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While animal aggregations can benefit the fitness of group members, the behaviour may also lead to higher risks of parasite infection as group density increases. Some animals are known to moderate their investment in immunity relative to the risk of infection. These animals exhibit density-dependent prophylaxis (DDP) by increasing their immune investment as group density increases. Despite being documented in many taxa, the mechanisms of DDP remain largely unexplored. Snails are known to aggregate and experience large fluctuations in density and serve as required hosts for many parasites. Further, they are known to use chemical cues to aggregate. To test whether freshwater snails exhibit DDP and investigate the role that chemical signaling compounds may play in triggering this phenomenon, we performed four experiments on the freshwater snail Stagnicola elodes, which is a common host for many trematode parasite species. First, we tested if DDP occurred in snails in laboratory-controlled conditions (control vs snail-conditioned water) and whether differences in exposure to chemical cues affected immune function. Second, we used gas chromatography to characterize fatty acids expressed in snail-conditioned water to determine if precursors for particular signaling molecules, such as oxylipins, were being produced by snails. Third, we characterized the oxylipins released by infected and uninfected field-collected snails, to better understand how differences in oxylipin cocktails may play a role in inducing DDP. Finally, we tested the immune response of snails exposed to four oxylipins to test the ability of specific oxylipins to affect DDP. We found that snails exposed to water with higher densities of snails and raised in snail-conditioned water had higher counts of haemocytes. Additionally, lipid analysis demonstrated that fatty acid molecules that are also precursors for oxylipins were present in snail-conditioned water. Trematode-infected snails emitted 50 oxylipins in higher amounts, with 24 of these oxylipins only detected in this group. Finally, oxylipins that were higher in infected snails induced naïve snails to increase their immune responses compared to sham-exposed snails. Our results provide evidence that snails exhibit DDP, and the changes in oxylipins emitted by infected hosts may be one of the molecular mechanisms driving this phenomenon.
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1 Introduction

The aggregation of animals is evolutionarily beneficial, increasing reproductive success and survival, yet may come with higher risks of parasite or pathogen infection (1, 2). As parasites frequently exhibit density-dependent transmission, the per capita risk of infection for an individual host generally increases as host population density increases (3). Individuals that experience fluctuating or high population densities would benefit from investing in immune defence, yet maintaining their defences in the absence of infection can be costly (4, 5). Therefore, natural selection should favour prophylactic investment in immunity that responds to density-dependent parasite transmission rates and the cost of maintaining parasite resistance (6, 7). If species can moderate their level of investment to match that of the perceived risk of infection, then their immune investment should increase with population densities, known as the density-dependent prophylaxis (DDP) phenomenon. Most research focusing on DDP has found supporting evidence in arthropod taxa, particularly in insect species (6, 8, 9). However, as few non-arthropod invertebrate taxa have been investigated for DDP, the evolution of this phenomenon and its underlying molecular mechanisms are not well understood (2, 10).

Many invertebrate taxa, including snails, are known to aggregate and experience fluctuations in population densities from very low to very high (11, 12) and may use DDP to respond to corresponding changes in their infection risk. Snail aggregation has been demonstrated in response to both abiotic and biotic factors, such as dissolved oxygen, water pH, macrophytes and conspecifics (13–16). Such aggregations increase the likelihood that helminth parasites could be transmitted from snail to snail. Common parasites of snails include trematodes, with almost all of the approximately 18,000 described species using molluscs as first intermediate hosts (17). Within the first intermediate host, progenitor larval stages (rediae/sporocysts) produce trematode cercariae that subsequently emerge from the host snail to seek out the next host in the life cycle (second intermediate host). Although calculations of cercarial output are not known for many trematode species, there are some estimates for species that use snails as first and second intermediate hosts. Studies on Echinostoma trivolvis and Echinostoma caproni found that first intermediate freshwater snail hosts had a daily cercarial output ranging from 431-1981 (18, 19). Therefore, even a low number of infected first intermediate snail hosts could increase the risk of echinostome infection to other snails in close proximity. Freshwater snails can also serve as the second intermediate hosts for many trematode parasites that are found in different and diverse families such as Echinostomatidae Looss, 1899, Psilostomidae Looss, 1900, Strigeidae Railliet, 1919 and Cyathocotylidae Mühling, 1898 (20–22). Among echinostome parasites, there are at least 34 species using freshwater snails as second intermediate hosts (22). Thus, in response to the ubiquitous and frequent risk of trematode parasitism, snail hosts as well as other invertebrate second intermediate hosts may have evolved and maintained DDP.

The immune response of snails, coordinated by haemocytes and humoral factors, is key to its defence against infection (23, 24). Snail haemocytes, part of a snail’s cellular immunity, are indicators of immune response as they phagocytize and encapsulate foreign materials (including cercariae) and produce cytotoxic reactive oxygen species (23, 25–27). In addition, phenoloxidase (PO) systems are considered to be an important component of the humoral response in many invertebrates, with these enzymes playing key roles in wound healing and defence against eukaryotic pathogens (28, 29). These enzymes serve as the last component of the “proPO activating system” reaction cascade (29–31). Antimicrobial proteins are also key to snail immune response and are used to resist microbial infections (32, 33). There is evidence that immune function is costly because it can lead to a reduction in snail growth or reproduction (34, 35). Given these costs, snails experiencing a reduced risk of parasitism (i.e., lower group density) may reduce their constitutive defences, instead relying on an inducible defence to invest more energy in other life history traits (36).

Although laboratory-based studies suggest DDP in invertebrates, one challenge to understanding the mechanisms behind this phenomenon is to determine how animals recognize that they are in a group and therefore at an increased risk of parasitism. Within aquatic communities, species are known to obtain crucial information about their surroundings, such as the presence of other species and conspecifics, through chemical cues that create signaling webs (37–39). Gradual shifts in the diversity and concentration of cues within the water can be used by species to gain information about their environment, and mediate interactions such as predator avoidance and parasite transmission (38–42). Many freshwater snails can attract conspecific or heterospecific snails through the release of chemical cues into the water (43, 44).

Species-specific chemical cocktails released by aquatic organisms can include fatty acids, amino acids, nucleotides, and other volatile organic compounds (37, 42, 45). Lipid analysis suggests that aquatic invertebrates accumulate higher levels of C20 polyunsaturated fatty acids compared to terrestrial insects, suggesting their potential importance in aquatic chemical communication (46). Lipids have also been identified from snail-conditioned water (47–49). Some of these lipids are oxygenated metabolites of polyunsaturated fatty acids, known as oxylipins (50, 51). Oxylipins influence many functional aspects of an organism’s biology. In molluscs, oxylipins affect the neuro- and reproductive physiology and their interactions with parasites (42, 46, 50, 52–55). Intriguingly, oxylipins are not just produced by free-living organisms. Some parasites, including the human trematode Schistosoma mansoni, synthesize oxylipins that play a role in parasite development, penetration of the host, and modulating host defences (46, 56–58). However, considering the diversity of invertebrate hosts and their parasites, the function and ecological role of oxylipins is largely unknown (55, 57, 58). To our knowledge, the function of oxylipins in snail host aggregation behaviour and DDP has yet to be determined.

To test for evidence of DDP and the potential role of oxylipins in the phenomenon, we focused on the freshwater snail, Stagnicola elodes Say 1821 (also known as Lymnaea elodes and Ladislavella elodes), which commonly serve as snail intermediate hosts for many trematode parasites (59). In our experiments, we used Echinoparyphium spp. parasites, which are distributed throughout wetlands in North America (60, 61). Freshwater snails serve as first intermediate hosts in which the rediae stage produces free-swimming parasite larvae (cercariae) that upon maturity emerge into the water. Cercariae then seek out a second intermediate host which can be a conspecific or heterospecific snail. Upon encountering a potential second intermediate host, cercariae penetrate and migrate primarily to the pericardial sac and kidney areas, and then encyst as metacercariae (62).

To better understand whether freshwater snails exhibited DDP and investigate the potential role chemical signaling compounds may play in triggering this phenomenon, we performed four sets of experiments. For the first experiment, we had two objectives. First, we tested to see if snails elicited prophylaxis in response to increased snail density. Second, we tested the role of chemical communication in DDP of snails. We hypothesized that if snails exhibited DDP using chemical communication, then snails raised in snail-conditioned water would produce more haemocytes than snails raised in control water. For our second experiment, we investigated if there was a difference in the fatty acid chemical cues emitted in the water with and without snails. Further, we confirmed whether these fatty acids were progenitor molecules of oxylipins that may be a potential mechanism for DDP. For our third experiment, we characterized the diversity and amount of oxylipins released by infected and uninfected field-collected S. elodes snails. Using  high-performance liquid chromatography/tandem mass spectrometry (HPLC/MS/MS), we identified and measured the oxylipins present in snail-conditioned water. If oxylipin cocktails from infected snails differ in diversity and amounts of oxylipins compared to uninfected snails, then the production of these oxylipins may play a role in altering transmission success and inducing a DDP response in snails. Finally, for our fourth experiment, we tested the immune response of S. elodes snails to four candidate oxylipins to determine the role of oxylipin signaling molecules in DDP. Snails were either sham-exposed (controls) or exposed to an oxylipin and their immune function was assessed at three different times post-exposure (1-2hrs, 4-6hrs, and 8-10hrs) to test for the role of these oxylipins in triggering the snail immune system. We chose four oxylipins based on the results of experiment 3, with three oxylipins found in higher amounts in infected snails and one only produced by uninfected snails. We hypothesized that if any of the candidate oxylipins are involved in triggering prophylaxis in snails, then we would see an increased immune response in snails exposed to the oxylipin compared to sham-exposed snails. We also hypothesized that if the immune response is costly, then snails will only elicit an immune response at a particular time point post-exposure rather than throughout the entire exposure period.



2 Materials and Methods


2.1 Study System

Stagnicola elodes is a freshwater snail that occurs in several different types of wetlands throughout the USA and Canada (63, 64). In addition, these snails are required hosts for several trematode parasites (65). Snails used in this study were collected from an ephemeral wetland in Libau, Manitoba (50°16’4.80” N -96°43’5.39” W). For experiments 1, 2, and 4, we used offspring of field-collected individuals to create snail colonies to ensure that snails were trematode-free and to control for genetic variation in immunocompetence among the snails (32). All snails were kept at 22.8°C under a 12hr light:12hr dark regime and were fed lettuce ad libitum and water-changed biweekly. To assess the oxylipins emitted by infected and uninfected snails, we collected field snails in June-August 2017 and 2018. Field-collected snails were maintained in non-chlorinated water (called well water from hereon) in 10 L plastic containers and fed lettuce ad libitum.



2.2 Experiment 1: Do Snails Exhibit Density-Dependent Prophylaxis?

Hatchling snails were lab-raised individually in 100mL containers and used to test for density-dependent prophylaxis within a 12hr period and over an extended period (3 weeks). For both trials, hatchling S. elodes were lab-raised individually in 100mL containers and randomly assigned to treatments. Snails were reproductively mature at the time of the experiments, and reproductive output was monitored throughout each experiment, with egg cases and eggs produced by snails counted.

To determine if DDP occurred over a 12hr period, we isolated snail eggs from 30 individuals from the lab colony. Once the eggs hatched, we raised single S. elodes snails in individual jars to prevent them from being exposed to oxylipins from other snails. Water in the jars was changed every 3 days and the snails were fed lettuce every 3 days. We raised 250 hatchling snails individually and randomly assigned them into treatments. All snails were raised in well water provided by the Animal Holding Facility at the University of Manitoba. The snails were allowed to grow to >14mm to allow for sufficient haemolymph collection from each snail and all snails were similar in shell length (mean shell length and SE: 17.04 ± 0.14mm). We first randomly chose 10 snails for the pre-trial group, to establish a baseline immune function. Snails were exposed to either low-density snail-conditioned water, or high-density snail-conditioned water. Snail-conditioned water of low and high densities was created by placing snails (>10mm in shell length) in tanks filled with well water to create two different densities of snails – 14.2 snail/L and 43 snails/L. Before exposing snails to the snail-conditioned water, it was filtered through 0.2µm nylon membranes (Omicron 170047R, 47mm) to remove faeces, bacteria, and other debris. By filtering the water, we ensured any immune response was due to exposure to chemical cues (signaling molecules), and not additional exposure to bacteria.

Snail exposures occurred in clean 100mL glass jars to reduce chances that bacteria or chemicals could affect immune responses (bleached, rinsed with ethanol, and autoclaved). Twenty-four hours prior to exposures, each glass jar was filled with artificial spring water (ASW), see recipe by Ulmer (1970) (66), and 1 snail was transferred to each jar to acclimate to new conditions. The exposures consisted of placing each snail in another clean jar filled with either ASW (pre-trial), low- or high-density snail-conditioned water and left for 1-2hrs, 4-6hrs, or 8-10hrs. Each of these exposure periods could be similar to the amount of time in a day in which a snail is in close proximity to another infected snail or time spent in a group with other infected individuals and cercariae in nature. These exposure periods also occur within the period of time it takes a cercariae to infect a snail, from penetration, to migration, and encystment within its new host (67). At the completion of the exposure, we estimated snail immune defences in response to oxylipin exposure by measuring several immune parameters from haemolymph using methods adapted from Seppälä and Jokela (2010) and Le Clec’h et al. (2016) (29, 32). Snail haemolymph was sampled with autoclaved glass pipettes at each time point and subsampled for haemocyte counts (20µL) and phenoloxidase assays (10µL). Snail shell length was also measured to the nearest 0.01mm. Haemocytes were counted immediately, using ~40µl of 0.4% trypan blue in sterile snail saline (1M•CaCl2, 1M•NaCl, 1M•NaOH, 1M•HEPES, 1M•KCl) to distinguish between live and dead haemocytes on Neubauer hemocytometers (Blau Brand, Wertheim, Germany). Haemolymph subsamples for phenoloxidase assays were mixed with sterilized 100µL phosphate buffered saline (PBS, pH 7.4) and snap frozen with liquid nitrogen. Samples were kept frozen at -80°C until phenoloxidase assays were completed.

For the second trial examining DDP in snails over weeks, 60 hatchling S. elodes were randomly assigned to two treatments. Control treatments consisted of 30 hatchlings raised individually in well water (control). The experimental treatment was 30 snails raised individually in water taken from a 5L tank filled with 60 S. elodes (>10mm in length). This tank was established three weeks prior to the start of the experiment and maintained throughout the experiment to ensure that snail-conditioned water was available. Each week, approximately 800 mL of well water was added to the tank due to use in the experiments and evaporation. The water in the control and experimental containers was changed biweekly. After eight weeks, haemocytes were counted, as described above, and shell length was recorded weekly for three weeks. In addition, 1L of snail-conditioned water and control water was frozen at -20°C after each haemocyte count for lipid analysis (experiment 2). Snail-conditioned water samples were collected from the upper layer of the 5L tank with 60 snails to avoid faeces.


2.2.1 Phenoloxidase Activity

To assess whether exposure groups (control, low and high-conditioned snail water) differed in phenoloxidase activity, we measured the activity levels of phenoloxidase enzymes through its oxidation of L-dopa on the subsamples of haemolymph (28, 32). Samples were subsampled twice and mixed with 140µL milli-q water and 20µL PBS in in a 96-well microtiter plate. Cold L-dopa (Sigma-Aldrich Canada, Oakville, Canada) solution (4mg/mL in milli-q water) was added to each well and the reaction proceeded at 30°C in a thermocabinet. Four controls per plate (water, PBS, and L-dopa) were created to account for any nonenzymatic oxidation of L-dopa. We measured the absorbance of subsamples at 490nm using a microtitre plate reader (Synergy Neo2, BioTek, Winooski, USA). Absorbance was measured immediately after L-dopa was added (time 0) and at 4hr. These time points were based on preliminary trials, as absorbance increased linearly from 0, 1hr, 2hrs and 4hrs after the addition of L-dopa (Friesen et al. unpublished data). Phenoloxidase activity was calculated as the difference in absorbance between time 0 and each subsequent time point (e.g., absorbance after 4hr – initial absorbance), with the mean difference in the non-haemolymph controls subtracted from the data (32). The phenoloxidase activity is presented in kilo-units.



2.2.2 Statistical Analysis

All statistics were run in R version 4.0.4 (68) and JMP© 16 (69). To test for DDP and determine if snail-conditioned water induced a prophylactic response during a 12hr period, we used Kruskal-Wallis tests to examine if haemocytes or phenoloxidase differed between snails exposed and unexposed to differing densities of snail-conditioned water. Independent variables were treatment (control, low-density snail-conditioned water, and high-density snail-conditioned water) and exposure period (1-2hrs, 4-6hrs, and 8-10hrs). We chose this analysis because after transforming the data in numerous ways (log, ln, exp), the transformed distributions remained non-normal. Normality of the data was verified using the Shapiro–Wilk Test and equal variance was checked with residual plots. Post-hoc Steel-Dwass tests were used to determine differences amongst the levels of the main factors.

To determine whether DDP occurred over several weeks, a general linear mixed model was used to assess differences in total haemocyte counts between snails raised in control water or snail-conditioned water. Independent variables were treatment (experiment/control), weeks (time points 1–3), and snail length. The random effect was individual and accounted for repeated measures from the same snail. To assess whether snail-conditioned water affected haemocyte viability, we used general linear mixed modelling with live haemocytes and dead haemocyte numbers as response variables, respectively. Independent variables were treatment (experiment/control), weeks (time points 1–3), and snail length. Haemocyte count was log transformed based on the results of box-cox tests. Model selection began with consideration of a full model including all main effects, covariates, and interactions terms. Components were dropped if they were not significant (P > 0.05), and the Akaike information criterion (AIC) value was lower without the component in the model. Post-hoc Tukey’s tests were used to determine differences amongst the levels of the main factors.




2.3 Experiment 2: Testing the Role of Fatty Acids in Density-Dependent Prophylaxis of Snails

Gas chromatography was used to detect fatty acids in the snail-conditioned and control water from the second trial of experiment 1 (see above, section 2.2). Fatty acids were liquid-liquid extracted from 500mL water samples (one control, one experimental per three weeks) with 125mL methylene chloride. After drying the non-polar fraction in a rotary evaporator, the fatty acids in the samples were transformed to methyl esters following the methods described by Ichihara et al. (2010) (70). Before the methylene chloride extraction, 1µL of a 1mg/mL internal standard of nonadecanoic acid (C19:0) was added to each water sample. We selected C19:0 as an internal standard because in preliminary analyses it was not detected in either type of water. The samples were dried down, re-suspended with 50µL hexane and then analysed by a Varian 450 gas chromatograph equipped with a flame ionization detector. The methylated fatty acids were separated on a DB225MS column (30m × 0.25mm diameter and 0.25m film thickness: Agilent Technologies Canada Inc., Mississauga, Ontario). The temperature program was 70°C for 2 min, then raised to 180°C at 30°C/min, held for 1 min, raised to 200°C at 10 °C/min, held for 2 min, and raised to 220°C at 2°C/min and held for 10 min. The final temperature was raised to 240°C at 20°C/min and held for 15 min. Total run time was 46.67 min, and samples were run with a 20:1 split ratio and a 1.3 mL/min column flow. Hydrogen was used as the carrier gas.



2.4 Experiment 3: Characterizing the Oxylipins of Snails Based on Infection Status

We characterized the diversity and amount of oxylipins released by infected and uninfected field-collected S. elodes snails. In May-July 2016, S. elodes snails were haphazardly collected from the wild and brought back to the laboratory. All field-collected snails were isolated and placed under lights to stimulate the emergence of cercarial parasites to determine if the snails were first intermediate hosts of trematode parasites. Infected snails were separated from uninfected individuals and maintained in the lab for at least two weeks prior to oxylipin extraction. Snails were fed twice weekly an ad libitum diet of green leaf lettuce to ensure the same diet.

Live cercariae were obtained from infected first intermediate hosts for identification. Cercariae identified as echinostomes (family Echinostomatidae) based on the presence of collar spines (65) were isolated. Snails that were infected by echinostomes with no tail or fin folds were separated from all other infected snails and maintained in containers with five individuals. As it is difficult to identify echinostome cercariae species based on morphology alone, a subset of parasites was selected for DNA sequencing to verify their identity. We sequenced the DNA at the NADH dehydrogenase 1 (ND1) gene and compared our sequences to ones published on GenBank and our own database to identify the parasites as Echinoparyphium sp. lineage 2 (71). Each sample was prepared and analysed as described in detail in Eliuk et al., 2020 (71).


2.4.1 Oxylipin Extraction

We isolated snails into groups of five individuals, based on their infection status, to extract oxylipins from snail-conditioned water. Each group was placed in separate plastic tanks containing 800mL of ASW for 24 hours prior to extraction. We used ASW to minimize biochemical content within the water that did not come from the snails. Snail-conditioned water samples were created by placing each group of snails into a glass jar filled with 50mL of ASW. Shells were wiped cleaned prior to snails being placed in the water. To ensure no contamination, glass jars were cleaned three times with 10% bleach, 70% ethanol, and ASW prior to water collection. After 4 hours, snails were removed from the jars and snail body length was measured. The snail-conditioned water was transferred into sterile tubes and frozen at -20°C until oxylipin extraction.

Snail-conditioned water was thawed just prior to oxylipin extraction. Deuterated internal standard mixtures (Cayman Chemicals, MI) were added to each snail water sample. Samples were then run through 0.2µM filters (Thermo Scientific Nalgene Syringe) to remove any debris (e.g., snail faeces, bacteria, etc.). Solid phase extraction columns (Strata-X, Phenomenex, CA) were created over a vacuum filter apparatus and preconditioned by allowing 100% methanol and pH 3 water drip through. Sample was added to the column and washed with 10% MeOH and pH 3 water. Free oxylipins were finally eluted using 100% methanol. Lipid samples were frozen at -80°C until HPLC/MS/MS analysis (70).

To quantify the oxylipins present in the sample, the lipid samples were dried and resuspended in the initial mobile phase (water/aceto-nitrile/acetic acid, 70/30/0.02, v/v/v). They were then analysed using HPLC/MS/MS (QTRAP 6500; Sciex, ON). Further details of HPLC/MS/MS conditions, including the mass transitions, internal standards, standard curve slopes, retention times, and all oxylipins scanned are described in Aukema et al., 2016, Leng et al., 2017, and Monirujjaman et al., 2017 (72–74).



2.4.2 Statistical Analysis

All data analyses were carried out using JMP© 16 (69). Normality of the data was verified using the Shapiro–Wilk Test and equal variance was checked with residual plots. As data were not normally distributed, we analysed for differences in the amount of oxylipins emitted by infected and uninfected snails using the nonparametric Wilcoxon Ranked Sums. A relationship was considered significant if the P value was ≤ 0.05.




2.5 Experiment 4: Testing the Role of Oxylipin Signaling Molecules in DDP

Snails were raised as described in section 2.2 (trial 1), with all snails derived from only 30 lab colony snails. The snails were allowed to grow to >14mm (mean shell length: 16.06 ± 0.15) to allow for sufficient haemolymph collection from each snail. We monitored reproductive activity, as described in section 2.2. For the experiment, we first randomly chose 10 snails for the pre-trial group, to establish a baseline immune function. For the rest of the experiment, we manipulated the exposure to oxylipins, the type of oxylipin, and exposure time in a 2x4x3 factorial experiment. We sham-exposed or exposed sets of 10 snails, to one of four different oxylipins, 5-hydroxyeicosatetraenoic acid (5-HETE), 15-hydroxyeicosatetraenoic acid (15-HETE), 11-hydroxy-5Z,8Z,12E,14Z,17Z-eicosapentaenoic acid (11-HEPE), or 5-hydroxyeicosapentaenoic Acid (5-HEPE) (Figure 1). We then had three different exposure periods, with groups either exposed for 1-2hrs, 4-8hrs, and 8-10hrs (Figure 1). Time points were chosen based on the timing of trematode infections from encounter and penetration by the cercarial stage to migrating and encysting near the pericardial sac of the snail (67).




Figure 1 | Schematic of experimental design of experiment 4 - testing the role of oxylipin signaling molecules in DDP. Created with BioRender.com.



We selected candidate oxylipins for this experiment based on the data obtained from the measurement of oxylipins emitted by infected and uninfected snails that were measured in experiment 3. We chose three oxylipins that were emitted in higher amounts by infected snails (5-HETE, 5-HEPE, and 15-HETE) that are created via two different fatty-acid precursors (arachidonic acid and eicosapentaenoic acid), as well as one oxylipin that was only emitted by uninfected snails (11-HEPE, eicosapentaenoic acid). Oxylipin exposure solutions were made by mixing oxylipins (dissolved in ethanol; Cayman Chemical, Ann Arbor, USA) with milli-q water. We used the amount of oxylipins emitted by snail groups measured in experiment 3 to determine the concentration used here. We calculated the concentration of oxylipins for this experiment by accounting for the average oxylipin expressed by a single snail, the average density of this snail species within the environment (11), and the water volume of the jar. Based on this information, we used the following concentrations: 5-HETE – 2.52µg/L, 15-HETE – 3.36µg/L, 5-HEPE – 0.128µg/L, and 11-HEPE – 1.16µg/L. For our sham-exposed controls, we created a solution of ethanol and water at the same concentration as the oxylipins.

The experimental set up was identical to experiment 1, trial 1 (section 2.2). Jars were cleaned, snails added, and then oxylipin and sham-exposure solutions (1mL at desired concentrations) were added to each jar with 69mL of fresh ASW, and snails remained in the water for the entire exposure period. Haemolymph was extracted from each snail and processed as described above for both phenoloxidase assays and haemocyte counts (section 2.2). An additional subsample of 10µL haemolymph was taken for antibacterial assays. Assay samples were mixed with sterilized 100µL phosphate buffered saline (PBS, pH 7.4) and snap frozen with liquid nitrogen. All samples were kept frozen at -80°C until assays could be run.


2.5.1 Antimicrobial Activity

We measured the antibacterial activity of snail haemolymph against wild type Escherichia coli K12 cells. Methods were adapted from Seppälä and Jokela (2010) (32). We standardized the E. coli cells in 0.85% NaCl to 0.5 MacFarland (1.5 x 108 cells/mL) using a Kit Densichek Plus Instrument (BioMérieux, Marcy-l’Étoile, France). After standardization, cells were then diluted in 1X PBS solution. 200µL of standardized cells were then placed into a 96 well plate following which 50µL of haemolymph sample was mixed in the solution. Each haemolymph sample was subsampled twice. Absorbance of the solution was measured at 450nm using a microplate reader (SpectraMax M2, Molecular Devices, San Jose, United States) immediately after mixing the haemolymph and bacteria with a second read at 30min while incubating at 30°C. In addition, we measured four non-haemolymph controls per plate where the haemolymph was replaced with water to account for any changes in absorbance caused by factors other than antibacterial activity of the haemolymph. Antibacterial activity was then calculated as differences in absorbance between the measurement times (absorbance time 0 – absorbance time 30min, minus internal standard).



2.5.2 Statistical Analysis

To determine whether oxylipin exposure induced snails to produce more haemocytes, a negative binomial generalized linear model was used to assess if differences were due to exposure to oxylipins, type of oxylipin, and period of exposure. Independent variables were exposure (sham control vs. oxylipins: 5-HETE, 15-HETE, 11-HEPE, and 5-HEPE), and exposure length (1-2hrs, 4-6hrs, and 8-10hrs). Due to non-normality and heteroscedasticity of the response variables, generalized linear models of haemocyte count used negative binomial distributions, using MASS (75). For phenoloxidase and antibacterial assays, due to the non-normality of the data, Kruskal-Wallis Ranked sums tests were run based on the type of oxylipins used. Posthoc Tukey HSD tests were used to determine differences amongst the levels of the main factors. The model was run on R version 4.0.4 (68) and Kruskal-Wallis tests were run in JMP© 15 (SAS Institute, Inc, 2019).





3 Results


3.1 Experiment 1: Density-Dependent Prophylaxis in Snails

Exposure to snail-conditioned water induced a prophylactic response in snails, both within a 12hr period and over several weeks (Figures 2, 3). In trial 1, haemocyte count differed by treatment over each exposure period (Kruskal-Wallis Ranked sums: 1-2hrs - χ2 = 8.2, P = 0.0168; 4-6hrs - χ2 = 19.2, P < 0.0001; 8-10hrs - χ2 = 17.6, P = 0.0002), with snails exposed to high density water having a higher count than control snails at 1-2hrs (Steel-Dwass: Z = -2.78, P = 0.015, Figure 2). After 4-6hrs in snail-conditioned water, snails in high density water had the highest haemocyte count and controls had the lowest. Snails exposed to low-density water had an intermediate count between control and high-density exposed snails (control-low, Z = -2.3, P = 0.050; low-high, Z = -3.1, P = 0.0054; control-high, Z = -3.7, P = 0.0006, Figure 2). Finally, after 8-10hrs of exposure, there was no difference in haemocytes between snails exposed to high and low-density water (Z = -1.3, P = 0.40, Figure 2), but snails that were exposed to snail-conditioned water had a higher haemocyte count than control snails (control-low, Z = -3.3, P = 0.0028; control-high, Z = -3.6, P = 0.0008, Figure 2). Exposure to snail-conditioned water did not elicit a phenoloxidase response, with no difference in activity levels between exposure groups or exposure length (Kruskal-Wallis: 1-2hrs exposure: χ2 = 1.35, df = 2, P = 0.51; 4-6hrs: χ2 = 5.25, df = 2, P = 0.073; 8-10hrs: χ2 = 3.42, df = 2, P = 0.18).




Figure 2 | Total haemocyte counts (mean ± SE) from uninfected Stagnicola elodes snails exposed to experimental (snail-conditioned water of low and high densities) and unexposed pre-trial snails over three exposure times. N.S, No significative difference; *P < 0.05, **P < 0.01, ***P < 0.001.






Figure 3 | Weekly mean total haemocyte counts (± SE) from uninfected Stagnicola elodes snails raised in experimental (snail-conditioned water) and control water. *P < 0.05.



In trial 2, snails raised in snail-conditioned water had a higher count of total haemocytes than those raised in control water (F1, 172 = 4.56, P = 0.037) while accounting for the effects of shell length (F1, 172 = 13.09, P = 0.0006) and time (F2, 171 = 6.52, P = 0.0021) (Figure 3). According to AIC values, there was a single best fit model that included treatment groups, snail length, time, and no interactions. The R2 of the best model was 0.17 with fixed effects only, and 0.20 with random effects. Similarly, haemocyte viability was greater in snails raised in snail-conditioned because more live haemocytes were found in these snails compared to snails raised in well water (F1, 172 = 7.70, P = 0.0075) while accounting for the effects of shell length (F1, 172 = 14.76, P = 0.0003) and time (F2, 171 = 6.94, P = 0.0014). The R2 of the best model was 0.21 with fixed effects only, and 0.28 with random effects. The number of dead haemocytes did not differ between snails raised in snail-conditioned water and well water (F1, 172 = 0.0004, P = 0.9839, R2 with and without random effects = 0.09).



3.2 Experiment 2: Fatty Acids in Snail-Conditioned Water

Lipid analysis demonstrated that snails placed in snail-conditioned water were exposed to fatty acid signaling molecules. We detected seven oxylipin precursors including arachidonic acid (ARA, C20:4n-6), eicosapentaenoic acid (EPA, C20:5n-3), α-linolenic acid (ALA, C18:3n-3), docosapentaenoic acid (C22:5n-6) and docosahexaenoic acid (DHA, C22:6n-3) in snail-conditioned but not in control water (Figure 4). Linoleic acid (LNA, C18:2n-6) and another oxylipin precursor dihomo-γ-linoleic acid (DGLA, C20:3n-6) were detected in both control and experimental water samples (Figure 4).




Figure 4 | Mean mass of fatty acids ( ± SE) detected in both control and snail-conditioned water over three weeks.





3.3 Experiment 3: Snail Oxylipins Expressed Based on Infection Status

We compared the oxylipins emitted by three groups of infected snails (15 snails) and eight groups of uninfected snails (35 snails). The mean size of infected snails (27.6 ± 0.56) was higher than uninfected snails (18.51 ± 0.43 mm) (Wilcoxon Rank Sums, Z = 2.35, P = 0.019).

Out of 157 oxylipins scanned from snail-conditioned water, 95 were present at quantifiable levels (Figure 5 and Supplementary Table 1). According to fatty acid precursors, half (56.8%) of all oxylipins detected were derived from ARA, followed by oxylipins derived from DHA (11.6%), LNA (10.5%), EPA (9.5%), ALA (6.3%), DGLA (3.2%), γ-linolenic acid (C18:3n-6) (1.1%), and eicosadienoic acid (C20:3n-6) (1.1%). But these percentages reflect the proportion of oxylipins derived from each fatty acid, rather than the pathway, which provides a more biologically meaningful parsing of oxylipins. Half (53.7%) of the detected oxylipins were derived via the lipoxygenase (LOX) pathway, followed by oxylipins produced from cytochrome P450 (CYP) (25.3%), and cyclooxygenase (COX) (16.8%) pathways. Of the oxylipins produced through the CYP pathway, most (66%) were produced via epoxygenase activity.




Figure 5 | Characterization of oxylipins and relative differences in the amount (mean ± SE) released by parasitized (infected) and non-parasitized (uninfected) field Stagnicola elodes snails. Snails in the infected group were parasitized by Echinoparyphium sp. lineage 2. All samples were collected from two 250m2 ditches along a road bisecting a wetland in Netley-Libau Marsh (50°C 18’48’’N, 96°C 42’29’’W). Oxylipins only detected in one group of snails are also shaded. ARA, arachidonic acid; DGLA, dihomo-g-linolenic acid; LNA, linoleic acid; ALA, a-linolenic acid; ADA, adrenic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; GLA, g-linolenic acid; EDA, eicosadienoic acid; d, deoxy; dhk, dihydroketo; DiHDoPE, dihydroxy-docosapentaenoic acid; DiHETE, dihydroxy-eicosatetraenoic acid; DiHETrE, dihydroxy-eicosatrienoic acid; DiHOME, dihydroxy-octadecenoic acid; EpDoPE, epoxy-docosapentaenoic acid; EpODE, epoxy-octadecadienoic acid; EpOME, epoxy-octadecenoic acid; HEPE, hydroxy-eicosapentaenoic acid; HETrE, hydroxy-eicosatrienoic acid; HHTrE, hydroxyheptadecatrienoic acid; HOTrE, hydroxy- octadecatrienoic acid; HX, hepoxilin; LT, leukotriene; t, trans; and Tx, thromboxane.



Overall infected snails emitted 50 oxylipins in higher amounts than the uninfected snails (Wilcoxon Ranked Sums, Figure 5 and Supplementary Table 1, P ≤ 0.05), with 24 of these oxylipins only detected in infected snail water (Figure 5 and Supplementary Table 1). A subset of 20 oxylipins were only detected in infected snails, but the amounts did not differ significantly from the amount in uninfected snails (Supplementary Table 1). Of the oxylipins expressed in higher amounts by infected snails, oxylipins produced by the LOX pathway dominated (60%), followed by oxylipins derived from CYP (36%) and COX (4%). Interestingly, when looking at oxylipins present only in infected snails, most were derived from the CYP pathway (54%), with 45.8% via epoxygenase and 8.3% via ω-hydroxylase pathways, compared to 37.5% from the LOX pathway and 8.3% from the COX pathway.

Uninfected snails emitted higher amounts of 5 oxylipins, with 2 of these oxylipins only detected in uninfected snail water with amounts significantly different than infected snails (Figure 5 and Supplementary Table 1). Of the oxylipins detected in higher amounts in uninfected snail water, they were only derived from the COX (40%) and LOX (60%) pathways. A subset of 3 oxylipins were only detected in uninfected snail water, but the amounts did not differ significantly from the amount in infected snails (Figure 5).



3.4 Experiment 4: Snail Immune Response to Oxylipins

Exposure to oxylipins increased haemocyte count in exposed snails (negative binomial generalized linear model: χ2 = 187.8, df = 7, P < 2.2x10-16, Figure 6), with exposure time (χ2 = 15.3, df = 2, P = 0.00049) impacting haemocyte count. The interaction between oxylipin exposure and exposure time (χ2 = 41.7, df = 14, P = 0.00014) was significant. Tukey HSD post-hoc tests showed that haemocyte count was higher in snails exposed to 5-HETE (z = 5.6, P < 0.001) and 5-HEPE (z = 6.0, P < 0.001) compared to sham-exposed snails, but there was no difference in haemocyte count in snails exposed to 11-HEPE (z = 2.3, P = 0.30) and 15-HETE (z = 1.2, P = 0.92). Post-hoc tests did not find significant differences between exposure times (P > 0.75).




Figure 6 | Total haemocyte count (mean ± SE) of Stagnicola elodes snails after exposure to 5-Hydroxyeicosatetraenoic acid (5-HETE), 5-Hydroxyeicosapentaenoic Acid (5-HEPE), 15-Hydroxyeicosatetraenoic acid (15-HETE), and 11-hydroxy-5Z,8Z,12E,14Z,17Z-eicosapentaenoic acid (11-HEPE) oxylipins compared to sham-exposed snails. *P < 0.05.



Snails exposed to two oxylipins, 15-HETE and 5-HEPE, had higher phenoloxidase activity than sham-exposed snails (Figure 7). Snails exposed to 5-HEPE had higher phenoloxidase activity over every time point (Wilcoxon Rank Sums: 1-2hrs: χ2 = 10.6, df = 1, P = 0.0012; 4-6hrs: χ2 = 10.1, df =1, P = 0.0015; 8-10hrs: χ2 = 11.8, df = 1, P = 0.0006). Exposure to 15-HETE for 4-6hrs induced higher phenoloxidase activity in exposed snails, but there was no difference between exposed and sham-exposed snails after 1-2hrs or 8-10hrs exposure (1-2hrs: χ2 = 0.57, df = 1, P = 0.45; 4-6hrs: χ2 = 5.6, df =1, P = 0.016; 8-10hrs: χ2 = 0.46, df = 1, P = 0.50). Snails exposed to 5-HETE and 11-HEPE did not have more phenoloxidase activity compared to sham-exposed snails (5-HETE - 1-2hrs: χ2 = 3.6, df = 1, P = 0.059; 4-6hrs: χ2 = 0.21, df =1, P = 0.65; 8-10hrs: χ2 = 0.76, df = 1, P = 0.38; 11-HEPE -1-2hrs: χ2 = 0.21, df = 1, P = 0.65; 4-6hrs: χ2 = 0.091, df =1, P = 0.76; 8-10hrs: χ2 = 0.0057, df = 1, P = 0.94).




Figure 7 | Phenoloxidase (PO) activity (change in absorbance over 2hr measured in kilounits; mean ± SE) of haemolymph in Stagnicola elodes snails exposed to 5-Hydroxyeicosatetraenoic acid (5-HETE), 5-Hydroxyeicosapentaenoic Acid (5-HEPE), 15-Hydroxyeicosatetraenoic acid (15-HETE), and 11-hydroxy-5Z,8Z,12E,14Z,17Z-eicosapentaenoic acid (11-HEPE) oxylipins compared to sham-exposed snails. *P < 0.05.



Exposure to oxylipins only induced increased antibacterial activity in snails after exposure to 5-HETE after a 4-6hr exposure (Wilcoxon Rank Sums, χ2 = 5.9, df =1, P = 0.0155; Supplementary Figure 1). However, this increased activity was not seen after 1-2hr exposure (χ2 = 0.0057, df =1, P = 0.94; Supplementary Figure 1) or 8-10hr exposure (χ2 = 1.12, df =1, P = 0.29; Supplementary Figure 1). Haemolymph from snails exposed to 5-HEPE and 15-HETE did not differ in antibacterial activity compared to sham-controlled snails (5-HEPE: 1-2hrs, χ2 = 0.82, df =1, P = 0.36; 4-6hrs, χ2 = 0.36, df =1, P = 0.059; 8-10hrs, χ2 = 1.9, df =1, P = 0.16; 15-HETE: 1-2hrs, χ2 = 0.97, df =1, P = 0.33; 4-6hrs, χ2 = 2.29, df =1, P = 0.13; 8-10hrs, χ2 = 0.14, df =1, P = 0.71; Supplementary Figure 1).




4 Discussion

Our study demonstrates that S. elodes freshwater snails exhibit DDP and provides evidence that oxylipin signaling molecules are one molecular mechanism for prophylaxis. Our first experiment demonstrated that snails increased their immune defences in response to being exposed to water conditioned with chemical cues from higher densities of snails. Stagnicola elodes snails produced more haemocytes in response to perceiving a higher density of snails, suggesting that their immune system is responding to an increased risk of parasite infection. Snails are often aggregated in nature and by doing so can be infected by a variety of different parasites including trematodes, so selection by parasites could have driven this group to evolve this strategy. We further showed that snails raised in snail-conditioned water produced more haemocytes than snails raised in control water, further adding evidence that snails exhibit DDP, and that chemical communication is a mechanism for this behaviour. Our second experiment demonstrated that several of the fatty acids from the snail-conditioned water are biosynthetic precursors of oxylipins that function in the immune defences of invertebrates and vertebrates. In particular, snails produced fatty acids that are precursors of oxylipins, which are signaling molecules that have previously been suggested to play a role in host-parasite interactions (46). In the third experiment that explored the role of chemical communication in DDP, we found vast differences in the oxylipin profile of water conditioned with uninfected and infected snails. This result suggests that differences in oxylipin cocktails may play a role in inducing a DDP response within our snails. Finally, we found that three oxylipins that were higher in infected snails elicited an increase in the immune defences of exposed snails, while the oxylipin present only in uninfected snails elicited no immune responses. This result suggests that particular oxylipins may be the cues that snails are using to detect whether there is an increased risk of parasite infection. Together, the results of these four experiments provide evidence that snails exhibit DDP, and the changes in oxylipins emitted by infected hosts are one of the molecular mechanisms driving this phenomenon.

Our first experiment showed that snails exhibit DDP rapidly in response to increasing density, but also through continued exposure to higher densities of snails. In our first trial, snails exhibited higher counts of haemocytes within 1-2hrs post-exposure that increased further after 4-6hrs. Snails in higher-density water had the highest haemocyte count and snails exposed to low-density snail-conditioned water had a haemocyte count between the unexposed snails and high-density exposure. The differences in haemocyte count between snails in low- and high-density snail-conditioned water suggest that snails are responding accordingly to the threat represented by the difference in snail density, with the higher density representing a higher risk of parasite infection. Yet, after 8-10hrs, snails exposed to low and high density-conditioned water had similar haemocyte counts, which were also lower than both of their responses after 4-6hrs of exposure. It is possible that this difference in response may be related to the chronobiology of parasite infection (76, 77). To maximize the probability of encountering the correct host, many trematode species match the emergence of their short-lived larval parasites, cercariae, with the activity of their next host (76). As such, many trematodes respond to environmental cues of light and heat throughout the day for their emergence, with larval parasite release slowing down or all together stopping during the night. The decreased immune response after 8-10hrs may represent an evolutionary adaptation to reduce energy spent on a costly prophylactic response as the risk of becoming infected declines overnight. Given that snails accumulate trematode infection after repeated exposures over weeks to months and even years, prophylaxis of snails may fluctuate in response to the chronobiology of the parasites as this type of immune response may have been selected for in nature (78). Alternatively, the reduced response after the prolonged exposure may reflect the immune distribution of haemocytes and indicate that they are within other tissues within the snail rather than circulating in the haemolymph. The lack of haemocytes in the haemolymph may indicate that the snails’ immune activity were depleted after a sustained immune defence of several hours. Nevertheless, our second trial shows that snails can recover and sustain a prophylactic response over three weeks while being exposed to snail-conditioned water.

For host density to affect haemocyte production and other measures of immune defences, snails must recognize that they are aggregating. In higher densities, snails could communicate by physical or chemical cues though our experiments focused on chemical communication because a number of studies have suggested that snails communicate through signaling molecules in snail-conditioned water (55, 79–81). We characterized fatty acids from snail water because several of them are the biosynthetic precursors of compounds that function in the immune defences of invertebrates and vertebrates (46, 82). In experiment 2, we demonstrate that snail-conditioned water had five fatty acids that were not detected in control water. Our snail-conditioned water samples were collected from a tank with 60 active, living snails over a period of three weeks demonstrating that grouped snails consistently produced a set of fatty acids though in varying amounts.

The polyunsaturated fatty acids in snail-conditioned water were oxylipin precursors (C20:4n-6, C20:5n-3 and C22:6n-3). Much of the research on oxylipins has focused on vertebrate systems and shows that oxylipins derived from n-6 polyunsaturated fatty acids generally have immunoactive functions and those derived from n-3 polyunsaturated fatty acids have anti-inflammatory properties, although there are some important exceptions (83). Given the increased production of haemocytes of snails in snail-conditioned water as well as snails in higher density-conditioned water, our results suggest that oxylipins may also affect snail immunity. However, in snails, oxylipins are also known to affect egg production and nervous system dynamics (50, 82) though we did not observe any increases in the number of snail eggs in snail-conditioned water (Friesen et al., unpublished data). We also do not know if the origin of these fatty acids is more directly associated with the snail or the parasites as trematodes are also known to produce oxylipins. In schistosome trematode parasites, oxylipins, such as eicosanoids, affect host-finding behaviour of cercariae and may suppress the vertebrate host immune system (56, 84). However, schistosomes and echinostome trematodes differ in many aspects of their biology (i.e., represent different families of trematodes, differ in life cycle complexity, host species used). Further, no study has characterized the oxylipins of echinostome-infected snails despite their ubiquity in freshwater systems (85).

To advance our understanding of the potential role of oxylipins in chemical communication, and as a potential molecular mechanism driving DDP, we needed to characterize more specifically what oxylipins were found within our snail-conditioned water. We also needed to further understand how these chemical cues differed between infected and uninfected snails, as a potential indicator of infection risk to snails within their environment. Snails infected with the trematode parasite Echinoparyphium sp. lineage 2 had vastly different oxylipin cocktails than uninfected conspecifics that differed not only in the amount of oxylipins emitted but in the diversity of oxylipins released. We detected 95 different oxylipins emitted from snails, including oxylipins derived from multiple polyunsaturated fatty acids via several different pathways (COX, LOX, and CYP), with over half of them either emitted in higher amounts by infected snails or only emitted by infected snails. Despite the fact that the physiological role of these oxylipins is not well understood, other research on many of these oxylipins suggests they may have a role in immune defence and prophylaxis (57, 86, 87). Production of oxylipins by helminth parasites has focused on leukotriene and HETE oxylipins (57, 84, 88, 89). In experiment 3, some of these oxylipins, including 5-HETE and 15-HETE, were emitted in higher amounts in infected snails, suggesting their possible production by echinostome trematodes or echinostome-infected snails.

In experiment 4, responses to 5-HEPE, 5-HETE, and 15-HETE consisted of higher haemocyte counts and phenoloxidase activity, but almost no change in antibacterial activity. This result was predicted given these oxylipins were emitted in higher amounts by infected snails. Conversely, exposure to one oxylipin, 11-HEPE, which was only released by uninfected snails, did not lead to any change in immune defences in exposed snails. The lack of response to 11-HEPE was not unexpected, and further indicates that specific oxylipins stimulate immune defence in snails and may provide a molecular mechanism for DDP. The type of immune defence activated upon exposure varied with oxylipin, suggesting specific oxylipins may play different roles within the snails’ defence system. Exposure to 5-HEPE led to increased haemocyte count and phenoloxidase activity, whereas exposure to 5-HETE only led to increased haemocyte count and exposure to 15-HETE only led to increased phenoloxidase activity. Interestingly, although 5-HETE and 5-HEPE are produced via the same enzymes, they are derived from ARA and EPA, respectively, indicating that oxylipins derived from n-6 and n-3 20-carbon fatty acids can have different functions. The activation of the immune defences upon exposure to specific oxylipins allows us start to understand the physiological effects of these oxylipins within snails.

The timing of the immune response was similar among the three oxylipins as well as to the snail-conditioned water alone. In experiment 1 and 4, immune responses started to wane at 8-10hrs post-exposure, bringing up the possibility that the signal had dissipated (e.g., the oxylipin was not being produced or had broken down). If the production of haemocytes is costly, than this change in immune response may suggest exhausted energy reserves, a shift in energy allocation to other life history traits, or a response to the chronobiology of parasite infection (76, 77). However, if the immune response is not costly, further experiments are required to determine how this reduction relates to the immune distribution of haemocytes within different snail tissues.

As DDP in insects is hypothesized to require olfactory, visual, and tactile stimuli acting in concert, it is plausible to suggest that in natural conditions, DDP for snails may be driven by a combination of chemical cues and other signals (2). Within aquatic systems, species obtain important information about their surroundings from chemical cues and individuals can respond to minute changes to concentrations of chemical cues (39, 90, 91). Changes within the oxylipin profiles emitted by infected snails, as we detected here, may be informing conspecifics or other naïve host snails of the risks of infection, eliciting a DDP response that would be beneficial and targeted to the risk. Our results suggest that haemocytes and phenoloxidase activity respond to the risk of eukaryotic infection, and that antimicrobial responses were not part of the DDP response in this set of experiments (23, 24). There is an evolutionary benefit for a snail to respond prophylactically via cues from signaling molecules that more specifically indicate whether the risk is from a pathogen or parasite. However, much more research is needed to further understand the generality and strength of alterations to oxylipins in response to infection, how these may vary with host and parasite diversity, and how these changes may impact density-dependent prophylaxis (55). Further, studies on additional invertebrates are needed to understand the evolution of DDP and determine whether similar mechanisms are used across taxa.

Our study expands the number of evolutionary lineages that use DDP in response to the risk of parasitism and suggests that it may be a widely used strategy among invertebrate groups. By further characterizing and testing candidate oxylipins, we have also provided evidence of chemical cues as a mechanism driving density dependent prophylaxis, demonstrating that individual oxylipins may be mediating grouping behaviour and immunity of snails. Yet, this effect has yet to be tested in natural conditions. Some field studies have found negative relationships between snail density and parasite prevalence that were hypothesized to be the result of parasite-induced mortality (95, 96). Low parasite prevalence in high densities suggests that in nature aggregated snails may not be at an increased risk of parasite infection. However, it is important to note that even a single first intermediate host may emit daily 100s-1000s of cercariae that are infective to snail second intermediate hosts. Thus, tests for DDP in nature should quantify infection risk by assessing first intermediate host prevalence and density, and then determine whether co-occurring second intermediate hosts have lower metacercarial infections due to increased investment in their immune systems. In addition to studying this phenomenon in natural populations, future laboratory experiments should explore how oxylipin signals may be detected through the signaling web found within aquatic communities (55). The impacts of these modified chemical cues on the behaviour of other community members, such as other invertebrates and fish, are yet to be fully explored (55). Oxylipins have already been recognized to serve important ecological and physiological functions as mechanisms in tritrophic interactions (97, 98), mediating plant-pathogen and plant-insect interactions (99, 100), and functioning in insect immunity (46). The generality and strength of alterations to oxylipins in response to infection and their immunological and ecological consequences could be assessed across a diversity of aquatic and terrestrial ecosystems. Due to the ubiquity of oxylipins within ecosystems, their importance in immune system function within other species, and their potential role in parasite transmission, and the role of oxylipins in driving DDP in other systems should be explored (42, 46, 50, 55, 57).
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