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Introduction

Benthic foraminifera are single-celled eukaryotes that are highly abundant in marine environments. Traditionally, benthic foraminifera have been applied to paleoecological, paleoenvironmental and paleoclimatological reconstructions and hydrocarbon exploration.

Their application has been also extended to environmental biomonitoring (for a review, see [START_REF] Alve | Benthic foraminiferal responses to estuarine pollution: a review[END_REF][START_REF] Yanko | Effects of marine pollution on benthic Foraminifera[END_REF] and they are now widely used as effective bioindicators in a wide range of marine and transitional marine environments (e.g., Armynot du [START_REF] Armynot Du Châtelet | The anthropogenic impact on the western French coasts as revealed by foraminifera: A review[END_REF][START_REF] Frontalini | Benthic foraminifera as bioindicators of pollution: A review of Italian research over the last three decades[END_REF][START_REF] Schönfeld | The FOBIMO (FOraminiferal BIo-MOnitoring) initiative-Towards a standardised protocol for soft-bottom benthic foraminiferal monitoring studies[END_REF][START_REF] Alve | Foram-AMBI: a sensitivity index based on benthic foraminiferal faunas from North-East Atlantic and Arctic fjords, continental shelves and slopes[END_REF].

Although several ecological studies on benthic foraminifera have been performed over the last 50-60 years, only a few have focused on the specific response to a single pollutant in terms of tolerance, growth, reproduction and/or survival (i.e., Bresler and Yanko, 1995a,b;[START_REF] Morvan | Foraminifera as potential bioindicators of the "Erika" oil spill in the Bay of Bourgneuf: Field and experimental studies[END_REF][START_REF] Saraswat | Foraminifers as indicators of marine pollution: A culture experiment with Rosalina leei[END_REF][START_REF] Le Cadre | Morphological and cytological responses of Ammonia (foraminifera) to copper contamination: Implication for the use of foraminifera as bioindicators of pollution[END_REF][START_REF] Nigam | Effects of sudden stress due to heavy metal mercury on benthic foraminifer Rosalina leei: Laboratory culture experiment[END_REF][START_REF] Denoyelle | Innovative use of foraminifera in ecotoxicology: A marine chronic bioassay for testing potential toxicity of drilling muds[END_REF]van Dam et al., 2012a,b;[START_REF] Linshy | Experiment to decipher the effect of heavy metal cadmium on coastal benthic foraminifer Pararotalia nipponica (ASANO)[END_REF][START_REF] Nardelli | Experimental chronic exposure of the foraminifer Pseudotriloculina rotunda to zinc[END_REF][START_REF] Frontalini | Effects of lead pollution on Ammonia parkinsoniana (foraminifera): Ultrastructural and microanalytical approaches[END_REF][START_REF] Frontalini | Mercury-Pollution Induction of Intracellular Lipid Accumulation and Lysosomal Compartment Amplification in the Benthic Foraminifer Ammonia parkinsoniana[END_REF] and even more limited is the knowledge of ultrastructural changes induced by exposure to pollutants (Table 1).Fewer ultrastructural studies on the effects of pollution on foraminifera have so far been published as compared to those performed on other marine organisms, ranging from other protists [START_REF] Ismail | A modified toxicity testing method using tropical marine microalgae[END_REF][START_REF] Debelius | Toxicity and bioaccumulation of copper and lead in five marine microalgae[END_REF]Gomiero et al., 2013;[START_REF] Miazek | Effect of Metals, Metalloids and Metallic Nanoparticles on Microalgae Growth and Industrial Product Biosynthesis: A Review[END_REF]Sures Kumar et al., 2015) to metazoans (e.g., [START_REF] Storelli | Environmental contamination in bottlenose dolphin (Tursiops truncatus): relationship between levels of metals, methylmercury, and organochlorine compounds in an adult female, her neonate, and a calf[END_REF][START_REF] Achard | Induction of a multixenobiotic resistance protein (MXR) in the Asiatic clam Corbicula fluminea after heavy metals exposure[END_REF]). In fact, most foraminiferal studies have focused more on metals' incorporation into calcite for proxy calibration rather than on cellular responses or alterations resulting from heavy metal exposure (i.e., [START_REF] De Nooijer | Copper incorporation in foraminiferal calcite: Results from culturing experiments[END_REF][START_REF] Munsel | Heavy metal incorporation in foraminiferal calcite: Results from multi-element enrichment culture experiments with Ammonia tepida[END_REF][START_REF] Nardelli | Zinc incorporation in the miliolid foraminifer Pseudotriloculina rotunda under laboratory conditions[END_REF]van Dijk et al., 2017a,b). Under these circumstances, further culture and ultrastructural studies are required to better understand the specific biological response(s) of foraminifera [START_REF] Nigam | Application of foraminifers in ecotoxicology: Retrospect, perspect and prospect[END_REF], and the potential detoxification mechanisms against heavy metals.

In benthic foraminifera, heavy metals have been suggested to promote 1) a thickening of the inner organic lining (IOL); 2) an increase in the number and size of lipid droplets (LD); 3) mitochondrial degeneration; 4) proliferation of degradation vacuole (reported as autophagosomes), lysosomes, and residual bodies in Ammonia species [START_REF] Morvan | Foraminifera as potential bioindicators of the "Erika" oil spill in the Bay of Bourgneuf: Field and experimental studies[END_REF][START_REF] Le Cadre | Morphological and cytological responses of Ammonia (foraminifera) to copper contamination: Implication for the use of foraminifera as bioindicators of pollution[END_REF][START_REF] Frontalini | Effects of lead pollution on Ammonia parkinsoniana (foraminifera): Ultrastructural and microanalytical approaches[END_REF][START_REF] Frontalini | Mercury-Pollution Induction of Intracellular Lipid Accumulation and Lysosomal Compartment Amplification in the Benthic Foraminifer Ammonia parkinsoniana[END_REF]. Following LeKieffre et al. (this volume), as the separation between degradation vacuoles containing external (food) or internal (organelles) material is rather difficult on transmission electron microscopy (TEM) images, we use the term degradation vacuoles. Alterations on LD (reported as lipidic vesicles) have been attributed to a perturbation in the metabolic regulation of specimens exposed to copper (Cu) [START_REF] Le Cadre | Morphological and cytological responses of Ammonia (foraminifera) to copper contamination: Implication for the use of foraminifera as bioindicators of pollution[END_REF]. Similarly, a proliferation of LD, mainly neutral lipids (esterified cholesterol and triglycerides), has been documented in specimens treated with Hg [START_REF] Frontalini | Mercury-Pollution Induction of Intracellular Lipid Accumulation and Lysosomal Compartment Amplification in the Benthic Foraminifer Ammonia parkinsoniana[END_REF]. The IOL has been considered to protect the cell from xenobiotics [START_REF] Leutenegger | Ultrastructure de foraminifères perforés et imperforés ainsi que leurs symbiotes[END_REF] and its thickening has reinforced the idea of a defense-like mechanism against pollutants [START_REF] Le Cadre | Morphological and cytological responses of Ammonia (foraminifera) to copper contamination: Implication for the use of foraminifera as bioindicators of pollution[END_REF].

Among metals, zinc (Zn) is considered as an essential intracellular element and micronutrient for eukaryotic life because it plays important roles in cellular proliferation, metabolism, reproduction, enzymatic activity and protection against free radicals (e.g., [START_REF] Martín-González | Ultrastructural alterations in ciliated protozoa under heavy metal exposure[END_REF][START_REF] Gallego | Flow cytometry assessment of cytotoxicity and reactive oxygen species generation by single and binary mixtures of cadmium, zinc and copper on populations of the ciliated protozoan Tetrahymena thermophile[END_REF]. However, at high concentrations Zn becomes toxic and produces cellular damage (e.g., [START_REF] Gallego | Flow cytometry assessment of cytotoxicity and reactive oxygen species generation by single and binary mixtures of cadmium, zinc and copper on populations of the ciliated protozoan Tetrahymena thermophile[END_REF], mainly due to oxidative stress (e.g., [START_REF] De Freitas Prazeres | Biomarkers response to zinc exposure in the symbiont-bearing foraminifer Amphistegina lessonii (Amphisteginidae, Foraminifera)[END_REF]. Lead (Pb) has been regarded among the most damaging elements to organisms as it mimics other biologically essential metals by substituting for Ca, Mg, Fe, Zn, and Na [START_REF] Lidsky | Lead neurotoxicity in children: Basic mechanisms and clinical correlates[END_REF][START_REF] Flora | Toxicity of lead: A review with recent updates[END_REF]. Because of its nonbiodegradable nature, Pb is known for its prolonged persistence in the environment [START_REF] Flora | Toxicity of lead: A review with recent updates[END_REF]. Lead, like Zn, also promotes the generation of reactive oxygen species (ROS) that might result in damage to biomolecules [START_REF] Flora | Toxicity of lead: A review with recent updates[END_REF]. Mercury (Hg) and its compounds are extremely toxic and has been considered as one of the most harmful metals for biota [START_REF] Clarkson | The toxicology of mercury and its chemical compounds[END_REF][START_REF] Eisler | Mercury Hazards to Living Organisms[END_REF]. Mercury is also reported to cause oxidative stress [START_REF] Mcelwee | Comparative toxicogenomic responses of mercuric and methyl-mercury[END_REF].

The main aim of this contribution for this Benthic Foraminiferal Ultrastructure Atlas special issue is to present the most commonly noted ultrastructural changes observed in two species of benthic foraminifera, Ammonia parkinsoniana and Pseudotriloculina rotunda, after acute exposure to these two non-essential (Hg and Pb) and one essential (Zn) heavy metals.

Materials and methods

Experimental conditions

Three experiments were conducted with the selected metals (Zn, Pb and Hg).

In unpolluted seawater Zn concentrations are generally < 10 µg/L [START_REF] Eisler | Zinc hazards to fish, wildlife, and invertebrates[END_REF] but in highly polluted areas concentrations up to 5 mg/L have been reported [START_REF] Reddy | Seasonal distribution and contamination levels of total PHCs, PAHs and heavy metals in coastal waters of the Alang-Sosiya ship scrapping yard, Gulf of Cambay, India[END_REF]. To test the effect of Zn, a culture experiment exposed the miliolid species Pseudotriloculina rotunda (d'Orbigny in Schlumberger, 1893) to 50 mg/L of Zn for 24h. This concentration was chosen on the basis of the results obtained by [START_REF] Nardelli | Experimental chronic exposure of the foraminifer Pseudotriloculina rotunda to zinc[END_REF] on the same species. Because a concentration of 100 mg Zn/L was lethal to this species after one week of treatment and <50% of specimens died during a 7-week incubation at 10 mg Zn/L, an intermediate concentration of 50 mg Zn/L was chosen for the acute exposure. A preliminary test was also performed to ensure that all specimens survived 24h of exposure to this concentration of Zn. Specimens were isolated from culture batches (see [START_REF] Nardelli | Experimental chronic exposure of the foraminifer Pseudotriloculina rotunda to zinc[END_REF] for more details) and maintained at 18°C; only those with active reticulopods were used as inoculates and checked for pseudopodial activity before starting the experiment. Zinc solution was prepared, just before starting the experiment, with ultrapure salts (ZnSO4•7H2O, from Sigma) diluted in natural seawater from an established control site (Portonovo, Ancona, Italy) previously filtered at 0.42 μm and stored in the dark, at 4°C. Salinity (37) and pH (8.02) were previously measured. Specimens where picked from culture batches, that were normally kept at 15°C and gradually raised to 18°C in the week preceding the experiment. Fifteen specimens of P. rotunda were randomly picked from the pool to be exposed to 50 mg/L and twelve were maintained in control conditions (seawater). Untreated (i.e., control) and treated (i.e., Zn) foraminiferal specimens were incubated at 18°C, for 24h and then separately processed for TEM analyses.

The Pb experiment was based on Ammonia parkinsoniana (d'Orbigny, 1839) and has been fully described in [START_REF] Frontalini | Effects of lead pollution on Ammonia parkinsoniana (foraminifera): Ultrastructural and microanalytical approaches[END_REF]. In brief, specimens were cultured in sediments exposed to one of three concentrations of Pb (1 ppb, 1 ppm, or 10 ppm) or the control (no lead), up to eight weeks. Similarly, the Hg-based experiment was performed on A. parkinsoniana, exposed to one of three concentrations of Hg (1 ppb, 1 ppm, or 100 ppm) or the control up to 12 weeks [START_REF] Frontalini | Mercury-Pollution Induction of Intracellular Lipid Accumulation and Lysosomal Compartment Amplification in the Benthic Foraminifer Ammonia parkinsoniana[END_REF].

Sample preparation for TEM analyses

Specimens of P. rotunda were prepared for TEM observation following the protocol described by [START_REF] Martín-González | Ultrastructural alterations in ciliated protozoa under heavy metal exposure[END_REF], modified after Le [START_REF] Le Cadre | Morphological and cytological responses of Ammonia (foraminifera) to copper contamination: Implication for the use of foraminifera as bioindicators of pollution[END_REF].

Briefly, after incubation, foraminiferal specimens were pre-fixed in a solution of glutaraldehyde 2.5% (v/v) (Sigma) in sodium cacodylate buffer (100 mM, pH 7.2, TAAB Laboratories Equipment Ltd), for 1 hour. Then specimens were exposed to 0.1M ethylenediaminetetraacetic acid (EDTA) for 36h to remove the calcareous test (following Le Cadre and Debenay 2006).

The cells were then rinsed 3 times in 100 mM sodium cacodylate buffer and post-fixed in a 0.5% solution of OsO4 (v/v; TAAB) in sodium cacodylate buffer (100 mM, pH 7.2) for 45 minutes on ice. Fixed cells were then contrasted in an aqueous solution of 1% (v/v) uranyl acetate (TAAB) for 1 hour, dehydrated in a graded series of acetone baths (25%, 50%, 75%, and 3 times 100% (v/v) in Millipore water), for no less than 20-30 minutes for each step.

Foraminifera were then embedded in Embed Low Viscosity Resin, following manufacturer's instructions. These various manipulations were performed in small microcentrifuge tubes (Eppendorf type) using micropipettes. Samples were then processed at the National Center for Microscopy (Complutense University of Madrid). Initially, semi-thin sections (1 µm) of the specimens were stained with 1% (v/v) toluidine blue to check for cell integrity. Ultra-thin (50 nm) sections were collected on 200-mesh copper grids and contrasted with aqueous 8% uranyl acetate (in ethanol 30%) and 0.7% lead citrate solutions, and then examined with a JEM 1010 JEOL Electron Microscope, at 75kV. Ammonia parkinsoniana preparation for TEM analyses is described in [START_REF] Frontalini | Effects of lead pollution on Ammonia parkinsoniana (foraminifera): Ultrastructural and microanalytical approaches[END_REF][START_REF] Frontalini | Mercury-Pollution Induction of Intracellular Lipid Accumulation and Lysosomal Compartment Amplification in the Benthic Foraminifer Ammonia parkinsoniana[END_REF]. Briefly, specimens were fixed with 2.5% glutaraldehyde (TAAB, England, UK) in Artificial Sea Water (ASW) for 3 h at 4°C, and decalcified with 0 .1 M EDTA for 36 h. After 5 washings with ASW, specimens were post-fixated with 1% osmium tetroxide (OsO4; EMS, Hatfield, PA) in ASW for 2 h at room temperature. Specimens were then dehydrated in a graded series of ethanol baths, from 50% to 100%, immersed twice in propylene oxide (10 minutes each; EMS, Hatfield, PA) and embedded in epoxy resin (Durcupan Araldite, SIGMA, UK). Foraminifera were ultimately sectioned using an ultramicrotome (LKB, 2088 Ultrotome ® V).

Thick sections of 1 µm were stained with 1% toluidine blue in distilled water at 60°C to provide an overview at the light-microscope level. Thin sections (100 nm), collected on 300-mesh nickel grids, were stained with 3% aqueous uranyl acetate and Reynold's lead citrate solutions and finally observed with a Philips CM10 electron microscope at 80 kV.

Results

The comparison between control (Fig. 1A) and Zn-treated (Fig. 1B-F) specimens of P. rotunda revealed important ultrastructural alterations in zinc-treated individuals but not in control specimens. These alterations included the presence of large numbers of residual bodies, which contained irregular concentric or juxtaposed masses of membranes that can form into a vacuole. Moreover, what were interpreted to be numerous cytoplasmic degradation vacuoles and electron-dense granules were visible in Zn-treated cells (Fig. 1B, C andD). Golgi apparatus (Fig. 1C-D) and mitochondria (Fig. 1B, D andE) were degraded in treated specimens compared to those of the control specimens, where intact organelles (mitochondria and peroxisomes) were commonly observed (Fig. 1A). Some clay particles as interpreted by [START_REF] Goldstein | Deposit feeding in selected deep-sea and shallowwater benthic foraminifera[END_REF] or mineral flake-like crystals were visible both in treated (Fig. 1F) and control specimens and have been interpreted as mica flakes that entered the cell by endocytosis, possibly before the isolation of specimens from natural sediment for culture.

Control specimens of A. parkinsoniana appeared as expected in "normal" foraminiferal cells (see, e.g., LeKieffre et al. this volume), having intact vacuole membranes, mitochondria, peroxisomes, and residual bodies (Fig. 2A). On the contrary, several ultrastructural alterations were observed in Pb-treated specimens, particularly those exposed to the highest concentrations, including cytoplasmic degradation (Fig. 2B). In fact, the membranes delimiting organelles were ruptured, causing the cytosol to appear to fuse between structure. At higher magnification, mitochondria did not show the typical peripheral double membrane integrity, and they appeared swollen with poorly preserved cristae (Fig. 2D) when compared to control specimens (Fig. 2C). Lipid droplets of Pb-treated specimens appeared to have a more irregular outline and to be more electron-dense (Fig. 2F) than LD of control specimens (Fig. 2E).

Similarly, Hg-treated specimens showed numerous morphological alterations compared to control specimens. These alterations included cytoplasmic degradation (Fig. 3A), a more electron-dense core in lipids (Fig. 3B), degraded mitochondria (Fig. 3C), and a number of structures interpreted as vacuoles (Fig. 3A).

Discussion

Our results suggest that the ultrastructural alterations induced by exposure to different heavy metals on different benthic foraminiferal species are quite similar, regardless of the involved metal, at least for the three tested divalent ions and the two foraminiferal species. The three tested metals are known to induce the production of reactive oxygen species (ROS) that represent a serious threat to cell fitness during exposure. The ROS are mainly produced in mitochondria (see review by [START_REF] Murphy | How mitochondria produce reactive oxygen species[END_REF] and when an excess is produced, mitochondria become dysfunctional or undergo necrosis (which leads to cell-"aging"). The degradation of mitochondria observed in our treated samples is very similar to the ones already reported for several species of ciliates (i.e., [START_REF] Pyne | The effects of cadmium on the growth pattern and ultrastructure of the ciliate Tetrahymena pyriformis, and antagonistic effect of calcium[END_REF][START_REF] Martín-González | Ultrastructural alterations in ciliated protozoa under heavy metal exposure[END_REF] and could represent an advanced phase of necrosis of these organelles after exposure. This hypothesis also agrees with the results of [START_REF] De Freitas Prazeres | Biomarkers response to zinc exposure in the symbiont-bearing foraminifer Amphistegina lessonii (Amphisteginidae, Foraminifera)[END_REF] who quantified, for the first time, several biomarkers of oxidative stress (antioxidant capacity, lipid peroxidation, metallothionein-like proteins concentration and total superoxide dismutase activity) in a symbiont-bearing foraminifer, Amphistegina lessonii, exposed to Zn. However, it is noted that some foraminiferal species, which thrive within the chemocline of marine sediments where ROS are produced, possess peroxisomes complexed with the endoplasmic reticulum and can cope with ROS [START_REF] Bernhard | Peroxisome proliferation in foraminifera inhabiting the chemocline: An adaptation to reactive oxygen species exposure?[END_REF].

The presence of higher number of degradation vacuoles (probably autophagosomes) and residual bodies in the cytoplasm of metal-treated specimens could therefore be the consequence of enhanced stressful conditions and represent the tendency of the organism to degrade organelles like mitochondria altered by ROS production. Increased number of degradation vacuoles has been previously reported in other eukaryotic organisms, where they are generally interpreted as cellular stress signals (e.g., [START_REF] Krawczynska | Effects of cadmium on growth, ultrastructure and content and chemical elements in Tetrahymena pyriformis and Acanthamoeba castellanii[END_REF][START_REF] Martín-González | Ultrastructural alterations in ciliated protozoa under heavy metal exposure[END_REF]. Traditionally, the formation of autophagosomes is considered a specific mechanism induced by starvation or nutritional stress [START_REF] Klionsky | Vacuolar input of proteins and organelles from the cytoplasm[END_REF], for example in yeasts [START_REF] Abeliovich | Autophagy in yeasts: mechanistic insights and physiological function[END_REF] and ciliates [START_REF] Gutiérrez | Ciliate cryptobiosis: a microbial strategy against environmental starvation[END_REF][START_REF] Gutiérrez | Ciliate encystment-excystment cycle: a response to environmental stress[END_REF]. However, it is also known that autophagy plays a major role in the degradation of altered organelles. An increased number of residual bodies has been reported by [START_REF] Le Cadre | Morphological and cytological responses of Ammonia (foraminifera) to copper contamination: Implication for the use of foraminifera as bioindicators of pollution[END_REF] in two different species of Ammonia exposed to Cu. Those authors hypothesized a role of the residual bodies in detoxifying the metals by storing and neutralizing them. Dedicated studies to map metal distributions in foraminiferal cytoplasm are warranted.

A thickening of inner organic lining (IOL) or cell membrane was observed in Ammonia parkinsoniana exposed to both Hg and Pb [START_REF] Frontalini | Effects of lead pollution on Ammonia parkinsoniana (foraminifera): Ultrastructural and microanalytical approaches[END_REF]. This result is far from rare.

In fact, several authors previously reported similar observations in different foraminiferal species, exposed to different metals. For example, Le Cadre and Debenay ( 2006) who exposed Ammonia beccarii (Linnaeus, 1758) and Ammonia tepida (Cushman, 1926) to copper (up to 500 µg/L), in culture conditions, reported a thickening of the IOL with a fibrous and stratified appearance particularly at the basal part of the pores. Similarly, a thickening of the IOL with an increase of fibrous material and the proliferation of residual bodies is documented in morphologically deformed A. tepida specimens after exposure to oil by [START_REF] Morvan | Foraminifera as potential bioindicators of the "Erika" oil spill in the Bay of Bourgneuf: Field and experimental studies[END_REF].

The IOL, which consists of a complex polysaccharide and glycoproteins bound together in a complex macromolecular structure, represents the matrix between the test and the cytoplasm (Splinder, 1978;[START_REF] Ní Fhlaithearta | Molecular and isotopic composition of foraminiferal organic linings[END_REF] that is supposed to have an important role in foraminiferal biomineralization [START_REF] Langer | Biosynthesis of glycosaminoglycans in foraminifera: A review[END_REF][START_REF] Erez | The Source of Ions for Biomineralization in Foraminifera and Their Implications for Paleoceanographic[END_REF][START_REF] Sabbatini | Biomineralization of Schlumbergerella floresiana, a significant carbonate-producing benthic foraminifer[END_REF]. [START_REF] Morvan | Foraminifera as potential bioindicators of the "Erika" oil spill in the Bay of Bourgneuf: Field and experimental studies[END_REF] suggested that this structure could also have a major role in protecting the cytoplasm, and that a thickening of the IOL may therefore represent a defense mechanism adopted by foraminifera to protect the cell against potential toxicants like heavy metals (i.e., Cu and Pb), and also organic compounds [START_REF] Gupta | Foraminiferal colonization of hydrocarbon-seep bacterial mats and underlying sediment, Gulf of Mexico slope[END_REF][START_REF] Morvan | Foraminifera as potential bioindicators of the "Erika" oil spill in the Bay of Bourgneuf: Field and experimental studies[END_REF][START_REF] Le Cadre | Morphological and cytological responses of Ammonia (foraminifera) to copper contamination: Implication for the use of foraminifera as bioindicators of pollution[END_REF][START_REF] Frontalini | Effects of lead pollution on Ammonia parkinsoniana (foraminifera): Ultrastructural and microanalytical approaches[END_REF]. Similar modification of the IOL was also noted by Sen [START_REF] Gupta | Foraminiferal colonization of hydrocarbon-seep bacterial mats and underlying sediment, Gulf of Mexico slope[END_REF] for Cassidulina carinata Silvestri, 1896 collected in Beggiatoa mats around bathyal hydrocarbon seeps in the Gulf of Mexico as well as by Koho et al. (this volume) for Ammonia spp. in response to anoxic conditions.

A proliferation of abnormally large LD (reported as lipidic vesicles) and an increase in the number of residual bodies in response to copper exposure were noted by Le [START_REF] Le Cadre | Morphological and cytological responses of Ammonia (foraminifera) to copper contamination: Implication for the use of foraminifera as bioindicators of pollution[END_REF]. The increase of number and size of LD was suggested to be a perturbation in the regulation metabolism of foraminiferal specimens contaminated by copper [START_REF] Le Cadre | Morphological and cytological responses of Ammonia (foraminifera) to copper contamination: Implication for the use of foraminifera as bioindicators of pollution[END_REF] as also reported in other organisms [START_REF] Prevot | Combined action of cadmium and selenium on two marine dinoflagellates in culture, Prorocentrum micans Ehrbg. and Crypthecodinium cohnii Biecheler[END_REF]. A proliferation of neutral lipids in the form of LD was documented in specimens of A. parkinsoniana exposed to Hg [START_REF] Frontalini | Mercury-Pollution Induction of Intracellular Lipid Accumulation and Lysosomal Compartment Amplification in the Benthic Foraminifer Ammonia parkinsoniana[END_REF] as well as in other organisms (microalgae, lichens, rat, grey mullet, silver catfish hepatocytes) when exposed to contaminants. Lipid droplets are also hypothesized to sequester toxicants in order to protect cells [START_REF] Murphy | Combustion-Derived Hydrocarbons Localize to Lipid Droplets in Respiratory Cells[END_REF][START_REF] Rowan-Carroll | Mice exposed in situ to urban air pollution exhibit pulmonary alterations in gene expression in the lipid droplet synthesis pathways[END_REF].

Conclusion

Mercury, lead and zinc are important metallic pollutants that, to different degrees, are considered potentially harmful elements for biota. On the basis of our results and literature data, we here present a synopsis of the ultrastructural changes of two benthic foraminiferal species, A. parkinsoniana and P. rotunda exposed to Hg and Pb, and Zn, respectively. The exposure of the specimens to these heavy metals seems to promote cytological alterations and organelle degeneration. These alterations include a thickening of the inner organic lining, an increase in the number and size of lipid droplets, mitochondrial degeneration, as well as degradation vacuole and residual body proliferations. These alterations suggest cytological oxidative stress induced by the exposure to the tested metals, and some alterations in particular, i.e., thickening of IOL, degradation vacuole, and lipids, are interpreted as potential defense mechanisms against heavy metal-induced stress.

  

  

  

Acknowledgements

The authors are very grateful to the Editors-in-Chief: Ric Jordan and two anonymous reviewers for their thoughtful and valuable comments that have greatly improved the paper. The research on Ammonia parkinsoniana was partially supported by the PRIN 2010-2011 Ministero dell'Istruzione, dell'Università e della Ricerca (MIUR) (protocollo 2010RMTLYR) to RC. The research on Pseudotriloculina rotunda was supported by the Polytechnic University of Marche (PhD thesis of MPN). MPN acknowledges Juan Carlos Gutierrez for the opportunity to perform part of the analyses (incubations of P. rotunda and TEM micrographs) in his laboratory at the Universidad Complutense de Madrid.