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Abstract The brown seaweed Sargassum vulgare C. Agardh
abounds along the southeast coast of Rio de Janeiro State,
Brazil, creating unique habitats, and its polyphenols play an
important ecological role as antifouling agents. In order to
understand more precisely this defensive strategy of S. vul-
gare, we collected this macroalga at Ilha de Itacuruçá in May
and October 2009. Thalli were separated according to tissue
type: pneumatocysts, receptacles, leaflets, and axis. Phenolic
extracts from each specific part of the plant were obtained and
the associated antifouling activity was tested in order to assess
whether a tissue specialisation/antifouling activity pattern
exists. Preliminary separation process was carried out on a
phenolic extract to separate the polyphenols from the remain-
ing compounds. Such fractionation allowed us to study the
involvement of strictly phenolic compounds in antifouling
activity. Within-thallus variation in both phenolic content
and antifouling activity were highlighted, and seasonal varia-
tion in both those characters was also observed. For both
experiments, pneumatocyst and leaflet phenolic extracts were
the most active against the attachment of Perna perna, but no
correlation was observed between phenolic concentration and
antifouling activity. On the contrary, the extract containing
only phenolic compounds was twice less active than the
extract from which 80 % of the polyphenols were removed.
These results led us to hypothesise that polar compounds other
than polyphenols are involved in the antifouling activity.
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Introduction

Although it has long been postulated that Sargassum tannins
could inhibit biofouling (Sieburth and Conover 1965), this
assumption has rarely been investigated. Polyphenols are
found exclusively in brown macroalgae and they are classified
in six different groups in relation to variations in their assem-
blage from the polymerisation of phloroglucinol (Ragan and
Glombitza 1986; Targett and Arnold 2001; Koivikko et al.
2007). Stored in subcellular structures called physodes, they
have been found in almost all brown macroalgal orders
(Amsler et al. 2008) with concentrations up to 20 % of dry
weight in some species (Amsler and Fairhead 2006). The
concentrations of polyphenols within brown macroalgae have
been found to vary according to season, habitat, and local
environmental factors such as salinity, UVirradiation, and light
and nutrient availability (Jormalainen and Honkanen 2001;
Hemmi and Jormalainen 2004; Fairhead et al. 2005; Connan
et al. 2007; Svensson et al. 2007). Variation of the polyphenol
concentration also exists within the macroalgae as already
reported by Connan et al. (2007).

Concerning the ecological role of polyphenols, these com-
pounds are assumed to be responsible for herbivore deterrence,
UV protection, and metal-ion chelation (e.g., antioxidant ac-
tivity). However, the involvement of these chemicals in the
defence against fouling is less documented. Nevertheless,
studies have suggested phlorotannins act as antifoulants be-
cause they have been found to inhibit settlement of bacteria
(Sieburth and Conover 1965; Nagayama et al. 2002), algal
spores (Jennings and Steinberg 1997 and references therein;
Nagayama et al. 2003), and protists (Langlois 1976). It has
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been also found that even low polyphenol concentrations can
deter settlement of invertebrate larvae (Lau and Qian 1997;
Lau and Qian 2000; Wikström and Pavia 2004). Nagayama et
al. (2002, 2003) and Jennings and Steinberg (1997) already
described algicidal and bactericidal effects of polyphenols
from the brown macroalga Ecklonia kurome, and Hellio et al.
(2004) suggested a possible correlation between polyphenolic
content from Bifurcaria bifurcata and variation in the antifoul-
ing activity.

The ability of polyphenols to deter epibionts has been
questioned because, as highly polar compounds, they are
unlikely to adhere to the surface of the plant (Jennings and
Steinberg 1997). However, polyphenols are exuded from the
thallus (Koivikko et al. 2005) and these exudates may have
deterrent property. In a recent work, Plouguerné et al. (2010a)
investigated the antifouling activity of polyphenolic extracts
from Sargassum vulgare fromRio de Janeiro State. This study
presents a most detailed approach to verify this ecological
role, posing the following questions:

1. Does the polyphenols concentration vary within the
thallus of S. vulgare, according to tissue specialisation
and season?

2. Does the antifouling activity vary within the thallus of S.
vulgare, according to tissue specialisation and season?

3. Are antifouling chemical defences of S. vulgare corre-
lated with polyphenolic content?

To address these questions, we measured total phenolic
contents in S. vulgare collected from Ilha de Itacuruçá in May
and October 2009 and its antifouling activity. Furthermore, a
preliminary study aiming to separate the polyphenols from the
active extract was performed, and the antifouling activity asso-
ciated with the resulting fractions was also evaluated.

Material and methods

Thalli of S. vulgare were collected in May and October 2009
by hand while free diving in the shallow subtidal zone from
Ilha de Itacuruçá, a large near shore island inside Sepetiba
Bay (Mangaratiba district, Rio de Janeiro State, Southeast
Brazil—22°56′ S, 43°52′ W). These two collection periods
represent the beginning of the dry (May) and rainy (October)
seasons in the area, with average cumulative rainfall of 85 and
181 mm, respectively (data from the National Meteorological
Institute—INMET, Brazil).

Extract preparation

After collection, specimens of S. vulgare were immediately
transferred to the laboratory in isothermic boxes filled with
local seawater, where they were gently washed in seawater,
sorted, and carefully cleaned from associated biota. Thalli

were then split in different parts (pneumatocysts, recep-
tacles, leaflets, and axis) and pooled. The different algal
tissues were then freeze-dried and ground to a fine powder
before performing the polyphenol extractions.

The extraction of polyphenols was by using a mixture of
acetone/water (7/3) as solvent combination (Koivikko et al.
2005). All extracts were obtained using 20 mL of solvent per
gram of algal tissue (dry weight—DW). Two first extractions
of 5 h were followed by one extraction of 2 h. Between each
extraction, the mixture was filtered and acetone eliminated
under reduced pressure in a rotary evaporator (<40°C), while
the remaining water was removed using a freeze-dryer. The
remainder was then weighed and stored at −15°C prior to use

Fig. 1 Protocol used to fractionate the polyphenolic extract from S.
vulgare
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in bioassays. All procedures were performed in the dark, as
polyphenols are sensitive to light (Plouguerné et al. 2006).

Quantitative analysis of polyphenols

Total phenolic contents were determined by colorimetry with
an adapted Folin–Ciocalteu assay known to be less affected
than other methods by interfering of compounds like aromatic
amino acids (Sanoner et al. 1999). Absorbance was read at
700 nm (spectrophotometer SP 2000UV, BEL Photonics,
Monza, Italy), and phloroglucinol (1,3,5-trihydroxybenzene,
Sigma-Aldrich) was used as a standard.

Extraction and separation of polyphenols from the whole
thallus of S. vulgare

In order to fractionate the extract and separate the polyphenols,
a protocol adapted from Magalhaes et al. (2010) and Toth and
Pavia (2001) was used (Fig. 1). Whole S. vulgare individuals
collected in October 2009 were freeze-dried then reduced to
powder (30 g) in a mortar and subsequently extracted two
times with 500 mL of dichloromethane by ultra-sonication
for ca. 30 min and shaken by vortex for 30 min. The extract
was filtered in a Whatman no. 1 filter paper on a Büchner
funnel, and the remaining residue was kept for further poly-
phenol extraction. The dichloromethane extract was evaporat-
ed at room temperature by rotary evaporation under reduced
pressure and reserved for antifouling tests (extract I).

The Sargassum residue was extracted three times with
500 mL of acetone/water (7:3, v/v) by sonication for 15 min
and shaking for more 15 min. The extract was then filtered
in a Büchner filter (with Whatman no. 1 filter paper). The
combined extracts were evaporated at room temperature by
rotary evaporation to remove acetone. After organic solvent
evaporation, approximately 300 mL of water extract were
obtained; 150 mL of initial sample from acetone water
(70:30, v/v) were freeze-dried for further analysis and anti-
fouling tests (extract II). The other 150 mL of water extract
were kept for further adsorption of phenolic compounds to
poly(vinylpolypyrrolidone) (PVPP, Sigma-Aldrich) (Fig. 1).

Water extract (150 mL) (adjusted to pH 4.0) was mixed
with 5 g of PVPP (30 mg mL−1) and shaken for 15 min. The
extract was filtrated in a Büchner filter (Whatman no. 1 filter
paper) and the filtrate was mixed again with a new portion
of PVPP (5 g) for 15 min. The operation was repeated one
more time. The filtrate was finally lyophilized for further
analysis (extract III) (Fig. 1).

The PVPP collected in the Büchner filter (Whatman no. 1
filter paper) was extracted three times with 200mL of acetone/
water (7:3, v/v) by sonication for 15 min and shaking for an
additional 15 min. The extract was then filtered in a Büchner
filter (Whatman no. 1 filter paper). The combined extracts
were evaporated at room temperature by rotary evaporation to

remove the acetone. The remaining water extract was lyophi-
lized for further analysis (extract IV) (Fig. 1).

Antifouling assays with the mussel Perna perna

Extracts from S. vulgare were tested in laboratory bioassays
against the brown mussel P. perna (Linnaeus 1758). Mussels
are relevant fouling organisms in an ecological context, as they
are usually found settled on seaweeds (Petersen 1984; Eyster
and Pechenik 1988; Davis and Moreno 1995; Lasiak and
Barnard 1995; Alfaro et al. 2004). Juvenile of P. perna were
collected during low tide from the rocky coastal area of Itaipu
(Niterói, Rio de Janeiro, Brazil—22°58′ S, 43°02′W) and kept
in a 400-L recirculating laboratory aquarium equipped with
biological filtering, protein skimming, and activated carbon at
constant temperature (ca. 20°C), salinity (ca. 35 p.s.u.), and
aeration for 12 h. The mussels were then carefully disaggre-
gated by cutting the byssal threads and those exhibiting sub-
stratum exploring behaviour (actively exposing their foot and
crawling) were selected for experiments. AF activity was
measured by the following procedure, described in detail in
da Gama et al. (2003). Water-resistant filter paper was cut into
9-cm diameter circles and soaked in solvent (control filter).
Another 9-cm diameter set of filter papers (treatment filters)
was cut in a chessboard pattern (1-cm squares) and soaked in a
natural concentration of extracts (determined as the extract
equivalent to the DW of algae0DW of filter paper). All filter
paper circles were allowed to air dry. Entire filter circles were
then placed in the bottom of sterile polystyrene Petri dishes,
over which treated chessboard filters were placed. Dishes were
filled with 80 mL of seawater and three mussels (1.5–2.5 cm
length) were added. In this way, mussels would have the same
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Fig. 2 Intra-thallus phenolic contents in S. vulgare collected at Sepe-
tiba Bay in May 2009 and corresponding antifouling activity. R recep-
tacles, P pneumatocysts, L leaflets, A axis. DW dry weight. The errors
bars show the standard deviation. The number of replicates used was
n03 for phenolic quantification and n010 for antifouling assays
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area of treated (superior, squared) and control (inferior, entire)
filter paper on which to attach. A total of ten replicates of each
treatment were always used. Experimental dishes were kept in
total darkness, as mussels have been shown to produce more
byssal threads when held in the dark (Davis and Moreno
1995). Mussel attachment was recorded 24 h after the begin-
ning of the experiment. Mussels were then placed in plastic
boxes tagged according to treatment, and suspended in a
marine aquarium for 24 h to check for possible mortality due
to exposure to the test substances.

Statistical analysis

To satisfy the criteria of normality and variance homogeneity,
data were transformed using the square root of X+1 prior to
ANOVA. The Dunnett one-tailed test was used for post hoc
comparisons with controls when the ANOVA indicated sig-
nificant differences. We adopted the 0.05 significance level
(α05 %).

Results

Within-thallus variations of the total phenolic content were
observed in S. vulgare. Axis and receptacles presented the
highest phenolic content registered for May 2009 (3.61±0.08
and 3.32±0.14 % DW, respectively), while lower phenolic
contents were measured in pneumatocysts and leaflets (1.90±
0.06 and 2.59±0.12 % DW, respectively) (Fig. 2). The eval-
uation carried out on specimens collected in October 2009
also highlighted within-thallus variations of the phenolic con-
tent in this brown alga (Fig. 3). Higher contents were found in
receptacles (3.00±0.08%DW), followed by axis (1.72±0.07%

DW), leaf tissues (1.24±0.03 % DW), and finally pneumato-
cysts (0.56±0.02 % DW). The total phenolic contents mea-
sured in S. vulgare extracts from May 2009 were higher than
those from algae collected in October 2009.

Variations of the antifouling activity according to tissue
specialisation were verified in both seasons of collect
(May and October 2009, Figs. 2 and 3). In both moments,
the pneumatocysts presented the highest antifouling activ-
ity (75 and 99 % inhibition of mussel attachment in May
and October, respectively). The second highest antifouling
activity was verified for polyphenol content from leaflets
of S. vulgare (67 and 80 % inhibition of the byssal
adhesion in May and October, respectively). The lower
antifouling activities were registered for polyphenols from
receptacles (for plants collected in May 2009) and axis
(for plants collected in October 2009). Overall, all extracts
from specimens of S. vulgare collected in rainy period
(October 2009) exhibited a higher antifouling activity than
extracts obtained from specimens of this macroalga col-
lected in May 2009 (dry period).

No correlation was found between the total phenolic
content and antifouling activity. The most important rise in
terms of antifouling activity was observed for receptacles
(from 27.64 % in May 2009 to 79.09 % in October 2009),
and it was accompanied by a drop in total phenolic content
(3.27 to 2.99 % DW). The same trend was also observed for
the other thallus parts (pneumatocysts, leaflets, and axis):
rise of the antifouling activity and diminution of the total
phenolic content.

The highest antifouling activity was observed for the
extract III, followed by extract II and extracts IV and I
(Fig. 4). Extract II presented the highest concentration of
phenolic compounds (1.158 % DW), followed by extract IV
(0.919 % DW) and extract III (0.543 % DW).
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Fig. 3 Intra-thallus phenolic content and antifouling activity of S.
vulgare collected from Sepetiba Bay in October 2009. R receptacles,
P pneumatocysts, L leaflets, A axis. The errors bars show the standard
deviation. The number of replicates was n03 for phenolic quantifica-
tion and n010 for antifouling assays
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Fig. 4 Phenolic contents in different phenolic extracts from S. vulgare
collected at Sepetiba Bay in October 2009 and corresponding antifouling
activity. The errors bars show the standard deviation. The number of
replicates used was n03 for phenolic quantification and n010 for anti-
fouling assays
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Discussion

Intra-thallus variations of polyphenol concentrations within
macroalgae have already been investigated, although most of
these studies focused on temperate Phaeophyceae (Ilvessalo
and Tuomi 1989; Tuomi et al. 1989; Keshava Rao and
Untawale 1991; Van Alstyne et al. 1999; Connan et al.
2006). Nevertheless, our methodology diverged from previ-
ous studies because we separated the thalli according to tissue
differentiation (axis, receptacles, pneumatocysts, and leaflets),
instead of dividing the thallus in various sections from basal to
apical parts. Our aim was to investigate the presence of
specific antifouling defences associated with specialised struc-
tures. A previous study by Pereira and Yoneshigue-Valentin
(1999) also tried to highlight a relationship between tissue
specialisation and phenolic content in Sargassum furcatum.
They divided the thalli of this brown alga in four parts: main
axis, blades, holdfasts, and receptacles. However, they did not
find major variation between these parts, registering very low
levels of polyphenols (0.2–0.62 % DW). The levels of poly-
phenols measured in our work were higher in May 2009,
ranging from 1.9 to 3.61 %, than in October 2009 (0.56 to 3
%DW). Nevertheless, these values can still be considered low
when compared to the higher levels of polyphenols registered
for other brown algal species that can reach up to 25 % DW
(Targett et al. 1992; Van Alstyne et al. 1999).

Seasonal variations of polyphenolic content have been
the topic of various studies regarding temperate brown
macroalgae (Connan et al. 2004; Plouguerné et al. 2006;
Parys et al. 2009). In tropical countries, such investigations
were generally neglected, according to the common, yet
disputable concept that the tropical ambient may offer little
variation of environmental factors thru the year. Our data
highlighted temporal variations of phenolic contents in S.
vulgare. Phenolic concentrations measured for October
2009 were lower than the ones quantified for May 2009.
This pattern is likely to be linked with both irradiance and
nutrient levels. In May, irradiance is higher and precipitation
lower than in October. This elevated irradiance may consti-
tute a stressful condition resulting in higher polyphenolic
production, as has been observed previously (Cronin and
Hay 1996; Pavia et al. 1997; Gomez and Huovinen 2010).
On the contrary, higher precipitation in October may result
in increased nutrient levels, as Sepetiba Bay has a large
drainage basin, leading to lower production of polyphenols
(Arnold et al. 1995). Nevertheless, our study is very succinct
(only two sampling events) and a more complete study
involving a longer monitoring time would be necessary to
more precisely evaluate such variations.

We found variations of the antifouling activity according
to tissue specialisation. In both experiments, polyphenols
extract from S. vulgare pneumatocysts had the highest anti-
fouling activity. These air vesicles provide buoyancy to

macroalgae and allow them to maintain an upright posture
of their thallus without the trade-off of investing in expen-
sive structural support (Stewart 2006). Such strategy is
particularly important in an environment such as Ilha de
Itacuruçá, where the high density of individuals can lead
to light limitation (Reed 1990; Holbrook et al. 1991). The
buoyancy provided by the pneumatocysts is also essential as
algae from Sargassum genus disperse by detached, repro-
ductively mature floating fronds. The phenomena known as
algae drift or raft permits the dispersion of the algae and
allows the colonisation of new areas. Such rafts of buoyant
seaweeds have been reported to float at the surface for up to
6 months and can cover distances up to thousands of kilo-
metres (Helmuth et al. 1994; Stewart 2006). As marine
macrofoulers can hinder the role played by pneumatocysts,
e.g., increasing weight, damaging the structure (eventually
leading to its perforation), we can then suppose that S.
vulgare has developed specific defences in order to protect
these important structures. Our results seem to confirm such
hypothesis, as extracts from pneumatocysts exhibited high
antifouling activities against the mussel P. perna compared
to other thalli parts.

Moreover, structures that exhibited the second highest
antifouling activity were leaflets. These tissues constitute
the principal part of the thallus in relation to photosynthesis
(they represent the largest surface of the alga). Such obser-
vation seems to confirm the involvement of specific defen-
ces related to tissue specialisation in S. vulgare in order to
ensure the photosynthetic process. According to the optimal
defence theory, an organism will allocate resources to de-
fense in order to protect tissues and structures that are more
valuable or more vulnerable to attack (Fairhead et al. 2005).
It then seems logical to observe highest antifouling activity
in valuable structures such as pneumatocysts and leaflets.
The consequences of fouling on seaweeds may also include
reduced growth and reproduction (Orth and van Montfrans
1984; Brawley 1992; Williams and Seed 1992), increased
drag and consequently tissue loss during storms (Dixon
et al. 1981; Brawley 1992; Williams and Seed 1992), or
increased susceptibility to consumers that are attracted to
seaweeds possessing fouling organisms (Bernstein and Jung
1979; Pereira et al. 2003).

Nevertheless, the same defence theory led us to expect
high defensive property for the reproductive structures, the
receptacles, but it was not the case. One possible hypothesis
to explain such outcome is that receptacles are ephemeral
tissues and thus may not be submitted to the same fouling
pressure, as both pneumatocysts and leaflets would be, as
permanent tissues.

As previously underlined, no correlation could be estab-
lished between total phenolic content and the antifouling ac-
tivity. It is thus necessary to investigate more precisely the
content of the acetone/water extracts. Brown algal polyphenols
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are polymers of phloroglucinol subunits, and different poly-
mers may have different characteristics (Jormalainen and
Honkanen 2008). Therefore, qualitative variation of phenolic
compounds may be the key to understand variation of the
antifouling activity highlighted in the present study. Another
possibility is that compounds other than polyphenols may be
present in the acetone/water extracts and be responsible for
antifouling activity.

In order to investigate that last hypothesis, the initial ace-
tone/water extract was fractionated using PVPP. From the four
resulting fractions, the highest antifouling activity was related
to the extract III. This extract was produced from extract II
after removing phenolic compounds by adsorption to PVPP,
although this procedure did not remove completely polyphe-
nolics from the extract as a remaining amount was quantified.
However, such remainder quantified in extract III cannot be
attributed to polyphenols only, as other aromatic compounds
may interfere in the Folin–Ciocalteu assay, e.g., ascorbic acid
or peptide (Ragan and Glombitza 1986). Moreover, 80 % of
the phenolic compounds present in extract II were recovered
in extract IVafter re-extraction from PVPP. Such result means
that extract III must contain less than 20 % of the initial
polyphenols concentration. Extract IV, on the contrary, con-
tains only phenolic compounds that were re-extracted from
PVPP and exhibited lower antifouling activity than the extract
III and the initial acetone/water extract. Such observations
allowed us to hypothesise that phenolic compounds are not
the key compounds involved in antifouling defence in S.
vulgare. Indeed, the aqueous acetone solvent procedure
extracts polyphenols but may as well extract other types of
compounds, particularly lipids. Previous studies already high-
lighted the potential ecological role of lipids in brown algae.
Deal et al. (2003) demonstrated the involvement of glycoli-
pids as herbivore deterrents in Fucus vesiculosus, while
Plouguerné et al. (2010b) characterised galactolipids with
anti-microfouling activity from Sargassum muticum. That last
result seems particularly promising and encourages us to
further investigate the presence of such compounds involved
in antifouling defence in S. vulgare.

Another point that our study emphasises is the impor-
tance of bioassay-guided investigations. As reported by
Deal et al. (2003), many ecologically important compounds
may remain undiscovered in polyphenol-containing sea-
weeds (most brown algae) if these species are studied using
chemical investigations of known compounds rather than a
bioassay-guided approach to unravel ecologically active
metabolites. Focusing on polyphenols only may have led
us to mistake the important ecological function played by
other compound types. Such result confirms the essential
character of bioassay-guided investigations and may lead to
reconsider the antifouling role of brown algal polyphenols
as described in various studies using extracts instead of
isolated compounds.
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