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Abstract: To evaluate the effects of antifouling paints and biocides on larval settlement and metamor-
phosis, newly hatched swimming larvae of the compound ascidian Botryllus schlosseri, a dominant
species of soft-fouling in coastal communities, were exposed to (i) substrata coated with seven an-
tifouling paints on the market containing different biocidal mixtures and types of matrices and (ii) sea
water containing various concentrations of eight biocidal constituents. All antifouling paints showed
high performance, causing 100% mortality and metamorphic inhibition, with ≥75% not-settled
dead larvae. All antifouling biocides prevented the settlement of larvae. The most severe larval
malformations, i.e., (i) the formation of a bubble encasing the cephalenteron and (ii) the inhibition
of tail resorption, were observed after exposure to metal and organometal compounds, including
tributyltin (TBT) at 1 µM (325.5 µg L−1), zinc pyrithione (ZnP) at 1 µM (317.7 µg L−1), and CuCl
at 0.1 µM (98.99 µg L−1), and to antimicrobials and fungicides, including Sea-Nine 211 at 1 µM
(282.2 µg L−1) and Chlorothalonil at 1 µM (265.9 µg L−1). The herbicides seemed to be less active.
Irgarol 1051 was not lethal at any of the concentrations tested. Diuron at 250 µM (58.2 mg L−1) and
2,3,5,6-tetrachloro-4-(methylsulphonyl)pyridine (TCMS pyridine) at 50 µM (14.8 mg L−1) completely
inhibited larval metamorphosis. These results may have important implications for the practical use
of different antifouling components, highlighting the importance of their testing for negative impacts
on native benthic species.

Keywords: ascidians; antifouling paints; Botryllus schlosseri; booster biocides; EC50; fouling settlement;
larval toxicity; metamorphosis; tunicates

1. Introduction

Ascidians are the most common members of the urochordate subphylum. They are
the closest relatives to vertebrates, and are the only chordates able to reproduce both
sexually and asexually [1]. During the larval stage, known as the “tadpole” stage, they
share with vertebrates the same body plan in the tail formed of a dorsal notochord and a
tubular nervous system, both flanked by striated muscle. They are sessile occupants of hard
substrata in coastal environments, where they often represent the dominant component of
soft-fouling. As worldwide filter-feeding organisms living at the water–sediment interface,
many solitary and compound species are considered useful bioindicators of various envi-
ronmental pollutants. The developmental biology of ascidians with particular attention
to both the larval stage, which is the dispersal and colonisation stage of the life cycle, and
its metamorphosis have been studied extensively [2–5]. After a short dispersal period,
during which the ascidian larvae actively swim, moving the tail according to a positive
phototropism and a negative geotropism, the larvae select a substratum and attach to it
following a photo- and geotropism reversal. They explore and contact the substratum
by means of a series of rapid touches with the anterior area of the cephalenteron, which
contains special sensory structures, namely “papillae”. These structures, protruding from
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the anterior epidermis and from which an adhesive substance is secreted, act as a control
centre for the initiation of metamorphosis and are fundamental for larval settlement. Re-
cently, many inducers of metamorphosis have been identified in papillae as specific gene
expressions, growth factors, several neurotransmitters, and transient Ca2+ signals [6–8].
The temporary settlement with papillae is rapidly substituted by a stable settlement due
to the protrusion of anterior blind-sac vessels, namely “ampullae”, which expand onto
the substratum and secrete a glue substance from an apical glandular epithelial. At the
same time, tail resorption occurs with complete dismantling of the axial complex. Succes-
sively, metamorphosis continues inside the cephalenteron with the visceral rotation and
the dismantling of other larval structures, such as ocellus and statocyst. Finally, the adult
organ primordia complete the development, and the opening of both siphons occurs and
the juvenile begins to filter-feed.

Generally, ascidians are pre-disposed to rapid and competitive colonisation of hard
substrata. However, geographic invasion and the impact of fouling by ascidians on ship-
ping, aquaculture, pleasure boating, oil and gas installations, and other industries are
significant, with numerous species responsible for infesting anthropogenic structures [9].
Although the larval phase is short (24–48 h), the global spread is favoured by translocation
via shipping since the hull fouling can be considered the most important vector. The
massive ascidian fouling is potentially responsible for physical, economical, and ecological
damage since it concerns the coverage of clean surfaces, loss of efficiency of submerged
pipelines and harbour/industrial structures, infestation of shellfish and finfish aquacul-
tures, increased fuel consumption during boat navigation, and decreased biodiversity in
benthic communities.

For these reasons, beginning from the second half of the 1960s, antifouling compounds
have been massively introduced in the formulation of paints to prevent the settlement of
the most problematic foulers on submerged structures, such as ship’s hulls and propellers,
buoys, wharves, and platforms. The most successful antifouling paints at the time contained
organotin compounds as biocides, mainly represented by tributyltin (TBT), triphenyltin
(TPT), and their derivatives. These compounds proved to be harmful to the benthic marine
communities, as they caused severe impacts on the oyster aquaculture and were persistent
in the environment in the long term [10–13]. After the total ban on organotin compounds
by the International Marine Organisation—Marine Environment Protection Committee
(IMO-MEPC) in 1998, and subsequently by the Ordinance No. 782/2003, 14 April 2003, of
the European Commission, the paint industry developed substitutive tin-free formulations.
The new paint formulations mainly contained biocidal combinations of specific synthesis,
e.g., Sea-Nine 211, or pesticides coming from the pharmacology industry (antimicrobials)
or agriculture (herbicides, fungicides, insecticides). The aim of these formulations was not
only to prevent the settlement of algal propagules and invertebrate larvae of macrofoulers,
but also the formation of bacterial and microalgal microfilm, or “biofilm”, from which the
ecological succession of the hard-substratum community begins.

Because of this choice, a number of substances (Table 1) are at present in various
commercial formulations of new-generation antifouling paints. The biocidal compounds
play various roles, i.e., as alternatives to organotin compounds or as boosters, with the
latter serving to increase the toxic performance of the antifouling paints towards a wider
spectrum of fouling organisms. Before the introduction of these compounds in paint for-
mulations, tests of acute and chronic toxicity were performed only on laboratory mammals
and freshwater model fish. As a consequence, many new contaminants with potential
accumulation and deleterious effects on coastal communities have been introduced world-
wide from both direct and indirect pollution sources, which have followed the increase in
productivity of agro-industrial, tourism, and commercial shipping sectors.
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Table 1. Common biocidal substances used in formulations of antifouling paints in EU countries.

Chemical Name CAS Trademark(s) Other Uses

zinc 2-pyridinethiol-oxide 13463-41-7 Zinc pyrithione, ZnP Antimicrobial, fungicide in antidandruff shampoo,
antiseborrheic, preservative in cosmetics

zinc N-[2(sulfidocarbothioylamino)ethyl]carbamodithioate 9006-42-2 Zineb, Metiram, Amarex, Polyram, Polycarbacin,
Parzate, Dithane, Z-78 Fungicide

copper(I) oxide 1317-39-1 Cuprous oxide, Dicopper monoxide, Red
copper oxide Antimicrobial, fungicide, pigment, catalyst

copper(I) thiocyanate 1111-67-7 Cuprous thiocyanate, Copper sulfocyanide,
Thiocyanic acid copper (I) salt Antimicrobial, fungicide, paint additive

4,5-dichloro-2-n-octyl-4-isothiazolin-3-one 64359-81-5 Sea-Nine 211, DCOIT, Kathon 5287, C-9 Fungicide for sealants, PVC, and wood

2,4,5,6-tetrachloroisophthalonitrile 1897-45-6 Chlorothalonil, Bravo Daconil, Faber, Forturf,
Nopcocide, Repulse, Termil, Tuffcide Antimicrobial, fungicide, insecticide, acaricide

α,β-1,2,3,4,7,7-hexachlorobicyclo-[2.2.1]-2-heptene-5,6-
bisoxymethylene sulfite 33213-65-9 Endosulfan, Benzoepin, BeositIndan, Sialan,

Thiodan, Thiosulfan, Thionex, Thimul Insecticide, acaricide

2-N-tert-butyl-4-N-cyclopropyl-6-methylsulfanyl-1,3,5-triazine-
2,4-diamine 28159-98-0 Irgarol 1051, Cybutryne Herbicide

3-(3,4-dichlorophenyl)-1,1-dimethylurea 330-54-1 Diuron, Duran, Dynex, Dichlorfenidim, Herbatox,
Karmex, Telvar, Vonduron Herbicide

2,3,5,6-tetrachloro-4-(methylsulphonyl)pyridine 13108-52-6 TCMS pyridine, Davicil, Dowco-282 Fungicide for leather and wood
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Recently, toxic effects on aquatic organisms have arisen, with mechanisms of action
involving various cell targets [14]. The risk assessment of these emerging contaminants in
marine ecosystems is now a priority due to the continuous uncontrolled leaching from an-
tifouling paints and the synergistic interactions, which could affect the primary production
and the survival and reproduction of marine fish and invertebrates [15–18].

Organotin compounds and a few alternative biocides are known to provoke embry-
otoxicity in solitary ascidians such as Styela plicata and Ciona intestinalis [19,20]. These
species are oviparous and both the spawned gametes and embryos might be exposed to bio-
cides in the water column, with important effects on fertilisation and offspring. At present,
no study has been performed on compound ascidians, which are ovoviviparous [21–23],
and therefore, as a difference from solitary ascidians, only hatched larvae might be exposed.
They can be considered a better model than the solitary ascidians for the evaluation of the
effects on post-embryonic stages, settlement, and metamorphosis.

Botryllus schlosseri, commonly called the star ascidian, earns its name from the stellate
colony formed by a group of asexually reproducing individuals. It is a cosmopolitan
compound species, is easy to collect, and breed in aquaria. In peculiar ecosystems with
transitional waters such as the Lagoon of Venice, during autumn, more than 90% of the
community comprises solitary and colonial ascidians, predominantly botryllids (Botryllus
schlosseri and Botrylloides leachii), forming a stable biocoenosis described as a “Botryllus
community” [24]. The organism has recently emerged as a simple and important model
species for morphogenesis, regeneration, allorecognition, and apoptosis and for studying a
variety of biological problems, such as comparative immunobiology, sexual and asexual
reproduction, stem cell differentiation, and regeneration [25–27].

In the present study, the compound ascidian B. schlosseri was used as an experimental
model for the evaluation of the effects of (i) TBT-based and tin-free (alternative to TBT)
antifouling paints and (ii) antifouling biocides on larval viability, settlement, and meta-
morphosis. The biocides considered have been distinguished into three groups: (i) metals
and organometals, i.e., CuCl, TBT, and zinc pyrithione (ZnP); (ii) antimicrobials and fungi-
cides, i.e., Sea-Nine 211 and Chlorothalonil; and (iii) herbicides, i.e., Irgarol 1051, Diuron,
2,3,5,6-tetrachloro-4-(methylsulphonyl)pyridine (TCMS pyridine). Experiments were per-
formed in two steps by exposing larvae to substrata coated with seven trade antifouling
paints containing mixtures of the above-reported biocides and two different types of ma-
trices (contact-leaching or self-polishing), and to various concentrations of each type of
biocide. Different antifouling performances and metamorphic abnormalities have also been
considered, and the mechanisms of actions of larval toxicity have been proposed.

2. Materials and Methods
2.1. Larval Collection

B. schlosseri reproductive colonies were collected in spring (April–May) from the south-
ern basin of the Lagoon of Venice and transferred to large aquaria, in which they were
reared on glass slides in aerated filtered sea water (FSW) (salinity of 35 ± 1 psu, tem-
perature of 19 ± 0.5 ◦C, pH 8.1). A semi-static system was used for animal maintenance,
with seawater renewal every other day, and colonies were fed with Microbe-Lift®/Phyto-
Plus B (Ecological Laboratories, Inc., Cape Coral, FL, USA) and microalgae (Isochrysis
galbana). Newly hatched swimming larvae were easily identified under a dissection binoc-
ular stereomicroscope Wild Heerbrugg with 50× maximum magnification. They were
immediately collected with a glass micropipette, counted, and temporarily transferred to a
30 mL glass-evaporating dish.

Five main stages were identified during metamorphosis, from the beginning of settle-
ment to fully metamorphosed oozoids, as listed in Table 2.
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Table 2. Main stages of the metamorphosis of B. schlosseri larva 1.
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2.2. Antifouling Paints

In the first series of experiments, seven (A–G) antifouling paints were tested (Table 3)
with two replicates for a total exposure of 700 larvae. In each replicate, 50 swimming
larvae were put into a glass-crystallising dish filled with 200 mL of FSW and with a
7.5 × 7.5 × 0.15 cm glass plate on the bottom that was previously coated with an antifouling
paint. During exposure, the glass containers were covered outside and on the bottom with
a black paper simulating a dark substratum, which favoured the settlement of larvae
with positive geotropism and negative phototropism (Figure 1). The exposure occurred at
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22 ◦C under artificial light until all larvae (100%) metamorphosed (48 h) in the reference
glass-crystallising dishes, the latter without a painted plate on the bottom.

Table 3. Antifouling paints used to coat the glass plates for the assays of larval settlement and
metamorphosis.

Paint Biocides Matrix Use

A Sigmaplane HB Antifouling
Cu2O (28%)
TBT methacrylate (19%)
TBTO (0.5%)

Self-polishing copolymers

Steel and wooden hull of
fishing boats and cargo vessels
more than 25 m in length
(banned since 2003)

B Marlin Velox TF
Zinc pyrithione (5–10%)
Zineb (5–10%)
Endosulfan (1–5%)

Contact leaching
(hard or insoluble)

Propellers, shafts, and
outdrives of fishing boats

C Veneziani Propeller

CuSCN (7–10%)
Zinc pyrithione (7–10%)
Diuron (7–10%)
Sea Nine 211 (1–3%)

Contact leaching
(hard or insoluble)

Propellers, shafts, and
outdrives of recreational craft

D Veneziani Antialga
CuSCN (7–10%)
Diuron (7.6%)
Sea Nine 211 (2.7%)

Contact leaching
(hard or insoluble)

Boattop of high-speed
sailboats and powerboats

E Sikkens Vinyl Antifouling 2000 Cu2O (41%) Contact leaching
(hard or insoluble)

Steel (not aluminium),
wooden, and polyester hull of
sailboats and yachts

F Baseggio Sirena Antivegetativa
Universale

Cu2O (42%)
Chlorothalonil (7%)
Irgarol 1051 (1.1%)

Self-polishing copolymers Steel, wooden, and fibreglass
hull of fishing boats

G Veneziani Even Extreme 2
(reactive component)

TCMS pyridine (1–5%)
Diuron (1–5%)

Self-polishing based on
two-pack Biomatrix
technology

Steel, wooden, and fibreglass
hull of racing yachts
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Figure 1. Experimental set-up for the evaluation of the settlement and metamorphosis ability of B. 
schlosseri larvae. (a) Glass-crystallising dish with a plate coated with an antifouling paint on the 
bottom. (b) Arrangement of the various glass-crystallising dishes in the thermostatic room at 22 
°C. 
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In the second series of experiments, eight biocidal compounds were separately 

tested with three different concentrations and two replicates for a total exposure of 2400 
larvae. For every replicate of biocidal concentration, 50 larvae were incubated in a 
glass-crystallising dish filled with 200 mL of biocidal solution in FSW. Concentration 
ranges of biocidal solutions were chosen based on previous studies of immunotoxicity in 
vitro on the haemocytes of this species [28–32]. The biocides considered were tributyltin 
(TBT) as monochloride (Sigma-Aldrich, Burlington, MA, USA), zinc pyrithione (ZnP, 
Sigma-Aldrich), copper(I) chloride (CuCl, purified, >99%, Sigma-Aldrich), Sea Nine 211 
(Rohm & Haas, Philadelphia, PA, USA), Chlorothalonil (Fluka), Irgarol 1051 (Riedel-de 
Haën GmbH, Seelze, Germany), Diuron (Sigma-Aldrich), and TCMS pyridine (Avecia, 
Manchester, UK). 

Stock solutions were prepared at the nominal concentrations of 1 mM in FSW for 
CuCl; 10 mM in 95% ethanol for TBT, Sea Nine 211, Diuron, and TCMS pyridine; and 10 

Figure 1. Experimental set-up for the evaluation of the settlement and metamorphosis ability of
B. schlosseri larvae. (a) Glass-crystallising dish with a plate coated with an antifouling paint on the
bottom. (b) Arrangement of the various glass-crystallising dishes in the thermostatic room at 22 ◦C.

2.3. Antifouling Biocides

In the second series of experiments, eight biocidal compounds were separately tested
with three different concentrations and two replicates for a total exposure of 2400 larvae. For
every replicate of biocidal concentration, 50 larvae were incubated in a glass-crystallising
dish filled with 200 mL of biocidal solution in FSW. Concentration ranges of biocidal solu-
tions were chosen based on previous studies of immunotoxicity in vitro on the haemocytes
of this species [28–32]. The biocides considered were tributyltin (TBT) as monochloride
(Sigma-Aldrich, Burlington, MA, USA), zinc pyrithione (ZnP, Sigma-Aldrich), copper(I)
chloride (CuCl, purified, >99%, Sigma-Aldrich), Sea Nine 211 (Rohm & Haas, Philadelphia,
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PA, USA), Chlorothalonil (Fluka), Irgarol 1051 (Riedel-de Haën GmbH, Seelze, Germany),
Diuron (Sigma-Aldrich), and TCMS pyridine (Avecia, Manchester, UK).

Stock solutions were prepared at the nominal concentrations of 1 mM in FSW for CuCl;
10 mM in 95% ethanol for TBT, Sea Nine 211, Diuron, and TCMS pyridine; and 10 mM in
dimethylsulfoxide (DMSO purum; >99%, Fluka Chemie Gmbh, Buchs, Switzerland) for
ZnP, Chlorothalonil, and Irgarol 1051. They were freshly diluted to working concentrations
in FSW as follows: 0.1, 1, 10 µM for TBT (corresponding to 32.5, 325.5, 3255 µg L−1); 0.1,
0.5, 1 µM for ZnP (corresponding to 31.7, 158.5, 317.7 µg L−1 and 6.5 × 10−7, 3.2 × 10−6,
6.5 × 10−6 Zn wt%); 0.01, 0.1, 1 µM for CuCl (corresponding to 9.8, 98.99, 989.9 µg L−1 and
1.8 × 10−6, 1.8 × 10−5, 1.8 × 10−4 Cu wt%); 0.1, 1, 10 µM for Sea-Nine 211 (corresponding
to 28.2, 282.2, 2822 µg L−1); 0.1, 1, 10 µM for Chlorothalonil (corresponding to 26.5, 265.9,
2659 µg L−1); 50, 100, 200 µM for Irgarol 1051 (corresponding to 12.6, 25.3, 50.6 mg L−1); 100,
250, 500 µM for Diuron (corresponding to 23.3, 58.2, 116.5 mg L−1); and 25, 50, 75 µM for
TCMS pyridine (corresponding to 7.4, 14.8, 22.2 mg L−1). In controls, larvae were incubated
with FSW containing the maximum solvent concentration employed in the experiments
with biocides, i.e., 0.02% DMSO or 0.01% 95%-ethanol. These concentrations had no effect
on survival or metamorphosis. After all larvae (100%) unexposed to biocides (48 h at
22 ◦C) reached the oozoid stage, the number of living (motile) and dead (immotile) larvae
were recorded, as well as the metamorphosis stage reached (developmental delay) and the
presence of abnormalities under a Leica MZ16F stereomicroscope.

2.4. Statistical Analysis

Data are reported as the mean percentage ± standard deviation (SD). The statistical
analysis was performed with IBM SPSS Statistics v. 25 software. The probit method
was used to calculate the median lethal concentration (LC50) and the median effective
concentration (EC50), the latter defined here as the toxicant concentration that reduced
normal larvae by 50%, considering both the larval settlement and metamorphosis as
endpoints and their 95% confidence intervals. Significant differences (p < 0.05) (i) between
the control group and test concentrations, (ii) between the control group and test paints,
and (iii) among the test concentrations or the paint groups were evaluated with one-way
analysis of variance (ANOVA) followed by Fisher’s least significant difference (LSD) test
and Dunnett’s multiple comparison test. In the case of values expressed as percentages, the
raw data were analysed after arcsine transformation to achieve normality.

In the experiments of exposure to antifouling paints and biocides, a clustering analysis
with average linkage between groups was used to obtain hierarchy dendrograms after
a χ2 test with Yates’ p-value correction applied on the contingency table. Regarding the
experiments of exposure to antifouling paints, the basic criterion of this test is to verify
if the seven paints are significantly associated with different outcomes. Since it leads to
rejecting the null hypothesis of independence between paints and outcomes, the clustering
analysis can be applied to determine which paints can be considered similar and then
grouped into clusters. In the case of the χ2 test for the evaluation of the different outcomes
related to the concentrations of the eight biocidal compounds, only Irgarol 1051 did not
give significantly (p = 0.999) different outcomes at different concentrations. For all the other
biocides, the different concentrations were significantly (p < 0.001) associated with different
outcomes. For the combinations of biocides and concentrations, clustering analysis groups
similar objects in clusters that are most homogeneous within them and most heterogeneous
among them.

3. Results and Discussion
3.1. Effects of Antifouling Paints

In the experiments with plates coated with seven antifouling paints, larvae were
placed inside glass-crystallising dishes filled with sea water and with a coated plate on
the bottom. At the end of exposure, considered when all control larvae in filtered sea
water metamorphosed forming completed filter-feeding oozoids (100% survival rate),
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three effects were evaluated (Figure 2a): (i) complete metamorphosis with the oozoid
formation, (ii) settled but dead larvae, and (iii) not-settled but free-floating dead larvae.
These effects were also evaluated in three different conditions: (i) individuals floating in
the sea water, (ii) individuals settled on the dish’s glass bottom surrounding the coated
plate, and (iii) individuals settled on the coated paint.
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tally excluding the interaction of matrix, pigments, solvents, and other additives [35–41]. 
In this way, larval toxicity and the effects on metamorphosis can be clearly observed, 
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Figure 2. Effects of plates coated with seven antifouling paints on larval settlement and metamorpho-
sis observed after exposure until all control larvae metamorphosed in the reference glass-crystallising
dishes forming filter-feeding oozoids. (a) Percentages of three effects on metamorphosis, i.e., (i) com-
plete metamorphosis with oozoid formation (blue), (ii) settled but dead larvae (green), and (iii) not-
settled but free-floating dead larvae (orange). Larval mortality and abnormality were considered in
three conditions: (i) individuals floating in the sea water (“water”), (ii) individuals adhering to the
dish glass bottom peripheral to the painted plate (“dish bottom”), and (iii) individuals settled on the
antifouling-coated plate (“painted plate”). Significant (p < 0.05) differences inside each of the three
conditions obtained with Dunnett’s test are expressed with different letters. (b) Dendrogram obtained
from cluster analysis with average linkage between groups. The cutting point at 15 corresponds to
the maximum margin showing two clusters bordered by different colours.
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All antifouling paints demonstrated a remarkable performance because they caused
both high mortality and inhibition of metamorphosis. Paints containing CuSCN + ZnP
+ Diuron + Sea-Nine 211 (Paint C) and Cu2O + Chlorothalonil + Irgarol 1051 (Paint F)
prevented larval adhesion. Paints containing ZnP + Zineb + Endosulfan (Paint B), CuSCN
+ Diuron + Sea-Nine 211 (Paint D), and TCMS pyridine + Diuron (Paint G) allowed minor
larval adhesion, but prevented metamorphosis. Paints containing TBT (Paint A) or Cu2O
alone (Paint E) occasionally allowed adhesion and metamorphosis, but killed the oozoids.
It is noteworthy that the antifouling components generally do not act only through direct
contact—the presence of dead and partially metamorphosed larvae, both free-floating and
adhering to the glass surrounding the painted plates, suggests a certain degree of leaching
of the biocides from the antifouling paints. A large number of free-floating dead larvae
were observed in all cases corresponding to ≥75% with small numbers of settled larvae,
which died without completing metamorphosis (Figure 2a). Nevertheless, the analysis
of variance did not permit us to clearly distinguish the different effects of the various
antifouling paints.

From the hierarchy dendrogram obtained from the clustering analysis with average
linkage between groups (Figure 2b), only two clusters emerged. These clusters represent the
mean percentages of five variables, i.e., (i) free-floating dead larvae in sea water, (ii) oozoids
on the dish glass bottom, (iii) dead larvae settled on the dish glass bottom, (iv) oozoids on
the coated plate, and (v) dead larvae settled on the coated plate.

The first cluster only includes Paint E with 75% of free-floating larvae, 19% of oozoids
on the coated plate, and 6% of oozoids on the dish glass bottom. The second cluster is
represented by all the other paints with 91.7% of free-floating larvae, 3.8% and 2% of dead
larvae settled on the coated plate and on the dish-glass bottom, respectively, and 1.7% and
0.7% of oozoids adhering to the dish glass bottom and to the coated plate, respectively.
However, these results are difficult to interpret because the toxic effects are similar. The
only relevant consideration is that Paint E, which showed a lower toxic effect than the
other paints, is a unique antifouling paint without booster biocides and contains the
highest amount of CuCl (41%). This concentration is similar to that of Paint F, which also
contained Chlorothalonil and Irgarol 1051 as booster biocides and is based on self-polishing
technology rather than on an insoluble matrix. In conclusion, the interactions of a variety
of principal and booster biocides on one hand and different matrix technologies on the
other hand are complex in commercial paints. The leaching rate of biocides from the
paints, which is fundamental for the risk assessment, is often not reported in manufacturers’
datasheets. It varies with the mixture of concentrations of biocides in the paint formulation
and depends on the interaction with boosters and other additives; environmental abiotic
parameters such as temperature, salinity, and pH; and the type of matrix [33,34].

Generally, the most commonly used approach for understanding the action of an-
tifouling compounds is the direct exposure of embryos or larvae of marine invertebrates to
various concentrations of a single biocide in sea water with controlled parameters, totally
excluding the interaction of matrix, pigments, solvents, and other additives [35–41]. In this
way, larval toxicity and the effects on metamorphosis can be clearly observed, elucidating
the possible mechanisms of action at both cellular and subcellular levels.

3.2. Effects of Antifouling Biocides

At the end of the experiments, all control larvae in filtered sea water metamorphosed,
forming complete filter-feeding oozoids (100% survival rate). The order of toxicity of
the antifouling biocides assayed with the evaluation of the median lethal and median
effective concentrations (LC50 and EC50) able to cause mortality and inhibition of larval
settlement/metamorphosis, respectively, in B. schlosseri (Table 4) is CuCl > ZnP > TBT >
Chlorothalonil > Sea Nine 211 > TCMS pyridine > Irgarol 1051 > Diuron.
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Table 4. Median lethal concentrations (LC50) of antifouling biocides on Botryllus schlosseri larvae
and median effective concentrations (EC50) on larval settlement and metamorphosis as endpoints
after 48 h exposure at 20–22 ◦C to antifouling biocides compared with data reported for the solitary
ascidian Ciona intestinalis.

Biocide Species LC50 EC50

TBT
B. schlosseri 4.73 µM (1539 µg L−1) 0.08 µM (26 µg L−1)

C. intestinalis ND 0.02 µM (7.1 µg L−1) [42]

ZnP
B. schlosseri 0.46 µM (146 µg L−1, 3 × 10−6 Zn wt%) 0.06 µM (19 µg L−1, 4 × 10−6 Zn wt%)

C. intestinalis ND 0.11 µM (35 µg L−1, 7 × 10−6 Zn wt%) [43]

Copper(I) chloride B. schlosseri 0.35 µM (34.6 µg L−1, 2 × 10−6 Cu wt%) 0.04 µM (3.96 µg L−1, 2 × 10−6 Cu wt%)
C. intestinalis ND 1.61 µM (159 µg L−1, 1 × 10−3 Cu wt%) [44]

Sea-Nine 211
B. schlosseri 4.88 µM (1377 µg L−1) 0.25 µM (70 µg L−1)

C. intestinalis ND 0.15 µM (43 µg L−1) [37]

Chlorothalonil
B. schlosseri 4.80 µM (1276 µg L−1) 0.23 µM (61 µg L−1)

C. intestinalis ND 0.16 µM (42 µg L−1) [37]

Irgarol 1051 B. schlosseri >200 µM (>50,674 µg L−1) 36 µM (9121 µg L−1)
C. intestinalis ND >25.60 µM (>6486 µg L−1) [37]

Diuron
B. schlosseri 214.96 µM (50,105 µg L−1) 64 µM (14,918 µg L−1)

C. intestinalis ND ND

TCMS pyridine B. schlosseri 34.99 µM (<10,392 µg L−1) <25 µM (<7375 µg L−1)
C. intestinalis ND ND

ND: not determined, i.e., no information reported in the literature. Reference numbers are placed in square brackets.

Both the LC50 and EC50 found for B. schlosseri are higher than the environmental
concentrations reported in the literature, with the exception of ZnP and CuCl. The con-
centration ranges known in the sea water column are <0.02–31.7 µg L−1 for ZnP [45],
0.15–26 µg L−1 for CuCl [46,47], <0.001–3.3 µg L−1 for Sea Nine 211, <0.01–1.4 µg L−1 for
Chlorothalonil, <0.001–1.7 µg L−1 for Irgarol 1051, and <0.001–6.7 µg L−1 for Diuron [18].
B. schlosseri appears to be more sensitive to both ZnP and CuCl than the solitary ascidian
Ciona intestinalis [43,44]. On the contrary, C. intestinalis is about 4× and 1.5× more sensitive
than B. schlosseri in terms of the reduction in larval settlement by 50% in the presence of
TBT [42] and Sea-Nine 211 or Chlorothalonil [37], respectively, whereas the toxicity con-
cerning Irgarol 1051 is similar [37]. Generally, CuCl and ZnP showed the highest toxicity,
causing 50% larval mortality at 0.35 and 0.46 µM (34.6 and 146 µg L−1), respectively, and
reducing the larval settlement and metamorphosis by 50% at 0.04 and 0.06 µM (3.96 and
19 µg L−1), respectively. This fact supports the hypothesis that the CuCl and ZnP concentra-
tions usually employed in antifouling paints are too high for their goal and the continuous
leaching of these compounds is of great concern considering their impact on coastal ecosys-
tems, particularly the possible long-term negative effects on non-target benthic organisms.
Therefore, restrictions and bans regarding the use of copper- and zinc-based antifouling
paints are essential for the development of “eco-friendly” antifouling paints [48].

The clustering analysis with average linkage between groups was performed on
25 objects representing the linkages of biocides and test concentrations (Figure 3).

The hierarchy dendrogram obtained shows four clusters with mean percentages of six
effects. The effects considered were (i) complete metamorphosis with the oozoid formation
(blue, in the legend of Figure 3a), (ii) settled larvae with incomplete metamorphosis or
metamorphic delay without abnormalities (green), (iii) incomplete metamorphosis with-
out settlement of dead larvae with abnormalities (orange), (iv) not-settled dead larvae
with abnormalities (violet), (v) not-settled dead larvae without recognisable abnormali-
ties (black), and (vi) free-swimming larvae as the result of inhibition or severe delay of
metamorphosis (yellow).
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Figure 3. Effects of various concentrations of antifouling biocides in sea water on larval settlement
and metamorphosis. (a) Percentages of larval mortality and abnormality observed after exposure until
all control larvae in FSW completed the metamorphosis forming filter-feeding oozoids. Significant
(p < 0.05) differences obtained with Dunnett’s test are expressed with different letters. (b) Dendro-
gram obtained from cluster analysis with average linkage between groups. The cutting point at
10 corresponds to the maximum margin showing four clusters bordered by different colours.

The first cluster (“a”, in Figure 3a; yellow frame, in Figure 3b) is represented by the
unique effect observed in the control, i.e., 100% complete metamorphosis and survival. The
second cluster (“b”, red frame) has 15 objects, represented by all concentrations of TBT and
Chlorothalonil, and the middle concentrations of ZnP, CuCl, Sea Nine 211, Diuron, and
TCMS pyridine. In this cluster, 76.5% of dead larvae without abnormalities prevail, followed



J. Mar. Sci. Eng. 2022, 10, 123 12 of 17

by 11.5% incomplete metamorphosis without settlement, 7.5% complete metamorphosis,
and 4.5% incomplete metamorphosis with settlement. The third cluster (“c”, green frame)
includes seven objects represented by all Irgarol 1051 concentrations, and the lowest
concentrations of ZnP, CuCl, Diuron, and TCMS pyridine, with 73.3% free-swimming
larvae, 24.7% completed metamorphosis, and 2% incomplete metamorphosis of settled
larvae without abnormalities. The fourth cluster (“d”, cyan frame) contains two objects,
represented by the highest concentrations of Sea Nine 211 and TCMS pyridine, with 90.5%
dead larvae with abnormalities, 7% incomplete metamorphosis without settlement, and
2.5% incomplete metamorphosis with settlement.

These results show that although all biocides are able to prevent larval settlement on
the substratum and provoke severe metamorphic malformations, the herbicides Diuron
and TCMS pyridine at their lowest concentrations and Irgarol 1051 at all concentrations are
not lethal.

3.3. Larval Abnormalities

The larval abnormalities of the experiments reported in Section 3.2 were analysed
under a light microscope (Figure 4). The most severe morphological effects in metamorphic
development have been observed after exposure to 1 and 10 µM TBT (Figure 4a), Sea-Nine
211 and Chlorothalonil, 1 µM ZnP, and 0.1 µM CuCl (Figure 4c). In these cases, the initial
metamorphosis was evident with the protrusion of ampullae and tail resorption at various
degrees, but cephalenteron always appeared to be encased by an anomalous large bubble
filled with a colourless fluid with small, scattered cells. Organotin compounds, zinc, copper,
and Chlorothalonil are known to cause significant changes in hydromineral fluxes and
membrane permeability, mechanisms that maintain osmotic homeostasis [49–52]. The
bubble formation in B. schlosseri larvae could be the result of the disruption of osmotic
control systems due to the direct action on lipid composition and/or ion transport across the
plasma membranes. Regarding the tail resorption, TBT, Sea-Nine 211, and Chlorothalonil
caused an abnormal extensive detaching of spherical-shaped cells throughout the entire tail
length. These compounds are known to directly and indirectly inhibit a series of enzymes.
In particular, Ca2+-ATPase is inhibited via biocide interaction with calmodulin [53]. This
pump inhibition increases intracellular Ca2+ concentrations, which in turn provoke the
depolymerisation of cytoskeletal components [54] and induce cell apoptosis [55]. The
incomplete tail resorption with the persistence of apoptotic cells dissociated from the
axial complex indicates the absence of phagocytosis, which is usually carried out by
motile phagocytes able to engulf all dead cells and tissue debris [56], confirming the
immunosuppressive activity of these biocides [28,29].

At 0.5 µM ZnP (Figure 4b) and 1 µM CuCl (Figure 4d), the cephalenteron was not
encased in a bubble. In the case of ZnP, protrusion of ampullae occurred, but not the
tail resorption. The formation of proximal and median bulges of detached cells was
recognisable along the tail, probably due to the inhibition of phagocytosis [32]. In the case
of CuCl, tail resorption appeared to be nearly completed, but no protrusion of ampullae
occurred and the cephalenteron organs underwent a massive regression, recognisable by
the appearance of large vacuolated cells instead of the organ primordia.

Many heavy metals are essential to the growth of marine organisms. Low concentra-
tions of copper ions stimulate metamorphosis in ascidians [57], but at high concentrations,
metal ions become toxic. Metals can significantly decrease the synthesis of ATP and neg-
atively alter the metabolic activity causing cell death because they act as uncouplers of
oxidative phosphorylation or via opening pores in the mitochondrial membrane [58].
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Figure 4. Larval abnormalities in Botryllus schlosseri after exposure to antifouling biocides. (a) Pro-
truded ampullae inside an anomalous bubble encasing the cephalenteron, and extensive spherical-
shaped cells detaching from the tail tissues. (b) Protruded ampullae and tail with proximal and
median bulges (arrows). (c) Advanced metamorphosis (protruded ampullae and tail resorption)
inhibited by the formation of a bubble encasing the whole body. (d) Tail resorption and inhibition
of cephalenteron metamorphosis due to extensive organ regression forming vacuolated cells (inset
in (d)). (e) Protruded ampullae inside a bubble encasing the cephalenteron, and normal tail resorp-
tion. (f) Detaching of cells from the proximal tail zone (arrow). (g) Absence of metamorphosis. (h)
Initial protrusion of ampullae, and separation of the lateral tail muscles from the epidermis by large
intercellular spaces (arrowheads in inset in (h)). Bar length: 200 µm in (a–h); 30 µm inset in (d); 40 µm
inset in (h).

Regarding the herbicides Irgarol 1051 (Figure 4f), Diuron (Figure 4g), and TCMS
pyridine (Figure 4h), the metamorphosis was completely inhibited. The larvae did not
swim or settle because they were dead only in the cases of 250 µM Diuron and 50 µM
TCMS pyridine. As a minor difference from Diuron, an initial protrusion of ampullar
rudiments was observed after exposure to TCMS pyridine. These compounds are known
to cause disturbances in the mitochondrial respiratory chains and induce cell apoptosis
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due to severe oxidative stress [59,60]. After the exposure to 500 µM Diuron (Figure 4g),
larvae were without evident malformations but immotile. The absence of signs of tail
resorption indicates an alteration of communication with the cephalenteron. It could be
triggered through the abnormal activation by xenobiotics of stress-related signal trans-
duction pathways, such as the stress-inducible protein HSP90, which in turn activates the
enzyme nitric oxide synthase (NOS). The consequent NO production is responsible for the
metamorphosis repression in ascidians, as observed in Boltenia villosa larvae, which failed
in tail resorption and protrusion of the ampullar rudiments [61]. Cell dissociation occurred
in the proximal region of the tail of a small number of larvae after exposure to the highest
concentration (200 µM) of Irgarol 1051 (Figure 4f). An extensive separation of the lateral tail
muscles from the caudal epidermis by intercellular spaces was recognisable after exposure
to 75 µM TCMS pyridine (inset of Figure 4h). These events could be related indirectly to
HSP90/NO activation and directly to sudden increases in intracellular Ca2+ concentrations.
The latter induce both apoptosis through the activation of endonucleases, triggering DNA
fragmentation [30,31], and the loss of Ca2+-dependent cell adhesion molecules such as
cadherins, causing extensive tissue detachment [62,63].

Finally, it must be emphasised that in all cases of absence of tail resorption, the increase
in intracellular calcium ions might cause extensive depolymerisation of the microfilaments
of the cells of the caudal epidermis. In such a way, the F-actin responsible for contractions
that provide the driving force in tail resorption [2] failed.

4. Conclusions

The experiments carried out on the free-swimming larvae of the compound ascidian
B. schlosseri provide new evidence for better understanding the effects of trade antifouling
compounds on settlement ability, metamorphic development, and viability, arranging
them in an order of decreasing toxicity: metals and organometals > antimicrobials and
fungicides > herbicides. These results confirm the high toxicity of TBT, ZnP, and copper(I)-
based antifouling compounds, but also reveal that Sea-Nine 211 and Chlorothalonil, recently
introduced by “green chemistry” in new antifouling paint formulations as TBT alterna-
tives, are effective in causing larval death and abnormalities. Moreover, the herbicides
Irgarol 1051, Diuron, and TCMS pyridine, although introduced in paint formulations only
to prevent the settlement and growth of algae, showed toxicity towards animals. Since
these compounds have been in commerce for decades, and, consequently, widespread in
the marine environment, a real risk for the coastal biocoenoses appears to be undeniable. In
many cases, their partitioning between water and sediment, modality and half-time of biotic
and abiotic degradation, speciation, binding to various ligands, formation of complexes,
environmental fate, and bioaccumulation in the trophic chains are not yet well known.

The effects of exposure to antifouling paints are much more difficult to interpret than
those of exposure to antifouling biocides directly introduced in the sea water. The latter
approach is preferable because it can be better controlled and not affected by the modality
of leaching of a biocidal mixture from paints, which could vary with various environmental
parameters and also determine a network of synergistic effects with booster biocides, other
paint additives, and types of matrices. Paints with a contact-leaching matrix are more
resistant to abrasion and rubbing than those with a self-polishing matrix, but they tend to
oxidise with time, decreasing the biocidal release. By comparing the biocidal release rates
from contact-leaching and self-polishing paint technologies, although the initial value of
the latter is low, a constant release soon occurs throughout the lifetime of the paint.

Therefore, according to the Biocides Directive (98/8/EC) [64], more assays of acute and
chronic toxicity on various target and non-target marine organisms should be performed
before new potential pollutants enter the market, in order to prevent the same errors
that already occurred with TBT in both the ecological and economical fields due to the
deterioration of environments and habitats.
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