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ARTICLE INFO ABSTRACT

Keywords: Perkinsus olseni is a protozoan parasite that infects a wide variety of molluscs worldwide, causing economic losses
P. olsent ) in the aquaculture sector. Consequently, Perkinsosis has been catalogued by the World Organization for Animal
DNA metabarcoding Health (O.LE.) as a notifiable disease, and international measures have been established to control it (O.LE.,
EDNA, 2019). In the present study, we analysed the spatial and temporal distribution of transmissible stages of Perkinsus
Real-time PCR assay . . . . N

lumina olseni in an endemic area of the parasite from 2016 to 2018. The pathogen was detected using high-throughput
Bivalves sequencing of the 18S rRNA gene and a specific real-time PCR assay (qQPCR) in samples of water, sediment and

several bivalve species. Histopathological assays were also conducted on bivalve samples.

P. olseni was not detected in environmental samples by qPCR; however, eDNA sequencing revealed its presence
in both the water and sediment at all sampled points, showing a seasonal pathogen prevalence. As expected, the
parasite was detected in clams, but a few cases were also found in mussels and cockles. The presence of the
parasite was confirmed in Cerastoderma edule by histology and qPCR using RNA to evaluate the presence of
proliferative life stages of the parasite. Therefore, this is the first time that P. olseni has been found in C. edule but
with low abundance and infection intensity levels.

1. Introduction The real-time PCR assay (qPCR) is suitable to detect known patho-

gens using specific primers that target only these species and discrimi-

Many protozoan parasites cause severe diseases and impact host
population dynamics and the entire ecosystem (Bréte et al., 2010). The
detection and characterization of these parasites are challenging
because many of them often infect at low density levels and develop part
of their life cycle in alternative hosts or intracellularly (Bass et al., 2015).
Moreover, protistan parasites, especially those that belong to the same
genus, are morphologically challenging to differentiate by histopathol-
ogy, even being highly divergent at the molecular level. For this reason,
molecular biology-based methods are a good option for accurate char-
acterization of protists and other organisms at the genus or species level
(Bass et al., 2015).

nate among congeneric pathogens. However, the limit of detection
should be determined, especially in mixed communities of environ-
mental samples. There are some limitations in this technology, such as
the presence of PCR inhibitors (humic acids or heavy metals) in envi-
ronmental samples and the need to design specific primers in a known
genomic region (Porter and Hajibabaei, 2018).

The 18S rRNA metabarcoding technology allows the study of protist
diversity in the marine environment, taxonomic identification and the
discovery of unknown lineages (Amaral-Zettler et al., 2009; Brate et al.,
2010; de Vargas et al., 2015) using environmental DNA (eDNA) previ-
ously amplified by PCR and sequenced on a high-throughput platform

Abbreviations: qPCR, quantitative PCR; eDNA, environmental DNA; O.LE., World Organization for Animal Health; OTU, Operational Taxonomic Unit; ITS,

Intergenic Spacers.
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(Deiner et al., 2017). The analysis of eDNA provides information about
parasite (and other organisms) diversity and their life cycles (Bass et al.,
2015) by studying different environmental compartments where the
parasite might be present (sediment, planktonic size water). The anal-
ysis of eDNA is also helpful for the description of alternative or new hosts
and the transmission vectors and routes of infection, as in the case of the
marine copepod Paracartia sp. as the transmission vector of the proto-
zoan parasite Marteilia refringens (Boyer et al., 2013; Bass et al., 2015).

Perkinsus olseni is a protist endoparasite classified in the eukaryotic
lineage Alveolata, phylum Perkinsozoa and class Perkinsea. The endo-
parasite infects a wide variety of hosts worldwide and causes perkinsosis
disease. In Europe, it was detected on the Atlantic and Mediterranean
coasts in Ruditapes decussatus, R. philippinarum and Venerupis pullastra
clams (DaRos and Canzonier, 1985; Azevedo, 1989; Ceschia et al., 1991;
Casas et al., 2002; Abollo et al., 2006; Balseiro et al., 2010; Arzul et al.,
2012). High mortalities and, therefore, significant economic losses have
been associated with this infection across the world (Azevedo, 1989;
Sagrista et al., 1996; Villalba et al., 2005; Pretto et al., 2014; Ruano
et al., 2015). Particularly in Europe, the infection of P. olseni generated a
high impact, causing mass mortalities of R. decussatus, R. philippinarum
or V. pullastra in Italy (Pretto et al., 2014), southern Portugal (Azevedo,
1989) and Spain (Sagrista et al., 1996; Villalba et al., 2005). As a
consequence, P. olseni has been catalogued by the World Organization
for Animal Health (O.LE.) as a notifiable parasite (O.LE, 2019).

Transmission of Perkinsosis occurs directly from host to host, indi-
cating a direct lifecycle with three transmissible infective life stages
(trophozoite, hypnospore, and zoospore stages). Perkinsus olseni has
been detected inside the host or as free-living stages allowing a fast
horizontal spread of the disease. However, it is unknown which stage is
most effective for transmitting the disease in the field (Chu, 1996).
Mature trophozoites are spherical-ovoid cells from 13 to 16 pm with a
great vacuole taking up the majority of the cytoplasm and a peripheral
nucleus (Lester and Davis, 1981; Perkins, 1996; Villalba et al., 2004).
These cells are located mainly in the connective tissue of the host. Pal-
intomy proliferation occurs from each mature trophozoite within the
host, and immature trophozoites are released from cells that contain 8 to
32 daughter cells. Immature trophozoites enlarge and acquire the vac-
uole and the typical ring appearance of a mature trophozoite (Perkins,
1996; Villalba et al., 2004). Trophozoites are released to the environ-
ment through the faeces or after tissue decomposition from the death
hosts. Under unfavourable conditions, these stages enlarge, becoming
resistant forms named hypnospores, with diameters of 56-94 pm (Lester
and Davis, 1981; Bushek et al., 2002; Villalba et al., 2004; Casas and La-
Peyre, 2013). Hypnospores are generally associated with the death of
hosts, and their appearance in live animals is limited (Lester and Davis,
1981; Park et al., 2010). Under favourable environmental conditions,
the hypnospore matures to become a zoosporangium that contains
hundreds of biflagellate zoospores with a size between 3 and 5 pm (Casas
et al., 2002) that are released into the environment by the discharge tube
to infect another host (Villalba et al., 2004). However, P. olseni hyp-
nospore and zoospore stages have only been observed under laboratory
conditions and have yet to be detected in the field.

Epizootiological knowledge on Perkinsus showed that there is an
annual pattern of perkinsosis dynamics influenced by temperature and
salinity. On the basis of in vitro analysis, Casas et al. (2002) suggested
that P. olseni zoosporulation could occur when water temperatures are
similar to the temperatures registered in the field from spring to autumn.

The main and novel approach of this study was the combination of
several techniques to study the distribution of P. olseni in clams (primary
host) and other bivalves (Mytilus galloprovincialis and Cerastoderma
edule) and in the environment (sediment and planktonic fractions). DNA
metabarcoding based on the 18S ribosomal RNA gene was com-
plemented with a specific qPCR for P. olseni previously developed by
Rios et al. (2020). Histopathology analysis and qPCR assays using RNA
were also used to describe the proliferative status of the parasite.
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2. Materials and methods

2.1. Sampling

Seven consecutive samplings were conducted in Meira (Ria de Vigo,
NW Spain), an area of clam production, over three years from 2016 to
2018 (Fig. 1). Temperature and salinity data associated with each
sampling time were obtained from the Instituto Tecnoldéxico para o
Control do Medio Marino de Galicia database (Intecmar Xunta de
Galicia) INTECMAR, 2010).

In each sampling, 15 mussels (M. galloprovincialis), 15 clams
(R. philippinarum) and 15 cockles (C. edule) were collected. Superficial
sediment from three different areas of the beach was also taken, mixed
and kept at —20 °C until DNA isolation. Seawater was filtered by filters
with different pore sizes to obtain 3 fractions of the water column.
Seventy-five cubic meters microliters of surface seawater (0-1 m depth)
was filtered with a 200-pm plankton net (mesoplankton, >200 pm).
Then, a volume of 40 L was filtered through a 65 pm pore size net to
obtain the microplankton (200-65 pm), and finally, 2 L of this water was
again filtered through a 0.22 pm pore size to retain the nanoplankton
and picoplankton fraction (65-0.22 pm) (Fig. 1B). All filters were kept at
—20 °C until molecular analysis (18S rRNA sequencing and qPCR).

Bivalves were carefully extracted from the shell, and half of the body
was fixed in Davidson solution (Shaw and Battle, 1957) for 24 h for
histological analysis. The other half of the animal was used for DNA and
RNA isolation. A small fragment of the gill, gonad, mantle and digestive
gland was pooled in a single sample from each individual and preserved
in ethanol (99-100%) for isolating DNA and preserved in RNA-Later
(Merck, Darmstadt, Germany) for isolating the RNA.

2.2. DNA and RNA isolation

DNAs from a total of 24 samples of sediment and water column
fractions were isolated using the PowerSoil DNA isolation Kit (Qiagen,
Hilden, Germany) following the manufacturer's protocol. Total DNA and
RNA from a total of 20 samples of molluscs were isolated using the
Maxwell 16 Blood Purification DNA Kit (Promega, Madison, USA) and
Maxwell 16 LEV Simply RNA Tissue Kit (Promega, Madison, USA),
respectively, according to the manufacturer's instructions. DNA and
RNA quality and quantity were estimated with a NanoDrop™ 1000
spectrophotometer (NanoDrop Technologies, Inc., DE, USA). cDNA
synthesis was performed from RNA samples following the NZY First-
Strand cDNA Synthesis Kit (Nzytech, Lisbon, Portugal) protocol.

2.3. 18S SSU rRNA sequencing by Illumina

DNA from bivalves collected at each sampling point (N = 15) was
pooled. The V9 region of the 18S SSU rRNA gene was amplified using
DNA isolated from environmental compartments and from pooled bi-
valves using the universal eukaryotic-specific primers 1380F/1510R
from Amaral-Zettler et al. (2009). The amplicons obtained (180 bp long)
were purified using the Qiaquick PCR purification kit (Qiagen, Hilden,
Germany) according to the manufacturer's protocol and quantified with
the NanoDrop™. A library was prepared using the Herculase II Fusion
DNA Polymerase Nextera XT Index Kit V2 (Illumina), and paired-end
sequencing (2 x 300) was performed on an Illumina MiSeq platform
(Macrogen, Seoul, Shouth Korea).

Bioinformatic analysis was detailed in Rios-Castro et al. (2021).
Briefly, a custom reference database using sequences of the 18S gene
from eukaryotes was designed to assign an operational taxonomic unit
(OTU) to the sequences obtained after Illumina sequencing. Data anal-
ysis was performed using the Microbial Genomics Module package of
CLC Workbench 12 software (Qiagen, Hilden, Germany). Raw sequences
were trimmed, and the reference database OTU clustering procedure
was performed. Then, sequences identified as being from P. olseni were
extracted from the OTU table after the clustering procedure for each of
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Fig. 1. A) Sampling performed in Meira (Ria de Vigo, NW, Spain) from 2016 to 2018. B) Diagnosis techniques performed for each bivalve and environmental

compartment sampled.

the samples, and they were managed individually. The number of Per-
kinsus reads in each sample corresponded to abundance values from
bivalves and environmental compartments.

2.4. Specific real time PCR

A specific real-time PCR (qPCR) assay was performed using DNA and
cDNA extracted from individual samples of bivalves and DNA of envi-
ronmental samples. The detection of P. olseni was conducted with spe-
cific primers (Perk-ITS-q F1 and Perk-ITS-q R2) that amplify the
intergenic spacer regions 1 and 2 (ITS-1 and ITS-2) of the ribosomal RNA
following the criteria described by Rios et al. (2020). The intensity of the
infection in clams was calculated following the Pfaffl method (Pfaffl,
2001) by normalizing the threshold cycle (Ct) values using the 18S gene
as a reference gene (Moreira et al., 2012). To confirm positive results,
PCR amplicons were purified using the manufactured protocol kit
Mlustra ™ ExoProStar 1-Step (Merck, Darmstadt, Germany) and
sequenced (Eurofins Genomics, Ebersberg, Germany).

2.5. Histopathology

Transversal sections of fixed bivalves were prepared to include all
the different organs of the animals. Samples were automatically pro-
cessed (Leica TP 1020, Leica Microsystems, Wetzlar, Germany),
embedded in paraffin blocks and cut into 5-pm thick sections on a
microtome (Leica RM2255; Leica Microsystems, Wetzlar, Germany).
Sections were deparaffinized, rehydrated and stained with
haematoxylin-eosin. Tissues were examined under an optical micro-
scope (Nikon Eclipse 80i, Nikon, Tokyo, Japan) at 40x to evaluate the
prevalence of Perkinsus spp. and the presence of histopathological
alterations.

3. Results
3.1. Presence of Perkinsus olseni in marine environmental compartments

A total of 24 environmental samples, including sediment and
planktonic fractions, were analysed by sequencing the 18S rRNA gene.
After recovering the raw reads, trimming and OTU clustering proced-
ures, specific reads for Perkinsus were selected. In parallel, a qPCR assay
for the specific detection of P. olseni was also conducted in these

environmental samples.

Perkinsus was not detected in the marine environment compartments
by specific qPCR; however, it was possible to detect the parasite by
sequencing the 18S rRNA gene in all the samplings of marine environ-
mental fractions but, in general, with very low absolute abundance
(Fig. 2A). Environmental factors such as temperature and salinity did
not show abnormal variations throughout the studied period, and no
clear temporal distribution of the parasite could be established. Perkin-
sus presented a maximum prevalence in autumn 2016, when the abun-
dance values were higher in all the environmental compartments
(Fig. 2).

The parasite was found in the sediment in all the samplings (Fig. 2B),
with the highest abundances in autumn 2016 and 2017. In the meso-
plankton, P. olseni was only detected at very low levels in winter and
summer 2017 and in summer 2018 (Fig. 2C). The highest abundance in
the environment was detected in the microplankton in autumn 2016,
although the parasite was not present in all samplings (Fig. 2D). In the
nanoplankton/picoplankton, the parasite was always detected (with the
exception of autumn 2017, when no data could be obtained) (Fig. 2E),
with the highest abundance level also in autumn 2016.

Although it is not possible to establish clear temporal and spatial
variation of the presence of the pathogen in the different environmental
fractions, autumn seemed to be the time of the year with the highest
prevalence in the environment over the studied period.

3.2. Presence of Perkinsus olseni in bivalves

Twenty samples of pooled DNA extracted from bivalve tissues were
taken for massive sequencing of the 18S rRNA gene. In parallel, histol-
ogy and qPCR assays for the specific detection of P. olseni were also
performed in individual animals.

By massive sequencing, P. olseni was mainly detected in clams at all
sampling points. The highest abundance level was obtained from sum-
mer 2016 to winter 2017, with a maximum detection in autumn 2016.
The same pattern was observed from summer 2017 to winter 2018,
although with lower abundances. In general, a decrease in the presence
of the parasite could be observed over the years (Fig. 3A).

Histological examination of tissue sections of clams revealed the
presence of the parasite and pathological alterations in clams. The
highest prevalence was observed in summer 2016 (40%), followed by
winter 2017 (32%) and winter 2018 (20%). Low incidence levels were
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Fig. 2. P. olseni abundance obtained by 18S SSU ribosomal RNA V9 region from: A) The combination of all environmental sampling, B) Sediment, C) mesoplankton
(>200 pm), D) microplankton (200-65 pm), E) nanoplankton-picoplankton (65-0.22 pm). The average temperature and salinity from the same month of each

sampling episode were represented from Intecmar data.

obtained in autumn 2016 and autumn 2017 (6% in both cases). Perkinsus
was not detected in summer 2017 or summer 2018 (Fig. 3B).

A similar pattern of prevalence was observed by qPCR. A general
increase in the incidence was observed from summer to winter in all
sampling periods, with the highest levels detected in winter every year.
The prevalence was higher in 2017 than in 2018, showing a general

decrease in occurrence from 2016 to 2018 (Fig. 4A). Moreover, the
infection level of the parasite remained constant in all years and seasons
without significant differences (Fig. 4B).

To detect the active proliferation of the pathogen (replicative stage)
inside the bivalves, we used RNA extracted from the same bivalves and
conducted new qPCR assays. When clam ¢cDNA samples were used, an
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opposite pattern of prevalence among seasons was observed compared prevalence in autumn and winter. In summer 2018, only 6% prevalence
with the previous results obtained using DNA (Fig. 4C). In general, was observed, compared with 78% prevalence in summer 2016 and 30%
higher prevalence values were obtained in summer, followed by lower prevalence in summer 2017. Thus, the lower prevalence also indicates a



R. Rios-Castro et al.

general decrease in the proliferative stage of the parasite from 2016 to
2018, showing a downward trend over the years again. The infection
level of the parasite also remained constant in all years and seasons, with
no significant differences observed (Fig. 4D).

eDNA analysis also allowed the description of an alternative host for
this pathogen. Our study included mussels and cockles that a priori are
not affected by the parasite. By massive sequencing, Perkinsus was
detected in both bivalve species at very low abundance. The parasite was
detected in mussels (one read) in winter 2017 and autumn 2017 and in
cockles in summer 2017 (one read) (data not shown).

A

/¢
L N,
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The parasite was never observed by histology in mussel tissues (data
not shown). However, P. olseni was detected in cockle tissues in the
histological study in one individual in the summer 2017 sampling (6.6%
prevalence) and in 2 specimens from the winter 2018 sampling (22.2%
prevalence). The infection intensity was low (1-5 trophozoites per sec-
tion), and haemocyte infiltration that could be associated with Perkinsus
presence was frequently observed. As in clams, mature trophozoites
were located isolated in the connective tissue near the digestive gland
and gonad. They were spherical and ovoid (7.82 + 1.01 SE length and
7.28 + 0.75 SE width). The typical “single ring” appearance was

Fig. 5. Transversal tissue sections of the cockle C. edule. A) P. olseni mature trophozoite (arrow) located on the connective tissue and near the gonad. Bar scale: 25 ym
and 10 pm. B) P. olseni mature trophozoite (arrow) located on the connective tissue near of the digestive gland. A high number of haemocytes were observed in the
zone of the connective tissue indicating tissue infiltration. Bar scale: 25 pm and 10 pm. In both amplified images (100x) the “single ring” appearance was observed in
trophozoites, with a big vacuole that occupies the majority of the cytoplasm and a peripheral nucleus (arrowhead). CT: connective tissue; DG: digestive gland; V:

vacuole; G: gonad; H: haemocytes.
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observed in trophozoites, with a great vacuole that occupies the majority
of the cytoplasm and a peripheral nucleus enclosing an evident nucle-
olus (Fig. 5).

By qPCR, P. olseni was only detected in two pools of DNA extracted
from mussels in winter and autumn 2017. In cockles, P. olseni was also
detected in only one pool of DNA in summer 2017 (data not shown).

When cDNA was used for qPCR assays (replicative stage of the
parasite), the parasite was never detected in mussels. In contrast, two
samples of tissues extracted from cockles were positive. Interestingly,
the positive samples from winter 2018 were also positive by histology.

All the positive PCR products were sequenced to confirm the identity
of the amplified fragments, and all of them showed 99-100% identity
with P. olseni (LC431768.1) (data not shown).

4. Discussion

The surveillance of parasites affecting cultured fish and shellfish is
conducted mainly in the affected hosts. However, the detection of these
potential pathogens in the marine environment is a strenuous activity.
Although Perkinsus olseni is a widely studied pathogen, most of the
studies are focused on the interactions between hosts and pathogens,
explaining how the progression of the infection occurs (Sagrista et al.,
1995; Ordas et al., 2001; Casas, 2002; Chintala et al., 2002), describing
the immune responses after the infection (Anderson, 1999a; Anderson,
1999b; Ordas et al., 2000; Gauthier and Vasta, 2002), the pathogen
prevalence in host tissues after environmental changes such as temper-
ature and salinity (Goggin et al., 1990; Ragone and Burreson, 1993;
Ragone and Burreson, 1994; Gauthier and Vasta, 1995; Casas, 2002) and
the geographical dissemination of Perkinsus species (Ek-Huchim et al.,
2017).

However, infected bivalves release parasites through faeces or
decayed tissue from dead organisms to the environment, and as a
consequence, P. olseni life stages are free-living in the field until they
infect new hosts (Bushek et al., 2002; Park et al., 2010). To date,

Nano
picoplankton

Microplankton
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however, only limited studies have reported the presence of Perkinsus
spp. in the water column (Ragone-Calvo et al., 2003; Audemard et al.,
2006) and sediment (Park et al., 2010) using different techniques, such
as real-time PCR assays (Audemard et al., 2006), flow cytometry
(Ragone-Calvo et al., 2003) or immunofluorescence assays and Western
blotting (Park et al., 2010). The low prevalence of parasites in the
environment and other similar species or interfering contaminants could
limit detection in environmental samples.

Recently, DNA metabarcoding has been used more often in ecolog-
ical studies to monitor eukaryotic and prokaryotic organisms in the
environment (Maritz et al., 2017; Polinski et al., 2019; Sunagawa et al.,
2020). The main benefit of this assay is that it is possible to obtain in the
same analysis all the eukaryotic diversity present in a sample by
amplifying and sequencing only a particular conserved gene, which
makes this technique a non-invasive, less time-consuming and more
adequate method without the need to detect specific organisms.

The protist parasite P. olseni was detected in eDNA and in clams
throughout the three years of our study by sequencing. This study was
the first where transmissible infective stages could be associated with
environmental compartments in almost all sampling periods. Based on
the known parasite sizes of each transmissible life stage and according to
the sequencing data obtained in this study, the different life stages of the
parasite could be associated with different compartments in the
ecosystem (Fig. 6). Clam mortality increases after spring and mid-
summer peak prevalence (Villalba et al., 2005). In this period, the
enlargement of trophozoites occurs in moribund hosts, and they are
released after clam death or by faeces elimination (Bushek et al., 2002;
Park et al., 2010). Resistance forms known as hypnospores are released
to the environment (Ray, 1954; Perkins and Menzel, 1967; Casas et al.,
2002; Villalba et al., 2004). In sediment, we detected the pathogen
throughout the years, with the highest abundance levels detected in
autumn 2016 and autumn 2017, when host mortalities were more likely
to occur (Villalba et al., 2005). Interestingly, a similar seasonal abun-
dance pattern was obtained in clams by sequencing. Trophozoites and

_ Trophozoite 5-15 ym

@ Hypnospore  50-90 pm
@ Zoosporangia 50-90 pm

AN Zoospores 2-5um

Mesoplankton

@ R. philippinarum

Fig. 6. P. olseni spatial distribution in environmental compartments, according to the life cycle of the parasite and sequencing results obtained from the environment

and bivalves.
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hypnospores are the life stages detected in infected hosts, and they are
released to the sediment after clam death or by faeces, suggesting the
presence of trophozoites and hypnospores mainly in sediment. The
highest abundance levels of P. olseni were detected in the microplankton
size in autumn 2016. The diameter range of P. olseni hypnospores is
56-94 pm (Lester and Davis, 1981); therefore, hypnospores could be
present in this compartment, and with favourable environmental con-
ditions, the zoosporulation process occurs, and the hypnospores turn
into zoosporangia (50-90 pm), which are also present in this compart-
ment. Hundreds of biflagellate zoospores (5-15 pm) are released to the
environment by zoosporangia, and consequently, the parasite is propa-
gated to another host by gill filtration (Villalba et al., 2004). In the
nanoplankton/picoplankton fraction (65-0.22 pm), the highest P. olseni
abundance was from autumn 2016, and mainly zoospores could be
detected. Perkinsus olseni could also be present in the mesoplankton
(>200 pm), although with the lowest prevalence. Ocean currents could
remove the sediment, and P. olseni could be released and retained on
larger planktonic components, also explaining their presence in this
compartment.

Since clams are a well-known susceptible host of P. olseni, it was
possible to obtain a clear seasonal pattern of the prevalence of P. olseni in
the proliferative stage and nonproliferative stage by qPCR assay.
Opposite patterns of P. olseni prevalence were observed by real-time PCR
when DNA and cDNA samples were analysed in clams. These differences
could be explained by the proliferative status of the parasite, which
would be represented in cDNA samples, whereas the accumulation of
parasites in clam tissue from previous proliferation periods could be
detected in DNA samples (Not et al., 2009; Bass et al., 2015). In summer
periods, more potentially proliferative P. olseni (cDNA) was observed
than in the non-proliferative stage (DNA). In autumn, the prevalence
decreased in cDNA samples, while an increase was observed in DNA
samples, suggesting that the proliferation of the parasite continues in
autumn but at lower levels than in summer, and the accumulation of the
parasite in host tissue occurs from the last replication stage. In winter,
the proliferation of the parasite decreased, and the lowest prevalence
values were detected in cDNA samples. However, the accumulation of
parasite cells that are not in proliferative stages may explain the higher
prevalence.

Moreover, when the water temperature is above 15 °C (summer-
early autumn), higher infection levels and prevalence of P. olseni are
known to be detected than when the water temperature is below 15 °C
(winter), showing a seasonal pattern of perkinsosis disease (Azevedo
et al., 1990; Villalba et al., 2005). The average water temperature in
Meira was 15-16 °C in summer-autumn during the three years sampled
(Intecmar data) and 12-13 °C in winter, so our prevalence data from
cDNA samples are related to seawater temperature, being concordant in
a seasonal pattern of perkinsosis prevalence. Although a seasonal
pattern of prevalence according to seawater temperature has been
observed in clams, the infection intensity was low and constant in
sampling, and no significant differences in the intensity infection level
were detected throughout the period studied.

When these qPCR results were compared with the metabarcoding
from sequencing the DNA amplicon of the V9 18S ribosomal RNA region
in bivalves, the highest abundance of the parasite in clams was also
detected in autumn in all the years sampled. As previously described,
there was a downward trend in pathogen prevalence during our study
period. Therefore, we could assume that currently, P. olseni in envi-
ronmental waters in Ria de Vigo does not pose an imminent risk to the
culture of bivalve molluscs; nevertheless, it is important to maintain the
monitoring of the disease. The use of high-throughput sequencing from
environmental DNA samples could be helpful to establish an early
monitoring predictive model of the disease over the years, considering
other environmental factors and evaluating the long-term effect of
climate change on the parasite life cycle.

P. olseni was detected with very low infection intensity from DNA
samples of the mussel M. galloprovincialis using qPCR and sequencing of
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the V9 region of the 18S rRNA gene. However, P. olseni was not observed
in cDNA samples by qPCR or by histopathological analysis. Mussels
filtered between 2 and 8 L/h of water (Wijsman and Smaal, 2017), and
P. olseni could be filtered by mussels and detected without proliferation
taking place, the possible reason why P. olseni was detected only in in-
dividual DNA samples with very low abundance, proving the high
sensitivity levels of the 18S metabarcoding and the specific qPCR assay
used.

However, active infection of Perkinsus olseni was detected in cockles
with very low abundance by high-throughput sequencing of the V9 re-
gion of the 18S rRNA gene, suggesting the high sensitivity of this tech-
nique to detect very low levels of the parasite in the environment. This
new finding was corroborated with the specific qPCR of cDNA, con-
firming the cockle C. edule as a new host of the parasite P. olseni, which
has the capacity to proliferate in this bivalve. In this case, the parasite
was also detected by histopathology, although no associated lesions
were detected. In previous studies, C. edule has been reported to be
infected by Perkinsus chesapeaki on the Mediterranean coast (Carrasco
et al., 2014), and P. olseni has also been detected in other Cerastoderma
species (C. glaucum) (Ramilo et al., 2015), but this is the first report of
P. olseni isolated from the cockle C. edule. However, only a few isolated
trophozoites were detected in the infected animals, causing no tissue
damage. The role of C. edule as a new host of the pathogen has to be
studied deeply.

P. olseni was only detected by high-throughput sequencing of the V9
region of the 18S rRNA gene in sediment and different planktonic
fractions, even at very low abundance, which makes high-throughput
sequencing an appropriate technique for environmental samples. Envi-
ronmental conditions such as nutrient availability, temperature and
salinity conditions play an essential role in the prezoosporulation and
zoosporulation of Perkinsus olseni (Goggin et al., 1990; Casas et al.,
2002).

In this study, we were not able to establish a precise temporal dis-
tribution of the different life stages of the parasite in the environment.
Nevertheless, we have demonstrated that replication of the parasite is a
continuous process that occurs throughout the year, as RNA of the
parasite was found by qPCR from almost all samplings.

This study led us to conclude that the high-throughput sequencing of
the 18S rRNA gene and a specific real-time PCR assay (qQPCR) combined
with classical methods such as histology allowed us to determine the
prevalence, intensity and proliferative status of Perkinsus olseni in
several bivalve species and environmental compartments. This approach
could be used to improve the management of the disease and even the
prevention of mass mortality episodes.
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