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Objectives

1. Improve knowledge of the patterns of 3. Continueto screen and select within
genetic inheritance of POMSresistance, the Australian selective breeding
including the potential rate of genetic population (the AS population) under
gain through selective breeding, natural infectionsin the Georges River,
genetic relationships with other and ensure these selections are
commercial traits, and relationships available for commercial use.
between resistance at different ages. 4. Recommend a selective breeding

2. Develop protocols for screening large strategy that includes resistance to
numbers of pedigreed familiesin an POMSas part of the breeding goal for
artificial challenge at EMAI and AS.

validate these by comparing the
genetic rankings for field challenges

and laboratory challenges.
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NON TECHNICAL SUMMARY

Outcomes Achieved to Date

This project hasresulted in the commercial production of Pacific oystersthat are resistant to
Pacific oyster mortality syndrome (POMS). It has, therefore, provided the Australian Pacific
oyster industry with apractical and immediate meansto respond to the threat of this disease.

The knowledge from this research has formed the basis for POMSresistance breeding and the
seamless links between research and industry within this project have ensured that resistance
breeding is now fully operational, it is the primary objective of the AS selective breeding
program, and disease resistant broodstock is available to hatcheries for commercial
production.

The genetic gains for POMSresistance already delivered to industry plusthe surety of ongoing
gains provide Pacific oyster growersin disease affected regions with away forward and with

confidence to continue in the face of the devastating consequences of this disease.

The emergence of Pacific oyster mortality
syndrome (POMS) in Australiain 2010 was
seen as amajor threat tothe entire
Australian Pacific oyster industry, and the
subsequent spread of this diseaseto the
Hawkesbury River (NSW) in 2013 and then
Tasmaniain 2016 confirmed the
devastating effects from POMS. Breeding
for resistance was flagged as a central part
of the Australian oyster industry’sstrategic
plan for disease management and this
project was initiated and funded as part of
that response. The goal was very simple —
to breed for resistance to POMSand supply
resistant stock at the earliest opportunity.

Embedded in every selective breeding
program is abody of knowledge that

under pins the operation of that program.
It formsthe basis of the way in which the
population is managed, how performance
dataare collected, the way selections are
done, and what gains (outcomes) can be
expected. Prior tothis project, there was
no such information for POMSresistance
and developing that knowledge formed the
science challenge that was central to this
project. One great advantage that the
Australian Pacific oyster industry did have
was awell-established and fully functional
breeding program with all the necessary
supporting infrastructure (specialist staff,
facilities, and systems). This ensured the
process from research and development to

operational implementation occurred
rapidly and efficiently.

The knowledge base for POMSresistance is
built on avery large body of data. In total,
5 year classes weretested, 75,850 animals
were successfully screened in field trials,
and 6,320 animals weretested in
laboratory trials. These animalswere
sourced from apopulation of 316 families
(where afamily is one male mated with
one female) and 623 parents. Thislarge
body of data means that the conclusions
from thiswork are very sound.

POMSresistance has been shown tobea
trait that is under strong genetic control
and one that responds rapidly to selection.
There are few (if any) other Pacific oyster
traitsthat respond as well to selection
which makes selective breeding an efficient
and, probably, essential tool to manage this
disease. Genetic gains have accumulated in
each annual cycle of breeding, increasing
the POMSsurvival of one year old oysters
by at least 10% per year. The best
available stock from the 2015 year class
have an expected survival of 80% in a
POMSdisease event. This stock was made
available to commercial hatcheriesin 2017
and seed produced from this broodstock
was subsequently offered for saleto
growers. Thegoal set by industry at the
outset of thiswork was for stock with 70%



survival to be commercially available by
2018, and that has been achieved.

However, challenges still remain. First and
foremost isthe need to improve the
survival of young stock (spat). Experience
here and elsewhere has shown that
younger stock are more susceptible to
POMSand, whilst resistance is conferred
on spat through selection on adults, higher
levels of spat resistance are needed.
Consequently, genetic resistance does not
currently offer afull solution to POMSand
growers need to adopt other practices,
such as husbandry and window farming, to

Summary |ix

successfully and viably produce stock in
disease affected estuaries.

The breeding for POMSresistance will
continue and incremental improvementsto
protocols and systems will be made and
are expected to increase the annual rate of
gain. In the meantime, the fundamentals of
POMSbreeding have been established and
implemented.

KEYWORDS: Pacific oyster, Orassostrea
gigas, Pacific oyster mortality syndrome,
POMS, ostreid herpesvirus, OsHV-1,
selective breeding, disease resistance






1. INTRODUCTION

1.1 Background

Infections of the ostreid herpesvirus
microvariant 1 (OsHV-1 Mar) are
associated with high mortalities of the
Pacific oyster (Crassostrea gigas)
worldwide. Theincidence and impact of
this virus has been well documented.
Infections werefirst detected in France in
April-May 2008 and since then infections
have been recorded in United Kingdom in
2008, Ireland in 2009, Spain in 2009, New
Zealand in March 2010, Australiain
November 2010, and Koreain 2013
(Cameron and Crane 2011; Hwang et al.
2013; Jenkinset al. 2013; Keeling et al.
2014; Lynch et al. 2012; Peeler et al. 2012;
Roque et al. 2012; Segarraet al. 2010). All
outbreaks have been associated with mass
mortalities of Pacific oysters with
devastating impact for growers. In
Australia, these mass mortalities are
termed Pacific oyster mortality syndrome
and this disease is usually referred to by its
acronym, POMS,

Episodic outbreaks of summer mortalities
for Pacific oystersare nothingnew. There
arerecords of mortalities in many different
growing regions over the last 20 years, and
some recordsthat date from approximately
100 years (see Lynch et al. 2012;
Dégremont et al. 2015b; Sauvage et al.
2009 for summaries). Herpes-like viruses
have been detected and implicated with
mortalities sincethe 1990’'s (Garciaet al.
2011; Jenkinset al. 2013). However, a
sharp increasein the severity of mortalities
has been associated with the emergence of
anew microvariant, termed OsHV-1 War,
which has exceptionally high virulence and
was first recorded in 2008 (Segarraet al.
2010). These same authors describe this
microvariant as an emerging genotype,
although a study by Martenot et al. (2012)

suggests this microvariant was present
earlier. Surveys undertaken after the
initial major outbreak in France have
identified additional variants of OsHV-1
(Martenot et al. 2012) but there appears no
clear picture of the virulence or ecology of
those OsHV-1 variants (Dégremont et al.
2015a).

OsHV-1 War isundoubtedly a causative
agent of mass mortalities but the aetiology
appears more complex with environmental
stressors, seasonal spawning cycles, and
bacteria (Vibrio species) all influencing
mortalities (see Cotter et al. 2010 for a
review). Stressorsthought to influence
mortality outbreaks include temperature,
salinity, food supply, sediments, and
gametogenesis. The importance of these
additional factorsisindicated by reports of
detection of the virusin the absence of the
disease (Dundon et al. 2011; Pernet et al.
2012). OsHV-1 Mar affects all age classes
but mortality appears more severe for spat
and juvenile oysters than for adults, with
the mortality of oysterslessthan 12
months of age frequently being near 100%
(Dégremont 2013; Paul-Pont et al. 2014;
Peeler et al. 2012).

The nature of the spread of the disease
within aregion has been described in a
number of studies (Cameron and Crane
2011; Paul-Pont et al. 2013; Paul-Pont et al.
2014). Notably, the epidemiology of a
major disease event in Australia, in the
Hawkesbury estuary in New South Wales
(NSW), has been well documented by Paul-
Pont et al. (2014). The disease has been
linked to oyster movements and water
flows within an estuary and the virusis
thought to be carried on particlesin the
water. The spread of OsHV-1 is spatially
clustered in the water column, both
vertically and horizontally, and highly
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variable. However, the agents causing the
virusto spread across more geographically
isolated regions are unclear.

In Australia, the emergence of this disease
in NSV was immediately recognised as a
very high risk and resulted in arapid
response by the oyster industry,
regulators, and the research community.
Thisresponse is detailed in Cameron and
Crane (2011) and included developing
diagnostics capability, disease surveillance,
risk management planning, and an
immediate shift in research priorities.
Observations and datafrom France, at the
time of the first disease outbreak in
Australia, indicated that genetic resistance
was an important factor and one of the few
management options. Consequently, part
of the shift in research prioritiesin
Australiainvolved initiatives to develop
resistance breeding, using the existing
industry owned selective breeding
program, Australian Seafood industries
Pty. Ltd. (AS), asthe basis for that work.
The project described in thisreport isa
direct consequence of that refocus.

In commercial oyster culture, thereare
numerous examples of using genetic
selection for resistance as a disease
management tool. Areview by Dégremont
et al. (2015a) lists and reviews five major
events where oyster diseases have been
subject to extensive studies on selection for
resistance. All involve epizootics caused by
infectious agents. In brief, these are;

1) resistance of C. gigasto OsHV-1,

2) resistance of Ostrea edulisto Bonamia
ostreae in Europe, 3) resistance of
Saccostrea glomerata to Bonamia roughleyi
and Marteilia sydneyi in New South Wales,
4) resistance of C. virginica to Roseovarius
crassostreain USA, and 5) resistance of
C.virginicato H. nelsoni and P. marinusin
USA. Common elementsfor all eventswere
high mortalities, severe economic impacts
duetotheinitial disease outbreak, the
importance of genetic selection to mitigate
the impacts, and the strong responsesto
selection.

Thereview by Dégremont et al. (2015a)
also provides a useful summary of the
work done on resistance of C gigasto
OsHV-1. Of note isthe work done by
Ifremer at the Genetics and Pathology
laboratory (La Tremblade, France) where
four generations of mass selection of C
gigas spat exposed to OsHV-1 War showed
cumulative generational gainsin survival
of 22%, 44%, 50% and 62%, respectively
(Dégremont et al. 2015b). Therealised
heritabilities for survival from this study
were h2 =0.34to 0.63, with therange being
reported to be dependent on the particular
line and size of oysters. In another study
by Ifremer, heritabilities for spat survival
ranged from h2=0.49t0 0.60 in asmall
population of 48 families (Dégremont et al.
2015c). This study also estimated genetic
correlations between afield and laboratory
challenge (where the virus was
administered viaintramuscular injection),
and reported moderate genetic
correlationsranging fromrg=0.68 to 0.75.

Resistance breeding at Ifremer is afamily
based breeding program (Dégremont pers.
comm. 2017). This program produces 100
families per year, with performance testing
through anatural challenge to both
OsHV-1 Mar and Vibrio (astwo separate
traits), and selection on family and within
family performance (i.e. breeding from
survivors of achallenge). This stock has
shown high levels of resistance but, as at
October 2017, there was no commercial
deployment of selected broodstock from
this program due to administrative
decisions. Additional work on

OsHV-1 War resistance breeding is being
done by private hatcheriesin France,
however, thiswork is proprietary and no
details are available. Resistance breeding
is also being done at the Cawthron Institute
in New Zealand through a family based
program, using both field and laboratory
challenges, and is based on family and
within family selection with a biannual
cycle of family production (Camaraet al.
2017; Nick King, pers. comm. 2017).



1.2 Research Needs

Developing genetic resistance to

OsHV-1 War (or POMSasit will be termed
hereafter) is part of the Australian oyster
industry’s strategic plan for managing this
disease. The goal has been to include
selection for POMSresistance as an
operational part of the AS selective
breeding program. Asfor any new trait,
there are anumber of essential stepsthat
need to be taken to implement resistance
breeding and these include:

1. Definition of the breeding goals;

2. Establishinginfrastructure and
protocols to generate families of
known pedigree and to manage a
breeding population;

3. Developing knowledge of the genetic
control of traits (referred to as genetic
parameters) and use that knowledge
to formulate a breeding strategy; and

4. Developing processestotest the
performance of individualsin the
breeding population against breeding
goal traits.

The pathway for implementing resistance
breeding for the Australian oyster industry
iswithin the framework of the existing
industry based family breeding program
operated by AS. This program has been
running since 2003 and, therefore,
population management processes
(element 2 of the above list) are well
established. However, POMSresistanceis a
new genetictrait and there are research
needs that need to be addressed before
operational breeding can be routinely
implemented. Specifically, these needs are
for knowledge of the genetic control of
POMSresistance, and for proven processes
to assess performance on an annual basis
(which relateto points 3 and 4 above).

Knowledge is needed to understand the
patterns of inheritance for POMS
resistance. Technically, thisinvolves
estimating the genetic parameters. This
knowledge will provide estimates of the
potential rate of genetic gain through
selective breeding; it will determine how
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selection for POMSresistance fits with
selection for other commercial traits; and it
will provide information about the
relationships between resistance at
different ages. Genetic parametersarethe
basis for developing selective breeding
strategies and arerequired to assess the
likely impact of genetic selection and, then,
to gauge the importance of selective
breeding relative to other disease
management options.

Family performancetesting, termed
progeny testing, is an annual activity of the
AS breeding strategy and, therefore,
protocols are needed to routinely do this
for POMSresistance without fail. Field
challenges have been the only practical
option following the first occurrence of
POMSin Australia and were chosen asthe
initial basis for performance testing.
Therefore, measures of the repeatability of
field tests and their ability to discriminate
among families are key needs. Thereisa
risk that natural field infections will not
provide suitable and consistent results due
to complicating environmental variables.
To avoid this, disease resistance testing for
selective breeding is often donein an
artificial laboratory challenge because it
can be more reliable, more precise, and
logistically easier. Recognising thisneed, a
parallel activity has been to develop a
laboratory challenge protocol and this has
been completed (Kirkland et al. 2015).
However, thereis an additional need to
validate that laboratory challenge model as
aprogeny test by assessing its ability to
discriminate between families, assessing
the repeatability of tests, and by comparing
genetic rankings for field challenges and
laboratory challenges. Those taskswere
goals for this project.

Thefinal step in developing a breeding
strategy isto synthesise all elements. The
genetic knowledge of this new trait,
protocols for collecting data, and
procedures for analysing the data are used
to formulate strategic and tactical plans. A
critical part of strategic planningisto set
breeding objectives, or specifically for the
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current situation, how much selection
emphasis to put on POMSresistance
compared to existing traits. Prioritising
traitsisthe responsibility of the Board of
AS and, to enable the Board to make an
informed decision, estimates of gains for all
traits under different selection scenarios
arerequired.

1.3 Project Objectives

The original objectives of this project were
to develop and immediately implement
applied breeding for POMSresistance.
Soecifically, to:

1. Improve knowledge of the patterns of
genetic inheritance of POMSresistance,
including the potential rate of genetic
gain through selective breeding,
genetic relationships with other
commercial traits, and relationships
between resistance at different ages.

2. Develop protocols for screening large
numbers of pedigreed familiesin an
artificial challenge at EMAI and
validate these by comparing the
genetic rankings for field challenges
and laboratory challenges.

3. Continueto screen and select within
the Australian selective breeding
population (the AS population) under
natural infectionsin the Georges River,
and ensure these selections are
available for commercial use.

4. Recommend abreeding strategy for
that includesresistance to POMSas
part of the breeding goal for AS.

Additional objectives were included after
commencement of the project, and at the
request of industry, to accelerate breeding
progress and to address some of the
broader requirements of the overall
response to POMS These additional
objectives wereto:

5. Increasetherate of geneticgain in
POMSresistance in the 2013 year class
by focusing effort on producing more
elite POMSresistant families.

6. Evaluatethe combined effects of
genetic resistance and changed
husbandry in atrial design that more
closely represents commercial grow-
out conditions.

7. Measurethe extrageneticgain
achieved by using surviving individuals
from the best families.

8. Increasetherate of genetic gain by
shortening the generation interval to
oneyear.

9. Reduce the age at which the genetic
resistance of progeny of abreeding
program may be assessed.

10. Enhancethelongterm utility of a
laboratory infection model by
establishing standards of defined
genotype and suitable for longterm
use.



2. METHODS

2.1 Genetic material

Pedigreed animals from the AS selective
breeding population were the genetic stock
used for thisstudy. Thisisan advanced
generation population with up to 7
generations of known pedigree, as at the
2011 year class. There have been
occasional introductions of new founders
since the program inception in 1998
resulting in different lineages having
different depths of pedigree. The founders
of the breeding population were sourced
from wild and hatchery stocks of the
Tasmanian land race which originated
from awell planned introduction from
Japan in the late 1940’s (Thomson 1952).

The breeding population is managed as a
single population rather than discrete year
classes. Thisisdone by using broodstock
aged from two to five years, and
occasionally up to seven years, to enable
gene flow between year classes. All
broodstock are strip spawned, which is
lethal, and therefore genetic links across
year classes are through parentsrelated as
siblings. Consequently, it ismostly first
cousins and occasionally double first
cousins that form the links across year
classes. Further details about the breeding
population history and the AS breeding
program are given in Kube et al. (2011).

Resultsin this study were generated from
five successive year classes of pedigreed
families (2011 to 2015) and the number of
families deployed in each year class are
shown in Table 2.1. Familieswere
produced as part of the standard AS
breeding operations using normal AS
protocols. In brief, these protocols involve
strip spawning parents, aone by one
mating design (where male and female
parents have only one mate), larval rearing

familiesin 140 litre tanks, and maintaining
familiesin separate nursery systems until
they areretained on a2240 pm screen.
Family spawning commenced in mid to late
November each year. Within ayear class,
three successive spawns were used to
produce the total number of families, each
approximately one week apart and each
containing approximately the same
number of families. The batch date was
used as afixed term in the statistical
analyses to account for differencesin
spawningtime. Hatchery spawnswere
done at the Institute for Marine and
Antarctic Sudies (IMAS) facility of the
University of Tasmaniain Taroona,
Tasmania, and nursery production
occurred at the Shellfish Culture facility at
Pipeclay Lagoon, Tasmania. .

The breeding goal and selection emphasis
has shifted over the five year classes being
reported here. The 2011 year classwas
produced prior to the availability of data
for POMSresistance and, therefore,
selections were made according to the pre-
existing breeding goals which were to
equally improve growth, shell shape,
condition and South Australian survival.
Fifty families produced in 2011, which was
the standard AS protocol, of which 43
were deployed in NSW POMStrials. For
the 2012 year class, POMSresistance data
was available from the 2011 families but
these were only one year old and sexually
immature, meaning they were unavailable
as breeding candidates. Some selections
were made viathird order relationships
(such aunt/ uncle-nephew/ niece) and this
provided an opportunity for some
emphasis on POMSresistance, although not
astrong emphasis. Sxty familieswere
produced in 2012, with 54 deployed in
POMStrials. The small increasein the
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Table 2.1. OsHV-1 field challenge trials and deployment dates at the Georges Rver NSV. The OsHV-1
column indicates confirmation of the presence of the virusin live oysters after PCRtesting. Italicised
rowsin grey font indicate failed trials and the footnotes provide an explanation for failure.

Trial Year Life Sart date End date Trial OsHV-1 Temp. Data No. No. No.
no. class stage duration present (°Qf used fam. rep. trays
(days)

1 2011 spat 11 Apr2012 26 Apr 2012 15 Yes 234 Yes 43 3 9
2a 2011 spat 7May2012 19 1l 2012 73 No 188 No 43 3 9
3 2011 adult  20Nov2012 11 Dec?2012 21 Yes 207 Yes 43 4 12
4b 2012  spat 27Feb 2013 13 Mar 2013 14 Yes? 268 No 54 4 19
5 2012  spat 21 Mar 2013 2 Apr 2013 12 Yes 245 Yes 54 4 19
6¢ 2012  gpat 17 Apr 2013 11 Jul 2013 85 No 219 No 13 4 4
74d 2011 adult 30 Apr 2013 11 Jul 2013 72 No 19.9 No 35 4 18
8 2012  adult 12 Nov 2013 3 Dec2013 21 Yes 206 Yes 54 4 19
ge 2013 gpat 6 Feb 2014 1 Apr 2014 54 No 228 No 64 4 16
10e 2013 spat 1May 2014 5dun 2014 35 No 200 No 79 3 16
11 2013 adult 4 Nov2014 3 Dec2014 29 Yes 230 Yes 80 3 30
12 2014 adult  80ct 2015 9 Dec 2015 62 Yes 200 Yes 64 3 13
13 2015 adult 20Sep2016 27 Dec2016 98 Yes 175 Yes 78 3 16

a Trial 2wasrepeat of Trial 1 with the aim to deploy in adifferent and less severe disease window. No OsHV-1was

detected and therefore no datawas collected.

b Trial 4 wasthe first deployment of the 2012 year class spat trial. All oysterswere dead at the inspection on 13 Mar
2013 and no datawas collected. Therefore the trial was abandoned and repeated as Trial 5. No PCRtesting was
done but it is likely that OsHV-1 was the cause of death given confirmation of the presence of the virusfor Trial 5.

¢ Trial 6 was deployed using families shipped directly to the Georges Rver from Tasmania rather than via Port
Sephens. The reason was to test if an unidentified agent causing mortalities at Port Sephenswasinfluencing
OsHV-1 results. Mortalities occurred but OsHV-1 was not detected and no datawasused. The cause of these

mortalities isunknown.

d Trial 7 was deployed using adult oysters (aged18 months) and ran concurrently with Trial 6. As for Trial 6,
mortalities occurred but no OsHV-1 was detected and no data was used.

e Trial 9 was deployed in Feb 2014 and mortalities were recorded but the presence of OsHV-1 was hot confirmed.
The trial was repeated as Trial 10 in May 2014 but, again, no OsHV-1 was detected and the trial was abandoned.

f Temperature is the maximum daily temperature at the Sart Date. For trial 1, no data were available during the
trial period and the data shown was recorded 5 days prior to the start date, which was the last available data.
Temperature datafor Trials 1 to 9 were provided by Sydney Metropolitan Catchment Management Authority and
data for Trials 10 to 13 were provided by Sydney Shool of Veterinary Science, The University of Sydney.

number of families was intended to target
POMSresistance amongst a subset of
families whilst maintaining the pre-existing
breeding goal for others. For the 2013,
2014 and 2015 year classes, POMS
resistance was targeted as the main trait.
Targeting POMSrepresented a significant
shift in the breeding goal and was a
decision made by the oyster industry, via
the ASl Board, in responseto the outbreak
and spread of POMS. Large numbers of
families that had been progeny tested for
POMSwer e available as sour ces of
broodstock for these year classes meaning

there were sufficient candidate families for
a POMSresistance focus. Selectionswere
only available via second order
relationships (full-sibs of tested families)
because biosecurity protocolsrestricted
the movement of exposed animals and
breeding from POMSsurvivors was not an
option. The numbers of families produced
in 2013 and 2014 was increased to 80 per
year. The additional families were planned
as part of the response to breeding for
POMSresistance and this additional work
was funded by the Seafood CRCas part of
project objectives (see Objective 5). Part of




the crossing design involved using higher
numbers of breeding candidates from elite
families with the aim of intensifying within
family selection amongst top families. This
involved using more individuals from
fewer families and, in effect, increasing the
selection intensity. For example, up to 19
parents were selected from both the top
two families for the production of the 2013
year class families which is about three
times higher than in previous year classes.

2.2 Heldtrials

Atotal of 13 field trials were deployed over
five years and data were successfully
collected from 7 of these trials. Trial
details, including deployment dates, year
classes, numbers of families, approximate
numbers of animals, and reasons for
excluding trials are detailed in Table 2.1.
Nine of these trials were done under the
funding arrangements of this project (trials
2t010),onetrial wasdone with
emergency funding assistance from the
Seafood CRC after the initial disease
outbreak (trial 1), and threetrialswere
done as part of routine AS breeding
operations after the conclusion of this
project (trials 11,12 and 13).

The combined population tested in these
trials was produced from 623 parents (307
males and 316 females) forming 316
families over 5 year classes. In total,
137,650 individual animals were deployed
infield trialsand 75,850 animals yielded
useful data.

All trials were deployed at the same field
site. Thesiteislocated in Woolooware Bay
at the mouth of the Georges River and is
part of Botany Bay, NSV, at latitude
34.0330 Sand longitude 151.147° E
(Figure 2.1). Woolooware Bay isa
commercial growingsite and the oyster
lease (OL 57/ 323) was owned by Drakes
Oystersuntil June 2012 and then by
Endeavour Oysters. Thissite was selected
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because it wasthe first Australian farm site
affected by POMS(Jenkinset al. 2013) and
was in commercial use with the necessary
infrastructure at that time. Thesetrials
were adjacent to trials deployed by Paul-
Pont et al. (2013), termed Ste Cin that
report, and a detailed description of the
site and oyster culture in Woolooware Bay
is given by those authors.

Families were shipped from Tasmaniato
NSW as spat approximately three months
following fertilisation. Prior to shipment
from Pipeclay Lagoon, animalswere held in
aland-based nursery in 20 Pn filtered
seawater and received supplementary
micro-algae as feed. This protocol was
necessary to comply with NSV state oyster
transfer regulations. Approximately 1000
individuals per family were dispatched.

The families werefirst sent to Port
Sephens NSW, a POMSfree estuary, and
held prior to the POMSfield challenge. On
arrival, familieswere transferred to fine
mesh (1mm) SEAPA baskets and held on an
oyster lease in Cromarty Bay (OL69/ 199).

Oystersfor trials 1 to 11 were moved from
Port Stephensto the Georges River when
oyster mortalitieswere observed in the
wild population at Georges River. Trials 12
and 13 were deployed directly into the
Georges River from Tasmaniaprior to
disease activity (see Table 2.1 for
deployment dates) due to the POMS
outbreak in Tasmania and subsequent
biosecurity measuresin NSW that
prevented the transfer of oystersinto
disease free estuaries, such as Port
Sephens. Sxty oysters from each family
were counted out for each replicate on the
day before transfer for trials1to 11, or on
arrival at the Georges River for trials 12
and 13. Theduration of trials varied and
was dependent on the course of the disease
(Table 2.1). Trialsyielding usable data
were deployed from between 12 to 62 days
and unsuccessful trials were left for up to
85 days before being abandoned.
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Fgure 2.1. Location of the field trial site at Woolooware Bay, within Botany Bay, New South Wales.

Two age classes were used for field trials.
Younger animalswere 4 to 6 monthsfrom
fertilisation (termed spat in thisreport)
and older animalswere aged 11 to 12
months (termed adults). Oyster lengths
were approximately 10 mm for spat and
approximately 50 mm for adults. The
intent of the original trial design wasto get
challenges of the same families at different
ages. All trialswere deployed as planned,
however, most spat trials failed for various
reasons (see Table 2.1 footnotes).

All trials except Trial 7 and 11 were
deployed in partitioned wooden trays with
15 sections per tray, amesh size of 1.6 mm,
and with external dimensions of 900 mm
by 1800 mm. Trials 7 and 11 used larger
animals and, therefore, were deployed in
trays with 8 sections, amesh size of 8 mm,
and external dimensions of 900 mm by
1800 mm. Trayswere placed on intertidal
racks at standard growing height.

Figures 2.2 and 2.3 illustrate the field

deployment for Trial 1, which was typical
of all trials.

Either three or four replicates of each
family were deployed in each trial

(Table 2.1) and were placed in adesigned
configuration to account for spatial
variability in disease incidence within a
trial. Thetrial design used was a
resolvable incomplete block design as
illustrated in Figure2.4. Ablock isa
subsection of areplicate and the blocking
structure ran perpendicular to the rack and
represented a 300 mm length of rack. This
design allowed spatial effectsto be
estimated with the intent of adjusting for
those effects to provide more accurate
genetic estimates. These adjustmentsare
routinely done by the statistical models
used for the analyses (section 2.6). The
designsare used in agricultural crop trials
and were generated using the software
CycDesigN (Whitaker et al. 1998).
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Fgure 2.2. Held challenges were done on acommercial oyster lease in Woolooware Bay, Georges Rver
NSW. Thetrial illustrated is Trial 1, deployed on 26 April 2012, which consisted of the nine trays shown in
the foreground. Thisistypical of all field trials although the number of traysvaried (see Table 2.1).

Fgure 2.3. Held trials were deployed in sectioned wooden trays and placed on a single rack at the
standard growing height. The trial illustrated is Trial 1, deployed on 26 April 2012. Thistrial consisted of
9trays, 15 sections per tray, with a single family in each section. Families were replicated three times
and configured using an incomplete block design (see FHgure 2.4). All field trials used the same
experimental design.
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Fgure 2.4. Diagrammatic representation of the trial design used for trial 1, deployed on 26 April 2012.
Thistrial consisted of 9 trays, with 15 sections (or units) per tray, and with a single family allocated to a
unit. Ablock, which wasthe smallest spatial unit, consisted of 5 families orientated perpendicular to the
direction of the rack. There were three replicates and each replicate consisted of three adjacent trays.

2.3 Held assessments

2.3.1 Assessmentsof POMSin field trials

Field trialswereinspected at 5to 10 day
intervals after deployment and, when
necessary, survival counts were made for
all animals. Table 2.2 liststhe dates of
assessment, the time interval between
assessments, and the mean survival at each
assessment. Counts of live and dead
oysters were done after all trayswere
removed from the lease and taken to the
oyster depot. Dead animals were removed
at assessment. Multiple measureswere
obtained at different time points for some
trials, which was the desired outcome, but
for other trialsthe disease progressed very
rapidly and only asingle, and sometimes
suboptimal, survival count was obtained.

The presence of OsHV-1 was checked for
all trials by testing live animals with gPCR
once mortality was observed. Testingwas
done on approximately 20 animals as
pooled samples at the Elizabeth Macarthur
Agricultural Institute (EMAI) laboratories.
Therefor e, the presence of OsHV-1 was
confirmed for all mortality dataused in the

analyses (Table 2.1). Additional
assessmentswere made of viral load on
individual animals for trial 1. At

Measure 1, which was 8 days after
deployment, five live animals were
randomly sampled from each family in
replicates 1 and 2 (10 animalsin total) and
analysed by qPCR as described in

section 2.4.

2.3.2 Assessments of non-POMStraits

Correlations between POMSfield survival
and total weight, shell shape, and meat
condition were estimated using data
collected from progeny testsin Tasmania
and South Australia. Trait descriptions and
datasummaries are given in Table 2.3.
These data are collected annually by AS as
part of routine breeding operations. Data
was sourced from all available records and
included all year classes (1998 to 2014)
produced as part of the breeding program.
Further details, including the rationale for
using these traits, are given in Kube et al.
(2011). Datafrom thesetraits could not be
collected from the Georges River site due
to the high mortality and short duration of
thesetrials.
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Table 2.2. ummary of measurements done on successful OsHV-1 field challenge trials deployed at the

CGeorges Rver NS site.

Trial  Year Age No. No. Event Event Temp  Time Mean

no. class families  oysters Date (O (days) survival

1 2011 5month 43 7,740 Deployed 11 Apr2012 234 0 100%
Measurel  19Apr2012 NA 8 99%
Measure2 26 Apr2012 NA 15 47%

3 2011  1lyear 43 10,320  Deployed 20Nov 2012 20.7 0 100%
Measurel 28Nov2012 227 8 100%
Measure2 5Dec2012 241 15 20%
Measure3  11Dec2012 232 21 2%

5 2012 4month 54 12,960  Deployed 21 Mar 2013 245 0 100%
Measurel 26 Mar 2013 25.0 5 90%
Measure2  2Apr2013 246 12 0%

8 2012  1lyear 54 12,960  Deployed 12 Nov 2013  20.6 0 100%
Measurel  19Nov2013 21.8 7 98%
Measure2 22 Nov 2013 22.0 10 96%
Measure3 26 Nov2013 231 14 92%
Measure4  3Dec2013  24.7 21 28%

11 2013 1lyear 78 14,400  Deployed 4Nov2014 230 0 100%
Measurel 11Nov2014 215 7 97%
Measure2 18 Nov 2014 24.0 14 68%
Measure3  25Nov2014 25.0 21 18%
Measure4  3Dec2014 27.0 29 13%

12 2014  lyear 63 7,680 Deployed 80ct 2015 20.0 0 100%
Measurel 2Nov2015 24.0 25 100%
Measure2  10Nov 2015 245 33 25%
Measure3 17 Nov2015 23.0 40 12%
Measure4  9Dec2015 27.0 62 10%

13 2015 1lyear 78 9,790 Deployed 20Sp 2016 175 0 100%
Measurel 21Dec2016 255 92 23%
Measure2 27 Dec2016 27.0 98 21%

Totals 5 316 75,850

Table 2.3. Trait definitions and summary Satistics for additional traits routinely assessed as part of the
AS breeding program operations.

Trait Trait Definition No. year No. sites No. No.
classes families  records
Gondition Index Wet meat weight/total weight 14 7 505 15,665
Depth Index Shell depth/ Shell length 16 9 596 27,244
Shell length Length from hinge to bill 16 9 596 28,260
Width Index Shell depth/ Shell length 16 9 596 27,859
Total weight Total wet weight 16 9 582 22,907
SAsurvival SQurvival at Smoky Bay 10 1 395 93,955
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2.4 Detection of OsHV-1 by gPCR

A quantitative real-time PCR (qPCR) assay
was used to quantify OsHV-1 DNA
according to a previously described
method that targeted the G-region of the
OsHV-1 genome (Jknkins et al. 2013). A
small portion of the mantle and gill of each
oyster was sampled for viral quantification.

2.4.1 Preparation of purified nucleic acids

Approximately 0.1 g of each tissue was
excised using a different and sterile scal pel
blade, fresh gloves and after disinfection of
the work surface with 1000 ppm sodium
hypochlorite to prevent cross-
contamination between individual oysters.

The tissue sections were digested in 180 pl
ATL buffer with 20 pl Proteinase K
(Qiagen) at 56°Cwith intermittent mixing
for up to 12 hours. Sampleswere mixed by
vortexing and then centrifuged at 3000 x g
for 5 min. Nucleic acids were purified from
50 pl of the supernatant of the tissue digest
using the viral MagMax-96 viral RNA
Isolation Kit (Life Technologies) and an
automated magnetic particle processor
with the AM1836 DW-standard program
and a 50 pl elution volume (Kingfisher-96,
ThermoFisher). Purified nucleic acids
were used directly astemplate in PCR
assays and were stored at -20°C.

2.4.2 Quantitative real-time PCR(qQPCR)

Samplesweretested in duplicate 25 pl
reactions prepared using themaster mix
AgPath-ID™One-Sep RT-PCRKit (Life
Technologies), 5 pl of neat nucleic acid
template, with 200 nM final concentration
of each of the primers OsHV-1CRF (5’-CGT
TTT ATCCACCACGAT TTT TAT T-3') and
OsHV-1CRR (5-TACATCAAACCCACT TTT
CCT ATGAT-3’) and 100 nM of the probe
OsHV-1CR (FAM-CACTCA TGA AAA CAC
CGCTAA GAT CACTGGBHQ-1).

Thermocycling and fluorescent data
acquisition were performed using an ABI
7500 Real-Time PCR machine (Applied
Biosystems), with the following
parameters: 95°Cfor 10 min followed by

45 cycles of 95°Cfor 15 sand 60°Cfor 45 s.
The 6-carboxyfluorescin (FAM)
fluorescence signal acquired at the end of
the annealing/ extension phase of each
cycle was normalised to the signal from the
ROX passive reference dye and corrected
for baseline fluorescence calculated
according to aproprietary algorithm (ABI
7500 software, Applied Biosystems).

Each test plate included the following
control reactions: no template, extraction
control (20 ng tRNA, transfer ribonucleic
acid, from baker’s yeast; Sgma) and
positive controls. These were prepared
from gill and mantle tissue digests, diluted
1:108 and 1:107 to give Ct values of
approximately 29 and 32, and stored at
80°Cas single-use aliquots. An 8-step, 10-
fold dilution series of astandard prepared
from apartially purified preparation of
OsHV-1 was amplified on each PCR plate to
enablerelative quantification of the
experimental samples. This sample was
estimated to contain 108 copies of the G-
region of the OsHV-1 genome used as
undiluted template and also contained host
DNA in the purified nucleic acid
preparation, noting that there are 2 copies
of the G-region per OsHV-1 genome.

2.4.3 Interpretation of gPCRdata

Samples were considered negative for
OsHV-1 if the ROXnormalised, baseline-
S O AN O I
remained <0.05. A cycle-threshold (Qt)
value was assigned for samples where
therewas alogarithmicincreasein
fluorescence, defined as the cycle at which
o o8 Ittt f-S'1eS A TrawsA
relative quantity of OsHV-1 DNAin positive
samples was interpolated from the
standard curve which amplified with
efficiency 91.9 % t0 101.5% in the range
101 to 108 copies of the OsHV-1 Gregion
DNA across 6 PCR plates. The arbitrary
number of copies of OsHV-1 DNA detected
per unit weight of tissue for each infected
oyster was used to compare therelative
concentration of OsHV-1 DNA after log 10
transformation for normality.



2.5 Laboratory trials

Laboratory challenges of familieswere
done over three year classes and used the
immersion methodology of Kirkland et al.
(2015). The method involved relaxation of
oystersto open the shell followed by
exposure to a specified viral dose via
immersion in inoculated seawater.
Intramuscular injection is sometimes a
preferred method for challenges but the
immersion method was used because it
was logistically easier for large numbers of
animals, suitable for small spat, and did not
bypass barriers and host responses
associated with natural infection.

All trialswere done at the Elizabeth
Macarthur Agricultural Institute (EMAI)
laboratories at Menangle, NSW. Thisisa
biosecure and AQISaccredited animal
holding facility capable of receiving
infectious animals and able to treat all
waste. The OsHV-1 isolate was from the
EMAI Master Sock that was prepared and
cryopreserved using tissues from the
original outbreak in the Georges River.
The challenges used artificial seawater
prepared using purified de-ionised water.

Theviral doses were determined by pre-
screening asmall subset of families within
each year class, representing what was
thought to be the extremes of resistance
and susceptibility. Multiple doses were
necessary to express mortality across the
full range of families and the actual doses
were found to vary at different life stages.

Two doses were required for routine
screening. However, awider range of
doses weretested on asubset of families
for thefirst two year classesto determine
the dose extremes. The doses ranged from
10-45to 10-15 for the pre-testing and from
104 and 10-25 for the bulk screening of
families (Table 2.4). Doses are expressed
as dilutions from a highest maximum
concentration available which contained
107 genome copies of viral DNA per ml.
Each dilution was checked by gPCRto
confirm DNA concentrations. Oystersto be
tested werefirst relaxed by immersionin a
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solution containing magnesium chloride
(50 g I-1) for one hour to allow their shells
to open. They werethen placed in avessel
containing a specified virus dilution.

Thetype of immersion vessels varied with
animal size. One year old oysterswere
challenged in 10| plastic buckets
containing 4 | of water with aeration and
spat were challenged in specimen
containerswith 1 to 2 ml of water without
aeration. Each vessel contained 10to 15
oysters. Figure 2.5 illustrates both spat
and adult challenges. Oysterswere held in
the water containing the inoculum for 24
hours, after which the water was
exchanged with inoculum-free water.
Additional water changes were done at 48
hour intervals and the water temperature
was maintained at 20 to 21°C. Animals
were monitored daily and dead oysters
removed. Water samples were collected at
days 3 and 5 and tested by gPCRto
measure OsHV-1 concentrations. The
presence of OsHV-1 in the water indicated
viral replication in the oyster tissues.

Atotal of 180 families were challenged
from the 2012, 2013 and 2014 year classes.
Animals were shipped from field locations
in either Port Sephens NSW (2012), or
Tasmania (2013 and 2014) using an
overnight freight service. Trialswererun
as multiple batches where abatch was a
random subset of families and each batch
was aseparate shipment from the field site.
Batches were necessary to accommodate
limitationsin laboratory space and the
temporal spread of batches ranged from 4
to 10 weeks. Batch effectswere included
as afactor in the data analysis to account
for (and remove) any batch differences.

Trial details, including start dates, oyster
age, numbers of families, numbers of
batches, doses used, and numbers of
animalstested are given in Table 2.4. Two
trials were done under the funding
arrangements of thisproject (trials 101
and 102), and one trial was part of the AS
routine breeding operations after the
conclusion of this project (trial 103).
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Table 2.4. Asummary of the OsHV-1 laboratory challenge trials done at the Hizabeth Macarthur

Agricultural Ingtitute.

No. class stage (years)?

Trial Year Life Age Sart date No.
batches families animals doses

No. No. DosesP

101 2012 Adult 1-13 20Nov2013 5
102 2013 Spat 05-06 9/05/2014 4
103 2014 spat 0.8-0.9 28/08/2015 3

1,224 4 1045104 1035103
2664 4 10451035, 1025, 1015
2432 2 104103

Total 3

180 6,320

a Age differences are due to the time differences in batch runswithin ayear class. These effectswere removed in

the analyses by fitting batches as a fixed effect.

b Dosesin bold type are those used for the main part of the family screening. Other doseswere used on a subset of

families to find effective ranges.

Fgure 2.5. The laboratory challenge at Hizabeth Macarthur Agricultural Institute. The left hand side
shows one year old oysters being challenged in 10 litre buckets with aeration. The right hand side shows
a spat challenge in both 6 and 24 well plates (35 and 16 mm diameter respectively). The adult challenge
in 10 litre buckets required a dedicated room. The spat challenge can be done on a laboratory bench.

2.6 Genetic analyses

The data collected for both field and
laboratory trials were counts of survival

for each family. These datawere converted
to binary survival data (i.e. dead=0,
alive=1) using afunction that is part of the
C3IROOyster Breeding database, and
which was (and remains) the data
repository for all data collected during this
project. Thetrials analysed, measurement
events used, numbers of animalsinvolved
in each of thetrials, and the numbers of
recordsin the analyses are shown in

Table 2.2 (field trials) and Table 2.4
(laboratory trials). Intotal, 75,850 animals

were successfully challenged in field trials
and 6,320 animalsin laboratory trials.

All datawere analysed by using ASReml
(GImour et al. 2015) tofit univariate

and/ or multi-variate individual animal
models. Separate analyses were first done
for each field trial. For these, each
measurement was fitted as a separate trait
in amulti-variate model, where possible.
Following these analyses, a combined
analysis was done using data from all
successful trials. A single measurement
time was chosen for each trial, where the
chosen measurement time was that with
the greatest genetic discrimination (i.e.
highest heritability). Thisanalysisfitted a




bivariate model using spat survival and
oneyear old survival as different traits.

Thetermsin the models for both the
separate trial and combined analysis were:

Y = P+ Trial + Block + Unit +
Animal + H (1)

where Yisavector of the measured values,
Pis the mean for each trait, Trial isthe
fixed effect of thefield challenge trial (not
included in analyses of individual trials),
Block isthe random effect of the
incomplete block of the field trial (which
represents the spatial effect along the
oyster rack), Unit isthe random effect of
the section within atray of afield trial,
Animal is the random additive genetic
effect,and Hstheresidual variation.

The analyses of the laboratory trialswere
also donein two stages; first as separate
year classes, and then as a combined
analysis of all year classes. Univariate
models of laboratory survival were used
and the termsin these models were:

Y = P+ Trial + Dose + Batch +
Unit + Animal + H (2)

where Trial is the fixed effect of the suite of
batches run within ayear class, Doseisthe
fixed effect of the viral dilution, Batch isthe
random effect of the subset of familiesrun
asasinglerun, Unit is the random effect of
the vessel used to contain the challenged
oysters, and the other terms are as
previously described.

A combined laboratory and field data
analysis was doneto estimate the genetic
correlation between field and laboratory
challenges. These analyses used a bivariate
model that fitted laboratory survival and
oneyear old survival as different traits. A
total of four modelswererun. Every model
used field datafrom all successful trialsat a
single time point, which wasthe
measurement with the highest heritability.
The laboratory challenge data used was
either the 2012, 2013, 2014 year class, or
the combined data. Therationalewasto
correlate each year class of laboratory
challenge datato the best possible
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prediction of field performance. This
assumes the field data approximates the
objective trait, and the combined data
(2011 to 2015 year classes) gives the most
accur ate estimate of that field
performance. Thetermsin these models
were:

Y = P+ Trial + Dose + Block/ Batch +
Unit + Animal + H (3

where Trial and Block/ Batch combine the
terms from thefield and laboratory trials
into asingle factor and the other terms are
as previously described. Dosewas fitted
only for the laboratory survival datausing
the “at” function in ASReml.

Genetic correlations between POMSfield
survival and total weight, shell shape, and
meat condition were estimated using a
series of multi-variate analyses. These
analyses used model 1. Each analysis
included three traits, which were POMS
field survival, POMSlaboratory survival,
and one of the traitslisted in Table 2.3.
The datafor continuous variables (non-
survival traits) were standardised by
dividing by the phenotypic standard
deviation for each progeny test. Thisis
routinely done for the EBV analysis of
thesetraits dueto the differencesin
variances between some progeny tests.

All models specified a separate pedigree
file containing the full pedigree structure
back to founders which was linked to the
Animal term in the above models. This
ensured the effects of all genetic
relationships wereincluded and,
importantly, provided genetic linkages
across year classesin the combined
analysis of all year class. Additive genetic
(Animal) and residual ( fitermsincluded
inter-trait variance and covariance
structures but the inter-trait co-variances
were fixed to zero for Block, Batch and Unit.
Genetic correlations and their standard
errorswere estimated from these inter-
trait variance and covariance structures.
Sandard errorswere calculated from the t
values routinely calculated by ASReml,
wheret= \2/ SE
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Heritabilities were calculated on both the
observed and underlying scale. For the
observed scale, heritabilities were
estimated as:

h2= Va/ (Vat Vu+ VY (4)

where % isthe additive genetic variance,
\2, is the between unit effect, and \2 Histhe
residual variance. Varianceswere
estimated using ASReml from model 1 or
model 2, as appropriate, and standard
errors of heritabilities were estimated
using variance component functions of
ASReml. Heritability estimates on the
observed scale are based on binomial data
and arelikely to be underestimates. It was
assumed that estimates on the underlying
scale were abetter expression of the true
genetic variation and, therefore, would
provide better estimates of genetic gain.
Therefore, values were adjusted to the
underlying liability scale using the
expression of Dempster and Lerner (1950):

h2u=h2 (p (1- p)) / 22 (5)

where h2, is heritability on the underlying
liability scale, h%, is heritability on the
observed scale (as calculated in model 4), p
isthe proportion affected (survival), and z
isthe height of the standard normal curve
at the threshold point. The valuesfor p
were taken from the ASReml solution file
and were the survival values after
adjusting for fixed effectsin the model
(although they were very similar to the
raw means). Sandard errors for
heritabilities on the underlying scale were
calculated by rescaling standard error
estimates on the observed scale by the
proportional change for the heritability
estimates on the underlying scale.

In addition to heritability estimates
calculated viathe quantitative models,
realised heritability for POMSresistance at

age one year was estimated directly from
thefield data. Thiswasdone usinga
parent-offspring regression based on the
method described in Lynch and Walsh
(1998) for mid-parent values. The average
family values for the field data were used
to estimate the slope ( Ecoefficient) in a
linear regression between thefield survival
of the parental families and that of the
equivalent progeny families. The slope ( B
and the standard error of Eare assumed to
be direct estimates of the heritability and
its standard error.

Genetic gains were calculated using the
estimated breeding values (EBV) from the
combined analysis (model 2). It was
assumed one year old survival isthe
objectivetrait. For selection decisions, the
AS program routinely uses family
breeding values for unexposed animals and
these were the basis for estimates of gains
and genetictrends. Thiswasdueto
biosecurity protocols preventing the
movement of OsHV-1 exposed animals,
which was the statusquo up until January
2016, prior to the detection of OsHV-1in
Tasmania. The family breeding values
were calculated as the average of the sire
and dam EBV. Gainswere also calculated
for survivors of the field challenge, using
the individual animal EBV, to indicate the
potential of within family selection.
Breeding from survivors was possible after
the spread of the disease to Tasmania.
Genetic gains are presented as both the
average for all familiesin each year class
and as the average of the top five families
in each year class. The former represents
the longer term trend in the breeding
population and the latter the possible
commercial benefits that would be realised
after hatcheries select candidate families
for commercial deployment.
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3. RESULTSFROM FIELD TRIALS

3.1 Patternsof mortality

Field trials followed a similar pattern of
mortality, illustrated by the mortality
curves for oneyear old trialsin Figure 3.1.
Trialswere generally deployed annually
when the first signs of disease activity
were observed, with exceptions being the
2014 and 2015 year classtrialswhich were
deployed prior to disease signs for
logistical reasons. For the 2011 to 2013
year classtrials, thefirst signs of mortality
appeared approximately 7 days post
deployment and, at this stage, mortality
was low and never greater than 3%

(Table 3.1). Thiswastypically followed by
aperiod of high mortality from 7 to 21
days during which 70 to 90% of oysters
died. Therate of mortality then decreased
during days 21 to 28. Trials ceased at day
28, however, surviving stock were retained

and observations of these animals
indicated that they continued to survive.
Their survival is likely due to both avery
different disease environment post
outbreak, with lower levels of virusin the
water column, and to the inherent
resistance of those animals. The 2012 year
classtrial (2013 deployment) had a much
slower pattern of mortality during days 7
to 14 but no reasonsfor this difference
were identified.

All families within atrial followed a similar
pattern of mortality although the end point
(at 28 days) varied significantly for
different families, asillustrated by the
mortality curves for the 2013 year class
(Figure 3.2) where family survival ranged
between 0 and 53%, with a population
average of 13%.

Fgure 3.1. Rate of POMSmortality for one year old trials at Georges Rver, NSV, over four successive
trials. Trials were deployed annually when the first signs of disease activity were observed, except for the
2014 year classtrial which was deployed prior to disease signs for logistical reasons.
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Fgure 3.2. Rate of POMSmortality for individual families within the 2013 year classtrial. Animalswere
aged one year and were deployed at the first signs of disease activity (see Table 2.2 for dates). A subset
of families is shown which representsthe range of survival within thistrial.

It was not possible to get mortality curves
for spat trials (4 and 5 months old) dueto
the rapid progression of mortality and very
high mortality rates. The exact nature of
disease outbreaks in spat remains unclear
although the disease event is clearly
suppressed, perhaps within a 14 day
period. Itislikely that refined methods
with more frequent observations could be
used to construct mortality curves.

3.2 Geneticeffects

Genetic differences were an important
factor in explaining variation of mortality
in field trials given the presence of OsHV-1.
Sgnificant and mostly high heritabilities
were observed for all assessments, which
includes the individual trials of each year
class, the sequential measurementsdone at
each time point within each individual trial,
and the combined analyses across all year
classes (Table 3.1). Heritability was
estimated on both the observed scale,
using binary survival datadirectly, and on
the underlying liability scale. Heritabilities
on the observed scale are typically
underestimated due to the binomial
distribution of survival data and, therefore,

values for the underlying scale are likely to
give a better indication of the response to
selection (Dempster and Lerner 1950;
Falconer 1989).

Thirteen field trials were attempted and 7
of these were successful. Heritabilities on
the observed scale ranged from 0.34 to
0.56 at the peak of infection (Table 3.1).
Heritabilities on the underlying scale were
higher and ranged from 0.48 to greater
than 1. Values greater than one are clearly
poor estimates and, in this case, may be
dueto small data setsthat result in
imprecise estimates. Nevertheless, the
very high estimates for single trials suggest
that avery large component of variation in
asingletrial can be attributed to genetic
effects.

Genetic effects were significant at most
measures during the course of an infection.
Exceptions were three measures taken at
the very early stages of a disease outbreak
where the mortality was lessthan 1%. The
presence of measureable genetic effects at
early stage infection (that iswhen
mortalitiesarein the 2 to 4% range) is
unexpected given the patchy nature of an
initial infection (described later) and



Table 3.1. Heritabilitiesfor each measurement of each successful OsHV-1 field challenge trial deployed at

Field trial

the Georges Rver NSV site, and for a combined multi-variate analysis.
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Trial Year Age No. Bvent Survivel h?obsa (se) h2und 2 (se)
no. class families
1 2011 4 month 43 Measure 1 0.99 0.01 (0.02) 0.32 (0.59)
Measure 2 0.49 0.34 (0.09) 054 (0.13)
3 2011 1year 43 Measure 1 0.99 0.00 (0) 0.00 (0)
Measure 2 0.20 0.22 (0.05) 045 (0.11)
Measure 3 0.02 0.46 (0.09) 0.88 (0.19)
5 2012 5 month 54 Measure 1 0.93 0.47 (0.08) 0.64 (0.14)
8 2012 1year 54 Measure 1 0.98 0.25 (0.05) 0.61 (0.16)
Measure 2 0.96 0.26 (0.05) 049 (0.12)
Measure 3 0.92 0.40 (0.08) 0.70 (0.14)
Measure 4 0.28 0.27 (0.06) 051 (0.11)
11 2013 1 year 78 Measure 1 0.97 0.81 (0.05) 1.65 (0.20)
Measure 2 0.68 0.16 (0.02) 0.20 (0.08)
Measure 3 0.18 0.50 (0.02) 1.06 (0.15)
Measure 4 0.13 0.41 (0.02) 0.96 (0.14)
12 2014 1year 63 Measure 1 0.99 0.01 (0.02) 0.14 (0.16)
Measure 2 0.25 0.52 (0.08) 0.77 (0.16)
Measure 3 0.12 0.56 (0.07) 1.14 (0.17)
Measure 4 0.10 0.50 (0.07) 1.07 (0.18)
13 2015 1year 78 Measure 1 0.23 0.53 (0.07) 0.99 (0.14)
Measure 2 021 0.53 (0.07) 0.99 (0.14)
Combined 4 month 97 0.48 0.49 (0.10) 0.77 (0.15)
Combined 1year 316 0.20 0.39 (0.03) 0.80 (0.07)

a Heritability estimates are shown for the observed scale (h? obs), which were estimated directly from the binary
data, and for the underlying scale (h2 und), which were estimated as described in section 2.6.

indicates the influence of genetic
differencesin theinitiation of an infection.
It appearsthat the most susceptible
families within the immediate area of the
first infection are thefirst to die, although
the patchy nature of that first exposure
means they are not necessarily the most
susceptible overall.

Geneticinfluences are equally strongin a
combined analysis using all trials and year
classes, indicating atrait that isunder high
genetic control with consistent expression
from season to season. In acombined
analysis, heritabilities on the observed
scale for spat and adult survival were 0.49
and 0.39 respectively, and on the
underlying scale heritabilitieswere 0.77
and 0.80 (Table 3.1). The heritability
estimate for one year animalsislikely to be
sound given it is based on multiple year

classes, alarge number of families, and a
very large number of individuals (5 year
classes, 316 families, and 75,850 animals).
Therealised heritability (and standard
error) for one year old animals was
estimated to be h2=0.89 + 0.16. Realised
heritability is based on the response to
selection, as opposed to partitioning of
variances, and can be influenced by non-
genetic factors. Therefore, it islessreliable
than those based on variance components
(see Falconer 1986, Chapter 11 for details).
Nevertheless, this estimate suggests the
very high value estimated for the
underlying liability scale may be reflective
of thetrue genetic variation.

Differencesin survival among families
were large and obvious and thisis
illustrated in Figure 3.3 which showsthe
initial deployment and final measure of the
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2011 year classoneyear old trial (trial 3in
Table 3.1). The best family, with 52%
survival, is easily distinguishable from
other families. Differences such asthese
were evident in all trials and the number of
families with high survival increased in
later year classes dueto selection for
resistance.

Thevery large differencesin survival
among familiesisalso illustrated by
comparing the estimated breeding values
(EBV) within and across year classes
(Figure 3.4). For the 2011 year class,
which isan unselected population, the
difference between the best and worst
families was 45%. Differenceswere larger
in the following year classes with ranges of
68%, 61%, 67% and 84% respectively for
year classes 2012,2013,2014 and 2015. A
mor e accurate way of showing thelarge
range of genetic differencesisto usethe
individual EBV of parentsrather than
families (Figure 3.5). In this comparison,
the difference between the best and worst
individual parents used to produce the
2011 year class (an unselected population)
was 81%, and the range of values for the
2012,2013 and 2014 year classes were
99%, 81% and 110% respectively.

The range of differences for the 2011 year
classwas reflective of therange in the

unselected population. Later year classes
wereinfluenced by families that have
different histories of POMSselection and
the range of valuesin the 2015 year classis
particularly large becauseit includes
advanced generation selections and
previously untested candidate families that
were introduced to manage inbreedingin
the longer term.

All selection was applied using family
performance data, as opposed to
individually challenged animals, dueto
biosecurity needs. Datawere used to
either select new candidate families or to
use additional broodstock from previously
tested and high ranking families. There-
use of outstanding families had clear
benefits. For example, the best family for
the 2012 year class was produced as a
mating of the best two 2009 year class
families that were identified from the 2011
year class progeny test. The best family
from the 2014 year classis particularly
worthy of mention and is an outstanding
family with very high resistance

(Figure 3.4). It was produced from the best
of three generations of selection, meaning
parental and grandparental families had
POMSresistance data.

Fgure 3.3. Acomparison of afield trial before and after exposure to a natural OsHV-linfection. The left
hand side shows a trial of one year old oysters prior to deployment in the Georges Rver. The right hand
side shows the same trial, but a different tray, at the conclusion of the trial and after dead oysters have

been removed. The numbers overlayed are the survival counts of that particular family unit. Thisisthe

2011 year classtrial (trial 3in Tables2.2 and 3.1).
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Fgure 3.4. Family differencesin POMSsurvival at age one year measured using estimated breeding
values (EBV). Valuesassume a baseline survival of 10%which hasbeen added to the EBV. Negative
values are due to survival, athreshold trait, being assumed to have a continuous underlying distribution.
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Fgure 3.5. Individual animal differencesin POMSsurvival at age one year measured using estimated
breeding values (EBV) of parents. Valuesassume a baseline survival of 10%which has been added to the
EBV. Negative valuesare due to survival, athreshold trait, being assumed to have a continuous
underlying distribution.
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Table 3.2. Heritabilitiesfor each measurement and genetic correlations between measurements for all
successful field challenge trials. Sandard errors are shown in brackets.

Year Age Bvent Survival  Block var. h2 (se) Genetic correlationsrg (se)
class prop. Measurel  Measure2  Measure 3
2011 4 month Measure 1 0.99 5% 0.01 (0.02)

Measure 2 0.49 16% 0.34 (0.09) 0.53 (0.61)
2011 1year Measure 1 0.99 0% 0.00 (0)

Measure 2 0.20 2% 0.22 (0.05) 0.00 (0.09)

Measure 3 0.02 0% 0.46 (0.09) 0.00 (0.09) 0.96 (0.02)
2012 5month Measure 1 0.93 2% 0.47 (0.08)
2012 1year Measure 1 0.98 0% 0.25 (0.05)

Measure 2 0.96 0% 0.26 (0.05) 1.00 (0.03)

Measure 3 0.92 0% 0.40 (0.08) 0.89 (0.05) 0.97 (0.02)

Measure4  0.28 11%  027(006) 032(0.16) 024(0.16) 0.37 (0.16)
2013 1year Measure 1 0.97 0% 0.81 (0.05)

Measure 2 0.68 21% 0.16 (0.01) 0.54 (0.02)

Measure 3 0.18 0% 0.50 (0.02) 0.03 (0.02) 0.94 (0.03)

Measure 4 0.13 0% 0.41 (0.01) 0.04 (0.03) 0.94 (0.03) 1.00 (0.03)
2014 1year Measure 1 0.99 0% 0.01 (0.02)

Measure 2 0.25 19% 0.52 (0.08) 0.23 (0.30)

Measure 3 0.12 0% 0.56 (0.07) 0.08 (0.28) 0.99 (0.01)

Measure 4 0.10 0% 0.50 (0.07) 0.12 (0.29) 0.99 (0.02) 1.00 (0.02)
7 DAYS

97%

68%

14 DAYS I
P9 11 1 1 Y 0 P

06 as]as| 07| 07| a7 04| a7| 07|10 10| a8 [20] 10| 05 20| as| a9 a9] 09| 20| o7 | 20| 09| 20| 20| 09| a7 | 20| 20|

g

21 DAYS wlosles
18%

28 DAYS 02 a1 a2 03 03 2
13%

8
8
8
8
8
8
8
8
8
8
8
8
8
2
8
2
8

R
R
g
g
g
2
g
R
g
R
2
2

02(02| a3 uz

Fgure 3.6. Heat map of trial 11 (2013 year class, age one year). The coloursindicate the gradient of
survival along a 30 m oyster rack and the numbersin the cells indicate the survival for a sub-section
(estimated asincomplete block effectsin model 1). Heat maps are shown for each measurement from 7
to 28 daysand percentage values on left hand side show the average survival at that time point.

3.3 Correlation of survival
between time periods

The genetic correlations between time
periods during the course of a disease
event were frequently less than unity and
sometimes very low, with some estimates
not significantly different from zero
(Table 3.2). Low correlations appear due
to spatial influences that are present
duringtheinitial stages of an infection. A

heat map showing the intensity of infection
during the course of the disease within a
trial illustrates this effect and characterises
the progression of an infection (Figure 3.6).
There appear to be three stages.

In thefirst stage, infections begin at
isolated points causing a number of disease
hot-spots but most of the oyster rack
remains disease free. Genetic effects
sometimes manifest at thisearly stage
suggesting families have a differing
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propensity to succumb to an early
infection. However, the majority of
families remain unchallenged, which
explains poor correlations with later
measurements. Theincomplete block
design appeared to add nothingtothe
interpretation of these early stage
infections (see the low or absent block
effects for first measuresin Table 3.2).

In the second stage of an infection (day 14
in this example) hot-spots had developed
and most oystersin thetrial had been
exposed to the disease, albeit at very
different severities. Spatial effectswere
largest at thistime point (see the block
effectsin Table 3.2) and a spatial trial
design was important to improve the
precision of genetic effects. For example,
the heritability estimatesin thistrial were
0.16 and 0.12 with and without the
incomplete block design, respectively.
Genetic correlations between thistime
point and the final infection were high,
indicating this measure will provide
indicative genetic values. Asageneral rule,
the datain Table 3.2 suggests amortality of
greater than 10% is required to provide
useful datafor genetic ranking.

By the third and final stage of an infection
(day 21 in this example), the disease had
spread uniformly along the entiretrial.
Satial effects were negligible (Table 3.2)
and the rate of mortality was slow,

resulting in little change after this point is
reached. Although overall survival islow,
there were few families with zero survival
(8%) and astatistical analysis appears
capable of discriminating genetic
differences amongst most families.

3.4 (orrelations between traits

The genetic correlation between POMS
resistance as spat (4 months) and adults
(oneyear) was high (rg=0.88, Table 3.3)
suggesting resistance at these different life
stages is essentially the same genetictrait.
However, there was only one successful
spat trial (2011 year class) and this
estimate needs verification. The
correlation was estimated for the 2012
year class and this was much lower
(rg=0.07 £ 0.16) but, dueto avery low
mortality and for reasons explained in the
section 3.3, this estimate may be
unreliable.

Genetic correlations between POMS
resistance and other traits used in the AS
breeding program were low and none were
statistically significant from zero

(Table 3.3). This suggests POMSresistance
isan independent and unrelated trait. The
highest correlations were those with South
Australian survival which appear slightly
favourable, although low and unlikely to
have practical benefits for the breeding
program in the short and medium terms.

Table 3.3. Genetic correlations (rg) and standard errors between POMSresistance and other traits

assessed as part of the AS breeding program.

Trait No. records  h2obs(se) 2 h2und (se) 2 Genetic Correlation rg (se)
POMS@ 4 months POMS@ 1 year

POMS4 months 6,930 0.42 (0.09) 0.66 (0.14) - 0.88 (0.06)
POMSone year 32,400 0.37(0.03) 0.78 (0.07) 0.88 (0.06) -

Gondition Index 15,665 0.30(0.03) -0.10 (0.17) -0.05 (0.10)
Depth Index? 27,244 0.51 (0.03) -0.01 (0.15) -0.08 (0.09)
Shell length ® 28,260 0.46 (0.03) -0.12 (0.16) -0.05 (0.09)
Width Index P 27,859 0.45 (0.03) 0.15(0.15) -0.01 (0.09)
Total wet weight® 22,907 0.29 (0.03) 0.00(0.12) -0.08 (0.10)
SAsurvival 93,955 0.12 (0.01) 0.20 (0.03) 0.21 (0.18) 0.19 (0.11)

a Heritabilities for survival traits are shown on both the observed scale (h? obs) and underlying scale (h? und).
b Values for the non-POMStraits include all data records for the A program from the 1998 to 2014 year classesand

across Tasmanian and Suth Australian sites.




Correlations between POMSresistance at
oneyear and other traitswere very low
and ranged from -0.13t0 0.1, indicating
there are unlikely to be benefits or adverse
effects for those traits when selecting for
POMSresistance alone.

3.5 Viral load

Viral load was assessed on individual
animals from the 2011 year class spat trial
(trial 1, Table 2.2). Sampleswere collected
from live animals 8 days after deployment
and, probably, about 8 days after the first
exposure. Samplesweretaken at an early
stage of infection when disease signs were
barely evident and total mortality was only
1% (Measure 1, Table 2.2). Oysterswere
sampled from 6 trays and 2 of the 3
replicates, covering a6 m section of the
trial. Table 3.4 shows summary statistics.

Virus was present along the entire length
of rack, but the actual viral load was highly
variable. Notably, there was an obvious
hot-spot of very high viral load suggesting
asingle point of first infection (Figure 3.7).
Satial effects, which were estimated using
the block and unit termsin the analysis,
explained the highest proportion of
variation in viral load (see unit and block
variancesin Table 3.5). The differencein
the average viral load along the rack
ranged from trace levelsto 3.4 x 106 viral
DNA copies per mg. Theseresultsare

Table 3.4. Summary statisticsfor viral load assessments.
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illustrated as aheat map in Figure 3.7. The
highest value for an individual oyster was
1.5 x 108 copies per mg and in the block
that formed the centre of the hot-spot all
values exceeded 7.0 x 106 (25 individuals
were measured per block). To put these
valuesin context, the viral load threshold
indicating arisk of mortality in spat and
juvenile oysters has been estimated to be
8.8 x 103 copies per mg, and viral loads of
107 to 108 copies per mg represent the final
stages prior to death (Oden et al. 2011).

No further viral load measurementswere
taken, but the pattern of mortality suggests
the high viral loads spread throughout the
entiretrial within afew days.

The amount of virusin the tissues of the
oyster appears highly heritable (h2 =0.45)
and moderately correlated with survival at
15 days (rq=-0.72) (Table 3.5). The
genetic correlation was negative, meaning
high viral counts are associated with low
survival, and vice versa. Thisrelationship
and the range of family valuesisillustrated
in Figure 3.8. There were large differences
in viral load among families with
differences ranging from trace levelsto

4 x 104 viral DNA copies per mg. However,
the magnitude of the family differences
were far less than the differences along the
length of the oyster rack which ranged
from trace levelsto 3 x 106 viral DNA
copies per mg (Figure 3.7).

Qa Viral load (logho) \iral load (copies per mg)
Number records 430 430 430
Mean 27.3 3.33 5.63 x 108
Minimum 43 0 no detection
Maximum 9.6 8.17 15x108
Sandard deviation 94 2.60 1.7x107

a Nine samples returned anegative (no detection) for t, which were given a notional value of 43.
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Table 3.5. Heritability (h?) and genetic correlation (rg) with standard errors (in brackets) for survival and
viral load measuresin the 2011 year class spat trial (Trial 1).

Trait No.records h2obs(se)2 h2und(se)2  Unit var. Block var. rq (se)
proportion®  proportion®  q,vival T2

Survival measure 2 7,740 0.34(0.09) 0.48(0.13) 7% 16%

Viral load 430 045(0.21) - 11% 54% -0.72 (0.21)

a Heritabilities for survival traits are shown on both the observed scale (h? obs) and underlying scale (h2 und).
b Unit and Block variance proportion shown the contribution of these componentsto total variance.
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Fgure 3.7. Heat map of Trial 1 (2011 year class age 5 months) where the colours indicate the gradient of
viral load along a 6 m oyster rack (upper) and survival at 15 days (lower). Coloured sectionsare the
incomplete block effects estimated in model 1. Viral load measurements were taken on live animals 8
days after exposure and at the onset of first signsof mortality and are expressed as viral copies per mg.

Fgure 3.8. Viral load (top) and survival (bottom) for 2011 year class spat (5 month) trial. Each bar
represents a family EBV and they are ordered by increasing survival in both graphs. Viral load is shown on
the logio scale, which wasthe scale used for analysis. The minimum family value for viral load is 1.98 logio
copies per mg =95, and the maximum family value is 4.59 logio copies per mg = 39,000.



3.6 Breedingfrom survivors

Genetic gains can be increased by selecting
individuals that have been exposed to
POMS an effect that arises dueto the
ability to select individuals within families.
Whilst this presents biosecurity risks and
isunlikely to be an option for regionsthat
are disease free, it is an opportunity to
increase the rate of gain in disease affected
areas, such asin Tasmania post 2016.

The gains from selecting survivors (or
gains from within family selection) vary
amongst families and decrease as the
inherent resistance of the family increases
(Figure 3.9). These differences are large
and there can be afourfold decrease in the
within family component of gain for highly
resistant familiesrelative to highly
susceptible families. For example,in the
2015 year classtheincreased gain for
highly resistant families was
approximately 5% whereas for highly
susceptible familiesthe increasein gain
was over 20%. Differences are dueto
differing survival among families which
resultsin different selection intensities for
different families. This can be
demonstrated by using the 2015 year class
as an example. Resistant families had a
survival of 80% to 90% which representsa
very low within family selection intensity
of i =0.19t0 0.35 (wherei is selection
intensity measured in units of standard
deviation). In comparison, the survival of
the susceptible families was 1% to 5%,
which represents a very high selection
intensity of i =2.07 to 2.67.

In practice, the extra gains from within
family selection will be insufficient to make
survivors of susceptible families
contenders for selection. For example,in
the 2015 year class data, the predicted
survival of the best individuals from
susceptible families was in the range of

1 Thetrial with high disease severity (12%
survival) waslocated at Georges River NSW and is
described in Table 2.2. Thetrial with low disease
severity (64% survival) waslocated in Pittwater
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30% to 40% (10% to 20% for family
selection plus 20% for individual
selection), which is far less than the values
of the best families even without within
family selection. The value of within family
selection is most practically useful for
families in the mid-range of resistance
where it hasthe potential to broaden the
range of potential parents for the breeding
population and lessen the accumulation of
inbreeding without making large
compromisesin gain.

The gains from selecting survivors (within
family selection) are also dependent on the
severity of the disease event, and thisis
also aresult of the within family selection
intensity. Asthe severity of the disease
event decreases, survival increases, within
family selection intensity islower, and the
gains from selecting survivors are lower.
Thisisillustrated by comparingthe within
family selection gains acrosstwo trial sites
for the 2014 year class (Figure 3.10) 1

For arelatively low disease severity (64%
total survival),there was very little
practical benefit from within family
selection. Top ranked families had an
extremely low selection intensity (i = 0.15)
and the only noticeable benefit was for
highly susceptible families where there
was moderate selection intensity (i = 1.47)
but no likelihood of being selected due to
their low family performance. In
comparison, thetrial with a high disease
severity (12% survival) had apractical
value for selection, albeit with the caveats
described in preceding paragraphs.

Attempts were made as part of this project
to breed from survivors using atemporary
hatchery in the Hawkesbury River, NSW.
The intention wasto comparethe
performance of progeny from three
different sources; survivors of the wild
population within the Georges River,

Tasmania. Thiswasastandard AS progeny test,
not specifically deployed to test for POMS
resistance, and it received a disease exposure at
age 2.2 years.
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Fgure 3.9. Comparing gainsfor family selection alone with incremental gains from selection of survivors.
Data isshown for three year classes (trials 11, 12 and 13 in Table2.2). Each bar representsa single family.
The blue bars are the family BBV for POMSsurvival using only family values (as shown in Fgure 3.4). The
orange portionsare the incremental BBV for survivors from those same families and represent the within
family selection component of gain. Barswithout an orange portion are families with zero survival.

survivors of the families of field trials, and
unexposed (or naive) stock of selected
families. It wasthought that stock from a
temporary hatchery may offer growersin
diseased regionsin NSW an immediate
option to continue commercial production.
However, biosecurity barriersfailed in the
temporary hatchery and all stock died
during nursery rearing. Whilst commercial
hatcheries in Tasmania have since shown
that biosecurity can be maintained in a
hatchery within a disease affected area,
this small scale attempt has demonstrated

that it isahigh risk endeavour without
investing in adequate water treatment
facilities. Furthermore, theresults from
the analysis of gains from survivors (see
preceding paragraphs) suggest this
strategy would not have provided a
commercial solution. This activity was
attempted on first generation families and
the gains from the survivors of the best of
those families are inadequate for
commercial production, particularly for
spat. The gainsfrom wild survivors were,
at best, likely to be equivalent to the best
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Fgure 3.10. Gomparing gains for within family selection with disease events of differing severity. Datais
shown for two progeny tests of the same year class, one with alow severity disease event (64%survival)
and another with a high severity disease event (12%survival). Each bar represents a single family. The
blue bars are the family BBV using only family values. The yellow and orange portionsare the
incremental BBV for survivors from those same families and represent the within family selection

component of gain.

families and, more likely, less due to
variability in an uncontrolled natural
environment and in a population of
different ages.

3.7 Geneticgains

The accumulation of genetic gains over 5
year classes of selective breeding, from
2011to 2015, isshown in Figure 3.11. The
average rate of gain with this family
selection strategy has been a 10% increase
in total survival per year. Gainswere
estimated using the EBV calculated in a
combined analysis of all trials. This genetic
trend is the key performance indicator of
the breeding program and measures the
progress towards the breeding objective of
POMSresistance.

The 2011 and 2012 year classes are field
tests of an unselected population. Families
from previous year classes have not been
progeny tested but are assigned EBV via
the pedigreelinksthat are used in the
geneticanalysis. Year classes 2008 to 2012

therefore represent the population
baseline resistance (termed generation
zero here).

The 2013 year class wasthefirst year class
in which all parents were selected from
families with POMSresistance data. In this
case, it was amix of selections from the
best first generation families (82% of
parents) and further selections from
proven base generation families (18% of
parents). For the 2014 and 2015 year
classes there was an increasing mix of
second generation parents (that is, parents
and grandparents tested for POMS
resistance). The 2014 year class families
had 87% first generation parents and 13%
second generation parents, and the 2015
year class had 14% first generation
parents, 84% second generation parents,
and 2% third generation parents.

The genetic gains shown in Figure 3.11
benefited from the accumulation of data as
well as from turning over generations.
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Gven thereismostly atwo year generation
interval and that POMSresistance testing is
done within asingle year, the performance
data mostly accrues before animals from
those tested families are ready to spawn.
Nonetheless, gains are made because the
datafrom each field trial flows through the
entire population viathe pedigree links.
This flow of dataimproves the precision of
all EBV. It allows more accurate selection
from all families and further reselection
from the older families shown to have
outstanding POMSresistance.

The gainsin the best families (the orange
linein Figure 3.11) represent the potential
gains for commercial deployment. This
plot is the average EBV of the five best
families within ayear class. Gainsare
between 30 and 40% higher than those of
the population average dueto very high
between family selection intensity. Thisis
possible and presents little risk because
the commercial lineisterminal and will not
be used for further breeding. This strategy
assumes sufficient commercial broodstock
are available amongst excess individuals

from the breeding program families, which
isthe case for the AS breeding program.
The actual commercial deployment dateis
2 to 3 years beyond the years shown on
Figure 3.11 dueto the need to supply
mature broodstock to commercial
hatcheries plusthetimerequired to
produce commercial quantities of seed.

As discussed in section 3.6, the rate of
genetic gain will increase when breeding
from survivors due to the ability to apply
within family selection, but only if the
disease is of sufficient severity to ensure
selection pressurein the most resistant
families. Assuming the same disease
severity asin the Georges River trials, it
can be shown that breeding from survivors
will increase the gain from 10% to
approximately 15% per year.
Theoretically, within family variation
should roughly double the rate of gain
when compared to family selection alone.
However, that potential gain isnot realised
because the binary nature of survival does
not express the full range of within family
variation.

Fgure 3.11. CGenetictrend for POMSresistance. Predicted gains are shown for each year classand are
derived from the BBV. The blue line (all families) representsthe genetic gain in the breeding population.
The orange line (best 5 families) representsthe potential gains for commercial deployment.



3.8 Rate of inbreeding

Genetic gains and inbreeding are two
opposing forces that must be balanced in a
breeding program. Genetic gains can be
accelerated by increasing the selection
intensity but eventually limits need to be
imposed to manage therate of inbreeding
and ensure the long term sustainability of
the breeding population. With the arrival
of POMSin Australia, selection intensity
was increased, as part of an emergency
response to the disease, and thiswas
accompanied by an increasein the rate of
inbreeding.

Theincreased rate of inbreeding can be
seen in thelongterm inbreeding trend
which isshown in Figure 3.12. Two
measures of inbreeding are shown. The
first isthe mean inbreeding coefficient of
families within each year class (the orange
barsin Figure 3.12). Thisisameasure of
the current levels of inbreeding and, in
effect, isaretrospective measure. The
second measure is the average co-ancestry
(expressed as F) between all available
breeding candidates. Thisis considered a
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measure of the future inbreeding that
would happen in this population if all
selection stopped and random mating
occurred and is therefore a prospective
measure. It was calculated with reference
to all available families across all year
classes and used the method of Meuwissen
and Sonesson (1998).

Although there has been an increase in the
inbreeding rate for both metrics, neither is
suggesting thereisreason for concern. A
general rule for an acceptable rate of
inbreeding used in livestock production is
that inbreeding should accumulate at less
than F=0.01 per generation. That valueis
shown asthe dashed linein Figure 3.12,
which plots F=0.01 per generation and
with ageneration interval of 2.32 years,
which isthe average age of the parents
across the year classes shown. Both
measures of inbreeding are within this
guideline (under the dashed line). The
population co-ancestry isthe better
measure and this suggests the current
selection intensity is sustainable for the
longterm.

Fgure 3.12. Inbreeding trend for the AS breeding population from 2006 to 2015. Mean Family Fisthe
average family inbreeding for each year class which isa measure of current inbreeding. Population co-
ancestry Fisan indication of future inbreeding. The maximum recommended Fisa standard used in
livestock breeding to indicate an acceptable upper level of inbreeding and ideally population co-ancestry

should stay below thisline.
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4. RESULTSFROM LABORATORY TRIALS

4.1 Patternsof mortality and dose
effects

The pattern of mortality in laboratory
challengeswas similar in all trials. This
patternisillustrated in Figure 4.1 which
shows the mortality trends for the 2012
year classtrials. Thesetrials used one year
old stock, and datais shown for two doses
and for three families representing the
range of resistance.

The mortality was more rapid at higher
doses, and for more susceptible families.
Mortality usually commenced on day 2 for
high dose trials (10-3 dilution) and on day 4
for low dosetrials (10-4 dilution). Peak
mortality occurred at about 1 to 2 days
after thefirst deaths, and mortality ceased
5to 8 days after thefirst exposure. There
was always high variation in final mortality
between families, with arange in family
survival of 0t045% in high dose
challenges and 0 to 100% in low dose
challenges. For thetrials of the 2013 and
2014 year classes (data not shown),
mortality occurred over 5 days, and the

range of family survival in both high and
low dose challenges was 0 to 100%.

Anotableinconsistency between trials was
the variation in actual mortality at the
same dose for different year classes. This
variation isillustrated in Figure 4.2 where
thetrial average survival at each doseis
plotted for each year class (these are fitted
values from the model used for the genetic
analysis). At agiven dosetherewerelarge
differencesin survival for the different
trials. For example, at adilution of 10-35,
the survival ranged between 20% for the
2014 year classtrials (assuming alinear
extrapolation between the tested does for
the 2014 year class) and 80% for the 2012
year classtrials.

The reasons for these differences are
unclear. Field trials have shown thereto
be progressively higher resistance with
each year class tested dueto selection,
however, this effect was not apparent in
thesetrials. Thevariation amongtrials of
different year classes may be dueto
differencesin the age at which animalsare

Fgure 4.1. Rate of OsHV-1 mortality in laboratory challenge trials of one year old oysters from the 2012
year class. Dataisshown for three families representing the range of resistance.
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Fgure 4.2. Average survival at each dose (viral dilution) and for each year class. Values shown are
predicted values from the model used in the genetic analysiswith standard errors.

tested, with younger stock having more
rapid mortality, but the exact cause of that
variability is difficult to determine.

Determining an appropriate dose s critical
to assess differences in resistance between
families. Family differences can only be
measured when there is differential
survival amongst families and, at the
wrong dose, there will be either very little
mortality or very little survival. Neither is
useful for accurately discerning family
differences for selective breeding
decisions. A process of pre-screening
every population appearsthe only way of
deciding an appropriate dose given the
unpredictability of accurately determining
amedian survival for a particular test

group.

An additional complexity affecting the
doses used for screeningisthe fact that
differences between some families are
indistinguishable at asingle dose. Thisis
illustrated in Figure 4.3 which showsthe
results from the challengetrial of the 2013
year class families. At the low dose
challenge (10-35 dilution) thereis
discrimination between families below the
lower quartile of resistance but nothingto
separate other families. Smilarly, only the
upper quartile of resistanceisidentified in
the high dose challenge (10-25 dilution).
Combining the two doses provides much
greater power and agenetic analyses using
pedigree links assists in discrimination in
the centre, although an additional dose
mid-range would be ideal.

Table 4.1. Heritabilities (and standard errors) of the OsHV-1 laboratory challenges and correlationswith
the field challenge. Valuesare shown for each year classand for a combined analysis of all year classes.

Year class  Age (years) Survival h?obs? (se) h2und2 (se) g (s2)
field-lab

2012 1to1.3 0.53 0.24 (0.12) 0.38 (0.17) 0.91 (0.18)

2013 05t00.6 0.47 0.24 (0.16) 0.25 (0.20) 0.41 (0.32)

2014 0.8t00.9 0.21 0.14 (0.10) 0.30 (0.17) 0.44 (0.30)

Combined 05t01.3 0.21 (0.07) 0.31 (0.11) 0.61 (0.18)

a Heritabilities for survival traits are shown on both the observed scale (h? obs) and underlying scale (h? und).
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Fgure 4.3. Laboratory challenge data from the 2013 year class families using spat aged 0.5 years.
Families were challenged at alow and high dose (dilutions of 10-3° and 10%® respectively). Each bar isa
single family and raw survival data is shown for the low and high dose challenges, and the average of the

two doses.

4.2 Geneticeffects

Genetic differences were evident in the
laboratory challenges of all year classes.
Heritabilities on the observed scale ranged
from h2 =0.14 for the 2014 year class,
whichisalow value, to h2 =0.24 for both
the 2012 and 2013 year classes, which are
in the moderate range (Table 4.1).
Heritabilities on the underlying scale were
moderately high and ranged from h2 =0.32
t0 0.38. In acombined analysis of all year
classes, heritabilities on the observed and
underlying scaleswere h2 =0.21 and

h2 =0.31 respectively. Sandard errors for
all heritabilities were high, indicating low
precision of estimates, and thisis probably
duetothelow numbers of individualsin a
single year classtest (Table 2.4). Thelarge
differences in the scale of the field and
laboratory challenges is noteworthy. The
total number of animals challenged in field
trialswas 75,850 (Table 2.2) whereas the
total for the laboratory challenges was
6,320 (Table 2.4).

The genetic correlation between laboratory
and field challenges ranged between
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rg=0.44t0 0.91 for estimates on individual
year classes. The correlation was
moderately high in acombined analysis
across all year classes, with avalue of
rg=0.61 (Table4.1). Reasons for the
variation in correlations, and the
sometimes low values are unclear. The
2012 year class challenges used older
animals, and there was some replication of
families. It islikely that thereplication of
families contributesto the higher
correlation (see next paragraph for
details), although age and size effects
cannot be discounted. Implicit in this
interpretation of the correlationsisthe
assumption that thefield data are better
predictors of genetic performance
(breeding value) than laboratory data.
Thereisno direct evidence to support this,
and it isknown that field disease data can
be subject to many other influences.
However, the scale of the field dataand the
repeated challenges have provided

accur ate predictions of EBV (accuracies of
80 to 85% for well tested parents) and,
therefore, it islikely that the field datais
providing the better datain thisinstance.

The variance attributable to the term Unit
in thesetrials, which istheterm
representing the vessel holdingthe 10 to
15 individuals from the same family, was
high compared to other components. Asa
percentage of total variance, these
variances were 39%, 36% and 69% for
year classes 2012,2013, and 2014
respectively. These variances are very high
when compared to the unit variance for
field trials which was typically less than
10% of total variance. Thisindicates high
variability between the vessels used to
hold individual familiesin the laboratory
challenge. Therewaslow and often no
replication of family vesselsin thesetrials
and, therefore, the Unit variance is
confounded with dose by family
interactions. Such interactions cannot be
ruled out, but it ismorelikely that this
variability is simply experimental noise.
Regardless of the cause, these trials would
benefit greatly from systematic replication
of family units within doses.
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5.1 Nature of geneticresistance

POMSresistance is, undoubtedly, atrait
that isunder strong genetic control.
Heritabilities for disease resistancein a
field challenge were high when estimated
on the observed scale (h2 =0.37 for one
year old animalsin acombined analysis)
and very high when estimated on the
underlying liability scale (h2 = 0.80).
Estimates of realised heritability suggest
the very high values for the underlying
scale arereflective of the true genetic
variation for thistrait. These heritabilities
are sound estimates. They are based on a
very large population (75,850 animals) and
were made over multiple year classes and
disease events (5 year classes and 5
seasons) with a high degree of genetic
connectivity between year classes. POMS
resistance is therefore highly responsive to
selection and one of the most responsive
traits measured for this population of
Pacific oysters. These heritability
estimates are higher than those madein a
New Zealand population of juvenile/ adult
animals which wereh2=0.21 and 0.38 on
the observed and underlying scales
respectively (Camaraet al. 2017). They are
also higher than realised heritability
estimates for amass selection population
in France which were h2 =0.34 and 0.63
(Dégremont et al. 2015b), and similar to
those made in a French population of spat
which ranged between h2 =0.50 and 0.86
on the underlying liability scale
(Dégremont et al. 2015c).

Alikely contributor to the high heritability
estimates for POMSresistance in thisand
other studiesisthe short and sharp nature
of the POMSchallenge. Challenges have
mostly commenced at the first signs of
disease and ended once mortality has

ceased, with aduration of less than 30 days
(see Figure 3.1). They arethereforelikely
to be measures of the OsHV-1 exposure
alone with minimal influence from other
factors that might kill oysters. Thisisin
contrast to other oyster diseases such as
QX disease in Saccostrea glomerata and
MSX disease in Grassostrea virginicawhere
thereisamuch longer period of time
between first exposure to the disease agent
and the final expression of mortality (Dove
et al. 2013; Frank-Lawale et al. 2014).

The repeatability of POMSresistance on
different field sites needs verification. This
study has, by necessity, been doneon a
singlefield site and no measures of genetic
correlations between sites were possible.
However, testing isnow underway on
multipletrial sites since the spread of
POMSto Tasmania (in January 2016) and
analyses across different trial sitesare
underway. Early results are showing high
genetic correlations between sites
(unpublished data), which is a similar
result as that from the New Zealand study
(rg=0.81) (Camaraet al. 2017). The
repeatability of POMSresistance at
different life stages also needs verification.
Effortswere made to correlate POMS
resistance as spat (4 months) and adults
(oneyear) but only one successful
comparison was made. Thisresult
indicated a high correlation (rg=0.86),
however, additional tests are needed. The
need for these measuresis highlighted by
the known higher susceptibility of spat
compared to adult oysters. For example,
Paul-Pont et al. (2014), describing the
POMSoutbreak in the Hawkesbury NSW
estuary, measured spat mortality of 80 to
100% and adult mortality of 60%. Whilst it
appears unlikely that spat and adult
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resistance are different traits, there may be
opportunitiesto fine tune and improve
selections for spat resistance and this will
potentially reduce therisk of early life
rearing for growers.

Obtaining measures of genetic variation in
laboratory trials has been more difficult
than for measuresin field challenges. This
is, perhaps, counter-intuitive given the
complexity and subtlety of environmental
and seasonal factors that have been
observed to influence the expression of the
diseasein the natural environment (for
example, see the studies of Dégremont et
al. 2013 and Paul-Pont et al. 2014). There
areimprovements that can be madeto the
laboratory challengein design and scale
that would undoubtedly improve the
precision of genetic estimates (discussed in
section 5.2). However, and for reasons that
areunknown,there arefactorsat play in
laboratory challenges that influence the
expression and severity of the disease. It is
thought that variability in the size, age, and
general health of oysters may be significant
factors and current developments are
aimed at tighter specifications of these
factors. These deserve further exploration
both to improve knowledge of the disease
and toincrease the utility of adisease
challenge for applied breeding.

POMSresistance appearsto be a
guantitativetrait (that is, atrait dependent
on the cumulative action of many genes).
This observation is based on the
continuous variation and normal
distributions observed in the raw data
from field tests, the datafrom the
laboratory challenges, the residuals after
fitting the models (see section 2.6 for the
models), and the normal distribution of
parental EBV. A second, and perhaps more
compelling sign of aquantitative trait isthe
accumulation of resistance at every cycle of
selection. Resistance has accumulated
across arange of familiesin asmall
stepwise fashion with each new
generation. Additionally, crossingthe best
pairs of unrelated families consistently
produced new families with higher

resistance which was predicted with
reasonable accuracy by the EBV.

The presence of genes of major effect, or
guantitativetrait loci (QTL),area
possibility and are being evaluated in other
programs (Gutierrez et al. 2017). The
emergence of occasional outstanding
families, such as the standout family of the
2014 year class (see Figure 3.4), may
suggest the presence of QTL. However,
thereisnothingin the data from this study
that gives strong indications of such
characteristics. For example, atotal of 11
individuals from that outstanding 2014
year class family have now been used as
parents and progeny tested. The progeny
tested parental EBV have a continuous and
normal distribution, asdo the residuals
appropriate to theserecords. Also,there
are other examples of multiple parents
being sourced from the same family and
the same pattern was observed in all.
Nevertheless, there are large potential
commercial benefits from QTL and such
studies are worthy of consideration.
Suitable tools are available, such asthe
medium density SNP array developed by
Gutierrez et al. (2017), and the sequencing
of the Pacific oyster genome provides a
basis for developing alternate tools.

5.2 Developing a breeding
strategy

The main goal for this project wasto
implement a selective breeding program
for POMSresistance at the earliest
opportunity. Thiswas a goal set by
industry and embraced by all who were
involved in this project. The measure of
the success for this goal is the genetictrend
shown in Figure 3.11, and the broader
industry implications of meeting this goal
are discussed in section 6. The focus of the
discussion in this section isthe
development of the breeding strategy that
isnow in place. This processwas
imbedded in the research activities of this
project, it occurred as an iterative process,



and the breeding strategy islikely to
continueto evolve as a process of
continuous improvement.

A key element of the breeding strategy that
was first adopted was the need to maintain
biosecurity. There were no circumstances
under which the animalsthat were
exposed to OsHV-1 could be moved to the
breeding facility (in Tasmania) to be used
as broodstock. Therefore, the only possible
strategy was one based on pedigree
selection where data from challenged
relatives was used for broodstock
selection. At itssimplest, thistype of
strategy is family based selection although
for this breeding program there were
pedigree links via higher order
relationships (e.g. cousins and second
cousins) due to the depth of pedigree in the
breeding population. But regardless of the
degree of pedigree links, thiswas a
constraint on genetic progress because it
was not possible select within families.

The POMSresistance breeding strategy
was, in effect, driven by the need to meet
an aggressive breeding goal which wasto
have one year old stock with 70% POMS
resistance by 2016 and commercially
available by mid 2018. Selection intensity
was increased compared to that of the pre-
POMSbreeding strategy and this evident in
the increased rate of inbreeding

(Figure 3.12). However, inbreeding did not
exceed what are generally considered ‘safe’
levels and, arguably, the intensity of
selection previously used was
unnecessarily conservative. Thelongevity
of oysters provides opportunities for
flexibility with regard to inbreeding
management. Oyster broodstock can be,
and have been, retained until aged 7 years.
Therefore, the selection intensity can be
pushed with the knowledge that a
reduction in genetic diversity in the
current year classes can be rectified once
the breeding goal, and immediate risk to
industry, were at least partly averted.

A shift in the breeding objective has been a
significant change for the AS breeding
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program. Previously, the breeding goal
wasto improve profitability by improving
five production traits (see Kube et al. 2011
for details). However, POMSresistance
becamethe primary emphasis, at the
instruction of industry, following the
arrival of POMSin Australia. Thiswasa
significant shift in the breeding objective.
The other traits maintained some
importance, and a secondary goal wasto
ensure there were no long term declines.
This secondary goal is assisted by the
absence of strongly adverse genetic
correlations (Table 3.3), although it is
likely that some additional emphasis will
be placed on those previous traits once the
immediate POMScrisis is addressed.
Whilst the POMSbreeding goal (for adult
survival) appearsto have bereached, it
remains to be seen how that translatesto
realised commercial survival and,in
particular, what that means for survival as
spat. Current commercial experienceis
indicating that spat mortality can be high
and it islikely that breeding for higher spat
resistance will become the next goal.

The ability to routinely progeny test
families through field challenges has been
critical to the success of POMSresistance
breeding. Operational breedingis highly
dependent on aregular cycle of events and
it isunlikely that the program would have
been able to move to afully operational
phase or have produced the same gains
without thisreliable field progeny test.
Nothing was known about field challenges
of families at the outset of this project and
developing areliable progeny test was a
major focus of effort. There were many
unknowns with regard to field challenges
which included their ability to adequately
discriminate between families, their
repeatability, the heritability of thesetrials,
the effects of spatial variation within atrial,
and the predictability of the disease
window. Fortuitously, afield challenge
was found to be highly reliable for genetic
evaluation, albeit with the need for careful
management. It is, however, currently
dependent on using one year old stock (as
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opposed to spat) and those one year old
animals must be ready for deployment in
early summer to reliably catch the disease
window.

There were problems with field challenges,
most notably for spat trials. The timing of
family production was such that spat trials
were deployed in late summer and it
appears that thistiming presents a
different and variable disease environment
in the Georges River. One spat trial was
successful but after four repeated failures
it was decided these deployments were
unsuitable for operational breeding.
Furthermore, the spat trials that did
express POMSwere hard to manage due to
rapid and severe mortality that made
discrimination between families either
difficult or impossible. Nevertheless, there
isaneed tore-visit spat trials due to the
need to produce and demonstrate genetic
gains at those early life stages and to allow
the breeding cycle to bereliably completed
in aone-year cycle. Changesto thefield
test methods that enable frequent
observation of animals and frequent
survival counts would provide these data.

A high importance was placed on
developing alaboratory challenge model
dueto the expected risks with afield
challenge. It wasthought that the genetic
expression would be more precise and
morereliable with alaboratory system that
was free from environmental variables.
The current laboratory challenge datais
indicating that families have a very specific
and potentially definable lethal OsHV-1
dose and thisis an important finding. The
ability to precisely measure that response
for all families has strong appeal.

However, and perhaps unexpectedly, field
challenges have been morereliable (after
some development), cost efficient, and
have provided highly reliable and precise
estimates of genetic merit for POMS
resistance. Part of thereason for the good
results of field challengesis probably the

2The 2014 year class used 17 one year old male
parentsout of atotal of 79 (22%). The 2015 year

very large numbers of animals that can be
challenged in afield test. For example,
field datain thisreport has been collected
from over 75,000 animals, which isascale
that would be difficult to replicatein a
laboratory challenge unless challenges are
done on small spat. Indeed, thisis seen as
the opportunity for laboratory challenges
of genetic stock and iswhere future
improvements are being directed.
Laboratory challenges can undoubtedly be
improved through improved design (see
section 4) and they do have aplacein a
POMSbreeding program.

Accelerating the turnover of generationsis
an efficient and effective way to increase
genetic gains, and that is something that
has been pursued. It was done by
hastening the growth and maturation of
families with the aim of producing sexually
mature animals at one year of age. This
was successfully achieved for male
broodstock and, for the 2014 and 2015
year classes, approximately 20% of male
parents were one year olds2 However,the
use of one year old broodstock only adds
valueif there is accompanying progeny test
dataand obtaining that datawas not
always successful. Thiswas achieved for
2014 and 2015 year class family
production, although it was ajust-in-time
system with no margin for error. Datawas
unavailable for the 2016 year class family
production due to a delayed disease event.
In reality, the logistics for a one year
breeding cycle will always be difficult
when using aone year old progeny test
and, for such abreeding cycleto be truly
operational, thereis aneed for adisease
challenge at a different time, either asa
spat progeny test or as alaboratory
progeny test. Both these optionsrequire
further development.

Breeding from the survivors of POMSis
another way to increase the rate of genetic
gain and this process has become part of
the breeding strategy since the spread of

classused 18 one year old male parents out of a
total of 79 (23%).



POMSto Tasmania. It is,in fact, the only
option available given that the disease
rapidly spread to estuaries that contain all
major hatcheries and all broodstock
holding facilities. Despite the massively
disruptive effects of that spread, it has
provided an opportunity to accelerate the
rate of genetic gain and enabled within
family selection. Without selection of
survivors the breeding program has
increased the survival of adult (one year
old) oysters at arate of 10% per year, and
breeding from survivorsis expected to
increase thisto 15% per year. In an ideal
system the gains from between-family and
within-family selection are equal, however,
those theoretical maximum gains are
limited in this case due to the binary
expression of survival and the reduced
levels of within family expression that
occur amongst highly resistant families
(see section 3.6). Jat trials are apotential
opportunity to increase the within-family
selection pressure and, therefore, the
genetic gains given their higher sensitivity
to the expression of POMSresistance.

5.3 Geneticinfluenceson disease
patterns

These trials have shown that alarge
portion of variation in the animal response
to OsHV-1 is explained by the genetic
resistance of the animal. It is, therefore,
likely that the genetic resistance influences
the spread and expression of the disease
once the environmental trigger hasbeen
reached. Previous research has built a
picture of the course of eventsduring a
POMSoutbreak and the environmental
factorsthat influence the course of the
disease (for example, Dégremont et al .,
2013; Fenkinset al., 2013, Paul-Pont et al.,
2014). The datacollected in this study
provides an opportunity to expand that
picture and consider the influences of
genetics during the course of a disease
outbreak. The hypothesised sequence of
eventsisas follows:

Discussion |41

The disease commences from one or more
point sources along sections of an oyster
rack. In theimmediate locale of that point,
the most genetically susceptible oysters
are thefirst to succumb and always show
the earliest signs of the disease, whether
that be at a single or multiple locations.
Thevirus proliferates rapidly in those
individuals and within 7 days of the first
exposure viral loads can exceeded 108 viral
copies per mgin some live animals, aload
that has been attributed to the final stages
prior to death (Oden et al. 2011). There
may be other point sources of infection, but
the infection and proliferation of the more
susceptible stock appearsto be the source
of the disease spread. The first signs of
mortality are visible at 7 days post
exposure but they are very low, seldom
morethan 5to 10% in thelocation of the
point infection, and are not evident to
anything less than athorough survival
count.

The disease then spreads very rapidly by
what appearsto be horizontal transmission
(also observed by Dégremont et al. 2013).
The most susceptibleindividuals are
always thefirst to die and the disease
progressively spreads to more resistant
individuals. Individual families have been
observed to have avery specific dose at
which they succumb (based on data from
laboratory challenges) and it islikely that
the progression of the disease resultsin
increasing environmental viral loads that
progressively exceeded the tolerable dose
of individuals. The pattern of mortality
remains patchy at 14 days post exposure,
with some parts of an oyster rack having
80% mortality whilst othersremain
unaffected. However, it is likely that most
animals within transmission distance are
exposed to the virus at very high quantities
by this stage.

Thefinal stages of the disease are clearly
evident at 21 days post exposure. By this
stage, mortality is uniformly expressed
throughout atrial and all except asmall
number of sections (with the most
resistant families) have mortality of over
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80%. No parts of atrial escape the full
force of the disease, and any sections that
showed few disease signs at 14 days have
equally high final mortality. Notably, the
soft tissue of dead oysters degrades very
quickly and at 21 days the total soft tissue
biomass would have been reduced to a
small proportion of the original biomass.
Thereforeit islikely that the reservoir of

virus for horizontal transmission has
reduced considerably. This suggeststhe
disease peaks (at least on the Georges
River site) soon after 14 days and well
before 21 days, although mortality lingers
on. Mortality continues slowly to 28 days
post exposure but those animals alive at 21
days have a high likelihood of surviving.
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6. ADOPTION, OUTCOMESAND BENEFITS

The research undertaken in this project
was requested by the Australian Pacific
oyster industry, through Oysters Australia,
in response to the first emergence of the
disease in Australiain 2010. Theindustry
outlined athree-point disease response
strategy followingthat first occurrence.
Thesewereto: 1) maintain quarantine
barriers; 2) explore husbandry options and
understand the disease epidemiology; and
3) breed for geneticresistance. Genetic
resistance was always considered one of
the central pillars of disease management.
Quarantine barrierswere viewed as
something that would delay rather than
prevent the spread of the disease.
Husbandry and epidemiology knowledge
was considered necessary to support the
use of resistant stock. The disease impact
has escalated substantially since the start
of this project, with outbreaksin the
Hawksbury River (NSW) in January 2013
and in southern Tasmaniain January 2016,
and this has increased the interest and
urgency for the oyster industry.

Adoption of the project outputs has been a
seamless process which has been
underway for the duration of this project.
The principle output has been to provide
the meansto breed for POMSresistance
and that isnow central to the selective
breeding strategy of AS, which isthe
industry owned company responsible for
operating the Pacific oyster breeding
program. This seamless adoption process
occurred largely dueto the strong links
between the Project Team and ASl. AS
staff were a core part of this project; the
AS Industry Technical Advisory Group was
regularly updated on progress and
provided practical guidanceto the project;
and the ASl Board was informed on and

supportive of the goals and direction of this
project. Additionally, there was a process
torestructure the governance and
operation of AS happeningin parallel to
the activities of this Project. This process
was driven by Oysters Australiawith the
aim of ensuring AS had a sustainable
funding base and was able to continue the
POMSresistance breeding beyond thelife
of this project. Therestructure process
was informed by interim project progress
reports which indicated a strong genetic
basis for POMSresistance breeding. That
restructure has been successfully
completed and has provided a basis for the
continuation of theresistance breeding
work.

The main outcome of this project has been
to enable the supply of POMSresistant

seed to growers viacommercial hatcheries.
Resistant stock was available to Tasmanian
growersin 2017. It will be available to
South Australian (SA) growers asthe newly
built SA hatcheries scale up production and
available to NSW growers when processes
are approved to translocate spat from SA
hatcheriesto NSW. The demonstrated
resistance of selected stock has resulted in
high market penetration of AS stock.
Selectively bred oyster lines had between
20% to 30% market share prior to the
disease spread to Tasmania. Now,
following outbreaksin Tasmania, selected
stocks comprise near 100% of the seed
market and are recognised as providing the
only viable option for the continuation of
Pacific oyster farming in diseased areas.

Resistance breeding has been shown to be
aremarkably effective tool to manage the
disease and the benefits appear substantial
for growersin POMSaffected regions. The
goal was to have diploid stock available
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with 70% juvenile survival after disease
exposure by 2016 (and commercially
available by mid 2018). This goal has been
achieved and progresstowards this goal is
illustrated viathe genetictrend in

Figure 3.11. However, the disruptive
effects of the disease cannot be
understated, even with resistant stock
available, and there are additional needs

requiring ongoing research and
development (see next section).
Nevertheless, the primary benefit from this
project has been to enable the Australian
Pacific oyster industry, worth $51 million
in 2014/ 15 (ABARES2016), to have a
viable future despite the enormousthreats
posed by POMS.
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This project has demonstrated a strong
genetic basis for POMSresistance and
shown thisto be atrait that responds
extremely quickly to selection when
compared to other genetictraitsin oyster
species or, indeed, other aquaculture
disease traits. Therefore selective
breeding for POMSresistance undoubtedly
has high commercial potential. However,
there are risks, unanswered questions
(known unknowns), and probably
unidentified future problems (unknown
unknowns) associated with the commercial
deployment into disease affected
environments.

Thelist of research and development
priorities given below are focused on the
needs of the POMSgenetic improvement
program. It isnot intended to be reflective
of all needs, although there will be areas of
overlap between different disciplines.
Priorities are given but the large scale
commercial deployment of resistant stock
isnew and it should be recognised that this
is adynamic space.

1. Quantify resistance of animals at
different life stages:

The mortality rates of oysters at different
life stages are known to vary, however, the
exact nature of these differences are
unclear. Data has shown that older oysters
are less susceptible but this does not
appear to be alinear relationship and it is
unclear whether it is size, age or specific
aspects of the animal’s physiology that
cause these changes. Thereisaneed to
guantify these differences and this must be
done on a population of resistant animals.
Thisisacritical aspect of commercialising
POMSresistant stocks and will assist in
providing industry with reliable

expectations for survival across all stages
of the grow-out. Genetic resistance alone
does not provide a complete farming
solution and data are needed to allow
growersto plan production and minimise
risks.

2. Benchmark commercial performance
of resistant stock:

Thereisaneed to continually benchmark
the commercial performance of POMS
resistant lines. The processes of the
breeding program produce a performance
metric, the EBV, to quantify the expected
survival of stock of known pedigree. This
provides an accurate measure of relative
differences between families on a specific
progeny test site within a small temporal
window. However, this does not provide a
good measure of absolute survival on
commercial sites, or how that survival may
vary dueto different factors. Data
collected on an extensive scale is needed to
fully inform growers of the commercial
performance and the likely range of
performance within aregion. The desired
output is aprocess or algorithmsthat allow
POMSEBV (produced as astandard part of
the breeding program) to be redefined as
expected commercial performance given a
set of variables that may include stock age,
season, and environmental variables that
can be linked to disease severity.

3. Further refinement of laboratory
challenge model:

Alaboratory challenge was developed as
part of aprevious project and those
protocols were used to screen familiesin
this project. However, results have been
variable with challenged animals
sometimes showing no mortality, even at
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higher dose challenges. Thereisaneed to
refine the model with the goal of havinga
reliable and highly repeatable system
available. It would provide arisk
mitigation strategy in the event of failed
field challenges. Additionally, and more
importantly, it hasthe potential to provide
POMSresistance performance data at any
time and unhindered by the seasonality of
field challenges. Awell-defined challenge
system will provide opportunities to
accelerate the breeding program and
provide hatcheries with ameansto add
greater confidence to commercial
deployment decisions.

4. Determine the effects of disease
exposure on growth and conditioning

All POMSgenetictrialsto date have
focused on measuring survival after
exposure to OsHV-1 within aknown
window of infection. They have been short
term trials, with aduration of between one
and three months, and have measured
nothing except for survival. This has been
an effective way to implement trials and,
given the high mortality, it has been
impractical and pointlessto maintain those
trials and attempt to measure other traits.
However, thereis now potential to
consider measuring other traitsin POMS
exposed animals given the much higher
levels of POMSresistance. Thisis
important because there may be disease
effects other than survival that are
commercially important. For example, do
some families survive but suffer stresses
that limit their potential to grow and
condition whilst other families survive
with no negative impacts? It is possible
that additional trait measures may be
needed to measure and select for resilience

to POMS(that is, the ability tothrivein the
face of POMS) in addition to the ability to
simply survive.

5. Identify genetic markers of large
effect

Commercial traits are mostly controlled by
many genes of small effect (termed
polygenic or quantitative traits) and that is
an underlying assumption madein the
POMSresistance breeding strategy
resulting from this project. The datafrom
this project are not indicative of single
gene effects for POMSresistance, however,
some commercial traits have been found to
be partially controlled by some genes of
major effect in addition to many genes of
small effect. If genes of major effect exist
and markers for such genes can be
identified, then they can have high
commercial value. In the POMSresistance
breeding context, genetic markers
associated with these genes could be used
in conjunction with the existing breeding
strategy to increase the precision of
selections made within families for both
the breeding population and for
commercial deployment. Theinitial
research need is to search for genes,
estimate their effects, and evaluate the
value of their effectsrelativeto likely costs
of implementation. There arerisks and no
guarantees of success. Off the shelf
technology for Pacific oysters (e.g. SNP
arrays) isnot routinely available, genes of
major effect are usually the exception
rather than therule, and as those genetic
effects become smaller they are harder to
find. Nevertheless, ameasured approach is
warranted given the potentially high value
associated with markers.
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The purpose of this project was to develop
aselective breeding program for POMS
resistance and that has been achieved.
Resistance breeding is now fully
operational and resistant stock is available
to growers. Implementing operational
breeding was given the highest priority
duetothethreat that POMSpresented to
the entire Australian Pacific oyster
industry and, therefore, the research and
development activities of this project were
inseparable from operational breeding.
POMSresistance is highly responsive to
selection and selective breeding provides
an excellent disease management solution.
Consequently, the AS breeding objective
has been redefined and the goal isto
produce POMSresistant oysters at all life
stages. Thetraits of the previous breeding
objective (growth rate, meat condition,
shell shape and uniformity) are still
monitored but are now secondary traits.

This study has produced sound estimates
of the genetic parameters (heritability,
variances, and correlations with other
traits) for POMSresistance. These
estimates are based on alarge population
and very high numbers of measurements.
POMSresistance has been found to be
highly heritable and appears to be the most
responsive of all traits studied in the
Australian Pacific oyster population. These
dataindicate a high potential for genetic
change and this has been confirmed by
increased survival observed in the
empirical data collected during this study.

Field disease challenges are areliable
means of testing for differencesin genetic

resistance amongst families. Knowledge of
the disease window is essential for
planningfield trials and, importantly, for
scheduling the logistic management of all
selective breeding operations. Field
challenges of spat have been difficult due
to the high disease susceptibility at early
life stages. Spat field challenges need
further development and arelikely to have
aplacein future breeding strategies.

Laboratory challenges are also a means of
testing for differencesin geneticresistance
amongst families. They provide a highly
controlled test and, when all goes well,
provide a precise measure of POMS
resistance. Laboratory challengesin a
biosecure facility provide away of testing
animals and to start breeding in advance of
POMSreaching aregion, thereby enabling a
breeding response in advance of a disease
outbreak. However, further development
is needed to improve the utility of
laboratory challenges for operational
selective breeding.

The planned outcome of this project wasto
enable commercial hatcheries to supply
growerswith stock with sufficient
resistanceto allow production to continue
in adisease environment. That outcome
has been achieved. Resistant stock does
not offer a complete solution and was not
expected to do so in the timelines for this
project. Other changesin farm
management are required but resistant
stock is fundamental and Pacific oysters
cannot be produced without it.
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APPENDIX1 [INTELLECTUAL PROPERTY

The prior intellectual property that project partners brought to this project is:

1. Thebreeding population animals, the pedigree records and the performance datarelating
to those animals; owned by Australian Seafood Industries P/ L (AS).

2. Oyster Slective Breeding database; owned by CIIRO.

Theintellectual property arising from this project is:

1. Thebreeding population animals, the pedigree records and the performance datarelating
to those animals generated during the life of this project; owned by AS.
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