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Abstract

The aim of this thesis was to design a breedingnarma for increased productivity of
farmed common sol&olea soleal) using natural mating in groups to obtain ofifsgp
and 2) using present farm infrastructures as muscpassible. Parental allocation with
DNA marker data on offspring from natural matingrgrds showed that parental
contributions were highly skewed. This indicatest ttew animals contribute to majority
of the offspring. Levels of coancestry in offspripgpulations were high (2-4%) showing
that selection methods need to restrict ratestotieding in future generations.

Genetic variances of body weight and body lengtltommon sole were measured at
harvest and it was shown that genetic improveménhese traits is possible. It was
pointed out that selection on growth of common soéeds to be accompanied by
selection for shape to compensate for undesirectleted responses in shape. Further, it
was demonstrated that in populations with skewedritutions, use of marker data can
be more efficient once breeding values are estihaté¢h continuous molecular
relatedness rather than with a reconstructed peeligfo decrease costs of breeding
programs, selection of parents may be from prodaocpopulations directly. Results
indicated that estimation of genetic parameterafiscted by husbandry practices as
grading, but that effects are predictable. To ojsirbreeding programs with natural
mating of parents, 2-stage selection schemes wgthmal contribution selection from
mass selected and genotyped fractions were compaitadmass selection schemes.
Using 2-stage selection schemes, rates of inbrgectim be restricted with a smaller
nucleus than with mass selection schemes. Howegsponse is lower as well. The
different findings in this thesis are put into aexit of a breeding program for common
sole and discussed in relation to profitabilitynefits of natural mating and correlated
responses to selection for growth.






Contents

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

General Introduction

Levels of inbreeding in group mating captive brdodk
populations inferred from parental relatednessamdribution.

Effects of grading on heritability estimates und®mmercie
conditions

Estimating breeding values with moleculaglatedness al
reconstructed pedigreesnatural mating populations

Heritability of shape in common sole, estimatedhwdligital
image analysis

Minimising genotyping in BLUP selection schemeish natura

mating

General Discussion

Summary

Samenvatting (in Dutch)

Dankwoord (in Dutch)

11

23

41

63

81

103

123

143

151

159









General Introduction

Aquaculture and genetic improvement

An increasing part of the worldwide aquaculturet@eds currently based on genetically
improved fish. In Europe, the main species witlgéaiscale breeding programs are
Atlantic salmon,Salmo salar rainbow trout,Oncorhynchus mykisgjilthead seabream,
Sparus aurataand European sea bad3icentrarchus labraChavanne et al., 2008). All
of these species have a large market and volumeduped by grow out farms are
massive, from 60 to more than 900 thousand torm2608 (FAO, 2010).

In contrast, aquaculture enterprises which eitlmeri@ start up phase, culture a “new”
species or which serve an exclusive niche markate hrelatively small production
volumes. Examples of such initiatives in the Neddmds are culture of pike perch,
Sander luciopercand solesSolea sppSuch small scale aquaculture ventures often rely
entirely on wild broodstocks and do not have prograo select genetically superior
breeders and to control rates of inbreeding. Howelaek of genetic improvement of
populations greatly obstructs improvement of ecaiahviability of farms. For example,
genetic improvement of Atlantic salmon resultedinoreased growth rates up to 50%
compared to wild founders (Gjedrem, 2005). Amonigeotcauses, breeding programs

triggered and promoted development of salmon imgwgoridwide.

Costs of genetic improvement

In breeding programs, genetically superior breedezsselected from present populations
in order to improve the next generation. Here, adpction of parents is followed by
genetic evaluation of offspring to obtain breedirmjues. After this, offspring with the
best breeding values are selected to serve astpdoeithe next generation (figure 1.1).

In many breeding programs, family relationshipswaetn animals are required for
genetic evaluation. In captive species such ascattje and pigs, these relationships are
generally inferred from known pedigrees and to geige individuals within groups over
time, animals are tagged at birth. However, in migstyspecies, early tagging of families
is impossible due to small size of animals at hatzhConsequently, families are often
reared separately in family rearing tanks untilgiag size. Alternatively, individuals of
different families are subsequently reared comniynatil tagging size, tagged and

genotyped for pedigree reconstruction.
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Chapter 1

Both separate rearing of families and genotypirgptly increases costs of consumables
and infrastructure. To increase profitability, aquiture production enterprises that run a
breeding program should improve efficiency. This d@ achieved through increased
scale of production or by specialisation of aci@gt In the latter, reproduction and
breeding programs are located in few specialiseding companies whereas others
have a focus on production of consumption fish. él\wknown example of this is culture

of Atlantic salmon.

Reproduction of
parents
—

Selection new parents
]

Ongrowing offspring
\

fr—

Breeding value estimation

offspring é

Figure 1.1 Overview of steps in a breeding program.

In contrast, small scale farms have a primary comialefocus on production activities.
In addition, they need to select and reproduce then broodstock. In order to facilitate
implementation of breeding programs into such sisedle farms, there is a severe need

for breeding programs that are cheap and use adlafiarm infrastructure.

Natural mating

For many cultured fish species, offspring can beiokd using artificial reproduction.
Examples are salmonidSalmonidaespp (Billard, 1992), carpsCyprinus spp(Billard,
1995), turbot,Scophthalmus maximu&Lhereguini et al., 1999) and African catfish

Clarias gariepinus(Goos and Richter, 1995). In contrast, controliegroduction is
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General Introduction

difficult or impossible for several other speciéty(onas et al., 2010) and natural mating
in groups is needed to obtain offspring. The useadfiral mating can also be a matter of
efficiency as artificial reproduction can be veapdur intensive. Examples may be found
in species such as European sea bAgsntrarchus labrax(Massault et al., 2009),
gilthead seabreangparus auratgBrown et al., 2005and Atlantic codGadus morhua
(Bekkevold et al., 2002; Herlin et al., 2007).

With natural mating in groups, males and femaleshmused in one large tank. During
spawning seasons, animals spawn naturally andidedieggs are collected from the tank;
there is no control on parental contributions tismfing populations. This typically leads
to mixing of families, unknown pedigrees of indivals, unbalanced mating designs and
skewed parental contributions with few animals piidg most of the offspring
(Bekkevold et al., 2002; Brown et al., 2005; Feagehet al., 2006b). Without doubt, the
need to use natural mating in groups to obtainpafig impedes genetic improvement
programs. For example, mass selection (selectioph@motype) on such populations is
expected to yield high rates of inbreeding whenawstecting for parental contributions
(Bentsen and Olesen, 2002). Although skewness cénpal contributions has been
determined for several natural mating speciesgihains unclear how to efficiently
prevent excess of inbreeding and how to optimisparse while minimising genotyping

costs.

Aim of this thesis

Common soleSolea soledin Dutch: “Noordzeetong”), is a highly valuedtflah species
in the North-Eastern Atlantic. Culture of commoresdut also of its relative Senegalese
sole, Solea senegalensiserves a substantial niche market and shows figéntial as
natural stocks are under pressure of fisheriestdgieption of common sole still relies on
natural mating of broodstocks (Dinis, 1999; Imslatdal., 2003b; Howell et al., 2006).
At the start of this project, no breeding program denetic improvement @olea spp.
was available. To achieve improvement of productiwhile controlling rates of
inbreeding in future generations of cultured comnsofe, this project was initiated by
Solea B.V. (the Netherlands) and the Animal Bregdiand Genomics centre
(Wageningen University). Aim of the project was design a breeding program for
increased productivity of farmed common sole tHatides natural mating of parents to

obtain offspring and 2) is suitable for small scd@ms by using present farm
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infrastructures as much as possible. This projeas \inanced by the Netherlands
Organisation for Scientific Research (NWO, Casimpersonal grant) and received

financial support from Solea B.V. and Wageningeiiversity.
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General Introduction

Outline

To design and run a breeding program, several atdrgteps should be undertaken (see
figure 1.2). First, a founder population with soiéint genetic variation is required. Then,
a breeding goal should be defined including ecoraltyi and biologically relevant traits.

For traits in the breeding goal, heritability aradrelations need to be estimated.

BN

Reproduction of
parents

Chapter 2

|—Determme contributions

Design
Breeding program

Chapter 6

Selection new parentsl
1

| Ongrowing offspring |
\

r—

Breeding value estimation
offspring

~ e 1n production with
Chapter 4/( Chapter 5 orading?

Estimate breeding values with molecular relatedness?

Estimate heritability

Correlated response of shape?

Figure 1.20verview of steps in a breeding program. The wffechapters of this the:

are indicated at the applicable step.

To optimise response to selection, rates of inbngednd profitability, decisions have to
be made on the number of selection candidatesctedleanimals and methods for
breeding value estimation and selection. Finallygeling values of offspring are
estimated and based on this, animals are selectedh&é new parental population
(Falconer and Mackay, 1996; Gjerde et al., 1996dfem, 2000; Gjedrem, 2005). At
the start of this thesis, no such data was availédslcommon sole.

To optimise a breeding program for common sole wigttural mating, skewness of
parental contributions, as well as its effects ates of inbreeding and response to

selection, should be determined. Additionally, witltural mating of parents, estimation
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of genetic parameters and BLUP breeding valuesinesjaostly genotyping. Hence, the
guestion is how to optimise and increase profitgbdf breeding programs with natural
mating of parents while restricting genotyping.thar, when a breeding program aims at
reduction of costs by using present farm infragtmes, selection may be from
production stocks rather than from separate tegtiljptions. However, most production
stocks undergo repeated grading and this may tEmaion of genetic parameters.
Little is known about the extent to which gradinfeets genetic parameter estimation
and this should be characterised when developitgeading program. In this thesis,
these questions are analysed and discussed inorelm common sole with natural

mating of parents (figure 1.2).

In chapter 2 parental contributions and their effects on radésinbreeding were
characterised using parental allocation with geneirkers on offspring from a cultured
common sole population. In addition, the differebedéween a generally used population
genetic approach and a quantitative approach ima&st inbreeding is shown.

Chapter 3 demonstrates effects of grading of fish populatiem&stimated heritability of
body weight and body length using phenotypic disitions over tanks at different time
points after grading. Results from simulated andl @opulations are presented and
compared.

When some parental genotypes are missing, metlodscbnstruct explicit pedigrees
lead to loss of data whereas methods that estimatiecular relationships between
animals do not require parental genotypes and neaynbre efficient. Inchapter 4,
genetic markers are used to estimate moleculatioe$hips between offspring from
natural mating parents. Accuracies of estimateeéding values from this method are
compared with results from a method with expli@tigree reconstruction.

In chapter 5, it is determined if selection for improved protiao results into correlated
responses of body shape of common sole. Genetielattons between shape and
production traits (e.g. body weight) are estimatddreover, heritabilities and standard
errors from manual analysis and from digital imagalysis are compared.

In chapter 6, breeding programs are optimised for the use afrahmating of parents.
Stochastic simulation is used to estimate ratesegding and response to selection in
breeding programs. Schemes with optimal contrilougielection from mass selected and

genotyped fractions (2-stage selection) are condpaith schemes with mass selection.
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General Introduction

In chapter 7 (@eneral discussion), the use of natural mating aekkction from
production populations in breeding programs isgraged and further discussed with
relation to implications for profitability of bread) programs, benefits of natural mating

and other correlated responses.
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Contribution of Parents

Abstract

In this paper, we estimate levels of inbreedindhvpidrental relatedness and contribution
inferred from microsatellites in groups of commatesthat reproduce by natural mating.
We present results on spawning patterns duringemtiee reproductive season of wild

common soleSolea soleakept in two broodstock groups (28 animals in breods A;

20 animals in broodstock B) under semi-natural @wmws. Batches of eggs were

collected daily and incubated separately. First, pgeformed a parentage analysis on
parents and samples of 24 newly hatched larvae &bimatches, using 10 polymorphic

microsatellite markers. As expected, contributidnparents to offspring was highly

skewed. In both broodstocks, 5 or less parentas pabduced more than half of the total
progeny. Natural spawning and unequal contributioihgarents to offspring resulted in

significant deviations from Hardy-Weinberg equiléor Furthermore, few alleles were

lost and levels of heterozygosity in offspring plaien increased. Next, we calculated
relatedness between parents that mated succesbhslyd on estimates of molecular
similarity. Using parental relatedness and contiilns, mean coefficients of coancestry
in offspring were determined. Levels of coancestrprogeny were substantially high.

These results show that due to different parergatributions, natural mating in groups

can result in significant inbreeding in future gerions despite of limited loss of alleles
and high levels of heterozygosity in first genematprogeny. This shows that using loss
of alleles and levels of heterozygosity alone camtisleading for estimation of genetic

diversity.
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Chapter 2

Introduction

Most livestock breeding programmes use controleggtaduction methods like artificial
insemination, or natural mating of couples to colnfiamily structures and pedigree. This
is of major importance when executing breeding pognes with restriction on level of
inbreeding (Henderson, 1984; Bijma et al., 2000p@nt-Nivet et al., 2006).

In some fish species controlled reproduction iglatively easy matter. For example, in
salmonids (Billard, 1992), carp§yprinus spp.(Billard, 1995), turbot,Scophthalmus
maximus(Chereguini et al., 1999) and African catfidblarias gariepinus(Goos and
Richter, 1995) artificial fertilization is used. problem occurs when reproduction is
dependent on natural mating of animals kept in gsotNatural mating in groups often
results in production of massive and variable fgraizes of unknown pedigree (Gjerde
et al., 1996a; Komen et al., 2006). Furthermordy @nrestricted number of animals
(especially in males) contributes to majority ofe thldescendants. Such skewed
contributions have been shown in Nile tilagxgochromis niloticusn hapas (Fessehaye
et al., 2006b), Atlantic codzadus morhugBekkevold et al., 2002; Bekkevold, 2006;
Rowe, 2007) and in Gilthead seabre&parus auratgBrown et al., 2005).

In sole it is still difficult to induce spawning bartificial means. Therefore, natural
mating in groups is used (Dinis, 1999; Imslandl¢t2903b; Howell et al., 2006). Natural
mating behaviour of common satedescribed by Baynes et al. in 1994.

Consequences of natural mating in fish speciesuatally analyzed with classical
population genetic approaches e.g. Exadactylos9)]1$%rez-Enriquez et al. (1999) and
Porta (2006a). In these cases, inbreeding and igeratability are analyzed using loss
of alleles and levels of heterozygosity suclrgsHowever, when performing directional
selection, these methods can not be used to preslictequences of natural mating for
populations. Additive genetic relationships on tileer hand, are widely used to estimate
genetic parameters and breeding values of indilédugurther, they can be used to
optimize selection designs in terms of minimizimprieeding, e.g. through optimal
contribution (Sanchez et al., 2003). When pedigné@mmation is absent, relatedness can
be inferred from molecular markers (reviewed ine@tiek et al. (2006)). In this paper we

present a method to analyze levels of inbreedingpiecies that reproduce by natural
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Contribution of Parents

mating in groups, using estimates of parental edia¢ss together with contribution. Our
results show that natural mating in groups leadsitds an increased mean coefficient of
(molecular) coancestry in offspring of sole. Thasn contrast with traditional population

genetic analysis where heterozygosity in progengeases.

Methods

Broodstock

Two common sole broodstock populations A (n=28) Bnth=20) were collected from
the Dutch North-Western coastal area during 2008utih 2005. From collection up to
start of the experiment both broodstocks were ¢amdid indoor in separate tanks. Mean
body lengths and weights are shown in table 2.bo8stocks were fed a diet of moist
pellets and polychaetes to 0.5 % of their bodyweiglery second day. During the
spawning period the diet was given ad libitum.

Table 2.1 Number of parents, amebody weight (BW) (+ sd), body length (BL) (+,
mean hatching rate (Hr) and estimated number ofdpoed larvae (L) per broodstc
(BS).

BS n  BW(g) BL (mm) Hr (%) L (106)

A Males 14 5049 (102.5) 362 (2.7) 36 12
Females 14 836.5 (218.6) 426 (2.9)

B Males 10 4768 (128.2) 365 (2.7) 30 25

Females 10 977 (143.1) 457 (3.1)

Broodstock management

Each broodstock tank had a diameter of approxima@em and a height of 1.40 m.
Salinity was 34 ppt. Each tank had a sand bottorappfroximately 5 cm. Both tanks
were connected to one recirculation system (taddime 70 ). Artificial temperature
and light regimes were controlled per tank sepbraaed simulated those of natural
circumstances (52 ° N 2.5 ° E) with a six month§edénce between broodstocks. In
broodstock A spawning commenced on June tfea22006 and lasted until October the
12", Spawning of broodstock B lasted from January2Heof 2007 until May the &
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Every three weeks spawning was suspended artifidiad one week by lowering water

temperature.

Egg collection

Pelagic eggs were continuously collected at theflowt of the spawning tank. Every
morning at approximately 09.00 hours all eggs wenevested from the egg collector and
kept as one separate batch during subsequent tmulzand larval rearing. Each batch
was weighed and egg quality was evaluated as “ldmgderate” or “good”. Batches
were incubated subsequently in a conical incubati@ok of approximately 80 I. Each
incubation tank was connected to a recirculatingtesy with UV-treatment. Incubation

temperatures were 10 °C and hatching took plaee aftlays incubation.

Every day from day O until hatching, sinking eggsrevdrawn off and weighed. From

these data the approximate number of hatched esggsapch was calculated:

He = (W - (Wg)) Cpe 2.1

j=1

whereHe, is number of hatched eggs of batchW is weight (g) of eggs of batdhat
time of collection andVs is weight (g) of sinking eggs of batclat dayj. Pe is number

of eggs per g which was determined at start osgf@vning season by counting numbers

of eggs in approximately 1 g of eggs.

Due to restricted capacity in the incubation systegmeral small batches had to be
incubated in small floating 1 | tubes within themgaincubation system. From small
batches sinking eggs could not be measured as tfueseities were generally too small
for accurate weighing. Instead hatching percentagese estimated from average
hatching percentages in large batches with singl@uated quality (i.e. low, moderate
and good) according to:

Hey, =Wt [Hp, Lpe 2.2
whereHe; is number of hatched eggs of batchith quality k, Wt is total weight (g) of
eggs in the small batch at day of collecti@andHp is predicted hatching rate at quality

in large batches?e is number of eggs per g.
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DNA sampling and analysis

Before the experiment, a blood sample of each pamas taken for DNA analysis.
Samples were stored in EDTA 0.27 M in physiologisalt (0.8% NaCl) solution at -80
°C. For DNA isolation of parental blood, Puregen®l/ purification kit for non-
mammalian whole blood samples (Gentra Systems) usad. Sampling of larvae for
DNA analysis was performed before first feedin@-dt days post hatch. From each batch,
24 larvae were sampled at random from the incubanat processed individually for
DNA isolation using nucleospin tissue columns (96cedure, Machery-Nagel). To test
if DNA was extracted successfully, DNA concentratiovere measured from several
samples in all plates using a spectrophotometendili®mp technologies ND-1000). For

all samples DNA concentration was diluted to 5-@Quh for further analysis.

The following 10 microsatellite markers were usemt DNA analysis: AF173855,
AF173854, AF173852, AF173849 (lyengar et al., 200A)Y950593, AY950592,
AY950591, AY950589, AY950588, AY950587 (Garoia kbt 2006).

PCR amplification involved 5 minutes of denaturatat 95 °C followed by 36 cycles of
consecutively 30 s denaturation at 95 °C, 45 samggat 55 °C and 90 s elongation at
72 °C. After 36 cycles a final elongation step 6frhinutes at 72 °C was applied. After
PCR amplification, marker samples were pooled pdividual and analyzed on a ABI
3730 automatic sequencer. Fragment sizes werelsdively to Genescan LIZ 500 size
standard (Applied Biosystems). Output data wasyaedl using Genemapper software
(Applied Biosystems) in order to determine alleleofiles at each locus. Parental
allocation was performed with PAPA 2.0 software ¢Besne et al., 2002). Papa 2.0 is a
software package which performs parental allocabiprcalculating breeding likelihood
of a parental pair of (multilocus) genotypes pradgca given offspring genotype. It
allows a certain degree of genotyping error or tta The breeding couple with highest
likelihood is defined as the most likely parentalrpResults were manually checked for

correct allocation according to Mendelian inheria@afterwards.

Contribution of parents

Using genotyped larvae, contribution of parents parckntal pairs to total offspring was
calculated relatively to the total number of larya®duced. This was done for both

broodstocks separately.
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Chapter 2

Population genetics

Expected and observed heterozygosities, resuliixatidn rates ) after Weir and
Cockerham (1984), Hardy-Weinberg exact tests anthaiility tests for differentiation
of allelic distribution were calculated with Gengpaveb application (Raymond and
Rousset, 1995). Calculations were performed foremat and offspring populations
separately. Further, broodstock A and B were amalyzeparately as well as pooled.
Expected heterozygosities were calculated usingrobd allele frequencies from the

same population.

Parental relatedness

To determine relatedness between broodstock animaislationship matrix (A matrix)
was constructed using genotypic information. Thaswidone for broodstock A and B
separately. Construction of the A matrix involveebtsteps. At off diagonal elements,
relatedness coefficients between individuals x yafig,) were estimated using molecular
similarity index S,y (Lynch, 1988; Caballero and Toro, 2000; Eding ateuwissen,
2001). HereSy = Ya[l o + lag + loc + gl (Li @and Horvitz, 1953) where at loclisa and b
are alleles of individual x and c and d are alleléindividual y. When at,. allele a is
identical to allele c],. equals one, and zero otherwise, etc. Accordingytah (1988)
expectedS,y asE[S,,] = fy+ (1 - f)s with f,, expressing the probability of alleles
beingidentical by descer@iBD), (1 - f,)s the probability of beinglike in state(AlS)
wheres is mean similarity (sum over squared allele frewirs,>p®) at locusl in the
base population. Since in diploid species 2f (Malécot, 1948; Falconer and Mackay,
1996), relatedness coefficiemj] is then calculated as (Oliehoek et al., 2006):

whereL is number of loci.

Diagonal elementsrf) of the A matrix are defined ag, = 1 + F, whereF, is the
coefficient of inbreeding for animal x. The estioraof relatedness in its simplest form
ignores AIS and thus = 0. Subsequentlfy, = S, leads to2S, = 1 + F, which can be

rearranged t&, = 2(S - ¥2). From this, the coefficient of inbreeding was ded:

18 2ASw ~ 7S
sztz'i%

=1 1-5
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These estimators form an A matrix where mean reéfees and mean coefficient of
inbreeding are zero. To account for overestimatibdiversity, relatedness estimates at
all elements of the A matrix were corrected usiegression coefficieni] (Oliehoek et
al., 2006) wheres = 0.079[In(no.loci)-1][In(no. alleles)+1.22]. Aklements were then
regressed to their mean using the following equaf§j§5= Ty + B(Tuy-Ty). AST =1 +

F. a value of 1 was added to diagonal elements.

Mean relatedness and coefficients of coancestry were determined défispring
populations as proposed by Meuwissen (1997). Thas done for both offspring
populations separately. Here= ¢c’Ac wherer is mean coefficient of relatedness, c is the
vector with actual parental contributions and Ahis relationship matrix of parents in the
analyzed broodstock as explained above. Contribsitivere scaled to add up to % for
each gender. Calculation of mean coancestry was docording ta =2F (Malécot, 1948;

Falconer and Mackay, 1996).

Results

Density of eggs was estimated at approximately &g@s per g. Estimated cumulative
larvae production was 1.2 million larvae in broadét A and 2.5 million larvae in
broodstock B. In broodstock A, 39 batches wereectdld of which 29 were large and 10
small. Fifty-one batches were collected in broodstB of which 40 were large and 11
small. Small batches from broodstock A contained tatal 210,000 larvae. For
broodstock B this was a total of 140,000 larvaeerage hatching percentages were 36%
in broodstock A and 30% in broodstock B. Averagéchiag rates of large batches
increased proportionally to corresponding qualitgleation:low: 21% + 12%;moderate:
45% + 20%good: 62% + 17%.

Average number of parents contributing to a batels 8.7 in broodstock A and 5.7 in
broodstock B. Other broodstock parameters can lb@dfdn table 2.1. Some larval
samples were lost due to poor DNA quality. All paseand 2103 offspring were
genotyped successfully. In total 134 alleles wevenél in the parental population
whereas 125 alleles in the offspring populationetilivocal parental allocation success

of larvae genotypes was high (>99%) in both bromulst.
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Contribution of parents

The contribution of parental pairs to total offsgripopulation is given in figure 2.1. In
both broodstocks, the distribution is skewed; dely parental pairs contributed to most
of the offspring. In broodstock A the largest offsg group resulting from one parental
pair comprised nearly 40% of the total offspringpplation. The distribution of

contributions of individual parents to the totafspfing population was found to be
skewed (figure 2.2): in broodstock A male 8 sirédof the offspring. The second most
productive male produced 16% of the offspring. hodostock A, 5 males did not
participate in spawning; in broodstock B this wasn8les. Of the females, 4 did not

participate in spawning in broodstock A; this was Broodstock B.
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Population genetics

Expected and observed heterozygosities, fixatialices (ks), tests for deviation from
Hardy-Weinberg equilibrium and chi-square testsdifferentiation of allele frequencies
between parent and offspring populations (poolad)dare shown for each locus in table
2.2. Analysis was performed for separate broodstamk well, but results were not
different. At some markers alleles were lost, jpattrly at locus 7. In the parental
populations, loci 4, 7, 9 and 10 (40%) were noHardy-Weinberg equilibrium. In the
offspring population, no loci were in Hardy-Weingerequilibrium. In general,
differentiation of allelic distribution across geatons was significant, indicating a
change in allele frequencies.

Observed heterozygosity was lower than expectedoih the parental and offspring
populations. Compared to the parental populatiefgtively more heterozygotes were
observed in the offspring population. This resultedower F,s values in the offspring

population.
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Table 2.2 Number of alleles, frequencies of expedide) and observed (Ho
heterozygosity, [k fixation index, Hardy-Weinberg equilibrium \Rdue at 1

microsatellite marker lodiin the parental and the offspring populatfon

Parents Offspring

Locus na He Ho FIS HW na He Ho FIS HW Diff
1 10 0.77 0.75 0.02 10 0.79 0.81 -0.02 & ik
2 6 048 040 0.17 5 0.44 047 -0.07 *¥* **x
3 8 0.72 0.69 0.05 7 0.70 0.79 -0.12 *x* &
4 9 0.70 0.70 0.01 *** 9 0.70 0.69 0.01 *=**
5 16 091 0.83 0.08 14 0.89 0.95 -0.06 *## ok
6 19 093 094 -0.01 19 090 095 -0.06 ***  *
7 20 0.82 0.79 0.03 * 16 0.85 0.90 -0.06 *wk ek
8 13 085 0.75 0.12 13 081 0.69 0.15 s Hokox
9 12 087 0.77 012 * 12 082 0.74 0.10 cxx ok

10 21 094 080 0.5 ** 20 091 0.74 0.19 ##k =xx
Total 134 0.8 0.74 0.07 125 0.78 0.77 0.01

Y oci accession names: 1: AF173855; 2: AF173854AB173852; 4: AF173849;
AY950593; 6: AY950592; 7: AY950591; 8: AY95058%'¥950588; 10: AY950587.
Results from pooled broodstock and offspring pajuria (A and B)

3per locus, the P value for differentiation of altetlistribution across the parental a
offspring populations is given. Signifitze levels: * for P < 0.050, ** for P < 0.010,*
for P << 0.000

Relatedness

Values of relatedness in the A matrix for broodktécranged from -0.26 to 0.26. These
values reflect pairs being relatively unrelateddiated. In broodstock B this was -0.24 to
0.25. In the offspring, mean relatedness was Orl bimodstock A and 0.04 for
broodstocks B. Mean coancestry in the offspringytetion from broodstock A thus was

higher (4.9%) compared to offspring from B (2.0%).

Discussion

Our data show that natural mating in groups of coemraole produces a typical non-

uniform mating pattern: some animals mated morguieatly with certain partners than
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with others. Contribution of parents and pairs tfspring was found to be skewed as
well. Both broodstocks roughly showed the sameepattalthough broodstock A was
more extreme.

In the parental population, most loci were in Hawlginberg equilibrium. Due to
participation of most parents many parental all@lese retained in the next generation:
125 out of 134. Nevertheless, the offspring popafatvas not in HW-equilibrium. A
decrease iifr;s was found implying relatively more heterozygote®ffspring than in the
parental population. From a population geneticsippof view this can be interpreted as
an indication that genetic diversity, in terms ofnber of alleles and a minimum level of
heterozygosity, was relatively well preserved. Hoere different contributions of parents
engendered a significant change in frequency fastralleles in offspring.

Two studies performing population genetic analgsiguvenileSolea solegdExadactylos,
1999) and on grown oubolea senegalensigorta et al., 2006b; Porta et al., 2007)
concluded a loss of genetic diversity from pareotsffspring due to a loss of alleles and
heterozygosity. In our study, it was found thatamerage 5 parents contributed to one
batch (data not shown) and Porta et al. (2006bjdoanly one female and two males
contributing during an entire spawning seasoBalta senegalensi¥herefore, it is very
likely that in the mentioned studies only few pasesontributed to the tested populations.
A limited number of batches obviously results ifoe genetic diversity, as very likely
only few parents contribute to one batch. In thiglg, an entire production season was
sampled and therefore covered maximal potentia¢tiediversity.

Despite of a broad potential genetic diversity ecede our calculations showed that the
mean coefficient of coancestry increased in thepoiiig population. This means that in
future generations, there could be considerabls lok genetic variability due to
inbreeding.

In this study, we used molecular coancestry foiregton of relatedness and coancestry
as explained in Oliehoek et al. (2006). In theipgra the authors tested several
relatedness estimators based on genetic similander different population structures,
numbers of loci and of alleles. Among estimatonqpared, molecular coancestry turned
out to be relatively robust. We therefore decidedde this estimator.

To our knowledge this is the first time where cédtion of average coancestry in
offspring using molecular similarity (Oliehoek dt,&006) and parental contributions

(Meuwissen, 1997) is published in aquaculture diiere before. Parental contributions
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were used by Brown et al. (2005) for estimatingng®in level of inbreeding, but they
did not include relatedness estimators. More contyndraditional population genetic
analyses are used (Perez-Enriquez et al., 199Rsdaet al., 2003; Porta et al., 2007).
Here, the number of alleles e.g., is frequentlyduas measure of genetic diversity.
However, these analyses do not take into accouattedf parental contributions (if
present) and therefore might not be accurate. Skeswatributions of parents, when
combined with low polymorphism of loci or with higlumber of parents participating,
might by chance lead to few alleles being lost.d okfew alleles generally is interpreted
as a limited decrease of genetic diversity, wheiedact many alleles in the offspring
population can bedentical by descentThus the mean coancestry will be high.
Apparently, traditional population genetic analydesnot fully describe development of
genetic diversity, especially in case of selectepytations. The method in our paper puts
together relatedness between parents and paramtlbutions to future generations to

predict levels of coancestry.

Consequences for broodstock management

Excessive inbreeding has been shown to lead tedaimg depression in fertility traits
(Frommen, 2008) and commercial traits (GallardoQ4)0 Clearly, attempts should be
made to avoid inbreeding. By analyzing samples & single batch produced, our
study covered maximum available genetic diversitthiw broodstocks. Despite this
extensive range, increase in mean coefficientoahcestry exceeded 1% per generation.
With random mating and equal contributions, the meeefficient of coancestry equals
the mean level of inbreeding in the next generation this study mean levels of
inbreeding would therefore exceed 1% under randaatingy This is too high if one
wishes to preserve fitness and prevent inbreedépgesdsion (Bijma, 2000; Dupont-Nivet
et al., 2006). Levels of inbreeding are determibgdooth broodstock population sizes
and difference in parental contribution. When chladting level of inbreeding based on
broodstock population size alone and assuming randoating and unselected
populations (Falconer and Mackay, 1996) values &¥dlare found for broodstock A and
2.5% are found for broodstock B, indicating thathbbroodstocks are too small. In
broodstock A the estimated level of inbreeding aditny to the method of Meuwissen
(1997) is 4.9%. This is higher compared to inbregdiased on broodstock population

size alone. In broodstock B the level of inbreedsmore in line with expectations under
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random mating, 2.0%, which is probably due to meayeal contributions from parents to

offspring.

It can be concluded that when implementing natunating of Sole in groups for a

breeding program, levels of inbreeding should bduced by restricting parental

contributions to the next generation. This can hmned by increasing broodstock

population sizes, genotyping selection candidates @mposing broodstocks based on

restriction of molecular coancestry.
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Effects of Grading

Abstract

Breeding programs in aquaculture typically use fameéaring of fry until tagging size is
reached. After tagging, fish are preferably reacednmunally. However, communal
rearing promotes social interactions such as cadtipetfor access to food. In
commercial conditions, negative social effects m@uced through grading of similar
sized fish into one tank. In breeding programs watiection on size related traits,
grading of communally reared untagged fish potégptiatroduces bias in estimates of
genetic parameters as tank effects might be codfedimith genetic potential.

We evaluated effects of grading on estimated Hslitty of the graded trait body length
using data from simulated populations with différbaritabilities and a “real” dataset of
common soleSolea soleaDatasets were sorted into eight “classes” of Etgize range”.
Six size ranges were chosen to represent diffémeit points after grading. Here it was
assumed that after grading, size range of classmgadses with time. Consequently,
overlap of classes increases, diluting confoundiagk effects and genetic effects.
Ranges of classes varied from 100% total size rgfhujeoverlap of classes) to 12.5%
total size range (no overlap of classes). In aoldjtihe real dataset was analyzed with the
observed size distribution of animals over tanksthle simulated datasets heritability of
body length was underestimated in similar pattenien the size range of classes
comprised less than 65% of the total size rangéhdrreal dataset, estimated heritability
for body length was 0.28 (+0.11). However, extratioh with results from simulation
showed that a heritability of 0.40 (+0.13) can kpexted. Grading had a minor effect on
estimated heritability of the correlated trait boatgight (?= 0.21 +0.09). This study
demonstrates that upper estimates of heritabilitEas be obtained in conditions with

grading when size distributions of fish over taaks known.
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Introduction

Breeding programs in aquaculture typically use famgaring of fry until tagging size is
reached. After tagging, fish are mixed and reamedanks or cages until selection.
Breeding values and other genetic parameters aredstimated using BLUP procedures.
Without individual (tag) information, fish are pesébly raised and grown out
communally to minimize tank effects and to providere accurate estimates of genetic
parameters (Wilson and McDonald, 2003; Vandeputi@.e2004; Saillant et al., 2007;
Vandeputte et al., 2008).

However, communal rearing until harvest of fish mppotes social interactions such as
agonistic behaviour and competition for accessommdf These interactions are widely
recognized as a source of phenotypic variationaase of mortality in fish stocks
(Fessehaye et al., 2006a) and a source of unexbessponses in breeding programs
(Bijma et al., 2007). To reduce social interactiansl to improve growth in commercial
grow out conditions, many fish species are gradedize into separate tanks (Barki et al.,
2000; Dou et al., 2004; Ahvenharju and Ruohone®,720For example, in the breeding
program “PROSPER” multiple grading with rechallemgiof selection candidates was
implemented to minimise bias due to social intéomst when selecting on own
phenotype (Chevassus et al., 2004). However, whenforming BLUP to estimate
genetic parameters as heritability, grading of ggéal selection candidates can lead to
biased estimates as tank effects are likely todsdozinded with genetic effects. Little is
known about the extent to which grading affectsnestied heritability when untagged
selection candidates are graded.

In this paper we explore the consequences of ggadim heritability estimates in a
commercial population of common sofplea soleaTo minimize detrimental effects of
social interactions, commercial populations arelgda Besides, in common sole, parents
typically spawn naturally in groups of 20 to 30raals and produce batches of fry with
mixed families. In these cases, family rearing dakd by tagging is not possible.
Farmers are forced to raise offspring with commumearing and pedigrees are only
reconstructed from molecular data at time of selact

To evaluate effects of grading on estimated hdilitalof the graded trait body length,

we analyzed simulated populations with differerstributions of animals over tanks to
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approximate distributions at different time poiafger grading. Here it was assumed that
after grading, the phenotypic range of tanks inggsawith time as graded cohorts of fish
are likely to rebuild variance. Consequently, oapriof classes increases. This effect
dilutes confounding of tank effects and genetie&s.

To determine if effects of grading derived from slations are consistent with “real life”,
we analyzed a commercial population of animalsealikhe major difference between
simulations and real data was their mating dessgnulated populations had balanced
mating designs. Populations produced by naturakspey of broodstocks typically yield
unbalanced family structures (Brown et al., 200BnR et al., 2009) and might therefore
behave differently. Results show that upper estmatf heritabilities can be obtained

when size distribution of animals over tanks arevkm.
Materials and Methods

Simulated dataset

Simulated populations with one generation offsprangd two correlated traits “body
length” and “body weight” were created using statitasimulation in FORTRAN.
Offspring phenotypes of both traits were constrdicissing parental breeding values
which were simulated from a bivariate distributidtarameters for simulations were as
follows: heritabilities §?) for both traits: 0.15, 0.3 and 0.45; phenotypitl ajenetic
correlations £, = pz): 0.50 and 0.9. Each simulation included a fulttéaial mating
design with 30 sires and 30 dams producing terpoffg per mating resulting in 9000
offspring. Phenotypic variancesﬁ() for both traits were set to 1. For each set of

parameters ten simulations were run using a rarstmd.
Sire and dam breeding values for body length wenelated asz,l‘h2 DTE’ with z as a

normal deviate generated from a simulated normstridution (N~(0,1)) and o—zp as
phenotypic variance. Offspring phenotypic recdtd for body length of offspringk
resulted from sire and dam breeding values plus emddlian sampling term and a

random error term as follows:

R =%A +%Aj +7 1/%Dh2 W +2, JIE—hziwﬁ
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whereA; and A are breeding values for sireand damy andz andz normal deviates
generated from a simulated normal distributidd-(0,1)) Subsequently, the obtained
values for the trait body length were used to satmubreeding values and phenotypes for

the correlated trait body weight. Parents wererassito be non inbred.

Real dataset

Two common sole broodstock populations i&28) and B (=23) were kept indoor in
separate tanks for natural spawning. Spawning dodstock A commenced in June and
lasted until October 2004. Spawning of broodstodaded from January until May 2005.
Per broodstock, batches of larvae were rearedparate tanks. After weaning, offspring
from both broodstocks were mixed as soon as passibtl grown out in eight tanks
(raceways). Animals were graded and redistributedegular basis by manual grading
into the eight tanks. The exact schedule for gigdims not known. The criterion for
grading was body length.

In January 2008, 1338 animals with pedigree obthibg pedigree reconstruction
(described in Blonk et al. (2010a)) were randondynpled from the eight tanks. The
sampled group of offspring consisted of 59 full $#milies, with a highly skewed
contribution of parents; six parental pairs prodli¢é% of the offspring. In total, 21 sires
and 17 dams contributed to the sampled offsprifigaimals were anaesthetized with 2-
phenoxyethanol and measurements were taken bytdaess of two persons. From each
animal body weight (g), body length (mm), tank gmdbcessing team was recorded.
Gender of each animal was examined using ultrasdqGydtem: Esaote Pie Medical
MyLab30Vet; Transducer: Esaote LA435 6-18 MHz) kseaenth person.

Sorting

Both simulated data and real data were sorted dg lemgth into eight “classes” of equal
“size range”. Six “size ranges of classes” wereseimoto approximate distributions of
animals over tanks at different time points aftexding (figure 3.1). Here it was assumed
that after grading, size range of classes increaststime as cohorts of animals in
graded classes have chance to rebuild variancgerlarlasses imply a longer period.
Consequently, overlap of classes increases. Thectetlilutes confounding of tank
effects and genetic effects. To avoid bias of $Eleovhen estimating heritabilities, no

animals were discarded.
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Figure 3.1Example of simulated grading of a population on ratgpe (body lengt
with four classes of equal class size range. Asckize range = 25%; B: class size ra
= 30%; C: class size range = 35%.

When sorting a dataset into eight classes, thelasshglossible size range of classes is
1/8" or 12.5% of the total size range. Size range ags#s was expressed as a percentage
of the total size range. In this study, six differsize ranges of classes were simulated:
100, 82.5, 65.0, 47.5, 30.0 and 12.5% of the & range. With a size range of classes
comprising 12.5% of the total size range theredsomerlap of classes whereas a size

range of 100% implies that all classes fully overlintermediate situations had partly
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overlapping classes. Essentially, a size range lagses of 100% implies random
allocation of fish to eight tanks. In practicalusitions, this would not occur. However,
we included this size range to gain insight in @xte situations.

Animals that could be sorted into multiple clasdegs to overlap were assigned to an
applicable class at random. Sorting was done withoRware (R Development Core
Team, 2008).

Statistical analysis

Average body length, body weight and numbers ofmais in the real dataset are shown
per tank in table 3.1. No significant effect of bdstock was found (P = 0.2490).

Table 3.1Number of animals, mean body weight (BW) in g medn body length (BL)
mm with standard deviations (sd) per tank in reated

BW BL
Tank n mean sd mean sd
182 1223  45.0 20.2 2.1

B 94 1343 789 20.7 34
C 160 141.1 398 21.6 2.1
D 284 169.0 61.7 229 2.7
E 175 1714 584 22.6 22
F 111 2203 1009 240 34
G 161 256.0 88.8 259 2.8
H 171 2942 1041 265 2.8

For genetic analysis, heritability, phenotypic agehotypic correlations were estimated
with ASReml (Gilmour et al., 2006) using a bivagiahodel with some adjustments for
simulated data:

Yij,sL Yik,sw = 4 + Team + Tank + Gendef + u; + g

wherey is response variable body length and body weighis mean,Tean, is fixed
effect of teami, Tank is fixed effect of tank (corresponds to clagswith sorting),
Gendeg is fixed effect of gendek, u, is random animal effect of animbhlande is the
random error term. Due to non normal distributidrresiduals, bodyweight (BW) was

log-transformed before sorting.

47



Effects of Grading

Heritabilities f%) were calculated from the additive genetic varéaf\) and phenotypic
variance ¥p) obtained from ASREML a¥,/Ve = h% For analysis of sorting effects in
simulated data, team and gender effects were ea@lérdm the model. The real dataset
was also analyzed using the observed size disibwatf animals over tanks. Here tank

effects corresponded to the tank from which animadee sampled.
Results

Sorting

Size distributions of animals over classes aftetirgp are shown for simulated data in
figure 3.2. Overlap of classes after sorting redusth decreasing size range of classes
(figure 3.2A-F). In figure 3.2A e.g., all eight elses fully overlap and animals are equally
distributed over classes. With the smallest singezof classes i.e. 12.5% of the total size
range (figure 3.2F), there is no overlap. Resuitsr ssorting of real data showed very
similar patterns and are therefore not shown. Wil observed size distribution of
animals over tanks in real data (figure 3.3), ayebetween tanks was large and looked
similar to sorting with size ranges of classes apipnately 65.0% to 47.5% of the total
size range (figure 3.2C and D). Distribution of fi@s over tanks in the real dataset is
shown in figure 3.4. It can be seen that large liemare found in multiple tanks, while

small families are present in only few tanks.

Statistical analysis

Results of heritability estimation in simulatedaatith heritability 0.3 are shown in table
3.2. It can be seen that heritability is undereated after sorting with decreasing size
range of classes. However, estimated heritabiliteimained relatively stable when

sorting with size ranges of classes 100% to 65%efotal size range. Here, estimated
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Figure 32 Simulated distribution of population of animals in eight classes of equad

range, according to body length. In A) each clasmprises the total size range of

population. In this case there is full overlap lasses. In F) each class covers a dis

range comprising 18% (1/8) of the total size range of the populat{on overlap i

classes). Figure B, C, D, and E represent intermedsituations with partly overlappi
size classes comprising 82.5% (B), 65.0% (C), 471BY¥and 30.0% (E) of the total s

range in the population. Populations were simulaasduming hfor body length 0.3 ar

ry and f, between body length and weight 0.90.
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heritability after sorting was 0.30 (£0.01) to 0.29.01) for body length, which was not
different from the simulated heritability. With sizange of classes 30.0% and 12.5% of
the total size range, heritability estimates ranyech 0.10 (+0.02) to 0.03 (x0.01). Here,
overlap between classes was small or absent caosimigunding of tank effects with
genetic effects.

Figure 3.5 and 3.6 show similar patterns of eswahdteritabilities in simulated datasets
with heritability 0.15 and 0.45 (3.5A) and when redations were set to 0.50 (3.6A).
Mean standard errors in simulated datasets withiahdities 0.15 and 0.45 ranged from
0.01 to 0.03; approximately similar to those of wiaions with heritability 0.3. For this
reason ten replications per simulation were comsitienough.

Estimated genetic and phenotypic correlations witthulated heritability 0.3 remained as
defined in simulations with a size range of classk400% to 65.0% (see table 3.2).
However, levels dropped when size range of clasieeseased. Genetic correlations
reached 0.22 with a high standard error (+x0.15hwgitmulated correlations of 0.90.
Phenotypic correlations dropped to approximatebp+0.02). Estimated correlations in
simulations with heritability 0.15 and 0.45 andtwiorrelations set on 0.5 showed the

same patterns and standard errors (results notrghow

Table 3.2 Mean estimated heritabilities)(tgenetic (§) and phenotypic () correlation:
+ mean standard error (and standard deviation of fharameter over ten replicatiol
for bivariate models with body length (BL) and bagight (BW) in simulated data, er
sorting with size ranges of classes 100% to 12.5% e total size range. Populatic
were simulated assuming for BL 0.3 and g and f, between BL and BW 0.90.

100% 82.5% 65.0% 47.5% 30.0% 12.5%
WBL 030=0.03 030%0.03 029003 0.20+0.02 0.10=0.02 0.03 +0.01
(0.01) (0.01) (0.01) (0.02) (0.02) (0.01)
h*BW 031003 03120.03 030003 0244002 020002 0.24+0.02
(0.01) (0.01) (0.01) (0.02) (0.02) (0.02)

T 091 +0.01 091 +0.01 0.90+0.01 0.81+0.03 0.55+0.07 0.22+0.15

(0.01) (0.01) (0.01) (0.03) (0.05) (0.11)
r, 0.90 £0.00 0.90 £0.00 0.90 £0.00 0.85£0.00 0.73 £0.01 0.48 =0.01
(0.00) (0.00) (0.00) (0.01) (0.02) (0.02)
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Figure 3.5 Heritability estimates for body length (A) and podeight (B) from
bivariate model with body length and body weightcasrelated traits in simulate
populations and a commercial population. All pogidas were sorted using differ
size ranges of classes. Heritabilities for bothitgran simulated populations were 0
(==*), 0.3 (es*) and 0.45- —). Correlations f and r, for body weight and length w
0.9. =) = commercial population. Values on theaxis represent size ranges

classes (100% to 12.5%) as percentages of the wsital range (sefigure 3.1 for
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Figure 3.6 Heritability estimates for bodength (A) and body weight (B) fromr
bivariate model with body length and body weightcasrelated traits in simulate
populations. All populations were sorted using ed#ht size ranges of class
Heritabilities for both traits in simulated populahs were 0.15== ¢), 0.3 (*¢¢) and 0.4
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(seefigure 3.1 for explanation).
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Estimated heritabilities of the correlated traibdlp weight) dropped less than estimated
heritabilities for the graded trait (body length)simulated datasets with correlations set
on 0.90 (3.5B). When simulating correlations of().body weight heritability was not
affected by sorting (3.6B). Mean standard deviatiaith simulated correlations of 0.9
ranged from 0.01 to 0.03, whereas with simulatedetations of 0.5 mean standard
deviations ranged from 0.01 to 0.04. With sortirfgreal data, estimated heritabilities
were between 0.40 (x0.13) and 0.33 (£0.12) in sagge of classes 100% to 65.0%
(table 3.3). Estimated heritabilities after sortisgnulated data and real data are

compared in figure 3.5A.

In accordance with results of simulated data, sgrof real data with size ranges of
classes 30.0% and 12.5% of the total size ranggteelsin low heritabilities: 0.08 (+0.05)
and 0.04 (+0.03). Genetic and phenotypic correfatiiable 3.3) were estimated at 0.95
(x0.03) to 0.92 (+0.01) in a size range of clagdeH)0% to 65.0% of the total size range.
However, genetic and phenotypic correlations drdpjoelower levels as size ranges of
classes decreased beyond 30.0%. Here geneticat@nsl approached zero with a high
standard error (0.04 +0.45) whereas phenotypicetations remained 0.47 (+0.03).
Estimated heritabilities for the correlated traibdy weight) in the real dataset decreased
when the size range of classes was small (table @ugh to a larger extend than in

simulated data with comparable correlations (fighiB).

Table 3.3 Estimated heritabilities %jh genetic (9 and phenotypic (§ correlations :
standard error for bivariate models with body lem@BL) and body weighBW) in rea
data with observed size distribution and sortinghwsize ranges of classes 100%
12.5% of the total size range.

Actual dist Sorting
100.0% 82.5% 65.0% 47.5% 30.0% 12.5%

hW*BL 028 £0.11 0.40 £0.13 0.40 +0.13 0.33 £0.12 0.27 £0.11 0.08 +0.05 0.04 +0.03
W’ BW 021 £0.09 0.36 £0.12 0.35 +0.12 0.29 £0.11 0.22 £0.09 0.12 +0.06 0.17 £0.07

0.89 £0.07 0.95 £0.03 0.95 £0.03 0.94 £0.04 0.87 £0.08 0.47 £0.30 0.04 +0.45
0.87 £0.01 0.93 £0.01 0.93 £0.01 0.92 £0.01 0.87 £0.01 0.76 +£0.02 0.51 +0.03

g

Tp
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In the real dataset with the observed size digiobuof animals over tanks, estimated
heritability for body length was 0.28 (+0.11) (tal8.3). Estimated heritability for body
weight was 0.21 (x0.09). Genetic and phenotypiaetations were respectively 0.89
(£0.07) and 0.87 (+0.01).

Discussion and Conclusion

Effect of sorting

In this study we explored consequences of gradimeritability estimates of a trait on
which grading was based (body length) and on aetaigd trait (body weight) in
common sole. As expected, heritability for bodydégnwas underestimated when the
data was sorted into considerable small size rawofedasses. This was found after
sorting both simulated data and real data. Theoredsr decrease of estimated
heritability with smaller size ranges of classes with genetic parameter estimation after
relatively recent grading, is that genetic effefidis body length become increasingly
confounded with tank effects. Heritabilities for dyolength drop particularly when
relatively small size ranges of classes (< 65.0%heftotal size range) were used (figure
3.5).

Estimated heritabilities of traits with high hehtlity drop relatively fast after grading
than traits with low heritability. This is explaiheby the fact that between family
variance at high heritabilities is larger (Lynchdawalsh, 1998); families with larger
body length are more likely to end up in the saarkt Consequently, tank effects are
confounded with family, i.e. genetic effects.

The magnitude to which correlated traits are affédty grading on another trait, depends
on the degree of correlation between the two tr&itgh high correlations such as 0.90
(figure 3.5B), heritabilities of the correlated itravere underestimated. However, in
simulations with initial correlations of 0.50 (figu 3.6B), no effect of sorting on
estimated heritability of correlated traits was rfidu Nevertheless, in all cases
underestimation of heritability due to high cortaas was relatively small.

Yet, the shown effect is relevant especially foe@dps which are graded on traits that
have high correlations with economically importargits as growth or bodyweight at

harvest. For example, in Nile tilapi@reochromis niloticusRuttenet al. (2005) showed
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high genetic and phenotypic correlations (approkéya0.9) between head width and
body weight at harvest. Meanwhile, in several grgdinachines or devices animals are
graded on head width. Both phenotypic and genotygmorelations dropped when

relatively small size ranges of classes were usedb(0%). Decrease of correlations after
selection becomes clear when realizing that cdioglain a selected subset drops
compared to the correlation in the full datasesimilar effect is described by Cochran
(1951).

It was assumed that sorting animals with class iginges approximates distributions at
different time points after grading. However, distitions of families over tanks from
sorting with large class size ranges might diffiemf distributions observed after real
grading. In our method, animals are distributedtaioks to simulate subsequent time
points after grading. Hence, distribution of faesliover tanks is different for each size
class range and thus for different for time poittewever, in reality representation of
families in tanks is fixed from the moment of gragli Theoretically, confounding of
families with tanks at later time points after grewill therefore be stronger than in our
simulations. This is especially the case with higgritabilities, were between family
variance is large. However, in practice, familié®w relatively equal distribution over
tanks at commonly observed heritabilities. A reason this is that grading in real
situations is never perfect. Farmers usually airacatal stocking densities and “tails” of
distributions, if not discarded, will be mixed witther size classes. Moreover, the
“middle” of a normal distribution contains say &® 70% of the population and here,
relatively many families are presented. Gradings¢henimals into tanks leads to
overlapping size classes and restricts confoundihdamilies with tanks. Effect of
number of size classes was not tested in this stddwy likely, their effects are in line

with effects of class size ranges.

With more classes, class size ranges decreasewsi¢ed to cover the total size range.
Consequently estimated heritabilities will decreddben grading with fewer classes, the
effect is reversed.

In the “PROSPER” breeding program, beneficial @feof multiple grading and
rechallenging on selection response in trout haentshown (Chevassus et al., 2004).

Here, after a growth challenge, “small” size classee culled and “large” and “medium”

55



Effects of Grading

classes are recombined to similar size classe®r Affis the recombined groups are
challenged again. This is repeated until the ddssedection intensity is reached. With
this method, animals are selected on own phenowypiée negative effects of social
interactions are minimized. Our study shows théimegion of genetic parameters also
can be done within populations that are graded. édew with the aim of estimation of
breeding values and heritabilities, culling of derakize classes, as is common practice
at many farms, should be minimized. Discarding Hjgesize classes introduces selection
of data and this may provoke biased estimation esfetjc parameters (Falconer and
Mackay, 1996).

Heritability real data

The observed size distribution of animals over itk real data (figure 3.3 and 3.4)
appeared comparable to size distributions aftetirgprwith size ranges of classes
approximately 65.0% to 47.5% of the total size mffggure 3.2C and D). Therefore, it is
expected that heritability for body length as eatied in this study with real dath?(=
0.28 (x 0.1)) was underestimated. Following thexdref results found with sorting of
simulated data and real data (figure 3.5A), itXipexted that heritability for body length
in common sole is likely to be 0.40. This meang the heritability was underestimated
by approximately 30%.

Analysis of real data resulted in an estimatedt&ieitity of 0.21 (+ 0.09) for body weight
(non-graded trait) with high genetic and phenotypmrrelations (table 3.3). From
simulations with correlations of 0.90 and simil&esdistributions of animals over tanks
(i.e. similar size range of classes), it can berirgfd that the observed heritability of the
correlated trait is also likely to be underestindaté&xtrapolation of the estimated
heritability in figure 3.5B would lead to a “trudieritability of approximately 0.36. We
are the first to report estimated heritabilitiescofnmon sole, so no comparison with
other data can be made. However, the observed ialell within the range of values

found for other species (Gjedrem, 2000).

Implications

Response to selection may be dependent on circoogstaunder which animals are

selected, especially when selection environment$ @mmercial environments are
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different. The magnitude of GXE interactions isiraated from the correlation between
genetic values for a trait in different environngent

In pigs, observed correlations between breedingeglfor growth in test farms and
commercial farms were between 0.3 and 1.0 (MerR88)L In tilapia,Oreochromis
niloticus no significant GXE interactions were found betwée&o farming conditions:
test or “high input”, and commercial or “low inpufKhaw et al., 2009) whereas in
European sea baddicentrarchus labraxGxE interactions, although low, were observed
(Dupont-Nivet et al., 2008). Although dependent species and environment, GxE
interactions may lead to different ranking of angnaConsequently, realized selection
responses in commercial environments may be diffdrem expected when selection is
under a testing environment rather than under @neescommercial environment (Lynch
and Walsh, 1998). This means that it can be negessaither implement grading into
testing environments of breeding programs or tectgbarents from production stocks
directly and account for effects of grading on gengarameter estimation afterwards.
Estimation of genetic parameters in graded pomiatimay also be relevant from a
perspective of cost efficiency. Especially in sl@grmowing species, it can be more
efficient for breeding programs to select parerasfthe production stock itself. As these
stocks generally are graded (Barki et al., 2000y Bbal., 2004; Martins et al., 2005;
Ahvenharju and Ruohonen, 2007), estimation of demetrameters is dependent on this
type of data. In breeding programs with naturamspag species, BLUP procedures are
entirely dependent on molecular genotyping of fishverify pedigrees. Few cases are
known where pedigrees are completely based upoatigemarkers (Chavanne et al.,
2008). Genotyping is expensive and the number @has to be genotyped should
preferably not be larger than the number of sedactiandidates. Animals are therefore
mostly genotyped at time of selection i.e. whennoigpic information is collected. Until
that time untagged selection candidates should dsred with grading to avoid

detrimental social effects.

Our findings imply that estimation of heritabiliieunder commercial conditions with
grading is likely to result in underestimated valug both graded and correlated traits.
However, by reconstructing size distributions ofnaals over tanks it is possible to
estimate the degree of underestimation and thiextt@polate results to a more likely

heritability. To estimate heritability of correlatéraits, there should also be an indication
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of correlations between the graded and non gra@éd ®ur study shows that estimating
heritability and selecting under conditions witkadjing is possible.
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Abstract

Captive populations where natural mating in groigpssed to obtain offspring typically
yield unbalanced population structures with highkewed parental contributions and
unknown pedigrees. Consequently, for genetic patemestimation, relationships need
to be reconstructed or estimated using DNA marlaa.dWith missing parents and
natural mating groups, commonly used pedigree goaction methods are not accurate
and lead to loss of data. Relatedness estimatavev, infer relationships between all
animals sampled. In this study, we compared a peeligelatedness method and a
relatedness estimator (“molecular relatedness”)hotktusing accuracy of estimated
breeding values. A commercial dataset of commoa, Sallea soleawith 51 parents and
1953 offspring (“full dataset”) was used. Due tossing parents, for 1338 offspring a
pedigree could be reconstructed with ten microk@eharkers (“reduced dataset”).
Cross validation of both methods using the redudathset showed an accuracy of
estimated breeding values of 0.54 with pedigreensituction and 0.55 with molecular
relatedness. Accuracy of estimated breeding vaine®ased to 0.60 when applying
molecular relatedness to the full dataset. Ourltesudicate that pedigree reconstruction
and molecular relatedness predict breeding valggeslly well in a population with
skewed contributions to families. This is probabilye to the presence of few large full
sib families. However, unlike methods with pedigreeconstruction, molecular
relatedness methods ensure availability of all ggresl selection candidates which

results in higher accuracy of breeding value egtona
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Introduction

To estimate genetic parameters, additive genetatioaships between individuals are
inferred from known pedigrees (Falconer and MacK®86; Lynch and Walsh, 1997).
However, in natural populations (Ritland, 2000; frfas et al., 2002) and in captive
species where natural mating in groups is usedtairm offspring (Brown et al., 2005;
Fessehaye et al., 2006b; Blonk et al., 2009) pedgyrare reconstructed. In these
populations there is no control on mating structame typically unbalanced population
structures with highly skewed parental contribusiame obtained (Bekkevold et al., 2002;
Brown et al., 2005; Fessehaye et al., 2006b; B&ird., 2009). To reconstruct pedigrees,
parental allocation methods are often used (Malrsabl., 1998; Avise et al., 2002;
Duchesne et al., 2002). These methods requireathpairents are known. For situations
where parental information is not available, numer@NA marker based methods to
estimate molecular relatedness have been develgpgdch, 1988; Queller and
Goodnight, 1989; Ritland, 2000; Toro et al.,, 200Zhese relatedness estimators
determine relationship values between individuadsaocontinuous scale. Evaluation of
relatedness estimators within real and simulatéd wieboth plants and animals (e.g. see
Van de Casteele et al., 2001; Milligan, 2003; Gl et al., 2006; Rodriguez-Ramilo et
al., 2007; Bink et al., 2008) has generally focusedias and sampling error of estimated
genetic variances or relatedness values. Relatiitdly attention has been paid to their
efficiency for estimation of breeding values.

Two types of relatedness estimators are currenthgilable: method-of-moments
estimators and maximum likelihood estimators. Mdtbémoments estimators (e.g.
Queller and Goodnight, 1989; Li et al., 1993; Ritla1996; Lynch and Ritland, 1999;
Toro et al., 2002) determine relationships whilécalating sharing of alleles between
pairs in different ways. A variant of method-of-ments estimators is the transformation
of continuous relatedness values to categoricaé@egical relationships using “explicit
pedigree reconstruction“ (Fernandez and Toro, 200&)resholds (Rodriguez-Ramilo et
al., 2007).

However, correlations of transformed coancestrigh known genealogical coancestries

are low (Rodriguez-Ramilo et al., 2007). Severaidigs have compared different
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method-of-moments estimators but none revealed simgle best estimator (Van de
Casteele et al., 2001; Oliehoek et al., 2006; Rped-Ramilo et al., 2007; Bink et al.,
2008).

Maximum likelihood approaches classify animals tdinaited number of relationship
classes (Mousseau et al., 1998; Thomas et al.,;2088Rg, 2004; Herbinger et al., 2006;
Anderson and Weir, 2007). For each pair a likelthéo fall into a possible relatedness
class (e.g. full sib vs. unrelated) is calculatédey their genotype and phenotype.
Maximum likelihood techniques combined with a MarkBhain Monte-Carlo approach
reconstruct groups with specific relationships flgimnd are therefore more efficient than
other ML approaches. To minimize standard erroltsgiacussed ML methods require
balanced population structures, large sibling gsoapd large variance of relatedness
(Thomas et al., 2002; Wang, 2004; Anderson and V28D7). Therefore, these methods
may not be suitable for natural mating systems.

Unlike parental allocation methods, a benefit froplatedness estimators is that
essentially all selection candidates are maintafieedbreeding value estimation, even
with missing parents. The question is howeverudhsrelatedness estimators also give
accurate breeding values in order to perform select

In this study, we test suitability of a relatednestimator to obtain breeding values in a
population of common sol&olea soledn = 1953) obtained by natural mating. First, we
estimate breeding values using pedigree relatedoessimals for which a pedigree
could be reconstructed (using parental allocatidiis dataset (n = 1338) is further
referred to as “reduced dataset”. We compare meswlth estimated breeding values
using a simple but robust method-of-moments retsssl estimator: “molecular
relatedness” (Toro et al., 2002; 2003). Next, wéreste breeding values using molecular
relatedness in the full dataset (n = 1953). Resstisw that accuracies of estimated
breeding values obtained with molecular relatednasd pedigree relatedness are
comparable. Accuracy increases when breeding vadmesestimated with molecular
relatedness in the full dataset. This implies thatolecular relatedness estimator can be

used to estimate breeding values in captive natoasihg populations.
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Materials and methods

Dataset

Two thousand animals (age three years old) fronorangercial production population
were sampled randomly from eight tanks. All animiatée been produced by natural
spawning and families were mixed over tanks. Theqa (n = 51) had been collected
from the Dutch North-Western coastal area and vgarapled at the same time as the
offspring. A blood sample for genotypic analysisswiaken from all offspring and
available parents. However, no samples were availab six potential parents due to
mortality before sampling. Of all offspring, bodyeight, gender, tank location and
measuring team were recorded. All animals were typed with ten microsatellite
markers:AF173855 AF173854 AF173852 AF173849 AY950593 AY950592(lyengar

et al., 2000),AY950591 AY950589 AY950588 AY950587(Garoia et al., 2006). See
Blonk et al. (2009) for details on DNA isolation and PCR anipéfion protocols.

Reconstructed pedigree relatedness

From the offspring dataset, only individuals witloma than five successfully amplified
markers were used for analysis. Pedigree recoiistnueras performed with PAPA 2.0
software (Duchesne et al., 2002). A uniform errod.02 on all markers was used. To set
up a reliable pedigree, allocation results werekbd as follows:

Offspring that were not allocated to any parentevamoved from the dataset. Also,
animals that were allocated to more than two pardoe to equal likelihood of breeding
of these parents (termed as “ambiguous” in PAPAjewemoved from the dataset.
Further, allocated parent-offspring pairs having single highest likelihood of breeding
among all other possible pairs were checked forsistency of Mendelian allele
inheritance. Allocations were only considered ccirrghen more than five markers were
allocated consistently with Mendelian inheritan@hecking of allocation results was
performed using R software (R Development Core Te2008). The remaining dataset

was further referred to as “reduced dataset”.

Molecular relatedness

Genetic relationships between animals were alsmatgtd using a relatedness estimator.

To estimate molecular relatedness, we used theoathscribed by Toret al. (2002;
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2003). Here, coancestry) (is calculated from similarity§) of alleles between two
individualsx andy. HereS | = Y[l o + lag + lpc + I Where at locus, a andb are
alleles of individuak andc andd are alleles of individua} (Li et al., 1993). When dt.
allelea is identical to allele, I,. equals one, and zero otherwise, etc. Accordirg/tach
(1988) molecular coancestry is then calculated as:

L 4.1

fxyz%z Sx];-/,l -5
EREE
wherelL is the number of markers (markers) anis mean similarity (sum of squared
allele frequenciestp?) at locusl in the base population. Estimated relatedmesstween
two animals is calculated as= 2f. When ignoring alleles which are alike in statéSp

molecular relatedness between two individuals lisutated from coancestry as follows:

2 L 4.2
r><y = Iz S)(y,l
1=1

Consequently, values of molecular relatedness anéintious and may range between

zero (no alleles are similar) and two (all alledes similar).

Genetic analysis

To estimate heritabilities and breeding values,etienanalysis was performed with
relatedness inferred from either pedigree recoottmi or molecular relatedness. The
restricted maximum likelihood method was used wWiReml software (Gilmour et al.,

2006) for analysis of the following genetic uniwdd linear model:

BWjy =+ T +Ta; +G + Uy + & 4.3

where BW is the response variable for bodyweighs, the meanT;, is the fixed effect of
teami, Ta is the fixed effect of tank G is the fixed effect of gendés v, is the random
animal effect of animdlande is the random error term.

For estimation of breeding values from the pedigreeonstruction method, the
relationship matrix was calculated within ASRemiftaare using the reconstructed
pedigree. The relationship matrix from the molecudatedness method, however, was
prepared separately and offered to ASReml as argjeres] inversed matrix (“GIV-file”).
To obtain convergence in ASReml, before invertihg telationship matrix was made

positive definite using the bending method. Bendamgl inverting was done using R
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software (R Development Core Team, 2008). Herit#sl where then calculated using

the estimated additive genetic variance and thduabvariance as’y/ (6°a+ o°g).

Comparison of molecular relatedness and reconstdipedigree relatedness

Pearson correlations were calculated between delags values as well as between
breeding values obtained from molecular relatedreess$ reconstructed pedigree. To
evaluate how well both methods fitted the modeth® data, the accuracy in predicting
the phenotype was calculated using cross validati@ach method. For cross validation,
the dataset was randomly divided into 100 equa&dsiaubsets. Genetic analysis with the
genetic model was then performed 100 times onudksts jointly while successively

omitting phenotype records for one subset at a.timesach analysis, for the subsets
where observed phenotypes were omitted, phenotypes predicted based on available
observed phenotypes in the other subsets.

Observed and predicted phenotypes from genetigysisalere corrected for fixed effects

(further referred to as “corrected phenotypes”)cxacy of estimated breeding values

(ry ) was calculated as follows:

Moo 4.4

/hz
where[ ., is the Pearson correlation coefficient between ipted corrected phenotypes

and observed corrected phenotypes observed fross eadidation andh’ the heritability
estimated using pedigree reconstruction. All catohs were performed using R (R
Development Core Team, 2008).

Results

Datasets and relatedness

DNA isolation and marker analysis was successfith anly 30 samples giving no signal.
Out of 2000 samples, finally 1953 animals could gemotyped with more than five

markers. This is further referred to as the “fudtaset”. In the full dataset, per marker on
average 14.3 alleles were found in the offsprinige Parental dataset, per marker 13.4

alleles were found.
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After parental allocation, all allocated parentspffing pairs were tested for consistency
of Mendelian inheritance on each marker. The nundfemarkers following correct
Mendelian inheritance patterns was counted for geih The frequency distribution of
allocated parent-offspring pairs over the numbecafsistent markers is shown in figure
4.1. Forty five percent of the pairs were allocatéth all ten markers. To construct the
final pedigree, only parent-offspring pairs with machan five markers consistent with
Mendelian inheritance patterns (66%) were takem iatcount. This resulted in a
reconstructed pedigree for 1338 offspring, furtleferred to as “reduced dataset”. In the
reduced dataset, 21 males and 17 females contliboitthe offspring producing 59 full
sib families. Parental contribution was highly skelwith six parental pairs producing
70% of the offspring. In the reduced dataset, oeraye 13.7 alleles per marker were
found in the offspring.

Frequency (%)
— bt (8] [}&] (9%) (%) = oy
[} n - wh | o’ whn e w

o

0 1 2 3 4 5 6 7 8 9 10
Number of allocated loct

Figure 4.1 Frequency distribution of offspring allded to two parents versus number of
markers which were allocated following Mendelianhéntance after pedigree

reconstruction in cultured common sole (full datase= 1953).

Parents were assumed to be unrelated. Consequesiijedness values between
offspring pairs after pedigree reconstruction weyeé.25 and 0.5. This corresponds to
unrelated, half and full sib pairs. The averagateziness in the reconstructed pedigree

was 0.1483 €pr = 0.1865). As expected, molecular relatednessegaln the reduced
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dataset were continuous and ranged between 0 apdoxapately 1.5. Average
relatedness was 0.5588y& = 0.2100). The continuous molecular relatednessegain
the full dataset ranged between 0 and 1.6. Averglgéedness was 0.56,( = 0.2000).

Genetic analysis

In order to obtain normally distributed residuathe trait body weight was log-
transformed. In the reduced dataset, heritabititybfody weight was estimated at 0.23 (+
0.09) in a linear univariate model using relatedriaferred from pedigree reconstruction.
The genetic variance was 0:562g. With molecular relatedness in the reduced dataset
heritability of 0.13 (+ 0.04) was observed with engtic variance of 0.310% ¢ In the
full dataset using molecular relatedness, heritghitas estimated at 0.11 (= 0.03). Here,

the observed genetic variance was .@7¢.

Comparison of molecular relatedness and reconstidipiedigree relatedness

Per pedigree relationship class, the mean, standiriition, minimum and maximum
values of molecular relatedness were calculatedul®eare shown in table 4.1. A large
overlap of values obtained from molecular relatsdnean be seen between relatedness

classes of pedigree reconstruction.

PR MR

class mean sd min  max
Unrelated 0 0.4337 0.1254 0.0000 1.2500
Halfsib 0.25 0.6354 0.1410 0.1000 1.4286
Fullsib 0.5 0.8737 0.1548 0.1875 1.5000
Self 1 1.2385 0.1216 1.0000 1.6000

Table 4.1 Mean, standard deviation (sd), minimum (min) andximum (max) ¢

molecular relatedness (MR) between pairs of offgprper class of reconstruci
pedigree relatedness (PR) in one generation ofuoedt common sole (reded datase
n=1338).

The Pearson correlation coefficient between moéecudnd reconstructed pedigree

relatedness was 0.8 (P<<0.000). Estimated breegihgs from pedigree reconstruction
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were positively correlated with breeding valuesagie#d from molecular relatedness

(figure 4.2). The estimated Pearson correlatiorifiodent was 0.77 (P<<0.000).

0.05

0.00

BV molecular relatedness

-0.10

015 2010 0,05 0.00 0.05 0.10
BV pedigree relatedness

Figure 4.2 Relationshifppetween breeding values estimated from moleculategnes
and reconstructed pedigree relatedness of offspiingultured conmon sole (reduc
dataset, n=1338).

Cross validation with 100 equal sized randomly emosubsets resulted in similar
correlations between predicted and observed cedeghenotypes in both methods. In
figure 4.3 relationships between predicted and miesephenotypes in both methods are
shown for the reduced dataset. Note that the fdhtshapes of figure 4.3 can be
explained by presence of large sib groups in tHeried pedigree. With pedigree
reconstruction, predicted and observed phenotypeslated with 0.2577 after correction
for fixed effects. Accuracy of estimated breedirdues with pedigree reconstruction was
0.54. Molecular relatedness resulted in a cormamf 0.2619 (P<<0.000) and an
accuracy of 0.55. In the full dataset, the corretatbetween predicted and observed
phenotypes was 0.2936 (P<<0.000) after correctorfited effects. Consequently, the

accuracy in the full dataset was 0.60.
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Figure 4.3 Relationship between gdieted and observed corrected phenotypes in al
model with reconstructed pedigree relatedness (&) molecular relatedness (B) in ¢

generation of cultured common sole (reduced dajaseit338).

Discussion

In this study we tested the suitability of molecukelatedness to estimate breeding values
in a commercial population of common sdBnlea soleaobtained by natural spawning
of parents. Progeny and parents were genotyped teith microsatellite markers.
Correlations of estimated relatedness and of bngedhlues between both methods were
high. However, although relations were positive aighificant, estimated heritabilities
were different between methods.

In the reduced dataset, accuracy of the univatiagar model was 0.54 with pedigree
reconstruction and 0.55 with molecular relatedr{figsire 4.3). This result implies that
both methods fitted the model to the data with lyeequal precision. In the full dataset,
accuracy with molecular relatedness increased@0. O hese results show that in cases
with missing pedigree data, molecular relatednessbe used to obtain breeding values.
There was a highly skewed contribution of full &milies to the offspring population.
Therefore, the observed accuracies should be pupenspective of the maximum
accuracy attainable with full sib information (0)7This implies that the observed levels

of accuracy are high.

Prior to drawing conclusions on the optimal indicatf relationships between animals, it
is useful to determine if the used forms of relasioips add information to breeding value
estimation at all. To this purpose, we calculatedeling values using the model

(equation 4.3) without any relatedness informatigstimated breeding values from this
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model and from the model with relationships infdrrsom reconstructed pedigree
correlated with 0.66 (P<<0.000, results not showif)is suggests that inclusion of

relationships between animals alters estimatidoreéding values.

Relatedness estimator

Many authors compared relatedness estimators udifferent population structures,
numbers of markers and alleles (e.g. Van de Castdadl., 2001; Oliehoek et al., 2006;
Bink et al., 2008). Maximum likelihood estimatoMdusseau et al., 1998; Thomas et al.,
2002; Wang, 2004; Herbinger et al., 2006) or pedigeconstruction methods that do not
need parental information (Berger-Wolf et al., 20@&hley et al.,, 2009) were less
suitable for our situation. Assumptions made bys¢henethods, as balanced mating
structures and large sibling groups, would be Walan our dataset. In the used dataset
skewed parental contributions were observed (dettatmown). This is typical for natural
spawning species in e.g. aquaculture (Brown e2805; Blonk et al., 2009).

From literature it remains unclear which methodvaiments relatedness estimator
performs best; differences are small. In this stwdyused molecular coancestry (Toro et
al., 2002; Toro et al., 2003): among all estimatmpared, molecular coancestry turned

out to be relatively simple but robust.

The importance of the number of markers for the grouf a relatedness estimator has
been emphasized by several authors. Oliehetelal. (2008) and Binket al. (2002)
showed that reasonable correlations (>0.7) betvestimated and pedigree relatedness
were only found in simulated data when using asti&€® markers and 4 to 5 alleles per
marker. In contrast, in this study a correlation0d3 was found between estimated and
pedigree relatedness using ten markers with onageefl3.7 alleles per marker. The
difference in results might also be caused by theacteristics of the population under
study. Relatedness estimators generally are usedafaral populations where variation
of relationship structures is low. In these cas&srominative power of relatedness
estimators is low with few markers. For examplepflaset al. (2000) and Wilson and
McDonald (2003) showed that 12 to 15 markers wareemough to produce reliable
heritability estimates with a relatedness estimatdre tested populations (Soay sheep,

Ovis aries and rainbow trout,Oncorhynchus mykissshowed low variation of
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relationship structures. Larger variation of raaghip structures, i.e. larger families but
also larger sample sizes, decreases bias and sgmgtiors of estimated relatedness
(Thomas et al., 2000; Thomas et al., 2002; Rodrgr@milo et al., 2007). In aquaculture
populations with natural spawning in groups, gelherdarge variation of relationship
structures is found (Gjedrem, 2000; Vandeputte, 5208aillant et al., 2006). As
contribution of families to the offspring populatiin this study was highly skewed, this

may explain the success with relatively few markers

Heritability

In this study heritability for bodyweight in commaole was estimated at 0.23 (x0.09)
when using pedigree relatedness. The estimatethbiity is in line with values found
for body weight in other aquatic species (Gjedr@®00). Heritability estimated from
molecular relatedness however, was much lower: ¢+D102) to 0.13 (£0.04). This
suggests underestimation of genetic variance wisidtkely to be caused by erroneous
ascribing of relationships between offspring dutotmfew markers. Thomaet al. (2002)
showed that, among other factors, use of fewer enarlacreases variance and bias of

sampling error variance of estimated relatednesigh Wigher variance of relatedness,
genetic variance and heritability decreasa&ﬁsr = cov(R,P,) (Falconer and Mackay,

1996). This is supported by a study on genomiccsele where fewer markers led to
underestimation of heritability estimates in an Asgcattle population (Hayes and
Goddard, 2008). A similar effect was demonstratgd Shikano (2007) in Japanese
flounder, Paralichthys olivaceuslt is expected that heritability will be estimdtenore
accurately with a higher number of markers and equently will approach the value
from pedigree reconstruction.

In our particular case of skewed contribution ofgmés, the observed heritabilities from
molecular relatedness will have little effect otireated breeding values and accuracies.
This is because breeding values were based onyfanidrmation (i.e. family means)

rather than on heritabilities.

Applications for breeding programs

Our study illustrates that pedigree reconstructising genotyping data is a inefficient
method when parental genotypes are missing. Difficwith allocation is reflected by

figure 4.1. Loss of selection candidates due toigudus parental allocation was 33%.
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Comparable results (10 to 30%) were found by séwerthors in other species (Herlin et
al., 2007; Herlin et al., 2008; Pierce et al., 200®ss of selection candidates has major
effects on costs of selection procedures in brgegimgrams and may lead to lower
realized selection responses and increased raiebregding.

As parental allocation programs often allow undetias to the performed allocations
(Duchesne et al., 2002), mistakes in reconstruptstigrees may occur. This increases
the risk that related animals are considered aslated. Selection of animals using
optimal contribution theory (Meuwissen, 1997) magrefore unintentionally increase
rates of inbreeding.

This study shows that the molecular relatednessatir circumvents problems with
pedigree reconstruction in an aquaculture populatith natural spawning of groups of
parents. Moreover, due to preservation of all $eleccandidates, a higher accuracy of
breeding value estimation is achieved. The incnggamount of genetic information (e.g.
number of SNP’s and microsatellites) made availahle to current developments in
genomics (Hayes et al., 2009) will further enhamaeurate estimation of genetic

parameters.
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Heritability of Shape

Abstract

In fish, selection on production traits may altezits such as shape through genetically
correlated response to selection. In species wdnielsold un-filleted, it may be desired to
maintain “natural” shape while selecting for inged growth. Several methods have
been proposed to describe shape of fish, but nidbeee are either sensitive to observer
perception or time consuming. Digital image anaysiobjective, relatively free of bias,
rapid and widely used to describe shape in e.gpscamd fruits. To our knowledge there
are no reports on its use in selection programsfifdr. In this study we compare
estimated genetic parameters of shape and bodyuresasnts obtained with digital
image analysis (DIA) and manual measurements iaptive commercial population of
common soleSolea soleawith 1222 pedigreed animals. Results show thémased
genetic parameters were similar across methodstlatdDIA resulted in significantly
lower standard errorsséy s = 0.0772S€nanuas = 0.0880, P = 0.01244). Heritability for
shape using DIA was 0.34 = 0.11. The genetic catim between shape and body
weight was —0.44. Consequently, selecting for iaseel body weight at harvest yields
more circular shaped fish. However, by using actigle index for shape and body
weight, it is possible to maintain shape while impng body weight at harvest. This
study shows that digital image analysis is an ateuand time efficient method to

estimate genetic parameters for shape traitstin fis
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Introduction

Appearance traits are important for marketing ofynéish species and may directly
influence consumer willingness to pay the pricdisi products. This effect is clearly
documented for fillet colour in salmon (Steine kf 2005; Alfnes et al., 2006) but also
the importance of shape has been pointed out (Ketusle, 2003a). Despite this, only few
aquaculture breeding programs incorporate shajis inathe breeding goal (Chavanne et
al., 2008). In case farmers are paid for filletetbdocts, selective breeders can
deliberately alter shape by selecting on body weiglon body measurements that have a
significant genetic correlation with fillet yieldR(tten et al., 2004). Yet, in species which
are sold un-filleted, such as common s&selea soleaa correlated response in shape is
undesired and selection methods should include skimé of body measurement to
maintain “natural” shape.

In several cultured species including Nile tilap@reochromis niloticugRutten et al.,
2005), rainbow troutOncorhynchus mykisgsjerde and Schaeffer, 1989) and Atlantic
salmon, Salmo salar(Powell et al., 2008), substantial genetic varianbave been
estimated for body length, body height and bodythvig@stimated heritabilities between
0.25 and 0.46). Also for fish shape, genetic effegere demonstrated in e.g. cultured
rainbow troutOncorhynchus mykig&jerde, 1989; Gjerde and Schaeffer, 1989; Kause e
al., 2003a), gilthead seabreaBparus auratugNavarro et al., 2009) and in a natural
population of Northern red belly dacBhoxinus eoqToline and Baker, 1997). For
example, Kauset al, (2003a) showed a heritability of 0.46 for shapeainbow trout
when scored as a categorical traihese studies indicate that sufficient genetidatian

is available to maintain or alter shape of sevéisdl species by means of selective
breeding.

To improve efficiency of selection, recording dadits should preferably be unbiased (i.e.
not affected by person), accurate and with low irgfiinancial resources as e.g. labour
(Gjedrem, 1997). Most studies employ manually deieed measurements of traits as
e.g. body length and body height (Rutten et al0520and characterize shape as a ratio of
these traits (Gjerde and Schaeffer, 1989). Theghaus are labour intensive, especially
with large numbers of animals. Further, differendestween observers e.g. when

determining the optimal point for measurement ahpbeight, increase error in analyses.
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Other studies quantified shape using categoricalsajective scoring (Rye and Gjerde,
1996; Kause et al., 2003a; Kause et al., 2004hotigh simple, these manual methods
are sensitive to observer perceptions and significifferences between results of
scorers were found (Norris and Cunningham, 2004).

To objectively characterize shape, more elaboratthous have been developed using
image analysis and e.g. geometric morphometricsré@is et al., 1989; Loy et al., 1999;
Monet et al., 2006; Park et al., 2007; Ambrosi@let 2008; Russo et al., 2009). Digital
image analysis methods (further referred to as “Didescribe shape relatively free of
bias, can easily be automated and are widely usadrting procedures in (agricultural)
industry (Gonzalez et al., 2008; Meyer and NetdQ&@urgos-Artizzu et al., 2009).
However, to our knowledge, no such method has heed to describe shape in fish with
the purpose of using automated data recording apeshn a breeding program
(Chavanne et al., 2008).

In this study, the goal was to quantify geneticiataon of shape of the saggital plane of
common sole, using DIA. The saggital plane dividetividuals into the left and right
portions, which corresponds to the blind and thedeside of soles. The saggital plane of
common sole has an elliptic shape. However, abroftaebot-like” (circular) shapes
have been observed in several commercial grow-optilptions (Imsland et al., 2003b).
In this study we show that with DIA of shape in goon sole, similar genetic parameters
and slightly lower standard errors are obtainednvtempared to manual analysis. We
also show that it is possible to maintain shapdenimproving body weight at harvest by

selecting on shape and body weight using DIA.

Materials and methods

Data collection

A group of 1338 animals with pedigree (Blonk ef a010a) was randomly sampled from
eight tanks at a commercial farm (Solea b.v., |8f®nj The Netherlands). The population
had been produced by natural mating of 21 siresldndiams. This resulted in a complex
full / half sib structure where nearly all siredashams had multiple partners. The mean
number of offspring was 67.8 (sd = 165.7) for sieesl 78.8 (sd = 140.4) for dams
indicating a very skewed contribution of parenthieTsex ratio of the offspring was

approximately 2.3 : 1 (male : female). As all fagsl were mixed at spawning, the
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moment of production and age of animals is unknodaowever, each spawning season
lasted for three months suggesting a maximum afferelice of three months as well.
Relatively to the age of the animals (2-3 year$$ th a small difference and it was
therefore assumed that this would not affect amalys

Prior to measurements, each animal was anaestthatitke 2-phenoxyethanol. Sex was
examined using ultrasound (System: Esaote Pie MedityLab30Vet; Transducer:
Esaote LA435 6-18 MHz). Next, a photo of the blgide of each animal was taken with
a digital camera (Creative webcam, picture size 8@DO0 pixels) at a standard height
perpendicular to the animal. The blind side of eimmal was chosen to ease analyzing
shape of the saggital plane. All photos were predidith a reference scale length. After
this, body length (to the nearest mm), body he{ghthe nearest mm) and body weight
(to the nearest g) were recorded (“Manual method®termination of body length and
body height is shown schematically in figure 5.Jeddurements were performed by three
teams, each consisting of two persons. Per teamsunements were carried out by one
person and written down by a second person. Eauhn teeasured approximately one
third of the dataset.

Digital image analysis

Because of poor quality, 116 photos were discardibd.final dataset consisted of 1222
animals with pictures, manual measurements andypesli Body measurements of the
saggital plane at the blind side of each photogrdpish were quantified using ImageJ
software (Rasband, 2008). Using a macro, photoge Yeaded sequentially into ImageJ.
From each photo, the outline of the animal, withtait and side fins, was traced
manually. Using a standard algorithm of the sofeyam ellipse was then fitted to the
outline to determine the longest and the smallésindter (major and minor axis, see
figure 5.1). Here the minor axis is always exagiypendicular (90° angle) to the major
axis. The major axis was used as a measure for leodgh; the minor axis was used as a
measure for body height. After this, the recordathdvas stored and a new photo was
loaded automatically. Using this method, each hampproximately 170 pictures were
analysed.

To provide an indication of repeatability of DIA caiof effects of persons selecting the
outline, 25 randomly chosen animals were analyhedet times repeatedly in random

order by two persons. Results were tested usingkedninear model with a fixed effect
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for person and a random effect of repeated measmein R (R Development Core
Team, 2008). Repeatability was calculated as theeledion between estimates after

correction for the fixed effect of person.

Quantification of shape

We used ellipticity as a measure for shape of comsule as the shape of the saggital
plane of this species is nearly elliptic. We cadted! ellipticity (adapted from Merigot et

al., 2007) using body lengtiB) and body heightBH) for both the manual method and
the DIA method:

o - 5.1
EII|pt|C|ty:w

(BL+BH)
From equation 1 it can be derived that larger shaghees (maximum = 1) reflect more
elongated shapes whereas smaller values represaet eircular shapes. In a perfect

circle, ellipticity is zero.

=

Body height

Body length

Figure 5.1Body length and body height as measured on thgitsdigolane at the blin
side of common sole, for manual analysis amitaliimage analysis. For image analy

the fitted outline is indicated.

86



Chapter 5

Genetic analysis

To determine effects to be included in genetic ys&d of both methods, preliminary
ANOVA was performed using R software (R DevelopmEnte Team, 2008) for body
length, body height, body weight and shape. Dueoto normal distribution of residuals,
body weight (BW) was log-transformed for analy&ffects of sex and tank were found
significant for all traits (P<<0.0001) across battethods and were thus included in
genetic analysis. Effects of team were not relefantDIA and were only included in
analysis of the manual method (P<<0.0001). No Baarit interactions of fixed effects
were found. The skewed contribution of parents Iteduinto 4 parents with a
contribution of 1. These records did not affectutiss of genetic analysis and were
therefore kept in the dataset.

Genetic analysis of data (n = 1222) was performgdguASReml| software (Gilmour et
al., 2006). To estimate heritability of all traitsgriance components were obtained using
the following univariate linear animal model:

Yiu =+ Sex+ Tank + Team + a + gy 5.2
whereYjy is the response variable of aniral/ is the population meagexis the fixed
effect of sex, Tankis the fixed effect of tank Team is the fixed effect of tearkin the
manual methodg is the random animal effect of aniniakinde is the random residual
error of animal. For genetic analysis of traits obtained by thé Diethod, the effect of
team was not present. Heritability was obtainechgigstimated variance components
from ASReml as?’ = ¢%/ o°, whered, is the genetic variance aaf}, is the phenotypic
variance.

To estimate genetic and phenotypic correlationsvben all traits measured, a bivariate
linear model was used:

Yy Yo = 1 + Sex+ Tank + Team + @, + €jq 5.3
whereYyjy andY,j are the first and second response variables aiahiand Teargis
the fixed effect of teark if the corresponding responsariable was obtained using the

manual method.

Accuracy and response of selection

To determine the optimal selection index to maxengain of body weight and to

minimize response in shape, we simulated differsglection indices in SelAction
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software (Rutten et al., 2002) using parametersiodt with DIA. SelAction software
predicts selection responses, rates of inbreedimdy accuracy for various breeding
program designs with a crossed mating design veltd®unting for Bulmer effects.

Each simulated breeding program contained 200 sirek 200 dams with each dam
producing 100 male and 100 female full sib offsgriRer sex, a selection proportion of
1% was used. In all simulations, the breeding geas for body weight and shape.
Selection indices included information from BLUPe@® Linear Unbiased Prediction)
and sibs. Several selection indices with exclugiveddy weight, body length, body
height (“single trait index”) were tested. Also,ricaus combinations of body weight,
body length, body height and shape (“multi tradiaes”) were tested. We used a desired
gains approach to determine optimal weights foritldex traits whereby the aim was to
maximise gain in body weight with zero responsehape. Response of body weight and

shape as well as accuracy;were recorded.

Table 5.1Mean, minimum (min), maximum (max) and coeffict#ntariation (CV) pe
sex and in total for body length (BL), body hei(Bitl), shape (SH) and body weigh
one generation of common sole {gs = 851; Nemaes = 371; Now = 1222) for botl

manual and digital image analysis methods.

BL BH SH
Manual m f tot m f tot m f tot
mean 2223 2479 23.01 838 9.78 8.80 045 044 045
min 14.50 15.70 14.50 520 580 5.20 030 025 025
max 30.90 34.20 34.20 13.80 13.80 13.80 054 058 0.58
CV 1342 1358 1443 1572 1640 17.60 631 7.00 6.76

Digital image analysis

mean 19.48 21.71 20.16 7.55 8.66 7.88 044 043 044
min 13.01 13.64 13.01 4.64 495 4.64 030 034 030
max 28.17 29.84 29.84 12.08 12.10 12.10 053 052 053
Ccv 13.13 13.58 1424 15.01 16.01 16.71 6.72 649 6.75

Body weight

mean 164.69 241.72 188.08
min 45.00 52.00 45.00
max 650.00 691.00 691.00
Ccv 44.08 4571 49.38
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Results

Mean, minimum and maximum values and coefficiefitgaoiation for all traits measured
with the manual method and with DIA are presentethble 5.1. Mean body weight of
all fish in the population was 188.1 g (range 45691.0 g). As is normal for common

sole, mean values of body length, body height asd/lweight were higher for females
than for males.

Generally, mean values measured with DIA were sméfian the corresponding manual
measurements. For example, mean body length olt&ioe manual measurements was
23.01 cm whereas for DIA this was 20.16 cm. Fotralts, there was little difference of
coefficients of variation among methods; coeffitgenf variation for body length and
body height were between 13 and 18%. RepeatalfdityDIA was estimated on 0.96 —

0.99, proving consistency of the method within epehson. However, results showed a
significant effect of person (P < 0.05).

Percent of Total

N 4 /

. . ‘ ‘ ‘ ‘
0.30 035 0.40 0.45 0.50 0.55
Shape DIA

Figure 5.2Distribution of shape measured with digital imaggalysis in one generati

of common sole. The ellipses above visualize thpeshorresponding the value on the x-
axis.
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The distribution of shape obtained by DIA is shawriigure 5.2. In DIA, shape ranged
from 0.30 to 0.53 with a mean value of 0.44. Thefficient of variation for shape from
DIA was 6.75%, indicating relatively low variabilitin the population for shape. On

average, females had a very similar shape when adpgo males.

Genetic analysis

Estimated variance components and heritabilitiesnfunivariate analysis are shown in
table 5.2. In nearly all cases, estimated variasm®ponents obtained with data from
DIA were lower than values obtained with data fréime manual method. However,

differences were not significant (results not shpwn

Table 5.2Genetic variance, phenotypic variance and estichdteritability + standar
error (h’+ S.E.) for body length (BL), body height (BH), pea(SH and body weig|
(BW) for manual and digital image analysis methiodgne generation of common sole.

Manual 6’s c’p h’+ S.E.
BL 2.2454 62373 0.36+0.12
BH 0.4128 13316 031+0.11
SH 0.0004 0.0009 0.45+0.14
Digital image analysis

BL 1.2425 46019 0.27+0.10
BH 0.3501 1.0610 0.33+0.11
SH 0.0003 0.0009 0.34+0.11
BW (log) 0.0061 0.0245 0.25+0.09

Heritabilities for body length and body height radgfrom 0.27 to 0.36 with standard
errors from 0.10 to 0.12, indicating that estimakegtitabilities were not significantly
different across methods (confidence interval =me& - s.e.m.). Estimated heritability
of shape using manual measurements was 0.45 (3. 0MHen using DIA, estimated

heritability of shape was somewhat, although ngnificantly, lower: 0.34 (= 0.11).
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Estimated heritability of body weight was 0.25 (0%9). This is similar to the value
obtained in a previous study with the full datasemtaining 1338 individuals (Blonk et
al., 2010a).

Correlations between methods

Generally, correlations between the manual method BIA were high with low

standard errors; for shape, the genetic correlatias 0.96 (+ 0.04). For body length and
body height, high correlations lead to difficultytivconvergence of REML. Estimated
correlations were 0.99 + 0.00. As expected, thenptypic correlation between shape

obtained with manual measurements and obtainedDl&hwas lower (0.66 + 0.03).

Table 5.3Genetic correlation (below diagonal in italics) érphenotypic correlatic
(above diagonal) + standard error between body tan(BL), body height (BH), sha
(SH) and bdy weight (BW) for manual and digital image analysaethods in oi

generation of common sole.

Manual
BL BH SH BW
BL 0.83+0.02 0.01+£0.06 090+0.01
BH 0.77 +0.12 -0.53+£0.04 0.93+0.01
SH 0.23+0.27 -0.43+0.23 -0.32+0.05

BW  087+0.07 098+0.02 -0.26+0.28

Digital image analysis

BL BH SH BW
BL 0.82+0.02 -0.02+0.05 091+0.01
BH 0.81+0.10 -0.58+£0.03 0.91+0.01
SH -0.12+0.29 -0.68+0.16 -0.30+0.04

BW  091+005 096+0.03 -0.44+0.25

Phenotypic and genetic correlations between traiits shown in table 5.3 for both
methods separately. Mean standard errors from peesisn obtained with DIA were
significantly lower than those obtained with manaahlysis §&y,, = 0.077258yanua =

0.0880; P = 0.01244). Although differences were Igmihis indicates that genetic

parameters are more accurately estimated with BéA tvith the manual method.
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Correlations with shape

Correlations between body length and shape werediftarent from zero in both
methods. With DIA, a phenotypic correlation of -®.8 0.05 was found. The estimated
genetic correlation was -0.12 + 0.29. Given thegdaistandard errors, correlations
estimated from the manual measurements were nigrefit from those obtained with
DIA.

Phenotypic and genetic correlations between bodghheand shape from DIA were
negative: respectively -0.58 + 0.03 and -0.68 6(table 5.3). For the manual method,
similar values were obtained. This indicates thepe and body height are related, with

more circular shaped fish (lower values of shaa@)rig higher body height.

Correlations with body weight

Estimated genetic correlations between body wedgitt body height were high: 0.98 +
0.02 for manual measurements and 0.96 *+ 0.03 fé. Phenotypic correlations were
respectively 0.91 + 0.01 and 0.93 + 0.01. Genaiitatations between body weight and
body length were somewhat lower: 0.87 + 0.07 fonua measurements and 0.91 + 0.05
for DIA. This suggests that body weight has a Essng relationship with body length
than with body height although differences are &n@brrelations between shape and
body weight were lower and negative (-0.26 to -D.4dt standard errors for genetic

correlations were high (0.25 to 0.28).

Accuracy and response of selection

Predicted response per generation and accuracy flifflerent selection indices are

shown in table 5.4 for genetic parameters obtaimial DIA. In all scenarios, responses
of body weight and shape were in opposite direstidfor example, with selection on

body weight alone, shape decreased with 2.27% drsspexpressed to initial mean)
whereas response in body weight was +23.1% perggoe

Compared to other single trait indices, responsestafpe was most affected when
selection was on body height alone. Selecting atybength affected response of shape

the least. Here, response of body weight was loagstell (+20.8% per generation).
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Table 5.4Response of traits in the breeding goal (H) [badyight (BW) in % and sha
(SH) in % ellipticity relative to the initial meargnd accuracy of selection,{} wher
selecting with single trait indices or multi traindices containing body weight (B\
body length (BL), body height (BH) and shape ($bthfdigital image analysis.

Response (H) Iy

SH BW
Single Trait Index (I)
BW -2.27 231  0.558
BL -0.68 20.8 0.544
BH -3.64 221 0489
Multi Trait Index (I)
SH +BW -1.14 223 0574
SH +BL -1.36 21.6  0.550
SH + BH -1.14 226 0.579

Multi Trait Index (I) - weighed

SH + BW 0.00° 203 0573
SH + BL 0.00° 19.6  0.548
SH + BH 0.00"° 206 0.579

*Weights SH: 2; BW, BL and BH: 1

In multi trait indices, responses of shape wereg génilar (-1.14 to -1.36%). The highest
response in body weight (+22.6 % /generation) waisined when body height was
included in the index as a second trait. To sqiomse of shape to zero, a weighed index
with weights of “two” on shape and “one” on bodyiglg was required. Responses of
body weight in weighed selection indices were lotian when no weighing of selection
indices was used. For example, when body heightimaisded in the index as a second
trait, response of body weight was 20.6 % per gsitar.

Accuracies of single trait indices ranged from ©.48 0.558. In multi trait indices, the
highest accuracies (0.573 and 0.579) were achiexrezh body weight or body height

were in the index with shape.

Discussion

In this study, we used DIA to determine geneticiateon of shape in a captive

commercial population of common sole. To describ@aps of the saggital plane,
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ellipticity (equation 1) was calculated. Measursttape with DIA provides a relatively

objective way to quantify shape as a continuous ffhe estimated heritability of shape
in the analyzed population (0.34 + 0.11) is higthem heritability estimates in rainbow

trout reported by Gjerde and Schaeffer (1989). &tmghors obtained values from 0.00
to 0.25 using ratios of body measurements (lergtight, and width) to describe shape.
The estimates presented in this study are in thgeraf those reported by Kause et al.
(2004) who showed heritabilities from 0.31 to 0.4@sed on subjective categorical

scoring.

Digital image analysis

To quantify shape or other traits, manual or subjescoring methods have been used in
several studies (Gjerde and Schaeffer, 1989; RygeGjarde, 1996; Kause et al., 2003a;
Kause et al., 2004; Norris and Cunningham, 2004teRuet al., 2005). However, these
type of methods are sensitive to errors for seweaons. First, bias in estimates due to
different observers has been shown by Norris andnfdgham (2004). The effect of
observers is also demonstrated by significant &ffe€ teams in our data. Second, the
discriminating power of scoring is highly influentdy type and variation of the trait
under study. For example, when determining coloterisity, distinguishing different
colour tones often becomes a matter of personatgrgtation, especially when relative
differences between samples are small (Norris amthibgham, 2004). The same applies
to traits such as shape. Also, when estimating Hught or width in fish, it is often
difficult to determine the exact position and anfpe the measurement. This leaves,
again, room for between observer variation. AltHosgch (subjective) scoring methods
may seem easy under certain circumstances, aclgustaluating traits might require
more objective methods.

In this study, shape was also measured with DiAethice between observer variance.
This type of analysis has been widely used in aftical research and has proven a high
degree of accuracy in measurements (Meyer and [868; Burgos-Artizzu et al., 2009;
Gonzalo et al., 2009). Several studies have apigdto quantify colour of fillets or
skin, (Bencze Rard et al., 1998; Kause et al., 2Bo%vell et al., 2008; Shikano, 2008) or
fish shape using geometric morphometrics (Curréms. €1989; Loy et al., 1999; Park et
al., 2007; Ambrosio et al., 2008; Russo et al., 80 this study, we used a relatively

simple method to characterize shape of flatfish.e Tiise of this method was
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straightforward as flatfishes, in particul&@olea spp have relatively simple elliptic

shapes.

In this study, correlations of measurements acidbs and manual methods were
generally high and estimated genetic parameterg werthe same range. Moreover,
genetic parameters estimated from DIA data hadfgigntly lower mean standard errors
(seya = 0.0772) than genetic parameters estimated franual analysis SEnanual =
0.0880), although the difference was small. Thesslts suggest that both methods
produce at least very similar results and that DA replace manual analysis.

One advantage of DIA is that this method is far entbme efficient than the manual
method. In this study, it took eight hours (onesperworking for one day) to analyse the
dataset with DIA while 16 hours (two persons, oag)dvere effectively required to do
the manual measurements, excluding supporting wamkther advantage of DIA is that
images can be stored for later use, e.g. for daaking or to serve as reference for later
generations.

Recent developments in DIA software programs endlily automated detection of
outlines (Rasband, 2008; Gonzalo et al., 2009)s @Hows DIA to be used in automated
data recording, as is routinely done in industrgfdgtunately, in our dataset, the quality
of the images was poor, which was mainly due t& lafccontrast and inconsistent light
intensities. This precluded the use of automatadrig and data recording. Instead, the
outline of each fish had to be selected by handfitetl to a ellipse, which probably
introduced a bias in the measurements. Consequdtttly length and body height are
approximately 10% lower with DIA than with manualeasurements (table 5.1).
Nevertheless, repeatability of the DIA method wasyvhigh for body length and body
height, indicating that robustness of the analygés not affected. We are currently
optimising the conditions of image capture so thawill be suited for automated

detection of outline. This will likely reduce biaad increase accuracy even further.

Implications for selection

Correlations between shape and body weight wereenatel and negative (table 5.3).
This implies that direct selection on body weightl \ead to decreased shape in the
population (Lynch and Walsh, 1998). In other wottigre will be more circular shaped
animals.
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Moreover, correlations between body weight and bbdight were high. Correlations
between body weight and body length were slightlwdr but still high £ 0.90). This
implies that body height and body length can pteldady weight accurately. For other
species as e.g. gilthead seabream and Nile tilapimparable correlations were shown
(Rutten et al., 2005; Navarro et al., 2009). Thesalts suggest that in common sole,
indirect selection on body weight through one @&sth traits will lead to decreased shape
in the population (Falconer and Mackay, 1996; Lyacd Walsh, 1998). However, both
for body length and body height, genetic and phgiotcorrelations with shape were
moderate at most whereas the phenotypic varianskagfe was very small. This suggests

that the correlated response of shape is likehetmited.

Predicted responses (table 5.4) from differentcsiele indices in SelAction software
(Rutten et al., 2002) show relationships in accocdawith conclusions from the
correlation structures as found in this study. linested selection indices, responses in
the breeding goal traits were negative for shapkpsitive for body weight. Including
shape in the index as a second trait generallyectymresponse for shape towards zero.
The highest response for body weight was found wdedecting on body weight or on
body height (Falconer and Mackay, 1996). Althougfetences were small, response of
body weight was higher when selecting on body heigther than when selecting on
body weight itself. The reason for this is thatitaduility of body height is higher than
heritability of body weight (table 5.2). Consequgntthis enables improvement of
production through selecting for traits such agpstend body height, e.g. using DIA.
Accuracies of selection in multi trait indices wéoevest when body length was included;
0.548 to 0.550. Higher accuracies (0.574 to 0.5¥8)e obtained in an index which
included shape with body weight or body height.sTehows that when a multi trait
selection index is used, response of body weightedlsas accuracy of selection increase.
Similar effects were described by Mrode (2005) &adconer and Mackay (1996). To
obtain zero response in shape, the weight giveshépe had to be twice the weight for

body weight or body height. This resulted in a @lUresponse of body weight.
In this study, we showed that digital image analyisia promising tool to phenotype
animals for genetic analysis and to quantify shajelding at least the same genetic

parameters as manual methods, but being more ae@md far more time efficient. Our
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results also suggest that, due to high correlatimt&een body weight and body height,
selection on body height can be used to improvdymrion of common sole. In this way,
image analysis can aid automation of all-in-oneoreéing systems for traits as shape
concomitantly with body weight. This method camoaésmsily be integrated with current
automated equipment for grading of animals, thusbking low cost accurate recording

which is important for effective implementationtokeding programs.
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Minimising Genotyping

Abstract

In aquaculture, natural mating of parents in grolgeds to highly skewed parental
contributions and offspring with unknown pedigrétass selection in breeding schemes
with natural mating of parents is therefore prooeyield high rates of inbreeding. To
suppress rates of inbreeding, breeding schemesusaroptimal contribution selection
(OCS). With OCS, relationships between selectiordiates are required. These can be
reconstructed using genetic markers in populatiofth natural mating of parents.
However, genotyping is expensive. Costs for geriotypcan be minimised by
performing OCS on a pre-selected fraction of theutetion. Animals in this fraction are
selected on own performance (mass selection) andtgeed to establish pedigrees (“2-
stage selection”).

In this paper, we use stochastic simulation torda@tee the optimal size of the genotyped
fraction in terms of response to selectigi®) and rates of inbreeding/F) when using
populations with natural mating of parents. Resats compared with mass selection.
Our simulations show that genotyping in 2-staged&n can be minimised and that the
optimal size of the genotyped fraction is 2.5%hd total population. With this sizdF
can be restricted to 1%. With equal rates of inthireg (1%), expectediG of mass
selection (0.33&yp) slightly exceeds 2-stage selection (0.830 However, the required
number of selected parents (300) is larger thah Rdstage selection schemes where the
required number of selected parents is 150 aniféésconclude that both mass selection
and 2-stage selection can be used to geneticalprowe populations where natural
mating of parents is used to obtain offspring, ibdepends on the economic importance

of the trait whether the increasing costs for betodk maintenance outweighs costs for
genotyping.
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Introduction

In many aquaculture populations (e.g. Atlantic c@dus morhua Nile tilapia,
Orecochromis niloticusand common soleSolea solep highly skewed parental
contributions are observed when natural mating riougs is used to obtain offspring
(Bekkevold, 2006; Fessehaye et al., 2006; Bloré.e2009). In such situations, breeding
schemes using mass selection are prone to yiehll riaigs of inbreeding (Blonk et al.,
2009) unless many parents are used (Gjerde €t9816; Bentsen and Olesen, 2002). To
restrict rates of inbreeding, breeding schemesatsmuse optimal contribution selection
(OCS) theory (Meuwissen, 1997) combined with Bestear Unbiased prediction of
breeding values (BLUP). With OCS, animals are geté¢o obtain maximum response
under a pre-set restriction to the rate of inbnegdihe difference between the mean
relationship of the parental and offspring popolasi should not exceed a given
restriction. Optimisation is achieved by varyinge thumber of selected parents and
calculating parental contributions to the next gatien.

For OCS, relationships between selection candidates required. As relationships
between selection candidates are unavailable uralatating populations, these should
be reconstructed using genotypic information froMdAmarkers as e.g. microsatellites
or SNP’s (Duchesne et al., 2002; Fessehaye e2G06; Blonk et al., 2010). With large
numbers of selection candidates, costs can increéaamatically. Sonesson (2005)
showed that the number of selection candidates tgelmotyped can be restricted using 2-
stage selection including OCS on a mass selectadidn of the total population of
selection candidates. In this method, only indieiduwith the best phenotypes are
selected and genotyped (first stage: mass selgctiorom the genotyped fraction,
animals are selected using OCS (second stage)hith way cost-return ratios of
genotyping and selection response can be optimized.

Previous studies that used OCS included populatianth controlled parental
contributions and balanced mating designs (Bijmal.e2001; Sonesson, 2005; Sonesson
et al., 2005; Holtsmark et al., 2008). However,situations where natural mating in
groups is used to obtain offspring, assumptionsauwitrolled parental contributions and
mating do not hold. In addition, the number of pasemay be fixed for practical and

management reasons. Furthermore, rates of inbiggedia difficult to predict and
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response to selection can be highly fluctuatingeddng on superiority of the highest
contributing families. Although OCS under such girsstances is less effective when
compared to situations with controlled mating, thethod may be able to suppress rates
of inbreeding.

Until now it remained unclear how many animals $tidae mass selected and genotyped
in 2-stage breeding schemes where natural matinganps is used to obtain offspring.
Further, for such situations it is not known how the number of selected parents should
be to prevent rates of inbreeding reaching levetsra the generally accepted level of 1%
(Bijma, 2000). The objective of this paper is tdedmine effects of mass selected and
genotyped fractions with OCS on response to selectind rates of inbreeding in
aquaculture populations with natural mating of ptse Additionally, we evaluated

effects of heritability of the selected trait aheé tequired number of selected parents.

Materials and methods

Using stochastic simulation, response to seledti®) and rates of inbreedingf) were
determined in various breeding schemes with nateing of parents. Two single trait
breeding schemes were simulated: 1) mass selemtidr?) 2-stage selection using OCS
on a pre-selected and genotyped fraction (figut @hich was obtained by mass
selection from the population. In addition, we siated 2-stage selection onrandom
mating population witlequalfull sib family sizes.

Two different heritabilitiest¢ = 0.2 and 0.5) and numbers of selected parents {80,
200 and 300 witgjes = Ngams = ¥2 N) were simulated witiNy,; = 8,000 offspring per
generation. Selected parents were distributed br@sdstock groups and the number of

animals was kept at 50 per broodstock.

Natural mating of parents

Natural mating of parents was simulated using sklewarental contributionsc) to
offspring generations. To construct skewed parestatributions Ngjres aNdNgamsrandom
numbers were drawn from a gamma distribution whlpge 0.75 andcale 1/3 [x ~
1(0.75, 1/3)] and transformed to relative contributions. Thargna distribution was
chosen as it resembles the observed natural maadittgrn of common sole (Blonk et al.,
2009). Only sires and dams witly > O or c4am > 0 were used to contribute to the next

generation and are further denotednag.s and n.gams Parental contributions were not
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correlated to the selected trait. A full factormahting design with dimensiongg;.s by
NegamsWas set up with the contribution of full sib fai@d (Crs) as the Kronecker product
of the relative parental contributions.

To reflect that some full fib families are not cobtiting, a maximum number of possible
families Qmaxtam = Nesires T Nedamd Was randomly drawn from the full factorial mating
designs. The final relative contribution per fub $amily (crs) was calculated ags- 100

| 2Crs.

Gl

mass selected fraction

G2

mass selected fraction

G3

mass selected fraction

Figure 6.1. Schematic overview ofs?age selection including BLUP and OCS (Opt

contribution selection) on a mass selected fractibthe total population.

Phenotypes

Sire and dam breeding values of founder populatieer® simulated az,/‘hz Bff,j with

z as a normal deviate generated from a simulatechalodistribution withN~(0,1) and

phenotypic variance!)"z) of 1. Founders were set unrelatéd=(0).
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The total number of offspring generated in eachssgbent generation was denoted as
Nyt For each full sib family, phenotypes M - Gs offspring were calculated using the
parental breeding values, a Mendelian sampling techiding inbreeding coefficients of

the parents and a residual as follows:

_1 1 1 22 1 ql‘ zj 2
Pk—EA+§Aj+le/§EIh WpEél—E(Fi+Fj)j+zz 1-h%)lo,

wherePy is the phenotype of offspring A andA; breeding values for siieand danj, F;

andF; inbreeding coefficients of siieand danj andz, andz, normal deviates generated

from a simulated normal distributidy~(0,1)

Response and Rate of inbreeding

Offspring of all full sib families were pooled felach generationiG per generation was
calculated a®,,/ 10 whereP,, is the mean phenotype of the offspring populagdbthe
tenth generation/G was not calculated from the Bulmer equilibrium)ednAF of the
offspring population was calculated usifg= 1 — (1 —4F)' (Falconer and Mackay,
1996). BecausdF was calculated relative to the level of inbreedinghe generation

where Bulmer equilibrium was reached, the formutes nearranged to:

1F 6.1
AF =1—| (t-tg) t
1-F_

wheretg is the generation where Bulmer equilibrium waschea. Bulmer equilibrium

was assumed to be in the fifth generation.

Mass selection breeding schemes

To compare results from 2-stage selection schewmsjmulated a breeding scheme with
natural mating of parents and mass selection apafig. In this scheme, a fixed number
of animals N) with highest phenotypes were selected each gémerfaom N, = 8,000

pooled offspring and subsequently used as parenthé new generation. Results of ten

generations were averaged over 30 replicates.
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2-stage selection

With 2-stage selection, a fraction from all offsgriwas mass selected and genotyped
(see figure 6.1 for a graphical presentation). deksinass selected and genotyped
fractions ranged from 10% to the smallest posdiialetion i.e.N/Ny.

ASReml (Gilmour et al., 2006) was used to obtairUBLbreeding values in the selected
fraction with linear modey; = u + a; + ¢ whereg; is the random animal effect andis

the residual error. For BLUP, only phenotype andigree information from the selected
fraction was used. Phenotypes and pedigree infoasmaf the other selection candidates

were ignored, as in reality, only animals in thiesid fractions would be genotyped.

With estimated breeding values and pedigree dafiaxed number of parentdl was
selected using OCS software package GENCONT (Ma@njs1997; 2002) withiF
restricted to 1% per generation. With OCS, respdnsselection is maximised while
restricting 4F. The program is designed to optimise selection skyting optimal
contributions of selected parents and by varying tlamber of selected parents each
selection round.

In this paper OCS is used to supprgbsas the algorithm strives fauppression offF
through selection of less related animals whendgetestrictions are not reached. The
optimal design of the breeding scheme with 2-stsgjection may then be found by
adjusting the fixed number of parents. For consistewith literature we maintained the
term OCS in this document. To account for violatioh contributions which were
proposed by GENCONT due to natural mating, consisadf relatedness,) in the
next generation were calculatedras 4F(2 - ;) with T, as the mean relatedness from
the previougarental population and not from the actuafspring population (using the
previousoption in GENCONT).

Effects of 2-stage selection diff and4G in situations with natural mating were analysed

using simulation of ten generations and 30 repigat

Effect of natural mating contributions

To determine effects of 2-stage selection and mhtomating on mean relatedness in
parental and offspring populations, one founderupetipn G, (N = 200) with unrelated
individuals was generated and reproduced once siitlulated natural mating. From the

resultingG; population Ny = 8,000), 200 parents were selected using 2-falgetion
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with OCS from different mass selected and genotyfradtions (2.5 to 10%), and
reproduced with natural mating to obtain Glean relatedness was calculated for parents
selected fromG; and for all offspringin G,. Mean relatedness was obtained from 50
replications in each fraction.

The effect of skewness of parental contributionsndunatural mating was determined by
simulating ten generations of 2-stage selectioemes withrandommating parents and
equal full sib family sizes. Random mating of parentsswemulated by drawing a
maximum number of possible famili€Bpfxam = Nesires + Ncgamg from a full factorial
mating design including all parents. Full sib famdontributionces was then calculated
as 1 /npaxam Results are shown for heritabilities 0.2 and i@.populations with 8,000

offspring and 200 selected animals. Results weeea@ed over 30 replicates.

Results

Mass selection

With stochastic simulation of ten generations ofss&election in populations with
skewed contribution of parents, 200 selected parant heritability 0.2, meaiF per
generation is 1.5% (see figure 6.2). In this sdenaneandG per generation is 0.362
With 300 selected parents and heritability AB,is 1% and4G is 0.338cp (figure 6.4).
With 150 selected animaldF increases to 2.1%. HowevetG is also higher with 0.362
op (figure 6.5). Compared to simulations with heriliéyp 0.2, values of4F and 4G
increase when heritability is 0.5. For example hvétheritability of 0.5 and 200 selected
parentsAF increases to 1.8% antls increases to 0.80& (figure 6.3). Similar results

are obtained for scenarios with 150 or 300 selegtednts (data not shown).

2-stage selection

AF and 4G of 2-stage selection breeding schemes with nawmating of parents are
shown in figure 6.2 to 6.5 for different mass stddcand genotyped fractions, number of
selected parents and heritabilities. In figure & 6.3, results are shown for 200
selected parents and heritabilities of respectie® and 0.5. In figure 6.4, results are
shown for a heritability of 0.2 and 300 selectedepts. In figure 6.54F and4G are
presented for populations with 150 selected paremdsthe same heritability.
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Observed patterns ofF and4G with increasing genotyped fractions are similaroas
different heritabilities and numbers of selectedepss. With relatively small fractions,
AF is initially high and sometimes above the setrietgdn of 1 % (e.g. fractions < 4%).
This is particularly clear when heritability is Gahd 200 parents are selected. HdFejs

1.3 with a fraction of 2.75% (figure 6.3).

i
S 151 & t &
S ! S 3
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= & b—s B a—— <5
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0 2 4 6 8 10 0 2 4 6 8 10
Genotyped Fraction (%) Genotyped fraction (%)

Figure 6.2. MeandF (in %) and4G (in % ofop) with standard error bars for a &tage
breeding scheme including OCS on different genadtyraetions (population size: 8,000;
200 selected parents; heritability: 0.2F restriction: 1%; replicates: 30). Results
shown for natural mating populations with skewedepéal contributions (solid line) ar
populations with random mating and equal full fimfly sizes (dashed lir. Results fc

mass selection on a natural mating population aepicted at genotyped fractior

(triangle).
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Figure 6.3. Mean4F (in %) and4G (in % ofop) with standard error bars for a &tage
breeding scheme including OCS on different genadtyfpections. As in figure 6.Bul
with heritability 0.5.
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Figure 6.4. MeandF (in %) and4G (in % ofop) with standard error bars for a &tage
breeding scheme including OCS on different genatyfpections. As in figure 6.®ul
with 300 selected parents, heritability 0.2 andhwiit populations with random mat

and equal full sib family sizes.
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Figure 6.5. MeandF (in %) and4G (in % ofsp) with standard error bars for a &tage
breeding scheme including OCS on different genatyfpections. As in figure 6.Bul
with 150 selected parents, heritability 0.2 andhwiit populaibns with random matir

and equal full sib family sizes.

With lower heritability, effects are less distirmit a similar pattern is present (figure 6.2).
When fractions increasdF decreases and stabilizes to 1% in all scenarios.fact that
AF is above 1% in small fractions is most likely diethe relative small number of
families presented in these fractions. Consequgeimtty the long term, OCS can not
suppress hightF due to lack of genetic diversity and OCS nearssnssdection. As

expecteddF and4G are close to the values obtained with mass seteeti the smallest
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possible fractions for each scenario. With incregsfractions, genetic diversity in

fractions increases, leading towards more flexipifor OCS to select more diverse
broodstocks and restrigf.

In accordance with results faif-, with small fractions4G is initially high and close to

results of mass selection. For example, with Heilitg 0.2 and 150 selected parents,
response of 2-stage selection is between 0.36 @BR®IcP at genotyped fractions 2 to
2.5% (figure 6.5). Selecting parents from largacfions reducedG as OCS is able to

suppressiF; with fractions of approximately 5% and highereoall responses stabilize

to approximately 0.3&p.

In agreement with results for mass selectidR, with 2-stage selection is lower for
heritability 0.2 than for heritability 0.5 at smadland equal fractions. Results are only
shown for situations with 200 selected parentsufBg 6.2 and 6.3). For example, with
200 selected parents and a genotyped fraction7&2.4F is 1.3% when heritability is
0.5 (figure 6.2). Under the same conditions buhweitheritability of 0.2, mean obtained
AF is approximately 1% (figure 6.3). SimilarlyG is lower for heritability 0.2 than for
heritability 0.5 at small fractions. With 200 sdkxt parents and a genotyped fraction of
2.75%,4G is 0.338cp With heritability 0.2 and 0.796s with heritability 0.5.

Effect of natural mating

The effect of skewness of contributions with natunating of parents is reflected by the
difference of mean relatedness in the selectednts®@nd their offspring after natural
mating. The mean relatedness in the offspringviggs higher than in the parents. This is

caused by many null or small parental contributiand few large parental contributions.

Effects of skewed contributions aff are also illustrated when comparing selection on
natural mating populations with populations wherating is random but where full sib
family sizes are equal (e.g. figure 6.2). With ramdmating and equal full sib family
sizes, parental contributions are less skewedlidnnatural mating. OverallF in these
populations is lower than in populations with natunating (figures 6.2 and 6.3). This

supports the idea thdF is increased due to skewness of contributions.
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Effect of number of selected parents

At the smallest possible fractions (1.9% with 150gnmts, 2.5% with 200 parents and
3.8% with 300 parents), the number of selected ntareorresponds to the selection
intensity. Consequently, 2-stage selection with pafents (figure 6.5) results in the
highestAF (1.6%) andAG (0.360cp). At this point, OCS is not able to restritif and 2-
stage selection should roughly equal mass seledtioour results this is not always the
case because at these small fractions, OCS caalways select sufficient new animals
of both sexes.

Moreover, at small but equal genotyped fractionsgetling schemes with 2-stage
selection of fewer parents may show low#¥ than schemes where more parents are
selected. For example, with genotyped fractions2d&% (200 animals), breeding
schemes with selection of 200 parents yidll of 1.3% (figure 6.2) whereas with
selection of 150 parents4F of 1% is reached (figure 6.5). The reason for thithat
with selection of fewer parents from the same foagtmore room is left to suppresf
with OCS. In contrast, with more parents relativelgny and possibly related animals
need to be selected in order to gather the requitedber of parents. This may then
result in highetdF. This implies that when the selected number oépiaris increased,

also the genotyped fraction should be increasedtain the samgF.

At larger fractions, the number of selected parbatsless effect on the achievéd in 2-
stage selection. In general, low#f is realised when more parents are selected arlarg
fractions. For example, with fractions larger thn, AF is approximately 0.8 - 0.9 with
300 selected parents wheretis is approximately 1% with 150 selected parentssii
probably caused by the fact that the number ottesdieparents was fixed. Consequently,
with larger numbers of selected parents, OCS alyns need to select more parents -and
thus families- than required to achieve the restric ObtainedF is then lower than the
set restriction. Note that when the number of pareéa select is setariable OCS
algorithms will decrease the number of selecte@marto increasgF (and4G) in such

cases.

In contrast to results of mass selectidfy of 2-stage selection is not much affected by
the selected number of parents at relatively ldrgetions. For example, at heritability

0.2,4G is approximately 0.318pfor all scenarios with fractions larger than 4%g(fies
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6.2, 6.4 and 6.5). The small difference betweemantes is explained by the fact that
OCS methods roughly maintain equ#t at larger fractions. Therefore, OCS more
intensely suppresses- when a relatively small number of parents is gelbcThis leads
to (lower) values oG which then are possibly equal to values obtainbéénmarger

numbers of parents are selected.

Mass selection vs. 2-stage selection

Stochastic simulation shows th#f under 2-stage selection (figures 6.2, 6.3, 6.4G&}

is comparatively lower than values obtained withsgnaelection when natural mating
populations are used to obtain offsprinigs of mass selection exceedd@ of 2-stage
selection.

To compare response and efficiency, breeding schemay be best compared under
dimensions wherelF is equal. Under 2-stage selectiatk; of 1% is realised with 150
selected parents and a minimum genotyped fractfoB.%% (figure 6.5) while mass
selection requires selection of 300 parents (figur®. HeredG is slightly higher for
mass selection (0.336) than for 2-stage selection (0.33f) but differences are small.
With selection of 200 parents and a minimum genedyfsaction of 3% 4G of 2-stage

selection is virtually equal to results of masstbn.

Discussion

In this paper we used stochastic simulation to s&s$E and 4G in breeding schemes
where natural mating of parents is used to obtdfspong. We compared breeding
schemes with mass selection and with 2-stage gafeaicluding mass selected and
genotyped fractions. We determined effects of ggreat fractions in 2-stage selection
schemes, effects of heritability of the selecteidt tand the number of selected parents.
Additionally, we compared breeding schemes withnade parental contributions due to
natural mating of parents and schemes with randatinm of parents with equal full sib

family sizes.

Our results show that when natural mating of pardst used (i.e. when parental
contributions are skewedYG was always higher with mass selection than wigtazje
selection when the same number of parents is seleEtowever, observedF confirms

expectations from literature that mass selectiohes®s yield excessivelF in
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populations with skewed parental contributions sslthe number of selected parents is
large (Meuwissen and Woolliams, 1994; Gjerde ¢t1&896; Bentsen and Olesen, 2002).
With equal numbers of selected parents,from 2-stage selection was generally lower
than4F from mass selection (e.g. see figurg) 6lt was found that with skewed parental
contributions, 2-stage selection schemes requirenmim genotyped fractions of 2.5%
and less parents (N = 150) than mass selectiomsh¢N = 300) to obtainF of 1%
when heritability is 0.2 (figure 6.2). However, whéhe number of selected parents
increases, also larger genotyped fractions areiretjuWhen heritabilities increase,
larger fractions are required to meet the setiotisin of AF. It can be concluded that 2-

stage selection is more effective when restriciRghan mass selection.

Effect of parental contributions

AF and 4G of populations under selection are largely afféchy type of selection,
heritability of traits and the number of selectedents (Verrier et al., 1993; Caballero et
al., 1996; Gjerde et al., 1996) as well as parertatributions and their skewness (Wray
and Thompson, 1990; Wray et al., 1994; Bijma, 206@rnandez et al.,, 2003).
Performance of OCS is optimal once parental coutidbs are fully controlled and the
number of animals to select is free (Meuwissen,71%9nrichs et al., 2006). In cases
where parental contributions are controlled e.ghwirtificial insemination methods in
cattle, 4F of offspring populations exactly followdF based on parents with optimal
contributions (Meuwissen, 1997; Hinrichs et al.08pD However, with natural mating of
parents in groups, control of contribution is liedtas animals are free in choosing their
partners. This has been shown in animals inclugirgg sheep (Preston et al., 2005),
fishes (Forsgren, 1997; Bekkevold, 2006) and bjwidey, 1973). Additionally, in fish,
numbers of offspring vary considerably per matiBgogvn et al., 2005; Blonk et al.,
2009). Such variations of family size are also obes@ in situations with family specific
reproductive problems or mortality (Sonesson, 20@&hvilainen et al., 2008). Under
such circumstances, actual parental contributidtenare not conform values imposed
by OCS algorithms. Consequently, mean relatednes$fspring populations are likely
to exceed mean relatedness based on selectedgparent

It must be noted that in this paper: 1) optimaltdbaotions as proposed by GENCONT
were not followed because with natural mating afepégs this is not possible and 2) the

number of selected parents was not set variablthisgs often not done in practical fish
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breeding. This implies that optimising capabilitiesOCS in GENCONT are severely
restricted in this setting and that OCS does nakwim an optimal way. However, even
though optimal contribution theory is not optimizémt natural mating systems, this
method can lower average relationships betweertselg@arents and thus constrain.

This is in line with our results where we showedttB-stage selection including OCS

generally yields lowerdF than mass selection (e.g. figur@)6.

Effect of natural mating

The impact of skewness of parental contributiongO®@S methods is illustrated by the
fact that selection on populations with random nwatand equal full sib family sizes
invariably yielded lowerdF than selection on skewed parental contributions thu
natural mating (e.g. see figure 6.4). The reasorthis is that with random mating and
equal full sib family sizes, it is likely that mofamilies are included in mass selected and
genotyped fractions. It follows that OCS routinBert have more possibilities to select
parents with lower average relationships.

Skewness of parental contributions due to naturating of parents in groups may be
limited by decreasing broodstock size further @igiding the number of selected parents
into multiple sub groups) or by using single pgiawning tanks. However, this requires
large infrastructure and is labour intensive. Mar¥o broodstock size may also have an
optimum size from a production point of view. Inseaof e.g. common sole, small
broodstocks (< 6 animals) or single pair spawniregearnot successful in reproduction

(Blonk, unpublished data) but this may be differfamtother species.

Effect of genotyped fractions

With OCS in breeding schemes where offspring isaioled with natural mating of
parents, genotyping of selection candidates is iredqu However, genotyping is
expensive and should be minimised. With 2-stagecieh and natural mating of parents,
our simulations show that genotyped fractions camimimised to effectively restrietF.
Although genotyped fractions can be minimised withtural mating and skewed
contribution of parents, a relatively large numbérgenotyped selection candidates is
required to restriclF to 1%. For example, it is shown that in a popalatof 8,000

selection candidates at least 200 (2.5%) animatsl rie be genotyped, whereas in a
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population with controlled contributions this mag laround 100 animals (Sonesson,
2005).

Effect of the number of selected parents

Performance of optimal contribution selection methas optimal once contributions can
be controlled and when the number of parents tecsé$ free (Meuwissen, 1997). For
example, when the expecter with a certain selection of parents is above 1%wn
animals are added to the selection to decrd&seVice versa, when the expectdl is
below 1% and4G is not maximised, the number of selected paremtdecreased to
increasedG.

However, under practical circumstances the numb@acents is often fixed, especially
when the selected animals (nhucleus) are the santigegsarents for reproduction. One
reason is that the number of broodstocks is limited maximum for economical reasons.
Also, a minimum number of parents is often set tsuee reproductive output and
profitability of farms. Although reproductive capigcof fishes is extremely high with
animals often capable to produce tens of thousamndsffspring (Gjerde et al., 1996;
Komen et al., 2006), reproductive success can Unetuthting, especially under natural

mating circumstances (Brown et al., 2005; Blonklet2009).

Implications

Our results imply that both mass selection andagestselection schemes can be used to
genetically improve populations where natural ngatwof parents is used to obtain
offspring. WithAF of 1% and a heritability of 0.2, 2-stage selectioresebs require 150
parents with a minimum genotyped fraction 2.5% whsrmass selection schemes need
selection of 300 parents. Here, expectisl under mass selection is somewhat higher
than with 2-stage selection, but differences arallsiit is important to realize that with
higher heritabilities and/or when more parentsracpiired (e.g. for reproductive output
or safety reasons), larger genotyped fractionsiaeeled as well.

In general, costs for broodstock maintenance agb fur breeding schemes using mass
selection, but breeding schemes with 2-stage s@hecéquire costs for genotyping. It
depends on the economic importance of the traittlvelneincrease iG due to mass

selection outweighs increasing costs for broodstoaktenance.
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With rapid developments in the field of genomicg(&lover et al., 2010), application of
OCS methods may become more accessible throughtiedwf costs. Also, accuracy of
selection can be improved by estimation of molacukelatedness and Mendelian
sampling terms (Hayes et al., 2009; Blonk et @1®. This means that there are good

prospects for genetic improvement aquaculture imgwghen natural mating in groups is
used to obtain offspring.
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General Discussion

Introduction

The aim of this thesis was to design a breedingyqara for increased productivity of
farmed common sole 1) using natural mating in gsowpobtain offspring and 2) using
present farm infrastructures as much as possilble.rifost important aspects to consider
were pointed out in the general introduction (cbadf) and individually analysed and
discussed in chapters 2 to 6.

In the general discussion, findings of chapters 8 aire used to present blue prints for a
breeding program for common sole. Effects of natumating of parents on rates of
inbreeding and response to selection are put iotbext. Also, profitability of different
breeding programs are elaborated and discussetthelFuthe use of natural mating and its
potentially positive effects are discussed wittatieh to genetic improvement of natural
mating stocks. Finally, the effect of husbandrycticees as grading on estimated breeding

values is assessed.
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Inbreeding and response to selection under naturahating

Contributions

In idealised populations with random and non-assiwg mating systems, parental
contributions are equal on average and variatiofamily size is random. Here, Poisson
distributions are valid to represent family size righit, 1969; Falconer and Mackay,
1996). However, with natural mating of parents nmoups, family size (and parental
contribution) is generally not a matter of randoevidtion where some contributions
happen to be larger than others. Here, parentdtibotions result from e.g. hierarchy
within genders and assortative mating systems (RedrPotts, 1999; Avise et al., 2002;
Chenoweth and Blows, 2006). Such systems may bwlfaaross a wide range of species
including fish (Reynolds and Gross, 1992; Forsgre997), birds (Wiley, 1973) and
mammals (Goldsworthy et al., 1999). For examplenatural mating systems with
captive Atlantic cod, relatively large males hadHhgr contribution than smaller males
(Rowe, 2007). Further, male reproductive succepemtded on size differences between
males and females: smaller size differences yielede offspring (Bekkevold et al.,
2002).

404 \

2

Contr. to offspring (%)
Y
2

=

10 15 20
Family

Figure 7.1 Simulated (continuous), observed (daplaedl poisson distributed (dotte
contribution of families to the total number ofspifing obtained by natutanating o

parents
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As a result of these mating systems, contributibrparents to the next generation is
highly skewed, with only few parents producing miyoof the offspring (Hutchings,

1999; Bekkevold et al., 2002; Brown et al., 200®kBevold, 2006; Fessehaye et al.,
2006b; Rowe, 2007). For common sole, parental dmrtons to the next generation are
described in chapter 2 and results for one brogtdstioe shown in figure 7.1. From this
figure it can be seen that poisson distributionfashily size does not reflect patterns
found with natural mating of parents. Hence, disttions may be better represented by

Gamma distributions (e.g. wilh~(0.75,3) as shown in figure 7.1).

With highly skewed parental contribution and unbakd family sizes, the chance of
selecting a large number of animals from the saangly increases dramatically. Simple
mass selection programs are then expected to lyighdrates of inbreeding (Falconer and
Mackay, 1996). Chapter 6 showed that rates of edtirgy indeed reach 1.5% per
generation when performing mass selection (figu2® @n offspring from natural mating
parents with a selection proportion of 2.5% (20fepts selected from 8,000 animals). In
ideal populations without selection, expected rafésabreeding equal 1/2Nvhere N is
the effective population size. With 200 parentsuich populations, the expected rate of
inbreeding is 0.25%. With mass selection on a patmr with Poisson distributions and
a selection percentage of 2.5%, predicted ratésbhofeding increase to 0.6% (SelAction
software: Rutten et al., 2002). However, ratesntiréeding are still lower than under

populations with skewed contributions due to ndtonating of parents.

Selection under natural mating

The found rates of inbreeding under selection giybations that were obtained with
natural mating of parents where above the maximere@table rate of inbreeding of 1%
(Bijma, 2000). This implies important consequenfmsbreeding programs which use
natural mating. In chapter 6, the use of optimaitdgbution selection and best linear
unbiased prediction (BLUP) of breeding values ommass selected and genotyped
fraction (“2-stage selection”) was proposed to owere high rates of inbreeding under

natural mating of parents (figure 7.2).

Optimal contribution selection with BLUP of breegdirvalues (BLUP-OC) requires

genetic relationships between selection candidasnfer relationships, offspring from
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natural mating of parents needs to be genotypediratiapter 6, optimal numbers of
mass selected animals to genotype were assess@dsfage selection. Results showed
that it is possible to maintain rates of inbreedbelow 1% when genotyping a mass
selected fraction (i.e. selection based on phemoslpne) of 2.5% of the population at

least, with 150 selected parents.

Mass selection

Mass selected fraction

!

parents selected
~

2-stage selection

Mass selected and
genotyped fraction

parents selected
with OC
o

Figure 7.2 Schematic overview of mass selection Zsthge selection with optin
contribution selection (OChnd BLUP of breeding values on a mass selectec

genotyped fraction.

In chapter 6 it was also shown that with increasingleus sizes (i.e. decreasing selection
intensities with equal population size), overallemof inbreeding drop. For example,
with a nucleus of 300 animal&\F nears 1% per generation when using only mass
selection. Consequently, mass selection is possitder natural mating in groups when
broodstock sizes are large enough. The use of sgastion seems an attractive idea as

these schemes are fairly simple and cheap. Howglvere is little control on rates of
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inbreeding (Meuwissen, 1997). In contrast, selecBohemes with BLUP-OC monitor

and control rates of inbreeding constantly.

The choice between a breeding program based ongabsdion and a breeding program
with more controlled rates of inbreeding is highdgpendent on costs, returns and
differences in rates of inbreeding (Belonsky anchikedy, 1988). In chapter 6 it was
shown that simulated mass selection with nuclezessbf 300 parents gave a response of
0.3360p and rates of inbreeding of 1% per generationha&tdame level of inbreeding, 2-
stage selection (including a “safety zone”) withemotyped fraction of 5% and a nucleus
with 200 parents yielded a response of approximafe820 op. It will depend on
economic importance of the selected trait(s) whesimincrease in response under mass

selection outweighs genotyping costs of 2-stagectieh or not.

Economic value of growth rate in common sole

To evaluate costs and returns for breeding prograemnomic values of selected traits
should be known as well as costs for maintainiraptstocks, tagging and, if applicable,

for testing environments and genotyping. The ecaaamlue of a trait is defined as the

change in profitability as a consequence of ong ciminge of the trait, while keeping

other traits constant (Hazel, 1943). Economic w&lean be estimated using partial
derivatives from a profit function in which costsdareturns are described as a function
of physical, biological and economic parameterg.(@: van Arendonk, 1991; Jiang et al.,
1998).

For calculation of economic values in common sp&@ameters were obtained from a 90
MT recirculation production system with shallow ea@ys in the Netherlands (Solea
B.V. IImuiden). The economic value was calculatesueing unlimited filter capacity.
Further assumptions were: feed conversion ratid:kij-kg" (set fixed); feed price: 1.5
€-kg"; market price: 9 €-k§ The overall density of the system was fixed 00,000
animals. The obtained economic value per individues 2.63 € / g i.e. improvement
of one unit growth rate (1 glyields € 2.63 extra profit per animal [adaptezhirHoon
(2009)].

However, in aquaculture recirculation systems, <ast well as returns per kg produced

are fixed, and thus independent of growth rategs lBhbecause recirculation systems are
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closed systems where filtration capacity of wasketdrmined by the dimensions of the
system) is limited. As filtration capacity relaté@ectly to maximum feeding level,
(yearly) production is fixed (figure 7.3). Also,sasning that feed conversion rates remain
constant, production can not increase with highewth rates. Improved cost-return
ratios of recirculation systems may then resulinflower feed conversion rates, smaller
standing stocks or lower density and thus lowetsctis interests or insurance (personal

communication A. Kamstra).

Biofilter

Mechanical filter v Fish tank

Recirculation system - "restricted" waste production

Open water

Feed

// \\

Cage system - "unrestricted" waste production

Figure 7.3 Schematic overview of aquactédttecirculation systems with restricted we

production and cage systems with virtually unrestéd waste productio

In contrast, with cage culture or flow through syss$, production capacities are virtually
unrestricted whereas densities are fixed. Higheswtr rates then result in more
production rounds per year. Fixed costs per kg ymed then drop with increasing
growth rates.

As bio economics of recirculation systems are cemgKazmierczak and Caffey, 1995;
De lonno et al.,, 2006), accurately determining ecoic values in such an approach

becomes very elaborate. However, to compare pbiftta of different breeding
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programs, a simplified approach with restriction @énsity rather than production

capacity may be used.

Comparison of breeding programs

Costs and predicted returns of two breeding progré&mn common sole with natural
mating of parents were compared. Both a prograrh wiass selection and a program
including 2-stage selection with mass selectedgambtyped fractions (figure 7.2) were
analysed using simulation. Optimal designs weraiabtl using stochastic simulation
procedures presented in chapter 6. In both prograehsction was from a population of
8,000 selection candidates. It was assumed thaeddktion candidates were randomly
sampled from production populations directly anéttmo additional costs for test
environments were required.

Parameters for simulation were obtained from a 90U production farm in the
Netherlands. Mean bodyweight at harvest was 1§hgnotypic variation was 8556,
heritability for body weight at harvest was 0.23ahe generation interval was three
years. Response to selection was expressed as ¢irmath (g/d) and was derived from
body weight at harvest / production period. Growate in the founder population thus
was 0.26 g/d with a production period of two yearbe number of animals in one

broodstock was set to 50.

Both programs were designed to obtain a mearof approximately 1% per generation.
For mass selection programs, a nucleus with 35Mhalri was required. This equals 7
broodstocks. For the breeding program with 2-stedection, 5% of the population (400
animals) was needed for mass selected and genofypetibns whereas the required
nucleus size was 250 animals (5 broodstocks). Resptw selection in growth rate after
simulating ten generations was 0.0559 g/d (40.8eg)generation for mass selection and
0.0518 g/d (37.8 g) per generation for optimal dbntion selection.

To calculate costs of breeding programs, maintematiocluding electricity and
depreciation), labour and feed for the broodstaskerell as tagging and genotyping were
taken into account. Yearly costs for tagging andoggping were calculated as one third
of the total costs, as these were made only oncegpeeration interval (3 years).

Expected returns due to genetic improvement of yrthdn populations were calculated
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as the product of the economic value for the tptgulation (fixed density of 900,000

animals) and the response to selection (g/d) par. ye

Table 7.1Costs, predicted returns and increase of yearlygfipin breeding progran
with mass selection and breeding programs withagestselection (dpnal contributior
selection on mass selected and genotyped fractidits) each breeding program, {
required number and cost€)(of tanks and animals to genotype or tag are shpe
component. Selection costs were averaged over éhergtion interval(Gl). Costs fo
genotyping were set t6 20 per animal and were based on 10 markers petps

(personal communication W. van Haeringen).

Mass selection 2-Stage selection
Broodstock costs €/Tank Tanks € Total Tanks € Total
Maintenance 3500 7 24,500 5 17,500
Labour 1700 7 11,900 5 8,500
Feed 450 7 3,150 5 2250
Subtotal 39,550 28,250
Selection costs €/Animal Animals € Animals €
Genotyping 20 400 8,000
Tagging 2 350 700 400 800
Subtotal per GI 700 8,800
Subtotal per year 233 2,933
Total costs 39,783 31,183
Expected returns 132,192 122,472
Expected profit 92,409 91,289

Compared to 2-stage selection, mass selection figiserh costs for broodstock
maintenance as more broodstocks are required (t&dlg Adversely, for 2-stage
selection costs are increased due to genotypinuriefrom mass selection programs
were higher than with 2-stage selection. Due ts, thkpected yearly profit with mass
selection was approximately € 1100 higher than vidtetage selection. This small

difference suggests that profit obtained by botigpems can be considered as equal.
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In the current breeding programs, returns wereutatled for situations were the aim is
on sale of animals for slaughter. However, profibeeeding programs strongly depends
on the commercial focus of the enterprise. Whenpamies aim at sale of fingerlings to
grow out production farms, market prices are gdhebased on number rather than on
body weight at slaughter. At this point, expectetums are equal for both breeding
programs, provided that the number of fingerlingsdoiced remains equal. Given this,
profit of breeding programs largely depends on <dst broodstock maintenance and
genotyping, thus also favouring breeding prograrnts wptimal contribution selection

and smaller nucleus size.

Regardless differences in expected profit, the noggimal breeding program in long
term perspectives may be the one with a betterra@oon rates of inbreeding, i.e. a
breeding program including genotyping and optinmaitdbution selection. When natural
mating in groups is used to obtain offspring, onestmealise that mass selection runs the
risk of accidentally high rates of inbreeding asréhis no control on relatedness between
animals (Gjerde et al., 1996b; Meuwissen, 1997;t®am and Olesen, 2002). With
optimal contribution selection, pedigrees of s&dchnimals are always monitored. This
offers considerable advantages in emergency situgtwith unexpected high levels of
relatedness due to e.g. extreme skewness of phreotdributions in a previous
generation. In such cases, one could decide tdfigpdly search for additional parents
by expanding the genotyped fraction to avoid inseeaf rates of inbreeding.

Another advantage of genotyping selection cand&d#ethe possibility of including
information on traits in the selection index thahmot be recorded on live animals. For
example, when fillet weight or degutted body weighin the breeding goal, breeding
programs may use information obtained from sibsealéction candidates in the index.
With inclusion of sib information, relationships theen animals are required and
breeding programs using mass selection do notcsuffiowever, under the proposed
breeding programs, use of extra sib informationures genotyping of additional
offspring which subsequently increases costs. Tias to be taken into account when
assessing costs and revenues of incorporatinglatadetraits that can not be measured

on live animals.
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Accuracy of estimated breeding values from masectieh is lower and responses
deviate more strongly from predicted values whemgared to regular BLUP schemes
where the full or a random sample of the populaisopedigreed (Falconer and Mackay,
1996). However, with 2-stage selection includingluB-OC on fractions as used in this
thesis, only a fraction of the population is used BLUP evaluation. Consequently,

BLUP breeding values are biased and accuracy méywsr than expected. With regard

to accuracy of selection alone, 2-stage selecti@y mot be preferred above mass
selection.

However, with currently rapid developments in theld of genomics, the use of

genotyping in breeding programs is likely to leadrtore efficient and accurate selection
methods, e.g. the possibility of estimating Meramlelsampling terms and the use of
genomic selection (Hayes and Goddard, 2008; Hayeal.e2009). The increase in

efficiency was also illustrated by chapter 4, whiereeding values were more accurately
estimated with molecular relatedness than with timahips from reconstructed

pedigrees, especially in situations with skewedrilmutions of parents.

Consequences of natural mating

Natural mating in groups can be used to obtainpofig in many fish species. For
example, artificial reproduction of soles has nodved successful at the time of this
writing (Guzman et al., 2009). Other species camrdpeoduced artificially whereas in
practice, natural mating is often used to obtafsming, e.g. gilthead seabream (Brown
et al., 2005), sea bass (Massault et al., 2009Niledilapia (Fessehaye et al., 2006b). In
these species, use of natural mating in group$tés @ matter of efficiency as artificial

reproduction can be very labour intensive.

Artificial reproduction of fishes often includes rnoonal therapies and complex
treatments to achieve efficient production of fesgid eggs. For example, stages of
gonadal development of animals should carefully rhenitored, stress should be
minimised or avoided and one should consider theraggiate hormonal treatments,
hormone-delivery-systems and latency periods. dhdactors are not taken into account,
treatments are likely to fail and for this reasantificial reproduction is often associated
with decreasing gamete quality (Guzman et al., 2008onas et al., 2010).
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However, as opposed to artificial methods, natorating systems are relatively free of
stress, beneficial for animal welfare, free of honm treatments and less laborious ways
to obtain offspring in large amounts. Further bésedf the use of natural mating of
species are 1) possible presence of mate choice 2ndndirect selection for

reproductivity. These will be discussed below.

Mate choice

One effect of natural mating is the possible presesf mate choice (Wiley and Poston,
1996). Evidence that individuals choose partnesgethan specific characteristics such as
colour, posture, behaviour or chemical compounds een found for several species
including birds (Wiley, 1973), insects (LihoreaudaZimmer, 2007) but also fish
(Reynolds and Gross, 1992; Landry et al., 2001)er®Qfthis mechanism is based upon
major histocompatibility complex (MHC) compatibylitbetween partners to produce
more heterozygous and more immunological robustpoiig (Penn and Potts, 1999;
Milinski, 2006; Forsberg et al., 2007). Hence, bling programs with natural mating of
parents are likely to select for more heterozygositd disease resistance. This will
increase efficiency of production, benefit animallfare and reduce use of medicaments
and antibiotics. In chapter 2, we showed that letggosity in offspring populations was
higher than in parental populations of common séléhough observed patterns may
also result from accidental large contributionanfreelatively homozygous parents, this
suggests presence of mate choice mechanisms in @orsote. This implies that with the
possible beneficial effects of mate choice, andase in production and efficiency may

be expected from incorporating natural mating imteeding programs.

Selection for reproductivity

Apart from being simple and labour extensive, tke of natural reproduction implies
indirect selection for reproductivity of both sex&election on reproductive traits might
be feasible as heritability of reproductive outfike e.g. fecundity or gonad weight,
proved moderate in several species (Gjerde, 198&jr&mn, 2000; Charo-Karisa et al.,
2007). Consequently, the reproductive capacity afural mating populations may
indirectly be maintained or improved since the dearof selecting families with

genetically low reproductive capabilities (and tlsasall contributions) is relatively small.
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In contrast, selection for improved reproductionlimited in artificial reproductive
methods where quantities of eggs are often staisgaldnd when reproductivity is not in
the breeding goal.

With selection on growth, presence of correlatespoase of reproductive output should
be determined. In other species, phenotypic anétgeoorrelations between production
traits and reproductive traits were low to modetaie positive (Gjerde, 1986; Gall and
Neira, 2004; Charo-Karisa et al., 2007). This sstgé¢hat with selection for production
traits, reproductive traits can be affected neg#fivif negative correlated responses of
reproductive output are to be expected in soleyrahimating systems need additional
monitoring of this trait. To prevent problems witeproduction on the long term,
reproductive output needs to be both monitored. (@sgng gonad somatic indices) and
included into the breeding goal. This probably \kd to lowered response to selection

of growth and additional costs for monitoring gpreductive output.

Breeding goals — Correlated responses to selecticior

growth

The primary goal of most commercial selection pangs is improvement of economical

benefit. For most cultured species, the breedirad gioould be (increased) body weight at
harvest, or increased growth. In chapters 3, 45rattention was paid to estimation of
heritabilities of the most important —especially $tow growing species such as common

sole— production traits body weight, body heighd aody length.

Body Shape

030 hed
200 400 600
Body Weight (2)

Fig 7.4 Relationship between body weight (g) and shapkiegaof shape vary betwee

and 1. Smaller values represent more circular slsape
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When fish are sold un-filleted, shape of the animaly also play a role in consumer
acceptance. In chapter 5 a negative correlatiowdsst body shape and body weight or
body height was shown; increasing body weight atd®t leads to more circular shaped
animals (figure 7.4). It is clear that shape shdddincluded in the selection index, and

selection should preferably be on maintenance@ptlesent average shape.

Selection for early puberty

For many aquaculture species, early puberty isideresd as a major problem due to its
negative effects on production. During puberty, gheduction of gametes is initiated and
development of gonads is at the cost of somatievtr¢Zanuy et al., 2001; Taranger et
al., 2010). Among many other factors, fast grovghthought to induce early puberty
(figure 7.5). Here, the onset of puberty is indubgchigh adiposity and energy stores as
a result of favourable farmed conditions but alse tb genetic selection (Gjerde et al.,
1994; Taranger et al., 2010). It follows that wé#hpositive correlation between early
puberty and growth (i.e. young puberty connectdagi growth), selection on growth
ultimately decreases productivity of stocks.

Examples of positive correlations between earlyaptyband growth are found in rainbow
trout and Atlantic salmon (Gjerde et al.,, 1994; &auet al., 2003b), and can be
considerable (up to approximately 0.4), e.g. inaAtic cod or in Coho salmon,
Oncorhynchus kisutctGjerde, 1986; Gall and Neira, 2004; Kolstad et2006; Neira et
al., 2006). From this, one can conclude that umddsiegative responses of early puberty
due to selection for growth can occur in commore sohd needs to be quantified and

monitored.

Although selection against early puberty can bewvaaht for some species, increasing
mean age at puberty through selection will takeessvgenerations and thus may take
long. In contrast, faster and less elaborate misareduce early puberty are available and
may be preferred above genetic alteration. For pl@amon-natural photoperiod regimes
were associated with suppressed puberty and iredegiowth in Atlantic cod, turbot,

Atlantic halibut and sea bass (Simensen et al.02B@nsen et al., 2001; Norberg et al.,
2001; Rodriguez et al., 2001; Imsland et al., 20@=agtashi et al., 2004). A benefit of

non-genetic alteration of age at maturation is tpateration intervals for selection of

new breeders may not be prolonged. Furthermorecteh methods for increased
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growth and against early puberty while both traits positively correlated will decrease
response to selection of growth (compare effectsedfhed selection indices with shape

and bodyweight in chapter 5), which is not desired.

It depends on the marketed product if correlatesbaase of early puberty negatively
affects production volumes. If market size is higktiean weight at puberty, negative
effects can be expected (figure 7.5). Howeveroimmon sole, current age at maturation
is minimal three years and the optimal (Dutch) reaskeight is generally before weight

at time of puberty. At this point, no direct negatieffect of early puberty due to fast
growth is expected. On the contrary, if time to @t is shortened, so are generation
intervals and this may even increase response leztgm of the first generations of

breeding programs.

Selection from production stocks

In practical situations, grading of stocks is usedeparate small and large size fractions
to solve problems caused by social interactionshipter 3 it was shown that effects of
grading on heritability estimates are predictabid aan be corrected. However, effects
on breeding values were not shown but might bevaglieif correlations breeding values
between graded and ungraded situations are lovghdw effect of grading on estimated
breeding values, the same approach as chapter 3isedshere. A simulated population
was sorted to tanks using different size rangesepwesent different time points after
grading. Here, it was assumed that with time, sirges of tanks increase. Consequently,
phenotypic overlap of tanks increases. This redwoedounding of tanks and genetic
effects. Equal to chapter 2, a full factorial mgtotesign was simulated with 30 sires and
30 dams and with ten offspring per mating. Herltgbivas set at 0.3. No competition or

tank effects were simulated.

Figure 7.6 shows correlation coefficients betweeaeting values of the non-graded
population and breeding values of the same pojpuldiut at different time points after
grading. Shortly after grading, correlations ofirasted breeding values between non
graded populations and graded populations are appately 0.7. However, from figure

7.6 it can be concluded that when more time iswadbh between grading and breeding
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value estimation, correlations of estimated bregdmlues between non-graded and
graded populations can increase up to 0.99. Atpbist, ranking of estimated breeding

values under graded situations equals that of atnbreeding values under non-graded
situations.

Fish at puberty

slaughter weight

Body weight

——

Age space to improve growth rate

Figure 7.5Relation (schematic) between growth (body weiglye)) and onset of pube
(adapted from Taranger et al., 2010). The dotted Ibn the yaxis indicates market si:
It is shown that market (slaughter) weight detemsirthe space to improve gro
through e.g. genetic selection.

The ability to use information from populations kvigrading on selection candidates has
at least three advantages. First, selection mafydme production populations directly,
and selection candidates need not to be stockeedparate systems. Since no specialised
infrastructure for testing environments is requiradis significantly saves costs,

especially for slow growing species such as comsube.

Secondly, selection is performed under situatiohere effects of social interactions are
minimised. Social interactions as agonistic behawvend competition for access to food
is notorious for increasing phenotypic variatior anortality of stocks (Fessehaye et al.,
20064a; Ellen et al., 2008). Analysis of social dengariance of production traits has
revealed “hidden” genetic variance in pigs and lofaic(Bergsma et al., 2008; Ellen et al.,
2008). This implies that population social behavican be altered through selection.

However, genetic improvement of stocks may alsaigoan circumstances where social
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interactions are reduced and where both aggressideshy animals receive an equal
chance to be selected. This is in same line with ikeeding program “PROSPER”
(Chevassus et al., 2004).

1.0

0.9

0.8

0.71

Correlation coefficient

short long

Time after grading

Figure 7.6 correlation coefficients between bregdiralues of nomraded populatior

and breeding values of the same populations atréift time points after grading.

The third advantage is due to possible presenc&eariotype by environment (GxE)
interactions” which cause re-ranking of breedintuea and selection candidates across
environments. Here, testing environments withowtdgrg and with a high level of
negative social interactions may differ greatlynfréreal life” production environments.
Consequently, offspring performance may be optiorate parents are selected from

similar environmental conditions.

GxE interactions can subsequently be estimated filtancorrelation between genetic
values for a trait in different environments. Faamyg species and traits, GxE interactions
have been analysed (Mulder, 2007). For examplpjge, moderate genetic correlations
of production traits were shown between differ@viels of the pig production chain, i.e.
test stations and production farms (Merks, 1988).chttle, small effects of GxE
interactions were found for production traits unddéferent milking systems (Mulder et
al., 2004), whereas larger effects were found faremdifferent (e.g. tropical v.s.
moderate) environments (Cienfuegos-Rivas et aB9)19In two studies on production

traits of Nile tilapia and Atlantic cod, no sigmiéint GXE interactions were found between
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different farming conditions (Kolstad et al., 200Bhaw et al., 2009) whereas in
European sea bass, low GxE interactions were obdgiSaillant et al., 2006; Dupont-
Nivet et al., 2008). This shows that depending len tiype of environment and species,

GXE interactions can be relevant and should thezdfe considered.

Recommendations for aquaculture breeding programs ith
natural mating of parents

In this thesis it is shown that natural mating afemts in groups can be used effectively
once genotyping of selection candidates is use@. tousmaller required nucleus sizes,
costs of breeding programs for a natural matingcisgeincluding genotyping, BLUP
analysis and optimal contribution selection (2-etaglection) are lower than costs for
breeding programs based on mass selection. Respmmiseeeding programs with mass
selection was higher but differences between yqadfit of both breeding programs was
small. Although accuracy of estimated breeding eslunay be biased under 2-stage
selection, rates of inbreeding are far better odletl under 2-stage selection than under
mass selection. To increase long term profit, threfore recommended to use 2-stage
selection rather that mass selection under sitagitidth natural mating parents.

Analysis showed that selection for shape of commsale is needed to compensate for
negatively correlated response of shape due toctimie for growth. However,
correlations of production traits with reproductigatput or early puberty in common
sole are unknown and should be estimated. If uraldsi correlations are present,
reproductive output and early puberty should beitoogd to prevent long term negative

effects.

Profit of breeding programs may further increaseemviselection is from production
stocks directly. Bias of estimated breeding valwelsen using information from
populations with grading is small but costs aredo@ue to absence of testing systems.
Also, chances on unexpected low responses caused-tanking of genotypes due to

GXxE interactions between testing systems and fifedlproduction decrease.
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Natural mating of parents in groups to obtain affsp for commercial aquaculture is
used in many fish species. Sometimes this type ating if preferred above artificial
methods for its efficient way to obtain larvae. Exdes are found in culture of species
such as European sea bass, gilthead seabasamAtlantic cod. In many other fish
species, such as common sole, artificial reprodanas impossible and stocks rely fully
on natural mating. With natural mating of paremsgroups, parental contributions are
not a matter of random deviation where some camiobs happen to be larger than
others. Due to hierarchy within genders and asbegtanating systems, natural mating of
parents typically yields highly skewed parentaltcbutions with few parents producing
majority of the offspring. This type of reproductionplies that batches of produced eggs
commonly include mixed families of highly variabkzes. Consequently, parental
contributions as well as relationships between viddial offspring are unknown.
Incorporation of natural mating into breeding pags for genetic improvement of
common sole involves several problems. First, sémipleeding programs with mass
selection are expected to yield high rates of ietig as the chance to select many
members of one family is relatively large. Secaggtimation of heritabilities or breeding
values with relationships between animals (e.g. B} kkquires genotyping. Genotyping
is rather costly, especially when the number ofiadates is large.

The aims of this thesis were to evaluate poss#slifor a breeding program to increase
productivity of farmed common sole using 1) natumalting in groups to obtain offspring
and using 2) present farm infrastructures. Using déipproach, a breeding program with
natural mating parents is designed while costsranénised.

In chapter 2 parental contributions and levels of coancestrybenh offspring were
determined for one entire reproductive season dfl wommon solekept in two
broodstocks (28 animals in broodstock A; 20 aninialdroodstock B). To estimate
parental contributions, we performed parentageyaisabn 48 parents and 2100 offspring
with 10 highly polymorphic microsatellite markess expected, contribution of parents
to offspring was highly skewed: in both broodstqdkee or less parental pairs produced
more than half of the progeny. Compared to pargmapllations, few alleles were lost (9
of 134) and levels of heterozygosity JFincreased in offspring populations. Next,
coefficients of coancestry in offspring were castet using parental contributions and
parental relatedness from a relatedness estimatoels of coancestry in progeny were

substantially high (2.0 and 4.9%), suggesting hifes of inbreeding. This shows that

144



Summary

natural mating in groups can result in significarireeding in future generations. This
chapter also shows that commonly used populatiowtieparameters as loss of alleles
and change in level of heterozygosity should notuled as indicators of rates of
inbreeding in small captive populations. A quatitia method with contributions and
relatednessc{Ac = 2T) should rather be used.

In commercial circumstances, grading of animalsused to reduce negative social
interactions as competition for food. However, gngdpotentially introduces bias in
estimates of genetic parameters. dimapter 3, effects of grading untagged fish on
estimation of genetic parameters of body weightlaodly length was analysed using data
from simulated populations with different heritaids and a real dataset with 1336
animals. Simulated datasets demonstrated thathb#itiy of graded traits (body length)
was underestimated shortly after grading when apedf phenotypic ranges in tanks is
small. At later stages after grading, i.e. whenngltgpic overlap of tanks increases,
underestimation of genetic parameters decreasederdstimation of genetic parameters
over different phenotypic distributions of fish ovéanks were predictable across
heritabilities and correlations. Consequently, uppstimates of heritability can be
determined once size distributions of fish overktamre known. In the real dataset,
estimated heritability for body length was 0.28 .() and extrapolation with results
from simulation suggested that the true heritabilias 0.40. Grading had a minor effect
on estimated heritabilities of the correlated trad@dy weight. In the real dataset
heritability for body weight was estimated at 0(20.09). These results show that that
there is enough genetic variation in productiorapaaters for common sole to genetically
improve populations.

With missing parents and natural mating in groupsmmonly used methods that
reconstruct explicit pedigrees lead to loss of @atanot all offspring can be allocated to
their parents. Relatedness estimators howeverr nefationships between all animals
sampled Chapter 4 compares accuracy of breeding values estimated ref#ttionships
from a reconstructed pedigree and from a relatedessmator (“molecular relatedness”)
when parental contributions are skewed and when (fe®) but highly polymorphic
microsatellite markers are used. Due to missingemar a pedigree could be
reconstructed for 1336 animals (reduced datasétpfoa dataset with 1953 harvest size
offspring (full dataset) and 51 known putative pase In the reduced dataset, cross

validation showed that accuracy of estimated bregdialues was 0.54 with pedigree
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reconstruction and 0.55 with molecular relatedndssthe full dataset, accuracy of
estimated breeding values from molecular relateslieseased to 0.60. This indicates
that pedigree reconstruction and molecular relassmpredict breeding values equally
well in a population with skewed contributions tnilies and with few markers. An
advantage of molecular relatedness is that losgeabtyping data is minimised while
accuracy increases. However, compared to pedig@anstruction methods, molecular
relatedness as used in this study is less accimagstimating coefficients of inbreeding
and should therefore not be used in breeding pnogjia the long term.

From a marketing point of view it may be desiredmaintain “natural” shape of fish
which are sold un-filleted. lehapter 5, the need to include shape into a breeding goal
for common sole was discussed using data on 128Rneed animals at harvest size.
Comparison of manual measurements and digital insagdysis of shape showed that
estimated genetic parameters were similar acrosthoae Also, correlations of
measurements were high between methods. Howevegitaldimage analysis had
significantly lower standard errors and was mudtefa Heritability for shape was 0.34
(x0.11). Body weight correlated more strongly withdy height than with body length.
This indicates that body height is a better predidor body weight. The genetic
correlation between shape and body weight was —0Hd data suggested that selecting
for increased body weight at harvest yields moreutar shaped fish. However, by using
a selection index for shape and body weight, ipassible to maintain shape while
improving body weight at harvest.

The skewness of parental contributions and helitigisi as obtained in the previous
chapters were used ahapter 6 to evaluate two breeding programs with naturalimgat
of parents. First, a breeding program with masectieh was simulated. Second, a
breeding program with best linear unbiased preaticthf breeding values and optimal
contribution selection of fixed nucleus sizes frarmass selected and genotyped fraction
of a population (n=8,000) was simulated (2-stagecten). With breeding programs
including 2-stage selection, a restriction of 1%swset on the rate of inbreeding. In this
study, excessive high rates of inbreeding (>1.5%f)evwobserved after 10 generations of
mass selection unless a large nucleus (300 pareais)used. With a nucleus of 300
animals and mass selection, rates of inbreedingedel% and response per generation
was 0.3360p. With 2-stage selection, rates of inbreeding aggponse were restricted

with mass selected and genotyped fractions 2.5 #heopopulation. At this point, the rate
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of inbreeding was 1% and response was 0.83@vhen nucleus size was 150 and
heritability 0.2. This study indicates that masiestion schemes can be used in breeding
programs where natural mating of parents in graspssed. However, a large nucleus
size is required. With 2-stage selection, smallerleus sizes are required but costs for
genotyping (although minimised) are to be maderasgdonses were lower. It depends on
the economic importance of the trait whether tr@dase in response of mass selection
outweighs the increasing costs for broodstock reaetce.

In the general discussiorchapter 7), several aspects are discussed with regard to
development of a breeding program including natorating of parents. First, in chapter
6 proposed breeding programs were evaluated usiegatbeosts and economical values
for growth of common sole in a 90 tonnes reciréatatsystem in the Netherlands.
Response and yearly profit of mass selection wigieelh than with 2-stage selection but
differences were small. Benefits of 2-stage sabectire a better control on rates of
inbreeding and the possibility to include sib imf@tion on traits which can not be
recorded on live animals.

Consequences of including natural mating into biregdrograms were discussed. It was
suggested that possible presence of mate choidensysnay increase variability and
immunological resistance of offspring. Further,hwitatural mating of parents, breeding
programs automatically select for reproductivity emdas programs with artificial
reproduction do not. However, possible negativeratations between production
parameters and reproductivity imply that reproduttishould be monitored.

Correlated responses due to selection on body weigte discussed. It was shown that
inclusion of body shape into breeding goals forggienimprovement of common sole is
required as body weight negatively correlates whhpe. In addition, means to prevent
early puberty and concomitantly decreasing growdtes were discussed. It was
suggested that selection to prevent early pubeightnbe possible, but that husbandry
practices as changing photoperiod regimes areylikelyield faster response. Moreover,
selection on late puberty prolongs generation viatisrand therefore slows down yearly
response of breeding programs whereas non-genetansndo not. However, it was
suggested that for slow growing species and wheightvat harvest is lower than weight
at puberty, decreasing time to puberty also deesegeneration interval. This ultimately

increases response to selection of breeding pragram
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Selection from production stocks which undergo grgds likely to increase profitability
of breeding programs, since no separate test emagats are required. This is especially
relevant for slow growing species. Moreover, séecfrom production circumstances is
more optimal if genotype by environment interacsi@re present. Effects of grading on
estimated breeding values were discussed usinggtihe approach as in chap8eit was
shown that estimated breeding values from non grguEpulations and populations
shortly after grading correlated with 0.7. When entime is allowed between grading
and breeding value estimation, correlations inaeas0.99. This implies that breeding
values can be estimated from graded fish once pieicodistributions of tanks have

some overlap.

Conclusions
From this PhD thesis, the following conclusions barmade:

- There is enough genetic variation in productiorapaaters for common sole to
genetically improve populations.

- Body shape should be included into the breedingl gdzen selecting in
increased growth of common sole.

- Optimal contribution selection with best linear iaged prediction of breeding
values is recommended to control rates of inbrepdinselected populations
with natural mating of parents.

- The use of a molecular relatedness estimator ismetended to increase
efficiency of genotyping once parental genotypes @rartly) lacking and to
increase accuracy of breeding value estimation dpufations with natural
mating of parents.

- Animals can be selected from production circumstaneith grading.
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Natuurlijke voortplanting van ouderdieren in groepem nakomelingen te verkrijgen is
een veel gebruikte methode binnen de commerci@lacdtuur. Doordat vislarven bij
natuurlijke voortplanting van ouders relatief effict gewonnen kunnen worden verkrijgt
deze methode van voortplanting vaak de voorkeurebolunstmatige methoden.
Voorbeelden hiervan zijn kweek van (Europese) zaehaoudbrasem, en Atlantische
kabeljauw. In veel andere soorten zoals bijvooidbedbordzeetong is kunstmatige
voortplanting niet mogelijk. Hier is kweek volledigfhankelijk van natuurlijke
voortplanting. Wanneer groepen ouderdieren op mikel wijze voortplanten zijn
contributies van ouders sterk scheef verdeeld ddérarchische systemen binnen
geslachten en door niet-willekeurige paringsystentdierdoor produceert een klein
aantal ouders het overgrote deel van de nakomelingls gevolg van deze wijze van
reproductie bevatten partijen geproduceerde eiemmerdere families van sterk
verschillende groottes en zijn zowel individuele detijke contributies als
verwantschappen tussen nakomelingen onbekend.

Het inpassen van natuurlijke voortplantingsystenmefokprogramma’s ter verbetering
van productiviteit van gekweekte Noordzeetong stpitverschillende problemen. Ten
eerste hebben fokprogramma'’s die enkel selectgratedeste fenotypes een grote kans
op hoge inteelttoename omdat de kans op seledtizea leden van één families groot is.
Ten tweede is genotyperen van dieren nodig voosttetten van erfelijkheidsgraden en
op verwantschap gebaseerde fokwaarden. Genotyjetarstbaar, vooral wanneer het
aantal kandidaten groot is.

Het doel van dit proefschrift is het evalueren waogelijkheden voor een fokprogramma
ter verbetering van productiviteit van gekweekteoMizeetong, daarbij gebruik makend
van 1) natuurlijke voortplanting in groepen en 2 danwezige infrastructuur van

kwekerijen zodat respons maximaal is en kosten grogeminimaliseerd.

In hoofdstuk 2worden ouderlijke contributies ariveausvan verwantschap (coancestry)
bepaald voor twee groepen nakomelingen en hun su@m ouderlijke contributies te
schatten wordt een ouderschapsanalyse uitgevoerd & DNA merkers
(microsatellieten).

Zoals verwacht is de contributie van ouders aanpdpulatie nakomelingen scheef
verdeeld: in beide oudergroepen wordt meer dan el lan de nakomelingen

geproduceerd door minder dan zes ouders. Verliesalelen (gekoppeld aan genetische
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variatie) in de populatie nakomelingen is bepeskichts 9 van de 134 allelen worden
niet teruggevonden en niveaus van heterozygotieendoe ten opzichte van de ouders.
Deze parameters uit de populatiegenetica wekkersudgestie dat het verlies van
genetische variatie beperkt is. Echter, niveaas verwantschap in de nakomelingen,
berekend aan de hand van ouderlijke contributiehen geschatte verwantschappen,
tonen aan dat de eigenlijke toename van verwanpstioag is (2.0 and 4.9%). Dit

resultaat geeft aan dat natuurlijke voortplantirag wuders in groepen kan leiden tot

aanzienlijke inteelttoename in toekomstige genesati

In commerciéle kweekomstandigheden wordt sorteeendieren gebruikt om negatieve
sociale interacties zoals competitie om voer temuederen. Bij sorteren worden
verschillende groottes (lengtes) van dieren gedelmeen in aparte tanks geplaatst. Zodat
kleinere dieren een betere kans tot voeropnamegekrijEchter, sorteren van ongemerkte
dieren veroorzaakt een systematische fout bij bhatten van genetische parameters
omdat genetische effecten niet gescheiden kunnememovan bakeffecten. De best
presterende dieren zitten namelijk in dezelfde tankhet is moeilijk om te bepalen of
prestatie bepaald werd door het genotype of dodiadte Inhoofdstuk 3 wordt het effect
van sorteren op het schatten van genetische paembépaald. Hiertoe worden de
erfelijkheidsgraad en correlaties tussen lichaamgdg en lichaamslengte bepaald op
verschillende tijdstippen na sorteren. Hierbij iangenomen dat de overlap tussen
fenotypes in tanks na sorteren toeneemt waardosystematische fout van de geschatte
parameters kleiner wordt. Gesimuleerde datasesnt@an dat erfelijkheid onderschat
wordt door sorteren maar dat onderschatting varetgghe parameters plaatsvindt
volgens voorspelbare patronen over de tijd. Santbeeft minder effect op gecorreleerde
kenmerken, vooral wanneer de daadwerkelijke cdree@®5 is. Hierdoor is het mogelijk
om een geschatte erfelijkheid te extrapoleren daanaximale daadwerkelijke waarden,
mits de verdeling van dieren over tanks bekend is.

In een echte dataset wordt de erfelijkheidsgraaar Vichaamslengte geschat op 0.28
(+0.11). Extrapolatie van resultaten wijst op eemdiverkelijke erfelijkheidsgraad van
0.40 voor lichaamslengte en een erfelijkheid va360woor het gecorreleerde kenmerk
lichaamsgewicht. Deze resultaten tonen aan dat gekweekte Noordzeetong voldoende

genetische variatie is voor effectieve selectigayei.
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Naast phenotypische kenmerken zijn verwantschapssen dieren nodig om genetische
parameters te schatten. In populaties die gepreddceijn middels natuurlijke
voortplanting van ouders in groepen kunnen vervaduaispen worden bepaald door
reconstructie van stambomen met DNA merkerinforenaéin ouders en nakomelingen.
Echter, wanneer DNA informatie van (een aantal)essidnist, leiden methoden voor
stamboomreconstructie tot verlies van data. Alera#itief kunnen verwantschappen
geschat worden door enkel DNA informatie van nakorgen te gebruikenHoofdstuk

4 vergelijkt nauwkeurigheid van fokwaarden die ges$chign met gereconstrueerde
stambomen of met geschatte verwantschappen (“maleswerwantschappen”) in een
situatie met scheef verdeelde ouderlijke contrésitien tien DNA merkers. Een
stamboom wordt gereconstrueerd voor 1336 dieretkleiede dataset) van een populatie
met 1953 dieren (volledige dataset) en met 51 likemogelijke ouders. De resultaten
van de kleine dataset geven aan dat fokwaardengoneshkunnen worden voorspeld met
beide methoden. Een voordeel van moleculaire vesghap is dat alle data gebruikt kan

worden wat een hogere nauwkeurigheid oplevert.

Vanuit een marketingperspectief is een natuurlifi®@orm gewenst wanneer vis als
geheel (gestript) en niet gefileerd wordt verko@. noodzaak om visvorm op te nemen
in het fokdoel voor Noordzeetong wordt bediscussida hoofdstuk 5 Handmatige
metingen en digital image analysis worden vergelelitls methodes om visvorm te
bepalen. Geschatte genetische parameters verschilawelijks tussen methodes en
correlaties tussen methodes zijn hoog. Echterdatdfouten zijn significant lager met
digitale image analyse en ook verkort deze methddetijd benodigd voor data
verzamelen.

De geschatte erfelijkheidsgraad van visvorm is (83.11). De geschatte genetische
correlatie tussen visvorm en gewicht is -0.44. Biiggereert dat selectie op
lichaamsgewicht leidt tot rondere visvormen. Doen eelectie-index te gebruiken met
zowel gewicht als vorm kan de huidige “natuurlijkédrm van Noordzeetong behouden

worden terwijl gewicht op leeftijd verbetert.
In hoofdstuk 6 worden twee fokprogramma’s met natuurlijke voomgilag van ouders
geévalueerd. Als eerste wordt een fokprogramma sakctie op de beste fenotypes

gesimuleerd. Daarnaast wordt een 2-staps fokprageagesimuleerd dat gebruik maakt
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van fokwaarden van een op fenotype geselecteendiefivan de populatie (stap 1) en dat
dieren selecteert op basis van optimale contribubim inteelttoename te beperken en
respons te maximaliseren (stap 2). Fokwaarden worgleschat met behulp van
verwantschappen. Hierbij word aangenomen dat vasshappen werden bepaald door
middel van met DNA merkers gereconstrueerde starebom

Dit hoofdstuk toont aan dat selectie op fenotypergi&t kan worden in fokprogramma'’s
met natuurlijke voortplanting in groepen. Echteierhis een relatief grote groep
ouderdieren nodig. Met 2-staps selectie volsta@mé&te groepen maar moeten kosten
gemaakt worden voor genotyperen. Daarnaast is sfgons over het algemeen lager.
Afhankelijk van de economisch waarde van het gesstede kenmerk zal afhangen of de
selectierespons van selectie op fenotype compedngeer kosten voor grotere groepen

ouderdieren.

In de algemene discussieopfdstuk 7) worden meerdere aspecten met betrekking tot de
ontwikkeling van een fokprogramma met natuurlijkestplanting van ouders besproken.
De in hoofdstuk 6 besproken fokprogramma’s wordeévglueerd op basis van kosten
en economische waarden voor groei van Noordzeetbegwinstgevendheid is het
hoogst voor een fokprogramma met selectie op f@egtynaar de verschillen zijn klein.
Voordelen van 2-staps selectie zijn onder andetealatrole op inteelttoename beter is
en dat het mogelijkheid is te selecteren op keneredie niet op levende dieren gemeten
kunnen worden (bijvoorbeeld filetpercentage).

Consequenties van het gebruik van natuurlijke ydanting van groepen ouders worden
besproken in het licht van mogelijke aanwezigheid yniet-willekeurige) partnerkeuze
systemen. Dit leidt mogelijk tot verhoogde variagie immunologische weerstand van
nakomelingen. Daarnaast wordt besproken dat fokproma's moeten letten op
mogelijke negatieve correlaties tussen productiereproductiekenmerken. Vervroegde
puberteit en maturatie verlagen vaak groeisnelheglenvormen daarom een groot
probleem in de hedendaagse aquacultuur. Besprokerdt wdat aanpassing van
kweekomstandigheden, zoals bijvoorbeeld lichtreginieeter en sneller resultaat zullen
leveren dan selectiemethoden. In het geval vanzkamg groeiende soorten zoals
Noordzeetong zal een vervroegde puberteit in eerstéantie leiden to verkorte
generatie-intervallen en dus verhoogde respons bstaezhtgewicht meestal lager is dan

gewicht bij puberteit.
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In de algemene discussie wordt tevens bediscudsiegat selectie onder
productieomstandigheden met sorteren de winstgéngtid van fokprogramma's
verhoogt doordat geen aparte testomgeving nodi@ag wordt aangegeven dat selectie
onder productieomstandigheden voordelen heeft wangenotype-milieu interacties
aanwezig zijn. Genotype-milieu interacties houdedat dieren (genotypen) verschillend
presteren onder verschillende milieus. In andererden: de ranglijst van fokwaarden is
afhankelijk van het milieu. Het effect van sortemgngeschatte fokwaarden is berekend
met de methode van hoofdstuk 3. Resultaten geverafokwaarden van gesorteerde
dieren met redelijke zekerheid geschat kunnen womtglra de fenotypische spreiding

van tanks overlapt.

Conclusies
De belangrijkste conclusies uit dit proefschrifhzi

- Er is voldoende genetische variatie in productiepeters voor effectieve
verbetering van productie van Noordzeetong doacsiel.

- Visvorm moet opgenomen worden in het fokdoel bies#e op groei van
Noordzeetong.

- Optimale contributie selectie met “best linear aseid prediction of breeding
values” is aanbevolen om inteelttoename in gesdedé populaties met
natuurlijke voortplanting in groepen te controleren

- Het is aanbevolen moleculaire verwantschappen lteudgesn in populaties met
natuurlijke voortplanting in groepen wanneer gepetyvan ouders gedeeltelijk
missen en om nauwkeurigheid van fokwaardeschattivgrbeteren.

- Dieren kunnen effectief geselecteerd worden vaproductieomstandigheden

met sorteren.
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