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Abstract The most representative organisms of the Harbor

of Gaeta Gulf in South Italy were analyzed for biofouling

by visual census and confirmed later by molecular

approach on an artificial Conatex panel dipped 3 m into a

eutrophic area during the Covid-19 pandemic. Mitochon-

drial Cytochrome C oxidase subunit 1(COI) gene was

sequenced from 20 different marine species (flora: 2 fam-

ilies, 2 orders; fauna: 16 families, 11 orders) to test whether

the morphology-based assignment of the most common

biofouling member was supported by DNA-based species

identification. Twelve months of submersion resulted in

generation of sufficient data to obtain a facies climax

represented mainly by the bivalve mollusk, Mytilus

galloprovincialis. Specific diversity and variations of the

biofouling biomasses were analyzed using two different

anti-biofouling paints: an endocrine disrupting chemical

(EDC)-containing metal biocide, and a biocide-free paint.

Also, their effects on detoxification and reproductive health

of M. galloprovincialis were evaluated using glutathione

S-transferase enzymatic activity and RTqPCR expression

of the fertility antioxidant gene glutathione peroxidase 4

(gpx4). The obtained data provide useful indications on

which future investigations may be focused and may

become a potential management tool for a harbor bio-

fouling database to assist local administrations in EDCs

protection of autochthonous benthic communities and their

fertility using innovative antifouling paints.

Keywords Biofouling � Antifouling paints � EDCs � Gaeta
Harbor � Benthic biodiversity index � COI � Mytilus

galloprovincialis � GST � gpx4

Introduction

Biofouling is the gradual accumulation of waterborne

organisms such as barnacles and algae on the underwater

pipes and surfaces of ship and submarine hulls contributing

to their corrosion. Currently it is one of the most chal-

lenging phenomena faced by the marine technology sector,

since any immersed surface in the marine environment can

be affected (Ferrario et al. 2017). Examination of sub-

merged sample materials allows identification and cate-

gorization of the submerged benthic community that lives

in a particular site (Guerriero et al. 2007; Bloecher et al.

2013; Hughes and Ashton 2017). Analysis of submerged

samples also allows monitoring of possible bioinvasions by

alien species (Godwin 2003; Galil et al. 2019) as well as
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the state of health of the organisms that inhabit a site and

the purifying capacity of filtering organisms and microor-

ganisms present therein which could be useful for possible

water remediation (Guerriero et al. 2007).

However, in general, the presence of biofouling often

has negative connotations as it is mostly considered as a

source of harm. In fact, it can create serious biodeteriora-

tion problems for all structures in contact with sea water,

with maintenance costs estimated at billions of euros per

year (Chambers et al. 2006) affecting healthcare (Fitridge

et al. 2012), technological, ecological and economical

(Schultz et al. 2010) sectors. Everyone is well aware of the

problem of biofouling on ships’ hulls and of the efforts

required to manage it, as it increases water friction by

making navigation less safe and reducing maneuverability,

which, as is well known, results in increased fuel con-

sumption that in the long term leads to considerable eco-

nomic costs (Olanrewaju 2013).

In addition, hulls and naval structures may suffer real

damage due to corrosion by microbiological communities

(Sulaiman et al. 2010). In the industry, significant impacts

arising from the formation of fouling are found in mari-

culture, membrane systems such as membrane bioreactors

and reverse osmosis spiral membranes, and water cooling

cycles of large industrial and electrical plants, or machin-

ery used in the production of paper and cellulose, and also

underwater instruments (Vladkova 2009). In addition to

interference with the mechanical devices, biofouling also

forms on the surface of living marine organisms, a phe-

nomenon known as epibiosis, which fuels the phenomenon

of diffusion of alien species in the era of climatic change

(Gentilucci et al. 2021a, b).

In order to counteract the biofouling phenomenon,

methods have been developed, that render the exposed

surface unable for colonization but adverse effects on

reproduction have been reported (Gallo and Tosti 2013;

Damodaran & Murthy 2016; Curtin et al. 2021). Compa-

nies that manufacture paints for the naval industry have the

need to develop new antifouling technologies and market

green-focused antifouling coatings.

Continuous monitoring is necessary to provide infor-

mation about the biofouling structure. For this, the census

and identification represent an important step in establish-

ing the abundance or rarity of the biofouling species as well

as to detect possibly cryptic species and even to describe

new species (Di Finizio et al. 2007; Mazzeo et al. 2008;

Tramice et al. 2021). The newest European Union (EU)

political actions regarding maritime strategic objectives,

such as the Marine Strategy Framework Directive (MSFD),

and the European Strategy for Marine and Maritime

Research (Bilecenoglu et al. 2013) represent a push to draw

up an inventory of the alien species in the Mediterranean

Sea. Furthermore, our whole project is designed to lay the

foundations for future development of new technologies for

environment-friendly antifouling coatings with the strin-

gent technical inputs required by ship owners, and adhering

to strict environmental directives which have respect for

biodiversity and sustainability.

In an attempt to achieve these objectives, we have

analyzed in this study the most representative biofouling

organisms of the Harbor of Gaeta Gulf (Tyrrhenian Sea,

Southern Italy) by visual census as well as through

molecular approach on artificial conatex panels. Further,

the variations in biofouling growth on untreated panels and

panels treated with two different types of antifouling

paints, one with metals (EDCs) as biocide and the other

biocide-free, were evaluated through the use of biodiversity

indices. In addition, the detoxifying capacity of the male

gonads of a well-known bioindicator marine species the

bivalve mollusk Mytilus galloprovincialis, was evaluated

by means of the antioxidant glutathione S-transferase

(GST) enzyme activity together with an evaluation of the

reproductive health status through the expression of the

antioxidant, glutathione peroxidase 4 (gpx4) gene.

Material and methods

Experimental design

This project started in March 2019. The little harbor of the

Nautical School of Finance Guard in Gaeta (South Italy)

was chosen as the project site. Diving and checking of the

panels were made under the supervision of the first author,

AM. The site is located at the farthest point of the Gulf of

Gaeta (coordinates: 41� 12037.6 ‘‘N, 13� 35020.3’’ E), most

exposed to currents and therefore least susceptible to

anthropogenic pollution that tends to accumulate in the

gulf, and which influences the outcome of the analysis.

Three sets of artificial conatex experimental panels for each

treatment were located in the harbor, as currently in use in

the harbor of Naples also (Guerriero et al. 2007). Each

panel set consists of two rows of 20 panels each (Fig. 1).

Each panel (size 10 X 15 X 1 cm) is provided with an

8 mm diameter hole at each of the four corners, at a dis-

tance of approximately 2 cm from the edges of the panel

itself. The panels were positioned one after the other by

means of hydraulic clamps and spaced approximately

50 cm apart from each other. Each of the three panel sets

has different characteristics: Type O: untreated, on which

biofouling grew naturally and whose specimens were used

to define the biodiversity of the harbor of Gaeta, and as a

control in the laboratory analytical assays; Type A: treated

with antifouling paint MX SRL, self-healing 0,75 L color

blue; such antifouling follows a chemical and toxic

approach containing copper oxide, aromatic hydrocarbons,
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zinc oxide, rosin, and zineb as a biocide; Type B: treated

with antifouling paint HY, 0,75 L color black; antifouling

non-toxic biofoul-release without biocides, based on sili-

cone and hydrogel.

The three panel sets were immersed vertically at a depth

from 1 to 3 m, spaced apart from each other by 15 m and

left in the water for one year. After one year, the panels

were retrieved and photographed. At the time of sampling,

a series of 0 conatex panels from each treatment panel (0,

A, B) were stored at - 20 �C, the remaining series of 60

panels were placed in plastic bags to prevent loss of the

organisms and fixed in formalin buffered with 19% in sea

water and then, after two days, transferred to a 5–6%

formaldehyde solution and transported to the Comparative

Endocrinology Laboratory of the Department of Biology

(EClab), Naples University, Federico II, systematic iden-

tification by macroscopic observation and for molecular

analysis as follows.

Visual census

The morphological classification was performed in accor-

dance with the guidelines proposed in the World Porifera

Database (WPD) (http://www.marinespecies.org/porifera/),

the World Register of Marine Species, WoRMS (http://

www.marinespecies.org/), Algae-base (http://www.algae

base.org/) and the Integrated Taxonomic Information Sys

tem (http://www.itis.gov).

Molecular identification

DNA extraction and PCR amplification were performed by

procedures as previously described in detail (Di Finizio

et al. 2007) using the following primers: COI_UP (5’- KB

TCHACAAAYCAYAARGAYATHGG -3’) and COI_DW

(5’-TGRTTYTTYGGWCAYCCWGARGTTTA-3’), degen-

erated primers that work for different organism taxa.

Neighbor-Joining tree construction

The mitochondrial cytochrome C oxygenase subunit I

(COI) sequences, for each species, were included in the

Clustal Omega program (https://www.ebi.ac.uk/Tools/msa/

clustalo/), which generates multiple alignments of nucleo

tide sequences. The alignment is downloaded and con

verted using the Mega6 software for implementation of the

Neighbor-Joining tree.

Biodiversity index

Analysis of the biodiversity index was used to assess the

quantitative distribution and relative abundance of the

species. Species richness was expressed by considering the

number of species (D), and species diversity, but homo-

geneity was determined using the Shannon–Wiener diver-

sity index (H’) and the Evenness index (J’) (Pielou, 1966;

Mandaville 2002). The presence of Porifera, Cnidaria and

Bryozoa was reported in units of square meters (0.5 to 3

mq), and the colonies counted as single individuals (see

Table 1, relative abundance) following Loya (1972). These

parameters were calculated by pooling data from the

sample replicates. The percentage contribution of each taxa

was calculated following Gerovasileiou & Voultsiadou

(2014). The Margalef index or Specific Wealth index was

used for comparing different sites subject to different

conditions following the estimation of Kocataş (1992).

Enzymatic assay of the antioxidant Glutathione

S-Transferase (GST)

In order to estimate the activity of GST according to Habig

et al. (1974), 250 mg of tissue obtained from each panel

and organized as pool was homogenized under liquid

nitrogen with mortar and pestle. The sample followed the

preparation of Guerriero et al. (2018d). GST activity was

expressed as micromoles per minute per gram of tissue.

Fig. 1 Artificial conatex panel

with two rows of 20 panels each
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Table 1 Common name, morphological description and taxonomic framing of each species found on the panels, characterizing biofouling (n.d.:

not detected in GenBank database)

Common name Description Taxonomy COI accession number

Common barnacle Lateral and longitudinal groove, straight basal
margin, spinal width of 1/5 of basal margin.
Longitudinally striped streak. Calcareous shell
consisting of six plaques, which combine to form
a small volcano-shaped structure. Brownish /
light lilac

Phylum: Arthopoda

Class: Cirripeda

Order: Sessilia

Family: Balanidae

Genus: Balanus

Specie: Balanus perforatus (Bruguière, 1789)

KF297565

Striped barnacle Body characterized by purple / brown vertical
stripes. The surface of the plates has a vertical rib.
The operculus is diamond shaped, protected by a
mobile lid formed by two triangular plates

Phylum: Arthopoda

Class: Cirripeda

Order: Sessilia

Family: Balanidae

Genus: Balanus

Specie: Balanus anphitrite

(Linneo, 1758)

JQ035527

Acorn barnacle The plates of the wall are completely fused to form
a steep cone. The opening is small and the base is
oval. The color is purple

Phylum: Arthopoda

Class: Cirripeda

Order: Sessilia

Family: Pyrgomatidae

Genus: Megatrema

Specie: Megatrema anglicum (Sowerby, 1823)

FJ713101

Flattened barnacle Has a thin, smooth wall, a mandible with 3 main
teeth. Flattened body. Typically pink color

Phylum: Arthopoda

Class: Cirripeda

Order: Sessilia

Family: Chthamalidae

Genus: Chthamalus

Specie: Chthamalus depressus (Poli, 1791)

n.d

Large barnacle The presence of a short and sharp tip with spurs and
a slightly striated straight basal margin. It has a
groove on the outside, with barrel shape and
porous plates. Pink / bluish dye. It has larger
dimensions than the other barnacles

Phylum: Arthopoda

Class: Cirripeda

Order: Sessilia

Family: Balanidae

Genus: Megabalanus

Specie: Megabalanus tintinnabulum

(Linneo, 1758)

MF314119

Mediterranean
mussel

The valve is externally black/ purple, with thin
radial and concentric growth circles towards the
pointed part. The two valves are held together by
a zipper with three or four teeth. The shape is
roughly quadrangular, with the edge margin
rounded on one side and pointed and slightly
curved on the other

Phylum: Mollusca

Class: Bivalvia

Order: Mytiloida

Family: Mytilidae

Genus: Mytilus

Specie:Mytilus galloprovincialis (Lamark, 1819)

KF931762

Sea lettuce Has lobular lamella, irregularly expanded, fixed to
the substrate by rizoids. It has darker ribs and a
dented laminar edge. Bright green color

Phylum: Chlorophyta

Class: Ulvophyceae

Order: Ulvales

Family: Ulvaceae

Genus Ulva

Specie: Ulva rigida

(Agardh, 1823)

n.d
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Table 1 continued

Common name Description Taxonomy COI accession number

Ectocarpales Filamentous alga that forms soft beards on fixed
substrates, up to 20 cm high. Brown color

Phylum: Chlorophyta

Class: Phaeophyceae

Order: Ectocarpales

Family Ectocarpaceae

Genus: Ectocarpus

Specie: Ectocarpus siliculosus

(Lyngbye, 1819)

KF367762

Pink tube sponge Fleshy sponge with a solid body but soft and
delicate, slightly rough surface. It has a tubular
shape and a transparent, color-changing pink /
orange color

Phylum: Porifera

Class: Demospongiae

Order: Haplosclerida

Family: Chalinidae

Genus: Haliclona

Specie: Haliclona mediterranea

(Griessinger, 1971)

n.d

Vase sponge The body is long up to five inches long, fairly rigid,
gray in color. The sponge has an apparent hairy
surface

Phylum: Porifera

Class: Calcarea

Order: Leucosolenida

Family: Sycettidae

Genus: Sycon

Specie: Sycon ciliatum

(Fabricius, 1780)

n.d

Calcareous tube worm Features a body with limestone tubular segments
and operculo crown with small, centrally located,
spines

Phylum: Anellida

Class: Polycheta

Order: Sabellida

Family: Serpulidae

Genus: Hydroides

Specie: Hydroides elegans

(Haswell, 1883)

JQ885939

European fan worm Lives inside a gray membrane tube produced by the
same animal, where it retreats in case of danger.
In the cephalic area there are filamentous gills
covered with eyelashes. Coloring alternates
between yellow–brown, uniform yellow, and
white

Phylum: Anellida

Class: Polycheta

Order: Sabellida

Family: Sabellidae

Genus: Sabella

Specie: Sabella spallanzanii

(Gemlin, 1791)

KY472787

Brown bryozoan Arborescending shape with reddish brownish tufts
with no thorns. Presents zooids (individuals) in
two rows.The zoario (colony) is a corny and
dense bush with irregular branches. Zooide are
almost square, with beveled corners in the back

Phylum: Bryozoa

Class: Gymnolaemata

Order: Cheilostomatida

Family: Bugulidae

Genus: Bugula

Specie: Bugula neritina

(Linneo, 1758)

AF061432

Branching bryozoan Limestone briozoan of sometimes red-brick red
color. The zoecium secreted by the single zooids
is porous

Phylum: Bryozoa

Class: Gymnolaemata

Order: Cheilostomatida

Family: Schizoporellidae

Genus: Schizoporella

Specie: Schizoporella errata

(Waters, 1878)

EU797466
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Table 1 continued

Common name Description Taxonomy COI accession number

Crisia Has an arborescending, bushy shape with
ramifications. Light yellow—beige coloration

Phylum: Bryozoa

Class: Stenolaemata

Order: Cyclostomatida

Family: Crisiidae

Genus: Crisia

Specie: Crisia ramosa

(Harmer, 1891)

n.d

Pink-hearted hydroid The stems are tubular, with a yellow tapestry and
are branched to the base. The octopus color is
light pink and consists of a central circle of oral
tentacles surrounded by more exterior and large
tentacles

Phylum: Cnidaria

Class: Hidrozoa

Order: Anthoathecata

Family: Tubulaiidae

Genus: Tubularia

Specie: Tubularia crocea

(Agassiz, 1862)

n.d

Vase tunicate Has a body attached to the substrate by short
rhizomes; consisting of a thick tunic of gelatinous
texture and translucent appearance, whitish color.
It has lobed sipes. The inhaling siphon is placed
in an apical position, the exhaling slider is placed
at the bottom and in the lateral position

Phylum: Chordata

Subphylum: Tunicata

Class: Ascidiacea

Order: Phlebobranchia

Family: Cionidae

Genere: Ciona

Specie: Ciona intestinalis

(Linneo, 1767)

NC_004447

Dirty sea squirt Has an oval body with conical siphon siphons
placed in the upper part of the body, atrial siphons
at the side, both with crests of darker color than
the gray-brown cartilage mantle

Phylum: Chordata

Subphylum: Tunicata

Class: Ascidiacea

Order: Phlebobranchia

Family: Ascidiiae

Genus: Ascidiella

Specie: Ascidiella aspersa

(Müller, 1776)

KF309653

Star ascidian Has zooids growing in the shape of a star or flower,
enclosed in gelatinous layers arranged in regular
round and ovoid groups. Zooids present in a
colony have a single siphon and have glowing
colors

Phylum: Chordata

Subphylum: Tunicata

Class: Ascidiacea

Order: Stolidobranchia

Family: Styelidae

Genus: Botryllus

Specie: Botryllus schlosseri

(Pallas, 1776)

AY600987

Sea squirt Colony with relatively fleshy bodies. Its thickness is
approximately one centimeter. The high density
of limestone spheres in the tissue gives a
consistency of skin on the surface of the colony.
It has a milky white / beige color

Phylum: Chordata

Subphylum: Tunicata

Class: Ascidiacea

Order: Aplousobranchia

Family: Didemnidae

Genus: Didemnum

Specie: Didemnum fulgens

(Milne Edwards, 1841)

KJ725152
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Quantitative evaluation of the gonadal antioxidant

glutathione peroxidase 4 (gpx4)

Gene expression of gpx4 was determined by real-time

qPCR after RNA extraction and cDNA synthesis from pool

of tissue (50 mg) of Mytilus galloprovincialis. The specie-

specific primer set was adopted by Wang et al. (2014),

amplifying the House Keeping 18S rRNA (Forward:

TCGGATTGGTGAGACTGGGAT; Reverse:

TGCTGCCTTCTTTGGATC) and gpx4 gene (Forward:

AGTCAGGAGCCTGGAACTGA; Reverse:

TGCCTCCTTGTTTGTGTTTG). Real-Time PCR reac-

tions were performed in triplicate in a One-step Plus Real-

Time PCR System (Applied Biosystems), using SYBR

Green (Applied Biosystems) as reported by Guerriero et al.

(2018d).

Statistical methods

The data were analyzed by one-way analysis of variance

(ANOVA). Duncan’s multiple range tests were applied to

determine which means differed significantly. Data are

presented as mean ± standard deviation (SD) and p\ 0.05

was considered as statistically significant.

Results

Species identification, species abundance and taxa

biodiversity distribution of Gaeta Harbor biofouling

All biofouling organisms planted on the conatex panels

were transported to the laboratory and examined using a

morphological approach that allowed identification of the

Fig. 2 Cladogram of examined

biofouling species

Fig. 3 The most representative biofouling species of Gaeta Harbor. A: Balanus perforates, B: Schizoporella errata, C: Mytilus galloprovincialis
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various species according to the classic taxonomic keys.

Subsequently, characterization of the benthonic species

present in the harbor of Gaeta was completed and described

in Table 1. This table lists the common name, morpho-

logical reference and GenBank accession number of the

species barcode sequences. Useful information for dis-

crimination, scientific name and taxonomy of the flora and

fauna are also included.

DNA barcoding, Neighbor-Joining tree construction

and biodiversity index

The described sets of different primers successfully

amplified the corresponding mitochondrial COI region

fragments examined, as highlighted in the results of all

sequences subjected to FASTA searches against the NCBI

DNA database (see Table 1). They aligned with high

similarity (99–100%), thus confirming the preliminary

morphological identification done. The data were then used

for the construction of a Neighbor-Joining tree reported in

Fig. 2. From the cladogram, it can be observed that most

species belonging to the same class/phylum are phyloge-

netically close, both because they belong to the same clade,

and for the reduced phylogenetic distances, expressed

numerically on the arms of each clade. Figure 3 shows

representative specimens of Balanus perforates, Schizo-

porella errata, and Mytilus galloprovincialis.

The species in question were also found on the conatex

panels treated with the two different paints, although their

units varies with treatment type (Table 2).

The table shows the average ± SD of the number of

specimens of every species found on each panel, Among

the species found there were some that could not be

counted as single individuals, as they form colonies, so we

counted the clusters that they form.

Figure 4 is a graphical representation of the numeric

values in Table 2 highlighting each species with different

colors to highlight the phylum to which they belong.

Assessment of the population capacity of different types

of panels was possible not only visually but also through

the use of biodiversity indices (Table 3). For calculation of

the indices, the average value of the number of specimens

for each species listed in Table 2 was used.

Toxicity of antifouling paint

with and without copper and zinc on the gonad

of the biosentinel species Mytilus galloprovincialis

For the assay, 30 pool of gonads of Mytilus galloprovin-

cialis having the same gonadosomatic index were selected

Table 2 Species identified on

the three types of panels: O,

untreated; A, treated with

copper and zinc antifouling

paint; B, treated with silicone

and hydrogel antifouling paint.

Average ± SD of the number of

specimens found on each panel

Species Type O

(n = 60)

Type A

(n = 60)

Type B

(n = 60)

Ulva rigida* 19.3 ± 1.6 6.5 ± 2.0 12.5 ± 2.3

Ectocarpus siliculosus* 18.5 ± 2.3 9.2 ± 2.20 15.7 ± 1.7

Haliclona mediterranea* 11.5 ± 1.8 1.6 ± 0.76 5.23 ± 2.41

Sycon ciliatum 27.3 ± 1.7 2.0 ± 1.03 12.4 ± 3.1

Sabella spallanzanii 17.5 ± 3.6 n.d 12.4 ± 2.9

Hydroides elegans 73.3 ± 5.6 18.2 ± 2.4 49.0 ± 4.2

Bugula neritina 42.5 ± 3.5 11.6 ± 2.5 31.5 ± 2.2

Schizoporella errata* 9.6 ± 1.7 2.3 ± 0.77 7.5 ± 2.07

Crisia ramosa 31.2 ± 3.3 7.0 ± 1.87 19.3 ± 3.1

Tubularia crocea* 13.3 ± 3.7 7.8 ± 2.15 11.0 ± 2.0

Ciona intestinalis 14.6 ± 2.6 n.d 2.5 ± 1.03

Botryllus schlosseri* 12.7 ± 2.5 4.3 ± 1.34 10.5 ± 1.8

Ascidiella aspersa 26.5 ± 2.9 8.2 ± 1.95 19. 8 ± 1.1

Didemnum fulgens* 16.7 ± 3.7 n.d 2.2 ± 1.15

Mytilus galloprovincialis 231.0 ± 17.9** 167.2 ± 17.6** 202.2 ± 12.7**

Balanus perforatus 69.6 ± 5.3 26.2 ± 2.8 54.3 ± 4.8

Balanus amphitrite 54.6 ± 4.8 22.7 ± 2.6 49.2 ± 3.4

Megatrema anglicum 44.4 ± 4.4 15.2 ± 2.3 26.9 ± 2.5

Chtamalus depressus 12.7 ± 2.5 6.3 ± 2.21 9.5 ± 2.25

Megabalanus tintinnabulum 2.5 ± 1.04 n.d n.d

Abbreviation: n.d.: not detected. *: species found in colonies

P\ 0.05 **: Mytilus galloprovincialis vs. all species detected
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from the O, A and B panels respectively. Figure 5 shows

the GST activity expressed in lM/min/g of tissue.

The enzymatic antioxidant activity of GST is high in

specimens grown on panels treated with antifouling paints

of type A, treated with copper and zinc antifouling paint,

with a 41% increase for mussels grown on panels, and

approximately 15% for mussels grown on type B panels,

compared to control samples grown on untreated type O

panels.

As for the enzymatic assay, for the qRT PCR assay the

average expression recorded in all pool tested for the three

treatment groups is represented by histogram (Fig. 6), and

expressed as fold change.

Fig. 4 Horizontal bar chart representing number of specimens for each species found on panels: O, untreated; A, treated with EDCs antifouling

paint; B, treated with silicone and hydrogel antifouling paint

Table 3 Biodiversity indexed on the panel O, untreated; A, treated with EDCs antifouling paint; B, treated with silicone and hydrogel

antifouling paint

Biodiversity index Value range for index Panels O Panels A Panels B

Total number of species S n.l 20.4 ± 3.5 16.7 ± 1.9* 19.2 ± 2.0

Total number of specimens N n.l 740 ± 25 311 ± 46* 546 ± 34

Shannon–Wiener index H’ 0–5 2.5 ± 0.1 1.8 ± 0.1* 2.3 ± 0.2

Simpson index D 0–1 0.87 ± 0.03 0.69 ± 0.01* 0.83 ± 0.07

Margalef index d n.l 19.8 ± 0.5 15.8 ± 0.8* 18.8 ± 0.6

Pielou Evenness index J’ 0–1 0.37 ± 0.07 0.32 ± 0.09* 0.36 ± 0.05

McIntosh index Mc 0–1 0.66 ± 0.04 0.47 ± 0.06* 0.61 ± 0.07

n.l., no limit. P\ 0.05. * Panel A vs. Panel O and B. Values represent means ± SD
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Fig. 5 Glutathione

S-Transferase (GST) enzymatic

activity in gonad of male

specimens of Mytilus
galloprovincialis grown on

panel O, untreated; panel A,

treated with copper and zinc

antifouling paint; panel B,

treated with silicone and

hydrogel paint. P\ 0.05 *paint

A vs. untreated and paint B.

Values represent means ± SD

of 30 determinations from pool

of each paint panel

Fig. 6 Relative expression of

gpx4 in the male gonad of

Mytilus galloprovincialis grown
on panel O, untreated; panel A,

treated with copper and zinc

antifouling paint; panel B,

treated with silicone and

hydrogel paint. P\ 0.05 *paint

A vs. untreated and paint B.

Values represent means ± SD

of 30 determinations from pool

of each paint panel
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The gpx4 increases in our invertebrate model on conatex

panels and varies according to the type of treatment

applied: it is about 6 times higher for mussels grown on

type A panels, and about 2 times higher for mussels grown

on type B panels compared to control samples grown on

untreated panels of type O.

Discussion

Characterization of submerged benthonic

communities of the harbor of Gaeta and biological

effects of EDCs antifouling paint on biological

indices

Experimental observations have led to a determination of the

submerged benthonic community that characterizes bio-

fouling in Gaeta harbor. Our study allowed the identification

of 20 species belonging to 8 different phyla: Arthropoda,

Mollusca, Porifera, Annelida, Bryozoa, Cnidaria, Chordata,

and Chlorophyta. Except for the alien species, they confirm

the species already sighted in the Gulf of Naples by our

research group (Guerriero et al. 2007) and in the years 2015

to date in the Gulf of Gaeta. Comparative studies will

highlight the differences along the cost of theMediterranean

Sea. Beginning 2019 we established a biological index to

record the average potential variation of each subphylum.

The results have shown that the arthropods (barnacles) have

the highest number of species, followed by the tunicates.

Among the species, the presence of an alien species, Me-

gabalanus tintinnabulum, has been widespread in the

Mediterranean Sea (Sciberras & Schembri 2007).

The species with the largest number of specimens on

each panel type (O, untreated; A, treated with copper and

zinc antifouling paint; B, treated with silicone and hydrogel

antifouling paint) as shown in Fig. 4 is Mytilus gallo-

provincialis, and is thus the dominant species of biofouling

(Vlahogianni et al. 2007). From the number and type of

species specimens counted on the panels, it was possible to

calculate the biodiversity indices (Table 3). According to

the Shannon–Wiener index, biodiversity determined on

type O untreated panels tends to have a stable and balanced

structure, as the value assumed for that index (2.5 ± 0.1) is

in the range 1.5–3 and corresponds to the optimum value

(Türkmen & Kazanci 2010). The biodiversity determined

on the B-type panels treated with silicone and hydrogel is

also in balance, as the index approaches this optimum

(2.3 ± 0.2), albeit with a lower value than type O. In

contrast, the value of the biodiversity index on A-type

panels treated with copper and zinc (EDCs) antifouling

paint (1.8 ± 0.1) was also in the optimal the range but at

the lower limit, so the population is slightly diseased due to

an insult caused by a form of environmental degradation as

can be determined by the presence of EDCs -coated biocide

paint which interferes with the biological processes of

many organisms (Abel-Gawad et al. 2020).

According to the Simpson index, the type O and type B

panels have largely similar values, 0.87 ± 0.03 and

0.83 ± 0.07, respectively, indicating a high diversity of

population compared to the observed biodiversity on type A

control panels (0.69 ± 0.01). The number of species found

in a sample generally decreases under environmental stress.

Therefore, it can be said that biofouling formed on type O

panels and obtained using the index of Margalef

(d = 19.8 ± 0.5) has almost the same wealth of species of

biofouling formed on type B panels (18.8 ± 0.6), while it is

greater than that formed on type A panels (15.8 ± 0.8).

Hence, the decrease in the number of species recorded in this

case can be attributed to type of treatment used (Gallo and

Tosti 2013). In fact, our experiments were done inwater very

similar to that of the reference site because during Covid-19

pandemic they resulted in reduced marine industrial activi-

ties and environmental stressors. As mentioned above, there

are four species missing (Sabella spallanzanii, Ciona

intestinalis, Didemnum fulgens and Megabalanus

tintinnabulum), which were not found on type O panels,

while only one missing on the type B panels (Megabalanus

tintinnabulum) thus influencing the species’ richness.

According to the Pileou index, for all types of panels O, A

and B the values increase to 0.3 indicating that individuals

are not equally distributed in the population. According to

the McIntosh index, organisms in type O (0.66 ± 0.04) and

B (0.61 ± 0.07) panels belonged to a more homogeneous

population compared to that of type A panels (0.47 ± 0.06).

From the cladogram it can also be observed that most species

belonging to the same class/ phylum are phylogenetically

close, because they belong to the same clade, and for the

reduced phylogenetic distances expressed numerically on

the arms of each clade.

Biological effects of EDCs antifouling paint

on the gonad of the biosentinel Mytilus

galloprovincialis

Among the biosentinel organisms detected on the panels,

only two are well known for long in the scientific commu-

nity, namely Ulva rigida and Mytilus galloprovincialis

(Favero et al. 1996; Lionetto et al. 2003; Boubonari et al.

2008). Mytilus galloprovincialis has been studied in a large

number of toxicological and investigations. Thus, it is easier

to make an interpretation of the data obtained from our

toxicological studies (see for review Piscopo et al. 2018a,b).

Furthermore, for the real-time qPCR, a highly sensitive assay

using species-specific primers, the need arises that the model

tested be one which has already been widely used, and

therefore the expression of their genes is known to produce
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valid and interpretable results (Bustin et al. 2005). Copper

and zinc being metals, and as all endocrine disruptors, can

comparatively alter oxidants, antioxidants and aromatase as

well as steroids and poly(ADp-ribose)polimerases, symme-

try in vertebrates as in invertebrates (Guerriero et al. 2000,

Guerriero et al. 2002, Guerriero 2007, Pecoraro et al. 2017,

Scalici et al. 2017, Pecoraro et al. 2018, D’Errico et al. 2018,

Guerriero et al. 2018a, 2018b, 2018c, 2018d, 2018e, Piscopo

et al. 2018a,b, Guezgouz et al. 2021). The enzymatic assay

was performed to determine if the tissues of the analyzed

organisms have been subjected to an insult due to oxidative

stress from the antifouling paints.

Since the experiments were done during the Covid-19

pandemic time, it ensured limited alteration of the envi-

ronment in which the specimens lived. After entering into

an organism, the pollutants or xenobiotics generally

undergo a chemical transformation by the action of

antioxidants, a process known as biotransformation. It

consists of two phases. The phase I is characterized by

reductive oxidation or hydrolysis reactions, where the

metabolite following the addition of an oxygen atom

becomes more suitable to react with the phase II enzymes.

The phase II comprises conjugation reactions involving,

among others, GSTs whose physiological action consists of

conjugating glutathione with xenobiotic substances, pro-

moting detoxification and making the compounds polar so

that they can easily be excreted from the body. Although

several studies showed that the evolution of enzymatic

activity varies between species, tissues and seasons, GST

activities in Mytilus galloprovincialis, especially in the

gonads, tends to increase in environmental pollution,

especially from metals, compared to unmonitored control

situations (Kaaya et al. 1999; Lionetto et al. 2003; Fasulo

et al. 2015; Guerriero et al. 2018c). The greater detoxifying

enzymatic activity can therefore be due to the presence of

EDCs in type A antifoulants, while for type B, without

biocides, there has been a high increase in antioxidant

activity, which instead tends to be closer to type O control

values. As with the enzymatic assay, the qRT PCR assays

(Fig. 6) showed an increase in gpx4 gene expression in

specimens grown on the panels treated with antifouling

paints. Studies in vertebrates demonstrated the presence of

gpx4 in many tissues. However, its levels and gene

expressions are higher in the testis than any other tissue,

suggesting a crucial role of this antioxidant enzyme in male

fertility (Shi et al. 2010). Indeed, the expression of gpx4

transcript increases following treatment with 17b-estradiol
(Nam et al. 2003) and in conditions of oxidative stress. It

suggests that like gpx, gpx4 plays an antioxidant role in

male fertility (Guthrie and Welch 2012; Guerriero et al.

2014, 2018c, 2019).

The higher level of gpx4 gene expression in mussels

grown on type A panels probably indicates oxidative insult.

The present finding is consistent with the report of Wang

et al. (2014) that showed increased gpx4 expression fol-

lowing exposure to certain contaminants. Since the speci-

mens were sampled during the period of the year which

corresponds to the stasis of reproduction and therefore does

not affect the results due to the stress of the reproductive

phase (Villalba 1995; Cácares-Martinez & Figueras 1998),

this increase could be attributed to the presence of biocidal

substances released by type A antifouling. There is cur-

rently no report on biofouling release paints and their

effects on organisms, with particular reference to the real-

time assay quantitative PCR. The slight increase in gene

expression in specimens grown on panels treated with type

B antifouling may be due to the stress induced by this new

antifouling technology which results in a reduced adhesion

strength of the fouling organisms (Brady & Singer 2000)

with a possible increase in the gene expression of the

antioxidants. Like the present observation, glutathione

gene alterations in stress conditions have been detected in

fish and mussels under metal exposure in nature as well as

in captivity (Fasulo et al. 2015; Guerriero et al. 2018a;

Abdel-Gawad et al. 2020). In addition, climate change can

amplify the biological effects of metals (see review in

Parisi and Guerriero 2019) and can be very dangerous in

seafood feeding (Guerriero et al. 2018b).

In conclusion, this work has made it possible to define

the biodiversity of the submerged benthonic community

constituting the biofouling of Gaeta harbor; to identify

species with a morphological approach, confirmed by the

molecular method; to detect the presence of alien species;

to apply indices for the study of populations; and to learn

and apply enzymatic and gene expression activity assays.

Taken together, the data provide useful means for moni-

toring the effects of EDC antifouling methods and their

biological effects related to the fertility and continuity of

marine, benthic species.
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