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Despite the growing prevalence of Bismuth (Bi), very little research has been carried to assess its potential toxic effects on aquatic organisms. This study aimed to address this gap by investigating the interactive effects of Bi exposure and elevated temperature on freshwater snails of the genus Lymnaea, specifically on their fatty acid (FA) profiles, oxidative stress markers (superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione S-transferase (GST)) and lipid peroxidation (malondialdehyde (MDA) content). Bismuth exposure was introduced through two distinct routes: i) food via Bi-exposed biofilm (grown under 2 μM Bi), and ii) water (2 μM Bi). Exposed snails were maintained at two temperatures, 19°C and 25°C, over a duration of 14 days. Bismuth bioaccumulation occurred in Bi-exposed biofilm concurrently with a pronounced increase in polyunsaturated fatty acids (PUFA), likely as a protective mechanism to preserve cell structure and integrity. Bismuth bioaccumulation also occurred in snails with their FA composition largely reflecting the composition of their dietary source highlighting the direct link between diet and snail FA profiles. Additionally, the antioxidant enzymes studied exhibited diverse responses under Bi exposure and thermal stress, suggesting the induction of oxidative stress in snails. SOD activity increased at 25°C, suggesting a thermal stress. CAT activity remained high under all conditions, unaffected by temperature or Bi exposure. GPx levels increased in snails fed with Bi-laden biofilm, particularly at 19°C. GST activity showed great variability with a significant three-way interaction. The observed elevation in MDA levels among Bi-exposed snails suggested a potential deficiency in their antioxidant enzyme systems, leading to an increased susceptibility to lipid peroxidation. This research highlights the complex interaction between Bi contamination, temperature, and the physiological responses of aquatic organisms, and reveals the need for future research into the environmental impact of Bi in aquatic ecosystems. We further highlight the importance of food for Bi transfer to higher consumers and the importance of considering dietborne exposures in ecotoxicological studies.
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HIGHLIGHTS

- PUFA increased in biofilm exposed to Bi
- Dietary exposure represents the dominant pathway for Bi bioaccumulation in snails
- Bi exposure altered FA composition in snails
- There was an interactive effect of temperature and Bi on snail SFA and PUFA
- Oxidative response and lipid damage occurred in Bi-exposed snails
1 INTRODUCTION
The use of bismuth (Bi) has recently increased in various industrial applications (e.g., drug manufacturing, cosmetics, hair dye formulations, hunting shots, plumbing fixtures, fishing sinkers, etc.) because it is considered as a non-toxic alternative to lead (Pb) (Fahey and Tsuji, 2006; Wang et al., 2019; Deady et al., 2022). The increased use of Bi has led to increased concentrations of this critical metal in soils and in aquatic ecosystems (Amneklev et al., 2015; Amneklev et al., 2016). Despite the fact that the presence of Bi in natural environments may represent a threat to living organisms, to our knowledge, no studies have focused on the toxic effects of this metal on aquatic organisms.
In addition to stresses caused by contaminants, such as Bi, aquatic ecosystems also face the consequences of climate change, including increasing water temperatures (Staudinger et al., 2021). Global climate models predict a median global warming in air temperature of 2.8°C (2.1°C–3.4°C) degrees by the turn of the next century, and consequently an increase in water temperature in marine and freshwater ecosystems (IPCC, 2023). Temperature stress is expected to increase metabolic rates and oxygen consumption, leading to an increase in reactive oxygen species (ROS) production that can result in oxidant stress to aquatic organisms (Lushchak, 2011). Temperature also affects how living organisms regulate their fatty acid (FA) composition to maintain optimal membrane fluidity (homeoviscous adaptation) and certain cellular functions (Hazel, 1995). Therefore, in addition to its direct impact on biota, thermal stress may also occur concomitantly with other stressors such as metal exposure, and result in complex multi-stressor effects (e.g., additive, synergistic, and antagonistic) on aquatic organisms (Jackson et al., 2016).
Among biological endpoints used to assess environmental stresses, FA profiles and enzyme activity may be used as biomarkers. For example, it has been shown that metal toxicity can directly affect aquatic organisms by altering their metabolic functions, shifting membrane structural and physicochemical properties (i.e., membrane lipid peroxidation), inducing oxidative stress, and damaging cells and tissues (Le Saux et al., 2020). Metals can also alter overall lipid composition and a wide range of aquatic organisms has been used to study the response of FA composition to metal exposure. Indeed, changes in the proportions of saturated FA (SFA), monounsaturated FA (MUFA) and polyunsaturated FA (PUFA), as well as lipid peroxidation have been observed in metal-exposed biofilm (Fadhlaoui et al., 2020), invertebrates and molluscs (Fokina et al., 2013; Silva et al., 2017), and fish (Fadhlaoui and Couture, 2016; Fadhlaoui et al., 2018).
Although aquatic organisms are often exposed to multiple stressors in the environment, most studies focus on a single stressor. In addition, most toxicity experiments evaluate waterborne exposure and exclude the trophic exposure pathway via ingestion of contaminated food, which may therefore underestimate the potential toxicity of a contaminant (Baines and Fisher, 2008; Iheanacho and Odo, 2020a; Iheanacho and Odo, 2020b; Bonnet, 2020). Indeed, the trophic route can also contribute significantly to toxic effects in consumers (Croteau et al., 2007; Ng et al., 2011). Investigating the response of biota to a contaminant exposure through both waterborne and dietary pathways in addition to other stressors therefore more closely resembles realistic exposure conditions encountered in aquatic ecosystems.
In this study, we evaluated individual and interactive effects of Bi and temperature on an aquatic snail consumer of the genus Lymnaea. We considered the effect of a Bi exposure via water as well as via ingestion of Bi-exposed biofilm. Our specific objectives were: 1) to investigate if the trophic route (dietborne) also contributes significantly to Bi bioaccumulation in snails, 2) to assess the trophic linkages between biofilm (diet) and snails (consumer) in terms of FA composition, and 3) to determine the interactive effects of an increased temperature and Bi exposure on snail FA composition, oxidative stress (superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and glutathione S-transferase (GST)) and on lipid peroxidation (malondialdehyde (MDA)).
2 MATERIALS AND METHODS
2.1 Biofilm exposure to Bi
Biofilm was grown on plexiglass slides submerged in six microcosms filled with 40 L of dechlorinated tap water inoculated with a composite biofilm sample (20 rocks) collected from a nearby stream (Cap Rouge River, Quebec City). The microcosms were maintained at room temperature (19°C) and water circulation was maintained using aquarium pumps. After 1 month of biofilm colonization, three aquaria (40 L) were randomly selected as control biofilm and the other three aquaria were contaminated with Bi using a Bi stock solution (1,000 ± 4 μg/mL, Plasma CAL, SCP Science) to obtain a final concentration of 2 µM Bi. Exposure duration was 21 days and water samples were collected twice per week to verify Bi concentrations. At the end of the experiment, biofilm samples were collected to determine the concentration of Bi bioaccumulated. The remaining biofilm was centrifuged to produce pellets and stored at −80°C for later use as snail food.
2.2 Snail exposure to temperature and Bi stress
Prior to the start of the experiment, snails (weight = 188 ± 28 mg; n = 288) were acclimatized (7 days) to laboratory conditions in a 30-L aquarium filled with dechlorinated tap water that was aerated using an air stone. During the acclimation period, snails were fed with commercial flakes (Nutrafin Max). After acclimation, 12 snails were placed into individual 1.5 L plastic microcosms (n = 24) equipped with air pumps and bubblers, filled with 1 L of dechlorinated tap water and covered with plastic lids. The microcosms were then randomly divided into two temperature treatment groups: one group of 12 microcosms maintained at ambient temperature (19°C), and a second group of 12 microcosms placed in a water bath where the temperature was raised gradually at a rate of 1°C/day to reach 25°C. During the exposure period (14 days), snails from both temperature conditions were fed daily either with control or Bi-exposed biofilm. This experimental design resulted in a set of four conditions (Figure 1):
- Control: water control + food control
- Food Bi: water control + Bi-containing food
- Water Bi: water with added Bi + food control
- Water Bi x Food Bi: Bi-containing water and food
[image: Figure 1]FIGURE 1 | Experimental design for snail exposure to temperature and bismuth stress (14 days).
Over the duration of the experiment, water was partially renewed twice per week and water samples were taken to ensure that a concentration of 2 μM Bi was maintained. Temperature as well as mortality (inactive snails for 24 h or empty shells) were verified daily. At the end of the exposure period, a 24-h fasting period was carried out to eliminate the residual food present in the gut and consequently reduce potential non-tissue sources that may influence our assessment of Bi bioavailability. Soft tissues were separated from the shell, immediately frozen in liquid nitrogen, and stored at −80°C.
2.3 Bioassays
2.3.1 Enzyme activities
Snail soft tissues were homogenised in ice-cold homogenisation buffer (pH 7.5; 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES); 1 mM ethylenediaminetetraacetic acid (EDTA); 0.1% Triton X-100, Sigma Aldrich Canada) using an Ultra Turrax T25 homogenizer (Janke and Kunkel, IKA-labortechnik, Staufen, Germany). Antioxidant enzymes SOD, CAT and GPx were analyzed in the homogenate using assay kits 706002, 707002 and 703102, respectively (Cayman Chemical Company Inc., Ann Arbor, Michigan United States). Superoxide dismutase activity was determined indirectly by the quantification of the superoxide generated. Catalase activity was determined by following formaldehyde formation. Glutathione peroxidase was also determined indirectly by measuring nicotinamide adenine dinucleotide phosphate (NADP+) concentration. Glutathione S-transferase was measured according to Habig et al. (1974) using 1-chloro-2,4-dinitrobenzene (CDNB) as substrate. Enzyme activities were expressed in term of protein concentration determined according to Bradford, (1976), using bovine serum albumin as standard.
2.3.2 Lipid extraction and fatty acid analysis
Lipid content in biofilm and snails (soft tissues) was extracted according to Folch et al. (1957). Briefly, the extraction was performed by adding 21 mL of a mixture of chloroform/methanol (1 V/2 V, 0.01% butylated hydroxytoluene (BHT)) to 100 mg of biofilm pellets (after centrifugation) or snail tissues. The chloroform/methanol mixture was adjusted when the weight of the samples was below 100 mg. An additional step of sonication was necessary for biofilm samples to ensure algal cell disruption. After homogenisation, NaCl was added and the mixture was centrifuged to separate polar and non-polar phases. The upper phase (polar) was then esterified (Boron trifluoride (BF3), 4% methanol) at 75°C to obtain fatty acid methyl esters (FAME) detectable with gas chromatography-flame ionization detector (GC-FID, Adgilent Technologies 7890B GC System). A more detailed protocol for FA extraction in biofilm and snails can be found in Fadhlaoui et al. (2020) and in Fadhlaoui and Lavoie, (2021), respectively. FA composition was described as individual FA and summarized in groups based on double bonds which included MUFA with one double bond, PUFA with two or more double bonds and SFA without double bonds; n-3 and n-6 fatty acids are a class of PUFA for which the first double bond is located respectively on the third and sixth carbon, and U:S is the ratio of unsaturated:saturated FA.
2.3.3 Lipid peroxidation
Endogenous lipid peroxidation in snail samples was assessed according to the thiobarbituric acid reactive substances (TBARS) method by measuring malondialdehyde (MDA) concentrations. A detailed protocol is available in the assay kit (10009055) from Cayman Chemical Company (Ann Arbor, Michigan United States).
2.3.4 Bismuth content in biofilm and snails
Snail soft tissues and centrifuged biofilm samples were lyophilised and digested in concentrated trace metal grade nitric acid (HNO3) for 48 h followed by concentrated hydrogen peroxide for 24 h. The final sample was diluted with Milli-Q water to reach a final HNO3 concentration of 10% according to the detailed protocol protocol presented in Fadhlaoui et al. (2020). Bismuth concentrations were determined using inductively coupled plasma-mass spectrometry (ICP-MS, Thermo XSeries2). A multi-element calibration standard (C00-061-401, Plasma CAL, SCP Science) was used as an internal control to validate measurements.
2.3.5 Statistical analysis
A three-way analysis of variance (ANOVA) was used to assess the effect of the three factors (temperature, contamination via food and contamination via water) and their interaction on the biological descriptors (FA profiles, antioxidant enzymes and MDA concentration) as well as on Bi bioaccumulation in snails. A one-way analysis of variance was used to evaluate differences in Bi bioaccumulation in biofilm. Analyses of variance were performed in R (version 4.0.3) using the stats and car packages (Fox and Weisberg, 2019). A principal component analysis (PCA) was conducted to further explore patterns in fatty acid distributions within biofilm and snails as function of temperature and Bi contamination via food and/or water. To facilitate interpretation, the ordination was performed using the most abundant FA in the biofilm and in snails as listed in Supplementary Tables S1–S3. Treatment effects within PCA distributions were evaluated using a one-way permutation multivariate analysis of variance (PERMANOVA) for biofilm and a three-way PERMANOVA for snails. Statistical analyses were performed in R (version 4.0.3) using the vegan package (Oksanen et al., 2020; R Core Team, 2020). Significance was evaluated conservatively from the perspective of the aquatic environment at p < 0.1 to limit the probability of type II error. Data were expressed as mean ± standard deviation of the mean (n = 9 for biofilm samples and n = 6 for snail samples).
3 RESULTS AND DISCUSSION
3.1 Bi accumulation in biofilm and effects on FA composition
Bismuth content was negligible in control biofilm (<0.003 µg Bi/mg dw; n = 5) as opposed to those exposed to Bi for 3 weeks (11.28 ± 0.48 µg Bi/mg dw; n = 5). Earlier studies have also suggested that biofilm could be used as a biological indicator of anthropogenic metal contamination (Hill et al., 2000; Behra et al., 2002). Later laboratory and field studies highlighted positive correlations between biofilm metal content and aqueous metal exposure concentrations (Morin et al., 2008; Thi et al., 2010; Lavoie et al., 2012; Leguay et al., 2016; Fadhlaoui et al., 2020).
Exposure to Bi was found to alter the FA composition of biofilm (Figure 2). The two principal components of the PCA including 27 biofilm FA explained 79.2% of the total variation (PC1 = 57.4%; PC2 = 21.8%), where Bi exposed biofilm was oppositely loaded on both PC axes compared to control biofilm. A one-way PERMANOVA indicated that Bi exposure explained 43.7% (R2 = 0.437) of the variation in Euclidian distances among multivariate biofilm FA profiles. Fatty acid loadings indicated that exposed biofilm was associated with greater abundances of C22:6n3, C18:2n6, C16:1n7, C14:0 and C14:1n5, and lower abundances of C16:0, C17:0, C18:0, and C18:1n9 compared to control biofilm (Figure 2). Bismuth also altered FA composition when individual FA were grouped based on their saturation levels: SFA, MUFA and PUFA (Supplementary Table S1). Bi exposure resulted in a significant increase in biofilm unsaturated FA (F1,4 = 43.9, p = 0.003), particularly PUFAs (F1,4 = 9.6, p = 0.036), including n-3 (F1,4 = 126.9, p < 0.001) and n-6 FAs (F1,4 = 16.3, p = 0.016) which affected the n-3:n-6 ratio (F1,4 = 12.0, p = 0.023). No differences were observed in MUFA, and the proportion of n-9 FA declined in the presence of Bi. Likewise, there was a significant decrease in SFA resulting in a significant increase in the U:S FA ratio when biofilm was exposed to Bi.
[image: Figure 2]FIGURE 2 | Principal component analysis (PCA) of FA composition in control biofilm (Water Cont.) and exposed biofilm (Water Bi), (A) bivariate plots of individual FA in biofilm for PC1 versus PC2 and (B) the position of each FA. PCA loadings for only the 10 most influential FA are shown.
The observed FA modifications in the presence of Bi were not consistent with previous findings using nickel which showed that PUFA decreased and SFA increased with increasing nickel concentrations (Fadhlaoui et al., 2020). Similarly, Sun et al. (2015) reported a decrease in PUFA and an increase in SFA (16:0 and 18:0) as well as in MUFA (16:1 and 18:1) in Nannochloropsis sp. when exposed to arsenic, which is also in contradiction with the observations from our study. Algae can adapt their metabolism to cope with stressors such as metal contamination, and the contradictory responses observed may mean that these responses are metal specific.
Under stressed conditions, FA proportions may be modified leading to an alteration in membrane structure. Functionally, PUFA confer flexibility and fluidity to cellular membranes, while SFA provide rigidity and reduce fluidity (Hazel, 1995). In addition, many PUFA polar lipids such as phospholipids are crucial in the photosynthesis process, where changes in FA from this groups may affect the photosynthetic rate (White et al., 2019). The increase in PUFA under Bi-exposed biofilm may thus represent a response to maintain an optimal photosynthetic efficiency. According to Rocha et al. (2020), Selenastrum gracile (Chlorophyceae) increases its photosynthetic capacity under cadmium exposure by increasing PUFA. Cell membrane SFA and MUFA are also integral in a cell’s capacity to cope with contaminant accumulation where higher SFA and MUFA result in a more rigid membrane limiting metal accumulation (de Carvalho and Caramujo, 2018). In our study, the observed increase in Bi accumulation in exposed biofilm is likely related to the increase in PUFA and associated decrease in SFA. This change in FA groups suggests a trade-off in the conformation of cell membrane structure related to an acclimation strategy of photosynthetic efficiency versus membrane fluidity (Rocha et al., 2016). Based on the knowledge that metals can change membrane structure, and in light of the observed modifications in lipid composition under Bi exposure, we suggest that biofilm may use PUFA production as a defense strategy against Bi contamination to maintain photosynthetic activities. Finally, the increase in PUFA production in response to Bi exposure may also be attributed to an adaptive response aimed at countering lipid peroxidation. This was previously proposed by Rocha et al. (2016) in Selenastrum gracile under copper exposure, suggesting a common strategy employed by algae to cope with lipid peroxidation that may occur under oxidative conditions.
3.2 Bismuth bioaccumulation in snails
Bismuth bioaccumulated in snails under both exposure pathways (Figure 3). The results from the three-way ANOVA showed that no significant interaction was observed among the three experimental factors (temperature, Bi in food and Bi in water). No significant difference was observed between Bi content at 19°C and 25°C, suggesting that temperature does not seem to affect the uptake of Bi either via water or via the trophic route. Water and dietary Bi exposure together showed the highest bioaccumulation in snails, but snails fed with Bi-laden biofilm accumulated more Bi compared to snails exposed to Bi via water only (Figure 3), indicating the relative importance of a dietary exposure in snails. At 19°C, the snail Bi content from the Water Bi x Food Bi treatment was approximately four times higher than the sum of the measured Bi in snails exposed separately to Bi from food or water (Figure 3). Previous studies have demonstrated that the assimilation of metals from a contaminated diet is correlated to ingestion rate and gut passage time. Generally, the assimilation of metals increases with prolonged gut passage time and at a lower ingestion rates (Croteau et al., 2007; Guo et al., 2015). In our study, the observed increase of Bi in snails exposed to the water x food treatment may thus be related to a modification of feeding ratio and to a decrease in ingestion rate. Wang and Ke. (2002) made a similar observation for two marine gastropods exposed to cadmium and zinc. Likewise, Bonnet (2020) found higher bioaccumulation of cadmium in snails exposed through their diet compared to water only. Similar to other metals, both exposure pathways need to be considered for Bi.
[image: Figure 3]FIGURE 3 | Snail bismuth content (Lymnaea sp., dry wt) at 19°C and 25°C (n = 6). (1) Control: water control + food control; (2) Food Bi: water control + Bi-containing food; (3) Water Bi: water with added Bi + food control and (4) Water Bi x Food Bi: Bi-containing water and food.
3.3 Bismuth and temperature effect on snail fatty acid composition
Bismuth was found to alter the FA composition of snails, but effects were conditional on temperature and the exposure pathway. A PCA explained 51.6% of the total variation on two principal components (PC1 = 34.6%; PC2 = 17.0%) (Figure 4). Based on a three-way PERMANOVA, temperature (R2 = 0.103) explained the most variation in Euclidian distances among multivariate FA profiles. Variable FA loadings indicated that snails in the high temperature treatment had greater proportions of C18:3n6, C22:1n9, and C22:2n6 and lower proportion of C16:1n7 compared to those in the low temperature treatment.
[image: Figure 4]FIGURE 4 | Principal component analysis (PCA) of FA composition in snails (Lymneae sp.) exposed to one of six treatment combinations of temperature (19°C: light grey, 25°C: dark grey), water Bi contamination (control: circle, Bi: square), and food contamination (control: no overlay, Bi: ‘X’ overlay). (A) Bivariate plots of individual FA in snails for PC1 versus PC2 and (B) the position of each FA. PCA loadings for only the 10 most influential FA are shown.
Differences in FA composition were explained by Bi in the water (R2 = 0.076), but this was conditional on the temperature treatment (R2 = 0.092) where Bi had little effect on snails in the high temperature treatment compared to the low temperature treatment. Dietborne Bi also influenced FA composition but its effects were more nuanced through an interaction with water exposure (R2 = 0.066). Snails fed Bi-laden biofilm had increasingly different FA profiles when exposed to aqueous Bi compared to control. FA profiles that had greater proportions of C18:2n6 and C20:4n6 and lower proportions of C18:0 and C16:0 were largely associated with exposure to Bi.
The FA composition of snails exposed to Bi contaminated food was similar to the FA composition of their food (Bi-laden biofilm), characterized by a low proportion of SFA and a high proportion of PUFA (Figure 5). Several laboratory and field studies have shown that herbivore FA composition is mainly affected by diet FA composition (Goedkoop et al., 2007; Lau et al., 2013; Chaguaceda et al., 2020). For example, Caers et al. (1999) demonstrated that the bivalve Ruditapes philippinarum feeding on a diet rich in 22:6n3 had an increased content of this FA in its tissues. Likewise, Albentosa et al. (1994) and Albentosa et al. (1996) concluded that the decrease in 22:6n3 and 20:5n3 in Ruditapes philippinarum and in Venerupis pullastra fed different microalgal diets (of low PUFA content) was related to a lack of these FA in their diet.
[image: Figure 5]FIGURE 5 | Proportions of saturated fatty acid (SFA) (A), polyunsaturated fatty acid (PUFA) (B), monounsaturated fatty acid (MUFA) (C), and ratio Saturated: Unsaturated fatty acid (U:S) (D) in snails under different exposure conditions: (1) Control: water control + food control; (2) Food Bi: water control + Bi-containing food; (3) Water Bi: water with added Bi + food control and (4) Water Bi x Food Bi: Bi-containing water and food.
Three-way analyses of variance revealed complicated interactive responses of FA groups (i.e., SFA, MUFA, PUFA, and U:S ratio) to temperature and Bi exposure (Figure 5). Bismuth in the Food Bi treatment and in the Water Bi x Food Bi treatment appeared to increase the U:S ratio under low temperatures. The increase in this ratio was driven by a corresponding decrease in SFA in these two Bi treatments. The decrease in SFA was matched by an increase in MUFA and PUFA with food and water Bi exposures, respectively. However, the increase in MUFA was stronger in the high temperature treatment and the increase in PUFA was stronger in the low temperature treatment. The observed changes in overall FA composition and the U:S ratio were related to an increase in 18:2n6, 20:2n6 and 20:4n6, and a drastic decrease in 18:0, respectively.
Interactive effects of temperature and Bi exposure were observed in all analyses of variation in snail FA composition (Figures 5A–D). Temperature is known to be an important factor modulating FA cellular composition in aquatic organisms. According to previous studies, an increase in temperature is usually accompanied with a decrease in unsaturation index, i.e., in PUFA and in long chain PUFA (Hazel, 1995). However, in our study, we generally observed a marked increase in unsaturation and higher proportions of C20 PUFA at our highest temperature. It seems that snails may possess a high homeostatic capacity to minimize temperature increase effects and to maintain elevated PUFA content, essential for different functions. At 25°C, the increase in PUFA was related to an increase in 20:4n6 (ARA) and in 20:5n3 (EPA) (Supplementary Tables S2, S3). Crockett (2008) reported that FA with greater unsaturation degrees such as EPA and ARA are more prone to lipid peroxidation and typically decrease with environmental perturbations such as thermal stress and metal contamination. However, in this study, ARA and EPA exhibited an increase in Bi-exposed snails when compared to the control condition (Supplementary Tables S2, S3). The increase we observed in EPA and ARA may thus suggest that these FA play a role in a compensatory adjustment during lipid metabolism in the presence of Bi. This response may be considered as a defense mechanism to protect membranes against damages that can be caused by stressors, such as elevated temperature and metals. It seems that stressful conditions triggered a regulatory mechanism to produce PUFA to maintain functions and structures requiring specific FA (e.g., 20:5n3 and 20:4n6 for membrane structure and fluidity). An induction of elongation/desaturation may be considered as a mechanism to compensate the loss of FA due to lipid peroxidation. Previous studies have shown that changes in lipid composition is a protective strategy to maintain membrane fluidity and related functions such as activities of membrane-bound enzymes, pumps and receptors as well as an inflammatory response (Hazel and Landrey, 1988; Lee, 2004; Hulbert and Else, 2005; Bruno et al., 2007). A similar response, with an increase in certain PUFA, was observed in the sea snail Gibbula umbilicalis exposed to cadmium, nickel and mercury (Silva et al., 2017) as well as in blue mussels Mytilus edulis exposed to cadmium and copper (Fokina et al., 2013). The present study demonstrates that temperature, Bi (via water and diet) and the nutritional quality of the biofilm (in terms of FA composition) affected snails FA profiles differently.
3.4 The trophic transfer of FA from algal biofilm to snails
Fatty acids are important biomolecules transferred through aquatic and terrestrial food webs (Torres-Ruiz et al., 2007; Guo et al., 2017; Ohler et al., 2023). Consequently, the FA compositions of living organisms are inherently connected (Guo et al., 2016). For example, highly unsaturated fatty acids (HUFA), such as eicosapentanoic acid (EPA, 20:3n5) and docosahesanoic acid (DHA, 22:6n3), are crucial for several metabolic functions (i.e., growth and reproduction) and the physical structure (i.e., membrane structure) of consumers (Hazel, 1995; Tocher et al., 2003). Through dietary pathways, primary consumers (e.g., aquatic grazers) therefore link lower and upper trophic levels and play a critical role in FA composition within food webs (Brett et al., 2006; Torres-Ruiz et al., 2010; Kelly and Scheibling, 2012; Galloway et al., 2015; Guo et al., 2022).
Stressors affecting the composition of the FA transferred can have an important ecological impact by affecting the overall health and productivity of aquatic and terrestrial ecosystems. To investigate the trophic transfer of FA, we compared FA composition in snails fed with the control biofilm and snails fed with Bi-laden biofilm. We focused our assessment solely on the FA showing the highest proportions in snails (Supplementary Tables S2, S3) as well as on FA that were also observed in the biofilm (Supplementary Table S1). The mean increase in 16:1n7 from 4% to 10% in the biofilm exposed to Bi did not lead to an increase in the proportion of this FA in snails fed with this biofilm (Supplementary Table S1). This observation is comparable to Delaporte et al. (2005) who suggested that snails may modulate the incorporation of certain FA when dietary intake surpasses animals’ requirement.
The PUFA 20:4n6 and 20:5n3 were significantly higher than 22:6n3 in snails. Docosahexaenoic acid (DHA, 22:6n3) is known as a crucial FA for different functions such as development and reproduction. However, it seems that snails in our study required only a low proportion of 22:6n3 for metabolic functions as observed in the sea snail Gibula umbilicalis (Silva et al., 2017). The proportion of 20:5n3 was generally maintained in groups fed on control and Bi-exposed biofilm at 19 and at 25°C, in contrast with ARA and 20:2n6 which greatly increased in snails exposed to Bi through their diet at 19°C and decreased at 25°C (Supplementary Tables S2, S3). According to previous studies, dietary nutritional quality can affect tissue FA composition in different mollusks (Delaporte et al., 2005; Pirini et al., 2007). The results from this study also showed an effect of diet FA composition on grazers, although this response seemed to be strongly affected by temperature (Supplementary Tables S2, S3). At 19°C, snails fed on the Bi-exposed biofilm (rich in PUFA) were rich in 20:4n6 compared to those fed on the control biofilm, suggesting that their FA composition largely reflects their diet composition, as shown in previous studies (Torres-Ruiz et al., 2010; Guo et al., 2016). At 25°C, the significant decrease in 20:4n6 proportions in snails exposed to dietborne Bi compared to snails fed on the control biofilm may be related to an impairment of the FA incorporation process at higher temperatures. This decrease may also be related to a decrease in the desaturation process in response to a decrease in the availability of the precursor 18:2n6 (Supplementary Table S3).
3.5 Temperature and bismuth effects on antioxidant enzymes
Apart from CAT, enzyme activities in snails varied among treatments, particularly with temperature (Figure 6). A significant fixed effect of temperature was observed for SOD activity where the high temperature treatment resulted in snails with higher SOD activities compared to the low temperature treatment (Figure 6A). An increase in temperature is known to increase physiological processes like metabolic rates and oxygen consumption (Schulte, 2015). Higher temperatures are also prone to induce the overproduction of ROS, thereby increasing the risk of oxidative stress (Lushchak, 2011). SOD is known to sequester ROS, converting it to H2O2, a less harmful molecule that can be offset by other antioxidant enzymes such as CAT, GST and GPx (Iheanacho et al., 2020c). The increased SOD activity observed in snails at 25°C is indicative of a thermal stress response to reduce oxidative damage. A similar SOD response was observed in the soft-shell clam Mya arenaria (Greco et al., 2011), and in the bivalve Perna viridis (Verlecar et al., 2007) as a result of temperature changes. The enzymes CAT and SOD are the first line of defense and act interdependently to remove ROS; the H2O2 produced by SOD is reduced by CAT to water and molecular oxygen (Halliwell, 2006). In our study we observed an elevated CAT activity relative to the other enzyme activities in all conditions with no significant effect of temperature or Bi exposure regime (Figure 6C). Troschinski et al. (2014) also found high invariant CAT activity in Mediterranean snails (Xeropicta derbentina) among temperature treatments. High CAT activity (compared to the other enzymes) and lack of differences among treatments, particularly temperature, suggests that this enzyme is being produced for permanent protection and to maximize the elimination of H2O2 (Troschinski et al., 2014).
[image: Figure 6]FIGURE 6 | Effects of temperature and Bi [in water and food] on (A) SOD, (B) GPx (C) CAT and (D) GST activities in snails Lymneae sp. at 19°C and 25°C (n = 6 for each enzyme) under different exposure conditions: (1) Control: water control + food control; (2) Food Bi: water control + Bi-containing food; (3) Water Bi: water with added Bi + food control and (4) Water Bi x Food Bi: Bi-containing water and food.
Despite their similar role as a pro-oxidant, the activities of GST and GPx in snails responded differently to temperature and to Bi treatments (Figures 6B, D). GPx increased in snails fed with Bi exposed biofilm and was more prevalent at 19°C, not differing among any other treatment levels. In contrast, there was a high variability in GST activity with a significant three-way interaction term among treatments. Given this variability, the response of GST to Bi exposure was difficult to generalize, but there appears to be a consistent positive effect of temperature on enzyme activity. Nevertheless, as both enzymes are involved in the elimination of hydroperoxides produced under oxidative stress, their induction suggests increased oxidative damage (Iheanacho et al., 2021). The observed increase in GPx activity in snails exposed to dietborne Bi may be in response to Bi toxicity and the continuous production of O2-. Similar responses were observed in laboratory exposures of bivalves to mercury (Verlecar et al., 2008) and at a field site contaminated with copper, cadmium and lead (Torres et al., 2002). However, GPx activity is often more pronounced in the breakdown of H2O2 at lower concentrations, above which CAT operates to eliminate H2O2 (Molavian et al., 2015; Kurutas, 2016). Given the uniformly elevated CAT activities providing permanent protection, it is not surprising that we did not observe a strong GPx response.
Significant treatment interactions confound the interpretation of the main effects of temperature and Bi on GST activity in snails. This enzyme plays an important role in the detoxification of contaminants (metals, organic pollutants, etc.), and the response of this enzyme to contaminant exposure and natural stressors has been investigated in several organisms (Hellou et al., 2012). Yet, previous studies have shown contradictory responses of this enzyme to metal exposure. For example, an increase in GST activity was observed in a freshwater mussel (Lasmigona costata) over a gradient of metal exposure (e.g., cadmium, nickel, zinc, lead) in a contaminated ecosystem (Machado et al., 2014), while a decrease in GST was observed in a freshwater gastropod (Theba pisana) exposed to copper (Radwan et al., 2010). In our study, both up and downregulation of GST was observed in snails exposed to Bi, thus limiting our understanding. However, GST activity was always higher for the snails maintained at high temperature (Figure 6D). Temperature driven increases in GST may be related to the corresponding increase in SOD activity and the transformation ROS to H2O2 and its subsequent elimination by GST. Thus, the increase in GST activity is probably related to an induction of the elimination metabolism of lipid hydroperoxides formed by the temperature-induced peroxidation of PUFA in cellular membranes.
3.6 Temperature and bismuth effects on lipid peroxidation
Lipid peroxidation is a complex chain reaction mediated by ROS leading to the peroxidation of PUFA in cell membranes (Halliwell and Gutteridge, 1984) and where MDA is a final product used as a marker of oxidative stress. In the present study, we observed an effect of temperature as well as an effect of Bi in the water on lipid peroxidation where the highest MDA concentrations were observed in snails maintained at 25°C and in those exposed to aqueous Bi (Figure 7). These results are surprising due to the higher bioaccumulation of Bi in snails exposed via their diet. Several studies showed increased MDA concentrations in molluscs (bivalves) when exposed to metals: Mytillus galloprovincialis exposed to cadmium, mercury and copper (Kournoutou et al., 2020), Ruditapess decussatus exposed to cadmium (Romeo and Gnassiabarelli, 1995) and Perna perna exposed to cadmium and copper (Khati et al., 2012). There appears to be some differences in MDA concentrations between snails exposed through their diet at low temperatures, but the temperature-food interaction term was not significant, thus these results remain equivocal. Similar to previous studies, thermal stress was observed to significantly increase MDA concentrations (Verlecar et al., 2007; Falfushynska et al., 2014). For example, an MDA increase was suggested to result from a decrease in ROS removal capacity due to the decrease in SOD and GPx activities in the ark shell (Scapharca subcrenata) at 32°C compared to those maintained at 17°C and 27°C (Zhao et al., 2016). Verlecar et al. (2007) also observed oxidative damages and lipid peroxidation in Perna viridis with increased temperatures. This response was also observed in feshwater mussels Anodonta anatina sampled in polluted sites which had elevated temperatures (Falfushynska et al., 2014).
[image: Figure 7]FIGURE 7 | Malondialdehyde (MDA) concentration in snails (Lymnaea sp.) exposed to Bi (food and water) at 19°C and 25°C (n = 6) under different exposure conditions: (1) Control: water control + food control; (2) Food Bi: water control + Bi-containing food; (3) Water Bi: water with added Bi + food control and (4) Water Bi x Food Bi: Bi-containing water and food.
Despite our observations of significant increases in SOD and GST activities in snails exposed at a high temperature, MDA concentrations were elevated suggesting that the antioxidant capacity of these enzymes were insufficient to remove excess ROS and prevent lipid peroxidation. In our study, no interaction effects of Bi and temperature on MDA were observed. However the observed MDA increase seems to be a consequence of the presence of Bi that may result in a higher sensitivity of snails to temperature-induced oxidative stress. A similar response was observed in the eastern oyster (Crassostrea virginica) exposed to thermal stress and cadmium (Lannig et al., 2006). The clear response of MDA concentrations to thermal stress and Bi exposure further suggests that MDA concentrations may be considered as a more sensitive indicator of oxidative stress in snails compared to antioxidant enzymes activities.
4 CONCLUSION
Bismuth was long considered a “green” metal and used in various industrial application as a lead alternative to reduce environmental problems related to metal contamination. Few studies have investigated its toxic effects on aquatic organisms. To our knowledge, this is the first study to examine Bi effects on primary producers (biofilm) and primary consumers (aquatic snails). In addition, Bi effects on lipid composition in biofilm and snails has never been investigated. Despite the fact that the interpretation of certain responses and interactions between factors were not always straightforward, our experimental design mimicked real scenarios involving different biotic and abiotic interactions, and our results highlighted that interactions between stressors enhanced their individual impacts in certain cases.
In our study, we highlighted 1) an increase of PUFA in Bi-exposed biofilm related to Bi bioaccumulation and considered this response as a protective strategy to preserve cell structure and integrity, 2) that FA composition of snails fed control and contaminated biofilm reflected their diet composition, 3) that the four antioxidant enzymes studied responded differently suggesting an induction of oxidative stress under Bi exposure and thermal stress, and 4) an increase in MDA in Bi-exposed snails suggesting a deficiency of antioxidant enzymes to prevent lipid peroxidation. The present study provides novel information about Bi toxicity (via water and food) and temperature stress on lipid composition, antioxidant capacity and lipid peroxidation. Finally, we demonstrated the importance of food as source of Bi to higher consumers. Therefore, the assessment of toxicological effects of metals based only on aqueous exposure seems not to be sufficient in aquatic ecosystems and dietborne exposures should also be considered.
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