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Abstract Many seaweeds produce secondary metabolites that deter herbivory, but intraspecific variation in both the identity and the concentration of chemical defenses has been documented rarely. In order to evaluate the occurrence of chemical variation in the brown seaweed Stypopodium zonale along the Brazilian coast, we investigated the defensive properties of crude extracts and major secondary metabolites found in specimens from two distant locations (Forno inlet, Bu´zios, southeastern Brazil and Fernando de Noronha archipelago, northeastern Brazil) against herbivory by the crab Pachygrapsus transversus and the sea urchin Lytechinus variegatus. At natural concentrations, the extracts from S. zonale from Bu´zios and Fernando de Noronha significantly deterred feeding by P. transversus and L. variegatus, although the former was more effective as a defense than the latter. Corroborating these results, the major metabolites atomaric acid, found in individuals from Bu´zios, and stypoldione, from Fernando de Noronha specimens, also inhibited herbivory, but atomaric acid was more effective as a defense against L. variegatus and P. transversus than stypoldione. The variation between S. zonale from two distant and different geographic locations in Brazil suggests that defensivechemicals from this seaweed are not qualitatively or quantitatively absolute or invariant characteristics of the species, and may represent an ecological specialization to successfully prevent herbivory. Keywords: chemical defense variation; herbivory; secondary metabolites; Stypopodium zonale.



Introduction Many seaweeds can deter a variety of common marine herbivores using a diverse array of secondary metabolites (Paul et al. 2001) which are qualitatively or quantitatively variable. In general, the intraspecific patterns of qualitative or quantitative variation in chemical defenses are largely undocumented (but see Van Alstyne et al.



1999), and thus underappreciated in marine organisms (Hay 1996). In addition, it is not known whether these variations are genetically or environmentally controlled or, in other words, if they are the result of long evolutionary or local ecological pressures. Due to the known broad ecological roles of seaweed secondary metabolites (Hay and Fenical 1988, Cronin 2001, Paul et al. 2001), these variations may be of significant importance and/or repercussion for population and community structure. In general, terpenoid compounds in seaweeds occur in relatively low concentrations, ranging from 0.2% to 2.0% of algal dry mass (DM) (Paul and Fenical 1986, Hay and Fenical 1988), although polyphenolic compounds in brown seaweeds can occur at concentrations as high as 15.0% of algal DM (Ragan and Glombitza 1986), although their concentrations can not be predicted by latitude alone (Targett et al. 1992), as previously thought. However, the variation in secondary metabolites may occur at a number of different levels: among individuals within a population (Paul and Van Alstyne 1988a,b, Puglisi and Paul 1997, Matlock et al. 1999) or among populations of the same species growing in different habitats (Paul and Fenical 1986, 1987, Paul et al. 1987, Paul and Van Alstyne 1988a). Populations of the green seaweed Halimeda from habitats with high herbivory pressure tend to contain higher levels of the potent defense agent halimedatrial than populations from areas with low herbivory (Paul and Van Alstyne 1988a). Similar variation has been observed in other green seaweeds such as Caulerpa, Penicillus, Udotea, and Rhipocephallus (Paul and Fenical 1986, 1987, Paul et al. 1987). Secondary metabolites can also vary according to the life history stage. However, because of the difficulty in distinguishing morphologically similar (e.g., isomorphic haploid and diploid) individuals, most studies have been limited to surveying only reproductive individuals (Thornber and Gaines 2003). Higher concentrations of polyphenolics occur in sporophylls of the kelp Alaria marginata Postels et Ruprecht than in vegetative tissues (Steinberg 1984, Van Alstyne et al. 1999). Similarly, polyphenol concentration in reproductive tissues of the rockweeds Fucus vesiculosus Linnaeus (Tuomi et al. 1989), F. gardneri Blanchette (Van Alstyne et al. 1999) and Pelvetia compressa J. Agardh (Van Alstyne et al. 1999) is higher than in vegetative portions. In many species of seaweed, higher levels of compounds are found in younger tissues than in older parts of the thallus (Phillips and Towers 1982, Hay et al. 1988a, Paul and Van Alstyne 1988b, Meyer and Paul 1995, de Nys et al. 1996). For example, in Halimeda spp. and Neomeris anulata Dickie, deterrent compounds are allocated to new growth regions (Hay et al. 1988a, Paul and Van Alstyne 1988b, Meyer and Paul 1995). On the other hand, higher levels of chemical defenses in older tissues have been found in the brown
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seaweed Dictyota ciliolata Sonders et Ku¨tzing (Cronin and Hay 1996). Besides the variation in concentration, different secondary metabolites may also be found in the same species of seaweed growing in different habitats (Hay and Fenical 1988, Pereira et al. 2000). For example, shallow and deep-water populations of the brown seaweed Stypopodium zonale (Lamouroux) Papenfuss produce different secondary metabolites (Gerwick et al. 1985), and the red alga Portieria hornemannii (Lyngbye) P. Silva varies in its composition of halogenated monoterpenes among different collection sites in the tropical Pacific Ocean (Gunatilaka et al. 1999). Accordingly, the brown seaweed Dictyota menstrualis (Hoyt) Schnetter, Ho¨rnig et Weber-Peukert differs in its major metabolite composition from the northwestern Atlantic (North Carolina; Hay 1996) to the southwestern Atlantic Ocean (Rio de Janeiro; Pereira et al. 2000). The brown seaweed S. zonale is chemically defended against herbivores through the action of stypotriol, a mixed biogenesis diterpenoid or meroditerpene (Hay et al. 1987, 1988b). This compound is lethal to the pomacentrid fish Eupomacentrus leucostictus Muller et Troschel (Gerwick and Fenical 1981). When naturally excreted in seawater, this compound oxidizes to the related compound stypoldione that exhibits several kinds of biological activities, such as toxicity to fish, prevention of cell division, immobilization of sperm, and inhibition of amino acids and nucleoside uptake (Gerwick and Fenical 1981, White and Jacobs 1983, O’Brien et al. 1984). Numerous collections of this seaweed from different geographic locations and years have yielded a wealth of different natural products (e.g., Gonza´lez et al. 1982, Gerwick et al. 1985, Wessels et al. 1999, Soares et al. 2003), suggesting the existence of a geographic variation in secondary metabolites that has not been thoroughly studied. In order to ascertain the nature of chemical defenses among Brazilian populations of S. zonale, the crude organic extracts and major secondary metabolites from two populations of this seaweed were investigated to specifically answer the following questions: 1) Is there variation in Stypopodium zonale secondary metabolite quantity and quality from north to south along the Brazilian littoral zone? 2) Do these metabolites play a defense role? 3) Does metabolite variation impact herbivore defense of S. zonale in different locales? 4) Are there geographic implications?



Materials and methods Organisms and study sites Stypopodium zonale is a common and luxuriant subtidal seaweed found along all Brazilian shores (Oliveira Filho 1977). Specimens of this phaeophyte were collected at ¸ ˜ o de Bu´zios (228459S, 418529W, Forno inlet, Armaca southeastern Brazil, Rio de Janeiro State) and at Resurreta channel, Fernando de Noronha archipelago (038519S, 328259W, northeastern Brazil, ca. 345 km off the coast of Rio Grande do Norte State), two very distant and distinct locations on the Brazilian coast (Figure 1). All S. zonale specimens were collected in shallow waters at depths ranging from 3 (Forno inlet) to 8 m (Fernando de
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Figure 1 Collection sites of Stypopodium zonale on the Brazilian littoral.



Noronha). Although depth is a confound in this design, we have found that specimens of S. zonale collected at a broad range of depths, as well as in different seasons at Bu´zios exhibited an identical chemical composition (Pereira et al. unpublished results). Forno inlet is located at Bu´zios, a small resort town on the Brazilian southeastern coast. It is characterized by high wave energy, by the subtidal dominance of the seaweeds Dictyota cervicornis Ku¨tzing, Sargassum furcatum Ku¨tzing, S. zonale (Phaeophyta) and Plocamium brasiliense (Greville) Howe et Taylor (Rhodophyta), and by the co-occurrence of the endemic herbivorous gastropod Astraea latispina Philippi (0–2 m depth) (Yoneshigue 1985, Pereira et al. 2002). In the upper littoral zone, the coralline algae Amphiroa spp. and Jania adhaerens Lamouroux, and the green alga Codium spongiosum Harvey are characteristic, and the sea urchins Echinometra lucunter (Linnaeus) and Paracentrotus gaimardii (Blav.) Mortensen are the major inver¸ tebrate species (Yoneshigue 1985, Sabino and Villaca 1999, Pereira et al. 2002). The archipelago of Fernando de Noronha consists of one large island and 19 small, immediately adjacent islets, totaling ca. 26 km2 (Maida and Ferreira 1997). According to Eston et al. (1986), Resurreta channel has the highest algal diversity among the sites they studied. From 2 m to 9 m depth, the local benthic community is dominated by the brown seaweeds Dictyopteris spp., S. zonale, Sargassum spp. and Dictyota spp. Other common seaweeds include Caulerpa verticillata J. Agardh, Amphiroa spp., and Lobophora variegata Lamouroux. From 20 to 30 m depth, the zone of Montastrea cavernosa (Linnaeus) (Anthozoa) colonies (that grow as large pinnacles) can be found. A total of ninety-five species of fishes are known from the Fernando de Noronha region (Maida and Ferreira 1997), including endemic species such as Stegastes rocacensis (Emery) and Thalassoma noronhanum (Boulenger). Both herbivores assayed, the rock crab Pachygrapsus transversus (Gibbes) and the sea urchin Lytechinus variegatus (Lamarck), are very common organisms found all along the Brazilian coast and were collected at Boa Viagem island and Itaipu beach, respectively, in Nitero´i city, State
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of Rio de Janeiro. Both species are frequently dominant herbivores on Brazilian rocky coasts. Secondary metabolite isolation Specimens of Stypopodium zonale from Bu´zios (115.0 g DM) and Fernando de Noronha (105.0 g DM) were extracted in an identical fashion. Algal tissues were airdried, milled and extracted successively at room temperature with CH2Cl2. The solvent was then removed in vacuum to yield a dark green tar in both cases (19 g; 16.5% dry weight and 14 g; 13.3% of seaweed DM, respectively). Thin layer chromatography (TLC) revealed clearly distinct chemical profiles, which were further confirmed by 1 H NMR spectroscopy data. The crude extract of the algae from Bu´zios (0.86 g) was shaken with 1N NaOH, and subsequently with 1N HCl, in order to separate acidic and basic compounds. The acidic fraction was carefully separated by silica gel chromatography (Si 60 Merck, Rio de Janeiro, Brazil) and gradient eluted with nhexane to EtOAc, to yield 5 new fractions. The 3rd fraction was subjected to flash-chromatography over silica gel and eluted with n-hexane/EtOAc (8:2 v/v) to yield atomaric acid (1.65% of seaweed DM) as major metabolite. The identity of this compound was confirmed by comparison of spectroscopic and mass spectral data with those of Wessels et al. (1999). The crude extract of the algae from Fernando de Noronha (2.07 g) was separated by silica gel chromatography (Si 60 Merck) through a gradient elution from n-hexane to EtOAc to yield 12 fractions. On the basis of TLC and 1 H NMR data, fraction 10 (0.26 g) was submitted to flashchromatography over silica gel and eluted with n-hexane/ EtOAc (1:1 v/v) to yield stypoldione as the major metabolite (3.11% DM), identified by comparison with data from Mori and Koga (1992). Description of the experiments The anti-feeding properties of natural concentrations of the extracts and major metabolites from specimens of Stypopodium zonale from both sites were verified by the inclusion of natural concentrations of extracts or pure compounds in artificial foods prepared according to Hay et al. (1994). The artificial food (controls) was prepared by adding 0.72 g of agar to 20.0 ml of distilled water, heated in a microwave oven until boiling point. This mixture was then added to 16.0 ml of distilled water containing 2.0 g of freeze-dried Ulva sp. (Chlorophyta), a highly preferred food item. The experimental food (treatments) was similarly prepared, but the crude extract or pure compound was first dissolved in CH2Cl2, added to the 2.0 g of freeze-dried Ulva sp. and then the solvent was removed by rotary evaporation. This procedure is necessary to obtain a uniform coating of the metabolite on the algal particles prior to addition to agar (Hay et al. 1994). Importantly, whenever pure compounds were used in bioassays, the natural concentrations were maintained, i.e., 3.11% of seaweed DM for stypoldione and 1.65% DM for atomaric acid. Treatments and controls were hardened onto a mesh screen and cut into small pieces (10.0=10.0 squares



each ca. 1.0 mm on a side), which were then simultaneously offered to the crab Pachygrapsus transversus and the sea urchin Lytechinus variegatus in different experimental containers. Crab assays were carried out in small plastic aquaria, each containing 250 ml of filtered seawater (ns23 to 33 valid replicates; see Results section), and one specimen of P. transversus. The sea urchin assays were carried out in perforated plastic aquaria (1 l seawater) containing one individual of L. variegatus (ns16 to 30; see Results section), and placed in larger tanks containing ca. 500 l of flowing seawater. For all assays, the anti-feeding activities of crude extracts and pure compounds were estimated by comparing the number of squares consumed in both experimental foods (controls and treatments). New specimens of crab and sea urchin were used in each assay. Statistical analyses Since all experiments were performed independently of one another, the appropriate statistical procedure is to analyze the results from each experiment independently. Because paired-sample data did not exhibit a normal distribution, the significance of differences in consumption in all assays was evaluated with the Wilcoxon pairedsample test, a non-parametric equivalent to the paired-t test for dependent samples (Zar 1998). The consumption of controls and treatments was assumed to be dependent on each other, since consumption of one food item means less consumption of the other in the same container (Peterson and Renaud 1989). Differences were considered significant only when p-0.05 (as5%).



Results Natural concentrations of the crude extracts obtained from Bu´zios and Fernando de Noronha specimens of Stypopodium zonale significantly inhibited the herbivory by both the crab Pachygrapsus transversus and the sea urchin Lytechinus variegatus (p-0.05, Wilcoxon pairedsample test, Figure 2), confirming the predicted antifeeding properties of the compounds from this seaweed. When both extracts were simultaneously offered to herbivores, the crude extract from S. zonale from Bu´zios was more efficient as defense against both P. transversus and L. variegatus than the crude extract from populations of this alga from Fernando de Noronha (p-0.05, Wilcoxon paired-sample test, Figure 3). Two structurally distinct secondary metabolites were obtained as the major compounds from the populations of Stypopodium zonale from Bu´zios and Fernando de Noronha: atomaric acid (natural concentration: 1.65% DM) and stypoldione (3.11% DM), respectively (Figure 4). Both major secondary metabolites strongly inhibited herbivory by L. variegatus at natural concentrations (p-0.05, Wilcoxon paired-sample test, Figure 5). As expected from the results using crude extracts, stypoldione was less effective against both herbivores, and did not significantly inhibit feeding by P. transversus (p)0.05, Figure 5). Atomaric acid was effective as defense against both herbivores (p-0.05, Figure 5), confirming previous results obtained with crude extracts. Therefore, the chemical
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deterrent properties of the extracts from the two populations of S. zonale against P. transversus and L. variegatus can be attributed to their major secondary metabolites atomaric acid and stypoldione. The intensity of the effects of pure compounds on herbivores is in accordance with the results obtained with the crude extracts (Figure 3), i.e., the major compound atomaric acid, from Bu´zios plants, was more effective as a defense against both herbivores than stypoldione (p-0.05, Wilcoxon paired-sample test, Figure 6), found in Fernando de Noronha specimens.



Figure 2 The effect of crude extracts of Stypopodium zonale from Bu´zios and Fernando de Noronha on the feeding by Pachygrapsus transversus and Lytechinus variegatus relative to their respective controls. Vertical bars through each histogram show meansq1SD. Significance values are from the Wilcoxon paired-sample test. nsnumber of replicates.



Figure 5 The effect of natural concentrations of the major secondary metabolites, atomaric acid (1.65% of seaweed DM) and stypoldione (3.11% DM), on the feeding by Pachygrapsus transversus and Lytechinus variegatus, relative to their respective controls. Symbols and statistical tests are as in Figure 2.



Figure 3 Comparison of the effect of crude extracts from F. Noronha and Bu´zios populations of Stypopodium zonale on the feeding by Pachygrapsus transversus and Lytechinus variegatus when simultaneously offered to these herbivores. Symbols and statistical tests are as in Figure 2.



Figure 4 Structure of the major secondary metabolites stypoldione and atomaric acid found in F. Noronha and Bu´zios collections of Stypopodium zonale, respectively.



Figure 6 The comparative effect of stypoldione w3.11%x and atomaric acid w1.65%x natural concentrations on the feeding by Pachygrapsus transversus and Lytechinus variegatus when simultaneously offered to these herbivores. Symbols and statistical tests are as in Figure 2.
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Discussion Many brown seaweeds show extensive phenotypic variation, which can be generated by variation in a number of unknown biotic and abiotic extrinsic factors (Pavia and Brock 2000). Extrinsic changes in secondary metabolite production can have significant consequences for secondary production in nearshore marine communities, since they affect the palatability of dominating macroalgae. Variations in types and concentrations of seaweed secondary metabolites occur at a number of levels, including within and among individuals in a population, with the age of the individuals, and among populations growing in different habitats or geographic regions. In this study, we found that crude extracts from specimens of Stypopodium zonale from two distant locations on the Brazilian coast (Fernando de Noronha and Bu´zios) inhibited herbivory by the crab Pachygrapsus transversus and the sea urchin Lytechinus variegatus. In addition, the secondary metabolites stypoldione and atomaric acid were found as major compounds in Fernando de Noronha and Bu´zios specimens of S. zonale, respectively, and were responsible for the observed defense activity of the crude extracts against these herbivores. Thus, Brazilian specimens of S. zonale are chemically defended against herbivory, but by different chemicals, depending on location. However, since a strict bioassay guided fractionation was not performed, we can not fully discard the possibility that other deterrent compounds were also present in the crude extracts, although in smaller concentrations. Populations from habitats in which herbivory is intense tend to contain higher levels of more potent deterrent compounds than populations from areas of low herbivory. This may be especially true for tropical seaweeds exposed to a diverse assemblage of herbivores and commonly producing large amounts and diversities of compounds. In fact, populations of the green tropical seaweed Halimeda growing in habitats where herbivory is intense tend to contain higher levels of the potent deterrent halimedatrial than do populations from areas with low herbivory (Paul and Van Alstyne 1988a,b). Other tropical seaweeds of the Caulerpales, such as Penicillus, Udotea, Rhipocephalus, and Caulerpa often also produce higher concentrations or different types of compounds in populations from herbivore-rich habitats, compared to populations from herbivore-poor areas (Paul and Fenical 1986, 1987, Paul et al. 1987). In general, experimental evidence has demonstrated that tropical seaweeds are less palatable to herbivores due to a greater deterrence of their secondary metabolites (Bolser and Hay 1996, Cronin et al. 1997). The archipelago of Fernando de Noronha is on the northeastern Brazilian coast, in the tropics; in contrast, the Bu´zios region is subtropical. Thus, we could hypothesize that S. zonale from Fernando de Noronha should be more chemically defended than Bu´zios specimens. Comparing the activity of both extracts and major compounds, the difference between them becomes evident, but the extract and pure compound from the Bu´zios population of S. zonale were more effective as defense against herbivores. Consequently, the defensive difference between these Brazilian speci-



mens of S. zonale does not correspond to latitudinal variation in herbivore pressure, which seems to be in accordance with the recent findings in chemically defended marine organisms in Antarctic seas (Amsler et al. 2000), and in clear opposition to the prevailing hypothesis that tropical marine organisms are more chemically defended than high latitude biota. Additional chemical analyses of another pair of Stypopodium zonale populations from the Brazilian coast have revealed that populations from Rocas atoll reefs (038529S, 33849W) and Abrolhos archipelago (148469S, 398019W) are in agreement with the results of the present study, i.e., S. zonale from Rocas also produces stypoldione, while specimens from Abrolhos produce atomaric acid as the major metabolite (Soares et al. 2003). Hence, a pair of populations nearer to the equator is known to produce stypoldione (F. de Noronha and Rocas), while the two more southern populations synthesize atomaric acid (Abrolhos and Bu´zios), supporting the hypothesis of geographic variation in secondary metabolites. Despite the extensive recent literature on herbivory (see Hay 1996, Paul et al. 2001, and Paul 2004 for reviews), it still remains unclear whether variations in concentration and types of secondary metabolites result from herbivore-induced chemical defenses, local selection, genetic differences, or other factors not related to herbivores (Paul et al. 2001). Although chemical defenses are commonly associated with herbivore abundance and pressure, there have been no studies that conclusively demonstrate that herbivores impose selective pressures on the production of secondary metabolites (Van Alstyne and Paul 1990). The vast majority of studies associate actual or ecological conditions such as herbivore abundance or diversity with concentration or diversity of seaweed secondary metabolites, but the positive correlation obtained may be circumstantial only, not an evolutionary consequence. Shallow and deep water populations of the brown alga Stypopodium zonale from Belize contain different secondary metabolites (Gerwick et al. 1985). Hence, depth variations could be put forward to explain the results obtained here, since S. zonale specimens were collected at different depths at Bu´zios (3 m) and Fernando de Noronha (8 m). However, as noted above (Materials and methods) specimens of S. zonale collected at a broad range of depths, as well as in different seasons at Bu´zios exhibited an identical chemical composition (Pereira et al. unpublished results). Alternating life stages represent another possible source of variation in chemical defenses. Heteromorphic life stages of seaweeds are known to differ in their physiological and/or ecological properties. In this way, sporophytes and gametophytes may differ in growth rates, productivity, and resistance to herbivory (Lubchenco and Cubit 1980, Slocum 1980, Littler and Littler 1983, Clayton 1988, Zupan and West 1990). In addition, many species survive under disturbance or environments characterized by long periods of unfavorable conditions by exhibiting morphological variation through heteromorphic life histories (Hoffman and Santelices 1991). And, indeed, chemicals from different life history phases may vary (Masuda et al. 1997) and their extracts may have variable
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bioactivity (Moreau et al. 1984, Hornsey and Hide 1985, Robles-Centeno et al. 1996). The brown seaweed Stypopodium zonale exhibits a life cycle with alternating isomorphic gametophyte and sporophyte thalli. However, if these isomorphic sporophytes and gametophytes were to differ in their geographic distribution ranges (Dixon 1973), an investigation of ecological differentiation between the life history stages might be important. That is, the specimens of S. zonale studied could possess different chemicals according to alternating phases in the life cycle. However, to conclusively elucidate this issue, we would need to collect sterile and fertile, haploid (gametophyte) and diploid (sporophyte) specimens at the same collection site. Seasonal collections of S. zonale in Bu´zios yielded chemically identical sterile and fertile specimens, but only sporophytes were found, and all other collection sites are too remote to allow seasonal collections (Pereira et al. unpublished results). Independently of factors conditioning the observed qualitative difference in chemical defenses of this seaweed, our results reinforce the idea that seaweed secondary metabolites are not a qualitative or quantitatively absolute or invariant characteristic of a species. Hence, the chemical differentiation among populations of some seaweeds may represent an important ecological specialization for dealing with geographic differences in herbivory pressure.
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