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Abstract


The sea urchin Paracentrotus lividus is a good model in ecotoxicology, but adults living along the Italian coasts have a limited reproductive period. In this species, natural or human-driven pressures may lead to limited gamete availability for ecotoxicological surveys. This study investigates the quality of early developmental stages of wild and cultured sea urchins to be used in ecotoxicology, avoiding field collection of mature specimens. Adult sea urchins were cultured in the laboratory for 2 years. Every 45 days, fertilization and larval quality were checked and compared to those from adults sampled in the wild. Fertilization was never affected, differently from development, which was impaired in the larvae obtained from sea urchins reared for more than one year. Fertilization and embryotoxicity were performed using copper nitrate in wild and cultured sea urchins. Fertilization did not differ up to ten months, while similar embryotoxicity was only found up to 5 months. This study promotes rearing sea urchins in ‘ready-to-spawn’ conditions for ecotoxicology surveys by recommending 10- and 5-month rearing times to assess fertilization and embryo toxicity, respectively. Here, we provided a baseline in marine ecotoxicology to obtain gametes on demand, irrespective of reproductive period and other pressures that may impact gamete availability.
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1. Introduction


The common sea urchin Paracentrotus lividus (Lamarck, 1816) is an edible echinoid with a wide distribution range across the Mediterranean and Northeast Atlantic. It is a keystone species in the benthic community, since its grazing activity helps regulate macrophyte populations [1]. Due to its sensitivity to contaminants, this species is currently used to assess environmental quality [2,3,4,5], and it is a model organism for ecotoxicological surveys. Gametes and embryos are necessary to perform fertilization and carry out developmental bioassays as required by national and international regulations [6,7,8]. Moreover, its sensitivity to pollutants, its well-studied and short life cycle, fast development, and other factors (i.e., fertilization in water, transparent eggs, and high offspring production) are promoting sea urchins as a model in ecotoxicology. Another important basic requirement is the species availability throughout the year [9]. Adult specimens of P. lividus living along the Italian coasts have a limited reproductive period from October to June. Gametogenesis occurs during the coldest months [10,11]. Moreover, natural (i.e., seasonal fluctuations) or human-driven pressures and subsequent limited gamete availability [12,13,14] may affect ecotoxicological investigations. Population dynamics of P. lividus in the Italian coasts are mainly affected by overfishing and sea warming rather than the pressure exerted by the removal of adults for ecotoxicological surveys [15]; however, it is important to maintain sea urchins in ‘ready-to-spawn’ conditions to obtain gametes on demand [9], avoiding recurrent field collection of mature specimens and preserving natural populations.



Several studies have been performed so far on long term maintenance in culture of the sea urchin P. lividus, also to meet echinoculture production needs [9,16,17,18,19,20,21,22,23]. Through gonad index and histological analyses from wild and/or hatchery-raised sea urchins, they analyzed environmental parameters and feed regimes to assess and improve gonad development. For instance, a different photoperiod (i.e., 24 h dark, 8 h light, 16 h dark, 16 h light, and 8 h dark), temperature (18–26 °C) and diet based on vegetal meals (i.e., natural algae, macroalgae, lettuce, maize, and dried seaweed) or combining vegetal with animal sources (i.e., fish, mussel, krill, and anchovy) were used in P. lividus echinoculture to improve gonad development [9,24,25,26,27,28,29,30].



Spawning is a non-invasive method that provides an indirect assessment of reproductive ability. Applying this method to assess sea urchin fertilization ability and early developmental stage quality from wild and cultured populations is necessary to establish ‘ready-to-spawn’ conditions for ecotoxicological purposes. Planktonic and early developmental stages (gametes, embryos, and larvae) are the most sensitive phases in the whole sea urchin life cycle [31]. Thus, these early life cycle stages have been used worldwide in several toxicity bioassays to assess and monitor water and sediment toxicity [32,33,34]. For instance, early sea urchins stages have been included in regulatory toxicology—by performing fertilization assays, development, and embryotoxicity tests—to investigate the effects of several substances and compounds (i.e., chemicals, nanomaterials, pharmaceuticals, and microplastics [2,13,14,35,36]). In addition, some bioassays have been suggested for standardization or OECD adoption [8,37,38]. According to OECD guidelines [39] that promote sea urchin bioassays, the Environmental Canada guidelines [40] include fertilization and short-term sub-chronic test methods on different sea urchin species to assess the effects of toxicants. Moreover, other scientific institutions have recommended the use of sea urchin embryos as bioassay testing models for environmental monitoring programs and regulatory toxicology [41].



The aim of this study was to assess the quality of gametes and early developmental stages of sea urchins matured in confined conditions to avoid continuous sampling of adults from the natural environment, especially during summer, and to obtain zygotes and embryos on demand for ecotoxicological studies. To achieve this goal, fertilization and embryo assays were performed on both natural and cultured sea urchin populations for two years. This rearing span was selected since, to our knowledge, no study on spawning exceeds one year [28]. Also, ecotoxicological bioassays were performed using copper as a reference toxicant [42] to compare their effective concentration (EC50) outcome on 50% of organisms in fertilized eggs and on larvae from natural (wild) sea urchins and 50% on cultured ones, as well as checking offspring quality to be used in ecotoxicological investigations. We performed both fertilization and embryo toxicity tests, currently used and recommended in standardized protocols for water and sediment quality assessment [6,7,8,28,29,30]. Due to the current lack of standardized methods in sea urchin ecotoxicology and considering that several parameters may affect echinoderm sensitivity [14,28], this study also aims at increasing knowledge on laboratory conditions to culture sea urchins to enhance reproducibility, relevance to field conditions, and animal welfare.




2. Materials and Methods


Two laboratory experiments were carried out. One experiment (Experiment I) was performed to verify the quality of gametes and larvae from natural and cultured sea urchins for two years. In this experiment, fertilized eggs and larval developmental percentages were checked after 40 min and 72 h, respectively [42]. In the second experiment (Experiment II), fertilization and embryotoxicity tests were performed by using early life stages of wild and cultured sea urchins exposed to copper nitrate, which is a reference toxicant for ecotoxicological use [35].



	
Wild population sampling






Twenty individuals of P. lividus were collected from Ligurian coasts (Western Mediterranean, 44°23′22.92″ N latitude, 8°58′23.99″ E longitude) every 45 days from March 2021 to April 2023. Sea urchins were selected and chosen to be uniform in size (diameter > 40 mm), corresponding to adult stages [9]. They were brought to the laboratory in a refrigerated bag and used to perform the experiments. A total of eighteen samplings (1 March 2021, 16 April 2021, 28 May 2021, 9 July 2021, 27 August 2021, 15 October 2021, 30 November 2021, 14 January 2022, 1 March 2022, 15 April 2022, 30 May 2022, 14 July 2022, 31 August 2022, 13 October 2022, 30 November 2022, 12 January 2023, 28 February 2023, and 13 April 2023) were conducted along the Ligurian coasts. During summer, sea urchins were always collected in the same geographic area reported above but at deeper waters (3 m depth versus 1–1.5 m depth used in other seasons) to compensate for organism absence in shallow areas.



	
Cultured population sampling






During the first sampling (March 2021), forty sea urchins (diameter > 40 mm) were collected to be further cultured, besides the twenty-one used in the previous paragraph. They were maintained in aquaria at the Aquarium of Genoa (Italy) for two years in a 2000 L recirculating tank with natural filtered seawater (FSW, temperature 16 ± 1 °C, salinity 35–37‰, pH 8.00–8.20, photoperiod 12 h light: 12 h dark, according to [43]), and continuously aerated. Optimal seawater parameters were maintained in the tank for three months before sea urchin sampling, thanks to a system equipped with a sand filter, a cartridge filter for the removal of nitrates and nitrites, a plastic biological filter (i.e., “bioballs”) as a substrate for nitrifying bacteria, and an ultraviolet sterilizer. The presence of a pump allowed recirculating seawater. Water changes of the tank (10% total volume) took place once a week. Optimal physical and chemical conditions of the seawater were measured daily. Temperature, salinity, dissolved oxygen, and pH were measured using a multiparametric probe (Hanna Instrument, Veneto, Italy; Supplementary Table S1). The concentrations of nitrates, nitrites, ammonium, and phosphates were measured in the tank by using commercial kits. Before starting the experiments, small rocks covered by biofilm were collected in the same area of sea urchin sampling. The rocks were placed into the tank before introducing animals to recreate a natural substrate in a laboratory setting. At the time of sampling, forty sea urchins were raised in this tank, and their health was checked daily (i.e., by observing any spots on body surfaces or partial spine loss).



During the whole experimental setup, adults were fed three times a week with a natural diet (about 5 g per individual, according to [27]), mainly based on natural raw materials as a source of proteins, carbohydrates, and lipids that promote gamete production in livestock sea urchins [9]. Specifically, the diet consisted of lettuce, carrots, corn, algae (i.e., Ulva sp. [44,45]), agar, fish oil, and mineral supplements (calcium carbonate; Table A1). The major ingredients were algal components (43%, Table A1) and carotenoids (i.e., carrots and corn, 22%), since they stimulate gonad growth and maturation in sea urchins [45,46,47]. All cultured animals ate almost all ingredients, without selectively eating the different components. Before each feed provision, the tank was cleaned, removing uneaten food and fecal pellets by siphoning. The sea urchins collected during the first sampling and cultured for two years were induced to spawn every 45 days to check fertilization and development up to 72 h. This reconditioning time was selected according to previous studies that recommend 21–60 days for gonad maturation in sea urchin broodstock [28,48].



	
Spawning






Twenty adults collected in the field and cultured in the aquaria were randomly selected to be spawned by intracoelomic injection of 0.5 mL KCl (0.5 M) diluted in 0.22 filtered seawater (FSW). This number ensured a minimum of three spawning animals per sex to perform the experiments in each season [14]. Cultured sea urchins were starved for three days before inducing spawning [49] to reduce KCl injection; then, a maximum of twenty specimens out of forty were forced to spawn each time. Once three males and females were found, no other sea urchins were injected. This allowed us not to stress all cultured sea urchins every 45 days, promoting recondition for spawning in the laboratory. After injection, sea urchins were gently shaken by hand until spawning started to avoid damaging internal structures [50]. Dry sperm were collected from the genital pores by Pasteur pipette and maintained at 4 °C in aliquots of 200 µL in tubes before use [51]. Sea urchin eggs were collected in FSW at room temperature. Sperm motility and egg quality were checked before fertilization. Specifically, egg quality was checked by evaluating the presence of a visible nucleus and regular shape; immature oocytes, eggs with damaged or lacking jelly coats, and eggs with irregular shapes and sizes were not used for the experiments. Sperm motility was checked under an inverted microscope (Leica, Wetzlar, Germany), according to [35]. Females and males were let spawn for 30 min [52]. After KCl induction, cultured and wild sea urchins were placed back into the aquaria and in the field, respectively.



	
Experiment I—Quality Assessment of Early Life Stages






To assess early life stages from wild and cultured sea urchins, fertilization tests were performed for a total of 18 samplings/times. Sperm and eggs from three different specimens were mixed, respectively. Then, approximately 1000 eggs/mL concentration was used in 6 multiwell capsules containing 10 mL FSW. Sperm density was determined by adding 25 mL of freshwater to 50 μL of sperm from three males to achieve a 500-fold dilution, following the Italian Institute for Environmental Protection and Research guidelines [42]. The number of sperm present in 10 μL suspension was determined using a hemocytometer (Thoma chamber) under an optical inverted microscope (Leica DMi1, 40× magnification). This calculation was used to determine how much sperm to add to eggs to obtain a sperm-egg ratio of 15,000:1 for both fertilization and larval development tests [42,53]. Regarding the fertilization test, 0.1 mL of sperm suspension of wild and cultured sea urchins was incubated with 8.9 mL of FSW in the dark for one hour at 18 ± 1 °C in multiwall capsules; then, 1 mL of eggs was added to check the fertilization rate [42]. The experiment was carried out in six replicates. After 40 min, samples were fixed in 2% paraformaldehyde (PAF), and fertilization success was checked under a stereomicroscope (Discovery V.8, Zeiss, Jena, Germany) with 8× magnification by assessing fertilization membrane development. To check larval development, the fertilized eggs from wild and cultured sea urchins were left to develop for 72 h to reach the 4-armed pluteus (larval) stage in dark conditions at 18 ± 1 °C, by performing six replicates. Then, the sea urchins were fixed in 2% PAF, and the development was checked under a stereomicroscope (Discovery V.8, Zeiss, Germany) under 8× magnification to determine the percentage of anomalies, including any delayed and anomalous larvae [5]. The latter consisted of skeletal anomalies, such as truncated plutei, asymmetrical or bent larval bodies, incomplete or absent arms, or crossed-tip skeletal rods. The acceptability of sea urchin test results to be further used in toxicity tests (Experiment II) was set when both fertilization and normal development percentages are >80%. This was in line with previous ecotoxicological studies where sea urchin unfertilized egg rate or anomalous development in control samples did not exceed 20% [42,54,55].



	
Experiment II—Toxicity Tests






The same above-described experimental setup was applied in Experiment II, where gametes (sperm) and fertilized eggs were exposed to copper nitrate. A solution of copper nitrate (Cu(NO3)2·3H2O; Merck, Milan, Italy) of 10 mg/L was prepared in distilled water from a stock solution (1000 g/L). Then, increasing nominal concentrations of copper nitrate (0-12-24-36-48-60-72-84-96 µg/L) were prepared in FSW and used to assess fertilization and embryotoxicity tests. This experiment aimed to estimate the dose-response curve and verify the potential differences in fertilization rate and larval development in the early life stages of sea urchins in either natural (wild) or cultured conditions. The fertilization test (spermiotoxicity test) was performed according to the methodology described in the previous section by exposing sperm suspension of wild and cultured sea urchins to copper nitrate for one hour and then by adding eggs. After 40 min, fertilization success was assessed. Regarding embryotoxicity, fertilized eggs from wild and cultured sea urchins were exposed to copper nitrate and left to develop in the dark for 72 h to evaluate 4-armed pluteus stage development.



Six replicates were carried out for each test. After exposure, sea urchins were fixed in 2% PAF. Fertilization and development percentages were checked under a stereomicroscope (Discovery V.8, Zeiss, Germany, 8× magnification) as reported above. ‘Non-fertilized eggs’ and ‘abnormal larvae’ rates were used to establish EC50. ‘Abnormal larvae’ were referred to as larvae showing asynchronous or delayed development, morphological asymmetry, supernumerary rods, and deformed/absent arms [5].



	
Statistical Analyses






All data are expressed as means ± standard error of the six replicates. For statistical analyses, data were grouped in four-month periods (Table A2). For Experiment II, the effective concentration (i.e., EC50, namely copper nitrate concentration resulting in 50% effect in the exposed sea urchin gametes and larvae after 40 min and 72 h, respectively) and related 95% confidence limits (C.L.) were calculated using Trimmed Spearman Karber (TSK) analysis. In Experiment II, responses to each treatment (fertilized eggs percentage, percentage of normal larval development) in control tests were corrected for effects by applying the Abbott’s formula, according to [50]. Significant differences among samples (fertilized eggs, larvae) were determined using two-way analysis of variance (ANOVA) considering the ‘treatment’ (wild vs. cultured sea urchins) factor and the ‘period’ (P) factor. The latter included one semester, corresponding to four spawning events. By comparing these periods, it was possible to determine significant differences by using the same number of spawning events.



When data failed to meet the assumption of normality or homogeneity of variances, permutational ANOVA (PERMANOVA) was carried out. This analysis is based on Euclidean distance; a maximum of 9999 permutations was used to obtain the p-values (α < 0.05) in each dataset, applying Monte Carlo correction. Data analysis was performed using R statistical software (R version 4.0.2) for ANOVA; PRIMER 6 software implemented with the Permanova + routine was used for PERMANOVA.




3. Results


3.1. Experiment I—Quality Assessment of Early Life Stages


No mortality was recorded for any cultured sea urchins in the two-year rearing period. Fertilization occurred in both wild and cultured sea urchins after all sampling times (Figure 1A), ranging from 96.35% to 99.10% in wild sea urchins and from 92.04% to 98.47% in cultured sea urchins. However, a high number of adults sampled in the wild were induced to spawn during summer to assess gamete quality compared to cultured sea urchins. No significant interaction between treatment and periods (p > 0.05) was observed.



Larval development occurred in sea urchins after all sampling times (Figure 1B). However, significant differences (p = 0.0006) were observed between the two treatments from April 2022 (third period) onwards (Table A3). Larvae from wild sea urchins showed a high percentage of normal development (84.20–93.33%; Figure 1B) that did not differ among sampling times (p > 0.05). Similar results were observed for cultured sea urchins up to March 2022 (first–second period), when 85% of them developed normally. However, this percentage significantly decreased with time in the aquaria (Table A4), reaching the minimum in April 2023 (65.25%).



No significant differences between wild and cultured sea urchins were observed up to August 2021 (first period), unlike the other periods. In particular, larval development was significantly higher in wild sea urchins than in cultured ones (Table A5). However, since less than 20% of the larvae from sea urchins reared in the aquaria for one year had developmental anomalies (March 2021–March 2022; Supplementary Figure S1), they could still be used for embryotoxicity tests (Experiment II).




3.2. Experiment II—Toxicity Tests


EC50 measured during the fertilization tests (spermiotoxicity) using copper nitrate ranged from 41.29 µg/L to 54.46 µg/L in wild sea urchins. Conversely, cultured sea urchins reported a wider EC50 range (13.99–44.25 µg/L; Table 1). Overall, similar toxicity values were observed between wild and cultured sea urchins up to January 2022, with overlapping confidence limits. After this time corresponding to 10 months of rearing, EC50 gradually decreased until April 2023. Overall, a significant effect between treatments and periods (p < 0.0001) was observed. EC50 was similar in wild and cultured sea urchins until August 2021 (corresponding to the first period), while it significantly differed in the other periods (p = 0.0470, p < 0.0001, and p < 0.0001 in the second, third, and fourth periods, respectively), being higher in the wild than in cultured sea urchins.



Embryotoxicity ranged between 37.40 and 55.24 µg/L in wild sea urchins, being the lowest in summer. EC50 observed in cultured sea urchins (17.27–40.99 µg/L) was lower than in the wild ones. Overall, EC50 and confidence limits would overlap in wild and cultured sea urchins until July 2021 (Table 2). Then, a gradual decrease in toxicity was observed since August 2021 in cultured sea urchins. The interaction between treatment and period (p = 0.0003) was found to be significant. Toxicity tolerance in wild and cultured sea urchins was not significantly different in the first period, unlike toxicity rates in those from longer cultivation periods. Specifically, toxicity tolerance in wild sea urchins was significantly higher than in those sea urchins cultured since April 2022 (second period; p = 0.0001).





4. Discussion


In this study we successfully checked the quality of gametes and early development stages of sea urchins matured in confined conditions for their use in ecotoxicological tests.



Considering the importance of reducing the collection of sea urchins in the field while preserving natural populations, we induced sea urchin spawning through 0.5 mL of KCl injection instead of a higher volume (1–1.5 mL) reported in literature for P. lividus (9, 16, 28, 47, and 51), which may lead to mortality (0.67–85%). By using a small volume, no mortality was found in cultured sea urchins, contributing to the success of culturing up to two years, as reported in the present study.



P. lividus is known to be a suitable species for long term captivity [9,56]. Spawning performance of cultured sea urchins has been reported for over a year, and it was found to be higher than that occurring in the wild [28]. By performing fertilization assays, we confirmed the good spawning performance of cultured sea urchins after one year. In addition, for the first time, by comparing these data with those from the wild, we also demonstrated that it is feasible to produce fertilized eggs up to a rearing period of more than 2 years. Thus, the fertilization rate from cultured sea urchins exceeded 80%, according to the acceptability criterion established in ecotoxicology [57]. This high fertilization rate confirms the good quality of gametes—essential for bioassay testing—obtained from rearing organisms for up to two years. This period also included summer, when natural populations of P. lividus are devoid of gametes, entering the spent or recovery stage. Temperature represents a limiting factor for the gametogenesis of temperate echinoids [10,58,59,60,61] living on the Italian coast. During summer, a high number of adults from the wild were induced to spawn compared to cultured sea urchins. However, in both cases we found similar fertilization success and normal development (Figure 1), confirming that the good quality of gametes of cultured sea urchins is comparable to that sampled in the natural environment during the warmest periods (i.e., July and August). Therefore, we found “ready-to-spawn conditions”, avoiding recurrent field collection of mature specimens, especially when temperature is a limiting factor for P. lividus gametogenesis.



Eggs fertilized by cultured sea urchins develop into larvae within 72 h. Normal larval development was observed in bred organisms up to 1 year. After this period, a significant percentage of anomalous development linked with rearing conditions occurred. Seventy-two hours after fertilization, sea urchins develop into four-armed plutei. The early larvae from gametes released by 3-month-old captive sea urchin broodstock fully developed, reaching the planktotrophic pluteus stage [62], differently from those with longer captive periods [28]. In this study, the high normal development rate in larvae from cultured sea urchins up to one year is similar to that from wild ones. No seasonal constraints were reported, since the experiments were performed during both gametogenesis season and out-of-season gametogenesis. The high development success in the larvae from cultured sea urchins may be ascribed to rearing conditions. The latter were selected to mirror the best conditions occurring in the wild, where most of P. lividus mature in the field [16,62,63]. The abiotic parameters and the diet selected in this study for up to one year seem to promote not only gamete quality but also normal larval development for environmental toxicology assessment, guaranteeing ‘ready to spawn’ conditions. Yet, these conditions were not suitable to keep sea urchin broodstock in captivity for more than one year, when normal development rates observed were lower than in the wild ones. Further studies addressing different rearing conditions for ensuring proper larval development are needed before proposing periods longer than one year for ecotoxicological surveys. The successful maintenance of sea urchins in captivity should also combine a balanced diet with the needs of the organisms [64]. Thus, since P. lividus is one of the main consumers of the seagrass Posidonia oceanica, further investigations on long term maintenance of this sea urchin species may integrate the diet selected in this study with the seagrass and macroalgae collected on the same site of sea urchin sampling, which may enhance gonad maturation. Macroalgae and patches of P. oceanica may be first introduced in the tank before animals to mimic a natural environment and then supplied as diet. In this regard, all parts of P. oceanica are consumed by P. lividus [65], which is one of the main consumers of the seagrass [66]. P. oceanica has been considered a “preferred” species of P. lividus for feeding during spring and summer [67]; thus, its presence may promote ‘ready to spawn’ conditions. Moreover, animal protein—such as fish discards (i.e., fins, skin, and bones)—could be supplied in the diet to improve long term gamete quality, since a feed formulation based on a balanced vegetal/animal ratio can be responsible for gonad enhancement in P. lividus reared up to three months [29].



In our case, only sea urchins reared for one year were used to assess embryotoxicity assays, while longer cultured periods (2 years) were selected for fertilization assays. Copper nitrate affected fertilization. Related EC50 from wild or captive sea urchins reported in the literature range between 21.69 µg/L and 68.18 µg/L [43,68,69,70,71,72,73]. They correspond to 1.33 and 1.83 log10 of EC50 (Figure 2A) and are consistent with those reported in this study for both wild and sea urchins cultured for 10 months.



Conversely, toxicity tolerance found in cultured sea urchins since March 2023 lies outside of this range, suggesting that a rearing period longer than 10 months is not suitable to perform fertilization assays using the rearing conditions described in this study.



Regarding embryotoxicity, the EC50 measured in wild sea urchins and cultured sea urchins reared up to August 2021 falls within the range reported in the literature (22.60–68.34 µg/L, corresponding to 1.354 and 1.834 of the log10 [68,73,74,75,76,77,78,79,80], thus demonstrating the good quality of gametes allowing for normal development up to 72 h. Conversely, rearing time of more than five months was not suitable to perform ecotoxicity tests, since reported toxicity would lie out of the literature range.



Overall, biotic and abiotic factors—including pollutants, temperature, pH, food availability and feeding protocols, and photoperiod—may affect sea urchin toxicological endpoints and therefore gamete quality and development. Embryo- and larval toxicity bioassays conducted by exposing several sea urchin species—including P. lividus—to metals show different larval sensitivity due to different temperature and diets [14,64]. Likewise, fertilization assay reveals significant differences between wild and captive P. lividus, likely due to abiotic factors and diet [51,62]. Accordingly, husbandry conditions affect gamete sensitivity towards contaminants in terms of fertilization rate and larval development, as reported in the present study, when EC50 values were lower than those measured in wild sea urchins. This result may be mainly due to the diet, which should be further improved, for example, by combining vegetables with animal sources, as stated above. However, animal protein percentage should not exceed vegetable content, since a diet with high animal content is responsible for changing organisms’ sensitivity for toxicity tests up to 1 month after rearing [64]. Thus, a nutritionally balanced diet promoting gamete quality is paramount to maintain the reliability of using sea urchin fertilization and development in environmental biomonitoring studies [62].



Sea urchins are promising alternative non-mammalian models for assessing human health risk caused by different contaminants in the marine environment, in line with the Replacement, Reduction, and Refinement (3Rs) principle [81]. According to the 3Rs recommendations, when bioassays target invertebrates, exposures are performed at early developmental stages. Thus, sea urchin fertilization and embryotoxicity assays are used in toxicological studies since they expose the most sensitive stages (gametes and embryos) to pollutants [2,4]. Despite sea urchin toxicity tests having been widely studied and several protocols being available [82], there is an urgent need for standardization to enhance results’ reproducibility in different laboratories, relevance to field conditions, and animal welfare [64]. Although a standardization for P. lividus toxicity tests is still lacking, we performed the fertilization and embryotoxicity assays by using the guidelines provided by the Italian Institute for Environmental Protection and Research [42], which has a leading role in standardizing and regulating the use of biological tests in Italian legislation [83].




5. Conclusions


This study promotes ‘ready-to-spawn’ conditions for the first time by rearing sea urchins for ecotoxicology surveys, recommending up to 10-month and 5-month rearing times to perform fertilization and embryo toxicity assays, respectively. These findings provide a baseline in marine ecotoxicology to obtain gametes on demand, irrespective of reproductive period and natural or human-driven pressures that may impact gamete availability.
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Table A1. Ingredients and ratio (%) used to feed adult sea urchins of P. lividus cultured in the aquaria. Supplements included fish oil and calcium carbonate.






Table A1. Ingredients and ratio (%) used to feed adult sea urchins of P. lividus cultured in the aquaria. Supplements included fish oil and calcium carbonate.





	Ingredient
	Ratio (%)





	Lettuce
	15



	Carrots
	5



	Corns
	17



	Algae
	43



	Agar
	8



	Supplements
	12










 





Table A2. Periods—each one corresponding to six months, equivalent to four spawning times—selected for the statistical analysis.






Table A2. Periods—each one corresponding to six months, equivalent to four spawning times—selected for the statistical analysis.





	Period (P)
	Spawning (Months–Year) Period





	P1
	April–May–July–August 2021



	P2
	October–November 2021; January–March 2022



	P3
	April–May–July–August 2022



	P4
	October–November 2022; January–February 2023










 





Table A3. Four-month period selected for the statistical analysis. Asterisks indicate significant different values.
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	Source
	Df
	SS
	MS
	Pseudo-F
	P(MC)





	Status
	1
	0.13448
	0.13488
	68.401
	0.0001



	Period
	3
	7.41 × 10−2
	2.47 × 10−2
	12.526
	0.0002



	Status × Period
	3
	5.33 × 10−2
	1.78 × 10−2
	9.0123
	0.0006 *



	Res
	24
	4.73 × 10−2
	1.97 × 10−3
	
	



	Total
	31
	0.30963
	
	
	










 





Table A4. Statistical analysis—by using PERMANOVA and the Monte Carlo test—for Experiment I after 72 h from the fertilization in each condition status (wild and cultured conditions) and periods (Period, P). P1: first period; P2: second period; P3: third period; P4: fourth period. Asterisks indicate significant different values.
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WILD

	
CULTURED




	
P

	
t

	
P (MC)

	
P

	
t

	
P (MC)






	
P1–P2

	
2.0253

	
0.342

	
P1–P2

	
0.55183

	
0.6059




	
P3–P4

	
0.38796

	
0.7079

	
P3–P4

	
5.0482

	
0.0025 *




	
P1–P4

	
0.29001

	
0.7838

	
P1–P4

	
5.7673

	
0.001 *




	
P2–P3

	
1.8191

	
0.1196

	
P2–P3

	
9.164

	
0.0002 *




	
P2–P4

	
1.5421

	
0.175

	
P2–P4

	
7.3644

	
0.0004 *




	
P3–P4

	
0.91696

	
0.3914

	
P3–P4

	
2.6053

	
0.038 *











 





Table A5. Statistical analysis—by using PERANOVA and the Monte Carlo test—for Experiment I after 72 h from the fertilization by comparing development in larvae obtained from wild and cultured sea urchins of each period (P). Asterisks indicate significant different values.






Table A5. Statistical analysis—by using PERANOVA and the Monte Carlo test—for Experiment I after 72 h from the fertilization by comparing development in larvae obtained from wild and cultured sea urchins of each period (P). Asterisks indicate significant different values.





	Groups
	t
	P (MC)





	P1–wild cultured
	0.657
	0.5412



	P2–wild cultured
	5.0016
	0.0028 *



	P3–wild cultured
	5.2439
	0.0023 *



	P4–wild cultured
	9.3299
	0.0002 *
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Figure 1. Quality assessment of early life stages in wild (white bars) and cultured (black bars) sea urchins during the two-year experiment. (A) Fertilization success rate after 40 min. (B) Larval development rate after 72 h post fertilization. 
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Figure 2. Summary of log10 of EC50 for every assay from wild (filled dots) and cultured sea urchins (empty dots) exposed to copper nitrate and compared to literature figures (dotted lines), (A) whose log10 (EC50) varies between fertilization (1.33–1.83) and (B) embryotoxicity (1.35–1.83i) assays. 
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Table 1. EC50 values (expressed in µg/L) with 95% confidence limits (C.L.) and converted into logarithmic scale (log10) calculated during fertilization tests (spermiotoxicity) with copper nitrate, from adult sea urchins sampled in the field (wild) and reared in the aquaria (cultured) from March 2021 to April 2023.






Table 1. EC50 values (expressed in µg/L) with 95% confidence limits (C.L.) and converted into logarithmic scale (log10) calculated during fertilization tests (spermiotoxicity) with copper nitrate, from adult sea urchins sampled in the field (wild) and reared in the aquaria (cultured) from March 2021 to April 2023.





	Period
	EC50 and C.L. Wild
	Log10 Wild
	EC50 and C.L. Cultured
	Log10 Cultured





	March 2021
	56.46 (48.81–59.02)
	1.74
	-
	-



	April 2021
	41.18 (35.28–50.61)
	1.61
	44.25 (40.01–48.84)
	1.65



	May 2021
	55.84 (42.80–59.60)
	1.75
	40.04 (37.83–44.19)
	1.60



	July 2021
	55.00 (50.02–60.80)
	1.74
	39.99 (37.84–43.28)
	1.60



	August 2021
	38.75 (34.77–43.18)
	1.59
	35.27 (33.18–39.24)
	1.55



	October 2021
	41.73 (38.99–44.13)
	1.62
	37.39 (36.04–38.73)
	1.57



	November 2021
	48.12 (42.09–54.64)
	1.68
	32.28 (21.18–37.82)
	1.51



	January 2022
	52.41 (50.03–55.28)
	1.72
	35.75 (31.51–40.55)
	1.55



	March 2022
	40.73 (37.94–44.27)
	1.61
	21.25 (18.99–23.77)
	1.33



	April 2022
	54.12 (51.19–57.73)
	1.73
	20.55 (18.73–22.54)
	1.31



	May 2022
	51.04 (49.18–55.29)
	1.71
	18.11 (16.19–21.02)
	1.26



	July 2022
	44.17 (41.89–48.27)
	1.65
	18.91 (15.73–21.53)
	1.28



	August 2022
	41.29 (40.04–43.11)
	1.62
	17.72 (14.18–19.01)
	1.25



	October 2022
	44.73 (39.83–49.58)
	1.65
	16.19 (13.92–18.99)
	1.21



	November 2022
	54.09 (49.74–58.73)
	1.73
	16.93 (12.89–17.54)
	1.23



	January 2023
	45.87 (41.25–50.04)
	1.66
	15.04 (11.97–19.21)
	1.18



	February 2023
	39.43 (36.11–43.09)
	1.60
	14.87 (13.14–15.95)
	1.17



	April 2023
	48.26 (46.87–51.02)
	1.68
	13.99 (12.07–16.03)
	1.15










 





Table 2. EC50 (expressed in µg/L) with 95% confidence limits (C.L.) and converted into logarithmic scale (log10), calculated during embryotoxicity tests with copper nitrate, from adult sea urchins sampled in the field (wild) and reared in the aquaria (cultured) within one year (March 2021–2022).






Table 2. EC50 (expressed in µg/L) with 95% confidence limits (C.L.) and converted into logarithmic scale (log10), calculated during embryotoxicity tests with copper nitrate, from adult sea urchins sampled in the field (wild) and reared in the aquaria (cultured) within one year (March 2021–2022).





	Period
	EC50 and C.L. Wild
	Log10 Wild
	EC50 and C.L. Cultured
	Log10 Cultured





	March 2021
	44.94 (31.78–55.72)
	1.65
	-
	-



	April 2021
	53.85 (49.61–58.46)
	1.73
	40.99 (38.38–43.28)
	1.61



	May 2021
	50.43 (45.96–55.33)
	1.70
	35.75 (31.51–49.55)
	1.55



	July 2021
	37.10 (29.53–46.61)
	1.57
	31.28 (20.17–32.74)
	1.50



	August 2021
	37.40 (36.04–38.73)
	1.57
	27.11 (25.63–29.51)
	1.43



	October 2021
	53.83 (49.61–58.46)
	1.73
	20.14 (19.54–21.20)
	1.30



	November 2021
	58.05 (54.98–61.28)
	1.76
	18.60 (16.81–20.59)
	1.27



	January 2022
	54.46 (48.81–59.06)
	1.74
	18.01 (17.27–19.83)
	1.26



	March 2022
	55.24 (51.26–59.24)
	1.74
	17.27 (15.32–19.28)
	1.24
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