 13, doi:10.3389/fendo.2022.994863.

Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.;
Tunyasuvunakool, K.; Bates, R;; Zidek, A.; Potapenko, A.; et al. Highly Accurate
Protein Structure Prediction with AlphaFold. Nature 2021, 596, 583-589,
doi:10.1038/s41586-021-03819-2.

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,
doi:10.1093/nar/gkv1278.

Gawde, U.; Chakraborty, S.; Waghu, F.H.; Barai, R.S.; Khanderkar, A.; Indraguru,
R.; Shirsat, T.; Idicula-Thomas, S. CAMPR4: A Database of Natural and Synthetic
Antimicrobial Peptides. Nucleic Acids Res. 2023, 51, D377-D383,
doi:10.1093/nar/gkac933.

Pirtskhalava, M.; Amstrong, A.A.; Grigolava, M.; Chubinidze, M.; Alimbarashvili,
E.; Vishnepolsky, B.; Gabrielian, A.; Rosenthal, A.; Hurt, D.E.; Tartakovsky, M.
DBAASP v3: Database of Antimicrobial/Cytotoxic Activity and Structure of
Peptides as a Resource for Development of New Therapeutics. Nucleic Acids
Res. 2021, 49, D288-D297, doi:10.1093/nar/gkaa991.

Jhong, J.-H.; Yao, L.; Pang, Y.; Li, Z.; Chung, C.-R.; Wang, R.; Li, S.; Li, W.; Luo,
M.; Ma, R.; et al. DbAMP 2.0: Updated Resource for Antimicrobial Peptides with
an Enhanced Scanning Method for Genomic and Proteomic Data. Nucleic Acids
Res. 2022, 50, D460-D470, doi:10.1093/nar/gkab1080.

Shi, G.; Kang, X.; Dong, F.; Liu, Y.; Zhu, N.; Hu, Y.; Xu, H.; Lao, X.; Zheng, H.
DRAMP 3.0: An Enhanced Comprehensive Data Repository of Antimicrobial
Peptides. Nucleic Acids Res. 2022, 50, D488-D496, doi:10.1093/nar/gkab651.

Gbémez, E.A.; Giraldo, P.; Orduz, S. InverPep: A Database of Invertebrate
Antimicrobial Peptides. J. Glob. Antimicrob. Resist. 2017, 8, 13-17,
doi:10.1016/j.jgar.2016.10.003.

Aguilera-Mendoza, L.; Marrero-Ponce, Y.; Beltran, J.A.; Tellez Ibarra, R.; Guillen-
Ramirez, H.A.; Brizuela, C.A. Graph-Based Data Integration from Bioactive
Peptide Databases of Pharmaceutical Interest: Toward an Organized Collection
Enabling Visual Network Analysis. Bioinformatics 2019, 35, 4739-4747,
doi:10.1093/bioinformatics/btz260.

135



136 | FCUP

Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

WoRMS Editorial Board World Register of Marine Species Available online:
http://www.marinespecies.org (accessed on 20 September 2024).

Sayers, E.W.; Bolton, E.E.; Brister, J.R.; Canese, K.; Chan, J.; Comeau, D.C;
Connor, R.; Funk, K.; Kelly, C.; Kim, S.; et al. Database Resources of the National
Center for Biotechnology Information. Nucleic Acids Res. 2022, 50, D20-D26,
doi:10.1093/nar/gkab1112.

The UniProt Consortium UniProt: The Universal Protein Knowledgebase in 2025.
Nucleic Acids Res. 2024, 51, 523-531, doi:10.1093/nar/gkae1010.

Berman, H.M. The Protein Data Bank. Nucleic Acids Res. 2000, 28, 235-242,
doi:10.1093/nar/28.1.235.

Sun, L.; Sun, Y.; Jiang, M.; Luo, L.; Yu, X; Yao, W.; Wu, Z. Isolation, ldentification
and Pathogenicity of Proteus Vulgaris from Moribund Common Carp (Cyprinus
carpio) Farmed in  China.  Aquaculture 2020, 525, 735294,
doi:10.1016/j.aquaculture.2020.735294.

Akter, T.; Haque, M.N.; Ehsan, R.; Paul, S.I.; Foysal, M.J.; Tay, A.C.Y.; Islam,
M.T.; Rahman, M.M. Virulence and Antibiotic-Resistance Genes in Enterococcus
faecalis Associated with Streptococcosis Disease in Fish. Sci. Rep. 2023, 13,
1551, doi:10.1038/s41598-022-25968-8.

Rao, P.K. Pathological and Pathobiology of Epizootic Ulcerative Syndrome (EUS)
Causing Aspergillus fumigatus and Its Immunological Response in Freshwater
Fish of Channa striatus. J. Fish. Sci. 2023, 17, 127.

Parte, A.C.; Sarda Carbasse, J.; Meier-Kolthoff, J.P.; Reimer, L.C.; Goker, M. List
of Prokaryotic Names with Standing in Nomenclature (LPSN) Moves to the DSMZ.
Int. J. Syst. Evol. Microbiol. 2020, 70, 5607-5612, doi:10.1099/ijsem.0.004332.

Robert, V.; Vu, D.; Amor, A.B.H.; van de Wiele, N.; Brouwer, C.; Jabas, B.; Szoke,
S.; Dridi, A.; Triki, M.; Daoud, S. ben; et al. MycoBank Gearing up for New
Horizons. IMA Fungus 2013, 4, 371-379, doi:10.5598/imafungus.2013.04.02.16.

Schoch, C.L.; Ciufo, S.; Domrachev, M.; Hotton, C.L.; Kannan, S.; Khovanskaya,
R.; Leipe, D.; McVeigh, R.; O'Neill, K.; Robbertse, B.; et al. NCBI Taxonomy: A
Comprehensive Update on Curation, Resources and Tools. Database 2020, 2020,
1-21, doi:10.1093/database/baaa062.

Gasteiger, E.; Hoogland, C.; Gattiker, A.; Duvaud, S.; Wilkins, M.R.; Appel, R.D.;
Bairoch, A. Protein Identification and Analysis Tools on the ExPASy Server. In
The Proteomics Protocols Handbook; Walker, J.M., Ed.; Humana Press: Totowa,
NJ, USA, 2005; pp. 571-607 ISBN 978-1-58829-343-5.

Teufel, F.; Almagro Armenteros, J.J.; Johansen, A.R.; Gislason, M.H.; Pihl, S.1;;
Tsirigos, K.D.; Winther, O.; Brunak, S.; von Heijne, G.; Nielsen, H. SignalP 6.0
Predicts All Five Types of Signal Peptides Using Protein Language Models. Nat.
Biotechnol. 2022, 40, 1023-1025, doi:10.1038/s41587-021-01156-3.

Duckert, P.; Brunak, S.; Blom, N. Prediction of Proprotein Convertase Cleavage
Sites. Protein Eng. Des. Sel. 2004, 17, 107-112, doi:10.1093/protein/gzh013.

Mistry, J.; Chuguransky, S.; Williams, L.; Qureshi, M.; Salazar, G.A;
Sonnhammer, E.L.L.; Tosatto, S.C.E.; Paladin, L.; Raj, S.; Richardson, L.J.; et al.
Pfam: The Protein Families Database in 2021. 2021, 49, 412-419,
doi:10.1093/nar/gkaa913.



279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

201.

2902.

293.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Jones, P.; Binns, D.; Chang, H.Y.; Fraser, M.; Li, W.; McAnulla, C.; McWilliam, H.;
Maslen, J.; Mitchell, A.; Nuka, G.; et al. InterProScan 5: Genome-Scale Protein
Function Classification. Bioinformatics 2014, 30, 1236-1240,
doi:10.1093/bioinformatics/btu031.

Mirdita, M.; Schitze, K.; Moriwaki, Y.; Heo, L.; Ovchinnikov, S.; Steinegger, M.
ColabFold: Making Protein Folding Accessible to All. Nat. Methods 2022, 19, 679—
682, doi:10.1038/s41592-022-01488-1.

Meng, E.C.; Goddard, T.D.; Pettersen, E.F.; Couch, G.S.; Pearson, Z.J.; Morris,
J.H.; Ferrin, T.E. UCSF ChimeraX: Tools for Structure Building and Analysis.
Protein Sci. 2023, 32, 1-13, doi:10.1002/pro.4792.

Wright, A.; Li, X.; Yang, X.; Soto, E.; Gross, J. Disease Prevention and Mitigation
in US Finfish Aquaculture: A Review of Current Approaches and New Strategies.
Rev. Aquac. 2023, 15, 1638-1653, doi:10.1111/raq.12807.

Moss, S.M.; Moss, D.R.; Arce, S.M.; Lightner, D. V.; Lotz, J.M. The Role of
Selective Breeding and Biosecurity in the Prevention of Disease in Penaeid
Shrimp  Aquaculture. J. Invertebr. Pathol. 2012, 110, 247-250,
doi:10.1016/.jip.2012.01.013.

Subramani, P.A.; Michael, R.D. Chapter 4—Prophylactic and Prevention Methods
Against Diseases in Aquaculture. In Fish Diseases; Jeney, G., Ed.; Academic
Press: Cambridge, MA, USA, 2017; pp. 81-117.

Behringer, D.C.; Silliman, B.R.; Lafferty, K.D. Marine Disease Ecology, 1st ed.;
Oxford University Press: New York, NY, USA, 2020; ISBN 9780198821632.

Islam, S.l.; Ahammad, F.; Mohammed, H. Cutting-Edge Technologies for
Detecting and Controlling Fish Diseases: Current Status, Outlook, and
Challenges. J. World Aquac. Soc. 2024, 55, e13051, doi:10.1111/jwas.13051.

Toranzo, A.E.; Magarifios, B.; Romalde, J.L. A Review of the Main Bacterial Fish
Diseases in Mariculture Systems. Aquaculture 2005, 246, 37-61,
doi:10.1016/j.aquaculture.2005.01.002.

Austin, B.; Austin, D.A. Bacterial Fish Pathogens; 6th editio.; Springer
International Publishing: Cham, 2016; ISBN 978-3-319-32673-3.

Defoirdt, T. Virulence Mechanisms of Bacterial Aquaculture Pathogens and
Antivirulence Therapy for Aquaculture. Rev. Aquac. 2014, 6, 100-114,
doi:10.1111/raq.12030.

Magray, A.R.; Lone, S.A.; Ganai, B.A.; Ahmad, F.; Dar, G.J.; Dar, J.S.; Rehman,
S. Comprehensive, Classical and Molecular Characterization Methods of
Saprolegnia (Oomycota; Stramnipila), an Important Fungal Pathogen of Fish.
Fungal Biol. Rev. 2019, 33, 166—-179, doi:10.1016/j.fbr.2018.12.001.

Derome, N.; Gauthier, J.; Boutin, S.; Llewellyn, M. Fungal Secondary Invaders of
Fish. In The Rasputin Effect: When Commensals and Symbionts Become
Parasitic; Hurst, C.J., Ed.; Springer International Publishing: Cham, 2016; pp.
109-126 ISBN 978-3-319-28170-4.

Noga, E.J. Fish Disease Diagnosis and Treatment; Second Edi.; John Wiley &
Sons, 2010.

Kibenge, F.S. Emerging Viruses in Aquaculture. Curr. Opin. Virol. 2019, 34, 97—
103, doi:10.1016/j.coviro.2018.12.008.

137



138 | FCUP

Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

294.

295.

296.

207.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

Mugimba, K.K.; Byarugaba, D.K.; Mutoloki, S.; Evensen, &.; Munang’andu, H.M.
Challenges and Solutions to Viral Diseases of Finfish in Marine Aquaculture.
Pathogens 2021, 10, 673, doi:10.3390/pathogens10060673.

Shinn, A.P.; Pratoomyot, J.; Bron, J.E.; Paladini, G.; Brooker, E.E.; Brooker, A.J.
Economic Costs of Protistan and Metazoan Parasites to Global Mariculture.
Parasitology 2015, 142, 196-270, doi:10.1017/S0031182014001437.

Paladini, G.; Longshaw, M.; Gustineiii, A.; Shinn, A.P. Parasitic Diseases in
Aquaculture: Their Biology, Diagnosis and Control. Diagnosis Control Dis. Fish
Shellfish ; John Wiley & Sons: Hoboken, NJ, USA, 2017; pp. 37-107.
doi:10.1002/9781119152125.ch4.

Otero-Gonzalez, A.J.; Magalhaes, B.S.; Garcia-Villarino, M.; Lopez-Abarrategui,
C.; Sousa, D.A.; Dias, S.C.; Franco, O.L. Antimicrobial Peptides from Marine
Invertebrates as a New Frontier for Microbial Infection Control. FASEB J. 2010,
24, 1320-1334, doi:10.1096/fj.09-143388.

Schmid-Hempel, P. Variation in Immune Defence as a Question of Evolutionary
Ecology. Proc. R. Soc. B Biol. Sci. 2003, 270, 357-366,
doi:10.1098/rspb.2002.2265.

Lanz-Mendoza, H.; Contreras-Gardufio, J. Innate Immune Memory in
Invertebrates: Concept and Potential Mechanisms. Dev. Comp. Immunol. 2022,
127, 104285, doi:10.1016/j.dci.2021.104285.

Tincu, J.A.; Taylor, S.W. Antimicrobial Peptides from Marine Invertebrates.
Antimicrob. Agents Chemother. 2004, 48, 3645-3654,
doi:10.1128/AAC.48.10.3645-3654.2004.

Schmitt, P.; Rosa, R.D.; Destoumieux-Garzén, D. An Intimate Link between
Antimicrobial Peptide Sequence Diversity and Binding to Essential Components
of Bacterial Membranes. Biochim. Biophys. Acta - Biomembr. 2016, 1858, 958—
970, doi:10.1016/j.bbamem.2015.10.011.

Falanga, A.; Lombardi, L.; Franci, G.; Vitiello, M.; lovene, M.R.; Morelli, G.;
Galdiero, M.; Galdiero, S. Marine Antimicrobial Peptides: Nature Provides
Templates for the Design of Novel Compounds against Pathogenic Bacteria. Int.
J. Mol. Sci. 2016, 17, 785, doi:10.3390/ijms17050785.

Semple, F.; Dorin, J.R. B-Defensins: Multifunctional Modulators of Infection,
Inflammation and More? J. Innate Immun. 2012, 4, 337-348,
doi:10.1159/000336619.

Gerdol, M.; Schmitt, P.; Venier, P.; Rocha, G.; Rosa, R.D.; Destoumieux-Garzon,
D. Functional Insights From the Evolutionary Diversification of Big Defensins.
Front. Immunol. 2020, 11, 758, doi:10.3389/fimmu.2020.00758.

Saito, T.; Kawabata, S.; Shigenaga, T.; Takayenoki, Y.; Cho, J.; Nakajima, H.;
Hirata, M.; lwanaga, S. A Novel Big Defensin Identified in Horseshoe Crab
Hemocytes: Isolation, Amino Acid Sequence, and Antibacterial Activity. J.
Biochem. 1995, 117, 1131-1137, doi:10.1093/oxfordjournals.jochem.a124818.

Pisuttharachai, D.; Yasuike, M.; Aono, H.; Yano, Y.; Murakami, K.; Kondo, H.;
Aoki, T.; Hirono, |. Characterization of Two Isoforms of Japanese Spiny Lobster
Panulirus japonicus Defensin CDNA. Dev. Comp. Immunol. 2009, 33, 434—438,
doi:10.1016/j.dci.2008.11.007.

Montero-Alejo, V.; Corzo, G.; Porro-Suardiaz, J.; Pardo-Ruiz, Z.; Perera, E.;



308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Rodriguez-Viera, L.; Sanchez-Diaz, G.; Hernandez-Rodriguez, E.W.; Alvarez, C.;
Peigneur, S.; et al. Panusin Represents a New Family of B-Defensin-like Peptides
in Invertebrates. Dev. Comp. Immunol. 2017, 67, 310-321,
doi:10.1016/j.dci.2016.09.002.

Vu, G.H.; Do, D.; Rivera, C.D.; Dickinson, P.S.; Christie, A.E.; Stemmler, E.A.
Characterization of the Mature Form of a B-Defensin-like Peptide, Hoa-D1, in the
Lobster Homarus americanus. Mol. Immunol. 2018, 101, 329-343,
doi:10.1016/j.molimm.2018.07.004.

Xiao, B.; Wang, Y.; Xian, D.; Fan, T.; He, J.; Li, C. Identification of a Double-f3-
Defensin with Multiple Antimicrobial Activities in a Marine Invertebrate. J.
Immunol. 2023, 210, 1324-1337, do0i:10.4049/jimmunol.2200817.

Teng, L.; Gao, B.; Zhang, S. The First Chordate Big Defensin: Identification,
Expression and Bioactivity. Fish Shellfish Immunol. 2012, 32, 572-577,
doi:10.1016/j.fsi.2012.01.007.

Driscoll, P.C.; Gronenborn, A.M.; Beress, L.; Clore, G.M.; Clare, G.M.
Determination of the Three-Dimensional Solution Structure of the
Antihypertensive and Antiviral Protein BDS-I from the Sea Anemone Anemonia
sulcata: A Study Using Nuclear Magnetic Resonance and Hybrid Distance
Geometry—Dynamical Simulated Annealing. Biochemistry 1989, 28, 2188-2198,
doi:10.1021/bi00431a033.

Logashina, Y.A.; Solstad, R.G.; Mineev, K.S.; Korolkova, Y. V.; Mosharova, |. V.;
Dyachenko, I.A.; Palikov, V.A.; Palikova, Y.A.; Murashev, A.N.; Arseniev, A.S.; et
al. New Disulfide-Stabilized Fold Provides Sea Anemone Peptide to Exhibit Both
Antimicrobial and TRPA1 Potentiating Properties. Toxins 2017, 9, 154,
doi:10.3390/toxins9050154.

Mitchell, M.L.; Shafee, T.; Papenfuss, A.T.; Norton, R.S. Evolution of Cnidarian
Trans-Defensins: Sequence, Structure and Exploration of Chemical Space.
Proteins Struct. Funct. Bioinform. 2019, 87, 551-560, doi:10.1002/prot.25679.

Charlet, M.; Chernysh, S.; Philippe, H.; Hetru, C.; Hoffmann, J.A.; Bulet, P. Innate
Immunity. Isolation of Several Cysteine-Rich Antimicrobial Peptides from the
Blood of a Mollusc, Mytilus edulis. J. Biol. Chem. 1996, 271, 21808-21813,
doi:10.1074/jbc.271.36.21808.

Hubert, F.; Noél, T.; Roch, P. A Member of the Arthropod Defensin Family from
Edible Mediterranean Mussels (Mytilus galloprovincialis). Eur. J. Biochem. 1996,
240, 302-306, doi:10.1111/j.1432-1033.1996.0302h.x.

Mitta, G.; Vandenbulcke, F.; Hubert, F.; Roch, P. Mussel Defensins Are
Synthesised and Processed in Granulocytes Then Released into the Plasma after
Bacterial Challenge. J. Cell Sci. 1999, 112, 42334242,
doi:10.1242/jcs.112.23.4233.

Mitta, G.; Hubert, F.; Dyrynda, E.A.; Boudry, P.; Roch, P. Mytilin B and MGD2,
Two Antimicrobial Peptides of Marine Mussels: Gene Structure and Expression
Analysis. Dev. Comp. Immunol. 2000, 24, 381-393, doi:10.1016/S0145-
305X(99)00084-1.

Wei, Y.X.; Guo, D.S.; Li, R.G.; Chen, HW.; Chen, P.X. Purification of a Big
Defensin from Ruditapes philippinesis and its Antibacterial Activity. Acta Biochim.
Biophys. 2003, 35, 1145-1148.

139



140 | FCUP

Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

Seo, J.-K.; Crawford, J.M.; Stone, K.L.; Noga, E.J. Purification of a Novel
Arthropod Defensin from the American Oyster, Crassostrea virginica. Biochem.
Biophys. Res. Commun. 2005, 338, 1998-2004, doi:10.1016/j.bbrc.2005.11.013.

Gueguen, Y.; Herpin, A.; Aumelas, A.; Garnier, J.; Fievet, J.; Escoubas, J.-M.;
Bulet, P.; Gonzalez, M.; Lelong, C.; Favrel, P.; et al. Characterization of a Defensin
from the Oyster Crassostrea gigas. J. Biol. Chem. 2006, 281, 313-323,
doi:10.1074/jbc.M510850200.

Gonzalez, M.; Gueguen, Y.; Desserre, G.; de Lorgeril, J.; Romestand, B.;
Bachére, E. Molecular Characterization of Two Isoforms of Defensin from
Hemocytes of the Oyster Crassostrea gigas. Dev. Comp. Immunol. 2007, 31,
332-339, doi:10.1016/j.dci.2006.07.006.

Gonzalez, R.; Brokordt, K.; Carcamo, C.B.; Coba de la Pefa, T.; Oyanedel, D.;
Mercado, L.; Schmitt, P. Molecular Characterization and Protein Localization of
the Antimicrobial Peptide Big Defensin from the Scallop Argopecten purpuratus
after Vibrio splendidus Challenge. Fish Shellfish Immunol. 2017, 68, 173-179,
doi:10.1016/}.fsi.2017.07.010.

Zhao, J.; Song, L.; Li, C.; Ni, D.; Wu, L.; Zhu, L.; Wang, H.; Xu, W. Molecular
Cloning, Expression of a Big Defensin Gene from Bay Scallop Argopecten
irradians and the Antimicrobial Activity of Its Recombinant Protein. Mol. Immunol.
2007, 44, 360-368, doi:10.1016/j.molimm.2006.02.025.

Zhao, J.; Li, C.; Chen, A.; Li, L.; Su, X.; Li, T. Molecular Characterization of a Novel
Big Defensin from Clam Venerupis philippinarum. PLoS One 2010, 5, 13480,
doi:10.1371/journal.pone.0013480.

Adhya, M.; Jeung, H.-D.; Kang, H.-S.; Choi, K.-S.; Lee, D.S.; Cho, M. Cloning and
Localization of MCdef, a Defensin from Manila Clams (Ruditapes philippinarum).
Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 2012, 161, 25-31,
doi:10.1016/j.cbpb.2011.09.003.

Zhang, L.; Yang, D.; Wang, Q.; Yuan, Z.; Wu, H.; Pei, D.; Cong, M.; Li, F.; Ji, C.;
Zhao, J. A Defensin from Clam Venerupis philippinarum: Molecular
Characterization, Localization, Antibacterial Activity, and Mechanism of Action.
Dev. Comp. Immunol. 2015, 51, 29-38, do0i:10.1016/j.dci.2015.02.009.

Zhang, Y.; Cui, P.; Wang, Y.; Zhang, S. Identification and Bioactivity Analysis of a
Newly Identified Defensin from the Oyster Magallana gigas. Dev. Comp. Immunol.
2018, 85, 177-187, doi:10.1016/j.dci.2018.04.014.

Yang, D.; Zhang, Q.; Wang, Q.; Chen, L.; Liu, Y.; Cong, M.; Wu, H.; Li, F.; Ji, C.;
Zhao, J. 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, doi:10.1016/].fsi.2018.06.019.

Wang, Y.; Zeng, Z.; Zhang, X.; Shi, Q.; Wang, C.; Hu, Z.; Li, H. Identification and
Characterization of a Novel Defensin from Asian Green Mussel Perna viridis. Fish
Shellfish Immunol. 2018, 74, 242—-249, doi:10.1016/j.fsi.2017.12.029.

Wiens, M.; Schroder, H.C.; Korzhev, M.; Wang, X.-H.; Batel, R.; Mdller, W.E.G.
Inducible ASABF-Type Antimicrobial Peptide from the Sponge Suberites
domuncula: Microbicidal and Hemolytic Activity in Vitro and Toxic Effect on
Molluscs in Vivo. Mar. Drugs 2011, 9, 1969-1994, doi:10.3390/md9101969.

Tasiemski, A.; Vandenbulcke, F.; Mitta, G.; Lemoine, J.; Lefebvre, C.; Sautiére,



332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

P.E.; Salzet, M. Molecular Characterization of Two Novel Antibacterial Peptides
Inducible upon Bacterial Challenge in an Annelid, the Leech Theromyzon
tessulatum. J. Biol. Chem. 2004, 279, 30973-30982,
doi:10.1074/jbc.M312156200.

Schikorski, D.; Cuvillier-Hot, V.; Leippe, M.; Boidin-Wichlacz, C.; Slomianny, C.;
Macagno, E.; Salzet, M.; Tasiemski, A. Microbial Challenge Promotes the
Regenerative Process of the Injured Central Nervous System of the Medicinal
Leech by Inducing the Synthesis of Antimicrobial Peptides in Neurons and
Microglia. J. Immunol. 2008, 181, 1083—1095, doi:10.4049/jimmunol.181.2.1083.

Ding, A.; Shi, H.; Guo, Q.; Liu, F.; Wang, J.; Cheng, B.; Wei, W.; Xu, C. Gene
Cloning and Expression of a Partial Sequence of Hirudomacin, an Antimicrobial
Protein That Is Increased in Leech (Hirudo nipponica Whitman) after a Blood Meal.
Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 2019, 231, 75-86,
doi:10.1016/j.cbpb.2019.02.005.

Joo, M.-S.; Choi, K.-M.; Cho, D.-H.; Choi, H.-S.; Min, E.Y.; Han, H.-J.; Cho, M.Y;
Bae, J.-S.; Park, C.-l. The Molecular Characterization, Expression Analysis and
Antimicrobial Activity of Theromacin from Asian Polychaeta (Perinereis linea).
Dev. Comp. Immunol. 2020, 112, 103773, doi:10.1016/j.dci.2020.103773.

Bosch, T.C.G.; Augustin, R.; Anton-Erxleben, F.; Fraune, S.; Hemmrich, G.; Zill,
H.; Rosenstiel, P.; Jacobs, G.; Schreiber, S.; Leippe, M.; et al. Uncovering the
Evolutionary History of Innate Immunity: The Simple Metazoan Hydra Uses
Epithelial Cells for Host Defence. Dev. Comp. Immunol. 2009, 33, 559-569,
doi:10.1016/j.dci.2008.10.004.

Moroz, L.L.; Edwards, J.R.; Puthanveettil, S. V.; Kohn, A.B.; Ha, T.; Heyland, A.;
Knudsen, B.; Sahni, A.; Yu, F.; Liu, L.; et al. Neuronal Transcriptome of Aplysia:
Neuronal Compartments and Circuitry. Cell 2006, 127, 1453-1467,
doi:10.1016/j.cell.2006.09.052.

Ittiprasert, W.; Miller, A.; Myers, J.; Nene, V.; El-Sayed, N.M.; Knight, M.
Identification of Immediate Response Genes Dominantly Expressed in Juvenile
Resistant and Susceptible Biomphalaria glabrata Snails upon Exposure to
Schistosoma mansoni. Mol. Biochem. Parasitol. 2010, 169, 27-39,
doi:10.1016/j.molbiopara.2009.09.009.

Xu, Q.; Wang, G.; Yuan, H.; Chai, Y.; Xiao, Z. CDNA Sequence and Expression
Analysis of an Antimicrobial Peptide, Theromacin, in the Triangle-Shell Pearl
Mussel Hyriopsis cumingii. Comp. Biochem. Physiol. Part B Biochem. Mol. Biol.
2010, 757, 119-126, doi:10.1016/j.cbpb.2010.05.010.

Gerdol, M.; De Moro, G.; Manfrin, C.; Venier, P.; Pallavicini, A. Big Defensins and
Mytimacins, New AMP Families of the Mediterranean Mussel Mytilus
galloprovincialis. Dev. Comp. Immunol. 2012, 36, 390-399,
doi:10.1016/j.dci.2011.08.003.

Zhang, G.; Wang, G.; Guo, S.; Bai, Z.; Li, J. Full-Length CDNA Cloning and
Expression Analysis of Theromacin Gene in Anodonta woodiana. J. Fish. China
2014, 38, 662-670, doi:10.3724/SP.J.1231.2014.49048.

Xie, Z.; Yao, T.; Ye, L.; Wang, J. Molecular Characterization and Expression
Analysis of an Antimicrobial Peptide, Mytimacin-6, in the Small Abalone, Haliotis
diversicolor. Isr. J. Aquac. - Bamidgeh 2021, 73, 1-11, doi:10.46989/001¢.25815.

Xue, R.; Han, Y.; Li, F.; Chen, L.; Yang, D.; Zhao, J. Identification, Antibacterial

141



142 | FCUP

Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

Activities and Action Mode of Two Macins from Manila Clam Venerupis
philippinarum. Fish Shellfish Immunol. 2021, 118, 411-420,
doi:10.1016/j.fsi.2021.09.031.

Yang, J.; He, J.; Liu, L.; He, M.; Zhang, X.; Buttino, |.; Guo, B.; Yan, X,; Liao, Z.
Expression Profiles of Antimicrobial Peptides in Mytilus coruscus. Aquaculture
2022, 548, 737709, doi:10.1016/j.aquaculture.2021.737709.

Jiao, C.; Ruan, J.; Sun, W.; Zhang, X.; Liu, X.; Sun, G.; Liu, C.; Sun, C.; Tian, X,;
Yang, D.; et al. Molecular Characterization, Expression and Antibacterial Function
of a Macin, HdMac, from Haliotis discus hannai. J. Invertebr. Pathol. 2024, 204,
108113, doi:10.1016/j.jip.2024.108113.

Jung, S.; Dingley, A.J.; Augustin, R.; Anton-Erxleben, F.; Stanisak, M.; Gelhaus,
C.; Gutsmann, T.; Hammer, M.U.; Podschun, R.; Bonvin, AM.J.J.; et al.
Hydramacin-1, Structure and Antibacterial Activity of a Protein from the Basal
Metazoan Hydra. J. Biol. Chem. 2009, 284, 1896-1905,
doi:10.1074/jbc.M804713200.

Jung, S.; Sénnichsen, F.D.; Hung, C.-W.; Tholey, A.; Boidin-Wichlacz, C.;
Haeusgen, W.; Gelhaus, C.; Desel, C.; Podschun, R.; Waetzig, V.; et al. Macin
Family of Antimicrobial Proteins Combines Antimicrobial and Nerve Repair
Activities. J. Biol. Chem. 2012, 287, 14246—14258, doi:10.1074/jbc.M111.336495.

Magalhdes, W.F.; Hutchings, P.; Oceguera-Figueroa, A.; Martin, P.; Schmelz,
R.M.; Wetzel, M.J.; Wiklund, H.; Maciolek, N.J.; Kawauchi, G.Y.; Williams, J.D.
Segmented Worms (Phylum Annelida): A Celebration of Twenty Years of
Progress through Zootaxa and Call for Action on the Taxonomic Work That
Remains. Zootaxa 2021, 4979, 190-211, doi:10.11646/zootaxa.4979.1.18.

Brusca, R.; Brusca, G. Invertebrates, 2nd ed.; Sinauer Associates: Sunderland,
MA, USA, 2003.

Bir, J.; Golder, M.R.; Khalil, S.M.l. Adaptation in Extreme Underwater Vent
Ecosystem : A Case Study on Pompeii Worm (Alvinella pompejana). Int. J. Fauna
Biol. Stud. 2020, 7, 25-32.

Bruno; Maresca; Canaan; Cavalier; Mabrouk; Boidin-Wichlacz; Olleik; Zeppilli;
Brodin; Massol; et al. Worms’ Antimicrobial Peptides. Mar. Drugs 2019, 17, 512,
doi:10.3390/md17090512.

Cho, J.H.; Park, C.B.; Yoon, Y.G.; Kim, S.C. Lumbricin I, a Novel Proline-Rich
Antimicrobial Peptide from the Earthworm: Purification, CDNA Cloning and
Molecular Characterization. Biochim. Biophys. Acta - Mol. Basis Dis. 1998, 1408,
67-76, doi:10.1016/S0925-4439(98)00058-1.

Wang, X.; Wang, X.; Zhang, Y.; Qu, X.; Yang, S. An Antimicrobial Peptide of the
Earthworm  Pheretima tschiliensis: CDNA Cloning, Expression and
Immunolocalization. Biotechnol. Lett. 2003, 25, 1317-1323,
doi:10.1023/A:1024999206117.

Li, W.; Li, S.; Zhong, J.; Zhu, Z.; Liu, J.; Wang, W. A Novel Antimicrobial Peptide
from Skin Secretions of the Earthworm, Pheretima guillelmi (Michaelsen).
Peptides 2011, 32, 1146—1150, doi:10.1016/j.peptides.2011.04.015.

Bodo, K.; Boros, A.: Rumpler, E.: Molnar, L.; Bérocz, K.; Németh, P.; Engelmann,
P. Identification of Novel Lumbricin Homologues in Eisenia andrei Earthworms.
Dev. Comp. Immunol. 2019, 90, 41-46, doi:10.1016/j.dci.2018.09.001.



355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Hedlund, J.; Johansson, J.; Persson, B. BRICHOS - a Superfamily of Multidomain
Proteins with Diverse Functions. BMC Res. Notes 2009, 2, 180,
doi:10.1186/1756-0500-2-180.

Poska, H.; Haslbeck, M.; Kurudenkandy, F.R.; Hermansson, E.; Chen, G;
Kostallas, G.; Abelein, A.; Biverstal, H.; Crux, S.; Fisahn, A.; et al. Dementia-
Related Bri2 BRICHOS Is a Versatile Molecular Chaperone That Efficiently
Inhibits AB42 Toxicity in Drosophila. Biochem. J. 2016, 473, 3683-3704,
doi:10.1042/BCJ20160277.

Sanchez-Pulido, L.; Devos, D.; Valencia, A. BRICHOS: A Conserved Domain in
Proteins Associated with Dementia, Respiratory Distress and Cancer. Trends
Biochem. Sci. 2002, 27, 329-332, doi:10.1016/S0968-0004(02)02134-5.

Presto, J.; Johansson, J. The BRICHOS Domain: Its Proproteins and Functions,
1st ed.; Springer International Publishing: Cham, Switzerland, 2015.

Papot, C.; Massol, F.; Jollivet, D.; Tasiemski, A. Antagonistic Evolution of an
Antibiotic and Its Molecular Chaperone: How to Maintain a Vital Ectosymbiosis in
a Highly Fluctuating Habitat. Sci. Rep. 2017, 7, 1454, doi:10.1038/s41598-017-
01626-2.

Bruno, R.; Boidin-Wichlacz, C.; Melnyk, O.; Zeppilli, D.; Landon, C.; Thomas, F.;
Cambon, M.-A.; Lafond, M.; Mabrouk, K.; Massol, F.; et al. The Diversification of
the Antimicrobial Peptides from Marine Worms Is Driven by Environmental
Conditions. Sci. Total Environ. 2023, 879, 162875,
doi:10.1016/j.scitotenv.2023.162875.

Ovchinnikova, T. V.; Aleshina, G.M.; Balandin, S. V.; Krasnosdembskaya, A.D.;
Markelov, M.L.; Frolova, E.l.; Leonova, Y.F.; Tagaev, A.A.; Krasnodembsky, E.G.;
Kokryakov, V.N. Purification and Primary Structure of Two Isoforms of Arenicin, a
Novel Antimicrobial Peptide from Marine Polychaeta Arenicola marina. FEBS Lett.
2004, 577, 209-214, doi:10.1016/j.febslet.2004.10.012.

Ovchinnikova, T. V.; Shenkarev, Z.0.; Nadezhdin, K.D.; Balandin, S. V.; Zhmak,
M.N.; Kudelina, I.A.; Finkina, E.l.; Kokryakov, V.N.; Arseniev, A.S. Recombinant
Expression, Synthesis, Purification, and Solution Structure of Arenicin. Biochem.
Biophys. Res. Commun. 2007, 360, 156—162, doi:10.1016/j.bbrc.2007.06.029.

Lee, J.-U.; Kang, D.-l.; Zhu, W.L.; Shin, S.Y.; Hahm, K.-S.; Kim, Y. Solution
Structures and Biological Functions of the Antimicrobial Peptide, Arenicin-1, and
Its Linear Derivative. Biopolymers 2007, 88, 208-216, doi:10.1002/bip.20700.

Wang, X.; Wang, X.; Teng, D.; Zhang, Y.; Mao, R.; Xi, D.; Wang, J. Candidacidal
Mechanism of the Arenicin-3-Derived Peptide NZ17074 from Arenicola marina.
Appl. Microbiol. Biotechnol. 2014, 98, 7387-7398, doi:10.1007/s00253-014-5784-
6.

Yang, N.; Liu, X.; Teng, D.; Li, Z.; Wang, X.; Mao, R.; Wang, X.; Hao, Y.; Wang,
J. Antibacterial and Detoxifying Activity of NZ17074 Analogues with Multi-Layers
of Selective Antimicrobial Actions against Escherichia coli and Salmonella
enteritidis. Sci. Rep. 2017, 7, 3392, doi:10.1038/s41598-017-03664-2.

Umerska, A.; Strandh, M.; Cassisa, V.; Matougui, N.; Eveillard, M.; Saulnier, P.
Synergistic Effect of Combinations Containing EDTA and the Antimicrobial
Peptide AA230, an Arenicin-3 Derivative, on Gram-Negative Bacteria.
Biomolecules 2018, 8, doi:10.3390/biom8040122.

143



144 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

367. Orlov, D.S.; Shamova, O. V.; Eliseev, |.E.; Zharkova, M.S.; Chakchir, O.B;
Antcheva, N.; Zachariev, S.; Panteleev, P. V.; Kokryakov, V.N.; Ovchinnikova, T.
V.; et al. Redesigning Arenicin-1, an Antimicrobial Peptide from the Marine
Polychaeta Arenicola marina, by Strand Rearrangement or Branching,
Substitution of Specific Residues, and Backbone Linearization or Cyclization. Mar.
Drugs 2019, 17, 1-21, doi:10.3390/md17060376.

368. Elliott, A.G.; Huang, J.X.; Neve, S.; Zuegg, J.; Edwards, I.A.; Cain, A.K.; Boinett,
C.J.; Barquist, L.; Lundberg, C.V.; Steen, J.; et al. An Amphipathic Peptide with
Antibiotic Activity against Multidrug-Resistant Gram-Negative Bacteria. Nat.
Commun. 2020, 11, doi:10.1038/s41467-020-16950-x.

369. Safronova, V.N.; Bolosov, I.A.; Kruglikov, R.N.; Korobova, O. V.; Pereskokova,
E.S.; Borzilov, A.l.; Panteleev, P. V.; Ovchinnikova, T. V. Novel B-Hairpin Peptide
from Marine Polychaeta with a High Efficacy against Gram-Negative Pathogens.
Mar. Drugs 2022, 20, 517, doi:10.3390/md20080517.

370. Tasiemski, A.; Jung, S.; Boidin-Wichlacz, C.; Jollivet, D.; Cuvillier-Hot, V.;
Pradillon, F.; Vetriani, C.; Hecht, O.; Sonnichsen, F.D.; Gelhaus, C.; et al.
Characterization and Function of the First Antibiotic Isolated from a Vent
Organism: The Extremophile Metazoan Alvinella pompejana. PLoS One 2014, 9,
€95737, doi:10.1371/journal.pone.0095737.

371. Panteleev, P. V.; Tsarev, A. V.; Safronova, V.N.; Reznikova, O. V.; Bolosov, |.A.;
Sychev, S. V.; Shenkarev, Z.0.; Ovchinnikova, T. V. Structure Elucidation and
Functional Studies of a Novel B-Hairpin Antimicrobial Peptide from the Marine
Polychaeta Capitella teleta. Mar. Drugs 2020, 18, 1-20,
doi:10.3390/md18120620.

372. Shepperson, O.A.; Hanna, C.C.; Brimble, M.A.; Harris, P.W.R.; Cameron, A.J.
Total Synthesis of Novel Antimicrobial B-Hairpin Capitellacin Via Rapid Flow-
Based SPPS Assembly and Regioselective On-Resin Disulfide Cyclisation. Int. J.
Pept. Res. Ther. 2022, 28, 32, doi:10.1007/s10989-021-10335-4.

373. Panteleev, P. V.; Safronova, V.N.; Duan, S.; Komlev, A.S.; Bolosov, |.A;
Kruglikov, R.N.; Kombarova, T.I.; Korobova, O. V.; Pereskokova, E.S.; Borzilov,
A.l.; et al. Novel BRICHOS-Related Antimicrobial Peptides from the Marine Worm
Heteromastus filiformis: Transcriptome Mining, Synthesis, Biological Activities,
and Therapeutic Potential. Mar. Drugs 2023, 21, 639, do0i:10.3390/md21120639.

374. Safronova, V.N.; Panteleev, P. V.; Kruglikov, R.N.; Bolosov, |.A.; Finkina, E.l;
Ovchinnikova, T. V. Novel BRICHOS-Related Defensin-like Antimicrobial Peptide
from the Marine Polychaeta Arenicola marina. Russ. J. Bioorganic Chem. 2024,
50, 629-643, doi:10.1134/S1068162024030087.

375. Tasiemski, A.; Schikorski, D.; Le Marrec-Croq, F.; Pontoire-Van Camp, C.; Boidin-
Wichlacz, C.; Sautiére, 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,
doi:10.1016/j.dci.2006.11.003.

376. Mardirossian, M.; Rubini, M.; Adamo, M.F.A.; Scocchi, M.; Saviano, M.; Tossi, A.;
Gennaro, R.; Caporale, A. Natural and Synthetic Halogenated Amino Acids—
Structural and Bioactive Features in Antimicrobial Peptides and Peptidomimetics.
Molecules 2021, 26, 7401, doi:10.3390/molecules26237401.

377. Pan, W, Liu, X.; Ge, F.; Han, J.; Zheng, T. Perinerin, a Novel Antimicrobial
Peptide Purified from the Clamworm Perinereis aibuhitensis Grube and Its Partial



378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Characterization. J. Biochem. 2004, 135, 297-304, doi:10.1093/jb/mvh036.

Dijkstra, K.-D.B.; Monaghan, M.T.; Pauls, S.U. Freshwater Biodiversity and
Aquatic Insect Diversification. Annu. Rev. Entomol. 2014, 59, 143-163,
doi:10.1146/annurev-ento-011613-161958.

Thorp, J.H.; Rogers, D.C. Introduction to the Phylum Arthropoda. In Thorp and
Covich’s Freshwater Invertebrates: Ecology and General Biology, 4th ed.; Thorp,
J.H., Rogers, D.C., Eds.; Academic Press: San Diego, CA, USA, 2015; Volume 1,
pp. 591-597, ISBN 9780123850263.

Venkataranganayaka Abhilasha, K.; Kedihithlu Marathe, G. Bacterial Lipoproteins
in Sepsis. Immunobiology 2021, 226, 152128, doi:10.1016/j.imbio.2021.152128.

Hoess, A.; Watson, S.; Siber, G.R.; Liddington, R. Crystal Structure of an
Endotoxin-Neutralizing Protein from the Horseshoe Crab, Limulus Anti-LPS
Factor, at 1.5 A Resolution. EMBO J. 1993, 12, 3351-3356, doi:10.1002/j.1460-
2075.1993.tb06008.x.

Tanaka, S.; Nakamura, T.; Morita, T.; Iwanaga, S. Limulus Anti-LPS Factor: An
Anticoagulant Which Inhibits the Endotoxin-Mediated Activation of Limulus
Coagulation System. Biochem. Biophys. Res. Commun. 1982, 105, 717-723,
doi:10.1016/0006-291X(82)91493-0.

Imjongjirak, C.; Amparyup, P.; Tassanakajon, A.; Sittipraneed, S.
Antilipopolysaccharide Factor (ALF) of Mud Crab Scylla paramamosain:
Molecular Cloning, Genomic Organization and the Antimicrobial Activity of Its
Synthetic LPS Binding Domain. Mol. Immunol. 2007, 44, 3195-3203,
doi:10.1016/j.molimm.2007.01.028.

Yedery, R.D.; Reddy, K.V.R. Identification, Cloning, Characterization and
Recombinant Expression of an Anti-Lipopolysaccharide Factor from the
Hemocytes of Indian Mud Crab, Scylla serrata. Fish Shellfish Immunol. 2009, 27,
275-284, doi:10.1016/j.fsi.2009.05.009.

Wang, L.; Zhang, Y.; Wang, L.; Yang, J.; Zhou, Z.; Gai, Y.; Qiu, L.; Song, L. A
New Anti-Lipopolysaccharide Factor (EsALF-3) from Eriocheir sinensis with
Antimicrobial Activity. African J. Biotechnol. 2011, 10, 17678-17689,
doi:10.5897/AJB11.2017.

Liu, Y.; Cui, Z.; Li, X.; Song, C.; Li, Q.; Wang, S. A New Anti-Lipopolysaccharide
Factor Isoform (PtALF4) from the Swimming Crab Portunus trituberculatus
Exhibited Structural and Functional Diversity of ALFs. Fish Shellfish Immunol.
2012, 32, 724-731, doi:10.1016/j.fsi.2012.01.021.

Sruthy, K.S.; Philip, R. Anti-Lipopolysaccharide Factor from Crucifix Crab
Charybdis feriatus, Cf-ALF2: Molecular Cloning and Functional Characterization
of the Recombinant Peptide. Probiotics Antimicrob. Proteins 2021, 13, 885-898,
doi:10.1007/s12602-020-097 16-w.

Somboonwiwat, K.; Marcos, M.; Tassanakajon, A.; Klinbunga, S.; Aumelas, A.;
Romestand, B.; Gueguen, Y.; Boze, H.; Moulin, G.; Bachére, E. Recombinant
Expression and Anti-Microbial Activity of Anti- Lipopolysaccharide Factor (ALF)
from the Black Tiger Shrimp Penaeus monodon. Dev. Comp. Immunol. 2005, 29,
841-851, doi:10.1016/j.dci.2005.02.004.

Rosa, R.D.; Vergnes, A.; de Lorgeril, J.; Goncalves, P.; Perazzolo, L.M.; Sauné,
L.; Romestand, B.; Fievet, J.; Gueguen, Y.; Bachére, E.; et al. Functional

145



146 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Divergence in Shrimp Anti-Lipopolysaccharide Factors (ALFs): From Recognition
of Cell Wall Components to Antimicrobial Activity. PLoS One 2013, 8, e67937,
doi:10.1371/journal.pone.0067937.

390. Li, S.; Guo, S.; Li, F.; Xiang, J. Characterization and Function Analysis of an Anti-
Lipopolysaccharide Factor (ALF) from the Chinese Shrimp Fenneropenaeus
chinensis. Dev. Comp. Immunol. 2014, 46, 349-355,
doi:10.1016/).dci.2014.05.013.

391. Lv, X,; Li, S.; Liu, F.; Li, F.; Xiang, J. ldentification and Function Analysis of an
Anti-Lipopolysaccharide Factor from the Ridgetail Prawn Exopalaemon
carinicauda. Dev. Comp. Immunol. 2017, 70, 128-134,
doi:10.1016/j.dci.2017.01.010.

392. Shuster Jr, C.N. A Pictorial Review of the Natural History and Ecology of the
Horseshoe Crab Limulus polyphemus, with Reference to Other Limulidae. Prog.
Clin. Biol. Res. 1982, 81, 1-52.

393. Shuster Jr, C.N. Xiphosurida. Encycl. Sci. Technol. 1982, 14, 766-770.

394. Sekiguchi, K. Biology of Horseshoe Crabs; Science House Company, 1988; ISBN
4915572250.

395. Nakamura, T.; Furunaka, H.; Miyata, T.; Tokunaga, F.; Muta, T.; Iwanaga, S.;
Niwa, M.; Takao, T.; Shimonishi, Y. Tachyplesin, a Class of Antimicrobial Peptide
from the Hemocytes of the Horseshoe Crab (Tachypleus tridentatus). Isolation
and Chemical Structure. J. Biol. Chem. 1988, 263, 16709-16713,
doi:10.1016/s0021-9258(18)37448-9.

396. Miyata, T.; Tokunaga, F.; Yoneya, T.; Yoshikawa, K.; lwanaga, S.; Niwa, M.;
Takao, T.; Shimonishi, Y. Antimicrobial Peptides, Isolated from Horseshoe Crab
Hemocytes, Tachyplesin I, and Polyphemusins | and II: Chemical Structures and
Biological Activity1. J. Biochem. 1989, 106, 663-668,
doi:10.1093/oxfordjournals.jochem.a122913.

397. Muta, T.; Fujimoto, T.; Nakajima, H.; lwanaga, S. Tachyplesins Isolated from
Hemocytes of Southeast Asian Horseshoe Crabs (Carcinoscorpius rotundicauda
and Tachypleus  gigas). J. Biochem. 1990, 108, 261-266,
doi:10.1093/oxfordjournals.jochem.a123191.

398. Paredes-Gamero, E.J.; Martins, M.N.C.; Cappabianco, F.A.M.; Ide, J.S.; Miranda,
A. Characterization of Dual Effects Induced by Antimicrobial Peptides: Regulated
Cell Death or Membrane Disruption. Biochim. Biophys. Acta - Gen. Subj. 2012,
1820, 1062—-1072, doi:10.1016/j.bbagen.2012.02.015.

399. Vernen, F.; Harvey, P.J.; Dias, S.A.; Veiga, A.S.; Huang, Y.H.; Craik, D.J,;
Lawrence, N.; Henriques, S.T. Characterization of Tachyplesin Peptides and Their
Cyclized Analogues to Improve Antimicrobial and Anticancer Properties. Int. J.
Mol. Sci. 2019, 20, doi:10.3390/ijms20174184.

400. Zhang, L.; Scott, M.G.; Yan, H.; Mayer, L.D.; Hancock, R.E.W. Interaction of
Polyphemusin | and Structural Analogs with Bacterial Membranes,
Lipopolysaccharide, and Lipid Monolayers. Biochemistry 2000, 39, 14504—-14514,
doi:10.1021/bi0011173.

401. Kawabata, S.; Nagayama, R.; Hirata, M.; Shigenaga, T.; Agarwala, K.L.; Saito, T.;
Cho, J.; Nakajima, H.; Takagi, T.; Iwanaga, S. Tachycitin, a Small Granular
Component in Horseshoe Crab Hemocytes, Is an Antimicrobial Protein with



402.

403.

404.

405.

406.

407.

408.

4009.

410.

411.

412.

413.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Chitin-Binding Activity. J. Biochem. 1996, 120, 1253-1260,
doi:10.1093/oxfordjournals.jochem.a021549.

Suetake, T.; Tsuda, S.; Kawabata, S.; Miura, K.; lwanaga, S.; Hikichi, K.; Nitta, K.;
Kawano, K. Chitin-Binding Proteins in Invertebrates and Plants Comprise a
Common Chitin-Binding Structural Motif. J. Biol. Chem. 2000, 275, 17929-17932,
doi:10.1074/jbc.C000184200.

Osaki, T.; Omotezako, M.; Nagayama, R.; Hirata, M.; lwanaga, S.; Kasahara, J.;
Hattori, J.; lto, |.; Sugiyama, H.; Kawabata, S. Horseshoe Crab Hemocyte-Derived
Antimicrobial Polypeptides, Tachystatins, with Sequence Similarity to Spider
Neurotoxins. J. Biol. Chem. 1999, 274, 26172-26178,
doi:10.1074/jbc.274.37.26172.

Fujitani, N.; Kawabata, S.I.; Osaki, T.; Kumaki, Y.; Demura, M.; Nitta, K.; Kawano,
K. Structure of the Antimicrobial Peptide Tachystatin A. J. Biol. Chem. 2002, 277,
23651-23657, doi:10.1074/jbc.M111120200.

Fujitani, N.; Kouno, T.; Nakahara, T.; Takaya, K.; Osaki, T.; Kawabata, S.;
Mizuguchi, M.; Aizawa, T.; Demura, M.; Nishimura, S.; et al. The Solution
Structure of Horseshoe Crab Antimicrobial Peptide Tachystatin B with an
Inhibitory  Cystine-knot  Motif. J. Pept. Sci. 2007, 13, 269-279,
doi:10.1002/psc.846.

Kasturi, M.M.M.; Kamaruding, N.A.; Ismail, N. Characterization of Purified
Tachystatin-A2 Isolated from Amoebocytes of Asian Horseshoe Crab, Tachypleus
gigas as Potential Antibacterial Peptide. Appl. Biochem. Microbiol. 2021, 57, 311—
318, doi:10.1134/S0003683821030054.

Wang, W.-F.; Xie, X.-Y.; Huang, Y.; Li, Y.-K_; Liu, H.; Chen, X.-L.; Wang, H.-L.
Identification of a Novel Antimicrobial Peptide From the Ancient Marine Arthropod
Chinese Horseshoe Crab, Tachypleus tridentatus. Front. Immunol. 2022, 13, 1-
15, doi:10.3389/fimmu.2022.794779.

Wang, W.-F.; Cheng, C.-X.; Liu, H.; Chen, X.-L.; Wang, H.-L. 6His-Tatritin
Promotes Antimicrobial Defense via Regulating Immune Ability and Intestinal
Microbial Community in Grass Carp (Ctenopharyngodon idella). Fish Shellfish
Immunol. 2023, 133, 108532, doi:10.1016/j.fsi.2023.108532.

Stensvag, K.; Haug, T.; Sperstad, S. V; Rekdal, &.; Indrevoll, B.; Styrvold, O.B.
Arasin 1, a Proline—Arginine-Rich Antimicrobial Peptide Isolated from the Spider
Crab, Hyas araneus. Dev. Comp. Immunol. 2008, 32, 275-285,
doi:10.1016/j.dci.2007.06.002.

Khoo, L.; Robinette, D.W.; Noga, E.J. Callinectin, an Antibacterial Peptide from
Blue Crab, Callinectes sapidus, Hemocytes. Mar. Biotechnol. 1999, 1, 44-51,
doi:10.1007/PL0O0011750.

Noga, E.J.; Stone, K.L.; Wood, A.; Gordon, W.L.; Robinette, D. Primary Structure
and Cellular Localization of Callinectin, an Antimicrobial Peptide from the Blue
Crab. Dev. Comp. Immunol. 2011, 35, 409-415, doi:10.1016/j.dci.2010.11.015.

Imjongjirak, C.; Amparyup, P.; Tassanakajon, A. Molecular Cloning, Genomic
Organization and Antibacterial Activity of a Second Isoform of
Antilipopolysaccharide Factor (ALF) from the Mud Crab, Scylla paramamosain.
Fish Shellfish Immunol. 2011, 30, 58—66, doi:10.1016/j.fsi.2010.09.011.

Anju, A.; Smitha, C.K.; Preetha, K.; Boobal, R.; Rosamma, P. Molecular

147



148 | FCUP

Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

414.

415.

416.

417.

418.

419.

420.

421.

422.

423.

424.

425.

426.

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, doi:10.1016/j.fsi.2019.03.007.

Chai, L.-Q.Q.; Li, W.-W.W.; Wang, X.-W.W. Identification and Characterization of
Two Arasin-like Peptides in Red Swamp Crayfish Procambarus clarkii. Fish
Shellfish Immunol. 2017, 70, 673-681, doi:10.1016/j.fsi.2017.09.059.

Zhang, S.; Hou, C.; Xiao, B.; Yao, Y.; Xiao, W.; Li, C.; Shi, L. Identification and
Function of an Arasin-like Peptide from Litopenaeus vannamei. Dev. Comp.
Immunol. 2021, 125, 104174, doi:10.1016/j.dci.2021.104174.

Paulsen, V.S.; Blencke, H.-M.; Benincasa, M.; Haug, T.; Eksteen, J.J.; Styrvold,
O.B.; Scocchi, M.; Stensvag, K. Structure-Activity Relationships of the
Antimicrobial Peptide Arasin 1 — And Mode of Action Studies of the N-Terminal,
Proline-Rich Region. PLoS One 2013, 8, e€53326,
doi:10.1371/journal.pone.0053326.

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, doi:10.1046/j.1432-1327.1999.00607 .x.

Bartlett, A.; Padfield, D.; Lear, L.; Bendall, R.; Vos, M. A Comprehensive List of
Bacterial Pathogens Infecting Humans. Microbiol. (United Kingdom) 2022, 168,
001269, doi:10.1099/mic.0.001269.

Smith, V.J.; Fernandes, J.M.O.; Kemp, G.D.; Hauton, C. Crustins: Enigmatic WAP
Domain-Containing Antibacterial Proteins from Crustaceans. Dev. Comp.
Immunol. 2008, 32, 758-772, doi:10.1016/j.dci.2007.12.002.

Li, S.; Lv, X;; Yu, Y.; Zhang, X.; Li, F. Molecular and Functional Diversity of
Crustin-Like Genes in the Shrimp Litopenaeus vannamei. Mar. Drugs 2020, 18,
1-17, doi:10.3390/md18070361.

Padhi, A. Adaptive Evolution of Crustin Antimicrobial Peptides in Decapods.
Genetica 2012, 140, 197-203, doi:10.1007/s10709-012-9671-8.

Chen, D.; He, N.; Xu, X. Mj-DWD, a Double WAP Domain-Containing Protein with
Antiviral Relevance in Marsupenaeus japonicus. Fish Shellfish Immunol. 2008,
25, 775-781, doi:10.1016/j.fsi.2008.02.017.

Smith, V.J. Phylogeny of Whey Acidic Protein (WAP) Four-Disulfide Core Proteins
and Their Role in Lower Vertebrates and Invertebrates. Biochem. Soc. Trans.
2011, 39, 1403-1408, doi:10.1042/BST0391403.

Zhang, Z.; Zhu, S. Comparative Genomics Analysis of Five Families of
Antimicrobial Peptide-like Genes in Seven Ant Species. Dev. Comp. Immunol.
2012, 38, 262—-274, doi:10.1016/j.dci.2012.05.003.

Amparyup, P.; Kondo, H.; Hirono, |.; Aoki, T.; Tassanakajon, A. Molecular Cloning,
Genomic Organization and Recombinant Expression of a Crustin-like
Antimicrobial Peptide from Black Tiger Shrimp Penaeus monodon. Mol. Immunol.
2008, 45, 1085-1093, doi:10.1016/j.molimm.2007.07.031.

Tassanakajon, A.; Somboonwiwat, K.; Amparyup, P. Sequence Diversity and
Evolution of Antimicrobial Peptides in Invertebrates. Dev. Comp. Immunol. 2015,
48, 324-341, doi:10.1016/j.dci.2014.05.020.



427.

428.

429.

430.

431.

432.

433.

434,

435.

436.

437.

438.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Sakunwattana, T.; Jaree, P.; Rimphanitchayakit, V.; Tassanakajon, A.; Tharntada,
S. Antibacterial and Antiproteinase Activities of a Double Whey Acidic Protein
Domain-Containing Protein from Penaeus vannamei Boone, 1931 (Decapoda,
Penaeidae). Crustaceana 2020, 93, 51-69, doi:10.1163/15685403-00003962.

Yang, L.; Niu, S.; Gao, J.; Zuo, H.; Yuan, J.; Weng, S.; He, J.; Xu, X. A Single
WAP Domain (SWD)-Containing Protein with Antiviral Activity from Pacific White
Shrimp Litopenaeus vannamei. Fish Shellfish Immunol. 2018, 73, 167-174,
doi:10.1016/j.fsi.2017.12.018.

Rekha, R.; Vaseeharan, B.; Ishwarya, R.; Anjugam, M.; S. Alharbi, N;
Kadaikunnan, S.; Khaled, J.M.; Al-anbr, M.N.; Govindarajan, M. Searching for
Crab-Borne Antimicrobial Peptides: Crustin from Portunus Pelagicus Triggers
Biofilm Inhibition and Immune Responses of Artemia salina against GFP Tagged
Vibrio parahaemolyticus Dahv2. Mol. Immunol. 2018, 101, 396-408,
doi:10.1016/j.molimm.2018.07.024.

Suleiman, S.; Smith, V.J.; Dyrynda, E.A. Unusual Tissue Distribution of Carcinin,
an Antibacterial Crustin, in the Crab, Carcinus maenas, Reveals Its Multi-
Functionality. Dev. Comp. Immunol. 2017, 76, 274-284,
doi:10.1016/j.dci.2017.06.010.

Li, W.; Tailhades, J.; O’Brien-Simpson, N.M.; Separovic, F.; Otvos, L.; Hossain,
M.A.; Wade, J.D. Proline-Rich Antimicrobial Peptides: Potential Therapeutics
against Antibiotic-Resistant Bacteria. Amino Acids 2014, 46, 2287-2294,
doi:10.1007/s00726-014-1820-1.

Scocchi, M.; Tossi, A.; Gennaro, R. Proline-Rich Antimicrobial Peptides:
Converging to a Non-Lytic Mechanism of Action. Cell. Mol. Life Sci. 2011, 68,
2317-2330, doi:10.1007/s00018-011-0721-7.

Schnapp, D.; Kemp, G.D.; Smith, V.J. Purification and Characterization of a
Proline-Rich Antibacterial Peptide, with Sequence Similarity to Bactenecin-7, from
the Haemocytes of the Shore Crab, Carcinus maenas. Eur. J. Biochem. 1996,
240, 532-539, do0i:10.1111/j.1432-1033.1996.0532h..x.

Imjongjirak, C.; Amphaiphan, P.; Charoensapsri, W.; Amparyup, P.
Characterization and Antimicrobial Evaluation of Sp PR-AMP1, a Proline-Rich
Antimicrobial Peptide from the Mud Crab Scylla paramamosain. Dev. Comp.
Immunol. 2017, 74, 209-216, doi:10.1016/j.dci.2017.05.003.

Imjongjirak, C.; Amparyup, P.; Tassanakajon, A. Two Novel Antimicrobial
Peptides, Arasin-LikeSp and GRPSp, from the Mud Crab Scylla paramamosain,
Exhibit the Activity against Some Crustacean Pathogenic Bacteria. Fish Shellfish
Immunol. 2011, 30, 706—712, doi:10.1016/j.fsi.2010.12.031.

Xie, Y.; Wan, H.; Zeng, X.; Zhang, Z.; Wang, Y. Characterization and Antimicrobial
Evaluation of a New Spgly-AMP, Glycine-Rich Antimicrobial Peptide from the Mud
Crab Scylla paramamosain. Fish Shellfish Immunol. 2020, 106, 384-392,
doi:10.1016/}.fsi.2020.08.009.

Sperstad, S. V.; Haug, T.; Vasskog, T.; Stensvag, K. Hyastatin, a Glycine-Rich
Multi-Domain Antimicrobial Peptide Isolated from the Spider Crab (Hyas araneus)
Hemocytes. Mol. Immunol. 2009, 46, 2604-2612,
doi:10.1016/j.molimm.2009.05.002.

Shan, Z.; Zhu, K.; Peng, H.; Chen, B.; Liu, J.; Chen, F.; Ma, X.; Wang, S.; Qiao,
K.; Wang, K. The New Antimicrobial Peptide SpHyastatin from the Mud Crab

149



150 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Scylla paramamosain with Multiple Antimicrobial Mechanisms and High Effect on
Bacterial Infection. Front. Microbiol. 2016, 7, 1-14,
doi:10.3389/fmicb.2016.01140.

439. Zhang, Y.; Ni, M.; Bai, Y.; Shi, Q.; Zheng, J.; Cui, Z. Full-Length Transcriptome
Analysis Provides New Insights Into the Diversity of Immune-Related Genes in
Portunus trituberculatus. Front. Immunol. 2022, 13, 1-15,
doi:10.3389/fimmu.2022.843347.

440. Moe, M.K.; Haug, T.; Sydnes, M.O.; Sperstad, S. V.; Li, C.; Vaagsfjord, L.C.; de
la Vega, E.; Stensvag, K. Paralithocins, Antimicrobial Peptides with Unusual
Disulfide Connectivity from the Red King Crab, Paralithodes camtschaticus. J.
Nat. Prod. 2018, 81, 140-150, doi:10.1021/acs.jnatprod.7b00780.

441. Huang, W.S.; Wang, K.J.; Yang, M.; Cai, J.J.; Li, S.J.; Wang, G.Z. Purification and
Part Characterization of a Novel Antibacterial Protein Scygonadin, Isolated from
the Seminal Plasma of Mud Crab, Scylla serrata (Forskal, 1775). J. Exp. Mar. Bio.
Ecol. 2006, 339, 37-42, doi:10.1016/j.jembe.2006.06.029.

442. Wang, K.J.; Huang, W.S.; Yang, M.; Chen, H.Y.; Bo, J.; Li, S.J.; Wang, G.Z. A
Male-Specific Expression Gene, Encodes a Novel Anionic Antimicrobial Peptide,
Scygonadin, in Scylla serrata. Mol. Immunol. 2007, 44, 1961-1968,
doi:10.1016/j.molimm.2006.09.036.

443. Yedery, R.D.; Reddy, K.V.R. Purification and Characterization of Antibacterial
Proteins from Granular Hemocytes of Indian Mud Crab , Scylla serrata. Acta
Biochim. Pol. 2009, 56, 71-82.

444. Peng, H.; Yang, M.; Huang, W.-S.; Ding, J.; Qu, H.-D.; Cai, J.-J.; Zhang, N.; Wang,
K.-J. Soluble Expression and Purification of a Crab Antimicrobial Peptide
Scygonadin in Different Expression Plasmids and Analysis of Its Antimicrobial
Activity. Protein Expr. Purif. 2010, 70, 109-115, doi:10.1016/j.pep.2009.09.008.

445. Zhu, X.; Chen, F.; Li, S.; Peng, H.; Wang, K.-J. A Novel Antimicrobial Peptide
Sparanegtin Identified in Scylla paramamosain Showing Antimicrobial Activity and
Immunoprotective Role In Vitro and Vivo. Int. J. Mol. Sci. 2021, 23, 15,
doi:10.3390/ijms23010015.

446. Lee, S.Y.; Lee, B.L.; Sdderhall, K. Processing of an Antibacterial Peptide from
Hemocyanin of the Freshwater Crayfish Pacifastacus leniusculus. J. Biol. Chem.
2003, 278, 7927-7933, doi:10.1074/jbc.M209239200.

447. Jiravanichpaisal, P.; Lee, S.Y.; Kim, Y.A.; Andrén, T.; Soderhall, |. Antibacterial
Peptides in Hemocytes and Hematopoietic Tissue from Freshwater Crayfish
Pacifastacus leniusculus: Characterization and Expression Pattern. Dev. Comp.
Immunol. 2007, 31, 441-455, doi:10.1016/j.dci.2006.08.002.

448. Shi, X.-Z.; Zhao, X.-F.; Wang, J.-X. A New Type Antimicrobial Peptide Astacidin
Functions in Antibacterial Immune Response in Red Swamp Crayfish
Procambarus clarkii. Dev. Comp. Immunol. 2014, 43, 121-128,
doi:10.1016/j.dci.2013.11.003.

449. Rongevi¢, T.; Cikes-Culié, V.; Maravi¢, A.; Capanni, F.; Gerdol, M.; Pacor, S.;
Tossi, A.; Giulianini, P.G.; Pallavicini, A.; Manfrin, C. Identification and Functional
Characterization of the Astacidin Family of Proline-Rich Host Defence Peptides
(PcAst) from the Red Swamp Crayfish (Procambarus clarkii, Girard 1852). Dev.
Comp. Immunol. 2020, 105, 103574, doi:10.1016/j.dci.2019.103574.



450.

451.

452.

453.

454.

455.

456.

457.

458.

459.

460.

461.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Cuthbertson, B.J.; Deterding, L.J.; Wiliams, J.G.; Tomer, K.B.; Etienne, K.;
Blackshear, P.J.; Billesbach, E.E.; Gross, P.S. Diversity in Penaeidin
Antimicrobial Peptide Form and Function. Dev. Comp. Immunol. 2008, 32, 167—
181, doi:10.1016/j.dci.2007.06.009.

Destoumieux, D.; Bulet, P.; Loew, D.; Van Dorsselaer, A.; Rodriguez, J.; Bachére,
E. Penaeidins, a New Family of Antimicrobial Peptides Isolated from the Shrimp
Penaeus vannamei (Decapoda). J. Biol. Chem. 1997, 272, 28398-28406,
doi:10.1074/jbc.272.45.28398.

Destoumieux, D.; Bulet, P.; Strub, J.-M.; van Dorsselaer, A.; Bachére, E.
Recombinant Expression and Range of Activity of Penaeidins, Antimicrobial
Peptides from Penaeid Shrimp. Eur. J. Biochem. 1999, 266, 335-346,
doi:10.1046/j.1432-1327.1999.00855.x.

Cuthbertson, B.J.; Billesbach, E.E.; Fievet, J.; Bachére, E.; Gross, P.S. A New
Class (Penaeidin Class 4) of Antimicrobial Peptides from the Atlantic White
Shrimp (Litopenaeus setiferus) Exhibits Target Specificity and an Independent
Proline-Rich-Domain Function. Biochem. J. 2004, 381, 79-86,
doi:10.1042/BJ20040330.

Cuthbertson, B.J.; Blllesbach, E.E.; Gross, P.S. Discovery of Synthetic Penaeidin
Activity against Antibiotic-resistant Fungi. Chem. Biol. Drug Des. 2006, 68, 120—
127, doi:10.1111/j.1747-0285.2006.00417 .x.

Kang, C.-J.; Xue, J.-F.; Liu, N.; Zhao, X.-F.; Wang, J.-X. Characterization and
Expression of a New Subfamily Member of Penaeidin Antimicrobial Peptides
(Penaeidin 5) from Fenneropenaeus chinensis. Mol. Immunol. 2007, 44, 1535-
1543, doi:10.1016/j.molimm.2006.08.025.

Xiao, B.; Fu, Q.; Niu, S.; Zhu, P.; He, J.; Li, C. Penaeidins Restrict White Spot
Syndrome Virus Infection by Antagonizing the Envelope Proteins to Block Viral
Entry. Emerg. Microbes Infect. 2020, 9, 390-412,
doi:10.1080/22221751.2020.1729068.

Destoumieux, D.; Mufoz, M.; Cosseau, C.; Rodriguez, J.; Bulet, P.; Comps, M;
Bachére, E. Penaeidins, Antimicrobial Peptides with Chitin-Binding Activity, Are
Produced and Stored in Shrimp Granulocytes and Released after Microbial
Challenge. J. Cell Sci. 2000, 113, 461-469.

Han, J.; Jyoti, M.A.; Song, H.Y.; Jang, W.S. Antifungal Activity and Action
Mechanism of Histatin 5-Halocidin Hybrid Peptides against Candida Ssp. PLoS
One 2016, 11, 1-18, doi:10.1371/journal.pone.0150196.

Xiao, B.; Liao, X.; Wang, H.; He, J.; Li, C. BigPEN, an Antimicrobial Peptide of
Penaeidin Family from Shrimp Litopenaeus vannamei with Membrane Permeable
and DNA Binding Activity. Fish Shellfish Immunol. Reports 2021, 2, 100034,
doi:10.1016/j.fsirep.2021.100034.

de Lorgeril, J.; Saulnier, D.; Janech, M.G.; Gueguen, Y.; Bacheére, E. Identification
of Genes That Are Differentially Expressed in Hemocytes of the Pacific Blue
Shrimp (Litopenaeus stylirostris) Surviving an Infection with Vibrio penaeicida.
Physiol. Genomics 2005, 21, 174-183,
doi:10.1152/physiolgenomics.00281.2004.

Liu, H.; Wang, J.; Mao, Y.; Liu, M.; Niu, S.; Qiao, Y.; Su, Y.; Wang, C.; Zheng, Z.
Identification and Expression Analysis of a Novel Stylicin Antimicrobial Peptide
from Kuruma Shrimp (Marsupenaeus japonicus). Fish Shellfish Immunol. 2015,

151



152 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

47, 817-823, doi:10.1016/].fsi.2015.09.044.

462. Farias, N.D.; Falchetti, M.; Matos, G.M.; Schmitt, P.; Barreto, C.; Argenta, N.;
Rolland, J.-L.; Bachére, E.; Perazzolo, L.M.; Rosa, R.D. Litopenaeus vannamei
Stylicins Are Constitutively Produced by Hemocytes and Intestinal Cells and Are
Differentially Modulated upon Infections. Fish Shellfish Immunol. 2019, 86, 82-92,
doi:10.1016/j.fsi.2018.11.021.

463. Machado, L.G.V.; Goncalves, P.; Barreto, C.; Perazzolo, L.M.; Rosa, R.D.
Farfantepenaeus Gene-Encoded Antimicrobial Peptides: Identification, Molecular
Characterization and Gene Expression in Response to Fungal Infections. J.
Invertebr. Pathol. 2021, 182, 107586, doi:10.1016/}.jip.2021.107586.

464. Chakrapani, S.; Panigrahi, A.; Palanichamy, E.; Thangaraj, S.K.; Radhakrishnan,
N.; Panigrahi, P.; Nagarathnam, R. Evaluation of Therapeutic Efficiency of Stylicin
against Vibrio parahaemolyticus Infection in Shrimp Penaeus vannamei through
Comparative Proteomic Approach. Probiotics Antimicrob. Proteins 2024, 16, 76—
92, doi:10.1007/s12602-022-10006-w.

465. Rolland, J.L.; Abdelouahab, M.; Dupont, J.; Lefevre, F.; Bachére, E.; Romestand,
B. Stylicins, a New Family of Antimicrobial Peptides from the Pacific Blue Shrimp
Litopenaeus stylirostris. Mol. Immunol. 2010, 47, 1269-1277,
doi:10.1016/j.molimm.2009.12.007.

466. Liu, H.; Lei, M.; Du, X.; Cui, P.; Zhang, S. Identification of a Novel Antimicrobial
Peptide from Amphioxus Branchiostoma japonicum by in Silico and Functional
Analyses. Sci. Rep. 2015, 5, 18355, doi:10.1038/srep18355.

467. Nam, J.; Yun, H.; Rajasekaran, G.; Kumar, S.D.; Kim, J. ll; Min, H.J.; Shin, S.Y_;
Lee, C.W. Structural and Functional Assessment of MBjAMP1, an Antimicrobial
Peptide from Branchiostoma japonicum , Revealed a Novel a-Hairpinin-like
Scaffold with Membrane Permeable and DNA Binding Activity. J. Med. Chem.
2018, 67, 11101-11113, doi:10.1021/acs.jmedchem.8b01135.

468. Park, J.; Kang, H.K.; Choi, M.-C.; Chae, J.D.; Son, B.K.; Chong, Y.P.; Seo, C.H.;
Park, Y. Antibacterial Activity and Mechanism of Action of Analogues Derived from
the Antimicrobial Peptide MBjJAMP1 Isolated from Branchiostoma japonicum. J.
Antimicrob. Chemother. 2018, 73, 2054—-2063, doi:10.1093/jac/dky144.

469. Wu, R.; Patocka, J.; Nepovimova, E.; Oleksak, P.; Valis, M.; Wu, W.; Kuca, K.
Marine Invertebrate Peptides: Antimicrobial Peptides. Front. Microbiol. 2021, 12,
doi:10.3389/fmicb.2021.785085.

470. Lee, I.H.; Cho, Y.; Lehrer, R.l. Styelins, Broad-Spectrum Antimicrobial Peptides
from the Solitary Tunicate, Styela clava. Comp. Biochem. Physiol. Part B
Biochem. Mol. Biol. 1997, 118, 515-521, doi:10.1016/S0305-0491(97)00109-0.

471. Lee, l.H.; Zhao, C.; Cho, Y.; Harwig, S.S.L.; Cooper, E.L.; Lehrer, R.l. Clavanins,
a-Helical Antimicrobial Peptides from Tunicate Hemocytes. FEBS Lett. 1997, 400,
158-162, doi:10.1016/S0014-5793(96)01374-9.

472. Lee, I.H.; Zhao, C.; Nguyen, T.; Menzel, L.; Waring, A.J.; Sherman, M.A.; Lehrer,
R.l. Clavaspirin, an Antibacterial and Haemolytic Peptide from Styela clava. J.
Pept. Res. 2001, 58, 445-456.

473. Zhao, C.; Liaw, L.; Lee, I.H.; Lehrer, R.l. CDNA Cloning of Three Cecropin-like
Antimicrobial Peptides (Styelins) from the Tunicate, Styela clava. FEBS Lett.
1997, 412, 144-148, doi:10.1016/S0014-5793(97)00769-2.



474.

475.

476.

477.

478.

479.

480.

481.

482.

483.

484.

485.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Lee, I.H.; Lee, Y.S.; Kim, C.H.; Kim, C.R.; Hong, T.; Menzel, L.; Boo, L.M.; Pohl,
J.; Sherman, M.A.; Waring, A.; et al. Dicynthaurin: An Antimicrobial Peptide from
Hemocytes of the Solitary Tunicate, Halocynthia aurantium. Biochim. Biophys.
Acta - Gen. Subj. 2001, 1527, 141-148, doi:10.1016/S0304-4165(01)00156-8.

Jang, W.S.; Kim, K.N.; Lee, Y.S.; Nam, M.H.; Lee, I.H. Halocidin: A New
Antimicrobial Peptide from Hemocytes of the Solitary Tunicate, Halocynthia
aurantium. FEBS Lett. 2002, 521, 81-86, doi:10.1016/S0014-5793(02)02827-2.

Jang, W.S.; Kim, HK,; Lee, K.Y.; Kim, S.A.; Han, Y.S.; Lee, |.H. Antifungal Activity
of Synthetic Peptide Derived from Halocidin, Antimicrobial Peptide from the
Tunicate, Halocynthia aurantium. FEBS Lett. 2006, 580, 1490-1496,
doi:10.1016/j.febslet.2006.01.041.

Galinier, R.; Roger, E.; Sautiere, P.E.; Aumelas, A.; Banaigs, B.; Mitta, G.
Halocyntin and Papillosin, Two New Antimicrobial Peptides Isolated from
Hemocytes of the Solitary Tunicate, Halocynthia papillosa. J. Pept. Sci. 2009, 15,
48-55, doi:10.1002/psc.1101.

Fedders, H.; Michalek, M.; Grétzinger, J.; Leippe, M. An Exceptional Salt-Tolerant
Antimicrobial Peptide Derived from a Novel Gene Family of Haemocytes of the
Marine Invertebrate Ciona intestinalis. Biochem. J. 2008, 416, 65-75,
doi:10.1042/BJ20080398.

Fedders, H.; Leippe, M. A Reverse Search for Antimicrobial Peptides in Ciona
Intestinalis: ldentification of a Gene Family Expressed in Hemocytes and
Evaluation of Activity. Dev. Comp. Immunol. 2008, 32, 286-298,
doi:10.1016/j.dci.2007.06.003.

Lu, Y.; Zhuang, Y.; Liu, J. Mining Antimicrobial Peptides from Small Open Reading
Frames in Ciona intestinalis. J. Pept. Sci. 2014, 20, 25-29, doi:10.1002/psc.2584.

Hansen, |.K.@.; Isaksson, J.; Poth, A.G.; Hansen, K.; Andersen, A.J.C.; Richard,
C.S.M.; Blencke, H.M.; Stensvag, K.; Craik, D.J.; Haug, T. Isolation and
Characterization of Antimicrobial Peptides with Unusual Disulfide Connectivity
from the Colonial Ascidian Synoicum turgens. Mar. Drugs 2020, 18,
doi:10.3390/md18010051.

Hansen, |.K.@.; Lovdahl, T.; Simonovic, D.; Hansen, K.@.; Andersen, A.J.C;
Devold, H.; Richard, C.S.M.; Andersen, J.H.; Strem, M.B.; Haug, T. Antimicrobial
Activity of Small Synthetic Peptides Based on the Marine Peptide Turgencin A:
Prediction of Antimicrobial Peptide Sequences in a Natural Peptide and Strategy
for Optimization of Potency. Int. J. Mol. Sci. 2020, 21, 5460,
doi:10.3390/ijms21155460.

Collins, A.G. Recent Insights into Cnidarian Phylogeny. In Proceedings of the
Smithsonian Marine Science Symposium; Lang, M.A., Macintyre, |.G., Rutzler, K.,
Eds.; Smithsonian Institution Scholarly Press: Washington, DC, USA, 2009; pp.
139-149.

Rodrigues, T.; Almeida, D.; Guardiola, F.A.; Borges, P.A.V.; Antunes, A. A
Comprehensive Compilation of Iberian Medusozoan Data: Diversity, Ecology, and
Omics Insights. Reg. Stud. Mar. Sci. 2024, 73, 103462,
doi:10.1016/j.rsma.2024.103462.

Brown, T.; Rodriguez-Lanetty, M. Defending against Pathogens-Immunological
Priming and Its Molecular Basis in a Sea Anemone, Cnidarian. Sci. Rep. 2015, 5,
1-14, doi:10.1038/srep17425.

153



154 | FCUP

Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

486.

487.

488.

489.

490.

491.

492.

493.

494.

495.

496.

Hore, G.; Ghosh, S.; Banerjee, D. Cnidaria immune system and nanoparticles. In
Immune System ofAnimals; Ghosh, S., Ed.; De Gruyter: Berlin, Germany, 2022;
Volume 2, pp. 13—48, ISBN 9783110655872.

Vidal-Dupiol, J.; Ladriere, O.; Destoumieux-Garzén, D.; Sautiére, P.-E;
Meistertzheim, A.-L.; Tambutté, E.; Tambutté, S.; Duval, D.; Fouré, L.; Adjeroud,
M.; et al. Innate Immune Responses of a Scleractinian Coral to Vibriosis. J. Biol.
Chem. 2011, 286, 22688—-22698, doi:10.1074/jbc.M110.216358.

Mason, B.; Cooke, I.; Moya, A.; Augustin, R.; Lin, M.-F.; Satoh, N.; Bosch, T.C.G,;
Bourne, D.G.; Hayward, D.C.; Andrade, N.; et al. AmAMP1 from Acropora
millepora and Damicornin Define a Family of Coral-Specific Antimicrobial Peptides
Related to the Shk Toxins of Sea Anemones. Dev. Comp. Immunol. 2021, 114,
103866, doi:10.1016/j.dci.2020.103866.

Lima, L.; Migliolo, L.; Castro, C.; Pires, D.; Lopez-Abarrategui, C.; Goncalves, E.;
Vasconcelos, |.; Oliveira, J.; Otero-Gonzalez, A.; Franco, O.; et al. Identification
of a Novel Antimicrobial Peptide from Brazilian Coast Coral Phyllogorgia dilatata.
Protein Pept. Lett. 2013, 20, 1153-1158, do0i:10.2174/0929866511320100010.

Kim, C.-H.H.; Lee, Y.J.; Go, H.-J.J.; Oh, H.Y.; Lee, T.K.; Park, J.B.; Park, N.G.
Defensin-Neurotoxin Dyad in a Basally Branching Metazoan Sea Anemone. FEBS
J. 2017, 284, 3320-3338, doi:10.1111/febs.14194.

La Corte, C.; Catania, V.; Dara, M.; Parrinello, D.; Staropoli, M.; Trapani, M.R;
Cammarata, M.; Parisi, M.G. Equinins as Novel Broad-Spectrum Antimicrobial
Peptides Isolated from the Cnidarian Actinia equina (Linnaeus, 1758). Mar. Drugs
2024, 22, 172, doi:10.3390/md22040172.

Ovchinnikova, T. V.; Balandin, S. V.; Aleshina, G.M.; Tagaev, A.A.; Leonova, Y.F.;
Krasnodembsky, E.D.; Men’shenin, A. V.; Kokryakov, V.N. Aurelin, a Novel
Antimicrobial Peptide from Jellyfish Aurelia aurita with Structural Features of
Defensins and Channel-Blocking Toxins. Biochem. Biophys. Res. Commun. 20086,
348, 514-523, doi:10.1016/j.bbrc.2006.07.078.

Shenkarev, Z.0.; Panteleev, P. V.; Balandin, S. V.; Gizatullina, A.K.; Altukhov,
D.A.; Finkina, E.l.; Kokryakov, V.N.; Arseniev, A.S.; Ovchinnikova, T. V.
Recombinant Expression and Solution Structure of Antimicrobial Peptide Aurelin
from Jellyfish Aurelia aurita. Biochem. Biophys. Res. Commun. 2012, 429, 63—69,
doi:10.1016/j.bbrc.2012.10.092.

Augustin, R.; Anton-Erxleben, F.; Jungnickel, S.; Hemmrich, G.; Spudy, B.;
Podschun, R.; Bosch, T.C.G. Activity of the Novel Peptide Arminin against
Multiresistant Human Pathogens Shows the Considerable Potential of
Phylogenetically Ancient Organisms as Drug Sources. Antimicrob. Agents
Chemother. 2009, 53, 5245-5250, doi:10.1128/AAC.00826-09.

Liang, X.; Wang, R.; Dou, W.; Zhao, L.; Zhou, L.; Zhu, J.; Wang, K.; Yan, J.
Arminin 1a-C, a Novel Antimicrobial Peptide from Ancient Metazoan Hydra,
Shows Potent Antileukemia Activity against Drug-Sensitive and Drug-Resistant
Leukemia Cells. Drug Des. Devel. Ther. 2018, 12, 3691-3703,
doi:10.2147/DDDT.S181188.

Fraune, S.; Augustin, R.; Anton-Erxleben, F.; Wittlieb, J.; Gelhaus, C.; Klimovich,
V.B.; Samoilovich, M.P.; Bosch, T.C.G. In an Early Branching Metazoan, Bacterial
Colonization of the Embryo Is Controlled by Maternal Antimicrobial Peptides.
Proc. Natl. Acad. Sci. 2010, 107, 18067—18072, doi:10.1073/pnas.1008573107.



497.

498.

499.

500.

501.

502.

503.

504.

505.

506.

507.

508.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Turner, R.; Meyer, C. Salinity Tolerance of the Brackish-Water Echinoderm
Ophiophragmus filograneus (Ophiuroidea). Mar. Ecol. Prog. Ser. 1980, 2, 249—
256, doi:10.3354/meps002249.

Talbot, T.D.; Lawrence, J.M. The Effect of Salinity on Respiration, Excretion,
Regeneration and Production in Ophiophragmus filograneus (Echinodermata:
Ophiuroidea). J. Exp. Mar. Bio. Ecol. 2002, 275, 1-14, doi:10.1016/S0022-
0981(02)00208-3.

Arizza, V.; Schillaci, D. Echinoderm Antimicrobial Peptides: The Ancient Arms of
the Deuterostome Innate Immune System. In Lessons in Immunity: From Single-
Cell Organisms to Mammals, 1st ed.; Ballarin, L., Cammarata, M., Eds.; Academic
Press: Cambridge, MA, USA, 2016, ISBN 9780128032527.

Li, C.; Blencke, H.-M.; Haug, T.; Stensvag, K. Antimicrobial Peptides in
Echinoderm Host Defense. Dev. Comp. Immunol. 2015, 49, 190-197,
doi:10.1016/j.dci.2014.11.002.

Kim, C.-H.; Go, H.-J.; Oh, H.Y.; Park, J.B.; Lee, T.K.; Seo, J.-K.; Elphick, M.R;
Park, N.G. Identification of a Novel Antimicrobial Peptide from the Sea Star Patiria
pectinifera. Dev. Comp. Immunol. 2018, 86, 203-213,
doi:10.1016/j.dci.2018.05.002.

Li, C.; Haug, T.; Styrvold, O.B.; Jargensen, T.0.; Stensvag, K. Strongylocins,
Novel Antimicrobial Peptides from the Green Sea Urchin, Strongylocentrotus
droebachiensis. Dev. Comp. Immunol. 2008, 32, 1430-1440,
doi:10.1016/j.dci.2008.06.013.

Li, C.; Blencke, H.M.; Smith, L.C.; Karp, M.T.; Stensvag, K. Two Recombinant
Peptides, SpStrongylocins 1 and 2, from Strongylocentrotus purpuratus, Show
Antimicrobial Activity against Gram-Positive and Gram-Negative Bacteria. Dev.
Comp. Immunol. 2010, 34, 286—292, doi:10.1016/j.dci.2009.10.006.

Solstad, R.G.; Li, C.; Isaksson, J.; Johansen, J.; Svenson, J.; Stensvag, K.; Haug,
T. 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,
doi:10.1371/journal.pone.0151820.

Li, C.; Haug, T.; Moe, M.K.; Styrvold, O.B.; Stensvag, K. Centrocins: Isolation and
Characterization of Novel Dimeric Antimicrobial Peptides from the Green Sea
Urchin, Strongylocentrotus droebachiensis. Dev. Comp. Immunol. 2010, 34, 959—
968, doi:10.1016/j.dci.2010.04.004.

Schillaci, D.; Cusimano, M.; Cunsolo, V.; Saletti, R.; Russo, D.; Vazzana, M.;
Vitale, M.; Arizza, V. Immune Mediators of Sea-Cucumber Holothuria tubulosa
(Echinodermata) as Source of Novel Antimicrobial and Anti-Staphylococcal
Biofilm Agents. AMB Express 2013, 3, 35, doi:10.1186/2191-0855-3-35.

Cusimano, M.G.; Spinello, A.; Barone, G.; Schillaci, D.; Cascioferro, S.;
Magistrato, A.; Parrino, B.; Arizza, V.; Vitale, M. A Synthetic Derivative of
Antimicrobial Peptide Holothuroidin 2 from Mediterranean Sea Cucumber
(Holothuria tubulosa) in the Control of Listeria monocytogenes. Mar. Drugs 2019,
17, 1-11, doi:10.3390/md17030159.

Seo, J.-K.; Lee, M.J.; Nam, B.-H.; Park, N.G. CgMolluscidin, a Novel Dibasic
Residue Repeat Rich Antimicrobial Peptide, Purified from the Gill of the Pacific
Oyster, Crassostrea gigas. Fish Shellfish Immunol. 2013, 35, 480-488,

155



156 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

doi:10.1016/j.fsi.2013.05.010.

509. Hong, S.-Y.; Kim, D.-G.; Kim, Y.-O.; Park, J.Y.; Seo, J.-K.; Nam, B.-H.; Hong, Y .-
K. Purification and CDNA Cloning of the Antimicrobial Peptide ApMolluscidin from
the Pen Shell, Afrina pectinata. Fish Shellfish Immunol. 2018, 81, 408—415,
doi:10.1016/j.fsi.2018.07.044.

510. Seo, J.-K.; Go, H.-J.; Kim, C.-H.; Nam, B.-H.; Park, N.G. Antimicrobial Peptide,
HdMolluscidin, Purified from the Gill of the Abalone, Haliotis discus. Fish Shellfish
Immunol. 2016, 52, 289-297, doi:10.1016/].fsi.2016.03.150.

511. Mitta, G.; Vandenbulcke, F.; Hubert, F.; Salzet, M.; Roch, P. Involvement of
Mytilins in Mussel Antimicrobial Defense. J. Biol. Chem. 2000, 275, 12954—12962,
doi:10.1074/jbc.275.17.12954.

512. Sonthi, M.; Toubiana, M.; Pallavicini, A.; Venier, P.; Roch, P. Diversity of Coding
Sequences and Gene Structures of the Antifungal Peptide Mytimycin (MytM) from
the Mediterranean Mussel, Mytilus galloprovincialis. Mar. Biotechnol. 2011, 13,
857-867, doi:10.1007/s10126-010-9345-4.

513. Rey-Campos, M.; Novoa, B.; Pallavicini, A.; Gerdol, M.; Figueras, A. Comparative
Genomics Reveals 13 Different Isoforms of Mytimycins (A-M) in Mytilus
galloprovincialis. Int. J. Mol. Sci. 2021, 22, 3235, doi:10.3390/ijms22063235.

514. Mitta, G.; Hubert, F.; Noél, T.; Roch, P. Myticin, a Novel Cysteine-rich
Antimicrobial Peptide Isolated from Haemocytes and Plasma of the Mussel
Mytilus galloprovincialis. Eur. J. Biochem. 1999, 265, 71-78, doi:10.1046/j.1432-
1327.1999.00654 .x.

515. Pallavicini, A.; del Mar Costa, M.; Gestal, C.; Dreos, R.; Figueras, A.; Venier, P.;
Novoa, B. High Sequence Variability of Myticin Transcripts in Hemocytes of
Immune-Stimulated Mussels Suggests Ancient Host—Pathogen Interactions. Dev.
Comp. Immunol. 2008, 32, 213-226, doi:10.1016/j.dci.2007.05.008.

516. Domeneghetti, S.; Franzoi, M.; Damiano, N.; Norante, R.; M. El Halfawy, N.;
Mammi, S.; Marin, O.; Bellanda, M.; Venier, P. Structural and Antimicrobial
Features of Peptides Related to Myticin C, a Special Defense Molecule from the
Mediterranean Mussel Mytilus galloprovincialis. J. Agric. Food Chem. 2015, 63,
9251-9259, doi:10.1021/acs.jafc.5b03491.

517. Novoa, B.; Romero, A.; Alvarez, A.L.; Moreira, R.; Pereiro, P.; Costa, M.M.; Dios,
S.; Estepa, A.; Parra, F.; Figueras, A. Antiviral Activity of Myticin C Peptide from
Mussel: An Ancient Defense against Herpesviruses. J. Virol. 2016, 90, 7692—
7702, doi:10.1128/JVI1.00591-16.

518. Rey-Campos, M.; Novoa, B.; Pallavicini, A.; Gerdol, M.; Figueras, A. Comparative
Genomics Reveals a Significant Sequence Variability of Myticin Genes in Mytilus
galloprovincialis. Biomolecules 2020, 10, 1-18, doi:10.3390/biom10060943.

519. Liao, Z.; Wang, X.; Liu, H.; Fan, M.; Sun, J.; Shen, W. Molecular Characterization
of a Novel Antimicrobial Peptide from Mytilus coruscus. Fish Shellfish Immunol.
2013, 34, 610-616, doi:10.1016/j.fsi.2012.11.030.

520. Oh, R,; Lee, M.J.; Kim, Y.-O.; Nam, B.-H.; Kong, H.J.; Kim, J.-W.; Park, J.; Seo,
J.-K.; Kim, D.-G. Myticusin-Beta, Antimicrobial Peptide from the Marine Bivalve,
Mytilus  coruscus.  Fish  Shellfish  Immunol. 2020, 99, 342-352,
doi:10.1016/j.fsi.2020.02.020.

521. Leoni, G.; De Poli, A.; Mardirossian, M.; Gambato, S.; Florian, F.; Venier, P;



522.

523.

524.

525.

526.

527.

528.

529.

530.

531.

532.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Wilson, D.; Tossi, A.; Pallavicini, A.; Gerdol, M. Myticalins: A Novel Multigenic
Family of Linear, Cationic Antimicrobial Peptides from Marine Mussels (Mytilus
Spp.). Mar. Drugs 2017, 15, 261, doi:10.3390/md15080261.

Pacor, S.; Benincasa, M.; Musso, M.V.; Krce, L.; Aviani, |.; Pallavicini, A.; Scocchi,
M.; Gerdol, M.; Mardirossian, M. The Proline-Rich Myticalins from Mytilus
galloprovincialis Display a Membrane-Permeabilizing Antimicrobial Mode of
Action. Peptides 2021, 143, 170594, doi:10.1016/j.peptides.2021.170594.

Liu, L.; Yang, J.Y.; Yang, Z.X.; He, J.Y.; Zhang, X.L.; He, M.L.; Yan, X.J.; Liao, Z.
Molecular Characterization of Two Novel Antimicrobial Peptides Myticalin and
Mytimacin From Mytilus coruscus. Acta Hydrobiol. Sin. 2022, 46, 1888—-1899,
doi:https://doi.org/10.7541/2022.2021.0392.

Qin, C.; Huang, W.; Zhou, S.; Wang, X.; Liu, H.; Fan, M.; Wang, R.; Gao, P.; Liao,
Z. Characterization of a Novel Antimicrobial Peptide with Chiting-Biding Domain
from Mytilus coruscus. Fish Shellfish Immunol. 2014, 41, 362-370,
doi:10.1016/}.fsi.2014.09.019.

Oh, R.; Lee, M.J.; Kim, Y.-O.; Nam, B.-H.; Kong, H.J.; Kim, J.-W.; Park, J.Y.; Seo,
J.-K.; Kim, D.-G. Purification and Characterization of an Antimicrobial Peptide
Mytichitin-Chitin Binding Domain from the Hard-Shelled Mussel, Mytilus coruscus.
Fish Shellfish Immunol. 2018, 83, 425435, doi:10.1016/j.fsi.2018.09.009.

Arenas, G.; Guzman, F.; Cardenas, C.; Mercado, L.; Marshall, S.H. A Novel
Antifungal Peptide Designed from the Primary Structure of a Natural Antimicrobial
Peptide Purified from Argopecten purpuratus Hemocytes. Peptides 2009, 30,
1405-1411, doi:10.1016/j.peptides.2009.05.019.

Gueguen, Y.; Bernard, R.; Julie, F.; Paulina, S.; Delphine, D.-G.; Franck, V.;
Philippe, B.; Evelyne, B. Oyster Hemocytes Express a Proline-Rich Peptide
Displaying Synergistic Antimicrobial Activity with a Defensin. Mol. Immunol. 2009,
46, 516-522, doi:10.1016/j.molimm.2008.07.021.

Schmitt, P.; Lorgeril, J. de; Gueguen, Y.; Destoumieux-Garzén, D.; Bachere, E.
Expression, Tissue Localization and Synergy of Antimicrobial Peptides and
Proteins in the Immune Response of the Oyster Crassostrea gigas. Dev. Comp.
Immunol. 2012, 37, 363-370, doi:10.1016/j.dci.2012.01.004.

Mao, F.; Bao, Y.; Wong, N.-K.; Huang, M.; Liu, K.; Zhang, X.; Yang, Z.; Yi, W.;
Shu, X.; Xiang, Z.; et al. Large-Scale Plasma Peptidomic Profiling Reveals a
Novel, Nontoxic, Crassostrea hongkongensis-Derived Antimicrobial Peptide
against Foodborne  Pathogens. Mar. Drugs 2021, 19, 420,
doi:10.3390/md19080420.

Gomez-Guillén, M.; Lopez-Caballero, M.; Aleman, A.; Lacey, A.; Giménez, B.;
Montero, P. Antioxidant and Antimicrobial Peptide Fractions from Squid and Tuna
Skin Gelatin. In Sea By-Products as Real Material: New Ways of Application,
Bihan, E., Ed.; Transworld Research Network: Kerala, India, 2010; pp. 89-115,
ISBN 9788178954851.

Ramasamy, P.; Subhapradha, N.; Srinivasan, A.; Shanmugam, V.
Krishnamoorthy, J.; Shanmugam, A. In Vitro Evaluation of Antimicrobial Activity of
Methanolic Extract from Selected Species of Cephalopods on Clinical Isolates.
African J. Microbiol. Res. 2011, 5, 3884—-3889, doi:10.5897/AJMR11.564.

Mosquera, M.; Giménez, B.; Ramos, S.; Lépez-Caballero, M.E.; Gémez-Guillén,
M. del C.; Montero, P. Antioxidant, ACE-Inhibitory, and Antimicrobial Activities of

157



158 | FCUP

Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

533.

534.

535.

536.

537.

538.

539.

540.

541.

542.

543.

Peptide Fractions Obtained From Dried Giant Squid Tunics. J. Aquat. Food Prod.
Technol. 2016, 25, 444—455, doi:10.1080/10498850.2013.819543.

Maselli, V.; Galdiero, E.; Salzano, A.M.; Scaloni, A.; Maione, A.; Falanga, A.;
Naviglio, D.; Guida, M.; Di Cosmo, A.; Galdiero, S. OctoPartenopin: Identification
and Preliminary Characterization of a Novel Antimicrobial Peptide from the
Suckers of  Octopus wvulgaris. Mar. Drugs 2020, 18, 380,
doi:10.3390/md18080380.

Nikapitiya, C.; Dananjaya, S.H.S.; Chandrarathna, H.P.S.U.; De Zoysa, M,
Whang, |. Octominin: A Novel Synthetic Anticandidal Peptide Derived from
Defense Protein of Octopus minor. Mar. Drugs 2020, 18, 56,
doi:10.3390/md18010056.

Jayasinghe, J.N.C.; Whang, |.; De Zoysa, M. Antifungal Efficacy of Antimicrobial
Peptide Octominin Il against Candida albicans. Int. J. Mol. Sci. 2023, 24, 14053,
doi:10.3390/ijms241814053.

Rajapaksha, D.C.; Jayathilaka, E.H.T.T.; Edirisinghe, S.L.; Nikapitiya, C.; Lee, J.;
Whang, I.; De Zoysa, M. Octopromycin: Antibacterial and Antibiofilm Functions of
a Novel Peptide Derived from Octopus minor against Multidrug-Resistant
Acinetobacter baumannii. Fish Shellfish Immunol. 2021, 117, 82-94,
doi:10.1016/j.fsi.2021.07.019.

Jayathilaka, E.H.T.T.; Rajapaksha, D.C.; Nikapitiya, C.; Lee, J.; De Zoysa, M.;
Whang, I. Novel Antimicrobial Peptide “Octoprohibitin” against Multidrug Resistant
Acinetobacter baumannii. Pharmaceuticals 2022, 15, 928,
doi:10.3390/ph15080928.

Houyvet, B.; Zanuttini, B.; Corre, E.; Le Corguillé, G.; Henry, J.; Zatylny-Gaudin,
C. Design of Antimicrobial Peptides from a Cuttlefish Database. Amino Acids
2018, 50, 1573-1582, doi:10.1007/s00726-018-2633-4.

Benoist, L.; Houyvet, B.; Henry, J.; Corre, E.; Zanuttini, B.; Zatylny-Gaudin, C. In-
Depth In Silico Search for Cuttlefish (Sepia officinalis) Antimicrobial Peptides
Following Bacterial Challenge of Haemocytes. Mar. Drugs 2020, 18, 439,
doi:10.3390/md18090439.

Lopez-Abarrategui, C.; Alba, A.; Silva, O.N.; Reyes-Acosta, O.; Vasconcelos, |.M.;
Oliveira, J.T.A.; Migliolo, L.; Costa, M.P.; Costa, C.R.; Silva, M.R.R.; et al.
Functional Characterization of a Synthetic Hydrophilic Antifungal Peptide Derived
from the Marine Snail Cenchritis muricatus. Biochimie 2012, 94, 968-974,
doi:10.1016/j.biochi.2011.12.016.

Lopez-Abarrategui, C.; McBeth, C.; Mandal, S.M.; Sun, Z.J.; Heffron, G.; Alba-
Menéndez, A.; Migliolo, L.; Reyes-Acosta, O.; Garcia-Villarino, M.; Nolasco, D.O.;
et al. Cm-P5: An Antifungal Hydrophilic Peptide Derived from the Coastal Mollusk
Cenchritis muricatus (Gastropoda: Littorinidae). FASEB J. 2015, 29, 3315-3325,
doi:10.1096/fj.14-269860.

Dolashka, P.; Moshtanska, V.; Borisova, V.; Dolashki, A.; Stevanovic, S.;
Dimanov, T.; Voelter, W. Antimicrobial Proline-Rich Peptides from the Hemolymph
of Marine Snail Rapana venosa. Peptides 2011, 32, 1477-1483,
doi:10.1016/j.peptides.2011.05.001.

Gauri, S.S.; Mandal, S.M.; Pati, B.R.; Dey, S. Purification and Structural
Characterization of a Novel Antibacterial Peptide from Bellamya bengalensis:
Activity against Ampicillin and Chloramphenicol Resistant Staphylococcus



544.

545.

546.

547.

548.

549.

550.

551.

552.

553.

554.

555.

556.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

epidermidis. Peptides 2011, 32, 691-696, doi:10.1016/j.peptides.2011.01.014.

Gonzalez Garcia, M.; Rodriguez, A.; Alba, A.; Vazquez, A.A.; Morales Vicente,
F.E.; Pérez-Erviti, J.; Spellerberg, B.; Stenger, S.; Grieshober, M.; Conzelmann,
C.; et al. New Antibacterial Peptides from the Freshwater Mollusk Pomacea
poeyana (Pilsbry, 1927). Biomolecules 2020, 10, 1473,
doi:10.3390/biom10111473.

lijima, R.; Kisugi, J.; Yamazaki, M. A Novel Antimicrobial Peptide from the Sea
Hare Dolabella auricularia. Dev. Comp. Immunol. 2003, 27, 305-311,
doi:10.1016/S0145-305X(02)00105-2.

Bitaab, M.A.; Siadat, S.O.; Pazooki, J.; Sefidbakht, Y. Antibacterial and Molecular
Dynamics Study of the Dolabellanin B2 Isolated from Sea Slug, Peronia peronii.
Biosci. Biotechnol. Res. Asia 2015, 12, 2023-2035, doi:10.13005/bbra/1870.

Mladineo, |.; Ronc&evi¢, T.; Gerdol, M.; Tossi, A. Helminthic Host Defense
Peptides: Using the Parasite to Defend the Host. Trends Parasitol. 2023, 39, 345—
357, doi:10.1016/j.pt.2023.02.004.

Roncevi¢, T.; Gerdol, M.; Mardirossian, M.; Male§, M.; Cvjetan, S.; Benincasa, M.;
Maravi¢, A.; Gajski, G.; Krce, L.; Aviani, |.; et al. Anisaxins, Helical Antimicrobial
Peptides from Marine Parasites, Kill Resistant Bacteria by Lipid Extraction and
Membrane Disruption. Acta Biomater. 2022, 146, 131-144,
doi:10.1016/j.actbio.2022.04.025.

Irvine, A.; McKenzie, D.; McCoy, C.J.; Graham, R.L.J.; Graham, C.; Huws, S.A;;
Atkinson, L.E.; Mousley, A. Novel Integrated Computational AMP Discovery
Approaches Highlight Diversity in the Helminth AMP Repertoire. PLOS Pathog.
2023, 19, e1011508, doi:10.1371/journal.ppat.1011508.

Ender, A.; Schierwater, B. Placozoa Are Not Derived Cnidarians: Evidence from
Molecular Morphology. Mol. Biol. Evol. 2003, 20, 130-134,
doi:10.1093/molbev/msg018.

Eitel, M.; Schierwater, B. The Phylogeography of the Placozoa Suggests a Taxon-
Rich Phylum in Tropical and Subtropical Waters. Mol. Ecol. 2010, 19, 2315-2327,
doi:10.1111/j.1365-294X.2010.04617 .x.

Tessler, M.; Neumann, J.S.; Kamm, K.; Osigus, H.-J.; Eshel, G.; Narechania, A.;
Burns, J.A.; DeSalle, R.; Schierwater, B. Phylogenomics and the First Higher
Taxonomy of Placozoa, an Ancient and Enigmatic Animal Phylum. Front. Ecol.
Evol. 2022, 10, doi:10.3389/fevo.2022.1016357.

Simunié, J.; Petrov, D.; Bouceba, T.; Kamech, N.; Benincasa, M.; Jureti¢, D.
Trichoplaxin — A New Membrane-Active Antimicrobial Peptide from Placozoan
CDNA. Biochim. Biophys. Acta - Biomembr. 2014, 1838, 1430-1438,
doi:10.1016/j.bbamem.2014.02.003.

Jureti¢, D.; Golemac, A.; Strand, D.E.; Chung, K; lli¢, N.; Goi¢-Barisi¢, 1.; Pellay,
F.-X. The Spectrum of Design Solutions for Improving the Activity-Selectivity
Product of Peptide Antibiotics against Multidrug-Resistant Bacteria and Prostate
Cancer PC-3 Cells. Molecules 2020, 25, 3526, doi:10.3390/molecules25153526.

Chitsulo, L.; Loverde, P.; Engels, D. Focus: Schistosomiasis. Nat. Rev. Microbiol.
2004, 2, 12-12, doi:10.1038/nrmicro801.

Quinn, G.A.P.; Heymans, R.; Rondaj, F.; Shaw, C.; de Jong-Brink, M.
Schistosoma mansoni Dermaseptin-like Peptide: Structural and Functional

159



160 | FCUP

Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

557.

558.

559.

560.

561.

562.

563.

564.

565.

566.

567.

568.

569.

570.

571.

Characterization. J. Parasitol. 2005, 91, 1340-1351, doi:10.1645/GE-540R.1.

Calado, R.; Mamede, R.; Cruz, S.; Leal, M.C. Updated Trends on the Biodiscovery
of New Marine Natural Products from Invertebrates. Mar. Drugs 2022, 20,
doi:10.3390/md20060389.

Thoms, C.; Schupp, P.J. Chemical Defense Strategies in Sponges: A review. In
Porifera Research. Biodiversity, Innovation and Sustainability; Custédio, M.R.,
Lébo-Hajdu, G., Hajdu, E., Muricy, G., Eds.; Museu Nacional: Rio de Janeiro,
Brazil, 2007; Volume 28, pp. 627-637, doi:10.1001/jamainternmed.2015.4095.

Rohde, S.; Nietzer, S.; Schupp, P.J. Prevalence and Mechanisms of Dynamic
Chemical Defenses in Tropical Sponges. PLoS One 2015, 10, 1-19,
doi:10.1371/journal.pone.0132236.

Vitali, A. Antimicrobial Peptides Derived from Marine Sponges. Am. J. Clin.
Microbiol. Antimicrob. 2018, 1, 1006.

Gentilucci, L.; De Marco, R.; Cerisoli, L. Chemical Modifications Designed to
Improve Peptide Stability: Incorporation of Non-Natural Amino Acids, Pseudo-
Peptide Bonds, and Cyclization. Curr. Pharm. Des. 2010, 16, 3185-3203,
doi:10.2174/138161210793292555.

Zhang, W.H.; Otting, G.; Jackson, C.J. Protein Engineering with Unnatural Amino
Acids. Curr. Opin. Struct. Biol. 2013, 23, 581-587, doi:10.1016/j.sbi.2013.06.009.

Goéngora-Benitez, M.; Tulla-Puche, J.; Albericio, F. Multifaceted Roles of Disulfide
Bonds. Peptides as Therapeutics. Chem. Rev. 2014, 114, 901-926,
doi:10.1021/cr400031z.

Fairlie, D.P.; Dantas de Araujo, A. Stapling Peptides Using Cysteine Crosslinking.
Pept. Sci. 2016, 106, 843-852, doi:10.1002/bip.22877.

Rezende, S.B.; Oshiro, K.G.N.; Junior, N.G.O.; Franco, O.L.; Cardoso, M.H.
Advances on Chemically Modified Antimicrobial Peptides for Generating Peptide
Antibiotics. Chem. Commun. 2021, 57, 11578-11590, doi:10.1039/d1cc03793e.

Grauer, A.; Kbnig, B. Peptidomimetics — A Versatile Route to Biologically Active
Compounds. European J. Org. Chem. 2009, 2009, 5099-5111,
doi:10.1002/ejoc.200900599.

Ahangarzadeh, S.; Kanafi, M.M.; Hosseinzadeh, S.; Mokhtarzadeh, A.; Barati, M.;
Ranjbari, J.; Tayebi, L. Bicyclic Peptides: Types, Synthesis and Applications. Drug
Discov. Today 2019, 24, 1311-1319, doi:10.1016/j.drudis.2019.05.008.

Choi, J.-S.; Joo, S.H. Recent Trends in Cyclic Peptides as Therapeutic Agents
and Biochemical Tools. Biomol. Ther. 2020, 28, 18-24,
doi:10.4062/biomolther.2019.082.

Lemmens-Gruber, R.; Kamyar, M.; Dornetshuber, R. Cyclodepsipeptides -
Potential Drugs and Lead Compounds in the Drug Development Process. Curr.
Med. Chem. 2009, 16, 1122-1137, doi:10.2174/092986709787581761.

Tapeinou, A.; Matsoukas, M.; Simal, C.; Tselios, T. Review Cyclic Peptides on a
Merry-go-round; towards Drug Design. Pept. Sci. 2015, 104, 453-461,
doi:10.1002/bip.22669.

Costa, L.; Sousa, E.; Fernandes, C. Cyclic Peptides in Pipeline: What Future for
These Great Molecules? Pharmaceuticals 2023, 16, 996,
doi:10.3390/ph16070996.



572.

573.

574.

575.

576.

577.

578.

579.

580.

581.

582.

583.

584.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Mclntosh, M.; Cruz, L.J.; Hunkapiller, M.W.; Gray, W.R.; Olivera, B.M. Isolation
and Structure of a Peptide Toxin from the Marine Snail Conus magus. Arch.
Biochem. Biophys. 1982, 218, 329-334, doi:10.1016/0003-9861(82)90351-4.

Ribeiro, R.; Pinto, E.; Fernandes, C.; Sousa, E. Marine Cyclic Peptides:
Antimicrobial Activity and Synthetic Strategies. Mar. Drugs 2022, 20, 397,
doi:10.3390/md20060397.

Fleming, A. On a Remarkable Bacteriolytic Element Found in Tissues and
Secretions. Proc. R. Soc. London Ser. B, Contain. Pap. a Biol. Character 1922,
93, 306-317.

Pushkaran, A.C.; Nataraj, N.; Nair, N.; Goétz, F.; Biswas, R.; Mohan, C.G.
Understanding the Structure—Function Relationship of Lysozyme Resistance in
Staphylococcus aureus by Peptidoglycan O-Acetylation Using Molecular Docking,
Dynamics, and Lysis Assay. J. Chem. Inf. Model. 2015, 55, 760-770,
doi:10.1021/ci5007 34k.

Ferraboschi, P.; Ciceri, S.; Grisenti, P. Applications of Lysozyme, an Innate
Immune Defense Factor, as an Alternative Antibiotic. Antibiotics 2021, 10, 1-55,
doi:10.3390/antibiotics10121534.

Nawaz, N.; Wen, S.; Wang, F.; Nawaz, S.; Raza, J.; Iftikhar, M.; Usman, M.
Lysozyme and Its Application as Antibacterial Agent in Food Industry. Molecules
2022, 27, 6305, doi:10.3390/molecules27196305.

Thakur, N.L.; Perovi¢-Ottstadt, S.; Batel, R.; Korzhev, M.; Diehl-Seifert, B.; Muller,
I.M.; Mller, W.E.G. Innate Immune Defense of the Sponge Suberites domuncula
against Gram-Positive Bacteria: Induction of Lysozyme and AdaPTin. Mar. Biol.
2005, 146, 271-282, doi:10.1007/s00227-004-1438-z.

Cong, L.; Yang, X.; Wang, X.; Tada, M.; Lu, M.; Liu, H.; Zhu, B. Characterization
of an I-Type Lysozyme Gene from the Sea Cucumber Stichopus japonicus, and
Enzymatic and Nonenzymatic Antimicrobial Activities of Its Recombinant Protein.
J. Biosci. Bioeng. 2009, 107, 583-588, doi:10.1016/j.jbiosc.2009.01.016.

Zhou, J.; Zhao, S.; Fang, W.H.; Zhou, J.F.; Zhang, J.X.; Ma, H.; Lan, J.F.; Li, X.C.
Newly Identified Invertebrate-Type Lysozyme (Splys-i) in Mud Crab (Scylla
paramamosain) Exhibiting Muramidase-Deficient Antimicrobial Activity. Dev.
Comp. Immunol. 2017, 74, 154-166, doi:10.1016/j.dci.2017.04.017.

Oh, H.Y.; Kim, C.H.; Go, H.J.; Park, N.G. Isolation of an Invertebrate-Type
Lysozyme from the Nephridia of the Echiura, Urechis unicinctus, and Its
Recombinant Production and Activities. Fish Shellfish Immunol. 2018, 79, 351—
362, doi:10.1016/j.fsi.2018.05.016.

Li, H.; Wei, X;; Yang, J.; Zhang, R.; Zhang, Q.; Yang, J. The Bacteriolytic
Mechanism of an Invertebrate-Type Lysozyme from Mollusk Octopus ocellatus.
Fish Shellfish Immunol. 2019, 93, 232—-239, doi:10.1016/j.fsi.2019.07.060.

Wang, Q.; Wang, C.; Mu, C.; Wu, H.; Zhang, L.; Zhao, J. A Novel C-Type
Lysozyme from Mytilus galloprovincialis: Insight into Innate Immunity and
Molecular Evolution of Invertebrate C-Type Lysozymes. PLoS One 2013, 8,
€67469, doi:10.1371/journal.pone.0067469.

Karthik, V.; Kamalakannan, V.; Thomas, A.; Sudheer, N.S.; Singh, .S.B,;
Narayanan, R.B. Functional Characterization of a C-Type Lysozyme from Indian
Shrimp Fenneropenaeus indicus. Probiotics Antimicrob. Proteins 2014, 6, 114—

161



162 | FCUP

Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

585.

586.

587.

588.

589.

590.

591.

592.

593.

594.

595.

596.

597.

121, doi:10.1007/s12602-013-9146-y.

Nilsen, I.W.; Myrnes, B.; Edvardsen, R.B.; Chourrout, D. Urochordates Carry
Multiple Genes for Goose-Type Lysozyme and No Genes for Chicken- or
Invertebrate-Type Lysozymes. Cell. Mol. Life Sci. 2003, 60, 2210-2218,
doi:10.1007/s00018-003-3252-z.

Zhang, S.H.; Zhu, D.D.; Chang, M.X.; Zhao, Q.P.; Jiao, R.; Huang, B.; Fu, J.P;
Liu, Z.X.; Nie, P. Three Goose-Type Lysozymes in the Gastropod Oncomelania
hupensis: CDNA Sequences and Lytic Activity of Recombinant Proteins. Dev.
Comp. Immunol. 2012, 36, 241-246, doi:10.1016/j.dci.2011.06.014.

Luo, J.C.; Zhang, J.; Sun, L. A G-Type Lysozyme from Deep-Sea Hydrothermal
Vent Shrimp Kills Selectively Gram-Negative Bacteria. Molecules 2021, 26, 1-14,
doi:10.3390/molecules26247624.

Berndt, H.; Duarte, |.; Repnik, U.; Struwe, M. An Ancient Lysozyme in Placozoans.
bioRxiv 2024, 1-29, doi:https://doi.org/10.1101/2024.10.06.616844.

Di Rosa, M.; Distefano, G.; Zorena, K.; Malaguarnera, L. Chitinases and Immunity:
Ancestral Molecules with New Functions. Immunobiology 2015, 221, 399-411,
doi:10.1016/j.imbio.2015.11.014.

Aronson, N.N.; Blanchard, C.J.; Madura, J.D. Homology Modeling of Glycosyl
Hydrolase Family 18 Enzymes and Proteins. J. Chem. Inf. Comput. Sci. 1997, 37,
999-1005, doi:10.1021/ci970236v.

Niu, S.; Yang, L.; Zuo, H.; Zheng, J.; Weng, S.; He, J.; Xu, X. A Chitinase from
Pacific White Shrimp Litopenaeus vannamei Involved in Immune Regulation. Dev.
Comp. Immunol. 2018, 85, 161-169, doi:10.1016/j.dci.2018.04.013.

Ravichandran, G.; Kumaresan, V.; Mahesh, A.; Dhayalan, A.; Arshad, A.; Arasu,
M.V.; Al-Dhabi, N.A.; Pasupuleti, M.; Arockiaraj, J. Bactericidal and Fungistatic
Activity of Peptide Derived from GH18 Domain of Prawn Chitinase 3 and Its
Immunological Functions during Biological Stress. Int. J. Biol. Macromol. 2018,
106, 1014-1022, doi:10.1016/j.ijbiomac.2017.08.098.

Song, L.; Lv, J.; Wang, L.; Sun, D.; Gao, B.; Liu, P. Characterization of a Chitinase-
1 Gene (PtCht-1) from a Marine Crab Portunus trituberculatus and Its Response
to Immune Stress. Gene 2020, 741, 144523, doi:10.1016/j.gene.2020.144523.

Nieto, J.; Veelaert, D.; Derua, R.; Waelkens, E.; Cerstiaens, A.; Coast, G;
Devreese, B.; Van Beeumen, J.; Calderon, J.; De Loof, A.; et al. Identification of
One Tachykinin- and Two Kinin-Related Peptides in the Brain of the White Shrimp,
Penaeus vannamei. Biochem. Biophys. Res. Commun. 1998, 248, 406—411,
doi:10.1006/bbrc.1998.8964.

Sung, W.S.; Park, S.H.; Lee, D.G. Antimicrobial Effect and Membrane-active
Mechanism of Urechistachykinins, Neuropeptides Derived from Urechis
unicinctus. FEBS Lett. 2008, 582, 2463—-2466, doi:10.1016/j.febslet.2008.06.015.

Augustin, R.; Schréder, K.; Murillo Rincén, A.P.; Fraune, S.; Anton-Erxleben, F.;
Herbst, E.-M.M.; Wittlieb, J.; Schwentner, M.; Grétzinger, J.; Wassenaar, T.M.; et
al. A Secreted Antibacterial Neuropeptide Shapes the Microbiome of Hydra. Nat.
Commun. 2017, 8, 698, doi:10.1038/s41467-017-00625-1.

Kumar, H.; Kawai, T.; Akira, S. Pathogen Recognition by the Innate Immune
System. Int. Rev. Immunol. 2011, 30, 16-34,
doi:10.3109/08830185.2010.529976.



598.

599.

600.

601.

602.

603.

604.

605.

606.

607.

608.

609.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Cerenius, L.; Kawabata, S. ichiro; Lee, B.L.; Nonaka, M.; Soderhall, K. Proteolytic
Cascades and Their Involvement in Invertebrate Immunity. Trends Biochem. Sci.
2010, 35, 575-583, doi:10.1016/j.tibs.2010.04.006.

Solov'eva, T.F.; Bakholdina, S.I.; Naberezhnykh, G.A. Host Defense Proteins and
Peptides with Lipopolysaccharide-Binding Activity from Marine Invertebrates and
Their Therapeutic Potential in Gram-Negative Sepsis. Mar. Drugs 2023, 21,
doi:10.3390/md21110581.

Akira, S.; Takeda, K.; Kaisho, T. Toll-like Receptors: Critical Proteins Linking
Innate and Acquired Immunity. Nat. Immunol. 2001, 2, 675-680,
doi:10.1038/90609.

Kawai, T.; Akira, S. The Role of Pattern-Recognition Receptors in Innate
Immunity: Update on Toll-like Receptors. Nat. Immunol. 2010, 11, 373-384,
doi:10.1038/ni.1863.

Wang, Y.; Liu, D.; Wei, M.; Chen, J.; Li, Y.; Zhao, F.; Zhang, Z.; Ma, Y. Genome-
Wide Identification and Expression Analyses of Toll-like Receptors Provide New
Insights on Adaptation to Intertidal Benthic Environments in Urechis unicinctus
(Annelida, Echiura). Aquat. Toxicol. 2023, 260, 106594,
doi:10.1016/j.aquatox.2023.106594.

Chen, Y.; Aweya, J.J.; Sun, W.; Wei, X.; Gong, Y.; Ma, H.; Zhang, Y.; Wen, X.; Li,
S. SpToll1 and SpToll2 Modulate the Expression of Antimicrobial Peptides in
Scylla paramamosain. Dev. Comp. Immunol. 2018, 87, 124-136,
doi:10.1016/j.dci.2018.06.008.

Yuan, S.; Huang, S.; Zhang, W.; Wu, T.; Dong, M.; Yu, Y.; Liu, T.; Wu, K.; Liu, H.;
Yang, M.; et al. An Amphioxus TLR with Dynamic Embryonic Expression Pattern
Responses to Pathogens and Activates NF-KB Pathway via MyD88. Mol.
Immunol. 2009, 46, 2348-2356, doi:10.1016/j.molimm.2009.03.022.

Rast, J.P.; Smith, L.C.; Loza-Coll, M.; Hibino, T.; Litman, G.W. Genomic Insights
into the Immune System of the Sea Urchin. Science 2006, 374, 952-956,
doi:10.1126/science.1134301.

Chen, Z.; Zhou, Y.; Chen, X.; Sheng, Y.; Liao, J.; Huang, Y.; Zhong, X.; Zhang,
J.; Zhu, Y.; Zhang, Z.; et al. Genome-Wide Identification of Toll-like Receptors in
Octopus sinensis and Expression Analysis in Response to Different PAMPs
Stimulation. Fish Shellfish Immunol. 2024, 149, 109591,
doi:10.1016/j.fsi.2024.109591.

Shao, Y.; Li, C.; Che, Z.; Zhang, P.; Zhang, W.; Duan, X.; Li, Y. Cloning and
Characterization of Two Lipopolysaccharide-Binding Protein/Bactericidal
Permeability—Increasing Protein (LBP/BPI) Genes from the Sea Cucumber
Apostichopus japonicus with Diversified Function in Modulating ROS Production.
Dev. Comp. Immunol. 2015, 52, 88—97, doi:10.1016/j.dci.2015.04.015.

Mao, Y.; Zhou, C.; Zhu, L.; Huang, Y.; Yan, T.; Fang, J.; Zhu, W. |dentification and
Expression Analysis on Bactericidal Permeability-Increasing Protein
(BPI)/Lipopolysaccharide-Binding Protein (LBP) of Ark Shell, Scapharca
broughtonii. Fish Shellfish Immunol. 2013, 35, 642652,
doi:10.1016/j.fsi.2013.05.025.

Uludamar, E.B.K.; Habash, S.S.; Pokhare, S.; Gleason, C.; Grundler, F.M.W_;
Elashry, A.M. Heterodera schachtii Bactericidal Permeability-Increasing Protein
(Hs-BPI) Is a Parasitism-Related Gene. 2023, 1-16.

163



164 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

610. Zhang, X.; Zhu, Y.-T.; Li, X.-J.; Wang, S.-C.; Li, D.; Li, W.-W.; Wang, Q.
Lipopolysaccharide and Beta-1, 3-Glucan Binding Protein (LGBP) Stimulates
Prophenoloxidase Activating System in Chinese Mitten Crab (Eriocheir sinensis).
Dev. Comp. Immunol. 2016, 61, 70—79, doi:10.1016/j.dci.2016.03.017.

611. Zhang, D.; Ma, J.; Jiang, J.; Qiu, L.; Zhu, C.; Su, T.; Li, Y.; Wu, K.; Jiang, S.
Molecular Characterization and Expression Analysis of Lipopolysaccharide and B-
1,3-Glucan-Binding Protein (LGBP) from Pearl Oyster Pinctada fucata. Mol. Biol.
Rep. 2010, 37, 3335-3343, doi:10.1007/s11033-009-9920-9.

612. Nam, B.-H.; Moon, J.; Park, E.; Kong, H.; Kim, Y.-O.; Kim, D.-G.; Kim, W.-J.; An,
C.; Seo, J.-K. Antimicrobial and Antitumor Activities of Novel Peptides Derived
from the Lipopolysaccharide- and (-1,3-Glucan Binding Protein of the Pacific
Abalone  Haliotis discus hannai. Mar. Drugs 2016, 14, 227,
doi:10.3390/md14120227.

613. Pimenta, D.C.; Lebrun, I. Cryptides: Buried Secrets in Proteins. Peptides 2007,
28, 24032410, doi:10.1016/j.peptides.2007.10.005.

614. Kim, H.S.; Park, C.B.; Kim, M.S.; Kim, S.C. CDNA Cloning and Characterization
of Buforin | , an Antimicrobial Peptide: A Cleavage Product of Histone H2A
Pathogenic Microorganisms , Are Widely Distributed in Nature and Often Show
Marked Inter- Species Diversity in Structure and Spectrum of Activity. Biochem.
Biophys. Res. Commun. 1996, 229, 381-387.

615. Sruthy, K.S.; Nair, A.; Antony, S.P.; Puthumana, J.; Singh, 1.S.B.; Philip, R. A
Histone H2A Derived Antimicrobial Peptide, Fi-Histin from the Indian White
Shrimp, Fenneropenaeus indicus: Molecular and Functional Characterization.
Fish Shellfish Immunol. 2019, 92, 667—679, doi:10.1016/j.fsi.2019.06.044.

616. Wang, H.; Liao, Z.; Yang, Z.; Xiao, W.; Yang, Z.; He, J.; Zhang, X.; Yan, X.; Tang,
C. Histone Derived Antimicrobial Peptides Identified from Mytilus coruscus Serum
by Peptidomics. Fish  Shellfish  Immunol. 2024, 149, 109546,
doi:10.1016/j.fsi.2024.109546.

617. Hershko, A.; Ciechanover, A. The Ubiquitin System. Annu. Rev. Biochem. 1998,
67, 425-479, doi:10.1146/annurev.biochem.67.1.425.

618. Hochstrasser, M. Origin and Function of Ubiquitin-like Proteins. Nature 2009, 458,
422-429, doi:10.1038/nature07958.

619. Chen, Z.J.; Sun, L.J. Nonproteolytic Functions of Ubiquitin in Cell Signaling. Mol.
Cell 2009, 33, 275-286, doi:10.1016/j.molcel.2009.01.014.

620. Seo, J.-K,; Lee, M.J.; Go, H.-J.; Kim, G. Do; Jeong, H. Do; Nam, B.-H.; Park, N.G.
Purification and Antimicrobial Function of Ubiquitin Isolated from the Gill of Pacific
Oyster, Crassostrea gigas. Mol. Immunol. 2013, 53, 88-98,
doi:10.1016/j.molimm.2012.07.003.

621. Han, Y.; Chen, L.; Yang, D. Antibacterial Activity and Mechanism of a Type-I
Ubiquitin from the Clam Ruditapes Philippinarum. J. Invertebr. Pathol. 2021, 183,
107602, doi:10.1016/j.jip.2021.107602.

622. Schillaci, D.; Arizza, V.; Parrinello, N.; Di Stefano, V.; Fanara, S.; Muccilli, V.;
Cunsolo, V.; Haagensen, J.J.A.; Molin, S. Antimicrobial and Antistaphylococcal
Biofilm Activity from the Sea Urchin Paracentrotus lividus. J. Appl. Microbiol. 2010,
108, 17-24, doi:10.1111/j.1365-2672.2009.04394 .

623. Schillaci, D.; Cusimano, M.G.; Spinello, A.; Barone, G.; Russo, D.; Vitale, M.;



624.

625.

626.

627.

628.

629.

630.

631.

632.

633.

634.

635.

636.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Parrinello, D.; Arizza, V. Paracentrin 1, a Synthetic Antimicrobial Peptide from the
Sea-Urchin  Paracentrotus lividus, Interferes with Staphylococcal and
Pseudomonas aeruginosa Biofilm Formation. AMB Express 2014, 4, 78,
doi:10.1186/s13568-014-0078-z.

Santos, B.P.O.; Alves, E.S.F.; Ferreira, C.S.; Ferreira-Silva, A.; Gbes-Neto, A.;
Verly, R.M.; Lido, L.M.; Oliveira, S.C.; de Magalhdes, M.T.Q. Schistocins: Novel
Antimicrobial Peptides Encrypted in the Schistosoma mansoni Kunitz Inhibitor
SmKI-1. Biochim. Biophys. Acta - Gen. Subj. 2021, 1865, 129989,
doi:10.1016/j.bbagen.2021.129989.

Bailly, X.; Vanin, S.; Chabasse, C.; Mizuguchi, K.; Vinogradov, S.N. A
Phylogenomic Profile of Hemerythrins, the Nonheme Diiron Binding Respiratory
Proteins. BMC Evol. Biol. 2008, 8, 244, doi:10.1186/1471-2148-8-244.

Alvarez-Carrefio, C.; Becerra, A.; Lazcano, A. Molecular Evolution of the Oxygen-
Binding Hemerythrin Domain. PLoS One 2016, 11, 1-21,
doi:10.1371/journal.pone.0157904.

Costa-Paiva, E.M.; Schrago, C.G.; Halanych, K.M. Broad Phylogenetic
Occurrence of the Oxygen-Binding Hemerythrins in Bilaterians. Genome Biol.
Evol. 2017, 9, 2580-2591, doi:10.1093/gbe/evx181.

Costa-Paiva, E.M.; Whelan, N. V.; Waits, D.S.; Santos, S.R.; Schrago, C.G,;
Halanych, K.M. Discovery and Evolution of Novel Hemerythrin Genes in Annelid
Worms. BMC Evol. Biol. 2017, 17, 85, doi:10.1186/s12862-017-0933-z.

Seo, J.-K.; Nam, B.-H.; Go, H.-J.; Jeong, M.; Lee, K.-Y.; Cho, S.-M.; Lee, |.-A;;
Park, N.G. Hemerythrin-Related Antimicrobial Peptide, MsHemerycin, Purified
from the Body of the Lugworm, Marphysa sanguinea. Fish Shellfish Immunol.
2016, 57, 49-59, do0i:10.1016/].fsi.2016.08.018.

Van Holde, K.E.; Miller, K.l.; Decker, H. Hemocyanins and Invertebrate Evolution.
J. Biol. Chem. 2001, 276, 15563—15566, doi:10.1074/jbc.R100010200.

Destoumieux-Garzén, D.; Saulnier, D.; Garnier, J.; Jouffrey, C.; Bulet, P
Bachére, E. Crustacean Immunity. J. Biol. Chem. 2001, 276, 47070-47077,
doi:10.1074/jbc.M103817200.

Qiu, C.; Sun, J.; Liu, M.; Wang, B.; Jiang, K.; Sun, S.; Meng, X.; Luo, Z.; Wang, L.
Molecular Cloning of Hemocyanin CDNA from Fenneropenaeus chinensis and
Antimicrobial Analysis of Two C-Terminal Fragments. Mar. Biotechnol. 2014, 16,
46-53, doi:10.1007/s10126-013-9519-y.

Zhuang, J.; Coates, C.J.; Zhu, H.; Zhu, P.; Wu, Z.; Xie, L. Identification of
Candidate Antimicrobial Peptides Derived from Abalone Hemocyanin. Dev.
Comp. Immunol. 2015, 49, 96-102, doi:10.1016/j.dci.2014.11.008.

Yang, S.; Huang, H.; Wang, F.; Aweya, J.J.; Zheng, Z.; Zhang, Y. Prediction and
Characterization of a Novel Hemocyanin-Derived Antimicrobial Peptide from
Shrimp Litopenaeus vannamei. Amino Acids 2018, 50, 995-1005,
doi:10.1007/s00726-018-2575-x.

Seo, J.-K.; Kim, D.-G.; Oh, R.; Park, K.-S.; Lee, |.-A.; Cho, S.-M.; Lee, K.; Nam,
B.-H. Antimicrobial Effect of the 60S Ribosomal Protein L29 (CgRPL29), Purified
from the Gill of Pacific Oyster, Crassostrea gigas. Fish Shellfish Immunol. 2017,
67, 675—683, doi:10.1016/j.fsi.2017.06.058.

Ma, Z.; Qu, B.; Yao, L.; Gao, Z.; Zhang, S. Identification and Functional

165



166 | FCUP

Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

637.

638.

639.

640.

641.

642.

643.

644.

645.

646.

647.

648.

649.

Characterization of Ribosomal Protein S23 as a New Member of Antimicrobial
Protein. Dev. Comp. Immunol. 2020, 110, 103730,
doi:10.1016/j.dci.2020.103730.

Linial, M.; Rappoport, N.; Ofer, D. Overlooked Short Toxin-like Proteins: A
Shortcut to Drug Design. Toxins 2017, 9, doi:10.3390/toxins9110350.

Tejuca, M.; Anderluh, G.; Macek, P.; Marcet, R.; Torres, D.; Sarracent, J.; Alvarez,
C.; Lanio, M.E.; Serra, M.D.; Menestrina, G. Antiparasite Activity of Sea-Anemone
Cytolysins on Giardia duodenalis and Specific Targeting with anti-Giardia
Antibodies. Int. J. Parasitol. 1999, 29, 489-498, doi:10.1016/S0020-
7519(98)00220-3.

Trapani, M.R.; Parisi, M.G.; Toubiana, M.; Coquet, L.; Jouenne, T.; Roch, P.;
Cammarata, M. First Evidence of Antimicrobial Activity of Neurotoxin 2 from
Anemonia sulcata (Cnidaria). Invertebr. Surviv. J. 2014, 11, 182-191.

Grafskaia, E.N.; Polina, N.F.; Babenko, V. V.; Kharlampieva, D.D.; Bobrovsky,
P.A.; Manuvera, V.A.; Farafonova, T.E.; Anikanov, N.A.; Lazarev, V.N. Discovery
of Novel Antimicrobial Peptides: A Transcriptomic Study of the Sea Anemone
Cnidopus japonicus. J. Bioinform. Comput. Biol. 2018, 16, 1840006,
doi:10.1142/S0219720018400061.

Serrano, P.H. Responsible Use of Antibiotics in Aquaculture. In Fisheries and
Aquaculture; FAO Fish. Tech. Pap: Rome, 2005.

Hoseinifar, S.H.; Sun, Y.Z.; Wang, A.; Zhou, Z. Probiotics as Means of Diseases
Control in Aquaculture, a Review of Current Knowledge and Future Perspectives.
Front. Microbiol. 2018, 9, 1-18, doi:10.3389/fmicb.2018.02429.

Bondad-Reantaso, M.G.; MacKinnon, B.; Karunasagar, |.; Fridman, S.; Alday-
Sanz, V.; Brun, E.; Le Groumellec, M.; Li, A.; Surachetpong, W.; Karunasagar, |.;
et al. Review of Alternatives to Antibiotic Use in Aquaculture. Rev. Aquac. 2023,
15, 1421-1451, doi:10.1111/raq.12786.

U.S. Food and Drug Administration Approved Aquaculture Drugs. 2024 Available
online: https://www.fda.gov/animal-veterinary/aquaculture/approved-aquaculture-
drugs (accessed on 9 December 2024).

Wang, J.; Dou, X.; Song, J.; Lyu, Y.; Zhu, X.; Xu, L.; Li, W.; Shan, A. Antimicrobial
Peptides: Promising Alternatives in the Post Feeding Antibiotic Era. Med. Res.
Rev. 2019, 39, 831-859, do0i:10.1002/med.21542.

Liang, Q.; Liu, Z.; Liang, Z.; Zhu, C.; Li, D.; Kong, Q.; Mou, H. Development
Strategies and Application of Antimicrobial Peptides as Future Alternatives to In-
Feed Antibiotics. Sci. Total Environ. 2024, 927, 172150,
doi:10.1016/j.scitotenv.2024.172150.

Chen, F.; Li, X.; Wu, Y.; Huang, D.; Guo, Y.; Zhang, Y.; Zhang, W.; Mai, K.
Influences of Dietary Antimicrobial Peptide APSH-07 on the Growth Performance,
Immune Response and Vibriosis Resistance of Abalone Haliotis discus hannai
Ino. Aquac. Nutr. 2020, 26, 1736—1747, doi:10.1111/anu.13124.

Gyan, W.R,; Yang, Q.; Tan, B.; Jan, S.S.; Jiang, L.; Chi, S.; Dong, X.; Liu, H.;
Shuang, Z. Effects of Antimicrobial Peptides on Growth, Feed Utilization, Serum
Biochemical Indices and Disease Resistance of Juvenile Shrimp, Litopenaeus
vannamei. Aquac. Res. 2020, 51, 1222-1231, doi:10.1111/are.14473.

Wang, S.; Xie, S.; Zhou, A.; Zhang, C.; Wen, L.; Xu, G.; Zou, J. Effects of Mixed



650.

651.

652.

653.

654.

655.

656.

657.

658.

659.

660.

661.

662.

663.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Antimicrobial Peptide on the Growth Performance, Antioxidant and Immune
Responses and Disease Resistance of Pengze Crucian Carp (Carassius auratus
var. Pengze). Fish  Shellfish Immunol. 2021, 114, 112-118,
doi:10.1016/}.si.2021.04.017.

Wang, J.; Wilson, A.E.; Su, B.; Dunham, R.A. Functionality of Dietary
Antimicrobial Peptides in Aquatic Animal Health: Multiple Meta-Analyses. Anim.
Nutr. 2023, 12, 200-214, doi:10.1016/j.aninu.2022.10.001.

Wang, J.; Cheng, Y. Enhancing Aquaculture Disease Resistance: Antimicrobial
Peptides and Gene Editing. Rev. Aquac. 2024, 16, 433451,
doi:10.1111/raq.12845.

Lachowicz, J.l.; Szczepski, K.; Scano, A.; Casu, C.; Fais, S.; Orru, G.; Pisano, B.;
Piras, M.; Jaremko, M. The Best Peptidomimetic Strategies to Undercover
Antibacterial Peptides. Int. J. Mol. Sci. 2020, 21, 7349, doi:10.3390/ijms21197349.

Lenci, E.; Trabocchi, A. Peptidomimetic Toolbox for Drug Discovery. Chem. Soc.
Rev. 2020, 49, 3262-3277, doi:10.1039/D0CS00102C.

Senatore, A.; Raiss, H.; Le, P. Physiology and Evolution of Voltage-Gated
Calcium Channels in Early Diverging Animal Phyla: Cnidaria, Placozoa, Porifera
and Ctenophora. Front. Physiol. 2016, 7, 1-26, doi:10.3389/fphys.2016.00481.

Surm, J.M.; Moran, Y. Insights into How Development and Life-History Dynamics
Shape the Evolution of Venom. Evodevo 2021, 12, 1-18, do0i:10.1186/s13227-
020-00171-w.

Schendel, V.; Rash, L.D.; Jenner, R.A.; Undheim, E.A.B. The Diversity of Venom:
The Importance of Behavior and Venom System Morphology in Understanding Its
Ecology and Evolution. Toxins 2019, 11, doi:10.3390/toxins11110666.

Arbuckle, K. Evolution of Venomous Animals and Their Toxins. Evol. Venom.
Anim. Their Toxins 2015, 1-23, doi:10.1007/978-94-007-6727-0.

Casewell, N.R.; Wister, W.; Vonk, F.J.; Harrison, R.A.; Fry, B.G. Complex
Cocktails: The Evolutionary Novelty of Venoms. Trends Ecol. Evol. 2013, 28, 219—
229, doi:10.1016/j.tree.2012.10.020.

Appeltans, W.; Ahyong, S.T.; Anderson, G.; Angel, M. V.; Artois, T.; Bailly, N.;
Bamber, R.; Barber, A.; Bartsch, |.; Berta, A.; et al. The Magnitude of Global
Marine  Species Diversity. Curr. Biol. 2012, 22, 2189-2202,
doi:10.1016/j.cub.2012.09.036.

Zapata, F.; Goetz, F.E.; Smith, S.A.; Howison, M.; Siebert, S.; Church, S.H,;
Sanders, S.M.; Ames, C.L.; McFadden, C.S.; France, S.C.; et al. Phylogenomic
Analyses Support Traditional Relationships within Cnidaria. PLoS One 2015, 10,
1-13, doi:10.1371/journal.pone.0139068.

Menezes, C.; Thakur, N.L. Sea Anemone Venom: Ecological Interactions and
Bioactive Potential. Toxicon 2022, 208, 31-46,
doi:10.1016/j.toxicon.2022.01.004.

D’Ambra, |.; Lauritano, C.; D’Ambra, |.; Lauritano, C. A Review of Toxins from
Cnidaria. Mar. Drugs 2020, 18, 507, doi:10.3390/md18100507.

Frazao, B.; Vasconcelos, V.; Antunes, A. Sea Anemone (Cnidaria, Anthozoa,
Actiniaria) Toxins: An Overview. Mar. Drugs 2012, 10, 1812-1851,
doi:10.3390/md10081812.

167



168 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

664. Prentis, P.J.; Pavasovic, A.; Norton, R.S. Sea Anemones: Quiet Achievers in the
Field of Peptide Toxins. Toxins 2018, 10, doi:10.3390/toxins10010036.

665. Barroso, R.A.; Ramos, L.; Moreno, H.; Antunes, A. Evolutionary Analysis of
Cnidaria Small Cysteine-Rich Proteins (SCRiPs), an Enigmatic Neurotoxin Family
from Stony Corals and Sea Anemones (Anthozoa: Hexacorallia). Toxins 2024, 16,
doi:10.3390/toxins16020075.

666. Ammerman, J.; Fuhrman, J.; Hagstrém, A.; Azam, F. Bacterioplankton Growth in
Seawater: |. Growth Kinetics and Cellular Characteristics in Seawater Cultures.
Mar. Ecol. Prog. Ser. 1984, 18, 31-39, doi:10.3354/meps018031.

667. Guryanova, S. V.; Balandin, S. V.; Belogurova-Ovchinnikova, O.Y.; Ovchinnikova,
T. V. Marine Invertebrate Antimicrobial Peptides and Their Potential as Novel
Peptide Antibiotics. Mar. Drugs 2023, 21, 503, doi:10.3390/md21100503.

668. Ruppert, E.E.; Barnes, R.D.; Fox, R.S. Invertebrate Zoology; Saunders College
Publishing Fort Worth, 1994, Vol. 6.

669. Ashwood, L.M.; Undheim, E.A.B.; Madio, B.; Hamilton, B.R.; Daly, M.; Hurwood,
D.A.; King, G.F.; Prentis, P.J. Venoms for All Occasions: The Functional Toxin
Profiles of Different Anatomical Regions in Sea Anemones Are Related to Their
Ecological Function. Mol. Ecol. 2022, 31, 866—-883, doi:10.1111/mec.16286.

670. Macrander, J.; Broe, M.; Daly, M. Tissue-Specific Venom Composition and
Differential Gene Expression in Sea Anemones. Genome Biol. Evol. 2016, 8,
2358-2375, doi:10.1093/gbe/evw155.

671. Surm, J.M.; Smith, H.L.; Madio, B.; Undheim, E.A.B.; King, G.F.; Hamilton, B.R;
van der Burg, C.A.; Pavasovic, A.; Prentis, P.J. A Process of Convergent
Amplification and Tissue-Specific Expression Dominates the Evolution of Toxin
and Toxin-like Genes in Sea Anemones. Mol. Ecol. 2019, 28, 2272-2289,
doi:10.1111/mec.15084.

672. Honma, T.; Minagawa, S.; Nagai, H.; Ishida, M.; Nagashima, Y.; Shiomi, K. Novel
Peptide Toxins from Acrorhagi, Aggressive Organs of the Sea Anemone Actinia
equina. Toxicon 2005, 46, 768—774, doi:10.1016/j.toxicon.2005.08.003.

673. Smith, H.L.; Prentis, P.J.; Bryan, S.E.; Norton, R.S.; Broszczak, D.A. Acontia, a
Specialised Defensive Structure, Has Low Venom Complexity in Calliactis
polypus. Toxins 2023, 15, doi:10.3390/toxins15030218.

674. Moran, Y.; Genikhovich, G.; Gordon, D.; Wienkoop, S.; Zenkert, C.; Ozbek, S.;
Technau, U.; Gurevitz, M. Neurotoxin Localization to Ectodermal Gland Cells
Uncovers an Alternative Mechanism of Venom Delivery in Sea Anemones. Proc.
R. Soc. B Biol. Sci. 2012, 279, 1351-1358, d0i:10.1098/rspb.2011.1731.

675. Tugwell, G. A Manual of the Sea-Anemones Commonly Found on the English
Coast; John Van Voorst, 1856.

676. Perrin, M.; Thorpe, J.; Sole-Cava, A. Population Structuring, Gene Dispersal and
Reproduction in the Actinia equina Species Group. In Oceanog. Mar. Biol.; CRC
Press, 1999; pp. 137-160.

677. Bellomio, A.; Morante, K.; Barli¢, A.; Gutiérrez-Aguirre, |.; Viguera, A.R;
Gonzalez-Mafas, J.M. Purification, Cloning and Characterization of
Fragaceatoxin C, a Novel Actinoporin from the Sea Anemone Actinia fragacea.
Toxicon 2009, 54, 869-880, doi:10.1016/j.toxicon.2009.06.022.



678.

679.

680.

681.

682.

683.

684.

685.

686.

687.

688.

689.

690.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Morante, K.; Bellomio, A.; Viguera, A.R.; Gonzalez-Manas, J.M.; Tsumoto, K.;
Caaveiro, J.M.M. The Isolation of New Pore-Forming Toxins from the Sea
Anemone Actinia fragacea Provides Insights into the Mechanisms of Actinoporin
Evolution. Toxins 2019, 11, 1-17, doi:10.3390/toxins11070401.

Letunic, I.; Khedkar, S.; Bork, P. SMART: Recent Updates, New Developments
and Status in 2020. Nucleic Acids Res. 2021, 49, D458-D460,
doi:10.1093/nar/gkaa937.

Takeuchi, O.; Akira, S. Pattern Recognition Receptors and Inflammation. Cell
2010, 740, 805-820, doi:10.1016/j.cell.2010.01.022.

Ocampo, I.D.; Zarate-Potes, A.; Pizarro, V.; Rojas, C.A.; Vera, N.E.; Cadavid, L.F.
The Immunotranscriptome of the Caribbean Reef-Building Coral Pseudodiploria
strigosa. Immunogenetics 2015, 67, 515-530, doi:10.1007/s00251-015-0854-1.

Zinn, K.; Ozkan, E. Neural Immunoglobulin Superfamily Interaction Networks.
Curr. Opin. Neurobiol. 2017, 45, 99-105, doi:10.1016/j.conb.2017.05.010.

Whittaker, C.A.; Hynes, R.O. Distribution and Evolution of von Willebrand/Integrin
a Domains: Widely Dispersed Domains with Roles in Cell. Mol. Biol. Cell 2002,
13, 3369-3387, doi:10.1091/mbc.E02—05-0259.

Tucker, R.P.; Adams, J.C. Molecular Evolution of the Thrombospondin
Superfamily. Semin. Cell Dev. Biol. 2024, 155, 12-21,
doi:10.1016/j.semcdb.2023.05.004.

Tucker, R.P.; Hess, J.F.; Gong, Q.; Garvey, K.; Shibata, B.; Adams, J.C. A
Thrombospondin in the Anthozoan Nematostella vectensis is Associated with the
Nervous System and Upregulated during Regeneration. Biol. Open 2013, 2, 217—-
226, doi:10.1242/bi0.20123103.

Strukelj, B.; Lenarci¢, B.; Gruden, K.; Pungercar, J.; Rogelj, B.; Turk, V.; Bosch,
D.; Jongsma, M.A. Equistatin, a Protease Inhibitor from the Sea Anemone Actinia
equina, is Composed of Three Structural and Functional Domains. Biochem.
Biophys. Res. Commun. 2000, 269, 732—-736, doi:10.1006/bbrc.2000.2356.

Honma, T.; Nagai, H.; Nagashima, Y.; Shiomi, K. Molecular Cloning of an
Epidermal Growth Factor-like Toxin and Two Sodium Channel Toxins from the
Sea Anemone Stichodactyla gigantea. Biochim. Biophys. Acta - Proteins
Proteomics 2003, 1652, 103—-106, doi:10.1016/j.bbapap.2003.08.007.

Loukas, A.; Hintz, M.; Linder, D.; Mullin, N.P.; Parkinson, J.; Tetteh, K.K.A;;
Maizels, R.M. A Family of Secreted Mucins from the Parasitic Nematode Toxocara
canis Bears Diverse Mucin Domains but Shares Similar Flanking Six-Cysteine
Repeat Motifs. J. Biol. Chem. 2000, 275, 39600-39607,
doi:10.1074/jbc.M005632200.

Gibbs, G.M.; Scanlon, M.J.; Swarbrick, J.; Curtis, S.; Gallant, E.; Dulhunty, A.F;
O’Bryan, M.K. The Cysteine-Rich Secretory Protein Domain of Tpx-1 Is Related
to lon Channel Toxins and Regulates Ryanodine Receptor Ca2+ Signaling. J. Biol.
Chem. 2006, 281, 4156—4163, doi:10.1074/jbc.M506849200.

Cotton, J.; Crest, M.; Bouet, F.; Alessandri, N.; Gola, M.; Forest, E.; Karlsson, E.;
Castaneda, O.; Harvey, A.L.; Vita, C.; et al. A Potassium-Channel Toxin from the
Sea Anemone Bunodosoma granulifera, an Inhibitor for Kv1 Channels. Revision
of the Amino Acid Sequence, Disulfide-Bridge Assignment, Chemical Synthesis,
and Biological Activity. Eur. J. Biochem. 1997, 244, 192-202, doi:10.1111/j.1432-

169



170 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

1033.1997.00192.x.

691. Castaneda, O.; Sotolongo, V.; Maria Amor, A.; Anderson, A.J.; Harvey, AL,
Engstrgm, A.; Wernstedt, C.; Karlsson, E.; Sotolongo, V.; Amor, AM.; et al.
Characterization of a Potassium Channel Toxin from the Caribbean Sea Anemone
Stichodactyla helianthus. Toxicon 1995, 33, 603-613, doi:10.1016/0041-
0101(95)00013-C.

692. Frazdo, B.; Campos, A.; Osodrio, H.; Thomas, B.; Leandro, S.; Teixeira, A,
Vasconcelos, V.; Antunes, A. Analysis of Pelagia noctiluca Proteome Reveals a
Red Fluorescent Protein, a Zinc Metalloproteinase and a Peroxiredoxin. Protein
J. 2017, 36, 77-97, doi:10.1007/s10930-017-9695-0.

693. Mourdo, C.B.F.; Schwartz, E.F. Protease Inhibitors from Marine Venomous
Animals and Their Counterparts in Terrestrial Venomous Animals. Mar. Drugs
2013, 11, 2069-2112, doi:10.3390/md11062069.

694. Alonso, S.; Pethe, K.; Russell, D.G.; Purdy, G.E. Lysosomal Killing of
Mycobacterium Mediated by Ubiquitin-Derived Peptides Is Enhanced by
Autophagy. Proc. Natl. Acad. Sci. U. S. A. 2007, 104, 6031-6036,
doi:10.1073/pnas.0700036104.

695. Dominguez-Pérez, D.; Campos, A.; Rodriguez, A.A.; Turkina, M. V.; Ribeiro, T;
Osorio, H.; Vasconcelos, V.; Antunes, A. Proteomic Analyses of the Unexplored
Sea Anemone Bunodactis verrucosa. Mar. Drugs 2018, 16, 1-20,
doi:10.3390/md16020042.

696. Mazzi Esquinca, M.E.; Correa, C.N.; Marques de Barros, G.; Montenegro, H.;
Mantovani de Castro, L. Multiomic Approach for Bioprospection: Investigation of
Toxins and Peptides of Brazilian Sea Anemone Bunodosoma caissarum. Mar.
Drugs 2023, 21, doi:10.3390/md21030197.

697. Zaharenko, A.J.; Ferreira, W.A.; Oliveira, J.S.; Richardson, M.; Pimenta, D.C;
Konno, K.; Portaro, F.C.V.; de Freitas, J.C. Proteomics of the Neurotoxic Fraction
from the Sea Anemone Bunodosoma cangicum Venom: Novel Peptides
Belonging to New Classes of Toxins. Comp. Biochem. Physiol. - Part D Genomics
Proteomics 2008, 3, 219-225, doi:10.1016/j.cbd.2008.04.002.

698. Hoepner, C.M.; Stewart, Z.K.; Qiao, R.; Fobert, E.K.; Prentis, P.J.; Colella, A;;
Chataway, T.; Burke da Silva, K.; Abbott, C.A. Proteotransciptomics of the Most
Popular Host Sea Anemone Entacmaea quadricolor Reveals Not All Toxin Genes
Expressed by Tentacles Are Recruited into Its Venom Arsenal. Toxins 2024, 16,
1-26, doi:10.3390/toxins16020085.

699. Li, M.; Mao, K.; Huang, M.; Liao, Y.; Fu, J.; Pan, K.; Shi, Q.; Gao, B. Venomics
Reveals the Venom Complexity of Sea Anemone Heteractis magnifica. Mar.
Drugs 2024, 22, doi:10.3390/md22020071.

701. Kristan, K.C.; Viero, G.; Dalla Serra, M.; Macdek, P.; Anderluh, G. Molecular
Mechanism of Pore Formation by Actinoporins. Toxicon 2009, 54, 1125-1134,
doi:10.1016/j.toxicon.2009.02.026.

702. Pungercar, J.; Anderluh, G.; MaCEk, P.; Franc, G.; Strukelj, B. Sequence Analysis
of the CDNA Encoding the Precursor of Equinatoxin V, a Newly Discovered
Hemolysin from the Sea Anemone Actinia equina. Biochim. Biophys. Acta -
Protein Struct. Mol. Enzymol. 1997, 1341, 105-107, doi:10.1016/S0167-
4838(97)00083-6.



703.

704.

705.

706.

707.

708.

709.

710.

711.

712.

713.

714.

715.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Diochot, S.; Schweitz, H.; Béress, L.; Lazdunski, M. Sea Anemone Peptides with
a Specific Blocking Activity against the Fast Inactivating Potassium Channel
Kv3.4. J. Biol. Chem. 1998, 273, 6744—6749, doi:10.1074/jbc.273.12.6744.

Diochot, S.; Loret, E.; Bruhn, T.; Aszlo B “ Eress, L."; Lazdunski, M.; Béress, L.;
Lazdunski, M. APETx1, a New Toxin from the Sea Anemone Anthopleura
elegantissima, Blocks Voltage-Gated Human Ether-a-go-go-Related Gene
Potassium Channels. Mol. Pharmacol. 2003, 64, 59—-69, doi:10.1124/mol.64.1.59.

Moran, Y.; Praher, D.; Schlesinger, A.; Ayalon, A.; Tal, Y.; Technau, U. Analysis
of Soluble Protein Contents from the Nematocysts of a Model Sea Anemone
Sheds Light on Venom Evolution. Mar. Biotechnol. 2013, 15, 329-339,
doi:10.1007/s10126-012-9491-y.

Sachkova, M.Y.; Landau, M.; Surm, J.M.; Macrander, J.; Singer, S.A.; Reitzel,
A.M.; Moran, Y. Toxin-like Neuropeptides in the Sea Anemone Nematostella
Unravel Recruitment from the Nervous System to Venom. Proc. Natl. Acad. Sci.
U. S. A. 2020, 117, 27481-27492, doi:10.1073/pnas.2011120117.

Fry, B.G.; Roelants, K.; Champagne, D.E.; Scheib, H.; Tyndall, J.D.A.; King, G.F.;
Nevalainen, T.J.; Norman, J.A.; Lewis, R.J.; Norton, R.S.; et al. The
Toxicogenomic Multiverse: Convergent Recruitment of Proteins into Animal
Venoms. Annu. Rev. Genomics Hum. Genet. 2009, 1710, 483-511,
doi:10.1146/annurev.genom.9.081307.164356.

Yazawa, K.; Wang, J.W.; Hao, L.Y.; Onoue, Y.; Kameyama, M. Verrucotoxin, a
Stonefish Venom, Modulates Calcium Channel Activity in Guinea-Pig Ventricular
Myocytes. Br. J. Pharmacol. 2007, 151, 1198—1203, doi:10.1038/sj.bjp.0707340.

Magalhaes, G.S.; Lopes-Ferreira, M.; Junqueira-De-Azevedo, I.L.M.; Spencer,
P.J.; Aratjo, M.S.; Portaro, F.C.V.; Ma, L.; Valente, R.H.; Juliano, L.; Fox, J.W.; et
al. Natterins, a New Class of Proteins with Kininogenase Activity Characterized
from Thalassophryne nattereri Fish Venom. Biochimie 2005, 87, 687-699,
doi:10.1016/j.biochi.2005.03.016.

Findeisen, M.; Rathmann, D.; Beck-Sickinger, A.G. RFamide Peptides: Structure,
Function, Mechanisms and Pharmaceutical Potential. Pharmaceuticals 2011, 4,
1248-1280, doi:10.3390/ph4091248.

De Oliveira, M.A.; Tairum, C.A.; Netto, L.E.S.; de Oliveira, A.L.P.; Aleixo-Silva,
R.L.; Cabrera, V.I.M.; Breyer, C.A.; dos Santos, M.C. Relevance of Peroxiredoxins
in Pathogenic Microorganisms. Appl. Microbiol. Biotechnol. 2021, 105, 5701—
5717, doi:10.1007/s00253-021-11360-5.

Helm, R.R.; Martin-Diaz, M.L.; Tarrant, A.M. Phylogenetic Analysis of Cnidarian
Peroxiredoxins and Stress-Responsive Expression in the Estuarine Sea Anemone
Nematostella vectensis. Comp. Biochem. Physiol. -Part A Mol. Integr. Physiol.
2018, 221, 32—-43, doi:10.1016/j.cbpa.2018.03.009.

Lepenies, B.; Lang, R. Editorial: Lectins and Their Ligands in Shaping Immune
Responses. Front. Immunol. 2019, 10, 9-11, doi:10.3389/fimmu.2019.02379.

Fujita, T.; Matsushita, M.; Endo, Y. The Lectin-Complement Pathway - Its Role in
Innate Immunity and Evolution. Immunol. Rev. 2004, 198, 185-202,
doi:10.1111/j.0105-2896.2004.0123.x.

Neubauer, E.F.; Poole, A.Z.; Weis, V.M.; Davy, S.K. The Scavenger Receptor
Repertoire in Six Cnidarian Species and Its Putative Role in Cnidarian-

171



172 | FCUP

Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

716.

717.

718.

719.

720.

721.

722.

723.

724.

725.

726.

727.

728.

729.

730.

Dinoflagellate Symbiosis. Peerd 2016, 2016, 1-22, doi:10.7717/peerj.2692.

Wisniewski, J.R.; Zougman, A.; Nagaraj, N.; Mann, M. Universal Sample
Preparation Method for Proteome Analysis. Nat. Methods 2009, 6, 359-362,
doi:10.1038/nmeth.1322.

Jungo, F.; Bougueleret, L.; Xenarios, |.; Poux, S. The UniProtKB/Swiss-Prot Tox-
Prot Program: A Central Hub of Integrated Venom Protein Data. Toxicon 2012,
60, 551-557, doi:10.1016/j.toxicon.2012.03.010.

Jungo, F.; Bairoch, A. Tox-Prot, the toxin protein annotation program of the Swiss-
Prot protein knowledgebase. Toxicon 2005, 45, 293-301,
doi:10.1016/j.toxicon.2004.10.018.

Nesvizhskii, A.l.; Keller, A.; Kolker, E.; Aebersold, R. A Statistical Model for
Identifying Proteins by Tandem Mass Spectrometry. Anal. Chem. 2003, 75, 4646—
4658, doi:10.1021/ac0341261.

Gotz, S.; Garcia-Gémez, J.M.; Terol, J.; Williams, T.D.; Nagaraj, S.H.; Nueda,
M.J.; Robles, M.; Talon, M.; Dopazo, J.; Conesa, A. High-Throughput Functional
Annotation and Data Mining with the Blast2GO Suite. Nucleic Acids Res. 2008,
36, 34203435, doi:10.1093/nar/gkn176.

Blum, M.; Chang, H.-Y.; Chuguransky, S.; Grego, T.; Kandasaamy, S.; Mitchell,
A.; Nuka, G.; Paysan-Lafosse, T.; Qureshi, M.; Raj, S.; et al. The InterPro Protein
Families and Domains Database: 20 Years On. Nucleic Acids Res. 2021, 49,
D344-D354, doi:10.1093/nar/gkaa977.

R Core Team. R: A Language and Environment for Statistical Computing
Available online: https://www.r-project.org (accessed on 10 January 2025).

Veltri, D.; Kamath, U.; Shehu, A. Deep Learning Improves Antimicrobial Peptide
Recognition. Bioinformatics 2018, 34, 2740-2747,
doi:10.1093/bioinformatics/bty179.

Wright, R.M.; Le Quéré, C.; Buitenhuis, E.; Pitois, S.; Gibbons, M.J. Role of
Jellyfish in the Plankton Ecosystem Revealed Using a Global Ocean
Biogeochemical Model. Biogeosciences 2021, 18, 1291-1320, doi:10.5194/bg-
18-1291-2021.

Schnedler-Meyer, N.A.; Kigrboe, T.; Mariani, P. Boom and Bust: Life History,
Environmental Noise, and the (un)Predictability of Jellyfish Blooms. Front. Mar.
Sci. 2018, 5, 257, doi:10.3389/fmars.2018.00257.

Mills, C.E. Medusae, Siphonophores, and Ctenophores as Planktivorous
Predators in Changing Global Ecosystems. ICES J. Mar. Sci. 1995, 52, 575-581.

Heaslip, S.G.; lverson, S.J.; Bowen, W.D.; James, M.C. Jellyfish Support High
Energy Intake of Leatherback Sea Turtles (Dermochelys coriacea): Video
Evidence from Animal-Borne Cameras. PLoS ONE 2012, 7, e33259.

Arai, M.N. Predation on Pelagic Coelenterates: A Review. J. Mar. Biol. Assoc.
United Kingd. 2005, 85, 523-536, doi:10.1017/S0025315405011458.

Hays, G.C.; Doyle, T.K.; Houghton, J.D.R. A Paradigm Shift in the Trophic
Importance of Jellyfish? Trends Ecol. Evol. 2018, 33, 874-884,
doi:10.1016/j.tree.2018.09.001.

Raposo, A.; Alasgah, |.; Altheeaid, H.A.; Alsharari, Z.D.; Alturki, H.A.; Raheem, D.
Jellyfish as Food: A Narrative Review. Foods 2022, 11, 2773,


https://doi.org/10.1016/j.toxicon.2004.10.018

731.

732.

733.

734.

735.

736.

737.

738.

739.

740.

741.

742.

743.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

doi:10.3390/foods11182773.

Gershwin, L. Jellyfish: A Natural History, University of Chicago Press: Chicago,
IL, USA, 2016; ISBN 022628770X.

Karunarathne, K.D.; de Croos, M.D.S.T. First Record of Mastigias sidereus Chun,
1896 and Phyllorhiza punctata von Lendenfeld, 1884 (Cnidaria: Scyphozoa) from
Sri Lanka. Thalass. An Int. J. Mar. Sci. 2022, 38, 213—-225, do0i:10.1007/s41208-
022-00409-5.

Morejon-Arrojo, R.D.; Sellares-Blasco, R.; Guendulain-Garcia, S.D.; del Cid, M.;
Rodriguez-Viera, L. First Occurrence of the Invasive Jellyfish Phyllorhiza punctata
in the Dominican Republic: Seasonal Trend and Invasion in the Atlantic Ocean.
Bull. Mar. Sci. 2024.

Graham, W.M.; Martin, D.L.; Felder, D.L.; Asper, V.L.; Perry, H.M. Ecological and
Economic Implications of a Tropical Jellyfish Invader in the Gulf of Mexico. Biol.
Invasions 2003, 5, 53-69, doi:10.1023/A:1024046707234.

Gonzalez, R.; Catanese, G.; Vazquez-Luis, M. First Report of Phyllorhiza punctata
von Lendenfeld, 1884 (Cnidaria: Scyphozoa, Mastigiidae) in the Balearic Islands
(Western Mediterranean Sea). Mediterr. Mar. Sci. 2024, 25, 709-714,
doi:10.12681/MMS.38075.

Rato, L.D.; Pinto, C.; Duarte, I.M.; Leandro, S.M.; Marques, S.C. Euryhalinity and
Thermal Tolerance of Phyllorhiza punctata (Scyphozoa) Scyphostomae: Life
History and Physiological Trade-Offs. Mar. Biol. 2021, 168, 1-12,
doi:10.1007/s00227-021-03969-x.

Fernandez-Alias, A.; Quispe-Becerra, J.l.; Conde-Cafio, M.R.; Marcos, C.; Pérez-
Ruzafa, A. Mediterranean Biogeography, Colonization, Expansion, Phenology,
and Life Cycle of the Invasive Jellyfish Phyllorhiza punctata von Lendenfeld, 1884.
Estuar. Coast. Shelf Sci. 2024, 299, doi:10.1016/j.ecss.2024.108699.

de Souza, L.M.; lacomini, M.; Gorin, P.A.J.; Sari, R.S.; Haddad, M.A.; Sassaki,
G.L. Glyco- and Sphingophosphonolipids from the Medusa Phyllorhiza punctata:
NMR and ESI-MS/MS Fingerprints. Chem. Phys. Lipids 2007, 145, 85-96,
doi:10.1016/j.chemphyslip.2006.11.001.

Carneiro, R.F.V.; Nascimento, N.R.F. do; Costa, P.P.C.; Gomes, V.M.; Souza,
A.J.F.; Oliveira, S.C.B.; Santos Diz Filho, E.B.; Zara, F.J.; Fonteles, M.C.; Oliveira
Toyama, D.; et al. The Extract of the Jellyfish Phyllorhiza punctata Promotes
Neurotoxic Effects. J. Appl. Toxicol. 2011, 31, 720-729, doi:10.1002/jat.1620.

Lin, T.-T.; Yang, L.-Y.; Lu, I.-H.; Cheng, W.-C.; Hsu, Z.-R.; Chen, S.-H.; Lin, C.-Y.
Al4AMP: An Antimicrobial Peptide Predictor Using Physicochemical Property-
Based Encoding Method and Deep Learning. mSystems 2021, 6, 1-11,
doi:10.1128/mSystems.00299-21.

Liu, K.; Ye, Y,; Li, S.; Tang, H. Accurate de Novo Peptide Sequencing Using Fully
Convolutional Neural Networks. Nat. Commun. 2023, 14, 7974,
doi:10.1038/s41467-023-43010-x.

Aronica, P.G.A.; Reid, L.M.; Desai, N.; Li, J.; Fox, S.J.; Yadahalli, S.; Essex, J.W_;
Verma, C.S. Computational Methods and Tools in Antimicrobial Peptide
Research. J. Chem. Inf. Model. 2021, 61, 3172-3196,
doi:10.1021/acs.jcim.1c00175.

Ramazi, S.; Mohammadi, N.; Allahverdi, A.; Khalili, E.; Abdolmaleki, P. A Review

173



174 | FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

on Antimicrobial Peptides Databases and the Computational Tools. Database
2022, 2022, 1-17, doi:10.1093/database/baac011.

744. Association of Zoos and Aquariums (Ed.) AZA Aquatic Invertebrate TAG Jellyfish
Care Manual; Association of Zoos and Aquariums: Silver Spring, MD, USA, 2013.

745. Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data.
Available  online:  http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
(accessed on 24 January 2025).

746. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A Flexible Trimmer for lllumina
Sequence Data. Bioinformatics 2014, 30, 2114-2120,
doi:10.1093/bioinformatics/btu170.

747. Grabherr, M.G.; Haas, B.J.; Yassour, M.; Levin, J.Z.; Thompson, D.A.; Amit, |;
Adiconis, X.; Fan, L.; Raychowdhury, R.; Zeng, Q.; et al. Full-Length
Transcriptome Assembly from RNA-Seq Data without a Reference Genome. Nat.
Biotechnol. 2011, 29, 644-652, doi:10.1038/nbt.1883.

748. Haas, B.J.; Papanicolaou, A.; Yassour, M.; Grabherr, M.; Blood, P.D.; Bowden,
J.; Couger, M.B.; Eccles, D.; Li, B.; Lieber, M.; et al. De Novo Transcript Sequence
Reconstruction from RNA-Seq Using the Trinity Platform for Reference
Generation and Analysis. Nat. Protoc. 2013, 8, 1494-1512,
doi:10.1038/nprot.2013.084.

749. Buchfink, B.; Xie, C.; Huson, D.H. Fast and Sensitive Protein Alignment Using
DIAMOND. Nat. Methods 2015, 12, 59—60, doi:10.1038/nmeth.3176.

750. Barroso, R.A.; Rodrigues, T.; Campos, A.; Aimeida, D.; Guardiola, F.A.; Turkina,
M.V.; Antunes, A. Proteomic Diversity of the Sea Anemone Actinia fragacea:
Comparative Analysis of Nematocyst Venom, Mucus, and Tissue-Specific
Profiles. Mar. Drugs 2025, 23, 79, doi:10.3390/md23020079.

751. Darriba, D.; Taboada, G.L.; Doallo, R.; Posada, D. ProtTest 3: Fast Selection of
Best-Fit Models of Protein Evolution. Bioinformatics 2011, 27, 1164-1165,
doi:10.1093/bioinformatics/btr088.

752. Sharma, R.; Shrivastava, S.; Kumar Singh, S.; Kumar, A.; Saxena, S.; Kumar
Singh, R. AniAMPpred: Artificial Intelligence Guided Discovery of Novel
Antimicrobial Peptides in Animal Kingdom. Brief. Bioinform. 2021, 22, bbab242,
doi:10.1093/bib/bbab242.

753. Han, J.; Kong, T.; Liu, J. PepNet: An Interpretable Neural Network for Anti-
Inflammatory and Antimicrobial Peptides Prediction Using a Pre-Trained Protein
Language Model. Commun. Biol. 2024, 7, 1198, doi:10.1038/s42003-024-06911-
1.

754. Chen, Z,; Ji, C.; Xu, W.; Gao, J.; Huang, J.; Xu, H.; Qian, G.; Huang, J. UniAMP:
Enhancing AMP Prediction Using Deep Neural Networks with Inferred Information
of Peptides. BMC Bioinform. 2025, 26, 10, doi:10.1186/s12859-025-06033-3.

755. Tufféry, P.; Derreumaux, P. A Refined PH-Dependent Coarse-Grained Model for
Peptide Structure Prediction in Aqueous Solution. Front. Bioinform. 2023, 3, 432—
437, doi:10.3389/fbinf.2023.1113928.

756. Neil, T.R.; Askew, G.N. Jet-Paddling Jellies: Swimming Performance in the
Rhizostomeae Jellyfish Catostylus Mosaicus. J. Exp. Biol. 2018, 221,
doi:10.1242/jeb.191148.


https://doi.org/10.3390/md23020079
https://doi.org/10.1093/bib/bbab242
https://doi.org/10.1038/s42003-024-06911-1
https://doi.org/10.1038/s42003-024-06911-1
https://doi.org/10.1186/s12859-025-06033-3
https://doi.org/10.3389/fbinf.2023.1113928

757.

758.

759.

760.

761.

762.

763.

764.

765.

766.

767.

768.

769.

770.

771.

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Dominguez, R.; Holmes, K.C. Actin Structure and Function. Annu. Rev. Biophys.
2011, 40, 169-186, doi:10.1146/annurev-biophys-042910-155359.

Tanaka, H.; Ishimaru, S.; Nagatsuka, Y.; Ohashi, K. Smooth Muscle-like Ca2+-
Regulation of Actin-Myosin Interaction in Adult Jellyfish Striated Muscle. Sci. Rep.
2018, 8, 1-11, doi:10.1038/s41598-018-24817-x.

Neupane, P.; Bhuju, S.; Thapa, N.; Bhattarai, H.K. ATP Synthase: Structure,
Function and Inhibition. Biomol. Concepts 2019, 10, 1-10, doi:10.1515/bmc-2019-
0001.

Hu, C.; Yang, J.; Qi, Z.; Wu, H.; Wang, B.; Zou, F.; Mei, H.; Liu, J.; Wang, W.; Liu,
Q. Heat Shock Proteins: Biological Functions, Pathological Roles, and
Therapeutic Opportunities. MedComm 2022, 3, 1-39, doi:10.1002/mco02.161.

Brodsky, F.M. Diversity of Clathrin Function: New Tricks for an Old Protein. Annu.
Rev. Cell Dev. Biol. 2012, 28, 309-336, doi:10.1146/annurev-cellbio-101011-
155716.

Flanagan, J.U.; Smythe, M.L. Sigma-Class Glutathione Transferases. Drug
Metab. Rev. 2011, 43, 194-214, doi:10.3109/03602532.2011.560157.

Hibbetts, K.; Hines, B.; Williams, D. An Overview of Proteinase Inhibitors. J. Vet.
Intern. Med. 1999, 13, 302-308, doi:10.1111/j.1939-1676.1999.tb02185.x.

Chiarelli, P.G.; Suh, J.H.; Pegg, R.B.; Chen, J.; Mis Solval, K. The Emergence of
Jellyfish Collagen: A Comprehensive Review on Research Progress, Industrial
Applications, and Future Opportunities. Trends Food Sci. Technol. 2023, 141,
104206, doi:10.1016/j.tifs.2023.104206.

Rastian, Z.; Pitz, S.; Wang, Y.J.; Kumar, S.; Fleissner, F.; Weidner, T.; Parekh,
S.H. Type | Collagen from Jellyfish Catostylus mosaicus for Biomaterial
Applications. ACS  Biomater. Sci. Eng. 2018, 4, 2115-2125,
doi:10.1021/acsbiomaterials.7b00979.

Nie, L.; Wu, G.; Culley, D.E.; Scholten, J.C.M.; Zhang, W. Integrative Analysis of
Transcriptomic and Proteomic Data: Challenges, Solutions and Applications. Crit.
Rev. Biotechnol. 2007, 27, 63—75, doi:10.1080/07388550701334212.

Bicskei, B.; Bron, J.E.; Glover, K.A.; Taggart, J.B. A Comparison of Gene
Transcription Profiles of Domesticated and Wild Atlantic Salmon (Salmo Salar L.)
at Early Life Stages, Reared under Controlled Conditions. BMC Genomics 2014,
15, 1-14, doi:10.1186/1471-2164-15-884.

Morin, M.; Jénsson, M.; Wang, C.K.; Craik, D.J.; Degnan, S.M.; Degnan, B.M.
Captivity Induces a Sweeping and Sustained Genomic Response in a Starfish.
Mol. Ecol. 2023, 32, 3541-3556, doi:10.1111/mec.16947.

Vogel, C.; Marcotte, E.M. Insights into the Regulation of Protein Abundance from
Proteomic and Transcriptomic Analyses. Nat. Rev. Genet. 2012, 13, 227-232,
doi:10.1038/nrg3185.

Wang, J.; Wu, G.; Chen, L.; Zhang, W. Integrated Analysis of Transcriptomic and
Proteomic Datasets Reveals Information on Protein Expressivity and Factors
Affecting Translational Efficiency. In Methods in Molecular Biology; 2015; Vol.
1375, pp. 123-136.

Shen, Y.; Wang, Z.; Jia, Y.; Liu, X. Integrated Genomic and Transcriptomic
Analysis Reveals a Transcription Factor Gene Set Facilitating Gonadal

175



176 | FCUP

Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

772.

773.

774.

775.

776.

777.

778.

779.

780.

781.

782.

783.

Differentiation in the Pacific Oyster Crassostrea gigas. Genes 2025, 16, 513,
doi:10.3390/genes16050513.

Wahl, M.C.; Will, C.L.; Luhrmann, R. The Spliceosome: Design Principles of a
Dynamic RNP Machine. Cell 2009, 136, 701-718, doi:10.1016/j.cell.2009.02.009.

Twan, W.-H.; Hwang, J.-S.; Chang, C.-F. Sex Steroids in Scleractinian Coral,
Euphyllia ancora: Implication in Mass Spawning1. Biol. Reprod. 2003, 68, 2255—
2260, doi:10.1095/biolreprod.102.012450.

Ercal, N.; Gurer-Orhan, H.; Aykin-Burns, N. Toxic Metals and Oxidative Stress
Part I: Mechanisms Involved in Metal Induced Oxidative Damage. Curr. Top. Med.
Chem. 2001, 1, 529-539, doi:10.2174/1568026013394831.

Weir, K.; Dupre, C.; van Giesen, L.; Lee, A.S.Y.; Bellono, N.W. A Molecular Filter
for the Cnidarian Stinging Response. Elife 2020, 9, e57578,
doi:10.7554/eLife.57578.

Jing, G.; Li, Y.; Xie, L.; Zhang, R. Different Effects of Pb?* and Cu?* on Immune
and Antioxidant Enzyme Activities in the Mantle of Pinctada fucata. Environ.
Toxicol. Pharmacol. 2007, 24, 122128, doi:10.1016/j.etap.2007.04.002.

Ames, C.L.; Klompen, A.M.L.; Badhiwala, K.; Muffett, K.; Reft, A.J.; Kumar, M;
Janssen, J.D.; Schultzhaus, J.N.; Field, L.D.; Muroski, M.E.; et al. Cassiosomes
Are Stinging-Cell Structures in the Mucus of the Upside-down Jellyfish Cassiopea
xamachana. Commun. Biol. 2020, 3, 67, doi:10.1038/s42003-020-0777-8.

Brinkman, D.L.; Konstantakopoulos, N.; Mclnerney, B. V.; Mulvenna, J.; Seymour,
J.E.; Isbister, G.K.; Hodgson, W.C. Chironex fleckeri (Box Jellyfish) Venom
Proteins: Expansion of a Cnidarian Toxin Family That Elicits Variable Cytolytic
and Cardiovascular Effects. J. Biol. Chem. 2014, 289, 4798-4812,
doi:10.1074/jbc.M113.534149.

Klompen, AM.L.L.; Kayal, E.; Collins, A.G.; Cartwright, P. Phylogenetic and
Selection Analysis of an Expanded Family of Putatively Pore-Forming Jellyfish
Toxins  (Cnidaria: Medusozoa). Genome Biol. Evol. 2021, 13,
doi:10.1093/gbe/evab081.

Klompen, A.M.L.; Travert, M.K.; Cartwright, P. Localization of Multiple Jellyfish
Toxins Shows Specificity for Functionally Distinct Polyps and Nematocyst Types
in a Colonial Hydrozoan. Toxins 2023, 15, doi:10.3390/toxins15020149.

Klompen, A.M.L.; Macrander, J.; Reitzel, A.M.; Stampar, S.N. Transcriptomic
Analysis of Four Cerianthid (Cnidaria, Ceriantharia) Venoms. Mar. Drugs 2020,
18, 1-24, doi:10.3390/MD18080413.

Moaller, C.; Clay Davis, W.; Clark, E.; DeCaprio, A.; Mari, F. Conodipine-P1-3, the
First Phospholipases A2 Characterized from Injected Cone Snail Venom. Mol.
Cell. Proteomics 2019, 18, 876—891, doi:10.1074/mcp.RA118.000972.

Nevalainen, T.J.; Peuravuori, H.J.; Quinn, R.J.; Llewellyn, L.E.; Benzie, J.A.H;
Fenner, P.J.; Winkel, K.D. Phospholipase A2 in Cnidaria. Comp. Biochem.
Physiol. B Biochem. Mol. Biol. 2004, 139, 731-735,
doi:10.1016/j.cbpc.2004.09.006.


https://doi.org/10.3390/genes16050513
https://doi.org/10.1016/j.cell.2009.02.009
https://doi.org/10.1095/biolreprod.102.012450
http://dx.doi.org/10.2174/1568026013394831
https://doi.org/10.7554/elife.57578
https://doi.org/10.1016/j.etap.2007.04.002

FCUP | 177
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Attachments



178

FCUP
Ecological Diversity and Proteomics of Cnidarians: Exploring Bioactive Compounds and their Potential for Aquaculture

Attachment 1 — Chapter 2

Additional data and supplementary materials related to Chapter 2 are available online:

¢ Regional Studies in Marine Science (Elsevier):
https://doi.org/10.1016/j.rsma.2024.103462

¢ Global Biodiversity Information Facility (GBIF):
https://doi.org/10.15468/j7349s

Table S 1 Public reports of Medusozoa identified at least at the genus level in the Iberian

region.

Table S 2 Checklist of the medusozoans recorded in the Iberian region.

Table S 3 Highest reported hydrozoans and scyphozoans in the Iberian region.

Table S 4 Cnidaria genomic (WGA, WGS) and transcriptomic (RNA-Seq) dataset from
NCBI SRA database (until November 2023).

Table S 5 Cnidaria proteomic dataset from ProteomeXchange, PRIDE, MassIVE, iProX,

and UniProt Proteome repositories, along with revisited literature (until November 2023).

Fig. S 1 Distribution heatmap of the medusozoans in the Iberian region. Darker red areas

correspond to areas with more reports of Medusozoa. The heatmap represented

correspond to all the reports in the Table S 1.

Fig. S 2 Distribution heatmap of the medusozoans in the Iberian region. Darker red areas

correspond to areas with more reports of Medusozoa. The heatmap represented

correspond to all the reports in the Table S 1.

Fig. S 3 Distribution map of the sessile (red dots) and free-swimming (blue dots) marine

medusozoans in the Iberian region. The data points represented correspond to the

marine reports in the Table S 1.

Fig. S 4 Seasonality of Medusozoa reports by EEZ. IR: Iberian region, PT: Portugal, SP:

Spain, AZ: Azores, MAD: Madeira, CAN: Canary. The data represented corresponds to

the reports available in Table S 1 with information on the month of the report.

Fig. S 5 Distribution map of the holoplanktonic (yellow dots), meroplanktonic (purple

dots), and benthic (cyan dots) marine medusozoan species in the Iberian region. The

data points represented correspond to the marine reports in the Table S 1.

Fig. S 6 Cumulative number of cnidarian omics entries through years. Entries correspond
to NCBI SRA genomic (WGA, and WGS) and transcriptomic (RNA-Seq) entries, and,
proteomic (ProteomeXchange, PRIDE, MassIVE, iProX, UniProt Proteome, and

literature) retrieved until November 2023. For detailed information see Table S 1.
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Attachment 2 — Chapter 3

Additional data and supplementary materials related to Chapter 3 are available online:

e Microorganisms (MDPI):

https://www.mdpi.com/article/10.3390/microorganisms13010156/s1.

Table S 6 Pathogenicity profiles of the microorganisms targeted by AMPs derived from
aquatic invertebrates.

Table S 7 Database of the AMPs obtained from aquatic invertebrates.

Table S 8 Antimicrobial activities of AMPs from aquatic invertebrate annelids against
pathogens relevant to aquaculture and human health.

Table S 9 Antimicrobial activities of AMPs from aquatic invertebrate arthropods against
pathogens relevant to aquaculture and human health.

Table S 10 Antimicrobial activities of AMPs from aquatic invertebrate chordates against
pathogens relevant to aquaculture and human health.

Table S 11 Antimicrobial activities of AMPs from cnidaria against pathogens relevant to
aquaculture and human health.

Table S 12 Antimicrobial activities of AMPs from echinoderms against pathogens
relevant to aquaculture and human health.

Table S 13 Antimicrobial activity of AMPs from mollusks against pathogens relevant to
aquaculture and human health.

Table S 14 Antimicrobial activity of AMPs from other invertebrates against
microorganisms including pathogens relevant to aquaculture and human health.

Table S 15 Activity of “non classical AMPs” derived from aquatic invertebrates against

pathogens relevant to aquaculture and human health.
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Attachment 3 — Chapter 4

Additional data and supplementary materials related to Chapter 4 are available online:

e Marine Drugs (MDPI):
https://www.mdpi.com/1660-3397/23/2/79

Table S 16 Comprehensive protein report derived from A. fragacea samples.

Table S 17 InterProScan results report from general and uncharacterized proteins
identified in A. fragacea proteome.

Table S 18 GO Annotation results for proteins identified in A. fragacea proteome.
Table S 19 List of putative toxins identified in A. fragacea proteome.

Table S 20 List of putative immune-related proteins identified in A. fragacea proteome.
Table S 21 Predicted AMPs in A. fragacea proteome based on CAMPR4 and
Antimicrobial Peptide Scanner vr.2 analyses.

Fig. S 7 Distribution of GO levels across biological process, molecular function, and
cellular component domains in A. fragacea samples.

Fig. S 8 Enzyme Commission (EC) classes of enzymes identified through GO annotation
in the A. fragacea proteome.

Fig. S 9 Enzyme Commission (EC) classes of hydrolases identified through GO

annotation in the A. fragacea proteome.
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Attachment 4 — Chapter 5

Additional data and supplementary materials related to Chapter 4 are available online:

e Biomolecules (MDPI):

https://www.mdpi.com/2218-273X/15/8/1121#B37-biomolecules-15-01121

Table S 22 Comprehensive protein list identified from Phyllorhiza punctata tissues.
Table S 23 InterProScan annotation of identified proteins.

Table S 24 Gene Ontology (GO) enrichment analysis of identified proteins.

Table S 25 KEGG pathway enrichment analysis of identified proteins.

Table S 26 Putative toxins identified in the P. punctata proteome.

Table S 27 Predicted antimicrobial peptides (AMPs) in the P. punctata proteome.
File S 1 De novo transcriptome assembly of P. punctata.

File S 2 Multiple sequence alignment of jellyfish toxin family (JFT) proteins.

File S 3 Structural predictions of selected putative AMPs.
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