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Abstract: Shellfish farming is a relevant economic activity in Chile, where the inner sea in Chiloé
island concentrates 99% of the production of the mussel Mytilus chilensis. This area is characterized by
the presence of numerous human activities, which could harm the quality of seawater. Additionally,
the presence of potentially pathogenic microorganisms can influence the health status of mussels,
which must be constantly monitored. To have a clear viewpoint of the health status of M. chilensis and
to study its potential as a host species for exotic diseases, microbiological, molecular, and histological
analyses were performed. This study was carried out in October 2018, where M. chilensis gut were
studied for: presence of food-borne bacteria (Vibrio parahaemolyticus, Escherichia coli, Salmonella spp.),
exotic bacteria (“Candidatus Xenohaliotis californiensis”), viruses (abalone and Ostreid herpes virus), and
protozoa (Marteilia spp., Perkinsus spp. and Bonamia spp.). Additionally, 18S rDNA metabarcoding
and histology analyses were included to have a complete evaluation of the health status of M. chilensis.
Overall, despite the presence of risk factors, abnormal mortality rates were not reported during the
monitoring period and the histological examination did not reveal significant lesions. Pathogens of
mandatory notification to World Organization for Animal Health (OIE) and the Chilean National
Fisheries and Aquaculture Service (SERNAPESCA) were not detected, which confirms that M. chilensis
have a good health status, highlighting the importance of an integrated vision of different disciplines
to ensure the sustainability of this important mussel industry in Chile.

Keywords: mussel; aquaculture; pathogens; eukaryotic communities; 18S rDNA

1. Introduction

Increasing social apprehension about the environmental quality and vulnerability of
biodiversity of the marine coastal areas have been observed in recent years, both on a global
and local scale [1,2]. Mussels of the genus Mytilus, are widely distributed throughout the
oceans and are typically found in cold waters in both hemispheres, following an antitropical
distribution pattern [3]. They are important components of coastal ecosystems [4] and
objects of research as cosmopolitan inhabitants of high-latitude coastal marine ecosystems.
In addition to their ecological significance, they are commercially important in the global
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scenario with the Chilean mussel (M. chilensis) ranking in the top five mollusk species
intended for aquaculture production worldwide [5].

Mytilus chilensis (Hupé 1854) belongs to the group of marine mollusks included in
the Bivalvia class. It recently acquired the definitive status of a species recognized and
accepted in the World Register of Marine Species (WoRMS) with the AphiaID: 397,041 [6].
It is distributed along approximately 1900 km of the Chilean coast from the Gulf of Arauco
(35◦ S) in the north to Cape Horn (55◦ S) in the south, inhabiting intertidal and subtidal
environments down to 10 m in depth [7]. Currently, 99% of the total commercial production
of M. chilensis comes from suspended cultures in large-scale mussel farms located mainly
between 41◦30” S and 43◦30” S, within the protected Chiloé inner sea, in southern Chile.
The Chilean mussel industry has grown exponentially in the last 20 years, with current
production at 338,000 tons/year, which makes M. chilensis the second most important
product of Chilean aquaculture, after Atlantic salmon [8].

Harvesting of Mytilus spp. mussels throughout the world is based on the exploitation
of both wild and cultivated populations [9]. Mussel farming is based on long-line systems
suspended either at the surface or sub-surface, in coastal or open waters. The Chilean
mussel farms are in highly anthropized areas in the inner sea of Chiloé, characterized by
intensive aquaculture and tourist activities. Although these guarantee a good supply of
nutrients for mussels breeding, they could represent a problem due to the introduction of
contaminants that can weaken the immune system of the mussels. The presence of biotic
and abiotic stressors agents can lead to a critical situation, depending on the seasonality or
the performance of human activities at specific sites. Although no mass mortality events
associated to pathogens have been reported in Chile, events have been reported in mussels
in other parts of the world [10].

To continue previous studies [11] and contribute to the definition of the health status of
the Chilean mussel, we report the results of a multidisciplinary study, evaluating pathogens
that can affect the welfare of marine species with economic importance, as well as public
health, using M. chilensis as a sentinel species. The target microorganisms are defined in
the list of exotic diseases of the World Organisation for Animal Health (OIE) and Chilean
National Fisheries and Aquaculture Service (SERNAPESCA), supplemented with 18S
rDNA metabarcoding, histology, and foodborne pathogens analyses. This study provides a
new and comprehensive perspective on the health status of M. chilensis to provide baseline
data for future reference in the mussel aquaculture regions of Patagonia.

2. Results
2.1. Microbiological Analysis

A total of three mussel farms (S1–S3) were sampled for microbiological, histologi-
cal, and molecular analysis (Figure 1, Table 1). Analysis of foodborne pathogens in this
study corroborated previous findings from our laboratory, where Salmonella spp. and
V. parahaemolyticus were not detected in mussel farms. The E. coli bacterium was detected
in all the samples with the most probable number analysis (MPN), all with contamination
levels <100 MNP/100 g (Table 2). This finding indicates that the mussels are of a good
quality for harvesting, all mussel farms being classified as category A.

Table 1. Coordinates and other characteristics of the sampling locations.

Site Location Latitude (◦S) Longitude (◦W) Season PH Salinity T ◦C O2 Dissolved

Site 1 Huelmo Bay 41.677730 73.048031 Spring 8.2 32.5 10.1 8.1
Site 2 Codihue Bay 41.778566 73.373335 Spring 7.7 30.8 9.9 8.4
Site 3 Quinchao Island 42.487768 73.527073 Spring 7.7 31.3 10.2 7.3
Site 4 Calfuco 39.789.288 73.391.704 Spring 7.8 32.5 12.2 7.4
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Figure 1. Collection sites for Mytilus chilensis samples in southern Chile. Sampling coordinates are
indicated in Table 1. Sites 1–3 have mussel farms and Site 4 is free of them.

Table 2. Microbiological analysis.

Site Sample E. coli
MPN/100 g

Salmonella spp. P/A
25 g

V. parahaemolyticus
MPN/100 g

Site 1 1 80 Absence <0.3
2 50 Absence <0.3
3 90 Absence <0.3
4 60 Absence <0.3
5 80 Absence <0.3

Site 2 1 80 Absence <0.3
2 70 Absence <0.3
3 60 Absence <0.3
4 80 Absence <0.3
5 70 Absence <0.3

Site 3 1 20 Absence <0.3
2 10 Absence <0.3
3 <0.3 Absence <0.3
4 10 Absence <0.3
5 <0.3 Absence <0.3

MPN: most probable number. P/A: Presence/Absence.

2.2. Pathogens Evaluation and Histological Analyses

No mass mortality events were observed during this study. Samples from sites
S1–S3, are in good external condition. All samples were PCR negative for abalone (AbHV)
and Ostreid herpesvirus 1 (OsHV-1), parasites (Bonamia spp., Marteilia refringens and
Perkinsus spp.) and bacteria (Candidatus Xenohaliotis californiensis) (Table 3). Histological
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analysis described that the common finding in sites S1-S3 was the presence of intracellular
bacteria in the digestive tract in low to moderate intensity (prevalence S1: 20%, S2: 36.7%
and S3: 33.3%). Additionally, it was observed that intracellular bacteria did not cause
alteration in the digestive tract that could affect its correct functioning, observing no
structural anomaly (data not shown). These histological results were consistent with the
field observations and the PCR results described above.

Table 3. Pathogens DNA detection results.

Site Pathogen Samples Analyzed PCR Detection *

S1 Bonamia spp.

30

n.d.
M. refringens n.d.

AbHV n.d.
X. californiensis n.d.

OsHV-1 n.d.
Perkinsus spp. n.d.

S2 Bonamia spp.

30

n.d.
M. refringens n.d.

AbHV n.d.
X. californiensis n.d.

OsHV-1 n.d.
Perkinsus spp. n.d.

S3 Bonamia spp.

30

n.d.
M. refringens n.d.

AbHV n.d.
X. californiensis n.d.

OsHV-1 n.d.
Perkinsus spp. n.d.

*n.d: No detected.

2.3. General Sequencing Results

All samples obtained from gut tissue (n = 10) failed the PCR amplification [12–14].
From the gut content samples (n = 10), DNA was successfully obtained in five of them,
three from mussels collected in site 3 (MF group) and two from natural habitat from site 4
(Wild Type group, WT). A total of 5,017,389 raw data reads were generated by Illumina
MiSeq sequencing. 2,818,830 high-quality reads remained after trimming and filtering,
with a range between 506,051 and 629,065 of non-chimeric reads per sample (Table 4).
The rarefaction curves show the number of species as a function of the number of reads,
initially growing rapidly as the most common species are found and then stabilizing as
only the less frequent species remain. All rarefaction curves of observed species richness
reached saturation (Figure 2). Differences in sequencing efficiency were observed in the
samples analyzed. The classification against SILVA reference database assigned the reads
to 79 families and revealed the presence of 116 genera, where approximately 20% of the
sequences could not be assigned to any eukaryote genus. A Tukey’s HSD (Honestly-
significant-difference) test showed that the WT group were significantly different from the
MF group (p < 0.05).

Table 4. Characteristics of 18S rDNA metagenomic libraries.

Site Sample * Input Reads
Filtered

Reads
Merged

Non
Chimeras

No. of
Genera

No. of
Family

Shannon-Wiener
Index

Simpson
Index

3 MF1 1,038,053 828,653 737,414 566,455 27 26 3.11 0.95
3 MF2 942,997 789,981 788,394 629,065 14 11 3.00 0.94
3 MF3 994,332 820,426 817,042 596,117 31 27 3.18 0.95
4 WT1 999,049 788,556 782,046 506,051 63 49 3.46 0.96
4 WT2 1,042,958 826,767 821,658 521,142 66 42 3.41 0.96

* WT = Wild Type, MF = Mussel Farm.
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Figure 2. Rarefaction curves showing observed species richness in samples from WT (Wild Type) and
MF groups. The MF1–MF3 samples were collected from Site 3 and WT1 and, WT2 from Site 4.

2.4. Comparison between 18S rDNA Gut Eukaryotic Communities from WT and MF Groups
of M. chilensis

A high proportion of host DNA sequences were detected in the samples, highlighting
the importance of having specific nucleic acid extraction protocols to reduce contami-
nation with the host species. The analysis of the eukaryotic communities showed that
the Simpson index was close to 1 in all samples analyzed, showing high community
diversity (Table 4). Figure 3 shows the relative abundance of the 10 most-represented
eukaryotic organisms at the genus level found in the mussels gut. All samples have a
significant abundance of 18S rDNA sequences from host tissue, ranging from 68.8% to
79.02% of the total sequences. The number of unidentified 18S rDNA reads, representing
new species, remained high for all samples tested, close to 20%. The relative abundance of
sequences that have been assigned to eukaryotic organisms ranges from 0.2% to 13.95%
(Supplementary Tables S3 and S4).
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In general, the eukaryotic composition in both groups was dominated by few genera,
which represents the majority of reads in the analyzed samples. Dominant genera were
different between the WT and MF groups, showing differences in their relative frequen-
cies as shown in a heat-map (Figure 4). From the sequences that could be assigned, the
Peridiniales family have a greater abundance than the other families of the WT group, not
being detected in individuals from the MF group. Despite the low abundances obtained in
most from the eukaryotic organisms detected, this study was able to determine the pres-
ence of 116 different genera that are part of the gut eukaryotic community of M. chilensis.
This is influenced by the site-dependent feeding of the samples and provides preliminary
information on the possible composition of the surrounding plankton. Further studies are
needed to establish the relationship of plankton with the eukaryotic composition of the gut
of mussels.
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The NMDS plot showed that the MF and WT groups could be differentiated by their
gut 18S rDNA eukaryotic composition (Figure 5). The distinct eukaryotic communities
were evident from the beta analyses, showing that the composition was similar within
each group, but different between them. In general, bivalve samples from mussel farms
showed lower diversity and richness of the associated eukaryotic communities compared to
samples from natural habitats. Although the two groups share many species, the WT group
shows more different genera than the MF group (Figure 6), having 34 genera exclusive to
this group, the genus Heterocapsa being the most important.
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3. Discussion

Regarding histological analysis, intracellular prokaryotic inclusions were broadly dis-
tributed in the analyzed mussels, with the highest prevalence in Site S2 (36,7%). This finding
was not related to any alteration in the digestive epithelium affecting its normal functioning.
Additionally, no mass mortalities were recorded in the period of this study. The occurrence
of prokaryotic inclusions in the epithelial cells of the gills and digestive gland tubules is
widespread among mollusks [15–17]. Some histopathologic effects caused by prokaryotic
inclusions have been reported previously in bivalves [15]. In M. chilensis from southern
Chile, the multiplication of the bacteria caused hypertrophy of the infected gill epithelium
cells, although low values of prevalence and intensity of infection were recorded [18].
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The comparative analyses of three geographical sites characterized by the presence the
mussel farms (Sites 1–3) showed that M. chilensis had an adequate health status, without
the presence of exotic pathogens, significant histological findings, or critical counts of
microorganisms dangerous to public health. Protozoa parasites of the genera Perkinsus,
Marteilia and Bonamia were recognized as the main challenges for populations of natural and
cultured bivalves [19]. However, since their identification, the publications and studies have
not reflected the high environmental and economic impact that they have [20]. These species
can infect abalones, oysters, clams, and mussels. For this reason, they are currently under
mandatory notification to the OIE [21]. Since the first description of Marteilia (Paramyxea)
in the flat oyster Ostrea edulis in 1968 in the Aber Wrach, Brittany (France), the life cycle of
this parasite has remained unknown. M. refringens is one of the most significant pathogens
of bivalve mollusks, with two species “O” and “M” based on polymorphisms in the
internal transcribed spacer region of the ribosomal RNA genes [22]. Marteilia was detected
with low prevalence in M. galloprovincialis and M. edulis [23–25], having a significant
negative effect on the growth rate and length in M. galloprovincialis [26]. On the other hand,
during a study on the mussel M. galloprovincialis in Tokyo Bay, infection by the protozoan
parasite Perkinsus beihaiensis and P. olseni was found by histological examination and PCR
analyses [27]. However, no mass mortality on account of Perkinsus has been described in
mussels, where Mytilus plasma probably has a protecting role [28]. Finally, Bonamia sp. has
not been detected in species of the genus Mytilus [29]; however, in Chile, it was diagnosed in
the Ostrea chilensis oyster [30,31]. The possible relationship with other putative intermediate
hosts such as M. chilensis is relevant. In this study, presence of M. refringens, Perkinsus spp.,
and Bonamia spp. parasites was not detected in the samples analyzed by PCR. Furthermore,
no histopathological abnormalities were detected in the individuals studied, and 18S rDNA
reads were not taxonomically assigned to these parasitic genera. Interestingly, 18S rDNA
metabarcoding identified the genus Parvilucifera [32] of the family Perkinsidae in one
sample from WT group (Supplementary Table S4), Parvilucifera being an alveolate that
parasite dinoflagellates [33].

The AbHV and OsHV-1 are important pathogens in abalones and oysters, respec-
tively [34,35]. The genus Mytilus can harbor the OsHV-1, being considered a reservoir
or host for this virus without histological abnormalities [36–40]. In this study, the OsHV-
1 and AbHV viruses were not detected in the samples analyzed by PCR. Furthermore,
no histopathological abnormalities were detected in the individuals studied. To date, to
our knowledge there are no reports of AbHV and OsHV-1 in M. chilensis, in accord with
our results.

Regarding bacterial analysis, withering syndrome is a fatal disease in abalones, caused
by a Rickettsiales-like “Candidatus Xenohaliotis californiensis”. However, as infected abalones
have been transported to Chile and others countries [41], X. californiensis was surveyed in
this study. DNA of this bacterium was not detected in the individuals analyzed. However,
a previous study using 16S rDNA metabarcoding found sequences from Xenohaliotis in the
gut of mussels collected from mussel farms in Chile [11]. Futher studies should be carried
out to clarify the relationship between M. chilensis and Xenohaliotis.

High-throughput sequencing enables microbial community structure to be analyzed
with higher taxonomic resolution. The most popular method for high-throughput se-
quencing is PCR amplicon sequencing of genetic markers, such as 18S rRNA genes for
eukaryotes [42,43]. This approach contributes to our general understanding of environ-
mental eukaryotic diversity and distribution [44]. In this study, 20% of the sequences could
not be taxonomically assigned to any family, which reveals a great research opportunity to
discover new eukaryotic species in the waters of southern Chile. In general, the eukaryotic
composition in mussels was dominated by few genera, showing differences in their relative
frequencies according to the origin of the individuals. The family Peridiniales have a greater
abundance than the other families in the WT group, not being detected in individuals from
the MF group (Site 3). This family of dinoflagellate organisms are numerous in plankton,
where the genus Heterocapsa detected in this work, was previously associated with algal
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blooms [45,46]. In this work, for the first time to the best of our knowledge, the gut eukary-
otic composition of the bivalve species M. chilensis was studied. Microbial communities
associated with gut samples were significantly different depending on their location, thus
indicating the existence of a host-specific interactions with the environment. In general,
bivalve samples from mussel farm showed lower eukaryotic diversity when compared
with samples from the natural habitats. We hypothesize that high densities of mussels
in culture and proximity to other aquatic industries that provide significant amounts of
nutrients to marine ecosystems and anthropogenic contamination, generate conditions for
specific microorganism growth, reducing competition and favoring the selection of certain
genera, which is reflected in the eukaryotic composition of M. chilensis gut.

Finally, to complement the health information of M. chilensis, a limited study of critical
microbiological parameters that define the food quality of the mussel at harvest time was
carried out. The presence of Salmonella spp. and Vibrio parahaemolyticus, both pathogens
related to food safety, were negative in all samples analyzed. In addition, the determination
of Escherichia coli by the most probable number method, showed that all samples have
counts <100 MPN/100 g, which defines the extracting areas as class A category, according
to European regulations being safe for extraction for commercial purposes.

In Chile, the knowledge of mollusk diseases has few antecedents, being restricted to
the description of the presence of some multicellular parasites, the report of cell proliferative
disorder in Chiloé oysters [47], presence of Bonamia sp. in Ostrea chilensis [30], description of
bacterial agents in larvae of the northern oyster and more recently in adults of M. chilensis,
and intracellular bacteria-like organisms in the digestive gland and gills [17]. All analyses
carried out in this study, seen together, allow us to conclude that the Chilean mussel,
M. chilensis, has a good health status and quality for its commercialization. We have
concluded that Mytilus chilensis is devoid of serious parasites or diseases. No pathogens
were found in this study based on the lists of notifiable disease in the World Organization
for Animal Health and National Fisheries and Aquaculture Service of Chile, no significant
histological findings were detected, and the 18S rDNA metabarcoding analyzes did not
identify possible pathogens of interest to the industry. Overall, this study provides a new
and comprehensive perspective on the health status of M. chilensis, to provide baseline data
for future investigations into mussel aquaculture.

4. Materials and Methods
4.1. Site Information and Sample Collection

In October 2018, approximately 150 adults mussels (M. chilensis, ≥5 cm in shell length)
per site were collected from three mussel farms located in the inner sea of Chiloé Island
(Sites 1–3) and from a natural habitat (site 4) located far from the mussel farms (Figure 1).
The Chiloé area was chosen because it concentrates 99% of Chilean mussel production. Site
S1 is located near the city of Puerto Montt, the capital of the Lake District, with a population
of over 200,000 in habitants, characterized by intense anthropogenic activity. Site S2 is close
to the Chacao channel, characterized by intense maritime traffic and, Site S3 is in the inner
sea of Chiloe, characterized by intense aquaculture activity, with salmon and mussel farms
coexisting between them. Finally, Site 4 was chosen due to low anthropogenic activities in
the area, being considered a WT population for metagenomics analysis.

Mussels were collected from a long line at 1 m of profundity, kept cool, and transported
live to the laboratory for histological processing and DNA extraction. The microbiological
and histological analyses were carried out in the laboratory in less than 24 h post sampling.
The samples obtained from sites 1–3 were processed for microbiological, histological, and
molecular (PCR) analysis. Additionally, samples from sites 3 and 4 were processed for 18S
rDNA metabarcoding analysis. The GPS coordinates for each mussel farm, abiotic factors,
such as seawater temperature, pH, oxygen dissolved levels and salinity were recorded at
all sampling sites (Table 1).
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4.2. Microbiological Analysis

A total of five samples per site (S1–S3) were processing for microbiological analy-
sis. Analysis for Escherichia coli ß-glucuronidase—positive determination was performed
using the methodology based on ISO/TS 16649-3:2015: “Microbiology of food and ani-
mal feeding stuffs—Horizontal method for the enumeration of ß-glucuronidase—positive
Escherichia coli” [48]. Analysis for Vibrio parahaemolyticus was performed using the FDA/
bacteriological analytical manual, Chapter 9, Online, 2004 [49]. Finally, analysis for
Salmonella spp. was performed using the ISO 6579:2017: “Microbiology of food and animal
feeding stuffs—Horizontal method for the detection of Salmonella spp.” [50].

4.3. Histological Analysis

A total of 30 mussels per site (S1-S3) were processed for histological evaluations.
The individuals were cleaned externally, and their valves were separated using a knife.
The whole body of each mussel was removed and fixed for 48 h in Carson’s solution at room
temperature. Subsequently, the samples were reduced, and cross sections containing gills,
digestive gland, gonads, foot, mantle, and kidney were obtained. The fixed tissues were
then dehydrated by ascending ethanol series and embedded in paraffin wax. Samples were
cut in 4 ± 2 µm serial sections on rotary microtome and stained with standard haematoxylin-
eosin (HE) staining to evaluate the histopathological features. The slides were evaluated
microscopically with increasing magnifications (10×, 20× and 40×) by a light microscope
Leica model DMLS (Leica, Wetzlar, Germany). The prevalence of intracellular bacteria in
the digestive tract was recorded in all samples analyzed.

4.4. Nucleic Acids Extraction

For the detection of viruses, bacteria, eukaryotic parasites and, 18S rDNA metabar-
coding analysis, the epithelia of the digestive gland and gut content from mussels were
sampled and deposited in 2 mL tubes containing 1 mL of lysis buffer and zirconia beads
(0.1 mm). Each sample consisted of pooled tissues obtained from three mussels to complete
20 mg approximately. The tissue was chosen due to the probability of detecting the DNA
target due to the high water filtration capacity of mussels -about 33–50 mL min−1, which
allows for concentrating microorganisms surrounding many folds [51,52]. The pooled sam-
ples´ homogenization was performed using a beadbeater for 30 s at maximum speed and
the DNA extraction was carried out using a commercial kit E.Z.N.A.® Total DNA/RNA iso-
lation Kit (Omega Bio-tek, Norcross, GA, USA) following the manufacturer’s instructions.
Each sample of DNA extractions were stored at −20 ◦C until use in PCR reactions. All PCR
reactions were performed in duplicate and negative and positive controls were included in
all experiments. The primers sequences and PCR reaction conditions are summarized in
Supplementary Tables S1 and S2. The Me15/Me16 primers [53] were used to validate the
nucleic acid extraction procedure before the pathogens screening by PCR.

4.5. Pathogen Analysis
4.5.1. Virus Detection

The oyster and abalone farms are located close to mussel farms in Chile, for this reason,
the presence of AbHV and OsHV-1 was investigated in M. chilensis as a possible reservoir.
The AbHV DNA search was carried out according to World Organization for Animal
Health using the primers ORF77F1/ORF77R1 and ORF77 FAM-probe [54], by a real time
qPCR. Reactions contained 12.5 µL TaqMan® Fast Universal PCR Master Mix 2x (Agilent,
Santa Clara, CA, USA), 2 µL (~100 ng µL−1) of extracted DNA sample, and the reaction
mix was made up to 25 µL with deionized water after the primers and probe being added.
The following thermal cycling conditions were used: 95 ◦C for 10 min followed by 45 cycles
of 95 ◦C for 3 s and 60 ◦C for 30 s, using an AriaMx thermocycler (Agilent, Santa Clara,
CA, USA). The OsHV-1 DNA detection was carried out by an end point PCR using two
primers pairs combinations for the DNA detection, the external C5/C13 combination which
generated a 765 bp product, followed by the internal C2/C4 pair which yielded a 352 bp
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product [54,55]. The amplification reaction was performed in 25 µL containing 12.5 µL of
TaqMan® Fast Universal PCR Master Mix 2x, 2 µL (~100 ng µL−1) of extracted DNA sample,
100 µM of each primer and water to complete the final volume. After heating samples for
10 min at 95 ◦C, 35 cycles consisting of 95 ◦C for 1 min, 50 ◦C for 1 min and 72 ◦C for 1 min
were carried out, followed by a final elongation step of 10 min at 72 ◦C, using a SimpliAmp
thermocycler (Applied Biosystems, Waltham, MA, USA). If amplifications were observed,
a nested PCR was carried out using 0.5 µL of the primary reaction as a template following
identical reaction conditions. The PCR products were separated by electrophoresis on 2%
agarose gel stained with Gel Green (Biotium, Hayward, CA, USA) and visualized using
ultraviolet (UV) illumination.

4.5.2. Bacteria Detection

Previous results from our laboratory identified the presence of Xenohaliotis sequences
in the M. chilensis gut microbiome using 16S rDNA metabarcoding [11], therefore, the
evaluation of “Candidatus Xenohaliotis californiensis” in this study is of interest. The PCR
reactions were performed as is described in the manual, Manual of Diagnostic Test [54],
using the primers R5-1/RA3.6. PCR amplification was performed in 25 µL reaction volume
containing 12.5 µL TaqMan® Fast Universal PCR Master Mix 2x, 2 µL (~100 ng µL−1),
0.5 µM of each primer, and water to complete the final volume. The reaction mixtures were
cycled in a thermal cycler SimpliAmp (Applied Biosystems, Waltham, MA, USA) with an
initial denaturation at 95 ◦C for 10 min, 40 cycles at 95 ◦C for 1 min, 62 ◦C for 30 s, and
72 ◦C for 30 s, and a final extension at 72 ◦C for 10 min. An aliquot of each PCR reaction
product was checked by 2% agarose gel electrophoresis.

4.5.3. Parasites Detection

Protozoa of the genus Perkinsus spp., Marteilia spp. and Bonamia spp. are recognized
as the main challenges for natural and cultivated bivalve populations [19], being objects
of study. The PCR analyses for P. marinus and P. olseni were performed using PerkITS85
and PerkITS750 primers that amplify the ITS fragment [56] as is described in the man-
ual, Manual of Diagnostic Test for Aquatic Animals [54]. Each PCR reaction contained:
12.5 µL of TaqMan® Fast Universal PCR Master Mix 2x, 2 µL each primer at 0.1 µM, 2 µL
(~100 ng µL−1) DNA sample and water to complete 25 µL. Amplification conditions con-
sisted of an initial denaturation at 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for
1 min, 55 ◦C for 1 min, 72 ◦C for 1 min, with a final elongation at 72 ◦C for 10 min. The PCR
products were subsequently checked by 2% agarose gel electrophoresis.

The presence of M. refringens was evaluated using the published ITS1 primers Pr4-
Pr5 [22] as is described in the manual, Manual of Diagnostic Tests for Aquatic Animals [54].
The PCR reactions contained 12.5 µL TaqMan® Fast Universal PCR Master Mix 2x, 2 µL
(~100 ng µL−1) DNA sample, 1 µM forward and reverse primers and water to complete
25 µL. The PCR program consisted of the initial denaturation of DNA at 95 ◦C for 10 min,
30 cycles are performed as follows: denaturation at 95 ◦C for 1 min, annealing at 55 ◦C for
1 min, and elongation at 72 ◦C for 1 min. A final elongation step of 10 min at 72 ◦C was per-
formed. The PCR products were subsequently checked by 2% agarose gels electrophoresis.

For Bonamia spp. evaluation, PCR was performed using the BO/BOAS primers [57],
as is described in the manual, Manual of Diagnostic Tests for Aquatic Animals [54]. The
PCR mixtures contained 12.5 µL TaqMan® Fast Universal PCR Master Mix 2x, 2 µL DNA
sample (~100 ng µL−1), 1 µM forward and reverse primers, and water in a total volume of
25 µL. Samples were denatured in an AriaMx thermocycler for 10 min at 95 ◦C, followed by
30 cycles (95 ◦C for 1 min, 55 ◦C for 1 min, 72 ◦C for 1 min) with a final extension of 10 min
at 72 ◦C. After amplification, PCR products were subsequently checked by 2% agarose gel
electrophoresis.
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4.6. 18S rDNA Metabarcoding

Mussels collected from sites 3 and 4 were chosen for 18S rDNA metabarcoding analysis
due to the opposite characteristics of their habitats of origin. Individuals analyzed from
site 3 were designated as MF (Mussel Farm) and from site 4 as WT. Nucleic acids were
extracted from gut samples using PureLink microbiome DNA Purification kit (Invitrogen,
Waltham, MA, USA) according to the manufacturer´s instructions. DNA concentration and
purity were analyzed with an Infinite® 200 PRO Nanoquant (Tecan Group Ltd., Männedorf,
Switzerland), Qubit 3.0 (Thermo Scientific, Waltham, MA, USA), and a Bioanalyzer Instru-
ment (Agilent Technologies, Santa Clara, CA, USA) with GQN ≥7.

Sequencing was performed on Illumina Miseq (Illumina, San Diego, CA, USA) using
Nextera XT v3 600 cycle kit at Fraunhofer Foundation (Santiago, Chile). Samples were
amplified by dual-indexing Illumina fusion primers that targeted the 18S rDNA V4 region
for eukaryotes [58]. The manufacturer’s recommended protocol was used to perform the
sequencing reaction on Illumina Miseq platform. Sequence reads data were archived at
NCBI Sequence Read Archive (SRA) with the BioProject number: PRJNA762938.

4.7. Metagenomic Analysis

Bioinformatic analysis of Next Sequencing Generation (NGS) data was performed
at Genoma Mayor (Santiago, Chile) using DADA2 algorithm pipeline [59]. The DADA2
package uses a parametric model to infer exact amplicon sequence variants (ASVs) from
reads, assigning taxonomy to phylogenetically informative marker-gene data, such as the
16S or 18S rDNA gene using the naive Bayesian classifier method [60].

DADA2 was executed as a script in R statistical software v3.5.1 [61]. Reads were
quality-filtered and trimmed using the DADA2 function “filterAndTrim”, with options
maxEE = 2, truncQ = 2, truncLen = 250 for forward reads and truncLen = 220 for reverse
reads. This yielded 4,054,383 quality-filtered non-merged paired-end reads. Error rate
models were fitted using the DADA2 function “learnErrors”, separately for each study,
and separately for forward and reverse reads. ASVs were then inferred for each sample
using the DADA2 functions “dada” with default parameters and paired-end denoised
reads were subsequently merged using the DADA2 function “mergePairs” (with options
minOverlap = 12, maxMismatch = 0). Chimeric sequences were removed using the DADA2
function “removeBimeraDenovo” (method = “consensus”), separately for each study.

The calculations and drawing graphs were performed using the Phyloseq package
version 1.30 [62] available for R statistical software. The microbial diversity indices were
studied by calculating the Shannon and Simpson indexes. The diversity comparison among
populations was achieved by computing 2D non-metric multidimensional scaling (NMDS)
plots based on the Bray—Curtis similarity index. The ASVs were taxonomically identified
using SILVA database v.132 as a reference [63].

4.8. Statistical Analysis

To identify the main taxa that are changing among samples, two-way analysis of
variance (ANOVA) based on Tukey’s multiple comparison tests was carried out at 95%
confidence interval [64]. The analysis was carried out using the Real Statistics Resource
Pack Software Release 7.8 for Microsoft Excel [65].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pathogens11050494/s1, Table S1: Primers sequences used in this study, Table S2: Primers
concentration and PCR conditions used in this study, Table S3: Relative abundance (%) of sequences
in gut assigned to different families, Table S4: Relative abundance (%) of sequences in gut assigned to
different genera.

Author Contributions: P.S.: Conceptualization, Investigation, writing and editing. J.R.: Data cura-
tion. A.F.: Formal analysis. D.F.: Methodology. J.F.: Supervision, Project administration, Funding
acquisition. All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/pathogens11050494/s1
https://www.mdpi.com/article/10.3390/pathogens11050494/s1


Pathogens 2022, 11, 494 14 of 16

Funding: This research was funded by project DID 2016-07, Universidad Austral de Chile, Chile, and
project N◦ 15110027, Interdisciplinary Center for Aquaculture Research, INCAR, Chile.

Institutional Review Board Statement: The experimental protocol for mussel experimentation was
approved by the Animal Ethics Committee of Universidad Austral de Chile, Valdivia, Chile. Approval
number DID 2016-07.

Data Availability Statement: Raw sequences have been submitted to the NCBI sequence read archive
(SRA) database under the BioProject number: PRJNA762938.

Acknowledgments: We are grateful to veterinarian Camila Leiva for provide histological analyses
for this investigation and biochemist Marioly Cravero for his valuable assistance in the gut dissection
of mussels.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ramírez, F.; Afán, I.; Davis, L.S.; Chiaradia, A. Climate impacts on global hot spots of marine biodiversity. Sci. Adv. 2017,

3, e1601198. [CrossRef]
2. Beaugrand, G.; Edwards, M.; Raybaud, V.; Goberville, E.; Kirby, R.R. Future vulnerability of marine biodiversity compared with

contemporary and past changes. Nat. Clim. Chang. 2015, 5, 695–701. [CrossRef]
3. Gerard, K.; Bierne, N.; Borsa, P.; Chenuil, A.; Feral, J.P. Pleistocene separation of mitochondrial lineages of Mytilus spp. mussels

from Northern and Southern Hemispheres and strong genetic differentiation among southern populations. Mol. Phylogenet. Evol.
2008, 49, 84–91. [CrossRef] [PubMed]

4. Smietanka, B.; Zbawicka, M.; Sanko, T.; Wenne, R.; Burzynski, A. Molecular population genetics of male and female mitochondrial
genomes in subarctic Mytilus trossulus. Mar. Biol. 2013, 160, 1709–1721. [CrossRef]

5. Astorga, M.P. Genetic considerations for mollusk production in aquaculture: Current state of knowledge. Front. Genet. 2014,
5, 435. [CrossRef]

6. Borsa, P.; Rolland, V.; Daguin-Thiebaut, C. Genetics and taxonomy of Chilean smooth-shelled mussels, Mytilus spp. (Bivalvia:
Mytilidae). C. R. Biol. 2012, 335, 51–61. [CrossRef]

7. Molinet Flores, C.A.; Díaz Gomez, M.A.; Arriagada Muñoz, C.B.; Cares Pérez, L.E.; Marín Arribas, S.L.; Astorga Opazo, M.P.;
Niklitschek Huaquin, E.J.E. Spatial distribution pattern of Mytilus chilensis beds in the Reloncaví fjord: Hypothesis on associated
processes. Rev. Chil. Hist. Nat. 2015, 88, 1–12.

8. Gonzalez-Poblete, E.; Rojo, C.; Norambuena, R. Blue mussel aquaculture in Chile: Small or large scale industry? Aquaculture 2018,
493, 113–122. [CrossRef]

9. Zbawicka, M.; Trucco, M.I.; Wenne, R. Single nucleotide polymorphisms in native South American Atlantic coast populations of
smooth shelled mussels: Hybridization with invasive European Mytilus galloprovincialis. Genet. Sel. Evol. 2018, 50, 5. [CrossRef]
[PubMed]

10. Polsenaere, P.; Soletchnik, P.; Le Moine, O.; Gohin, F.; Robert, S.; Pépin, J.F.; Stanisière, J.Y.; Dumas, F.; Béchemin, C.; Goulletquer, P.
Potential environmental drivers of a regional blue mussel mass mortality event (winter of 2014, Breton Sound, France). J. Sea Res.
2017, 123, 39–50. [CrossRef]

11. Santibáñez, P.; Romalde, J.; Maldonado, J.; Fuentes, D.; Figueroa, J. First characterization of the gut microbiome associated with
Mytilus chilensis collected at a mussel farm and from a natural environment in Chile. Aquaculture 2022, 548, 737644. [CrossRef]

12. Pereira, J.C.; Chaves, R.; Bastos, E.; Leitão, A.; Guedes-Pinto, H. An efficient method for genomic DNA extraction from different
molluscs species. Int. J. Mol. Sci. 2011, 12, 8086–8095. [CrossRef] [PubMed]

13. Abolmaaty, A.; Gu, W.; Witkowsky, R.; Levin, R.E. The use of activated charcoal for the removal of PCR inhibitors from oyster
samples. J. Microbiol. Methods 2007, 68, 349–352. [CrossRef] [PubMed]

14. Kaufman, G.E.; Blackstone, G.M.; Vickery, M.C.L.; Bej, A.K.; Bowers, J.; Bowen, M.D.; Meyer, R.F.; Depaola, A.A. Real-Time PCR
Quantification of Vibrio parahaemolyticus in Oysters Using an Alternative Matrix. J. Food Prot. 2004, 67, 2424–2429. [CrossRef]
[PubMed]

15. Vázquez, N.; Aranguren, R.; Dungan, C.F.; Cremonte, F. Parasites in two coexisting bivalves of the Patagonia coast, southwestern
Atlantic Ocean: The Puelche oyster (Ostrea puelchana) and false oyster (Pododesmus rudis). J. Invertebr. Pathol. 2018, 158, 6–15.
[CrossRef] [PubMed]

16. Vazquez, N. Review of Parasites and Pathologies of the Main Bivalve Species of Commercial Interest of Argentina and Uruguay,
Southwestern Atlantic Coast. Arch. Parasitol. 2017, 1, 112.

17. Cremonte, F.; Puebla, C.; Tillería, J.; Videla, V. Histopathological survey of the mussel Mytilus chilensis (Mytilidae) and the clam
Gari solida (Psammobiidae) from southern Chile. Lat. Am. J. Aquat. Res. 2015, 43, 248–254. [CrossRef]

18. Lohrmann, K.B.; Bustos, E.; Rojas, R.; Navarrete, F.; Robotham, H.; Bignell, J. Histopathological assessment of the health status of
Mytilus chilensis (Hupé 1854) in southern Chile. Aquaculture 2019, 503, 40–50. [CrossRef]

19. Fernández Robledo, J.A.; Vasta, G.R.; Record, N.R. Protozoan parasites of bivalve molluscs: Literature follows culture. PLoS ONE
2014, 9, e100872. [CrossRef]

http://doi.org/10.1126/sciadv.1601198
http://doi.org/10.1038/nclimate2650
http://doi.org/10.1016/j.ympev.2008.07.006
http://www.ncbi.nlm.nih.gov/pubmed/18678263
http://doi.org/10.1007/s00227-013-2223-7
http://doi.org/10.3389/fgene.2014.00435
http://doi.org/10.1016/j.crvi.2011.10.002
http://doi.org/10.1016/j.aquaculture.2018.04.026
http://doi.org/10.1186/s12711-018-0376-z
http://www.ncbi.nlm.nih.gov/pubmed/29471805
http://doi.org/10.1016/j.seares.2017.03.005
http://doi.org/10.1016/j.aquaculture.2021.737644
http://doi.org/10.3390/ijms12118086
http://www.ncbi.nlm.nih.gov/pubmed/22174651
http://doi.org/10.1016/j.mimet.2006.09.012
http://www.ncbi.nlm.nih.gov/pubmed/17069910
http://doi.org/10.4315/0362-028X-67.11.2424
http://www.ncbi.nlm.nih.gov/pubmed/15553623
http://doi.org/10.1016/j.jip.2018.08.011
http://www.ncbi.nlm.nih.gov/pubmed/30130536
http://doi.org/10.3856/vol43-issue1-fulltext-21
http://doi.org/10.1016/j.aquaculture.2018.12.080
http://doi.org/10.1371/journal.pone.0100872


Pathogens 2022, 11, 494 15 of 16

20. Engelsma, M.Y.; Culloty, S.C.; Lynch, S.A.; Arzul, I.; Carnegie, R.B. Bonamia parasites: A rapidly changing perspective on a genus
of important mollusc pathogens. Dis. Aquat. Organ. 2014, 110, 5–23. [CrossRef]

21. OIE-Listed Diseases 2021: OIE—World Organisation for Animal Health. Available online: https://www.oie.int/en/animal-
health-in-the-world/oie-listed-diseases-2021/ (accessed on 2 April 2021).

22. Le Roux, F.; Lorenzo, G.; Peyret, P.; Audemard, C.; Figueras, A.; Vivarès, C.; Gouy, M.; Berthe, F. Molecular evidence for the
existence of two species of Marteilia in Europe. J. Eukaryot. Microbiol. 2001, 48, 449–454. [CrossRef] [PubMed]

23. Zrncic, S.; Le Roux, F.; Oraic, D.; Sostaric, B.; Berthe, F.C.J. First record of Marteilia sp. in mussels Mytilus galloprovincialis in
Croatia. Dis. Aquat. Organ. 2001, 44, 143–148. [CrossRef] [PubMed]

24. Wang, Z.; Lu, X.; Liang, Y.; Zheng, Z. A Marteilia-Like Parasite in Blue Mussels Mytilus edulis in China. J. Aquat. Anim. Health
2012, 24, 161–164. [CrossRef] [PubMed]

25. Matozzo, V.; Ercolini, C.; Serracca, L.; Battistini, R.; Rossini, I.; Granato, G.; Quaglieri, E.; Perolo, A.; Finos, L.; Arcangeli, G.; et al.
Assessing the health status of farmed mussels (Mytilus galloprovincialis) through histological, microbiological and biomarker
analyses. J. Invertebr. Pathol. 2018, 153, 165–179. [CrossRef] [PubMed]

26. Karagiannis, D.; Michaelidis, B.; Theodoridis, A.; Angelidis, P.; Feidantsis, K.; Staikou, A. Field studies on the effects of Marteilia sp.
on growth of mussel Mytilus galloprovincialis in Thermaikos Gulf. Mar. Environ. Res. 2018, 142, 116–123. [CrossRef] [PubMed]

27. Itoh, N.; Komatsu, Y.; Maeda, K.; Hirase, S.; Yoshinaga, T. First discovery of Perkinsus beihaiensis in Mediterranean mussels
(Mytilus galloprovincialis) in Tokyo Bay, Japan. J. Invertebr. Pathol. 2019, 166, 107226. [CrossRef] [PubMed]

28. Gauthier, J.D.; Vasta, G.R. Effects of plasma from bivalve mollusk species on the in vitro proliferation of the protistan parasite
Perkinsus marinus. J. Exp. Zool. 2002, 292, 221–230. [CrossRef] [PubMed]

29. Arzul, I.; Carnegie, R.B. New perspective on the haplosporidian parasites of molluscs. J. Invertebr. Pathol. 2015, 131, 32–42.
[CrossRef] [PubMed]

30. Campalans, M.; Rojas, P.; Gonzalez, M. Haemocytic Parasitosis in the farmed oyster Tiostrea chilensis Materials and Methods. Bull.
Eur. Ass. Fish Pathol. 2000, 20, 31.

31. Lohrmann, K.B.; Hine, P.M.; Campalans, M. Ultrastructure of Bonamia sp. in Ostrea chilensis in Chile. Dis. Aquat. Organ. 2009, 85,
199–208. [CrossRef]

32. Norén, F.; Moestrup, Ø.; Rehnstam-Holm, A.S. Parvilucifera infectans norén et moestrup gen. et sp. nov. (perkinsozoa phylum
nov.): A parasitic flagellate capable of killing toxic microalgae. Eur. J. Protistol. 1999, 35, 233–254. [CrossRef]

33. Reñé, A.; Alacid, E.; Figueroa, R.I.; Rodríguez, F.; Garcés, E. Life-cycle, ultrastructure, and phylogeny of Parvilucifera corolla sp.
nov. (Alveolata, Perkinsozoa), a parasitoid of dinoflagellates. Eur. J. Protistol. 2017, 58, 9–25. [CrossRef] [PubMed]

34. Corbeil, S. Abalone Viral Ganglioneuritis. Pathogens (Basel, Switzerland) 2020, 9, 720. [CrossRef] [PubMed]
35. Pernet, F.; Lupo, C.; Bacher, C.; Whittington, R.J. Infectious diseases in oyster aquaculture require a new integrated approach.

Philos. Trans. R. Soc. London. Ser. B Biol. Sci. 2016, 371, 20150213. [CrossRef]
36. Burge, C.A.; Strenge, R.E.; Friedman, C.S. Detection of the oyster herpesvirus in commercial bivalves in northern California, USA:

Conventional and quantitative PCR. Dis. Aquat. Organ. 2011, 94, 107–116. [CrossRef]
37. Mortensen, S.; Strand, Å.; Bodvin, T.; Alfjorden, A.; Skår, C.K.; Jelmert, A.; Aspán, A.; Sælemyr, L.; Naustvoll, L.-J.; Albretsen, J.

Summer mortalities and detection of ostreid herpesvirus microvariant in Pacific oyster Crassostrea gigas in Sweden and Norway.
Dis. Aquat. Organ. 2016, 117, 171–176. [CrossRef] [PubMed]

38. Domeneghetti, S.; Varotto, L.; Civettini, M.; Rosani, U.; Stauder, M.; Pretto, T.; Pezzati, E.; Arcangeli, G.; Turolla, E.;
Pallavicini, A.; et al. Mortality occurrence and pathogen detection in Crassostrea gigas and Mytilus galloprovincialis close-growing
in shallow waters (Goro lagoon, Italy). Fish Shellfish Immunol. 2014, 41, 37–44. [CrossRef] [PubMed]

39. Reilly, A.J.O.; Laide, C.; Maloy, A.; Hutton, S.; Bookelaar, B.; Sullivan, K.O.; Lynch, S.A.; Culloty, S.C. The role of the mussel
Mytilus spp. in the transmission of ostreid herpesvirus-1 microVar. Parasitology 2018, 145, 1095–1104. [CrossRef]

40. Bai, C.-M.; Rosani, U.; Li, Y.-N.; Zhang, S.-M.; Xin, L.-S.; Wang, C.-M. RNA-seq of HaHV-1-infected abalones reveals a common
transcriptional signature of Malacoherpesviruses. Sci. Rep. 2019, 9, 1–11. [CrossRef] [PubMed]

41. Crosson, L.M.; Wight, N.; VanBlaricom, G.R.; Kiryu, I.; Moore, J.D.; Friedman, C.S. Abalone withering syndrome: Distribution,
impacts, current diagnostic methods and new findings. Dis. Aquat. Organ. 2014, 108, 261–270. [CrossRef]

42. Hirakata, Y.; Hatamoto, M.; Oshiki, M.; Watari, T.; Kuroda, K.; Araki, N.; Yamaguchi, T. Temporal variation of eukaryotic
community structures in UASB reactor treating domestic sewage as revealed by 18S rRNA gene sequencing. Sci. Rep. 2019, 9,
1–11. [CrossRef] [PubMed]

43. Lentendu, G.; Wubet, T.; Chatzinotas, A.; Wilhelm, C.; Buscot, F.; Schlegel, M. Effects of long-term differential fertilization on
eukaryotic microbial communities in an arable soil: A multiple barcoding approach. Mol. Ecol. 2014, 23, 3341–3355. [CrossRef]

44. Manichanh, C.; Chapple, C.E.; Frangeul, L.; Gloux, K.; Guigo, R.; Dore, J. A comparison of random sequence reads versus 16S
rDNA sequences for estimating the biodiversity of a metagenomic library. Nucleic Acids Res. 2008, 36, 5180–5188. [CrossRef]
[PubMed]

45. Basti, L.; Endo, M.; Segawa, S.; Shumway, S.E.; Tanaka, Y.; Nagai, S. Prevalence and intensity of pathologies induced by the toxic
dinoflagellate, Heterocapsa circularisquama, in the Mediterranean mussel, Mytilus galloprovincialis. Aquat. Toxicol. 2015, 163, 37–50.
[CrossRef]

46. Liu, S.; Gibson, K.; Cui, Z.; Chen, Y.; Sun, X.; Chen, N. Metabarcoding analysis of harmful algal species in Jiaozhou Bay. Harmful
Algae 2020, 92, 101772. [CrossRef] [PubMed]

http://doi.org/10.3354/dao02741
https://www.oie.int/en/animal-health-in-the-world/oie-listed-diseases-2021/
https://www.oie.int/en/animal-health-in-the-world/oie-listed-diseases-2021/
http://doi.org/10.1111/j.1550-7408.2001.tb00178.x
http://www.ncbi.nlm.nih.gov/pubmed/11456321
http://doi.org/10.3354/dao044143
http://www.ncbi.nlm.nih.gov/pubmed/11324816
http://doi.org/10.1080/08997659.2012.675926
http://www.ncbi.nlm.nih.gov/pubmed/22897134
http://doi.org/10.1016/j.jip.2018.02.018
http://www.ncbi.nlm.nih.gov/pubmed/29501499
http://doi.org/10.1016/j.marenvres.2018.09.027
http://www.ncbi.nlm.nih.gov/pubmed/30309669
http://doi.org/10.1016/j.jip.2019.107226
http://www.ncbi.nlm.nih.gov/pubmed/31369734
http://doi.org/10.1002/jez.10013
http://www.ncbi.nlm.nih.gov/pubmed/11857456
http://doi.org/10.1016/j.jip.2015.07.014
http://www.ncbi.nlm.nih.gov/pubmed/26264670
http://doi.org/10.3354/dao02093
http://doi.org/10.1016/S0932-4739(99)80001-7
http://doi.org/10.1016/j.ejop.2016.11.006
http://www.ncbi.nlm.nih.gov/pubmed/28092806
http://doi.org/10.3390/pathogens9090720
http://www.ncbi.nlm.nih.gov/pubmed/32882932
http://doi.org/10.1098/rstb.2015.0213
http://doi.org/10.3354/dao02314
http://doi.org/10.3354/dao02944
http://www.ncbi.nlm.nih.gov/pubmed/26758650
http://doi.org/10.1016/j.fsi.2014.05.023
http://www.ncbi.nlm.nih.gov/pubmed/24909498
http://doi.org/10.1017/S0031182017002244
http://doi.org/10.1038/s41598-018-36433-w
http://www.ncbi.nlm.nih.gov/pubmed/30700734
http://doi.org/10.3354/dao02713
http://doi.org/10.1038/s41598-019-49290-y
http://www.ncbi.nlm.nih.gov/pubmed/31484981
http://doi.org/10.1111/mec.12819
http://doi.org/10.1093/nar/gkn496
http://www.ncbi.nlm.nih.gov/pubmed/18682527
http://doi.org/10.1016/j.aquatox.2015.03.012
http://doi.org/10.1016/j.hal.2020.101772
http://www.ncbi.nlm.nih.gov/pubmed/32113606


Pathogens 2022, 11, 494 16 of 16

47. Mix, M.C.; Breese, W.P. A Cellular Proliferative Disorder in Oysters (Ostrea chilensis) from Chiloe, Chile, South America.
J. Invertebr. Pathol. 1980, 36, 123–124. [CrossRef]

48. ISO 16649-3:2015—Microbiology of the Food Chain—Horizontal Method for the Enumeration of Beta-Glucuronidase-Positive
Escherichia coli—Part 3: Detection and Most Probable Number Technique Using 5-Bromo-4-Chloro-3-Indolyl-ß-D-Glucuronide.
Available online: https://www.iso.org/standard/56824.html (accessed on 9 December 2021).

49. BAM Chapter 9: Vibrio|FDA. Available online: https://www.fda.gov/food/laboratory-methods-food/bam-chapter-9-vibrio
(accessed on 9 December 2021).

50. ISO 6579-1:2017—Microbiology of the Food Chain—Horizontal Method for the Detection, Enumeration and Serotyping of
Salmonella—Part 1: Detection of Salmonella spp. Available online: https://www.iso.org/standard/56712.html (accessed on
9 December 2021).

51. Lindahl, O.; Hart, R.; Hernroth, B.; Kollberg, S.; Loo, L.-O.; Olrog, L.; Rehnstam-Holm, A.-S.; Svensson, J.; Svensson, S.;
Syversen, U. Improving Marine Water Quality by Mussel Farming: A Profitable Solution for Swedish Society. AMBIO J. Hum.
Environ. 2005, 34, 131–138. [CrossRef]

52. MacDonald, B.A.; Robinson, S.M.C.; Barrington, K.A. Feeding activity of mussels (Mytilus edulis) held in the field at an integrated
multi-trophic aquaculture (IMTA) site (Salmo salar) and exposed to fish food in the laboratory. Aquaculture 2011, 314, 244–251.
[CrossRef]
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