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ABSTRACT: Observational data suggest that the white seabream Diplodus sargus, a sparid fish of
economic and ecological relevance in the Mediterranean Sea, has included the invasive green alga
Caulerpa racemosa in its diet. Here we adopted a chemoecological approach to study the trophic
relationship between the fish and the exotic pest. We demonstrated that the red pigment caulerpin,
the most abundant secondary metabolite of C. racemosa, enters food chains and accumulates in the
fish tissues. General biological condition markers associated with fish health and reproductive devel-
opment were measured and correlated with the caulerpin levels in the fish tissues. Significant cor-
relations among caulerpin tissue load (determined by liquid chromatography-mass spectrometry
analysis) and fish condition factor and hepatosomatic index were obtained, suggesting a possible
detrimental effect of the dietary exposure to C. racemosa on D. sargus. Glutathione peroxidase and
catalase activity were also significantly correlated with caulerpin concentrations in the liver, suggest-
ing a possible interaction between algal metabolites and liver antioxidant mechanisms. Studies on
the impact of invasive macroalgae on marine assemblages have been almost exclusively focused on
the structural modification of benthic assemblages, through the alteration of the relative importance
of some endemic species and the modification of habitat complexity. Here we propose a new mecha-
nism by which invasive algae can impact marine systems, namely the entry of pest metabolites in
food webs, with potential detrimental effects on the population dynamics of a single species, alter-
ation of trophic webs and changes in the functioning of coastal ecosystems.
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INTRODUCTION

Approximately 100 alien macrophytes have been
recorded in the Mediterranean basin (Ribera Siguan
2002, Gravili et al. 2010). Among these, Caulerpa race-
mosa (Forsskal) J. Agardh var. cylindracea (Sonder)
Verlaque, Huisman and Boudouresque (Verlaque et al.
2003) has been reported to invade soft seagrasses and
rocky habitats to depths ranging from 0 to 70 m, with
the potential to alter the structure and the composition
of invaded assemblages (Balata et al. 2004, Box et al.
2010). In Italy, C. racemosa was reported for the first
time in 1993 (Piazzi et al. 1997). In the Mediterranean
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Sea, the Italian coasts are the most affected by C. race-
mosa's invasion (Piazzi et al. 2005).

Caulerpa racemosa is eaten by many invertebrates,
such as the gastropods Ascobulla fragilis, Lobiger
serradifalci and Bittium reticulatum, the echinoid
Sphaerechinus granularis and the sparid fish Boops
boops, Sarpa salpa, Pagellus acarne and Spondylio-
soma cantharus (Klein & Verlaque 2008, Box et al. 2009
and references therein). Caulerpales produce second-
ary metabolites that have been previously investigated
for their ecological role both in the chemical defence
against herbivores (McConnell et al. 1982, Pesando et
al. 1996, Lemée et al. 1997) and as allelochemicals in in-
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terspecific competition among marine macrophytes
(Raniello et al. 2007). Various studies have evaluated
the toxic effect of these compounds on vertebrates and
invertebrates (Lemée et al. 1993, Schroder et al. 1998,
Barbier et al. 2001, Mozzachiodi et al. 2001, Paul et al.
2007). The homogenate of Caulerpa taxifolia affects the
physiology of the black scopionfish Scorpaena porcus
by altering enzymatic detoxification systems in their
livers (Uchimura et al. 1999). More recently, it was re-
vealed that the toxicity of Caulerpales in fish may be re-
lated to an increased production of reactive oxygen
species (ROS), leading to oxidative damage. The acti-
vation of the antioxidant defence systems was evi-
denced in fish living in Caulerpa mats, namely the
labrid Coris julis (Sureda et al. 2006) and the sparid
Spondyliosoma cantharus (Box et al. 2009).

Toxic effects have also been reported in humans
exposed to these metabolites after ingestion of the
sparid fish Sarpa salpa, naturally feeding on Caulerpa
spp. (De Haro et al. 1993). These findings lead to the
hypothesis that there are harmful effects on non-
adapted fish populations, such as those typical of the
invaded systems, whose lack of an evolutionary her-
itage makes them unable to face metabolites which are
new to their systems. The white seabream Diplodus
sargus is a widespread Mediterranean sparid fish spe-
cies inhabiting shallow rocky and seagrass beds (Sala
& Ballesteros 1997). D. sargus is mainly targeted by the
artisanal and recreational fishery and constitutes a
valuable fishery resource. Its diet is mainly composed
of benthic invertebrates, namely bivalves, sea-urchins,
barnacles and, to a lesser extent, decapods, poly-
chaetes, crustacean peracarids and different algal
species (Sala & Ballesteros 1997).

Diplodus sargus is among the main predators of sea
urchins (Sala & Zabala 1996), which are the most
important grazers in the Mediterranean rocky subtidal.
Overdrive grazing by sea urchins can modify the struc-
ture of the habitat and diminish benthic diversity by
shifting complex algal communities to barren areas
(Shears & Babcock 2002). In the Mediterranean Sea,
the white seabream seems to play a key role in pre-
venting the demographic explosion of sea urchin pop-
ulations, with positive cascade effects on algal commu-
nities (Guidetti 2006). Observational, unpublished data
suggest that, as a likely consequence of the heavy
dominance of the invasive alga in the seabed, D. sargus
has included Caulerpa racemosa in its diet.

Contrasting data have been reported on the distribu-
tion of Caulerpa racemosa metabolites in different
parts of the alga, but it seems clear that caulerpin is
the most abundant compound. Caulerpin is a red bis-
indolic pigment that is present in C. racemosa and
absent in the congeneric Mediterranean C. prolifera
(Schwede et al. 1986).

The present study: (1) evaluates the importance of
Caulerpa racemosa in the Diplodus sargus diet, (2)
assesses whether, and to what extent, the presence of
an invasive species in the diet of an endemic fish spe-
cies can affect accumulation of the algal secondary
metabolites in the fish tissues and (3) investigates the
potential effects of the C. racemono-based diet on the
general health status of D. sargus.

Even though recent publications have highlighted
the importance of a chemoecological approach in the
evaluation of marine biological invasions (Raniello et
al. 2007, Mollo et al. 2008), to our knowledge, the pre-
sent paper represents the first attempt focusing on a
possible accumulation of metabolites from invasive
pests in Mediterranean fish.

MATERIALS AND METHODS

Fish sampling. Diplodus sargus individuals were
obtained in the late summer of 2008, when Caulerpa
racemosa flourish. They were provided by contestants
in a national spearfishing competition along the south
Salento coast (south of Apulia, SE Italy, Mediterranean
Sea). Biomonitoring surveys conducted in recent years
(Lionetto et al. 2001, 2003) characterised this area as
relatively pristine from evident sources of chemical
pollution.

The Italian spearfishing competition rules fix a mini-
mum size for tournament fish at 400 g ind.”}, i.e. spe-
cies >400 g are weighed for the compilation of the
score sheet. In order to reduce the interval between
spearing (i.e. point of capture) and processing of the
fish and to avoid issues of proteolysis in the liver post-
capture, we restricted our sample to a single size class,
i.e. fish generally not considered valid for the purpose
of competition scoring. Spearfishers were equipped
with dry ice. Once speared, each fish was immediately
frozen and stored at about —80°C until transportation to
the laboratory, where they were immediately pro-
cessed. Overall, a total of 20 specimens, with a mean
weight of 305 g (SE = 17) and a mean length of 21.3 cm
(SE = 0.8), were considered in the analyses. Limiting
the analyses to a single size class also avoided a poten-
tial source of error due to changes in the accumulation
of caulerpin in relation to fish size.

In the laboratory, the liver was rapidly excised from
each sample and weighed. One gram of liver was frozen
in liquid nitrogen and maintained at—-80°C, whereas the
remaining portion was stored at -20°C until it was pro-
cessed for biochemical and chemical analyses.

Stomachs were removed by severing the oesophagus
near the buccal cavity and intestine, just anterior to
the pyloric caecae, weighed and preserved in 70 %
ethanol. Each fish specimen was then dissected into 3
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sections: skin, white and red muscle, each of them was
weighed and stored at —20°C until chemical analysis.

At the same time, Caulerpa racemosa samples were
also collected along the coasts of Apulia and stored at
—20°C until analysed.

Condition biomarkers. On each individual the fol-
lowing measurements were recorded: total length (L)
and total weight (W), eviscerated weight (W,), gonad
wet weight (W) and liver wet weight (W)). All weights
were obtained with electronic balances with a preci-
sion of 0.01 mg. Lengths were measured to the nearest
0.1 mm using a calliper.

Three main types of general biological condition
markers associated with fish health and reproductive
development were calculated individually for each of
the 20 sampled specimens: fish condition (condition
factor, CF), relative gonad size (gonadosomatic index,
GSI) and relative liver size (hepatosomatic index, HSI).
CF=100(W, - Wg)/L3 serves as an indicator of growth,
nutritional state and the energy content of the fish
(Janssen et al. 1995). GSI = 100 W,/(W, — W) serves as
an indicator of the gonadal state of the animal. HSI =
100W/ (W, — W) is an indicator of the energy reserves
of the organisms and is heavily affected when the
organisms are exposed to chemical or physical stress
conditions.

Oxidative stress biomarkers. Oxidative stress has
recently been related to the health of wild fish popula-
tions (Di Giulio & Meyer 2008), and the occurrence of
oxidative stress has been proposed in the biotrans-
formation of Caulerpales metabolites by fish species
and in their adaptation to the presence of these algae
(Sureda et al. 2006). Therefore, the antioxidant en-
zyme response in the liver of Diplodus sargus was also
analysed. Catalase (CAT) and glutathione peroxidase
(GSH-Px) activities were selected as oxidative stress
biomarkers (Livingstone 2001).

Enzymatic activities such as CAT and GSH-Px activ-
ity were measured in each liver sample of the 20 spec-
imens collected. CAT activity was assayed by the
method of Clairborne (1985) on sample homogenates
obtained by homogenizing the soft tissue in a 1:5 (tis-
sue weight:buffer volume) ratio in ice-cold phosphate
buffer (60 mM, pH 7). Briefly, the assay mixture con-
sisted of phosphate buffer (KH,PO, 50 mM, pH 7) and
hydrogen peroxide (0.036 %) in a final volume of 3 ml.
CAT activity was calculated as the micromoles of H,0O,
consumed per minute per milligram of proteins.

GSH-Px activity was assayed by the method of
Wendel (1980) on sample homogenates, obtained by
homogenizing the tissue in a 1:5 (tissue weight:buffer
volume) ratio in 10 mM ice-cold sodium phosphate
buffer containing 1 mM dithiothreitol (DTT) (pH 7).
The assay mixture consisted of phosphate buffer
(NaH,PO, 50 mM, EDTA 0.4 mM, pH 7), 1 mM sodium

azide, 1 TU ml! glutathione reductase, 1 mM GSH,
0.2 mM NADPH and 0.25 mM H,0, in a total volume of
2 ml. Oxidation of NADPH was recorded spectro-
photometrically at 340 nm. The enzyme activity was
calculated as the nanomoles of NADPH oxidized per
minute per milligram of proteins. Protein concentration
was measured using the Bio-Rad Protein Assay Kit 1
based on the Bradford dye-binding procedure (Brad-
ford 1976), using lyophilized bovine plasma gamma
globulin as a standard.

All biomarkers for general condition and oxidative
stress were analysed in correlation with Caulerpa
racemosa metabolite levels in fish tissues.

Gut content analysis. Stomach contents were ob-
served under magnification and identified to the low-
est possible taxonomic level, depending on the type
and digestion level of each prey item. The wet weight
of each item was recorded after superficial drying with
absorbing paper. Frequency of occurrence (O, %)—
the percentage of non-empty stomachs that contained
a particular prey item:

O = —1 %100

i=n

Zni
i=1

and percentages by weight of prey (W, %)—the ratio
of the weight of a prey category (W;) to the total weight
of the stomach content (Wr):

W= (Wf jx100
Wr

were calculated. These indices were then combined to
calculate the modified index (MI) of relative impor-
tance (Hayse 1990):

MI= M x 100
Y (Wx0)

Acquisition of standard compounds. Caulerpa race-
mosa (500 g fresh weight) was exhaustively extracted
by acetone at room temperature both by ultrasound
vibration and grinding in a blender (3 times). The ace-
tone extract was evaporated at reduced pressure, and
the residual water was extracted with diethyl ether.
The diethyl ether extract (0.65 g) was subjected to
chromatographic purifications following the method
proposed by Raniello et al. (2007), to give 2.0 mg of
pure caulerpenyne, 25.2 mg of pure caulerpin and
5.1 mg of caulerpicin mixture.

The compounds were identified by comparison of
!H- and *C-NMR (proton and carbon nuclear mag-
netic resonance)-recorded data with the literature
values (Amico et al. 1978, Maiti et al. 1978, Nielsen et
al. 1982). NMR spectra were recorded on Bruker AM
400 MHz and Bruker DPX 300 MHz spectrometers in
CDCl; and DMSO-d6. Silica gel chromatography was
carried out using precoated Merck F254 plates and
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Merck Kieselgel 60 powder. Thin-layer chromatogra-
phy (TLC) spots were visualized by spraying with ceric
sulphate and heating.

Extraction of animal sections and liquid chromato-
graphy-mass spectrometry (LC-MS) quantification of
caulerpin in fish tissues. Samples of fish tissues were
separately and exhaustively extracted with acetone by
both ultrasound and homogenizing with a pestle. The
extracts were filtered on paper, and the clear filtrates
were evaporated under vacuum. After removing the
organic solvent, the aqueous residues were further
extracted 3 times with ethyl acetate.

Organic extracts were dried under nitrogen and re-
constituted in MeOH at a final concentration of 0.5 mg
ml%. Reverse phase high-performance liquid chromato-
graphy mass spectrometry (RP-HPLC-MS) analyses
were carried out on a C-18 Gemini column (Phe-
nomenex, 150 x 2.0 mm, 5 pm) at room temperature.
The injection volume was 20 pl. The mobile phase con-
sisted of a MeOH:H,0O gradient from 70:30 to 90:10 in
15 min (flow 0.2 ml), monitoring peak elution with a
photodiode array (PDA) detector, coupled with a Q-Tof
micro mass spectrometer (Waters) in electrospray ion-
ization (ESI)-positive ion mode. The caulerpin calibra-
tion curve was prepared in methanol by adding known
amounts of caulerpin. It consisted of 2 blank samples
and 5 calibration points (in triplicate) at concentrations
ranging from 10 to 10 000 ng ml~%. The resulting peak
areas were plotted against the concentrations.

RESULTS
Diet analysis

Caulerpa racemosa represented the most important
prey type (according to the MI in %), followed by Mol-
lusca, Echinodermata and Crustacea (Table 1). C.
racemosa was also the most frequently found item in
the stomach of Diplodus sargus (O = 81.25 %) followed
by Mollusca, Crustacea and other algal species. Bryo-
zoa and Tunicata were also well represented (Table 1).

LC-MS quantifications of caulerpin in Diplodus
sargus tissues

The only algal metabolite detected in Diplodus sar-
gus tissues by qualitative HPLC was caulerpin, which
also turned out to be the main component in the
Caulerpa racemosa lipophilic extract. Caulerpin con-
centrations, expressed per gram of wet weight (ug g}),
ranged from 0 to 7.50 pg g~! in white muscle, 0 to 56.09
Bg g !in red muscle, 0 to 22.55 ng g~! in the skin and 0
to0 25.69 ng g~! in the liver. The values of caulerpin bio-

Table 1. Diplodus sargus. Diet composition of white seabream
in terms of frequency of occurrence (O), percentage by weight
(W) and modified index of relative importance (MI)

Food items O (%) W (%) MI (%)
Caulerpa racemosa 81.25 32.55 45.25
Other algae 68.75 1.97 2.31
Serpulidae 31.25 1.87 1.00
Other Polychaeta 25 2.29 0.98
Mollusca 75 12.64 16.23
Bryozoa 50 8.11 6.93
Echinodermata 31.25 21.10 11.28
Tunicata 37.5 2.49 1.60
Porifera 25 2.72 1.16
Crustacea 62.5 11.16 11.93
Rock fragments 25 3.11 1.33

accumulation in the different tissues of each sampled
fish are reported in Table 2. Considering the percent-
age distribution of caulerpin in all the tissues analyzed,
about 44 % was found in red muscle, 31 % in the liver,
21 % in the skin and only a small percentage in white
muscle, which is usually the part of the fish consumed.

General condition markers

The values of general condition markers ranged
from 2.28 to 4.95 for CF, from 0.5 to 1.3 for HSI and
from 0.01 to 0.76 for GSH. Significant correlations were
found between condition markers and the levels of
caulerpin in tissues (Table 3). In particular, CF showed
a significant negative correlation with caulerpin accu-
mulation in all tissues analysed (Table 3), suggesting a

Table 2. Diplodus sargus. Values of caulerpin bioaccumulation
(ng g71) in the different tissues of fish sampled

Fish Liver Red muscle White muscle Skin
1 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00
3 2.72 1.73 0.48 0.89
4 0.00 0.00 0.00 0.00
5 0.00 0.00 0.00 0.00
6 0.00 0.00 0.00 0.00
7 1.00 1.77 0.17 1.00
8 0.85 3.37 0.03 1.96
9 0.40 2.54 0.23 2.35
10 0.70 3.09 0.30 2.47
11 8.53 17.42 1.65 5.08
12 3.73 42.84 0.18 2.53
13 2.55 4.84 0.17 3.87
14 3.10 3.99 1.02 22.55
15 14.01 5.74 0.00 0.00
16 9.98 33.60 2.32 10.46
17 1.87 4.51 0.24 3.84
18 16.74 23.25 1.67 4.34
19 25.69 56.09 7.50 14.21
20 11.92 23.62 2.36 6.45
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Table 3. Diplodus sargus. Regression parameters from linear
correlations between condition markers (dependent) and
caulerpin levels (independent). CF: condition factor; HSI: he-
patosomatic index; r: correlation coefficient; p: significance
level of the correlation; m: slope of the correlation line; ns: not

significant
CF HSI
r p m r P m
Liver 0.62 <0.001 -0.09 0.76 <0.001 0.02

White muscle 0.5 0.005 -0.29 0.57 <0.001 0.06
Red muscle 0.66 <0.001 -0.04 0.69 <0.001 0.01
Skin 0.62 <0.001 0.11 0.22 ns 0.01

possible effect of the Caulerpa racemosa-based diet
on fish growth and nutritional status.

HSI was positively correlated with caulerpin tissue
levels for liver and red and white muscles (Table 3),
suggesting that the consumption of Caulerpa racemosa
can induce liver hypertrophy in the animal. No signifi-
cant correlation was found between caulerpin content
and GSI.

Oxidative stress biomarkers

The levels of enzymatic activities measured ranged
from 11 to 80 mU mg! (32.75 + 2.9 SE, n = 20) for
GSH-Px and from 192 to 483 U mg! (338.78 + 16.45)
for CAT.

*
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Fig. 1. Diplodus sargus. Correlations between caulerpin levels

in fish liver and (A) GSH-Px and (B) CAT activity. Each unit (U)

is expressed as pmol of H,0, consumed min~! mg™! protein.
***Significance level (<0.001) of the correlation

When the antioxidant activities were related to cau-
lerpin concentration in the liver, significant correla-
tions were found (Fig. 1). Hepatic GSH-Px activity was
positively correlated with caulerpin levels in the liver
(Fig. 1A), suggesting a possibly increased antioxidant
response in relation to Caulerpa racemosa exposure.
Hepatic catalase activity was negatively correlated
with caulerpin concentration in liver (Fig. 1B).

DISCUSSION

Biological invasions are acknowledged to be among
the most severe threats to terrestrial and marine bio-
diversity. Although studies have assessed structural
changes caused by the introduction of non-indigenous
species on native assemblages (Vazquez-Luis et al.
2008, Baldacconi & Corriero 2009, Demopoulos & Smith
2010), less attention has been paid to understanding
the complex indirect effects of invasive pest metabo-
lites on marine biodiversity at the species and eco-
system levels.

In the present study we showed that Diplodus sargus
feeds on Caulerpa racemosa. Since its introduction in
the Mediterranean, this is the first description of C.
racemosa as a food item of white seabream. This novel
trophic relationship has also been confirmed in this
work on a chemical basis by determining that the red
pigment caulerpin is accumulated in the fish tissues.
The frequency of occurrence of the invasive algae in
fish stomach contents suggests that C. racemosa has
become an important component of its diet. These
values are higher than those relating the general fre-
quency of occurrence of algae reported in other studies
(Sala & Ballesteros 1997, Mariani 2001, Figueiredo et
al. 2005, Leitao et al. 2007).

Box et al. (2009) suggested that the ingestion of
Caulerpa racemosa by the sparid fish Spondyliosoma
cantharus is somewhat unintentional, the algae being
ingested while the fish is preying on the invertebrates
living under the C. racemosa canopy. Using stable iso-
topes, Box et al. (2009) found that fish assimilate only
negligible amounts of C. racemosa. Results from the
feeding studies showed that the crude extract and iso-
lated metabolites, caulerpenyne and caulerpin, did not
act to deter feeding by herbivorous fishes, even at the
highest natural concentrations, rather they are feeding
attractants (Meyer & Paul 1992). Further studies are
thus necessary to evaluate whether algae are actively
selected or accidentally ingested while feeding on
invertebrate species.

The present study also confirms that caulerpin repre-
sents the main lipophilic metabolite of Caulerpa race-
mosa var. cylindracea (Raniello et al. 2007), while our
previous investigations, in accordance with earlier
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findings by Schwede et al. (1986), failed to detect the
red pigment in the congeneric Mediterranean endemic
species C. prolifera (authors' unpubl. data). Our data,
therefore, clearly indicate the dietary accumulation
of caulerpin in Diplodus sargus as a consequence of
C. racemosa ingestion. Caulerpin showed a special
propensity to accumulate in liver and red muscle, tis-
sues with high metabolic activity, supporting the idea
that lipid metabolism could be related to the accu-
mulation of non-polar xenobiotics in fish. However, if
the lipophilic nature of the red pigment facilitates its
bioaccumulation, it is also reasonable to hypothesize
that the release of caulerpin could cause physiological
effects when the fatty tissues are used for energy, as
proposed by Serrano et al. (2008) for the accumulation
of pollutants in Sparus aurata. This delayed effect
could expose the organisms to a further threat, partic-
ularly during critical moments of their life cycle, e.g.
during reduced food availability, stress responses and
reproduction.

The general health of a population can be indicative
of its reproductive potential and the fitness of its off-
spring. CF relates the combined effects of weight gain
and length growth to fish shape and is based on the
assumption that heavier fish at a given length are in
better condition (Suthers 1998, Grant & Brown 1999).
In addition, such an index is a longer term indicator of
nutritional status and growth (Vasconcelos et al. 2009)
and relatively insensitive to short-term environmental
changes (Hoque et al. 1998). A decrease in CF is
usually interpreted as a depletion of energy reserves
stored as liver glycogen or body fat in response to
stress factors (Schreck 1982, 1990, Barton & Schreck
1987, Weber & Bosworth 2005). Here, CF showed a
significant negative correlation with caulerpin tissue
burden in all tissues analysed (liver, white muscle, red
muscle and skin). This result suggests a possible detri-
mental effect of the dietary exposure to Caulerpa race-
mosa on animal nutritional status. Although the under-
lying physiological mechanisms of this observed
potential detrimental effect are presently unknown,
lower food intake or malabsorption of food substances,
resulting in a lower energy uptake can be hypothe-
sized in specimens ingesting C. racemosa. In addition,
an increased energetic cost to animals for the digestion
and biotrasformation of metabolites that are new to
their systems cannot be excluded.

HSI is sensitive to the nutritional status of animals
and gives a useful indication of energy reserves. The
index is strongly affected when the organisms are ex-
posed to chemical or physical stress conditions. In-
creases in HSI values are a common reaction to the ex-
posure to lipophilic xenobiotics (dioxins, PCBs, PAH) in
fish (van der Weiden et al. 1989, Engwall et al. 1994).
The liver plays a central role in the biotransformation

of exogenous molecules, and the increased biotrans-
formation requirement posed by the exposure to
exogenous compounds may induce hepatocellular
hypertrophy. Positive correlations between HSI and
concentrations of lipophilic contaminants have been re-
ported in a number of previous studies (Slooff et al.
1983, Fabacher & Baumann 1985, Gallagher & Di Giulio
1989, Everaarts et al. 1993, Pinkney et al. 2001). The
positive correlation between HSI and caulerpin tissue
levels found in the present study could imply that the
ingestion of Caulerpa racemosa exposes the liver of
animals to a high burden of new lipophilic metabolites,
which, in turn, could induce liver hypertrophy.

GSI or relative size of the gonads gives a measure
of the state of maturity in fish. All the sampled fish
showed sexual maturation as assessed by visual analy-
sis of the gonads according to Mann & Buxton (1998)
and Mouine et al. (2007). The non-significant correla-
tion between GSI and caulerpin tissue content lead us
to exclude, at present, any effect of the Caulerpa race-
mosa-based diet on gross gonadal morphology.

Analysis of oxidative stress biomarkers was carried
out to further examine the potential effect of Caulerpa
racemosa on the general health status of Diplodus
sargus. Enhanced intracellular generation of ROS and
oxidative stress conditions are among the most impor-
tant pathways of toxicity mediated by several classes
of chemicals and biologically active compounds (Di
Giulio et al. 1995, Halliwell & Gutteridge 1999, Regoli
et al. 2002, Santos et al. 2004), and variations in anti-
oxidant defences are sensitive biomarkers, revealing
varied prooxidant pressure (Regoli & Principato 1995).
ROS can be generated as by-products of biotransfor-
mation reactions of toxins or xenobiotics, and oxidative
stress has also been proposed to occur in the biotrans-
formation of caulerpales metabolites by fish species,
and in their adaptation to the presence of these algae
(Sureda et al. 2006). A previous study (Sureda et al.
2006) demonstrated higher levels of glutathione perox-
idases, glutathione reductase and glutathione S-trans-
ferases in the labrid Coris julis sampled in areas con-
taining C. taxifolia or C. prolifera, compared to control
areas, while catalase activity remained unchanged.

GPx and CAT are the most important enzymes de-
toxifying H,O, GPx also participates in the detoxifica-
tion of lipid hydroperoxides using glutathione (Winston
& Di Giulio 1991). In the present study hepatic GSH-Px
activity was positively correlated with caulerpin con-
centrations in the liver, suggesting a possible interac-
tion between caulerpin and liver antioxidant mecha-
nisms. Caulerpin biotransformation could lead to the
formation of reactive intermediates able to induce lipid
peroxidation, which, in turn, could be responsible for
the increasing activity of GPx at increasing caulerpin
liver concentrations.
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On the other hand, hepatic catalase activity was neg-
atively correlated with the caulerpin concentrations in
the liver, suggesting an inhibitory effect of the meta-
bolite on the catalytic activity of the enzyme. Regoli
& Principato (1995) indicated a decrease in catalase
activity in Mediterranean mussels as a transitory re-
sponse to chemical contaminants during acute stress,
and this could also be the case for Diplodus sargus.

Given the descriptive nature of our data and the cor-
relative approach adopted, it is still impossible to infer
a great deal about the ecological consequences of the
phenomenon of caulerpin accumulation in fish tissues.
Further investigations are needed to clarify the in vivo
effect of a Caulerpa racemosa-based diet on Diplodus
sargus responses. The outcome of the present study,
however, leads us to propose new hypotheses about
the indirect mechanisms, by which invasive algae,
through secondary metabolites, could affect popula-
tion dynamics. Given the ecological role played by D.
sargus in the temperate rocky subtidal, these hypothe-
ses, if confirmed by manipulative experiments, could
represent a starting point from which the complex
mechanisms involved in the impact of invasive species
on marine biodiversity and the overall functioning of
ecosystems can be elucidated.
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