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Introduction

Marteilia refringens and Bonamia ostreae are protozoan parasites responsible for mortalities of farmed and wild flat oysters Ostrea edulis in Europe since 1968 and 1979, respectively. Despite almost 40 years of research, the life-cycle of these parasites is still poorly known, especially regarding their environmental distribution.





Methods

We carried out an integrated field study to investigate the dynamics of M. refringens and B. ostreae in Rade of Brest, where both parasites are known to be present. We used real-time PCR to monitor seasonally over four years the presence of both parasites in flat oysters. In addition, we used previously developed eDNA based-approaches to detect parasites in planktonic and benthic compartments for the last two years of the survey.





Results

M. refringens was detected in flat oysters over the whole sampling period, sometimes with a prevalence exceeding 90%. It was also detected in all the sampled environmental compartments, suggesting their involvement in parasite transmission and overwintering. In contrast, B. ostreae prevalence in flat oysters was low and the parasite was almost never detected in planktonic and benthic compartments. Finally, the analysis of environmental data allowed describing the seasonal dynamics of both parasites in Rade of Brest: M. refringens was more detected in summer and fall than in winter and spring, contrary to B. ostreae which showed higher prevalence in winter and spring.





Discussion

The present study emphasizes the difference between M. refringens and B. ostreae ecology, the former presenting a wider environmental distribution than the latter, which seems closely associated to flat oysters. Our findings highlight the key role of planktonic and benthic compartments in M. refringens transmission and storage or potential overwintering, respectively. More generally, we provide here a method that could be useful not only to further investigate non cultivable pathogens life-cycle, but also to support the design of more integrated surveillance programs.
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Introduction

Ostrea edulis (Linnaeus, 1758) is the European native flat oyster species. Its natural distribution covers a vast area within Europe, from Norwegian Sea to Atlantic and Mediterranean coasts. Collected and consumed since Roman times, its intense exploitation started around the XVIIIth century thanks to the development of efficient fishing techniques (Smyth et al., 2020). The overexploitation of natural stocks led to a Europe-wide decline of native oyster populations during the 19th century. At the beginning of the 20th century, O. edulis farming developed rapidly until the sixties when two major epizootic diseases emerged: marteiliosis in 1968 and bonamiosis in 1979 (Pogoda, 2019). These diseases contributed to divide by ten the French flat oyster production between 1960’s and 2000’s, which remains today very low, below 2000 tons per year (Pouvreau et al., 2021b).

Marteilia refringens (Grizel et al., 1974) and Bonamia ostreae (Pichot et al., 1980) are the causative agents of marteiliosis and bonamiosis in the flat oyster Ostrea edulis, respectively. Considering their impact on natural and farmed bivalves, these parasites are notifiable to the World Organisation for Animal Health (WOAH, 2022) and the European Union. Within the class of Ascetosporea, M. refringens belongs to the Paramyxida order and B. ostreae to the Haplosporida order (Adl et al., 2012). M. refringens was initially detected in the Aber Wrac’h (Brittany, France) in 1968 and is nowadays detected in Europe from the North Sea to the Mediterranean Sea (WOAH, 2022). Detected for the first time at Île Tudy (Brittany, France) in 1979, B. ostreae is now reported in many European countries, North America (Elston et al., 1986) and New Zealand (Lane et al., 2016).

Marteilia refringens host range incudes not only the flat oyster, Ostrea edulis, but also mussels Mytilus edulis, Mytilus galloprovincialis, the dwarf flat oyster Ostrea stentina, the razor clam Solen marginatus, the clam Chamelea gallina and the dwarf mussel Xenostrobus securis (WOAH, 2022). Two M. refringens types were identified based on a dimorphism in the ITS1 region: M. refringens M-type, mostly detected in mussels, and M. refringens O-type, mostly detected in flat oysters (Le Roux et al., 2001). A more recent study suggested that these two types are actually different species: M. refringens (previously O-type) and M. pararefringens (previously M-type) (Kerr et al., 2018). The host range of B. ostreae appears narrower than M. refringens one and includes the flat oysters Ostrea edulis (Pichot et al., 1980) and Ostrea chilensis (Lane et al., 2016) as well as the Asian cupped oyster Magallana (Crassostrea) ariakensis (Engelsma et al., 2014). Apart from these oyster species, B. ostreae has also been detected in Pacific cupped oyster Magallana (Crassostrea) gigas (Lynch et al., 2010) as well as in eight macroinvertebrates species and nineteen zooplankton samples (Lynch et al., 2007). However, these organisms might act as passive carriers or vectors rather than susceptible hosts.

As for their host range, M. refringens and B. ostreae also show different life-cycle. Indeed, M. refringens has an indirect parasitic cycle, probably involving the copepod Paracartia grani (Audemard et al., 2002; Carrasco et al., 2008; Boyer et al., 2013) or the congeneric species Paracartia latisetosa (Arzul et al., 2014). Although the infection from Ostrea edulis and Mytilus galloprovincialis to the copepod has been successfully demonstrated (Audemard et al., 2002; Carrasco et al., 2008), the transmission from the copepod to flat oysters or mussels has not been proved yet, leaving its role into the parasite life-cycle unclear. M. refringens enters bivalves through feeding process and then develops in the digestive epithelia by endogenous divisions before being eliminated with faeces as sporangia containing mature spores (Grizel et al., 1974; Perkins, 1976; Audemard, 2001; Mérou et al., 2022). In flat oysters, M. refringens detection frequency peak occurs in summer (between June to September) whereas the parasite is usually absent or found in low numbers in winter and early spring (Audemard et al., 2001). In other studies, M. refringens detection frequency showed two peaks in summer and spring (Carrasco et al., 2007; Boyer et al., 2013; Arzul et al., 2014). More recently, an environmental DNA (eDNA) based study revealed that M. refringens DNA could be detected in seawater and flat oysters faeces at least during 20 days after parasites were released from oysters, with a more stable detection over time in faeces, suggesting a better survival of the parasite in this matrix (Mérou et al., 2022). Although it is now suggested to be a different species, M. pararefringens (previously M-type) transmission also seems restricted to the warmest period of the year as suggested by (Bøgwald et al., 2022) in a study carried out on blue mussel Mytilus edulis in a heliothermic marine oyster lagoon in western Norway. Moreover, authors also detected M. pararefringens in plankton samples, and more specifically in the Acartia spp. and Paracartia grani fractions (Bøgwald et al., 2022). In contrast, B. ostreae has a direct parasitic cycle: it can be directly transmitted from one flat oyster to another and does not require intermediate host to complete its life-cycle (Culloty and Mulcahy, 1996; Lallias et al., 2008). This parasite targets haemocytes and is suspected to enter and leave its host through pallial organs, especially gills (Montes et al., 1994). Contrary to M. refringens, B. ostreae detection frequency in flat oysters mostly peaks in winter and autumn (Arzul et al., 2006; Engelsma et al., 2010; Flannery et al., 2014; Arzul and Carnegie, 2015). B. ostreae survival in seawater is around two days (Mérou et al., 2020), which is significantly lower than M. refringens (Mérou et al., 2022).

Today, these parasites are still threatening flat oyster populations. Nevertheless, there is a renewed interest from farmers and ecosystem managers for this species, because of its endemic status on European coasts, its potential use to diversify the production and its ecological interest (Pogoda et al., 2019). In this context, a better understanding of parasite life-cycle is required to prevent their spread and mitigate their impact on flat oyster populations. The study of mollusc diseases generally relies on pathogen detection within the host (Barbosa Solomieu et al., 2015) while pathogen life-cycle outside the host is barely investigated. eDNA approaches are particularly helpful to decipher parasite life-cycles, as they allow the detection of elusive or non-cultivable organisms outside their main hosts (Taberlet et al., 2012; Bass et al., 2015; Harper et al., 2019; Bessey et al., 2021; Ríos-Castro et al., 2021).

In this context, we have carried out an integrated field study to investigate the life-cycle of B. ostreae and M. refringens in Daoulas bay in Rade of Brest, where both parasites are known to be present. Their presence was monitored seasonally over four years by real-time PCR in flat oysters and over two years in other cohabiting bivalves as well as in planktonic and benthic compartments.





Material and methods




Study site

The bay of Brest (Brittany, France) is a coastal macrotidal and semi-enclosed ecosystem covering an area of 180 km² in the north-western coast of France. It is a shallow ecosystem, connected to shelf waters (Iroise Sea; Atlantic Ocean) on its west-side and influenced by freshwater inputs from three main rivers (Aulne, Elorn and Mignonne) on its east-side.

Sampling took place south-east of Daoulas bay, on Roz site (X: -4.33571; Y: 48.31842) (Figure 1). This area is a very shallow embayment, with a maximum depth of 5 m and a muddy substrate, associated with maerl beds. Several bivalve species are exploited in this area: Japanese clam (Ruditapes philippinarum), blue mussel (Mytilus edulis), cupped oyster (Magallana (Crassostrea) gigas) and flat oyster (Ostrea edulis). The remnant natural population of flat oysters in Daoulas Bay has a density around 5 individuals per m² (Pouvreau et al., 2021a). Larvae swarming and recruitment take place from the beginning of July to the end of September (Pouvreau et al., 2023).




Figure 1 | Location of the sampling site and environmental parameter measuring site in Daoulas Bay, in the Rade of Brest (Brittany, France).



Over the study period, temperature, salinity and chlorophylle-a were acquired every 30 minutes using a multiparameter probe (STPS, NKE instrumentation, Hennebont, France) fixed on a metallic structure at 50 cm above the benthos and located on “Pointe du Château” site (X: -4.324762; Y: 48.333282), close to Roz study site (Figure 1) (Petton et al., 2022).





Sample collection

A total of sixteen field surveys were carried out every 3 months from March 2016 to February 2020. Surveys between March 2016 and September 2017 were done in the frame of the ENVICOPAS project (French National Research Agency (ANR) project n°15-CE35-0004). Surveys between April 2018 and February 2020 (included) were carried out in the context of the FOREVER project (European Maritime Affairs and Fisheries Fund (FEAMP) project n° FEAMP 17/2215675). Due to logistical reasons, no sample was collected in winter 2018.

Flat oysters were sampled seasonally between March 2016 and September 2017 (30 flat oysters per survey) and between April 2018 and February 2020 (45 flat oysters sampled per survey). Other cohabitating bivalves, benthos and plankton samples were collected during surveys carried out between April 2018 and February 2020 (three replicates sampled per survey and per compartment) (Supplementary File 1).




Flat oysters and other cohabitating bivalves

For surveys carried out between March 2016 and September 2017, 30 mid-size flat oysters were manually collected by scuba diving along a line transect placed to be representative of the flat oyster bed.

For surveys carried out between April 2018 and February 2020, flat oysters and black scallops Chlamys varia cohabiting with flat oysters were manually collected on the entire surface of three 1m² quadrat (black scallop was the only bivalve species other than flat oysters found in the quadrats). Additional flat oysters were also collected outside but close to the quadrats in order to reach a total number of 45 flat oysters per survey, including those collected in the three quadrats.

Each bivalve was open and approximately 25 mg of digestive gland and gill tissues were collected and frozen at -20°C for real-time PCR analysis. A section of tissues including the different oyster organs was also fixed in Davidson’s fixative for potential histological and in situ hybridization analyses.





Seawater

At each survey between April 2018 and February 2020, three samples of 1500 litres of seawater were collected at 50 cm from the oyster bed using a motor pump and passed through a 40 μm plankton net.

Three 2-litres samples of seawater < 40 μm were subsequently pre-filtered on a 20 μm mesh and filtered on a 1 μm pore size 47 mm diameter polycarbonate membrane (Whatman® Nuclepore™ Track-Etched Membranes) using a filtration manifold connected to a vacuum pump: 500 mL were filtered per membrane and a total of four membranes were obtained per initial 1500 litres seawater sample. The fraction retained on the net (> 40 μm) was rinsed and, after filtration on a 200 μm mesh, divided in two sub-fractions: > 200 μm and 40-200 μm.

The fraction retained on the 20 μm mesh was merged with the sub-fraction 40-200 μm, in order to obtain a 20-200 μm fraction. The two fractions (> 200 μm and 20-200 μm) were fixed in absolute ethanol.

Finally, from 1500 litres seawater collected from the field, three different fractions were tested in this study: “mesoplankton” (> 200 μm), “microplankton” (20-200 μm) and “nanoplankton” (1-20 μm) (Supplementary File 2), as defined by Sieburth et al. (1978).





Benthos

At each survey between April 2018 and February 2020, three core samples of benthos were collected by scuba diving within the quadrats presented before using a stainless steel core box with a cubic shape (19 cm wide and 15 cm high). Subsequently, a sub-core was collected inside the core sample using a 5 cm diameter cylindrical tube following recommendations of (Eleftheriou, 2013).

Benthos samples were collected in the different layers of the sub-core (0-1 cm, 1-2 cm, 2-5 cm and deeper than 5 cm) and flash-frozen in liquid nitrogen before being stored separately at -20°C for real-time PCR analysis. The remaining content of the box corer was successively sieved at 1 mm, 250 μm and 100 μm and retained material was fixed in absolute ethanol. Additionally, six samples corresponding to the fraction < 100 μm were centrifuged at 500 xg for 10 minutes in order to remove remaining seawater and were flash-frozen in liquid nitrogen before being stored at -20°C for real-time PCR analysis.

Finally, from one benthos box-corer, five layers (0-1 cm, 1-2 cm, 2-5 cm and deeper than 5 cm) as well as two different size fractions were tested in the context of this study: “benthic meiofauna” (100 μm – 1 mm) and “benthic microfauna” (< 100 μm) (Supplementary File 3).






DNA extraction

Different DNA extraction protocols were used depending on the nature of tested samples.




Flat oysters and other bivalves

For flat oysters collected between March 2016 and September 2017, DNA was extracted from 25 mg of gills and digestive gland tissues using the QIAamp® DNA Mini Kit (Qiagen, Inc) following manufacturer’s recommendations. For flat oysters and Chlamys varia collected between April 2018 and February 2020, DNA was extracted from 25 mg of gills and digestive gland tissues using the Wizard ® Genomic DNA Purification Kit (Promega, Inc.) and following manufacturer’s recommendations except that samples were pre-grinded with a pellet pestle in Nuclei Lysis Solution provided in the kit before being warmed on stirring thermomixer (750 rpm, 65°C, 1 hour). At the end of the extraction process, extracted samples were stored at 4°C until being tested by real-time PCR.





Nanoplankton

For nanoplankton (1-20 μm), DNA was extracted from a quarter filtration membrane using the DNeasy ® PowerWater ® Kit (Qiagen, Inc.) as described in (Mérou et al., 2020).





Benthos

For benthos, DNA was extracted from 0.25 g of -80°C frozen or ethanol-fixed sample using the DNeasy ® PowerSoil ® Kit (Qiagen, Inc.) according to the manufacturer’s protocol with some modifications. After 10 minutes at 70°C, a mechanical cell lysis was carried out using the Precellys ® 24 bead beater (Bertin Technologies, Inc.), and the following program: 8 lysis cycles of 20 seconds at 5000 rpm, with 5 seconds of pause between each cycle. The silica column containing DNA was incubated for 5 minutes at room temperature with 50 μL of elution buffer provided in the kit.

Samples fixed in absolute ethanol were washed in PBS buffer and centrifuged at 1000 xg during 5 minutes three times before the extraction was performed.





Microplankton and mesoplankton

For mesoplankton (> 200 μm) and microplankton (20-200 μm), DNA was extracted from 25 mg of ethanol-fixed sample using the QIamp ® DNA Mini Kit (Qiagen, Inc.). As described above, these samples were washed in 1 mL PBS buffer and centrifuged at 1000 xg during 5 minutes three times before the extraction was performed. Lysis was optimized by pre-grinding samples using a pellet pestle and then using a stirring thermomixer (1200 rpm, 56°C, overnight). Silica column containing DNA was incubated for 5 minutes at room temperature with 50 μL of elution buffer provided in the kit.






Parasites DNA detection by real-time PCR

For the detection of Marteilia refringens and Bonamia sp. 18S rDNA, amplification reactions were carried out as described in (Canier et al., 2020) using the following primers and probes: Mar-18S-F primer (5’ ACGATCAAAGTGAGCTCGTG 3’), Mar-18S-R primer (5’ CAGTTCCCTCACCCCTGAT 3’), Mar18S-IN probe (5’ GCATGGAATCGTGGAACGGG 3’; FAM-BHQ-1), Bosp2-18S-F primer (5’ CAGGATGCCCTTAGATGCTC 3’), Bosp2-18S-R primer (5’ GTACAAAGGGCAGGGACGTA 3’), Bosp2-18S-IN probe (5’ TTGACCCGGCTTGACAAGGC 3’; HEX-BHQ-1).

Each sample was analyzed in duplicate by real-time PCR analysis in 96-microwell plates using the Mx3000p thermocycler sequence detector (Stratagene, Inc.). Positive and negative controls were included in each PCR run. Positive controls consisted of DNA extracted from known infected samples. Negative controls consisting of 5 μL of bi-distilled water used in the extraction and real-time PCR steps were added to each PCR plate.

For flat oysters and other cohabitating bivalves, a sample was considered positive by real-time PCR when quantification cycle (Cq) ≤ 37, while negative samples were associated with Cq > 37 as described in Canier et al. (2020). For the other compartments (seawater and benthos), samples with Cq = 40 were considered negative while samples with Cq < 40 were considered positive.





Marteilia refringens typing and Bonamia species determination by real-time PCR

For surveys carried out between April 2018 and February 2020, complementary analysis were realized on flat oyster samples showing positive results for M. refringens or Bonamia sp. to determine M. refringens type, or Bonamia species following the SOPs available on the EURL for Molluscs Diseases website (EURL for Molluscs Diseases, 2022). Bonamia species determination was carried out using the following primers and probes: BO2_F primer (5’ AAATGGCCTCTTCCCAATCT 3’), BO2_R primer (5’ CCGATCAAACTAGGCTGGAA 3’), BO2_probe (5’ TGACGATCGGGAATGAACGC 3’; HEX-BHQ-1), BEa_F primer 5’ GACTTTGACCATCGGAAACG 3’), BEa_R primer (5’ ATCGAGTCGTACGCGAGTCT 3’), BEa_probe (5’ GGCAGCGAATCGATGGGAAT 3’; FAM-BHQ-1). Marteilia refringens typing was carried out using the following primers and probes: TaqMar F primer (5’ GTGTTCGGCACGGGTAGT 3’), TaqMar R primer (5’ TGATCTGATATTATTCAGCTGTTCG 3’), TaqProb M (5’ GCGCTTGCCCTACGGCCGTGC 3’; HEX-BHQ-1), TaqProb O (5’ GCCCTTTCCCCGACGGCCG 3’: FAM-BHQ-1).

Each sample was analyzed by real-time PCR analysis in 96-microwell plates using the Mx3000pTM thermocycler sequence detector (Stratagene, Inc.). Positive and negative controls were included in each PCR run. Positive controls consisted of plasmids corresponding to 106 copies of each target. Negative controls consisting of 5 μL of bi-distilled water used in the extraction and real-time PCR steps were added to each PCR plate.

A sample was considered positive by real-time PCR when Cq ≤ 37, while negative samples were associated with Cq > 37 as described in the SOPs.





In situ hybridization analysis

Black scallops Chlamys varia showing positive results for Marteilia refringens by PCR were selected for in situ hybridization analyzes following the procedure described in (Le Roux et al., 1999).

Negative controls consisted of sections from flat oyster O. edulis known to be non- infected with M. refringens. Positive control consisted of sections from flat oyster O. edulis known to be infected with M. refringens.





Data analysis

Data were processed using R 4.2.2 (2022-10-31) – “ Innocent and Trusting “ (R Core Team, 2022). Graph figures were built using ggplot2 (Wickham, 2016) and ggpubr (Kassambara, 2020) packages.




Environmental parameters

Based on data recorded by the multiparameter probe, daily means were computed for temperature, salinity and chlorophyll-a. Average minimum and maximum values were calculated and temporal trends were graphically analyzed from data measured between December 31st 2015 and December 31st 2020.





Parasite DNA detection in flat oysters

Based on Cq values obtained from real-time PCR analysis, flat oysters were classified into four categories: negative (CqM. refringens and CqB. ostreae > 37), M. refringens positive (CqM. refringens ≤ 37 and CqB. ostreae > 37), B. ostreae positive (CqM. refringens > 37 and CqB. ostreae ≤ 37) and M. refringens and B. ostreae positive (CqM. refringens and CqB. ostreae ≤ 37).

Proportion of flat oysters in each category as well as average Cq value for Marteilia refringens and Bonamia ostreae detection were computed for every sampling date and graphically analyzed.

Correlation tests were performed to investigate the relation between parasite detection frequency and Cq values. Independence test were carried out to study the dependence between parasite detection in flat oysters and season as well as parasite co-infection within the same oyster (which was also investigated deeper with à t-test).

Relationship between parasites detection and flat oyster weight was investigated through correlation test between Cq and flat oyster weight. Influence of the infectious status on flat oyster weight was also investigated with a t-test.

Correlation was investigated through Pearson’s product-moment correlation or Spearman’s rank correlation tests, according to the result of Shapiro-Wilk normality test result previously carried out on each of the tested subpopulations (in the case where the number of individuals in each subpopulation was greater than 30, subpopulations was assumed to be normally distributed and normality test was not carried out). Shapiro-Wilk normality test tested two hypotheses: null hypothesis H0 “population is normally distributed” and alternative hypothesis H1 “population is not normally distributed”. Depending on the result of the test, the null hypothesis H0 was accepted (p > 0.05) or rejected in order to accept the alternative hypothesis H1 (p < 0.05). Correlation tests tested two hypotheses: null hypothesis H0 “no correlation between the two variables” and alternative hypothesis H1 “correlation between the two variables”. Depending on the result of the test, the null hypothesis H0 was accepted (p > 0.05) or rejected in order to accept the alternative hypothesis H1 (p < 0.05).

Independence was investigated through χ² (chi-square) independence test following Cornillon et al. (2012) recommendations, carried out on contingence tables presented in supplementary files. χ² test tested two hypotheses: null hypothesis H0 “the two variables are independent” and alternative hypothesis H1 “the two variables are not independent”. Depending on the result of the test, the null hypothesis H0 was accepted (p > 0.05) or rejected in order to accept the alternative hypothesis H1 (p < 0.05). In the case where the two variables were not independent, χ² contributions were calculated.

The difference between two quantitative variables was investigated through a two-sided t-test following Cornillon et al. (2012) recommendations, after validating data normality in each subpopulation through Shapiro-Wilk normality test (in the case where the number of individuals in each subpopulation was greater than 30, subpopulations was assumed to be normally distributed and normality test was not carried out) (see above). Then, depending on the result of the F-test for equality of variances, the two sub-populations were compared using a Student Two Sample t-test (equal variances) or a Welch Two Sample test (different variances). F-test tested two hypotheses: null hypothesis H0 “variances of each subpopulation are equal” and alternative hypothesis H1 “variances of each subpopulation are not equal”. Depending on the result of the test, the null hypothesis H0 was accepted (p > 0.05) or rejected in order to accept the alternative hypothesis H1 (p < 0.05). t-test tested two hypotheses: null hypothesis H0 “means of each subpopulation are equal” and alternative hypothesis H1 “means of each subpopulation are not equal”. Depending on the result of the test, the null hypothesis H0 was accepted (p > 0.05) or rejected in order to accept the alternative hypothesis H1 (p < 0.05).

As for flat oysters, number of positive and negative samples as well as average Cq values were computed for every sampling date and graphically analyzed.





Correlation between parasites detection and environmental parameters

The effect of the environmental compartment and sampling period on parasite DNA detection was investigated through a Principal Component Analysis (PCA) (FactoMineR and factoextra packages) (Lê et al., 2008; Kassambara and Mundt, 2020) using Cq values, computed for each replicate at each survey and for each fraction. Environmental parameters such as temperature, salinity, chlorophyl-a and fluorescence (averaged data over 1 month before each survey) were added to the analysis as supplementary variables. As B. ostreae was almost only detected in flat oysters, this analysis was only performed for M. refringens.







Results




Environmental parameters

Environmental conditions are presented on Figure 2. Average daily temperature ranged from 9.88 (± 1.03) in winter to 19.33°C (± 1.32) in summer (Figure 2A). Average daily salinity ranged from 29.24 g/L (± 3.31) in winter to 34.12 g/L (± 0.48) in summer) (Figure 2B). Average daily chlorophyll-a ranged from 0.60 (± 0.22) in winter to 1.83 µg/L (± 0.71) in summer (Figure 2C). During the 4 years of the study, lowest temperature value was reached in March 2018 (6.28°C) whereas the highest was reached in July 2019 (22.77°C); lowest salinity value was recorded in February 2016 (16.57 g/L) whereas the highest was recorded in July 2019 (34.99 g/L); lowest chlorophyll-a value was observed in December 2017 (0.2 µg/L) whereas the highest was observed in May 2019 (8.66 µg/L).




Figure 2 | Temporal dynamics of environmental parameters (A: temperature, B: salinity, C:chlorophyll-a) measured at “Pointe du Cha•teau” site (Daoulas Bay, Brittany, France) between December 2015 and December 2020.







Parasite DNA detection in flat oysters




Relationship between parasites detection and flat oyster weight

Relationship between parasite detection and flat oyster weight was first investigated by analyzing real-time PCR quantification cycle (Cq) as a function of flat oyster weight (Figures 3A, B), considering only the flat oysters for which Cq ≤ 37 (“positive” flat oysters). In order to make the graph easier to read, the “40 - Cq” value was represented on the Y-axis of Figures 3A, B: thus, on these graphs, the higher is the Y-axis coordinate, the greater is the detection of the considered parasite. Correlation between “40 - Cq” and flat oyster weight was not significant (t = 0.36877, df = 280, p-value = 0.713, cor = 0.022 for M. refringens and t = -0.49925, df = 47, p-value = 0.620, cor = -0.073 for B. ostreae, Pearson’s product-moment correlation).




Figure 3 | Relationship between flat oyster weight and infection intensity (A, B) or infectious status (positive or negative) (C, D) regarding M. refringens and B. ostreae.



Relationship between parasite detection and flat oyster weight was also investigated by analyzing the flat oyster weight as a function of the detection of each parasite (Figures 3D, C), considering all the flat oysters sampled and analyzed in this study. For both parasites, no significant weight difference between positive and negative flat oysters was observed (t = -1.282, df = 500.75, p-value = 0. 200 for M. refringens and t = 1.3313, df = 65.76, p-value = 0.188 for B. ostreae, Welch Two Sample t-test). As the number of individuals is different between B. ostreae positive and negative flat oysters, Welch Two Sample t-test was also carried out after randomly sampling (without replacement) 49 flat oysters among “B. ostreae negative ones” fifty times. Only two tests over fifty were slightly significant (p-value = 0.038 and 0.036) whereas the average p-value was not (p-value = 0.410 ± 0.291).





Temporal dynamics of parasite detection in flat oysters

The evolution of parasite detection frequencies between winter 2015-2016 and winter 2019-2020 is shown in Figure 4A. Before spring 2018, M. refringens detection frequency was lowest in winter (0% and 16.7% for 2015-2016 and 2016-2017, respectively) and peaked in summer (66.7% and 43.3% for 2016 and 2017, respectively). On the contrary, B. ostreae detection frequency was lowest in summer (0% and 6.3% for 2016 and 2017, respectively) and peaked in winter (13.3% and 26.7% for 2015-2016 and 2016-2017, respectively).




Figure 4 | Temporal dynamics of the detection frequency (A) and infection intensity of M. refringens (B) and B. ostreae (C) in flat oysters between winter 2015-2016 and winter 2019-2020.



From summer 2018, M. refringens detection frequency was always higher than 45% whereas B. ostreae detection frequency was always lower than 10% (except in Spring 2018).

Among the 213 M. refringens samples detected positive between spring 2018 and winter 2019-2020, 80% corresponded to M. refringens (“O-type”) whereas 5% corresponded to M. pararefringens (“M-type”) (15% of tested samples returned Cq > 37 and were considered as negative samples). Among the 25 Bonamia samples detected positive on the same period, 100% corresponded to Bonamia ostreae.

For M. refringens, the “40 – Cq” showed a significant and positive correlation with the detection frequency (t = 2.2261, df = 13, p-value = 0.044, cor = 0.525, Pearson’s product-moment correlation). For B. ostreae, the “40 – Cq” was not significantly correlated with the detection frequency of the parasite (S = 153.37, p-value = 0.129, rho = 0.464, Spearman’s rank correlation) (Figures 4B, C).

χ² test revealed that parasite DNA detection in flat oysters significantly depends on the season (X-squared = 21.939, df = 3, p-value = 6.717.10-5) (Supplementary File 4). More precisely, χ² test contribution’s analysis showed that M. refringens is more associated to “warm” seasons (summer/fall) whereas B. ostreae is more associated to “cold” seasons (winter/spring) (Table 1).


Table 1 | χ2 test contribution’s calculated for the test of independence between parasite detection and seasonality.







Dependence of M. refringens and B. ostreae detection in flat oysters

Over the whole sampling period, co-infection appeared stable (around 5-10%) and was regularly observed all over the year.

χ² test revealed that M. refringens and B. ostreae DNA detection in flat oysters are independent (X-squared = 2.034, df = 1, p-value = 0.154) (Supplementary File 5).

No significant difference was observed between Cq of flat oysters positive for M. refringens or B. ostreae only and Cq of flat oyster positive for both parasites (t = -0.27788, df = 282, p-value = 0.781 for M. refringens and t = 0.5058, df = 48, 0.615 for B. ostreae, Two Sample t-test) (Figure 5). As the number of individuals was different between M. refringens positive only and flat oysters positive for both parasites, Two Sample t-test was also carried out after randomly sampling (without replacement) 20 flat oysters among “M. refringens and B. ostreae positive flat oysters” fifty times. Only one test over fifty was significant (p-value = 0.018) whereas the average p-value was not significant (p-value = 0.576 ± 0.266)




Figure 5 | Cq values depending on the infectious status of the flat oysters deduced from real time PCR results for M. refringens (A) and B. ostreae (B).








Parasite detection outside flat oysters

In addition, and concurrently to flat oysters, Chlamys varia, benthos and plankton samples were collected and analyzed by real-time PCR in order to investigate the distribution of both parasites in the surrounding area of flat oysters during surveys carried out from Spring 2018 to Winter 2019-2020 (Figures 6A, B).




Figure 6 | Temporal dynamics of M. refringens and B. ostreae detection frequencies in environmental compartments (plankton and benthos) (A) as well as in Chlamys varia and flat oysters Ostrea edulis (B).



Bonamia ostreae DNA was only detected in one sample of nanoplankton in summer 2018 (Cq = 38.5). In contrast, Marteilia refringens DNA was detected in all the different categories of tested samples and these results are described below.

M. refringens DNA was mostly detected in planktonic compartment and particularly in nanoplankton where it was detected almost all over the year (Figure 6A). More precisely, M. refringens was detected in this fraction in spring, summer and fall in 2018-2019 and 2019-2020. However, the lack of detection of parasite DNA in nanoplankton in winter is noteworthy. M. refringens DNA was also detected in microplankton and mesoplankton, but more marginally than in nanoplankton.

Throughout the sampling period (except in February 2020), M. refringens DNA was detected between 2 and 5 out of the 18 benthos samples tested at each survey (Figure 6B). No seasonal pattern was observed. Parasite DNA was more often detected in the superficial layer (0-1 cm) than in other layers and was punctually detected in the “deep” benthos layer (> 5 cm).

M. refringens DNA was detected in 10 of the 88 tested black scallops (Chlamys varia) (11.4%), the only bivalve species other than flat oysters present in our samplings (Figure 6B). Positive samples were selected for further in situ hybridization analyses and real-time PCR typing but none of these individuals showed positive labeling and only one individual was positively detected for M. refringens DNA (“O-type”) (Cq = 34.63).

The potential effect of the environmental compartment and sampling period on parasite DNA detection was investigated through a Principal Component Analysis (PCA) carried out on average “40-CqM. refringens” data, computed for each replicate at each survey and for each fraction. Environmental parameters such as temperature, salinity, chlorophyll-a and fluorescence (averaged data over 1 month before each survey) were added to the analysis as supplementary variables (Figure 7).




Figure 7 | Principal Component Analysis (PCA) of M. refringens detection in all the compartments investigated and relationship with environmental parameters.



Variable graph displays data over a “pelagic” axis (Y-axis) and a “benthic” axis (X-axis) (Figure 7). The variability explained by Dim 1 and 2 of the PCA is satisfying (49.8%). M. refringens DNA detection in flat oysters is well positively correlated with parasite DNA detection in nanoplankton particularly, and more marginally with M. refringens DNA detection in microplankton and Chlamys varia. Parasite DNA detection in these fractions is also well positively correlated with high values of environmental parameters averaged over the month before survey: indeed, the higher temperature, salinity, chlorophyll-a and fluorescence are, the higher parasite DNA detection in pelagic compartment is. On the other hand, a positive correlation was also observed between M. refringens DNA in benthic compartments. However, parasite DNA detection in these fractions is not correlated with environmental parameters as these detections are observed almost all year round with the same intensity (Figure 6).






Discussion

Diseases prevention and mitigation require a good understanding of pathogen life-cycle, including their development within their host and their behavior once released in the environment. Indeed, the identification of definitive host(s) and eventually, intermediate, paratenic or accidental host(s) as well as environmental reservoirs potentially sheltering free stages of the parasite is crucial to design relevant surveillance programs and implement adapted control measures. Nevertheless, life-cycles of non-cultivable parasites such as Marteilia refringens or Bonamia ostreae are not easy to investigate. In these cases, eDNA based approaches could be very helpful by allowing rapid, non‐invasive and cost‐efficient monitoring (Taberlet et al., 2012; Bass et al., 2015; Harper et al., 2019).

Thanks to previously developed eDNA based approaches (Mérou et al., 2020; Mérou et al., 2022), we have carried out an integrated field study over 4 years on a site known to be infected by both M. refringens and B. ostreae with the aim to better understand their life-cycle. We have not only described the dynamics of both parasites in flat oysters, but also in cohabiting bivalves as well as in planktonic and benthic compartments during the last 2 years of the experiment.

During the whole sampling period, M. refringens was more frequently detected than B. ostreae, especially during the 2018-2020 period. Moreover, M. refringens detection frequency in flat oysters occasionally reached very high values (92%). Such high detection frequency values have previously been reported in some studies carried out either on mussels or flat oysters (Audemard et al., 2001; Boyer et al., 2013; Arzul et al., 2014). Contrary to M. refringens, B. ostreae detection frequency in flat oysters was almost always lower than 20%. Such values are in agreement with results obtained in flat oysters in Ireland or The Netherlands (Culloty and Mulcahy, 1996; Culloty and Mulcahy, 2007; Engelsma et al., 2010). Parasites detection frequency showed a different pattern between 2016-2019 and 2019-2020. While the dynamics observed between 2016 and 2019 appeared closer to the seasonal pattern usually described in the literature for both parasites (Audemard et al., 2001; Arzul et al., 2006; Engelsma et al., 2010; Flannery et al., 2014; Arzul and Carnegie, 2015), 2019-2020 results appeared atypical with an unexpected peak of M. refringens in April, a quasi-absence of B. ostreae and highest temperature, salinity and chlorophyll-a values recorded over the sampling period. No mortality outbreak was reported on the study period.

The detection of both parasites in Roz flat oyster population indicates their co-occurrence in Daoulas Bay. However, independent relationship was found between M. refringens and B. ostreae detection in flat oysters. While M. refringens detection frequency increases when temperature is over 17°C and at low salinity (Audemard et al., 2002), B. ostreae survival is higher at low temperature and high salinity (Arzul et al., 2009). These differences might explain the contrasted dynamics observed between both parasites in flat oysters in our study confirmed by the influence of the sampling date on parasite DNA detection in flat oysters. Indeed, M. refringens was significantly more detected in summer and fall and B. ostreae in winter and spring.

Additionally, considering that Cq can be used as a proxy to estimate infection intensity (Traver and Fell, 2011), we observed a significant positive correlation between M. refringens disease prevalence and infection intensity, as it has already been shown using histological data (Culloty and Mulcahy, 1996; Arzul et al., 2014). For B. ostreae, infection intensity and prevalence also showed positive correlation. However, this correlation was not significant, which can be explained by the small number of B. ostreae positive flat oysters detected during the study.

In contrast with M. refringens, B. ostreae was never detected outside flat oysters except in one nanoplankton sample, with a very high Cq value. Interestingly, these two parasites have a different host range and a different ability to survive outside their hosts. Indeed, B. ostreae mostly infects flat oyster species, whereas M. refringens susceptible species belong to different families including Ostreidae, Mytilidae, Solenidae or Veneridae (WOAH, 2022). Moreover, it has recently been shown that B. ostreae survives no longer than two days in seawater (Mérou et al., 2020). On the contrary, a recent study showed that M. refringens DNA could be detected during at least 20 days in seawater and flat oyster faeces after parasites were released from oysters, with a more stable detection over time in faeces, suggesting a better survival of the parasite in this matrix (Mérou et al., 2022). These differences might explain the wider detection of M. refringens in the different tested environmental compartments in comparison with B. ostreae, which was almost only detected in flat oysters in our study.

In Bay of Daoulas, black scallops Chlamys varia is a sympatric species of the flat oyster (Pouvreau, 2016) and was collected when present in the sampling quadrats explaining the variation in sample size from one survey to another. Although parasite DNA was detected in 11.4% of tested black scallops, no labeling was observed by in situ hybridization, suggesting that C. varia may be able to degrade the parasite or may act as a passive carrier of M. refringens. Similar results have previously been obtained for the grooved carpet shell Ruditapes decussatus (Boyer et al., 2013).

Highest M. refringens detection frequencies in flat oysters coincided with the highest number of positive plankton samples. This is in agreement with conclusions from previous studies hypothesizing that plankton is involved in the parasite cycle (Audemard et al., 2002; Carrasco et al., 2007; Arzul et al., 2014; Bøgwald et al., 2022). It is noteworthy that nanoplankton samples appeared more often positive compared to microplankton and mesoplankton suggesting that the parasite is mostly but not exclusively free in the water column rather than associated with bigger plankton organisms. Interestingly, M. refringens DNA was continuously detected in the benthos and similarly in the benthic meiofauna and microfauna. However, it was preferably detected in superficial layers of the benthos.

Considering that the parasite was no longer detected in plankton in winter and that spores are released from oysters through faeces (Audemard et al., 2002; Berthe et al., 2004; Mérou et al., 2022), its detection in superficial benthos layers suggests that the parasite could overwinter in this compartment as free spores and/or associated to P. grani resting eggs, as previously hypothesized (Boyer et al., 2013).

Although eDNA based tools have already been developed to detect human (Cioffi et al., 2020; Shaheen et al., 2020) or animal pathogens (Brannelly et al., 2020; Richey et al., 2020) in sediments, this study is the first one to our knowledge applying such integrated approach to investigate in depth the monitoring of mollusc micro-parasites. Recently, an eDNA metabarcoding based approach has been carried out in Spain to monitor eukaryotic communities and potential pathogens in water and sediment samples, collected and processed under conditions similar to those described in this study (Ríos-Castro et al., 2021).

However, as previously raised by (Burreson, 2008), DNA detection does not inform about the life/dead parasite status, its stage or its specific location (inside/outside a host) (Blais et al., 1997; Klein and Juneja, 1997; McCarthy et al., 2001; Nocker et al., 2007; Bae and Wuertz, 2009; Bass et al., 2015; Pochon et al., 2017). Complementary analyses including microscopic approaches would be needed to explore more deeply the involvement of these different environmental compartments in the parasite life cycle.

This is the first integrated study of M. refringens and B. ostreae life cycles carried out in a macro tidal ecosystem. Our results provide new insights into the ecology of these both parasites emphasizing the specificity of B. ostreae contrary to M. refringens which appears more widely distributed in the environment. In particular, our results confirm the involvement of the planktonic compartment in M. refringens transmission and suggest the role of the benthos compartment in parasite storage and its potential overwintering. These new insights into the life-cycle of both parasites have of course implications for shellfish farming, but also for conservation measures and forthcoming restoration projects of the species in progress in Europe.
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