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Abstract Due to the regulations and bans regarding the use
of traditional toxic chemicals against marine fouling
organisms and the practical impediments to the commer-
cialization of natural product antifoulants, there is an urgent
need for compounds that are antifouling-active, environ-
mentally friendly, and have a potential for commercial
application. In this study, a series of common, commercial-
ly available pyrethroid products, which are generally used
as environmentally safe insecticides, was evaluated for
antifouling activity in the laboratory using an anti-settle-
ment test with cyprids of the barnacle Balanus albicostatus
and also in a field experiment. Laboratory assay showed
that all eleven pyrethroids (namely, rich d-frans-allethrin,
Es-biothrin, rich d-prallethrin, S-prallethrin, tetramethrin,
rich d-tetramethrin, phenothrin, cyphenothrin, permethrin,
cypermethrin, and high active cypermethrin) were able
to inhibit barnacle settlement (ECsq range of 0.0316 to
87.00 pg/ml) without significant toxicity. Analysis of
structure—activity relationships suggested that the cyano
group at the o-carbon position had a significant influence
on the expression of antifouling activity in pyrethroids. In
the field, the antifouling activity of pyrethroids was further
confirmed, with the most potent pyrethroids being cyper-
methrin and high active cypermethrin, which displayed
efficiency comparable with that of tributyltin. In summary,
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our investigation indicated that these pyrethroids have a great
and practical commercial potential as antifouling agents.
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Introduction

It is well known that marine fouling organisms, settling on
ship hulls and other man-made constructions immersed in
the sea, constitute a worldwide technical and economical
problem (Yebra et al. 2004; Townsin 2003; Rittschof 2000).
The most widespread solution to fouling is based upon
coatings containing toxic chemicals such as organotin and
copper (Alberte et al. 1992; Yebra et al. 2004). However,
these compounds have been found to be highly toxic to
non-target species, to persist in the environment, and to
pollute the marine ecosystem (Ellis 1991; Cardwell et al.
1999; Clare et al. 1992). This has resulted in regulations
and bans on their use in many countries (Rittschof 2001;
van Wezel and van Wlaardingen 2004). In the wake of this,
a great deal of research has been focused on finding new
antifouling agents which are environmentally friendly.

In many studies, it is suggested that marine natural
products with antifouling activity are promising and eco-
friendly alternatives for classical antifoulants, since these
natural products already exist in the marine environment
and are biodegradable (e.g., Abarzua and Jakubowski 1995;
Clare 1996, 1998; Burgess et al. 2003; Fusetani 2004;
Hellio et al. 2005). So far, more than 100 marine natural
product antifoulants have been isolated and identified,
including mainly terpenoids, steroids, fatty acids, amino
acids, heterocyclics, acetogenins, alkaloids, and polyphe-
nolics (Targett 1997; Rittschof 1999, 2001; Yebra et al.
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2004; Fusetani 2004; Fusetani and Clare 2006; Paul et al.
2006). However, many obstacles need to be overcome
before commercialization of marine natural product anti-
foulants is possible (Clare 1996; Rittschof 1999, 2000,
2001; Yebra et al. 2004). One challenge is the production of
these natural products on a large scale, since most of them
are not available in sufficient quantities to be harvested
from exotic and rare marine organisms. On the other hand,
many natural product antifoulants are too complex in
chemical structure to be synthesized for commercial use.
Costly and time-consuming government registration of
novel antifoulants is another stumbling block. At the
present time, there are no coatings based upon marine
natural antifoulants available in the market, and the
development of this technology still seems to be far in the
future (Rittschof 1999; Yebra et al. 2004).

With the urgency to find novel antifoulants and the
hurdles to the industrial application of natural product
antifoulants, efforts are necessary to solve this predicament.
One desirable strategy is to search for compounds that have
a good antifouling performance in an environmentally
benign way and, at the same time, have practical commer-
cial potential.

Pyrethroids are synthetic analogs of pyrethrins, the
natural insecticidal compounds isolated from the flowers
of the plant Chrysanthemum cinerariaefolium (Ensley
2007). Many pyrethroids are widely used as highly active
insecticides not only in agriculture but also in indoor pest
control and have many public health applications because
they are low in toxicity to mammals, do not accumulate in
organisms, and do not persist for a long time in the envi-
ronment (Ensley 2007; Lutnicka et al. 1999). These
favorable properties of pyrethroids also meet some of the
criteria for an ideal antifoulant. If pyrethroids were to be
used for marine antifouling, the production of a number of
pyrethroids on an industrial scale and their reasonable prices
would not only make these antifoulants available in sufficient
amounts but also make them commercially competitive
because of their comparatively low cost. Much is known
about pyrethroids and there is an extensive literature dealing
with their chemical nature (e.g., Fernandez-Alvarez et al.
2007; Leahey 1985; Zhou et al. 1995), their environmental
fate and effects (e.g., Lutnicka et al. 1999; Friberg-Jensen et
al. 2003; Helliwell and Stevens 2000), and their possible
impacts on human health (e.g., Hadnagy et al. 2003; Sumida
et al. 2001; Surrallés et al. 1995). This would all facilitate
the studies necessary for governmental registration for the
use of pyrethroids as antifoulants (Rittschof et al. 2003),
and so there are many advantages in the application of
pyrethroids as antifoulants. Synthetic pyrethroids have
been investigated for their efficacy as wood preservatives
in the sea, and they are active against the marine borer
Limnoria (Eaton and Cragg 1996; Cragg and Eaton 1997).
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However, information is still scarce concerning the effect
of pyrethroids on biofouling.

The aim of this study was to describe and evaluate the
antifouling activity of a series of common, commercially
available pyrethroids. These were tested in the laboratory
for their anti-settlement activity against the cyprid larvae of
the barnacle Balanus albicostatus. The data were discussed
also in terms of structure—activity relationships. Most
importantly, the chosen pyrethroids were subjected to
conventional submerged assay (Takasawa et al. 1990; Etoh
et al. 2002) to explore their antifouling activity in the field.

Materials and Methods
Test Pyrethroids

Eleven pyrethroids, namely rich d-trans-allethrin, Es-
biothrin, rich d-prallethrin, S-prallethrin, tetramethrin, rich
d-tetramethrin, phenothrin, cyphenothrin, permethrin,
cypermethrin, and high active cypermethrin, were used in
our initial study. There are four pairs among the 11
pyrethroid products, the two components of each pair
differing in the type and the ratio of isomeric configurations
of one pyrethroid compound, namely rich d-trans-allethrin/
Es-biothrin, rich d-prallethrin/S-prallethrin, tetramethrin/
rich d-tetramethrin, and cypermethrin/high active cyper-
methrin. All these pyrethroids were purchased from the
Changzhou Kangmei Chemical Industry Ltd., China, all
with a purity above 90%. Their chemical structures are
shown in Fig. 1. The reasons for choosing these pyrethroids
were that they were all very easy to obtain from the market
in large amounts at low prices, and some of them are
analogous in chemical structure, which may enable us to
obtain some knowledge of their structure—activity relation-
ships in the present work.

Larval Culture of B. albicostatus

Adults of B. albicostatus were collected from intertidal rocks
in Xiamen, China. Adults were left to dry overnight after
which they released the nauplius I and nauplius II stages
upon immersion in seawater. Naupliar larvae actively
swimming towards the light were collected using a
pipette and cultured in glass beakers with filtered
seawater (FSW, 0.22 um, salinity 30%o, and temperature
25°C) at an initial density of one larva per milliliter.
They were fed with  the diatom Chaetoceros muelleri
at a concentration of 2.5x10° cells/ml. Each day, nauplii
were sieved from the cultures by mesh and transferred to
glass beakers with fresh FSW and phytoplankton. After 5—
6 days, most of the nauplii had metamorphosed to cyprids,
and the cyprids were collected by filtration.
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Anti-Attachment Test with B. albicostatus Cyprids

The anti-attachment test was carried out according to the
methods described by Hellio et al. (2005) and Kitano et al.
(2004). Test samples of the pyrethroids were dissolved in
ethanol, and aliquots of the solution were applied to glass
Petri dishes. After complete evaporation of the ethanol at
room temperature, 10 ml FSW and 30 cyprids were added
to each Petri dish. FSW was used as a control because
previous pilot studies had shown that there was no
significant difference in cyprid settlement between non-
treated and ethanol-treated dishes. Three replicates were set
up for the FSW control and for each of the treatment
groups. The Petri dishes were incubated in the dark at 25°C
for 48 h and, after this time, the numbers of larvae that
settled or died were enumerated with the aid of a
stereomicroscope. Cyprids that did not move, had extended
appendages, and did not respond to a touch with a metal
probe were counted as dead (Rittschof et al. 1992). Cyprids
that permanently attached and metamorphosed were scored
as settled (Rittschof et al. 2003; Hellio et al. 2005). The

o o}
Hoe”  “CH,

Cypermethrin (10) / High active cypermethrin (11)

assay was repeated two to four times with different batches
of larvae, but for each tested pyrethroid at each time, all
treatments were run with a single batch of larvae. The
percentages of settled or dead larvae were analyzed by one-
way analysis of variance followed by a Dunnett’s test for
multiple comparisons of treatment means with a control.
The significance level was defined as P<0.05. The
antifouling activities of pyrethroids were expressed as
ECso values (the concentration that reduced the settlement
rate by 50% relative to the control) and the toxicities of
pyrethroids expressed as LCsy values (the concentration
that resulted in 50% mortality), estimated using the
Spearman—Karber method (Hamilton et al. 1977, 1978;
Reichelt-Brushett and Michalek-Wagner 2005).

Field Experiment
The pyrethroids were also subjected to conventional
submerged assay based on Takasawa et al. (1990) and

Etoh et al. (2002). Briefly, each pyrethroid was mixed
with 15% polyvinyl butylated resin in methanol, and all
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prepared samples were applied individually to sample
zones (5 cm in diameter) on a polyvinyl chloride plate
(35%x60x0.3 cm). In the field experiment, each pyrethroid
was tested at 150 and 300 mg/zone. Fifteen percent
polyvinyl butylated resin in methanol was used as the
positive control. TBTCI] (Hongding International Chemi-
cal Industry, Ltd.) mixed with 15% polyvinyl butylated
resin in methanol and applied to sample zones at 150 and
300 mg/zone was used as the negative control. Three
replicates were set up for the controls and for each
treatment. After the solvent had evaporated, the three
replicate plates were exposed to biofouling at a depth of
I m at a fish farm in Tongan Bay, Xiamen. The field
experiment was carried out for 6 months from January
2005 to July 2005. The difference in wet biomass of
fouling organisms between each pyrethroid sample zone
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and the positive and negative control zones was statis-
tically analyzed using independent samples ¢ test. During
the period of the experiment, two important seawater
parameters, temperature and salinity, were measured each
month, since Yebra et al. (2004) suggested that the per-
formance of antifouling paints might change under
different sea water conditions and it is useful to charac-
terize the marine environment faced by antifouling paints.

Results and Discussion

The effects of 11 pyrethroids on settlement and mortality of
B. albicostatus cyprids are shown in Fig. 2. Their ECso and
LCsq values are summarized in Table 1. As shown in Fig. 2
and Table 1, larval settlement was inhibited significantly by
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Table 1 Antifouling activity of pyrethroids against B. albicostatus
cyprid larvae

Pyrethroid ECsq (pg/ml) LCso (ng/ml)
Rich d-trans-allethrin (1) 5.33 >250
Es-biothrin (2) 5.71 >250
Rich d-prallethrin (3) 1.38 >20
S-prallethrin (4) 1.78 >20
Tetramethrin (5) 87.00 >250
Rich d-tetramethrin (6) 72.83 >250
Phenothrin (7) 5.03 >250
Cyphenothrin (8) 0.44 >250
Permethrin (9) 491 >250
Cypermethrin (10) 0.11 >250
High active cypermethrin (11) 0.0316 >250

each pyrethroid in a dose-dependent manner (P<0.0001),
without significant toxicity (P>0.05). Rittschof (1999)
suggested that non-toxic compounds are those that do not
directly kill fouling propagules at or near the levels at which
they deter fouling. In the present work, each of the 11
pyrethroids yielded an LCs( value much greater than its ECs
value, indicating that all these compounds had the ability to
inhibit larval settlement by a non-toxic mechanism.

The antifouling activities exhibited by the pyrethroids
varied, with ECs, values ranging from 0.0316 to 87.00 pg/ml
(Table 1). Rich d-trans-allethrin and Es-biothrin, the two
products of allethrin differing in the type and ratio of iso-
meric configurations of allethrin, showed similar antifouling
activity. A similar phenomenon was also observed in the rich
d-prallethrin and S-prallethrin pair (the two products of
prallethrin) and the tetramethrin and rich d-tetramethrin pair
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(the two products of tetramethrin). However, there was an
obvious difference in the antifouling activity between
cypermethrin and high active cypermethrin (the two products
of cypermethrin). Therefore, based on the results obtained
from the antifouling assay, it was suggested that isomeric
composition may or may not have an impact on the
antifouling activity of pyrethroids. The antifouling activities
of rich d-trans-allethrin and Es-biothrin against cyprids were
both clearly lower than those of rich d-prallethrin and S-
prallethrin, which is likely to be due to the difference in
chemical structure (Fig. 1), suggesting that the side chain of
the cyclopentenolone ring in prallethrin (the propyne group)
might be more potent in its antifouling activity than the
propene group. In addition, by comparing the ECs( values of
phenothrin and cyphenothrin and considering that the only
difference between the structures of these two compounds is
the lack of a cyano group in phenothrin, it is evident that the
presence of a cyano group at the «-carbon position of
pyrethroids enhanced antifouling activity. This was further
confirmed by similar results obtained from structure—activity
relationship studies of permethrin and cypermethrin. Based
on the above analysis, it is suggested that in pyrethroids
containing a cyano group at the «-carbon position, the cyano
group is an important functional group in the expression of
potent antifouling activity. This proposal is also supported by
the result that cyphenothrin, cypermethrin, and high active
cypermethrin all exhibited much greater antifouling activity
against cyprids than did the other pyrethroids tested in the
present work. The antifouling activity exhibited by cyper-
methrin (in which the gem-dimethyl group at isobutyl in
cyphenothrin is substituted by two chlorine atoms) was
observed to be stronger than that of cyphenothrin. However,
when the gem-dimethyl group at the isobutyl in phenothrin
is substituted by two chlorine atoms, the resulting permethrin
showed almost the same antifouling activity as cyphenothrin.
This inconsistency means that substituting the methyl group
for chlorine atoms would not always increase the antifouling
activity in pyrethroids and also indicates that the cyano
group might have a significant influence on the increase of
antifouling activity when substituting methyl by chlorine
groups in pyrethroids and that the chlorine atom might be
another component expressing potent antifouling activity in
cypermethrin.

How can pyrethroids decrease larval settlement of bar-
nacles in a non-toxic way? Knowledge of their mechanism of
impact on insects may provide some useful information, since
barnacles and insects both belong to the phylum Arthropoda.
A series of studies (Narahashi 1992, 1996, 2002; Narahashi et
al. 1998) suggest that pyrethroids cause knockdown or death
of insects by acting on the nervous system, with the voltage-
gated sodium channel of the neuronal membrane as the
target site. This channel would be kept open by pyrethroids,
causing membrane depolarization, repetitive discharges, and
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synaptic disturbances, leading to hyperexcitation in the
insects. This information may be useful as a starting point
for understanding the mechanism of the inhibitory effect of
pyrethroids on barnacle settlement.

After the laboratory experiment with B. albicostatus
cyprids, the 11 pyrethroids were subjected to conventional
submerged assay to check their antifouling activity in the
field. During the period of the field assay, seawater
temperature varied between 10.5°C and 29.5°C and salinity
between 29.0%o0 and 35.0%o, indicating that the experimen-
tal plates were subjected to a wide range of temperature but
a comparatively narrow range of salinity variation. The
results of the conventional submerged assay are shown in
Table 2. After 6-month exposure in the sea, each pyrethroid
sample zone had a much lower wet mass of fouling
organisms compared to the positive control, indicating that
all 11 pyrethroids were strongly resistant to marine
biofouling. Thus, the antifouling activity based on the
experimental anti-settlement tests with B. albicostatus
cyprids was also observed in the conventional submerged
assay. Furthermore, among these pyrethroids, cypermethrin
and high active cypermethrin exhibited the highest anti-
fouling activity and were as effective against fouling as
TBTCI, which is recognized as one of the most effective
antifouling agents. In each of the tested pyrethroids, the
300-mg/zone treatment resulted in a lower wet mass of
fouling organisms than the 150-mg/zone treatment, sug-
gesting that increased concentration would result in an
increase in the antifouling efficiency of pyrethroids.

Table 2 Wet mass (g/zone, means+=SD) of fouling organisms in each
sample zone after 6 months in the sea

Pyrethroid Wet mass biomass (g/zone)

150 mg/zone 300 mg/zone

Rich d-trans-allethrin (1) 8.31+0.74* 5.16+0.32%¢
Es-biothrin (2) 8.90+0.49%° 6.82+0.17*¢
Rich d-prallethrin (3) 8.43+0.26*° 6.94+0.83"¢
S-prallethrin (4) 4.08+0.44* 3.46+0.39*¢
Tetramethrin (5) 4.63+0.58° 2.90+0.23*¢
Rich d-tetramethrin (6) 4.77+0.61° 3.67+0.51%¢
Phenothrin (7) 6.9840.97™ 3.48+0.22%¢
Cyphenothrin (8) 7.7340.55%° 2.30+0.12%
Permethrin (9) 9.06+0.24*° 4.79+0.37%¢
Cypermethrin (10) 2.88+0.44% 2.43+0.27"
High active cypermethrin (11) 4.40+0.39° 2.37+0.29*
TBTCI 3.60+0.46 2.244+0.26
Positive control 18.63+£1.50

Each zone was 5 cm in diameter. For each pyrethroid sample zone, (a)
indicates wet biomass significantly different from the positive control,
(b) indicates wet biomass significantly different from the negative
control (TBTCI) at a sample amount of 150 mg/zone, and (c) indicates
wet biomass significantly different from the negative control (TBTCI)
at a sample amount of 300 mg/zone
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With the imminent total ban of tributyltin (TBT)
antifoulants initiated by the International Maritime Organi-
zation under societal and business pressure, considerable
effort has been devoted to the search for new antifouling
alternatives. Herbicides, fungicides, and bactericides have
been used as antifouling agents in marine paints, e.g.,
Irgarol 1051, diuron, zinc pyrithione, copper pyrithione,
and Sea-Nine 211 (Thomas 2001; Okamura et al. 2002).
However, these new antifouling compounds, like TBT, act
through toxic mechanisms (Konstantinou and Albanis
2004) and have been reported to be highly toxic to many
non-target marine organisms (Okamura et al. 2000a, b,
2002; Kobayashi and Okamura 2002; Goka 1999). Thus,
there is growing concern regarding the environmental fate
and potential risks of their use (Thomas et al. 2002, 2003;
Shade et al. 1993; Turley et al. 2000). In the UK,
restrictions have been imposed on the use of Irgarol 1051
and Sea-Nine 211, and diuron is no longer approved for use
as an antifoulant (Thomas et al. 2002). Therefore, other
antifouling alternatives need to be developed urgently.
Based on the results of the present work, all the pyrethroids
tested inhibited barnacle settlement in a non-toxic way and
maintained their antifouling activity in the sea for quite a
long time (>6 months). As stated in the introduction, there
are many advantages for the commercial application of
pyrethroids as antifoulants, and therefore, these compounds
have excellent potential for the development of environ-
mentally friendly antifouling coatings. Further work is in
progress to focus effort towards a practical goal, and so
important issues such as the compatibility of the proposed
pyrethroids with existing coating technology, the effective
release rates of these pyrethroids from the paint, and the
durability of the paint are being studied.
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