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Thesis summary

Mass spawning hatchery practices using small btoolsgpopulations, in
addition to the cannibalistic nature of some fipaes, contribute to a reduction of
genetic diversity from parent to offspring and tighout the juvenile grow-out
stages. This is of concern when establishingecteé breeding program for such
species because the genetic diversity that is aghin the start-up and initial
generations of the program is the basic ingredmrfuture genetic improvement.
The aim of this thesis was to examine methodsdptuwring and conserving genetic
diversity in mass spawning barramunidaies calcarifey, when constructing a base
population for a long-term selective breeding paogifor the species.

Involving 21 males and 12 females, the transfegewfetic diversity from
broodstock to offspring in a large commercial mgsswn was investigated in
chapter 2. Previous studies had indicated thattanbal amounts of genetic
diversity were lost using mass spawning technigwés;h are normal practice for
the commercial barramundi industry. A high papiition rate of parents was
detected among the large spawning group usedsrsthdy ( = 31). Broodstock
contributions were skewed and the contributionfgniidual dams and sires was as
high as 48% and 16% respectively at one day pashifdph). Barramundi progeny
were monitored throughout the juvenile stages vestigate the conservation of
genetic diversity, during the periods of larval embrphosis and size grading (to
inhibit cannibalism).

A reduction in allelic richnesg\) was identified from broodstock to offspring
at 1 dph, & was 3.94 among broodstock and 3.52 among offsgangpled).

However, no further loss & or genetic diversity was detected in the offspfirogn
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1 to 90 dph, which included the period of metamori$, multiple size grading
events and losses through size culling, mortalédies the sale of juveniles. The
effective population size\g) in the broodstock group ranged from 10.1 — 1&4|
below the broodstock census size of 33, whereasatheof inbreeding was less than
5%. The results from the mass spawn provided depotive and demographic
parameters that could be used to inform the dasfignbase population for a
barramundi selective breeding program.

In chapter 3, 407 mature captive broodstock undeeat use in eight
commercial barramundi hatcheries were pedigreedasding 17 microsatellite
markers, to determine their suitability for inclusiinto a base population. Levels of
genetic diversity within each hatchery and the de@f relatedness between
individuals were estimated and compared. Genetersity was moderate within
each broodstock groupy(ranged from 2.67 — 3.42) and heterozygosity rariged
0.453 — 0.537. Relatedness estimates within haesherere generally low and
ranged from -0.003 to 0.273. Structure analysisated that captive Australian
broodstock were broadly divided into two genetaxks and suggested that hatchery
individuals were either sourced from the two stooksepresented an admixture
between them. From the results, an assessmemhads of the genetic suitability of
existing domesticated broodstock as contributothédase population.

Chapter 4 sampled 1205 barramundi individuals fd@wild sites covering a
broad distribution range. Levels of wild genetieedsity were estimated and
compared to captive groups from chapter 3. Thd wallections were found to
cover two broad ranging genetic stocks, an eastetdnvestern stock and a central
stock of genetic admixturé§&r = 0.076). The majority of captive individuals were

assigned to the eastern stock (59%), followed byatbstern stock (23%) and central
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region of admixture (13%). Levels of genetic dargr, as determined by allelic
richness &), were slightly lower in the captive groups (a4, = 3.15) when
compared to the wild populations (avera@ge- 3.40). Some genetic variation was
unrepresented in the captive groups and it waslgded that the inclusion of wild
individuals would enhance overall levels of gendticersity in a base population for
selective breeding.

Finally, a computer simulation model was develomechapter 5 and used to
compare different options for sourcing genetic ation for inclusion into the base
population. It was assumed that the primary gdemestablishing the base
population would be to maximise genetic diversi@andidates for inclusion into the
synthetic base populations were selected accotdifeyels of genetic diversity and
relatedness. A range of options were tested, whidhded the use of candidates
from both wild and captive populations. There wasgnificant reduction in the
level of A, between broodstock and offsprirfg€ 0.05) for many of the options.
The best options for retaining genetic diversityevigom the base populations
constructed from an even representation of wildgasifrom genetic stock¥SA,
broodstock and offspring, was 5.21 and 4.75 respectively) and to seleciwaapt
broodstock according to the lowest mean kinshiple{mk, broodstock and
offspring Ar was 5.05 and 4.69 respectively). Five alternatelpopulation sizes
(Nc) were tested to estimate the effective populasiaa (Ns) based on the variance
of parental contribution and unequal sex ratiQ.was 76, 85, 98, 105 and 115 from
anN; of 150, 180, 200, 230 and 250 respectively, arddle of inbreeding\f)
ranged from 0.4 — 0.7%. Under the model presentéus study, amN; of more than
213 broodstock individuals is required to achidike> 100 and\F < 0.5%. The

results suggested that a mixture of both wild aaqutive barramundi should be
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included in the base population at the commencewofemtelective breeding
program for barramundi.

This thesis investigated the effects of hatcheagices, such as mass
spawning and size grading on the conservation mégediversity. In addition,
options for selecting candidates to compose a fignpopulation were explored,
and recommendations made to promote the longerdyirapact of a selective
breeding program for barramundi. The Australiadustry has on hand a large
number of mature captive broodstock that wouldwble for inclusion into a base
population for barramundi selective breeding. Hesveit would be beneficial to
include a selection of wild individuals from regsaf high genetic diversity to
strengthen the fitness of a base population atdh@emencement of a selective

breeding program.
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Summary of chapters

This thesis is presented as a series of manusci@tapter 2 has been published,
chapter 3 is under review and chapters 4 and Bareiscripts in preparation for

publication.

Chapter 2 publication:

Broodstock contribution after mass spawning ane grading in barramundiLétes
calcarifer, Bloch).

Loughnan, S.R., Domingos, J.A., Smith-Keune, Crréster, J.P., Jerry, D.R.,

Beheregaray, L.B., Robinson, N.Aquaculture 2013, 404—-405, 139-149.

Barramundi is naturally a mass spawning specieghndan be induced to
spawn in captivity under conditions that attemptetplicate the natural environment.
Due to the high fecundity of females and the incliof numerous adults into a
spawning group, the production of large quantitiekrvae can be high. Relatively
few breeders have the potential to supply a largpgtion of the grow-out industry.
However, the main complications identified by poas studies involving captive
mass spawning barramundi, were the low participaties for particular broodstock
and highly skewed levels of parental contributioroas all broodstock. With a
limited number of contributors, inbreeding rates ba high and genetic diversity
can be lost within offspring cohorts, which can @hicate the selection of unrelated
broodstock candidates for the next generation @dbers. Typically, small
broodstock groups of 1 — 2 females and 3 — 5 naakesonstructed, not only due to
high fecundity but space requirements and the adstgintaining numerous adult

barramundi can be high. In this study, a largesnspawn (12 females and 21 males)
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not previously applied on this scale was carriedtounvestigate the level of
parental contribution from a large mass spawnimgigy and the number of parent
pair relationships that could be detected withmaffspring. The offspring were
sampled at regular intervals during grow-out, wipcbvided the opportunity to
investigate the conservation of genetic diversitptighout the period of size grading
and culling for the avoidance of cannibalism. Ryes studies have reported on a
loss of genetic diversity by size grading, howewerstudy has yet monitored the
maintenance of genetic diversity throughout thé&remannibalistic stage of
juveniles. The major findings from this chaptezlude a high participation rate of
both male and female broodstock and the subseguedaction of a large number of
parent pair combinations or families. Despiteghhiate of participation,
contribution levels were unequal and there wagh hariance in family sizes. In
addition, there was a slight loss of genetic divgfsom broodstock to offspring but
throughout the period of size grading and cullmg further loss of genetic diversity
was detected. The results suggest that a massisgparoup of at least 30
barramundi individuals is required to achieve anipgrticipation rate of breeders

and to limit the loss of genetic variation transéerto the offspring.
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Chapter 3in review:

Genetic diversity and relatedness estimates faneparramundil(ates calcarifey
broodstock populations, informs efforts to formasé population for selective
breeding.

Loughnan, S.R., Smith-Keune, C., Jerry, D.R., Beparay, L.B., Robinson, N.A.

JournalAquaculture.

The Australian barramundi industry has on handgelaumber of mature
broodstock that are currently supplying the grow+oarket, however, before
selective breeding programs can begin, it is ingydrto assess the levels of genetic
diversity and relatedness of current captive brammdspopulations. This has not yet
been assessed for Australian captive stocks, reothiesapplication of such
information been applied to establishing a baseifadijon for selective breeding.
Due to the implications of mass spawning inveséidah chapter 2, it is also unclear
how this has impacted on genetic diversity andeellzess levels across the captive
industry. To address these issues, microsatBItd markers were utilised to
genotype barramundi broodstock from eight majortfalisn commercial hatcheries.
Population structure analysis indicated that capfiustralian broodstock were
broadly divided into two genetic population grougenetic diversity levels were
moderate and a level of relatedness was detecteatim broodstock group. The
estimates of genetic diversity and relatedneswyeléfirom this study suggest that the
Australian barramundi industry has on hand suithbb®@dstock candidates for the
development of a base population for selectivedingefrom current captive stocks.
Although, sourcing additional broodstock from wiljions of high genetic diversity

could enhance the fitness of current captive sthatBer. The results are discussed
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with regard to broodstock management and the dpredat of a base population for

selective breeding using existing Australian broods.

Chapter 4 to be submitted:

Assignment of captive barramundiates calcarife) broodstock to wild Australian
stocks guides captive base population recruitnmargdlective breeding.
Loughnan, S.R., Smith-Keune, C., Jerry, D.R., Beparay, L.B., Robinson, N.A.

JournalAquaculture.

The quality of captive barramundi founder stocks ba enhanced and fithess
maintained by including wild individuals from geroatlly diverse stocks at the
commencement of a selective breeding program.tifgiamg which wild stocks to
target can be aided with assignment tests, whiolckzify the wild genetic origins
of captive individuals and determine the degrewitsf genetic diversity not
currently represented in captive stocks. In chaptéevels of relatedness and
genetic diversity were estimated for eight capbueodstock groups under current
production, and in this chapter the individualshiviteach of these groups were
assigned to their wild ancestral origins. Levdlganetic diversity and population
structure were determined for wild barramundi sasftom 48 sites with 16
polymorphic microsatellite loci. Two wild genesitocks and a region of genetic
admixture were detected and levels of genetic dityewere slightly higher in the
wild sample collections than the captive groupgotJdeveloping a base population
for the selective breeding of barramundi, wild kmas demonstrating high levels of
genetic diversity identified in this study shoulel &ccessed to gather broodstock

candidates. Ideally, an even number of broodssbckild be sourced from each of
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the three wild genetic stocks, to lower the levigletatedness between individuals

and to gather a broad range of genetic diversityhie founding population.

Chapter 5to be submitted:

Comparison of the use of different source stocke&tablishing base populations for
selective breeding of barramundifes calcarifey.

Loughnan, S.R., Smith-Keune, C., Jerry, D.R., Beparay, L.B., Robinson, N.A.

JournalAquaculture Research.

To determine the most appropriate broodstock cateldto use when
establishing a base population for barramundi seebreeding, a computer
simulation model to predict the maintenance of gertkversity at 16 microsatellite
loci was developed. There are various methodsdlacting broodstock candidates
for inclusion into a base population, such as selg@ccording to kinship levels
between individualsnik) or choosing individuals from wild regions demaaghg
high levels of genetic diversity. Both of thesetinoels were tested in the simulation
model. Synthetic base populations were developed the observed genotypes of
captive broodstock from eight hatcheries (accefsead chapter 3) and the
genotypes from 48 wild sites were utilised frompmtea 4. In addition, chapter 2
provided parental contribution probabilities, whighre used to select male and
female parents at the commencement of the simalatiomimic the skewness of
parental contribution that can occur in barramumdss spawning. Overall, this
chapter incorporated the findings of the previduslies and utilised the results to
recommend the best method for selecting a basdatapu Under each option there
was a loss of genetic diversity from each broodstgroup to offspring, although the

highest level of genetic diversity was maintaindtew selecting broodstock
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according to low mean kinship valuesk). The results suggest that a base
population of at least 213 individuals split inteef spawning tanks of an equal sex
ratio, will provide aN. of 100 andAF of 0.2%. In addition, wild broodstock should
be sourced from regions of high genetic diversitg aombined with current captive
broodstock that have been selected according tlowestmk values. This will

help to maintain founder genetic diversity and retggosity levels in subsequent

generations.
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Chapter 1

1 General Introduction

1.1 Genetic improvement programs

Following multiple generations in captivity, domeation of animals occurs,
reducing stress, which in turn can increase disesssstance and reduce mortality
(Gjedrem et al., 1991). Selection for the genietigrovement of domesticated
animals has been practiced for thousands of ydaosfish, it is believed that
domestication and selection began with carp-likecgs in China and Japan some
3000 — 4000 years ago and resulted in the mangtiesiof common carp, goldfish
and koi of different forms and colours that are owon today (Bardach et al., 1972).

The principal objective of a genetic improvemerdgyam is to achieve the
highest genetic response possible, dependant amntbant of genetic variability
available in the population (Davis and Hetzel, 2008ttaining this, an increase in
productivity, quality and most importantly profiiity can all be expected. The
design of a breeding program should include a fodwefinition of the breeding
objective, which identifies the biological traittaspecies that may be commercially
important and estimates their relative economioesl(Gjedrem et al., 2005). In
addition, an estimation of the genetic parametatdescribe populations and their
differences, the evaluation of additive and noniagegenetic merit of individuals
or families, and mating plans, should all be deth{Davis and Hetzel, 2000).
Overall, traits need to be chosen to move in thection of the breeding objective,
they need to be heritable and inexpensive to meassiructured animal breeding
programs for the selection of traits have beerbésteed for terrestrial livestock
(Gjedrem, 2005). Molecular markers target genaegions of DNA that exhibit

differences among individuals (Ward et al., 20083igned to detect differences in
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Chapter 1

DNA sequences (Davis & Hetzel 2000). They cansassistock identification of
families and individuals, as well as in the contrbinbreeding and genetic
improvement by selection for preferred gene contimna (Davis and Hetzel 2000).
Molecular markers are capable of identifying margedes known as quantitative
trait loci (e.g. disease resistance and fast groatt) from pedigree lines into
commercial broodstock, while minimising the intratlan of unwanted effects, such
as inbreeding (Ward et al., 2000). MitochondridlA(MtDNA) markers have
traditionally been applied to population level sasdand the inference of molecular
relationships among closely related species (Meh@33). Due to the maternal
inheritance of MtDNA, it is more effective in comjpey the genetic variability in
wild populations and cultured stocks than a simgielear (biparently inherited)
locus (Cross, 2000), however, mtDNA represents argingle locus, which is
unlikely to be informative for every question.

Protein electrophoresis or allozyme markers hapeE#jly been used in
monitoring translocation and stocking regimes (€r@900) and are not suitable for
use in genetic improvement programs due to the faeddesh or frozen tissue from
a variety of organs (i.e. liver, heart and musala) thus causing the death of the
animals of interest. Allozymes do not detect laageounts of genetic variability
(Cross, 2000) and due to the limited number of fbat can be surveyed (e.g. ~40),
allozymes are not an effective marker when appbeaijuaculture based programs.
A molecular marker more suited is nuclear-encodedduch as microsatellites.

Microsatellites are a form of repetitive sequen®ADwhich are highly
variable among individuals and exhibit large nurskafralleles (Cross, 2000). They
are common throughout the genome, particularlysin &nd a wide range of sample

sources are suitable for the amplification of msatellites via PCR, such as the non-
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Chapter 1

destructive sampling of scales and fin clips frash {Schlotterer and Pemberton,
1994). Microsatellites have been detected inw{beyotic genomes studied,
although they are limited in plant and avian genei@ane et al 2002).
Advantageous to many fish species is the preseneeger numbers of alleles and
high heterozygosity, more than those observed immals (O’Connell and Wright,
1997). Microsatellites are also considered todbecsively neutral (Cross, 2000),
which is important for the inference of reproduetigolation based on allele
frequency differences. Genome mapping and thectieteof quantitative trait loci
(QTL) require a large number of loci, and microagés have this advantage over
other molecular markers (O’Connell and Wright, 199The major hindrance of
utilising microsatellites is the complexity of it development, often requiring
significant genomic library screening experiendthaugh recent next generation
sequencing (NGS) techniques have made the develdmhmicrosatellites more
cost effective.

The application of molecular markers and concefptrizegenetic improvement
programs is similar across all species (Gjedrer@5pthowever, the design of each
species-specific program can vary considerablyis lBrespecially the case for
aquaculture species which have diverse biologeatiures and require special
hatchery practices and design. Many fish speaidguaquaculture production are
undomesticated but provide a high fecundity ratactice external fertilisation and
generally display higher levels of variation at ggnmarkers than terrestrial farmed
animals (Chistiakov et al., 2006). These featereshle much higher rates of genetic
improvement to be achieved for many aquacultureispehan for terrestrial
livestock, although high fecundity rates can inseethe risk of inbreeding and loss

of genetic diversity.
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Chapter 1

Inbreeding is the mating of animals with recent own ancestry and the rate
of inbreeding AF) is measured as the probability that two genasigtocus are
identical by descent. Once a selective breedingram is initiated the breeding
population should be closed to further entry of meck from other sources, which
could dilute the genetic improvement made. Incsetl population, some degree of
inbreeding is inevitable after a few generationsgrablems can be avoided if
inbreeding is limited by maintaining a large breedpopulation and if the founding
base population is mostly unrelated. Generallgptad maximum levels of
inbreeding in captive aquaculture populations hravged from 0.5 — 1% per
generation (Bentsen and Olesen, 2002; Fjalestéh; Zbnesson et al., 2005). For
GIFT tilapia (Genetic Improvement of Farmed Tilagxeochromis niloticusAF
has been estimated at 2% (Ponzoni et al., 201@xnbow trout Oncorhynchus
mykis$ 0.7% (Kause et al., 2005) and in Coho salm@ncporhynchus kisutgmF
ranged from 1.1 — 2.5% (Gallardo et al., 2004).a$sist in reducingF whilst
maintaining genetic gain in future generationsw#dtock production, models have
been developed to preditE in populations under selection. Not only for rand
mating populations but also more complex breedmgams, which include non
random mating and overlapping generations (Wray@Goddard, 1994; Woolliams
and Bijma, 2000). ControllingF can be more efficiently managed by including an
optimised selection technique such as optimal geoentributions, which restrict
the AF applied (Hinrichs et al., 2006; Meuwissen et 802). As the extent of
genetic improvement with selective breeding is dejeat on levels of genetic
variation in the breeding population, the genetveisity of the founding base

population is also an important consideration wheginning selective breeding.
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Chapter 1

Captive stocks typically only represent a propariad the genetic diversity
available in wild populations. When establishingese population for selective
breeding, it is advantageous to include wild indiials to boost representative levels
of genetic diversity. Relatedness levels amongsidstock can also be lowered,
which is an important factor when choosing indiatiuto construct broodstock
groups for mass spawning. It is more difficulctntrol inbreeding and maintain
genetic diversity in mass spawning species, as acaapwith paired mating. It is
common that some broodstock in a mass or grouprspgvwscenario will not always
contribute to the spawn and if the broodstock grsugmall, contribution levels are
more likely to be unequal and heavily skewed (Blgnk et al., 2009; Chavanne et
al., 2012; Frost et al., 2006; Hara and Sekino3200ang et al., 2008). This is
accentuated if only one small broodstock grougilsed, rather than establishing
multiple breeding groups. Because of the highriddy of many aquaculture
species, small base populations are generally eined (e.g. Pacific oyster,
Crassostrea gigaBoudry et al., 2002; mangrove red snappatjanus
argentimaculatus€mata, 2003), and levels of inbreeding and loggeaktic diversity
is therefore likely to be high. A large unrelatese population divided into multiple
broodstock groups of equal sex ratio could be uséoese instances, to help to
conserve genetic diversity in future generationsnhore detailed knowledge about
the spawning of these species would be neededctdaden the best strategy to use.

The initial development of a large and geneticédliyerse founder population
has achieved positive genetic gains for some bmggaliograms (Gjedrem, 2010).
For example, the base population for the Norwegidantic salmon $almo salay
selective breeding program was originally develofpeth 40 wild river strains

(Gjedrem et al., 1991) and the overall genetic gairgrowth has been estimated at
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115% when compared to wild stocks after five get@na (Thodesen et al., 1999).
A combination of four wild geographic strains fraxfrica and four established
farmed strains from the Philippines were combined successfully included into
the first GIFT tilapia ©. niloticug program in Asia (Eknath et al., 1993). The
accumulated genetic gain in relation to the bagiladion has been estimated at
85% after five generations of selection for groiEknath and Hulata, 2009). The
capacity for genetic gain is limited by the extehgenetic diversity in small base
populations and any loss of genetic diversity istfgeneration hatchery stocks is lost
to all subsequent generations within a closed limggarogram (Gjedrem, 2010).

Genetic diversity is described as the level of Didiation within and among
individuals, such as heterozygosity and the nurobatleles present. High genetic
variation generally refers to genetically fit stagkntaining a diverse genetic
makeup, exhibiting a high survival rate and supeagiality that can show a
favourable increase in economic traits, such aisl igqowth, preferred flesh quality
and greater disease resistance. On the other halstline in the rate of genetic
diversity promotes genetic drift and can be detritakto the overall performance of
the cultured population and the life of a breeginggram. Loss of genetic variation
can occur within small populations, such as agquaristocks using a limited
number of broodstock. This loss is due to sampingenetic drift, and typically as
a result of selection. Genetic variation is kndeipe the most important input for
the development of captive stocks, and its lossdsnstraint for any genetic
improvement program (Freitas et al., 2007). Taiemghe long-term sustainability
of any selective breeding program it is importantapture and conserve the

available genetic diversity.
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Loss of genetic variation has been reported in namuaculture populations,
including abaloneHaliotus rubraandH. midag (Evans et al., 2004a), white shrimp
(Litopenaeus vannamgiFreitas et al., 2007) and barramuridités calcarifey
(Frost et al., 2006; Yue et al., 2002: Yue et2009; Zhu et al., 2006a). Barramundi
is a hardy euryhaline species, ideally suited tmaaqlture due to its fast growth and
tolerance for a wide range of environmental conddi However, because
barramundi is highly fecund and mass spawned wiitllsbroodstock population
sizes, unequal parental contribution and subsedughtvariance in family sizes can
occur (Frost et al., 2006; Wang et al., 2008)s fiarticularly vulnerable to
inbreeding and loss of genetic diversity in captivéiure and there have been no
detailed studies in the literature regarding alitme methods of design for
establishing base populations, or about the sizeroéss spawning base population

needed to conserve genetic diversity and contbwkiding for selective breeding.

1.2 Barramundi (Lates calcarifer)

Barramundi or Asian seabass is distributed througtiee Indo-West Pacific
region from northern Australia, throughout Southdesa to Taiwan (Grey, 1986).
There are seven other species withinlthtesgenus (Froese and Pauly, 2010), many
of which are either commercially fished or culturésome of the better known
species are Nile perch.(niloticug, which is commercially fished extensively in
Africa and the Japanesatesor akamel(. japonicag, which is commercially
cultured in Japan. Productive wild fisheries efastbarramundi and captive
production is increasing in regions of SoutheasaAasd Australia, where
barramundi is a highly valued recreational and fiisll Barramundi aquaculture in

Australia is a developing industry, with recentwgtio in the number of license
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holders and development approvals (ABARES 201¥BceRt production figures
have been recorded at 3190 tonnes for the peridél 22010, valued at AU$27.5
million. In Southeast Asia, barramundi has beestenintensive aquaculture
production since the 1970’s and were first succ#lygbropagated in Thailand (Yue
et al., 2009) for supplying fish to market and téstocking of native habitats. Since
then, culture in the Philippines, Taiwan, Singapamd Malaysia have followed
(Harvey et al., 1985). Hatchery production in Aaka commenced in 1984 and the
first commercial hatchery in north Queensland waétsated in 1986 (Tucker et al.,
2002).

Throughout the native distribution range of barradiuspawning is stimulated
by the commencement of the rainy season, takingeptahighly saline
environments of lower estuaries and river mouthedi and Reynolds, 1982).
Barramundi is a catadromous species and has bib#nsafreshwater requirements.
Spawning, egg and early larval development all irecgalt water, whereas juveniles
prefer estuarine and freshwater conditions whesg gnow and mature as males
(Moore, 1982; Tucker et al., 2002). Following sabyimaturity at 4 — 5 years,
males begin to participate in spawning events, whigey will spawn at least once
before sex inversion at approximately seven yebage, and females may not
commence egg production until they are eight yelr¢Davis, 1982; 1984). In
captivity, males can change to females at appraein8 — 4 years of age, although
the time of sexual inversion can vary (Macbethl e2802).

Barramundi naturally practice sex inversion or anolry, where all offspring
are born male and later change to female. Ferhales shown evidence of being
both complete and multiple spawners, where the tetmpvary ripens and all eggs

are shed at the one time. In larger females, glgs develop sequentially and the fish
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may spawn more than once in a season, sheddind 6%yof their eggs at a time
(Davis, 1984). As the length and weight of a feamatreases so does the fecundity,
which has been estimated at 46 million eggs f@naaie of total length 1240 mm
(Davis, 1984). Protandry can be problematic foaptive breeding program, as
broodstock from alternate year classes need todbetamed to achieve the desired
numbers of mature males and females at the sanwaldrtime (Robinson et al.,
2010). This is particularly difficult when pradtig selective breeding, where
generally the next generation of broodstock arecsetl from the same cohort. In
some species, sex inversion can be induced viadrahtherapy to obtain both
sexes at the desired stage of a breeding progreatfiBut and Bart, 2010; Yeh et
al., 2003). However, this is yet to be trialledtwbarramundi and although further
investigations are also required for strip spawrand the cryopreservation of sperm,
these methods may be more suitable for achieviagldéisired parent pair crosses
(Leung, 1987; Macbeth and Palmer, 2011; Palmel,et%03).

Prior to the development of artificial reproducti@chniques, barramundi were
spawned in correspondence with the lunar cycleéSdatheast Asia, wild adults were
captured and hormone induced in the field, eggsnaiticstripped and collected, then
transported to a grow-out facility where larvae eveaised under semi intensive
conditions (Tucker et al., 2002). More recentlgrramundi production has become
more intensive, not only in Asia but Australia, wéenost farmed barramundi are
spawned in hatcheries and larvae are transferrgobt@-out facilities. Rather than
relying on barramundi broodstock to spawn naturallhe captive environment, the
majority of hatcheries use hormones to induce plasvaing process, such as human
chorionic gonadotropin (HCG), gonadotropin relegdiormone analog (GnRHa),

luteinising hormone-releasing hormone analogue (HER carp pituitary and
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barramundi pituitary (Tucker et al., 2002). Togetlvith a rise in water temperature,
females are injected in the morning to spawn tigtttror the following day in salt
water, whereas males are not normally injectedralydon the activity of the females
to stimulate sperm release. Barramundi are gdpenass spawned in a group of 1
— 2 females to 3 — 5 males (author’s personal ghiens; Macbeth et al., 2002) and
collected eggs are hatched artificially to impreuevival rates.

Cannibalism occurs in a number of fish species undptive culture (e.g. giant
grouper Epinephelus lanceolatudseu et al., 2004 and Asian catfish,
Pangasianodon hypophthalmBaras et al., 2010) and is a major complicatioenvh
rearing barramundi juveniles together. Constar# grading is required during the
juvenile stages to remove any size variation thinowg the cohort, a process that is
both labour intensive and stressful on stock, hanewe loss due to cannibalism can
reach as high as 50% per day without size gradtuglédge, 1991). Cannibalism in
barramundi and other species has been attributed iteadequate food source, low
feeding frequency, high population density, minimedlges, water clarity and light
intensity (Curnow et al., 2006; Hecht and Pien2883; Parazo et al., 1991; Qin et
al., 2004). Following size grading for the prewentof cannibalism, culling or the
removal of size grades sometimes occurs to ensstandard growth rate across the
entire cohort (Macbeth et al., 2002), although hib#se hatchery practices can cause
a loss of genetic diversity.

There are several important factors that needduxploration in order to
capture and conserve high levels of founder gewietersity for selective breeding
of mass spawning fish species such as barram@irent hatchery methods
utilising small population sizes have been showbg@nsustainable, resulting in a

reduction of genetic diversity following each geaten (Frost et al., 2006; Wang et
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al., 2008). There is a need to know whether tieeafisarger mass spawning group
sizes can result in a more even and reliable dmritan by all individuals to the
group spawn. We also need to know whether siz#ingao reduce cannibalism and
the culling of extreme size grades, can signifigaaffect the loss of genetic
diversity. In addition, it is important to know Wwaexisting genetic diversity among
captive and wild populations can be best utilised mixed to maximise the genetic
diversity within the founding population for selieet breeding. This thesis tests a
large proportion of mature broodstock under curcemmercial production, along
with representatives sampled from wild barramurggiygations around Australia to
explore how a base population of high genetic digeican be formed and

maintained for future generations of selective tireg

1.3Thesis scope and objectives

This thesis utilises genetic markers in the forrmafrosatellites to assess levels of
genetic diversity, inbreeding and relatednessHerttenefit of developing a base
population for selective breeding of barramundristly, a large captive barramundi
mass spawn at a scale not previously conductedriaéed in chapter 2 with the
following objectives;
* To determine the effect of large scale mass spaywfifbarramundi on the
maintenance of genetic diversity with selectiveebliag.
o To investigate parental participation and levelsaftribution from
mass spawning broodstock to offspring.
0 To measure the effect of cannibalism and subsecgimsgrading on

the maintenance of genetic diversity in offspring.
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In planning for the development of a large and geally diverse base population
for barramundi selective breeding, chapter 3 exathiavels of genetic diversity and
relatedness within current captive broodstock, franitiple commercial hatcheries
in Australia. The objectives of this chapter were;

» To evaluate levels of genetic diversity and relagss in existing captive
stocks.

* To determine whether existing captive stocks cawige suitable candidates
for the development of a large and genetically digbase population for
selective breeding.

The wild origins of captive broodstock were thetedained in chapter 4, utilising
reference genetic data from a broad range of wildtalian locations. Levels of
genetic diversity were also estimated in wild skoakd compared to levels currently
represented in captive populations. The main ebgof this chapter was;

» To assign current captive individuals to wild lata and identify genetic
diversity not currently represented in captive kfoc

A computer simulation model was developed in chaptevhich incorporated the
results from the previous chapters to determinartbst appropriate methods for
conserving genetic diversity and controlling when designing a base population
for barramundi selective breeding. The objectviethe final chapter were;

» To explore different options for selecting candesato capture genetic
diversity for inclusion into a base population.

o Construct synthetic base populations accordinguel$ of genetic
diversity and relatedness, and apply these to guatensimulation
model to predict the transfer and maintenance oétie diversity in
offspring.
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2  Broodstock contribution after mass spawning and si

grading in barramundi (Lates calcarifer, Bloch)

Publication;Aquaculture 2013, 404 — 405, 139 — 149 (AppendiCp
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2.1 Abstract

Appropriately designed selective breeding prograresexpected to limit the
loss of genetic diversity and control levels ofredding, and to base selection
decisions on data collected from many offspringnahy families. Achieving a
relatively even contribution by broodstock to suhgent generations is necessary
and for many aquaculture species this is possibt®ntrol through paired mating.
Barramundi (ates calcarifey provides an exception, because in captivity & is
species that mass spawn in small groups and wiifsging are repeatedly size
graded in an effort to avoid cannibalism. Follogvmass spawning a large
broodstock group of 33 barramundi, levels of paakecdntribution and multiple
measures of genetic diversity were estimated dwecourse of repeated size grading
events. Parentage was inferred using 17 micrdisateNA loci. Twelve dams and
21 sires were artificially spawned over two nighitgl sampled at 1, 18 and 90 days
post hatch (dph). Broodstock contributions weensd and the contribution by
individual dams and sires was as high as 48% a#@réSpectively at 1 dph.
Despite the unequal contribution and high variandamily sizes, 31 broodstock
were detected as contributing to the spawning evamd as a result up to 103 full-
sibling families were detected (18 dpiw 472). A reduction in allelic richnesA{
was identified from broodstock to offspring at IhdgA, was 3.94 among broodstock
and 3.52 among offspring sampled). However, nth&rloss ofA, or genetic
diversity was detected in the offspring from 1 @dph, which included the period
of metamorphosis, multiple size grading eventslaases through size culling,
mortalities and the sale of juveniles. The effectiensus population size ratio
(N&/N) ranged from 0.31 — 0.51 at times of samplitg,wWas calculated between

10.1 and 16.7, well below the broodstock censies@&i83) and the rate of
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inbreeding was less than 5%. This research prewdiable baseline data that can
be used to make recommendations for the mainterafrgenetic diversity and
control of inbreeding for a barramundi selectivedating program. It also provides
an example of what considerations need to be n@déé genetic management of

mass spawning and/or cannibalistic species.

2.2 Introduction

Understanding how genetic diversity is represeatetimaintained throughout
the hatchery and production cycle is critical toe successful development of
selective breeding programs in aquaculture. Tharticularly evident for natural
mass spawning species, where single pair matingatdoe conducted. Mass or
group spawning (each female reproducing with maaiesiand each male
reproducing with many females randomly in a singlek) is a common method of
breeding for a number of aquaculture species ¢ermmon soleSolea soledlonk
et al., 2009; gilthead seabrea®parus aurat&Chavanne et al., 2012; barramundi,
Lates calcariferFrost et al., 2006; Japanese floundRaralichthys olivaceusiara
and Sekino, 2003). Although this reproductivetstg can produce a large quantity
of offspring and thus increase production, it ckso @romote heavily skewed levels
of broodstock contribution and a high varianceaimily sizes, which can lead to a
reduction in the effective population si2é. and an increase in the rate of
inbreeding AF) (Brown et al., 2005). Under captive culture, mggawning is
typically utilised for those species that naturalbawn in large congregations,
although generally under this situation a limitesntoer of sexually mature adults

are utilised.

39



Chapter 2

Low broodstock population sizes are typically emyplibfor mass spawning
species bred in captivity, because it is costlpnentain numerous adult fish. In
addition, many species exhibit high fecundity, lsatta small number of broodstock
have the potential to fulfil seasonal productioguieements (e.g. Pacific oyster,
Crassostrea gigaBoudry et al., 2002; mangrove red snappatjanus
argentimaculatu€mata, 2003). This may be appropriate for thernengial
production of harvest fish where levels of gendhersity are generally ignored,
however, within the initial stages of a selectivedaling program it is important to
select a high number of founder broodstock fronedie ancestries, to maximise
genetic diversity and actively avoid mating’s bedwenimals with recent common
ancestry (Gjedrem, 2005). This important stepamby assists in the maintenance of
genetic diversity in future generations but it alsduces the extent of inbreeding.

Barramundi, or Asian seabasses calcarife), is a highly fecund, mass
spawning catadromous species from the family Latidaltured mainly throughout
Southeast Asia and Australia, with worldwide prdghtincreasing. As a mass
spawning species, methods under captive cultu@vewhe aggregation of
conditioned, sexually mature broodstock, typicallyhe ratio of 1 — 2 females to 3 —
5 males (author’s personal observations; Macbeth ,2002). Hormone induced
spawning via luteinising hormone-releasing hormanalogue (LHRHa) injections
and environmental manipulation, are generally reagsfor final gonad maturation
and to promote the release of gametes for artifsgawning (Tucker et al., 2002).
Following hatching, heavy mortalities can occur amtarvae during metamorphosis
(Frost et al., 2006) and fingerling developmentsasa when intraspecific predation
(cannibalism) can ensue (Parazo et al., 1991) @&ading of juvenile barramundi is

used to reduce the incidence of cannibalism andym®a more uniform cohort for
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stocking purposes, however, grading has the albdiglter the relative contributions
of broodstock to the next generation of offspring anay consequently have a
negative effect on the maintenance of genetic ditye(Frost et al., 2006).
Cannibalism is not only prevalent in Latidae bus hso been reported within
36 other teleost families (Smith and Reay, 199H8nyninvolved in aquaculture
production, including Serranidae (giant grougigpinephelus lanceolatudseu et al.,
2004) and Pangasiidae (Asian catfiBangasianodon hypophthalmBaras et al.,
2010). Cannibalism typically commences in barradnfny after they have
completed metamorphosis at approximately 15 — 88 gast hatch (dph)
(Tookwinas, 1989) and continues until offspringatean approximate total length of
100 mm (Qin et al., 2004). During grading, juveribre divided into independent
size grades, dependant on body size and some dategwy be culled to achieve a
uniform size across the cohort (Macbeth et al. 2200t is possible that the disposal
of size grades (culling) may contribute to the lokgenetic diversity (Frost et al.,
2006), as discarded groups or even individuals coayain unique genetic variants
or distinctiveness, which are excluded from theotblnd the contribution by some
broodstock may be affected. Grading has also begrioyed to reduce social
interactions and to improve the growth rate ofegilgerchBidyanus bidyanu@Barki
et al., 2000) and captive soglea solegBlonk et al., 2010), and has been shown to
result in the selection of animals of a particgander when sexual dimorphism in
body size occurs (e.g. Mediteranean sea lzisentrarchus labraxSaillant et al.,
2003). Molecular markers, such as microsatelliADenable the reconstruction of
family pedigrees to investigate the impact of gje@ding on broodstock
contribution. They can also disclose levels ofegernvariation in offspring of mass

spawning species such as barramundi (Yue et &2)20
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Microsatellites can be used to empirically recandtpedigrees, allowing
unrelated animals to be chosen and mass spawnbd=fding, so that the rate of
inbreeding and loss of allelic diversity is limitadgth the production of each
successive generation. In captive mass spawneanandi, where no more than
two dams were utilised for multiple spawns, micteBies determined broodstock
contributions as highly skewed (Frost et al., 2008) 2 dph, Frost et al. (2006)
detected the contribution of one sire as high &8, ivhen three sires participated out
of seven present in the tank and all dams and wiees injected with LHRHa. In an
additional spawn under the same study, only thres from a total of six were
injected with LHRHa, with the contribution of onieesreaching over 60% at 2 dph.
When 10 dams and 10 sires were all induced horrfyonehang et al. (2008)
recorded captive bred broodstock contributionsigis &s 98%, when five out of 20
broodstock contributed to the spawning. In arra#tee spawning event using wild
sourced broodstock that were again hormonally iadue = 20), Wang et al. (2008)
discovered that broodstock participation was higlkh the involvement of 19 out of
20 parents, resulting in no single individual cdniting greater than 36%. The level
of participation and resulting contribution likedgpends on broodstock weight and
maturity (Brown et al., 2005) and mate competitiparticularly due to the dominant
behaviour of sires (Fessehaye et al., 2006; Weit. €2004) and the competiveness
of sperm (Campton, 2004; Wedekind et al., 200He fiumber of broodstock used
and the quantity injected with LHRHa for artificsppawning, plus the timing of
spawning are also likely to play an important reléh fertilisation more likely to
occur between females and males spawning at appatedy the same period of

time.
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Selective breeding programs for mass spawning taumdi have been initiated
by Yue et al. (2009) in Asia and proposed by Ratninst al. (2010) in Australia,
although the natural mass spawning nature of bamaircreates some obstacles.
The main complications identified by previous sagdinvolving captive mass
spawning barramundi (Frost et al., 2006; Wang.e28D8), were the low
participation rates for particular broodstock aighly skewed levels of contribution
across all broodstock. Understanding broodstockribmtion and the transfer of
genetic diversity of captive mass spawning barrathunder artificial spawning (as
opposed to natural spawning), is not only of vatuthe development of a successful
selective breeding program for the species butfalsthe restocking of wild
fisheries and the maintenance of local genetiatian. In this study, a large mass
spawn (12 dams and 21 sires) not previously appirethis scale, was carried out to
examine these issues and to determine whether gpgie/on this scale in multiple

tanks could be applied to benefit a selective ireegrogram.

2.3 Materials and methods

2.3.1 Mass spawning of broodstock

The broodstock group consisted of captive breckstmdginally developed
from wild individuals collected locally from the migal Queensland region of
Australia. The best performing broodstock wereeld based on previous mass
spawning events. ldeally an equal number of fesnafel males were added to the
spawning group, although no further females weeslalvie. As a result, additional
males were added to the spawning group with theohideveloping a high number
of families. Selected broodfish were sedatedsalawvater bath containing 40 ppm

AQUI-S (Aquatic Diagnostic Services Internationatdd a small segment of caudal
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fin (ca 1 cnf) was removed for later DNA extraction and subsetjgenotyping for
pedigree determination. Fin clips were immediagttyred for preservation in either
80% ethanol or DMSO-salt solution (20% DMSO, 0.2%ligbdium-EDTA and

NaCl to saturation at pH 8) (Seutin et al., 199Rassive integrated transponder
(PIT) tags implanted in each individual were scahiweprovide a unique
identification system. While sedated, all broodktaere cannulated to confirm sex
with a 2.16 mm outside diameter catheter tube.o8stock were then recovered
from anaesthesia and placed back into their holtding.

Twelve females (two of uncertain sex) and 21 malee conditioned for
spawning, together in a 50,000 L fibreglass tafke fish were fed a formulated diet
(INVE Aquaculture) ad libitum, maintained at a ctamg water temperature of
28.5C and subjected to a 14 hour day length for 12 wedlo determine their
readiness for spawning, female broodstock werenaggdated and cannulated as
described above, and oocytes were collected ustagheter and inspected under a
microscope. Oocytes of a diameter of 400 um oremare considered appropriate
for successful spawning. Whilst sedated, 10 fesnadere injected with LHRHa
(Syndel International Ltd), at a dosage rate ofi§(kg" to assist in the release of
eggs. A further two females, dams 06 and 10, \wetlee spawning tank but were
not injected (sex uncertain at the time). Malesewet induced to spawn using
LHRHa, as the willingness of the females to relesggs due to hormone induction
generally encourages the males to discharge speafiowing recovery from
sedation, all 10 females were released back imio §pawning tank to circulate with
the males and left to spawn over multiple nighEsllowing spawning each night,
the water surface of the tank was directed intexdarnal egg collection reservoir,

where the eggs were caught in a 400 um nylon magh Bhe total egg count from
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each spawning night was determined by countingeadfvolume under the
microscope in a Sedgewick-Rafter slide. The iedilon rate (%) of the spawn was
determined, by observing the level of cell divisaomd embryo development from
multiple sub-samples under the microscope. Allsefiggm the first and second day
of spawning were then transferred to two circullareglass tanks (1200 L) for
incubation and hatching, and although the broo#tsgoeup continued to spawn on

the third and subsequent nights no further eggs weltected.

2.3.2 Size grading and sampling

A random sample of whole larvae was collected épi for both the first
(spawn A)n = 182) and second day of spawning (spawn 8.274), prior to the
remaining larvae being transferred to two separaternal grow out facilities at 3
dph for rearing. Sample sizes were restrictechbycbst of genotyping, although
based on previous studies (Frost et al., 2006;eta., 2009) the sample sizes were
deemed adequate. The 1 dph sample from spawn B ke reference point used
for many subsequent comparisons and the maximunbe@uof samples was
collected. Phenotypic parameters such as lengtiwaight were collected from the
1 dph cohort and the results published in a studghe heritability of barramundi
(Domingos et al., 2013, Domingos et al., 2014)e Tirst grading event occurred at
18 dph, where the cohort was split into three siasses determined by the spacing
of the grading device; small (<1.5 mm), medium @57 mm) and large (>1.7 mm)
(see Appendix 2A). At these grading specificatiahe larval rearing facility had
discovered that cannibalism was effectively reduodaarramundi. Immediately
following grading at 18 dph, random samples of whalvae were collected from

each size class for parentage analysis; smallZ08), mediumr(= 158) and large
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(n=106). A similar fraction of animals from eadhtloe size classes were sampled.
During each subsequent grading event following 18, the offspring were sorted
within their current size classes using increagingter spaced graders on each
subsequent occasion. In some cases larger indigidwm the small and medium
size grades would be promoted to the medium age lsize grades respectively
(Appendix 2A). Size grading occurred on six oceasibetween 18 and 42 dph,
followed by another six grading events between2%0 dph, although samples
were only DNA tested following size grading at 18180 dph. At three grading
events (18, 28 and 90 dph), the total estimatedrtaiize in the number of juveniles
was provided and a representative percentage zgsade could be calculated. A
final sample collection of 92 juveniles from eactesyrade was conducted after the
last grading at 90 dph, where the cohort was dd/alecording to average weight (4,
8 and 16 g), but similarly labelled as small, medand large. At 90 dph, juveniles
were large enough to take fin clips. Throughoetriémaring stage, fish were removed
from the population in three ways; by the saleuvEpiles, size culling and general
losses. During the monitoring period, 91% of tblart from spawn B was either
sold as live fingerlings, or removed as the restilize culling and general

mortalities.

2.3.3 DNA extraction

DNA was extracted from broodstock fin clips usinGBAB (cetyl
trimethylammonium bromide) protocol described byaAtkewicz and Harasewych
(1996), with the following modifications; polyvirngyrrolidone (PVP) ang-
mercaptoethanol were excluded from the buffer méxthey are both generally

applied to mucous laden and tannin stained sanfigidse removal of polyphenols

46



Chapter 2

present in some plants (Porebski et al., 19973sul was incubated overnight at
55°C with 10 pL of Proteinase K (20 mg.m)L Chloroform-isoamyl alcohol (24:1)
was added and mixed with the digested sampleg;ifceyed and the upper aqueous
phase transferred to tubes of cold isopropanol (800and stored in the freezer for
at least 1 hour. After centrifuging (16,0§@r 30 min), the pelleted DNA was
washed with 70% cold ethanol, air dried and resudpé in 50 pL of 1x TE. All
isolated DNA from CTAB extractions were quantifieith a spectrophotometer
(Nanodrop Technologies ND-1000) and visualised 0rB&6 agarose gel.

Whole larval samples collected at 1 and 18 dph,sanall segments of fin clips
(ca. 2 mnf) taken at 90 dph, were individually transferreti@6 well plates and
DNA extracted in plate format by a modified Tw&e20 procedure, specifically
developed for small tissue samples and larval DX#aetion (Taris et al., 2005).
100 pL of Tweefi-20 lysate buffer (670 mM Tris-HCI pH 8.0, 166 mMnfonium
sulphate, 0.2% v/v Tween-200.2% v/v IGEPAL® CA-630 NP-40) and 5 pL of 20
mg.mL" Proteinase K were added to each sample and digfesta minimum of 4
hours at 58C. The samples were then incubated 8€96r 20 minutes to denature
the Proteinase K, 100 pL of 1x TE buffer was adaled the samples stored at °20

overnight prior to PCR.

2.3.4 Batch sampling to discriminate non-contributors from low frequency

contributors

Extra batches of eggs and whole larvae from eagifit wif spawning at 1 dph
were pooled directly prior to DNA extraction. Tiestof these pooled egg/larvae
samples was used to supplement the testing ofichdil/larvae, as a cost effective

approach to assist in the detection of particutaotistock that contributed at a low
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frequency (undetected due to sampling error), tbahall to the batches. One batch
of unhatched eggs and one of 1 dph larvae, eadhinorg approximately 200 eggs
or larvae per tube were collected from both spavand B (4 tubes in total). DNA
extractions were performed on each tube as a saxgtaction (using the CTAB
protocol described in section 2.3.3), combining28l0 samples per batch, with a
final elution of 150 pL of 1x TE buffer. To assistdifferentiating between alleles
and stutter bands in the electropherograms anerdiffial amplification in the
pooled samples, the correction method developéditoy et al. (2000) was
followed. For a minimum of four individuals thaeve not added to the pools, the
peak heights of stutter patterns were measured e@gaBACE Fragment

Profiler® software, resulting in an average peak height &ohestutter band
(calculated in Excel, Microsoft Office). Under tberrection method, all allele peak
heights were reduced (excluding the longest andvkres the first allele), some to
levels that would dismiss them from being scored Eegjitimate allele in the pool.
To correct for differential amplification, the rélae peak heights of alleles of
heterozygous individuals were recorded (comparihgassible heterozygous allele
combinations). The average height difference betwaajacent alleles was used to
calculate a relative weighting factai4) for each allelei} such thawV, = Ha /H;
whereH, was the height of the longest allele &hdvas the height of th&" allele.
Beginning with the second shortest allele, theeaxied allele heightl'; was then

calculated a$l'; = H; W.

2.3.5 PCR amplification

Two multiplex groups of 17 markers were selectedifpublished..

calcarifer microsatellite loci. Multiplex one included markércaM03(Yue et al.,
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2001),LcaM16 LcaM40(Yue et al., 2002)l.ca57(Zhu et al., 2006a),cal54
Lcal78(Zhu et al., 2006h).ca287andLca371(Wang et al., 2007). Multiplex two
includedLcaMO08§ LcaM20, LcaM21(Yue et al., 2002).ca58 Lca64 Lca69, Lca70,
Lca74andLca98(Zhu et al., 2006a). One primer from each pais \ahelled with a
fluorescent dye (HEX, TET or FAM) at the 5’ endCR amplification occurred in a
10 pL multiplex reaction with approximately 40 ngngmic DNA, 10x primer mix
(containing between 0.10 to 0.25 uM of each forward reverse primer for
multiplex one and 0.06 to 0.20 uM for multiplex fnand 2x Type-ft PCR Master
Mix (Qiagen). Samples were denatured for multigler at 98C for 5 min,
followed by 10 cycles of 9& for 30 $57°C for 90 s and 7Z for 30 s, then 20
cycles of 98C for 30 s, 58C for 90 s and 7Z for 30 s, followed by a final
extension at 61C for 45 min on a C1000 Thermal Cycler (Bio-RaMultiplex two
followed the same amplification steps as abovapalgh the final extension
consisted of 6{C for 30 min. Following amplification, PCR prodsatere diluted
with 12 uL of water and desalted through Seph&dz8G-50 fine filtration259spin
columns (GE Healthcare). Desalted PCR products wisualised on a 1.5%
agarose gel prior to genotyping on a MegaBAAB00 DNA Analysis System (GE
Healthcare). MegaBACEsoftware Fragment Profif@was used for fragment

analysis, where alleles were allocated with antifieng label.

2.3.6 Statistical analysis

Following the scoring of genotypes, MICRO-CHECKER.2 (van
Oosterhout et al., 2004) was used to check folirsg@rrors, which can be caused by
allele stutter and the presence of null alleleareRtage analysis was performed

using CERVUS 3.0.3 (Kalinowski et al., 2007), taedenine broodstock contribution
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to offspring and the total number of haf§) and full-sibling £S) families.

Multiple unrelated families incorporated into aestive breeding program that
demonstrate high levels of within family genetigedsity, can assist in the
maintainance of genetic variation and help to adnirbreeding in the long-term.
Under the parentage program, broodstock alleleuragies were utilised for the
simulation of parent pairs of known sex and théfeing parameters were utilised;
the typing of 100% of loci, the allowance of a 1ftoerate for scoring genotypes,
the minimum number of typed loci was eight and @0,6ffspring were simulated.
A strict confidence level (Cl) of 95% was utilisexdetermine the most appropriate
parent pair assigned to offspring. CERVUS was atdsed to calculate observed
(Ho) and expectedH) heterozygosities, the number of alleles per Iqgus

including the number of private alleldg)( where only one broodstock individual
possessed that allele, which was considered rdreipopulation and provided a
measure of genetic distinctiveness. The inbreediggficient fis), whichmeasures
the degree of random mating within populations, estsnated by the method of
Weir and Cockerman (1984) using FSTAT 2.9.3.2 (@bu2i002). Significant
departures from zero féts values were also calculated in FSTAT at the 098Il
for evidence of heterozygote deficiency or excessy deviation of observed from
expected proportions under Hardy-Weinberg equuir(HWE) was calculated
using GENEPOP 4.1 (Rousset, 200B}values were estimated using a Markov
chain (MC) algorithm, beginning with a dememorisatstep of 10,000, followed by
20 batches of 5000 iterations per batch. The lelsignificance was determined
following sequential Bonferroni correction (Ric&8B). Allelic richnessA;) within
each locus was estimated with FSTAT 2.9.3.2 (Gqu¥2), which is a measure of

the number of alleles independent of sample sideraorporates a rarefaction
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approach (Hurlbert, 1971). The genetically effecpopulation sizeNe) was
estimated in a way that accounted for unequal a&x and variance in family sizes.
The effect of variation in family size on the effige numbers of dami¥eq and sires

NesWas calculated according to Frankham et al. (2682)

Ned = (Nde - 1)/[Kd -1+ (Vd/Kd)] and Nes = (NsKs - 1)/[Ks -1+ (VS/KS)]

whereNy andNs was the number of dams and sires respectit@lpndKs were the
mean number of offspring per dam and sire, éndndVs was the variance in
contribution for dams and sires. To account fouaeven sex ratidye was

estimated as

N, = 4'NedNes/(Ned + Nes)

The rate of inbreeding\f) was computed according to Falconer (1989) as

AF = 1/2(N,)

Any significant differences in broodstock contriiout levels between spawns
A and B (at 1 dph), between sampling at 1, 18 @hdgh of spawn B and between
the size grades, were determined by Pearson’se2sikii-square-test, using the
exact test option with a threshold for significané®.05, in IBM SPSS 20.0
following data transformation. The Mann-Whitnegttevas also calculated in SPSS,
to detect for any significant differences betweewpdstock and offspring at three
measures of genetic diversity,, A, andFs. Relatedness and relationship inferences
(kinship analysis) were estimated between broo#gtaas using ML-RELATE

(Kalinowski et al., 2006), to determine the levegenealogical similarities within
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the group via a maximum likelihood approach thatexis for the presence of null

alleles.

2.4 Results

2.4.1 Broodstock contribution

Parentage assignment rates were 94% (95% confideteceal) for spawn A
and ranged from 98% to 99% for spawn B. Broodstmkribution levels were
skewed for both dams and sires over the two nighspawning (Fig. 2.1 and 2.2)
and an equal contribution (uniformity) from all BBodstock would have resulted in
each dam and sire contributing to the productio8.8% and 4.8% of offspring
respectively. Dam 04 was the highest contributiam to spawns A and B at 1 dph,
assigned as the most likely parent of 48% and 3D%udph larvae respectively (Fig.
2.1a). The highest contributing sires at 1 dphrevegre 03 (15%) to spawn A and
sire 04 (16%) to spawn B (Fig. 2.2a). There wasignificant difference in the level
of broodstock contribution between spawns A and Bdph (dam® = 0.222; sires
P =0.242). Similarly, there was no significant difénce between the sampling
events at 1 and 90 dph from spawn B for sikRes 0.117), although there was a
significant difference between the contributionslais between 1 and 90 dfh<g
0.05), and also 18 and 90 dgh< 0.05). Of the two dams that were not injected
with LHRHa (dams 06 and 10, which were found talams from parentage
analysis), only dam 06 was observed in the offgphiom spawns A and B, although
only a minor contribution was detected (< 3%) asralésampling events from this
individual (Fig. 2.1). Dams 10 and 11 were noedetd at any stage in the offspring
and were considered as not participating in thevepay event over two nights.

Besides dams 10 and 11, only sire 18 was undetbgt®@ dph (Fig. 2.2b).
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Small, medium and large size grades from spawn B

By monitoring the offspring population from spawrttiBoughout multiple size
grading events up to 90 dph, it was possible toftesany impact of size grading on
the contribution of broodstock to each of the gjmdes. Broodstock contribution
levels to size grades were skewed and significdiierences in the level of
contribution were detected between some of thegi@ées for both dams and sires
(Fig. 2.3 and 2.4). At 18 dph, broodstock conttithu levels were significantly
different between the small and medium size grédasisP < 0.01; sire < 0.05),
and also between the medium and large groups fos@a< 0.01). At 90 dph, a
significant difference was detected between thdlsand large size grades (dams
and sired? < 0.01), and also between the medium and largepgr¢dams < 0.01;
siresP < 0.05). The highest contributing dam at 18 a@digh was dam 08 (Fig.
2.1b), which was also a major contributor to ttze girades, ranging from 20% to
44% (Fig. 2.3). Sires 03 and 13 were the greatadtibutors at 18 and 90 dph
respectively (Fig. 2.2b), and were also the mapmtigbutors to each of the size
grades, ranging from 10% to 20% (Fig. 2.4). Inegah broodstock found to have a
higher participation rate in the spawning eventsyided relatively even
contribution levels across the alternate size gradbereas broodstock with lower
participation rates had more uneven contributiamess the size grades. Following
grading at 18 dph, the small size grade represet@edof the remaining population,
whilst the medium and large size grades represetrigdand 3% of the population
respectively (see Appendix 2A). After grading &tdph (broodstock contribution
not determined), the small, medium and large siades were allocated 41%, 53%
and 6% of the remaining population respectivelyl by 90 dph, the small, medium

and large size grades were distributed 24%, 62%d dA6lrespectively.
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2.4.2 The production of half and full-sibling families

From a total of 10 dams (two dams were undetectrd)21 sires, the
maximum number of full-siblingHS) families detected was 103 at 18 dph from
spawn B (= 472, Table 2.1). The total number 8 families detected was
dependant on sample size, as there was a condil@rakease in the number BS
families at 18 dph when compared to 1 dph followg decrease at 90 dph, which
was due to the quantity of samples collected @il 78 familien = 274, at 18 dph
103 familiesn = 472, at 90 dph 77 families= 276). As a result, the numberks
families detected per 100 offspring sampleSr{,) was calculated at 1, 18 and 90
dph, as 28, 22 and 28, respectively. All 21 sivese detected as parents to the
paternal half-sibs at 1 and 18 dph for spawn BJsthi maximum of 10 dams were

identified as parents of the maternal half-sibsqagnoffspring tested at 90 dph).

2.4.3 Genetic diversity

A total of 73 allelesk) were recorded from the broodstock across 17
polymorphic microsatellite markers, ranging fronotte eight alleles per locus and
at an average of 4.3 alleles per locus (Table ZIBjrteen private allelek{, an
allele detected in only one broodstock individwedye detected arigd, contributed
to 18% of the total number of alleles identifiedlve broodstock. The broodstock
population conformed to Hardy-Weinberg equilibrigiftWE) over all loci, although
there was a significant departure from zeroHgwralues at two locit.cal54 and
Lca287 P < 0.05), following sequential Bonferroni correcti(Rice, 1988). Overall
average relatedness was relatively low acrossribedbtock groupr(= 0.08,
maximum likelihood approach) at 95% confidenceridts, relatedness ranged from

0 — 0.35 for unrelated individuals, 0.09 — 0.38Half-sibs, 0.30 — 0.82 for full-sibs
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and 0.44 — 0.62 for parent offspring relationshipshigh percentage of the parent
pair combinations were estimated as having an ataelrelationship (83%),
followed by half-sib (11%), full-sib (4%) and patesifspring (2%). Deviations
from HWE and the presence of null alleles wereaetkin the offspring groups; at
loci Lca287 P < 0.001) for all sampling eventisca371 (spawn A at 1 dpR < 0.01;

spawn B at 1 dpR < 0.05) and_cal78 (spawn B at 1 dph < 0.05).

Broodstock and 1 dph offspring from both spawns A and B

A loss in the number of alleles was detected wienparing 1 dph offspring
to broodstock over the two nights of spawning. hEgleles were undetected in the
progeny from spawn A (Table 2.3), seven of thosegoprivate alleles detected in
the broodstock, whilst six alleles were similartydetected in the offspring from
spawn B, which were all private alleles in the listock. A 15% and 11% reduction
in allelic richnessAy) from parent to offspring was detected at 1 dptimfspawn A
and B respectively, however, there was no significlifference in the level of
between broodstock and offspring at 1 dph (spawh A0.193 and spawn B, =
0.339). Over both spawning nights, expected heygasity H.) was lower in the
offspring at 1 dph when compared to the broodspmgulation but there was no
significant difference between the broodstock dffisboing for He or Fis (Mann-
Whitney tests). The number of broodstock thatatiffely contributed ) to the
spawn as detected at 1 dph was 10.1 for spawn A2udfor spawn B, from a
broodstock census sizHJ of 33. From the estimates N, the rate of inbreeding
(AF) was calculated at 5% and 3.7% for spawn A anddpectively at 1 dph, and

theNe/ N, ratio ranged from 0.31 to 0.46.
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Spawn B offspring 1 dph, 18 dph and 90 dph

Due to sampling error, the frequency of allelesvaer from spawn B
fluctuated from 1 to 90 dph, although there waspparent loss of alleles by the
final sample collection (Table 2.3). By 90 dple ttumber of alleles including those
deemed private in the broodstock actually increageeh compared to 1 dph and no
loss of genetic diversity was recorded when conmgaoiffspring across 1, 18 and 90
dph, as measured by the non significant assocgtibHe, A andFis (Mann-
Whitney tests).AverageFis was significantly different from zero in the offspg at
both 18 and 90 dphP(< 0.05), except in the medium size grade at 18(Bph0.29).
Deviations from HWE were detected at lo¢us287 P < 0.001), for each size

grade sampled at 18 dph (excluding the large saéej and 90dph.

Fate of rare alleles among the offspring

In total, five out of 13 alleles that were detecasdorivate in the broodstock
(allele 113 at locukca098; alleles 202 and 207 at lodusal78; alleles 204 and 221
at locusL.ca287) were not observed at any stage in the offg@ind could be
considered lost to the cohort (Appendix 2B). Thiesealleles were also not
detected in the offspring population at 1 dph & plooled egg and larvae samples.
One of the private alleles belonged to sire 20ctvhvas a very low contributor (<
2%) across both spawn A and B (Fig. 2.2). The mrem@ four private alleles
belonged to dams 10 and 11 but neither dam comédoo the spawning events (Fig.
2.1). On the other hand, a high contributor suecdam 04 contributed as much as
30% to spawn B but only one private allele was ol for this individual (117 at
Lcab4), which had an allele frequency ranging fron80.6 0.132 among the

offspring (Appendix 2B). In total, eight privatedes were detected in broodstock
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that were low contributors to offspring at 1 dphl(2%) and allele frequencies in the

offspring for these eight alleles were no highantld.029.

2.5 Discussion

Broodstock contributions were skewed, althoughetvesis a high participation
rate of broodstock in the spawning events, whishilted in a high number of full-
sibling families. Individual broodstock contribomi reached 48% and some
significant differences in contribution levels betmn the size grades were detected.
Unequal parental contribution and in some casequalesample size and sampling
error, may have attributed to these results. Sagmit differences between parental
contributions to the different size grades mightrizkcative of genetic or parental
effects on early growth rate, as has been detéctetther fish species such as
European sea bass (Saillant et al., 2001). Canititis of up to 77% (Frost et al.,
2006) and 98% (Wang et al., 2008) have been repéotandividual barramundi
broodstock under other mass spawning runs. Heakéywed broodstock
contribution levels have also been reported foeothass spawning aquaculture
species (e.g. common sofplea sole®@lonk et al., 2009; gilthead seabreg®parus
aurataChavanne et al., 2012; Japanese flourféi@ralichthys olivaceuSekino et
al., 2003). For final gonad maturation and to poterthe release of gametes for
artificial spawning, the application of LHRHa wast eneficial for all dams. Dam
06 was not injected with LHRHa but in some casesantribution level was greater
than other dams within the broodstock group thdtleen injected, and despite dam
11 being injected with LHRHa it was not detecteaastributing to either spawn A
or B. No sires were injected with LHRHa, howewhrs did not impact on the

participation rate of sires, as all were detectedamtributing to the spawning events.
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Unequal parental contributions did cause a redacticghe number of alleles
from broodstock to offspring at 1 dph, althoughfuxther associated loss of genetic
variation was detected from 1 to 90 dph due totpugtdarval mortalities throughout
the period of metamorphosis, or from the effectsiné grading, culling or the
removal of juveniles for sales. Avera@eranged from 3.33 — 3.55 in the offspring,
whereadA, was estimated at 3.94 in the broodstock groupbs&guent sampling at
90 dph (spawn B) showed a slightly higher averdgehen compared to 1 dph
offspring, although the result was not significéPt= 0.876).

The effective number of broodstock contributindghe next generatiorNg)
ranged from 10.1 — 16.7 for the two spawning evédis 33), so thanF ranged
from 3 — 5%. The range of inbreeding values fareexled the generally
recommended average of 0.5% for a population uadaptive breeding program
(Sonesson et al., 2005). If mass spawning webe tased for selective breeding of
barramundi, careful consideration would need tgilsen to the relatedness of
possible mate pairs in each spawning tank. Féame®, using a cost-factor on
inbreeding (see Brisbane and Gibson, 1995; WrayGodtard, 1994) and including
additional broodstock groups of diverse ancestouylal assist in limiting the level of
inbreeding. Additional synchronous mass spawndavalso need to be performed
to boost family numbers. In other mass spawniregigs, variance in reproductive
success among dams can differ greatly from thangmsaes (Gold et al., 2008;
Gold et al., 2010), although little difference wietected in this study and therefore
this factor would have little influence on the aaléeffective population size in this
case.

The differences in broodstock contribution achiewethis barramundi mass

spawn compared to previous experiments by othéossi{Frost et al., 2006; Wang
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et al., 2008), could be attributed to either défezes in the nutritional conditioning
and reproductive readiness of animals prior to sjagy the tank facilities used, the
number of broodstock injected with LHRHa and theadge, or the size of the
spawning group. Complex behavioural cues maylaks® to the stimulation of
animals in the tank and could affect the successeo§pawn. Another possibility is
that the large number of broodstock used for thesnspawn in our study (compared
to the smaller broodstock group sizes traditionaigd within the industry), may
have resulted in a greater and more even stimualafiche broodstock present. This
could have resulted in more animals contributintheospawning events and
spawning occurring over a shorter time frame dueagh night, than was the case
for other studies. Ultimately, to gain greatertrtohover the production of family
sizes and equalise broodstock contribution to the generation of offspring,
techniques for the collection of milt together wittyopreservation and the strip
spawning of eggs should be investigated.

Reports of strip spawning are limited for barramyatthough the techniques
have been developed (Leung, 1987; Palmer et &3)1&nd utilised successfully
under some situations e.g. milt collected from spating wild stock (Palmer et al.,
1993). Cryopreservation of sperm along with ssppwning of both males and
females would be beneficial, as it would allow fighter control over inbreeding and
could eliminate the need for DNA testing. It masoaovercome the main problem
caused by protandry in barramundi, enabling thecsiein of broodstock candidates
from the same generation to be mated. All barratnare born as males, later
changing to females at approximately 3 — 4 yeaemefin captivity, although the
time of sexual inversion appears to be highly \@egdMacbeth et al., 2002).

Selective breeding programs for barramundi uti§strip spawning and
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cryopreservation have been modelled and the udeesé techniques would result in
higher long-term benefit-cost ratios, comparedgiog mass spawning (Macbeth and
Palmer, 2011; Robinson et al., 2010).

By pooling eggs and larvae, and DNA extracting astah, we were able to
detect less frequent contributions to the spawasrtfay have otherwise been missed
due to sampling error. Broodstock private alléhed were missing in the individual
genotypes also went undetected in the pools, itidgéhat not all broodstock alleles
were transferred to the offspring. Overall, the edectropherogram patterns from
the pooled genotypes helped to distinguish lowrdmmtors from non-contributors,
although under the correction method for stuttenyredleles were eliminated from
the pools. Relative allele frequencies were nttneded from the pooled genotypes
and subsequent correction for differential alletgoéfication proved difficult,
because particular eggs or larvae may contribute dIA to the pool than other
individuals. There might be some cost benefifmibled genotypes alone could be
used to study the relative level of broodstock dbation and levels of genetic
diversity (Skalski et al., 2006).

The ideal situation for a genetic improvement paogis to have all
broodstock contributing as evenly as possiblehabfewer offspring need to be
reared, measured and genotyped. The pattern ofiimck contribution has been
shown to have a large impact on the cost of thectiee breeding program proposed
for barramundi (Robinson et al., 2010). Stochastiwulation of breeding programs
using mass selection, have indicated that more3Bgmairs of breeders and 30 — 50
progeny per parent pair need to be tested if irdingeis to be limited to
approximately 1% per generation, and to achievsaaanable response to selection

(Bentsen and Olesen, 2002). If parental contraouis reasonably even from a large
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broodstock group, a random selection of offspriogf each year’s cohort would
yield animals from many different and relativelyeely represented families for
testing. Of course, some families will be poodypiresented and therefore it would
be necessary to use a higher number of broodstockttin adequate numbers of
breeding pairs with sufficient numbers of progeikiowever, with mass spawning a
factorial mating pattern is achieved (each femapeaducing with many males and
each male reproducing with many females), so thtt tmaternal and paternal half-
sibs are produced. This is advantageous to atseldreeding program, as it allows
minimisation of possible confounding between additjenetic, maternal and
paternal effects (Gjerde, 2005). For a given nunobspawning tanks under a
balanced factorial mating design, less broodsteckl® tested than for nested
mating or single pair mating designs. For the nsgssvning of barramundi in this
study, the main limitation was not the number ahgping tanks required but the
total costs of DNA testing and this is influencedthe evenness of broodstock
contribution to the spawn. For instance, if 10ssafe mass spawning’s were carried
out, each under identical conditions to the trEwen in this study and if we aimed to
continue DNA testing until we found 30 progeny fr&t separate pairs of breeders
(as recommended by Bentsen and Olesen, 2002)frtbrarour data we would have
needed to DNA test approximately 1500 offspringpass spawn. There are
various strategies that could be adopted to rethisenumber, such as performing
more DNA tests from the tanks where the broodstmekribution is found to be
more even, however DNA testing will still be a sfgrant cost to the breeding

program under a mass spawning situation.
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2.6 Conclusion

In summary, a large number of half and full-siblfagilies could be produced
for selective breeding from a mass spawn invold8darramundi broodstock, of
which 31 were detected as contributing to the oiifgp In addition, by combining
offspring batches from multiple broodstock groupg, number of families detected
could be increased. Due to unequal contributiahl@gh variance in family sizes,
there was an initial loss of allelic richness frparent to offspring at 1 dph but there
was no further reduction of genetic variation dusize grading, or through the
removal of offspring by either size culling, thdesaf juveniles or general
mortalities. Broodstock contribution was also &até across the two nights of
spawning, resulting in some differences in the doatipn of parent pair crosses
between spawn A and B. Therefore, we recommendtaromg parental
contribution over multiple spawning nights, synatising spawning in multiple
tanks, and using more than 30 broodfish per spaywiaup, in order to maximise

the transfer of genetic variation to the next gatien of broodstock candidates.
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Table 2.1 Number of full-sibling familie§§), the number oFS families detected
per 100 offspring sample&$n.), maternal half-siblingMhs) and paternal half-

sibling (Phg families detected across the first (spawn A) se&xcbnd night (spawn B)

of spawning

FS FSne Mhs Phs

Spawn A
1dph 59 32 7 19

Spawn B
1dph 78 28 9 21
18dph Total 103 22 9 21
Small 74 36 8 19
Medium 64 41 6 20
Large 47 44 6 20
90dph Total 77 28 10 20
Small a7 51 9 17
Medium 47 51 9 18
Large 42 46 8 17
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Table 2.2 Genetic diversity estimates for 33 batock; sample sizé\j, number of
alleles k)% number of private allelesd)® allelic richnessA;), observedHl,) and

expectedHle) heterozygosities, and the inbreeding coeffic{€q)

Locus N k Ka A Ho He Fis

LcaM03 33 2 - 2.00 0.273 0.282 0.034
LcaMO08 33 3 1 2.55 0.152 0.144 -0.053
LcaM16 33 6 3 4.70 0.364 0.348 -0.046
LcaM20 33 4 1 3.57 0.455 0.403 -0.129
LcaM21 33 5 - 4.81 0.758 0.682 -0.113
LcaM40 33 3 - 3.00 0.515 0.664 0.227
Lcab7 33 4 - 3.93 0.636 0.611 -0.042
Lca58 33 7 1 6.49 0.727 0.761 0.045
Lca64 33 8 1 7.57 0.909 0.859 -0.059
Lca69 33 3 - 2.82 0.394 0.418 0.058
Lca70 33 4 - 3.75 0.576 0.569 -0.012
Lca74 33 3 - 2.99 0.364 0.319 -0.143
Lca98 33 4 1 3.82 0.333 0.428 0.225
Lcalb54 33 4 - 3.82 0.697 0.545 -0.285
Lcal78 33 4 2 3.40 0.485 0.49 0.011
Lca287 33 7 3 573 0.545 0.697 0.220
Lca371 33 2 - 2.00 0.576 0.441 -0.313
Total 73 13 3.94 0.515 0.509 -0.022

®*Totals atk andk, are counts, whilst the remaining totals are awesag
"AverageF;s values significantly different from zero at th@®level, following

sequential Bonferroni correction for simultaneaests (Rice, 1988) from 17 classes.
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Table 2.3 Measures of genetic diversity; Same §Nc), number of allelesk],

number of private alleleky), average observe#i{) and expectede)

heterozygosities, allelic richnes& ), average inbreeding coefficieftd), effective

population sizeN), rate of inbreedingAF) andN¢/N. ratio. Spawns A and B

represent the first and second night of spawnisgeaetively

N k ke Ho He A Fis Ne AF NN,
Broodstock 33 73 13 0.515 0.509 3.94 -0.022 - - -
Spawn A
1dph 182 65 6 0.475 0.488 3.33 0.028 10.1 0.050 0.31
Spawn B
1dph 274 67 7 0500 0.493 352 -0.013 13.5 0.037 0.46
18dph Total 472 68 8 0.518 0.501 3.48 -0.04114.8 0.034 0.45
Small 208 67 7 0514 0.494 3.49 -0.04816.7 0.030 0.51
Medium 158 67 7 0502 0.498 345 -0.007 13.4 0.030.41
Large 106 66 6 0552 0512 3.48 -0.08711.6 0.043 0.35
90dph Total 276 68 8 0.531 0.498 3.54 -0.07114.8 0.034 0.45
Small 92 66 7 0.518 0.497 353 -0.04914.6 0.034 0.44
Medium 92 67 7 0531 0.495 355 -0.08815.3 0.033 0.46
Large 92 67 7 0.546 0.499 355 -0.08012.7 0.039 0.38

"AverageF;s values significantly different from zero at th@®level, following

sequential Bonferroni correction for simultaneaests (Rice, 1988) from 17 classes.
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Figure 2.1 Dam contribution to offspring from spav and B at 1 dph (a), and from
spawn B over three sampling events; 1, 18 and @Qlolp Numbers in superscript

indicate the number of private alleles detectedtierspecified dam.
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Figure 2.2 Sire contribution to offspring from spaA and B at 1 dph (a), and from
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indicate the number of private alleles detectedHerspecified sire.
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private alleles detected for the specified dam.
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3  Genetic diversity and relatedness estimates for ctpe
barramundi (Lates calcarifer) broodstock populations,
informs efforts to form a base population for seletive

breeding

In review, journalAquaculture

70



Chapter 3

3.1 Abstract

Aquaculture of barramundi or Asian seabasgds calcarife) is growing in
both Australia and Southeast Asia and there istanbal interest to improve
production efficiency through selective breedifithe establishment of a large and
genetically diverse base population is a preretgufer a sustainable and long-term
productive breeding program. Accordingly, befoskestive breeding programs can
begin for Australian barramundi it is importantassess the genetic diversity of
current captive broodstock populations. To addifeissquestion, 407 captive
barramundi broodstock from eight separate Austidi@cheries were genotyped
using 17 polymorphic microsatellite DNA markers.BAyesian structure analysis
indicated that captive Australian broodstock aably divided into two genetic
stocks. Multivariate analysis (discriminant anaysf principal components, DAPC)
between individuals and pairwise ;between the hatcheries also supported the
distinction for two stocks and suggested that rericindividuals were either sourced
from the two stocks or represented an admixturevdoeh them. Genetic diversity
was low within each broodstock group (allelic rielsa ranged from 2.67 to 3.42 and
heterozygosity ranged from 0.453 to 0.537). Rdiass estimates within hatcheries
were generally low and ranged from -0.003 to 0.2W8 recommend selecting
captive individuals according to high levels okt richness and low levels of
relatedness for the base selective breeding populdtowever, we also recommend

the inclusion of genetically diverse wild individsa
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3.2 Introduction

The long-term success of closed selective breguliograms is contingent on
the extent of genetic variation captured in theslfaspulation. A mating design that
limits the rate of inbreeding\f) and the loss of genetic diversity over subsequent
generations can help to achieve this (Gjerde, 20B5)ad genetic diversity is
desired as it leads to increased genetic divepgitygeneration, enables greater
ability of the selected stock to adapt to new angjing conditions and/or greater
ability to select for new traits of importance. ef$uccessful production of some
aquaculture species can be partly attributed tovide range of genetic variation
captured in the base population at the commenceofi¢né¢ selective breeding
program (e.g. Nile Tilapi®reochromis niloticusEknath et al., 2007; Atlantic
salmonSalmo salarGjedrem et al., 1991). Typically, a loss of gendiversity
occurs in all closed populations through genetiit dnd this loss is increased with
each generation of breeding if the geneticallyaife population sizeNg) is low
(Frankham et al., 2002) and if the breeding ofeladatives is not avoided.
Inbreeding is known to lead to depression of fisnesfish (Wang et al., 2002) due to
exposure of deleterious recessive genes and #lsarreduce the potential for
achieving genetic gain. Breeding programs witleoutdequate base population
and/or with poorly managed “selective breeding”éLil., 2004; Schwartz and
Beheregaray, 2008), could therefore result in agon in fithess and require
regular supplementation with new animals to limtireeding depression of fithess
and control the loss of genetic variation to acaklat levels.

Inbreeding depression has been well documenteshiatl base populations
(see Wang et al., 2002 for a review) including bbain trout Oncorhynchus mykigs

where a moderate impact on inbreeding depressidnofty weight at harvest ranged
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from -1.6 to -4.5% per 10% unit increase in the k@dtinbreedingAF) (Pante et al.,
2001). Limiting inbreeding becomes more difficwith successive generations of
selective breeding, although it is generally acegphat a\. greater than 100
resulting inAF less than 0.5% is sufficient each generation todaserious problems
in captive populations (Fjalestad, 2005; Sonessah,e2005). Minimising the
coancestry between individuals in the base popuiatnd during early generations
after the breeding population is closed to newuigzigives the breeder the ability to
make higher genetic gain per rate of inbreedirguinsequent generations.
Therefore, it is important to select unrelated istahtly related stock containing high
genetic diversity to found the base populatiorsilective breeding.

For most aquaculture species, genetically divemsiestructured wild stocks
exist that can be accessed as a source of foundatimals for a selective breeding
program. However, little research has been peddrio determine the best means
of capturing broad genetic variability and distimehess. When simulating the
development of a base population, Holtsmark g28l06, 2008a, 2008b)
demonstrated that the genetic variance and gegeiticcould be increased by
sampling fish from at least four genetically distisubpopulations. Simulations
have also demonstrated the benefits of utilisingege markers for selecting
candidates according to their contribution to tgehetic diversity for the
establishment of a base population and for the t@a@émce of diversity in
subsequent generations (Hayes et al., 2006).

By utilising molecular DNA markers such as micredl#ties the genetic
diversity and relatedness of broodstock candidzdesoe estimated prior to
selection. The relatedness or kinship betweewithgialsx andy (r,y) is a measure

of the fraction of alleles that are identical byscent (IBD) and a pair of individuals
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are deemed related if they share one or more sililefeerited from a common
ancestor. By selecting parents based,gnt is possible to limit the rate of
inbreeding (Doyle et al., 2001; Rodzen et al., 2@¥®kino et al., 2004), maintain
genetic variation within captive populations (Balland Lacy, 1995; Eding and
Meuwissen, 2001) and identify broodstock groupsiwiilar ancestries that have
produced offspring with reduced production efficgriPorta et al., 2006). Pairs of
individuals with a lower value af, compared to all other broodstock within a
breeding group should be given breeding prior&ylelic richness (i.e. the average
number of alleles per locus that takes into accdifférences in sample size) and
rare or private alleles are other informative measwf genetic diversity within a
population (Kalinowski, 2004; Loukovitis et al., 2ZZ). Together with relatedness,
the genetic diversity of source populations shd@donsidered when selecting
candidates for a breeding program.

Asian seabasd étes calcarife), also known as Barramundi in Australia has
potential as a candidate species for genetic ingmmant, as its production in
aquaculture is growing (ABARES, 2011), it demonstsehigh fecundity (Palmer et
al., 1993) and moderate heritability for economycahluable traits such as growth
rate (Wang et al., 2008; Domingos et al., 2013rr&mnundi readily spawn in
captive culture and naturally breed in groups (nsgssvn) providing the opportunity
for creating numerous parent pair families. Thesrepawning nature of this species
means that there is little control over the conititn of individual broodstock to a
particular spawning event (Frost et al., 2006; Weaial., 2008; Loughnan et al.,
2013) and\ is therefore typically much less than the cenazes(l;). As a result, a
substantial number of unrelated broodstock areimedjtio controAF and to provide

aNe> 100. Genetic markers that could be used to tte@edigree of offspring
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produced by mass spawning have already been dedefopbarramundi (Yue et al.,
2001; 2002; Sim and Othman, 2005; Zhu et al., 20P6@&6b; Wang et al., 2007;
Zhu et al., 2008).

Reviews of genetic diversity and structure on lwild and captive
barramundi populations have been conducted in #ia-Racific region and the
results applied to the development of a selectreediing program (Zhu et al., 2006a;
Yue et al., 2002; 2009). The genetic diversitywmitAustralian captive stocks is yet
to be assessed and the application of such infwmtd establishing base
populations for selective breeding has not beeestigated. To address these issues,
17 microsatellite DNA markers were utilised to gempe barramundi broodstock
from eight major Australian commercial hatcheri€enetic diversity and
relatedness estimates were investigated within bemddstock group and the results
are discussed with regard to broodstock manageamehthe development of a base

population for selective breeding using existings#alian broodstock.

3.3 Materials and methods

3.3.1 Sampling, DNA extraction and genotyping

Barramundi broodstock sampléé; (= 407) were collected from eight
commercial Australian hatcheries; one each in Wedastralia (WA,N; = 48) and
the Northern Territory (NTIN. = 71), and six in Queensland (QLIN, = 58; QLD2,

N = 14; QLD3,N; = 111; QLD4 N, = 80; QLD5,N, = 9; QLD6,N, = 16). Within
each hatchery, all broodstock made accessible saanpled regardless of whether
they were under current use, were listed as babkagpdstock, or had not yet
reached sexual maturity. At the time of samplimgré were 136 females, 180 males

and 91 fish of unknown sex. Relatively few of Hreodstock under current use
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were reportedly wild caught individuals (51 anddividuals from the NT and

QLD4 groups respectively). The remaining broodsteere listed as captive bred
fish following one or more generations of breedisgne acquired from or
exchanged between hatcheries. The samplel8ize407) was a high representation
of the barramundi broodstock present in the Austnahdustry at the time of this
study.

All broodstock were sedated in a saltwater bathiaomg 40 ppm AQUI-S
(Aquatic Diagnostic Services International) andreab segment of caudal ficd 1
cn) was removed and preserved in either 80% etharMSO-salt solution (20%
DMSO, 0.25 M disodium-EDTA and NacCl to saturatidmpB 8) (Seutin et al.,
1991). Passive integrated transponder (PIT) tagéinted in each individual were
scanned to provide unique identification. Whilkstiated, broodstock were
cannulated with a 2.16 mm outside diameter (OD)etat tube and the sex
confirmed via observation of eggs or sperm undaicaoscope. Broodstock were
then recovered from anaesthesia and placed baxkheir holding tanks as per
standard industry practice.

Methods of DNA extraction were described in Lougheaal. (2013)
following the CTAB (cetyl trimethylammonium bromigprotocol described by
Adamkewicz and Harasewych (1996). As for Loughetal. (2013), the same 17
microsatellite markers were amplified in two mukip reactions using the
polymerase chain reaction (PCR) procedures desttitrein. Multiplex one
included marker&caM03(Yue et al., 2001),.caM16 LcaM40(Yue et al., 2002),
Lca57(Zhu et al., 2006a},cal54 Lcal78(Zhu et al., 2006h).ca287andLca371
(Wang et al., 2007). Multiplex two includédaM08 LcaM20, LcaM21(Yue et al.,

2002),Lca58 Lca64 Lca69, Lca70, Lca7dndLca98(Zhu et al., 2006a).
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Genotyping was performed on a MegaBATED00 DNA Analysis System (GE
Healthcare) and MegaBACEsoftware Fragment Profil@was used for fragment

analysis.
3.3.2 Population analysis

To test for the presence of null alleles, largelaldropout and scoring errors
MICRO-CHECKER 2.2.3 was utilised (van Oosterhoualet2004), applying 95%
confidence intervals for Monte Carlo simulatioméull alleles were not accounted
for when scoring genotypes. Following this, therage numbers of allele8)( plus
the expectedH,) and observed,) heterozygosities were estimated in GENALEX
6.5 (Peakall and Smouse, 2012). Allelic richnégsdnd private allelic richness
(PA) were estimated in HP-RARE 1.1 (Kalinowski, 2005drporating a
rarefaction approach for a minimum of 14 genesspemple (7 diploid individuals).
The inbreeding coefficient(;) and associated significance tests were calculated
FSTAT 2.9.3.2 (Goudet, 2002) using the Weir andkédtam (1984) method
followed by Bonferroni correction for multiple compsons (Rice, 1988). Tests for
Hardy-Weinberg Equilibrium (HWE) and linkage disdipium (LD) were
calculated in GENEPOP 4.1 (Rousset, 2008) andfgignce also determined with
sequential Bonferroni correction. Exdevalues under the Markov chain method
were implemented with a dememorization step of A@followed by 20 batches
(100 batches for LD) of 5000 iterations per batklnuskal-Wallis tests were
performed in IBM SPSS 20.0 for assessing whethewdstock groups differed

statistically for three measures of genetic divgrg\, PA andHe.
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BOTTLENECK 1.2.02 (Cornuet and Luikart, 1996; Patyal., 1999) was
utilised to check for signatures of recently reduidewithin each broodstock group.
Genetic bottlenecks have been detected in othéivesgquaculture populations,
such as largemouth baddi¢ropterus salmoidesBai et al., 2008) and gilthead sea
bream Eparus auratalLoukovitis et al., 2012). The stepwise mutatiodel
(SMM) and the two-phase model (TPM) were seleated®TTLENECK and run
for 1000 iterations as recommended for microségedlpplications (Luikart and
Cornuet, 1998). The variance for TPM was set ar@Dthe proportion of SMM in
TPM was 70%. The mode-shift option was also agdiieobserve the distribution
of allele frequencies (Luikart et al., 1998). Adeeshift is often found in
populations that have experienced a recent botilenBue to the relatively small
number of markers available for bottleneck anal{si20) the more appropriate
Wilcoxon'’s test was applied to the data (Piry et E999).

Population structure was assessed across the 47ahan captive
broodstock to determine the number of genetic stoegresented across the industry
and to aid in selecting candidates for a base pdipulin a selective breeding
program. A range of methods were utilised in thalysis of population structure.
Firstly, the Bayesian method of individual clustgriapplied in STRUCTURE 2.3.3
was used (Pritchard et al., 2000) and accessée &idportal computing resource
(https:www.bioportal.uio.no/; Kumar et al., 2009jhe most probable individuals
were assigned togroups with and without the use of sample locatisma prior
reference (‘locprior’), a protocol designed to asseeak population structure.
Admixture and correlated allele frequencies wengiad for both models (Falush et
al., 2003). Twenty replicate runs at e&qli — 8) were performed (Gilbert et al.,

2012). A burnin length of 100,000 iterations @meé million MCMC repetitions
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were applied for each run. Thevalue threshold for assignment was > 0.90 to a
single cluster and < 0.90 for the detection of adume. STRUCTURE
HARVESTER (Earl and vanHoldt, 2012) was used t@ssshe most likely number
of genetic groupsk] represented in the dataset (Evanno et al., 200B¢. admixture
proportions of each individual over the 20 replesatvere averaged for the blest
using CLUMPP 1.1.2 (Jakobsson and Rosenberg, 204¥barplots were designed
in DISTRUCT 1.1 (Rosenberg, 2004).

The second method for the detection of populatinrctire between captive
broodstock used discriminant analysis of princgahponents (DAPC). DAPC
assigns individual genotypes to predefined growgisgua multivariate method
(Jombart et al., 2010). R 3.0.1 programming laggu@& core team, 2013) utilised
the R package adegenet (Jombart, 2008) for thelaéiten of DAPC. A neighbour-
joining tree was constructed in MEGA 5.0 (Tamuralet2011) from Nei's (1978)
standard genetic distance (calculated in SPAGeBidiiet al., 2002). Finally,
pairwiseFs; (Weir and Cockerham, 1984) and associ&edlues were estimated in

GENALEX 6.5 and incorporated 999 permutations (R#and Smouse, 2012).
3.3.3 Relatedness estimates

The software COANCESTRY 1.0.1.2 (Wang, 2011) wésseatl to estimate
relatednessr{y) between each dyad (i.e. broodstock pairs) wiglaich of the eight
broodstock groups. The program incorporates seslatedness and three inbreeding
estimators, to enable selection of the most apatgpestimator for the data set. The
best performing relatedness estimator dependseoddtaset of each study and more
specifically on the number of microsatellite maskand the levels of variation

detected (Van de Casteele et al., 2001; Wang,&@l1). The COANCESTRY
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software incorporates Monte Carlo simulations, \Wwhiere run with known allele
frequencies calculated from the observed genotiypasall eight hatcheries. True
relationship classifications, which provide specgenealogical relations were set at
ry = 0.5 for parent-offspring (PO) and full sibs (F&) = 0.25 for half sibs (HS) and
Iy = O for unrelated (U), simulating 1000 dyads facle relationship type and with
1000 bootstraps to calculate 95% confidence internvBollowing the simulation, the
best estimator that yielded a strong correlatidween the true and estimated values
was selected. This was the Queller and Goodnif#89) estimatorr(g), with a
correlation coefficient oR=0.79,P < 0.05 (Fig. 1). Ranging from -1 to 1, the
Queller and Goodnight (1989) relatedness estintesprobably been the most
widely chosen estimator for studies of kinship attbcaptive and wild populations
(see Blouin, 2003 for a review) and it was apptiethe empirical genotype dataset
in this study to calculatgy estimates between all possible dyads. One-wayYANO
incorporating Tukey’s post hoc tests were perforine@M SPSS 20.0 to test for

differences irro¢ between the broodstock groups.
3.4 Results

3.4.1 Genetic diversity and HWE

The average number of alleles per locds & andPA were highest in the
NT hatchery; with 5.6, 3.42 and 0.51, respecti@gble 1). This was the hatchery
with the greatest number of reportedly wild caugitodstock. The lowest value of
A was recorded for QLD6 (2.67) aRd\ was the lowest for QLD5 (0.03). Kruskal-
Wallis tests revealed no significant differencetewels ofA. (P = 0.84) oHe (P =
0.967) between the broodstock groups, howevere thvas a significant difference

between the groups f&A (P < 0.001). An indication of inbreeding was detedcte
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for the WA and QLD2 broodstock grougs( P < 0.05) and~ was significantly
different from zero for both. There were signifitaeviations from HWE estimates
at five loci P < 0.05);Lca070 in the NT broodstock group¢caM040 in the WA
group,Lca058 for QLD3 and WAL ca074 for QLD1 and at locusca287 deviations
from HWE were detected in most groups except QLband 6. MICRO-
CHECKER detected null alleles at six loccaM16for NT, LcaM040 and_ca058

for WA, Lca069 for QLD3,Lcal78 for QLD4 and.ca287 for NT, QLD1, QLDS,
QLD4 and WA. Exact tests for the non-random asgmsi of alleles at different loci
(linkage disequilibrium) revealed 46% of loci pgmesented significam values P

< 0.001), following sequential Bonferroni correcti(Rice, 1988). No bottleneck
signatures were detected for the SMM or TPM mutatimdels within each
broodstock group and the allele frequency distiivutests remained in a normal L-
shaped distribution (Luikart et al., 1998). Dueal&viations from HWE and the
presence of null alleles in the majority of bro@d&tgroups].ca287wasexcluded

from further analysis reducing the marker set tdobth
3.4.2 Population structure of captive broodstock groups

The neighbour-joining tree of Nei’'s standard gemdistance (Figure 2)
shows that broodstock from WA and NT was more djosddated than the QLD
broodstock groups. Similarly, QLD1 and QLD4 disgd closer similarity with
each other as did QLD3 and QLD6. The most gentidestinct QLD group was
QLD6 although this was on the same branch as QUid2(d D3. DAPC analysis
revealed two major populations (Fig. 3); one inalgdthe individuals sampled from
the QLD groups, whilst NT broodstock was locatethie second group with WA

individuals. TheFs; value across all eight hatcheries was 0.674 0.001) and a
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significant differencel < 0.05) was detected between most hatcheries esarep
some of the QLD groups (Table 2). A significarifetence was detected between
WA and NT broodstock group&4; = 0.061), although the strongest levels of
separation were identified between these two grampsthe six hatcheries from
QLD (Fsrranged from 0.078 — 0.169).

There was little difference in the STRUCTURE outpinien incorporating
either the ‘no locprior’ or ‘locprior’ models and a result the output from ‘no
locprior’ is presented. The most obvioMswas two as determined by the method of
Evanno et al. (2005) (Fig. 4). The barplot dem@tstg these two genetic clusters
(Figure 5) shows that the majority of WA and NT dulstock were allocated to stock
one, whilst the bulk of broodstock from the QLDdtwries represented stock two.
Upon observing the average population thresheldlues of the broodstock groups,
QLD1, 2, 3, 4 and 6 were allocated to stock tgye 0.90), whilst QLD5 was
predominantly assigned to stock one (Table 3). éi@w, 18 individuals were
allocated to stock one from the QLD3 broodstockugrand a level of admixture was
detected by values < 0.90 (stock one 0.17, stock two 0.83il&rly, the WA
broodstock group also hagvalues < 0.90 (stock one 0.74, stock two 0.23Wad
mostly assigned to stock one. No individuals wamixed within the WA
broodstock although 12 were assigned to stock e NT group was allocated to
stock one only. Admixture was detected betweertindividuals within five
broodstock groups, however, admixture only accalifde 2% of the total

individuals.

82



Chapter 3

3.4.3 Broodstock relatedness

Relatedness was estimated separately within eadu$stock group and the
average within group relatedness was 0.118 (FigTékg lowest level of relatedness
was recorded for QLDZ {; = -0.003 + 0.020 SE) and the highest for QLD €
0.273 £ 0.022 SE). These two broodstock groupsagoed small sample sizes (14
and 16 respectively) and showed relatedness valiiesarger standard errors than
broodstock groups with higher numbers of individual her o of QLD6 was

significantly higher P < 0.05) than every other group’s estimategf(Table 4).
3.5 Discussion

Overall, barramundi broodstock representing theivapreeding population
of the Australian industry contained genetic ditgrievels of A, = 3.15 andPA =
0.16, and a relatedness levergf = 0.118. There was evidence of at least two
genetic population group&4; = 0.071). In a study investigating both captine a
wild barramundi populations from the Asia-Pacifigion (Yue et al., 20098,
ranged from 3.57 — 4.80 for three captive Austrapapulations, 6.65 and 7.89 for
captive populations from Taiwan and Singapore retspay, andA, ranged from
7.60 — 8.50 for four wild populations from Southe@sia. When compared to this
study, genetic diversity levels were higher in blagramundi populations from the
Asia-Pacific region (Yue et al., 2009), althougly direct comparison of genetic
diversity between studies is difficult, due to di#nces in population size,
demographic history and the incorporation of aliéergenetic markers.

The results from this study provide a foundationdelecting a number of
individuals for inclusion into a selective breedpmggram. Preference should be

given to broodstock candidates whose addition wbolakst genetic diversity in the
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base population and which share low levels of eglla¢ss with other broodstock
chosen for the base population. The results ingliteat all eight hatcheries maintain
some broodfish that do not share recent commorsayde any other broodfish.

This suggests that it should be possible to selset of broodstock for the base
population sharing little to no recent common atrgesAn approach for selecting
mass spawning broodstock according to levels atedhess has been developed and
used by Doyle et al. (2001) and Sekino et al. (2004e approach aims to minimise
kinship (limit inbreeding) and maximise the consdion of rare alleles (maintain
genetic variation) when establishing the base djmul and also for each subsequent
generation of breeding. It is based on the refassl coefficient,, and known as the
mean kinship breeding strategyk), which was initially proposed by Ballou and
Lacy (1995) but incorporated pedigree data rathen telatedness values.

For some of the broodstock groups, relatednessi@ss may have been
biased due to the small number of samples takenlidffiedences in population size
between the hatcheries. The exchange of broodbieiekeen hatcheries and
subsequent low levels of representative genetierslity may have also contributed
to the results. QLD2 recorded the lowest estiratg; and higher levels ok and
PA when compared with many of the other broodstockigs, although the small
sample size of captive bred individuals whose egaatktic origins were uncleadd
= 14) may have contributed to the result. In casttrQLD6 individuals shared the
most recent common ancestry as indicated,pyand recorded low levels & and
PA. The sample size was smalk.(= 16) and hatchery records showed that all
broodstock sampled from QLD6 were captive brecnfhatchery records, the
majority of individuals within each broodstock gmpwere either sourced from the

same wild locality or were descendants from theesaaptive group.
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The population structure results suggested thatuhent captive individuals
had been derived from two distinct genetic soutoeks, which is supported by the
findings of wild barramundi population genetic sagl(Keenan, 1994; 2000;
Chenoweth et al., 1998a; 1998b; Doupe et al., 198&jilarly, the multivariate
analysis from the DAPC method also displayed twanrpapulations, supporting the
existence of at least two genetically distinct ksocThis finding can also help to
guide the choice of distantly related mates fougrspawning and help to maximise
levels of genetic variation. The two stocks musteénevolved in isolation for some
time for this genetic structure to exist and thereft is possible that these stocks
contain unique adaptive diversity, or divergedunltsa way that their performance
in aquaculture as pure bred or cross bred stotdrdif The performance of cross
bred stock needs to be evaluated to determin@sisdoreeding leads to a
deterioration of fitness. In the absence of thierimation we would recommend
avoiding cross breeding. The significant deviatdfrs from zero (deficiency of
heterozygotes) could be caused by a Wahlund e#fleete hatchery populations are
composed of animals sourced directly from two orergiscrete wild stocks (Hartl
and Clarke, 1997). When selecting broodstock chaids for a base population, it
would be beneficial to mate unrelated individuaithim each of the two stocks
identified in this study, to help increase averhgierozygosity and control the level
of inbreeding within the founding group.

Two per cent of all broodstock were identified dmaed stock (Table 3).
These could be animals that have been directlycedurom sites in the wild where
admixture naturally occurs or might be the restitrosses between the two wild
stocks that have occurred in captivity. Broodstalicated to the first genetic stock

(such as the individuals from NT) demonstratedhiigiest levels oA andPA,
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(3.42 and 0.51 respectively in NT). All but twabdstock groups contained at least
one individual from stock one and personal commatioas with hatchery managers
revealed that these individuals were either orityrsourced from a common wild
region, or in some cases there was an exchanggpbe bred broodstock between
hatcheries. This may have resulted in the didtiobuwf individuals from stock one,
although in order to enhance current genetic dityelesvels within the broodstock
groups, sourcing individuals that represent botthefstocks detected in this study is

recommended.

3.6 Conclusion

The eight barramundi hatcheries sampled for thidyssupply a large
proportion of the broodstock under production irs&kalia, and as a result the
reported levels of genetic diversity and relatednesre a thorough representation of
those existing in the industry at the time of santpl This study has focused on
captive barramundi stocks and discusses ways iohathese individuals could be
utilised to establish a genetically diverse ancelated base population for selective
breeding. Captive spawners can be more produtttave their wild counterparts and
display less stress due to adaptation to the aaptivironment (Gjedrem, 2000).
Many of the captive broodfish tested did not staamg recent common ancestry with
any other captive broodfish, therefore it wouldpossible to utilise existing captive
broodfish in a way that totally avoids inbreedingtlie initial generations of the
breeding program. However, to further maximiseelswf genetic diversity and
reduce long-term inbreeding rates, it is recommeritiat a mixture of both captive
bred and wild broodstock should be included inlthse population. The

introduction of wild individuals would increa$& and the genetic diversity of the
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base population. This would allow inbreeding tdibeted to lower levels and
provide a broader basis for future genetic improsein Further work to investigate
genetic diversity and structure among the widespredural populations across
northern Australia and to simulate different scergafor establishing the base
population, is needed so that efficient stratetpesapturing new genetic diversity
for barramundi selective breeding can be devised.

Population structure analysis detected that at teaswild genetic source
stocks are represented within the captive populatiorhe Australian industry has
access to natural populations of barramundi spgrtoastal and river systems from
Western Australia to central Queensland, and amditibroodstock could be sourced
from the most genetically diverse of these wild ydagions to boost the genetic
diversity of the founding base population. Therefae recommend that the
industry composes the base population using captdigiduals in a way that high
A; and lowmk is achieved and using wild individuals such treiation in the wild

genetic stocks is well represented.
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Table 3.1 Measures of genetic diversity for eitaytive barramundi broodstock
groups based on 16 microsatellite DNA markers: Afesustralia (WA), Northern
Territory (NT) and Queensland (QLD). Populatiores{\;), average number of
alleles A), mean observed() and expectedg) heterozygosities, mean allelic

richness &) and private allelic richnes®4\), and the average inbreeding coefficient

(FiS)

Hatchery N A Ho He A PA Fis
WA 48 4.2 0.469 0.497 3.18 0.19 0.069*
NT 71 56 0.503 0.509 342 051 0.020
QLD1 58 4.3 0.514 0.491 3.11 0.08 -0.038
QLD2 14 3.9 0.513 0537 3.35 0.23 0.082*
QLD3 111 55 0.506 0.506 3.23 0.10 0.005
QLD4 80 44 0.513 0.518 3.19 0.06 0.016
QLD5 9 32 0.532 0.482 3.04 0.03 -0.042
QLD6 16 3.1 0.475 0.453 2.67 0.06 -0.014
Averagé 407 4.3 0.503 0.499 3.15 0.16 0.012

* N, is the total count, whilst the remaining values averages.
" significant at the 0.05 level following Bonferrozorrection (Rice, 1988) from 16

classes.
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Table 3.2 Pairwis€s: values for eight captive barramundi groups. Sigant

values P < 0.05) are depicted in bold between groups falgwBonferroni

correction from 16 classes

WA NT QLD1 QLD2 QLD3 QLD4 QLD5
NT 0.061
QLD1 0.116  0.111
QLD2 0.081 0.082  0.036
QLD3 0.088 0.090  0.032 0.019
QLD4 0.101  0.095 0.011 0.006 0.035
QLD5 0.085 0.078  0.060 0.006 0.067 0.020
QLD6 0.151  0.169 0106 0.059  0.035 0.095  0.146

P values were obtained using 999 permutations ofl¢te.
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Table 3.3 Assignment values from eight barramimndodstock groups to stock one
or two (@ > 0.90), according to average admixture propostionSTRUCTURE.N,

is the population size of each broodstock groupthactolumn of admixture
represents individuals that recordgdalues < 0.90. The percentages of individuals

assigned to the three clusters are listed on ttiterhaow

Group N Stock one Stock two Admixture
WA 48 36 12 -
NT 71 67 - 4
QLD1 58 - 56 2
QLD2 14 1 13 -
QLD3 111 18 92 1
QLD4 80 3 75 2
QLD5 9 8 - 1
QLD6 16 - 16 -
Total 407 133 264 10

33% 65% 2%
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Table 3.4 Matrix of average relatedness estim@aggpsacross eight captive

barramundi broodstock groups, using the Queller@oddnight (1989) estimator.

Significant differencesR < 0.05) inrq between groups are depicted in bold

WA  NT QLD1 QLD2 QLD3 QLD4 QLD5 QLD6
WA  0.121
NT 0.051 0.143
QLD1 -0.062 -0.078 0.133
QLD2 -0.076 -0.092 0.012 -0.003
QLD3 -0.037 -0.063 0.053 0.010 0.089
QLD4 -0.076 -0.085 0.081 0.026 0.010 0.064
QLD5 -0.031 -0.030 0.019 0.044 -0.038 0.046 0.122
QLD6 -0.108 -0.166 0.007 0.015 0.117 -0.028 -0.120.273

91



Chapter 3

5 - -
g
s
§ 25 —
o]
o
kb
i
T T T T
HS PO FS U

Figure 3.1 Relatedness values based on the QaelleGoodnight (1989) estimator.
Mean values with error bars (SE) are displayedHerfollowing relationship
categories with true values represented by theedblies; HS, half-sibling (0.25);
PO, parent-offspring (0.5); FS, full-sibling (0.%); unrelated (0). 1000 dyads were

simulated for each category and the correlatioffficient wasR = 0.79.
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Figure 3.2 Unrooted Neighbour-joining tree of Iagenetic distance (1978) drawn

to scale for eight captive barramundi broodstodups.
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Figure 3.3 Scatterplots of the discriminant anialg$ principal components (DAPC)
for 407 individuals from eight. calcarifer broodstock groups. Dots represent
individual genotypes and colours represent broattigpopulations. The first two

principal components are represented by X and % sespectively.
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Figure 3.4 Delt& (AK) determined by the Evanno et al. (2005) methodavsigpthe
most probable number &fgroups k = 2) from eight captive barramundi broodstock

populations . = 407) following 20 replications in STRUCTURE.
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Figure 3.5 STRUCTURE barplot for eight captiverbarundi hatchery groupsi{ =
407). Inferred number of populatiorlg (vas equal to two; one represented in
yellow and the other in blue. Broodstock groupes saparated by a black line and

each bar represents one individual.
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Figure 3.6 Relatedness estimates for eight capaveamundi broodstock groups as
determined by the Queller and Goodnight (1989)estr. Plots represent mean

values of relatedness with error bars (SE).
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4  Assignment of captive barramundi (ates calcarifer)
broodstock to wild Australian stocks guides captivéase

population recruitment for selective breeding

To be submitted, journ@quaculture
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4.1 Abstract

Understanding levels of genetic diversity and eglaess within current captive
stocks of barramundi broodstock is important whesighing a base population for
selective breeding. However, the quality of fourstecks can be enhanced and
maintained by including wild stocks of geneticaliyerse individuals. Assignment
tests based on multilocus genotypes can potengdllyidate the wild genetic origins
of captive individuals and determine if wild stock® currently represented in
captive stocks. To investigate the wild sourcesxigting captive barramundi
broodstock, assignment tests incorporating 16 potpimic microsatellite markers
were used. Captive individuals from eight commedrbarramundi hatcherien €
407) were compared with a large wild sample= (1205) obtained from 48 locations
ranging from Broome in Western Australia (WA), @htbugh the Northern
Territory (NT), to the Mary River in Queensland (QL Two genetic stocks with
broad distributions were detected in the wild: eastern and one western Australian
stock and a central genetically admixed regiono@erll sampleBst = 0.076). The
majority of captive individuals were assigned te #astern stock (59%), followed by
the western (23%) and central admixed region (1381d,5% could not be assigned
to any wild stocks. Levels of genetic diversityrevslightly lower in captive groups
(average allelic richnegs = 3.15) compared to wild populations (average
3.40). For the western stock, the highest levethversity were detected at Swift
Bay in WA (A, = 3.64), whereas diversity was higher in the ArdRizer in QLD @
= 3.82) for the central admixed region and in thedgkin River in QLD for the
eastern stock’; = 3.46). Upon developing a base population ferghlective
breeding of barramundi, wild locations demonstatiigh levels of genetic diversity

identified in this study should be accessed toayathoodstock candidates. Ideally,
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an even number of broodstock should be sourced éach of the two wild genetic
stocks and central region of admixture, to lowerldvel of relatedness between
individuals and to gather a broad range of gertitiersity for the founding captive

population.

4.2 Introduction

The aim of selective breeding programs is to imprk&y production traits,
including the enhancement of growth rates anddhelting of food conversion
ratios (FCRs). Breeding programs can help to eseehe efficiency and
profitability of aquaculture production. Incorptirey high levels of genetic diversity
in a captive population can substantially incresepotential of aquaculture
populations to respond to selection, however, witltareful management genetic
drift can rapidly reduce productivity through a dease in genetic diversity within
small captive populations (Frost et al., 2006; Moet al., 1999). Within aquaculture
stocks, genetic drift can be particularly stronga&snall number of broodstock are
typically used for spawning due to the high lexaléecundity frequently observed
(e.g. Pacific oysteCrassostrea gigaBoudry et al., 2002; mangrove red snapper
Lutjanus argentimaculaty€mata, 2003). In some cases, a loss of genatiation
in aquaculture populations has hampered the brgguiogram of interest. In one
instance, up to 62% of common microsatellite aflelere lost with the production
of first generation progeny from wild abalone brsimtk {Haliotus rubraandH.
midaé and the extent of loss of genetic variabilitythis founding population may
have hampered the prospects for reseeding efteveng et al., 2004a). Captive
stocks of Brazilian white shrimpLitopenaeus vannamealso experienced a decline

in genetic diversity due to population bottlenecks as a result, the incidence of
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inbreeding and genetic drift increased, which mayehlimited the possibilities for
genetic improvement in the affected population i(eseet al., 2007). When alleles
are not captured from wild individuals upon iniitat of a breeding program, or
when they are lost in first generation hatcherglsipthey may limit the breeding
capacity for that stock (Gjedrem, 2010).

Analyses of population genetic datasets can be tosigiéntify natural stock
structure, which potentially enables the genetsigamnent of captive fish to their
wild genetic origins. This assists in identifyilogations where populations contain
high levels of genetic diversity and distinctiveméisat may not be represented
among the broodstock under current production (Ber2000; Yue et al., 2009). If
levels of genetic diversity are low and inbreediates high, captive populations
should be enhanced with increased levels of diyehgim suitable wild localities.
However, in designing the base population at ternencement of a breeding
program, genetic diversity levels should be max@dit avoid the need to introduce
new unselected stock into a closed population.eiD@hing the genetic origins of
captive stocks is also valuable for fisheries managnt to ensure the reintroduction
of individuals with a matching or similar genetiadkground compared to native
stocks (Schwartz and Beheregaray, 2008; Shaddak, &011). Assignment tests
have been used for the management and conseredfiish stocks (Hansen et al.,
2000; Hauser et al., 2006), identifying the farnon§in for recaptured escapees
from natural populations (Glover et al., 2008; 20D8ang et al., 2013), detecting the
geographic origin of commercial broodstock (De loentiis et al., 2005) and for
food traceability (Yue et al., 2012). Assignmezdts could provide a means for

partitioning available genetic diversity into distt types, such that founding animals
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for the base population can be chosen in a waynthatmises the total genetic
diversity and the long-term sustainability of tiredding program.

Selecting broodstock candidates from a varietyeafggaphic regions can
increase the chance of including genetically dieenslividuals into the founding
population. For instance, for the Atlantic saln{8almo salay selective breeding
program in Norway samples were collected from %#8rrsystems (Gjedrem et al.,
1991). Following five generations of selection fapid growth the accumulated
genetic gain was 115% compared to wild stocks tdriic salmon (Thodesen et al.,
1999). The base population for the developmeth®Nile tilapia Qreochromis
niloticus) GIFT program (Genetic Improvement of Farmed Tidapcomprised of
four wild African strains and four captive bredcks from Asia (Eknath et al.,
1993). The best performing strain combinationsenstosen to develop the base
population and since then the distribution of Gtérived strains has enhanced
tilapia production worldwide (Eknath and Hulatap2D Outbreeding depression
(OD) can occur in hybrid offspring produced fronstdict strains or source stocks,
subsequently causing a reduction in the fithegsh@bffspring. OD has been
reported in mixed-source reintroductions into tatunal environment of slimy
sculpin Cottus cognatyg(Huff et al., 2011) and in the release of hylpidk salmon
(Oncorhynchus gorbuscharoduced from odd and even year broodstock (@ttarr
et al., 1999). OD can also potentially occur wité introduction of domesticated
fish into wild populations (Tymchuk et al., 200/Ariuding the introgression of
captive escapees with wild stocks (McGinnity et2003). Few selective breeding
populations have been established using detailed/leage about fish stock
structure and genetic diversity. A number of stgdioncerning barramundigtes

calcarifer) have considered how this information would bet léiised in choosing
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founding stock when initiating selective breedihpifatimah et al., 2009; Yue et
al., 2009; Zhu et al., 2006a).

Barramundi, or Asian seabass, has been under dtgwaqgoroduction in
Southeast Asia since the 1970s, commencing in Alisstluring the 1980s with
production at 3190 tons in the years 2009 — 10 (RBA2011). Wild barramundi
are broad ranging and accessible across the ttommdh of Australia and a number
of large scale barramundi farms holding broodstlodady exist. A selective
breeding program for Asian seabass has been @dtiatSoutheast Asia (Yue et al.,
2009) incorporating the selection of founder stdckm natural populations

including Thailand, Malaysia, Singapore and Indismes

4.2.1 Population genetic structure of wild and captive barramundi stocks

In the Asia-Pacific region, Yue et al. (2009) exaed the population structure
of barramundi by sampling both wild and captive yagions from Southeast Asia
and captive populations from Australia. Signifitdifferences amongst all
populations were detected with clear differentiati@tween cultured Australian
stocks and those from Southeast Asia. As a rasdlyiduals from regions of high
genetic structure were selected from wild poputetion Southeast Asia and utilised
in a selective breeding program in Singapore. Ammpling Southeast Asian
populations, Zhu et al. (2006a) compared wild stackiocal captive broodstock
groups and identified significant genetic differatibn between populations. The
captive groups had recent Southeast Asian andarthorigins resulting in a
moderate level of genetic diversity, although taptive broodstock only contained a
portion of the genetic diversity maintained in thiéd populations. Norfatimah et al.

(2009) investigated population structure of botldwind cultured stocks from
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Peninsular Malaysia, which could be partitioned ititree lineages within the region.
Evidence was found of stock mixing between wild aotfured groups, which raised
concerns about the translocation of aquaculturekstothe region.

Two main genetic stocks and a central region ofisime for wild Australian
barramundi have been detected; an eastern staoktfi® central coast of QLD to
Cape York, a western stock from Broome in WA toWiarin the NT and a central
region of admixture from Darwin to the QLD Gulf (@foweth et al., 1998a; 1998b;
Doupe et al., 1999; Keenan 1994; 2000; Marsha0520 A historic land bridge
between northern Australian and Papua New Guinea eristed, causing a barrier
between east and west stocks across the Torras(Stianoweth et al., 1998b).
This division re-opened approximately 7000 years ad is thought to have
allowed mixing of the two metapopulations, leadioghe admixed central region
detected today. Although studies into wild Ausémalbarramundi populations have
been active in the past, to date there has beattempt to utilise information for the
development of a selective breeding program (Jemd/Smith-Keune, 2014). A
major problem has been the diversity of past mééeauethods used for each of the
separate studies, such as allozymes (Keenan, $384j and Shaklee, 1987; 1988;
Shaklee et al., 1993; Shaklee and Salini, 198351 98tDNA (Chenoweth et al.,
1998a; 1998b; Doupe et al., 1999; Marshall, 20086l microsatellites (Marshall,
2005), which makes it difficult to make comparisdregween studies. In addition,
the entire natural range of barramundi has not b@ncovered in the past due to
logistical problems.

In this study, genetic structure and diversity preesn captive and wild
Australian barramundi from across the entire ramge characterised using

genotypic data from 16 polymorphic microsatelldeil Assignment tests were
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employed to investigate the source of existingigagiroodstock, which assisted in
identifying wild regions of high genetic diversityat are not currently represented

among captive stocks. These results were useelt¢éordine how to best establish a
captive base population of barramundi in Austra@that existing wild genetic

diversity is well represented for initiating a sgiee breeding program.

4.3 Methods

4.3.1 Sampling, DNA extraction and genotyping

The population structure and genetic diversity ddfl Wwarramundi populations
was investigated by genotyping fish from 48 logagioanging from Broome in
Western Australia (WA) through the Northern TemytdNT) to the Mary River in
south-east Queensland (QLD) (Fig. 4.1). A total2®5 samples were collected by
either governmental bodies or recreational fisher{iable 4.1) and genotypes from
microsatellite loci were obtained as part of a deyacollaborative project with
James Cook University in Townsville Australia (Jest al., 2013). At five locations
(Daly R, Archer R, Bowling Green Bay, Burdekin Rddfitzroy R) replicate
samples were collected < 10 km apart; one sampleagecollected between 1988
and 1993 by C. Keenan (Keenan, 1994) and the negent contemporary set was
collected between 2006 and 2012. In total, 48 wildliections were incorporated in
the analysis of population genetic diversity amdtire. By accessing the historical
and contemporary data sets any temporal shiftme geequencies could be
investigated, although this comparison was not gotedl as part of this study.
Similarly, developing a detailed study on the pagioh genetics of natural
barramundi stocks was not the primary aim of thuslyg but rather the aim was a

general analysis of natural and captive populagtanmcture, in order to allocate
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captive broodstock samples to wild population sesii@s accurately as possible
given the genetic data obtained.

Finclip samples were collected from barramundi detock held at eight
commercial hatcheries in Australia£ 407); one each in the Northern Territory
(NT, n=71) and Western Australia (WA,= 48), and six in Queensland (QLD15
58; QLD2,n = 14; QLD3,n = 111; QLD4,n = 80; QLD5,n = 9; QLD6,n = 16).

The captive populations were sampled in a prevatudy (chapter 3) and the
methods for collecting fin clips, DNA extractioremptyping and scoring procedures
are described in Loughnan et al. (2013). Similaalygenotyping conducted for the
1205 wild and 407 captive samples were performel thie 17 microsatellite
markers described in Loughnan et al. (2013). DM#aetion and methods leading
up to genotyping were identical for both wild araptive samples, although all wild
barramundi fragment analysis was performed usingBir3730 incorporating LIZ
550 as the size standard and fragment analysiperésrmed with GENEMAPPER
4.1 software (Applied Biosystems). Captive samplese genotyped on a
MegaBACE® 1000 DNA Analysis System (GE Healthcare) utilisR@X 500 size
standard and MegaBACEsoftware Fragment Profiféwas used for fragment
analysis. In order to calibrate the size of aflatebase pairs between the two DNA
analysis systems, 19 captive broodstock individuelge incorporated as controls on
the PCRs of wild samples being analysed with thé 280 and allele labels were

adjusted to enable direct comparison between thelbtasets.

4.3.2 Thegenetic origin of captive stocks

Across the eight hatcheries, accurate recordslidgtane wild population

origins for 24% of broodstock were available, wiasréhe remaining broodstock
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were listed as captive bred. A comparison of tlzasglable records to the output
from the assignment tests was used to assessdbaeyg of assignment. In many
cases broodstock individuals under current prodoctiere developed from captive
bred ancestors and in these instances the origiwgdcaught ancestors were not
always recorded, nor had they been genotyped walleeular markers to determine
their pedigrees. In addition, individuals weresafexchanged between hatcheries
for the purpose of introducing genetic diversitgwever, this also had the potential
for increasing genetic admixture within broodstpcipulations. Assigning captive
or wild individuals accurately to genetic stocksclrsters becomes more difficult
when levels of admixture are detected (Zhang egRall3).

Sampled broodstock making up the NT captive group 71) contained 51
wild caught individuals from the Darwin Harbour i@g of NT principally from
Bathurst Island to Shoal Bay (see Table 4.1), wttils remaining 20 individuals
were offspring from captive bred parents that wadse originally sourced from these
same locations. Of the 48 broodstock individuatduded in the WA captive group,
36 were selected from captive grow-out populatiofBese were either acquired as
offspring from QLD1 or the NT group, as first geagon progeny of wild parents or
pure wild stock. The final 12 captive bred broodktfrom the WA group were
collected from another interstate hatchery not $achim this study but believed to
have a genetic lineage tracing back to QLD par@ht$artridge, personal
communication). Capture records were limited fiardalstock group QLD In(= 58)
although it was assumed that all captive bred iddas originated from the central
QLD region of the Johnston to Burdekin Rivers. Wil origins of captive bred
QLD2 broodstockr{ = 14) were mostly unknown, although records inidahat the

QLD Gulf region was one area of origin. No wild&&bions were known for
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broodstock group QLD3(= 111), although at least 15 individuals were ivapbred
from hatchery QLD1. Seven broodstock from QLD4-(80) were wild caught from
within the regions of the Johnston to Burdekin Rsyavhilst the remaining
individuals were from unknown origins. Both brotmtsk groups QLD5r{= 9) and
QLD6 (n = 16) were captive bred individuals originally aced from hatchery

QLD3.

4.3.3 Data analysis

MICRO-CHECKER 2.2.3 was utilised to test for thesence of null alleles
and scoring errors (van Oosterhout et al., 2004 average number of alleles) (
expectedKle) and observedH,,) heterozygosities were estimated in GENALEX
(Peakall and Smouse, 2012) for both the captivagg@nd the wild sample
collections. Allelic richness) and private allelic richnes®4) were calculated in
HP-RARE 1.1 (Kalinowski, 2005), incorporating aafaction approach for a
minimum of 14 genes per sampl&r and PA was calculated across 56 sample
collections, combining the 48 wild sites and theaftive groups to determine a
standardised measuré, andPA are measures of genetic diversity and rarefaction
methods account for differences in sample sizeramaber. Rarefaction limits
sample sizes to a number less than or equal tentladlest sample size across
populations (Hurlbert, 1971; Szpiech et al., 200&3ulting in a standardised level of
A, andPA,.. Private or unique alleles are those that arsidered rare in a
population, generally exhibiting low allele frequérs and are not found in other
individuals or populationsA, andPA, were used as the principle measurements of
genetic diversity between the wild and captive damapllections, whileHe andFis

were used as an indication of the extent of inkrepdithin subpopulations. The
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inbreeding coefficientRs) was calculated in FSTAT 2.9.3.2 (Goudet, 2002) an
significance in heterozygote excess or deficiefity 0.05) was calculated using the
method of Weir and Cockerham (1984) following Bardei correction for multiple
comparisons (Rice, 1988). Tests for HWE were dated in GENEPOP 4.1
(Rousset, 2008) and significance determined a#teuesntial Bonferroni correction.
ExactP-values under the Markov chain method were detexchimith a
dememorization step of 10,000, followed by 20 basctf 5000 iterations per batch.
To determine any significant differences betweeputations forHe, A andPA,

Mann-Whitney U-tests were performed in IBM SPS320.

4.3.4 Population structure and assignment tests

GENALEX 6.5 (Peakall and Smouse, 2012) was usgebtfiorm a principal
component analysis (PCA) using Nei’s genetic distacombining the 48 wild
sample sites and the eight captive broodstock groiairwisd-s; values were also
estimated in GENALEX for both the wild and captp@pulations, incorporating 999
permutations. The Bayesian method of individuastdring applied in
STRUCTURE 2.3.3 (Pritchard et al., 2000) was use@st for genetic structure
within the wild samples and broodstock groups, gisive Bioportal computing
resource (https:www.bioportal.uio.no/; Kumar ef 2009). STRUCTURE analysis
assigns the most probable individual& @roups according to threshajevalues and
enables the visualisation of the grouping of indiils into genetic clusters. The
eight captive groups were treated as separatddosaand added to the 48 wild
collections in the STRUCTURE analysis, culminatio@ total of 56 sample
collections. Enabling sample location as a prderence (‘locprior’) is designed to

detect weak population structure and this was coeapi the ‘no locprior model.
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Admixture and correlated allele frequencies wemsatered in both models. Ten
replicate runs at eadh(1 — 48) were performed (Gilbert et al., 2012)bun in
length of 100,000 iterations and one million MCM#petitions were performed for
each run. STRUCTURE HARVESTER (Earl and vanHd@t12) was used to
detect the number of genetic groupg)(that best represented the data (Evanno et
al., 2005). CLUMMP was used to average the admaxtuoportions for the bekt

of each individual over the 10 replicates (Jakobssud Rosenberg, 2007) and
barplots were designed in DISTRUCT 1.1 (Rosenhki2dg4).

Following the detection of genetic clusters in STRWRE, assignment tests
were conducted using GENECLASS 2.0 (Piry et alo420 GENECLASS assigns
or excludes individuals or groups to a referengeufation based on probability
based exclusion. If an individual is rejected fralinpossible reference stocks it is an
indication that the source is not representedendditaset. Two broad wild genetic
stocks and a central region of admixture were itledtin the STRUCTURE
analysis (see Results section 4.4.3) and theseuwgerkas reference populations for
the assignment of the captive individuals in GENBSI. The Bayesian method of
Rannala and Mountain (1997) was utilised for corapoh and the simulation
algorithm was of Paetkau et al. (2004), simulafiogd00 individuals for the
detection of type | error$(< 0.01). The default frequency level of 0.05 wasdito
assign or exclude any of the three stocks as igaaf an individual. An individual
was assigned to a reference stock based on itestighobability. To test the
accuracy of genetic assignment, self-assignmets vesre undertaken on the three

reference populations, using the direct assignheane one out option.

109



Chapter 4

4.4 RESULTS

4.4.1 Measures of genetic diversity and HWE within wild sample collections

Measures of genetic diversity are displayed in &abl for the 48 wild
barramundi sample collections. The highest avenageber of allelesX) and allelic
richness &) was detected for the Archer River, with value$ & and 3.82
respectively. The highest private allelic richn@®4,) was detected for the Alligator
River (0.10). Averagé, andPA across all wild collections was 3.4 and 0.03
respectively. Cleveland Bay recorded the highesllofHe (0.567), whereas
averageH. for the wild collections was 0.5F;s was significantly different from
zero for Admiralty Gulf, Swift Bay and Darwin Harboand overalFis was slightly
negative across all collections (-0.0002). At ®coa287, many of the wild sample
collections were not in HWE and null alleles welsoaletected for this marker. As
a result, this locus was discarded from any furémalysis of wild and captive

populations.

4.4.2 Measuresof genetic diversity and HWE within captive broodstock groups

For the eight broodstock groups, averagandPA, were 3.15 and 0.03
respectively (Table 4.2). The highest level®\cAndPA, were recorded for the NT
(Ar = 3.42) and QLD2RA = 0.14) broodstock groups. Deviations from HWA<(
0.05) were detected for markera040 and_ca058 for the WA hatchenycad70 in
the NT hatchery andca074 for QLD1. Null alleles were detected at figei|
Lcal6 (NT),LcaM040 and_ca058 (WA),Lca069 (QLD3) and_cal78 (QLD4),
which may have driven the deviations from HWE. Tdw demonstrating null
alleles were not removed from the analysis becallséld populations (which were
represented by larger samples), excludiog287, were in HWE and showed no null
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alleles. Captive individuals that were closelhatetl and demonstrated a deficiency
of heterozygotes may have biased the results tecteg null alleles. Overall
averageH. was 0.499 and at its highest in the QLD2 grouperaAgeFs was positive
(0.012) and significantly different from zero fosth WA and the QLD2 hatcheries
(P < 0.05). The average polymorphic information eontPIC) of the loci across
the broodstock groups was 0.455. As determineddmyn-Whitney U-tests, there
was no significant difference in levelsidf, A. or PA between the broodstock

groups and the wild sample collectiofs< 0.82 for all comparisons).

4.4.3 Population structure

Principal component analysis (PCA) revealed th&b %7 the variation was
explained within PC axis one, which shows two didticlusters (Fig. 4.2). The first
cluster includes wild collections from QLD, fromifress Charlotte Bay to the Mary
River and all six broodstock groups from QLD (QLB®). All wild sample
collections from WA and NT were included in the @ed cluster on PCA axis one,
plus QLD sites from the Albert to the Escape Riveadsly the broodstock groups
from WA and NT were located in the second clusteP& axis one. PC axis two
explained 14% of the variation and could be divided two smaller clusters, which
were within the second cluster detected on PCanes The top cluster only
included wild samples from NT and QLD, whereashib#tom cluster consisted of
WA and NT wild samples. No broodstock groups weoated in the top cluster
although the bottom cluster included the WA andidodstock groups. Global
estimates of pairwisBstwas 0.076 R < 0.01) across the 48 wild sample collections

and 0.071R < 0.001) across the eight captive groups.
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The most appropriate level ak as per Evanno et al. (2012) was two (Fig. 4.3,
assessed across all wild and captive sample doltesjt Population structure was
more defined for the ‘locprior’ model, particulaily the central admixed region and
as a result this model is represented in the barpok = 2 (Fig. 4.4). The output
from STRUCTURE revealed two distinct stocks; a wasstock (Broome WA —
Alligator R. NT, Fig. 4.4a), an eastern stock (Peiss Charlotte Bay — Mary R. QLD,
Fig. 4.4c) and a central region of admixture (Lpasl R. NT — Escape R., Fig.
4.4b). Upon visualisation of the barplot for tlaptive broodstock groups (Fig. 4.4d)
the NT hatchery was allocated to the western st@tk)1, 5 and 6 were allocated to
the eastern stock and WA, QLD2, 3 and 4 containmikéure of individuals from
both the eastern and western stocks (or individinaliscontained a level of
admixture between the two stocks). The eastenkstonformed to the results from
the PCA analysis, which was defined as clusteramBCA axis one. The second
cluster on PCA axis one included both the westircksand the central region of
admixture, however, the top cluster on PCA axiswes defined as the central

admixed region in STRUCTURE and the bottom clusterwestern stock.

4.4.4 Measures of genetic diversity and HWE within three wild genetic stocks

As a result of the wild population genetic analysigasures of genetic
diversity and inbreeding were added to Table 4r1He two identified stocks
(eastern and western) and central region of adm@xt@rhe highest levels of average
A, andPA were detected within the central admixed regiotih\8i56 and 0.04
respectively although averagk was highest in the eastern stock at 0.53. Witien
western stock, the highest levels of genetic ditsevgere recorded from samples at

Swift Bay (A = 3.64) and the Alligator RiveP@ = 0.10). For the central admixed
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region the ArcherA; = 3.82) and Albert River$@ = 0.07) recorded the highest
levels. Within the eastern stock, the highestlewégenetic diversity were
estimated for the Burdekin Rivei(= 3.46) and HinchinbrookP@ = 0.04). There
was no significant difference in levelsidf, A, or PA between the three wild stocks
(P =0.33). Overall levels of genetic diversity wemnilar across the three wild
genetic stocks and the captive broodstock groupbl€T4.1 and 4.2). Averade
(3.25 — 3.56) was slightly higher in each of theeéhwild stocks (broodstock groups,
A; = 3.15), however, averad®, was only higher in the central admixed stock

(0.04), when compared to the captive groups (0.03).

4.45 Direct assignment of broodstock individuals to wild populations

When self-assigning the wild samples=1205) to the 48 sample collection
sites using GENECLASS the success was low (19%ltsasot shown). In contrast,
90% of the wild samples were correctly self-assiffiwethe three broader stocks
defined as the eastern and western stocks, andiceggion of admixture (Appendix
4A). Following self-assignment, all broodstockiinduals were assigned to the
three reference populations and the results asepted in Table 4.3. Only QLD6
broodstock were assigned to just one stock, whia$ tive eastern. NT was assigned
to both the western stock (82%) and central re¢ldfo) and QLD1, 4 and 5 were
assigned to the eastern stock (56 — 93%) and teetjian (7 — 44%). WA and
QLD3 were assigned to the eastern (21 — 73%) arstewe(6 — 62%) stocks, and
central region (14 — 15%). Overall, 59% of broodktwere assigned to the eastern
stock, 23% to the western stock and 13% to the@lertgion. Based on exclusion
probabilities, 5% of captive individuals could rtoet assigned to any of the three

stocks and were subsequently rejected from theysisal
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45 Discussion

In order to identify potentially uncaptured geneticersity for a founding
population for selective breeding in Australianrbarundi, levels of genetic
diversity have been estimated for captive broodsgmoups under current
production and wild samples covering a large distion range for the species.
Wild population structure analysis revealed twoegenstocks and a central region
of admixture, and captive broodstock were founbe@ssigned to all three clusters.
The results highlighted the levels of wild genelizersity that had previously been
captured in the broodstock and identified the |®felild genetic diversity that is
still available to benefit captive breeding stoockdarramundi. Overall levels of
genetic diversity were only slightly lower in thaptive groups (averagg = 3.15,

PA = 0.03) than for each of the three wild stocks (ageA, = 3.40,PA = 0.03). A
selective breeding program would benefit from smgdurther individuals from
each of the two wild genetic stocks and centrabiregf admixture, targeting
localities that offer the highest levels of genelilersity. The highest levels of
genetic diversity were recorded in the central ewahiregion A = 3.56,PA = 0.04),
however, the majority of captive individuals wessigned to the eastern stock
(59%). Levels of genetic diversity were lower ildrvustralian populations than
previously recorded for wild Southeast Asian popafte (A ranged from 7.60 —
8.50) and this may be due to the latter regiondairthe centre of the natural range
of barramundi (Yue et al., 2009), which probablgresent the older populations of
the lineage.

For this study, biosecurity issues were disregamender to identify the most
suitable candidates for a founding population acthe natural range of barramundi

in Australia. However, previous population struettesults have reported that
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barramundi should not be transported between gesieitks, to avoid any mixing of
genetic strains from the chance of aquaculturepessa(Shaklee, 1993; Salini and
Shaklee, 1988). State fisheries departments Hawepatlined specific regulations
about the movement of barramundi between genetakstfor aquaculture and
restocking purposes (Grace et al., 2008). Withdétection of two wild genetic
stocks and a central region of admixture, it isgasged that hatcheries only access
wild stock from their specific regions. Howevdrete is natural mixing of the
populations occurring in the central region whicmtains a mixture of alleles from
both flanking eastern and western stocks, anduiidcle argued that Australian
barramundi was historically one large panmicticydapon (Keenan, 1994), and that
there would therefore be little value in maintagithe genetic differences between
eastern and western regions.

Self-assignment results for the three wild stocksanhigh (90%), although
GENECLASS still had difficulty in assigning captiuedividuals to just one stock at
the exclusion level of 0.05. Broodstock indivicdkialere assigned to a reference
stock based on the highest probability, althougboime cases assigned individuals
to one stock were not fully excluded from the ottvew stocks. As a result, there
was a chance that the individual could have origiddrom any of the three clusters,
even though the reference population with the regpeobability was chosen as the
origin of the individual. The broad spatial scafehe two genetic stocks and central
region of admixture covers a large natural rangeanfamundi and few individuals
were excluded from all three reference populati®ds). The overalFsrvalue
between the wild sample collections was I¢w(= 0.08) and this may have limited
the power/sensitivity of the assignment testshasatcuracy has been found to be

greater wherfrstis > 0.1 (Cornuet et al., 1999). There are atberofactors that can
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affect the power of assignment tests, such asuh#ar of population’s sampled
(Hansen et al., 2001), although in this study tlper of sample sites was 48 and
the three reference populations provided large gasipes and covered a wide
natural range of Australian barramundi. Howeeesé¢ are some areas that require
further sampling to gather the full distributiomgee, such as the Pilbara region of
WA and the QLD Gulf region. The number of loci &hd level of polymorphism at
loci can also affect the accuracy of assignmens {gtansen et al., 2001). The
impact of genetic drift, domestication and disraptof genotypes selected for
adaptation can also impact on the probability sfgasng captive broodstock to their
wild origins correctly, due to changes in the alfbquencies of the captive
individuals. In many cases broodstock were reabasedescendants of captive
ancestors going back numerous generations.

High concordance was found between the hatcheprdsof known
broodstock source localities and the output froenalsignment tests based on the
highest probability, indicating assignment was sil®ven given the broad spatial
scales of the three reference populations. Hagatleeords indicated that all of the
NT captive broodstock were either wild individualiginally sourced from the
Bathurst Island to Shoal Bay region (western stockyere captive bred descendants
from this area. The results of the assignmens wmtfirmed this, although some NT
individuals were also assigned to the central adthnegion (14%). In addition, the
assignment tests also showed that WA broodstoclatlracked origin with lineages
from all three genetic clusters, as per hatchesgnds. The majority of QLD
broodstock individuals had high assignment ratekeceastern stock, although all
the captive groups besides QLD6 contained somedstook individuals that were

assigned to the central admixed region.
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From available records and the results from thidysthere was some evidence
of the mixing of stock between hatcheries. Stockimg could be beneficial for
selective breeding as it would result in higherrailegenetic diversity and could
result in heterosis, however, a form of outbreediegression (OD) is also possible
if the fitness of such progeny in the culture eoninent is less than the fitness of
pure stock (Gharrett et al., 1999; Huff et al., 20McGinnity et al., 2003; Tymchuk
et al., 2007). Some degree of OD in the admixedrabstock may explain why the
genetic differences between the eastern and westtgcks have persisted.
Alternatively, there may not have been sufficiémiet since the opening of the land
bridge for gene flow to homogenise these differencEehis and previous genetic
studies suggest relatively low levels of genetiuttire and high levels of gene flow
between Australian barramundi populations (Chenbweétl., 1998a; 1998b; Doupe
et al., 1999; Jerry and Smith-Keune, 2014; Keeh884; Shaklee and Salini, 1983).
However, there is some evidence of isolation andlladaptation to physiological
thermal tolerances in barramundi from the eastedweestern stocks (Edmunds et
al., 2010; 2012; Newton et al., 2010). Heterosibydrid vigour is often observed
when crossing stock from different strains of tame species (Goyard et al., 2008;
Wachirachaikarn et al., 2009). When the seledirezding program is initiated,
controlled common garden experiments would be edrmwut to assess the relative
performance of different stock crosses, and emplmasthe different stocks for the
production of subsequent generations would be vetgaccordingly.

Overall, the 48 wild barramundi collections exlelitrelatively even levels of
genetic diversity, a typical finding for marinetiswhich usually show relatively
higher levels of dispersal when compared to fresémfagsh (Ward et al., 1994).

Natural and man-made barriers can restrict geneifidreshwater fish and lead to
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the creation of isolated subpopulations that canvsh higher degree of population
structure. Barramundi migrate between freshwatdrmaarine habitats typically
spawning at the mouths of estuaries. It is nowknd mature barramundi show a
preference to return to their natal breeding greudspawn but tagged fish have
been shown to move between river systems througheunarine environment
(Davis 1986; Moore and Reynolds, 1982; Russell@adett, 1983). No significant
barriers to migration are known to currently existween the eastern and western
stocks detected in this study. The observed pattestock structure and admixture
is likely to have been caused by the isolated aimiwof distinct eastern and western
stocks when the Torres Strait land bridge existedfperiod of about 110,000 years
(Keenan, 1994; 2000). Approximately 7000 yearstagaarea flooded and reopened
to migration, which seems to have occurred in @@manantly east to west direction
causing a region of admixture in the Torres Str&ipport for the effect of this
historic land bridge on local marine species inréggon has also been shown in reef
fishes (Mirams et al., 2011), sea turtles (Dethre¢ia., 2006), prawns (Brooker et
al., 2000) and sharks (Duncan et al., 2006). Tigbtk/ higher levels of genetic
diversity detected in the central admixed regiomlde expected if the total
species distribution consisted of two large stogitk gene flow between them.
Evidence of the existence of natural gene flow leetweastern and western
barramundi stocks is also supported by previoudieswsing both allozyme loci
(Keenan, 1994; Shaklee and Salini, 1983) and matodhal DNA markers
(Chenoweth et al., 1998a; 1998b; Doupe et al., 18868 the mixing of the two
stocks may still be in progress.

Specific wild stocks and locations have been idieqtin this study that should

be targeted in order to maximise genetic variatwen initiating selective breeding.
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The highest levels of genetic diversity detectethenwestern stock were found at
Swift Bay in WA and the Alligator River in NT. Faéhe central admixed region,
genetic diversity was highest at the Archer anceAliRivers in QLD and for the
eastern stock the Burdekin River and Hinchinbraekian in QLD, recorded the
highest levels of genetic diversity. One stratisgy select an equal number of
males and females from each of the eastern an@mestocks and/or from the
central stock of admixture, at these sampling iooatthat show the highest levels of
genetic diversity. Preferably, we would want tostuct a large and broad ranging
founding population at the commencement of a sgetrreeding program so that
the broad genetic variation represented can yiskioag selection differential,
although it is possible that some common or infegenes would also be collected.
However, it is not possible to evaluate the genagcit of individuals, or even
populations, when establishing new selective breegdrograms without performing
scientifically rigorous comparisons of performairc¢he same environment (which
normally occurs as the selective breeding prograta gnderway). Also, genes that
may be considered of little value to the curredustry may become of high value
later, as changes in the environment or industeyiofe.g. genes for resistance to
specific diseases). Therefore it is importantaptare as much broad genetic
variation as possible when starting a selectivedirg program so that genetic
progress can be achieved.

It can be difficult to access the entire naturalgeirof a species and there may
be some areas that remain unrepresented when da&tegrpopulation structure,
although the aim is to gather as close to a reptagee sample of the natural
population as possible. Initially, excess broodstshould be collected because not

all individuals will develop into successful breesland the effective breeding size
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of the group will always be less than the censzes. sThe expense and space
required to maintain numerous broodstock is alsoguortant factor, although in the
long term the benefits of increased productionlamer inbreeding rates may
outweigh the initial cost of establishing the bpepulation. A selective breeding
program making use of the captive broodstock exgsin these eight hatcheries,
would capture greater allelic diversity by accegsidditional broodstock from an

even representation of individuals from the wildcéts identified in this study.

4.6 Conclusion

The results from this study support the hypothfsisin east-west population
split caused by a historic biogeographic barrieoviin as the Torres Strait land
bridge in northern QLD (Chenoweth et al., 1998889 Doupe et al., 1999; Jerry
and Smith-Keune, 2014; Keenan, 1994; Shaklee alnai,J983). Secondary
contact following the flooding of the Torres Straitpresent day sea levels (~ 7000
years ago; Keenan, 1994) has caused an east talwextion of gene flow and a
central region of admixture spreading from the Q&OIf into NT. This area may
provide a valuable resource of broodstock for dgyiely a productive base
population for a captive breeding program in bauadi, due to higher levels of
genetic diversity contributed from both flankingseaxn and western stocks. Levels
of genetic diversity were similar for both the wdtbcks and the broodstock, and this
may be due to a sampling or founder effect withrépeated sampling of numerous
different wild subpopulations as a source. Dewiatifrom HWE and the appearance
of null alleles in the captive populations couldduge to a Wahlund effect (Hartl and
Clark, 1997), where individuals in these particwlaptive populations were sourced

from the eastern and western stocks and centriared admixture. The results
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presented here provide valuable information regarthe origin of current
barramundi broodstock under production, includimg relative levels of natural
genetic diversity available within these broodstaokl throughout the species range.
This information will be used to develop a planifmreasing the fitness and
potential of captive stocks when establishing bawadi selective breeding
programs in Australia and will serve as an exanfigriéhe creation of genetic

improvement programs for other species.

121



Chapter 4

Table 4.1 Measures of genetic diversity and HWME®wild barramundi sample

sites from 16 microsatellite loci. Representingstéen Australia (WA), Northern

Territory (NT) and Queensland (QLD). Sample sidg average number of alleles

(A), mean observed() and expectedH) heterozygosities, mean allelic richness

(A;) and private allelic richnes®4) and the average inbreeding coefficigf)(

Average measures are also provided for the twdifiEhgenetic stocks; eastern and

western stocks, and the central region of admixture

Stock location State Code N A H, He A PA Fis
Broome WA  BME 13 3.2 0462 0447 285 0.0549 0.007
St George Basin WA  STG 30 45 0.536 0.528 3.38 3209 0.001
Admirality Gulf WA  ADM 37 4.4 0457 0485 3.09 0m® 0.072*
Swift Bay WA  Swi 17 4.6 0515 0.552 3.64 0.0082 98O
Drysdale River WA  DRY 26 4.7 0.546 0532 3.47 0303 -0.005
Salmon Bay WA  SMB 25 49 0550 0.526 3.46 0.0472 .029
King George River WA  KGS 24 46 0563 0531 3.44 0007 -0.038
Berkeley River WA  BER 24 48 0537 0536 3.57 0M10 0.018
Helby River WA  HEL 24 4.4 0523 0508 3.40 0.0003 0.009
Bulla Nulla Creek WA  NNC 21 43 0478 0480 3.18 0411 0.032
Ord River WA  ORD 63 54 0515 0522 342 0.0024 20.0
Bonaparte Gulf WA  KEE 26 4.9 0529 0517 3.48 0813 -0.003
Moyle Rivef NT MOYK 18 4.3 0516 0499 3.39 0.0057  -0.004
Daly River (2008) NT  DLY 24 48 0520 0532 354 0@4  0.045
Daly RiveF (1990) NT  DLYK 22 48 0549 0524 351  0.0078 -G02
Bathurst Islanti NT BTIK 24 44 0490 0497 3.35 0.0625 0.035
Darwin Harbouf NT DHBK 23 4.8 0470 0490 341 0.0395 0.062*
Shoal Balf NT SHOK 24 45 0513 0487 3.36 0.0268  -0.033
Mary River NT MRR 24 46 0503 0489 3.40 0.0077 .07
Alligator River NT ALG 13 43 0538 0496 3.583 0@ -0.039
Western stock 502 4.6 0.516 0509 3.39 0.0270 0.010

(continued on next page)
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Liverpool River
Arnhem Bayf
Roper River
McArthur river

Albert River (2011)

Leichhardt Rivef(1990/91)

Gilbert River

Mitchell River*
Holroyd Rivef
Archer River (2011)
Archer Rivef (1993)
Jardine River

Jackey Jackey Creek
Escape River

Central region*

NT

NT
NT
QLD
QLD
QLD
QLD
QLD
QLD
QLD
QLD
QLD
QLD

LVP
ANBK

ROP

MAC

ALB
LICK
GIL

MITK
HOLK

ARC
ARCK
JAR
JCK
ESC

3.15 @04  0.049
3.42 0.0523  -0.010
3.46 0.06770.055
3.54 0.@49 0.024
3.70 0.0713 0.053
3.55 0.0183 0.0416
3.68 0.054 0.047
3.67 0.0081  -0.004
3.68 0.0488 0.016
3.66 0.0213 0.009
3.82 0.0385 ©.00
3.52 0047 -0.028
3.420.0387 -0.010
3.56 0.032D.019
3.56 0.0423 0.007

Princess Charlotte Bay

Bizant River
Johnstone River
Hinchinbrook

Cleveland Bay

Bowling Green Bay (2008)
Bowling Green Ba¥/(1988)
Burdekin River (2008)
Burdekin Rivef (1989/90)

Broad Sounfi
Fitzroy River (2008)

Fitzroy Rivef (1988/90)

Port Alma
Mary Rivef

Eastern stock

QLD
QLD
QLD
QLD
QLD
QLD
QLD
QLD
QLD
QLD
QLD
QLD
QLD
QLD

PCB
PCB2
JOR

HC
CLE
BOW
BOWK
BUR
BURK
BRDK
FTZ
FTZK
PAF
MARK

0.543203 0.0431 0.009

3.30 07001 0.045
3.36 13B0 -0.059
3.43 0.0436-0.008
3.44 08009 -0.008

0.555 3B5 3.24 0.0143  -0.016

3.31 0.0149 8.03

0.549 4. 0.0090 -0.036

3.37 0.03400.034
3.27 0.0033 -0.034
&.6 0.0173 -0.080
3.25 0.03350.032
2.85 0.0385 .036
3.39 0.0226 0.004
3.25 0.0215 -0.018

All sample collections

3.40 0.0303 -0.0002

*N is the total count, whilst the remaining values averages.

"AverageF;s values significantly different from zero at th@®level following

Bonferroni correction for multiple comparisons (Rid988) from 16 classes.

“Denotes temporal samples included from Keenan (] @®&4ected between 1988

and 1993 unless stated in parenthesis.
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Table 4.2 Measures of genetic diversity and HWEefght captive barramundi

broodstock groups from 16 microsatellite loci; fréime Northern Territory (NT),

Queensland (QLD) and Western Australia (WA). Sangite N), average number

of alleles f), mean observedH() and expected,) heterozygosities, mean allelic

richness &), private allelic richnes$@) and the average inbreeding coefficient

(Fis)

Hatchery N A Ho He A PA Fis
WA 48 42 0.469 0.497 3.18 0.0019 0.069*
NT 71 56 0.503 0.509 3.42 0.0494 0.020
QLD1 58 43 0514 0491 3.11 0.0004 -0.038
QLD2 14 39 0513 0.537 3.35 0.1356 0.082*
QLD3 111 55 0.506 0.506 3.23 0.0134 0.005
QLD4 80 44 0513 0.518 3.19 0.0103 0.016
QLD5 9 3.2 0532 0.482 3.04 0.0094 -0.042
QLD6 16 3.1 0475 0.453 2.67 0.0318 -0.014
Multiple loci* 407 4.3 0503 0.499 3.15 0.0315 0.012

*N is the total count, whilst the remaining values averages.

"AverageF;s values significantly different from zero at th@®level following

Bonferroni correction for multiple comparisons (Rid988) from 16 classes.
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Table 4.3 Assignment of eight captive barramumdobstock groups in
GENECLASS to two genetic stocks (western and easéard a central region of
admixture. A count of assigned individuals is prasd, followed by the % assigned
in parenthesis. The number of individuals rejedteth a stock was determined by

exclusion probabilitiesR < 0.05)

Western  Central Eastern Rejected
stock region stock  from all

WA Assigned 30 (62%) 7 (15%) 10 (21%)
n=48 Rejected 4 2 19 1 (2%)
NT Assigned 58 (82%) 10 (14%) -
n=71 Rejected 3 19 58 3 (4%)
QLD1 Assigned - 4 (T%) 54 (93%)
n=58 Rejected 30 12 1 -
QLD2 Assigned - 1 (7%) 10 (72%)
n=14 Rejected 10 5 3  3(21%)
QLD3 Assigned 7 (6%) 15 (14%) 81 (73%)
n=111 Rejected 60 36 25 8 (7%)
QLD4 Assigned - 11 (14%) 66 (82%)
n=280 Rejected 45 22 3 3 (4%)
QLD5 Assigned - 4 (44%) 5 (56%)
n=9 Rejected 5 - - -
QLD6 Assigned - - 14 (88%)
n=16 Rejected 14 8 2  2(12%)

Total assigned 95 (23%) 52 (13%) 240 (59%)
Total rejected 20 (5%)
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Figure 4.1 Map of 48 barramundi sample sites istfglia, where 1205 barramundi

were collected for the study. See Table 4.1 foescription of the labels

representing each collection site.
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Figure 4.2 Plot of the first two principal coordias of microsatellite variation using
Nei’'s genetic distance. Each symbol correspondsi&oof 56 barramundi
subpopulations, including 48 wild sample collectidhlue symbols) and eight
captive broodstock groups (red symbols). See Fahtkand 4.2 for a description of
the labels representing each collection site. VEit@nce explained on PC axis one
was 58% and sample sites within the solid bluesliepresent clusters one and two.
PC axis two explained 14% of the variation and damjpes within the dashed green

circles represent top and bottom clusters.
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Figure 4.3 Delt& (AK) determined by the Evanno et al. (2005) methodavsigthe
most probable number &fgroups k = 2) from 56 subpopulations, including 48 wild

sample collections(= 1205) and eight captive broodstock groups @07).
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Figure 4.4 STRUCTURE barplots for 48% 1205) wild sample collections (a — ¢)
and eight ¢ = 407) broodstock groups (d). The inferred nundigropulationsk)

was two. The wild samples are divided into a wesstock (a), a central region of
admixture (b) and an eastern stock (c). Sampés sihd broodstock groups are
separated by a black line and each bar represeatmdividual. See Tables 4.1 and

4.2 for a description of the labels representindhesample site.
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5  Comparison of the use of different source stocks fo
establishing base populations for selective breedjrof

barramundi (Lates calcarifer)

To be submitted, journ@quaculture Research
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5.1 Abstract

A computer simulation model was developed to deitegrthe most appropriate
broodstock candidates to use when establishingea jpapulation for barramundi
selective breeding. The model predicts the allédichess &;) expected at 16
microsatellite loci for five different options aftmitial mating of the founder
broodstock. The input for the simulation was atualcdataset of genotypes from
individuals sampled from two broad ranging wild g&a stocks and a region of
genetic admixture, ranging from Western Austradieross the Northern Territory to
Queensland. In addition, genotypes from eightieagiarramundi populations
existing in Australia were also included. The mkarship between captive
individuals (nk) was calculated using data from chapter 3/&ndithin wild sites
was estimated with data from chapter 4. Individwaid populations were ranked
according tank andA, respectively, for inclusion into a synthetic basgulation.
Options tested for the source of founders weraptige broodstock with the lowest
mk (Cmk), ii) equal representation of two wild geneticckt® and a region of
admixture selecting sites with the highAs{WSA), iii) wild sites with the highes,
across the entire distribution rand®4), iv) one captive broodstock group
combined with the highe#t wild sites C1WA), and, v) one captive broodstock
group without additional wild sourced individua81). Each option used a base
population size of 150 individuals with an equal s#tio. Parents were randomly
distributed into five tanks (30 individuals per kaeach containing 15 males and 15
females) and each individual’s contribution to $ipawn was simulated based on
parameters collected from a previous study of asrspawning group. From the
simulated gametes produced (containing allelegi®i 6 loci) 100 offspring were

generated per tank and each breeding program optisireplicated 100 times. For
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optionsWSA, WA, CIWA andC1there was a significant reduction in the levehof
between broodstock and offsprirg € 0.05). However, levels & were the highest
for optionWSA (A = 4.75). There was no significant differencehia tevel ofA,
transferred from broodstock to offspring under aptCmk (P = 0.09). Five
alternate base population sizég)(were tested to estimate the effective population
size (Ng). AverageN. was 76, 85, 98, 105 and 115 forMyof 150, 180, 200, 230
and 250 respectively, and the rate of inbreeditf) (anged from 0.4 — 0.7%. Under
the model presented in this study,Nyof more than 213 broodstock individuals is
required to achievble > 100 andAF < 0.5%. Overall, current captive broodstock
maintained in the Australian industry have low and would be suitable for
inclusion into a base population. However, thellitesndicate that the inclusion of
wild individuals would significantly enhance leveisgenetic diversity in a base

population for the development of a selective biregpgrogram.

5.2 Introduction

Small aquaculture broodstock populations typicedlgresent a fraction of the
genetic diversity available in wild stocks. Thestsoto maintain broodstock, space
requirements and the fecundity of the speciesfi@ttthe size of the base or
founding population maintained. However, the Itagn benefits gained by starting
with a larger base breeding population (in termknating inbreeding depression of
fitness and maintaining high levels of genetic diity) could outweigh the
additional start-up costs. Breeding individualsiudtd be chosen to capture as much
of the wild representative genetic diversity assiale. This is important for
ensuring the longevity of a closed selective breggirogram. The extent of the

genetic variation that is initially captured andimtained by the selective breeding
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program ultimately limits the genetic response thaiossible for traits under
selection (Hayes et al., 2006).

A low effective number of breeding individuals,genetically effective
population sizeNe), can cause a loss of genetic diversity over tifdgis positively
correlated with the number of breeding individualscensus sizé\¢) but is not
equal toN.. This is due to unequal numbers of male and fernedodstock and non-
random variation in parental contribution to thedarction of offspring, which is due
to differences in the fertility of parents, oppanities for reproduction and the
survival of offspring. Hatcheries utilising a lired number of broodstock due to
high levels of fecundity in mature females areiskt of losing genetic diversity
(Boudry et al., 2002; Emata et al., 2003). The ditinbreedingAF) can be
approximated as 1 /KR). Typically in a mass spawning situatiNgis low. For
example, in three gilthead seabre&@p4drus auratpbroodstock groups that naturally
mass spawn\e was between 14.0 — 18.3, tNg/ N, ratio ranged from 0.29 — 0.33
andAF was therefore estimated between 3 — 4% (Browh,e2@05). An average
number of 53 broodstock of unequal sex ratio irhegroup were utilised, although
the number of contributing parents was much lessranged from 9 — 25.

The size of founding populations for selective bieg programs should be at
a level that captures rare alleles and maintaingable genetic diversity for the
species, and enables inbreeding to be limiteddeable levelsNe andAF of
more than 100 and less than 0.5% respectivelybéas considered as an acceptable
target for fish selective breeding programs (Fjalés2005; Sonesson et al., 2005).
In order to reach these targets, captive stocksregyire enhancement with
unrelated and genetically diverse individuals, gig¢g$rom other captive

populations and/or wild genetic source stocks.
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Whilst acquiring new broodstock recruits from gécedty diverse wild stocks
has advantages, maintaining current captive brooksthould not be discounted.
This is because adaptation to the captive environmwen lower the stress levels of
broodstock and help to acclimatise the fish to spagvcondition (Gjedrem, 2005).
A combination of four wild geographic strains fraxfrica and four established
farmed strains from the Philippines were succelssiintluded into the base
population of the first GIFT (Genetic Improvemehfarmed TilapiaDreochromis
niloticus) program in Asia (Eknath et al., 1993). Farmextlss of the species had
become depleted and the injection of high levelgearfetic diversity to create an
enriched founder population was necessary. Frasn2b pure and crossbred groups
that displayed the greatest additive genetic perémice for growth were selected to
form the founder population. As a result of thé&Gtlilapia program, the
accumulated genetic gain in relation to the bageilation has been estimated at
85% over five generations of selection for fastwgto(Eknath and Hulata, 2009).

Regarding barramundiétes calcarife), there are many groups of captive
broodstock in hatcheries throughout Southeast &sthAustralia and the natural
distribution range of the species is known and s&ibée. A large number of mature
broodstock are present in Australian hatcheriesnaaay of these individuals share
no common ancestry with other captive individuals] could be selected to provide
levels of genetic diversity comparable to that txgswithin wild stocks (see
chapters 3 and 4). Barramundi is a highly fecuagdsrspawning species and
because of this, small broodstock groups havelihigyao supply all the larval
requirements for the entire industry. Howeverhveitnall population sizes and a

high chance of some individuals failing to partatpin a spawning event, this can
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result in a low level oNe and highAF (Frost et al., 2006; Loughnan et al., 2013;
Wang et al., 2008).

The aim of this study was to use a computer sinriahodel to compare
options for the establishment of a base populatdhe commencement of a
selective breeding program for barramundi. Theutation model was developed
and utilised to construct a synthetic base pomratnder several alternative
broodstock choice scenarios (considering levetelatedness and genetic diversity).
Captive and wild barramundi recorded by two presistudies (chapters 3 and 4)
were used as sources for genotyped animals. Qrazaeon of offspring was bred
for each option, each option was replicated 10@simnd levels of genetic diversity
were estimated in the cohorts in order to predietiiest method for constructing a
base population that will conserve genetic divgrsimit inbreeding and maintain a

high N for selective breeding.

5.3 Methods

5.3.1 Genetic data from captive and wild founders

Two datasets consisting of genotypes from 407 eaathd 1205 wild
barramundi at 16 microsatellite loci was used ffigr $tudy (chapters 3 and 4). No
stock performance information was available for4B& captive broodstock,
although it was determined that by cannulationaasipns and from existing
hatchery records there were 136 females and 18@&snfethapter 3). Ninety-one
individuals with unknown gender were randomly assija sex, male or female,
with a probability of 0.5, making the final numlErmales and females 228 and 179

respectively. All samples from the targeted witdlections were also randomly
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allocated a sex. The breeding simulation descrifadolw was designed to utilise

these actual individual genotypes as input.

5.3.2 Structure of the captive breeding program

A simulation modelling the initial mating of founderoodstock for a captive
selective breeding program was designed using tB®R programming language
(R core team, 2013). The program simulated theed&gllelic variation at 16
microsatellite loci in a breeding program with sepe but synchronous mass
spawning of five groups of fish, each group comsgsof 30 mature broodstock.

This was the same tank and mating structure matidieother purposes and trialled
in earlier papers (Loughnan et al., 2013; Robiretoal., 2010). An equal sex ratio
of 15 males and 15 females was applied to eachrépguwank in the model (see

Appendix 5A for the full script).

5.3.3 Ranking of candidates for inclusion into the synthetic base population

To determine which 75 male and 75 female parergsldibe included in the
simulation under the five scenarios described beldlcaptive broodstock were
ranked on the basis of mean kinshipk) and samples from wild locations were
ranked according to allelic richnegs)at 16 loci. Preference was given to
individuals with highe®, and lowemk, as effective measures of genetic diversity.

To estimatank, the relatedness estimatoy ¢f Queller and Goodnight (1989)
was utilised in COANCESTRY 1.0.1.2 (Wang, 2011yatculater between every
parent-pair combination across the eight hatché¢nies407). mk was then
calculated from the estimatesrodiccording to the modified methods of Doyle et al.
(2001) and Sekino et al. (2004). The origimklstrategy proposed by Ballou and

Lacy (1995) assumed single pair mating and pedigreerds, whereas the modified
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methods incorporatedestimates rather than pedigree data and was applg@up
or mass spawning species, a similar breeding giratebarramundi. Relatedness
was calculated once between each individual and/etber individual in the

candidate population amdk was calculated as

N
j=1

wherefj is the kinship betweeinandj andN is the number of individuals in the
population.

Selecting broodstock candidates from wild locatiat&re the highest levels
of A, had been detected was performed in order to aaterhighest genetic
diversity. In a previous study (chapter A)was calculated using FSTAT 2.9.3.2

(Goudet, 2002) between the wild localities as

A =31 [1 - (Zgg;i)]

2n

whereN; is the number of alleles of typeamong the&N genes.

5.34 Optionstested for source of founders
Captive broodstock with the lowest level of mk, (Cmk;)

Under this option, 75 male and 75 female captiemtstock (from a total of
407 individuals) with the lowest averages were selected. Determinimgk is an
effective method for minimising kinship (limit inbeding) and maximising the
conservation of rare alleles (maintain geneticatéon) between captive populations.
Parents were randomly distributed into five tar8G different individuals per tank,
each containing an equal sex ratio of 15 malesl&feémales). The contribution of
each parent to each spawning event was variedsasiloied in detail below (see

section 5.3.5). The averagd of the starting 30 broodstock within tanks onéte
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was -0.069, -0.066, -0.066, -0.076 and -0.056 sy, while averagé\ was

5.52, 5.47, 5.48, 5.58 and 4.85 respectively.

Equal representation of each wild genetic stock, selecting siteswith highest A,

(WSA))

Under this option, the top five sites with the hegh, from each of the two
wild genetic stocks and a central region of admiiestern, central and eastern,
totalling 15 sites) were used as a source of asilftilapter 4). Population structure
was previously detected between these regions agprasentation of individuals
from each would be expected to enhance the prodglyotif a captive broodstock
population. Ten individuals from each of the faites were randomly selected
(Appendix 5B.1) within each stock and region of &tare. A, ranged from 3.36 —
3.82 across the range of sample sites selecte@gntBavere randomly distributed
into five tanks (30 individuals per tank), eachtadmng an equal sex ratio of 15
males and 15 females. Averafyewas 5.64, 6.14, 5.71, 5.71 and 5.83 respectively

for broodstock within the five spawning tanks.

Wild sites with highest A, (WA,)

Under this option, sample sites with the highfgsicross the entire distribution
range irrespective of which genetic stock they bhgéml to were used as a source of
animals (Appendix 5B.2). This option was testedetermine whether the highest
levels of wildA; could be maintained in subsequent generationsofAhese sites
belonged to the central region of admixtufe.ranged from 3.66 — 3.82 and the
Archer River recorded the highest level. To beglhsamples from the Archer
River were allocated to the base population. Nelksamples from the second

highest ranked site f@&k were then added (Albert River). This continuemrfrthe
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highest to the lowest ranked sites &gy until the quota of 150 individuals (75 males
and 75 females) was reached. Parents were randbstiijputed into five tanks (30

individuals per tank), each containing an equalra¢in of 15 males and 15 females.
AverageA; was 5.70, 5.64, 5.79, 5.54 and 5.40 respectivelprioodstock within the

five spawning tanks.

One captive broodstock group (QLD1) combined with highest A, wild sites

(CIWA))

Under this option, all 58 broodstock individualsrfr captive group QLD1
(chapter 3) were selected and an additional 92 wdd/iduals added to give a total
broodstock census size of 150 (75 male and 75 #mdlhis option was developed
to simulate the inclusion of wild individuals indocaptive population, which is
typically practiced in the industry, and its effect the level of genetic diversity.
Wild sites were selected according to the highmstls ofA, across the wild sample
distribution range and these included the Arch#lseX, Gilbert and Holroyd Rivers
from the central region of admixture (selected frAppendix 5B.2). Parents were
randomly distributed into five tanks (30 individaader tank), each containing an
equal sex ratio of 15 males and 15 females. Awefagvas 5.09, 5.77, 5.52, 5.60

and 5.46 respectively for broodstock within theefspawning tanks.

Captive broodstock from QLD1 without additional wild sourced individuals (C1)

Under this option, the QLD1 broodstock group=(58) was used as one mass
spawning broodstock group containing 26 females3hohales, without the
inclusion of wild individuals. This was for comjson to the results from the
previous option@©1WA), for which QLD1 broodstock were combined withavil

individuals. Averagé\ for the broodstock group was 4.11.
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5.3.5 Simulation of spawning events

First, each parent was assigned a level of corioibio each spawning event.
It was assumed that the frequency with which eackmi contributes gametes would
be similar to the actual contribution frequencietedmined from a trial spawn using
12 females and 21 males over two nights of spawflingghnan et al., 2013), which
found that females 1 — 12 contributed at frequenofed.372, 0.208, 0.139, 0.092,
0.062, 0.051, 0.046, 0.021, 0.007, 0.002, 0.0000ad@0 and that males 1 — 21
contributed at frequencies 0.134, 0.125, 0.122)&).0.072, 0.065, 0.053, 0.046,
0.039, 0.035, 0.032, 0.028, 0.023, 0.021, 0.0211,8).0.016, 0.016, 0.014, 0.009 and
0.005. These frequency values were considereceasurements of individual
spawning ability i6a). For the simulation, thisa’s for malesn and female$in
each spawning group were generated by randomlylgagrfpom a pool of
frequency values consisting of 100 of each of tttaa contribution frequency
values detected for male and female broodstockdmghnan et al. (2013), without
replacement. A corrected valueisd for each individualij was calculated for each

set ofn males on females in each spawning group in the followingnex;

, uncorrected isa;
isa; = 3

*uncorrected isa

All loci were assumed to be independent and allek® assumed to segregate
randomly with meiosis according to the rules of Melan inheritance. A mixture
of 1000 male and 1000 female gametes (Fig. 5.1) alleles at 16 loci was created
for each spawn by randomly selecting one alleletah locus from the parent of
each gamete where the number of gametgsOntributed by each pareinvas

Ngi = isg *1000
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One hundred offspring were generated for each sipgvgroup by randomly
selecting male and female gametes without replanefream the mix for
fertilisation. Each breeding program option wasioated 100 times and an average

calculated.

5.3.6 Comparison of offspring allelic diversity between breeding programs

Following the output of offspring genotypes for lkaeplicate, the inbreeding
coefficient is), number of alleles per locus)(and allelic richnessA) were all
calculated by the simulation model, with the in@uasof the gstudio (Dyer, 2012)
package in R. A rarefaction option was choseratoutateA,, which standardises
the sample sizes between testing populations a®g&8nutations were applied. At
the end of each simulation rufs, A andA, were determined for the parents and
averaged across the 100 replicates for the offggrom each spawning tank. Any
significant differences between broodstock andpoiifg) for levels ofA, were

determined by two-sample Mann-Whitney U-tests in R.

5.3.7 Effective population size (Ne)

In order to determine the number of contributingepés required to reach an
Ne andAF of more than 100 and less than 0.5% respectidglgndAF were
estimated for each offspring cohort produced fremreplicates for five base
population sizes; 150, 180, 200, 230 and 250. bHse populations were developed
by selecting an even number of wild samples froenttéo wild genetic stocks and
central region of admixture (Appendix 5B.1 and 5B.@ne hundred offspring from
each spawning tank were combinad=(500) and the variance of parental
contribution was determined using CERVUS (Kalinoinetkal., 2007). This

procedure was conducted for each of the 10 repkcand averaged across replicates.
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A linear model with standard error (SE) was appt@dstimations o in R. The
calculation ofNe. accounted for variance in parental contributiod anequal sex

ratios among contributing parents using the follayvequations;

Neg = (Nde - 1)/[Kd -1+ (Vd/Kd)] and Ngs = (NsKs - 1)/[Ks -1+
(Vs/Ks)]

N, = 4NedNes/(Ned + Nes)

whereNeg andNes were the effective number of dams and sires reéspdg K; and
K, were the mean number of offspring per dam andregpectively, antl; andl
were the variance in contribution for dams andssffeankham et al., 2002). The
rate of inbreedingAF) was estimated frome according to Falconer (1996) as
AF = 1/2(N,)

In addition, theNe/ N. ratio was estimated.

5.4 Results

5.4.1 Genetic diversity

The results from the simulation runs are shownahl& 5.1 and in every case
there was a loss @& andA, from broodstock to offspring, and only for t@enk
option was the result non-significait € 0.09). The loss & from broodstock to
offspring was inversely proportional to the levélpin the parents and was related
to howA, was distributed among the parents. Broodstockaodfisgring under the
WSA option showed the higheat (mean + standard error of 5.21 + 0.08 and 4.75 +
0.07, respectively). Option&SA andWA showed the largest reductionsAinfrom
broodstock to offspring (-0.46 and -0.47 respedtyiveBeside<C1, theCmk option

maintained the greatest levelAffrom broodstock (5.05 + 0.11) to offspring (4.69 +
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0.10), where the base population was selected @iogpto the lowest levels of
kinship between captive individuals. Opti@mk using captive broodstock with the
lowestmk, like optionWSA, captured relatively high genetic diversity in bilstock
and offspring & of 5.05 and 4.69 respectively) but also resultethé highest
standard errors iA; of all the options (SE of 0.11 and 0.10 respebtjveUsing a
smaller number of unselected captive broodstotkerbase populatiorc(l) resulted
in the lowest levels oA with 4.11 in the broodstock and 3.9 + 0.01 for dffspring
(P <0.01). By enhancing th&l base population with the top ranking wild samples
according toA,, A levels increased to 4.56 + 0.08 in the offsprifitnere was a
significant difference in the level & between offspring fron®1 and offspring

from C1WA (P < 0.05) when compared to the parents. An excelssterozygotes
was detected in each of the offspring populatiat®aling toF;s, although none

were significantly different from zero.

5.4 .2 Effective population size (Ng)

The results for the estimationsgf are presented in Table 5.2 for five base
populations of alternate census siZdg,(150, 180, 200, 230 and 250. For each
option there were a number of broodstock thatdatitecontribute to the simulated
spawn. For example, across the 10 replicatesvimage number of broodstock that
did not contribute was 24 fdi. = 150, 35 foN, = 180, 39 folN; = 200, 52 folN. =
230 and 57 foN; = 250, and of those broodstock that did contrilzatee
individuals dominated over others (e.g. the contidn of males ranged from 0.2 —
4.6% and females ranged from 0.2 — 7.0%Nor 150). TheN./ N ratio ranged
from 0.45 — 0.51 and the level of inbreeding 081 7%. N was highest for a base

population size oN; = 250 resulting iMNe = 115 AF = 0.4%) and when usinghy
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of 150 the estimateN. was 76, which was below the recommended leveD6f 1
According to the linear model represented in Figu& anN. of 213 individuals

would be required to achieveNa of 100.

5.5 Discussion

In this study, a computer simulation model was ted and applied to
investigate options for establishing a base pojuidor selective breeding, with the
aim of capturing as much wild representative genditiersity as possible and at a
scale that will allow inbreeding to be limited tergerally acceptable levels. The
model assumed that parental contributions woulgl vaa similar manner to that
observed by a previous study after a mass spavimi@@ver two nights (chapter 2;
Loughnan et al., 2013). It is possible for barradido continually spawn for greater
than two nights within the same mass spawning e\artker et al., 2002) and
another stage of the simulation would need to berjporated to demonstrate the
respective parental contribution ratios for subgsedspawning nights. Each
spawning tank was replicated 100 times and eaditatipn selected a new
contribution level of parents, which could be adytigat multiple spawning nights
are being represented, however, it would be mararate to include actual
contribution ratios for additional spawning nightghe simulation because it has
been demonstrated that parental participationdiié® alternate nights (chapter 2;
Frost et al., 2006).

The simulation model demonstrated that by providihkpast five spawning
tanks, each with an equal sex ratio (15:15) fartal tbrase population size of 150
individuals, it is only possible to maintairNg of approximately 77 andF

estimated at 0.7%. ldeally, to conserve genetierdity and control inbreeding for
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the longevity of a selective breeding programs giénerally considered thaNa>
100 andAF < 0.5% should be maintained in the base popula#mh generation
(Fjalestad, 2005; Sonesson et al., 2005). To maigenetic diversity and control
inbreeding for future evolutionary change\g&of between 500 and 5000 has been
estimated (Franklin and Frankham, 1998). Assurthegistribution of parental
contributions used by the simulation model, a lpagrulation of 213 individuals
would be required to maintainNy of 100. Increasing the size of the base popuiatio
could be achieved by including wild individualsara mixed base population with
current captive broodstock, or by using only puilel founders. Nonetheless, it
could also be achieved from just using existingpbdetock based on thek values
detected in this study. It may be difficult fosiagle hatchery to maintain a
broodstock population size of 213. An alternatéoi divide up the founding
population between multiple hatcheries, which wdwtp to include the entire
industry in the program and also reduce the risstetk loss when restricted to just
one site. If a breeding program is going to béricted to one site and the
appropriate logistics are not available to holddksired amount of adults, then the
best recommendation is to develop as large aslpessunding population from a
broad ranging genetic base of unrelated individuals

There was no significant reductionAnfrom broodstock to offspring anf
was maintained at a high level among offspring wtegptive broodstock with the
lowest level of relatednes€ifnk) were selected as founders for the selective
breeding program. When broodstock were selectedlgyrom two wild genetic
stocks and a central region of admixtu¢SA), this resulted in the highest level of
A, among offspring in the base population. In otdanake best use of existing

domesticated stock, capture and conserve Aigind limit the kinship between

145



Chapter 5

founding individuals. The results from this stuglyggest that a combination of
captive stock selected according to the lowesti$ewmk and wild broodstock
collected from regions of high. across the two genetic stocks and central redion o
admixture could be combined to form a geneticaiNyese base population of
unrelated individuals. However, due to the alte¥maethods in developing the
synthetic base populations, a direct comparisowdxt the options cannot be
compared.

In order to select the best candidates acrossatugat range of barramundi, no
biosecurity restrictions were placed on transpgrfish between genetic stocks for
the simulation model. If translocation restricBamere to be enforced, it would be
simple to adjust the model and only select cand&ltbm the genetic stock of
interest. The Australian barramundi industry hasand a large number of mature
broodstock from a diverse range of ancestral liasdgat demonstrate low levels of
relatedness (chapter 3). If the development elective breeding program was to
have access to all current barramundi broodstodkuproduction, as inferred in this
study, then &, >100 and a low level of inbreeding could be achiewithout
including any wild individuals. However, a seleetibreeding plan would also have
to contend with the protandrous life history ofraanundi. Under selective breeding
it would be difficult to mate current generationlasawith current generation
females because all barramundi are born male, datarging to female (Macbeth et
al., 2002). Suggestions have been made to overtdwrieplication of protandry in
a selective breeding program, such as mating dugesreration males with previous
generation females (Macbeth and Palmer, 2011; Rohiet al., 2010) or utilising a
manual technique of strip spawning and the cryaxegion of male milt (Leung,

1987; Palmer et al., 1993). These techniques wgiukel greater control over the
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level of relatedness between parent-pairs withenbase population and the level of
inbreeding each generation. Other implicationthédevelopment of a selective
breeding program are translocation and biosecisstyes and the high costs
involved, due to the broad distribution range afhbwild and captive barramundi
across two genetic stocks and a region of gendtiaxdure.

In chapter 4, the range of genetic diversity levetse significantly differentR
< 0.05) between the collection of wild samplas£ 3.40) and eight captive
broodstock groupsi = 3.15). The wild samples were found to cover spatially
broad genetic stocks and a central region of admexfs;= 0.076) that did not
demonstrate high levels of structure within eadalstand the degree of gene flow
throughout the sampled natural distribution rangs Wgh. The captive groups
maintained a diverse range of individuals with ms$gfrom across the wild genetic
stocks, so overal\, was not considerably low within the hatcheriesigiag from
2.67 — 3.42). When captive broodstock with lmk (Cmk) were used as founding
stock,A, was maintained at higher levels € 4.69) than when a smaller number of
founding stock were selected from one captive bstak group only€1, A =
3.90). However, the results of the simulationsasdabthat captive broodstock
groups could benefit from the inclusion of unretbsad genetically diverse wild
individuals under some circumstances.in the offspring was significantly lesB &
0.01) when only using broodstock from one hatchenmpake the base population
(C1), compared to optio@1WA, which incorporated the same captive group but
with the inclusion of additional wild individualsassipled from regions of high
genetic diversity. By combining wild individualgtiv captive stock, there was an
increase in levels ok and this could be further increased if the capitikviduals

were selected according to the lowest levelsipf
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Whilst themk method for choosing broodstock candidates for the
establishment of a base population proved effidgiethis study, there are other
methods of selection that could also be testedloBand Lacy (1995) identified and
tested a variety of techniques for measuring tletye importance of individuals,
including themk method based on pedigrees. Other proceduresietiine founder
importance coefficient (FIC), which standardises glenetic contribution of
individuals, genome uniqueness (GU), which aimsotoserve rare or unique alleles
within a population and the method for the maximawoidance of inbreeding
(MAI), which maximises the effective populationesizAt the conclusion of testing,
themk method recorded the highest level of gene antcatleversity in every
replicate. The lowest inbreeding rates were eséichtor the FIC strategy but FIC
performed poorly in conserving gene and alleliecdsity. Themk method of
selection, utilising levels af rather than pedigree data has been shown to eagptur
high proportion of allelic diversity in other caygifinfish stocks (e.g. Doyle et al.,
2001; Ortega-Villaizan et al., 2011; Sekino et2004). Theank breeding strategy
is similar to the optimal genetic contributions (O@nethod, which aims to
maximise the genetic gain transferred onto the gereration, whilst restricting
inbreeding (Hinrichs et al., 2006) but incorporatemated breeding values (EBV)
rather than mean kinship estimates.

In this study, both thek andA, methods for selecting the base populations
maintained levels oA in the first generation of offspring. Over sucies
generations of selective breeding the continuechteaance of genetic diversity
would depend on the number of breeding animalsysipay plan (hnumber of tanks,
stripping and cryopreservation) and factors affegtiariability in reproduction and

maturation. Ideally, the development of a baseufadmn at the commencement of a
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selective breeding program would include a mixtirboth captive broodstock and
wild individuals, and the continuing breeding praxgrwould work towards
conserving the level of genetic diversity set ia tbunding population into future
generations. To assist in achieving this, it isassary to improve the reliability of
mating success and gain control over which fisketnsith other fish. As it is
desirable to close the breeding program aftersitatdishment to the inclusion of
additional stock, it is very important to ensuratta high level of genetic variability
is captured when the selective breeding programitiated. From our simulation of
the base population for barramundi selective bregdive recommend that a
combination of captive stock selected accordintip¢olowest levels aink and wild
broodstock collected from regions of highacross the two genetic stocks and
region of admixture, would be the best combinatmachieve a genetically diverse
base population of unrelated individuals for iriitig a selective breeding program

for this species.

5.6 Conclusion

This study focused on a base population size ofidd@iduals for the
simulation model, consisting of 75 males and 75d@sacross five spawning tanks.
A key assumption for all options was that pareataitribution to the mass spawns
would vary in a similar way to that observed infea 2 using a large mass
spawning group (Loughnan et al., 2013). With asosrsizeNl;) of 150, the
effective population sizeé\g) was estimated at 76 and at 0.7%, which were
outside the desired valuesihf >100 and rate of inbreedingK) < 0.5%. By
increasing the\. to 250 founding individuals of equal sex rafi,was estimated at

115 andAF was 0.4%, which exceeded the preferred limits: déaserving genetic
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diversity, selecting candidates according to meashkp relatednessn) in captive
stocks Cmk) and choosing wild individuals from each of thexgec stocks\(VSA)
according to levels of allelic richnes& ) were the best performing options. Current
captive broodstock tested in this study demonstria& mk values that were at
appropriate levels to be used as founders. Howéase populations using current
captive broodstock groups would benefit by soureiaw individuals from wild
regions of high genetic diversity, as this wouldiéo mk values within the breeding
group and result in highét.. The results from this study concerned the dgrakmt
of a base population for barramundi selective brepdnd suggested additions to the
model include the simulation of multiple generasi@nd the inclusion of stock
performance information. Domingos et al. (2013t4Qutilised the offspring cohort
sampled in chapter 2 and estimated heritabilitpegie and phenotypic correlation
between traits at harvest. Heritability estimatese as high 0.40 for growth related
traits, demonstrating the amount of genetic gaan tlould be achieved when
selecting animal’'s dependant on these traits. rparating heritability estimates into
the model are possible and could help to simulsermpact of selecting for traits in
future generations. The simulation model coulé b@luable tool to apply to other

mass spawning species under aquaculture production.
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Table 5.1 Average measures of genetic diversitysac100 replicates for
barramundi broodstock base populations and finseggion offspring following
mass spawning in five tanks. The broodstock s&zespawning tank and the
quantity of offspring generated per replicdt, the average number of alleles per
locus @), mean allelic richnesg\(), mean expectedHt) and observedy)
heterozygosities, and the average inbreeding coefti is). Values in parenthesis
for the offspring are standard errors (SE) acrbedite spawning tanks for each
option. Broodstock selected according to the |lawegls of captive mean kinship
(Cmk), the highest levels & from two wild genetic stocks and a central regibn
admixture WSA), wild sites containing the highest levelsfpfirrespective of the
genetic stockWA), captive broodstock combined with wild individsdtom sites of
high A, (C1WA), captive broodstockJ1)

(continued on next page)
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Table 5.1 (continued)

Option N A A He Ho Fi
Cmk

Broodstock 30 5.50(0.14) 5.05(0.11)  0.602 (0.0049.575 (0.011)  0.050 (0.012)
Offspring 100 5.23(0.13) 4.69 (0.10)  0.587 (0.004P.611 (0.005)  -0.039 (0.003)
WSA

Broodstock 30 5.85(0.09) 5.21(0.08) 0.566 (0.005).537 (0.013)  0.049 (0.023)
Offspring 100 5.42(0.08) “4.75(0.07) 0.553(0.005) 0.578 (0.004) -0.045QB)0
WA,

Broodstock 30 5.65(0.07) 5.03 (0.05)  0.532 (0.003).531 (0.005)  0.003 (0.007)
Offspring 100 5.21(0.06) “4.56(0.04) 0.520 (0.003) 0.541(0.003) -0.040qR)0
C1WA

Broodstock 30 5.53(0.11) 4.98 (0.10)  0.547 (0.006).521 (0.008)  0.043 (0.015)
Offspring 100 5.14(0.10) °4.56(0.08) 0.534 (0.006) 0.561 (0.006) -0.049GB)0
C1

Broodstock 58 431 4.11 0.491 0.514 -0.047
Offspring 100 4.07 (0.01) “3.90(0.01) 0.485 (0.001) 0.499 (0.002) -0.030 (0.001)

Mann-Whitney U-tests between broodstock and offgpfor levels ofA

*0.05, ¥70.01
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Table 5.2 Estimation of parental contribution &mel effective population sizélf)

in barramundi broodstock, tested at five base @i sizes selected from two wild

genetic stocks and a central region of admixtupgiga WSA). The number of

broodstock in the base populatidf), the number of contributing sireNgf and

dams Ngy) and the rate of inbreedingK). For five spawning tanks replicates 1 — 10

were combined for each base population and vatuparenthesis are standard errors

across the replicates

N N Ng Ne Ne/ N AF
150 71(0.5) 55(1.0) 75.6(1.8) 0.51(0.01) 0.007 (0.0001)
180 83(0.9) 62(1.1) 85.1(1.9) 0.47 (0.01) 0.006 (0.0002)
200 90 (0.7) 71(1.1) 98.1(2.3) 0.49 (0.01) 0.005 (0.0001)
230 101 (1.2) 77 (1.1) 104.6 (2.6) 0.45(0.01) 0.005 (0.0002)
250 109 (0.8) 84 (1.1) 115.2(2.9) 0.46 (0.01) 0.004 (0.0002)
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MASS SPAWN SIMULATION
Q 75 d 75 Founding animals

201 203

201 203

201 203

e 4 € 1000
mmed (11000

201 203 201 203
115 117 115 117 115 117 115 117 115 117 (;/
299 301 299 301 299 301 299 301 299 301 7100
248 250 248 250 248 250 248 250 s 250 J
201 203 201 203 201 E’ 203 201 " 203 201 203

= b

104 1101 [ELL] 10 15&;
offspring offspring offspring offspring offspring
REPLICATED X 100

Five possible sources for founding animals fested

Figure 5.1. Schematic of the simulated mass spailsed in the model,

demonstrating the selection of 150 broodstock éidiohto five spawning tanks of

equal sex ratio, followed by the random pooling aakction of alleles to produce

100 offspring from each spawning tank.
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Figure 5.2 Plot of mean effective population gidg with standard error (SE)
across 10 replicates for five barramundi base @djoul sizes; 150, 180, 200, 230
and 250. The base populations were selected franwild genetic stocks and a
central region of admixture (optid'SA). The line of best fit was calculated

according to a linear model resulting in y = 1& &, 0.392 and R=0.97.

155



Chapter 6

6 General discussion

Barramundi is an ideal candidate for a selectie®bing program in Australia.
It is fast growing, highly fecund and well adaptedntensive aquaculture. There is
high demand for fillet and live product, plus oppaities for increasing value-added
products in the market. Most importantly, the Aakan industry has direct access
to a wide distribution range of wild stocks thah ggenetically enhance an already
large number of mature captive broodstock undedyrtion. Current captive
candidates could be selected to form a productse Ipopulation, as moderate levels
of genetic diversity and relatedness were idewtiftechapter 3 across all hatcheries
and evidence of at least two genetically differatetil stocks were detected. These
two genetic stocks and a region of genetic admaxivere also identified across the
wild localities. However, uncaptured genetic dsigrwas recognised from
assignment tests that could be used to supplememgenetic diversity detected
among current captive stocks to benefit a selettireeding program. The Southeast
Asian market for barramundi has already taken Ba@anit steps in sourcing and
constructing a base population for the commencewfemselective breeding
program (Yue et al., 2009). The Australian industeeds to follow suit and develop
a centralised breeding program that will benefitradustry members.

This thesis has investigated the main steps irtingea productive base
population from molecular genetic information, tbe longevity of a selective
breeding program for barramundi. Traditionallylyophenotypic information such
as weight, total length and the fecundity of ansnakre utilised to select the best
candidates for breeding, however, without pedigieta any control over inbreeding

is limited. To date, molecular information has heen utilised for the development
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of a base population (Goddard and Hayes, 200 hpadih the advantages are having
greater control over inbreeding and maintainingga lgenetic fithess. Ideally, a
combination of both genetic and phenotypic infoiorashould be used to develop a
base population, such as selecting current captdreiduals according to prior
spawning performance, of low relatedness and hagtetic diversity. However, in
order to make valid comparisons of breeding valtilesanimals to be compared
need to be at a similar stage of development ahdyte experienced the same
environmental conditions (e.g. derived from the e@pawned batch of parents).
Data like this normally becomes available aftertireeding program has
commenced.

It can be difficult to control inbreeding due teethigh reproductive potential
of many aquaculture species andcurrent mass spgwethniques are unsustainable
for the conservation of genetic diversity and for tontrol of inbreeding. By
utilising at least 33 broodstock individuals perssiapawning group, the results of
chapter 2 demonstrated that a large number ofamaffull-sibling families can be
developed. A high parental participation rate aelsieved from the mass spawn
although contribution levels were skewed and thieawae of contribution large. A
slight loss of genetic diversity was detected flanmodstock to offspring, however,
no further loss was recorded throughout the jueegibw-out period, which
included size grading and culling of juveniles.eThigh participation rate of parents
was attributed to the changed dynamics of the tagawning group utilised.

As determined by simulation, the best methods éwetbping a genetically
diverse base population for barramundi selectieeding, was by choosing captive
candidates according to the lowest mean kinshipegaCmk) and selecting

individuals from wild regions of high genetic digéy, evenly selected across wild
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genetic stocksWSA). However, a direct comparison between the optmuld not
be compared due to the different ways in develoiegoase populations,
althoughtheCmk option was determined as the best strategy tésigdthose
developed due to the non significant losg\ofrom broodstock to offspring. In
order to achieve Be > 100 and\F < 0.5%, a base population size of at least 213
individuals needs to be incorporated. The Austreindustry has on hand suitable
captive candidates to achieve the desired basdatmpusize and together with the
inclusion of high quality wild individuals, foundgenetic diversity can be
maintained for future generations. Many commetggatamundi hatcheries are
already proactive about the regular inclusion a¥ séock, either sourced from the
wild or traded from other hatcheries. Often, peskgrecords are not maintained and
the selection of new individuals has been ad t#mutheast Asian wild barramundi
stocks have demonstrated higher levels of genatargity than Australian stocks
(Yue et al., 2009) and disregarding translocatssues the inclusion of Southeast
Asian individuals would enhance the genetic fitnefsa selective breeding program
in Australia. However, the uncertain taxonomyr® Southeast Asian variant,
particularly from Myanmar (Ward et al., 2008), n&go restrict its inclusion into an
Australian breeding program. Results from thisthéave helped to reconstruct
pedigrees from molecular data and provided hatekevith a direct genetic
assessment of their stock on hand.

Under a selective breeding program, it is prefeteeldave a single breeding
nucleus to manage broodstock and production, wihieh distribute offspring to
multiplication hatcheries for grow-out. A singleebding nucleus is less costly to
run, mate combinations can be arranged, pedigeeebe accurately tracked and

inbreeding controlled. However, genotype by envinent (G x E) interactions may
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exist and if only using a single breeding nucléehe,best performing families in one
production environment may not be the best perfognfiamilies in another
production environment (Domingos et al., 2013; Newt al., 2010). Therefore, a
single breeding program may not be able to meendleels of the entire industry.
With a centralised breeding nucleus, all industily mave access to the genetic gains
achieved, although the dissemination of improveld from a nucleus can be difficult
for industry to accept due to the initial finandiatestment required. However,

long-term production and financial gains can gkeakiceed any initial trepidation.

6.1 Implications for barramundi selective breeding

1. A major implication of the results from this the&is a barramundi selective
breeding program is the space required to maisiiiicient numbers of mature
broodstock in the base population. With the lewglgsarental contribution and
skewness detected for the trial spawn undertakehapter 2, a large number of
broodstock would be required to reach acceptablddeofN, andAF (at least 213
individuals). Only a small number of Australiartd¢tgeries under current production
could maintain this quantity of broodstock, althbwlistributing the founding
population across multiple hatcheries could helm&intain a highNe and increase
industry involvement. It will be important to firedsuitable site or sites with
capacity to hold and spawn this large number obtifish. The high fecundity of
many aquaculture species, including barramundio@@@es some hatcheries to
maintain small broodstock populations. If lowenrthers (lowNe) were used in a
closed breeding program, higlir and inbreeding depression of fithess may occur
after successive generations, and loss of genatighility may restrict the ability to

make genetic gain.
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2. The amount of fishing effort and pressure placedataral stocks can be
reduced if restocking programs, with a sound geritsis are developed for
barramundi. By improving understanding of the dwyies of group spawning and
size grading for the prevention of cannibalismiaelsing programs could benefit
from the knowledge gained from this thesis andrdatee how to best manage
spawning and size grading to limit inbreeding avglof genetic diversity. In
addition to boosting the conservation of genetiediity in the wild through re-
stocking programs based on the genetic knowledwe fhis thesis, any increase in
captive barramundi production derived from genitiprovement can help to relieve

commercial fishing pressures on wild stocks.

3. Most hatcheries sampled reported that wild broatksteere sourced from
local regions, although the results from this thésive detected a mix of genetic
stocks in some hatcheries. Within wild barramysajulations, two genetic stocks
(eastern and western stocks) and a region of geaemnixture were discovered,
spanning central Queensland to Western Austraksién, 1994; Salini and
Shaklee, 1987; 1988; Shaklee et al., 1993; Shakidesalini, 1983; 1985). None of
the hatcheries sampled actively spawn their fismé&tural restocking purposes,
however, all hatcheries and grow-out facilitiesidddake precautions to prevent any
accidental release of non-local captive stock theonatural environment. These
precautions are needed to ensure eastern and megieks are not mixed, as such
releases could affect the natural genetic struatvgld populations. However, this
thesis and Keenan (1994) have shown that genewitimin stocks is high and that
there is a natural region of genetic admixture betwstocks, both of which suggest

that populations could quickly reach a new geredjigilibrium and that the fitness of
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mixed fish stock in the natural environment is higthe central region of admixture
is a combination of eastern and western stocksaagdccidental release of captive
fish into this region may not be detrimental toc&tstructure, although caution
should be taken until further studies into intragien can determine the degree of
impact if any. The effect of aquaculture escaeesatural stocks becomes more
significant following many generations of selectiarcaptivity, due to the change in

allele frequencies, which can occur at a fasterttzn in natural populations.

4, The majority of captive broodstock were assigneth#owild eastern stock
(59%), followed by the western stock (23%) and @megion of admixture (13%).
In order to supply the maximum amount of geneti®@diity available, the selective
breeding program requires an equal representatiom the two stocks, and the
region of admixture could also be sampled becausmntains genetic variation from
both flanking eastern and western stocks. Howeweassess the performance of
pure stocks for traits of interest (i.e. rapid gtion different environments, a diallel
cross should be established and the results mawifalie inclusion of a higher
proportion of individuals from a specific stocktefs need to be taken to coordinate
the collection of broodstock candidates from the wild stocks and region of
admixture for inclusion into the base populationdelective breeding. Within each
of the two genetic stocks and region of admixtsoeme localities were found to
contain more genetic diversity than others and amsislshould be placed on

obtaining animals from these particular areas.

5. Within some hatcheries, estimated average relagsdegels were high and
genetic diversity low (according #g). If these hatcheries continue with current

practicesAF will increase and inbreeding depression of fitremsd reduce growth
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rates and lead to reduced resistance or toleramtiegases and other stresses.
Unrelated individuals from an alternate hatcherwidd stock should be injected into
these broodstock groups, to increase levels oeseptative genetic diversity.
Similarly, when constructing a base populationgelective breeding, only

broodstock of diverse ancestries should be included

6. The amount of genetic testing and subsequent oagtsred for the
construction of a diverse base population is arigapon for the development of a
selective breeding program. If using current cagpliroodstock tested in chapter 3,
DNA tests to determine pedigrees have already bemmpleted, however, it would
be more than likely that additional stock wouldoalequire testing. In addition, each
new generation of broodfish would also have to bRARested. With mass
spawning and because of the variance in broodstomcttibution that has been
detected, a large number of offspring (1500 persnsaawn) would need to be DNA
tested, in order to find sufficient representatigésach full sibling family to limit

AF to 0.5% per generation and achieve a reasonadpemse to selection.
Maintaining offspring in groups consisting of knofemily lines (if strip spawning
could be used to control mating combinations) uait identification would greatly
reduce the amount of genetic testing needed and cesult in greater cost
efficiencies. Next generation sequencing (NGS) aN& genotyping can produce
large volumes of data, currently the methods areeregpensive than traditional
techniques, although it involves reduced labourthedutput is greater.
Applications of SNP genotyping include marker assiselection and genetic
mapping of QTLs, in many cases SNPs offer advastager other genotyping

methods in cost and efficiency. When the genoneesgecies is known, genomic
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selection has the potential to explain all the genariance over the genome,
although a large amount of markers and respectiseare required (Meuwissen et
al., 2001). NGS can identify large quantities BiFS and the latest technologies
have reduced the cost of genotyping (Goddard ary@$j@2007). The larger the

number of markers available the less genotypingired.

7. Genetic diversity is the basis for selection andege improvement. By
capturing high levels of genetic diversity in tlreimding population at the
commencement of a selective breeding program amotanzing those levels, there
should be greater scope for applying marker askgstection (MAS) and making
genetic improvement for traits of current and fatunterest. Traits such as rapid
growth, flesh quality and disease resistance frtiections such as betanodavirus
(Hick et al., 2011) an&treptococcus iniaéBromage and Owens, 2009), are
important issues for the barramundi industry. Buthe high cost of feed,

improving food conversion efficiency is also attafi major priority.

8. The results from this thesis can be utilised fertilanagement of other
species under aquaculture production that havdagitmiology, spawning and
hatchery requirements to barramundi. Mass spawspegies that display high
fecundity, such as Japanese floun@aralichthys olivaceugHara and Sekino,
2003) and gilthead seabreafparus auratgChavanne et al., 2012), have also
shown to have highly skewed parental contributtonhe next generation of
offspring. Chapters 2 and 5 investigated methntismaintaining a highle, whilst
dealing with unequal parental contribution. Otfeecies that require size grading
for the avoidance of cannibalism, such as gianigeo, Epinephelus lanceolatus

(Hseu et al., 2004) and Asian catfistangasianodon hypophthalm(Baras et al.,
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2010), where genetic diversity can be partitionetbst, would also benefit from the
knowledge generated in this thesis. Such asiatlia large number of broodstock to
restrict the loss of genetic diversity to subsegqgemerations, from the techniques of

size grading and culling.

6.2 Further studies

1. Future studies should involve refining methaaistiie genetic contribution of
parents to offspring, such as experimenting witip Spawning and cryopreservation
techniques, which would help to equalise parergatrdbution levels and direct the
contribution of desired individuals. The flow offeets of this would be greater
control over inbreeding, reductions in the numidsroodstock that need to be
maintained, a reduced need for DNA testing andathiiity to mate same generation
males and females to help overcome the implicatiansed by protandry in
barramundi. Such developments would greatly redueeosts and/or increase the
rate of genetic gain (benefits) achievable fromiiteeding program. However,
raising families separately until juvenile fish dmege enough for identification
tagging prior to pooling, can also be costly arguies a large amount of holding
tanks. Previous studies have already modelledekelopment of a selective
breeding program for the species that assume ib®ses can be overcome (Macbeth
and Palmer, 2011; Robinson et al., 2010), howdueher development of
reproductive technologies for barramundi is requiréollowing hormone injections,
barramundi can spawn for up to three consecutyktsi(Tucker et al., 2002) and by
increasing the sampling effort across all nights, gkewness of parental

contributions could also be improved.
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1. Protandry is a major issue for a selective breegdhnogram because without
the strip spawning and cryopreservation techniglesgribed above, current
generation stock cannot be mated together andeéudsuplanned breeding program
incorporating overlapping generations would be &gl It is also a major issue
because the generation time (turn-over from oneargal generation to the next) is
limited by the age of female sexual maturity (améour years under most
conditions). The time of sex-change and periogesiual maturation can be
inconsistent, especially in captivity and methads icontrolling these factors require
further investigation. The process of sex-chasgmmplex, species specific and
controlled by gonadal steroids (Frisch, 2004; Geigat al., 1995). Manipulating
the shift of gonadal steroids to induce female maditon at two years of age would

greatly increase the rate of genetic improvemessipte for barramundi.

2. Understanding the heritabilith, the total phenotypic variation that is
genetic in origin) of traits is important in thevdéopment of a selective breeding
program (Gjedrem, 2005). Wang et al. (2008) egtichzheh? of growth traits in
barramundi, which ranged from 0.22 — 0.25 for badyght. In addition, Domingos
et al. (2013) investigated tféof harvest growth traits and G x E interactions in
barramundi. Averagk?®estimates for body weight ranged from 0.22 — OotGigh
reared in cages, intensive tanks and semi intepsiids. No G x E interactions
were detected, however, further studies hftand G x E should be conducted into
barramundi selected from the two genetic stocksragithn of admixture identified

in chapter 4.

165



Chapter 6

6.3 Conclusion

Before breeding can commence, captive broodstack fropulations
identified in chapter 3 demonstrating high levdlgltelic diversity and low levels of
relatedness as compared with other captive indiledoeed to be gathered into a
single breeding nucleus. This requires industppsut from all hatcheries, funding
and initial agreement on a site which is capableesds expansion in order to hold
the breeding nucleus. To enhance the fithnesspifveabroodstock groups,
additional individuals should also be collectedvirwild regions of high genetic
diversity identified in chapter 4.

Many of the captive individuals tested did not shany recent common
ancestry with any other captive broodfish, therefibkvould be possible to utilise
existing captive individuals in a way that totadlyoids inbreeding in the initial
generations of the breeding program. Althougltanstructing the base population
with the aim of further maximising levels of gematiiversity and reducing long-term
inbreeding rates, it is recommended that a mixbaiteoth captive bred and wild
broodstock should be included. The introductiowidd individuals would increase
Ne and the genetic diversity of the base populatidhis would allow inbreeding to
be limited to lower levels and provide a broadesibor future genetic
improvement. An eastern stock, western stock acehé&ral region of admixture
were identified from the barramundi wild populatstady, and this latter region may
provide a valuable resource of broodstock for dmyely a productive base
population. Levels of genetic diversity were samilor both the wild stocks and the
captive broodstock and this may be due to samglifegts, with the repeated

sampling of many different wild subpopulations aoarce.
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When mass spawning, it would be beneficial to noyrpairental contribution
over multiple spawning nights, synchronising spaagrin multiple tanks, and use
more than 30 broodfish per spawning group, in otd@naximise the transfer of
genetic variation to the next generation of brooclsttandidates and reducing the
skewness of parental contributior’d,>100 andAF < 0.5% would be achieved by
using 250 founding individuals of equal sex rasdbaoodstock with each generation
of breeding. Selecting candidates according tomk@zship (nk) in captive stocks
(Cmk) and choosing wild individuals from each of thexgic stocks\(VSA)
according to levels oA would maximise the capture of genetic diversityhia
founding population. Few current captive broodstaie highly related to each other
and therefore there is broad scope for utilisiregakisting captive broodstock
population as founders. Although, base populatimisg current captive broodstock
groups would benefit by sourcing new individuatsnfrwild regions of high genetic
diversity, as this would lowenk values within the breeding group and result in
higherA,.

The results presented in this thesis provide vdduabormation regarding the
origin of current barramundi broodstock under puigtun, including the relative
levels of natural genetic diversity available witltihese broodstock and throughout
the species range. In addition, valuable inforamatin the reproductive
demographics is also presented and the maintemdmgemetic diversity following
mass spawning is discussed. This informationlvéllsed to develop a plan for
increasing the fitness and potential of captivelggpwhen establishing barramundi
selective breeding programs in Australia and veilive as an example for the

creation of genetic improvement programs for ofpecies.
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Appendix

Appendix 2A. Grading events and sample collectionspawn B, from the time of
spawning to 90 dph. Bar charts represent the ptiopoof the cohort within the
three size grades, on three occasions.

122 x218
Broodstock

1 dph offspring
(First sample collection n = 274)

18 dph offspring
(First grading event)
18 dph
80
60
0% 40 .
N ;0 Small Medium Large
0 n=208 n=158 n=106
small medium large
28 dph Small Medium Large
60 Between 18 and
0 90 dph. 12 grading
% events occurred
0 — Small Medium Large
small medium large
90 dh 90 dph offspring (final sample collection)
Eg Small Medium Large
% 40
20—
0
small - medium - large Small Medium Large
n=92 n=92 n=92
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Appendix 2B. Allele frequencies for 17 microsatelloci for broodstock and
offspring divided into multiplex one (a) and twg.(l5pawns A and B represent the
first and second night of spawning respectivelje Tdentification of sires or dams
next to some allele labels indicates the deteaifanprivate allele. Sample sizes are
in parentheses, S, M and L represent the smalljumednd large size grades

respectively, - represents an allele not observed.

(continued on next page)
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(a) Broodstock Spawn A Spawn B
Locus Allele label (33); 1dph (182 1dph(274) 18¢#M2) S (208) M (158) L (106) 90dph (276) S (92) (92) L (92)
LcaMO03 209 0.833 0.751 0.811 0.797 0.798 0.825 0.755 0.793.783 0.799 0.797
212 0.167 0.249 0.18¢ 0.203 0.202 0.175 0.z245 0.20D.217 0.201 0.203
LcaM16 (sire15) 201 0.015 0.006 0.009 0.012 0.015 0.006 01%. 0.002 - 0.005 -
(dam12) 223 0.015; 0.037% 0.025 0.014 0.017 0.006  200.D 0.033 0.060 0.033 0.005
224 0.803 0.825 0.80% 0.824 0.834 0.815 0.617 0.788.772 0.786 0.808
(sire06) 225 0.015 0.00€ 0.007 0.008 0.010 0.006 00%. 0.011 0.011 0.011 0.011
226 0.091 0.101 0.09% 0.080 0.071 0.102 0.064 0.10@.109 0.110 0.082
230 0.061 0.025 0.057 0.063 0.054 0.064 0.G79 0.06®.049 0.055 0.093
LcaM40 207 0.364 0.333 0.37¢ 0.316 0.337 0.312 0.278 0.38@.428 0.320 0.390
208 0.242 0.241 0.22G 0.241 0.259 0.237 0.212 0.22D.200 0.291 0.171
210 0.394 0.425 0.402 0.443 0.404 0.451 0.510 0.399.372 0.390 0.439
Lca57 202 0.242 0.385 0.33€ 0.265 0.287 0.252 0.242 0.29D.317 0.261 0.295
204 0.046 0.013 0.004 0.010 0.010 0.014 0.Go5 0.01D.017 0.022 0.011
205 0.561 0.363 0.50C 0.505 0.518 0.469 0.530 0.46D.494 0.484 0.420
207 0.152 0.239 0.16C 0.220 0.185 0.265 0.222 0.226.172 0.234 0.273
Lcal54 201 0.136 0.017 0.08& 0.072 0.086 0.074 0.G40 0.08®.103 0.099 0.055
202 0.636 0.794 0.73% 0.752 0.767 0.731 0.%55 0.7749.810 0.747 0.764
204 0.197 0.160 0.10% 0.112 0.088 0.125 0.240 0.099.071 0.099 0.115
205 0.030 0.029 0.074 0.064 0.059 0.071 0.G65 0.04®.016 0.055 0.066
Lcal78 (dam11) 202 0.030: - E - - - - - - -
203 0.303 0.176 0.221 0.291 0.302 0.266 0.310 0.243.266 0.217 0.244
204 0.652 0.824 0.77¢ 0.709 0.698 0.734 0.€90 0.750.734 0.783 0.756
(dam10) 207 0.015 E E - - - - - - -
Lca287 (sire20) 201 0.015 0.015 0.029 0.005 - 0.003 0.615 0.044 0.043 0.033 0.055
203 0.106 0.195 0.184 0.170 0.204 0.151 0.133 0.18®.207 0.201 0.132
(sire20) 204 0.015 - - - - - - - - -
215 0.258 0.263 0.21C 0.251 0.237 0.255 0.270 0.21®.141 0.245 0.253
216 0.470 0.509 0.511 0.508 0.464 0.537 0.551 0.50@.505 0.478 0.516
220 0.121 0.018 0.06€ 0.067 0.095 0.054 0.G31 0.064.103 0.043 0.044
(dam11) 221 0.015; - - - - - - - - -
Lca371 204 0.682 0.540 0.57¢ 0.586 0.600 0.594 0.549 0.694.717 0.669 0.695
205 0.318 0.460 0.42% 0.414 0.400 0.406 0.451 0.308.283 0.331 0.305

(continued on next page)
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(b) Broodstock Spawn A Spawn B
Locus Allele label (33)! 1dph (182} 1dph(274) 18¢#M2) S (208) M (158) L (106) 90dph (276) S (92) (92) L (92)
LcaM08 (sire06) 111 0.015! - 0.00t 0.004 0.010 - - 0.009 .006 0.005 0.017
116 0.924 0.800! 0.84§ 0.837 0.851 0.863 0.772 0.819.839 0.821 0.798
118 0.061 0.200 0.146 0.159 0.139 0.137 0.228 0.172.156 0.174 0.185
LcaM20 102 0.758 0.912 0.82 0.855 0.851 0.857 0.862 0.892.898 0.913 0.865
103 0.076 0.027 0.035 0.025 0.022 0.029 0.024 0.01D.011 0.011 0.012
(sire10) 105 0.015 0.005 0.002 0.014 0.022 0.010 009. 0.009 0.011 - 0.018
106 0.152 0.055! 0.135 0.105 0.104 0.104 0.110 0.08D.080 0.076 0.106
LcamM21 111 0.242 0.142 0.256 0.259 0.263 0.311 0.175 0.256.238 0.264 0.265
113 0.485 0.579 0.472 0.452 0.438 0.423 0.521 0.443.388 0.478 0.459
114 0.167 0.132 0.158 0.187 0.209 0.150 0.201 0.20D.275 0.159 0.177
116 0.030 0.132 0.074 0.044 0.045 0.042 0.046 0.059.063 0.038 0.065
117 0.076 0.013 0.045 0.058 0.045 0.073 0.057 0.049.038 0.060 0.035
Lca58 (dam12) 105 0.015; - E 0.007 0.012 0.004 - 0.030 2®.0 0.036 0.034
107 0.394 0.474 0.443 0.340 0.328 0.373 0.310 0.382.371 0.357 0.466
109 0.061 0.105 0.037% 0.062 0.076 0.052 0.051 0.049.045 0.043 0.052
116 0.212 0.158 0.22¢ 0.150 0.140 0.171 0.139 0.16D.129 0.207 0.121
118 0.197 0.053 0.09: 0.156 0.206 0.111 0.120 0.158.212 0.129 0.103
119 0.061 - 0.069: 0.130 0.099 0.143 0.177 0.073 610.0 0.064 0.121
130 0.061 0.211 0.134 0.155 0.140 0.147 0.203 0.15®.159 0.164 0.103
Lca64 112 0.152 0.200 0.13% 0.159 0.171 0.145 0.155 0.12®.131 0.112 0.127
113 0.106 0.082 0.11Z 0.093 0.101 0.095 0.073 0.09®.101 0.090 0.089
114 0.091 0.021 0.047% 0.067 0.059 0.079 0.063 0.063.060 0.056 0.076
(damo04) 117 0.015; 0.132 0.078 0.039 0.040 0.030 530.0 0.058 0.065 0.067 0.038
119 0.121 0.204 0.155 0.167 0.149 0.171 0.199 0.232.226 0.225 0.247
120 0.121 0.114 0.137% 0.131 0.124 0.115 0.170 0.123.071 0.129 0.171
122 0.152 0.068 0.117 0.111 0.141 0.092 0.078 0.09®.125 0.079 0.076
126 0.242 0.179 0.222 0.233 0.215 0.273 0.209 0.214.220 0.242 0.177
Lca69 103 0.030 0.047 0.046 0.100 0.077 0.105 0.141 0.094.093 0.082 0.108
104 0.727 0.676 0.705 0.653 0.718 0.611 0.587 0.640.692 0.679 0.545
105 0.242 0.277 0.248 0.247 0.205 0.284 0.272 0.260.214 0.239 0.347
Lca70 103 0.030 0.031 0.015 0.004 0.003 0.003 0.010 0.004 - 0.005 0.006
105 0.394 0.472 0.43¢ 0.417 0.389 0.441 0.438 0.479.500 0.451 0.489
106 0.530 0.491 0.524 0.571 0.606 0.546 0.538 0.51D.494 0.538 0.500
107 0.046 0.006! 0.024 0.008 0.002 0.010 0.014 0.006.006 0.005 0.006
Lca74 105 0.091 0.091 0.125 0.103 0.118 0.087 0.100 0.129.137 0.130 0.118
106 0.818 0.761 0.787% 0.838 0.845 0.846 0.814 0.818.808 0.799 0.848
120 0.091 0.148 0.088 0.058 0.037 0.067 0.086 0.053.055 0.071 0.034
Lca98 109 0.742 0.665 0.74 0.654 0.691 0.648 0.591 0.668.614 0.712 0.676
111 0.121 0.291 0.19C 0.258 0.198 0.273 0.351 0.26D.284 0.234 0.267
112 0.106 0.044 0.06% 0.088 0.111 0.079 0.058 0.07D.102 0.054 0.057
(dam11) 113 0.030: - - - - - - - - -
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Appropriately designed selective breeding programs are needed to limit the loss of genetic diversity and
control levels of inbreeding, and to base selection decisions on data collected from many offspring of many
families. Achieving a relatively even contribution by broodstock to subsequent generations is necessary
and for many aquaculture species this is possible to control through mate pairing. Barramundi (Lates
calcarifer) provides an exception, because it is a species that mass spawn in small groups and whose offspring
are repeatedly size graded in an effort to avoid cannibalism. Following mass spawning a large broodstock
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Lates calcarifer group of 33 barramundi, levels of parental contribution and multiple measures of genetic diversity were es-
Size grading timated over the course of repeated size grading events. Parentage was inferred using 17 microsatellite DNA
Mass spawning loci. Twelve dams and twenty-one sires were artificially spawned over two nights and sampled at 1, 18 and
Parentage 90 days post hatch (dph). Broodstock contributions were skewed and the contribution by individual dams

Selective breeding
Genetic improvement

and sires was as high as 48 and 16% respectively at 1 dph. Despite the unequal contribution and high variance
in family sizes, 31 broodstock were detected as contributing to the spawning events and as a result up to 103
full-sibling families were detected (18 dph, n = 472). A reduction in allelic richness (A,) was identified from
broodstock to offspring at 1 dph, (A, was 3.94 among broodstock and 3.52 among offspring sampled). How-
ever, no further loss of A, or genetic diversity was detected in the offspring from 1 to 90 dph, which included
the period of metamorphosis, multiple size grading events and losses through size culling, mortalities and the
sale of juveniles. The effective census population size ratio (N,/N.) ranged from 0.31 to 0.51 at times of sam-
pling, (N, was calculated between 10.1 and 16.7, well below the broodstock census size of 33) and the rate of
inbreeding was less than 5%. This research provides valuable baseline data that can be used to make recom-
mendations for the maintenance of genetic diversity and control of inbreeding for a barramundi selective
breeding program. It also provides an example of what considerations need to be made for the genetic
management of mass spawning and/or cannibalistic species.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Understanding how genetic diversity is represented and maintained
throughout the hatchery and production cycle is critical for the success-
ful development of selective breeding programs in aquaculture. This is
particularly evident for natural mass spawning species, where single
pair mating cannot be conducted. Mass or group spawning (each female
reproducing with many males and each male reproducing with many
females randomly in a single tank) is a common method of breeding
for a number of aquaculture species (e.g. Japanese flounder, Paralichthys

* Corresponding author. Tel.: +61 8 8201 7951; fax: +61 8 8201 3015.
E-mail address: shannon.loughnan@flinders.edu.au (S.R. Loughnan).

0044-8486/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.aquaculture.2013.04.014

olivaceus Hara and Sekino, 2003; barramundi, Lates calcarifer Frost et al.,
2006; common sole, Solea solea Blonk et al., 2009; gilthead seabream,
Sparus aurata Chavanne et al,, 2012). Although this reproductive strategy
can produce a large quantity of offspring and thus increase production, it
can also promote heavily skewed levels of broodstock contribution and a
high variance in family sizes, which can lead to a reduction in the effec-
tive population size (N,) and an increase in the rate of inbreeding (AF)
(Brown et al., 2005). Under captive culture, mass spawning is typically
utilised for those species that naturally spawn in large congregations, al-
though generally under this situation a limited number of sexually ma-
ture adults are utilised.

Low broodstock population sizes are typically employed for mass
spawning species bred in captivity, because it is costly to maintain nu-
merous adult fish. In addition, many species exhibit high fecundity, so
that a small number of broodstock have the potential to fulfil seasonal
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production requirements (e.g. Pacific oyster, Crassostrea gigas Boudry et
al, 2002; mangrove red snapper, Lutjanus argentimaculatus Emata,
2003). However, within the initial stages of a selective breeding pro-
gram, it is important to select a high number of founder broodstock
from diverse ancestries, to maximise genetic diversity and actively avoid
mating's between animals with recent common ancestry (Gjedrem,
2005). This important step not only assists in the maintenance of genetic
diversity in future generations but it also reduces the extent of inbreeding.

Barramundi, or Asian seabass (L. calcarifer), is a highly fecund,
mass spawning catadromous species from the family Latidae, cul-
tured mainly throughout Southeast Asia and Australia, with world-
wide production increasing. As a mass spawning species, methods
under captive culture involve the aggregation of conditioned, sexually
mature broodstock, typically at the ratio of 1 to 2 females to 3 to 5
males (author's personal observations; Macbeth et al., 2002). Hor-
mone induced spawning via luteinising hormone-releasing hormone
analogue (LHRHa) injections and environmental manipulation, are
generally necessary for final gonad maturation and to promote the
release of gametes for artificial spawning (Tucker et al., 2002). Fol-
lowing hatching, heavy mortalities can occur among larvae during
metamorphosis (Frost et al., 2006) and fingerling development phases,
when intraspecific predation (cannibalism) can ensue (Parazo et al.,
1991). Size grading of juvenile barramundi is used to reduce the inci-
dence of cannibalism and produce a more uniform cohort for stocking
purposes. However, grading has the ability to alter the relative contribu-
tion of broodstock to the next generation of offspring and may conse-
quently have a negative effect on the maintenance of genetic diversity
(Frost et al., 2006).

Cannibalism is not only prevalent in Latidae but has also been
reported within 36 other teleost families (Smith and Reay, 1991), many
involved in aquaculture production, including Serranidae (giant grouper,
Epinephelus lanceolatus Hseu et al., 2004) and Pangasiidae (Asian catfish,
Pangasianodon hypophthalmus Baras et al., 2010). Cannibalism typically
commences in barramundi fry after they have completed metamorpho-
sis at approximately 15-20 days post hatch (dph) (Tookwinas, 1989)
and continues until offspring reach an approximate total length of
100 mm (Qin et al., 2004). During grading, juveniles are divided into in-
dependent size grades, dependant on body size and some categories may
be culled to achieve a uniform size across the cohort (Macbeth et al.,
2002).1tis possible that the disposal of size grades (culling) may contrib-
ute to the loss of genetic diversity (Frost et al, 2006 ), as discarded groups
or even individuals may contain unique genetic variants or distinctive-
ness, which are excluded from the cohort and the contribution by some
broodstock may be affected. Grading has also been employed to reduce
social interactions and to improve the growth rate of silver perch,
Bidyanus bidyanus (Barki et al,, 2000) and captive sole, S. solea (Blonk
et al, 2010), and has been shown to result in the selection of animals
of a particular gender when sexual dimorphism in body size occurs
(e.g. Mediteranean sea bass, Dicentrarchus labrax Saillant et al., 2003).
Molecular markers, such as microsatellite DNA, enable the reconstruction
of family pedigrees to investigate the impact of size grading on
broodstock contribution. They can also disclose levels of genetic variation
in offspring of mass spawning species such as barramundi (Yue et al.,
2002).

Microsatellites can be used to empirically reconstruct pedigrees,
allowing unrelated animals to be chosen and mass spawned for
breeding, so that the rate of inbreeding and loss of allelic diversity is
limited with the production of each successive generation. In captive
mass spawned barramundi, where no more than two dams were
utilised for multiple spawns, microsatellites determined broodstock
contributions as highly skewed (Frost et al., 2006). At 2 dph, Frost
et al. (2006) detected the contribution of one sire as high as 77%,
when three sires participated out of seven present in the tank and
all dams and sires were injected with LHRHa. In an additional
spawn under the same study, only three sires from a total of six
were injected with LHRHa, with the contribution of one sire reaching

over 60% at 2 dph. When 10 dams and 10 sires were all induced
hormonally, Wang et al. (2008) recorded captive bred broodstock
contributions as high as 98%, when five out of 20 broodstock contrib-
uted to the spawning. In an alternate spawning event using wild
sourced broodstock that were again hormonally induced (n = 20),
Wang et al. (2008) discovered that broodstock participation was
high, with the involvement of 19 out of 20 parents, resulting in no
single individual contributing greater than 36%. The level of participa-
tion and resulting contribution likely depends on broodstock weight
and maturity (Brown et al., 2005) and mate competition, particularly
due to the dominant behaviour of sires (Fessehaye et al., 2006; Weir
et al, 2004) and the competiveness of sperm (Campton, 2004;
Wedekind et al., 2007). The number of broodstock used and the quan-
tity injected with LHRHa for artificial spawning, plus the timing of
spawning are also likely to play an important role, with fertilisation
more likely to occur between females and males spawning at approx-
imately the same period of time.

Selective breeding programs for barramundi have been initiated
by Yue et al. (2009) in Asia and proposed by Robinson et al. (2010)
in Australia, although the natural mass spawning nature of barramun-
di creates some obstacles. The main complications identified by previ-
ous studies involving captive mass spawning barramundi (Frost et al.,
2006; Wang et al., 2008), were the low participation rates for partic-
ular broodstock and highly skewed levels of contribution across all
broodstock. Understanding broodstock contribution and the transfer
of genetic diversity of captive mass spawning barramundi under
artificial spawning (as opposed to natural spawning), is not only of
value to the development of a successful selective breeding program
for the species but also for the restocking of wild fisheries and the
maintenance of local genetic variation. In this study, a large mass
spawn (12 dams and 21 sires) not previously applied on this scale,
was carried out to examine these issues and to determine whether
spawning's on this scale in multiple tanks could be applied to benefit
a selective breeding program.

2. Materials and methods
2.1. Mass spawning of broodstock

The broodstock group consisted of captive bred stock, originally de-
veloped from wild individuals collected locally from the central Queens-
land region of Australia. Selected broodfish were sedated in a saltwater
bath containing 40 ppm AQUI-S (Aquatic Diagnostic Services Interna-
tional) and a small segment of caudal fin (ca. 1 cm?) was removed for
later DNA extraction and subsequent genotyping for pedigree determi-
nation. Fin clips were immediately stored for preservation in either
80% ethanol or DMSO-salt solution (20% DMSO, 0.25 M disodium-
EDTA and NaCl to saturation at pH 8) (Seutin et al., 1991). Passive inte-
grated transponder (PIT) tags implanted in each individual were
scanned to provide a unique identification system. While sedated, all
broodstock were cannulated to confirm sex with a 2.16 mm outside
diameter (OD) catheter tube. Broodstock were then recovered from
anaesthesia and placed back into their holding tank.

Twelve females (two of uncertain sex) and 21 males were condi-
tioned for spawning, together in a 50,000 L fibreglass tank. The
fish were fed a formulated diet (INVE Aquaculture) ad libitum,
maintained at a constant water temperature of 28.5 °C and subjected
to a 14 h day length for 12 weeks. To determine their readiness for
spawning, female broodstock were again sedated and cannulated as
described above, and oocytes were collected using a catheter and
inspected under a microscope. Oocytes of a diameter of 400 um or
more were considered appropriate for successful spawning. Whilst
sedated, 10 females were injected with LHRHa (Syndel International
Ltd), at a dosage rate of 50 g kg~ to assist in the release of eggs. A
further two females, dams 06 and 10, were in the spawning tank
but were not injected (sex uncertain at the time). Males were not
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induced to spawn using LHRHa, as the willingness of the females to
release eggs due to hormone induction generally encourages the
males to discharge sperm. Following recovery from sedation, all 10 fe-
males were released back into their spawning tank to circulate with
the males and left to spawn over multiple nights. Following spawning
each night, the water surface of the tank was directed into an external
egg collection reservoir, where the eggs were caught in a 400 um
nylon mesh bag. The total egg count from each spawning night was
determined by counting a fixed volume under the microscope in a
Sedgewick-Rafter slide. The fertilisation rate (%) of the spawn was de-
termined, by observing the level of cell division and embryo develop-
ment from multiple sub-samples under the microscope. All eggs from
the first and second day of spawning were then transferred to two
circular fibreglass tanks (1200 L) for incubation and hatching, and al-
though the broodstock group continued to spawn on the third and
subsequent nights, no further eggs were collected.

2.2, Size grading and sampling

A random sample of whole larvae was collected at 1 dph for both
the first (spawn A, n = 182) and second day of spawning (spawn B,
n = 274), prior to the remaining larvae being transferred to two
separate external grow out facilities at 3 dph for rearing. The 1 dph
sample from spawn B was a key reference point used for many subse-
quent comparisons. The first grading event occurred at 18 dph, where
the cohort was split into three size classes determined by the spacing
of the grading device; small (<1.5 mm), medium (1.5-1.7 mm) and
large (>1.7 mm) (see Appendix A). At these grading specifications,
the larval rearing facility had discovered that cannibalism was effectively
reduced in barramundi. Immediately following grading at 18 dph, ran-
dom samples of whole larvae were collected from each size class for
parentage analysis; small (n = 208), medium (n = 158) and large
(n = 106). A similar fraction of animals from each of the size classes
were sampled. During each subsequent grading event following
18 dph, the offspring were sorted within their current size classes using
increasingly wider spaced graders on each subsequent occasion. In
some cases larger individuals from the small and medium size grades
would be promoted to the medium and large size grades respectively
(Appendix A). Size grading occurred on six occasions between 18 and
42 dph, followed by another six grading events between 42 and
90 dph, although samples were only DNA tested following size grading
at 18 and 90 dph. At three grading events (18, 28 and 90 dph), the
total estimated cohort size in the number of juveniles was provided
and a representative percentage per size grade could be calculated. A
final sample collection of 92 juveniles from each size grade was
conducted after the last grading at 90 dph, where the cohort was divided
according to average weight (4, 8 and 16 g), but similarly labelled as
small, medium and large. At 90 dph, juveniles were large enough to
take fin clips. Throughout the rearing stage, fish were removed from
the population in three ways; by the sale of juveniles, size culling and
general losses, During the monitoring period, 91% of the cohort from
spawn B was either sold as live fingerlings, or removed as the result of
size culling and general mortalities.

2.3. DNA extraction

DNA was extracted from broodstock fin clips using a CTAB (cetyl
trimethylammonium bromide) protocol described by Adamkewicz
and Harasewych (1996), with the following meodifications; polyvi-
nylpyrrolidone (PVP) and [5-mercaptoethanol were excluded from
the buffer mix, as they are both generally applied to mucous laden
and tannin stained samples for the removal of polyphenols present
in some plants (Porebski et al,, 1997). Tissue was incubated overnight
at 55 °C with 10 uL of Proteinase K (20 mg mL™'), Chloroform-
isoamyl alcohol (24:1) was added and mixed with the digested sam-
ples, centrifuged and the upper aqueous phase transferred to tubes of

cold isopropanol (600 uL) and stored in the freezer for at least 1 h.
After centrifuging (16,000 g for 30 min), the pelleted DNA was
washed with 70% cold ethanol, air dried and resuspended in 50 plL
of 1x TE. All isolated DNA from CTAB extractions were quantified
with a spectrophotometer (Nanodrop Technologies ND-1000) and
visualised on a 0.8% agarose gel.

Whole larval samples collected at 1 and 18 dph, and small seg-
ments of fin clips (ca. 2 mm?) taken at 90 dph, were all individually
transferred into 96 well plates and DNA extracted in plate format by
a modified Tween®-20 procedure, specifically developed for small
tissue samples and larval DNA extraction (Taris et al., 2005). 100 pL
of Tween®-20 lysate buffer (670 mM Tris-HCI pH 8.0, 166 mM Am-
monium sulphate, 0.2% v/v Tween-20®, 0.2% v/v IGEPAL® CA-630
NP-40) and 5 pL of 20 mg mL ™' Proteinase K were added to each
sample and digested for a minimum of 4 h at 55 °C. The samples
were then incubated at 95 °C for 20 min to denature the Proteinase
K, 100 pL of 1x TE buffer was then added and the samples stored at
— 20 °C overnight prior to PCR.

24. Batch sampling to discriminate non-contributors from low
[requency contributors

Extra batches of eggs and whole larvae from each night of
spawning at 1 dph were pooled directly prior to DNA extraction.
Testing of these pooled egg/larvae samples was used to supplement
the testing of individual larvae, as a cost effective approach to assist
in the detection of particular broodstock that contributed at a low
frequency (undetected due to sampling error), or not at all to the
batches. One batch of unhatched eggs and one of 1 dph larvae, each
containing approximately 200 eggs or larvae per tube were collected
from both spawns A and B (4 tubes in total). DNA extractions were
performed on each tube as a single extraction (using the CTAB proto-
col described in Section 2.3), combining all 200 samples per batch,
with a final elution of 150 pL of 1 x TE buffer. To assist in differentiat-
ing between alleles and stutter bands in the electropherograms and
differential amplification in the pooled samples, the correction
method developed by Kirov et al. (2000) was followed. For a mini-
mum of four individuals that were not added to the pools, the peak
heights of stutter patterns were measured using MegaBACE® Frag-
ment Profiler® software, resulting in an average peak height for
each stutter band (calculated in Excel, Microsoft Office). Under the
correction method, all allele peak heights were reduced (excluding
the longest and known as the first allele), some to levels that
would dismiss them from being scored as a legitimate allele in the
pool. To correct for differential amplification, the relative peak
heights of alleles of heterozygous individuals were recorded (com-
paring all possible heterozygous allele combinations). The average
height difference between adjacent alleles was used to calculate a
relative weighting factor (W;) for each allele (i) such that W; = Ho/H;
where H, was the height of the longest allele and H; was the height
of the ith allele. Beginning with the second shortest allele, the corrected
allele height H'; was then calculated as H'; = H; W;.

2.5. PCR amplification

Two multiplex groups of 17 markers were selected from published
L calcarifer microsatellite loci. Multiplex one included markers
LeaM03 (Yue et al., 2001), LeaM16, LcaM40 (Yue et al., 2002), Lca57
(Zhu et al., 2006a), Lca154, Lcal78 (Zhu et al., 2006b), Lca287 and
Lca371 (Wang et al., 2007). Multiplex two included LcaM08, LcaM20,
LeaM21 (Yue et al, 2002), Lca58, Lca64, Lca69, Lca70, Lca74 and
Lca98 (Zhu et al,, 2006a). One primer from each pair was labelled
with a fluorescent dye (HEX, TET or FAM) at the 5’ end. PCR amplifi-
cation occurred in a 10 pL multiplex reaction with approximately
40 ng genomic DNA, 10x primer mix (containing between 0.10 and
0.25 uM of each forward and reverse primer for multiplex one and
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0.06 to 0.20 uM for multiplex two) and 2x Type-it® PCR Master
Mix (Qiagen). Samples were denatured for multiplex one at 95 °C
for 5 min, followed by 10 cycles of 95 °C for 30 s, 57 °C for 90 s
and 72 °C for 30 s, then 20 cycles of 95 °C for 30 s, 55 °C for 90 s
and 72 °C for 30s, followed by a final extension at 60 °C for
45 min on a C1000 Thermal Cycler (Bio-Rad). Multiplex two fol-
lowed the same amplification steps as above, although the final ex-
tension consisted of 60 °C for 30 min. Following amplification, PCR
products were diluted with 12 ul of water and desalted through
Sephadex® 258G-50 fine filtration 259 spin columns (GE Healthcare).
Desalted PCR products were visualised on a 1.5% agarose gel prior
to genotyping on a MegaBACE® 1000 DNA Analysis System (GE
Healthcare). MegaBACE® software Fragment Profiler® was used for
fragment analysis, where alleles were allocated with an identifying
label.

2.6. Statistical analysis

Following the scoring of genotypes, MICRO-CHECKER 2.2.3 (van
Oosterhout et al., 2004) was used to check for scoring errors, which
can be caused by allele stutter and the presence of null alleles. Par-
entage analysis was performed using CERVUS 3.0.3 (Kalinowski et
al., 2007), to determine broodstock contribution to offspring and
the total number of half (HS) and full-sibling (FS) families. Under
the parentage program, broodstock allele frequencies were utilised
for the simulation of parent pairs of known sex and the following pa-
rameters were utilised; the typing of 100% of loci, the allowance of a
1% error rate for scoring genotypes, the minimum number of typed
loci was eight and 10,000 offspring were simulated. A strict confi-
dence level (Cl) of 95% was utilised to determine the most appropri-
ate parent pair assigned to offspring. CERVUS was also utilised to
calculate observed (H,) and expected (H,) heterozygosity, the num-
ber of alleles per locus (k), including the number of private alleles
(ks), where only one broodstock individual possessed that allele,
which was considered rare in the population. The inbreeding coeffi-
cient (F;;), which measures the degree of random mating within pop-
ulations, was estimated by the method of Weir and Cockerman
(1984) using FSTAT 2.9.3.2 (Goudet, 2002). Significant departures
from zero for F; values were also calculated in FSTAT at the 0.05
level, for evidence of heterozygote deficiency or excess. Any devia-
tion of observed from expected proportions under Hardy-Weinberg
equilibrium (HWE) was calculated using GENEPOP 4.1(Rousset,
2008). P-values were estimated using a Markov chain (MC) algo-
rithm, beginning with a dememorisation step of 10,000, followed
by 20 batches of 5000 iterations per batch. The level of significance
was determined following sequential Bonferroni correction (Rice,
1988). Allelic richness (A;) within each locus was estimated with
FSTAT 2.9.3.2 (Goudet, 2002), which is a measure of the number of
alleles independent of sample size and incorporates a rarefaction ap-
proach (Hurlbert, 1971). The genetically effective population size
(Ne) was estimated in a way that accounted for unequal sex ratio
and variance in family sizes. The effect of variation in family size on
the effective numbers of dams N,y and sires N, was calculated
according to Frankham et al. (2002) as

Neg = (NgKg—1)/[Kg—1 + (Vy/Kg)| and Ne = (NK—1)/[K;—1+ (Ve /K,)]
(1)

where Ny and Ny was the number of dams and sires respectively, K4
and K, were the mean number of offspring per dam and sire, and V4
and V. was the variance in contribution for dams and sires. To ac-
count for an uneven sex ratio, N. was estimated as

Ne = ANegN s /(Neg + Nes) (2)

The rate of inbreeding (AF) was computed according to Falconer
(1989) as

AF = 1/2(N,) (3)

Any significant differences in broodstock contribution levels be-
tween spawns A and B (at 1 dph), between sampling at 1, 18 and
90 dph of spawn B and between the size grades, were determined
by Pearson's 2-sided chi-square-test, using the exact test option
with a threshold for significance of 0.05, in IBM SPSS 20.0 following
data transformation. We also calculated the Mann-Whitney test in
SPSS, to detect for any significant differences between broodstock
and offspring, for H., A; and F;.. Relatedness and relationship infer-
ences were estimated between broodstock pairs using ML-RELATE
(Kalinowski et al., 2006), to determine the level of genealogical simi-
larities within the group via a maximum likelihood approach that cor-
rects for the presence of null alleles.

3. Results
3.1. Broodstock contribution

Parentage assignment rates were 94% (95% confidence interval)
for spawn A and ranged from 98 to 99% for spawn B. Broodstock con-
tribution levels were skewed for both dams and sires over the two
nights of spawning (Figs. 1 and 2) and an equal contribution (unifor-
mity) from all 33 broodstock would have resulted in each dam and
sire contributing to the production of 8.3 and 4.8% of offspring re-
spectively. Dam 04 was the highest contributing dam to spawns A
and B at 1 dph, assigned as the most likely parent of 48 and 30% of
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Fig. 1. Dam contribution to offspring from spawns A and B at 1 dph (a). and from
spawn B over three sampling events; 1, 18 and 90 dph (b). Numbers in superscript
indicate the number of private alleles detected for the specified dam.
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Fig. 2. Sire contribution to offspring from spawns Aand Bat 1 dph (a), and from spawn
B over three sampling events; 1, 18 and 90 dph (b). Numbers in superscript indicate
the number of private alleles detected for the specified sire.

1 dph larvae respectively (Fig. 1a). The highest contributing sires
at 1 dph, were sire 03 (15%) to spawn A and sire 04 (16%) to spawn
B (Fig. 2a). There was no significant difference in the level of
broodstock contribution between spawns A and B at 1 dph (dams
P = 0.222; sires P = 0.242). Similarly, there was no significant
difference between the sampling events at 1 and 90 dph from
spawn B for sires (P = 0.117), although there was a significant dif-
ference between the contributions of dams between 1 and 90 dph
(P < 0.05), and also 18 and 90 dph (P < 0.05). Of the two dams that
were not injected with LHRHa (dams 06 and 10, which were found
to be dams from parentage analysis), only dam 06 was observed in
the offspring from spawns A and B, although only a minor contribu-
tion was detected (<3%) across all sampling events from this individ-
ual (Fig. 1). Dams 10 and 11 were not detected at any stage in the
offspring and were considered as not participating in the spawning
event over two nights. Besides dams 10 and 11, only sire 18 was
undetected by 90 dph (Fig. 2b).

3.1.1. Small, medium and large size grades from spawn B

By monitoring the offspring population from spawn B throughout
multiple size grading events up to 90 dph, we were able to test for
any impact of size grading on the contribution of broodstock to
each of the size grades. Broodstock contribution levels to the size
grades were skewed and significant differences in the level of contri-
bution were detected between some of the size grades for both dams
and sires (Figs. 3 and 4). At 18 dph, broodstock contribution levels
were significantly different between the small and medium size
grades (dams P < 0.01; sires P < 0.05), and also between the medium
and large groups for dams (P < 0.01). At 90 dph, a significant differ-
ence was detected between the small and large size grades (dams
and sires P < 0.01), and also between the medium and large groups
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Fig. 3. Dam contribution from spawn B at 18 dph (a) and 90 dph (b) for each size
grade; small, medium and large. Numbers in superscript indicate the number of private
alleles detected for the specified dam.
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Fig. 4. Sire contribution from spawn B at 18 dph (a) and 90 dph (b) for each size grade;
small, medium and large. Numbers in superscript indicate the number of private alleles
detected for the specified sire.

176



144 S.R Loughnan et al. | Aquacuiture 404-405 (2013) 139-149

(dams P < 0.01; sires P < 0.05). The highest contributing dam at 18
and 90 dph was dam 08 (Fig. 1b), which was also a major contributor
to the size grades, ranging from 20 to 44% (Fig. 3). Sires 03 and
13 were the greatest contributors at 18 and 90 dph respectively
(Fig. 2b), and were also the major contributors to each of the size
grades, ranging from 10 to 20% (Fig. 4). In general, broodstock
found to have a higher participation rate in the spawning events,
provided relatively even contribution levels across the alternate
size grades, whereas broodstock with lower participation rates
had more uneven contributions across the size grades. Following
grading at 18 dph, the small size grade represented 78% of the
remaining population, whilst the medium and large size grades rep-
resented 19 and 3% of the population respectively (see Appendix A).
At 28 dph (broodstock contribution not determined), the small,
medium and large size grades were allocated 41, 53 and 6% of
the remaining population respectively, and by 90 dph, the small,
medium and large size grades were distributed 24, 62 and 14%
respectively.

3.1.2. The production of half and full-sibling families

From a total of 10 dams (two dams were undetected) and 21 sires,
the maximum number of full-sibling (FS) families detected was 103
at 18 dph from spawn B (n = 472, Table 1). The total number of FS
families detected was dependant on sample size, as there was a con-
siderable increase in the number of FS families at 18 dph when com-
pared to 1 dph followed by a decrease at 90 dph, which was due to
the quantity of samples collected (at 1 dph 78 families n = 274, at
18 dph 103 families n = 472, at 90 dph 77 families n = 276). As a
result, the number of FS families detected per 100 offspring samples
(FSnygo) was calculated at 1, 18 and 90 dph, as 28, 22 and 28, respec-
tively. All 21 sires were detected as parents to the paternal half-sibs at
1 and 18 dph for spawn B, whilst a maximum of 10 dams were iden-
tified as parents of the maternal half-sibs (among offspring tested at
90 dph).

3.2. Genetic diversity

A total of 73 alleles (k) were recorded from the broodstock across
17 polymorphic microsatellite markers, ranging from two to eight al-
leles per locus and at an average of 4.3 alleles per locus (Table 2).
Thirteen private alleles (K, an allele detected in only one broodstock
individual) were detected and K, contributed to 18% of the total num-
ber of alleles identified in the broodstock. The broodstock population
conformed to Hardy-Weinberg equilibrium (HWE) over all loci,
although there was a significant departure from zero for F; values

Table 1

The number of full-sibling families (FS), the number of FS families detected per 100 off-
spring samples (FSnqo), maternal half-sibling (Mhs) and paternal half-sibling (Phs)
families detected across the first (spawn A) and second night (spawn B) of spawning.

Fs FSnyon Mhs Phs
Spawn A
1dph 59 32 7 19
Spawn B
1 dph 78 28 9 21
18 dph Total 103 2 9 21
Small 74 36 8 19
Medium 64 41 6 20
large 47 44 6 20
90 dph Total 77 28 10 20
Small 47 L 3 9 17
Medium 47 51 9 18
Large 42 46 8 17

Table 2

Genetic diversity estimates for 33 broodstock; sample size (N}, number of alleles (k)*,
number of private alleles (k;)", allelic richness (A,), observed (H,) and expected (H.)
heterozygosity, and the inbreeding coefficient (F;).

Locus N k Ky Ar Hy He Fis
LeaM03 33 2 = 2,00 0273 0282 0.034
LcaM08 33 3 1 255 0.152 0.144 —0.053
LcaMi6 33 6 3 470 0.364 0.348 —0.046
LeaM20 33 4 1 357 0.455 0403 —0.129
LeaM21 33 5 - 481 0.758 0682 —0.113
LeaMi40 33 3 3.00 0515 0.664 0.227
Leas? 33 - - 393 0.636 0611 —0.042
Leas8 33 7 1 649 0.727 0.761 0.045
Lcab4 33 8 d 757 0.909 0.859 —0.059
Lea69 33 3 - 282 0.394 0418 0.058
Lea70 33 4 - 375 0.576 0.569 —0.012
Lea74 33 3 - 299 0.364 0319 —0.143
Lea98 33 4 1 382 0.333 0.428 0.225
Leal5q 33 4 - 382 0.697 0.545 ~0.285"
Leal78 33 4 2 340 0.485 0.49 0.011
Lea287 33 7 3 573 0.545 0697 0220
Lea371 33 2 - 200 0.576 0.441 -0.313
Total 73 13 3.94 0515 0509 —0.022

# Totals at k and k, are counts, whilst the remaining totals are averages.
* Average F; values significantly different from zero at the 0.05 level, following se-
quential Bonferroni correction for simultaneous tests (Rice, 1988).

at two loci; Leal54 and Lca287 (P < 0.05), following sequential
Bonferroni correction (Rice, 1988). Overall average relatedness was
relatively low across the broodstock group (r = 0.08, maximum like-
lihood approach) at 95% confidence intervals, relatedness ranged
from 0 to 0.35 for unrelated individuals, 0.09-0.38 for half-sibs,
0.30-0.82 for full-sibs and 0.44-0.62 for parent-offspring relation-
ships. A high percentage of the parent pair combinations were
estimated as having an unrelated relationship (83%), followed by
half-sib (11%), full-sib (4%) and parent offspring (2%). Deviations
from HWE and the presence of null alleles were detected in the off-
spring groups; at loci Lca287 (P < 0.001) for all sampling events,
Lca371 (spawn A at 1 dph P < 0.01; spawn B at 1 dph P < 0.05) and
Lcal78 (spawn B at 1 dph P < 0.05).

3.2.1. Broodstock and 1 dph offspring from both spawns A and B

A loss in the number of alleles was detected when comparing
1 dph offspring to broodstock over the two nights of spawning.
Eight alleles were undetected in the progeny from spawn A
(Table 3), seven of those being private alleles detected in the
broodstock, whilst six alleles were similarly undetected in the
offspring from spawn B, which were all private alleles in the
broodstock. A 15 and 11% reduction in allelic richness (A,) from par-
ent to offspring was detected at 1 dph, from spawns A and B respec-
tively, however, there was no significant difference in the level of A,
between broodstock and offspring at 1 dph (spawn A P = 0.193 and
spawn B P = 0.339). Over both spawning nights, expected heterozy-
gosity (H.) was lower in the offspring at 1 dph when compared to
the broodstock population but there was no significant difference
between the broodstock and offspring for H, or F; (Mann-Whitney
tests). The number of broodstock that effectively contributed (N,)
to the spawn as detected at 1 dph, was 10.1 for spawn A and 13.5
for spawn B, from a broodstock census size (N.) of 33. From these
estimates of N,, the rate of inbreeding (AF) was calculated at 5%
and 3.7% for spawn A and B respectively at 1 dph, and the N. /N.
ratio ranged from 0.31 to 0.46.

3.2.2. Spawn B offspring 1 dph, 18 dph and 90 dph
Due to sampling error, the frequency of alleles derived from spawn B
fluctuated from 1 to 90 dph, although there was no apparent loss of
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Table 3

Measures of genetic diversity; Sample size (N.), number of alleles (k), number of private alleles (k,), average observed (H,) and expected (H.) heterozygosity, allelic richness (4,),

average inbreeding coefficient (Fy), effective population size (N.), rate of inbreeding (AF]

) and N,/N, ratio. Spawns A and B represent the first and second night of spawning

respectively.
N k Ko H, He A £ N. AF NofN:

Broodstack 33 73 13 0515 0.509 3.94 —0.022 = - -

Spawn A

1 dph 182 65 6 0475 0.488 333 0.028 101 0.050 031

Spawn

1dph 274 67 7 0500 0.493 352 —0013 135 0.037 046

18 dph Total 472 68 8 0518 0501 348 —0041° 148 0.034 045
Small 208 67 7 0514 0.494 349 —0.048" 167 0.030 051
Medium 158 67 7 0502 0,498 345 —0.007 134 0.037 04
Large 106 66 6 0552 0512 348 —0.087" 11.6 0.043 035

90 dph Total 276 68 8 0531 0.498 354 —0071" 148 0.034 045
Small 92 66 7 0518 0497 253 —0049" 146 0.034 044
Medium 92 67 7 0531 0495 355 —0.088" 153 0.033 046
Large 92 67 7 0.546 0499 355 —0080" 127 0.039 038

* Average F, values significantly different from zero at the 0.05 level, following sequential Bonferroni correction for simultaneous tests (Rice, 1988).

alleles by the final sample collection (Table 3). By 90 dph, the number of
alleles including those deemed private in the broodstock actually in-
creased when compared to 1 dph and no loss of genetic diversity was
recorded when comparing offspring across 1, 18 and 90 dph, as mea-
sured by the non significant association of A, (Mann-Whitney tests).
Average F; was significantly different from zere in the offspring at
both 18 and 90 dph (P < 0.05), except in the medium size grade at
18 dph (P = 029). Deviations from HWE were detected at locus
Lca287 (P < 0.001), for each size grade sampled at 18 dph (excluding
the large size grade) and 90 dph.

3.2.3. Fate of rare alleles among the offspring

In total, five out of 13 alleles that were detected as private in
the broodstock (allele 113 at locus Lca098; alleles 202 and 207 at
locus Lcal78; alleles 204 and 221 at locus Lca287) were not observed
at any stage in the offspring and could be considered lost to the
cohort (Appendix B). These five alleles were also not detected in
the offspring population at 1 dph in the pooled egg and larvae
samples. One of the private alleles belonged to sire 20, which
was a very low contributor (<2%) across both spawns A and B
(Fig. 2). The remaining four private alleles belonged to dams 10
and 11 but neither dam contributed to the spawning events
(Fig. 1). On the other hand, a high contributor such as dam 04 con-
tributed as much as 30% to spawn B but only one private allele was
observed for this individual (117 at Lca64), which had an allele fre-
quency ranging from 0.030-0.132 among the offspring (Appendix
B). In total, eight private alleles were detected in broodstock that
were low contributors to offspring at 1 dph (<1.2%) and allele
frequencies in the offspring for these eight alleles were no higher
than 0,029,

4. Discussion

Broodstock contributions were skewed, although there was a
high participation rate of broodstock in the spawning events,
which resulted in a high number of full-sibling families. Individual
broodstock contribution reached 48% and some significant differ-
ences in contribution levels between the size grades were detected.
Unequal parental contribution and in some cases unequal sample
size and sampling error, may have attributed to these results. Signif-
icant differences between parental contributions to the different
size grades might be indicative of genetic or parental effects on
early growth rate, as has been detected in other fish species such
as European sea bass (Saillant et al., 2001). Contributions of up to

77% (Frost et al., 2006) and 98% (Wang et al., 2008) have been
reported for individual barramundi broodstock under other mass
spawning runs. Heavily skewed broodstock contribution levels
have also been reported for other mass spawning aquaculture spe-
cies (e.g.; Japanese flounder, P. olivaceus Sekino et al., 2003; com-
mon sole, S. solea Blonk et al,, 2009; gilthead seabream, S, aurata
Chavanne et al., 2012;). For final gonad maturation and to promote
the release of gametes for artificial spawning, the application of
LHRHa was not beneficial for all dams. Dam 06 was not injected
with LHRHa but in some cases its contribution level was greater
than other dams within the broodstock group that had been
injected, and despite dam 11 being injected with LHRHa it was not
detected as contributing to either spawn A or B. No sires were
injected with LHRHa, however, this did not impact on the partici-
pation rate of sires, as all were detected as contributing to the
spawning events.

Unequal parental contributions did cause a reduction in the num-
ber of alleles from broodstock to offspring at 1 dph, although no
further associated loss of genefic variation was detected from 1 to
90 dph due to putative larval mortalities throughout the period of
metamorphosis, or from the effects of size grading, culling or the re-
moval of juveniles for sales. Average A, ranged from 3.33 to 3,55 in
the offspring, whereas A, was estimated at 3.94 in the broodstock
group. Subsequent sampling at 90 dph (spawn B) showed a slightly
higher average A- when compared to 1 dph offspring, although the
result was not significant (P = 0.876).

The effective number of broodstock contributing to the next gen-
eration (N.) ranged from 10.1 to 16.7 for the two spawning events
(N = 33), so that AF ranged from 3 to 5%. The range of inbreeding
values far exceeded the generally recommended average of 0.5%
for a population under a captive breeding program (Sonesson et al.,
2005). If mass spawning were to be used for selective breeding
of barramundi, careful consideration would need to be given to
the relatedness of possible mate pairs in each spawning tank. For
instance, using a cost-factor on inbreeding (see Brisbane and
Gibson, 1995; Wray and Goddard, 1994) and including additional
broodstock groups of diverse ancestry, would assist in limiting the
level of inbreeding. Additional synchronous mass spawns would
also need to be performed to boost family numbers. In other mass
spawning species, variance in reproductive success among dams
can differ greatly from that among sires (Gold et al., 2008, 2010),
although little difference was detected in this study and therefore
this factor would have little influence on the overall effective popu-
lation size in this case.
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The differences in broodstock contribution achieved in this barra-
mundi mass spawn compared to previous experiments by other
authors (Frost et al., 2006; Wang et al., 2008), could be attributed to
either differences in the nutritional conditioning and reproductive
readiness of animals prior to spawning, the tank facilities used, the
number of broodstock injected with LHRHa and the dosage, or the
size of the spawning group. Complex behavioural cues may also
lead to the stimulation of animals in the tank and could affect the
success of the spawn. Another possibility is that the large number
of broodstock used for the mass spawn in our study (compared to
the smaller broodstock group sizes traditionally used within the in-
dustry), may have resulted in a greater and more even stimulation
of the broodstock present. This could have resulted in more animals
contributing to the spawning events and spawning occurring over
a shorter time frame during each night, than was the case for other
studies. Ultimately, to gain greater control over the production of
family sizes and equalise broodstock contribution to the next gener-
ation of offspring, techniques for the collection of milt together
with cryopreservation and the strip spawning of eggs should be
investigated.

Reports of strip spawning are limited for barramundi, although the
techniques have been developed (Leung, 1987; Palmer et al, 1993)
and utilised successfully under some situations e.g. milt collected from
spermiating wild stock (Palmer et al, 1993). Cryopreservation of
sperm along with strip spawning of both males and females would be
beneficial, as it would allow for tighter control over inbreeding and
could eliminate the need for DNA testing. It may also overcome the
main problem caused by protandry in barramundi, enabling the selec-
tion of broodstock candidates from the same generation to be mated.
All barramundi are born as males, later changing to females at approx-
imately 3-4 years of age in captivity, although the time of sexual inver-
sion appears to be highly variable (Macbeth et al, 2002). Selective
breeding programs for barramundi utilising strip spawning and cryo-
preservation have been modelled and the use of these techniques
would result in higher long-term benefit-cost ratios, compared to
using mass spawning (Macbeth and Palmer, 2011; Robinson et al.,
2010).

By pooling eggs and larvae, and DNA extracting as a batch, we
were able to detect less frequent contributions to the spawns that
may have otherwise been missed due to sampling error. Broodstock
private alleles that were missing in the individual genotypes also
went undetected in the pools, indicating that not all broodstock
alleles were transferred to the offspring. Overall, the raw electrophe-
rogram patterns from the pooled genotypes helped to distinguish low
contributors from non-contributers, although under the correction
method for stutter many alleles were eliminated from the pools.
Relative allele frequencies were not estimated from the pooled geno-
types and subsequent correction for differential allele amplification
proved difficult, because particular eggs or larvae may contribute
more DNA to the pool than other individuals. There might be some
cost benefits if pooled genotypes alone could be used to study the rel-
ative level of broodstock contribution and levels of genetic diversity
(Skalski et al., 2006).

The ideal situation for a genetic improvement program is to have
all broodstock contributing as evenly as possible, so that fewer off-
spring need to be reared, measured and genotyped. The pattern of
broodstock contribution has been shown to have a large impact on
the cost of the selective breeding program proposed for barramundi
(Robinson et al., 2010). Stochastic simulation of breeding programs
using mass selection, have indicated that more than 50 pairs of
breeders and 30-50 progeny per parent pair need to be tested if
inbreeding is to be limited to approximately 1% per generation, and
to achieve a reasonable response to selection (Bentsen and Olesen,
2002), If parental contribution is reasonably even from a large
broodstock group, a random selection of offspring from each year's
cohort would yield animals from many different and relatively evenly

represented families for testing. Of course, some families will be poor-
ly represented and therefore it would be necessary to use a higher
number of broodstock to obtain adequate numbers of breeding pairs
with sufficient numbers of progeny. However, with mass spawning
a factorial mating pattern is achieved (each female reproducing
with many males and each male reproducing with many females),
so that both maternal and paternal half-sibs are produced. This is ad-
vantageous to a selective breeding program, as it allows minimisation
of possible confounding between additive genetic, maternal and pa-
ternal effects (Gjerde, 2005). For a given number of spawning tanks
under a balanced factorial mating design, less broodstock can be test-
ed than for nested mating or single pair mating designs. For the mass
spawning of barramundi in this study, the main limitation was not
the number of spawning tanks required but the total costs of DNA
testing and this is influenced by the evenness of broodstock contribu-
tion to the spawn. For instance, if 10 separate mass spawning’s were
carried out, each under identical conditions to the trial spawn in this
study and if we aimed to continue DNA testing until we found 30
progeny from 50 separate pairs of breeders (as recommended by
Bentsen and Olesen, 2002), then from our data we would have
needed to DNA test approximately 1500 offspring per mass spawn.
There are various strategies that could be adopted to reduce this
number, such as performing more DNA tests from the tanks where
the broodstock contribution is found to be more even, however
DNA testing will still be a significant cost to the breeding program
under a mass spawning situation.

5. Conclusion

In summary, a large number of half and full-sibling families could
be produced for selective breeding from a mass spawn involving 33
barramundi broodstock, of which 31 were detected as contributing
to the offspring. In addition, by combining offspring batches from
multiple broadstock groups, the number of families detected could
be increased. Due to unequal contribution and high variance in
family sizes, there was an initial loss of allelic richness from parent
to offspring at 1 dph but there was no further reduction of genetic
variation due to size grading, or through the removal of offspring
by either size culling, the sale of juveniles or general mortalities.
Broodstock contribution was also variable across the two nights
of spawning, resulting in some differences in the combination of
parent pair crosses between spawns A and B. Therefore, we recom-
mend monitoring parental contribution over multiple spawning
nights, synchronising spawning in multiple tanks, and using more
than 30 broodfish per spawning group, in order to maximise the
transfer of genetic variation to the next generation of broodstock
candidates.
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Grading events and sample collections for spawn B, from the time of spawning to 90 dph. Bar charts represent the proportion of the cohort with-
in the three size grades, on three occasions.

Appendix B

2z

18dph
small  medium large
28dgh
‘ —
small  medium  large
90 dgh

-

small  medium  large

129 x 218
Broodstock

1 dph offspring

(First sample collection n =274)

18 dph offspring
(First grading event)

n=208 n=158 n=106

Small Medium Large
Between 18 and
90 dph, 12 grading
events occurred

Small Medium Large

90 dph offspring (final sample collection)

Small

n=92

Allele frequencies of 17 microsatellite loci for broodstock and offspring
divided into multiplex one (a) and two (b). Spawns A and B represent the

Medium Large
Medium Large
n=92 n=92

first and second night of spawning respectively. The identification of sires
or dams next to some allele labels indicates the detection of a private allele.
Sample sizes are in parentheses, S, M and L represent the small, medium
and large size grades respectively, — represents an allele not observed.

(a) Broodstock  Spawn A Spawn B
Locus Allele label (33) 1 dph (182) 1dph (274) 18 dph (472) S (208) M (158) L (106) 90 dph (276) 5(92) M (92) L (92)
LeaM03 209 0.833 0.751 0.811 0.797 0.798 0.825 0.755 0.793 0.783 0.799 0.797
212 0.167 0.249 0.189 0203 0202 0.175 0245 0.207 0217 0.201 0.203
LeaM16  (sirel5) 201 0015 0.006 0.009 0012 0015 0.006 0015 0.002 - 0.005 -
(dam12) 223 0.015 0.037 0.026 0.014 0.017 0.006 0.020 0.033 0.060 0.033 0.005
224 0.803 0.825 0.807 0.824 0.834 0815 0817 0.788 0772 0.786 0.808
(sire06) 225 0.015 0.006 0,007 0.008 0010 0.006 0.005 0.011 0011 0.011 0.011
226 0.091 0.101 0.095 0.080 0071 0.102 0.064 0.100 0.109 0.110 0.082
230 0.061 0.025 0.057 0.063 0.054 0.064 0079 0.066 0.049 0.055 0.093
LeaM40 207 0.364 0333 0378 0316 0337 0312 0278 0380 0.428 0320 0390
208 0242 0.241 0220 0.241 0259 0237 0212 0221 0.200 0291 0.171
210 0.394 0425 0.402 0,443 0404 0451 0510 0.399 0372 0.390 0439
Lea57 202 0242 0385 0.336 0265 0287 0252 0242 029 0317 0261 0.295
204 0.046 0.013 0.004 0.010 0010 0014 0.005 0.017 0017 0.022 0.011
205 0.561 0.363 0.500 0505 0518 0469 0530 0.467 0494 0.484 0.420
207 0152 0239 0.160 0220 0.185 0265 0222 0226 0172 0234 0273
Leal54 201 0.136 0.m7 0.085 0.072 0.086 0.074 0.040 0.086 0.103 0.099 0.055
202 0.636 0.794 0.737 0752 0.767 0731 0.755 0.774 0810 0.747 0.764
204 0.197 0.160 0.105 0112 0088 0.125 0.140 0.095 0071 0.099 0115
205 0.030 0.029 0.074 0.064 0.059 0.071 0.065 0.046 0.016 0.055 0.066
Leal78 (dam11) 202 0.030 - - - - - - - - - -
203 0303 0.176 0221 0291 0302 0266 0310 0243 0.266 0217 0.244

(continued on next page)
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Appendix B (continued)
(a) Broodstock ~ Spawn A Spawn B
Locus  Allele label (33) 1dph(182) 1dph(274) 18dph(472) S(208) M(158) L(106) 90dph(276) S(92) M(92) L(92)
204 0.652 0.824 0.779 0.709 0.698 0734 0.690 0.757 0.734 0.783 0.756
(dam10) 207  0.015 - - - - - - - - - -
Lca287 (sire20) 201 0.015 0.015 0.029 0.005 - 0.003 0.015 0.044 0.043 0.033 0.055
203 0.106 0195 0.184 0.170 0.204 0.151 0.133 0.180 0207 0.201 0.132
(sire20) 204 0.015 - - - - - - - - - -
215 0.258 0.263 0.210 0251 0237 0255 0.270 0213 0.141 0.245 0253
216 0.470 0.509 0.511 0.508 0.464 0.537 0.551 0.500 0.505 0.478 0.516
220 0121 0.018 0.066 0.067 0,095 0,054 0.031 0.064 0103 0043 0.044
(dam11) 221 0.015 - - - - - - - - - -
Lea371 204 0682 0.540 0.579 0.586 0.600 0.594 0.549 0.694 0717 0.669 0.695
205 0318 0.460 0.421 0.414 0.400 0.406 0.451 0.306 0.283 0.331 0305
(b) Broodstock  Spawn A Spawn B
Locus Allele label (33) 1dph (182)  1dph (274) 18 dph (472) S(208) M (158) L(106) 90dph(276) S(92) M(92) L(92)
LcaM08  (sire06) 111 0.015 - 0.006 0.004 0.010 - - 0.009 0.006  0.005 0.017
116 0924 0.800 0.848 0.837 0.851 0.863 0.772 0.819 0.839 0.821 0.798
118 0.061 0.200 0.146 0.159 0139 0137 0.228 0.172 0156  0.174 0.185
LeaM20 102 0.758 0912 0.828 0.855 0.851 0.857 0.862 0.892 0.898 0.913 0.865
103 0076 0.027 0.035 0.025 0.022 0.029 0.024 0011 0.011 0.011 0.012
(sire10) 105 0015 0.005 0.002 0.014 0022 0.010 0.005 0.009 0.011 = 0.018
106 0.152 0.055 0.135 0.105 0.104 0.104 0.110 0.087 0.080 0.076 0.106
LeaM21 111 0.242 0.142 0.256 0.259 0263 0311 0.175 0.256 0.238 0.264 0.265
13 0.485 0.579 0472 0452 0438 0423 0.521 0443 0388 0478 0.459
114 0.167 0.132 0.153 0.187 0.209 0.150 0.201 0201 0.275 0.159 0177
116 0030 0,132 0.074 0.044 0.045 0.042 0.046 0.055 0.063 0.038 0.065
17 0076 0.013 0.045 0.058 0.045 0.073 0.057 0.045 0.038 0.060 0.035
Lcass (dam12) 105 0.015 - - 0.007 0012 0.004 - 0.030 0023 0.036 0.034
0.394 0.474 0.443 0.340 0.328 0373 0.310 0.382 0371 0.357 0.466
109 0.061 0.105 0.037 0.062 0.076 0.052 0.051 0.045 0045  0.043 0.052
116 0212 0.158 0.220 0.150 0.140 0171 0.139 0.161 0.129 0.207 0121
118 0.197 0.053 0.098 0.156 0.206 0111 0.120 0.158 0212 0.129 0.103
19 0.061 - 0.069 0.130 0.099 0143 0177 0073 0.061 0.064 0.121
130 0.061 0.211 0.134 0.135 0.140 0.147 0.203 0.152 0.159 0.164 0.103
Leatd 112 0.152 0.200 0.137 0.159 0171 0.145 0.155 0123 0131 0.112 0127
113 0.106 0.082 0.112 0.093 0.101 0.095 0.073 0.093 0.101 0.090 0.089
114 0.091 0.021 0.047 0.067 0.059 0.079 0.063 0.063 0.060 0.056 0.076
(dam04) 117 0.015 0.132 0078 0.039 0.040 0,030 0.053 0.058 0.065 0067 0.038
19 0121 0.204 0.155 0.167 0149 0171 0.199 0232 0226 0225 0247
120 0121 0114 0.137 0.131 0.124 0115 0.170 0123 0071 0129 0171
122 0152 0.068 0.112 0.111 0.141 0.092 0.078 0.093 0125 0,079 0.076
126 0.242 0.179 0.222 0233 0215 0273 0.209 0.214 0220 0.242 0177
Lcab9 103 0030 0.047 0.046 0.100 0.077 0.105 0.141 0.094 0.093 0.082 0.108
104 0.727 0.676 0.705 0.633 0718 0611 0.587 0.640 0692 0679 0.545
105 0242 0277 0.249 0247 0.205 0284 0272 0.266 0214 0.239 0347
Lca7?0 103 0.030 0.031 0.013 0.004 0.003 0.003 0.010 0.004 - 0.005 0.006
105 0394 0472 0.439 0417 0.389 0441 0.438 0479 0.500 0.451 0489
106 0.530 0.491 0.524 0571 0.606 0.546 0.538 0511 0494 0538 0.500
107 0.046 0.006 0.024 0.008 0.002 0.010 0.014 0.006 0.006 0.005 0.006
Lca7d 105 0.091 0.091 0.125 0.103 0118 0.087 0.100 0.129 0.137 0.130 0.118
106 0.818 0.761 0.787 0.838 0845 0.846 0.814 0818 0.808 0.799 0.848
120 0.091 0.148 0.088 0.058 0.037 0.067 0.086 0.053 0.055 0.071 0.034
Lca98 109 0.742 0.665 0.748 0.654 0.691 0648 0.591 0.668 0614 0712 0.676
111 0121 0.291 0.190 0.258 0.198 0273 0.351 0.261 0.284 0.234 0.267
12 0.106 0.044 0.062 0.088 0111 0.079 0.058 0.071 0.102 0.054 0.057

(dam11) 113 0030 - - =
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Appendix 4A. Self-assignment of 1205 wild barramiusamples to two genetic
stocks (western and eastern) and a central rediadnoixture in GENECLASS.
Using the direct assignment Bayesian approachlenteive one out procedure, the
overall number of individuals correctly assignedsv@8%. The assignment of an
individual was determined by the highest probabitlculated. Emboldened
numbers represent the number of individuals cdyredsigned to their
representative population and the last row displagpercentage of individuals
correctly assigned. The remaining numbers reptesetlassified individuals.

Those rejected could not be assigned to any stotle®.05 level.

Western Central Eastern Rejected Total

Western 420 41 0 4 465

Central 32 334 5 12 383

Eastern 2 24 320 11 357
Correctly

90% 87% 90% n=27 n=1205

assigned (%)
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Appendix 5A. Simulation model of the initial magiof founder broodstock for a
captive selective breeding program for barramuthesigned using R 3.0.1

programming language (R core team, 2013).

#set parameters#
library(gstudio) #required package (Dyer, 2012)

setwd("E:\\") #set the drive to read input fileslavrite tables
nummale=15 #number of male spawners

numfem=15 #number of female spawners
numpar=nummale+numfem #for rarefaction

locnum=16 # number of loci

off=100 # number of offspring to generate

reps=100 #number of spawn repeats

n=1 #number of alleles to select

dams=read.table(file="filename.txt",header=F) #fengenotype input file
sires=read.table(file="filename.txt",header=F) #engdnotype input file
#start#

stats=matrix(0,reps,7)

#contribution from 12 females#

for (kin 1:reps) {

ProbDist=rep(0.372, times=100)

ProbDist=c(ProbDist,rep(0.208, times=100))
ProbDist=c(ProbDist,rep(0.139, times=100))
ProbDist=c(ProbDist,rep(0.092, times=100))
ProbDist=c(ProbDist,rep(0.062, times=100))
ProbDist=c(ProbDist,rep(0.051, times=100))
ProbDist=c(ProbDist,rep(0.046, times=100))
ProbDist=c(ProbDist,rep(0.021, times=100))
ProbDist=c(ProbDist,rep(0.007, times=100))
ProbDist=c(ProbDist,rep(0.002, times=100))
ProbDist=c(ProbDist,rep(0.000, times=100))
ProbDist=c(ProbDist,rep(0.000, times=100))
pbf=sample(ProbDist,numfem,replace=FALSE)  #contrdsuprobability for
"numfem"

Total=sum (pbf)

pbf= pbf/Total #sum of probability values equals 1
pbf1000=pbf*1000 #sum approximately 1000

pbf1000=round(pbf1000)  #round decimals to whole bers
totalpbf1000=sum(pbf1000) #total for building niatr

#create female gamete soup#

femgamsoup=matrix(0,totalpbf1000,16) #develop matristore gamete soup

countgams=0 #set thent of gametes to zero
initially

for (a in 1:numfem) { #runs loop feach female "a"
numgam=pbf1000[a] #number of gamadggenerate for each
female "a"
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if(humgam > 0){

for (i in 1:numgam) { #creates "numgam” linesooke female and 16
alleles

j=i+ countgams #puts gametes in rows, accouritngumber of gametes already
entered

z=sample(dams[a,2:3],n, replace=T) #needed tthgets a single integer (not part
of a matrix). So pass to z first,
femgamsouplj,1]=z[1,1] #then také, 2§ and place in femgamsoup
matrix

z=sample(dams[a,4:5],n, replace=T)
femgamsouplj,2]=z[1,1]
z=sample(dams|a,6:7],n, replace=T)
femgamsouplj,3]=z[1,]
z=sample(dams[a,8:9],n, replace=T)
femgamsouplj,4]=z[1,1]
z=sample(dams[a,10:11],n, replace=T)
femgamsouplj,5]=z[1,1]
z=sample(dams[a,12:13],n, replace=T)
femgamsouplj,6]=z[1,1]
z=sample(dams[a,14:15],n, replace=T)
femgamsouplj,7]=z[1,1]
z=sample(dams[a,16:17],n, replace=T)
femgamsouplj,8]=z[1,1]
z=sample(dams[a,18:19],n, replace=T)
femgamsouplj,9]=z[1,1]
z=sample(dams[a,20:21],n, replace=T)
femgamsoup[j,10]=z[1,1]
z=sample(dams[a,22:23],n, replace=T)
femgamsoup[j,11]=z[1,1]
z=sample(dams[a,24:25],n, replace=T)
femgamsoupl[j,12]=z[1,1]
z=sample(dams[a,26:27],n, replace=T)
femgamsoupl[j,13]=z[1,1]
z=sample(dams[a,28:29],n, replace=T)
femgamsoupl[j,14]=z[1,1]
z=sample(dams[a,30:31],n, replace=T)
femgamsouplj,15]=z[1,1]
z=sample(dams[a,32:33],n, replace=T)
femgamsoupl[j,16]=z[1,1]

}

countgams=countgams+numgam

1

#contribution from 21 males#
ProbDist=rep(0.134, times=100)
ProbDist=c(ProbDist,rep(0.125, times=100))
ProbDist=c(ProbDist,rep(0.122, times=100))
ProbDist=c(ProbDist,rep(0.106, times=100))
ProbDist=c(ProbDist,rep(0.072, times=100))
ProbDist=c(ProbDist,rep(0.065, times=100))
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ProbDist=c(ProbDist,rep(0.053, times=100))
ProbDist=c(ProbDist,rep(0.046, times=100))
ProbDist=c(ProbDist,rep(0.039, times=100))
ProbDist=c(ProbDist,rep(0.035, times=100))
ProbDist=c(ProbDist,rep(0.032, times=100))
ProbDist=c(ProbDist,rep(0.028, times=100))
ProbDist=c(ProbDist,rep(0.023, times=100))
ProbDist=c(ProbDist,rep(0.021, times=100))
ProbDist=c(ProbDist,rep(0.021, times=100))
ProbDist=c(ProbDist,rep(0.018, times=100))
ProbDist=c(ProbDist,rep(0.016, times=100))
ProbDist=c(ProbDist,rep(0.016, times=100))
ProbDist=c(ProbDist,rep(0.014, times=100))
ProbDist=c(ProbDist,rep(0.009, times=100))
ProbDist=c(ProbDist,rep(0.005, times=100))
pbm=sample(ProbDist,nummale,replace=FALSE) #coution probability for
"nummale”

Total=sum (pbm)

pbm= pbm/Total #sum of probability values equals 1
pbm1000=pbm*1000 #sum approximately 1000
pbm1000=round(pbm1000) #round decimals to whatalvers
totalpbm1000=sum(pbm21000) #total for building matr
#create male gamete soup#
malegamsoup=matrix(0,totalpbm1000,16) #developimtirstore gamete soup

countgams=0 #set the cofigamnetes to zero initially

for (a in 1:nummale) { #runs loop forckamale "a"

numgam=pbm1000[a] #number of gameteeterate for each male "a"
if(humgam > 0){

for (i in 1:numgam) { # creates "numgam" linesooke male and 16 alleles

j=i+ countgams #puts gametes in rows, acaogribr number of gametes
already entered

z=sample(sires[a,2:3],n, replace=T) #neededtdhieas a single integer (not part
of a matrix). So pass to z first,

malegamsoupl[j,1]=z[1,1] #then takk &) and place in malegamsoup
matrix

z=sample(sires[a,4:5],n, replace=T)

malegamsouplj,2]=z[1,1]

z=sample(sires[a,6:7],n, replace=T)

malegamsouplj,3]=z[1,]

z=sample(sires[a,8:9],n, replace=T)

malegamsoup[j,4]=z[1,1]

z=sample(sires[a,10:11],n, replace=T)

malegamsoup[j,5]=z[1,1]

z=sample(sires[a,12:13],n, replace=T)

malegamsoup[j,6]=z[1,1]

z=sample(sires[a,14:15],n, replace=T)

malegamsoup[j,7]=z[1,1]

z=sample(sires[a,16:17],n, replace=T)

malegamsoup[j,8]=z[1,1]
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z=sample(sires[a,18:19],n, replace=T)
malegamsoup[j,9]=z[1,1]
z=sample(sires[a,20:21],n, replace=T)
malegamsoup[j,10]=z[1,1]
z=sample(sires[a,22:23],n, replace=T)
malegamsoup[j,11]=z[1,1]
z=sample(sires[a,24:25],n, replace=T)
malegamsoup[j,12]=z[1,1]
z=sample(sires[a,26:27],n, replace=T)
malegamsouplj,13]=z[1,1]
z=sample(sires[a,28:29],n, replace=T)
malegamsouplj,14]=z[1,1]
z=sample(sires[a,30:31],n, replace=T)
malegamsouplj,15]=z[1,1]
z=sample(sires[a,32:33],n, replace=T)
malegamsouplj,16]=z[1,1]

countgams=countgams+numgam

1

#generate offspring#

#count rows in femgamsoup and malegamsoup#
dimfgs=dim(femgamsoup)

dimfgs1=dimfgs[1]

dimmgs=dim(malegamsoup)

dimmgs1l=dimmgs[1]

#make vector for row numbers for each gamete soup#
vectfgs=c(1:dimfgsl)

vectmgs=c(1:dimmgs1l)

offspring=matrix(0,0ff,33)  #offspring genotypmsrows, first column offspring
number

for (i in 1:0ff) { #creates "off" lines of offspnig genotypes
offspringl[i,1]=i #assigns offspring number
#pick gamete soup rows to sample#
progfem=sample(vectfgs,1, replace=FALSE)
progmale=sample(vectmgs,1, replace=FALSE)
#place female gametes in correct offspring column#
offspring[i,2]=femgamsoup[progfem, 1]
offspring[i,4]=femgamsoup[progfem,2]
offspring[i,6]=femgamsoup[progfem, 3]
offspring[i,8]=femgamsoup[progfem,4]
offspring[i,10]=femgamsoup[progfem,5]
offspring[i,12]=femgamsoup[progfem,6]
offspring[i,14]=femgamsoup[progfem,7]
offspring[i,16]=femgamsoup[progfem,8]
offspring[i,18]=femgamsoup[progfem,9]
offspring[i,20]=femgamsoup[progfem,10]
offspring[i,22]=femgamsoup[progfem,11]
offspring[i,24]=femgamsoup[progfem,12]
offspring[i,26]=femgamsoup[progfem,13]
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offspring[i,28]=femgamsoup[progfem,14]
offspring[i,30]=femgamsoup[progfem,15]
offspring[i,32]=femgamsoup[progfem,16]

#place male gametes in correct offspring column#

offspring[i,3]=malegamsoup[progmale, 1]
offspring[i,5]=malegamsoup[progmale,2]
offspring[i,7]=malegamsoup[progmale, 3]
offspring[i,9]=malegamsoup[progmale,4]
offspring[i,11]=malegamsoup[progmale,5]
offspring[i,13]=malegamsoup[progmale,6]
offspring[i,15]=malegamsoup[progmale,7]
offspring[i,17]=malegamsoup[progmale,8]
offspring[i,19]=malegamsoup[progmale,9]
offspring[i,21]=malegamsoup[progmale,10]
offspring[i,23]=malegamsoup[progmale,11]
offspring[i,25]=malegamsoup[progmale,12]
offspring[i,27]=malegamsoup[progmale,13]
offspring[i,29]=malegamsoup[progmale,14]
offspring[i,31]=malegamsoup[progmale,15]
offspring[i,33]=malegamsoup[progmale,16]

}

#bring together male and female alleles and preipaiggmat for testing#
#using 'locus' in the loop puts the data in theemrformat for testing#

loc=matrix(0,0ff,17)

colnames(loc)=c("ID","loc1", "loc2", "loc3", "loc4™'loc5", "loc6", "loc7",
"loc8", "loc9", "loc10", "loc11", "loc12", "loc13"loc14", "loc15",

"loc16")

for (i in 1:0ff) {

locli,1]=i
loc[i,2]=locus(c(offspring]i,2],offspring]i,3]))
loc[i,3]=locus(c(offspring]i,4],offspring]i,5]))
loc[i,4]=locus(c(offspring]i,6],offspring]i, 7]))
loc[i,5]=locus(c(offspring]i,8],offspring][i,9]))

loc[i,6]=locus(c(offspring]i,10],offspring[i,11]))
loc[i, 7]=locus(c(offspring]i,12],offspring[i,13]))
loc[i,8]=locus(c(offspring]i,14],offspring[i,15]))
loc[i,9]=locus(c(offspring]i,16],offspring[i,17]))
loc[i,10]=locus(c(offspring]i,18],offspring[i,19]))
loc[i,11]=locus(c(offspring]i,20],offspring[i,21]))
locl[i,12]=locus(c(offspring][i,22],offspring][i,23]))
loc[i,13]=locus(c(offspring][i,24],offspring][i,25]))
locl[i,14]=locus(c(offspring][i,26],0ffspring][i,27]))
loc[i,15]=locus(c(offspring[i,28],offspring[i,29]))
locli,16]=locus(c(offspring[i,30],offspring][i,31]))
loc[i,17]=locus(c(offspring[i,32],offspring[i,33]))

}

#set each locus as "separated"#
locl=locus(loc[,2],type="separated")
loc2=locus(loc[,3],type="separated")
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loc3=locus(loc[,4],type="separated")
loc4=locus(loc[,5],type="separated")
loc5=locus(loc[,6],type="separated")
loc6=Ilocus(loc[,7],type="separated")
loc7=locus(loc[,8],type="separated")
loc8=locus(loc[,9],type="separated")
loc9=locus(loc[,10],type="separated")
loc10=locus(loc[,11],type="separated")
loc11=locus(loc[,12],type="separated")
loc12=locus(loc[,13],type="separated")
locl13=locus(loc[,14],type="separated")
locl4=locus(loc[,15],type="separated")
loc15=locus(loc[,16],type="separated")
locl6=locus(loc[,17],type="separated")
#data.frame format for testing#
popn=data.frame(locl,loc2,loc3,loc4,loc5,loc6,|tmd8,loc9,loc10,
locl1,loc12,loc13,locl4,locl5,locl6)
#calculate statistics for offspring#

inb=Fis(popn) #calculatéss for each locus
inb=inb[linb$Fis == "NaN",] #removes any non nemc NaN
inb=mean(inb[,2]) #calculates averggecross all loci
het=He(popn) #calculaték for each locus
het=mean(het[,2]) #calculates avetdgacross all loci
hom=Ho(popn) #calculaté4, for each locus
hom=mean(hom][,2]) #calculates averatyeacross all loci

alls=allelic_diversity(popn, mode="A") #numberaifeles for each locus
alls=matrix(alls)

allmean=mean(alls) #calculates averageber of alleles across all
loci

allsum=sum(alls) #total number of alleles

pms=999 #number of permutations to run ratefador A,

rl=rarefaction(locl, mode ="A", size = numpar, mpe pms)
rl=mean(rl)
r2=rarefaction(loc2, mode ="A", size = numpar, mpe pms)
r2=mean(r2)
r3=rarefaction(loc3, mode ="A", size = numpar, mpe pms)
r3=mean(r3)
r4=rarefaction(loc4, mode = "A", size = numpar, mpe pms)
rd=mean(r4)
r5=rarefaction(loc5, mode = "A", size = numpar, mpe= pms)
r5=mean(r5)
ré=rarefaction(loc6, mode = "A", size = numpar, mpe= pms)
r6=mean(r6)
r7=rarefaction(loc7, mode = "A", size = numpar, mpe= pms)
r7=mean(r7)
r8=rarefaction(loc8, mode = "A", size = numpar, mpe= pms)
r8=mean(r8)
r9=rarefaction(loc9, mode = "A", size = numpar, mpe= pms)
r9=mean(r9)
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rl0=rarefaction(loc10, mode = "A", size = numpgremnm = pms)
rl0=mean(r10)

rll=rarefaction(loc1ll, mode ="A", size = numpgremnm = pms)
rll=mean(rll)

rl2=rarefaction(loc12, mode = "A", size = numpgrermnm = pms)
ri2=mean(rl2)

ri3=rarefaction(loc13, mode ="A", size = numpgrermnm = pms)
ri3=mean(rl3)

rl4=rarefaction(loc14, mode = "A", size = numpgremnm = pms)
rl4=mean(rl4)

rl5=rarefaction(loc15, mode = "A", size = numpgrerm = pms)
ri15=mean(rl5)

rl6=rarefaction(loc16, mode = "A", size = numparerm = pms)
rl6=mean(rl6)
rare=data.frame(r1,r2,r3,r4,r5,r6,r7,r8,r9,r10,r12,r13,r14,r15,r16)
rare=rowMeans(rare)

#collate statistics#

stats[k,1]=off #number of offspring generated
stats[k,2]=allsum #total number of alleles
stats[k,3]=allmean  #average number of alleles pard

stats[k,4]=het #average:
stats[k,5]=hom #averagd,
stats[k,6]=inb #averagés
stats[k,7]=rare #average

genos=write.table(loc, file = "filename.csv", quafALSE, append=TRUE,
row.names=FALSE,col.names=FALSE) #write genotypdable if needed

}
stats_reps=write.table(stats, file = "filename.¢csyppend=FALSE,
quote=FALSE) #write each rep to table

off=mean(stats[,1])

allsum=mean(stats[,2])
allmean=mean(stats|,3])

het=mean(stats[,4])

hom=mean(stats[,5])

inb=mean(stats|,6])

rare=mean(stats|,7])
stats_avg=data.frame(off,allsum,allmean,het,honrané)
stats_avg #write statistics to screen
#calculate statistics for parents#
bstock=rbind(dams,sires)
parents=matrix(0,numpar,16)

for (p in L:numpar) {
parents[p,1]=locus(c(bstock[p,2],bstock[p,3]))
parents[p,2]=locus(c(bstock[p,4],bstock[p,5]))
parents[p,3]=locus(c(bstock[p,6],bstock[p,7]))
parents[p,4]=locus(c(bstock[p,8],bstock[p,9]))
parents[p,5]=locus(c(bstock[p,10],bstock[p,11]))
parents[p,6]=locus(c(bstock[p,12],bstock[p,13]))
parents[p,7]=locus(c(bstock[p,14],bstock[p,15]))

190



parents[p,8]=locus(c(bstock[p,16],bstock[p,17]))
parents[p,9]=locus(c(bstock[p,18],bstock[p,19]))
parents[p,10]=locus(c(bstock[p,20],bstock[p,21]))
parents[p,11]=locus(c(bstock[p,22],bstock[p,23]))
parents[p,12]=locus(c(bstock[p,24],bstock[p,25]))
parents[p,13]=locus(c(bstock[p,26],bstock[p,27]))
parents[p,14]=locus(c(bstock[p,28],bstock[p,29]))
parents[p,15]=locus(c(bstock[p,30],bstock[p,31]))
parents[p,16]=locus(c(bstock[p,32],bstock[p,33]))
}

L1=locus(parents[,1],type="separated")
L2=locus(parents|,2],type="separated")
L3=locus(parents|,3],type="separated")
L4=locus(parentsl,4],type="separated")
L5=locus(parents|,5],type="separated")
L6=locus(parents|,6],type="separated")
L7=locus(parents|,7],type="separated")
L8=locus(parents|,8],type="separated")
L9=locus(parentsl,9],type="separated")
L10=locus(parents[,10],type="separated")
L11=locus(parents[,11],type="separated")
L12=locus(parents[,12],type="separated")
L13=locus(parents[,13],type="separated"”)
L14=locus(parents[,14],type="separated")
L15=locus(parents[,15],type="separated"”)
L16=locus(parents[,16],type="separated")
parents=data.frame(L1,L2,L3,L4,L5,L6,L7,L8,L9,L10,

L11,L12,0L13,L14,L15,L16) #set data.frame for tegti
pinb=Fis(parents) #calculatBg for each locus
pinb=pinb[!pinb$Fis == "NaN",] #removes any nommeric NaN
pinb=mean(pinbl[,2]) #averagg across all loci
phet=He(parents) #calculatdsfor each locus
phet=mean(phet[,2]) #averadieacross all loci
phom=Ho(parents) #calculatds for each locus
phom=mean(phom[,2]) #averabg across all loci

palls=matrix(palls)

pallmean=mean(palls) #calculates avenameber of alleles across all loci
pallsum=sum(palls) #total number of alleles
prl=rarefaction(L1l, mode = "A", size = numpar, nper pms)
prl=mean(prl)

pr2=rarefaction(L2, mode = "A", size = numpar, nmper pms)
pr2=mean(pr2)

pr3=rarefaction(L3, mode = "A", size = numpar, nper pms)
pr3=mean(pr3)

pr4=rarefaction(L4, mode = "A", size = numpar, nmper pms)
prd=mean(pr4)

pr5=rarefaction(L5, mode = "A", size = numpar, nper pms)
prS=mean(pr5)
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pr6=rarefaction(L6, mode = "A", size = numpar, nper pms)
pré6=mean(pr6)

pr7=rarefaction(L7, mode = "A", size = numpar, nper pms)
pr7=mean(pr7)

pr8=rarefaction(L8, mode = "A", size = numpar, nper pms)
pr8=mean(pr8)

pr9=rarefaction(L9, mode = "A", size = numpar, nper pms)
pr9=mean(pr9)

prl0=rarefaction(L10, mode = "A", size = numparenp = pms)
prl0=mean(prl0)

prll=rarefaction(L11l, mode ="A", size = numparenp = pms)
prll=mean(prll)

prl2=rarefaction(L12, mode = "A", size = numparenp = pms)
prl2=mean(prl2)

prl3=rarefaction(L13, mode = "A", size = numparenp = pms)
pri3=mean(prl3)

prld=rarefaction(L14, mode = "A", size = numparenp = pms)
prl4=mean(prl4)

prl5=rarefaction(L15, mode = "A", size = numparenp = pms)
prl5=mean(prl5)

prl6=rarefaction(L16, mode = "A", size = numparenp = pms)
prl6=mean(prl6)
prare=data.frame(prl,pr2,pr3,pr4,pr5,pr6,pr7,p8pdo0,
prll,prl2,prl3,prl4,prl5,prl6)

prare=rowMeans(prare)
stats_parents=data.frame(numpar,pallsum,pallmeanpbtom,
pinb,prare)

stats_parents

write.table(stats_parents, file = "filename.csv",
append=FALSE,quote=FALSE)

#finish#
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Appendix 5B (1 — 3) Measures of genetic diveraityl inbreeding from 16
microsatellite loci, shown for wild barramundi sdmpites selected to represent base
populations. Number of samples selected from sdelN), average number of
alleles &), mean allelic richnesg\() and private allelic richnes®4), mean
expectedie) and observedH,) heterozygosities, plus the average inbreeding
coefficient Fis). Fis was only significantly different from zero for SiBay (P <

0.05) and a summary of all measures is providethimsamples selected within the
two genetic stocks and a region of admixture. &states are represented; Western
Australia (WA), the Northern Territory (NT) and Qaresland (QLD). The tables

were modified from chapter 4.

*N is the total count, whilst the remaining values averages.

"AverageF;s values significantly different from zero at th@®level, following
Bonferroni correction for multiple comparisons (&id.988).

“Denotes temporal samples included from Keenan (1@8flected between 1988
and 1993 unless stated in parenthesis.

(continued on next page)
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Appendix 5B.1

Wild barramundi samples selected to form the bageilation for optionWSA (n =

150), which were divided into five spawning tanks=(30) according to sample sites

with the highest levels @& from each of the two genetic stocks (eastern and

western) and central region of admixture.

Stock location State Code N A A PA He Ho Fis
Swift Bay WA SWI 10 4.6 3.64 0.008 0.552 0.515 B09
Berkeley River WA BER 10 4.8 3.57 0.010 0.536 0.537 0.018
Daly River (2008) NT DLY 10 4.8 3.54 0.003 0.532 52 0.045
Alligator River NT ALG 10 4.3 3.53 0.097 0.496 0%3 -0.039
Bonaparte Gulf WA KEE 10 4.9 3.48 0.014 0.517 0.529 -0.003
Western stock 50 4.7 3.55 0.027 0.527 0.528 0.005
Archer Rivef (1993) QLD ARCK 10 5.9 3.82 0.039 0.547 0.555 0.007
Albert River (2011) QLD ALB 10 53 3.70 0.071 0.528 0.511 0.053
Gilbert River QLD GIL 10 5.5 3.68 0.055 0.529 0.516 0.047
Holroyd Rivef¥ QLD HOLK 10 51 3.68 0.049 0.531 0.536 0.016
Mitchell River QLD MITK 10 5.0 3.67 0.008 0.527 0.541 -0.004
Centraf 50 54 3.71 0.044 0.532 0.532 0.024
Burdekin River (2008) QLD BUR 10 4.6 3.46 0.009 45 0.581 -0.036
Cleveland Bay QLD CLE 10 4.6 3.44 0.010 0.567 0.584 -0.008
Hinchinbrook QLD HC 10 5.6 3.43 0.044 0.555 0.565 0.008
Mary Rivef QLD MARK 10 4.4 3.39 0.023 0.539 0.552 0.004
Johnstone River QLD JOR 10 5.1 3.36 0.015 0.533 7®M.5 -0.059
Eastern stock 50 4.9 3.42 0.020 0.549 0.570 -0.021

(continued on next page)
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Appendix 5B.2
Wild barramundi samples included in the base pdjmidor optionWA, which

were selected according to the highest levels @icross the entire sample range,

irrespective of the genetic stock boundaries preshipdetected.

Stock location State Code N A A PA He Ho Fis
Archer Rivef (1993) QLD ARCK 24 59 3.82 0.039 0.547 0.555 0.007
Archer River (2011) QLD ARC 33 538 3.66 0.021 0.525 0.528 0.009
Albert River (2011) QLD ALB 24 53 3.70 0.071 0.528 0.511 0.053
Gilbert River QLD GIL 24 55 3.68 0.055 0.529 0.516 0.047
Holroyd Rivef QLD HOLK 21 51 3.68 0.049 0.531 0.536 0.016
Mitchell River QLD MITK 24 50 3.67 0.008 0.527 0.541 -0.004
Totaf 150 54 3.70 0.040 0.531 0.531 0.021

(continued on next page)
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Appendix 5B.3

Wild barramundi samples selected to form base @djous of 180, 200, 230 and 250

individuals (for theNe study), which were randomly divided into five spamgqtanks

of equal sex ratio. The sample sites were seleatedrding to the highest levels of

A, from two genetic stocks (eastern and western)canttal region of admixture.

Stock location State Code N A A PA He Ho Fis
Swift Bay WA SWI 17 4.6 3.64 0.008 0.552 0.515 809
Berkeley River WA BER 24 4.8 3.57 0.010 0.536 0.5370.018
Daly River (2008) NT DLY 24 4.8 3.54 0.003 0.532 520 0.045
Daly Rivef (1990) NT DLYK 18 4.8 3.51 0.0078 0.549 0.524 -B02
Western stock 83 4.8 3.57 0.007 0.542 0.524 0.013
Archer Rivef (1993) QLD ARCK 24 5.9 3.82 0.039 0.547 0.555 0.007
Albert River (2011) QLD ALB 24 53 3.70 0.071 0.528 0.511 0.053
Gilbert River QLD GIL 24 5.5 3.68 0.055 0.529 0.516 0.047
Holroyd RiveF QLD HOLK 11 5.1 3.68 0.049 0.531 0.536 0.016
Centrat 83 5.5 3.72 0.053 0.534 0.530 0.031
Cleveland Bay QLD CLE 47 4.6 3.44 0.010 0.567 0.5840.008
Hinchinbrook QLD HC 37 5.6 3.43 0.044 0.555 0.5650.008
Eastern stock 84 5.1 3.44 0.027 0.561 0.575 -0.008
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