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Abstract

The protozoan parasite Haplosporidium costale is known to occur in the USA where it has been
associated with sharp seasonal mortality of the Eastern oyster Crassostrea virginica since the 1960’s.
In 2019, the parasite was detected for the first time in the Pacific oyster Magallana gigas in France in
the context of light mortality and was subsequently detected in archived material collected since 2008.
This detection raised several questions regarding the ability of the parasite to maintain in the
ecosystem and the potential involvement of other species in its life cycle. To answer these questions,
an integrated sampling approach was deployed seasonally in three oyster farming areas where the
parasite was already known to occur. Parasite presence was evaluated after checking the presence of
PCR inhibitors and using a previously developed and validated Real Time PCR assay, optimized in this
study to detect parasite DNA in various environmental compartments. Parasite DNA was almost only
detected in cupped oysters. Considering the high number of oysters found positive with low infection
intensity, a complementary experiment was undertaken to better characterize sub-clinical infections
in oysters. The presence of the parasite was tested twice a week in water and sediment from aquaria
hosting cupped oysters from a known infected site. After one month, oysters were sacrificed and
tested regarding the presence of the parasite at the tissular level. Altogether, field and experimental
results indicate that the parasite is stably established in oyster, particularly in gills, which may act as a
reservoir all along the year. The detection of parasite DNA in nanoplankton and sediment suggests that
H. costale is released from the oysters outside mortality event. Our results do not support the
involvement of other species than cupped oyster in the parasite life cycle except periwinkles, whose

role would deserve to be further investigated.

Keywords: Haplosporida; Haplosporidium costale; oyster; Magallana gigas, Crassostrea gigas;

Parasite; eDNA; Parasite distribution
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Introduction

The protozoan parasite Haplosporidium costale was detected in France for the first time in 2019 in the
context of low mortality of the cupped oysters Magallana gigas (Arzul et al. 2022). Following this
detection, archived samples collected either in the context of studies or mortality investigations
revealed the presence of the parasite in several French oyster production areas at least since 2005
(Arzul et al. 2022 ; Cherif-Feildel et al. 2022). H. costale belongs to the family Haplosporidiidae, order
Haplosporida, phylum Cercozoa (Arzul and Carnegie, 2015). The parasite occurs in eastern oysters
Crassostrea virginica along the East coast of the United States and Canada and has been more recently
reported on the West coast of the USA in M. gigas (Burreson and Stokes, 2006). It has been associated
with mortality of eastern oysters, C. virginica since the 1960’s, begetting a pathology known as the

Seaside Organisms (SSO) disease (Wood and Andrews 1962).

C. virginica mortality associated with H. costale is usually less than 20% per outbreak, but can reach
50% in some years in Virginia, Maryland and Delaware (Andrews and Castagna 1978). Parasite impact
on M. gigas is less clear. In France, in 2019, the parasite was involved in 7.2 % of cumulative oyster
mortality during the nursery period (Arzul et al. 2022) while it was also detected in China, but without
mortality observation (Wang et al. 2010). In both oyster species, numerous spores invading the
connective tissues in association with an intense hemocyte infiltration were observed in infected
moribund oysters.

C. virginica infection occurs during May-June but remains subclinical until spring of the following year.
Infection develops rapidly and sporulation begins typically in late May (Andrews and Castagna 1978).
Sporulation coincides with oyster mortality (Couch and Rosenfield 1968, Andrews and Castagna 1978,
Andrews 1984). The development of PCR methods allowed detecting the presence of parasite DNA not

only between March and May but also in fall (Stokes and Burreson, 2001).
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Besides the seasonal features of the infection with H. costale, its distribution seems limited to high
salinity waters (2 25) (Andrews and Castagna 1978). In China its detection in M. gigas was observed at
salinity between 29 and 32 (Wang et al.,, 2010). Although no clear relation with temperature is
reported, a possible control by temperature over the distribution of haplosporidian species has been
suggested (Wang et al., 2010). Finally, even though correlation with oyster age was not found in C.
virginica, H. costale prevalence is higher in spat compared to adult M. gigas (Lupo et al. 2019 ; Cherif-

Feildel et al. 2022).

If the need of an alternate host has been proposed for the congeneric species Haplosporidium nelsoni
(Ford et al. 2018), the host range and transmission process of H. costale have never yet been formally
characterized.

The purpose of this study was to determine the environmental distribution of H. costale parasite in
three French oyster producing areas where the parasite had previously been detected: Bay of
Bourgneuf, Bay of Marennes Oléron and Bay of Arcachon (Figure 1) (Arzul et al. 2022). The presence
of H. costale was seasonally monitored by Real Time PCR (Arzul et al. 2022) over one year in M. gigas,
sympatric marine invertebrates, plankton and sediment. The PCR assay was optimised in order to test
the presence of the parasite in these environmental compartments.

Complementary, an experiment was carried out in order to better characterize the sub clinical
infections of H. costale. For this purpose, oysters collected from Marennes Oléron were maintained
for one month in mesocosms. The presence of the parasite in water was checked weekly and the

tissular distribution of the parasite in the oysters was investigated by Real Time PCR.
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Material and methods

1- Sampling approach and sample processing to describe environmental distribution of the

parasite

Sampling was carried out every 3 months over one year (2021) in Bourgneuf bay (2 sites); Marennes

Oléron bay (1 site) and Arcachon bay (3 sites) (Figure 1 ; Table 1).

© Bourgneuf bay /

\.
© Marennes-0léron bay <

v
© Arcachon bay 7
(8

Figure 1- Sampling sites investigated in this study

Sites displayed different types of sediment : sand, sandy - mud and mud (Table 1).

At each campaign and site the following sampling was carried out:
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Thirty adult oysters M. gigas were collected in “wild” oyster reefs as well as other invertebrate species
occurring ca. 10 to 30 meters around oysters (up to 30 individuals per species). For bivalve species
(including oysters), sections of organs including gills, mantle, gonad and digestive gland were prepared
from each individual and fixed in Davidson for histology and in situ hybridization. In addition, from the
same individuals, about 20 mg of gills, digestive gland and mantle were collected and frozen at -20°C
or fixed in absolute ethanol for DNA extraction. For the other species, about 20 mg of a pool of all
organs were collected for DNA extraction.

Six sediment cores were sampled about 5 meters around the oysters using a 20-cm diameter and 5-
cm width corer. Within these cores, sub samples were collected at the surface and at 5-cm depth and
subsequently frozen —20°C until being processed for DNA extraction (see below). The remaining
sediment was sieved on a 400 um mesh in order to retain benthic fauna. This fauna was sorted by
species,genus, family or class(Table S1) and stored in ethanol until being processed for DNA extraction
(see below).

Meso- and microplankton were collected through two 50-m traits at ebbing tide closed to the oyster
reefs using 20 and 200 um plankton nets. Nanoplankton was obtained from 2 x 5 L of water collected
about 75 m from oysters. Once in the laboratory, water was homogenised and 2.5 L were prefiltered
at 20 um and filtered on a 1 um membrane (250 mL / membrane). Membranes were stored at -20°C

until being processed for DNA extraction (see below).

Geographic area | Site GPS coordinates | Type of | Dates of sampling
sediment campaigns
Bourgneuf bay Ecluse 46.968113, - Mud 26/01/2021
2.043874 07/07/2021
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Passage du Gois 46.922290, - Sandy-Mud 20/01/2021
2.105864 20/04/2021
07/07/2021
03/11/2021
Marennes-Oléron | La Floride 45.802636, - Sandy-Mud 01/02/2021
bay 1151221 03/05/2021
20/07/2021
16/11/2021
Arcachon bay Comprian 44.6797833, - Mud 02/03/2021
1.090916 27/04/2021
26/07/2021
08/11/2021
Tes Sand 02/03/2021
27/04/2021
44.665, - 26/07/2021
1.138299 08/11/2021
Gahignon 44.6806833, - Sandy-Mud 02/03/2021
1.160966

Table 1- Sampling sites and dates

2- DNA extraction, PCR inhibitors detection and Haplosporidium costale detection by PCR

e DNA extraction
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Total DNA was extracted using different protocols depending on the nature of the samples. For oysters
and marine invertebrate species in sympatry, total DNA was extracted from approximately 20 mg of
tissues using the QlAamp® DNA Mini Kit (Qiagen, Inc) according to Arzul et al. (2022). For Manila clams,

DNA was extracted using Wizard “Genomic DNA Purification Kit (Promega, Inc.).

The benthic fauna, meso- and microplankton samples were rinsed between two and three times in
PBS. Between 25 and 75 mg of sliced tissues per individual for the benthic fauna and 25 mg of plankton
samples were weighted and crushed using a piston pellet prior DNA extraction using the QIAamp® DNA
Mini Kit (Qiagen, Inc) according to Manufacturer’s protocol except that lysis was extended overnight

under stirring.

For sediment and nanoplankton samples, DNA extraction was carried out as described by Mérou et al.
(2023). For nanoplankton, DNA was extracted from a quarter filtration membrane using the DNeasy”
PowerWater® Kit (Qiagen, Inc.) while for sediment, DNA was extracted from 0.25 g using the DNeasy”
PowerSoil® Kit (Qiagen, Inc.).

Finally, DNA was eluted in 50 pL or 100 uL of buffer AE for environmental samples and invertebrate
samples, respectively. DNA concentration was finally measured with NanoDrop 2000 (Thermo
Scientific) and samples were stored at 4°C (short term storage) or -20°C (long term storage) until being
tested by PCR. Prior PCR analyses, DNA extracted from tissues, meso and micro plankton was adjusted
at 5 ng/uL while DNA extracted from nanoplankton was tested without concentration adjustment and

DNA extracted from sediment was diluted 10 fold (Mérou et al. 2023).

e Detection of PCR inhibitors

The presence of PCR inhibitors was tested using an universal internal control kit (QPCR Internal Positive
Control from Eurogentec) on a set of samples of different nature: meso and micro plankton samples
(8 samples each representative of the four sampling dates), nanoplankton (20 samples representative

of the sampling sites and dates), sediment (18 “surface” and 18 ”5-cm deep” samples) and when
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possible, 5 to 15 individuals per taxonomic group for marine invertebrates. The analyses were carried
out following manufacturer’s recommendations. If negative (total inhibition) or if the difference
between obtained and control Ct values was above 3 (partial inhibition), DNA suspensions were diluted

at 1/10 and 1/100 and tested again.

e Detection of Haplosporidium costale DNA

Depending on the conclusions of the PCR inhibitor detection tests on a selection of samples (see
above), DNA suspensions were eventually diluted prior being tested using the Tagman Real Time PCR
assay described in Arzul et al. (2022) targeting a 149 bp fragment of the 185 rRNA gene of
Haplosporidium costale. Briefly, the PCR mixture included 10 pL TagMan® Supermix (SsoAdvanced mix
from Biorad); 0.3 puL SSO 1358F (Forward Primer) (20 uM) ; 0.3 puL SSO 1507R (Reverse Primer) (20 uM)
; 0.3 puL Probe2 SSO (FAM) (20 uM) ; 4.1 pL bi distilled water and 5 uL extracted DNA. The thermal
profile was the following: 95°C for 3 min and 40 (for oysters) and 45 cycles (for other samples than
oysters) of amplification at 95°C for 15 sec and 60°C for 1 min.

Environmental samples (water, sediment) and plankton were tested in duplicate, bivalves and other
invertebrates in simplicate.

Positive and negative controls were included in each PCR run. Positive controls consisted of plasmidic
DNA including the region targeted by the primers. Negative controls consisted of bi-distilled water
used in the extraction and real-time PCR steps.

A sample showing a fluorescent signal exceeding the fluorescent background level was considered
positive regardless of the threshold cycle (CT) obtained and a sample showing no fluorescent signal

above the background level was considered negative.

3- -Histology and In situ hybridization
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After 48 h in Davidson’s fixative, tissue sections were maintained in 70% ethanol until they were
dehydrated and embedded in paraffin for histology according to standard procedures (Howard et al.
2004). Two- to three-micrometres thick tissue sections were stained with haematoxylin and eosin.
Slide examination was done using a BX50 (Olympus) microscope.

In situ hybridization protocol was adapted from Stokes and Burreson (2001) and is described in Arzul
et al. (2022). Briefly, three-micrometres thick tissue sections on silane-prep™slides (Sigma, France)
were dewaxed, rehydrated and treated with proteinase K [100 pug/ml in TE buffer (Tris 50 mM, EDTA
10 mM)] at 37°C for 10 min. After dehydration in absolute ethanol, sections were incubated with
100 puL of hybridization buffer [50% formamide, 10% dextran sulphate, 4x saline-sodium citrate buffer
(0-06 M Na3 citrate, 0-6 M NaCl, pH 7), 250 pg/mL yeast tRNA and 10% Denhardt's solution] containing
5 ng/uL of 3'digoxigenin-labelled SS01318 oligoprobe (Eurogentec). After a denaturation step at 94°C
for 5 minutes, hybridization was carried out overnight at 42°C. Sections were then processed for
immunological detection using an alkaline phosphatase-conjugated mouse IgG antibody against
digoxigenin, stained with NBT/ BCIP and finally observed using a BX 50 microscope (Olympus).
Negative controls included samples without digoxigenin-labelled probe in the hybridization mixture or
without antibodies during the revelation step. Positive control consisted of M. gigas infected with H.

costale characterized in Arzul et al. (2022).

4- Estimation of the limit of detection in nanoplankton and sediment

As the Real-Time PCR limit of detection in oysters was previously determined (Arzul et al. 2022), a
similar approach was carried out in sediment and nanoplankton using a synthetic plasmid including
691 bp [from position 817 to 1507] of H. costale 18S gene in pUC57 (Eurogentec) diluted either in
sediment or deposited on a membrane, respectively, and processed for DNA extraction and Real Time

PCR for the detection of H. costale as described above.

10
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Ten-fold serial dilutions (108 -10° DNA copies per pl of template) were tested with nine replicates of
each dilution level in 2 independent assays (total of 18 replicates per tested dilution). LDpcr was

determined by the smallest number of nucleic acid targets given 95% of positive results.

5- Experimental design used to characterize sub-clinical infections with Haplosporidium

costale

Adult oysters were collected in La Floride site from the same population monitored in the field study
(same site as in Table 1) on the 3™ of May 2021 and 46 oysters were distributed and maintained for
one month in three 50 L aquaria (between 14 and 18 oysters by aquarium). Each aquarium contained
about 4500 cm? of sediment collected in La Floride and sea water was pumped at 400 meters from La
Floride and filtrated through a 5-10 um membrane. During the experiment, temperature was
maintained at 15-16°C, salinity at 32-33 and water was enriched in Skeletonema costatum (diatoms).
Every 10 days, the water of each aquarium was renewed.

Twice a week over one month, three samples of 250 mL of water were collected in each aquarium
(before renewal if sampling was concurrent to water renewal), prefiltered at 20 um and filtered on a
1 um membrane processed as described above for DNA extraction. In addition, once a week, in each
aquarium, three samples of 0.25 g of sediment were collected and processed for DNA extraction as
described above.

Concurrently, when the water was renewed, one sample of water (250 mL) was collected at the
entrance of the aquaria and used as controls. Before the beginning of the experiment, water and
sediment were also collected and tested as To controls.

At the end of the experiment, all the oysters were sacrificed and processed for histology and in situ
hybridisation as described in section 3. Oysters from two aquaria (n°1 and 3) were processed for the
detection of H. costale by Real Time PCR as described in section 2 (from a pool of gills, digestive gland

and mantle).

11
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In addition, 20 mg of each of the following organs were tested individually for 20 oysters (oysters from
aquaria 1 and 2): palps, gills, adductor muscle, digestive gland, gonad, heart, hemolymph. DNA

extraction and real time PCR were carried out as described above.

Results

1- Real Time PCR limits in nanoplankton and sediment

PCR results obtained from serial dilutions of plasmids spiked in sediment samples and water filters

are presented in Table 2.

Plasmidic DNA
PCR results
concentration
Nb of copies copies / Nb of
% of
/ quarter of  mlof Mean Ct positives
positive
filter water (out of 18)
1078 1.60E+06 19.5 18 100%
1077 1.60E+05 219 18 100%
S 10°6  1.60E+04  26.8 18 100%
[
e
53 1075 1.60E+03 31.5 18 100%
5
1074 160 32.3 18 100%
1073 16 39.4 18 100%
100 1.6 39.0 14 78%
10 0.16 43.4 1 6%
0 0 N/A 0 0%

12
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245

Nb of copies Nb of
copies / % of
/ tube (250 Mean Ct positives
mg positive
mg) (out of 18)
1078 400000 21.8 18 100%
10n7 40000 24.8 18 100%
= 10”6 4000 27.9 18 100%
(]
€
R 1075 400 31.4 18 100%
bt
1074 40 34.9 18 100%
1073 4 36.6 7 39%
100 0.4 N/A 0 0%
10 0.04 N/A 0 0%
0 0 N/A 0 0%

Table 2- Sensitivity of the Real Time PCR for the detection of H. costale DNA from nanoplankton and
sediment samples. Serial dilutions of plasmids were spiked in 250 mg of sediment and in quarters of
filters, then samples were processed as field samples. A quarter of filter corresponds to 62.5 mL of

filtered water. Each dilution was tested in nine replicates in two independent assays.

In nanoplankton samples, the lowest dilution producing 100% of positive results was 1000 copies in a
quarter of filter, theoretically corresponding to 16 copies / mL of filtered water (when DNA was tested

undiluted by PCR). At a theoretical concentration of 1.6 copies / mL, 78% of water samples were found

positives.

13
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In sediment samples, the lowest dilution producing 100% of positive results was 10* copies in 250 mg,
theoretically corresponding to 40 copies / mg of filtered water. At a theoretical concentration of 4

copies / mg, 39% of sediment samples were found positives.

2- Detection of PCR inhibitors

Detailed results are available in Table 3. A summary of these results is shown in Figure 2.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% |

Nano-plankton (1-20 pm) 20
Micro-plankton (20-200 pm) 8
Mesa-plankton (>200 pm) 8

Sediment ( 1/10) 36

Bivalvia 56

Gastropoda 42

Polychaeta 25

Malacostraca/Thecostraca 32

Other 18

B % inhibited samples

Figure 2- Percentages of samples showing PCR inhibition using the IPC kit by category of samples-
Individuals were gathered at the class level- The category “Other” includes anemones, sponges,
tunicates and flat worms- On the right: the number of samples tested regarding the presence PCR

inhibition.

Plankton samples displayed the highest detection of PCR inhibitors. Indeed, between 45 and 100% of
tested samples presented total or partial inhibition. A 10" and 100™ dilution lifted inhibition in nano

plankton and micro/meso plankton, respectively.

14
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With the exception of limpets (Patella sp.) and top shells (Gibbula sp.), all the tested groups within the

class Gastropoda had to be diluted to 10 or to 100 for European sting winkles to avoid PCR inhibition.

Similarly, within the class Polychaeta, Terebellidae and Sabellidae were also diluted to the 10%" to avoid

PCR inhibition

The only bivalves displaying PCR inhibition in our set of samples were variegated scallops

(Mimachlamys varia) which were subsequently tested to the 100,

Within the Subphylum Crustacea (Classes Malacostraca and Thecostraca) 20% of isopod samples and

25% of amphipod samples showed PCR inhibition which could be lifted after dilution to 10.

3- Detection of Haplosporidium costale in the environment

Detailed results are available in supplementary material-Supp. 1. Table 3 summarizes these results by

nature of samples.

Numbe
r of | Detectio
Number of | DNA Number of
sample (n
samples dilution samples
s frequenc
Nature of samples positive/test | allowing to | PCR
tested |y (%) of
ed for PCR|avoid PCR | positive for
in the|H.
inhibition inhibition | H. costale
whole | costale
study
Nanoplankton (1-20 um) 9/20 1/10* 8 105 7.6
Microplankton (20-200 pum) 8/8 1/100 0 41 0
Mesoplankton (>200 um) 8/8 1/100 0 41 0

15



Sediment surface (already diluted 0/18 12 126 9.5
1/10)
Sediment 5cm deep (already diluted 0/18 7 126 5.6
1/10)
Pacific oyster (Magallana gigas) 0/5 203 526 38.6
Mussel (Mytilus) 0/5 1 369 0.3
Manila clam (Ruditapes 2/15 0 79 0
philippinarum)
Common cockle (Cerastoderma 2/15 1 64 1.6
edule)
Peppery furrow shell (Scrobicularia 0/5 0 46 0
plana)
Razor clam (Solen marginatus) 0/5 0 10 0
Variegated scallop (Mimachlamys 1/6 1/100 0 6 0
varia)
Common periwinkle (Littorina 6/15 1/10 11 111 9.9
littorea)
Common periwinkle eggs 0/3 0 7 0
Slipper limpet (Crepidula fornicata) 4/5 1/10 0 65 0
Top shell (Steromphala umbilicalis) 0/5 0 49 0
European sting winkle (Ocenebra 2/5 1/100 0 8 0
erinaceus)
Netted dog whelks (Tritia reticulata) 2/5 1/10 0 7 0

16
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278

Limpets (Patella) 0/4 0 4 0
Nephtydae 0/5 2 96 2.1
Nereididae 0/5 0 94 0
Sabellidae 2/5 1/10 0 23 0
Capitellidae 0/5 0 21 0
Terebellidae 4/5 1/10 0 7 0
Pea crab (Species Pinnotheres pisum ) 0/4 0 11 0
Hermit crabs (Family Diogenidae) 0/5 1 50 2
Order Amphipoda 3/12 1/10 0 18 0
Order Isopoda 1/5 1/10 0 18 0
Barnacles (Family Balanidae)** 0/5 0 14 0
Sea sponge (Hymeniacidon perlevis) 0/5 0 19 0
Anemone (Class Anthozoa) 0/5 0 17 0
Asian tunicate (Styela clava) 0/5 0 5 0
Flat worm (Idiostylochus tortuosus) 0/3 0 3 0

* for nanoplankton, DNA suspensions were first tested non diluted. No more positive results were

obtained at 1/10 on tested samples

** the only Thecostraca specimens were Barnacles (Family Balanidae)

Table 3- Detection of Haplosporidium costale DNA by Real time PCR by category of samples (Individuals
were gathered at the class level)-The second column indicates the number of samples in which PCR

inhibitors were detected over the number of samples tested using the IPC kit. The third column specifies

17
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the DNA suspension dilution allowing lifting PCR inhibition. The last column shows the detection

frequency of H. costale (%) by category of samples

3-1 In oysters Magallana gigas

Detection frequency of H. costale by PCR in cupped oysters is presented in Figure 3 by sampling date
and site. Parasite DNA was detected in all the tested sites and at all the sampling dates apart from one
sample in Comprian, Arcachon bay carried out in April 2021. However, in this case only five oysters

were collected and tested.

No particular seasonal pattern could be observed across the different sites. Indeed, in Comprian and
Tes (Arcachon bay), detection frequency appeared lower in March-April compared to July-November.
However, in La Floride (Marennes Oléron) and Le Gois (Bourgneuf Bay), detection frequency peaked
in July and January, respectively.

Globally, mean detection frequency was 37%. Whatever the geographic area, maximum detection

frequency was between 50 and 70%.
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Detection frequency in cupped oysters
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298

299  Figure 4- Ct values of samples found positive by Real Time PCR for the detection of Haplosporidium
300 costale. Blue dots show mean Ct values; grey dots show the maximum Ct value and orange dots show
301  the minimum Ct value per sampling site and date.
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All the oysters found positive by PCR had Ct values between 30 and 40 except two oysters collected in
January in Le Gois (Bourgneuf Bay; Ct = 28.72) and in May in La Floride, (Marennes Oléron Bay; Ct=
19.12) (Figure 4).

These two oysters were processed for histology and in situ hybridization. Spores and multinucleated
stages of the parasite were observed in the connective tissues around the digestive gland in the oyster
from Marennes Oléron. No parasite was observed in the oyster from Bourgneuf Bay which was

confirmed by in situ hybridization.

3-2 In plankton and sediment samples

Although PCR inhibitors were detected in nanoplankton samples and 1/10 dilution avoided PCR
inhibition (see above), these samples were first tested without dilution. In these conditions, H. costale
DNA was detected in eight samples. Interestingly, all these samples (7.6% of nanoplankton samples)
were from Arcachon bay and 7 out of the 8 samples were collected in March. Ct values ranged between
39.82 and 44.54 (Mean Ct 43.02 +1.86) and were below the detection limit of the method (16 copies
mL ! see Result-1). When DNA from the nanoplankton fraction was tested again after a 1/10 dilution,
no additional positives were detected.

Parasite DNA was not detected in any tested meso and micro plankton samples with or without dilution
at 1/100.

In sediment, whatever the site, H. costale DNA was detected in 12 out of the 126 samples collected at
the surface (#9,5%) and in 7 out of the 126 samples collected at 5 cm deep (5.5%). Ct values were lower
in 5cm deep samples (mean Ct 37.6 £3.5) than in surface sediment (Ct mean 39.1 +3.54) but were all

below the detection limit of the method (40 copies mg™?).
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Globally, 4.2% of samples from Bay of Bourgneuf and Marennes Oléron were positive while 12% of
samples from Arcachon showed amplification. Parasite DNA was detected in more samples collected

in July and November than in January-March or April.

3-3 In marine invertebrate other than oysters

Only two individuals out of 574 bivalves other than cupped oysters tested in this study yielded positive
results in PCR: one out of 64 cockles (Ct value = 38.23) and one out of 369 mussels (Ct value = 37.14).
The cockle detected positive was collected in Arcachon in November and the mussel in Marennes
Oléron in July.

Among all the tested invertebrates other than bivalves, H. costale DNA was detected in three groups:
(i) Malacostraca, hermit crab (1/50, Ct value : 39.35) collected in Arcachon in April; (ii) Polychaeta,
Nephtydae (2/96 individuals- Ct values : 38.46 and 41) collected in Marennes Oléron in November and
in Arcachon in March and (iii) Gastropoda, periwinkles (11/111 individuals- Ct values between 35.99
and 40.35). Periwinkles detected positive by PCR were collected mostly in July (6 in Bourgneuf bay and
2 in Marennes Oléron) and in a lesser concern in November (2 in Bourgneuf bay and 1 in Marennes-

Oléron).
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4- Detection of Haplosporidium costale in the experimental mesocosms and different

oyster tissues

4-1. In water, sediment samples and oysters at the individual level

Controls including water and sediment collected at TO and water used for renewal were tested
negative by real time PCR. Parasite DNA was not detected in any of the 27 tested sediment samples.
One sample of >20 um water and three samples of 1-20 um water yielded positive but late
amplification (Ct >37). These positive signals were only obtained from samples collected in the same

aquarium (n°2) (Table 4).

The analyses of oysters based on a DNA extraction from a pool of gills, digestive gland and mantle
tissues revealed the presence of parasite DNA in 3/14 and 8/18 oysters from the aquaria n°1 and 3,

respectively (Table 4).

4-2. In oysters at the tissular level

Oysters from aquaria 1 and 2 (29 in total) were tested at the tissular level regarding the presence of H.

costale DNA.

In total, 21 oysters (11/14 in aquarium 1 and 10/15 in aquarium 2) showed at least one tissue positive.
Parasite DNA was detected in 21/29 gill samples, 3/29 mantle samples, 1/29 of digestive gland samples
and 1/29 hemolymph samples. None of the palp, adductor muscle, gonad and heart samples yielded

amplification.
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Aquarium 2 showed more positive oysters than aquaria 1 and 3 and was the only aquarium in which

some water samples were tested positive.

Ct values appeared generally lower in gills (global mean Ct value : 35.2) and mantle (global mean Ct
value : 35.49) compared to other positive samples (Ct >37) and compared to the pools of gills/digestive

glands and mantle (global mean Ct value : 37.1 Table 4).

Aquarium 1 Aquarium 2 Aquarium 3
Water 1-20um 0/27 3/27 (42; 43; 44.4) 0/27
Water >20um 0/27 1/27 (37.8) 0/27
Sediment 0/9 0/9 0/9
Oysters (pools of | 3/14 (37.38; 38.15; 8/18 [35.4; 36.3; 38.1]
gills/digestive gland and | 38.48)
mantle)
Oyster gills 11/14 [34.08; 35.3; | 10/15 [30.81; 35.04;
37.86] 37.71]
Oyster mantle 2/13 (33.13; 36.97) 1/15 (36.37)
Oyster digestive | 0/13 1/15 (40.7)
gland
Oyster Adductor | 0/14 0/15
muscle
Oyster gonad 0/14 0/15
Oyster palp 0/13 0/15
Oyster heart 0/14 0/13
Oyster hemolymph | 0/14 1/15 (37.37)
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Table 4- Results of the PCR analyses for the detection of Haplosporidium costale DNA for each aquarium
and type of samples: Number of samples tested positive/Total number of tested samples. Figures in
brackets () indicate the Ct values of the positive samples. Figures in parentheses [] indicate the

minimum ; mean and maximum Ct values.

Based on PCR results, 20 oysters (11 oysters from aquarium 1 and 9 oysters from aquarium 2) for which
gills were positive, were subsequently tested by histology and in situ hybridization. Additionally, for
four oysters showing Ct values between 30.8 and 34.23, 3 to 5 sections per individual were tested by
in situ hybridisation. Whatever the Ct value obtained by PCR, no parasite was observed in histology

and no positive result was obtained by in situ hybridisation.

Discussion

Because of their small size, between 2 um and 1 mm depending on their stages, their intra-tissular and
eventually intracellular location and their low abundance in hosts, micro eukaryotic parasites remain
challenging to investigate (Bass et al. 2015). Additionally, the lack of culture and their genetic

divergence might increase this complexity.

Among micro eukaryotic parasites, haplosporidians are rhizarian parasites of aquatic invertebrates and
include causative agents of diseases of commercially important molluscs such as MSX and SSO diseases
in oysters. Despite their importance, their diversity and distribution are still poorly known (Hartikainen
et al. 2014). In particular, their parasite cycle is not well understood. To our knowledge, although

Haplosporidium costale has been detected in oysters Crassostrea virginica and Magallana gigas, its
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presence in other bivalve species has never been investigated. Because it has never been possible to
reproduce experimentally the disease, the need of an intermediate host has been hypothesized but

never demonstrated (Andrews, 1984).

“Integrated” field studies testing not only the presence of parasite in host species but also in sympatric
species as well as in environmental compartments allow better characterizing the distribution of the
parasites at the ecosystem scale (e.g. Mérou et al. 2023). In this context, eDNA based approaches are
very powerful to detect the presence of parasites outside their hosts (Bass et al., 2015 ; Bass et al.
2023; Rios-Castro et al., 2021; Rusch et al. 2018). However, molecular tools usually used to detect
parasite DNA in host tissues might need to be optimized prior being applied on environmental
matrices. Herein, we used a real time PCR previously developed and validated to test the presence of
H. costale in oysters (Arzul et al. 2022), to investigate the presence of the parasite in other invertebrate
species, plankton and sediment. The detection limit of the method was evaluated at 10% copies per
quarter filter (equivalent to 16 copies. ml™* of water) and 10* copies per 250 mg of sediment (equivalent
to 40 copies. mg?). These values appear higher than values estimated using the detection limit of the
PCR alone (4.25 copies; pl™ Arzul et al. 2022) and considering the extraction process as 100% efficient.
Indeed, in such conditions, the method should allow detecting down to 212 copies per quarter filter
and 2120 copies from 25 mg of sediment. These results suggest that part of the plasmids has not been
recovered at the end of the DNA extraction process. Likewise, Polinski et al. (2017) developed a
method for the detection of the oyster parasite Mikrocytos mackini, another Rhizarian, in water and
noted that the amount of parasites recovered was consistently less than 28% of initial quantity and

attributed this loss to the filtration and extraction steps.

An approach similar to the one used in our study was previously developed to detect the flat oyster
Rhizarian parasites Bonamia ostreae and Marteilia refringens in environmental samples and allowed
detecting down to 25 parasites per quarter membrane for both parasites and 10 parasites in 25 mg
sediment for M. refringens (Mérou et al. 2020; 2022). While in these two studies, detection limits were

estimated using parasites isolated from infected oysters, in our study we had to use plasmidic DNA,
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which could explain the difference observed between detection limit values. Indeed, the genome of H.

costale probably contains several copies of the 18S rRNA genes.

Inhibitors may affect the sensitivity of the PCR assay or even lead to false-negative results (Schrader et
al. 2012). PCR inhibitors occur in various samples including environmental samples and bivalves
(Sanches & Schreier 2020; Hunter et al. 2019; Mancusi et al. 2022). Dilution of extracted DNA allows
overcoming PCR inhibition but decrease PCR sensitivity. In our study, we used an exogenous internal
positive control to evaluate the presence of PCR inhibitors and adjust DNA concentration. Presence of
PCR inhibitors was tested in a set of samples representative of each category of samples collected in
the study. Inhibition was observed more particularly in all the fractions of plankton samples,
Gastropoda except Patella and Gibbula, Terebellidae, Sabellidae and the bivalve species Mimachlamys
varia. These results demonstrate the interest to evaluate the presence of inhibitors prior PCR analyses

especially when new matrices are to be tested.

The detection and characterization of H. costale in different batches of oysters M. gigas in France since
2005 (Arzul et al. 2022; Cherif - Salal et al. 2022) raised several questions regarding the ability of the
parasite to maintain in the ecosystem and the potential involvement of other species in its life cycle.
To answer these questions, an integrated sampling approach was deployed seasonally in three oyster
farming areas where the parasite was already known to occur. Parasite presence was evaluated using
a previously developed and validated Real Time PCR assay (Arzul et al. 2022), optimized in this study

to detect parasite DNA in various environmental compartments.

Parasite DNA was detected in “wild” oysters from the three oyster farming zones whatever the
sampling date. No seasonal pattern could be established based on PCR results. Indeed, detection
frequencies ranged between 30 and 67% and peaked in January in Bourgneuf Bay and in July —
September in Marennes Oléron and Arcachon. Ct values can be considered as a proxy of the pathogen

load or infection level (e.g Walker et al. 2021). In our study, global mean Ct values was 36.54 and Ct
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values were always above 30 except for two oysters, one collected in Gois, Bourgneuf bay in January
and one collected in La Floride, Marennes Oléron in May. Only this later showed parasite (spores) in
histology. Apart from these two oysters, infection intensity appeared very low, between 1 and 10
copies/pL (deduced from Arzul et al. 2022). In Crassostrea virginica, discrepancy between histology
and PCR was previously reported, the use of molecular tools allowing the detection of parasite DNA
between spring and fall whereas only multiplication and sporulation stages were observed between
March and June when using histology, (Stokes and Burreson, 2001; Andrews et al. 1962; Andrews and
Castagna, 1978). In M. gigas in France, Real Time PCR allowed detecting parasite DNA in oysters
collected between April and November (Arzul et al. 2022; Cherif-Feildel et al. 2022). These two last
studies relied on farmed oysters which may have been moved from one site to another. In contrast,
our results are based on Real Time PCR analyses of wild oysters, which have never been moved thus
reflecting the status of the zone regarding the presence of the parasite. Our results suggest that the
parasite maintains in M. gigas all along the year at a low intensity level.

The low detection frequency and high Ct values observed in other benthic invertebrates do not support
their involvement in H. costale cycle. The case of periwinkles is different since 9.9% of tested
individuals were found positive with Ct values ranging from 35.99 to 40.35. Unfortunately, in this study,
fauna associated with oysters was not fixed in histology. It is thus not possible to conclude if the
detection of parasite DNA in periwinkles corresponds to a true infection or is the result of their grazing
behaviour which might contribute to catch the parasite through nutrition.

HI costale DNA was not detected in meso- or microplankton samples. However, we cannot exclude
that the absence of detection of parasite in these plankton fractions is explained by the presence of
PCR inhibitors and the need to dilute DNA suspensions prior PCR analyses.

In contrast, parasite DNA was detected in nanoplankton samples. However, the amount of parasite
detected in this fraction appeared low. These results suggest that when present in the water, the

parasite is rather free than in or attached to phyto- or zooplankton. Most of these detections were
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from samples collected in March suggesting that the parasite can occur in the nanoplankton while
developing in the oysters.

In sediment, parasite DNA was detected in both surface and 5-cm deep samples. Similarly to
nanoplankton, the amount of parasites detected was low. Interestingly, more detection was observed
in samples collected in July and November than in January-March or April, which supports the
hypothesis that the parasite is mostly released from the oysters during mortality, between May and
June and should remain detectable the following months depending on the ability of the parasite to
survive outside its host. The detection of parasite DNA in 5-cm deep samples might be explained either
by the small size of the parasite seeping in sediment particles or by the activity of bioturbating species

such as polychaeta or infaunal bivalves.

Considering the high number of oysters found positive with low infection intensity level, a

complementary experiment was undertaken to better characterize these sub-clinical infections.

Oysters collected in May from La Floride, Marennes Oléron were maintained for one month in
mesocosms before being tested regarding the presence of H. costale DNA at the individual level from
pools of gills, mantle and digestive gland or at the tissular level. All the oysters found positive showed
positive results at least in gills. Parasite DNA was also detected, but in a much lesser extent, in mantle,
digestive gland and hemolymph. Although both diagnostic approaches (pools of organs and by tissue)
were not applied on the same oysters, the detection frequency was globally twice higher from the gills
(72% of positive oysters) than from pools (34% of positive oysters). None of the oysters for which gills
were found positive by PCR were found hosting the parasite by histology and in situ hybridization.
These results indicate that the parasite is mostly present in the gills and its abundance is very low. No
parasite DNA was detected in sediment samples and only three and one sample of nano and
microplankton, respectively were found positive. This low detection of the parasite in the plankton
supports the hypothesis that the parasite is stably established in gills rather than just being retained
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by gills through filtration activity. Moreover, water introduced in the experimental aquaria was initially
tested negative suggesting that the parasite can be released from the oysters in the water outside

mortality event and in the absence of sporulation as demonstrated by histology.

Conclusion

Altogether, our results show that Haplosporidium costale is mostly detected in Magallana gigas,
particularly in gills, which may act as a reservoir all along the year. H. costale was detected in
nanoplankton in both field and experimental conditions suggesting that it can be released from the
oysters outside mortality event. Once outside the oysters it can spread through current but partly sink
on the sediment where it can be detected, especially after the sporulation period. Our results do not
support the involvement of other species than cupped oyster in the parasite life cycle except
periwinkles. However, the role of this gastropod in the dynamic of the parasite would deserve to be
further investigated. Although, our study has also contributed to better characterize sub clinical
infections, factors triggering sporulation would definitely need to be clarified in order to understand

disease development and finally suggest disease control measures.

29



515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

Acknowledgements

Authors are very grateful to Pauline Person who participated in some sampling campaigns, sample
processing and analyses during her Master 2 intership. Pascal Schwerdtle is also acknowledged for his
participation in some sample processing steps. Sampling was performed with the help of the staff and
ship Planula IV fitted out by CNRS/INSU (Flotte Océanographique Francaise). This work was funded by

the French Institute for Exploitation of the Sea (Ifremer)

CRediT authorship contribution statement

Isabelle Arzul : Data curation, Formal analysis, Methodology, Conceptualization, Writing — original
draft, Writing — review & editing ; Cyrielle Lecadet : Data curation, Formal analysis, Investigation,
Methodology ; Lydie Canier: Data curation, Formal analysis, Writing — review & editing; Bruno Chollet:
Investigation; Delphine Serpin: Investigation; Xavier de Montaudouin: Data curation, Writing — review

& editing.

References

Andrews, J. D., 1984. Epizootiology of diseases of oysters (Crassostrea virginica), and parasites of

associated organisms in eastern North America. Hegolander Meeresunters 37, 149-166.

Andrews, J. D., Castagna, M., 1978. Epizootiology of Minchinia costalis in susceptible oysters in seaside
bays of Virginia's Eastern Shore, 1959-1976. J. Invertebr. Pathol. 32, 124-138.

30



537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

Andrews, J. D., Wood, J. L., Hoese, H. D., 1962. Oyster mortality studies in Virginia: Ill. Epizootiology of

a disease caused by Haplosporidium costale Wood and Andrews. J. Insect Pathol. 4, 327-343.

Arzul, I., Garcia, C., Chollet, B., Serpin, D., Lupo, C., Noyer, M., Tourbiez, D., Berland, C., Dégremont, L.,
Travers, M.A., 2022. First characterization of the parasite Haplosporidium costale in France and
development of a real-time PCR assay for its rapid detection in the Pacific oyster, Crassostrea gigas.

Transbound. Emerg. Dis. 69, e2041-e2058. doi: 10.1111/tbed.14541.

Arzul, 1., Carnegie, R.B., 2015. New perspective on the haplosporidian parasites of molluscs. J.

Invertebr. Pathol. 131, 32-42. doi: 10.1016/j.jip.2015.07.014.

Bass, D., Stentiford, G.D., Littlewood, D.T.., Hartikainen, H., 2015. Diverse Applications of
Environmental DNA Methods in Parasitology. Trends Parasitol. 31, 499-513. doi:

10.1016/j.pt.2015.06.013.

Bass, D., Christison, K.W., Stentiford, G.D., Cook, L.S.J., Hartikainen, H., 2023. Environmental DNA/RNA
for pathogen and parasite detection, surveillance, and ecology. Trends Parasitol. 39,285-304. doi:

10.1016/j.pt.2022.12.010.

Burreson, E. M., Stokes, N. A., 2006. 5.2.2 Haplosporidiosis of oysters. In E. Committee (Ed.), Fish Health
Section Blue Book, 2014 Edition, Suggested Procedures for the Detection and Identification of Certain
Finfish and Shellfish Pathogens. Section 1, Diagnostic Procedures for Finfish and Shellfish Pathogens.

Chapter 5 Diseases of Molluscan Shellfish. American Fisheries Society’s Fish Health Section.

Cherif-Feildel, M., Lagy, C., Quesnelle, Y., Bouras, H., Trancart, S., Houssin, M., 2022. Detection of the
protistan parasite, Haplosporidium costale in Crassostrea gigas oysters from the French coast: A

retrospective study. J. Invertebr. Pathol. 195, 107831. doi: 10.1016/].jip.2022.107831.

Couch, J. A,, Rosenfield, A., 1968. Epizootiology of Minchinia costalis and Minchinia nelsoni in oysters
introduced into Chincoteague Bay. Proceedings of the National Shellfisheries Association, Virginica.

5159.

31



561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

Ford, S.E.; Stokes, N.A., Alcox, K.A., Kraus, B.S.F., Barber, R.D., Carnegie, R.B., Burreson, E.M., 2018.

Investigating The Life Cycle Of Haplosporidium nelsoni (MSX). J. Shellfish Res. 37, 679-693.

Hartikainen, H., Ashford, O.S., Berney, C., Okamura, B., Feist, S.W., Baker-Austin, C., Stentiford, G.D.,
Bass, D., 2014. Lineage-specific molecular probing reveals novel diversity and ecological partitioning of

haplosporidians. ISME J. 8, 177-186. doi: 10.1038/isme;j.2013.136.

Howard, D. H., Lewis, J. L., Keller, B. J., Smith, C. S., 2004. Histological Techniques for Marine Bivalve

Mollusks and Crustaceans, NOAA Technical Memorandum NOS NCCOS 5, 218 pp.

Hunter, M.E., Ferrante, J.A., Meigs-Friend, G., Ulmer, A., 2019. Improving eDNA vyield and inhibitor
reduction through increased water volumes and multi-filter isolation techniques. Sci. Rep. 9, 5259. doi:

10.1038/s41598-019-40977-w.

Lupo, C., Travers, M., Dégremont, L., Arzul, ., Garcia, C., 2019. Investigation concernant la détection
d’un parasite interprété comme étant Haplosporidium costale dans les lots d’animaux hébergés dans

les installations expérimentales Ifremer de Bouin (Vendée). https://hal.science/hal-04033443

Mancusi, A., Capuano, F., Girardi, S., Di Maro, 0., Suffredini, E., Di Concilio, D., Vassallo, L., Cuomo,
M.C., Tafuro, M., Signorelli, D., Pierri, A., Pizzolante, A., Cerino, P., La Rosa, G., Proroga, Y.T.R., Pierri,
B., 2022. Detection of SARS-CoV-2 RNA in Bivalve Mollusks by Droplet Digital RT-PCR (dd RT-PCR). Int.

J. Environ. Res. Public Health. 19,943. doi: 10.3390/ijerph19020943.

Mérou, N., Lecadet, C., Pouvreau, S., Arzul, I., 2020. An eDNA/eRNA-based approach to investigate the
life cycle of non-cultivable shellfish micro-parasites: the case of Bonamia ostreae, a parasite of the

European flat oyster Ostrea edulis. Microb. Biotechnol. 13, 1807-1818. doi: 10.1111/1751-7915.13617.

Mérou, N., Lecadet, C., Billon, T., Chollet, B., Pouvreau, S., Arzul, ., 2022. Investigating the
Environmental Survival of Marteilia refringens, a Marine Protozoan Parasite of the Flat Oyster Ostrea
edulis, Through an Environmental DNA and Microscopy-Based Approach. Front. mar. sci. 9, 811284.

doi.org/10.3389/fmars.2022.811284.

32


https://doi.org/10.3389/fmars.2022.811284

585

586

587

588

589

590

5901

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

Mérou, N., Lecadet, C., Ubertini, M., Pouvreau, S., Arzul, 1., 2023. Environmental distribution and
seasonal dynamics of Marteilia refringens and Bonamia ostreae, two protozoan parasites of the
European flat oyster, Ostrea edulis. Front. Cell. Infect. Microbiol. 13, 1154484. doi:

10.3389/fcimb.2023.1154484.

Polinski, M.P., Meyer, G.R., Lowe, G.J., Abbott, C.L., 2017. Seawater detection and biological
assessments regarding transmission of the oyster parasite Mikrocytos mackini using qPCR. Dis. Aquat.

Organ. 126,143-153. doi: 10.3354/dao03167.

Rios-Castro, R., Romero, A., Aranguren, R., Pallavicini, A., Banchi, E., Novoa, B., Figueras, A., 2021. High-
Throughput Sequencing of Environmental DNA as a Tool for Monitoring Eukaryotic Communities and
Potential Pathogens in a Coastal Upwelling Ecosystem. Front. Vet. Sci. 8,765606. doi:

10.3389/fvets.2021.765606.

Rusch, J.C., Hansen, H., Strand, D.A., Markussen, T., Hyttergd, S., Vralstad, T., 2018. Catching the fish
with the worm: a case study on eDNA detection of the monogenean parasite Gyrodactylus salaris and
two of its hosts, Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss). Parasit.

Vectors. 11,333. doi: 10.1186/s13071-018-2916-3.

Sanches, T.M., Schreier, A.D., 2020. Optimizing an eDNA protocol for estuarine environments:

Balancing sensitivity, cost and time. PLoS ONE 15, e0233522. doi:10.1371/journal.pone.0233522.

Schrader, C., Schielke, A., Ellerbroek, L., Johne, R., 2012. PCR inhibitors - occurrence, properties and

removal. J. Appl. Microbiol. 113,1014-1026. doi: 10.1111/j.1365-2672.2012.05384.x.

Stokes, N. A., Burreson, E. M., 2001. Differential diagnosis of mixed Haplosporidium costale and
Haplosporidium nelsoni infections in the eastern oyster, Crassostrea virginica, using DNA probes. J.

Shellfish Res. 20, 207-213.

Walker, A.S., Pritchard, E., House, T., Robotham, J.V., Birrell, P.J., Bell, I., Bell, J.I., Newton, J.N., Farrar,
J., Diamond, I., Studley, R., Hay, J., Vihta, K.D., Peto, T.E., Stoesser, N., Matthews, P.C., Eyre, D.W.,

Pouwels, K.B., 2021. COVID-19 Infection Survey team. Ct threshold values, a proxy for viral load in

33


https://doi.org/

610

611

612

613

614

615

616

617

618

619

community SARS-CoV-2 cases, demonstrate wide variation across populations and over time. Elife.

10,e64683. doi: 10.7554/elife.64683.

Wang, Z., Liang, Y., Wang, C., 2010. Haplosporidium nelsoni and H. costale in the Pacific oyster

Crassostrera gigas from China's coasts. Dis. Aquat. Org. 89, 223-228.

Wood, J.L., Andrews, J.D., 1962. Haplosporidium costale (Sporozoa) Associated with a Disease of

Virginia Oysters. Science 136, 710-711. https://doi.org/10.1126/science.136.3517.710-a.

34



Table S1 - Detection of Haplosporidium costale DNA by Real time PCR (Number of positive/Number of tested samples) by category of samples

(Individuals were gathered at the class level) by sampling date and site. The last column indicates information about Ct values obtained for

positive samples only.

Zone Marennes Oléron
Bourgneuf bay Arcachon bay Total Info Ct
bay
Site Nb Info Ct (Meant
positive | Standard error [Min
Gahig
Le Gois Ecluse La Floride Comprian Tés /Nb - Max]
non
total
(%)
Sampling Date — — — | = | - A | d | A | A |9 | 9|9 |d]d9|d|[d ]|« — — - | -
[} [} o~ [} o~ o o~ [} [} [} [} N [} N [} N [} N N [ [}
o o o | o | o o |o|lo|o|lo|lo|o|olo|o|o|o o o o | o
o o N o N o~ o~ N N o N N N N N N N N N N N
~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ ~ S~ S~ S~ S~ ~
i < ~ i - < ~ i N N ~ i o < ~ — ™ (a2) < ~ —
o o o~ | o o |lo|d|o|lo|lo |- |o|lo|lo |~ |o o =) o |~
S~ S~ S~ S~ S~ S~ S~ S~ ~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~ S~
(o) o ~ o (o} o ~ o — [20) o (e} (o] ~ (o} o] (o] (o} ~ (e} o)
(o] (o] o o (o] (o] o o o o (o] i o N (o] o o o (o] ™~ o
Environmental samples
3 8/105 | 43,02 £ 1,86 [39,82-
Nanoplankton (1-20 um) | 0/5 | 0/5 |0/5|0/5| 0/5 |0/5|0/5|0/5|0/5|0/5|0/5|0/5 o/s5(0/5(0/5| 3+/5 | 1/5 | 0/5 |1/5|0/5
/5 (7,6%) 44, 54]
Microplankton (20-200 o/
0/2 | 0/2 |0/2|0/2| 0/2 |0/1|0/2|0/2|0/2|0/2|0/2|0/2 0/2(0/2)0/2| 0/2 | 0/2 | 0/2 |0/2|0/2| O0/41
um) 2
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o/

Mesoplankton (>200 um) | 0/2 | 0/2 |0/2|0/2| 0/2 |0/1|0/2|0/2|0/2|0/2|0/2|0/2 0/2|0/2]0/2| 0/2 0/2 | 0/2 |0/2|0/2 0/41
2
o/ 12/126 39,1+ 3,54 [33,34-
Sediment (at surface) | 0/6 | 0/6 |1/6|0/6| 0/6 |0/6|0/6|2/6|0/6|0/6|1/6|0/6 o/6|6/6|1/6| 0/6 | 1/6 | 0/6 |0/6|0/6
6 (9,5%) 43,625]
o/ 7/126 37,6 £3,5[32,425-
Sediment (5cm deep) 0/6 | 0/6 |0/6|1/6| O/6 |0/6|0/6|0/6|0/6|0/6|0/6|1/6 0/6|2/6|1/6| 0/6 2/6 | 0/6 | 0/6|0/6
6 (5,5%) 41, 195]
11
Pacific oyster (Magallana | 19/3 6/| 14| 5/1 9/ 16| 9/ | 17| 11 18/ | 20/ 14/ | 15 |203/526| 36,54 + 0,69 [19,12-
9/30 /3 10/5 3/30 | 5/30|2/30
gigas)| O 30 /30| 3 28 /30| 30 | /30| /30 30 | 30 30 | /30| (38,6%) 39,96]
0
0/3]0/3 0/1 0/1(0/2|1/3|0/3 0/3 |0/3
Mussel (Mytilus) | 0/20 | 0/30 0/17 | 0/9 0/1 0/30 | 0/30 1/369 37,14
0 0 8 3 1 0 0 0 0
Manila clam (Ruditapes 0/1 0/1 0/ |0/1
0/7 0/3 0/1 0/9 0/7 | 0/6 0/2|0/4 0/79
philippinarum) 1 2 6| 1
Common cockle 0/1 0/2
0/17 0/6 0/3 1/1 0/4 1/64 38,23
(Cerastoderma edule) 0 3
Peppery furrow shell 0/1 o/
0/30 0/46
(Scrobicularia plana) 5 1
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Razor clam (Solen 0/1
0/10
marginatus) 0
Variegated scallop
0/1 0/5 0/6
(Mimachlamys varia)
Common periwinkle 0/2| o/ 0/3 o/ 11/111 | 38,33 +£1,18 [35,99-
0/3 1/4 | 0/6 2/6|1/9 0/8 0/4
(Littorina littorea) 8 |11 1 1 (10%) 40,35]
Common periwinkle eggs 0/7 0/7
Slipper shell (Crepidula 0/9 | 0/6 o/ 0/1
0/9 0/3 0/10 0/12 0/65
fornicata) 3 3
Top shell (Steromphala 0/3
0/19 0/49
umbilicalis) 0
European sting winkle
0/2 0/1 0/1 0/3 0/1 0/8
(Ocenebra erinaceus)
Netted dog whelks (Tritia
0/7 0/7
reticulata)
Limpets (Patella) 0/1 0/1 0/2 0/4
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0/1)1/2|1/ 0/2
Nephtydae | 0/1 | 0/1 |0/1|0/6| 0/1 0/2|0/1|0/6 0/3|0/1 0/1 0/1 |0/2|0/6 2/96 38,46; 41
1 5 6 1
0/2 |0/2 | 0/2
Nereididae | 0/1 | 0/3 0/3| 0/6 0/1]0/7|0/1 0/1 | 0/1 0/1 0/94
3 0 6
Sabellidae | 0/2 0/3 0/1 0/3 0/1| 0/2 | 0/11 0/23
0/1
Capitellidae 0/1 0/2 0/5|0/2 0/21
1
Terebellidae 0/7 0/7
Pea crab (Species
0/1 0/4|0/6 0/11
Pinnotheres pisum )
Hermit crabs (Family o/
0/10 | 1/30 0/3 1/50 39,35
Diogenidae) 7
Order Amphipoda | 0/1 | 0/1 0/5 0/1 0/4 0/1|0/20/2| 0/1 0/18
0/1
Order Isopoda 0/1(0/1 0/18
6
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Barnacles (Family

0/1

0/14
Balanidae)* 4
Sea sponge 0/1
0/4 0/5 0/19
(Hymeniacidon perlevis) 0
Anemone (Class
0/8 0/3 | 0/4 0/2 0/17
Anthozoa)
Asian tunicate (Styela
0/5 0/5
clava)-
Flat worm (Idiostylochus
0/3 0/3

tortuosus)

* the only Thecostraca specimens were Barnacles (Family Balanidae)
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