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Amoebic gill disease (AGD) is caused by the ectoparasite Paramoeba perurans found free-living in seawater. In re-
cent years outbreaks of AGDhaveoccurred inmost salmon farming countries causing significant economic losses.
Mussels co-cultured with salmon in integratedmulti-trophic aquaculture (IMTA) systemsmay change pathogen
dynamics on sites by acting as reservoirs or biological controls. Through the use of an 18S rRNA gene quantitative
real-time PCRwe tested the interactions between P. perurans and bluemussels (Mytilus edulis) under experimen-
tal conditions bymeans of water-borne transmission. Quantification of DNA fromwater samples revealed a rapid
decrease in P. perurans DNA over two weeks in the presence of mussels under experimental conditions.
P. perurans was detected on swabs from mussel shells up to 48 h post-exposure. Additionally, no P. perurans
were detected in mussels collected from natural mussel beds and fish farms. These results indicate that mussels
are not a likely reservoir host for P. perurans but may in fact actively remove water-borne P. perurans.
Statement of relevance: The blue mussel does not appear to pose a biosecurity risk as a vector for the pathogen
responsible for amoebic gill disease in salmon (Paramoeba perurans), instead the presence of blue mussels in
experimental challenges led to a rapid removal of the parasite. The findings provide valuable information for
how mussels may modulate pathogen densities on finfish-mussel farms.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Amoebic gill disease (AGD) is an economically significant disease of
Atlantic salmon (Salmo salar) caused by an amoeboid protozoan para-
site Paramoeba perurans (synonymous to Neoparamoeba perurans, ac-
cording to Feehan et al., 2013) (Shinn et al., 2015). In Tasmania, AGD
has long been one of the main problems in salmonid aquaculture,
with typical losses of 10–20% of production costs (Munday et al.,
2001). In Scotland typical mortalities on Atlantic salmon farms range
between 10 and 20% but have been reported to be as high as 70% at
some sites (Marine Scotland Science, 2012). In recent years a global
emergence of this disease has been documented with frequent out-
breaks across the Northern and Southern Hemispheres i.e. Ireland, Scot-
land, Norway, Spain, France, North America, Japan, Chile and South
Africa (Rodger and McArdle, 1996; Palmer et al., 1997; Findlay and
Munday, 1998; Steinum et al., 2008; Crosbie et al., 2010; Bustos et al.,
2011;Mouton et al., 2014). P. perurans is a free-living amoeba, however,
when it colonises Atlantic salmon gills it can cause white swollen
rthur, Scalloway, Shetland ZE1

,

lesions, epithelial hyperplasia, and increased mucus production leading
to lethargy, apoxia and eventually death (Munday et al., 2001).

Very little is known about the origin of P. perurans responsible for
disease outbreaks. Fish import and subsequent spread between farms
is not generally thought to be a feasible explanation for emergence
of this disease in Europe (Steinum et al., 2008). On the other hand,
prolonged periods of increased seawater temperature and/or high salin-
ities combined with densities of fish in aquaculture sites most likely
provided an advantage to P. perurans naturally present in marine envi-
ronment (Nowak, 2007; Bridle et al., 2010;Wright et al., 2015). In aqua-
culture, infections with P. perurans were reported from a range of
farmed fish in addition to Atlantic salmon (Crosbie et al., 2010;
Karlsbakk et al., 2013; Mouton et al., 2014) while wild fish collected in
the proximity of infected Atlantic salmon farms in Australia were tested
negative (Douglas-Helders et al., 2002).

Diversification of aquaculture, reduction of potential adverse envi-
ronmental impacts of Atlantic salmon farm systems and expansion of
the shellfish industry are major aspirations intrinsic to the successful
expansion of the aquaculture sector in Scotland. Integrated multi-
trophic aquaculture (IMTA) systems are being developed in Atlantic
salmon farming countries to test the concept of integration of Atlantic
salmon, blue mussels and/or seaweed production. The aim is to deliver
a diverse aquaculture systemwith a parallel reduction in organic waste
from fish and dissolved inorganic nutrients (Barrington et al., 2009;
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Chopin et al., 2012; Wang et al., 2012). Co-culturing different species
can change disease dynamics on farm sites and create new risks
which need to be addressed to ensure good biosecurity in the produc-
tion systems. Mussels are filter-feeders and have the potential to digest
and inactivate some pathogens such as sea lice (Lepeophtheirus
salmonis) (Molloy et al., 2011; Webb et al., 2013) or infectious salmon
anaemia virus (ISAV) (Molloy et al., 2012). On the other hand Vibrio
anguillarum (Pietrak et al., 2012), Loma salmonae (McConnachie et al.,
2013) or infectious pancreatic necrosis virus (IPNV) (Molloy et al.,
2013)may persist and accumulate in shellfish posing a threat of disease
transmission to farmed fish.

The aim of the study was to assess mussels as a potential wild reser-
voir of P. perurans and investigate interactions between Mytilus species
and P. perurans in terms of pathogen accumulation and transmission.
Previously published molecular tests (real-time PCR) (Fringuelli et al.,
2012) were applied to (1) examine the persistence of P. perurans in
water, on shell surfaces and in mussel tissues after experimental expo-
sure and (2) test for the presence of P. perurans in mussel tissues from
wild mussel individuals and from bio-fouling mussels collected on fish
farms in Scotland.

2. Materials and methods

2.1. P. perurans culture maintenance and dilution curve for quantification

P. perurans, maintained at the Marine Scotland Science (Aberdeen,
UK), originated from gills of infected farmed Atlantic salmon (west
coast of Scotland) collected in 2012. A culturewas established following
the protocol of Crosbie et al. (2012). The P. perurans culture was main-
tained routinely at 15–18 °C on malt yeast agar (MYA) (0.1% malt,
0.1% yeast, 2% Bacteriological agar, 35‰ 0.22 μm filtered seawater)
overlaidwith 7ml of 0.22 μl filtered seawater (SSW, 35‰) collected off-
shore of Stonehaven (Aberdeenshire, UK). The culture was subcultured
every twoweeks by transferring the seawater overlay containing a free-
floating population of amoebae to a newMYA plate. The old MYA plate
containing a population of attached amoebae received a new seawater
overlay. The culture of P. perurans was first isolated in November 2012
and used in experimental challenges described in the present study in
May and June 2014. The pathogenicity of this culture has been con-
firmed under experimental conditions by challenging naïve Atlantic
salmon at 7, 12 and 24months post-isolation (Marine Scotland Science,
unpublished data).

P. perurans were harvested from culture plates by centrifugation of
culture supernatants at 6000 ×g for 5 min. Pellets were pooled and re-
suspended in SSW. Before harvesting, quadruplicate log10 dilutions
were made in 96-well plates for enumeration of the total number
of amoebae harvested under light microscope. After centrifugation,
log10 dilutions were made in duplicate from a starting cell density of
P. perurans of 7 × 103 cells. Then, homogenised mantle-gill tissue was
spiked with the prepared dilutions and total DNA was extracted using
two different DNA extraction protocols: automated extraction using
the QIAsymphony DNA DSP mini kit (Qiagen) or manual extraction
using the MasterPure DNA and RNA Purification kit (Epicentre).
Negative controls representing mussel tissue homogenate without
P. perurans and blank controls were set up. P. perurans DNAwas quanti-
fied using the quantitative real-time PCR (qPCR) (see Section 2.4.) and
Ct values recorded to create a standard dilution curve in Rʹ statistical
package (version 3.0.2, R Core Team, 2013).

2.2. Experimental exposure of mussels to P. perurans culture

2.2.1. Mussel maintenance
Depurated market-size mussels were bought from a commercial

supplier or vendor and kept in outdoor covered seawater tanks at
9 °C. The seawater that was fromNigg Bay (Aberdeen, Scotland)was fil-
tered (through a 1 mm wedge wire screen and 15 μm particle filter)
before pumping to storage tanks. This water was also used in experi-
mental beakers and tanks. Mussels were naturally feeding on
nanophytoplankton present in the sea water, considered as one of the
significant dietary components for bivalves (Shumway et al., 1985)
and no additional food was added to the holding tanks prior to the
experiments.

2.2.2. Experiment 1: pilot experiment to establish the time frame for
P. perurans ingestion by mussels and distribution in mussel tissues

Forty eight beakers containing 500 ml of 35 ‰ seawater (10 °C)
with a small air stone were placed in a temperature-controlled room
(18 °C). By the end of the experiment (144 h after exposure) the
water temperature had risen to 14 °C. Five mussels were placed in
each duplicate treatment beaker and allowed to acclimatise before
adding P. perurans. Mussels were exposed to P. perurans (104 cells L−1

in suspension) in 500 ml and sampled at 1, 2, 3, 4, 6, 24, 48 and 144 h
post-exposure (hpe). The mussel filtering activity was monitored
throughout the experiment.

At each time point, four beakers were sampled without replace-
ment: two treatment beakers (containing P. perurans and mussels),
one positive control beaker (P. perurans only) and one negative control
beaker (mussels only). At each time point, all mussels were removed
and seawater from the entire beaker was filtered through 1.0 μm cellu-
lose nitrate membrane filters (25 mm diameter, GE Healthcare Life Sci-
ences) which were stored dry in 2 ml Safelock tubes (Eppendorf). The
shell of each individual mussel was swabbed with a sterile cotton-tip
swab on one side using four strokes lengthwise. Additionally, the bot-
tom inside edge of each beaker was swabbed using two circular strokes
to test adhesion and replication of P. perurans on plastic surfaces. All
swabs were stored in RNAlater (VWR). The whole digestive gland and
a section of mantle and gill tissue were sampled from each mussel and
placed in separate tubes containing 100% ethanol (Sigma). All samples
were frozen at−20 °C immediately after sampling.

2.2.3. Experiment 2: tank experiment to quantify removal rates of
P. perurans from the water column

Mussels were exposed to P. perurans (3 × 04 cells L−1 in suspension)
in tanks containing 20 L of 35 ‰ seawater. These tanks were placed
within a larger tank connected to a flow-through seawater system to
maintain the experimental tanks at 12 °C throughout the experiment.
Thirty mussels were placed in four tanks: three treatment tanks
(containing P. perurans and mussels), one positive control tank
(P. perurans only) and one negative control tank (mussels only).
The mussels were fed with algae (Shellfish diet 1800 from Reed
Mariculture Inc.) according to the manufacturer's instructions,
when a reduced filtering capacity was observed (day 7 post-
exposure).

Water samples and shell swabs were taken at 1, 4, 7, 24, 48, 168 and
384 hpe. A 500 ml water sample was taken from each tank and filtered
using the method described above. The entire shell of three mussels in
each tank was swabbed thoroughly; sampled mussels were placed in
a net (3 mm diameter nylon mesh), within the tank to avoid repeated
swabbing at different time points. The swabs were placed in a dry
microcentrifuge tube (opposed to RNAlater as in experiment 1), imme-
diately stored at−20 °C and processed within 48 h. Finally, a section of
net (1 × 1 cm) (retaining sampled mussels) from each tank was placed
in a dry tube to test P. perurans adhesion. Mussels were checked daily
and filtering activity and mortalities were recorded.

2.3. Sampling of wild and biofouling mussels

To assess the presence of P. perurans in wildmussels fifty individuals
were collected from each of three sampling points on the west coast of
Scotland (Lunderston Bay, Loch Long (Ardgarten) and Rascarrel Bay) in
2013. To assess the presence of P. perurans in mussels in aquaculture
farm environment, a sample of 150 mussels, settled directly on the
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surface of Atlantic salmon fish cages,were collected in 2012 from a farm
on the west coast of Scotland. This particular farm had an ongoing
P. perurans infection in the time of sample collection. A pooled sample
of gill and mantle was collected from each individual and stored in
100% ethanol (Sigma) until further processing. All field samples were
homogenised (see Section 2.4.) and stored at −80 °C for up to two
years before processing in the current study.
2.4. DNA extraction and qPCR

2.4.1. Water filters
DNA captured on water filters was extracted manually using the

MasterPure Complete DNA and RNA Purification kit (Epicentre) follow-
ing the protocol for DNA purification of tissue samples. Each filter was
processed by adding 125 mg of glass beads (710–1180 μm, Sigma),
1 μl of proteinase K (600 mAU/ml solution) and 300 μl of Tissue and
Cell Lysis solution, then placed in the TissueLyser (Qiagen Ltd.) and
homogenised at 25 Hz for 5 min. A negative control contained 1 μl of
proteinase K and 300 μl of Tissue and Cell Lysis solution. Due to a large
quantity of debris, protein precipitation was repeated once. As pellets
were difficult to resuspend, samples were placed in the fridge for
30 min and then resuspended by pipetting. Genomic DNA was stored
at−20 °C prior to further analysis.
2.4.2. Shell swabs
Swabs fixed in RNAlater or dry tubes were transferred to an empty

2 ml Safelock tube containing 20 μl of Proteinase K and 180 μl of ATL
buffer (QIAsymphony DNA DSP mini kit, Qiagen), vortexed briefly and
lysed by incubating at 56 °C for aminimum of 3 h. A negative extraction
control of 20 μl of proteinase K and 180 μl of ATL buffer was included.
The tubes were centrifuged for 2 min at 13,500 rpm and supernatant
was transferred into a clean 1.5 ml tube. Total DNA was extracted
using a QIAsymphony DNA DSP mini kit and the QIAsymphony SP
robot (Qiagen) according to the manufacturer's instructions and resus-
pended in 100 μl of distilled water. Samples of nets at 384 hpe in exper-
iment 2 were processed according to the same methods.
2.4.3. Mussel tissues
Mussel tissue (from experimental and field studies) was

homogenised in 1 ml of ATL buffer (Qiagen) using a 7 mm metal bead
at 25 Hz for 5 min, in a Tissuelyser homogeniser (Qiagen). DNAwas ex-
tracted from a volume of tissue equivalent to 5mg of tissue as described
in the section above. All samples were stored at −20 °C until further
analysis.
Table 1
Detection of P. perurans in the spiked mussel tissue homogenates (n = 2) using different
extraction methods.

Dilutions in spiked
mussel tissue

Cell
equivalentsa

P. perurans Ct values

DNA DSP on
QIAsymphony

MasterPure
(manual)

103 7000 26.1 ± 0.3 24.7 ± 2.0
102 700 31.0 ± 0.3 27.3 ± 0.3
101 70 35.3 ± 0.2 31.2 ± 0.2
100 7 38.9 ± 1.5 34.7 ± 0.9

a Determined under a light microscope.
2.4.4. Quantitative real-time PCR (qPCR)
All DNA samples were tested for the presence of P. perurans using

previously published qPCR assays targeting a 139-bp fragment specific
to the P. perurans 18S rRNA gene (Fringuelli et al., 2012). As an endoge-
nous control to confirm the quality of extracted DNA, ME15/16 Mytilus
spp. qPCR assays were run in multiplex for simultaneous detection
of all three Mytilus species (Mytilus edulis, Mytilus galloprovincialis,
Mytilus trossulus) according to Dias et al. (2008).

The final qPCR reaction mixture contained 2× Quanta Custom
Toughmix (VWR), 900nMof each primer and 250 nMof each TaqMan®
probe, 1 μl of genomic DNA at a concentration of 50 or 100 ng ul−1 in
a final volume of 20 μl. The real-time PCR was performed on the
LC480 Thermal Cycler (Roche). The reproducible limit of detection
(RLOD) for the P. perurans assay was 36.22 Ct (Fringuelli et al., 2012)
and this value was used to distinguish between P. perurans negative
and positive samples. An increase of 3 Ct was considered a 10-fold
decrease.
2.5. Data analyses

All data analyses were performed in Rʹ statistical package
(version 3.0.2, R Core Team, 2013) and plotted with ggplot2 package
(Wickham, 2009).

Experiment 1 was designed as a pilot experiment to test the sam-
pling methods and detection of P. perurans in water, swabs and tissues,
as well as establishing the rate at which P. peruransmight be extracted
fromwater by filteringmussels. Therefore, nomodels were applied and
the results were analysed by calculatingmeans and standard deviations
of P. perurans Ct values for each treatment group.

In experiment 2 all tanks were independent from each other and
were sampled repeatedly over the duration of the experiment. Only
the data fromwater extractionweremodelled, to determine any change
in P. perurans over time and between treatments (P. peruranswith and
without mussels). Models were tested for effects and interactions be-
tween tanks before pooling data in the respective treatment groups.
Data transformations were performed and the best model was chosen
from linear models, including interactions and fixed factors, and from
mixed effect models with tank as a random factor. The best fit model
was chosen based on anAkaike Information Criterion (AIC) comparison,
summary plots and residual plots. If the difference in AIC was ≤2 be-
tween two models, the model with less variables was considered the
better fit. Analysis of Variance (ANOVA)was used to test any significant
differences over time and between treatments.

The shell swabswere analysed as binomial data based on proportion
of swabs positive and testedwith a Chi test to detect significant changes
over time.

3. Results

3.1. Detection of P. perurans in spiked mussel tissue

The dilution curves generated from P. perurans-spikedmussel tissue
showed that theMasterPure extraction protocol has a greater extraction
efficiency than the DNA DSP protocol and confirm that P. perurans can
be detected down to 70 cells for the DNA DSP and 7 cells for the
MasterPure kit (Table 1). A linear relationship between the concentra-
tion of P. perurans-spiked mussel tissue and the Ct values was observed
for both the DNA DSP mini kit (y = −4.28x + 43.5, R2 = 0.99) and
MasterPure kit (y = −3.38x + 37.91, R2 = 0.99) (Fig. 1). However,
DNA yield from the DNA DSP kit might be underestimated (by up to
1 Ct) as only 200 μl of lysed solution was extracted using the
QIAsymphony compared to 300 μl used for manual MasterPure kit
extraction.

3.2. Experimental exposure of mussels to P. perurans culture

Observed mortality in experiments 1 and 2 reached 6% and 22%, re-
spectively, by the end of the experiment. In experiment 2, all mortalities
occurred in one out of three individual treatment tanks, 3 mussels died
before day 7 and 15 mussels by the end of the experiment. Causes of
mussel mortality were not investigated.



Fig. 1. P. perurans qPCR assays efficiency curves using the spiked mussel tissue material following different DNA extraction techniques: DNA DSP mini kit with QIAsymphony robotic
extraction (y = −4.28x + 43.5, R2 = 0.99) and MasterPure DNA purification kit with manual extraction (y = −3.38x + 37.91, R2 = 0.99).
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3.2.1. Detection of P. perurans in water samples
In experiment 1, a clear reduction in quantity of P. perurans

(103-fold) was detected in water after 1 h and it remained low
until day 16 (P. perurans Ct = 33.4 ± 2.0 0 with mussels and Ct =
25.7 ± 0.9 without mussels) (Fig. 2).

In experiment 2, only data from 1 to 168 hpe (i.e. 7 days) were
modelled as P. perurans. Ct values were below RLOD (i.e. positive) in
only one of three with mussels on 384 hpe. Due to a non-linear
Fig. 2. Detection of P. perurans DNA in water samples in experiment 1 (containing complete
the reproducible limit of detection (RLOD) and the horizontal lines represent the mean for e
(▲) (25.7 ± 0.9 Ct).
relationship between Ct values and time, the values for hpe were log10
transformed. Despite a significant variation in the rate of the reduction
of P. perurans between tanks (F = 3.69, df = 2, p b 0.05) data from
all tanks were pooled in the final model as the model excluding the
tanks provided the same or better fit based on summary plots, residual
plots and the AIC values (b2 AIC difference). The final model included
an interaction between treatment tank and hpe as explanatory
variables.
water volume and faeces) between 1 to 144 h post-exposure (hpe). The dotted line is
ach treatment group: P. perurans with mussels (●) (33.4 ± 2.0 Ct) and P. perurans only
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A rapid and significant decrease in detectable P. perurans was re-
corded in the presence of mussels, after 1 h the difference between
the tanks with and without mussels was N10-fold (Table 2).
P. perurans were reduced a further 102-fold between 1 and 24 h and a
104-fold between 1 h and 7 days (F = 86.7, df = 1, p b 0.001; y =
3.73x + 25.29, R2 = 0.83) (Fig. 3). Some reduction in P. perurans with
time was also observed in the positive control tank (in the absence of
mussels) with a 10-fold change (range 21.6–23.7 Ct) across the
164 hpe (F = 15.25, df = 1, p b 0.05; y = 0.96x + 21.47, R2 = 0.74)
(Fig. 3). The rate of reduction in P. perurans was significantly greater
in the mussel treatment group compared to the positive control group
(F = 169.79, df = 1, p b 0.001). No P. perurans DNA was detected in
water samples from negative control beakers or tanks. Endogenous
Mytilus spp. multiplex assays indicated that Mytilus DNA levels in the
water of all tanks were stable throughout the experiment (range:
26.5–32.5 Ct).

3.2.2. Shell swabs
Mussel shells were swabbed to determine if P. perurans attaches to

shells and uses them as a surface for attachment, survival or replication.
The proportion of shells testing positive in both experiments are given
in Table 3. All shell swabs from negative control beakers and tanks
tested negative for P. perurans DNA. Additionally, all swabs from the
positive control beakers tested positive.

In experiment 1, 1/10 shell swabs tested positive between 1 and
4 hpe with most Ct values below the RLOD (mean: 36.01 ± 1.46,
range: 33.70–38.41 Ct). In experiment 2, where a modified sampling
protocol was used 9 out of 10 swabs tested positive between 1 and
4 hpe and lower Ct values were obtained for P. perurans than in experi-
ment 1 (mean: 33.98 ± 2.14 Ct, range: 28.94–38.71 Ct).

In both experiments P. peruranswas detected on swabs only during
the first 48 hpe. In experiment 2, all shells tested positive 1 hpe but only
50% tested positive after 48 hpe. As there was no significant tank effect
on the proportion of P. perurans shell swabs testing positive, data were
pooled. The reduction in the proportion of positive shell swabs was sig-
nificant over time (Chi test: p b 0.001). Additionally, swabs taken from
the bottom of the beakers in experiment 1 all tested negative when
mussels were present (range ≥ 36.58 Ct), when mussels were absent 3
out of 8 beakers tested positive (range ≥32.24 Ct). Samples of nets
taken at 385 hpe in experiment 2 tested negative when mussels were
present and positive when mussels were absent (range: 26.0–27.27
Ct). Nets were also positive for Mytilus spp. with lower Ct values
(range: 34.73–36.83 Ct) than for P. perurans.

3.2.3. Detection of P. perurans in mussel tissues
To determine a potential of P. perurans accumulation in mussel tis-

sues and to establish a time frame for accumulation and/or release of
P. perurans, the gill, mantle and digestive glandwere tested for presence
of the parasite by qPCR. No P. perurans DNAwas detected in any tissues
in either experiment. All mussels from the negative control group were
negative for P. perurans DNA. Endogenous Mytilus spp. multiplex assay
Table 2
Detection of P. perurans in water sample hours post-exposure (hpe) withmussels present
(n= 3) and absent (n= 1) in experiment 2 over 16 days. An increase of 3 Ct was consid-
ered a 10-fold decrease.

Hpe P. perurans Ct values

Mussels absent Mussels present

1 21.6 25.6 ± 0.9
4 21.8 26.8 ± 1.4
7 22.0 28.6 ± 1.2
24 23.0 31.0 ± 1.0
48 23.7 33.6 ± 1.8
168 23.2 33.6 ± 1.8
384 23.0 ≥34.8a

a Only one tank had Ct values below 40 Ct.
indicated that all DNA extracted from mussels and tissues was of
good quality (range: 20.6–28.0 Ct). No P. perurans or Mytilus DNA was
detected in their respective negative controls.

3.3. Detection of P. perurans in naturally settled and biofouling mussels

The combined mantle-gill tissue samples collected from natural
mussel beds (Lunderston, Long, Rascarrel Bay) and fish farm cage
(west coast of Scotland) tested negative for P. perurans. Endogenous
Mytilus spp. multiplex assay indicated that all DNA extracted from
mussel tissues was of good quality (all values b30 Ct). No P. perurans
or Mytilus DNA was detected in their respective negative controls.

4. Discussion

Paramoeba spp. have previously been reported in shellfish such as
lobsters (Mullen et al., 2005), sea urchins (Feehan et al., 2013) and oys-
ters (Sühnel et al., 2014) but to date P. perurans has not been detected in
any shellfish and the only known environmental reservoir is free-living
in sea water (Bridle et al., 2010, Wright et al., 2015). Similarly, the
present study did not detect any P. perurans in mussels collected from
natural beds nor selected fish farms on the west coast of Scotland.

Mussel shell surfaces have not previously been considered as an
environmental reservoir for fish diseases. To assess the mussel shell's
potential as a substrate for P. perurans attachment and replication, the
shells from mussels experimentally exposed to high numbers of
P. perurans were swabbed according to the protocol developed for
fish gill swabs (Bridle et al., 2010). The method yielded Ct values
below RLOD in experiment 1. A change in the protocol (increased
sample area and storage in dry tubes) was more effective, with more
positive detections in experiment 2. The improvement in detection of
P. perurans may be attributed to increasing the quantity of DNA on
each swab or storage in dry tubes may have prevented loss of DNA
into the fixative solution.

The present study suggested that mussel shells only provide a suit-
able surface for P. perurans up to 48 h post-exposure when the parasite
is present in high numbers. Shell swabs had Ct values for P. perurans
comparable to those from gill swabs from AGD-infected fish with gill
scores of 1 or 2 (Bridle et al., 2010), which is considered a light infection
(Powell et al., 2001). Using the calibration curve from the present study,
the Ct values detected on the surface of mussel shells at 24 hpe corre-
spond to approximately 100 amoebae, and 10 amoebae after 48 days
and none at the end of the experiment (144 hpe). Therefore, it can
be concluded thatmussel shellsmost likely do not act as a long-termen-
vironmental reservoir for P. perurans. In comparison, swabs of the inside
of the beaker surface (experiment 1) and net samples taken at 384 hpe
(experiment 2) tested positive for P. perurans when mussels were ab-
sent, but not when mussels were present, indicating P. perurans do at-
tach to surfaces in the absence of mussels. When the ambient water
had a concentration of approximately 10,000 amoebae L−1, the Ct

values of the net were equivalent to as much as 1000 amoebae which
is more than expected considering the small size of the net sample
(1 × 1 cm). Materials such as plastic and net surfaces are abundant on
salmon farms and should be considered as a potential substrate for
P. perurans attachment and/or replication.

Development of IMTA has a clear economic and environmental ben-
efit as it widens the aquaculture product portfolio and removes organic
waste associated with unused fish feed (Stirling and Okumus, 1995;
Whitmarsh et al., 2006; Macdonald et al., 2011; Handå et al., 2012).
While species interactions in polyculture may be exploited for bio-
mitigation of fish farm waste or as biological controls of pathogens,
they may also pose new potential pathways for disease transmission.
Uptake and release of variety of a finfish pathogens bymussels and scal-
lops have been tested under experimental conditions. Some pathogens
appear to be taken up and inactivated by mussels e.g. sea lice
copepodids (Molloy et al., 2011; Bartsch et al., 2013; Webb et al.,



Fig. 3.Detection of P. perurans in water samples over 7 days after exposure (log10 hours post-exposure (hpe)) withmussels (●) (y = 3.73x+ 25.29, R2 = 0.83) and P. perurans only (▲)
(y = 0.96x + 21.47, R2 = 0.74) in experiment 2 with 95% confidence intervals. The dotted line is the reproducible limit of detection (RLOD).
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2013) and ISAV (Skår and Mortensen, 2007; Molloy et al., 2012) while
others such as V. anguillarum (Pietrak et al., 2012), IPNV (Mortensen
et al., 1992; Molloy et al., 2013) and L. salmonae (McConnachie et al.,
2013) can be accumulated, remain viable in tissues and can be shed in
faeces long after exposure. For example, up to 70% mortality were ob-
served in Atlantic cod (Gadus morhua) exposed to V. anguillarum-
infected mussel faeces under experimental conditions (Pietrak et al.,
2012). On the other hand, no mortality of Atlantic salmon cohabited
with IPNV-positive mussels was observed, although the rate of trans-
mission (determined by qRT-PCR and virus culture) between mussels
and Atlantic salmon, and between fish infected with IPNV by intraperi-
toneal injection and naïve fish was comparable, suggesting a risk of dis-
ease transmission at potential IMTA sites (Molloy et al., 2013). However,
caution must be used when interpreting and utilising results of experi-
mental challenges in estimating risk of disease transmission under the
dynamic conditions of open sea cage farming. For example, in a direct
immersion experiment mussels were able to take up ISAV but no
mussels were found positive when cohabited with artificially infected
Table 3
Proportion of mussel shell swabs positive for P. perurans over hours post-exposure (hpe)
in experiments 1 (6 days) and 2 (16 days). In experiment 1 only one side of the mussel
shellwas sampledwhile in experiment 2 the entiremussel shell was swabbed thoroughly.

Experiment 1 Experiment 2

Hpe No. of positive/10 Hpe No. of positive/9

b36.22 Ct b40.0 Ct b36.22 Ct b40.0 Ct

1 1 1 1 9 9
2 0 2 – – –
3 1 2 – – –
4 1 3 4 9 9
– – – 7 8 8
24 4 5 24 9 9
48 3 5 48 4 7
144 0 0 – – –
– – – 168 0 1
– – – 384 0 0
Atlantic salmon exhibitingmortality and clinical signs of the ISA disease
or during ISA outbreaks at farm sites (Skår and Mortensen, 2007).

In the present study, no evidence was found to suggest that
P. perurans is capable of persisting or accumulating in mussels under
experimental conditions. Despite exposing mussels to high numbers
of viable P. perurans (experiments 1 and 2: 2 × 104 amoebae L−1 and
3 × 104 amoebae L−1 respectively) no values above the RLOD were de-
tected in gill, mantle or digestive gland using a qPCR assay (Fringuelli
et al., 2012). Sensitivity of the qPCR assay was tested in the present
study and it was confirmed that P. perurans can be detected down to
70 amoeba in spikedmussel tissue spikedmaterial. Similar studies con-
sidered an adverse effect of PCR inhibitors on the ability of qPCR assays
to detect accumulated pathogens in mussels, particularly in the diges-
tive gland (Schrader et al., 2012; Molloy et al., 2013). However, the en-
dogenous Mytilus spp. assay used in the current study did not indicate
that inhibitionwas occurring, with the range of Ct values in the digestive
gland (22.6±1.3 Ct) comparable to other tissues such asmantel and gill
(23.3 ± 1.6 Ct).

Preservation and storage of samples can affect the quality of DNA
and the final result of the analysis (Ørpetveit et al., 2010). Gill swabs
are commonly stored in ethanol before AGD diagnosis (Young et al.,
2008; Crosbie et al., 2010; Karlsbakk et al., 2013). The storage of tissue
samples in ethanol with the addition of a freezing step may have led
to lysis of P. perurans cells and loss of material into the fixative solution.
Waterfilters and shell swabswere stored in dry tubes instead of ethanol
and consistently tested positive in the experiments. Other studies have
successfully detected sea lice, ISAVand IPNV fromdigestive gland stored
directly in lysis buffer after sampling (Molloy et al., 2011, 2012, 2013)
and P. perurans on water filters stored at room temperature (Bridle
et al., 2010; Wright et al., 2015).

Despite the absence of P. peruransDNA inmussel tissues, in both ex-
periments a significant decrease of P. peruransDNA signal over timewas
observed in water from the beakers/tanks where mussels were kept
compared to the positive control tank. It should be emphasised that
the P. perurans Ct values in the positive control beakers/tanks did
not rapidly change, and remained stable increasing by approximately
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10-fold across 16 days (Table 2) and therefore reduction of P. perurans
DNA signal in treatment tank cannot be explained by DNA degradation
over time. When compared to the positive control, after only 1 h
P. perurans decreased by 103-fold in experiment 1 (0.1 L of water per
mussel) and 10-fold (2 L of water per mussel) in experiment 2 (overall
104-fold across 7 days), indicating a very rapid removal that increases
with mussel density. Furthermore, to support the hypothesis that
higher density increases removal rate it can be mentioned anecdotally
that the tank with the highest mussel mortalities (i.e. lowest filtering
capability) experienced a lower removal rate than the other two
tanks. A rapid uptake and re-release of P. perurans could explain the
lack of accumulation/detection of P. perurans in any analysed mussel
tissues, however, as the water samples would contain faeces and
pseudofaeces, it is unlikely any accumulation in the waste products oc-
curred as therewas no secondary spike in detection of P. perurans target
DNA. Changes tomussel feeding behaviour observed towards the end of
tank experiment could have affected results of the study as filtering
activitywas reduced at this point. However, no P. peruranswas detected
in the mussel tissues even in the very early time points where active
feeding was observed, in both beaker and tank experiments.

Prevention is the key to controlling outbreaks of diseases that are
difficult to treat and/ormanage. An understanding of the source and po-
tential spread of pathogen in natural ecosystems aswell as systems such
as IMTA is therefore crucial for aquaculture expansion and sustainabili-
ty. The present study indicates that the presence of mussels on Atlantic
salmon farms do not pose an increased risk in terms of accumulation of
P. perurans and release of viable parasites. This is an agreementwith ob-
servations made in Shetland where mussels on rafts appeared unaffect-
ed during widespread AGD outbreaks (personal communication,
Margaret Nugent, SSQC Ltd). However, P. peruransmay be able to settle
on hard surfaces such as plastic or net structures on fish farm cages,
these should therefore be considered as potential environmental reser-
voirs for P. perurans. Further work is needed to understand the mecha-
nism leading to reduction of P. perurans in the presence of blue mussels
in order to determine if mussels can be considered as biological control
against AGD.
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