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Chemical pollution in marine ecosystems is a factor of stress interacting in multiple and complex ways with other major causes of deterioration, such as warming seas due to climate change. Here we surveyed epibenthic communities from a shipwreck in the Levantine Basin for temporal and spatial changes in the community in relation to chronic oil pollution, comparing results collected from an area of the wreck characterized by chronic oil leakage with another area not affected by oil. Polycyclic aromatic hydrocarbons (PAHs) bioaccumulation analyses were integrated with characterization of the efficiency of xenobiotics biotransformation processes and antioxidant network of the scleractinian coral Madracis pharensis, chosen as bioindicator species. Results highlighted the two areas hosting different epibenthic communities over a period of 11 years. Significant changes in the percentage cover of M. pharensis could be the result of recent mass mortality associated to Marine Heat Waves. Biological investigation conducted in M. pharensis tissues revealed an increased content of PAHs in specimens collected from the oil-impacted area, coupled with an increased capability of oxyradicals scavenging capacity and a lower functionality of phase II biotransformation mechanisms associated to glutathione S-transferase. Overall, the results suggest that M. pharensis has the capability to develop cellular and physiological adaptations to chemical-mediated stress, with yet unknown possible energy trade-offs to sustain stress response.
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Introduction

Epibenthic communities from shipwrecks are studied intensively due to the characteristics that make the wreck an artificial reef. Knowledge about the ecological processes operating on these assemblages (e.g., recruitment, competition, predation) assist in the elaboration of management options for the restoration of degraded habitats, population dynamics of invasive species, to concentrate human activities in specific areas, and more often than not, for the enhancement or creation of habitat (Brockinton et al., 2022; Hughes et al., 2023). Behind the apparent benefits of shipwrecks to the general biodiversity of an area, that is, by providing free substrate for epibenthic species that are fast and successful colonizers (Hoeksema et al., 2023) and refuge for mobile species increasing thus the biodiversity (Monchanin et al., 2021), wrecks might also contribute to local pollution by leaking chemicals (e.g., van der Schyff et al., 2020). Such is the case with Zenobia shipwreck in Cyprus, where rich epibenthic communities of corals and sponges live closely related to chronic leakage of oil, noticeable in various sections of the wreck’s structure (Jimenez et al., 2017a).

In general, scleractinian corals are good indicators of chemical pollution (Guzmán and Jiménez, 1992), and corals from shipwrecks have been reported to show higher concentrations of pollutants, e.g. heavy metals, compared to corals from other substrates sampled in areas away from the wrecks (van der Schyff et al., 2020). Coral species’ capability to accumulate PAHs from surrounding environments with diverse degree of contamination has been extensively reported, and studies on PAHs effects in Scleractinia under laboratory conditions highlighted a plethora of alterations ranging from the lower levels of biological organization, i.e. changes in gene expression, genotoxicity, to the higher ones, i.e. physiological and morphological alterations, mortality (Menezes et al., 2023 and references therein; Turner and Renegar, 2017 and references therein). On the other hand, studies on the sub-lethal alterations at cellular level, mechanisms of stress-response and adaptations in coral species under real environmental scenarios of chronic oil pollution are yet globally underrepresented (Turner and Renegar, 2017).

Once within organisms, chemical pollutants may exert disturbance at various levels of biological organization, and pathways of chemicals toxicity strictly depend on their typology, which determines initiating events at cellular level (Allen et al., 2016). It is now well recognized that PAHs toxicity arise from the metabolic processes aimed to breakdown these chemicals and allow for their elimination. Indeed, PAHs, as polychlorobiphenyls (PCBs) and dioxins, bind the cytosolic aryl hydrocarbon receptor (AhR), and form a ligand-receptor complex that once transported to the nucleus binds to xenobiotic metabolism specific regions of the DNA, known as dioxin responsive element (DRE), through the interaction with ARNT, AhR nuclear translocator (Regoli and Giuliani, 2014; Wang et al., 2020). This molecular initiating event activates the transcription of several genes involved in the biotransformation and metabolism of xenobiotics, as CYP1 and CYP1B. Such biotransformation reactions of xenobiotics are aimed to decrease their lipophilicity, but these may not be sufficient and organic xenobiotics metabolism may proceed toward phase II conjugation reactions, catalysed by glutathione S-transferase, UDP- glucuronosyl transferases (UGTs) and sulfotransferases (SULTs) which use endogenous cofactors as reduced glutathione (GSH), glucuronic acid and sulfate, respectively, and are as well modulated through the Ah-gene battery.

PAHs toxicity partly derives from their bioactivation through these reactions, which can produce metabolites that show higher toxicity compared to parent compounds and damage cellular macromolecules, e.g. forming DNA adducts (as 7,8-dihydrodiol-9,10-oxide, the DNA-adduct forming metabolite of benzo(a)pyrene responsible for its carcinogenicity, Regoli and Giuliani, 2014). At the same time, PAHs metabolism is also recognized as one of the main processes causing the release of reactive oxygen species (ROS), consequential to electron transport uncoupling occurring during the slow oxidation of substrates and to “redox cycling” of metabolites (Schlezinger et al., 2006; Shakunthala, 2010; Regoli and Giuliani, 2014).

Cells are able to neutralize the negative effects of oxyradicals through a complex network of low molecular weight scavengers and enzymes, collectively recognized as antioxidant system, universally developed to counteract the naturally occurring production of ROS from several cellular pathways of aerobic metabolism, as mitochondrial electron transport chain and active phagocytosis (Benedetti et al., 2015, 2022; Lushchak, 2011; Regoli and Giuliani, 2014). Reduced glutathione, ascorbic and uric acid scavenge ROS by directly acting as reducing agents on oxyradicals, but are also fundamental co-factors for the functioning of other antioxidants, enzymes that catalyze highly specific reactions, as superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidases (GPx) and glutathione S-transferases (GST), the main involved (Lushchak, 2011). In this respect, the efficiency of antioxidant defenses is especially fundamental in symbiotic organisms, as sclearactinians and sponges, which show physiological adaptations to counteract the toxicity of photosynthetically produced oxygen, which can easily undergo univalent reduction to form O2-, H2O2 and HO• (Regoli et al., 2004a; Regoli et al., 2004b; Lesser, 2006).

Due to the sensitivity of the antioxidant defenses, their functionality has been extensively studied in marine species under chemical exposure and more in general abiotic stress, especially when aiming to understand mechanisms behind the onset of oxidative stress and cellular damages. Activities of SOD, CAT, GR, GST, GPx, as well as cellular homeostasis of glutathione have been demonstrated to be either increased or decreased by exogenous cellular stressors as chemical pollutants, namely trace metals, PAHs, dioxins, microplastics and active pharmaceutical ingredients (Lushchak, 2011; Benedetti et al., 2022). On the other hand, specific methodologies have been developed to quantify and characterize the overall capability and functionality of cellular antioxidant network, as the total oxyradical scavenging capacity assay (TOSCA, Regoli and Winston, 1998; Gorbi and Regoli, 2003). This methodology, compared to the evaluation of single antioxidant defenses, provide a more comprehensive picture of cellular redox status, and therefore health. Such approach has been successfully applied in several field and laboratory investigations, to characterize marine species antioxidant defenses, their capability to neutralize oxyradicals and prevent oxidative damage when subjected to exogenous stressors as chemical pollutants, algal toxins, thermal stress and hypercapnia (Regoli et al., 2004a; Regoli et al., 2004b; Gorbi et al., 2012; Gorbi et al. 2014; Nardi et al., 2017; Nardi et al., 2018; Iannello et al., 2021).

In this study we aimed to characterize the composition of epibenthic communities, as well as PAHs bioaccumulation, antioxidant network and xenobiotics biotransformation efficiency of a selected scleractinian coral species, Madracis pharensis, at two sites of the Zenobia wreck, one under the influence of oil leakages and one considered free from this environmental stressor. Obtained results were intended to further elucidate aspects of Scelractinians’ biology and their mechanisms of tolerance and responsiveness to chemical stress, as well as and deepen our understanding on the capability of coral species to adapt to chronic subtle pollution.





Materials and methods




Study site

The large ferry MS Zenobia (10,000ton, 172m length) loaded with vehicles, lorries and cargo capsized in 1980 in Larnaka Bay, Cyprus (34° 55.128’N, 33° 39.354’E; Figure 1A). Since then, Zenobia has been resting horizontally on its portside (Figure 1B) in about 43m depth. The sea bottom of Larnaka Bay is characterized by scattered, small-sized rocky outcrops and extensive sandy and muddy areas. Given the large dimension of Zenobia, the low deterioration of its hull, complexity and heterogeneity of the metal structure, it is not surprising to find a rich biodiversity associated with the shipwreck. For example, the high abundance and diversity of fish and colorful epibenthic communities are well known among the international diving community that ranks Zenobia among the most popular recreational dives sites of the world (Scuba, 2022). A more detailed description of the shipwreck and the biotic and environmental factors that operate in the Larnaka Bay area can be found in Jimenez et al. (2017a). For this study, two contrasting environments of the wreck were selected: the Car Deck and the Smokestacker areas, both at 25m depth (Figure 1B). In the Car Deck area, constant leakage of oil from the wreck accumulates in “ponds” between spaces on the bulwark of the starboard side, which corresponds to the “upper” shaded surface. Organisms in this area live in close contact with those stagnant “oil ponds”, corals in particular (Figure 1C). On the contrary, the epibenthic communities in the Smokestacker area are not affected by oil leakages (Figure 1D). In both sites, epibenthic biodiversity was assessed, and an in-depth focus on pollutants bioaccumulation and cellular alterations was conducted on the scleractinian M. pharensis, as described below.




Figure 1 | Location of the Zenobia shipwreck in Cyprus (A). Sampling stations along the starboard side of the shipwreck (25-27m depth): 1=inside the ”Car Deck” (oil); 2=below the “Smokestack” (no oil) (B). Madracis pharensis coral colonies from station 1 in contact with oil “ponds”; snapshot from a video (C). Community of M. pharensis and sponges from station 2; insert=detail of a coral sample (D).







Epibenthic biodiversity assessment

The diverse epibenthic communities of Zenobia thrive at the shaded undersides of the wreck’s external structures and inside the hull, where the high heterogeneity of surfaces, relatively open areas (e.g., cabins, corridors), and multitude crannies offer shelter from direct exposure to the sunlight. The benthic cover (>25% on average) is mainly composed by sponges, corals, bryozoans, and other organisms (Jimenez et al., 2017a).

To assess the status of the epibenthic communities, the percentage of benthic cover was measured from photo-quadrats following the protocol of Jimenez et al. (2017a). Succinctly, 15 photos from each area were taken consecutively, avoiding overlap, with a frame (13cm x 19cm) at a fixed distance from the digital camera (Olympus Tough equipped with strobes). Analysis of the photos was made using Coral Point Count program (Kohler and Gill, 2006) with a systematic lay-out of 225 points. The pre-existing code files were modified with the following seven categories: live coral, dead coral, macro algae, calcareous algae, porifera, other (e.g., serpulid polychaetes, bivalves, bryozoans, cyanobacteria), and substrate (not occupied by organisms). The selection of this categories was based on other similar studies in Cyprus (Jimenez et al., 2017a, Jimenez et al., 2017b; Jimenez et al., 2022). The percentage of cover from multiple image frames was grouped together for single site evaluation and to allow comparisons between the two sites (see below).





Madracis pharensis sampling and tissue collection

Samples of the scleractinian coral M. pharensis (Heller 1868) were collected at the Car Deck and Smokestacker sites for the analysis of PAHs bioaccumulation, total oxyradical scavenging capacity assay and biotransformation processes. This species is a facultative zooxanthellate coral that is abundant in Cyprus and can be found up to a depth of 100m. In general, colonies of M. pharensis can exhibit encrusting or knobby morphologies. This species was chosen due to its abundance on the shipwreck and simplicity of collection. Four small knobby-shaped colonies were collected from each site by gently removing the coral from the substrate with a thin metal chisel and small hammer and transported to the support vessel in seawater-filled plastic containers. Onboard, the seawater was decanted from the containers and the coral samples were placed in dry ice and transported to the laboratory, where they were stored into a -80° C freezer.





PAHs bioaccumulation, detoxification mechanisms and total oxyradical scavenging capacity in Madracis pharensis

For the analysis of polycyclic aromatic hydrocarbons (PAHs), about 3 g (wet weight) of coral samples (soft tissue and skeleton) were extracted in 5 mL 0.5 M potassium hydroxide in methanol using a microwave system at 55°C for 20 min (800 Watt) (Mars6, CEM Corporation, Matthews NC). After centrifugation at 3,000 × g for 10 min, the supernatants (methanolic solution) were concentrated using a rotational vacuum concentrator (RVC 2-18 Cdplus, CHRIST) and purified with solid-phase extraction (Octadecyl C18, 500 mg × 6 mL, Merck). A final volume of 1 mL was recovered with pure, analytical HPLC gradient grade acetonitrile, and HPLC analyses were carried out in a water and acetonitrile gradient by fluorimetric and diode array detection. The PAHs were identified according to the retention times of an appropriate pure standards solution (EPA 610 Polynuclear Aromatic Hydrocarbons Mix), and classified as low molecular weight (LMW: naphthalene, acenaphthylene, 1-methyl naphthalene, 2-methyl naphthalene, acenaphthene, fluorene, phenanthrene, anthracene) or high molecular weight (HMW: fluoranthene, pyrene, benzo(a)anthracene, chrysene, 7,12-dimethyl benzo(a)anthracene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, dibenzo(a,h)anthracene, benzo(g,h,i)perylene, indeno(1,2,3,c,d)pyrene). Quality assurance and quality control were done by processing blank and reference samples (freeze-dried mussel tissues SRM 2974a, NIST), and concentrations obtained for the SRM were always within the 95% confidence interval of certified value. The water content in tissues was determined in all the samples and concentrations of PAHs expressed as ng/g dw (Iannello et al., 2021).

Coral samples for biological analyses were gently washed with PBS buffer, ground powdered in liquid nitrogen and then homogenized with a homogenization ratio 1:5 (w:v) in a 100 mM K-phosphate buffer pH 7.5, with 2.5% NaCl, 0.1 mM phenyl-methyl sulphonyl fluoride (PMSF), 0.008 trypsin inhibitor unit (TIU) mL−1 aprotinin, 1 ng mL−1 leupeptin, 0.5 ng mL−1 pepstatin, and 0.1 mg mL−1 bacitracin. Sample homogenates were centrifuged at 12,000 x g for 70 min at 4° C, and the zooxanthellae-free supernatant collected, divided into aliquots and stored at −80° C until analysis (Yakovleva et al., 2004; Tang et al., 2018).

Protein content in each sample was measured through a modification of the Lowry’s method (Lowry et al., 1951), and used to normalize the results of biological investigations described after. Briefly, samples aliquots were diluted 100 times, and 500 µL of these were incubated in tubes with 2.5 mL of reaction medium (0.01% CuSO4, 0.02% Na3C6H5O7, 2% Na2CO3, and 0.4% NaOH in water). After 25 minutes, 250 µL of a solution made of Folin-Ciocalteau:water (1:1) was added to each sample, and these were left in incubation for 50 minutes. Protein standards prepared with albumin from bovine serum (BSA) at different concentrations (0, 20, 50, 100, 200, 400 µg/mL) were treated with the same procedure. At the end of the second incubation, the absorbance of standards and samples was acquired with triplicate readings at the spectrophotometer (ƛ=750 nm). The absorbance values of standards were plotted for creating the standard curve used to fit the absorbance of samples and calculate the proteins’ concentration of each sample.

Glutathione S-transferases activity was spectrophotometrically determined at 340 nm using 1-chloro-2,4-dinitrobenzene as substrate (CDNB). The assay consists in measuring the increment of the product of conjugation of 1.5 mM CDNB with 1 mM GSH in 100 mM K-phosphate buffer pH 6.5, GS-DNB. Enzymatic activity is expressed as µmol GS-DNB/min/mg protein, with ε = 9.6 mM−1 cm−1 (Habig and Jakoby, 1981).

The overall capability of cellular antioxidants to neutralize peroxyl (ROO•) and hydroxyl (HO•) radicals was measured through the total oxyradical scavenging capacity (TOSC) assay, by evaluating the inhibition of 0.2 mM α-keto-γ-methiolbutyric acid (KMBA) oxidation to ethylene gas (Regoli and Winston, 1998). Thermal homolysis in 100 mM phosphate buffer pH 7.4 of 20 mM 2-2-azo-bis-(2-methylpropionamide)-dihydrochloride (ABAP), and Fenton reaction of 1.8 μM iron-3.6 μM EDTA plus 180 μM ascorbate were used to generate peroxyl (ROO•) and hydroxyl (HO•) radicals, respectively. For each sample, ethylene formation was evaluated with GC-method at 10 min intervals in sample and blank reaction and used to calculate the total oxyradical scavenging capacity (TOSC) value with the equation: TOSC = 100−(∫SA/∫BA × 100), where ∫SA and ∫BA are the integral areas calculated from the ethylene kinetic curve measured during the reaction, for sample and blank reactions, respectively. The obtained specific TOSC value was normalized on the relative protein concentration measured with the Lowry method, and results expressed as U TOSC/µg protein.





Statistical analyses

The 2022 epibenthic community composition from Car Deck and Smokestacker stations was statistically analyzed after the inclusion of data from a previous survey conducted in 2011 (Jimenez et al., 2017a). The analysis tested for any temporal (2011 vs. 2022) or spatial (between stations) similarities between the two communities. To visualize the dissimilarity in the community compositions of the two stations, metaMDS and ordination plots, with Bray Curtis dissimilarity measure, were plotted in R (Version Ri386 3.4.4) and statistically compared with ANOSIMs (Analysis Of SIMlarities; permutations = 9999, distance = Bray) and SIMPER analysis (Similarity Percentage; permutation = 999). Furthermore, for the metaMDS, an envfit analysis, which indicates which species may be driving the distribution patterns observed, was also run. Since corals were the main focus, further analysis of the data was concentrated on this category (e.g., live and dead coral percentages), and more specifically with the species M. pharensis, which was also selected for the investigation of cellular effects. Linearized models (LMs; Supplementary Table S1) were run in R to investigate the changes in (i) the percentage of coral species’ cover, and (ii) percentage of mortality, across the two stations and the two time periods. Significance was determined using the p-values (significance level= 0.05) from the ANOVA and t-tests. Linearized models were applied to investigate differences among corals sampled at the two stations in terms of PAHs bioaccumulation, detoxification mechanisms and total oxyradical scavenging capacity.






Results




Epibenthic biodiversity assessment

The community composition between the two stations (Car Deck and Smokestaker; Supplementary Figure S1) was different in 2011 (ANOSIM; R2 = 0.44, p < 0.001) and in 2022 (ANOSIM; R2 = 0.15, p < 0.001). The dissimilarity in the two stations in 2011 was due to the organism groups ‘Other organisms’ (p = 0.02), ‘Substrate’ (p = 0.001), and ‘Calcareous organisms’ (p = 0.001), while the dissimilarity in the 2022 data where due to the organism groups ‘Substrate’ (p = 0.001) and ‘Porifera’ (p = 0.03) (SIMPER; Supplementary Materials, Supplementary Table S5).

Similarly, the composition was statistically different when pooling stations (Figure 2; ANOSIM, R2 = 0.15, p < 0.001) and years (Figure 2; ANOSIM, R2 = 0.33, p < 0.001) into a single analysis. The NMDS (dark grey clusters), shows that the community composition between two stations, ‘Car Deck’ and ‘Smokestacker’ are not completely dissimilar, but have differences. The organism groups responsible for the dissimilarity between the two stations were ‘Substrate’ (p = 0.001) and ‘Porifera’ (p = 0.041) (SIMPER; Supplementary Materials, Supplementary Table S5). As with the stations, year in the NMDS (light grey clusters) illustrates that there are differences in the community composition across the year 2011 and 2022. For year the dissimilarities were due to a bigger range of groups including ‘Corals’ (p = 0.001), ‘Substrate’ (p = 0.001), ‘Other organisms’ (p = 0.001), ‘Calcareous algae’ (p = 0.02), and ‘Algae’ (p = 0.004) (SIMPER; Supplementary Materials, Supplementary Table S5). Moreover, the envfit (Supplementary Materials, Supplementary Table S6), which tells us which species may be driving the distribution patterns observed in the NMDS, imply that all organism groups are responsible (Corals, Porifera, Other organism, and substrate have a p = 0.001; Algae p = 0.006, and Calcareous algae p = 0.004).




Figure 2 | metaMDS ordination with Bray Curtis Dissimilarity distance calculation comparing community composition between stations and years.



The percentage cover of three coral species (Caryophyllia inornata, Phyllangia mouchezii and Polycyathus muellerae) found in the two stations did not show significant changes across years and locations, with the exception of M. pharensis (Figure 3; Supplementary Table S1). This species experienced an increment in the percentage of cover from the year 2011 to 2022, range 9.6% to 12.3% and 24.4% to 26.7%, respectively (T-test, t=2.298, p=0.022; Figure 3A, Supplementary Table S2), but the increase was proportional across the two stations (Figure 3B, Supplementary Table S2). Overall, the percentage of cover of dead and living corals (all species polled, Supplementary Table S3) was similar in both stations (range 4.4% to 7.1% and 10.1% and 30.4%, respectively) but there were more living corals in the 2022 survey compared to 2011 (Figure 4; T-test, t=2.041, p=0.04; Supplementary Table S4).




Figure 3 | Percentage cover of four coral species across (A) Years and (B) Stations. The boxplots indicate the median (horizontal line), interquartile range (boxes), minimum/maximum values (whiskers), outliers (black points), as well as the combined median of both groups (red point).






Figure 4 | Percentage of cover of Dead and Living corals between (A) Years and (B) Stations. The boxplots indicate the median (horizontal line), interquartile range (boxes), minimum/maximum values (whiskers), outliers (black points), as well as the combined median of both groups (red point).







PAHs bioaccumulation in Madracis pharensis

Analyses of PAHs in corals samples confirmed the exposure of M. pharensis to PAHs, with significantly higher levels of total PAHs (Figure 5A) bioaccumulated in organisms collected at the Car Deck site (273.2 ± 166.9 ng/g d.w.) compared to those collected at Smokestacker site (34.9 ± 21.8 ng/g d.w.). Overall, both low molecular and high molecular weight PAHs significantly contributed to the observed differences (Figures 5B, C): low molecular PAHs were 33.6 ± 22.2 and 70.9 ± 2.19 ng/g d.w. at Smokestacker and Car Deck sites, respectively, while high molecular PAHs were 1.32 ± 0.45 and 202.3 ± 169.1 ng/g d.w. at Smokestacker and Car Deck sites, respectively. On the other hand, high molecular weight PAHs accounted for roughly 75% of the total PAHs in organisms sampled at Car Deck site, while these represented almost only 10% of total PAHs in tissues of organisms sampled at Smokestacker site.




Figure 5 | Bioaccumulation of (A) total PAHs, (B) low molecular weight PAHs, and (C) high molecular weight PAHs, in M. pharensis samples collected from Smokestacker and Car Deck sites, respectively. Results are given as mean ± standard deviation (n=4), asterisks denote significant differences between the two sites (*: p < 0.05; **: p < 0.01; ***: p < 0.001).



Among the contributors to these differences, 1-methylnaphthylene was the main low molecular weight PAH congener presenting different levels in organisms sampled in the two sites, while pyrene, chrysene, 7,12-dimethylbenz(a)anthracene, benzo(b)fluoranthene and benzo(k)fluoranthene were the main high molecular weight PAH congeners supporting the differences in PAHs bioaccumulation in M. pharensis sampled the two sites (Supplementary Materials, Supplementary Table S7).





Detoxification mechanisms and total oxyradical scavenging capacity in Madracis pharensis

A statistically significant decrease of glutathione S-transferases activity (Figure 6A) was measured in tissues of M. pharensis organisms sampled at the Car Deck site (8.25 ± 0.57 nmol/min/mg protein) compared to those collected at Smokestacker site (13.21 ± 2.27 nmol/min/mg protein).




Figure 6 | Glutathione S-transferases (GSTs) activity (A), total oxyradical scavenging capacity (TOSC) towards peroxyl (B) and hydroxyl radicals (C), in M. pharensis samples collected from Smokestacker and Car Deck sites, respectively. Results are given as mean ± standard deviation (n=4), asterisks denote significant differences between the two sites (*: p < 0.05; **: p < 0.01; ***: p < 0.001).



On the other hand, significant differences of total oxyradical scavenging capacity towards both peroxyl (TOSC ROO•) and hydroxyl radicals (TOSC HO•) were measured in M. pharensis, with lower values in organisms collected from Car Deck site compared to specimens collected from Smokestacker site (Figures 6B, C). Values were 1.44 ± 0.24 and 2.01 ± 0.20 U TOSC ROO•/µg protein for M. pharensis sampled at Smokestacker and Car Deck sites, respectively, while 1.41 ± 0.27 and 2.74 ± 0.06 U TOSC HO•/µg protein for M. pharensis sampled at Smokestacker and Car Deck sites, respectively.






Discussions

The communities’ composition of the studied areas of the Zenobia shipwreck were distinct between sites and changed over time, from the first survey in 2011 to the recent study in 2022. These findings are not unexpected given the particularities of each area and the major ecological changes that have occurred in Cyprus during those 11 years: population collapse of key species, such as habitat forming corals, bryozoans, seagrasses, and echinoid grazers (Garrabou et al., 2022; see below). Considering the spatial component, the communities of the Car Deck are under limiting conditions in contrast to the Smokestacker. Hydrodynamism, availability of light, substrate and structural features (i.e., heterogeneity) are among the main abiotic factors affecting epibenthic communities and ecological processes on shipwrecks (González-Duarte et al., 2018; Hill et al., 2021; Achilleos et al., 2023; Jimenez et al., 2023). To the best of our knowledge, there is only one source of information regarding oceanographic conditions at the shipwreck (i.e., Jimenez et al., 2017a). However, we can complement that limited amount of data with unpublished observations stemming from our regular (seasonal) visits to the shipwreck since 2010. In the Car Deck area, the penetration of light and the water circulation decrease just a few meters from the gateway. The sector where the sampling was made can be considered a semi-dark zone of confined hydrological conditions. The restricted water circulation allows the accumulation of positively buoyant debris from the wreck itself (e.g., plastic containers from the cargo, shreds of carpeting material), including the oil leaking from the piping system. These almost still-conditions also affect the arrival of nutrients, exchange of gases, dispersion of larvae, etc. that are highly dependent on water circulation. The epibenthic communities at the Smokestacker are under radically different conditions. Even though the sampling site is under the large structure, it is a well-lit environment of high hydrodynamism (days with very strong currents are common, making diving there difficult). In consequence, the differences in composition between the communities from both sampling locations are product of the species’ adaptation to site-related characteristics.

Regarding the ecological changes experienced in Cyprus during the last decade, five mass mortalities of epibenthic organisms occurred around the island since the first survey in 2011 of the Zenobia wreck (Jiménez et al., 2016; Garrabou et al., 2022, Jimenez unpublished data). These mortality events are strongly related to the increase in frequency and intensity of Marine Heat Waves (MHWs) affecting Cyprus and the Mediterranean in general (Garrabou et al., 2022; Stipcich et al., 2023). But it is during the period 2018-2021 that the Zenobia wreck showed prolonged (ca. 18 months) and wide-spread (almost in all sections of the wreck, from 18m to 44m depth) mortalities during the MHWs (Jimenez unpublished data). Massive sponges were among the most affected epibenthic species; independently from the location, entire necrotic colonies (from 2-3cm to 80cm in diameter) decayed for weeks until only spongin fibers remained. Other sponges in various stages of necrosis fell on the sandy bottom from the vertical walls or “ceiling” surface of the starboard side of the wreck’s structure. The net result of the disappearance of massive sponges was the increase in available substrate (open space) for colonization, expansion of “creeping” species that first grow expanding branches along the surface, such as Madracis, and certainly the reduction of competition for resources in the epibenthic communities. Competition for space between corals and sponges is a classic example of a biological factor affecting species’ assemblages in natural and artificial substrates, in the Mediterranean and elsewhere (Chadwick and Morrow, 2011; Kayal and Adjeroud, 2022). Several life-traits allow sponges to thrive and outcompete other species in limiting environments such as those found in shipwrecks; for example, sciaphilic species and physical and chemical defenses against other benthic organisms (Wulff, 2006, González-Murcia et al., 2023). We believe that less competition with sponges is probably the main reason behind the increase in Madracis’ percentage of cover at both sampling sites in the 2022 survey. During the 2010-2012 MHWs, this coral species was observed to be less affected than others, such as Cladocora caespitosa, P. mouchezii, and P. muellerae (Jiménez et al., 2016), also in the 2022 survey, “creeping branches” of Madracis were observed extending in an almost rivulet-like fashion. It is also possible that the disappearance of massive sponges facilitates the visual counting in the photo quadrats; but we support the competition-release explanation in view of the low mortality experienced by Madracis.

Despite M. pharensis coverage increased in both investigated stations from 2011 to 2022, corals living closely to “oil ponds” at Car Deck site showed to be threatened by chemical stress, causing the onset of cellular stress responses. Indeed, despite the origin and chemical composition of these “oil ponds” has not been addressed in this study, the investigation revealed a consistent accumulation of PAHs in organisms’ sampled at Car Deck site, with levels significantly higher than the ones sampled at Smokestacker, namely high molecular weight PAHs (HMW-PAHs). We hypothesize that HMW-PAHs accumulation may be the result of the exposure to petroleum fuels and lubricants, composed by noticeable amounts of such congeners, which have low biodegradation rates, high lipophilicity, and long persistence (Head et al., 2006; Beolchini et al., 2010; Goto et al., 2021). This has also been suggested in a mesocosm study of Yamada et al., 2003, in which a simulated dispersion of the water-available fraction of heavy residual oil highlighted HMW PAHs to persist longer than low molecular weight compounds. PAHs levels comparable to those measured in this study have been observed in tissues of corals sampled from reefs of South China Sea (Han et al., 2020), and in massive corals of the Sanya coral reef regions (Xiang et al., 2018), both being coastal areas impacted by anthropogenic activities.

Noticeably, HMW-PAHs such as chrysene, 7,12-dimethylbenz(a)anthracene, benzo(b)fluoranthene and benzo(k)fluoranthene, found to be present at high concentrations in organisms from Car Deck site, have been addressed as potentially carcinogenic for vertebrates (Baird et al., 2005; Honda and Suzuki, 2020). Indeed, biotransformation and detoxification processes of PAHs generate reactive metabolites which can bind DNA, triggering the formation of adducts and the onset of genotoxic effects (Benedetti et al., 2015). Benzo(b)fluoranthene and benzo(k)fluoranthene are also listed in the priority group of substances to be monitored in EU water bodies with the Water Framework Directive 2000/60/EC (European Commission, 2000).

While organic xenobiotics metabolism is well characterized in vertebrates, and known to be inducible through AhR by different typologies of planar organic chemicals as PAHs, PCB, and dioxins (Regoli and Giuliani, 2014; Benedetti et al., 2015), the specificity of AhR binding has been proposed to be restricted to chordates (Reitzel et al., 2014) and other xenobiotic biotranformation and detoxification pathways can be induced in marine invertebrates, as carboxylesterases and glutathione S-transferases (Regoli and Giuliani, 2014; Solé et al., 2021). Interestingly, in this study GSTs activity was significantly lower in corals sampled at Car Deck site compared to those sampled at Smokestack, and thus negatively correlated with PAHs in corals tissue; this result is of particular interest when compared to other findings on corals under organic xenobiotic stress: indeed, early induction of GSTs activity has been described in the coral Montastraea faveolata under acute short-term exposure to 0.1 ppm benzo[a]pyrene for 72h (Ramos and García, 2007), and similarly GST-pi gene induction was observed in Pocillopora damicornis after 24h under different concentrations of water available fraction of oil (Rougée et al., 2006). To date, a negative effect on GSTs activity was described in the reef-building coral Orbicella flaveolata affected by the Carribean yellow band disease under anthracene exposure (Montilla et al., 2016), and in the scleractinian P. damicornis exposed to polystyrene microplastics (Tang et al., 2018). The observed inverse relationship between GSTs activity and PAHs in corals tissues allows to hypothesize different possible mechanisms causing the lower activity of this detoxification process. The activity of GST might be directly disrupted by the PAHs accumulated in the cellular milieu, as previously observed in the mussels Dreissena polymorpha and Mytilus galloprovincialis exposed to PAHs- and PCB-contaminated sediments and benzo(a)pyrene, respectively (Akcha et al., 2000; Osman et al., 2007); on the other hand, a lower activity of the enzyme could be the consequence of a decreased availability of its main co-factor, reduced glutathione (GSH), either consumed by other enzymes of the antioxidants’ network (e.g. glutathione peroxidases, glyoxalase) or directly involved in oxyradicals scavenging, and not promptly replenished (Karami et al., 2011; Regoli and Giuliani, 2014; Benedetti et al., 2015; Vašková et al., 2023). Nonetheless, the accumulation of other chemicals, not assessed in this study, might have contributed to the GST activity decrease, as previously described for graphene oxide, flame retardants, insecticides, and pesticides (Özaslan et al., 2018; Josende et al., 2020; Bellas et al., 2022).

During xenobiotic metabolism, certain chemicals and their metabolites may undergo redox cycling (Cohen and D'Arcy Doherty, 1987; Regoli and Giuliani, 2014; Benedetti et al., 2015) resulting in the production of reactive oxygen species (ROS) and in redox homeostasis unbalance (Regoli and Giuliani, 2014; Benedetti et al., 2015). This oxidative pathway of chemicals toxicity often leads to the activation of the antioxidant system through the up-regulation of genes controlled by the antioxidant responsive element (ARE), coding for enzymes as catalase, superoxide dismutase, glutathione peroxidases, glutathione S-transferases, among others (Regoli and Giuliani, 2014).

In this study, we characterized for the first time the efficiency of the antioxidant system of M. pharensis through the evaluation of the total oxyradical scavenging capacity towards peroxyl and hydroxyl radicals: our results suggest that M. pharensis possess an efficient cellular antioxidant defense network, as shown to other marine symbiotic species (Dykens and Shick, 1982; Dykens et al., 1992; Regoli et al., 2004b; Liñán-Cabello et al., 2010; Liñán-Cabello et al., 2011). Indeed, symbiotic species have been indicated to possess a relevant antioxidant machinery to balance the significant pro-oxidant challenge generated by the photosintetically-mediated cellular hyperoxic conditions (Lesser, 2006). Specimens of M. pharensis sampled at the “Smokestack” site, not impacted by pollution, showed TOSC levels consistent with those measured in other symbiotic cnidarian species, such as the sea anemone Bunodosoma cavernatum and the sponges Petrosia ficiformis and Haliclona dancoi, when in concomitant with increased temperature, symbiont density and photosynthetically-mediated boost of pro-oxidative pressure (Regoli and Winston, 1998; Regoli et al., 2004a, b). Moreover, M. pharensis presented, in average, 2 to 5 times higher TOSC levels that other marine species, as the bivalves M. galloprovincialis, Flexopecten glaber, Ruditapes philippinarum, polychaetes Platynereis dumerilii, Polyophthalmus pictus, Syllis prolifera (Nardi et al., 2017; Iannello et al., 2021, 2018; Ricevuto et al., 2015).

Regarding organisms sampled at the Car Deck site, these exhibited an increased oxyradicals scavenging capacity towards ROO• and HO•, allowing to suggest an increased ROS production at cellular level mediated by the high levels of bioaccumulated PAHs, which results in a sustained activation of the response toward oxidative stress. A similar response has been previously described in the cnidarian Nematostella vectensis following short-term exposure to crude oil (Tarrant et al., 2014), in the scleractinians P. damicornis following an acute laboratory exposure to fuel oil (Rougée et al., 2006) and in Porites lobata sampled 3 months after an oil spill in the Federated States of Micronesia (Downs et al., 2006); nonetheless, a generalized increase of the total antioxidant capacity was observed in the coral Mussismilia harttii and in the hydrocoral Millepora alcicornis sampled in Abrolhos Reef Banks (Brazil) 2 and 4 months after the rupture of a mine dam (Dal Pizzol et al., 2022). Noteworthy, Rougée et al. (2006) and Downs et al. (2006) described a significant increase of GST-pi protein content in corals subjected to chemical pollution. As previously discussed, in this study GST enzymatic activity was significantly reduced in corals with higher PAHs content, which reinforces the discussed hypothesis that the lower enzymatic activity may result from chemicals-mediated effects on the functionality of this detoxification mechanism under chronic pollution conditions rather than from a lower expression at transcriptional level.

These overall findings suggest that despite our study revealed a sustained presence and growth of M. pharensis in both investigated sites, those living in close contact with oil ponds may be subjected to increased environmental stress, with possible implications on long-term species distribution at local scale. Indeed, sustaining the antioxidant defenses network under chronic stress conditions is an energetic cost adaptation, that could lead to energy trades-off, reducing the amount of energy available to be allocated to physiological processes other than stress-response and thus leading to suboptimal growth and reduced reproductive rates (Sokolova, 2013; Lachs et al., 2023). These aspects, along to a more in-depth characterization of Madracis pharensis stress response dynamics at transcriptional, physiological, and ecological levels, deserve further studies to fully elucidate the mechanisms underlying the capability of this species to survive under a chronic chemical stress.
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