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To understand the transmission of Ostreid herpesvirus-1 microvariant(s) (OsHV-1) in seawater, it is necessary to
understand the temporal pattern of occurrence of the virus in seawater in relation to demonstrated infection
events in oysters. The aims of the current study were: (1) to investigate the temporal sequence of detection of
OsHV-1 in seawater and Crassostrea gigas spat in an upweller system, (2) to assess whether filtration or ageing
of seawater reduced the detection of OsHV-1 in seawater and spat, and (3) to assess whether retentate or mem-
branes from filters that were installed to enable continuous sampling of particles in seawater could be used for
OsHV-1 surveillance and to investigate OsHV-1 particulate attachment. This study is the first to detect OsHV-1
DNA in 5 μm retentates andmembranes used to continuously filter natural seawater. OsHV-1 DNAwas detected
in seawater before it was detected in oysters in 65.4% of the 26 detection events examined across 6 trials in an
OsHV-1 endemic estuary. The time of sampling (morning or afternoon) did not affect the detection of OsHV-1
DNA in seawater. Seawater treatment by filtration or ageing did not reduce the frequency of detection of
OsHV-1 DNA in seawater. In contrast, the odds of detecting OsHV-1 DNA in the tissues of oysters kept in aged
seawater and some filtered seawater treatments were reduced (odds ratios: 0.16–0.36) in comparison to the
control. Although OsHV-1 DNA was detected in the retentate from 5 μm filtration, it is unlikely these samples
will be useful for investigating OsHV-1 particle attachment due to low viral signals. Similarly, OsHV-1 DNA was
detected on the 5 μm filter membranes, however further investigation is required to ascertain their usefulness
in assessing OsHV-1 particle attachment. Despite this and with further development, 5 μm filter retentates and
filter membranes may prove to be useful samples for the surveillance of OsHV-1 in seawater.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Ostreid herpesvirus-1 microvariants (OsHV-1) were first detected in
Crassostrea gigas in France in 2008 (Segarra et al., 2010), and in New
Zealand and Australia in 2010 (Jenkins et al., 2013, Keeling et al.,
2014). Mass mortalities recur in this species of oyster each year in the
warm summer months in estuaries where the virus is endemic
(Garcia et al., 2011, Pernet et al., 2012, Pernet et al., 2014, EFSA, 2015,
Whittington et al., 2015a). OsHV-1 associated mortalities occur as a
result of complex interactions between the virus, the oyster and the
environment (Paul-Pont et al., 2013a, Petton et al., 2015, Pernet et al.,
2015, Pernet et al., 2016). However, understanding the mechanism(s)
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behind these interactions and the mode of transmission of the virus in
the estuarine environment has proven to be difficult.

Aquarium-based studies suggest that seawatermay act as amedium
in the horizontal transmission of OsHV-1 (Sauvage et al., 2010,
Schikorski et al., 2011a). Cohabitation of naive oysters, i.e. those never
previously exposed to the virus, with oysters experimentally infected
with OsHV-1 by intramuscular injection of semi-purified virus was
shown to be an effective method for transmitting OsHV-1 and inducing
clinical disease, with OsHV-1 DNA detected in tank water at viral loads
of ≤103 DNA copies per μL (Schikorski et al., 2011a, Evans et al., 2015,
Paul-Pont et al., 2015). Studies of natural disease events suggest that
an aquatic mechanical vector or particle may be associated with
OsHV-1 transmission (Paul-Pont et al., 2013a, Whittington et al.,
2015a). The spatial clustering of exposure events was similar to that
seen in planktonic aggregations and communities (Suthers and Rissik,
2009, Suthers et al., 2009, Rissik et al., 2009) and it was hypothesised
that OsHV-1 may be associated with or attached to such particles
(Paul-Pont et al., 2013a). It has been demonstrated that the detection
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of OsHV-1 in natural seawater samples can be increased by approxi-
mately two-fold by centrifuging those samples at low speed and testing
the resulting pellet (Evans et al., 2014). It was therefore proposed that
particulates of approximately 10 μm or larger in size are probably asso-
ciated with OsHV-1 in the field. However, OsHV-1 may be present in
seawater in a range of forms, including flocculated or aggregated
virus, free virus and/or free viral DNA (Evans et al., 2014, Evans et al.,
2016). Regardless, the form and function of the putative particle
vector(s) in OsHV-1 transmission are yet to be defined.

In order to be transmitted successfully OsHV-1 must be able to
remain infective while suspended in seawater. In general, pathogenic
microbes may have a limited duration of viability in the environment,
however, associationwith or adsorption to particulates in thewater col-
umn can improve their stability and survivability (Bitton, 1975, Sakoda
et al., 1997, Tang et al., 2011). OsHV-1 was stable and infective in non-
livingwet and dry oyster tissues for at least 7 days at 20 °C, while in sea-
water it remained stable and infective for at least 48 h, but not 72 h, at
20 °C (Hick et al., 2015). This was consistent with the results of other
studies in which infected oyster tissue homogenates were stored at
16 °C and 25 °C (Martenot et al., 2015). OsHV-1 can remain infective
in a semi-purified tissue homogenate for at least 3 months when stored
at 4 °C (Paul-Pont et al., 2015). There have beenno studies on the viability
of OsHV-1 in natural seawater samples under field conditions.

Losses due to OsHV-1 are typically severe (EFSA, 2010), with cumu-
lative mortality between 40 and 100% in all age and size classes of C.
gigas in Australia (Paul-Pont et al., 2013b, Paul-Pont et al., 2014,
Whittington et al., 2015a). Thus, research to devise husbandry strategies
for the prevention and protection of oysters at all stages of the produc-
tion cycle has become important (Paul-Pont et al., 2013b, Pernet et al.,
2014, Whittington et al., 2015a, Whittington et al., 2015b). In recent
studies OsHV-1 related mortalities in adult C. gigas were kept below
50% by placing stock in intertidal cultivation structures at a specified
height to reduce seawater immersion time (Paul-Pont et al., 2013b,
Whittington et al., 2015a).

OsHV-1 represents a significant threat to the ongoing production of
C. gigas in Australia as the industry relies on the commercial production
of hatchery-reared triploid and diploid spat; larvae and oysters b1 year
of age are the most susceptible life history stages (Renault et al., 1995,
Garcia et al., 2011, Schikorski et al., 2011b, Paul-Pont et al., 2013b,
Whittington et al., 2015a). In a recent study, Whittington et al.
(2015b) prevented spat mortalities by filtering incoming seawater
from an OsHV-1 endemic estuary to 5 μm or by ageing it for 48 h prior
to reticulation to land-based upwellers. Filtration of seawater to 30 μm
or 55 μm was insufficient to prevent spat mortalities (Whittington et
al., 2015b). However, it remains unclear whether it was the removal
and/or inactivation of OsHV-1, the removal of particulates with which
OsHV-1 may have been associated, or the removal of the oysters' food
sourcewhich protected the spat frommortality. In a recent study exam-
ining the effects of feeding an algae concentrate on OsHV-1 transmis-
sion and the dose–response effect (represented by the number of
OsHV-1-infected donor oysters cohabitated with healthy naive oysters)
it was shown that the addition of food and the number of donor oysters
were both important risk factors for OsHV-1 transmission and clinical
disease (Evans et al., 2015). In Whittington et al. (2015b), spat in the
aged water and 5 μm filtration treatments grew significantly less than
spat maintained in untreated seawater, suggesting that these oysters
were receiving less food than the untreated seawater treatments.

To improve understanding of the transmission of OsHV-1 in seawa-
ter, it would be useful to understand the temporal pattern of occurrence
of the virus in seawater in relation to demonstrated infection events in
oysters. The upweller experiments described by Whittington et al.
(2015b) provided a physical environment in which to do this, as well
as an opportunity to attempt to demonstrate removal of the virus
from seawater through water treatments, and to find the putative par-
ticle vector. Consequently, the aims of this studywere: (1) to investigate
the temporal sequence of detection of OsHV-1 in seawater and C. gigas
spat in an upweller system, (2) to assess whether ageing and filtration
of seawater reduces the detection of OsHV-1 in seawater, and (3) to as-
sess whether samples of filter retentate or filter membrane can be used
to detect OsHV-1 and investigate particulate attachment of the virus.
Seawater and filter-related samples were collected during the upweller
trials reported by Whittington et al. (2015b), as well as from parallel
upwellers established specifically to address these aims.

2. Materials and methods

Seawater, filter retentates, and filter membranes were collected
from the upweller systems described by Whittington et al. (2015b)
and from additional upwellers (see Section 2.2) between the 8th
November 2013 and 28th May 2014. A total of 770 seawater samples
and 317 filter-related samples were examined. All of the experimental
systems were located in a farm shed at Mooney Mooney, in the
downstream portion of the Hawkesbury River estuary, NSW, Australia,
approximately 50 km north of Sydney, Australia. All of the laboratory
analyseswere conducted in physical containment level 2 (PC2) facilities
at the University of Sydney, Camden, NSW, Australia.

2.1. Crassostrea gigas spat

Two batches of triploid C. gigas spat (2.5–5.0 months old at the time
of deployment) were used as sentinels, i.e. as susceptible hosts that
would indicate periods of viral transmission and disease expression.
These oysters were the same as those described in Whittington et al.
(2015b) and were certified as negative for OsHV-1 by the competent
government authority prior to transfer from the hatchery in Tasmania
(Shellfish Culture), and again prior to use in the current trial using
real-time quantitative PCR (qPCR) (Martenot et al., 2010). A total of
2000 spat (500 per upweller) were used per treatment per trial, and
oysters were replaced at the start of each new trial. Oysters were
checked for mortality and sampled according to Whittington et al.
(2015b). Oysters in each upweller and the river control basket (see
Section 2.2) were examined daily, except in trial 4 where they were
checked three times weekly.

2.2. Upweller reticulation systems

The reticulation systems used in this study are described in detail in
Whittington et al. (2015b). Briefly, a large fibreglass tank contained four
upweller treatments per trial (upweller control, aged water and various
filtration ± ultraviolet light (UV) combinations) (Supplementary Fig. 1).
The specific treatments used and samples collected in each trial are
summarised in Table 1. A river control consisting of 2000 oysters in a
floating basket (BST Oyster Supplies) wasmaintained in the Hawkesbury
River approximately 2 m from the submersible pumps which supplied
seawater to the upwellers (Supplementary Fig. 1). Each upweller treat-
ment consisted of a single holding tank (81 × 60 × 35 cm, L x W x D,
170 L) in which 4 small upwellers (140 mm high × 100 mm diameter,
1 mm mesh screens) were housed; each contained 500 spat. In January
2014 an additional large upweller (140 mm × 300 mm diameter, 2 mm
mesh screen) containing 2000 spat was addedwithin the same fibreglass
tank, within a 167 L plastic half-barrel, for use in trials 4, 5 and 6 (Table 1
and Supplementary Fig. 1).

Seawater was supplied to each of the treatments using three sepa-
rate submersible, continuous flowpumps (Dynapond, Davey, Australia),
located approximately 0.5 m apart in the Hawkesbury River. The
upweller control and filtration treatments were supplied from a single
pump via a manifold and a mixing tank, while the large upweller and
agedwater treatments were supplied with seawater from two indepen-
dent pumps (Supplementary Fig. 1). Seawater for the aged water treat-
ment was first pumped to one of two opaque green polyethylene
holding tanks (10,000 L) for ageing for 48 h, and water was then
drawn by gravity from the appropriate tanks to a single mixing tank



Table 1
Outline of trial design, treatments and sample types.

Trial ID numbera Starting date Duration of trial (days) Treatments examined Sampling interval for qPCR tests

Spat Seawater Filters

2 08 Nov 2013 11 RC, UC, AW, 100/5, 100/5 + UV 1 day 1 day Not sampled
3 05 Dec 2013 20 RC, UC, AW, 100/30, 55c 1 day 1 day Not sampled
4b 15 Jan 2014 15 RC, UC, AW, 100/30, 55/5, LUd 1–4 days 1–4 days 1 day
5 26 Feb 2014 28 RC, UC, AW, 100/5, 55/5, LU 3–4 days 1 day 1 day
6 26 Mar 2014 49 RC, UC, AW, 100/5, 55/5, LU 3–4 days 1 day 1 day
7 14 May 2014 15 RC, UC, 55/5 3–4 days 1 day 1 day

RC: river control; UC: upweller control; AW: aged seawater; filtration treatments: pre-filter/post-filter. Membrane pore sizes shown are as specified by the manufacturer.
Note: filter-related samples collected from the large upweller treatment in trials 4, 5 and 6, and the 55/5 μm treatment in trial 7, were comparable only to samples from the river control
and the upweller control (see Fig. 1 for the structure of each trial).

a Trial identification numbers correspond to those used in Whittington et al. (2015b).
b Filter samples were collected from 20 Jan 2014 onwards (9 out of 15 days).
c 55 μm filtration treatment in trial 3 involved a pre-filtration unit only; no post filtration unit was used (see Section 2.2).
d LU = large upweller. Unique to this study.
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which supplied the aged water treatment (Supplementary Fig. 1). In
trial 4, oysters in the large upweller received untreated seawater, as
the incoming seawater was divided between a 5 μm filter and the
large upweller. However, in trials 5 and 6 oysters received seawater
filtered to 5 μm, as the large upweller was in-line with the 5 μm filter
(Supplementary Fig. 1). The typical flow rates used in each trial were
0.5 to 1 L per min per upweller, except for trial 4 where flow rates in
the upweller control and filter treatments were 1 to 4 L per min per
upweller. The flow rate of the large upweller was approximately 35 to
38 L per min, so as to not exceed the maximum rating for the filters of
38 L permin (Whittington et al., 2015b). Filterswere cleaned or changed
daily to avoid obstruction (Supplementary Fig. 1), using freshwater
under moderate pressure from a domestic water supply tap. Flow
rates in the filtration treatments were nominal; and were adjusted
after cleaning the filters.

Filtration of incoming seawater was achieved using a pre-filtration
and post-filtration step. Pre-filtration was with either a 100 μm or a
55 μm stacked polypropylene disc filter (1 in. short; Arkal, Israel).
Post-filtration was with either a 5 μm pleated paper cartridge filter
(trials 2–6) or a pleated polyester fabric cartridge (Puretec, Australia)
(fromday 35 of trial 6 onwards and trial 7) in a plasticflow through can-
ister housing (Omnifilter BF7, USA). In trial 3, a standalone pre-filtration
treatment (55 μm)with no post filtrationwas assessed. In trials 3 and 4,
a 30 μm post-filtration cartridge (Omnifilter) was tested as one of the
treatments (Table 1). The pore sizes of the filters used in this trial
were nominal and as specified by the manufacturers.

2.3. Seawater sample collection and processing

Seawater samples were collected daily between 06:00–16:00 from
every treatment and control in every trial (2–7). In two trials (2 and
3), seawater was collected twice daily between 06:00–10:00 (am sam-
ple) and 13:00–16:00 (pm sample) (Fig. 1 and Supplementary Fig. 1).
Seawater was collected from each of the upweller holding tanks and
from the large upweller by submerging either a 50 mL polypropylene
tube (Falcon) (trials 2 and 3) or a clean 600 mL polyethylene bottle
(trials 4–7) below the surface of the water and moving the collection
vessel around while it filled. For the river control the collection vessel
was submerged below the surface of thewater next to the oyster basket
and allowed to fill. One litre of water was collected from the base of one
of the agedwater storage tanks in trials 4 (n= 2 samples) and 5 (n= 2
samples) using a beta bottle style Van Dorn water sampler (The Envi-
ronmental Collective, ENVCO Global, New Zealand) and transferred to
clean 1 L polyethylene bottles. All seawater samples were frozen at
−20 °C, for 6 to 9 months, until they were processed using the low
speed centrifugation method described by Evans et al. (2014). Briefly,
samples were thawed overnight at room temperature and then vigor-
ously shaken for 30 s to resuspend particles. A 15 mL aliquot was trans-
ferred to a sterile 15 mL polypropylene tube (Falcon) and centrifuged
for 20 min at 1000 ×g. The supernatant was discarded leaving approx-
imately 1 mL and the pellet. The pellet was resuspended by vigorously
shaking for 30 s and a 1mL aliquot was placed into a 2mL tube contain-
ing 0.4 g of silica-zirconia beads (Daintree Scientific). Samples were
stored at −80 °C then homogenised by bead-beating in a TissueLyser
II machine (Qiagen®) according to the method described in Evans et
al. (2015). Clarified supernatants were frozen at −80 °C until nucleic
acid purification (see Section 2.6).

2.4. Filter membrane samples

Samples of the 5 μm pleated paper or polyester filter membrane
were collected daily from specified treatments in trials 4 to 7 when
the filter cartridges were changed (Fig. 1 and Supplementary Fig. 1).
To sample the membrane, the filter cartridge was removed from its
housing and a sheet of the pleated membrane was cut out using clean
scissors, whichwere cleaned with soap and freshwater each day. Mem-
brane sheetswere frozen at−20 °C for 6 to 9months, until processed in
the laboratory.

Membranes were thawed at 4 °C for 1–2 h. Three individual seg-
ments each 30 mm × 8 mm were cut from 3 separate sections of the
membrane (i.e. 3 segments per section) (Supplementary Fig. 2). The 3
segments within a section were pooled into a 2 mL tube containing
0.4 g of silica-zirconia beads and frozen at −80 °C. Samples were
thawed inside a class 2 biosafety cabinet at room temperature for
20min, afterwhich 900 μL of buffer ATL (Qiagen®) and 20 μL of protein-
ase K (Qiagen®) were added to each tube. Tubes were incubated at
56 °C for 3 h in a hybridisation oven (Hybaid Shake N Stack, Thermo Sci-
entific, MP Biomedical) and shaken at maximum speed. Samples were
homogenised by bead beating (Fastprep®-24 System, MP Biomedical)
for 30 s at 6.5 m/s, repeated once. The tubes were centrifuged for
2 min at 16,162 ×g in a microcentrifuge (Beckman Coulter,
Microfuge®16, Life Sciences) and 50 μL of the clarified supernatant
was placed into a 200 μL strip cap tube (0.2 mL 8 strip PCR tubes,
Interpath Services). The clarified supernatants from each section were
then pooled (n = 3) to produce a single sample from each filter mem-
brane for nucleic acid purification (Supplementary Fig. 2). Samples
were stored at −80 °C until nucleic acid purification.

2.5. Filter retentate samples

Samples of the retentate fluid from the 5 μm, 55 μm and the 100 μm
filter housingswere collected in trials 4 to 7, after removal of the pleated
paper/polyester filter cartridge or the disc filter. The contents of the
filter housing were vigorously swirled for 20 s to resuspend sediments.
Fiftymillilitres of the retentatewere poured into a 50mL polypropylene
tube and frozen at −20 °C for 6 to 9 months until processed in the
laboratory as described in Section 2.3 for seawater samples.
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2.6. Detection of OsHV-1 DNA

The homogenisation, nucleic acid purification, and real-time qPCR
procedures described byWhittington et al. (2015b) were used to detect
OsHV-1 DNA in oysters.

Nucleic acids were purified from seawater, retentate and filter car-
tridge samples as described in Evans et al. (2014). A sample volume of
50 μL was used for filter membrane samples while 200 μL was used
for seawater and retentate samples. Nucleic acid preparations were
stored at−20 °C until qPCR analysis.

Nucleic acid preparations were analysed using a SYBR® green assay
adapted from the probe-based assay developed by Martenot et al.
(2010) and shown to have equivalent sensitivity (Evans, 2016).
Fig. 1. Temporal pattern of OsHV-1 DNA detection in oysters, seawater and filter-related sampl
“N”. Samples which tested positive for OsHV-1 DNA are indicated by the letter “P”. The level of
tissue, or per cm2 of filter membrane): light grey= bloq (below quantification limit of the assa
black= ≥1.2× 104DNA copies per unit. The letter “M” indicates thatmortalitieswere observed
that day. Note: the large upweller treatment assessed in trials 4, 5 and 6 was comparable only
collection of filter-related samples. In trial 4 oysters in the large upweller treatment received u
Samples were analysed in duplicate in a 25 μL reaction volume, as pre-
viously described by Evans et al. (2014). Five microlitres of undiluted
nucleic acid extract was used for all of the seawater and retentate sam-
ples, while filter membrane extracts were diluted 1 in 10 prior to qPCR
analysis to overcome inhibition (Evans, 2016). Samples were defined as
positive when one or both replicates exhibited an exponential increase
in SYBR fluorescence signal, had a cycle threshold of b40, and had a dis-
sociation curve with amelting curve (Tm) that conformed to that of the
positive control. The quantification limit of the assaywas 1.2 × 101 DNA
copies per PCR reaction. Samples that satisfied the criteria for detection
(Evans et al., 2014) but that had a Ct value below the limit of quantifica-
tion of the assay were described as positive below the limit of quantifi-
cation (bloq).
es in trials 2–7. Samples which tested negative for OsHV-1 DNA are indicated by the letter
shading indicates the amount of OsHV-1 DNA detected in that sample (per μL, or per mg
y ≤1.2 × 101 DNA copies per unit); dark grey N1.2 × 101 to 1.2 × 103 DNA copies per unit;
that day, and the symbol “-” indicates that no samplewas collected or no samplewas tested
to the upweller control and the river control. The sole purpose of this treatment was the
ntreated seawater (see Supplementary Fig. 1).
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2.7. Statistical analysis

Analyses of the detection of OsHV-1 DNA in oysters compared to
seawater, or as a result of different treatments, were conducted using
the Generalised Linear Mixed Model (GLMM) method of Genstat
15th Edition (© 2000–2015 VSN International Ltd., UK) utilizing a
binary outcome for OsHV-1 DNA detection (0 = negative, 1 =
positive). Sample type (oyster, seawater) and treatment (controls,
ageing of water, filtration) were accounted for in the fixed model,
while trial and day of sampling were accounted for in the random
model.

When viral loads in oyster tissues exceeded1.2 ×104 DNAcopies per
mg tissue, and/or where mortalities occurred, it was assumed that the
viral loads of the oysters would directly impact the concentration of
OsHV-1 DNA in the seawater of that treatment, due to high rates of
viral shedding from clinically infected oysters (Oden et al., 2011,
Paul-Pont et al., 2015). For this reason oyster and seawater samples cor-
responding to, or following, sampling events in which oysters had high
viral loads (≥1.2 × 104 DNA copies per mg tissue) or mortalities, were
censored from the analysis, as the data were not considered indepen-
dent. Only the affected treatment was censored.

The effect of sampling time (am vs. pm) on the detection of OsHV-1
DNA in seawater was assessed for seawater samples collected in trials 2
and 3 using GLMM. The effect of sampling timewas accounted for in the
fixed model, and trial and sampling day were accounted for in the ran-
dommodel. Data in this analysis were censored as above.
The time of first detection of OsHV-1 in seawater relative to oysters
(before, compared to at the same time or after), and the relative fre-
quency of OsHV-1 DNA detection in samples from the large upweller
treatment (oyster tissues, compared to seawater, 5 μm filter retentate
or 5 μm filter membrane; data in this analysis were censored as
above) were assessed using the two sample binomial test for propor-
tions in Genstat.
3. Results

3.1. Temporal sequence of OsHV-1 DNA detection in seawater and oysters

Trial 2: OsHV-1 DNA was detected in the seawater of every treat-
ment and control before it was detected in oysters (Fig. 1). OsHV-1
DNA was first detected in the seawater of the upweller control, the
aged water treatment and the 100/5 μm ± UV treatments on day 1
and in the river control on day 2. OsHV-1 DNAwas first detected in oys-
ters from the upweller control and the river control on days 3 and 5, re-
spectively. Mortality began in both controls on day 7. Thus exposure to
OsHV-1 in seawater preceded detection of OsHV-1 DNA in spat by 2–
3 days and mortality in spat by 5–6 days. Viral loads in seawater were
consistently low (bloq), while the concentration in oyster tissue in the
controls ranged between 5.4 × 102–1.9 × 106 DNA copies per mg tissue.
Viral loads in oysters from the aged water and filtration treatments
were very low throughout the trial (bloq) (Table 2).
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Trial 3: OsHV-1 DNA was first detected in the seawater of the aged
water (day 9), 100/30 μm (day 1) and 55 μm (day 6) treatments before
it was detected in oysters (days 11, 12 and 7, respectively) (Fig. 1).
However, OsHV-1 DNA was detected in the oysters of the upweller
Table 2
OsHV-1 DNA detection in seawater and oysters in trials 2 to 7. The number of days where samp
first detected and the range of viral concentrations detected are shown. nd= not detected,…=
copies per unit).

Trial Treatment Seawater

No. days
tested

No. days
detected

Day first
detected

Ran
load

2 Upweller control 11 7 1 blo
River control 11 5 2 blo
Aged seawater 11 2 1 blo
100 μm/5 μm 11 3 1 blo
100 μm/5 μm + UV 11 2 1 blo

3 Upweller control 20 4 9 blo
River control 20 nd … …
Aged seawater 20 2 9 blo
100 μm/30 μm 20 5 1 blo
55 μm alone 20 9 6 blo

4 Upweller control 4 2 11 3.2
River control 4 nd … …
Aged seawater 4 nd … …
100 μm/30 μm 4 1 11 1.7
55 μm/5 μm 4 nd … …

5 Upweller control 28 nd … …
River control 28 2 8 blo
Aged seawater 28 1 7 blo
100 μm/5 μm 28 nd … …
55 μm/5 μm 28 2 8 blo

6 Upweller control 48 nd … …
River control 48 5 6 blo
Aged seawater 48 1 4 blo
100 μm/5 μm 48 1 7 blo
55 μm/5 μm 48 1 5 blo

7 Upweller control 15 1 8 2.1
River control 15 nd … …
55 μm/5 μm 15 nd … …
control on day 7, two days before it was detected in the seawater and
in oysters but not seawater in the river control. Mortalities began in
the river control, upweller control, and the 55 μm treatment on days
11, 12 and 17 respectively, associated with viral loads between
les were tested, the number of days on which OsHV-1 was detected, the day OsHV-1 was
not applicable, bloq= below the quantification limits of the qPCR assay (b1.2 × 101 DNA

Oysters

ge of viral
s

No. days
tested

No. days
detected

Day first
detected

Range of viral
loads

q 9 6 3 5.4 × 102–1.9 × 106

q 9 5 5 5.2 × 105–1.2 × 106

q 11 2 10 bloq
q 11 1 11 bloq
q 11 5 6 bloq
q 13 7 7 6.4 × 101–5.8 × 105

12 2 11 1.3 × 105–1.6 × 105

q 19 3 11 bloq
q 19 1 12 bloq
q 19 7 7 2.9 × 102–1.1 × 104

× 101 5 3 11 3.5 × 101–4.2 × 105

4 2 11 1.3 × 101–1.9 × 105

4 1 14 bloq
× 101 4 2 11 7.4 × 103–4.1 × 104

4 1 14 bloq
8 nd … …

q 8 nd … …
q 8 nd … …

8 1 28 bloq
q 8 nd … …

15 1 14 5.4 × 103

q 15 3 22 5.4 × 102–1.9 × 105

q 15 nd … …
q 15 nd … …
q 15 1 46 bloq
× 101 4 nd … …

2 2 1 5.2 × 103–8.9 × 103

4 nd … …
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6.4 × 101–5.8 × 105 DNA copies per mg tissue. Viral loads in seawater
and in oysters in the agedwater and 100/30 μmtreatmentswere consis-
tently very low (bloq) (Table 2).

Trial 4: Seawater and oysters were tested every 4 days in this trial
(Table 1 and Fig. 1). OsHV-1 DNA was first detected in seawater and
oysters in the upweller control and the 100/30 μm treatment on day
11. OsHV-1 DNA was not detected in the seawater of the river control,
or the aged water or 55/5 μm treatments; however it was detected in
oysters in these treatments on days 11 and/or 14. Mortalities were ob-
served in the upweller control, river control and 100/30 μm treatment
on day 14. Viral loads in seawater ranged between 1.7 × 101–
3.2 × 101 DNA copies per μL, while in oysters ranged between
1.3 × 101–4.2 × 105 DNA copies per mg tissue (Table 2). Seawater sam-
ples (n= 2) collected from the base of the 10,000 L aged seawater stor-
age tank were negative for OsHV-1 DNA.

Trial 5: OsHV-1 DNA was detected in the seawater of the river con-
trol, and the aged water, 100/5 μm and 55/5 μm treatments; it was
first detected in the aged water treatment on day 7 (Fig. 1). OsHV-1
DNA was detected in oysters but only in the 100/5 μm treatment, on
day 28. No mortalities were observed in this trial in any treatment or
control. Viral loads in seawater and oysters were consistently very low
(bloq) (Table 2). Seawater samples (n = 2) collected from the base of
the 10,000 L aged seawater storage tankwere negative for OsHV-1 DNA.

Trial 6: OsHV-1 DNA was detected in the seawater of every treat-
ment and control before it was detected in oysters (Fig. 1). OsHV-1
was first detected in the seawater of the upweller control and the
aged water treatment on day 4, 10 days before it was detected in oys-
ters, while in the 55/5 μm treatment it was detected in the seawater
on day 5, 41 days before it was detected in oysters. Mortalities were
observed in oysters in the river control on day 22, 16 days after first
detection in seawater. Due to the highmortality observed (95%), oysters
in the river control were replaced with 2000 new spat on day 28
(Whittington et al., 2015b). OsHV-1 was not detected in oysters in the
agedwater or 100/5 μmtreatments. Viral loads in seawaterwere consis-
tently very low (bloq), while viral loads in control oysters ranged
between 5.4 × 102–1.9 × 105 DNA copies per mg tissue (Table 2).

Trial 7: OsHV-1 DNAwas first detected in oysters from the river con-
trol on day 1. OsHV-1 DNAwas detected in the seawater of the upweller
control on day 8; this was the only positive sample among the 15 sam-
ples that were tested. OsHV-1 DNAwas not detected in the seawater or
oysters of the 55/5 μmtreatment. Low levelmortalitieswere detected in
the river control on day 15with viral loads between 5.2 × 103–8.9 × 103

DNA copies per mg tissue (Table 2).
Overall, OsHV-1 was detected in seawater before it was detected in

sentinel oyster tissues in 65.4% of the 26 detection events examined,
compared to the same day (7.7%) or after it was detected in oysters
(26.9%) (P = 0.027) (Table 3).

The likelihood of detecting OsHV-1 DNA in seawater samples
collected in the morning between 06:00–10:00 or in the afternoon
between13:00–16:00 was similar (P = 0.213).
Table 3
Detection of OsHV-1 DNA in seawater relative to oyster tissues in upwellers or the river
control basket, for all treatments and control groups in all experiments. Note: the large
upweller treatment in trials 4–6 is not included in these tallies as its purpose was the col-
lection of filter-related samples.

Category Number of
detection events

%
events

First detection in seawater on a day before first
detection in oyster tissues

17 65.4

First detection in seawater on the same day as first
detection in oyster tissues

2 7.7

First detection in seawater on a day after first
detection in oyster tissues

7 26.9

Total 26 100.0
3.2. Effects of filtration and ageing of seawater on the subsequent detection
of OsHV-1 DNA in seawater and oysters

The percentage of occasions where OsHV-1 DNA was detected in
seawater and oysters in trials 2 to 6 is summarised by treatment in
Fig. 2. These data exclude seawater and oyster samples following mor-
talities and/or the detection of high viral loads (≥1.2 × 104 DNA copies
per mg) in oysters, because it is likely that viral shedding from infected
oysters into the surrounding seawaterwould have occurred. Over all the
trials, seawater treatment affected the detection of OsHV-1 DNA in sea-
water and oysters differently (interaction P b 0.001) (Supplementary
Table 1).

Ageing or filtration of seawater to 5 μm did not significantly reduce
the frequency of detection of OsHV-1 in seawater, but these treatments
did so in oysters (Supplementary Table 1). The odds of detecting OsHV-
1 DNA in oysters in the aged water treatment were 0.36 that of the
upweller control, while in oysters in the 100/5 μmand 100/30 μm treat-
ments the odds of detecting OsHV-1 DNA were 0.18 and 0.16, respec-
tively. There were higher rates of detection in seawater in the 100/
30 μmand 55 μm treatments (OR 8 to 15 compared to the upweller con-
trol) (Supplementary Table 1).

There were different patterns of OsHV-1 DNA detection in oysters
and in seawater in trials 2 to 6 (Fig. 2). In trial 2, OsHV-1 DNA was de-
tected more often in the seawater of the upweller control (50.0%) and
the 100/5 μm treatment (27.3%), compared with the river control, and
the aged water and 100/5 μm + UV treatments (16.7%–18.0%) (Fig. 2).
In oysters OsHV-1 DNAwas detectedmost often in the upweller control
(50.0%) and the 100/5 μm + UV treatment (45.5%) (Fig. 2). In trial 3,
OsHV-1 DNA was detected most often in seawater in the 55 μm
(35.7%) and 100/30 μm (25.0%) treatments. In oysters OsHV-1 DNA
was detected most often in the upweller control (25.0%) and the aged
water treatment (15.8%) (Fig. 2). In trial 4, OsHV-1 DNAwas not detect-
ed in seawater prior to the observation of mortalities or the detection of
high viral loads in oysters; however, OsHV-1 DNA was detected in oys-
ters in the aged water (25.0%) and 55/5 μm (25.0%) treatments (Fig. 2).
In trial 5, OsHV-1 DNA was detected most often in the seawater of the
river control (7.1%) and the 55/5 μm (7.1%) treatment, while in oysters
it was detected only in the 100/5 μm (12.5%) (Fig. 2). In trial 6, OsHV-1
DNAwas detected most often in seawater (8.5%) and oysters (15.3%) of
the river control (Fig. 2).

3.3. Detection of OsHV-1 DNA in filter retentates and membranes

Trial 4: OsHV-1 DNA was first detected in the retentate of the 5 μm
filter in the large upweller treatment on day 8 (Fig. 1). OsHV-1 was
first detected in the filter membrane and in oysters on day 11. Oysters
used in this trial received non-treated seawater as they were not in-
line with the 5 μm filtration unit (Supplementary Fig. 1). Mortalities
were first observed on day 13. OsHV-1 was detected in 50% of the
5 μm retentate samples, 50% of the filter membrane samples and 50%
of the oyster samples that were tested (Fig. 1). Viral loads in the 5 μm
retentate were consistently very low (bloq), while viral loads in the
filter membranes ranged between 2.24 × 101–2.86 × 102 DNA copies
per cm2 of membrane. Viral concentrations in oysters ranged between
1.27 × 101–3.2 × 105 DNA copies per mg tissue.

Trial 5: OsHV-1 DNA was first detected in the 5 μm retentate of the
large upweller treatment on day 8 (Fig. 1); two of the twenty-eight
5 μm retentate samples collected tested positive to OsHV-1. OsHV-1
DNA was detected in the seawater of the large upweller on days 22
and 23. OsHV-1 DNA was not detected in oysters or the 100 μm
retentate or on the filter membranes for the duration of this trial. No
mortalitieswere observed. Viral loads in the 5 μmretentate and seawater
were consistently very low (bloq) (Fig. 1).

Trial 6: OsHV-1 DNA was first detected in the 5 μm retentate of the
large upweller treatment on day 2 (Fig. 1), this was the only positive
sample among the 49 samples that were tested. OsHV-1 was detected
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on the filter membrane on days 20 and 32, while in seawater OsHV-1
was detected on days 23 and 32. OsHV-1 DNA was not detected in the
100 μm retentate or in any oyster samples for the duration of the trial.
No mortalities were observed. Viral loads in the 5 μm retentate and in
seawater were consistently very low (bloq). Viral concentrations of
1.37 × 101 DNA copies per cm2 of filter membrane were detected on
day 23, while on day 32 viral loads were bloq (Fig. 1).

Trial 7: OsHV-1 DNAwas first detected in oysters from the river con-
trol on day 1. OsHV-1 DNAwas detected in the seawater of the upweller
control on day 8; this was the only positive sample among the 15 sam-
ples that were tested. OsHV-1 DNA was not detected in any filter
retentates or filter membranes for the duration of the trial. Low level
mortality was observed in the oysters of the river control on day 15
(Whittington et al., 2015b) (Fig. 1).

Over all the samples from the large upwellers thatwere examined in
trials 4, 5 and 6, OsHV-1 DNAwas detected in 6.3% of 32 sentinel oyster
tissues (censored, see Section 2.7), 4.3% of 92 seawater samples, 7.2% of
97 samples of 5 μm filter retentates and 4.1% of 92 samples of 5 μm filter
Fig. 2.OccasionswhenOsHV-1DNAwasdetected in seawater and oysters by qPCR in trials
2–6. These percentages have been censored to exclude all those seawater and oyster
samples corresponding to, or following, high viral loads (≥1.2 × 104 DNA copies per mg
tissue) in oysters or mortalities, as the source of virus in those seawater samples was
most likely the sentinel oysters. The number above each bar is the number of occasions
tested (this number excludes all of the censored time-points). Standard errors are
shown. Trial 7 not shown as only 3 OsHV-1 positive samples were observed (refer to
Fig. 1).

Fig. 2 (continued).
membranes (Fig. 1). The relative frequency of OsHV-1 DNA detection in
oyster tissues was no different to the relative frequency of detection in
seawater (P = 0.666), 5 μm filter retentates (P = 0.852) or 5 μm filter
membranes (P = 0.620), but viral DNA quantities were much higher
in the membrane samples than in the samples of seawater or retentate
(Fig. 1).
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4. Discussion

This study was performed over the warm months between Nov
2013 and May 2014 in the Hawkesbury River estuary, NSW, Australia,
in which OsHV-1 had been endemic since January 2013 (Paul-Pont et
al., 2014). The purpose was to gain further understanding of the trans-
mission of the virus. Samples of seawater, filter retentates and filter
membranes, and oysters were collected from the upweller systems de-
scribed in Whittington et al. (2015b), and from filters and a larger
upweller that were added to the infrastructure to enable continuous
sampling of particles in seawater (Supplementary Fig. 1). In each exper-
iment oysters were used as sentinels to provide a sensitive indication of
when viable OsHV-1 was present in seawater at sufficient levels to lead
to expression of disease. The focus of the prior study (Whittington et al.,
2015b) was the investigation of novel methods to protect C. gigas spat
from OsHV-1 related mortalities through treatment of the incoming
seawater. It demonstrated that ageing seawater for 48 h, or filtration
to 5 μm could protect spat, however the mechanism was unclear. Pro-
tection might have occurred through inactivation and/or removal of
the virus, or through removal of the putative particle vector with
which OsHV-1may be associated, or through the removal of risk factors
such as food particles from the seawater (Paul-Pont et al., 2013a, Evans
et al., 2014, Evans et al., 2015, Whittington et al., 2015b). Therefore the
likelihood that ageing or filtration would significantly reduce the detec-
tion of OsHV-1 DNA in seawater wasworthy of investigation, aswas the
possibility thatfilter-related samplesmay be useful for the investigation
of the OsHV-1 particle attachment hypothesis (Paul-Pont et al., 2013a),
or indeed for surveillance of OsHV-1.

This study is the first to investigate the pattern of OsHV-1 DNA de-
tection in natural seawater samples collected over time and to compare
this with the pattern in C. gigas spat, the only prior kinetics study having
been conducted in 25 L static aquaria using an experimental infection
model (Schikorski et al., 2011a). In trials 2 and 3 OsHV-1 DNA was de-
tected in seawater at least one day before it was detected in oysters
(Fig. 1 and Table 2). In trial 2 OsHV-1 was detected in the seawater of
every treatment and control before it was detected in oysters, while in
trial 3 this pattern was observed in 3 of 5 treatments (Fig. 1). Although
the sampling strategy used in trials 4, 5 and 6 was different to that used
in trials 2 and 3, the same trend of OsHV-1 often being detected in sea-
water prior to being detected in oysters was observed (Fig. 1). When all
treatments and controls in each trialwere considered, OsHV-1 DNAwas
detected in seawater before it was detected in oysters in 65.4% of detec-
tion events (Table 3). The C. gigas spat used in this study were certified
as negative for OsHV-1 prior to use and so the source of virus in these
trials was the incoming seawater.

The seawater sampleswere collected intermittently (once or twice a
day) and so are point in time samples, whereas oysters can constantly
filter seawater and accumulate microbes (Shumway et al., 1985,
Riisgard, 1988, Dupuy et al., 2000, Cognie et al., 2001, Tran et al.,
2002). Therefore it is interesting that we were able to observe the ante-
cedence of virus in the seawater, particularly when OsHV-1 exposure
events are clustered in space and time (Paul-Pont et al., 2013a). These
data provide direct evidence of seawater acting as the medium for the
horizontal transmission of OsHV-1 in the field. OsHV-1 was not present
continuously in seawater during the 6 month period of this study, and
the concentrations of virus in seawater were mostly very low. This sug-
gests that an infectious dose is accumulated over time by susceptible
oysters and that a single point-in-time sampling of seawater would be
insufficient to rule out the presence of virus in an estuary.

Viruses in seawater tend to be far less concentrated than viruses in
other matrices, such as infected host tissues or sediment samples
(Paul et al., 1993, Sakoda et al., 1997, Katayama et al., 2002, Haramoto
et al., 2009, Shinohara et al., 2011, Suzuki et al., 2011). OsHV-1 nucleic
acid concentrations in seawater were predominantly detected at low
levels (bloq), consistent with those in a previous study of natural sea-
water samples collected from the Georges River estuary, Australia and
in the seawater of an aquariumsystemduring an experimental infection
with recirculation, biofiltration and ultraviolet light treatment of the
water (Evans et al., 2014, Evans et al., 2016). These values are much
lower than those typically observed in the tissues of OsHV-1 clinically
infected,moribund or dead oysters (≥1× 104 DNA copies permg tissue)
(Oden et al., 2011, Paul-Pont et al., 2015), or those reported from seawa-
ter of static aquaria in an experimental infection model (101–103 DNA
copies per μL) (Schikorski et al., 2011a, Paul-Pont et al., 2015).

Quantifiable concentrations ofOsHV-1DNAwere detected in seawa-
ter only in trial 4 on day 11 in the upweller control and 100/30 μmtreat-
ment (Table 2), when high viral loads of ≥1.2 × 104 DNA copies per mg
tissue were detected in the oysters (Fig. 1). This suggests that OsHV-1
released from the tissues of clinically diseased spat in the upwellers
was being detected in the seawater at these times (Oden et al., 2011).
Infected oysters have a direct impact on the concentration of OsHV-1
in seawater (Schikorski et al., 2011a, Paul-Pont et al., 2015, Evans et
al., 2016), and this provides justification for the censoring of data asso-
ciated with mortalities or high viral loads (≥1.2 × 104 DNA copies per
mg tissue) in the current analyses (Section 2.7).

Ageing of seawater for 48 h or filtration of the incoming seawater to
5 μm both protected C. gigas spat from OsHV-1 related mortalities
(Whittington et al., 2015b). Despite this, the odds of detecting OsHV-1
in seawater in these protective treatments were the same as in the le-
thal upweller control. However, they both reduced the frequency of
OsHV-1 DNA detection in oyster tissues (Supplementary Table 1).
How can these differential results between seawater and oysters in
the various treatments be explained? OsHV-1 may be present within
seawater in a range of forms, including flocculated or aggregated
virus, virus attached to or associated with particles approximately
10 μm in size (or larger), free virus and/or free viral DNA (Evans et al.,
2014). This variation, the filtering and particle-concentrating ability of
oysters, and the fact that PCR detects DNA rather than virus and cannot
distinguish viable virus from inactivated virus may explain the different
detection patterns observed in the seawater and oyster samples.

Based on available data for the stability of Ostreid herpesvirus-1 in
seawater (Vigneron et al., 2004, Hick et al., 2015, Martenot et al.,
2015), it is suspected that the mechanism of protection in the aged
water treatment was two-fold: free viral particles were degraded or
inactivated during the 48 h storage period, and infectious virions that
were aggregated, flocculated or associatedwith particles were removed
by sedimentation during the 48 h holding period (Bitton, 1975, Sakoda
et al., 1997, Tang et al., 2011). If this was the case, the viral signal detect-
ed in the seawater of the aged water treatment was probably
inactivated virus and/or free viral DNA, and this was taken up and de-
tected by qPCR in the spat. Recently, a propidium monoazide real-
time PCR assay, which utilises a photo-reactive dye that preferentially
binds to double-stranded DNA, was used to differentiate free OsHV-1
DNA from viral DNA contained within a capsid (Moreau et al., 2015),
however validation data for large DNA viruses are not available. Ameth-
od such as this would be beneficial to future studies on OsHV-1 in sea-
water, to determine whether free DNA or intact virions are being
detected.

Similarly in the 5 μm treatments, the viral signal detected in both
seawater and oysters may have been inactivated virus or free viral
DNA. The protection mechanism could be multi-factorial: exposure to
a reduced dose of viable OsHV-1, one insufficient to trigger mortality
(Paul-Pont et al., 2015) following removal of the majority of infectious
particles; inactivation of the virus by factors in the sediment layer on
the filter membranes; or removal of a non-viral particulate factor re-
quired for efficient infection and disease expression. Whittington et al.
(2015b) demonstrated that oysters receiving seawater filtered to 5 μm
had significantly lower growth than oysters maintained in untreated
seawater, and it was suggested that these oysters were receiving less
food. The thick sediment-like filtrate retained on the outside of the
5 μm filters suggests that this was the case (Supplementary Fig. 2). It
is possible that the removal of food particles from the incoming
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seawater, by filtration to 5 μm, lowered the risk of mortality in the oys-
tersmaintained in the filtered seawater. Addition of foodwas an impor-
tant risk factor for OsHV-1 transmission and clinical disease in an
aquarium model (Evans et al., 2015).

It is possible that cross contamination may have contributed to the
viral signal detected in seawater and oysters in the aged water and
5 μm filtration treatments. The controls and treatments were all in
close proximity to one another (Supplementary Fig. 1) (Whittington
et al., 2015b). It is possible that OsHV-1 may have spread from the con-
trol/ineffective treatments to the aged water and effective filtration
tanks via aerosols and splashing. Previous aquatic microbiological stud-
ies have demonstrated, directly and indirectly, that organisms such as
Emiliania huxleyi viruses, Mycobacterium intracellulare and algae, and
particulates such as faecal coliforms can all be spread in aerosols gener-
ated by gas bubbles bursting on the surface of the water (Hatcher and
Parker, 1975, Gruft et al., 1975, Wendt et al., 1980, Parker et al., 1983,
Sharoni et al., 2015).

This study is the first to detect OsHV-1 DNA in filter retentates and
filter membranes used for the treatment of seawater and in addition it
is the first to attempt to procure such relevant samples for the purposes
of studying particulate attachment. The methodology enabled continu-
ous sampling of seawater, which may be advantageous. OsHV-1 virions
are 116 nm in diameter (Le Deuff and Renault, 1999, Davison et al.,
2005). Thus, it would be possible for freeOsHV-1 virions to pass through
a 100 μm or 55 μm disc filter and through an unobstructed 5 μm filter
membrane, provided that the virus did not associate with the pleated
paper/polyester cartridge (Cliver, 1968, Bitton, 1975). OsHV-1 DNA
was not detected in the retentates of the 100 μmor the 55 μmdiscfilters
used for pre-filtration in trials 4–6 or trial 7, respectively, suggesting
that the virus, or any particles with which it was associated, passed
through the disc filters. This is consistent with previous studies which
suggest that OsHV-1 may be associated with particles approximately
10 μm in size or larger, which can be sedimented into a pellet in
20 min using low speed centrifugation (Evans et al., 2014, Evans et al.,
2016). However, as OsHV-1 related mortalities were observed in the
55 μm and 100/30 μm treatments (Whittington et al., 2015b), the parti-
cles with which OsHV-1 associates must have passed through these fil-
ters. In contrast to the results with larger pore sizes, OsHV-1 DNA was
detected in retentates of the 5 μm filters in trials 4 to 6; it was detected
in the retentate before it was detected in the membrane, or in the fil-
tered seawater. However, the viral concentrations detected were con-
sistently very low (bloq). While 5 μm filter retentates may be useful
for the detection of OsHV-1 in a contaminated upweller system, it ap-
pears unlikely that retentates will prove useful for assessing OsHV-1
particle attachment, due to these uniformly low viral quantities. This
is because in general qPCR is a very sensitive detection technology com-
pared to, for example, microscopy, whichwould be employed to visual-
ise and characterise the particles to which OsHV-1 may be attached.

OsHV-1DNAwas detected in samples of the 5 μmfiltermembrane in
trials 4 to 6 (Fig. 1). Viral concentrations were between 1.37 × 101–
2.86 × 102 DNA copies per cm2 of membrane, suggesting an accumula-
tion of virus on the membrane over 24 h (filters were sampled daily).
The methodology developed in the current study to purify OsHV-1
nucleic acids from the 5 μmmembranes was based on previous studies
in whichmicrobial nucleic acids were extracted frommarine sediments
or from sediments retained on positively charged selective virus filters
(Frias-Lopez et al., 2008, Liu et al., 2009, Marty et al., 2012, Nakai et al.,
2013, Stewart, 2013). However, it is unknown whether the OsHV-1 de-
tected in the membrane samples was adsorbed to the membrane, or
whether it was associated with particles present within the sediment
layer retained on the outer surface of the membrane (Supplementary
Fig. 2). Estuarine environments, such as theHawkesbury River, are com-
plex and dynamic ecological communities (Rissik et al., 2009, Suthers et
al., 2009); therefore the sediment layer retained on the outer surface of
the 5 μmmembrane would be complex. It was demonstrated that a 1 in
10 dilution of the membrane nucleic acids prior to use in the qPCR
significantly enhanced the detection of OsHV-1 DNA (Evans, 2016),
and this was likely due to dilution of chemicals or factors which inhibit
the qPCR. In the laboratory, OsHV-1 adsorbed to several different poly-
mer filter membranes, which had been placed into containers of aquar-
ium seawater contaminated with OsHV-1 (Vincent-Hubert et al., 2017).
However, filtration of small volumes of natural seawater through 5, 0.45
and/or 0.22 μm low protein binding filters did not improve OsHV-1 de-
tection in seawater and could not be used to assess the association of
OsHV-1 with particles in seawater (Evans et al., 2014). In the current
study large volumes of seawater were pumped through the filters. Fur-
ther investigation is required to improve the detection of OsHV-1 in
samples from these 5 μm membranes, and to ascertain more reliably
whether they can be used in the investigation of OsHV-1 particle attach-
ment. Quantities as low as 102 viral copies per cm2 of membranewould
not be sufficient for visualisation of relevant particles using lightmicros-
copy in a field of irrelevant particles unless a specific signal could be ob-
tained from the virus and the concentration enhanced by several orders
of magnitude. In human tuberculosis the threshold of detection for acid
fast bacilli in a sputum smear examined bybrightfieldmicroscopy is 104

to 105 bacilli permL (Singhal andMyneedu, 2015). In situ hybridization
techniques have been developed for OsHV-1 in oyster tissues, but tend
to require viral concentrations of at least 104 DNA copies per mg tissue
(Arzul et al., 2002, Lipart and Renault, 2002, Corbeil et al., 2015), and
would require optimisation for use with filter membranes or seawater
samples.

The relative frequency of OsHV-1 DNA detection in sentinel oysters
from the large upweller treatment was similar to that in seawater and
the 5 μm filter retentate andmembranes. Although only a small propor-
tion of all the large upweller samples examined tested positive for
OsHV-1 DNA (between 4 and 7% per sample type) (Fig. 1), these data
suggest that 5 μm filter retentates and/or membranes may be useful
for OsHV-1 surveillance on-farm in nursery upweller or hatchery
systems. The highest viral loadswere detected on themembranes com-
pared to retentate or seawater. Routine sampling and testing of filter
retentate and/or filter membranes could be used as an alternative to
sacrificial or sentinel oysters to notify hatchery producers of the
presence or absence of OsHV-1 in the seawater, before mortalities are
observed in their stock oysters. OsHV-1was observed in sentinel oysters
3 months before a catastrophic outbreak in the Hawkesbury River
estuary in 2013 (Paul-Pont et al., 2014), but seawater samples were
not examined at that time. In certification testing, one of the important
assumptions is that samples are random and representative (OIE,
2016a, OIE, 2016b); this is very hard to achieve in very large populations
of oyster larvae and spat. Perhaps samples from filters, which arewidely
used in hatcheries, could enable amore comprehensive and representa-
tive sample.

5. Conclusion

This is thefirst study to investigate the temporal sequence of OsHV-1
DNA detection in natural seawater samples collected over time, and to
compare this pattern of detection to that observed in sentinel C. gigas
spat. It is also the first to detect OsHV-1 in filter retentates and filter
membranes used to treat natural seawater for the purpose of protecting
C. gigas spat. OsHV-1 DNA was detected in seawater before it was de-
tected in oysters in 65.4% of the 26 detection events examined. The
source of OsHV-1 was the incoming seawater, which was pumped to
the upweller system from an OsHV-1 endemic estuary. The frequency
of detection of OsHV-1 DNA in seawater was not reduced by filtration
to 5 μm or by ageing for 48 h. However, OsHV-1 DNA was not detected
as often in sentinel oysters from the aged water treatment and some
filter treatments compared to sentinel oysters in untreated seawater.
Although OsHV-1 DNA was detected in 5 μm retentates, it is unlikely
that they will be useful for investigating OsHV-1 particle attachment
due to the low levels of virus detected. OsHV-1 DNA was detected at
higher concentrations on the 5 μm membranes of the filters, however
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further investigation is required to ascertain their usefulness in
assessing OsHV-1 particle attachment. Five micron filter retentates
and membranes may however be a useful alternative to sacrificial
oysters as diagnostic samples for OsHV-1 surveillance programs on
farm and further investigation is warranted.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.aquaculture.2017.03.021.
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