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 Abstract 

The aim was to evaluate the antioxidant defences and the occurrence of 

oxidative damage in P. oceanica under a stress situation due to the epiphytism of the 

invasive macroalgae Lophocladia lallemandii. P. oceanica leaves were collected in the 

absence (control station) and in the presence of the epiphytic algae L. lallemandii and 

the antioxidant enzyme activities, markers of oxidative damage, and hydrogen peroxide 

production were determined. Antioxidant enzyme - catalase, glutathione peroxidase and 

superoxide dismutase – activities were significantly higher in Posidonia epiphytized by 

L. lallemandii. Malondialdehyde, protein carbonyl derivates, and glutathione levels 

were also higher in L. lallemandii-epiphytized P. oceanica leaves compared to control 

samples. The production of hydrogen peroxide was also significantly increased when 

Posidonia was epiphytized by L. lallemandii. The invasion of P. oceanica meadows by 

L. lallemandii appeared to induce oxidative stress in the seagrass as evidenced by 

increased levels of oxidative stress markers and antioxidant defences. 
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 Introduction 

The endemic Posidonia oceanica (L.) Delile is the most widespread seagrass 

species in the Mediterranean Sea, where it forms large meadows from the surface to 40 

m depths (Buia et al., 2000). P. oceanica is considered a very important ecosystem and 

is recognized by the European Habitats Directive (92/43/CEE) as a habitat of priority 

interest. Nevertheless, meadows of P. oceanica have suffered a regression in several 

coastal areas (Marba and Duarte, 1997; Ruiz and Romero, 2003). Because of the 

requirements of P. oceanica meadows for light and sediment conditions, they are 

affected by different processes such as bottom-trawling fisheries, sedimentation, 

increased water turbidity, coastal constructions, urban and industrial waste and more 

recently the colonization by invasive species (Ballesteros et al., 2007). 

Invasive macroalgae are a current problem around all coastal waters and eight 

species of invasive macroalgae have been identified in the Western Mediterranean, 

among them Lophocladia lallemandii (Montagne) F. Schmitz (Boudouresque and 

Verlaque, 2002). The red alga L. lallemandii considered an alien species in the 

Mediterranean Sea and probably introduced via the Suez Channel, is widespread 

throughout the tropics and subtropics (Boudouresque and Verlaque, 2002). 

 Lophocladia lallemandii is very aggressive invasive species and it settles over 

all types of substrates (bare bedrocks, macroalgae on rocky bottoms, P. oceanica 

seagrass meadows, and coralligenus communities) affecting the invertebrate community 

(Ballesteros, 2006). L. lallemandii displays a particular pattern of invasion in P. 

oceanica meadows. Initially, the alga settles on rhizomes and occasionally over old 

leaves, growing as an epiphyte, and finally, overgrows completely the seagrass and 

macroalgal communities.  Nowadays, L. lallemandii in Balearic Islands is invading all 

types of substrates by fragment dispersion and sexual reproduction. The invasion of L. 
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 lallemandii induces a decrease in size and weight of the P. oceanica shoots, leaf 

chlorosis, leaf necrosis, and finally, shoot death of P. oceanica plants (Ballesteros et al., 

2007). The potential of invasion by L. lallemandii is very high, forming dense and 

extense mats inside the seagrass meadows. 

During normal cellular activities, various processes inside the cells produce 

reactive oxygen species (ROS) (Halliwell and Gutteridge, 1999). Some of the most 

common ROS are hydrogen peroxide (H2O2), superoxide anion (O2
-), and hydroxyl 

radical (OH-). These compounds, when produced at high enough rates, can damage 

cellular components such as lipids, proteins and DNA. Cells contain a complex network 

of antioxidant defenses that scavenge or prevent the generation of ROS, and repair or 

remove the damaged molecules (Elias et al., 1999). The antioxidant system involves 

enzymes such as superoxide dismutase (SOD), catalase (CAT) and glutathione 

peroxidase (GPX) that act by detoxifying the ROS generated. If the ROS production is 

excessive or the antioxidant system is overwhelmed, a situation of oxidative stress 

appears. High irradiance and temperature or carbon deficiency may increase the 

production of ROS and cause oxidative stress in photosynthetic organisms (Asada, 

1999; Choo et al., 2004). In this way, the tolerance to stress of marine algae seems to be 

related to the metabolism of ROS.  

Exposure to toxins and contaminants also increases the production of ROS in 

marine organisms (Shi et al., 2005). In previous work, we have shown that the presence 

of the invasive macroalgae Caulerpa taxifolia induces oxidative stress in the gastropoda 

Bittium reticulatum and also in the labridae fish Coris julis. Lophocladia sp. are a 

source of lophocladines, alkaloids with cytotoxic effects (Gross et al., 2006). The 

epiphitism of L. lallemandii over P. oceanica reduces light availability, hampers water 
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 movement enhancing sediment trapping, organic and nutrient enrichment and oxygen 

consumption (Ballesteros et al. 2007).  

The aim of the present work was to evaluate the antioxidant defences of 

Posidonia oceanica under an a priori stress situation due to the epiphytism of 

Lophocladia lallemandii (Ballesteros et al., 2007). The results will represent a useful 

tool to understand the physiological response of the seagrass to the epiphytism by that 

invasive macroalgae and to explain the increased shoot mortality observed previously 

(Ballesteros et al., 2007). 

 

Materials & Methods 

Sampling location 

 Sampling of Posidonia oceanica in the absence (control station) and in the 

presence of the epiphyte algae Lophocladia lallemandii was performed in October 2006 

in Dragonera Island (Mallorca, Spain, Western Mediterranean) by SCUBA diving at 7 

meter depth. Both sampling areas selected for antioxidant analysis had P. oceanica 

meadows, with similar seagrass coverage, and were separated by hundreds of meters 

(39°34'32.88"N, 2°20'54.46"E).  Eight leaf samples of P. oceanica were collected in 

epiphyted and non-epiphyted conditions, and these samples were immediately frozen in 

liquid nitrogen and maintained at -80ºC until biochemical analysis. On the epiphyted 

Posidonia leaves and shoots, the coverage of L. lallemandii was quantified within 4 

quadrants of 20 x 20 cm and eight samples were collected for algal biomass 

determination.  

Prior to biochemical analysis, Posidonia leaves were carefully separated from 

the epiphytes. The shoots used in our enzyme determinations did not show any signs of 

damage by grazing activity. The basal parts of Posidonia leaves were rinsed with 
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 distilled water and crushed in a mortar containing liquid nitrogen. The samples were 

homogenized in five volumes (w/v) of 50 mM Tris-HCl buffer, 1 mM EDTA, pH 7.5. 

Homogenates were centrifuged at 9 000xg, 10 min, 4ºC to remove cell debris, nuclei 

and mitochondria. Supernatants were used for biochemical assays. All biochemical 

analyses were expressed per mg protein measured by using a colorimetric commercial 

kit (Biorad®) with Bovine Serum Albumin (BSA) as a standard. 

Sea grass shoot density 

 Shoot density of Posidonia oceanica were estimated at both stations 

(epiphytized and non-epiphytized) employing a 40 x 40 cm frame. The number of 

shoots were calculated for plots of P. oceanica without epiphytes (n=10) and for plots 

of P. oceanica epiphytized by L. lallemandii (n=10). These results were compared with 

P. oceanica shoot densities estimated in the same sampling areas with similar 

methodology in October 2002.   

Lipid peroxidation 

Lipid peroxidation of P. oceanica leaves was determined by measuring the 

amount of total malondialdehyde (MDA) (Esterbauer et al., 1991), analyzed by a 

colorimetric assay kit (Calbiochem®, San Diego, CA, USA). Briefly, samples or 

standards were placed in glass tubes containing n-methyl-2-phenylindole (10,3mM) in 

acetonitrile:methanol (3:1). HCl 12 N was added and the samples were incubated one 

hour at 45 ºC. The absorbance was measured at 586 nm. MDA was quantified using a 

standard curve of known concentrations of MDA. In order to avoid possible 

interferences by photosynthetic pigments we made a blank with extract plant without 

reagents. 

Protein Carbonyl derivatives 
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  Protein carbonyl derivatives were measured in P. oceanica leaves by an 

adaptation of the method of Levine et al. (1994). Samples were deproteinised with 

metaphosphoric acid. Precipitates were resuspended with 2,4-dinitrophenylhydrazine 

(DNPH) 10 mM, and incubated for 60 min at 37ºC. Then, samples were precipitated 

with 20% trichloroacetic acid, and centrifuged for 10 min at 1,000 x g and 4ºC. The 

precipitate was washed twice with ethanol:ethyl acetate (1:1). Guanidine 6 M in 

phosphate buffer 2 mM, pH 2.3 was added to the precipitate, and samples were 

incubated for 40 min at 37º C. Finally, samples were centrifuged for 5 min at 3,000 x g 

at 4º C to clarify the supernatant. The concentration of carbonyl groups was calculated 

from the absorbance at 340 nm using the value of 22,000 M-1 cm-1 for the molar 

absorption of aliphatic DNPH derivatives. Samples were analysed against a blank of 

guanidine solution. 

GSH concentration 

 GSH was measured by the formation of coloured adducts upon reaction with 

0.62 mM 5,5’-dithio-bis(2-nitrobenzoic acid) solution (DTNB). The absorbance of 

DTNB-treated samples at 412 nm was calculated using GSH as standard and reported 

as nmol GSH/mg protein. 

Antioxidant enzyme activities 

Catalase, GPX and SOD enzyme activities were determined with a Shimadzu 

UV-2100 spectrophotometer at 20ºC. Catalase activity was estimated by recording the 

decrease in the absorbance of H2O2 in 50 mM phosphate buffer monitored at 234 nm 

(Aebi, 1984). GPX activity was measured using an adaptation of the spectrophotometric 

method of Flohé and Gunzler (1984). The reaction mixture contained GSH, glutathione 

reductase, NaN3 and NADPH. The rate of reaction was measured by the decrease in 

NADPH at 340 nm using H2O2 as the substrate. SOD activity was measured by an 
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 adaptation of the method of McCord & Fridovich (1969). The xanthine/xanthine 

oxidase system was used to generate the superoxide anion. This anion produces the 

reduction of cytochrome c, which was monitored at 550nm. The superoxide dismutase 

present in the sample removes the superoxide anion and reduces the amount of reduced 

cytochrome c.  

H2O2 production 

 H2O2 production was assayed in Posidonia oceanica leaf homogenates by 

measuring the increase in fluorescence (530 nm excitation, 590 nm emission) due to the 

reaction of Amplex Red reagent (Molecular probes®) with H2O2 in the presence of 

horseradish peroxidase. Assays were performed at 25ºC in a 96-well microplate 

fluorimeter (FLx800, Bio-tek instruments®). Homogenates were added in each well 

containing horseradish peroxidase 0.1 U ml-1 and Amplex Red reagent 10 µM. The rate 

of H2O2 production was calculated using a standard curve of H2O2. 

Statistical Analysis 

Statistical analysis was carried out using a statistical package (SPSS 14.0 for 

Windows). The statistical significance was compared by one-way analysis of variance 

(ANOVA). Results are expressed as mean ± S.E.M. and p<0.05 was considered 

statistically significant.  

 

Results 

Mean biomass of invasive Lophocladia lallemandii. There was no presence of 

L. lallemandii in P. oceanica collected at the control site. L. lallemandii biomass 

expressed as dry weight in leaves of epiphytized P. oceanica was 16.3 ± 2.1 g  m-2. The 

ratio between P. oceanica biomass (including leaves, sheaths and rhizomes) versus L. 

lallemandii biomass was 10.7 (174 g P. oceanica DW/ 16.17 g L. lallemandii DW). 
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  Posidonia oceanica shoot densities.  There was no evidence of significant 

differences in P. oceanica shoot densities collected at the control station in 2002 and in 

2006 (Figure 1). The presence of L. lallemandii induced an important reduction of shoot 

densities in medium spatial scale with significant differences between epiphytized P. 

oceanica plots and control plots (270 ± 10 shoots / m2 and 571 ± 15 shoots / m2 

respectively,  p<0.05).  

 Markers of oxidative damage. The concentration of MDA and the 

concentration of protein carbonyl derivatives (Table 1) were significantly higher in the 

leaves of P. oceanica epiphytized by L. lallemandii compared to the leaves of P. 

oceanica without the epiphyte (p<0.05).  

 GSH concentration. The leaves of P. oceanica epiphytized by L. lallemandii 

had a higher GSH concentration (Table 1) than the leaves of P. oceanica without the 

epiphyte (p <0.05). 

 Antioxidant enzyme activities. All antioxidant enzyme activities measured – 

Catalase, GPX and SOD - (Table 1) were significantly higher in the leaves of P. 

oceanica epiphytized by L. lallemandii compared to the leaves of P. oceanica control 

shoots (p <0.05).  

 H2O2 production. We measured the H2O2 production, and the results, expressed 

as pmols of H2O2 mg protein-1 min-1, are presented in Table 1. Samples of P. oceanica  

with the epiphyte L. lallemandii generated more H2O2 than samples where this epiphyte 

was absent (p <0.05). 

 

Discussion 

Shoots of P. oceanica were collected in Dragonera Island (Western 

Mediterranean) from two contrasting conditions, with and without the invasive 
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 epiphytic macroalgae Lophocladia lallemandii. Visual inspection of L. lallemandii 

epiphytized P. oceanica indicated that the epiphytized shoots had shorter leaves and 

lower shoot densities (Figure 2) than in those locations where the shoots were not 

epiphytized by L. lallemandii. Our observations were consistent with those of 

Ballesteros et al. (2007) that showed a decrease in size and weight of shoots, as well as 

leaf chlorosis, leaf necrosis, and shoot death in those shoots epiphytized by L. 

lallemandii.  

The epiphytism of L. lallemandii over P. oceanica leaves is mainly in the summer 

and autumn due to the tropical affinities of genus Lophocladia, with higher summer 

temperatures suitable for its development (Cebrian and Ballesteros, 2007). L. lallemandii 

reduces its epiphytism rates during winter and spring, mainly disappearing from leaves and 

remaining restricted to the rhizome stratum. Therefore, the effect of L. lallemandii on P. 

oceanica is mainly confined to periods of high water temperatures, whereas during winter 

and spring, P. oceanica do no longer suffer the negative effects of L. lallemandii 

(Ballesteros et al., 2007). Consequently the antioxidant response measured due to the 

epiphytism is temporally restricted to summer and autumn.  

  Seagrasses are known to be affected by the epiphytic growth of benthic algae 

(Ozimek et al., 1991). Hypoxic or anoxic conditions induced by shading reduced 

photosynthetic activity and leaf biomass, and can prevent the adequate oxygenation of 

rhizomes thus affecting the vitality of P. oceanica (Ruiz and Romero, 2001). The nearly 

complete coverage of P. oceanica leaves by L. lallemandii is likely to reduce the 

irradiance reaching the seagrass, especially the young leaves. Ruiz and Romero (2001) 

described that the reduction of light availability promoted a reduction of the 

photosynthetic activity and a decrease of the sucrose content of P. oceanica.  
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  Cellular antioxidant status is used to evaluate the ability of organisms to resist an 

environmental stress situation. It was well established that cyanobacterial toxins 

produce adverse effects in aquatic plants, as evidenced by increased antioxidant 

enzymes and reduced photosynthetic oxygen production (Mitrovic et al., 2004). It has 

been published that lophocladines from Lophocladia exhibited cytotoxicity to several 

human cell lines (Gross et al., 2006). Lipid peroxidation, measured by the amount of 

MDA, and the levels of protein carbonyl derivatives are some of the most important 

results of an attack by hydroxyl radicals. These variables are considered markers of 

cellular damage (Geffard et al., 2001). P. oceanica epiphytized by L. lallemandii 

appeared to undergo an oxidative stress, since a significant increase in both MDA levels 

and protein carbonyl derivates were observed. The antioxidant mechanisms seemed to 

have been overwhelmed, since the antioxidant enzyme activities were not strong enough 

to prevent membrane lipid peroxidation and protein oxidation. 

 GSH is a multifunctional thiol tri-peptide found in all eukaryotes and it is 

involved in the defence against metal-stress (Okamoto et al., 2001). Its functions 

include: a) antioxidant activity against oxiradicals (Alscher, 1989), which are induced 

by some metals, b) the primary precursor for the formation of metal-complexing thiol 

peptides, phytochelatins (Cobbett and Goldsbrough, 2002) and c) complexation of 

metals by sulphydryl coordination (Scott et al., 1993). In the present work, GSH 

concentration in P. oceanica increased in the presence of L. lallemandii, probably as a 

response to this stressful situation. GSH is tightly regulated in P. oceanica leaves in 

order to maintain sufficiently high concentrations for other essential cellular functions. 

 Chemical defences are a well known mechanism in algae to avoid herbivorism 

and epiphytism (Dumay et al., 2002; Erickson et al., 2006). It has been evidenced that 

algae produce higher concentrations of defensive compounds in areas subject to high 
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 herbivore pressure (Paul and Fenical, 1986). Aside from the synthesis of defensive 

metabolites, the production of ROS has been shown to have a significant contribution 

towards the survival of algae against pathogens (Bouarab et al., 2001; Kupper et al., 

2002), It has been suggested that the release of H2O2 may act as a chemical defence 

against herbivores and epiphytes or as an allochemical in direct competition with other 

algal species (Choo et al., 2005). Collén and Pedersen (1994) also reported the role of 

H2O2 in the formation of volatile halogenated defensive compounds. H2O2 is a longer-

lasting reactive species electrically neutral and is able to pass through cell membranes. 

Its longevity allows H2O2 to reach considerable distances from its site of production 

(Wojtaszek, 1997).  It has been demonstrated that ROS can be produced extracellularly 

in terrestrial plants and in the marine macroalga Dasycladus vermicularis (Scropoli) 

Krasser through the reaction of a cell wall-bound peroxidase and plasma membrane 

bound NADPH oxidase (Bolwell et al., 1998; Ross et al., 2006). In fact, the use of 

specific inhibitors of NADPH oxidase has confirmed the presence of an NADPH 

oxidase system in various algal lineages (Kupper et al., 2002; Ross et al., 2005). H2O2 

has also been known to act as cellular messenger for the induction of the antioxidant 

defence system in response to oxidative stress (Forman and Torres, 2002). Mitrovic et 

al. (2004) indicated that exposure of the aquatic plant Lemna minor to cyanotoxins 

increases the formation of ROS during the biotransformation of the toxin. The increase 

in H2O2 production in epiphyted P. oceanica suggest that oxidative stress is a 

mechanism involved in the interaction of the invasive L. lallemandii and the seagrass P. 

oceanica. This increase of ROS could be a defensive mechanism activated in the 

situation of host-epiphyte competence induced by epiphytism, the presence of 

lophocladines in the environment or the interaction of the two factors.   



 

 

 

ACCEPTED MANUSCRIPT 

  Antioxidant defence enzymes play an important role in cellular antioxidant 

defence systems and protect from oxidative damage. The increase of catalase, SOD and 

GPX activities is related to the higher production of reactive oxygen species, which will 

be detoxified as result of the antioxidant reactions. Temperature, salinity, heavy metals 

and pollutants are important environmental stressors that can induce an activation of 

antioxidant mechanisms in several species (Ferrat et al., 2003; Monserrat et al., 2006). It 

was shown that seagrasses and particularly P. oceanica are very sensitive to variations 

in environmental quality (Ferrat et al., 2003). The great increase in MDA and carbonyl 

derivatives could be indicative of hydroxyl radical attack altering the structres of lipids 

and proteins. The higher increase in antioxidant enzyme activities were in GPX 

problably as a result of its dual function, detoxifying lipid hydroperoxides to alcohols 

and reducing free H2O2 to water. Mitrovic et al. (2004) demonstrated an inhibition of 

photosynthetic oxygen production, which was dependent on the anatoxin-a 

concentration. This reduction may have been due to the increased formation of ROS 

and, consequently, to the oxygen consumption during the toxin biotransformation.  

Increasing levels of ROS in P. oceanica under L. lallemandii-epiphytism overwhelmed 

the antioxidant response and induced cellular damage, as the increased lipid 

peroxidation and protein oxidation confirm.  These results indicate that the damage 

caused to lipids and proteins was not induced by a breakdown of the system responsible 

for reducing ROS, because antioxidant enzyme activities are increased in the presence 

of the epiphyte. Instead the oxidative damage was caused by increased oxidative stress 

through increased production of ROS. Therefore, it can be hypothesized that the 

antioxidant status of P. oceanica may play a role in the control of epiphytism. As the 

epiphytes cover a greater part of the host plants, Posidonia's photosynthetic 
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 performance and equally its antioxidant status will diminish. This will result in the 

deterioration of the seagrass meadows. 

 In conclusion, the regression of Posidonia oceanica seagrass meadows has been 

related to anthropogenic impacts such as eutrophication, coastal constructions, 

anchoring, dumping, and sewage loads, among others. Biological effects are also 

contributing to seagrass decline, through the interaction of the endemic seagrass P. 

oceanica with invasive species of macroalgae such as Caulerpa spp. and Lophocladia 

lallemandii. The epiphytism of Lophocladia lallemandii over the Posidonia oceanica 

leaves constitutes a new impact to the seagrass meadows, resulting in oxidative stress 

and cellular damage that could induce increased shoot mortality.  
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FIGURE LEGENDS 

 

Figure 1. Mean shoots densities in Posidonia oceanica meadows determined in October 

2002 and 2006 in the control station and in 2006 in the epiphytized station. Values are 

expressed as mean shoots densties / m2  ± s.e.m. N=10 samples in each location. (*) 

Indicates significant differences respect control station in 2006, One-way ANOVA, 

p<0.05. 

 

Figure 2. Representative image of Posidonia oceanica epiphyted by invasive 

Lophocladia lallemandii. 
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 Table 1. Oxidative damage markers and antioxidant system in Posidonia oceanica 

 
  P. oceanica P. oceanica + L. lallemandii  

MDA (nmol/mg prot) 5.75 ± 0.27 8.28 ± 0.80 * 

Protein carbonyl derivates (nmol/mg prot)  4.57 ± 0.47 9.47 ± 0.89 * 

GSH (nmol/g prot) 76.7 ± 4.7 101 ± 6 * 

Catalase (mK/mg prot) 71.2 ± 6.3 91.3 ± 6.9 * 

GPX (nKat/mg prot) 0.90 ± 0.09 1.71 ± 0.17 * 

SOD (pKat/mg prot) 7.67 ± 0.36 9.73 ± 0.45 * 

H2O2 (pmol/min·mg prot) 3.73 ± 0.36 4.62 ± 0.42 * 

 
Markers of oxidative damage (MDA concentration protein carbonyl derivates), GSH 

concentration, antioxidant enzyme activities (Catalase, GPX and SOD) and H2O2 

generation in the leaves of Posidonia oceanica not epiphytized and epiphytized by 

Lophocladia lallemandii. Values are expressed as means ± S.E.M, n=8 samples in each 

location. (*) Indicates significant differences, One-way ANOVA, p<0.05. 
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