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Abstract: The antifouling activity of extracts (aqueous, ethanol, and dichloromethane) of 9 marine macroalgae
against bacteria, fungi, diatoms, macroalgal spores, mussel phenoloxidase activity, and barnacle cypris larvae
has been investigated in relation to season in bimonthly samples from the Bay of Concarneau (France). Of the
extracts tested, 48.2% were active against at least one of the fouling organisms, and of these extracts, 31.2%
were seasonally active with a peak of activity in summer corresponding to maximal values for water tem-
perature, light intensity, and fouling pressure, and 17% were active throughout the year. This seasonal activity
may be adaptive as it coincides with maximal fouling pressure in the Bay of Concarneau. Dichloromethane

extracts of Rhodophyceae were the most active in the antifouling assays.

Keywords: antifouling, settlement, bacteria, barnacle, diatoms, fungi.

© 2003 Springer-Verlag New York Inc.

INTRODUCTION

All natural and man-made surfaces that are immersed in
marine environments are potentially affected by the at-
tachment of epibiotic and fouling organisms, respectively.
For man-made surfaces, the process of fouling begins as
soon as a substratum is immersed with the adsorption of
macromolecules, predominantly proteins, lipolysaccha-
rides, and polysaccharides (Baier, 1984; Wahl, 1989;
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Terlizzi et al., 2001). Subsequent microfouling and
macrofouling by microbial slimes, algae, and invertebrates
can result in major economic costs through, for example,
corrosion (Little et al., 1999) and a reduction in the fuel
efficiency of ships underway due to increased drag. Bio-
fouling control is a worldwide problem in marine systems,
which costs the U.S. Navy, for example, an estimated $1
billion per annum (Callow and Callow, 2002).

In the days of wooden sailing ships, antifouling
methods included the use of arsenic, lime, and mercurial
compounds to prevent shipworms and barnacles from
destroying the hull. Although organotin compounds were
synthesized almost 150 years ago, it was not until the 1960s
that tributyltin (TBT) first appeared in marine paint for-
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mulations. By the 1970s most ships were coated with an-
tifouling paint formulations based on release of toxic or-
ganotin or copper. The shipping industry still relies heavily
on such coatings as they afford long-term protection and
are comparatively cheap. Heavy metals are known, how-
ever, to be responsible for environmental damage to both
terrestrial and marine life (Fent and Hunn, 1997). In the
marine environment the continuous leaching of heavy
metals has been responsible for shell thickening in oysters,
sex changes in invertebrates, and possible genetic defects in
other marine animals (Gibbs et al., 1987; Boyer, 1989; Ellis
and Pattisinia, 1990; Axiak et al.,, 1995; Huet et al., 1996;
Terlizzi et al., 1998, 2001; Granmo et al., 2002).

There have been a number of new developments in
toxic antifouling coatings through innovations made by the
paint industry. However, these tin-free coating formula-
tions contain high concentrations of metals such as copper
and zinc, in combination with booster biocides such as
Irgarol and SeaNine 211 (Vouvoulis et al., 1999; Martinez
et al., 2001), which may also pose environmental problems
(Blanck, 2002; Ranke and Jastrorff, 2002; Omae, 2003).
Moreover, these relatively new coatings are 2 to 3 times
more expensive than TBT-based paints. It is increasingly
evident that the future of fouling prevention lies in a
nontoxic approach. Fouling release coatings based on sili-
cone technology are a promising alternative to heavy-
metal-based coatings, as is the use of secondary metabolites
produced by marine organisms or synthetic compounds
inspired by these natural products (Clare, 1996a; 1998;
Holmstrom et al., 2002). Macroalgae are a rich source of
natural bioactive products. In previous studies (Hellio
et al., 2000a, 2000b, 2001a, 2001b, 2002), it was demon-
strated that macroalgae from Brittany contain products
with antifouling activity against marine bacteria, fungi,
diatoms, seaweeds, and mussels. Little is known about the
ecologic function of these compounds (de Nys et al., 1995;
de Nys and Steinberg, 2002). Moreover, insufficient at-
tention has been paid to evaluating the possible temporal
variation in antifouling activity. Studies of chemical def-
enses in terrestrial organisms (Abarzua and Jakubowski,
1995) and marine organisms (Amade and Lemee, 1998;
Steinberg and Vanaltena, 1992; Culioli et al., 2002) suggest
that organisms vary widely in the production of chemical
defenses associated with physical factors (temperature,
light) and biological factors (e.g., grazing pressure), and
season. The present study aimed to investigate seasonal
variations in antifoulant activity of 9 macroalgal species
collected from the Bay of Concarneau (France).

MATERIALS AND METHODS

Collection and Preparation of Samples

Nine species of marine algae were collected every 2 months
in 1999 (January, March, May, July, September, and No-
vember) from the West Coast of France (Concarneau Bay,
Brittany, 47°52” N, 3°55” W). The algae studied included 3
Chlorophyta Ulvophyceae, Enteromorpha intestinalis, Ulva
lactuca, and Cladophora rupestris; 3 Heterokontophyta,
Phaeophyceae, Ascophyllum nodosum, Sargassum muticum,
and Ectocarpus siliculosus; and 3 Rhodophyta, Florideo-
phyceae, Chondrus crispus, Laurencia pinnatifida, and
Polysiphonia lanosa.

After collection, the samples were rinsed with sterile
seawater to remove associated debris. The cleaned material
was then surface-dried in the shade at 30°C for 24 hours.
The surface microflora were removed by washing the algal
samples for 10 minutes with 30% ethanol (Hellio et al,,
2000Db).

Extracts A (aqueous), B (ethanol), and C (dichloro-
methane) were obtained as previously described by Hellio
et al. (2000a). The extracts were stored at —40°C prior to
their use.

Antifouling Tests

Screening for antifouling activity was performed using algal
extracts at a concentration of 30 pg/ml. All assays were run
in triplicate. Negative controls with the solvent carrier (5%
DMSO v/v) were performed in every assay and showed no
inhibition of the biological activities studied. In all our
different assays (with the exception of the Balanus amphi-
trite test), we have studied the activities of bis (tributyltin)
oxide (TBTO) and cupric sulfate (CuSO,), at the concen-
tration of 10 pg/ml as the controls (Hellio, 2000).

Antibacterial and Antifungal Tests

Six strains (Bl to B6) of marine bacteria were obtained
from the Culture Collection of the University of Quimper
(LUMAQ, France), which had been collected from the tidal
zone in the Glénan Islands (Brittany, France) (47°43’95” N,
4°01’85” W). BI, B2, and B3 were gram-positive bacteria
(Bacillus) isolated from the surface of Enteromorpha sp.,
Gigartina sp., and Cladophora rupestris. B4, B5, and B6 were
gram-negative bacteria (Bacillus) isolated from the surface



of Gelidium corneum, Enteromorpha sp., and Laminaria sp.
Three strains of marine fungi (F1 to F3), Corollospora
maritima, Lulworthia sp., and Dendryphiella salina, were
obtained from the Culture Collection of the School of
Biological Sciences, University of Portsmouth, U.K.

Antibacterial and antifungal testing of the extracts was
performed with agar-plated Petri dishes by a disk diffusion
technique modified from Devi et al. (1997) as previously
described by Hellio et al. (2001a). A sample consisting of 30
g of product was loaded onto paper disks (6-mm diam-
eter, Durieux, France). Microorganism cultures were grown
in liquid DIFCO 2216 marine broth overnight, and 0.1-ml
samples of the culture (10° cfu/ml) were spread over the
agar. After incubation for 4 days at 20°C, the activity was
evaluated by measuring the diameter (in millimeters) of the
inhibition zones around the disks.

Inhibition of Diatom Growth

Diatomophyceae strains were obtained from Algobank, the
Biological Resource Center of the University of Caen. These
include Amphora coffeaeformis AC-2078 (D1), Phaeodacty-
lum tricornutum AC-172 (D2), and Cylindrotheca closterium
Ac-170 (D3). They were maintained in 100-ml Erlenmeyer
flasks under continuous illumination 150 pmol - m™* - s~
white fluorescent lamps at 18°C in Guillard’s F/2 medium
(Guillard and Ryther, 1972). The screening for bioactivity
was performed as described by Sawant and Garg (1995).
The effect of algal extracts (300 pg/ml) on the growth of
microalgae (5 x 10° cells/ml) after 5 days of incubation was
expressed as the percentage inhibition of growth (Hellio
et al., 2002).

Inhibition of Attachment of Spores and Zygotes
of Macroalgae

Spores of Enteromorpha intestinalis (M1) and Ulva lactuca
(M2) were obtained by the osmotic shock method
(Fletcher, 1989), and the protocol developed by Fletcher
(1980) was used for the emission of zygotes from Sargassum
muticum (M3). Antifouling tests were performed after
Hattori and Shiruzi (1996). The effect of extracts (30 pg/
ml) on macroalgal development was assessed by deter-
mining the percentage inhibition of attachment following
incubation of spores or zygotes (600/ml) for 5 days at 20°C
in plastic Petri dishes (35-mm diameter). The rate of
inhibition of attachment was then calculated.
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Inhibition of Phenoloxidase Activity of the Blue
Mussel Mytilus edulis

Phenoloxidase activity was measured as a proxy for anti-
fouling activity of extracts against Mytilus edulis, as previ-
ously described by Hellio et al. (2000a). Aliquots of pure
enzyme were incubated at 25°C with 10 mM L-DOPA in 50
mM phosphate buffer (pH 6.8) and with the different
algal extracts (30 pg/ml). Results are expressed as the
percentage inhibition of the phenoloxidase activity
compared to a control containing only buffer.

Inhibition of Balanus amphitrite Larval Settlement

Adult barnacles, Balanus amphitrite, were obtained from
pier piling at the Duke University Marine Laboratory,
Beaufort, North Carolina (courtesy of Dr. D. Rittschof).
They were maintained at Newcastle University in aerated,
filtered (10 pm) seawater, at 22°C, on a 14:10 light-dark
cycle and fed daily on Artemia sp. The seawater was
changed on alternate days. To obtain nauplii for cyprid
culture, adults were left to dry overnight and then im-
mersed in fresh seawater. Hatched nauplii were attracted to
a point light source and collected by Pasteur pipette. They
were reared to the cyprid stage on Skeletonema costatum as
described in Billinghurst et al. (1998). After 4 to 5 days of
culture, the cyprids were harvested using a 250-um
plankton mesh filter and aged for 3 days prior to use, in
0.45-pum-filtered seawater, at 6°C, in the dark (Rittschof
et al., 1992; Clare, 1996b).

Settlement assays were conducted in 24-well micro-
plates (Iwaki) with 15 to 20 cyprids per well in 2 ml of
seawater. Six replicates of each algal extract were assayed at
a concentration of 30 pg/ml. The plates were incubated in
the dark at 28°C. Settlement was enumerated under a
dissecting microscope after 12, 24, and 48 hours of incu-
bation. The results were expressed as the percentage inhi-
bition of the settlement compared to the controls.

RESULTS

Antifouling Activity
Antifungal Activity

None of the Ulvophyceae tested (Table 1) showed
antifungal activity. Of the 54 extracts of Phaeophyceae
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Table 1. Effect of Positive Controls (TBTO and CuSO,) and Ulvophyceae Extracts on Inhibition of Development of Fouling Organisms™

b

Extract Month F1 F2 F3 Bl B2 B3 B4 B5 B6 DI D2 D3 Ml M2 M3 Mussel Barnacle
Control +++ A A S A A A A A A e Nd
TBTO +++ A A A A A e e Nd
CuSOy4

1A Jan. - - - - - - - - - + - - + + + - -
March - - - - - - - - - + - - ++ - -

May - - - - - - - - - ++ + - A+ - -

July - - - - - - - - - ++ + - +++ A - -

Sept. - - - - - - - - - + = - SR S -

Nov. - - - - - - - - - + - - + + + - -

1B Jan. - - - + + + - - - + o+ - + + + + -
March - - - +++ - - - + o+ + + + + + -

May - - - +++ A+ H + + + ++ + ++ o+ -

July - - - ++ A+ + + + ++ + ++ o+ -

Sept. - - - ++ o+ - - - + o+ + ++ o+ ++ -

Nov. - - - + + + - - - + o+ - + + + + -

1C Jan. - - - - - - - - - +  + - - - - ++ -
March - - - - - - - - - + o+ o+ - - - ++ -

May - - - - - - - - - ++ o+ o+ + - +++ -

July - - - - - - - - - + o+ o+ + + - +++ -

Sept. - - - - - - - - - + 4+ o+ - - - +++ -

Nov. - - - - - - - - - + o+ - - - - ++ -

2A Jan. - - - - - - - - - - - + + + + - -
March - - - - - - - - - + o+ + =+ - -

May - - - - - - - - - + o+ + S I A -

July - - - - - - - - - ++ e — -

Sept.  — - - - - - - - - + o+ + ++ o+ + - -

Nov. - - - - - - - - - - = + + + + - -

2B Jan. - - - - - - - - - + - + + - + ++ -
March - - - - - - - - - + o+ + + + + ++ -

May - - - - - - - - - ++ 4+ A -

July - - - - - - - - - ++ o+ ++  ++ -

Sept. - - - - - - - - - + o+ + + + + ++ -

Nov. - - - - - - - - - + - + + - + ++ -

2C Jan. - - - - - - - - - + o+ + - - - ++ -
March - - - - - - - - - ++ + + - + - ++ -

May - - - - - - - - - ++ 4+ + 4+ -

July - - - - - - - - - ++ ++  ++ + ++ o+ ++ -

Sept. - - - - - - - - - ++ + ++ o+ + - ++ -

Nov. - - - - - - - - - + o+ + - - - ++ -

3A Jan. - - - - - - - - - + o+ + + + - ++ -
March - - - - - - - - - ++ ++ o+ ++ o+ ++ -

May - - - - - - - - - ++ 4+ e+ ++ -

July - - - - - - - - - ++ o+ + +++ A+ -

Sept. - - - - - - - - - + o+ + o+ -

Nov. - - - - - - - - - + o+ + + + - ++ -

3B Jan. - - - - - - - - - + o+ + - + + + -
March - - - - - - - - - + o+ + + ++ o+ + -

(Continued)
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Table 1. Continued

Extract Month F1 F2 F3 Bl B2 B3 B4 B5 B6 DI D2 D3 Ml M2 M3 Mussel Barnacle
May - - - - - - = - - ++ o+ o+ ++ o+ -
July - - - - - - = - - + + + + ++  ++ o+ -
Sept. - - - - - - = - - + + + + ++ 4+ o+ -
Nov. e - - + + + - + + + -
3C Jan. - - - - - - = + + + + - + + - - -
March - - - - - - + ++ ++ + + - ++ + + - -
May T o S S o S = S S +++  ++ o+ - -
July - - = = = = 4+ +++ e+ + - +++  ++ + - -
Sept. e ++ ++ + + - ++ + + - -
Nov. - - - - - = = + + + + - + + - - -

Nd, not determined.
? Number 1 indicates E. intestinalis; 2, U. lactuca; 3, C. rupestris.

® Results are presented as [—] for no inhibition, [+] for 1% to 30% inhibition, [++] for 31% to 59% inhibition, and [+++] for more than 60% inhibition;
F1-F3, marine fungi; BI-B3, marine gram-positive bacteria; B4—B6, marine gram-negative bacteria; D1-D3, diatoms; M1-M3, macroalgae. A, aqueous

fraction; B, ethanol fraction; C, dichloromethane fraction.

tested (Table 2), 8 extracts were active (4B and 5B). Extract
4B was active throughout the year toward F2 and F3, but a
peak of activity against F1 was observed from March to
July, although the level of activity was less during the rest of
the year. Extract 5B showed constant inhibition of F1 and
F2 throughout the year. Among the 54 extracts of Flor-
ideophyceae tested (Table 3), 18 showed antifungal activity
(7B, 8B, and 8C). Fraction 7B showed inhibitory activity
toward the 3 fungal strains tested throughout the year, but
the highest level of activity was recorded between May and
September. Although 8B was inactive toward F1, this ex-
tract showed activity toward F2 and F3, again peaking in
May and July. Extract 8C was inactive against F1 but was
consistently active toward F2 and F3.

Antibacterial Activity

Among the Ulvophyceae extracts tested (Table 1), only
2 showed activity (1B and 3C). Extract 1B was active
throughout the year toward gram-positive bacteria, with a
maximum level of inhibition in March and May for B1, and
in May and July for B2 and B3. Regarding the inhibition of
gram-negative bacteria, 1B was only weakly active in May
and July toward B3, B4, and B5. Fraction 3C was active
only on gram-negative bacteria. Seasonal variation was
observed with a peak of activity in May for B4 and in May
and July for B5 and B6.

Concerning the Phaeophyceae study (Table 2), 5 ex-
tracts (4B, 4C, 5B, 5C, and 6B) were active. Extract 4B was

highly inhibitory throughout the year against B1, B2, B5,
and B6. Seasonal variation in the activity of B3 and B4 was
observed with a peak in May and July for B3 and from
March to November for B4 (++). Extract 4C was active
only on gram-positive strains. No seasonal variation was
observed for the inhibition of B2. In contrast, extracts that
had been harvested from March to September inhibited B1
growth, and extracts harvested from May to July inhibited
B3 growth. Extract 5B was active toward all the bacterial
strains tested and did not show any seasonal variation.
Extract 5C was active only against gram-positive bacteria,
without any seasonal variation in the inhibition of Bl.
Maximum activity against B2 and B3 was recorded in May
and July. Extract 6B was active only on gram-positive
bacteria. Unlike B1 and B3, there was no seasonal variation
for B2.

Among the Florideophyceae extracts tested, 4 were
found to be active: 8B, 8C, 9B, and 9C. Extract 8B was
inactive against gram-negative bacteria and showed only
weak activity against gram-positive bacteria. Extracts were
only active from May to September on Bl, B2, and B3.
Extract 8C inhibited the growth of marine gram-positive
bacteria without any seasonal variation. The highest levels
of activity were for the inhibition of development of Bl
and B2. The inhibition of B3 growth was intermediate
throughout the year. Extract 9B inhibited the growth of
marine gram-positive bacteria irrespective of season.
Extract 9C was active against all the bacterial strains
studied. No seasonal variation was observed for strains
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Table 2. Effect of Phaecophyceae Extracts on Inhibition of Development of Fouling Organisms™”

Extract Month Fl1 F2 F3 Bl B2 B3 B4 B5 B6 D1 D2 D3 Ml M2 M3 Mussel Barnacle
4A Jan. - - - - - - - - - + o+ + - - ++ - -
March - - - - - - - - - + o+ + - - ++ - -
May - - - - - - - - - + o+ + + - +++ - -
July - - - - - - - - - + o+ + + - +++ - -
Sept. - - - - - - - - - + o+ + - - ++ - -
Nov. - - - - - - - - - + o+ + - - ++ - -
4B Jan. ++ A+ e e - — - + + - +++ ++
March  +++ +++ +++ +++ +H+ + A+ - = - + + - +++ ++
May R I e e i e o e e = S S S S - =+ 4+ - +++ +++
July e e L e e o e S R S S S - =+ o+ - +++ +++
Sept.  ++ A+ A+ A+ A+ A A - = - + + - +++ ++
Nov.  ++  +++ +++ +++ +++ + + +++ = = - + + - +++ ++
4C Jan. - - - =+ o+ o+ = = - + 4+ = - ++ o+ + -
March - - - +H+ = = - + o+ = - ++ o+ + -
May - - - +++ = = - + o+ = - +++ ++ + -
July - - - - = - + o+ = - +++ ++ + -
Sept. - - - +++ = = - + o+ - - ++ o+ + -
Nov. - - - ++ o+ o+ = = - + o+ = - ++ o+ + -
5A Jan. - - - - - - - - - + o+ + ++ o+ - -
March - - - - - - - = - + o+ o+ ++ o+ - -
May - - - - - - - - - ++ o+ + +++ At - -
July - - - - - - - - - ++ o+ + +++ At - -
Sept. - - - - - - - - - + o+ + ++ o+ - -
Nov. - - - - - - - - - + o+ + ++ o+ - -
5B Jan. ++ o+ = ++ 4+ +++ +
March ++ ++ - ++ 4+ A A +
May =+ - e S o e e i e e i s e ++
July =+ o+ - I S o i i = S o S S S o ++
Sept.  ++  ++ - ++ 4+ e+ +++ +
Nov.  ++ ++ - e S e i o s = S S o S S S +++ +
5C Jan. - - - =+ o+ = = - S T o S e e e -
March - - - =+ o+ o+ - = - R o S o S S e -
May - - - ++ A+ - - - S o S I I -
July - - - I - R o S o S S o -
Sept. - - - =+ o+ o+ = = - R o o S o S o S S o -
Nov. - - - I S - SR S o R o S o e o o S -
6A Jan. - - - - - - - - - - - - =+ - ++ -
March - - - - - - - - - - - - ++ = ++ -
May - - - - - - - - - - - - +++ = At -
July - - - - - - - - - - - - +++ = 4+ -
Sept. - - - - - - - - - - - - =+ - ++ -
Nov. - - - - - - - - - - - - ++ - ++ A+t -
6B Jan. - - - ++ o+ - = - + - + + - - +++ -
March - - - S o A - + - + + - - +++ -
May - - - +++ A - = - + - + ++ - + +++ -
July - - - R I - + - + ++ - + +++ -
Sept. - - - +++ A - = - + - + + - - +++ -

(Continued)
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Table 2. Continued

Extract Month F1 F2 F3 Bl B2 B3 B4 B5 B6 DI D2 D3 Ml M2 M3  Mussel Barnacle
6C Jan. - - - - = = = = =+t - ++ o+ +++ +
March - - - - - - - - -+ 4t - ++ o+ +++ +
May e S S S S S A ++
July e S S S S A +
Sept. e S S S A ++ o+ +++ +
Nov. R = = S S ++ o+ +++ +

2 Number 4 indicates A. nodosum; 5, S. muticum; 6, E. siliculosus.

® Results are presented as [—] for no inhibition, [+] for 1% to 30% inhibition, [++] for 31% to 59% inhibition, and [+++] for more than 60% inhibition.
F1-F3, marine fungi; B1-B3, marine gram-positive bacteria; B4-B6, marine gram-negative bacteria; D1-D3, diatoms; M1-M3, macroalgae. A, ageuous

fraction; B, ethanol fraction; C, dichloromethane fraction.

Bl, B4, and B6. Seasonal variation in activity was ob-
served against B2, with maximal inhibition in May and
July. Maximal inhibition against B3 was from March to
July, and high levels of inhibition against B5 occurred in
May and July.

Antidiatom Activity

All of the extracts of Chlorophyceae tested (Table 1)
showed antidiatom activity. Thus the extraction procedure
and the period of collection were immaterial to activity.
Extracts 1A, 3A, and 3C were active against the develop-
ment of diatoms D1 and D2, with maximal activity re-
corded in May and July for 1A and 3A, and in May for 3C.
Extracts 1B, 2A, 2B, 2C, 3A, and 3B inhibited the 3 strains
tested. Extract 1B inhibited D2 with a low level of activity
all year long. Extracts 1B and 2B exhibited maximal activity
for D1, D2, and D3 in May and July (except for 1B with
D2). Maximum activities were recorded in a single month
for 1C with D1, 1C with D3, and 3B with D1/D2/D3 in
May, and for 2A with D1/D2/D3 in July. In contrast,
maxima of activity were recorded during several months
for the combination 1C with D2 (March to September), 2C
with D1/D2 (March to July), and 2C with D3 (May to
September).

Eight extracts (4A, 4B, 4C, 5A, 5B, 5C, 6B, and 6C)
from Phaeophyceae (Table 2) were active. Most of the ac-
tive combinations showed no variation in activity during
the year: 4A with D1/D2/D3, 4C with D1/D2, 5A with D3,
5B with D1/D3, 5C with D3, 6B with D1/D2, and 6C with
D1/D2/D3. In contrast, seasonal variations activity was
observed for some combinations with maxima of activity
recorded from May to July for 4B with D1 and 5A with D1,

from March to July for 5A with D2, from March to Sep-
tember for 5C with D1/D2, and from March to November
for 5B with D2.

All of the extracts of Florideophyceae (Table 3) were
active against at least one diatom strain. Seasonal variations
of activity were measured for some combinations, with
peaks of activity recorded in May (7C with D3), July (8A,
8B, and 8C with all strains), from May to July (9A with all
strains), and from May to September (7C with D1). In
contrast, no seasonal variation in activity was noted for the
combinations 7A with D1/D2, and 7B, 3C and 9B with all
strains.

Antimacroalgal Activity

Among the 54 extracts of Ulvophyceae tested (Table 1),
49 extracts were active toward at least one species of
macroalga, and they all showed seasonal variation in ac-
tivity. Maximum activity was recorded in May for 2A with
M2, 2B with M2, and 2C with M1; from May to July for 1A
with M1/M3, 1B with M2, 1C with M1/M2, 2A with M1/
M3, 2B with M1/M3, 2C with M2/M3, 3A with M1/M2,
and 3C with M1/M2; from May to September for 1B with
M1/M3; from March to September for 1A with M2, 3B with
M2/M3, and 3C with M3; and from July to September for
3A with M3.

Extracts of Phaeophyceae were all active against at least
one macroalgal species (Table 2). Extract 5C was not sea-
sonally active, being strongly inhibitory throughout the
year against the 3 species of macroalgae. All the other active
combinations (4A with M1/M3, 4B with M1/M2, 4C with
M2/M3, 5A and 5B with all strains, 6A with M1/M3, 6B
with M1/M3 and 6C with M2/M3) were subject to seasonal
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Table 3. Effect of Florideophyceae Extracts on Inhibition of Development of Fouling Organisms™”

Extract Month F1 F2 F3 B1 B2 B3 B4 B5 B6 Di1 D2 D3 M1 M2 M3  Mussel Barnacle

7A Jan. - - = - - - - - - + ++ - ++ o+ - -
March - - - - - - - - - + ++ - ++ o+ - -
May - - = - - e ++ - +++ A+ - -
July - - = - - - - - - + ++ - +++ -+ - -
Sept. - - = - - - - - - + ++ - ++ o+ = -
Nov. - - - - - e ++ - ++ o+ - -
7B Jan. + o+ - - - - = = 4+t 4+t o+ - ++ o+ + -
March + + ++ = - - - = = 4+t o+t o+ - =+ o+ + -
May ++ - - - - = = 4+t 4+ o+ + 4+ + -
July ++ o+ - - - - = = ++ o+t o+ + +H++ ++ + -
Sept. ++ - - - - = = 4+t o+t o+ + ++ o+ + -
Nov. + o+ - - - - = = ++ o+t o+ - ++ o+ + -
7C Jan. - - - - - - - - = = -+ ++ = - 4+ ++
March - - - - - - - - - = -+ ++ - - +++ ++
May - - - - - e -+t o+ - +++ ++
July - - - - - - - - - + -+ +++  + - +++ ++
Sept. - - - - - e -+ ++ - - +++ ++
Nov. - - - - - - - - = - -+ ++ - - +++ ++
8A Jan. - - - - - - - = = ++ - 4+ = + ++ o+ -
March - - - - - i = S = S + ++ o+ -
May - - - - - - - = = ++ + ++ o+ ++ o+t -
July - - - - - - = = = ++t + 4+t ++ o+ + -
Sept. - - - - - - - - = ++ + 4+ = + ++ o+ -
Nov. - - - - - - - = = ++ = 4+ = + ++ o+ -
8B Jan. - + ++ - - - - - -  ++ + + + - - - -
March - + ++ - - - - - = 4+ 4+  ++ o+ - - - -
May -+ o+ + + - - - ++ + 4+ o+ o+ + - -
July -+ o+ + e S o S o S S + - -
Sept. S S s S + - - - = 4+ 4+  ++ o+ - - - -
Nov. R S & - - - - - ++ + o+ + - - - -
8C Jan. ++ - A A - - =+ -+ o+ ++ o+ - -
March ++ -  +++ +H+ A+ - - =+ + o+ o+ ++ o+ - -
May I e e I e A A o S oo o S -
July e o e S e e e e e e e S o o S S -
Sept. R it = S + o+ o+ =+ o+ - -
Nov. e o e e e a = I + o+ o+ =+ o+ - -
9A Jan. - - = - - - - - - = - + - ++ ++ - -
March - - - - - - - - - = -+ + ++ o+ = -
May - - - - - e + o+ o+ +H+ A = -
July - - - - - - - - - + + o+ o+ ++ - -
Sept. - - - - - - - - - - -+ + T -
Nov. - - - - - - - - = - -+ - =+ o+t = -
9B Jan. - - - T e e 2 o s S = S o o S o o S s S o +++
March - - - T e e s = S S o o S o o S o o +++
May - - - I e S o o S o S S o o S o o S o S o +++
July - - - e e o o S S o S o o S o o S S o +++
Sept. - - - T e S o o S o S S o o S o o S o o +++

(Continued)
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Table 3. Continued

Extract Month F1 F2 F3 Bl B2 B3 B4 B5 B6 D1 D2 D3 M1 M2 M3 Mussel  Barnacle

Nov. — — — ++ ++ ++ - - e e = T o o S e +++
9C Jan. T = S S o e S e e = T e = = -
March - - -  ++ 4+  ++ ++ ++ A+ -
May e o e e o S e S e e s i e = = -
July e = S e e o T S s e s i e = = -
Sept.  — — = ++ ++ 4+ +t+ A+t A A+ -
Nov. — = — ++ 4+ + ++ ++  ++ ++ A+ -

# Number 7 indicates C. crispus, 8, L. pinnatifida; 9, P. lanosa.

® Results are presented as [—] for no inhibition, [+] for 1% to 30% inhibition, [++] for 31% to 59% inhibition, and [+++] for more than 60% inhibition.
F1-F3, marine fungi; B1-B3, marine gram-positive bacteria; B4-B6, marine gram-negative bacteria; D1-D3, diatoms; M1-M3, macroalgae. A, ageuous
fraction; B, ethanol fraction; C, dichloromethane fraction.

Table 4. Summary of Type of Activity (seasonal or yearly)™"

Extract  F1 F2 F3 B1 B2 B3 B4 B5 B6 D1 D2 D3 M1 M2 M3 Mussel  Barnacle
la - - - - - - - - - S S - S S S - -
1b - - - S S S S S S S Y S S S S S -
Ic - - - - - - - - - S Y S S S - S -
2a - - - - - - - - - S S S S S S - -
2b - - - - - - - - - S S S S S S Y -
2¢ - - - - - - - - - S S S S S S S -
3a - - - - - - - - - S S S S S S Y -
3b - - - - - - - - - S S S S S S Y -
3¢ - - - - - - s s s s s - s S S - -
4a - - - - - - - - - Y Y Y s - S - -
4b S 'Y Y Y Y S - - - Y - - s S - Y S
4c - - - s Y S - - - Y Y - - s S Y -
5a - - - - - - - - - s s Y s S S - -
5b Y Y - Y Y Y Y Y Y Y S Y s S S Y S
5¢ - - - Y s § - - - s s Y Y Y Y ¥ -
6a - - - - - - - - - - - - s - s Y -
6b - - - s s Y - - - Y - Y s - s Y -
6¢ - - - - - - - - - Y Y Y - s s ¥ -
7a - - - - - - - - - Y Y - s S S - -
7b s s s - - - - - - Y Y Y s R ¢ -
7c - - - - - - - - - s - s s S - Y -
8a - - - - - - - - - s s s s R ¢ -
8b - S S S S S - - - S S S S S S - -
8¢ Y - Y Y Y Y - - - s s s S8 s s - -
9a — - - - - - - - - S S S S S S Y Y
9b - - - Y Y Y - - - Y Y Y Y Y Y Y Y
9c - - - Y s S Y s Y Y Y Y Y Y Y Y -

# F1-F3, marine fungi; B1-B3, marine gram-positive bacteria; B4-B6, marine gram-negative bacteria; D1-D3, diatoms; M1-M3, macroalgae. a, aqueous
fraction; b, ethanol fraction; ¢, dichloromethane fraction.

b Results are presented as number 1 indicates Enteromorpha intestinalis; 2, Ulva lactuca; 3, Cladophora runestris; 4, Ascophyllum nodosums; 5, Sargassum
muticum; 6, Ectocarpus siliculosus; 7, Chrondus crispus; 8, Laurencia pinnatifida; 9, Polysiphonia lanosa. [—] for nonactive; S, seasonal variation; Y, activity all
year long.
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Table 5. Period of Year Leading to Maximal Activity for Combination of Extract and Strain Subject to Seasonal Activities™

b

Extract F1 F2 F3 Bl B2 B3 B4 B5 B6 DI D2 D3 Ml M2 M3 M. edulis B. amphitrite
la - - - - - - - - - 5-7 57 - 5-7 39 57 - -
1b - - - 35 57 57 57 57 57 57 - 59 59 57 59 59 -
lc - - - - - - - - - 5 39 5 57 57 - 59 -
2a - - - - - - - - - 7 7 7 57 5 57 - -
2b - - - - - - - - - 57 57 57 57 5 57 - -
2c - - - - - - - - - 39 57 59 5 57 57 5 -
3a - - - - - - - - - 37 37 5 57 57 79 - -
3b - - - - - - - - - 5 5 5 39 39 39 - -
3¢ - - - - - - 5 57 57 5 5 - 57 57 39 - -
4a - - - - - - - - - - - - 57 - 57 - -
4b 37 - - - - 57 - - - - - - 57 57 - - 5-7
4c - - - 39 - 57 - - - - - - - 57 57 - -
5a - - - - - - - - - 57 37 - 57 57 57 - -
5b - - - - - - - - - - 39 - 39 57 57 - 5-7
5¢ - - - - 57 57 - - - 39 39 - - - - - -
6a - - - - - - - - - - - - 57 - 57 - -
6b - - - 39 39 - - - - - - - 57 - 57 - -
6c - - - - - - - - - - - - - 57 57 - -
7a - - - - - - - - - - - - 57 57 57 - -
7b 50 59 59 - - - - - - - - - 59 57 57 - -
7c - - - - - - - - - 59 - 5 57 57 - - -
8a - - - - - - - - - 59 7 57 57 57 - -
8b - 57 57 59 59 57 — - - 7 57 57 57 - -
8¢ - - - - - - - - - 7 57 57 57 - -
9a - - - - - - - - - 57 57 57 39 5 5 - -
9b - - - - - - - - - - - - - - - - -
9¢ - - - - 57 57 - 57 — - - - - - - - -

* F1-F3, marine fungi; B1-B3, marine gram-positive bacteria; B4-B6, marine gram-negative bacteria; D1-D3, diatoms; M1-M3, macroalgae. a, ageuous

fraction; b, ethanol fraction; ¢, dichloromethane fraction.

b Results are expressed by the month when the maximum antifouling activity was recorded (3, March; 5, May; 7, July; 9, September); Number 1 indicates

Enteromorpha intestinalis; 2, Ulva lactuca; 3, Cladophora rupestris; 4, Ascophyllum nodosum; 5, Sargassum muticums; 6, Ectocarpus siliculosus; 7, Chrondus

variations, with a maximum intensity of activity in May
and July.

All the extracts of Florideophyceae tested (Table 3)
were active. Extracts 9B and 9C showed high inhibitory
activity (+++) in all months tested. The activity of all the
extracts varied seasonally, with the most active combina-
tions (+++) being 7A with M1/M2/M3, 7B with M2, 7C
with M1, 8A with M3, 8C with M2, and 9A with M2/M3.

Phenoloxidase Inhibition

Among the Ulvophyceae extracts tested (Table 1), ex-
tracts 1B, 1C, and 2C showed seasonal variation in anti-
phenoloxidase activity, which was maximal from May to

September. Extracts 2B, 3A, and 3B were active but did not
exhibit any seasonal variation in their activity. The active
fractions from Phaeophyceae (4B, 4C, 5B, 5C, 6A, 6B, and
6C; Table 2) and from Florideophyceae (7A, 8B, 8C, and 9A;
Table 3) were highly inhibitory (+++), with the exception of
4C, 7C, and 8A, but none were seasonally active.

Inhibition of Barnacle Settlement

None of the 54 extracts of the Ulvophyceae (Table 1)
were active. Among the Phaeophyceae extracts tested
(Table 2), active ones showed seasonal variations, with the
highest levels of inhibition recorded from May to July for
4B and 5B, and in May for 7B. Florideophyceaen extracts



7C and 9B were active without any seasonal variation
(Table 3).

Global Analysis

Activity patterns of the algal extracts are summarized in
Table 4. Attention is drawn to the following phenomena.
Of all the extracts tested, 51.8% were inactive, 17% were
active all year long, and 31.2% were seasonally active. Of
the Chlorophyceae, 56.2% were inactive, 2% showed ac-
tivity throughout the year, and 43.8% exhibited seasonal
activity. Of the Phaeophyceae, 52.3% were inactive, 25.5%
showed activity throughout the year, and 22.2% exhibited
seasonal activity. Of the Rhodophyceae, 47% were inactive,
23.5% showed activity throughout the year, and 29.5%
exhibited seasonal activity.

Among the extracts, 66.6% of the aqueous extracts
were inactive, 6.5% showed activity throughout the year,
and 26.9% exhibited seasonal activity. Of the ethanol
extracts, 52.3% were inactive, 24.2% showed activity
throughout the year, and 23.5% exhibited seasonal activity.
Of the dichloromethane extracts, 47% were inactive, 19.6%
showed activity throughout the year, and 33.4% exhibited
seasonal activity.

The assays that were least susceptible to inhibition by
the extracts were those that involved F1, F2, F3, B4, B5,
B6, and B. amphitrite cyprids, with 85.2% of the combi-
nations showing inactivity. The most susceptible assays
were those that utilized D1, D2, D3, M1, M2, M3, and M.
edulis, with more than 70% of the combinations leading
to inhibition. Among this group, the strains that were
sensitive to seasonal variation were M1, M2, and M3, with
84.2% of the combinations affected. M. edulis phenol-
oxidase activity was the least sensitive to seasonal variation
of the extracts, since 84.2% gave the same level of activity
all year round.

Table 5 shows clearly that maximal antifouling activity
was never associated with the November or January ex-
tracts. Of the active fractions, 16.6% had a peak of activity
for 1 month (group I) and 83.4% were maximally active for
at least 2 months (group II). For group I, 56.5% of the
combinations were active in May and 43.5% were active in
July. Group II can be divided into 6 categories in terms of
the timing of the peak period of activity: 68.7% from May
to July, 13.4% from March to October, 12.5% from May to
October, 3.6% from March to July, 0.9% from July to
October, and 0.9% from March to May.
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DiscussioN

Macroalgae produce a wide range of secondary metabolites,
many of which exhibit a broad spectrum of bioactivity (Da
Gama et al., 2002) and could potentially be used to develop
new antifouling agents (de Nys and Steinberg, 2002). Some
marine plants have evolved chemical and physical defenses
against the settlement and growth of fouling organisms on
their surfaces. A wide variety of marine natural products
have been identified to have several activities against foul-
ing organisms in bioassays (Clare, 1996a; Rittschof, 2000).
Some pure compounds have been identified as natural
antifoulants; however, the relationship between their eco-
logic role and their antifouling activities is not fully un-
derstood (de Nys and Steinberg, 2002). In previous studies
(Hellio, 2000; Hellio et al., 2000a, 2000b, 2001a, 2001b,
2002), which were based on the screening of antifouling
activities among 30 macroalgae collected in Brittany, we
found that chemical defenses can be very specific, or very
broad, depending on the method of extraction and the
organisms in question. Similar observations were made by
Da Gama et al. (2002).

Intraspecific chemical variation in the production of
secondary metabolites has been demonstrated for a variety
of marine algae (Hay, 1996). Several studies have examined
variation in chemical defenses within individual thalli
(Meyer and Paul, 1992, 1995; de Nys et al., 1996). Bioge-
ographic variation in chemical defenses has also been
studied for seaweed (Matlock et al., 1999; Hellio et al.,
2001b). As marine fouling pressure varies during the year,
being higher in spring and summer in temperate regions,
the present study has focused on the possibility that anti-
fouling defenses will also fluctuate seasonally. Concarneau
(Brittany, France) was chosen as a sample site influenced
by seasons. As the algae were always from the same place,
geographical and spatial variation was eliminated. The
available literature provides limited evidence of seasonal
variation in secondary metabolite concentrations from
marine macroalgae in relation to their antifouling activi-
ties. Indirect assessments were indicated by seasonal
changes in epiphytic communities of chemically defended
organisms (Harlin, 1996). Seasonal changes were high-
lighted for phenolic content of 9 species of algae (Steinberg
and Vanaltena, 1992), for caulerpyne production in Caul-
erpa taxifolia (Amade and Lemee, 1998), and for the
chemical composition of Bifurcaria bifurcata (Culioli et al.,
2002).
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The results of the screening assays presented here
showed that 51.8% of the extracts were inactive, and of the
remainder, 31.2% were seasonally active and 17% were ac-
tive all year long. This is the first indication that macroalgae
from the shores of Brittany possess different levels of anti-
fouling activity during the year. That is not to say that the
variable activity is adaptive, or that the biological activity
that was detected has any ecologic significance. More work
is needed to determine whether the compounds with an-
tifoulant activity are released at the surface of the basibiont
alga, where they can act on potential epibionts. Biological
assays of conditioned water may provide some indication of
potential polar metabolites. Nonpolar metabolites, which
are likely to adsorb to the surface of the alga, could be
assayed after extraction by the “hexane dip” (de Nys et al,,
1998) or a comparable method. Nevertheless, inspection of
the data for the algal species exhibiting seasonal activity
shows that biological activity did not peak in any of the
extracts collected in November or January. Rather, maximal
activity was recorded from May to July, which corresponds
to maximal values for water temperature, light intensity,
and fouling pressure.

Although induction of chemical defenses by herbivores
and space competition pressure may offer explanations for
intraspecific differences in chemical defenses of benthic
organisms, some physical characteristics of the environ-
ment can also be important (Amade and Lemee, 1988). For
marine plants, nutrients, and allocation of resources to
secondary metabolites are factors modifying seaweed sus-
ceptibility to herbivores and fouling (Renaud et al., 1990;
Yates and Peckol, 1993; Cronin and Hay, 1996a, 1996b;
Cronin et al., 1997), but these alterations could be due to
some physical change as desiccation and light quality (Hay,
1996; Amade and Lemee, 1998).

In the present study temperature and light are pre-
sumably major physical factors influencing the seasonal
production of metabolites with antifoulant action. From
August to October, the activity of the extracts was at a
higher level than from March to May. This difference can
be explained by the temperature of the water, which, de-
spite decreasing periods of sunshine, decreased less mark-
edly because of the thermal inertia of the water.
Consequently, we can hypothesize that the variation in
antifouling activity was more directly dependent on light
than on temperature variation. Similar results were ob-
tained for caulerpyne production by Caulerpa taxifolia
(Amade and Lemee, 1998). Light was also found to be a
crucial factor for the production of phlorotannins by A.

nodosum and F. vesiculosus (Pavia and Brock, 2000; Pavia
and Toth, 2000). Production of antifouling compounds
appears to rise from May to July, corresponding to the
highest growth rate of the algae. This result is in accord
with the findings of Dworjanyn et al. (1999), who reported
that furanone levels on the surface of Delisea pulchra were
highest near the actively growing apical tips and decreased
toward the base of the frond.

Extracts of red algae from Brittany were prominent for
their antifouling activity. Similar results were obtained in
various screening programs performed in different seas
(Moreau et al., 1984, 1988; Pesando and Caram, 1984;
Steinberg and Vanaltena, 1992; Padmakumar and Ay-
yakkannu, 1997; Steinberg et al., 1997; Pawlik, 2000; Cho et
al., 2001; Steinberg and de Nys, 2002) in which Rhodophyta
species exhibited the best antifouling activities. As in a
number of prior studies (Moreau et al., 1984, 1988; Pe-
sando and Caram, 1984; de Nys et al., 1995; Cronin and
Hay, 1996a; Crasta et al., 1997; Devi et al,, 1997; Pad-
makumar and Ayyakkannu, 1997; Bhosale et al., 2002; Da
Gama et al., 2002), nonpolar metabolites, which in the
present case would have been extracted by dichlorometh-
ane, were clearly associated with antifouling activity.

It is assumed that there is a cost to the production of
defensive compounds in terms of reduced growth rate,
reproductive output, or competitive ability of the organ-
isms producing them (Van Alstyne, 1988). The problems of
allocation to defenses are further complicated by spatial or
temporal variations in fouling rates. If fouling pressure is
constant and predictable, then algae should maintain uni-
form levels of defense (Harvell, 1986). Ideally, defenses
against fouling should vary with changes in fouling pres-
sure (Van Alstyne, 1988). Our results highlight that the
extracts were active, with little seasonal variation in activ-
ities toward marine bacteria and marine fungi. This result
may reflect the ubiquity of microorganisms throughout the
year. In contrast, diatoms and macroalgal spores, which
colonize surfaces mainly in summer, were inhibited pri-
marily by extracts of algae collected in spring and summer.

Diatoms, microalgae, and M. edulis phenoloxidase
were particularly sensitive to inhibition by algal extracts.
Previous studies (Cho et al.,, 2001; Hellio et al., 2000a,
2001b; Vannelle and Le Gal, 1995) have demonstrated the
presence of antimussel (phenoloxidase inhibitory activity)
compounds in seaweeds. These inhibitory activities are very
important because mussels are among the most problem-
atic of the so-called hard fouling species, for example, on
offshore structures and seawater intakes (Jenner et al., 1998;



Rajogopal et al, 2003). Considering the high level of
activity of our algal extracts toward other algal species,
allelochemically mediated effects may be of importance.
Allochemicals are known to regulate and control commu-
nity structure and determine succession (Harlin, 1996).
Interactions among marine algae, through the excretion of
growth-inhibiting substances, have been suggested to play
an important role in ecology (Harlin, 1996).

The organisms least susceptible to inhibition by the
extracts tested were the cypris larvae of B. amphitrite, as
well as the strains of marine fungi and gram-negative
bacteria. The low level of activity toward B. amphitrite
could relate to the fact that it is a tropical species and that
the algae from Brittany do not have a targeted defense
against it. It would be of interest in this regard to assay
extracts against cyprids of a temperate fouling barnacle
such as Balanus improvisus or Elminius modestus.

Marine fungi and gram-negative bacteria showed tol-
erance to the extracts tested. Some authors (Vaccaro et al.,
1977; Duxbury and Bicknell, 1983; Barkay, 1987) have
provided evidence that the response of heterotrophic bac-
teria to copper was effected by a simultaneous selection for
bacterial species exhibiting an increased tolerance toward
copper. The increasing number of observations of bacterial
aquatic community resistance to heavy metals led to the
conclusion that new antifouling products are urgently re-
quired. The results of the present study suggest that the
selected algal species have little potential as a source of such
natural products.

This study has highlighted the danger of relying on
single collections of marine organisms for natural product
studies. Clearly, the fact that bioassay results varied with the
season of collection suggests that the content of secondary
metabolites is variable. Whether the metabolites are syn-
thesized, stored, and depleted, or produced continuously
but at variable rates, is an important area for research.
Pioneering research in this area has been conducted on
furanone concentrations in Delisea pulchra (Dworjanyn
et al., 1999; Wright et al., 2000), which demonstrated that
furanones, which are stored in vesicles, are produced at
different concentrations with respect to site of collection
and season and between different life-history stages.

On the Brittany coast, a sampling program that focuses
on the Rhodophyceae, collected in the months of May to
July and utilizing a relatively polar solvent extraction pro-
tocol, offers the best chance of isolating secondary metab-
olites with antifouling potential. It could be argued that
such studies should focus on products that are only re-
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leased at the surface of the alga, that is, the site of potential
epibiosis. Although this approach may identify compounds
that function in antiepibiosis and target local epibionts (de
Nys et al., 1998), it may overlook compounds that have
antifoulant action against key fouling species that are not
part of the natural epibiotic community of the basibionts
under study.

Added in Proof: Since this paper was accepted, a
publication has shown that Enteromorpha and Ulva are the
same, not distint genera: Hayden, H.S., Blomster, J., Maggs
C.A,, Silva, P.C,, Stanhope, M.]., and Waaland, R.J. (2003)
“Linnaeus was right all along: Ulva and Enteromorpha are
not distinct genera.” Eur. J. Phycol. 38: 277-294.

ACKNOWLEDGMENTS

The work was carried out during tenure by Brittany
Council and European studentship. We wish to thank both
organisations. We thank Dr. D. Delabroise (University of
Western Brittany, France) for providing the marine bacte-
rial strains. Special thanks are dedicated to S. Henry
(School of Marine Science and Technology, Newcastle
University, U.K.) for assistance in cyprid cultures. We
sincerely thank A. Levert and Dr. C. Bertrand (Centre de
Phytopharmacie, Perpignan) for their helpful comments on
marine natural products chemistry.

REFERENCES

Abarzua, S., and Jakubowski, S. (1995). Biotechnological investi-
gation for the prevention of biofouling, I: biological and bio-
chemical principles for the prevention of biofouling. Mar Ecol
Prog Ser 123:301-312.

Amade, P., and Lemee, R. (1998). Chemical defence of the
Mediterranean alga Caulerpa taxifolia: variations in caulerpyne
production. Aquat Toxicol 43(4):287-300.

Axiak, V., Vella, A.J., Micaleff, D., and Chircop, P. (1995). Im-
posex in Hexaplex trunculus (Gastropoda, Muricidae)—first re-
sults from biomonitoring of tributyltin contamination in the
Mediterranean. Mar Biol 121(4):685—-691.

Baier, R. (1984). Initial events in microbial film formation. In:
Marine Biodetermination: An Interdisciplinary Study, Costlow, J.,
and Tipper, R. (Eds.). London, U.K.: E & EN Spon Ltd., pp 57-62.

Barkay, T. (1987). Adaptation of aquatic microbial communities
to Hg stress. ] Appl Environ Microbiol 53:2725-2732.



80 Claire Hellio et al.

Bhosale, S.H., Nagle, V.L., and Jagtap, T.G. (2002). Antifouling
potential of some marine organisms from India against species of
Bacillus and Pseudomonas. Mar Biotechnol 4(2):111-118.

Billinghurst, Z., Clare, A.S., Fileman, T., Mcevoy, J., Readman, J.,
and Depledge, M.H. (1998). Inhibition of barnacle settlement by
the environmental oestrogen 4-nonylphenol and the natural oes-
trogen 17 oestradiol. Mar Pollut Bull 36(10):833—839.

Blanck, H. (2002). A critical review of procedures and approaches
used for assessing pollution-induced community tolerance (PICT)
in biotic communities. Hum Ecol Risk Assess 8(5):1003—1034.

Boyer, 1. (1989). Toxicity of dibutyltin, tributyltin and other or-
ganic compounds to human and to experimental animals. Toxi-
cology 55:253-298.

Callow, M..E., and Callow, J.A. (2002). Marine biofouling: a sticky
problem. Biologist 49(1):1-5.

Cho, J.Y., Kwon, E.H., Choj, J.S., Hong, S.Y., Shin, HW., and
Hong, Y.K. (2001). Antifouling activity of seaweed extracts on the
green alga Enteromorpha prolifera and the mussel Mytilus edulis.
J Appl Phycol 13(2):117-125.

Clare, A.S. (1996a). Marine natural product antifoulants: status
and potential. Biofouling 9:211-229.

Clare, A.S. (1996b). Signal transduction in barnacle settlement:
calcium revisited. Biofouling 10:141-159.

Clare, A.S. (1996b). Towards nontoxic antifouling. ] Mar Bio-
technol 6(1):3-6.

Crasta, P.J., Raviraja, N.S., and Sridhar, K.R. (1997). Antimicro-
bial activity of some marine algae of southwest coast of India.
Indian ] Mar Sci 26(2):201-205.

Cronin, G., and Hay, M.E. (1996a). Within-plant variance in
seaweed chemical defences: optimal defence theory versus the
growth-differentiation balance hypothesis. Oecologia 105:361-368.

Cronin, G., and Hay, M.E. (1996b). Effects of light and nutrient
availability on the growth, secondary chemistry, and resistance to
herbivory of two brown seaweeds. Oikos 77(1):93-106.

Cronin, G., Paul, V.J., Hay, M.E,, and Fenical, W. (1997). Are
tropical herbivores more resistant than temperate herbivores to
seaweed chemical defenses? Diterpenoid metabolites from Dict-
yota acutiloba as feeding deterrents for tropical versus temperate
fishes and urchins. J Chem Ecol 23(2):289-302.

Culioli, G., Ortalo-Magne, A., Richou, M., Valls, R., and Piovetti,
L. (2002). Seasonal variations in the chemical composition of Bi-
furcaria bifurcata (Cystoseiraceae). Biochem Syst Ecol 30(1):61-64.

Da Gama, B.A.P., Pereira, R.C., Carvalho, A.G.V., Coutinho, R.,
and Yoneshigue-Valentin, Y. (2002). The effects of seaweed sec-
ondary metabolites on biofouling. Biofouling 18(1):13-20.

de Nys, R., and Steinberg, P.D. (2002). Linking marine biology
and biotechnology. Curr Opin Biotech 13(3):244-248.

de Nys, R, Steinberg, P., Willemensen, P., Dworrjanyn, S.,
Gabelish, C., and King, R. (1995). Broad spectrum effects of
secondary metabolites from the red alga Dilsea pulchra in anti-

fouling assays. Biofouling 8:259-271.

de Nys, R, Steinberg, P., Rogers, C.N., Charlton, T.S., and Dun-
can, M.W. (1996). Quantitative variation of secondary metabolites
in the sea hare Aplysia parvula and its host plant, Dilsea pulchra.
Mar Ecol Pro Ser 130:135-146.

de Nys, R., Dworjanyn, S.A., and Steinberg, P.D. (1998). A new
method for determining surface concentrations of marine natural

products on seaweeds. Mar Ecol Prog Ser 162:79-87.

Devi, P., Soilimabi, W., D’Souza, L., Sonak, S., Kamat, S., and
Singbal, S. (1997). Screening of some marine plant for activity
against marine fouling bacteria. Bot Mar 40:87-91.

Duxbury, T., and Bicknell, B. (1983). Metal-tolerant bacterial
populations from natural and metal-polluted soils. Soil Biol Bio-
chem 15:243-250.

Dworjanyn, S.A., De Nys, R., and Steinberg, P.D. (1999). Locali-
sation and surface quantification of secondary metabolites in the
red alga Delisea pulchra. Mar Biol 133(4):727-736.

Ellis, D.V., and Pattisinia, L.A. (1990). Wide spread neogastero-
pods imposex: a biological indicator of global contamination?
Mar Pollut Bull 21:248-253.

Fent, K., and Hunn, J. (1997). Organotins in freshwaters harbors
and rivers: temporal distribution, annual trends and fate. Environ
Toxicol Chem 14:1123-1132.

Fletcher, R. (1980). Studies of the recently introduced brown alga
Sargassum muticum (yendo) Fensholt. Bor Mar 23:425-432.

Fletcher, R. (1989). A bioassay technique using the marine fouling
green alga Enteromorpha. Int Biodeter Biodegrad 25:407—422.

Gibbs, P.E., Bryan, G.W., Pascoe, P.L., and Burt, G.R. (1997). The
use of the dog-whelk, Nucella lapillus, as an indicator of TBT
contamination. J Mar Biol Assoc UK 67:507-523.

Granmo, A., Ekelund, R., Sneli, J.A., Berggren, M., and Sva-
varsson, J. (2002). Effects of antifouling paint components
(TBTO, copper and triazine) on the early development of em-
bryos in cod (Gadus morhua L.) Mar Pollut Bull 44(10):1142—

1148.

Guillard, R., and Ryther, J. (1972). Studies of marine planktonic
diatoms, I: Cyclotella nana (Hustedt) and Detonula confervacea
(Cleve). Can J Microbiol 8:229-239.

Harlin, M.M. (1996). Allelochemistry in marine macroalgae. Crit
Rev Toxicol 5(3):237-249.



Harvell, C.D. (1986). The ecology and evolution of inducible
defenses in a marine bryozoan: cues, costs, and consequences. Am
Nat 128:810-823.

Hattori, T., and Shizuri, Y. (1996). A screening method for anti-
fouling substances using spores of the fouling macroalga Ulva
conglobata Kjel larvae and new antifouling technology. Biofouling
8:147-160.

Hay, M.E. (1996). Marine chemical ecology: what’s known and
what’s next? Plant Sci 5(3):237-249.

Hellio, C. (2000). Recherche de nouvelles substances a activité an-
tifouling a partir de macroalgues du littoral breton. PhD thesis.

France.: University of La Rochelle.

Hellio, C., Bourgougnon, N., and Le Gal, Y. (2000a). Phenoloxi-
dase (E.C. 1.14.18.1) from Mpytilus edulis byssus gland: purifica-
tion, partial characterization and application for screening
products with potential antifouling activities. Biofouling 16:235—
244.

Hellio, C., Bremer, G., Pons, A.M., Le Gal, Y., and Bourgougnon,
N. (2000b). Inhibition of the development of microorganisms
(bacteria and fungi) by extracts of marine algae from Brittany
(France). Appl Microb Biotech 54:543-549.

Hellio, C., De La Broise, D., Dufossé, L., Le Gal, Y., and Bour-
gougnon, N. (2001a). Inhibition of marine bacteria by extracts of
macroalgae: potential use for environmentally friendly antifouling
paints. Mar Environ Res 52(3):231-247.

Hellio, C., Thomas-Guyon, H., Culioli, G., Piovetti, L., Bour-
gougnon, N., and Le Gal, Y. (2001b). Marine antifoulants from
Bifurcaria bifurcata (Phaeophyceae, Cystoseiraceae) and other

brown macroalgae. Biofouling 17(3):189-201.

Hellio, C., Berge, J.P., Beaupoil, C., Le Gal, Y., and Bourgougnon,
N. (2002). Screening of marine algal extracts for anti-settlement
activities
18(3):205-215.

against microalgae and macroalgae. Biofouling

Holmstrom, C., Egan, S., Franks, A., McCloy, S., and Kjelleberg, S.
(2002). Antifouling activities expressed by marine surface asso-
ciated Pseudoalteromonas species. FEMS Microbiol Ecol 41(1):47—
58.

Huet, M., Paulet, Y.M., and Glemarec, M. (1996). Tributyltin
pollution in the coastal waters of West Brittany as indicated by
imposex in Nucella lapillus. Mar Environ Res 41:157-167.

Jenner, H.A., Whitehouse, ].W., Taylor, C.J.L., and Khalanski, M.
(1998). Cooling water management in European power stations:
biology and control. In: Hydroécologie Appliquée 1-2. Paris:
Electricité de France.

Little, B.J., Ray, R.I.,, Wagner, P.A., Jones-Meehan, J., Lee, C.C,,
and Mansfeld, F. (1999). Spatial relationships between marine

Antifouling Activity of Marine Algae from Brittany 81

bacteria and localized corrosion on polymer coated steel. Bio-
fouling 13(4):301-312.

Martinez, K., Ferrer, 1., Hernando, M.D., Fernandez-Alba, A.R.,
Marce, R.M., Borrull, F., and Barcelo, D. (2001). Occurrence of
antifouling biocides in the Spanish Mediterranean marine envi-
ronment. Environ Technol 22(5):543-552.

Matlock, D.B., Ginsburg, D.W., and Paul, V.J. (1999). Spatial
variability in secondary metabolite production by the tropical red

alga Portieria hornemannii. Hydrobiologia 399:267-276.

Meyer, K.D., and Paul, V.J. (1992). Intraplant variation in sec-
ondary metabolite concentration in three species of Caulerpa
(Chlorophyta: Caulerpales) and its effects on herbivorous fishes.
Mar Ecol Prog Ser 82:249-257.

Meyer, K.D., and Paul, V.J. (1995). Variation in secondary me-
tabolite and aragonite concentrations in the tropival green sea-
weed Neomeris annulata: effects on herbivory fishes. Mar Biol
122:537-545.

Moreau, J., Pesando, D., and Caram, B. (1984). Antifungal and
antibacterial screening of dictyotales from the French Mediterra-
nean coast. Hydrobiologia 116:521-524.

Moreau, J., Pesando, D., Bernard, P., Caram, B., and Pionnat, J.C.
(1988). Seasonal variations in the production of antifungal sub-
stances by some dictyotales (brown algae) from the French
Mediterranean coast. Hydrobiologia 162:157—-162.

Omae, 1. (2003). Organotin antifouling paints and their alterna-
tives. Appl Organomet Chem 17(2):81-105.

Padmakumar, K., and Ayyakkannu, K. (1997). Seasonal variation
of antibacterial and antifungal activities of the extracts of marine
algae from southern coasts of India. Bot Mar 40(6):507-515.

Pavia, H., and Brock, E. (2000). Extrinsic factors influencing
phlorotannin production in the brown alga Ascophyllum nodosum.
Mar Ecol Prog Ser 193:285-294.

Pavia, H., and Toth, G.B. (2000). Influence of light and nitrogen
on the phlorotannin content of the brown seaweeds Ascophyllum

nodosum and Fucus vesiculosus. Hydrobiologia 440(1-3):299-305.

Pawlik, J.R. (2000). Marine chemical ecology. Mar Ecol Prog Ser
207:225-226.

Pesando, D., and Caram, B. (1984). Screening of marine algae
from the French Mediterranean coast for antibacterial and anti-
fungal activity. Bot Mar 27:381-386.

Rajogopal, S., Venugopalan, V.P., Van der Velde, G., and Jenner,
H.A. (2003). Marine mussels to continuous chlorination. Mar
Environ Res 55(4):277-291.

Ranke, J., and Jastorff, B. (2002). Risk comparison of antifouling
biocides. Fresen Environ Bull 11(10A):769-772.



82 Claire Hellio et al.

Renaud, P.E., Hay, M.E,, and Schmitt, T.M. (1990). Interactions
of plant stress and herbivory: intraspecific varaiation in the sus-
ceptibility of a palatable versus unpalatable seaweed to sea urchin

grazing. Oecologia 82:217-226.

Rittschof, D. (2000). Natural product antifoulants: one perspec-
tive on the challenges related to coatings development. Biofouling
15:119-127.

Rittschof, D., Clare, A.S., Gerhart, D.]., Avelin, S., and Bonaven-
tura, J. (1992). Barnacle in vitro assays for biologically active
substances and settlement assays using mass cultured Balanus
amphitrite amphitrite. Biofouling 6:115-122.

Sawant, S., and Garg, A. (1995). Growth inhibition on fouling
bacteria and diatoms by extracts of terrestrial plant, Derris
scandens (Dicotyledonae: leguminoceae). J Mar Sci 24:229
230.

Steinberg, P.D., Schneider, R., and Kjelleberg, S. (1997). Chemical
defences of seaweeds against microbial colonization. Biodegrada-
tion 8(3):211-220.

Steinberg, P.D., and de Nys, R. (2002). Chemical mediation of
colonization of seaweed surfaces. ] Phycol 38(4):621-629.

Steinberg, P., and Vanaltena, I. (1992). Tolerance of marine in-
vertebrate herbivores to brown algal phlorotannins in temperate
Australasia. Ecol Monogr 62(2):189-222.

Steinberg, P.D., De Nys, R., and Kjelleberg, S. (2002). Chemical
cues for surface colonization. ] Chem Ecol 28(10):1935-1951.

Terlizzi, A., Geraci, S., and Minganti, V. (1998). Tributyltin pol-
lution in the coastal waters of Italy as indicated by imposex in
Hexaplex trunculus. Mar Pollut Bull 36:749-752.

Terlizzi, A., Fraschetti, S., Gianguzza, P., Faimali, M., and Boero,
F. (2001). Environmental impact of antifouling technologies: state
of the art and perspectives. Aquat Conserv Mar Freshw Ecosyst
11:311-317.

Vaccaro, R., Azam, F., and Hodson, R. (1977). Controlled eco-
system pollution experiment. Bull Mar Sci 27:17-22.

Vanelle, L., and Le Gal, Y. (1995). Marine antifoulants from North
Atlantic algae and invertebrates. ] Mar Biotechnol 3:161-163.

Van Alstyne, K.L. (1988). Herbivore grazing increases polyphe-
nolic defenses in the intertidal brown alga Fucus distichus. Ecology
69(3):655-663.

Voulvoulis, N., Scrimshaw, M.D., and Lester, J.N. (1999). Alter-
native antifouling paints. Appl Organomet Chem 13:135-143.

Wahl, M. (1989). Marine epibiosis, I: fouling and antifouling:
some basic aspects. Mar Ecol Prog Ser 58:175-189.

Wright, J.T., de Nys, R., and Steinberg, P.D. (2000). Geographic
variation in halogenated furanones from the red alga Delisea
pulchra and associated herbivores and epiphytes. Mar Ecol Prog
Ser 207:227-241.

Yates, J.L., and Peckol, P. (1993). Effects of nutrient availability
and herbivory on polyphenolics in seaweed Fucus vesiculosus.
Ecology 74:1757-1766.



