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INTRODUCTION

Ostreid herpesvirus-1 (OsHV-1) is a member of the
family Malacoherpesviridae within the order Herpes -
virales (ICTV 2013) and is an important pathogen
causing mass mortality events in the Pacific oyster
(Crassostrea gigas) (Pepin et al. 2008, Segarra et al.
2010). A variant of OsHV-1 known as µVar has been
the predominant virus in mass mortality events since
2008 (Segarra et al. 2010, Martenot et al. 2011,
Martenot 2013). OsHV-1 represents a significant
threat to the C. gigas aquaculture industries in Aus-
tralia (Jenkins et al. 2013, Paul-Pont et al. 2014), New

Zealand (Keeling et al. 2014), Europe (Renault &
Arzul 2001, Garcia et al. 2011, Peeler et al. 2012,
Roque et al. 2012) and Asia (Shimahara et al. 2012,
Hwang et al. 2013, Bai et al. 2015). All age and size
classes can be affected with losses of 40−100% re -
ported in commercially produced C. gigas in Aus-
tralia (Paul-Pont et al. 2014, Whittington et al. 2015a).
However, young oysters of <1 yr of age are the most
susceptible to the disease (Arzul et al. 2002, Dégre-
mont et al. 2010, Garcia et al. 2011, Schikorski et al.
2011b, Dégremont 2013, Paul-Pont et al. 2013b).

Summer mortalities in adult C. gigas were first
identified in the USA and Japan in the early 1960s,
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with herpes-like viruses noted to occur in bivalves,
such as C. virginica, in 1972 (Farley et al. 1972, Mori
1979). However, investigation into the herpesvirus in-
fecting C. gigas did not begin until the early 1990s
(Nicholas et al. 1992, Renault et al. 1994). OsHV-1 re-
lated mortalities in the field occur as a result of com-
plex interactions between the oyster, the pathogen
and the environment (Paul-Pont et al. 2013a, Petton
et al. 2015). Understanding the mechanisms behind
these interactions and the mode of transmission of the
virus has proven to be difficult. A threshold tempera-
ture of approximately 16°C has been shown to be im-
portant for OsHV-1 disease expression in Europe,
where outbreaks occur at temperatures of 16−24°C
(Oden et al. 2011, Pernet et al. 2012, Petton et al. 2013,
Renault et al. 2014). In Australia, however, the per-
missive temperature range is not yet defined, although
outbreaks have been observed at temperatures of
22−25°C (Jenkins et al. 2013, Paul-Pont et al. 2013b).
Similarly it has been suggested that farming site (Cot-
ter et al. 2010, Paul-Pont et al. 2013a), husbandry (Per-
net et al. 2012, Normand et al. 2014, Whittington et al.
2015a), oyster age, size and genotype (Dégremont et
al. 2010, Dégremont 2013), starvation and oyster en-
ergy reserves (Tamayo et al. 2014, Moreau et al.
2015), and seawater nutrient levels (Pernet et al. 2014)
may affect OsHV-1 disease expression. More investi-
gation is required, however, in order to ascertain the
key risk factors for OsHV-1 related mortality events.

The results of prior studies have suggested that
horizontal transmission of OsHV-1 may occur
through seawater (Vigneron et al. 2004, Sauvage et
al. 2009, Schikorski et al. 2011a). In aquarium studies
OsHV-1 was transmitted by cohabitation of infected
oysters with naïve oysters in 1 µm filtered seawater,
and virus concentrations in tank water ranged
between 101 and 103 DNA copies per microliter over
the 168 h sampling period (Schikorski et al. 2011a).
Studies by Evans et al. (2014) suggest that OsHV-1
may be present in seawater in a range of forms,
including free virus, flocculated, or aggregated virus,
virus adsorbed to particles, or various viral compo-
nents including free DNA. Studies of natural trans-
mission events strongly suggest that an aquatic
mechanical vector or particle may be associated with
OsHV-1 transmission (Paul-Pont et al. 2013a, Whit-
tington et al. 2015a). The spatial clustering of expo-
sure events was similar to that seen in planktonic
aggregations and communities (Paul et al. 1993,
Kingsford & Suthers 1994, 1996, Ryan et al. 2008, Ris-
sik et al. 2009, Benoit-Bird & McManus 2012), and it
was hypothesised that the virus could be attached to
such particles (Paul-Pont et al. 2013a). Thus, OsHV-1

is a waterborne, communicable virus, and it is proba-
ble that particles, including plankton, may play a sig-
nificant role in its transmission. However, the nature
of the particles and whether or not they could be food
particles remains unclear. Acute Viral Necrosis Virus
(AVNV), now understood to be a variant of OsHV-1
(Bai et al. 2015), has been previously detected in
phytoplankton samples in China by quantitative PCR
(Wang et al. 2010). It has been suggested that AVNV
is capable of associating with several species of mar-
ine microalgae, which when fed to Zhikong scallops
(Chlamys farreri) caused significant clinical mortali-
ties in comparison to scallops fed on non-infected
microalgae (Zhang et al. 2010).

Studies by Petton et al. (2015) demonstrated the ef-
fects of infected oyster biomass and water renewal
using the cohabitation model. As the biomass of in-
fected oysters increased, so did the odds of mortality
in cohabitating C. gigas. Furthermore, as the rate of
water renewal increased, the odds of mortality de-
creased. The donors used in this cohabitation model
were exposed to OsHV-1 in the field prior to use in
the laboratory. Thus, it is likely that biota other than
OsHV-1 were also introduced into the cohabitation
system. Nevertheless, it is apparent that the biomass
of infected oysters may be useful as a proxy for the
dose of OsHV-1 in cohabitation models, and alteration
of the number of OsHV-1 infected donor oysters in an
aquarium system may allow for simulation of different
OsHV-1 doses by means of natural exposure.

The aims of this study were to (1) assess the effects
of algal food on OsHV-1 infection and clinical disease
(mortality) by comparison of fed versus not fed treat-
ments and (2) assess the role of the infected oyster
biomass on OsHV-1 infection and clinical disease in
an aquarium cohabitation model, where the dose of
OsHV-1 was represented by the number of OsHV-1
infected donor oysters. This source of virus may be
closer to a natural state compared with a virus that
has been manipulated by purification from oyster tis-
sues (Paul-Pont et al. 2015). It was hypothesised that
the presence of food and increasing the number of
OsHV-1 infected oysters in a tank would increase the
risk of mortality.

MATERIALS AND METHODS

Experiments

Two experiments were conducted at the University
of Sydney laboratories in Camden, NSW, Australia.
Expt 1 was conducted over a 10 d period from 21 Sep-
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tember 2013 to 1 October 2013, with the aim of
assessing the effects of food presence and the num-
ber of OsHV-1 infected donor oysters on OsHV-1
infection and clinical disease. The number of donor
oysters was a proxy for the dose of OsHV-1. Expt 2
was conducted over a 22 d period from 11 February
2015 to 4 March 2015, with the aim of assessing feed-
ing versus not feeding and 2 discontinuous periods of
OsHV-1 exposure.

Oysters and experimental design

For the first experiment, 492 healthy, triploid
Crassostrea gigas, which had never been exposed
to OsHV-1, were acquired from OsHV-1 free popu-
lations in the Shoalhaven River (Goodnight Oysters,
Greenwell Point, NSW, Australia; juveniles 9 mo
old, 5.0 ± 3.0 g; n = 470) and the Hawkesbury River
estuary (Broken Bay Oysters, Mooney Mooney,
NSW, Australia; adults 18 mo old, 28.0 ± 5.0 g; n =
22) in January 2013, which was prior to the onset of
OsHV-1 related disease in that estuary. The batches
of oysters from which the experimental animals
were obtained were confirmed OsHV-1 negative by
real-time quantitative PCR (qPCR) prior to use.
Juveniles from the Shoalhaven River were randomly
divided between 4 treatment groups and 2 control
groups. The remaining juveniles (n = 50) and adult
Hawkesbury River oysters were designated for
intramuscular injection of OsHV-1 and acted as
OsHV-1 donor oysters. The experimental design is
shown in Table 1. Briefly, 30 oysters were randomly
allocated to each of 3 tanks for each treatment, with
2 control groups (n = 30). Oysters were either fed
(F+) or not fed (F−), and there were either a high (H,
n = 10) or low (L, n = 2) number of donor oysters per

tank in treatment tanks. Negative controls were not
purposely exposed to OsHV-1.

For the second experiment, 608 healthy, triploid
C. gigas oysters were acquired from OsHV-1 free
populations in the Shoalhaven River (Goodnight
Oysters, Greenwell Point, NSW, Australia; batches:
juveniles 9 mo old, 5.5 ± 2.1 g and adults 18 mo old,
32.3 ± 7.3 g) in January 2015. The batches of oysters
were confirmed OsHV-1 negative by real-time
qPCR prior to use. The experimental design is
shown in Table 2. A dose regime was used to simu-
late successive exposure periods as may occur over
a summer season when oysters that survive a mor-
tality event are re-exposed. The first exposure was
from Day 1 to 4, while the second was from Day 9 to
12. It was apparent as the experiment progressed
that the first exposure was insufficient to induce
mortality over 8 d; thus, a higher dose was utilised
for the second exposure. During the first exposure
period, 2 donor oysters were cohabitated with naïve
C. gigas; all donors were removed on Day 4. During
the second exposure period, the survivors were
cohabitated with 6 OsHV-1 donors per tank and all
donors were removed on Day 12. Oysters were fed
under different regimes. Briefly, the always fed (AF)
group was fed from Day 1 to 22, the fed then
starved (FS) group was fed from Day 1 to 4 only, the
starved then fed (SF) group was fed from Day 5 to
22 only and the always starved (AS) group was not
fed; negative control oysters received the same
regimes but were not purposely exposed to OsHV-1.
Briefly, 30 juvenile oysters were randomly allocated
to each of 3 tanks for each of the feeding treatments,
and to 4 separate tanks for the controls. The remain-
ing oysters were allocated for intramuscular injec-
tion of OsHV-1 positive inoculum (n = 96), and
therefore acted as infected donor oysters (Table 2).
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Group                                                Abbrevi-   Recirculation Number   Number of      Number of     Number     Number of 
                                                             ations          system       of tanks  naïve oysters  naïve oysters   of donors  donor oysters 
                                                                                                                        per tank      per treatment    per tank   per treatment

Treatment
High number donors with feed           HF+                 1                  3                 30                     90                  10                  30
High number donors without feed     HF−                 2                  3                 30                     90                  10                  30
Low number donors with feed             LF+                 3                  3                 30                     90                   2                    6
Low number donors without feed       LF−                 4                  3                 30                     90                   2                    6

Controls
Negative control with feed                  NF+    No recirculation     1                 30                     30                   0                    0
Negative control without feed            NF−    No recirculation     1                 30                     30                   0                    0

Table 1. Design of Expt 1 to assess the effects of food presence and the number of OsHV-1 infected donor oysters on OsHV-1 in-
fection and clinical disease. OsHV-1 donor oysters received intramuscular injection of OsHV-1 inoculum 1 h prior to cohabitation
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Donors injected with OsHV-1 negative control tissue
homogenate (n = 32) were used for the control
groups (Table 2).

Random sampling and mortality data

Oyster mortality was assessed daily by visual
inspection and by manually counting the numbers of
dead oysters.

For Expt 1 opportunistic, non-selective sampling of
6 live oysters per treatment tank and 2 live oysters
per negative control tank was performed once daily
prior to morning feeding. Dead oysters, including
both the cohabitants and the donors, were sampled
on the day they were observed. All oysters that sur-
vived to Day 10 were sampled. All oysters removed
by sampling or as a result of mortality were frozen at
−80°C until required for qPCR analysis.

For Expt 2 opportunistic, non-selective sampling of
8 live oysters per tank in the treatments and controls
was performed on Days 4 and 17 in order to deter-
mine the prevalence of infection. Mortalities were
sampled on the day they were observed. Donor oys-
ters were present in each treatment from Day 1 to 4
(Exposure Period 1) and Day 9 to 12 (Exposure
Period 2) (Table 2). Donors were monitored daily for
mortality but were not removed from the system until
Days 4 and 12, for Exposure Periods 1 and 2, respec-
tively. All oysters remaining at Day 22 were sampled
for endpoint prevalence calculation. All oysters re -
moved by sampling or as a result of mortality were
frozen at −80°C until required for qPCR analysis.

The cumulative mortality of cohabitant C. gigas in
each treatment group was calculated according to
the method described by Whittington et al. (2015a)
taking into account the number of live oysters sam-
pled at each time point.

Husbandry of oysters

Experiments were undertaken in a physical con-
tainment level 2 (PC2) aquatic animal facility. For
both experiments, 4 separate recirculation systems
were utilised, each containing 3 tanks (15 l) per
treatment across which the oysters were evenly
divided (FRESH® by Design). Each recirculation
system had a sump (250 l) that was connected to
biofiltration, a chiller unit (22°C, HC-300A, Hailea
Aquarium chiller) and an ultra-violet light (SMART
UV Sterilizer; 25 W−30 LMP/1800 LPH at 30 mJ
cm−2 [90% UVT] 40 mm connections; Emperor
Aquatics). Oysters in each tank were evenly dis-
tributed (not touching: 2 cm apart) over a raised,
perforated, plastic insert 10 cm above the tank
floor. Negative controls (oysters never exposed to
OsHV-1) were maintained in separate 15 l tanks
with no inserts, recirculation, biofiltration, or UV
systems. All treatment and control tanks were sup-
plied with artificial seawater (30−31 ppt salinity;
Red Sea) and aeration, and were maintained at a
temperature of 22°C and pH 8.2 (range: 8.2−8.8),
and ammonia, nitrite and nitrate levels <0.25 ppm.
All water quality parameters were monitored daily
throughout both trials, and adjustments were per-
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Group                          Feeding Abbrevi-   Recirculation Number Oysters  Oysters Exposure Period 1 Exposure Period 2
                                       days       ations          system             of          per         per          Donor        Donor         Donor       Donor 
                                                                                                tanks       tank   treatment   oysters   oysters per     oysters   oysters per 
                                                                                                                                             per tank   treatment     per tank   treatment

Treatment
1 (always fed)                1−22          AF                  1                  3            30           90               2                 6                  6               18
2 (fed then starved)        1−4           FS                  2                  3            30           90               2                 6                  6               18
3 (starved then fed)       5−22          SF                  3                  3            30           90               2                 6                  6               18
4 (always starved)         None         AS                  4                  3            30           90               2                 6                  6               18

Controls
Control AF                     1−22        CAF    No recirculation     1            30           30               2                 2                  6                6
Control FS                      1−4          CFS    No recirculation     1            30           30               2                 2                  6                6
Control SF                     5−22         CSF    No recirculation     1            30           30               2                 2                  6                6
Control AS                    None        CAS    No recirculation     1            30           30               2                 2                  6                6

Table 2. Design of Expt 2 to assess feeding versus not feeding on 2 discontinuous periods of OsHV-1 exposure. Oysters were exposed
to OsHV-1 infected donor oysters on Days 1−4 (Exposure Period 1: n = 6 donors per treatment) and Days 9−12 (Exposure Period 2: n =
18 donors per treatment). Donor oysters received intramuscular injection of OsHV-1 inoculum or control inoculum 1 h prior to the 

respective exposure period
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formed as required by water ex change. Oysters for
both trials were given a 2 d acclimation period at
22°C prior to the beginning of the experimental
period during which they were not fed. The accli-
mation temperature was similar to estuarine tem-
peratures at the locations where the oysters were
previously located.

Feeding

Oysters were fed according to the recommenda-
tions of the FAO (2004) and Reed Mariculture. In Expt
1, oysters were fed with Instant Algae® Shellfish Diet
1800 (Reed Mariculture), a concentrate of marine
microalgae (5−20 µm) containing a mix of Iso chrysis,
Pavlova, Thalassiosira weissflogii and Tetra selmis.
Feeding rate per tank was calculated daily using the
feed calculator available at www.  reed mari culture.
com/ support_feeding_shellfish. php which determines
feeding rate according to the total wet weight of the
meat of the oysters in each tank. The HF+, LF+ and NF+

oysters were fed twice daily (morning and afternoon)
for the duration of the experiment. The HF−, LF− and
NF− oysters were not fed during the experiment.

In Expt 2, oysters were fed twice daily (morning
and afternoon) with Instant Algae® Shellfish Diet
1800. For this experiment, 20 ml of feed was added to
the appropriate tanks daily.

During the feeding period each tank (both fed and
not fed) was isolated from the recirculation, biofiltra-
tion and UV treatment for 2 h so that the tanks were
undisturbed. However, water in the sumps was recir-
culated via the biofiltration and UV units. Negative
control tanks were not connected to recirculation, so
each tank received a total water exchange after each
feeding session.

Preparation of OsHV-1 inoculum

Oysters that were used for the preparation of
OsHV-1 infected inoculum were collected during an
OsHV-1 related mortality event in Woolooware Bay,
Georges River estuary, NSW, Australia, in November
2012 and were stored at −80°C. Oysters were con-
firmed to be positive for OsHV-1 DNA using the real
time qPCR method of Martenot et al. (2010) as
described by Paul-Pont et al. (2013b) .

To prepare the inoculum 5 oysters (in shell) were re-
moved from −80°C and thawed at 4°C overnight. To
confirm infection with OsHV-1, a piece of gill and
mantle (0.08−0.12 g) was dissected from each oyster

using sterile, disposable dissecting instruments and
placed into a 1.5 ml tube containing 1 ml of distilled
water (Ultrapure™) and silica beads (Daintree Scien-
tific), and frozen at −80°C until processing for qPCR.
All remaining gill and mantle were excised, pooled (n
= 5), weighed and diluted in 10 vol with sterile
0.22 µm filtered synthetic seawater (FSSW; RedSea
salt, 30 ppt) in a stomaching bag (Interscience). Tis-
sues were disaggregated in a MiniMix® machine
(Crown Scientific) at maximum speed for 1 min. The
tissue homogenate was pipetted into a sterile 50 ml
poly propylene tube (Falcon) and centrifuged at
1000 × g for 5 min at 4°C. Some of the clarified homo -
genate was cryopreserved in 10% v/v glycerol and
10% v/w foetal bovine serum by controlled freezing
in insulated boxes at −80°C for use in Expt 2 (Univer-
sity of Sydney Batch V172). The remainder was then
transferred to a new sterile 50 ml tube and diluted by
3 vol with FSSW, then filtered sequentially through an
8.00, 3.00, 0.45 and two 0.22 µm filters (MILLEX®-GP,
Millipore). The filtered homogenate was diluted by a
further 3 vol with FSSW to a final dilution of the origi-
nal tissue of 0.13% w/v and was stored briefly at 4°C.
This inoculum contained approximately 1 × 105 DNA
copies µl−1 and was used to inject oysters in Expt 1 on
the day it was prepared, 20 September 2013.

For Expt 2, V172 was used together with a negative
control batch of inoculum that was prepared using
apparently healthy C. gigas acquired from disease-
free populations in the Shoalhaven River (Goodnight
Oysters, Greenwell Point, NSW, Australia) in Decem-
ber 2013. The negative control inoculum was pre-
pared and cryopreserved in December 2013 as Uni-
versity of Sydney Batch V170. The inoculums were
thawed at 4°C prior to 1:100 dilution in distilled water
(Ultrapure™). The OsHV-1 positive inoculum con-
tained approximately 1 × 104 viral copies µl−1.

For both experiments, 100 µl of the diluted inocu-
lums was drawn up into separate 1 ml tuberculin
syringes just prior to injection and syringes were kept
on wet ice until injection, with OsHV-1 negative and
positive inoculums kept separate.

Inoculation of donor oysters

Oysters to be injected were placed out of water for
24 h at 22°C and then relaxed in a solution of MgCl2
(50 g l−1) at 22°C for 4 to 6 h. Once relaxed, the oysters
were rinsed briefly in artificial seawater and injected
in the adductor muscle with 100 µl of inoculum. Con-
trol donor oysters used in Expt 2 were in jected prior to
infected donor oysters, and kept separate from them.
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Injected oysters were kept out of water for 10 min
post-injection and then randomly assigned to 1 of the
4 treatment groups or control tanks (Tables 1 & 2).

Water sampling

For Expt 1, water samples were collected 4 times a
day using clean transfer pipettes (Copan) — Time 1
[T1]: at the start of each day prior to feeding (the
water had been exposed to biofiltration and UV by
recirculation overnight); Time 2 [T2]: at the end of
the morning feeding session (there had been no
recirculation, UV, or biofiltration for 2 h); Time 3 [T3]:
at the end of the afternoon feeding session (there had
been no recirculation, UV, or biofiltration for 2 h);
Time 4 [T4]: at the end of each day (there had been
recirculation, UV and biofiltration for 2 h since T3). A
sample of 1 ml was collected from each treatment
tank and system sump and from each control tank
and was placed into a 1.5 ml screw cap tube for stor-
age at −80°C until DNA extraction. Samples were
collected for the duration of the experiment.

For Expt 2, water samples were collected twice
daily as above at T1 and T3. A sample of 50 ml was
collected from each treatment tank, treatment sump
and control tank, and a 1 ml aliquot was placed into a
1.5 ml tube containing 0.4 g of silica-zirconia beads
(Daintree Scientific) for storage at −80°C until tissue
homogenisation and DNA extraction. Samples were
collected from Day 1 to 14 of the experiment.

Dissection and tissue homogenisation

Live oysters, dead oysters and donor oysters were
processed separately from one another. Oysters were
thawed overnight at 4°C. A piece of gill and mantle
(0.08−0.12 g) was dissected from each individual oys-
ter using sterile, disposable dissecting instruments
and placed into a 1.5 ml tube containing 1 ml of dis-
tilled water (Ultrapure™) and 0.4 g of silica-zirconia
beads (Daintree Scientific). Tubes were frozen at
−80°C until tissue homogenisation.

All 1.5 ml tubes containing tissue samples and
water samples were subjected to the same homo -
genisation procedure to separate the virus from cells
and particles in the sample.

Tubes were thawed for 20 min and placed into a
bead-beating machine (Fastprep®-24 System, MP
Biomedical) for 15 s at a speed of 6.5 m s−1 (Expt 1) or
a TissueLyser II machine (Qiagen®) for 2 min at fre-
quency 30, then the insert containing the samples

was rotated 180° and the homogenisation was
repeated (Expt 2). All samples were clarified by cen-
trifugation at 900 × g for 10 min in a microcentrifuge
(Heraeus® Biofuge® Pico, Thermo Electron Corpora-
tion), and supernatants were stored at −80°C until
DNA extraction.

Nucleic acid purification

Nucleic acids were purified from each clarified tis-
sue homogenate and water sample using a 5× Mag-
MAXTM-96 Viral RNA Isolation Kit (Ambion®, Life
Technologies™) and a MagMAXTM Express 96 mag-
netic particle processor (Applied Biosystems™, Life
Technologies™) according to the manufacturer’s
instructions for a 50 µl sample volume protocol using
the AM1836 deep-well standard program (Ambion®,
Life Technologies™). A 50 µl extraction protocol was
used for all tissue and water sample extractions. A
sample volume of 50 µl was used for all oyster tissue
extractions. A sample volume of 200 µl was used for
all water sample extractions. Nucleic acid prepara-
tions were stored at −20°C until qPCR analysis.

Real-time qPCR for detection of OsHV-1

Samples were analysed in duplicate in a 25 µl total
reaction volume as described by Evans et al. (2014).
This assay was modified from the fluorescent probe
assay described by Martenot et al. (2010). Each reac-
tion contained 12.5 µl of Quantitect SYBR® green
QPCR master mix (2×), 0.5 µl of 10 µM OsHV1BF for-
ward primer (5’- GTC GCA TCT TTG GAT TTA ACA
A-3’), 0.5 µl of 10 µM OsHV1B4 reverse primer (5’-
ACT GGG ATC CGA CTG ACA AC-3’), 6.5 µl of nu -
cle ase free water and 5 µl of sample template DNA.

A valid PCR run was defined as one exhibiting no
amplification of negative controls, amplification of
both replicates of the positive control with a cycle
threshold (Ct) within the range of the standard curve,
a standard curve with r2 > 0.95 and efficiency be -
tween 90 and 110%. The fluorescence threshold for
each run was calculated using the amplification-
based threshold algorithm (Stratagene) for the stan-
dard curves, and was applied to all samples. Samples
were defined as positive when one or both replicates
exhibited an exponential increase in SYBR fluores-
cence signal and a Ct < 40, with a dissociation curve
(Tm) that conformed to that of the positive control.
The quantification limit of the assay was 12 viral
copies per milligram tissue, and the detection limit
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was 3 viral copies per milligram tissue, according to
the calculations and recommendations of Bustin et
al. (2009). PCR results below the quantification limit
were termed BLOQ, and those with a Ct value but be-
low the detection limit of the standard curve, BLOD.

Control tissue or water samples that returned a
positive result were re-analysed by qPCR by repro-
cessing either from −80°C stored archival tissue or
archival tissue homogenates. The result of the repeat
qPCR was accepted as valid if it met the above crite-
ria, and was used in the final analysis.

Statistical analysis

Descriptive analyses were initially conducted
including calculation of summary statistics for quan-
titative variables and creation of frequency tables for
categorical variables. Survival analyses were con-
ducted to compare mortality of oysters between
treatment groups using the Kaplan-Meier and Cox’s
hazard models using Genstat (15th edn, © 2000−2015
VSN International Ltd) and SAS (© 2002−2012 by
SAS Institute Inc.), respectively. Oysters that were
live sampled were considered to have been censored
at the respective observation times. All oysters sur-
viving to the end of the experiment were also cen-
sored. The effect of both the number of donor oysters
and filter feeding on survival was evaluated. For Expt
2, separate survival analyses were performed for
each period of OsHV-1 exposure. The proportional
hazard assumption for the Cox’s proportional model
was confirmed by evaluating Kaplan-Meier curves
and by testing an interaction between time and
 treatment.

RESULTS

Expt 1

The pattern of mortality is shown in Fig. 1. Mortal-
ity in OsHV-1 infected donor oysters began on Day 3
in the HF+, HF− and LF− treatments and on Day 4 in
the LF+ treatment. All donors were dead by Day 10,
except for 1 in LF+. Viral DNA quantities in dead
donor oysters ranged from 1.12 × 103 to 5.52 × 106

DNA copies mg−1 tissue, with standard deviations all
<6.5 × 101. Therefore, donors provided a source of
OsHV-1 within each tank. The single surviving donor
oyster had 6.74 × 101 DNA copies mg−1 tissue. The
number of OsHV-1 infected donors remaining each
day is shown in Fig. 1B,D,F,H.

Mortality of the cohabitated oysters in the HF+

treatment began on Day 4 and steeply increased,
reaching 100% by Day 10. Mortality of the cohabi-
tated oysters in the HF− treatment began on Day 6 at
5% and reached 72% by Day 10. Mortality of the
cohabitated oysters in the LF+ treatment began on
Day 4 at 4%, and increased gradually to Day 8 before
plateauing at 49%. Mortality of the cohabitated oys-
ters in the LF− treatment began on Day 6 at 2% and
gradually increased to 22% by Day 10 (Fig. 1). No
mortality occurred in the NF+ control. However, 1
oyster died in the NF− control on Day 7.

Survival analysis demonstrated a significant differ-
ence between the treatments (p < 0.001). Median
times to death were 6−7 d for HF+, 8−9 d for HF− and
7 d for LF+. Median times to death could not be esti-
mated for the LF− or control groups. Due to intersec-
tion of the HF− and LF+ survival curves at Day 7, the
proportional hazard assumption was invalid. Inclu-
sion of an interaction term between time and treat-
ment suggested non-proportional hazards (p-value
of the interaction term equaled 0.002). Therefore,
hazard ratios were calculated separately for Days
1−7 (≤7 d) and Days 8−10 (>7 d). The hazard of death
in the HF+ treatment was greater than that in the
HF−, LF+ and LF− treatments at ≤7 d. The hazard of
death in the LF+ treatment was greater than that in
the LF− treatment at ≤7 d. At >7 d the confidence lim-
its of the hazard ratios included 1; however, there
was a trend to higher hazard of death associated with
fed oysters exposed to a high dose compared to a low
dose of OsHV-1 (HF+ vs. LF+) (Table 3).

The viral load in the cohabitated naïve oysters that
died ranged from 1.88 × 105 to 2.00 × 106 DNA copies
mg−1 tissue, with standard deviations all <5, consis-
tent with levels reported in oysters that have died
due to OsHV-1 infection (Oden et al. 2011, Paul-Pont
et al. 2015).

In the live cohabitated oysters that were sampled
each day, OsHV-1 DNA was first detected in the HF+

treatment on Day 1, but at very low levels, below the
limit of quantification (BLOQ) of the qPCR (Fig. 1). The
viral load increased to 9.88 × 104 ± 3.18 × 101 DNA
copies mg−1 tissue (mean ± SD) by Day 6. The percent-
age of oysters with infection increased from 33%
amonglivesampledoystersonDay1to100%byDay6,
thendecreasedto33%onDays7−8.OsHV-1DNAwas
first detected in HF− live sampled oysters on Day 1 at
lowlevels (BLOD).ByDay3therewere2.06×101 ±3.20
DNA copies mg−1 tissue in live sampled oysters and
2.54 × 105 ± 2.15 by Day 8. The infection percentage
increasedfrom16%onDay1to100%byDay5.OsHV-
1 DNA was first detected in LF+ live sampled oysters on
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Day 1 of the experiment at 13.20 DNA copies mg−1 tis-
sue.Quantities increasedto9.78×103 ±4.64×102 DNA
copies mg−1 tissue by Day 6. The infection percentage
increased from 16% on Day 1 to 100% by Day 6. The 3
survivors in the LF+ treatment all tested negative for
OsHV-1at theendof theexperimentalperiod.OsHV-1

DNA was first detected in LF− live sampled oysters on
Day1(BLOD).OsHV-1wasdetectedat6.11×101 ±1.69
× 102 DNA copies mg−1 tissue on Day 5 and 8.46 × 103 ±
1.46 × 103 DNA copies mg−1 tissue on Day 8. The infec-
tion percentage was 16% on Day 1 and 100% on Day 5,
then decreased to 33% by Day 9. OsHV-1 DNA was
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Fig. 1. (A,C,E,G) Cumulative mortality (%), adjusted for the effects of daily random sampling (line), mean (geometric) viral
load (copies mg–1 of tissue, ± SD) of live sampled (striped bar) and dead cohabitated (solid grey bar) oysters (all that died that
day) and the number of live infected oysters out of 6 (numbers over bars); and (B,D,F,H) the number of live donor oysters re-
maining for each of the 4 treatment groups (see Table 1): (A,B) HF+, (C;D) HF−, (E,F) LF+, (G,H) LF−. SD is on the y-axis and 

where it is less than the viral load it is not visible above the bars
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detected in 15.8% of survivors in the LF− treatment,
with a mean of 1.45 × 101 ± 5.35 × 101 DNA copies mg−1

tissue.
Live sampled NF− controls tested negative for

OsHV-1 on Days 1−6 and 8−10, and all survivors in
this group tested negative, but OsHV-1 DNA was
detected at low levels (BLOQ) in 2 of 2 oysters on
Day 7. Viral DNA was detected in 1 dead oyster in
the NF− control group, but the viral load was BLOD.
No OsHV-1 DNA was detected in the NF+ control for
Days 1−10, but 1 out of 10 NF+ survivors tested posi-
tive (BLOD).

Expt 2

Mortality occurred in infected donors from Day 1−4
(Exposure Period 1) and Day 9−12 (Exposure Period 2),
but none of the donors were removed from any tanks
until the end of each exposure period. No donors were
present between Days 5 and 8. Mean viral loads in
OsHV-1 infected donor oysters re moved on Day 4 (end
ExposurePeriod1)andDay12(endExposurePeriod2)
ranged between 4.62 × 103 and 3.59 × 105 DNA copies
mg−1 tissue and 3.69 × 104 and 4.52 × 105 DNA copies
mg−1 tissue, respectively, across the 4 treatment
groups. Standard deviations were all <5 × 101. All but 1
of the donors tested positive for OsHV-1 by qPCR.
OsHV-1wasnotde tected inanyof thenegativecontrol
donor oysters at the end of Exposure Period 1 or 2.

The pattern of mortality is shown in Fig. 2. Mortal-
ity differed for the 2 exposure periods, with most
mortality occurring in Period 2, when naïve oysters
were exposed to a larger number of OsHV-1 infected
donors (Fig. 2). Mortality in the AF treatment began
on Day 13 at 9%, sharply increasing to 33% by Day
18. Mortality in the FS treatment began on Day 7 at
2%, increasing to 8% by Day 9 and then to 21% by
Day 16. Mortality in the SF treatment began on Day 8
at 2%, increasing to 35% by Day 20. Mortality in the
AS treatment began on Day 7 at 2%, steadily in -
creasing to 25% by Day 20. No mortality occurred in
oysters in any of the control groups (CAF, CFS, CSF,
CAS) during the course of the experiment.

There was no significant difference in survival be -
tween the treatments in either Period 1 or 2. Median
time to death could not be calculated for any treat-
ment. Although the confidence limits for all of the
hazard ratios included 1, there was an interesting
trend to higher hazard of death associated with food
addition (Table 3). In the FS treatment, hazard of
death was higher than in the SF and AS treatments
for Period 1 (Days 1−8; OsHV-1 infected donors were
present Days 1−4; n = 6). The hazard of death in the
AF treatment was higher than in the FS and AS treat-
ments for Period 2 (Days 9−22; OsHV-1 infected
donors were present Days 9−12; n = 18). The hazard
of death in the SF treatment was higher than in the
AS treatment for Period 2.

Mean (±SD) viral loads (DNA copies mg−1 tissue)
in co habitated live sampled oysters ranged from
between 6.19 × 101 ± 2.76 × 100 and 1.67 × 102 ± 2.26 ×
100 on Day 4 to 1.49–8.03 × 103 ± 3.87 × 101 on Day 17
(Fig. 2). Viral loads in dead cohabitated oysters ranged
from 3.50 × 102 to 3.56 × 107 DNA copies mg−1 tissue in
the AF, FS, SF and AS treatments (Fig. 2). The per-
centages of infection based on detection of OsHV-1

Comparisons                                    Hazard ratios
                                           Point 95% confidence limits
                                        estimate         Lower     Upper

Expt 1
≤7 d post-exposure
Treatment HF+ vs. HF−      3.55              1.97           6.38
Treatment HF+ vs. LF+       2.11              1.26           3.55
Treatment HF+ vs. LF−     28.92              6.97       120.92
Treatment LF+ vs. HF−       1.681            0.89           3.183
Treatment LF+ vs. LF−     13.703            3.23         58.14
Treatment HF+ vs.        1.99 × 107            −              −
control NF+

Treatment HF+ vs.           19.46              2.67       141.87
control NF−

>7 d post-exposure
Treatment HF+ vs. HF−      0.83              0.275         2.49
Treatment HF+ vs. LF+       4.14              0.913       18.75
Treatment HF+ vs. LF−       2.61              0.802         8.53
Treatment LF+ vs. HF−       0.20              0.06           0.69
Treatment LF+ vs. LF−       0.632            0.18           2.27
Treatment HF+ vs.        1.33 × 107            −              −
control NF+

Treatment HF+ vs.        1.33 × 107            −              −
control NF−

Expt 2
Period 1
Treatment FS vs. SF          2.05              0.20         44.01
Treatment FS vs. AS          2.03              0.20         43.67
Treatment SF vs. AS          0.99              0.04         25.07

Period 2
Treatment AF vs. FS          1.57              0.76           3.24
Treatment AF vs. SF          1.00              0.53           1.89
Treatment AF vs. AS         1.32              0.65           2.67
Treatment FS vs. SF          0.64              0.31           1.31
Treatment FS vs. AS          0.84              0.38           1.84
Treatment SF vs. AS          1.32              0.65           2.66

Table 3. Cox’s proportional hazards for Expts 1 & 2. Period 1:
Days 1−8 (OsHV-1 infected donors present Days 1−4; n = 6
donors); Period 2: Days 9−22 (OsHV-1 infected donors pres-
ent Days 9−12; n = 18 donors). Comparisons with 95% confi-
dence intervals containing the value 1.00 within their range 

are not significant. See Table 1 & 2 for abbreviations
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DNA in live sampled oysters in the AF, FS, SF and AS
groups were 25, 62.5, 75.0 and 45.8%, respectively,
on Day 4, and 37.5, 41.7, 54.2 and 29.2%, respectively,
on Day 17.

Survivors were present in all treatment groups on
Day 22. The percentages of infection in survivors in
the AF, FS, SF and AS treatments were 39.1, 27.6,
21.7 and 40.9%, respectively, and corresponding
viral loads (mean ± SD) were 2.11 × 102 ± 3.21 × 100,
2.39 × 103 ± 6.50 × 101, 4.19 × 101 ± 1.74 × 100 and
2.56 × 103 ± 9.83 × 101 DNA copies mg−1 tissue. All
the control oysters survived. The CAF and CFS con-
trol groups both tested 21.1% positive to OsHV-1 at
viral loads of 2.48 × 102 ± 3.78 × 100 and 9.12 × 101 ±
1.16 × 100 DNA copies mg−1 tissue, respectively. The
CSF control group tested 50% positive to OsHV-1
with 2.68 × 102 ± 3.46 × 100 DNA copies mg−1 tissue.
At Day 22 all oysters in the CAS control tested nega-
tive to OsHV-1, but OsHV-1 DNA was detected on

Day 17 at 2.38 × 103 DNA copies mg−1 tissue in a
 single live sampled cohabiting oyster.

Detection of OsHV-1 DNA in water

OsHV-1 DNA was detected in the tank water of
all treatments (HF+, HF−, LF+, LF−) in Expt 1 from
Day 1− 9 (Table 4), but was consistently at low levels
(BLOQ). OsHV-1 DNA was detected regardless of
whether the recirculation, biofiltration and UV treat-
ments were connected or disconnected to treatment
tanks. OsHV-1 DNA was detected in the sump water
of all treatments across the experimental period;
however, it was not detected in the water of the LF−

sump at T2 or T3 for the duration of the experiment.
OsHV-1 was detected at quantifiable concentrations
only on Day 4 at T2 and T3 (end of the feeding ses-
sions; tanks had had no recirculation, UV, or biofiltra-
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Fig. 2. Cumulative mortality (%), adjusted for the effects of daily random sampling (line), mean (geometric) viral load (copies
mg–1 of tissue, ± SD) (striped bar) and dead cohabited (solid grey bar) oysters (all that died that day), and number of live in-
fected oysters out of 24 (number over bars) for the live sampled oysters, for each of the 4 treatment groups: (A) always fed (AF),
(B) fed then starved (FS), (C) starved then fed (SF), and (D) always starved (AS). SD is on the y-axis and where it is less than the 

viral load it is not visible above the bars
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tion for 2 h) in the HF+ treatment at 1.89 × 101 and
1.45 × 101 DNA copies µl−1, respectively; and in the
HF− treatment on Day 6 at T2 at 1.17 × 101 DNA
copies µl−1. OsHV-1 was not detected in the tank
water of either the NF+ or NF− controls for the dura-
tion of the experiment.

In Expt 2 OsHV-1 DNA was detected in the
tank water of all treatments (AF, FS, SF, AS) from
Day 1− 14 (Table 5), but was consistently at low levels
(BLOQ). OsHV-1 DNA was detected regardless of
whether the recirculation, biofiltration and UV treat-
ments were connected or disconnected to treatment
tanks. OsHV-1 DNA was detected intermittently in
the sump water of all treatments from Day 2−14.
OsHV-1 was detected at quantifiable concentrations
at T3 (end of the afternoon feeding session; no recir-
culation, UV, or biofiltration for 2 h) on Day 11 at
2.69 × 101 ± 3.02 × 100 DNA copies µl−1 (mean ± SD).

DISCUSSION

This is the first study to investigate the effects of
food addition on OsHV-1 transmission and clinical
disease in Crassostrea gigas. The results of Expt 1 in-
dicated that food presence was an important risk fac-
tor for OsHV-1 disease expression. Fed C. gigas had a
higher risk of death than starved oysters (3.55−13.70
times). While not the first study to examine the effects
of OsHV-1 dose rate on OsHV-1 transmission and ex-
pression of clinical disease (Paul-Pont et al. 2015, Pet-
ton et al. 2015), this study is unique in its application
of experimentally infected donor oysters as a proxy
for dose of OsHV-1, whereby the number of infected
donors per tank was made ‘high’ or ‘low’ in order to
change the dose of OsHV-1 to which naïve cohabitat-
ing oysters were exposed. Cohabitation of C. gigas
with conspecifics that have been experimentally in-
fected with OsHV-1 by intramuscular injection was
demonstrated previously to be an effective means for
OsHV-1 transmission and reproduction of clinical dis-
ease in the laboratory (Schikorski et al. 2011a).

The results of Expt 1 showed a significant difference
in mortality between the treatments due to presence
of food (p < 0.001). Visual inspection of the turbidity of
the water during food addition, inspection of the gut
size/content of oysters when they were dissected and
observation of faecal matter deposition at the bottom
of the tanks was used to confirm that oysters in the
food treatments were in fact feeding on the algal diet
added to tanks (Iglesias et al. 1998, Lefebvre et al.
2000). Fed oysters not only had a greater level of mor-
tality (72−100%), but also a shorter incubation period
(median time to death — HF+: 6−7 d, LF+: 7 d) than
starved oysters (22−49%, HF−: 8−9 d), regardless of
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Source    T1         Day     Recirc.       T3          Day       Recirc.

Tanks
AF          pos     6,10−14     yes         pos       4,9−14        no
FS           pos  3,4,7,12,14  yes         pos  2−6,8,12−14   no
SF           pos    11,13,14    yes         pos     2,7,9−14      no
AS          pos    4,5,13,14    yes         pos    2,3,7,9,13     no

Sump
AF          pos          10          yes         pos            4            yes
FS           pos           4           yes         pos           13           yes
SF           pos          14          yes         pos          2,7          yes
AS          pos           4           yes         pos            3            yes

Table 5. Detection of OsHV-1 DNA in water in Expt 2.
Treatments are oysters always fed (AS), fed then starved
(FS), starved then fed (SF) and always starved (AS) (see 

Table 2). Other abbreviations as in Table 4

Source           T1        Day     Recirc.             T2        Day     Recirc.             T3        Day     Recirc.             T4        Day     Recirc.

Tanks
HF+               pos        1−8        yes                pos        1−8         no                pos        1−8         no                pos        1−8        yes
HF−               pos        1−9        yes                pos        1−9         no                pos        1−9         no                pos        1−9        yes
LF+                pos        1−8        yes                pos        1−8         no                pos        1−8         no                pos        1−8        yes
LF−                pos        1−8        yes                pos        1−8         no                pos        1−8         no                pos        1−8        yes

Sump
HF+               pos        1−8        yes                pos     2,3,5,8     yes                pos        2,6        yes               pos        1−8        yes
HF−               pos        1−9        yes                pos     2,3,5,8     yes                pos        2,9        yes               pos        1−9        yes
LF+                pos        1−8        yes                pos     1,6,8,9     yes                pos     1,6,8,9     yes               pos        1−8        yes
LF−                pos     2,5,7,8     yes               neg      1−10       yes               neg      1−10       yes               pos     2,5,7,8     yes

Table 4. Detection of OsHV-1 DNA in water in Expt 1. Treatments are high (H) or low (L) number of donor oysters with (F+) or
without (F–) feed (see Table 1). T1: Time Point 1 at the start of each day prior to feeding (water exposed to biofiltration and UV by
recirculation overnight); T2: Time Point 2 at the end of the morning feeding session (no recirculation, UV, or biofiltration); T3:
Time Point 3 at the end of the afternoon feeding session (no recirculation, UV, or biofiltration); T4: Time Point 4 at the end of each
day (recirculation, UV and biofiltration); pos: positive; neg: negative; Recirc.: recirculation, biofiltration and UV system connected
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the number of OsHV-1 infected donor oysters that
were present (high or low dose). It has been sug -
gested previously that seawater nutrient content, oys-
ter energy reserves and starvation may be important
in the expression of OsHV-1 clinical disease (Pernet et
al. 2014, Tamayo et al. 2014, Moreau et al. 2015). Star-
vation of C. gigas for 4 wk prior to OsHV-1 infection
induced autophagy, an innate immune response, and
when autophagy was inhibited by NH4Cl, there was
lower survival (Moreau et al. 2015). It has also been
suggested that oysters with limited, or no, access to
food mobilise their energy stores to respond to OsHV-
1 infection; the protein, carbohydrate and triglyceride
content of oysters declined during infection at 20.6°C
in comparison with non-exposed C. gigas (Pernet et
al. 2014, Tamayo et al. 2014). The lower cumulative
mortality observed in non-fed oyster treatments in
Expt 1 is consistent with the general findings of these
earlier studies, in that lack of available feed in seawa-
ter was protective against OsHV-1 clinical disease
 expression.

Planktonic organisms, including zooplankton, micro -
zoo plankton, phytoplankton, microphytoplankton,
microalgae, flagellates, dinoflagellates, diatoms, cili-
ates, copepods, bivalve larvae and rotifers, are known
to contribute to the typical, yet highly variable, diet of
C. gigas in the natural environment (Shum way et al.
1985, Riisgard 1988, Ponis et al. 2003). Studies of nat-
ural disease events have suggested that an aquatic
mechanical vector or particle may be associated with
OsHV-1 transmission, with the spatial patterns of oys-
ter mortalities noted to appear similar to the spatial
distributions of planktonic aggregations and commu-
nities (Paul et al. 1993, Kingsford & Suthers 1994,
1996, Ryan et al. 2008, Rissik et al. 2009, Benoit-Bird
& McManus 2012) and it was hypothesised that the
virus was attached to such particles (Paul-Pont et al.
2013a). Evans et al. (2014) suggested that OsHV-1
may be present in seawater in a range of forms,
including virus adsorbed to particles because cen-
trifugation of seawater samples at 1000 × g for 20 min
with testing of the resultant pellet improved the rate
of OsHV-1 detection by real-time qPCR 2-fold (p <
0.0001), in comparison with un processed seawater
samples. As centrifugal forces as low as 1000 × g
applied for 20 min are capable of pelleting particles
the same size as plant or animal cells (or larger), and
not particulates as small as free virus (Lawrence &
Steward 2010), it was strongly suggested that at least
some OsHV-1 virions may be attached to or associ-
ated with particles within natural seawater samples.
Whittington et al. (2015b) demonstrated that treat-
ment of incoming OsHV-1 infected seawater, by

either aging or filtration to 5 µm, can prevent OsHV-
1 related mortalities in C. gigas spat. OsHV-1 was
however sometimes detected at very low levels in
aged and filtered seawater treatment spat. Thus, it
was unclear whether it was removal of the particle to
which OsHV-1 may have been ad sorbed, or removal
of the oyster feed, or a combination of the 2 that was
important to limit OsHV-1 transmission and expres-
sion of the disease. It is unknown whether OsHV-1
became adsorbed to the microalgal species in the
diet concentrate that was fed during the current trial,
or whether the action of oyster feeding simply cre-
ated a means of increased viral entry. Commercially
cultured C. gigas have been shown to have a filtration
rate of 0.73 l g−1 h−1 (shucked dry weight) for longline
culture, compared to values of 2.5−12 l g−1 h−1 re -
ported from laboratory studies (Wheat & Rue sink
2013). However, while it is apparent that the presence
of food is an important risk factor for OsHV-1 mortal-
ity, it remains unclear how filter feeding, and varia-
tions in filtration rate, relates to and impacts viral
transmission. Further investigation of the adsorptive
capacity, and stability, of OsHV-1 in relation to plank-
ton, such as the marine algal species used in the cur-
rent trial, and the filtration and ingestion of such algae
by oysters is required to answer these questions. A
related virus called AVNV was reported to adsorb to
several species of microalgae to form an AVNV-
infected algal complex, which when fed to Zhikong
scallops caused significant mortalities in comparison
to scallops fed non-infected microalgae (Wang et al.
2010, Zhang et al. 2010).

In Expt 2 mortality rates in the AF, FS, SF and AS
treatments were low (<35%) and were not signifi-
cantly different from one another, and the trend to a
higher hazard of death associated with feeding dur-
ing periods of OsHV-1 exposure must be interpreted
with caution. However, as in Expt 1, the presence of
food during OsHV-1 exposure may have influenced
OsHV-1 related mortality. The number of OsHV-1
infected donors was also important, as mortality fol-
lowing the first exposure period (n = 6 infected donor
oysters), that is the first 8 d of the trial comprising 4 d
of exposure and the following 4 d during which there
were no donor oysters present was negligible com-
pared to that following the second exposure period
(n = 18 infected donor oysters) (Fig. 2). There was a
strong effect of OsHV-1 dosage in the intramuscular
injection model described by Paul-Pont et al. (2015);
doses <5.1 × 102 DNA copies mg−1 were not lethal.
Petton et al. (2015) also used a cohabitation model,
but unlike that in the present study, it involved do -
nors exposed to OsHV-1 in the natural environment
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rather than donors injected with a known quantity of
partially purified virus. The biomass of donors varied
between treatments and, while tests for OsHV-1
were not performed on all of the donors, OsHV-1
DNA was quantified in some, so increasing the bio-
mass of donors would have corresponded to an in -
creasing dose, and this was correlated with  mortality.

In Expt 2 it was thought that successive OsHV-1
exposures, of differing intensities, may mimic what is
observed in the field in Australia, where oysters are
exposed several times over the course of a season
(Whittington et al. 2015a). The results of an earlier
study led to the suggestion that C. gigas may be
capable of developing an antiviral immune response
as a result of prior immune stimulus (Green & Mon-
tagnani 2013). Such an immune response may possi-
bly account for the overall low mortality observed
across treatments in Expt 2, but immune responses
were not evaluated. However, OsHV-1 was detected
in live sampled oysters from all treatment groups on
Day 4 at the conclusion of the Exposure Period 1,
confirming exposure.

The higher overall cumulative mortality in C. gigas
juveniles in Expt 1 compared with Expt 2 (Figs. 1 & 2)
was probably not related to husbandry of oysters as
the aquarium systems, water quality parameters and
protocols used in the 2 trials were consistent. How-
ever, Expts 1 & 2 were conducted 18 mo apart, and
the batches of oysters were not standardised. It is
plausible that the batches of oysters and their genet-
ics were sufficiently different to explain the variable
clinical outcomes (Dégremont 2013, Dégremont et al.
2015). In addition, the exposure periods and doses of
OsHV-1 were different; in the first trial there was
continuous exposure to OsHV-1, while in the second
trial, which was intended to simulate the effects of
successive OsHV-1 exposures, there was a 4 d expo-
sure at a relatively low dose, followed by a 4 d gap
when no donors were present, then a 4 d exposure to
a higher dose.

Other authors have suggested that water acts as a
medium in the horizontal transmission of OsHV-1
(Schikorski et al. 2011a). OsHV-1 DNA was detected
in water samples across the sampling periods in both
Expts 1 & 2, but at very low levels (below the limits of
quantification or theoretical detection for the qPCR
assay) regardless of whether the recirculation, biofil-
tration and UV systems were connected to the exper-
imental tanks. Higher viral quantities were detected
in tank water in prior studies: 101−103 DNA copies
µl−1 seawater (Schikorski et al. 2011a) and 2.5 × 102 to
1.8 × 106 DNA copies ml−1 (Paul-Pont et al. 2015).
However, these low viral DNA quantities are consis-

tent with those seen in natural seawater samples col-
lected during outbreaks of mortality in cultured C.
gigas (Evans et al. 2014). The large water volumes of
the recirculation systems (300 l), as well as the pres-
ence of the biofiltration and UV treatments, may
explain the low viral quantities detected compared to
other studies, for example Schikorski et al. (2011a)
who used static tanks of 25 l. OsHV-1 DNA was only
detected at quantifiable concentrations at times
when feeding was being performed and the recircu-
lation, biofiltration and UV were disconnected from
the experiment tanks. In all studies, it is possible that
OsHV-1 detected by qPCR was in the form of free
virus, virus associated with particulates such as feed
or oyster cells or faeces, or free viral DNA (Evans et
al. 2014). Further investigation is required to ascer-
tain the form of the virus being detected, as well as
the mechanism of infection.

CONCLUSIONS

This is the first study to investigate the effect of food
on OsHV-1 transmission and clinical disease. Cohabi-
tation of OsHV-1 infected donor oysters with naïve
Crassostrea gigas <1 yr of age was a successful model
for OsHV-1 disease expression as has been shown
previously. However, this was influenced by the num-
ber of donor oysters per tank, which was used as a
proxy for infectious biomass (i.e. dose of OsHV-1). In
the first experiment, at both high and low doses, food
presence increased the hazard of death due to water-
borne OsHV-1 exposure — by 3.55 to 13.70 times. In-
cubation period (median time to death) was shorter
(6−7 d) in fed oysters compared to non-fed oysters
(>8 d). Fed oysters cohabitated with 6 OsHV-1 in-
fected donor oysters per tank had a 28.92-fold greater
risk of death than non-fed oysters cohabitated with 2
donor oysters per tank in the first week post-exposure.
Mortality rate was lower in a second experiment, pos-
sibly due to use of different oyster batches and doses,
highlighting the need to standardise factors for such
experiments. OsHV-1 DNA was detected in the water
in both experiments, but concentrations of the virus in
water were lower than those reported in previous
studies, probably due to much higher tank volume
and use of recirculation, UV and filtration systems.
Results are consistent with the hypothesis that OsHV-
1 may be attached to particles which are important
for transmission of the virus. However, OsHV-1 ad-
sorption to algal food particles and whether ingestion
of infected food is the mechanism by which oysters
become infected is yet to be confirmed.
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