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Summary

Nile tilapia (Oreochromis niloticus) is the world’s fastest growing aquaculture species,
in terms of annual increase in production (ca 10%) and is today produced world-wide.
Most of the commercial and farmed Nile tilapia strains are derived from the genetically
improved farmed tilapia (GIFT) strain established in the early 1990s. The systematic
mixing of the eight different strains during the first 3 generations of GIFT, would
prompt a hypothesis that there may have been substantial non-additive genetic effects
in the base. Despite having large full-sib families, which enables the estimation of non-
additive genetic effects, it is a paradox that these effects have been ignored in the
commercial evaluations and the design of the breeding schemes. Thus, this thesis sets
out to explore the possibility of utilizing non-additive genetic effects in Nile tilapia
breeding programs using a purpose-bred population. This was achieved firstly by
using classical methods utilizing pedigree to partition the variances into additive,
dominance, maternal and environmental components (paper I), then by developing
the necessary genomic resources (SNP-array and linkage maps) to better allow tilapia
breeding to exploit new opportunities (paper II) and finally applying these resources
to partition the variance components further into additive, dominance, epistasis and

maternal environmental components based on marker information (paper III).

The Onil50-array for Nile tilapia containing more than 58K SNPs was developed from
the whole genome sequence of 32 Nile tilapia sampled from the GenoMar breeding
nucleus (paper II). The SNPs on the array were selected based on even physical
distribution and the polymorphic information content. SNP performance of the array
was evaluated on nearly 5000 samples, revealing high-quality genotype data for
43,588 SNPs. Then the integrated physical and genetic linkage map, containing 40,186
SNPs, was constructed. Most of the Linkage groups (LGs) were found to have sigmoid
recombination pattern, with the recombination rate between males and females being

1:1.2.

A diallel design with reciprocal cross was applied to partition the variance
components. The analyses by pedigree showed the presence of non-additive variation
(paper I), identified to a large extent as a full-sib family component that was not

associated with additive effects or maternal effects. This source is commonly assumed



to arise from dominance using pedigree. Further analysis using data from the Onil50
SNP-array (paper III) showed that this variation, when present, was associated with
additive-by-additive epistasis, and not dominance. These estimates were corrected for
departures from HWE. Detrimental effects of inbreeding using genomics was reported

for the commercial traits of Nile tilapia.

Substantial contributions of the non-additive genetic effects were observed (P<0.05)
for two traits: body weight at harvest (BWH) and body depth (BD). Further, substantial
contribution of maternal variance (P<0.05) was observed for BWH, BD, fillet weight
(FW) and body length (BL); estimates based on both genomics and pedigree
approaches being comparable. Unlike non-additive genetic effects, including maternal
component in the models was found to cause substantial consequences on the
rankings for both genomic and pedigree BLUP models. Thus, ignoring maternal effect
was found to inflate the heritability and introduce bias in the genetic evaluations, over-

predicting the potential gains.

Rather than depending on the interactions of unknown genes contributing to the non-
additive genetic variance, targeted exploitation of this effect in the future in Nile tilapia
breeding program might depend on finding out the genes or genomic regions
associated with the heterosis for the traits. However, the creation of maternal lines in
Tilapia breeding schemes may be a possibility if this variation is found to be heritable.
Though the marker information has been used in tilapia breeding for parental
assignment for almost 20 years already, the genomic resources developed here have
opened a new door of genomic era in Nile Tilapia breeding and has also the potential

to improve the genetic gain through genomic selection.



Sammendrag

Nil-tilapia (Oreochromis niloticus) er den akvakulturarten som har raskest
produksjonsvekst i verden, med ca 10 % arlig gkning, og produseres i dag stort sett
over hele verden. De fleste av de kommersielle Niltilapiastammene er kommer fra den
sakalte GIFT-stammen (Genetically improved farmed tilapia) som ble etablert tidlig pa
1990-tallet. Her ble atte ulike stammer systematisk blandet i lgpet av de fgrste 3
generasjonene, noe som gir grunn til d tro at det kan ha blitt generert betydelige ikke-
additive genetiske effekter i denne populasjonen. Til tross for at tilapia har store
fullsgsken-familier, som gjgr det mulig & estimere ikke-additive genetiske effekter, har
disse effektene hittil blitt ignorert i planlegging av avlsdesign og nar en gjor
avlsverdivurderinger. Derfor har denne studien valgt & undersgke muligheten for &
utnytte disse ikke-additive, genetiske effektene i en Niltilapia-avlspopulasjon. Ved a
bruke klassiske analysemetoder, der vi kun tar hensyn til slektskap mellom individer,
beregnet vi additive-, dominans-, maternale- og miljgeffekter (artikkel 1), deretter
utviklet vi en sakalt SNP-chip (SNP er en type markgrer) og et genetisk koblingskart,
som er nyttige verktgy nar en vil gjgre seleksjon i en ny art som tilapia (artikkel 2) og
til slutt brukte vi disse verktgyene for a enda bedre kunne skille mellom additive-,
dominans-, maternale- og miljgeffekter, som i artikkel 1, men i tillegg ogsa additive

samspillseffekter, dvs epistatiske geneffekter (artikkel 3).

Den nye SNP-chipen, Onil50, med mer enn 58 000 markgrer, ble utviklet spesielt for
Niltilapia og er basert pa full genomsekvensering av 32 Niltilapia som ble tilfeldig
utvalgt fra GenoMars avlskjerne (artikkel II). Deretter ble det nye koblingskartet,
sammen med et nytt fysiske genkart, konstruert basert pa 40 186 SNPer. Disse ble
valgt ut fra kriterier om en jevn fordeling utover kromosone og at de skulle vaere
informative, dvs ha hgy grad av polymorfi. Den nye SNP-chipen ble sa testet pa nesten
5000 prgver, hvilket viste at 43.588 SNPer gav genotypedata av hgy kvalitet. De fleste
av koblingsgruppene, som samsvarer med kromosomene, hadde et sigmoid
rekombinasjonsmgnster, som er forskjellig fra f.eks. det en ser hos laks. Forholdet
mellom antall rekombinasjoner hos hann- og hunfisk var 1: 1,2, hvilket betyr at

rekombinasjon skjer hyppigere hos hunfisk.



Et resiprokt diallelt krysningsskjema ble brukt for & kunne estimere de gnskede
varianskompo-nentene. Analysene der en kun bruker slektskapsinformasjon viste en
betydelig ikke-additiv genetisk variasjon (artikkel I). Denne bli i stor grad identifisert
som en fullsgsken- eller familiekomponent som ikke var forbundet med additive
genetiske effekter eller maternale effekter. Dette antas vanligvis & stamme fra
genetiske dominanseffekter. De pafglgende analysene, ved bruk av data fra Onil50
SNP-chipen (artikkel 3) viste imidlertid at denne variasjonen, nar den var tilstede, var
assosiert med additive epistasieffekter, og ikke dominanseffekter. Ved hjelp av

markgrinformasjon kan en ogsa estimere skadelige effekter avinnavl hos Niltilapia, og

vi har her for fgrste gang pavist dette hos tilapia.

Det ble observert signifikante (P <0,05) ikke-additive genetiske effektene for to
egenskaper: tilvekst og kroppstykkelse. Videre ble det observert et vesentlig bidrag av
maternale effekter (P <0,05) for tilvekst, kroppstykkelse, filetvekt og kroppslengde.
Her var estimatene basert pa markgrdata og slektskap sammenfallende. Det hadde
videre stor betydning for rangeringen av aviskandidatene om en inkluderte maternale
effekter i modellene. Dersom en ignorerende de maternale effektene vil dette gi
forhgyede arvbarhetsestimater og feilaktig avlsverdier som igjen vil overestimere

forventet genetisk framgangen.

I fremtiden bgr en mer malrettet kunne utnytte de ikke-additive geneffektene hos
Niltilapia ved & finne ut hvilke gener eller genom-omrader som forarsaker
heterosiseffekter for de ulike egenskapene. Opprettelsen av maternale linjer kan vaere
en mulighet hvis denne variasjonen viser seg a vere arvelig. Selv om
markgrinformasjonen har blitt brukt i tilapia ogsa tidligere, vil de nye genetiske
verktgyene vi her har utviklet kunne apne en helt ny genomisk epoke for avlsarbeid
med Niltilapia og vil klart gjgre det lettere & ta i bruk genomseleksjon, som for mange

egenskaper vil gi en langt mer ngyaktige avlsverdiberegning.
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1. General Introduction

1.1 Introduction

Nile tilapia (Oreochromis niloticus), a tropical fish, is an aquaculture species farmed in
over 120 countries, and is the second most important aquaculture species in the world
accounting for 7.4% of global production in 2015 (Weimin, 2017) after Carp. Genetic
improvement programs have contributed to the ever increasing production of Nile
tilapia which is supported by more than 20 breeding programs based mainly in South
East Asia (Neira, 2010). Most of the commercial and farmed Nile tilapia strains are
derived from the genetically improved farmed tilapia (GIFT) base strain established in
the early 1990s by crossing among four wild African strains (from Egypt, Ghana, Kenya
and Senegal), and four cultured Asian strains (Israel, Singapore, Thailand and Taiwan)
(Eknath et al, 1993), and is considered a highly successful genetic improvement
program in farmed aquaculture. The success of the scheme is demonstrated by the
widespread use of GIFT in establishing aquacultural populations of tilapia, as this is
suitable for both commercial and small-scale aquaculture (Worldfish, 2016). GenoMar
Supreme Tilapia (GST®) strain is one of the many strains derived from GIFT, has
undergone more than 25 generations of selection and is being selected for growth,
fillet yield and robustness (Personal Communication, Anders Skaarud, GenoMar

Genetics).

1.2 Tilapia aquaculture practice

Tilapia aquaculture ranges from subsistence farming in rural areas to large-scale
commercial farming, as this species is cheap and relatively easy to produce. Nile tilapia
has been shown to survive in a wide range of extensive and intensive farming systems,
including both monoculture and polyculture practices in both marine and freshwater
environments (Gupta and Acosta, 2004). Thus, the culture systems vary widely from

cages in water-based system to ponds, raceways and tanks in land-based systems.

Nile tilapia are known to be maternal mouth brooders, where the mothers incubate
the fertilized eggs in the buccal cavity. This ‘brooding’ is considered as care given by
mother to their offspring by holding them in the mouth and is part of the normal

conventional breeding practice. Normal practice in selection programs is for one
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breeding male to be mated to two “ready to spawn” breeding females (nested mating
design) in different breeding hapas (cages made from fine mesh) and the fertilized
eggs are collected from the mouth of the females a week after spawning. These eggs
are transferred to the hatching jars for incubating where they hatch 3-5 days after
transfer. Then the hatched fry from each family are transferred to the separate nursery
hapas, where the tagging takes place (ca. 5-7 weeks). After this, the fish are transferred
to large grow-out ponds where the performance testing takes place. Fish are harvested
after a grow-out period of ca. 120 days. Sexual maturity in ponds reach only at the age
of 5-6 months. In tilapia, males grow faster than females and farmers prefer unisex
production to avoid propagation in production ponds or cages. Hence, sex reversal
using hormones (Yustiati et al, 2018) is regularly practiced in commercial tilapia
production. A detailed aquaculture practice of Nile tilapia is described in (Puttaraksar,

2004).

1.3 Importance of non-additive genetic effects in tilapia breeding

The history of genetics dates back to classical era (before 5t century AD) (Leroi, 2010)
and has been through lots of transitions, from development of theories and models to
utilizing the advanced technologies, to understand the mode of inheritance and the
genetic architecture of the traits. Modern genetics can be attributed to the work of
Gregor Johann Mendel in the pea-plants and his theories on genetic inheritance,
commonly known as “laws of Mendelian inheritance” (Mendel, 1866). Then Ronald
Aylmer Fisher took this to the next level by combining Mendelian genetics with
Darwin’s natural selection (Darwin, 1859) using statistical approach, which is widely
known as “Theory of quantitative trait inheritance” (Fisher, 1919). To acknowledge
his contribution to the quantitative genetics, various quantitative genetic societies are
celebrating “the 100 years of quantitative genetics theory and its application”. Fisher
used the infinitesimal model to describe the resemblance between relatives in a simple
additive model, which was eventually extended to incorporate the non-additive
genetic effects: dominance (Wright, 1921) and epistasis (Cockerham, 1954;
Kempthorne, 1954).

The basic principle of the breeding programs is to identify the best animals as the

parents of the next generation. The definition of the best varies in between the
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breeding programs and understanding the genetic architecture of the trait can be
helpful to select the best animals based on the genetic potential and/or other criteria,
define the breeding goal and maximize the genetic gain. Since it is impossible to find
out the real genetic potential of the animals, we calculate the estimated genetic
potential, also called the estimated breeding value (EBV) and use these EBVs to rank

the animals (Falconer et al., 1996).

To understand the genetic architecture of the trait, the phenotypic variance (Vr) can
be partitioned into genetic (Vc), environmental (Ve) and the interaction between
genetic and environmental (Vexe) components (Fisher, 1919; Falconer et al, 1996).
Since, the tilapia aquaculture takes place in different production systems, presence of
genotype x environment interaction (GxE) can be hypothesized. But it has been shown
for aquaculture in broadly similar systems (e.g. ponds and cages), the GXE for the
commercial traits was not significant (see the review by (Sae-Lim et al,, 2016) for

details) and is normally assumed to be 0.

The genetic variance (Vg) can be further divided into additive (Va) and non-additive
components. The non-additive components are primarily dominance (Vo) and
epistasis. Dominance variance exhibit the phenotypic deviation due to interaction of
alternative alleles at a particular locus, whereas, epistatic variance exhibit the
interaction between alleles at different loci (Falconer et al., 1996). The first order
epistatic variances are additive-by-additive (Vaxa), additive-by-dominance (Vaxn) and

dominance-by-dominance (Vpxp) epistatic variances.
Thus, the phenotypic variance can be written as;
Vp =Va+ Vb + Vaxa + Vaxp + Vbxp + VE

However, there are many other possible sources for the phenotypic variances like
maternal genetic effects (Mabry et al, 1963), indirect genetic effects (Moore et al,
1997; Muir, 2005), imprinting effects (McGrath and Solter, 1984; Surani et al.,, 1984),
cytoplasmic effects (Laipis et al., 1982; Huizinga et al., 1986), X-linked effects (Bulfield

et al, 1984) and genes affecting environmental variance (Hill and Mulder, 2010).

The variance between the sire families helps to find out the resemblance between half-
sibs, which is useful in quantifying heritability. Similarly, the source of non-additive

genetic effects is full-sib family variance (Falconer et al., 1996). There has been various
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studies to quantify the importance of the non-additive variation for various
quantitative traits in agriculture and livestock (Woolliams and Wiener, 1980; Wiener
etal, 1992a, 1992b; Shaw and Woolliams, 1999). This has gained momentum with the
development of genomics (Carlborg et al., 2003, 2006, Vitezica et al., 2013,2016, 2017;
Ertl et al, 2014; Raidan et al, 2018). In one of the early studies on non-additive
influence on early growth in chickens using genomics, it was estimated that dominance
and epistasis accounted for around 10% and 70% of genetic variation (Carlborg et al.,
2003). This example shows that the non-additive genetic effects may be an important
source of genetic variations. This has been widely utilized in commercial evaluations,

especially in poultry and pigs, where cross breeding is the routine practice.

The systematic mixing of the eight different strains during the first 3 generations of
GIFT would prompt a hypothesis that there may have been a substantial non-additive
genetic effects in the base, with reported heterosis up to 14% for body weight at
harvest (BWH) (Bentsen et al, 1998). Despite having large full-sib families, which
enables estimation of non-additive genetic effects, it is a paradox that these effects are
generally ignored in the commercial evaluations. This might be due to the complexity
in the calculations involved to calculate the full non-additive genetic variations (Shaw
and Woolliams, 1999), particularly with the deeper pedigree in the presence of
inbreeding; and confounding between full-sib family effect with the maternal and
common environmental effects. In many Nile tilapia breeding programs, this
confounding is also directly related to the practice where the full-sib families are

reared together until they can be pit-tagged (ca. 5-7 weeks) for identification.

Unlike the livestock species, one of the major challenges for tilapia breeding
companies has been the presence of secondary markets, where the customers
themselves make unauthorized utilization and distribution of the genetic materials.
Thus, utilization of the non-additive genetic effects for mate selection to produce final
commercial fingerlings will help to protect the genetic resources, increase the market
share and increase sustainability of breeding companies without compromising the

additive genetic progress.
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1.4 Utilization of non-additive genetic effects in tilapia breeding

programs

Ways to exploit the non-additive genetic variation was suggested in as early as 1960s
[(Dickerson, 1969), see review (Sellier, 1976) and (Walsh, 2005; Carlborg et al., 2006)]
and this has been strongly exploited in the commercial improvement of pigs and
poultry. There has been very few studies about non-additive genetic effects in
aquaculture, exploring the topic within the necessary limitations imposed by
aquacultural systems (Winkelman and Peterson, 1994a, 1994b; Rye and Mao, 1998;
Vandeputte et al.,, 2002; Pante et al., 2002; Wang et al., 2006; Gallardo et al.,, 2010). One
of the major concerns for practical utilization is the accuracy of the estimates. Even
with genomics, there are difficulties in obtaining a precise estimate of the non-additive
genetic effects, and most of the reported dominance and epistatic ratio in the literature
have huge standard errors (e.g. (Raidan et al.,, 2018)). The accuracy of the estimates
might depend on the experimental design; and the amount and source of the available
data. It has been shown that the estimation of dominance and additive-by-additive
variance requires 20 and 400 times as much data required as for the additive variance

(Misztal, 1997).

Like breeding values (EBVs) obtained from the standard animal model, inclusion of
the non-additive genetic effects in the model also gives non-additive genetic values
(values like dominance deviations or estimated epistatic values-EEVs) for the
individuals. Unlike the breeding values, these non-additive genetic values are not
directly transmitted to the offspring but can be utilized to obtain heterosis when
appropriate crosses are made. The extra heterozygosity expressed in cross-bred
offspring helps to identify the parent groups producing highest heterosis and repeated
mating can be used to produce more full-sib families from that mating. The decision to
select for which breeding values depends on the commercial practice: whether the
commercial product is the breeding potential or the performance. For the industries
marketing breeding potentials (e.g. semen in cattle) breeding value is of primary
concern, whereas for the industries marketing the performance (e.g. piglets or
fingerlings) heterosis expressed are of value besides the breeding values. Non-additive

genetic effects have primarily been utilized in the following ways:
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1.4.1. Better prediction models

There has been a continuing debate on greater prediction accuracy when the models
account for the non-additive genetic effects (Lee et al., 2008; Wittenburg et al, 2011;
Suetal, 2012; Ertl et al,, 2014; Mufioz et al., 2014; Esfandyari et al., 2016; Xiang et al.,
2016; Piaskowski et al, 2018; Raidan et al, 2018). A general assertion of better
prediction models can be risky, because there are lots of discrepancies of prediction

accuracy, likely due to one of the following reasons:

(i) Method used to calculate the prediction accuracy: The results and their
interpretation differs if the prediction accuracy is calculated from cross validation or
from the model prediction errors. The results of the cross-validation are dependent on
the training and validation sets. For example: selecting training population from all the
full-sib families vs. selecting the non-related full-sib families as the training set in the
same population gives different prediction accuracy. Similarly, adding more model
terms in the prediction equation provides more possibility to fit the data points and
might show increased prediction accuracy for the phenotype. But, with the more terms

being used in estimation, the more estimation error is being introduced to a prediction.

(ii) Definition of prediction accuracy: Phenotypes cannot be substituted easily by
breeding values when we have models with non-additive genetic effects. So, care
should be taken about the definition of prediction accuracy, i.e. if they are predicting

phenotypes or the breeding values.

(iii) Use of valid tests: Hotelling Williams tests (Dunn and Clark, 1971) are used to
check the significance of the difference of two predictions when they are correlated
(e.g. (Su et al, 2012; Lopes et al.,, 2015)). But care should be taken using these tests,
because in cases of prediction using additive and additive-dominance models,
correlations are generally very high, and these tests become invalid as the smaller

differences may look like extremely highly significant.

(iv) Genetic architecture: If the aim is to predict the phenotype, then the genetic
architecture of the trait also plays an important role in prediction accuracy (de Roos
etal, 2009; Morgante et al.,, 2018). In some cases it has been seen that accounting for

the genetic architecture of the traits in the models has helped to increase the

16



prediction accuracy of the phenotype (Morgante et al.,, 2018), but care should be taken

to generalise this.

1.4.2. Mate allocation

Mate allocations strategies are designed to influence the homozygosity or
heterozygosity level of the offspring produced, which helps to manifest either
inbreeding depression or heterosis. Since, the non-additive genetic effects are not
generally passed on to the offspring, proper selection of mates thus can help to obtain
the higher heterosis in the offspring, compared to the random mating of the parents.
Mating to harvest heterosis are commonly seen in following two ways (i) mating
between two distantly related lines (ii) Negative assortative mating avoiding the

expression of inbreeding depression when the population is single breed.

Though the mate allocation strategies to utilize the non-additive genetic effects have
been available since early days (Kinghorn, 1987; DeStefano and Hoeschele, 1992), the
availability of genomics has made it much easier to predict the future performance of
the offspring and the mating. The prediction of the performance of the future matings
in the presence of dominance (Toro and Varona, 2010) for marker data has been given

by

N
Gy = Z[Pijk(AA)gk + Pijx(AB)dy — P;jx(BB) gkl
k=1
where, Gijj is the predicted total genetic value of the progeny from the mating between
the ith and jth parent; Pik(AA), Piji(AB) and Pij(BB) are the probabilities of the genotypes
AA, AB and BB for the combination of it" and jt" individual and the k" marker; gk and dx
are the estimates of the additive and dominance effects of the same marker k; and N is

the total number of markers.

Whereas, the predicted breeding value (aj) of the progeny is given by

N

a;j = Z[Pijk(AA)(z —2pi)ay + Py (AB)(1 = 2pi)ay — Py (BB)(—2py) ax]
=1

where, ak=gk + dr(qk- pk), pk is the minor allele frequency and gk = 1- pk.
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Hence, matings can be selected based on the total genetic value (Gi) or the additive
genetic effects (aij). Selection based on total genetic value maximizes the total genetic
superiority, whereas the selection based on additive genetic effects maximizes the
additive genetic gain. Another possibility is that the matings can be selected to
maximize genetic values while maximizing additive genetic effects. This decision
depends on the breeding programs and their aim; whether long-term or short-term
genetic gain is desirable. In dairy breeding, the genetic value is worth nothing in
current systems, whereas in pigs and chickens it may be worth a lot. However, one has
to reproduce those genotypes down a multiplier chain too, which is where the line

crossing is required to generate the genotypes in easy to use packages.

1.4.3. Cross breeding

Different types of breeding techniques have been used for crossbreeding to exploit
heterosis (see (Mishra et al., 2017) for detailed description of various categories) and
are primarily popular in pig, poultry and rabbit breeding. For example, in single two
breed crosses (crisscrossing as in Table 1), two breeds are crossed to produce the F1
generation, which are then crossed to produce Fz and so on. Heterosis decreases with
the increasing number of generations. Heterosis shown by F2 thus becomes half of that
shown by F1 (Falconer and Mackay, 1996), provided that the epistatic interactions are

ignored.
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Table 1: Decrease in the expected individual heterosis (H) with the increase in
generations for some cross-breeding systems. Crisscrossing involves mating of two
breeds x and y; rotational cross breeding involves mating of three breeds x, y and z;
synthetic line mating involves mating of m breeds contributing equally to the genetic
makeup of the line; and the recurrent backcrossing involves mating of x breed on x. In
these crossing, some of the females are retained for replacement. Whereas in case of
synthetic line, both males and females are retained for replacement. The table is

adopted from (Sellier, 1976).

Genera Crisscrossing Rotational cross Synthetic Recurrent
tion breeding line mating  backcrossing
1 ny ny H HXY
2 b3 ny %) (sz+ Hyz) (1_ i)H b ny
m
3 % ny Ya [ny+ Zsz) (1_ i)H Ya ny
m
4 5/8 ny 1/8 (2Hyz+ SHXy) (1_ %)H 1/8 ny
5 11/16 Hay /16 (5Hxz+ 9Hyz) (1- %)H /16 Hxy

Different types of cross-breeding schemes have their own benefits and difficulties and
the choice for the best crossbreeding approach depends on the breeding program. For
example: in two breed cross breeding, the selection happens in the cross-bred
progeny, but not in the breed itself. Selection in the breeds and marketing of the cross-
bred offspring can be used to discontinue the loss of heterosis due to the crossing of
F1.For example, reciprocal recurrent selection (RRS) helps to simultaneously improve
the two populations and their crossbred offspring. Fish from two separate lines are
selected randomly and mated (cross breeding) reciprocally. Sires from line 1 are
mated to dams from line 2 and sires from line 2 are mated to dams from line 1
(Reciprocal cross). Then the breeding values of parents are predicted based on cross-
breed performance (a type of progeny testing). The best performing males and females
are selected. Since its proposition in 1949 (Comstock et al, 1949), various modified
RRS schemes have been practiced (Hallauer and Eberhart, 1970; Moreno-Gonzalez
and Hallauer, 1982; Bouvet et al, 2015), an example is shown in figure 1. Here the

cross-breed selection is aided by the purebred selection. One approach to implement
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this modified RRS scheme is to treat purebred performance and crossbred
performance as two different traits and use selection index to get the breeding values

(Wei and van der Werf, 1994).

Line 1 Line 2
Py Breeding value estimation P

Selection based @ @::‘ ‘ Selection based

on both pure and on both pure and

cross—brged m m cross-breed

performance ' Sire iy x dam jo Sire iy x dam j, ‘ performance
Linel Line 2

) Pure breed offspring
Pure breed offspring

Figure 1: Modified reciprocal recurrent selection (RRS) in fish.

Genomics has offered new tools to implement cross breeding. The detailed review
about non-additive genetic effects using genomics has been given by (Varona et al,
2018). After calculating the SNP effects in the training population, it can be used to
predict the breeding values of genotyped animal in which the phenotypes cannot be
measured, e.g. for disease resistant, fillet yield, etc. Moreover, the possibility to use
these predicted SNP effects over the few generations with limited loss in accuracy
(Habier et al.,, 2007; Sonesson and Meuwissen, 2009) makes it unnecessary to measure
phenotypes in every generation. Hence, genomics has been used to select purebreds
for crossbred performance and has shown to give greater response to selection (e.g.

Dekkers, 2007; Esfandyari et al., 2015, 2016).

In general, the selection of the appropriate cross-breeding strategy not only depends
on the maximizations of the annual genetic gain, but also includes the economic
approach (Poutous et al., 1962). So, the decision depends on the “economic-genetic

optimum”.
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2. Aim and outline of this thesis
The aim of the thesis is to assess the possibility of utilizing non-additive genetic effects
in Nile tilapia breeding programs. This aim was divided into three main sub-goals:

e To partition the variance into additive and non-additive components in Nile

tilapia population designed specially to separate these components.

e To assess the impact of non-additive genetic effects on the genetic evaluation

based on effects on heritability and ranking.

e To develop the genomic resources, SNP-Array and linkage map, for increased
accuracy in genetic evaluation and breeding applications like genomic selection

in Nile tilapia.
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Abstract

There are only few studies of dominance effects in non-inbred aquaculture species, since commonly used mating designs
often have low power to separate dominance, maternal and common environmental effects. Here, a factorial design with
reciprocal cross, common rearing of eggs and subsequent lifecycle stages and pedigree assignment using DNA
microsatellites was used to separate these effects and estimate dominance (d%) and maternal (m?) ratios in Nile tilapia for six
commercial traits. The study included observations on 2524 offspring from 155 full-sib families. Substantial contributions of
dominance were observed (P < 0.05) for body depth (BD) and body weight at harvest (BWH) with estimates of &> =027 (s.
e. 0.09) and 0.23 (s.e. 0.09), respectively in the current breeding population. In addition the study found maternal variance
(P <0.05) for BD, BWH, body thickness and fillet weight explaining ~10% of the observed phenotypic variance. For fillet
yield (FY) and body length (BL), no evidence was found for either maternal or dominance variance. For traits exhibiting
maternal variance, including this effect in evaluations caused substantial re-ranking of selection candidates, but the impact of
including dominance effects was notably less. Breeding schemes may benefit from utilising maternal variance in increasing
accuracy of evaluations, reducing bias, and developing new lines, but the utilisation of the dominance variance may require
further refinement of parameter estimates.

Introduction

Genetic variation can be partitioned into additive and non-
additive components of variance, where the latter arises
from the interactions among loci (epistasis) or between
alleles within a locus (dominance). Although sustained
genetic change in conventional breeding schemes depends
only on the additive component at the time of selection, the
non-additive components can be utilised in the short-term
through mate selection to obtain favourable heterosis in the
offspring cohort, and in the long-term to protect the genetic
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material, which is available to authorized users.

P< R Joshi
rajesh.joshi @nmbu.no

Department of Animal and Aquacultural Sciences, Norwegian
University of Life Sciences, 1432 As, Norway

The Roslin Institute, Royal (Dick) School of Veterinary Studies,
University of Edinburgh, Easter Bush, Midlothian EH25 9RG, UK

Published online: 16 January 2018

assets of the breeder through F2-breakdown, e.g., through
selection within lines or through selection schemes like
Reciprocal Recurrent Selection (RRS) (Wei and Van der
Steen 1991). In practice, commercial evaluations commonly
use additive models ignoring the non-additive variation, but
there is a continuing debate on whether the prediction
accuracy is greater when models explicitly account for the
non-additive genetic variation present (Wittenburg et al.
2011; Su et al. 2012; Muioz et al. 2014).

Relatively few studies have investigated non-additive
genetic effects in fish, compared to other animals, and these
are limited to few species, especially salmon (Winkelman
and Peterson 1994a, b; Rye and Mao 1998; Pante et al.
2002; Gallardo et al. 2010), trout (Vandeputte et al. 2002)
and carp (Wang et al. 2006), possibly due to the demands of
the design for estimation. These studies have mainly been
done for weight traits only, where the dominance ratio (the
fraction of phenotypic variances explained by dominance
deviations) ranged from 0 to 0.62. Estimates of dominance
variation are lacking in tilapia, though some studies have
reported heterosis effects (Bentsen et al. 1998; Maluwa and
Gjerde 2006a; Lozano et al. 2011).
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It has been reported that the pedigree-based methods
overestimate the dominance variation (Heidaritabar et al.
2016). For example, dominance and maternal effect may be
confounded when analysing the data from hierarchical
mating schemes (Mrode 2014); making it difficult to esti-
mate the non-additive genetic effects precisely. In the pre-
sent study, we have a factorial design with reciprocal cross,
which is better suited to separate the maternal and non-
additive genetic effects (Lynch and Walsh 1998; Shaw and
Woolliams 1999; Vandeputte et al. 2004). The pedigree
information further helps us to estimate the dominance
variation by contrasting the parental dominance matrix from
other effects attributed to the full-sib family groups.

The aim of this study was to study the magnitude of
dominance variance, using a purpose-bred population of
tilapia, on growth and morphological traits such as fillet
yield. A further aim was to assess the impact on the genetic
evaluation based on the effect on heritability and ranking of
the selected animals.

Materials and methods
Experimental design

The data are from a trial conducted at Central Luzon State
University (Munoz, Philippines) by GenoMar AS (Oslo,
Norway) on Nile tilapia (Oreochromis niloticus) between
2014 and 2015. The test-groups studied were from the
GST® strain which originated from the well-documented
GIFT strain (Bentsen et al. 2017). Pedigree was thus
available all the way back to the population of crossbreds
defined as the base of the GIFT breeding program, which
was 17 generations before the formation of the test-groups.

The mating design for the study is shown in Fig. la.
Males and females were chosen from four full-sib families
(Gl1, G2, G3 and G4) in generation 20, with no parents in
common. From these, two parent groups were created in
generation 21: group A from a G1 x G2 cross, and group B
from a G3 x G4 cross. The design was intended to have 1
female parent in each of G1 and G3, and 1 male parent in
each of G2 and G4, however, the offspring of G1 were
subsequently found to be from 2 females, although their
offspring could not be distinguished by the genotyping
procedures described later. Within parent groups, 10 males
and 11 females were selected from group A and 10 males
and 13 females from group B. From these, A x B and B x
A crosses were produced with full factorial matings across
parent groups, i.e., all A females were mated with all B
males, and all B females were mated with all A males. From
each of these full-sib families, in Generation 22, offspring
were chosen at random for rearing.
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Rearing procedure

The offspring were all produced by artificial fertilisation,
i.e., stripping, in three batches, which were reared sepa-
rately, following the schedule of Fig. 1b. Eggs stripped
from the genital papilla of ready to spawn females were
fertilised in mixing containers by stripping milt from male
(eggs stripped from one female was divided equally among
males at 80 eggs per pool) in the wet lab and immediately
transferred to incubators. There was no mouth brooding,
which is common in Tilapia. To reduce the common
environmental effect, the families were kept and reared
together once the eggs hatched or the yolks were completely
absorbed, whereas in most conventional schemes, using
physical tags, families need to be kept separate until they
can be tagged at a size of ca 15g, ie., for another
5-7 weeks. The fishes were stocked in fine-mesh nursery
cages at rates of 143, 157, and 149 individuals/m? for bat-
ches 1-3, respectively, with corresponding survival rates of
85, 95, and 86%. All offspring were hormonally treated, so
were either males or sex-reversed males, which is normal
aquacultural procedure. After 21 days, tilapias were trans-
ferred to earthen grow-out ponds with stocking rate of 1.3,
1.4, and 1.5 individuals/m? for batches 1-3, respectively.
The fish was reared under semi-intensive condition, with
green-water management supplemented with commercial
feed as per Genomar standard protocol (Table S1.2 and S1.3
(Supplementary 1)).

Harvesting

A total of 2987 offspring were collected after 6—7 months in
the grow-out ponds, and were held or stored by batches in
net cages prior to filleting, as shown in Fig. 1b. The fishes
were collected smaller than normal commercial fileting size
due to expected typhoon season. At collection, records were
obtained for body weight (BWH), body depth (BD) and
body length (BL) (Figure S1.1 (Supplementary 1)). At fil-
leting, records of body weight (BW), body thickness (BT)
and Fillet weight (FW) were obtained. Fillet yield (FY) was
calculated as the ratio between fillet weight (FW) and body
weight at filleting (BW) and expressed as percentage. Days
of collection and filleting are shown in Fig. 1b. Batches 1
and 2 were filleted by the same three filleters, whereas batch
3 was filleted by only two of them. The data are presented in
Supplementary 5.

Pedigree

Parental assignment was done by inference from 9 micro-
satellite markers, using DNA obtained from fin clips for
parental groups A and B, and all their offspring at Temasek
Life Sciences, Singapore. These microsatellites were
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Fig. 1 a The mating design used
for the study. The numbers on
right hand side represents the
generation number of the GST®

strain. b Dates showing different
phases of lifecycle of Tilapia.

Offspring observed from the
crosses of A and B were divided

into three different batches and
reared separately
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selected from several hundred markers available, e.g.,
Kocher et al. (1998) and Lee et al. (2005), and the 9 markers
chosen were all highly variable and could be run in multi-
plex, i.e., 9 markers in a single PCR run. The parental
assignment was based on the mendelian exclusion, which is
on number of hits (synonymous markers) between parent
groups and offspring. It was, to minimum extent, allowed
for missing genotypes or genotyping error, and the offspring
having highest hit with a certain parent gets assigned to this
parent (Woo-Jai Lee, personal communication).

Parentage could not be assigned for 15.6% individuals,
leaving records from a total of 2524 individuals; 1318 from
A x B and 1206 from B x A. These offspring were from
155 full-sib families with an average of 16.3 offspring per
full-sib family (SD = 12.3, range: 1-59). The main reason
for the low assignment rate is that the marker set do not
have enough exclusion power for the family structure used

in the cross-breeding scheme, which involved only more
closely related breeders. Because of the factorial mating
design, we had a lot of half-sib families, which made it
harder to uniquely assign individuals. Therefore, some fish
would fit equally well into 2 or more families. With no way
of knowing which family was the correct one, these were set
as unassigned. The complete distribution of offspring across
parents and families is given in Table S1.1 (Supplementary
1).

The established pedigree from generations 3 to 22 con-
tained 4051 records (Supplementary 6), and its structure and
depth is shown graphically in Figure S1.2 (Supplementary
1). The mean inbreeding level over generations 9-18 with a
mean value of 0.061 for G1-G4 is shown graphically in
Figure S1.3 (Supplementary 1); being 0.061 in generation
20. The estimate of effective population size calculated
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using the pedigree information from generations 9 to 18 was
95 (See Figure S1.4- Supplementary 1).

Statistical analysis

ASReml-4 (Gilmour and Thompson 2014) was used to fit
mixed linear models, using REML to estimate variance
components and breeding values for the six traits described
above. A model with additive, dominance and maternal
effects (ADM) was the full model used for analysis (see
below) with dominance, maternal or both effects removed
to test for their significance: sub-models AD was fitted
omitting maternal effect, AM was fitted omitting dominance
effect and A was fitted omitting both dominance and
maternal effects. The ADM model was

ADM Model : y=Xb+Za+Z,d+Zsm+e,
where y is the vector of records; b is the vector of fixed
effects, which were type of reciprocal cross (1d.f.) and
other systematic effects such as batch (2d.f.) and day of
collection (7 d.f.) or filleting (as appropriate, 10d.f.); ais a
vector of random additive genetic effects; d is vector of
random dominance effects; m is vector of maternal effects;
e is a vector of random residual errors and X, Z1, Z, and Z,
are corresponding design matrices for fixed and random
effects. For FW and FY, the fixed model also included
filleter (2 d.f.)

Vectors a and d had effects for each individual in the
pedigree; m for each full-sib family and e for each off-
spring. Their distributional assumptions were multivariate
normal, with mean zero and

a Aca2 0 0 0
d 0 Doy 0 0
Var
m
e

)

o 0 o2 O
0 0 0 Io?

where %4, 62[), v and o’ are additive genetic variance,
dominance genetic variance, maternal variance and error
variance, respectively; A is the numerator relationship
matrix derived from pedigree; D is the matrix of coefficients
of fraternity for individuals in the pedigree; and I is an
identity matrix of appropriate size. The phenotypic variance
was calculated as a2p = 0'2A + 02]3 + oZM + 025.

The estimated variance components were expressed
relative to the total phenotypic variance (o%p): additive
heritability (%) = 6°4 / 6°p, dominance ratio (d) = o’p / o*p,
maternal ratio (m?) = 6>y / 6°p. Goodness of fit was tested
using likelihood ratio tests. The critical values for testing
Hy: o* = 0 against an alternative H,: 6> > 0 with type 1 error
of 0.05 was taken from the 90 percentile of;(lz, ie., 2.71.
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The coefficient of fraternity between individuals x and y
(Ay)) was calculated following Lynch and Walsh (1998):
A X Aj 4+ Ay x Ay

Ay = fj for x#y,

where i and j represents the sire and dam of x, k and !/
represents the sire and dam of y, A,, is the numerator
relationship between the individuals as shown in the sub-
scripts and F is the inbreeding coefficient. For x =y, the
coefficients were scaled by (1-F) to incorporate corrections
for inbreeding as per Harris (1964). The scatterplot and
density plots for A and D matrix for all the individuals in
the pedigree and for the phenotyped individuals are shown
in Figure S1.5 (Supplementary 1). To fit the models, the
inverse of D is required and this was calculated using the R
package ‘nadiv’ (Wolak 2012).

Variations on this ADM model were also investigated.
Firstly, the pedigree was reduced to 3 generations, treating
Generation 20 as the base generation so that the estimates of
K, m* and d? correspond more closely to a randomly mated
cohort of the current population rather than the GIFT base.
These were designated as A¥*D*M* models and procedures
were identical to the ADM models other than the definition
of the pedigree base.

Secondly, the analyses were conducted with a simple
diallel model used to decompose the variances, which were
designated SFM models (model with sire, full-sib family
and maternal effects).

SFM model y=Xb+Zss+Zsm+ Z¢f +e
S IVSire 0 0 0
m 0 IVpam 0 0
Var = s
f 0 0 IVeg, O
e 0 0 0 IVg

where, the fixed effects b and design matrix X were as
described for ADM models; s is a vector of random sire
effects; m is a vector of random dam effects; f is the vector
of full sib family effects; Z4, Zs and Zg are the design
matrices corresponding to sire, dam and full-sib family
effects. The variances attributable to the sire and dam, V;,
and Vp,, were constrained to be equal in models S and SF
models (appropriate for additive genetic contributions), with
Vrsip constrained to be 0 in S and unconstrained in SF.
Model SM and SMF had V;, and Vp,,, unconstrained with
VEsib constrained to be 0 in SM and unconstrained in SFM.
The phenotypic variance was estimated as Vp= Vg +
Vpam + Vrsip. Heritabilities, maternal and dominance ratio
were estimated as h> =4Vs;,./ Vp and d* = 4Vig, / Vp and
m = (Vbam — Vsire) / Vp-

Effects on the genetic evaluation was compared among
the different models; by Pearson’s correlation between
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estimates of breeding values, ranking of the 100 best off-
spring (animals with phenotypes) and then counting the
numbers that would have been excluded from the selected
group compared to the simple A model.

Results

Descriptive statistics

Descriptive statistics for the six different traits are shown in
Table 1. The coefficient of variation (CV) among traits

ranged from 10% for body sizes (BD, BL, BT) and FY to
>30% for BWH and FW.

Reciprocal cross effects

Numerical differences between reciprocal cross means were
not statistically significant, although B x A were observed
to have greater sizes and weights and FY; ranging from
0.1% for FY to 0.4% for BWH.

Goodness of fit

The outcomes of the likelihood ratio test for goodness of fit
are presented in Table 2. The traits could be separated into
three distinct groups: BL and FY showed no evidence of
maternal and dominance effects; BT and FW showed evi-
dence of maternal effects only; whereas BWH and BD
showed evidence of significant maternal and dominance
effects. There was direct correspondence in the significance

Table 1 Descriptive statistics for BD (cm), BL (cm), BT (mm), BWH (g), FW (g) and FY (%), where N is the number of observation, SD and SE
are standard deviation and error respectively and CV is the coefficient of variation expressed as %

Traits N Min Max Median Mean (SE) SD CV (%)
BD 2524 5.00 12.00 8.70 8.86 (0.02) 1.00 11

BL 2524 14.10 28.20 22.40 22.37 (0.04) 2.14 10

BT 2513 23.50 59.70 40.40 40.65 (0.09) 4.40 11
BWH 2524 107.80 804.70 385.70 403.83 (2.48) 124.82 31

FW 2524 16.20 342.60 134.50 141.51 (1.02) 51.37 36

FY 2513 12.12 54.67 33.01 32.64 (0.06) 3.19 10
Table 2 Log likelihood values of different models for the six traits

Model BD BL BT BWH FW FY
ADM models

A —81.786 —90.60 —56.94 —28.34 —21.95 —68.37
AD —79.494" —90.34 —56.14 —26.66" —21.46 —68.37
AM —78.220" —89.38 —55.55" —24.15% —15.59* —68.33
ADM —~75.660" —89.05 —54.57 —22.19" —14.80 —68.33
A*D*M* models

A* —81.79 —90.61 —56.94 —28.33 —21.94 —68.36
A*D* ~79.50" —90.36 —56.14 —26.66" —21.45 —68.36
A*M* —78.23" —89.38 —55.55" —24.15" —15.60" —68.32
A¥D*M* —75.65" —89.05 —54.58 —22.18' —14.83 —68.32
SFM models

N —81.787 —90.61 —56.94 —28.34 —21.95 —68.37
SF —79.498" —90.36 —56.14 —26.66" —21.45 —68.37
SM —78.225" —89.38 —55.55* —24.15% —15.59* —68.33
SFM —75.645 —89.05 —54.57" —22.17" —14.83" —68.33

In animal models, superscripts +, — and t are used to denote significance tests (LRT) within the hierarchy of models. Superscript + indicates
significance over model A, and 1 indicates significance over A, AD and AM models. Similarly, in Sire and Dam models, + indicates significance
over model S, 1 indicates significance over S and SF models, and — indicates significance over S, SF and SM models

SPRINGER NATURE
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Fig. 2 Decomposition of phenotypic variance into additive (h°),
dominance (%), maternal (m?) and residual (¢?) components for the six
traits studied. Missing values of m” for some model means that the
values are similar to the values obtained from other models for same

trait. A was fixed to zero in the ADM model for all traits except BL, D
was fixed to zero in both the AD and the ADM models for the trait FY,
and F was fixed to zero or was in borderline in the SFM and SF
models for FY

Table 3 Heritabilities and phenotypic variances for the models of best fit for different traits (SE are in parentheses)

Traits ~ SFM models A*D*M* models ADM models

h & m op h & m h & m
BD 0.07 (0.04) 0.07 (0.04) 0.09 (0.04) 0.51(0.03) 0 (0) 0.27 (0.09) 0.09 (0.04) 0 (0) 0.26 (0.09) 0.09 (0.04)
BWH 0.06 (0.03) 0.06 (0.04) 0.10 (0.04) 6681 (355) 0 (0) 0.23 (0.09) 0.10 (0.04) 0 (0) 0.22 (0.08) 0.09 (0.04)
BT 0.06 (0.03) — 0.03 (0.02) 8.89 (0.31) 0.11 (0.06) — 0.03 (0.02) 0.11 (0.06) — 0.03 (0.02)
FW 0.05 (0.03) — 0.12 (0.05) 1002 (58)  0.10 (0.05) — 0.11 (0.05) 0.10 (0.05) — 0.11 (0.05)
BL 0.15 (0.05) — — 3.00 (0.11) 0.28 (0.08) — — 0.29 (0.08) — —
FY 0.12 (0.04) — — 8.95(0.29) 0.23 (0.07) — — 0.24 (0.07) — —

of these sources of variation (dominance and maternal)
across the classes of model ADM, A*D*M* and SFM. This
is explained in Supplementary 2.

Estimates of heritabilities

Estimates for the variance components and heritabilities for
different traits obtained by the different models are shown

SPRINGER NATURE

graphically in Fig. 2 and in detail in Table S3.1 (Supple-
mentary 3). The summary of the models of best fit for all the
traits are given in Table 3.

The simple models gave the greatest additive genetic
variances, and greatest h? for all traits. The inclusion of
dominance in the models decreased the additive variance in
ADM and A*D*M* models but only marginally in SFM
models. In contrast, including maternal effect decreased the



Dominance and additive effects in tilapia

BWH

Dominance Effect

Full-sib families

Fig. 3 Figure showing the boxplots of the dominance deviations for individuals in different full-sib families obtained from ADM models for BWH

(g). Boxplots are colour coded for the reciprocal crosses

additive genetic variance considerably for some traits. ADM
and A*D*M* models gave similar results for all the traits.

For BWH and BD, the two traits for which the best fit
included dominance, the dominance ratio was found to be
0.06 + 0.04 and 0.07 + 0.04 using the SFM model, but was
much greater, with corresponding greater standard errors,
for ADM and A*D*M?* models; 0.27 +0.09 and 0.23 +
0.08, respectively for the A*D*M* models. The dominance
deviation among and within the different full-sib families
for BWH are presented in Fig. 3, indicating large differ-
ences in expressed dominance effects.

For the four traits where evidence of maternal ratio (m?)
was found (P < 0.05), the fraction was close to 0.1 for FW,
BD and BWH; but was smaller for BT.

As shown in Fig. 2, h? for all traits other than FY depend
heavily on the model fitted. For best fit A*D*M* models,
the estimates of h” were moderate for BL and FY (0.28 and
0.23, respectively) which showed only additive variation;
small for BT and FW (0.11 and 0.1, respectively), where
there was evidence of maternal effects but no dominance,
and O for BD and BWH, which showed both dominance and
maternal variation. In the latter case, estimates of K% from
SFM models were small (0.07 +0.04 and 0.06 +/0.03 for
BD and BWH, respectively) rather than 0.

Change in ranking

The difference in ranking of Estimated Breeding Values
(EBVs) among the 100 best animals, as a result of different
models and the use of different depth of pedigree, is pre-
sented in Table 4, for which the cohort using the simple A
model has been used as a reference group for each trait.
Adding only dominance effect made only minor differences
in the top 100 list, with only 1-6% of the animals changing
across the various traits. In contrast including maternal
effect changed ~50% of the animals in the list for traits
where best fit models indicated maternal variance, with
much smaller impacts for BT and FY, where the maternal
effect was not statistically significant. There was very little

Table 4 The impact of model choice for the top 100 animals after
ranking animals on EBVs for the six traits compared to a model fitting
only additive genetic variance or an A model

Models Comparison based on A model
BD BWH BT FW BL FY

A 0 0 0 0 0 0
AD 6 1 4 1 1 0
ADM — — — — 48 5
AM 52 52 26 53 43 5
A* 0 0 0 0 0 0
A*D* 7 2 4 1 1 0
A*D*M* — — 30 58 48 5
AFM* 52 52 26 53 43 5

The number shown is the number of top animals in A models that are
excluded when fitting an alternative model, therefore the 0 for the A
model is by definition. The dash indicates no additive variation was
detected and so no EBVs were available

difference between ADM and A*D*M#* models, showing
the change of base from generation 3 to 20 had little impact.
SFM models are not shown in Table 4 as these do not
provide estimates of EBV.

Correlation of the EBVs

The correlation of the EBVs for all animals with observa-
tions among the different models are presented in Fig. 4.
The correlations were close to 1 when only dominance term
was added, i.e., changing from A to AD or AM to ADM or
the analogous changes in A*D*M’ models, which is con-
sistent with the outcomes of the ranking shown in Table 4.

However, including the maternal effects was found to be
different for different traits, ranging from 0.76 for FW to
0.94 for BL. For FY, the correlation was 1, as the maternal
effect was close to 0. As with the ranking, there was little
impact from changing the base of generation 3 (ADM
models) to generation 20 (A*D*M* models)

SPRINGER NATURE
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Fig. 4 Correlation values of the EBVs for different models and traits
(The colour has been coded from dark to light blue, signifying low
correlation for darker colours). Please note: A was fixed to zero in the

Discussion

To the best of our knowledge, these are the first published
results on dominance ratios in tilapia, and are potentially
important for commercial production, both for the accuracy
of EBVs for use in selection and for the eventual utilisation
of heterotic effects. These were obtained by separating out
the additive and non-additive genetic effects from the
maternal and common environmental effects. This was
achieved using a factorial mating design, including reci-
procal crosses, and exploiting the large full-sib family sizes
possible in fish species, which is uncommon in livestock,
and seldom used in commercial aquaculture. The scope of
the trial encompassed both the commercially important
morphological and weight-related traits, and the post-
harvest measures of fillet weight and yield, which char-
acterise the primary saleable product.

The GST® strain used for this study is derived from the
GIFT strain that is the common ancestor to most tilapia
populations used for commercial breeding, and the first 10
generations of GST® also correspond to the first 10

SPRINGER NATURE

ADM model for all traits except BL, D was fixed to zero in both the
AD and the ADM models for the trait FY, and F was fixed to zero or
was in borderline in the SFM and SF models for FY

generations of the GIFT strain. The designated base gen-
eration of GIFT, which here is defined as generation 3 of
GST®, was formed from four wild and four Asian strains
crossed systematically over 3 generations to allow mixing
of the strains before selection for growth was commenced
(Eknath et al. 1993). This origin from several diverse strains
would prompt a hypothesis that there may have been sub-
stantial non-additive genetic variation in this base. The
heterosis between different pairs of founding strains was
reported range from <1 to 14% for BWH (Bentsen et al.
1998). For Oreochromis shiranus, a different tilapia spe-
cies, the heterosis between strains in F1 crosses was up to
15% for BWH (Maluwa and Gjerde 2006b). The continued
existence and the magnitude of the initial non-additive
variation in the current GST® strain would be subject to the
changes in the frequencies of alleles underlying this varia-
tion, and the partition between dominance and additive
variation will change over time accordingly (Falconer et al.
1996). Estimation of the base variances using the ADM
linear mixed models does not account for these changes in
allele frequency.
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Source of dominance variation

This variance parameters obtained from the ADM,
A*D*M* and SFM models are all interpretations of the
same three core variance components that are intrinsic to the
factorial design, as shown in Supplementary 2. These core
components are the variances among sires (Vs;.), variances
among dams (Vp,y,), and the variances within full-sib
families (Vggp). The supplementary information (Supple-
mentary 4) shows that projecting Vg, to estimate &*p in the
GST® base generation results in a 4.5-fold scaling of the
value that would be obtained from a standard assumption
that Vpgp is Yaop’. This explains why a small variance
component in SFM models can translate into substantial
estimates of 62D in ADM models. Furthermore, estimates of
64 from Vg are influenced by the design in that the sires
used within parent groups A and B are full sibs. Therefore,
the models produce a range of estimates that might be
considered: empirical SFM estimates assuming A = 4Vsires
= Voan=Vsire)s if >0; and o’p = 4Vigp; A*D*M*
estimates with a base generation in generation 20, which
most closely correspond to random mating in the current
population; and ADM estimates which project back to
generation 3, the GIFT base. Since each emerge as scaling
of the same set of core components, the standard errors and
uncertainties reflect the magnitude of the scaling factors
applied. The near-equal scaling factors from using genera-
tion 3 (ADM) or 20 (A*D*M*) as the base, demonstrate
that the scaling observed for estimates of ¢’ in ADM
models is a consequence of the design rather than the
additional pedigree. There are additional approximations in
the use of the fraternity matrix to assess dominance, as it is
an approximation of the full dominance model (for exam-
ple, Shaw and Woolliams (1999)), and it excludes terms
that increase in importance with the inbreeding coefficient,
F. The relatively low value of F suggests this may not be a
serious problem in ADM models, and for A¥*D*M models
with a generation 20 base, where F = 0.

Estimates of different variance components

It has been assumed that Vgg, can be interpreted as dom-
inance variance, an assumption common to many other
studies. Although our design has separated out the maternal
effect and minimised common environmental -effects
through the management described in the Materials and
Methods, this interpretation cannot be certain. The results
show that maternal variance is still detectable for four of the
six traits (not for BL and FY) despite this management.
These effects might be related to the size and quality of the
eggs or mitochondrial effects. Large eggs have more yolk
reserves and have been shown to be positively correlated to
the growth and development of fry (Rana 1985; Springate

and Bromage 1985). There has been no separate reporting
of maternal ratio in the tilapia studies listed in Table S3.2 of
Supplementary 3, since their design did not allow to sepa-
rate them from common environment or full-sib family
effects (e.g. GIFT has a hierarchical mating design).

The estimated h* for all traits, except for BWH and FW,
are within the ranges of those published for GIFT (Table
S3.1 of Supplementary 3) although for BWH and FW our
estimates are towards the low end of the range. One con-
tributing reason for this is that we have used the complex
models which will have removed maternal and full-sib
variances that may have been miss-attributed in simpler
models. For example, the best-fit estimate of h? for BWH,
which tends to be particularly low in comparison to other
estimates from GIFT or GST®, is 0.40 for the A* model,
which is similar to the other published estimates for GIFT
and GST®. However, the low heritability estimates reported
in the present study, must be evaluated as too low, since the
realised genetic gain found in many tilapia studies, e.g., as
reported by Bentsen et al. (2017). On the other hand, such
high selection response is expected in the initial phase of a
breeding program, since considerable “Bulmer effect” will
cause higher selection response than in later phases of the
selection program (Bulmer 1971). The correct heritability
estimates thus probably will be somewhere between these
boundaries.

There have been no previous estimates of dominance
ratios in tilapia, but very few in other fish species, including
the more intensively studied trout and salmon (Winkelman
and Peterson 1994a, b; Rye and Mao 1998; Pante et al.
2002; Gallardo et al. 2010), with moderate values of the
dominance ratio for BWH. But the comparison is not
straightforward, the mating designs in these studies have
low power to separate the dominance and common envir-
onment effect; the source for the dominance variation being
only from the multi-generational pedigree, with phenotypes
available at each generation. The significance and the
standard errors of the 4> were not reported for Atlantic
salmon (Rye and Mao 1998); and d* was not significantly
different from zero for chinook salmon (Winkelman and
Peterson 1994a, b). Although d* was stated as significant
(0.19 and 0.06 for two populations, but with no s.e.) for
coho salmon (Gallardo et al. 2010), they were unable to
separate dominance from common environment precisely
with their applied mating and rearing design.

Implications for aquaculture production

The maternal component, shown to be present in all but two
of the traits, has practical consequences for the genetic
evaluation. This source of variance is not always fitted,
however, as shown in Table 4, it can have substantial
consequences on the rankings of selection candidates.

SPRINGER NATURE
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Furthermore, ignoring the term will tend to inflate the her-
itability and consequently introduce bias into evaluations;
over-predicting potential gains. It also places importance on
management steps to minimise the size of this component,
although, as yet it may not be feasible to remove the
component completely from all traits, as demonstrated in
this study. The finding that some traits exhibit dominance
variance will likely require further research as its magnitude
remains uncertain and obtaining further information
remains challenging, although genomics may offer new
opportunities because high-density SNP genotypes provide
more individual genomic information, potentially leading to
more accurate estimate of the relationships and dominance
variance (Vitezica et al. 2013; Heidaritabar et al. 2016).
Including dominance, terms when parameters are open to
substantial error may reduce the accuracy of prediction
rather than improve it (Sales and Hill 1976). Furthermore,
adding dominance to models had little impact on ranking
the EBVs in this study and have had only marginal benefit
in other sectors (e.g. Sun et al. 2014). However, the findings
do open consideration of specialised breeding options. The
maternal variance may be heritable, and instead of mini-
mising it there may be opportunities for breeding specia-
lised maternal and sire lines to breed crossbred fish using
reciprocal recurrent selection, which could become more
attractive if further research confirms the existence of sub-
stantial dominance variance in commercially important
traits. This may also involve the utilisation of the relatively
large differences in expressed dominance effects among and
within families, as shown in Fig. 3.

Data Archiving

The phenotypic data and the pedigree are available as
Supplementary 5 and 6 respectively.
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Design of the study

Table S1.1: Observations in each factorial mating. 18 different sires and dams are mated in
factorial manner

AxB S1 S2 S3 S4 S5 S6 S7 S8 S9 Total
D1 5 - 3 5 1 4 2 - - 20
D2 9 - 6 3 2 2 6 4 - 32
D3 30 6 46 24 13 36 14 17 14 200
D4 5 8 8 9 2 4 - 4 6 46
D5 5 7 4 3 1 3 - 6 3 32
D6 26 20 39 13 8 10 16 17 12 161
D7 26 12 44 13 13 30 13 17 22 190
D8 34 25 59 19 22 47 15 34 15 270
D9 15 10 17 8 8 10 12 7 8 95
D10 35 27 54 16 21 52 45 4 18 272
Total 190 115 280 113 91 198 123 110 98 1318

Bx A S10 S11 S12 S13 S14 S15 S16 S17 S18 | Total
D11 30 29 13 32 29 35 19 16 22 225
D12 20 18 7 9 16 27 3 15 13 128
D13 18 25 19 16 26 16 14 22 17 173
D14 11 6 6 8 9 8 3 6 4 61
D15 33 36 23 32 37 38 19 28 26 272
D16 9 8 11 7 11 17 7 12 15 97
D17 3 13 6 2 3 6 1 4 3 41
D18 16 36 14 30 27 30 10 29 17 209
Total 140 171 99 136 158 177 76 132 117 | 1206




Table S1.2: Minimum and maximum temperature during tilapia production phase

Month Temperature (°C)
Min Max
Nov. 2014 28 31
Dec. 2014 (1-15) 27 30
Dec. 2014 (16-31)" 25 29
Jan. 2015 25 28
Feb. 2015 25 28
Mar. 2015 27 30
Apr. 2015 27 31
Aug. 2015 28 31
Sep. 2015 30 32

*Numbers inside the parenthesis indicate days.

Table S1.3: Types of commercial feed fed during different tilapia production stages
Size of fish Type

Al/fry Boosterl

Nursery Booster] & 2

1-10 g Booster3

11-20 g Pre-starter

20-80 g Starter

81 g & above Grower

Breeders Broodstock/Grower




Body Length (BL)

Figure S1.1: Morphometric measurements of GST®. The fish is drawn from
www.drawingtutorials101.com



Figure S1.2: Pedigree structure of the 22 generations of GST strain generated by Pedantics
package (Morrissey and Wilson, 2010)" in R arranged according to the depth of information
available. Red, blue and grey lines represent maternal, paternal and uninformative links. The
base generation is the Generation 3 of GIFT.

1 Morrissey MB, Wilson AJ (2010). pedantics: an r package for pedigree-based genetic simulation and pedigree
manipulation, characterization and viewing. Mol Ecol Resour 10: 711-719.
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Figure S1.3: Inbreeding coefficients at different generations of pedigree for GST Tilapia. The
curve was plotted using loess option in ggplot2 package (Wilkinson, 2011)? in R. The shaded area
along the blue line represents + one s.e.
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Figure S1.4: Figure showing simple regression coefficient of loge(1-F) over the generation 9 to 18;
where F is the inbreeding coefficient. The slope -0.0053 represents -AF. Ne of the GST strain was
calculated as 1/(2AF) = 95. The shady area along the blue line shows the standard error of the fitted
regression line.

2 Wilkinson L (2011). ggplot2: Elegant Graphics for Data Analysis by WICKHAM, H. Biometrics 67: 678-679.
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Figure S1.5: Coefficients of fraternity (Axy) and numerator relationships (Axy) between animals
having phenotypic observations calculated either using the full pedigree (a and b) or only the last
3 generations (c and d) corresponding to a base generation defined by G1 to G4. Plots a and ¢
shows the relative frequency and b and d shows the correspondence between Axy and Ayy.
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Correspondence between SFM, ADM and A"D*M" models.
SFM MODELS

SFM models estimate the 3 core components in the factorial design directly, and these are

Vsire, VDam, and Vsip. Let C denote cov( y;, y;) for individuals 7 and ;.

i, j no common parent (U), Cu =0 (1)
i, j paternal half-sibs (PHS), Crus = Vsire (2)
i, j maternal half-sibs (MHS), Cmus = Vpam (3)
i, j full-sibs (FS), Crs = Vsire + VDam * VEsib 4)

Standard interpretation of these models (Falconer ez al., 1996) would imply 6°y = Cwmus — Ceus,
6%a = 4Cphs = 4Vsire, and 6°p = 4(Crs — Cpus - Cymns) = 4Vrsip. If components Cvus < Cpus or
Crs < CpustCwns further analyses may drop components and pool information, however for

the current purpose these initial estimates will be used.
ADM MODELS

The covariance among different type of relationships among the phenotyped individuals
relative to a base generation are described by the numerator relationships and coefficients of
fraternity relative. Given the (intended) single parents selected from generation 20 these

coefficients show no variation (Figure S1.2 in Supplementary 1).

For ADM models with generation 3 base and 7, j in generation 22.

Cu  =0.357 6% +0.0928 ¢’p 3)
Cpus = 0.475 6°A +0.1610 6’p (6)
Cwmus =0.475 6?4 +0.1610 6”p + 6*m 7
Crs  =0.592 6?4 +0.2851 6°p + 6°m ®)

Here if i, j are unrelated the covariance is the accumulated genotypic drift from the base
generation and is accounted for by the mean fitted to the data in the models and equation 1 can

be subtracted from the (2), (3) and (4).
Crus =0.118 6% + 0.069 6%p )

Cmus = 0.118 6% +0.069 6°p + 6*m (10)



Crs  =0.23506%+0.193 6%p + c*m (11)
Now solving equating (9), (10) and (11) and equating them to (2) to (4).

e [Estimate of 6>y remains unchanged as Cmus — Cpus so moving from SFM to ADM
makes no change.

e Estimate of 6°p is now (Crs—Cprs—Cnmns)/0.055 = 18.18(Crs—Crrs—Cwmns) =18.18 Vsib
a simple scaling of the result from the SFM model, but 4.56 times that expected from
standard assumptions.

e Estimate of 6% is now 19.11Cpus-10.63(Crs-Cmus) = 8.48Vsire -10.63Vsib. Therefore
the estimate of 6?4 is unaffected by the estimate of 6*u but reduces as the additional
variance common to full-sibs increases. As a consequence a positive variance between
half-sib families can yield 0 for 6?4 if Vesib > 0.80Vsire. If Vigib = 0, then 624 is 2.1 -
fold greater than predicted from the standard assumptions, primarily due to the sires
within parent groups A and B being full-sibs, and the removal of the reciprocal cross

effect as a fixed effect.

A consequence of 6>y and 6°p being estimated from the same quantity as the SMF models is
that the statistical significance will be identical, and the s.e.s will have the same scaling factor

as the quantity itself.
A*D*M* MODELS

For A*D*M* models with generation 20 base and i, j in generation 22.

Cu  =0.250 6%A +0.0625 6’p (12)
Ceus = 0.375 6?4 +0.1250 6%p (13)
Cvus = 0.375 6% + 0.1250 6%p + 6°m (14)
Crs  =0.500 6?4 + 0.2500 6°p + 6°um (15)

Here if i, j are unrelated the covariance is the accumulated genotypic drift from the base
generation and is accounted for by the mean fitted to the data in the models and equation 1 can

be subtracted from the (2), (3) and (4).
Crus  =0.125 6% + 0.0625 6%p (16)

Cvus = 0.125 624 + 0.0625 6%p + 6°m (17)



Crs  =0.250 6% +0.1875 6%p + 6*m (18)
Now solving equating (16), (17) and (18) and equating them to (2) to (4).

e Estimate of 6?v remains unchanged as Cumus — Cpns so moving from SFM to A*D*M*
makes no change.

e Estimate of 6%p is now (Crs—Cprs—Cmus)/0.0675 = 16(Crs—Cpus—Cwmns) =16Vsib a
simple scaling of the result from the SFM model, but 4 times that expected from
standard assumptions.

e Estimate of 6% is now 16Cpus-8(Crs-Cmns) = 8(Vsire - Vi), which is similar to the

result for ADM models in structure. If Vsip = 0, 6°A = 8 Vsire.

Consequently the outcomes of A*D*M* will be similar to those of ADM models but with

slightly different scaling factors.



EVIDENCE FROM EVALUATIONS

The EBVs from the full ADM and the full A*D*M* models were plotted for (i) the sires and
(i1) all offspring and are shown in Fig. S4.1. It can be seen the EBVs from one model is a linear

transformation of the other.

Parents + Offspring Parents

: 0
(a) (b)

Parents + Offspring

2 0 2
(©
Figure S4.1: Scatterplot for the EBVs obtained from different models. Figure (a) and (b) are
the comparison between A model and the model without pedigree information and figure (c) is

the comparison between A and A* models.
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Literature reviews for heritabilities and common maternal and environmental effects in

tilapia.

Literature review was done for additive heritability and common maternal and environmental

effect for Nile tilapia (GIFT and GST® strains). Most of the literature were found for GIFT strain

and wide ranges of values were seen which might be due to different generations of study

population or due to the different models used to calculate the values. Nguyen et al. (2010) have

reported the common maternal and environmental effect lower than ours for some traits (BD,

BWH and FW) in the GIFT strain. Despite the confounding of the maternal and common

environmental effects in their model, we are not sure why our values are greater than their

values.

Table S3.1: Literature reviews for heritabilities (SE are inside the parenthesis)

Traits Heritability Reference Statement
BD 0.14 (0.037) (Nguyen et al., 2007) Female
0.17 (0.046) (Nguyen et al., 2007) Male
0.20 (0.039) (Nguyen et al., 2007) All
0.28 (0.17-041)  (Reis Neto et al., 2014)
0.32 (0.10) (Nguyen et al., 2010)
BL 0.19 (0.12) (Rutten et al., 2005)
0.29 (0.05) (Nguyen et al., 2007) Female
0.3 (0.19-0.42) (Reis Neto et al., 2014)
0.30 (0.05) (Nguyen et al., 2007) All
0.30 (0.05) (Nguyen et al., 2007) Male
0.31 (0.10) (Nguyen et al., 2010)
BT 0.20 (0.08) (Nguyen et al., 2010)
0.25 (0.13) (Rutten et al., 2005)
0.26 (0.047) (Nguyen et al., 2007) Female
0.26 (0.052) (Nguyen et al., 2007) Male
0.29 (0.043) (Nguyen et al., 2007) All
0.29 (0.19-041)  (Reis Neto et al., 2014)
BWH 0.06t00.48 (Bentsen et al., 2012) Standard fertilized ponds without feed supplement
0.17t0 0.44 (Bentsen et al., 2012) Standard fertilized pond with feed supplement
0.26 (0.12) (Rutten et al., 2005)
0.31 (0.05) (Khaw et al., 2016) log(BWH)
0.31 (0.11) (Nguyen et al., 2010)
0.33 (0.05) (Nguyen et al., 2007) Male
0.34 (0.07) (Ponzoni et al., 2005)
0.35 (0.05) (Nguyen et al., 2007) All
0.36 (0.05) (Nguyen et al., 2007) Female
0.42 (0.17) (Bentsen et al., 2012) Cage culture with feed supplement




0.68 (0.16) (Bentsen et al., 2012) Cage culture with commercial pellet feed
0.31 (0.12)
0.33 (0.02) (Yalew, 2007) GST using simple model
FW 0.24 (0.11) (Rutten et al., 2005)
0.33 (0.10) (Nguyen et al., 2010)
FY 0.12 (0.06) (Rutten et al., 2005)
0.25 (0.07) (Nguyen et al., 2010)
0.07 (0.03) (Yalew, 2007) GST using simple model

Table S$3.2: Literature reviews for common maternal and environmental effects

Traits Common Maternal and environmental effect Reference Statement
BD 0.04 (0.04) (Nguyen et al., 2010)
0.15 (0.02) (Khaw et al., 2012) Cage
0.19 (0.019) (Nguyen et al., 2007) Female
0.20 (0.028) (Khaw et al., 2012) Pond
0.24 (0.021) (Nguyen et al., 2007)  All
0.26 (0.03) (Nguyen et al., 2007) Male
BL 0.05 (0.04) (Nguyen et al., 2010)
0.16 (0.02) (Nguyen et al., 2007) All
0.16 (0.02) (Nguyen et al., 2007) Female
0.16 (0.02) (Nguyen et al., 2007) Male
0.18 (0.03) (Khaw et al., 2012) Cage
0.21 (0.03) (Khaw et al., 2012) Pond
BT 0.05 (0.04) (Nguyen et al., 2010)
0.14 (0.02) (Khaw et al., 2012) Cage
0.15 (0.02) (Nguyen et al., 2007) Female
0.16 (0.02 (Nguyen et al., 2007)  All
0.17 (0.03) (Khaw et al., 2012) Pond
0.18 (0.02) (Nguyen et al., 2007) Male
BWH 0.08 (0.05) (Nguyen et al., 2010)
0.11 (0.02) (Santos et al., 2011) By Bayesian method
0.12 (0.02) (Khaw et al., 2016)
0.15 (0.03) (Ponzoni et al., 2005)
0.18 (0.02) (Nguyen et al., 2007) All
0.18 (0.02) (Nguyen et al., 2007) Female
0.18 (0.03) (Khaw et al., 2012) Cage
0.20 (0.02) (Nguyen et al., 2007) Male
0.26 (0.03) (Khaw et al., 2012) Pond
FW 0.05 (0.04) (Nguyen et al., 2010)
FY 0.00 (0.00) (Nguyen et al., 2010)
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Development and Validation of 58K
SNP-Array and High-Density Linkage
Map in Nile Tilapia (O. niloticus)

Rajesh Joshi'*t, Mariann Arnyasi't, Sigbjorn Lien, Hans Magnus Gjoen?,
Alejandro Tola Alvarez? and Matthew Kent’

" Department of Animal and Aquacultural Sciences, Faculty of Biosciences, Norwegian University of Life Sciences, A°s,
Norway, ? Genomar Genetics AS, Trondheim, Norway

Despite being the second most important aquaculture species in the world accounting
for 7.4% of global production in 2015, tilapia aquaculture has lacked genomic tools
like SNP-arrays and high-density linkage maps to improve selection accuracy and
accelerate genetic progress. In this paper, we describe the development of a genotyping
array containing more than 58,000 SNPs for Nile tilapia (Oreochromis niloticus). SNPs
were identified from whole genome resequencing of 32 individuals from the commercial
population of the Genomar strain, and were selected for the SNP-array based on
polymorphic information content and physical distribution across the genome using the
Orenil1.1 genome assembly as reference sequence. SNP-performance was evaluated
by genotyping 4991 individuals, including 689 offspring belonging to 41 full-sib families,
which revealed high-quality genotype data for 43,588 SNPs. A preliminary genetic
linkage map was constructed using Lepmap2 which in turn was integrated with
information from the O_niloticus_UMD1 genome assembly to produce an integrated
physical and genetic linkage map comprising 40,186 SNPs distributed across 22 linkage
groups (LGs). Around one-third of the LGs showed a different recombination rate
between sexes, with the female being greater than the male map by a factor of 1.2
(1632.9 to 1359.6 cM, respectively), with most LGs displaying a sigmoid recombination
profile. Finally, the sex-determining locus was mapped to position 40.53 cM on LG23, in
the vicinity of the anti-Mdllerian hormone (amh) gene. These new resources has the
potential to greatly influence and improve the genetic gain when applying genomic
selection and surpass the difficulties of efficient selection for invasively measured traits
in Nile tilapia.

Keywords: Nile tilapia, linkage map, SNP array, genomics, sex determination, amh, anti-Miillerian hormone

INTRODUCTION

Nile tilapia (Oreochromis niloticus) is an important fresh-water aquaculture species farmed in more
than 100 countries including many developing countries in which the species is an essential source
of dietary protein (ADB, 2005). Thanks to its fast growth, short generational interval (5 months),
relatively small size, adaptability to different environments, and easy to handle, it is also used as a
model species for research in fish endocrinology (Seale et al., 2002), physiology (Wright and Land,
1998; Vilela et al., 2003), and evolutionary and developmental biology (Fujimura and Okada, 2007).
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Nile tilapia production is supported by more than 20 breeding
programs based mainly in South East Asia and some in Africa
and America (Neira, 2010). Most of the commercial and farmed
Nile tilapia strains are derived from the genetically improved
farmed tilapia (GIFT) base strain established in the early 1990s
(Eknath etal., 1993). Among these, the Genomar Supreme Tilapia
(GST®) strain which has undergone more than 25 generations of
selection.

So far Nile tilapia breeding programs have relied on traditional
breeding approaches based on easily measurable phenotypes such
as weight and length, and have just recently started to implement
modern genome-based strategies, such as marker-assisted and
genomic selection (personal communication). Compared to
livestock species, aquaculture has been slower to adopt genome-
based selection tools largely due to a lack of genomic resources
such as reference genomes, SNP arrays, and linkage maps.
But in species like rainbow trout, salmon, and common carp
where genomic selection is being practiced, priority of utilizing
genomic information is on selection for disease and parasitic
resistance. For example, resistance against Bacterial Coldwater
Disease (BCWD) (Vallejo et al, 2015a,b, 2017b), infectious
pancreatic necrosis (IPN) (Yoshida et al., 2018) and Piscirickettsia
salmonis (Yoshida et al., 2017a) in rainbow trout; Piscirickettsia
salmonis (Bangera et al., 2017) and resistance against sea lice
(@degard et al., 2014; Tsai et al., 2016; Correa et al., 2017a) in
Atlantic salmon; Piscirickettsia salmonis in coho salmon (Barria
et al., 2018); and juvenile growth rate in common carp (Tsai
et al,, 2015b; Palaiokostas et al., 2018). Similarly, lots of GWAS
studies have been conducted in these species, primarily for
disease resistance (Correa et al., 2015; Liu et al., 2015; Palti
et al,, 2015; Vallejo et al., 2017a; Barria et al., 2018), resistance
against sea lice (Davidson and Yinez, 2016; Correa et al,
2017b), sexual maturity (Ayllon et al., 2015; Gutierrez et al.,
2015) and some carcass quality traits (Sodeland et al., 2013;
Tsai et al., 2015a; Gonzalez-Pena et al, 2016; Yoshida et al,
2017b).

The first genome assembly for O. niloticus (released in
2011; Orenill.0, and updated to Orenill.l at the end of
2012 (NCBI, 2018)) was based on short-read sequencing.
A newer assembly (O_niloticus_UMDI) was generated using
a combination of novel long-reads (generated using Pacific
Biosciences Technology) and publicly available Illumina short
reads (Conte et al., 2017). Four linkage maps of varying resolution
were constructed using markers found with Restriction-site
Associated DNA (RAD) sequencing (Palaiokostas et al., 2013),
microsatellites and/or AFLP markers (Kocher et al., 1998; Lee
et al, 2005 Guyon et al, 2012). The RAD based strategies
usually generate a SNP resource of medium density and are
highly efficient in species where a reference genome is not
available (Robledo et al., 2017). In comparison, a SNP-array
offers the advantages of increased genotype accuracy of much
higher numbers of markers as well as control over the physical
distribution of these across the genome (Robledo et al., 2017).
In this paper, we report the development of a 58K SNP-array
(Onil50) and construction of a high density linkage map in
the commercial strain of Nile tilapia, Genomar Supreme Tilapia
(GST®), which is the continuation of the widespread GIFT-strain.

MATERIALS AND METHODS

SNP-Array (Onil50) Development

Origin of Sequenced Fish

The GST® strain of Nile tilapia used in this study originates from
the original GIFT population (Eknath et al., 1993). This strain
was selected for growth from generation 1 to 14, growth and filet
yield from generation 15 to 19, and growth, yield, and robustness
from generation 20. Thirty-two individuals (13 males and 19
females) from this population were selected for whole genome
sequencing. Twenty of them are from generation 23, selected
at random from the breeding nucleus and the rest 12 are from
a commercial line formed from generation 20 and selected for
growth (Supplementary Figure 6). The graphical summary of the
methodology is given in Figure 1.

Whole Genome Sequencing and SNP-Detection
Genomic DNA from these 32 individuals was extracted from
fin-clips (preserved in Ethanol) using Qiagen DNeasy columns
(Qiagen, Germany). DNA quality was assessed by agarose
gel electrophoresis and quantified using a Qubit fluorometer
(Thermo Fisher Scientific, United States). After normalization,
sequencing libraries were prepared and barcoded using TruSeq
sample preparation kit and sequenced (2 x 125) across 10
lanes on an Illumina HiSeq 2500 (Illumina, United States)
by a commercial provider. At the time this work was carried
out, Orenill.1 Tilapia represented the highest quality reference
genome available (NCBI Assembly Oreochromis niloticus:
GCF_000188235.2_Orenill.l1_genomic), and reads were aligned
to it using BWA-MEM algorithm in BWA 0.7.12 (Li, 2013)
with default parameters. Putative SNPs were identified using
FreeBayes v0.9.20 (Garrison and Marth, 2012) with parameters
genotype-qualities and experimental-gls. Using vcffilter, SNPs
with a QUAL score value (phred) of <20 were removed.

SNP-Filtering

The initial set of putative SNPs was divided into three groups
including SNPs located on scaffolds assigned to linkage groups
(LGs) of the assembly, SNPs on unassigned scaffolds, and
SNPs detected within the mitochondrial genome. SAMtools
v1.2/bcftools (Li et al., 2009) was then used to filter out variants
according to the following criteria: a SNP was removed if; (i)
located within 5 bp to an indel, (ii) had more than one alternative
allele, (iii) the sequencing depth exceeded 700 reads, (iv) its alleles
were A and T, or C and G (these require twice as many ‘probes’
on Affymetrix SNP arrays as other SNP allele combinations),
(v) if sample genotype quality (GQ) was <30, (vi) minor allele
frequency (MAF) <0.05, (vii) all samples were heterozygous for
the given SNP, (viii) the variant was detected in fewer than 28
of the samples sequenced. Finally, Hardy-Weinberg Equilibrium
(HWE) exact test was calculated using PLINK2 (Chang et al.,
2015) and SNPs that showed departure from HWE (P < 0.05)
were removed.

SNP-Selection
After filtering, 2.76 million putative high-quality SNPs remained.
Based on their relationship to genes and physical distribution,
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a subset of these was identified for inclusion on the array.
SNPEft v 4v1l (Cingolani et al., 2012) was used to identify SNPs
with high and moderate effects (including for example non-
synonymous variants). The SNPs with high effects are assumed
to have disruptive impact in the protein codification, probably
causing protein truncation, loss of function or triggering non-
sense mediated decay, e.g., stop gained, frameshift variant, etc.;
whereas the SNPs with moderate effects are assumed to be non-
disruptive, but they might change protein effectiveness, e.g.,
missense variant, inframe deletion, etc. From the list of almost
38,000 variants with high and moderate effects, approximately
10,000 were chosen avoiding SNPs within 10 kb of another.
A python script was used to fill in gaps and produce a relatively
even distribution of SNPs selected at ~12 kb intervals across
the 22 LGs, and ~33 kb across unmapped scaffolds >50 kb in
length. The script was designed to fill a distribution gap with a
variant falling within a small size selection window with highest
MAF being the main criteria. SNPs from the mitochondrial
genome were selected manually. The selected subset of SNPs
(n = 56,050) were submitted to in silico validation for Affymetrix
Bioinformatic Service. The Affymetrix in silico probe set design
and evaluation pipeline predicts the performance of SNPs
and calculates a conversion probability value (p-convert value:
representing the probability of a given SNP converting to a
reliable SNP assay on the Axiom array system) using various
criteria including: binding energy, GC content, and the expected
degree of non-specific hybridization to multiple genomic regions.
Based on the p-convert values, they classify the SNPs into
different categories: recommended, neutral, not-recommended,
etc. 46,877 SNPs under the categories recommended and/or
neutral from probe scoring recommendations were retained and
24,349 extra SNPs were chosen from the regions were the SNPs
were discarded. A total of 71,226 SNPs (46,877 + 24,349) were
sent back to Affymetrix for in silico SNP validation. Finally, the
best 58,466 SNPs were chosen to tile on the array based on
their probe scoring recommendation (at least one of the strand
were recommended, or got neutral category). Upon its release,
SNP positions were redefined based on the O_niloticus_UMD1
assembly (Conte et al.,, 2017) using NCBI's Genome Remapping
Service.

Construction of Genetic Map

Genotyping

Genomic DNA was isolated from ethanol-preserved fin clips
collected from 1882 Nile tilapia samples using Qiagen 96
DNeasy Blood & Tissue Kits according to manufacturer’s
instructions (Qiagen, Germany) for map construction. These
samples were from different generations of GST® strain
within the same breeding population. After quantification and
quality checking of DNA, samples were genotyped on the
Onil50 array at Center for Integrative Genetics (CIGENE) in
Norway.

The unfiltered dataset contained 58,466 SNPs, which were
analyzed using the Best Practices Workflow with default settings
(sample Dish QC > 0.82, QC call rate >97; SNP call-rate cutoff
>97) in the Axiom Analysis Suite software. Ten samples were
excluded from analyzed dataset because of the low call rate. Then,

the SNPs classified as PolyHighResolution or NoMinorHom
[most informative categories from Best Practices Workflow in
Axiom Analysis Suite software (Thermo Fisher Scientific Inc,
2018)] were selected, leaving us with 43,014 SNPs.

Family Structure
The 1872 genotyped individuals could be divided into two groups
based on the generations of the breeding population. Group
1 (n = 1124) comprised individuals collected following the
branching of the 20th generation, and were factorially crossed
against each other after two generations. The experimental design
for Group 1 is described in Joshi et al. (2018) and was primarily
intended to partition the non-additive genetic effects in this
population. Fish from Group 2 (n = 748) were obtained from the
24th and 25th generations of GST® (Supplementary Figure 6).
Parentage assignment was done using an exclusion method
which eliminates animals from a list of potential parents when
there are opposing homozygotes between parents and offspring
(Hayes, 2011). We used all the 43,014 SNPs and permitted
a maximum of 100 conflicts between parents and offspring,
representing approximately 0.24% of all genotypes. A total of
689 offspring was divided among 41 full-sib families containing
>8 offspring (mean offspring per family, p = 16.81). Group
1 (468 offspring with 19 parents) had 34 full-sib families
(p = 13.77 & 5.5) and Group 2 (221 offspring with 14 parents)
had 7 full-sib families (v = 31.57 &= 7.23). The structure of Groups
1 and 2 is shown in Supplementary Tables 1, 2.

Linkage Map Construction

The SNPs displaying a MAF <0.05 (2,466 SNPs) were further
filtered for linkage map construction. All the retained SNPs
(n = 40,548) had SNP call rate >0.97, so this criteria was not
used for filtration. Phenotypic sex was known for a subset of
families (221 offspring + 33 parents) and was coded as 12
for males and 11 for females and included in the genotype
file (n = 40,549) before running Lepmap2 (Rastas et al., 2013)
for linkage map construction. Lepmap2 uses information from
full-sibs and their parents to assign SNP markers to LGs, and
applies standard hidden Markov model (HMM) to compute the
likelihood of the marker order within each LGs. First, the SNPs
were used to construct the preliminary linkage map (Build 1),
which was used to anchor, order, and orient the scaffolds in
the O_niloticus_UMD1 assembly and upgrading this assembly
to O_niloticus UMD_NMBU (Conte et al., 2018). Eventually,
the final physical integrated genetic linkage map (Build 2) was
constructed from the order of the markers based on the physical
position of the SNPs in O_niloticus_ UMD_NMBU assembly.

Build 1: To Anchor SNPs to Different LGs

SeparateChromosomes (a module in Lepmap2) was run testing
lodLimits from 1 to 50 and a sizeLimit = 100; a lodLimit of
10 resulted in 22 LGs, also with the lowest number of markers
not assigned to any LG. JoinSingles was run to assign single
markers to LG groups and tested with lodLimits from 1 to 15
and lodDifference = 2; a lodLimit of 4 was selected as this
joined the highest number of single markers. OrderMarkers
was used to order the markers within each LG. Each LG
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was ordered separately and replicated 5 times with commands:
numThreads = 10, polishWindow = 30, filterWindow = 10,
useKosambi = 1, minError = 0.15, and the order with highest
likelihood was selected as the best order. For sex averaged map
OrderMarkers was run similarly by adding sexAverage = 1.

Build 2: Integrated Linkage Map Based on the Order
of the SNPs in the New Assembly

Sequence containing each SNP was used to find the physical
position of the SNPs in the O_niloticus_UMD_NMBU assembly.
Physical position information was used to adjust the order of the
SNPs within respective LGs and Lepmap2 was rerun to produce
the final linkage map.

Array and SNP-Performance
To get a more comprehensive overview about the array and
SNP performance, 3119 additional Nile tilapia samples were
genotyped using Onil50 array. The raw dataset of the 1872
samples which were used for linkage mapping was combined
with the dataset of the 3119 samples and were analyzed together
using the Best Practices Workflow with default parameters in
Axiom Analysis Suite software (Thermo Fisher Scientific Inc,
2018). Four quality parameters were assessed on those samples
filtered through Dish QC (DQC > 0.82), QC call rate (QC
CR > 97) and plate QC (Percent of passing samples >50 and
average call rate for passing samples >50) criteria: MAF, SNP
call rates, Hardy Weinberg (HW) p-values, and clustering. SNPs
could be divided into six different types on the basis of formation
of clusters (i) “PolyHighResolution” - formation of three clusters
with good resolution; (ii) “NoMinorHom” - formation of two
clusters with no samples of one homozygous genotype; (iii)
“MonoHighResolution” - a single cluster of a homozygous
genotype; (iv) “OTV,” off-target variants — three good clusters,
with a single additional off-target cluster caused by variants in
the SNP flanking region; (v) “CallRateBelowThreshold” - the
SNP call rate was below the threshold (0.970), but other cluster
properties were above the threshold; and (vi) “Other” - the SNPs
were not grouped into any of the previous categories.
SnpEffv4.3i (Cingolani et al, 2012) was used to predict
functional effects of the 58,340 SNPs which were remapped to
O_niloticus_UMD1 assembly.

RESULTS

SNP Selection and Array Development

The sequencing of 32 Nile tilapia generated 4.22 x 10° reads
representing an average of 17.7x coverage per individual
(stdv = 4.2, min = 9.4, and max = 27.7). After alignment, on
average 98% of reads were mapped to the Orenill.1 assembly
yielding 12.78 million variants of which 10.5 million were
putative SNPs. Rest 2.2 million were insertions, deletions, multi-
nucleotide polymorphisms, etc. After performing multiple steps
of filtering described in the section “Materials and Methods,” a
subset of 2.76 million SNPs was retained and a final set of 58,466
SNPs were selected for assay design and printed on the Onil50
array.

Around 99.8% of the SNPs from the array were successfully
re-mapped to the new O_niloticus_UMD1 assembly (Table 1).
Remapping revealed an increase in the number of SNPs mapping
to LGs and a corresponding decrease in the number of SNPs on
unmapped scaffolds. The average variant density per LG on the
Orenill.1 assembly is 12.5 £ 0.35 kb (12.1-13.7 kb). However,
since the O_niloticus_UMD1 assembly includes an additional
87 Mb assigned to LGs the average variant density increased to
15.5 4 4.06 kb (13.3-32.3 kb) (Table 1). Additional information
about inter-SNP distance and standard deviation can be found
in Supplementary Table 4. Physical size of LGO03 increased by
2.4 times in the new assembly, thereby increasing the number of
SNPs assigned to this LG by 2.3 times.

Performance and Validation of the SNPs

in the Array

A total of 4947 samples out of 4991 passed the Dish QC threshold.
A total of 4858 samples (97.3%) were left after being subjected
to sample call rate. Based on the cluster profile, over 74% of
the 58,466 SNPs were classified as PolyHighResolution. More
detailed information about the sample and SNP statistics are
shown in Figure 2.

Prediction of functional effects of the 58,340 remapped SNPs
from the Onil50 array resulted, in most cases, in multiple
annotations per variant. The effects with the highest putative
impact are included for summary in Table 2. The majority of the
SNPs are intronic (36.92%) or intergenic (20.80%) variants, while
about 15% of are non-synonymous mutations. Since the SNP
selection process specifically targeted variants with a potential
functional effect, these variants are expected to have direct effect
on traits of interest.

Linkage Map

A total of 40,549 SNPs were retained following quality filtering,
and 99.78% of these (n = 40,467) were ordered within
the 22 LGs corresponding to the karyotype of Nile tilapia
(Supplementary Figure 1). Since, Build 1 linkage map is an
intermediate step for the extension of the O_niloticus_UMDI to
the O_niloticus_UMD_NMBU genome assembly (Conte et al.,
2018), which is not the aim of this paper, we give only a brief
summary of the results. The genetic and physical maps were
generally in good agreement with a correlation of >0.96 between
the reference genome position and the genetic map position of
the SNPs (Supplementary Figure 1). This high correlation with
the physical map demonstrates that the genetic map is of high
quality and is highly accurate.

A total of 40,186 SNPs mapped to 22 LGs in Build 2 linkage
map. The consensus (sex-averaged) map adds up to 1469.69 cM,
with individual LG lengths ranging from 56.04 cM (LG19) to
96.68 cM (LGO07) (Table 3). The average genetic distance across
the LGs was 66.8 cM. The number of markers per LG varied
from 1349 to 3391, with an average of 1827 markers per LG
(Table 3). As a consequence of the SNP selection, which sought
to position a SNP every 12 kb, the number of markers was
mostly proportional to the size of the LG (Figure 3). A notable
exception is LG03 where the inclusion of previously unassigned

Frontiers in Genetics | www.frontiersin.org

October 2018 | Volume 9 | Article 472



#6

October 15,2018 Time: 12:39

fgene-09-00472

SNP-Array and Linkage Map: Tilapia

Joshi et al.

141 dewsl 0} pajie} SANS
ovess [B10} Ul SdNS peddewiay 99785 Aeire 8y} U0 SANS 4O Jequinu [e1oL
ok 1299+ aUoueb [BPUOYOOHA 2991 (o] 1299k 8WOoUBb [BLPUOYOOHN
I1Ske (¥82 = u) sployeos paddewiun 44454 6865 SLI0LO9YE (28 = u) pioyeos peddewun
LSYS1 91299 £9¢165898 [eloL PARSIAS 1182S ¢/609€.59 [eloL
61861 gece 9612607y £€¢O71 £96¢+ €091 £666..0C €co1
0629+ c¢lae 71911028 [4492 6,92} £80¢ SOY0 792 ccol
£56E §e92 §€029.9¢ 0291 €92t L6ve 9890.7 1€ 0291
6.5€1 L0ge ceeshele 61971 Llech g€acce cSe6stle 61971
L7091 20€¢ ¢cll00L8 8197 9¢9ch G20¢ 90€8619¢ 811
924 4" €.82 €896160% 2197 69lch 6092 0966721E 2197
LOVS 1 818¢ 692098¢Y 91971 v95ch 11/¢e 800068Y¢ LC-9191
€809+ jeierd 288Y519¢e SLO7 Lveel 08le 965¥899¢ SLo1
989r 1 6292 L€.¥926€ 71971 £99¢ 1 004 €201617E 14532
vicrl glce Yre.lE8Ce €L /86ch Lv9¢ 19¢/8/.¢¢ g1
esicids €8¢ leveeety cio 16Gck €G6/¢ 90/6/9v¢ [45921
669¢+ 299¢ 75€9919¢ LEOT 209¢H £99¢ LY LvYEe Lo
29¢/1 8.8l }1/59¢vce 01971 880¢} vivl 288260/ 0191
Shyyl 6061 1S0615.¢ 60971 00lch cell £599560¢ 60971
cseeh 20€¢ 1€¥2080€ 80971 9cleh 1454 0¢8.¥16¢ ¥¢—-8091
jelerao 2891 £22¢65029 20971 jeteisrl 8Cly 952¢0LS 20971
c0cSH 2ce6e 29918y 90971 €0/¢ch 1682 €¥c5cl98 90971
G8Set 6v5¢ 119829v¢ G091 vllch pxdsrd 68068€.8 G091
€196 leve ¥228808¢E 091 Seseh 88cC 55662982 0971
jeiclera) S0le £5/059589 €091 859¢€} Sivl £9652e6 €091
Lelvl S6€C L7/9G62S€ 091 L9cct 1914014 16287052 20971
6SGE 0e82 1662.£8E L0971 gelek [¥Aer4 18/¥611E L0971
(ueniea/dq) ejea sjueniep sjuenep (dq) yibue )] (uenien/dq) ejea syueniep sjuenep (dqg) yibua 91

Ajqwiesse LQWNSNOROIL"O

Alquiasse | L|IuaiQ

*SeluIesse dwoush | QN SNOROJIL~Q PUB | LIUBIO O} ABLE-0GIIUQ 8U} UO PBUIBILOD SINS JO Juswiubisse paseq Aejius sousnbas | | 31avL

October 2018 | Volume 9 | Article 472

Frontiers in Genetics | www.frontiersin.org



fgene-09-00472

October 15,2018 Time: 12:39 #7
Joshi et al. SNP-Array and Linkage Map: Tilapia
A Distribution of SNPs by HW p-values B Distribution of SNPs by call rate
0.9-1- 5.76%
0.8-0.9- 100% - I 1.28%
0.7-0.8-
0.6-0.7 - >99% - 70.38%
0.5-0.6 -
0.4-0.5- o |
05041 >05% 85.87%
0.2-0.3-
0.1-0.2- >90% - 02%
0.05-0.1-
0.01-0.05 - 8.54% >85% - 95.91%
0-0.01-
0 6 9 0 30 60 90
B Proportion of SNPs (%) B Proportion of SNPs (%)
Distribution of SNPs by MAF Distribution of SNPs by quality
CallRateBelowThreshold -
NoMinorHom - 1394
0.05-0.1- - 7.32% ornermem I
01005 . 2.68% MonoHighResolution = |667
<001- - 3.82% o |552
0 10 20 30 0 20 40 60 80

Proportion of SNPs (%)

FIGURE 2 | Summary of the SNP metrics based on 58,466 SNPs on 4,947 GST® samples after being subjected to sample call rate in Best Practices Workflow of
Axiom Analysis Suite software (see methodology). (A) Distribution of SNPs based on HW p-values obtained from the exact HWE test. (B) Distribution of SNPs based
on SNP call rate. (C) Distribution of SNPs based on minor allele frequency (MAF). (D) Distribution of SNPs based on types of cluster formation (quality). The different
types of clusters are based on the quality of the SNPs and has been described in the methodology.
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scaffolds has trippled the physical size without a corresponding
tripling of SNP numbers. The SNP density (SNPs/Mb) varied
across the genome from 19.68 to 56.83 (see also Figure 4 and
Supplementary Figures 2-4).

In this study, paternal and maternal informative markers
were used to construct specific male and female maps (Table 3).
Around one-third of the LGs showed a different recombination
rate between sexes (Supplementary Figure 5), with male
and female map lengths differing by a factor of 1.2 (1359.6
and 1632.9 cM, respectively). Generally, female maps were
found to be larger in all LGs with the exception of LG02,
LG06, and LG22. Sigmoidal pattern of recombination, with no
recombination at both ends of the LGs, was seen in almost all
LGs (Figure 4).

DISCUSSION

High-Density Linkage Map for Nile

Tilapia

Existing linkage maps for Nile tilapia contain relatively few
markers unevenly distributed across LGs (Supplementary
Table 3). As a consequence, regions in the genome have poor
SNP coverage. By stringently selecting SNPs with an even physical
distribution in the genome the linkage map presented includes 10

times more SNPs and fewer gaps, compared to the most recent
map (Palaiokostas et al., 2013).

Ferreira et al. (2010) categorized the karyotypes of O. niloticus
into 3 meta-submetacentric and 19 subtelo-acrocentric
chromosomes. The steepness of the curve in Figure 4 shows
the recombination level, with flat lines representing little or no
recombination, which may suggest the possible location of the
centromeres. There are some discontinuities present in LG03
and LG15, suggesting that our linkage map lacks the SNPs in
those regions. These gaps might be due to missing sequence in
the assembly or due to the assembly errors. Wide recombination
deserts (areas with no recombination) are seen in the initial
and/or end regions of most of the LGs, generally up to 5 Mb and
sometimes up to 10 Mb (e.g., LG09 and LG10), indicating the
presence of subtelo-acrocentric chromosomes. Because of these
recombination deserts, most of the LGs, irrespective of the sexes,
showed sigmoidal pattern, which is unusual when compared to
other fish species. In channel catfish (Li et al., 2014), salmon (Tsai
et al,, 2015b), Asian seabass (Wang et al., 2015) and stickleback
(Roesti et al.,, 2013) the recombination rates were generally
elevated toward the end of the LGs. The possible explanation
might be that the GST® strain used in this study is derived from
the GIFT strain, formed from crossing among four wild and four
cultured Asian strains (Eknath et al., 1993). When the individuals
from two different strains are crossed together, the offspring is
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TABLE 2 | Summary of annotation for SNPs in the Onil50-array.

SNP categories Count Percent
Total number of SNPs in the array 58,446
Annotation possible 58,340 99.82
Annotation results

Nonsense-mediated decay (NMD) 19 0.03
Loss of function (LOF) 114 0.20
Intergenic region 12,156 20.80
Intragenic variant 126 0.22
Intron variant 21,581 36.92
Non-synonymous variant

Missense variant 8,765 16.00
Missense variant & splice region variant 263 0.45
Stop gained 16 0.03
Stop lost 13 0.02
Synonymous variant 1,142 1.95
Non-coding transcript exon variant 27 0.05
Splice acceptor variant & intron variant 9 0.02
Splice donor variant & intron variant 13 0.02
Splice region variant 8 0.01
Splice region variant & intron variant 163 0.28
Splice region variant & non-coding transcript exon variant 7 0.01
Splice region variant & synonymous variant 28 0.05
Upstream gene variant 9,231 15.79
3 prime UTR variant 1,633 2.62
5 prime UTR premature start codon gain variant 21 0.04
5 prime UTR variant 459 0.79
Downstream gene variant 2,646 4.563

heterozygous and causes difficulty in recombination producing
stretch with low recombination, which might have resulted to the
unique recombination pattern. Low recombination at the end
of LGs were also observed in the hybrid crosses of Lake Malawi
cichlids (Conte et al., 2018).

Nile tilapia was shown to have a sex-specific pattern of
recombination with the female map generally being larger than
the male map (Lee et al, 2004). The genetic basis for the
differences in the recombination rate between sexes has still not
been found, but Li et al. (2014) has listed three major hypotheses.
First, the selection perspective hypothesis (Lenormand and
Dutheil, 2005; Gruhn et al., 2013), proposes that the selection
pressure is higher in male compared to female gametes during the
haploid life stage and this male-specific selection leads to decrease
in the male recombination rate to maintain the beneficial
haplotypes. Second, the compensation hypothesis (Coop and
Przeworski, 2007), proposes that the recombination rate is
higher in females compared to males to compensate for the
less stringent checkpoint for the non-recombinant (achiasmatic)
chromosomes. Third, the recombination pathway hypothesis
(Gruhn et al, 2013), suggests that the chromatin differences
established prior to the onset of the recombination pathway
causes the differences in the recombination between the two
sexes.

LG23 showed a unique recombination pattern, a flat line of
around 5 Mb, in the center of the LG, for which there also is

a sex difference in recombination rate. In O. niloticus, major
XY sex determining regions have earlier been mapped to LG1
(Palaiokostas et al., 2013) and LG23 (Karayticel et al., 2004;
Shirak et al., 2006; Eshel et al., 2011, 2012). Further, tandem
duplication of the variants of the gene anti-Miillerian hormone
(amh) in LG23 has been identified as the male sex determinant
in Nile tilapia (Li et al., 2015). These variants of amh gene have
been mapped to around 35.4 Mb region of Nile tilapia genome
(discussed below in section “Sex Locus Mapped in the Vicinity
of amh Gene”), which is the same region where the unique
recombination pattern is seen, suggesting limited recombination
around the sex-determining genes in O. niloticus. Further, LG23
was formed by the fusion of two LGs during the evolution of
cichlids (Liu et al., 2013), which might be another reason for this
unique recombination pattern.

The fusion of the LGs during the evolutionary process also has
an effect on the size of the LGs, as it is believed that the ancestors
of cichlids had 24 chromosome pairs, which eventually became 22
pairs (Majumdar and McAndrew, 1986; Ferreira et al., 2010). Our
genetic map shows that LGO07 is the largest, which has been shown
to be formed by the fusion of two LGs during lineage evolution
(Poletto et al., 2010; Liu et al., 2013; Conte et al., 2017).

Array Content and Performance

SNP performance was validated by genotyping around 5000
individuals from different generations of the GST® strain of
Nile tilapia. Around 75% of the SNPs on the array perform
well generating three highly differentiated allelotype clusters (i.e.,
PolyHighResolution). Around 9% of the SNPs were found to
depart from HWE (p < 0.01), but it has to be noted that the
population genotyped for the validation is the commercial strain
that has undergone up to 25 generations of selection. Hence, these
departures might be important as they could represent regions
under selection, domestication and the outcome of assortative
mating (Gutierrez et al., 2016; Adenyo et al., 2017). Whereas
the extreme departures might suggest lethal recessive mutations
and/or recent mutations or copy number variants (Lee et al.,
2008; Graffelman et al., 2017).

For future revisions, the array could be improved by
increasing the SNP density in highly recombinant regions of
specific LGs like including LG03 and LG23. The use of genetic
distance rather than the physical distance to select the SNPs is
probably the best option for equidistant SNP distribution across
the genome.

Sex Locus Mapped in the Vicinity of amh
Gene

Sex determination is one of the important aspect in commercial
tilapia production, as males are found to grow faster than females
and unisex production is a main method to avoid propagation
in production ponds or cages. Sex determination in fish is
more complicated than mammals as it tends to be dependent
on both genetic and environmental factors (Ezaz et al., 2006;
Baroiller et al., 2009). Besides hermaphrodite species, two main
sex determination system exist: XY and ZW, and they are both
present in fish species. It has also been seen that phylogenetically
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FIGURE 3 | Plot illustrating the number of SNPs and physical length of LG based on O_niloticus_UMD1 Assembly and Build 2 linkage map.

closely related fish species, even in same genus, have different sex
determination systems. For example, Blue tilapia, Oreochromis
aureus, has the ZW sex determination system (Campos-Ramos
et al,, 2001), where males are homogametic (ZZ) and females
are heterogametic (ZW), so the ovum determines the sex of
the offspring. On the other hand, Nile tilapia (O. niloticus) and
Mozambique tilapia (O. mossambicus) have the XY system of
sex determination, where the males are heterogametic (XY) and
females are homogametic (XX), so the sperm determines the

sex of the offspring (Mair et al., 1991; Campos-Ramos et al.,
2003).

In our study, the sex locus for Nile tilapia was coded using
the XY system and mapped to LG23 (Table 4) as reported
previously in several studies (Karayticel et al, 2004; Shirak
et al., 2006; Eshel et al., 2011, 2012). SNP AX-164998274 (SNP
probe: AGGTGTGTGGTCTTTCTTTGGAAGTCTGCAGAGT
G[C/T]TTCAATAACACAGGTATGGTTTCTCGTTGTGATTC)
mapped to the same genetic position as the sex locus. The most

TABLE 4 | Mapping of sex-determination locus in the vicinity of the anti-Mdllerian hormone (amh) gene.

SNPs/gene LG Position (bp) Male (cM) Female (cM) Average (cM)
AX-165032341 LG23 34306951 35.03 44.83 39.97
AX-164990538 LG23 34306186 35.03 44.83 39.97
AX-165017655 LG23 34319855 35.03 44.83 39.97
AX-165032969 LG23 34336514 35.03 44.83 39.97
AX-165012489 LG23 34351488 35.03 44.83 39.97
AX-164995826 LG23 34367182 35.24 44.83 40.00
AX-165001648 LG23 34380102 35.45 44.83 40.09
AX-165030187 LG23 34380282 35.45 44.85 40.12
AX-164992183 LG23 34398468 35.45 44.88 40.18
AX-165006758 LG23 34424845 35.45 44.95 40.15
AX-164986178 LG23 34437472 35.45 45.02 40.20
AX-165024637 LG23 34451454 35.45 45.61 40.58
AX-165013086 LG23 34465412 35.45 45.61 40.53
AX-164998274* LG23 34496900 35.45 45.61 40.53
amh_delta-y LG23 34491516-34499598

amhy LG23 34491516-34503495

amh LG23 34491516-34509687

AX-164990628 LG23 34510978 35.45 45.61 40.58
AX-165031999 LG23 34511701 35.46 45.61 40.54
AX-165013176 LG23 34525091 35.46 45.61 40.54
AX-165010851 LG23 34576386 35.46 45.61 40.54
AX-164993854 LG23 34585587 35.46 45.61 40.54
AX-164989444 LG23 34598712 35.46 45.61 40.54

SNP AX-164998274 (marked as *) mapped to the same genetic position as the Phenotypic sex of the individuals in the Build 1 linkage map.
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likely position of sex locus (pos. 34.5 Mb/40.53 cM on LG23)
maps close to the anti-Miillerian hormone (amh) gene, previously
characterized as sex determining gene in Nile tilapia (Li et al.,
2015).

Implications in Tilapia Industry

Tilapia is a commercially important aquaculture species, with
more than 3.9 million tons of fish and filets being traded
in 2015 (FAO, 2017) and more than 20 breeding programs
(Neira, 2010). The present SNP array and linkage map has
the potential to greatly improve the genetic gain for this
economic important species, and help surpass the difficulties
of efficient selection for the invasively measured traits, the
traits which cannot be measured directly on the candidate
broodstock fish, but are only measured on the sibs of the
candidates, e.g., disease resistance, filet yield, etc. These tools
may also be useful to bridge the genotype-phenotype gap in
Nile tilapia, which has been pursued for a long time (Gjoen,
2004).

A major capability of these resources will be to find economic
important QTLs or chromosome regions affecting economically
important traits like disease resistance, filet traits or feed
efficiency. In order to fine map these QTLs, it is essential to
have a high-resolution linkage map. The dense linkage map can
also be integrated with physical maps to position and orient
scaffolds along LGs, thereby producing genome assemblies of
higher quality.

Another important implication will be to facilitate
the shift from traditional breeding strategies to genomic
selection in Nile tilapia. In the future, breeding goals in
Nile tilapia will include many invasively measured traits.
Genomic selection will significantly help us to overcome these
challenges, increasing the profitability and the genetic gain
(Meuwissen et al., 2001; Nielsen et al., 2009; Sonesson and
Meuwissen, 2009; Vela-Avitua et al., 2015; Hosoya et al,
2017; Houston, 2017). Finally, this will also help to discern
more accurately the additive from the non-additive genetic
effects, thereby increasing the selection accuracy and the
possibility to utilize non-additive genetic effects (Varona et al,,
2018).

Another obvious use of the SNP-array will be in the parentage
assignments. The drawback of the conventional breeding designs
in Nile tilapia using PIT tags is the confounding of the full-
sib family effects (due to communal rearing of full-sibs) and
maternal environmental effects (due to mouth brooding), making
it difficult to detangle the various variance components accurately
(Joshi et al., 2018), which ultimately decreases the accuracy of the
selection.

CONCLUSION

We present the first SNP-array, the Onil50-array, containing
ca 58,000 SNPs for Nile tilapia, which was validated in close
to 5000 individuals. Further, we constructed a high density
integrated genetic and physical linkage map, with LGs showing
sex-differentiated sigmoidal recombination patterns. These new

resources has the potential to greatly influence and improve the
genetic gain when applying genomic selection and surpass the
difficulties of efficient selection for invasively measured traits in
Nile tilapia.
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Supplementary Table 1: Observations in each factorial mating in Group 1 population. 11

58K SNP-array and high density linkage map for tilapia

different sires (M1 to M11) are mated with 8§ different dams (F1 to F8) in factorial manner. Only
full-sib families > 8 offspring are shown.

F1 F2 F3 F4 F5 F6 F7 F8 Total
M1 22 13 10 - 8 - - - 53
M2 - - - 10 - 21 10 24 65
M3 - - - 12 - 23 11 16 62
M4 - - - 13 - 9 - - 22
M5 11 24 9 - 8 - - - 52
M6 - - - - - 18 8 13 39
M7 19 12 - - - - - - 31
M8 - - - 14 - 9 12 28 63
M9 - 14 - - 10 - - - 24
M10 16 14 8 - 8 - - - 46
M11 - - - 11 - - - - 11
Total 68 77 27 60 34 80 41 81 468

Supplementary Table 2: Observations in different full-sib families in the Group 2 population.

Dam F9 F10 F11 F12 F13 F14 F15 Total
Sire M12 M13 M14 M15 M16 M17 MI18
No. of 22 24 26 36 37 37 39 221

offspring




Supplementary Table 3: Published linkage maps for Tilapia species

Species of Tilapia

Map length

(cM)

Marker number
and type

Average
marker

interval
(cM)

Authors &
Year

Oreochromis niloticus 704 62 microsatellites - (Kocher et al.,
+ 112 AFLP 1998)

O. niloticus X O. aureus 1,311 525 microsatellite 2.4 (Lee et al.,
and 21 gene-based 2005)
markers

O. niloticus 34,084 1358 markers — 742 Kb (Guyon et al.,

cR3s0 and radiation hybrid 2012)
937,310kb  (RH) map

O. niloticus 1,176 3,802 SNPs 0.7 (Palaiokostas

etal., 2013)
Female 514 13 microsatellites 8.3 (Agresti et al.,
and 49 AFLPs 2000)

0.

mossambicus Male 1632 60 microsatellites 7.6
and 154 AFLPs

O. mossambicus 1042.5 301 markers

Consensus 1067.6 401 3.3
microsatellites
including 282
o EST-derived (Liv et adl,
: markers

mossambicus X 2013)

0. . (Sali

tila;ﬁi}; (Saline Male 950.8 261 markers 3.6

Female 1030.6 261 markers 4

Red tilapia 984.0 320 markers 3.1




58K SNP-array and high density linkage map for tilapia

Supplementary Table 4: Summary statistics showing the inter-marker distance (base pairs) of the

SNPs on the Onil50-array.

Orenill.1 assembly O_niloticus_UMD1 assembly

LGO1 12124 4821 | LGO1 13548 10950
LG02 12253 6180 | LG02 14666 14189
LGO03 13646 10919 | LG03a 20689 35557

LGO03b 38045 55867
LG04 12522 7061 | LG04 15509 16232
LGO05 12771 6860 | LGOS 13564 8909
LGO06 12701 6249 | LG06 15149 15972
LGO07 12356 5419 | LG07 13227 9624
LGO08-24 12702 7093 | LG08 13326 10639
LG09 12091 5667 | LG09 14377 16435
LG10 12068 4742 | LG10 17227 16536
LG11 12608 6704 | LG11 13642 11567
LG12 12595 6466 | LG12 14516 14585
LG13 12377 5895 | LG13 14188 14768
LG14 12652 6626 | LG14 14634 13260
LG15 12239 6557 | LG15 15991 13433
LG16-21 12556 6226 | LG16 15323 17131
LG17 12154 5881 | LG17 14153 12842
LG18 12623 7246 | LG18 15992 22063
LG19 12196 5849 | LG19 13514 12128
LG20 12632 6502 | LG20 13910 11003
LG22 12603 7125 | LG22 16212 18656
LG23 12934 8374 | LG23 19813 22055
Across genome 12505 6538 | Across genome 15410 17712
Scaffolds 36493 22508 | Scaffolds 28097 31755
mito 1636 1057 | mito 1636 1057




Genetic position (cM)

o 1 2 3P 0 10 20 30 40 6 10 20 3 4 0 10 2 30

+ Female

3IU 4‘U
Physical position (Mb)

Supplementary Figure 1: Comparison of map positions between genetic and physical maps for
different LGs in Build] linkage map. The y-axis gives the linkage map positions, and the x-axis
gives the physical positions. Linkage groups and the physical positions are based on

O _niloticus UMD1 Assembly. The maps are color-coded: red for female specific, blue for male
specific and black for sex-averaged linkage maps. Inversion in maps shows that the genetic order
is inverted.
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Supplementary Figure 3: The high-density female sex specific Build2 linkage map of Nile tilapia. The density is measured as cM/locus

(higher the value, lower the number of markers in that locus)
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Supplementary Figure 4: The high-density male sex specific Build2 linkage map of Nile tilapia. The density is measured as cM/locus

(higher the value, lower the number of markers in that locus
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Supplementary Figure 5: Cusum plots indicating the sex- patterned differentiations in the genome
of tilapia. Cusum is a time series technique to emphasise shifts. Flat lines represent no difference
between female and male recombination rate. Upward vertical lines represent more recombination
rate in female LGs and downward vertical lines represent more recombination rate in male LGs.
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Abstract

Background:

The availability of both pedigree and genomic sources of information for animal
breeding and genetics has created new challenges in understanding how best they
may be utilized and how they may be interpreted. This study computed the variance
components obtained using genomics_and compared these to the variances obtained
using pedigree in a population generated to estimate non-additive genetic variance.
Further, the impact of assumptions concerning HWE on the component estimates was
examined. The magnitude of inbreeding depression for important commercial traits in

Nile tilapia was estimated for the first time, here using genomic data.

Results

The non-additive genetic variance in the Nile tilapia population was estimated from
full-sib families and, where present, was found to be almost entirely additive by
additive epistatic variance, although in pedigree studies this source is commonly
assumed to arise from dominance. Further, substantial contributions (P<0.05) from
non-additive genetic effects to the phenotypic variation of body depth (BD) and body
weight at harvest (BWH) was found, with the estimates of the additive by additive
epistatic ratio of 0.15 and 0.17 in the current breeding population using genomic data.
In addition, the study found maternal variance (P<0.05) for BD, BWH, body length (BL)
and fillet weight (FW) explaining approximately 10% of the observed phenotypic
variance, comparable to the pedigree based estimates. The study also showed the
detrimental effects of the inbreeding in the commercial traits of tilapia, and was
estimated to be 1.08%, 0.91%, 0.37% and 0.34% decrease in the trait value with 1%

increase in the individual homozygosity for FW, BWH, BD and BL, respectively. The
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inbreeding depression and lack of dominance variance was consistent with an

infinitesimal dominance model.

Conclusions:

Reciprocal recurrent selection is not required to exploit the non-additive variation in
the biological traits as it will convert to additive genetic variation over time, although
commercially this conclusion will depend on cost structures. However, the creation of
maternal lines in Tilapia breeding schemes may be a possibility if this variation is found

to be heritable.

Keywords: Nile tilapia, genomic selection, dominance, epistasis, maternal variance,

non-additive genetic effects, reciprocal, heritability, inbreeding depression
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Background

This paper is a part of an extensive study on the non-additive genetic effects in Nile
tilapia and their utilization in tilapia breeding programs. The first part of this study [1]
used the classical approach to partition the variance observed from a diallel mating
design into additive, non-additive and maternal components using the pedigree
information to generate the additive and dominance relationship matrixes. These
variance components are inferred from the variances within and between full-sib

families, where the latter is also decomposed among sires and among dams.

These pedigree based selection methods have been gradually supplemented with, or
replaced by, genomic information in various livestock species [2], and even in some
commercial aquaculture species [3]. With the possibility of improved accuracy and
more detailed information from genomics [4], there has been a growing interest to try
to quantify and utilize the non-additive source of phenotypic variation. This new
technology has introduced new challenges to fully understand the results of these
methods and their equivalence to the classical decompositions based on pedigree.
The availability of genomic information in Nile tilapia [5] has offered the opportunity to
close this gap in an important aquacultural species. The first aim of this paper is to
compare the genetic variance components obtained from using either genomics or
pedigree information to generate the appropriate relationship matrixes in a design

generated to estimate non-additive variances.

The genomic BLUP (GBLUP) model builds a matrix of relationships between all
individuals of a population based on genomic data, and BLUP uses these relations to
partition the variance and predict the breeding values. The assumptions used to
construct these relationship matrices have a direct effect on the accuracy of the
results. There are different methods to construct the relationship matrices, most of

4
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them differing in the scaling parameters [6-8], which makes it difficult to make
comparisons. One method of comparison has been published by Legarra (2016) [9],
where it is shown that the scaling of the relationship matrices to the same reference
population is necessary when variance parameters have been obtained using different
relationship matrices. In constructing relationship matrices, assumptions are often
made on the presence of Hardy-Weinberg equilibrium (HWE), (e.g. in the use of Van
Raden matrices [7] , as used by GCTA [10]), and on managing the linkage
disequilibrium (LD) [11]. These assumptions influence the orthogonality of the
estimates of the variance components and hence the validity and generality of their
biological interpretation. Thus, the second aim of this paper is to examine the impact
of assumption of HWE on the relationship matrices and the consequences for the

estimation.

Inbreeding depression is a natural phenomenon that is widely assumed to be
deleterious for traits of commercial importance and thus has serious practical
implications [12—-15]. It has greater impact in populations with smaller effective
population size (Ne) than in those with higher Ne, due to purging of deleterious alleles
[16,17] and this makes it a concern to breeders since Ne is often restricted. Genomic
data allows a direct assessment of the extent of homozygosity and its variation rather
than a reliance on changes predicted as a consequence of pedigree inbreeding.
Consequently, utilisation of genomic data may contribute to the better design and
preparedness of breeding programs. To date, the authors are unaware of estimates
of inbreeding depression in Nile tilapia, even using the pedigree. Thus, the final aim of
this paper is to quantify the effect of inbreeding depression for important commercial

traits in Nile tilapia by the use of genomic data.
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Methodology

Experimental design, phenotypes and genotypes:

The population used in this study and the experimental design have been previously
described [1]. In short, the population was obtained from the reciprocal crossing of 2
parent groups, A and B, of Nile tilapia. Each parent group consisted of fullsibs only,
although it was later found that one individual used as parent was half-sib. The matings
were factorial so that each parent used, male or female, had offspring that were both
full-sibs and half-sibs. Offspring obtained from these matings were reared in three
batches and harvested over 8 different days after 6-7 months in the grow-out ponds.
The fish were filleted by three filleters. The phenotypes recorded were body weight at
harvest (BWH), body depth (BD), body length (BL), body thickness (BT), fillet weight
(FW) and Fillet yield (FY). Phenotypes were obtained on a total of 2524 individuals,
with 1318 and 1206 from each of the two reciprocal crosses, in altogether 155 full-sib

families.

From these, 1882 Nile tilapia were genotyped (see Joshi et al. (2018) [5] for details)
using the Onil50 SNP-array. The raw dataset contained 58,466 SNPs, which were
analysed using the Best Practices Workflow with default settings (sample Dish QC =
0.82, QC call rate 2 97; SNP call-rate cutoff 2 97) in the Axiom Analysis Suite software
[18]. Ten samples were excluded based on low call rate. Then the SNPs were selected
based on the informativeness, i.e. based on the formation of clusters and resolution.
Only SNPs classified as PolyHighResolution (formation of three clusters with good
resolution) and NoMinorHom (formation of two clusters with no samples of one
homozygous genotype) were selected, and 43,014 SNPs were retained. The mean
SNP call rate for these SNPs was 99.5 (range: 97-100). Finally, SNPs were filtered for

minor allele frequency (MAF = 0.05), and 39,927 SNPs (68.3% of the total genotyped
6
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SNPs) were retained after all the quality control parameters had been applied. From
the marker genotypes, the individual homozygosity was calculated as the proportion
of homozygous loci per individual, and was incorporated into the models described

below as a measure of directional dominance [19].

Out of the 1882 genotyped, 1119 individuals from 74 full-sib families with an average
of 15.1 offspring per full-sib family (range 1 to 44; standard deviation = 11.2) had the
phenotypic observation and were used for further analysis. The data structure is given
in Table S1.1 of Supplementary 1 and the scatterplots and the phenotypic correlation
of the phenotypes on these individuals are presented in Figure S1.1 of Supplementary

1. The descriptive statistics for the traits are given in Table S1.2 of Supplementary 1.

Statistical Analysis

ASReml-4 [20] was used to fit mixed linear models, using REML to estimate variance
components and breeding values. Eight different univariate GBLUP models were
tested and compared for the six traits described above. The basic model used was an
animal model (A), which were gradually expanded to an ADME (model with additive,
dominance, first order epistatic interactions and maternal effect) by adding each effect

as random effects in a heuristic approach. This resulted in the following models:

A model: y =XB +hb+ Z1a + e

AD model: y=XB+hb+Zia+Zd+e

ADE model y = XB +hb + Z1a + Z2d + Z3eaa + €
ADME model y = XB +hb + Z1a + Z2d + Z3€aa + Zsm+ e
ADM model: y=XB+hb+Zia+Zd+Zsm+e

AM model: y=XB +hb+Zia+Zem+e
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AME model y = XB +hb + Z1a +Z3€aa + Zsm + e

AE model: y =XB +hb + Z1a + Z3zeaa + €

where, y is the vector of records; B is the vector of fixed effects that accounting for
reciprocal cross (1 d.f.), batch (2 d.f.) and day of harvest (7 d.f.); h the vector of overall
marker homozygosity for each individual, with b the inbreeding depression parameter;
a is a vector of random additive genetic effects; d is vector of random dominance
effects; eaa is the vectors of first order additive x additive epistatic interactions; m is
vector of maternal effects; e is a vector of random residual errors; and X, Z1, Z2, Z3
and Za4, are corresponding design matrices for fixed and random effects. For FW and
FY, the fixed model also included filleter (2 d.f.). The (co)variance structures of the
random effects are described below. Vectors a, d, eaa and e had effects for each

individual having genotypes; m for each maternal family.

The distributional assumptions for the random effects were multivariate normal, with

mean zero and

a1 [Gai 0 0 0 0]

[d ] | 0 Do 0 0o 0|
Varleg, |=| 0 0 k(G#G)of,, O 0
lm | 0 0 0 Iy 0

€ 0 0 0 0 Io?

where 02a, 0%, 0%Eaa, 02w and 0% are additive genetic variance, dominance genetic
variance, additive by additive epistatic variance, maternal variance and error variance
respectively; G is the genomic relationship matrix; D is the dominance relationship
matrix and | is an identity matrix of appropriate size. k(G#G) represents the additive

by additive epistatic relationship matrix, where k is the scaling factor as described
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below and # is the Hadamard product of the two matrices given by (G#G); = gi? for

elements in the indices i and j.

The phenotypic variance was calculated as 0% = 0%a + 0?0 + 0%kaa + 0%m + 0%, and
the estimated variance components were expressed relative to the total phenotypic
variance (02p): additive heritability (h?) = 0%a/ a%r, dominance ratio (d?) = 0?0/ o%p and
maternal ratio (m?) = 0?u/ 0. Broad sense heritability (H?) was calculated as (0%a +

0%p + 0%aa) / 6% and the terms not in a model were set to 0. The variances obtained
were also scaled by diag(V)—V where V is their corresponding (co)variance matrix

of size n and the bar denotes the mean value.

Genomic natural and orthogonal interactions (NOIA) and Hardy-Weinberg Equilibrium
(HWE) approaches were used to calculate the G, D and k(G#G) following the methods
of [21]. These approaches differ in two ways: (i) the contrasts between genotypes used
to define dominance deviations, and (ii) the scaling factors used for the relationship

matrices.

The NOIA approach relaxes the assumption of HWE in the population, under which

the genomic relationship matrix (G) is defined as:

HqHg
tr(HqHy)/n

where, Ha contains additive coefficients (ha) having the dimension of n x m, with n

= number of animals and m = number of SNPs. h, is coded as:

2(1 —pa) AA
ha=<(1-2p,) for genotypes 4B
—2p4 BB
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where, p, is the frequency of allele A. For dominance deviations, NOIA uses the
contrast that is orthogonal to ha at each locus. Therefore, if paa, pas and pss are the
allelic frequencies of the respective genotypes, the dominance relationship matrix (D)

is defined as;

HuH)
tr(HqH))/n

where, Ha contains dominance coefficients (hq) defined for animal i and marker j

by:
_ 2pAB PBB
Paa+PBB—(Paa—PBB)? AA
4PAAPBB
hg= for genotypes
d Paa+pee—(Paa—PBB)? 9 yp AB
2PAAPAB BB

PaatPBB—(PAA—DPBB)?

The epistatic relationship matrices were then calculated from the Hadamard projects
and scaled using the average of the diagonals. Therefore, the additive by additive

epistatic relationship was calculated as:

GHG

K(G#G) = tr(G#G)/n

The HWE approach assumes that the population is under HWE equilibrium both in its
scaling and in calculating the contrast for defining dominance deviations. If the locus
is not in HWE the dominance contrast is not orthogonal to that for the additive effect,
unlike in NOIA. The contrasts used to define the additive effects are unchanged but

scaled assuming HWE, and the result is equivalent to method 1 of Raden [7]. So

_ _ HaH,
% 2pi(1-py)

where the sum in the denominator is over all m loci. The dominance relationship matrix
was calculated as

10
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wawy'
4y piq?

where W4 contains elements wy defined for animal i and marker j

—2pk AA
Wd =< 2paDp for genotypes {AB
—2p3 BB

The scaling factor k for epistatic relationship matrices using the HWE approach was
1, so the additive by additive epistatic relationship matrix is simply the Hadamard
product between the two matrices. The scatterplots for different relationship matrices

are presented in Figure S1.3 and Figure S1.4 of Supplementary 1.

The software used to calculate the matrices did not accept missing genotypes. As
described above, 0.4% of genotypes were missing and these were predicted using R
code [22] by sampling from {0,1,2} with the probabilities for each given by observed
probabilities for that SNP. The effect of this prediction was checked with GCTA [10] by
constructing the GRMs including and excluding the imputed genotypes. The
correlation of 1 between the additive and dominance relationships constructed using
these two sets of genotypes suggest that there is no significant effect of prediction of
the missing genotypes on our results as seen from the scatterplots of relationships in

Figure S1.2 of Supplementary 1.

Comparison of Models

Likelihood ratio tests were used to measure the goodness of fit for the models. The
critical values were corrected for boundary effects following [23]. The critical values
are obtained from a mixture of x? distributions with different degrees of freedom (d.f.)
and were obtained for standard thresholds by iteration using R. The distributions of

the likelihood under the null hypothesis of zero variances for 1, 2 and 3 components

11
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Results

Genetic architecture

The six traits could be differentiated into three distinct groups based on their likelihood
ratio tests (Table 1): BD and BWH showed evidence of significant maternal
environmental effects and non-additive genetic effects in the form of additive by
additive epistasis. BL and FW showed evidence of significant maternal environmental
effects only; whereas BT and FY showed no evidence of neither maternal
environmental nor additive by additive epistatic effects. None of the traits showed
significant dominance variance. The assumption of HWE in the breeding population
did not influence the goodness of fit for any of the model, because the log likelihood

values were same.

Inbreeding depression

Detrimental effects of the genomic inbreeding were evident for all of these commercial
traits, although of different magnitudes. BWH and FW were found to be more sensitive
to inbreeding than the other traits, with nearly 1% decrease in the trait value per 1%
increase in the individual homozygosity (Table 2). Traits BT and FY, the two traits with
no evidence of non-additive genetic and maternal environmental effects, were found

to be least sensitive.

Decomposition of variance components

Estimates of the variance components with the two approaches applied for all the
models and traits are presented graphically in Figure 1. The summary table for the
models selected based on likelihood ratio test are presented in Table 3, whereas the

full table is available in Supplementary 2.
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As expected, the simple A model gave the higher additive genetic variances, and the
higher heritabilities across all the traits. Addition of dominance in the models had no
effect on the estimated additive genetic variances, whereas including the additive by
additive epistatic effect reduced the additive genetic variances markedly, except for
BT and FY where there was no evidence (P>0.05) of epistasis. Inclusion of maternal
environmental effect reduced the additive genetic variance compared to what was
estimated with the simple A model, because without the maternal effect the additional
variance associated with dams was interpreted as evidence of additive genetic effects.
The maternal effect also reduced additive by additive epistatic variance in AE models.
These reductions were again minimal for BT and FY. Similar results were obtained in
both the NOIA and HWE assumption approaches. Hence, the numerical values are
showed for the NOIA approach (scaled to the reference population [9]) , unless

otherwise mentioned.

A model dependent variation in the estimation of additive variance was also reflected
in the heritability estimates. For BT and FY, the two traits where the model of best fit
was the simple A model, the heritabilities were least dependent on the models. For
other traits, the difference among the models was up to 50%. For the best fit models,
the estimates of the heritabilities were low to moderate, ranging from 0.08 + 0.03 for

BL to 0.19 + 0.04 for FY (Table 4).

For BD and BWH, the traits for which the best fit model included additive by additive
epistatic effect, the additive by additive epistatic ratio (€as?) was 0.15 £ 0.09 and 0.17
1 0.10 (Table 4). Additive by additive epistasis was found to be 48% and 63% of the
total genetic variance for BD and BWH, respectively, but with huge standard errors.
Various other papers with genomic epistatic models also report huge epistatic
components [21,24,25] with corresponding huge standard errors. Large differences
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between the individuals (Figure 2a) and the full-sib families (Figure 2b) were observed

for the additive by additive epistatic effects.

For the four traits where the model of best fit included maternal environmental effect,
maternal ratio was found to be around 0.08+0.04 to 0.09% 0.06. As expected, this

variance ratio was not affected by the two approaches or the models used.

Discussion

Interpretation of variance within the full-sib family

A major finding of this study is that the use of genomic relationship matrixes identified
the source of non-additive genetic variance as being almost entirely additive by
additive epistatic variance. The primary source of non-additive variance is commonly
assumed to be dominance in pedigree based analyses [1,26,27], but this assumption
seems to be misleading with the estimates of dominance variance being negligible. In
this study, the information for estimating non-additive variance comes from the
variance within full-sib families (see Supplementary Information 3), and in the
presence of dominance and epistasis, the additional variance in full-sib families, above
the additive variance provided by the sire and dam, is V4 020 + Vs 0%kaa + V6 O2%ad + %
02%edd, Where 02p, 0%aa, 0%ead and 0%edd are dominance, additive by additive, additive
by dominance and dominance by dominance epistatic variances [28]. Under an
infinitesimal model with both additive and dominance effects, with the increase in the
number of loci, either the dominance variance tends towards zero or the inbreeding
depression tends towards infinity [28,29]. Thus, dominance may be present, but the
genomic approach is showing this component behaves infinitesimal, with o2p, 0%ad

and 02eqd bound to zero.
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Comparison with pedigree approach

This study adds a new dimension to our previous paper [1] and to the best of our
knowledge, these are the first published results using genomic information in tilapia.
The availability of the genomic data in populations will inevitably lead to comparisons
of genomic- and pedigree-based heritabilities but these are not straightforward. Some
publications argue that pedigree-based methods overestimate heritabilities [30-32],
while some suggest the reverse [33-36], and other that the heritabilities are similar

[37].

However, few studies recognize that the variance parameters obtained even in basic
additive models are not estimates of the variance for the same populations, and
therefore the simple comparison of parameters can be meaningless. For pedigree-
based analyses the estimated variance parameter refers to the base population of the
pedigree (a subset of A), and for genomic-based analyses it can be viewed as the
genetic variance in the population is defined by the whole G and assuming all the
markers are in HWE. Many papers compare the uncorrected values and are therefore
uninformative, as large part of difference in variances can be accounted for by such
differences [9,21]. To overcome the problem of comparability, the variance parameters
from NOIA and HWE approaches were used to estimate the genetic variance in the

entire population of this study [9] with marker genotypes as observed, equivalent to
scaling the variance component estimates by diag(V)—\_7, where V is the relevant

relationship matrix.

In this study, where the models go beyond the additive components, there are
additional reasons why components may differ. In the tilapia population studied here,
the additive variance, when dominance is assumed to be the source of non-additive

variation, gives a qualitatively different estimate to that obtained if additive epistasis is
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assumed (see Supplementary 3). Therefore, differences should be expected between
the current study and [1]. A further issue with this study was that the data used was
only a subset of the data used for [1], although Figure S1.5 of Supplementary 1 shows
the sampling does not deviate far from random sampling expectations. This issue was
overcome by repeating the pedigree analyses using only the phenotypes included in

this study (see Table S1.4 in Supplementary 1).

The outcome from objective comparisons of the pedigree- and genomic analyses
showed a qualitatively similar pattern of contributing sources of variance for all 6 traits
insofar as additive, maternal and non-additive variances. The impact on the genetic
evaluations was also similar (see supplementary 5). Some small differences were
observed: for example, although the quantitative outcomes for the maternal ratio were
similar, the qualitative outcomes for statistical significance thresholds showed
differences for BT and BL. The evidence of non-additive genetic effects was found for
the same traits (BD, BWH) irrespective of the type of relationships used. However, as
mentioned above, critically, the genomics identified the source of non-additivity as

additive by additive epistasis rather than dominance.

Using the basic model A with no other sources of variance, uncorrected pedigree
heritabilities were as much as 60% greater than genomic heritabilities, but this
discrepancy decreased after correction following [9] and were broadly comparable
(relative to their standard errors; see Table S1.4 of Supplementary 1), particularly for
FY and BT. Both these traits favored simple additive models, but for the other traits,
the genetic architecture of the traits favored maternal and non-additive genetic effects.
In the basic model A, using pedigree, the dam information is absorbed into estimating
additive variance; in contrast to the genomic model, where it is the genotypes of the
dam and its offspring that contribute information on the heritabilities, so the dam
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variance is no longer (wrongly) absorbed into the additive variance. Hence the
pedigree-based heritabilities are higher for traits with maternal variance, as a
consequence of the wrong model. These comparison shows the difference in
sensitivity between the pedigree model and the genomic model to mis-specification of

sources of variance in both the genetic architecture and the environmental model.

Impact of approaches used

GBLUP uses GRMs, and the assumptions in the construction of these GRMs can have
a direct effect. Several approaches (e.g. Van Raden matrices [7]) assume Hardy
Weinberg equilibrium when scaling the relationship matrices, which is relaxed in the
NOIA approach. The use of these genomic approaches showed no difference to the
qualitative parameter like genetic architecture of the trait, but quantitative differences
were observed for the sources of variation, with additive by additive epistatic ratio
(eaa?) being inflated by ca. 20 % and 18%, and heritability (h?) by 6% and 10% for the
traits BD and BWH respectively (Table 3); this has also been observed in other studies
[21]. However, the transformation of these variance components of both NOIA and
HWE assumption approach on a similar scale based on the relationship matrices yield
identical additive genetic variance and additive by additive epistatic variance (Table
4). But, the heritabilities and epistatic ratios were not similar, although a decrease in
the differences could be seen, due to the differences in the residual variance in both
approaches. As a consequence of the absence of dominance variance, the differences
between the NOIA and HWE collapse into differences in the scaling of the relationship

matrices as the contrasts used to construct the matrices were identical.

The NOIA and HWE approaches are statistical models in that they partition the
variance observed in a population and use these parameters to estimate breeding
values and dominance deviations [21]. As such, these estimates depend on the allele
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frequencies in the particular population and the structure of the population, which will
influence the genotypic frequencies. A distinction needs to be made between the
magnitudes of the variance components in the total genetic variance and the effects
estimated using them on the one hand, and the ubiquity of the same phenomena in
genotypic models (sometimes called biological models) on the other hand [38,39]. For
example, the genotypes at a single locus may show complete dominance, but have a
negligible dominance deviation, because the superior homozygote is very rare in the
population. Although the NOIA approach removes limitations of HWE, there are major
barriers to it moving towards the building of genotypic models. Firstly, it does not
remove the impact of LD on estimates of the effects, and more seriously, the genotypic
models are meaningful only if constructed with the causal variants and not with

anonymous markers.

Inbreeding depression

Absence of dominance variance does not necessarily mean the absence of inbreeding
depression when the genetic architecture approaches the infinitesimal model, and
evidence was found for depression in precisely the same four traits for which the basic
A model was rejected. To the authors’ knowledge, these estimates are the first for the
commercial traits in Nile tilapia. Most of the quantification has been done using
pedigree information in other aquaculture species (e.g. [40—42]), and a handful using
genomics [43]. In the absence of genomics, this information was not observable
because of the near identical inbreeding coefficients of the study population. The
majority of the traits clearly show the signal of inbreeding depression and ignoring this
term leaves the estimates of the variance components and predictions of offspring

merit open to bias.
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Utilisation of the additive by additive epistatic effects

The magnitude of the epistatic variance is argued [28,45] to be much smaller than the
additive genetic variance in elite commercial populations for the following reasons: (i)
all the interaction effects contribute to the additive variance; and (ii) additive variance
is the function of heterozygosity at individual loci, whereas the epistatic variance is the
function of the products of heterozygosity at multiple loci, which is generally low
because of the U-shaped distributions in allele frequency that are typically observed.
In the long run, additive by additive epistatic variance is expected to be exploited
indirectly as it is converted to the additive genetic variance due to random drift and
selection; hence this form of variance affects the medium and long-term selection
response indirectly [44], and in itself does not argue for re-structuring towards
reciprocal recurrent selection. On the one hand, while it has been argued that the
epistatic effects should be included in the estimation of genetic parameters, since
additive genetic variance already contains a fraction of the epistatic variances in the
presence of the epistasis, it is likely to be unnecessary for selection decisions
[24,28,45]. On the other hand, the huge epistatic ratio, predicting large differences
among individuals in the population (Figure 2), prompts the question of whether this
source can be used in the Nile tilapia breeding program in some way. This is
particularly unattractive to breeders when depending on the interactions of anonymous
loci. Therefore, more direct exploitation of epistasis in the future in Nile tilapia breeding
program will depend on finding out the causal variants showing large epistatic
interactions [46,47] for different traits. However, this will require a substantial resource
to achieve, probably an order of magnitude greater than for identifying the additive

effects of causal variants.
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Conclusion

Thus, this study has found that the non-additive genetic variance in the Nile tilapia
population was almost entirely additive by additive epistatic variance using genomic
relationship matrixes, whereas this is commonly assumed to be dominance using
pedigree based relationship matrixes. The inbreeding depression and lack of
dominance variance was consistent with an infinitesimal dominance model. Reciprocal
recurrent selection is not required to exploit the non-additive variation in the biological
traits as it will convert to additive genetic variation over time, although commercially
this conclusion will depend on cost structures. However, the creation of maternal lines
in Tilapia breeding schemes may be a possibility if this variation is found to be

heritable.
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List of abbreviations

Acronym Full Form

BD Body Depth

BL Body Length

BT Body Thickness

BWH Body Weight at Harvest

d.f. degrees of freedom

FW Fillet Weight

FY Fillet Yield

GRMs Genomic relationship matrices
HWE Hardy-Weinberg Equilibrium
LD Linkage Disequilibrium

NOIA Natural and orthogonal interactions
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628  List of tables

629 Table 1: Log likelihood values with significance levels for different models for the six
630 traits. The significance level for the likelihood ratio tests are expressed relative to the
631  full model ADME. The critical values for Type 1 errors of 0.05, 0.01 and 0.001 were:
632 for1d.f., 2.71, 5.42 and 9.55, respectively; for 2 d.f., 4.24, 7.29 and 11.77; and for 3
633 d.f. 5.44, 8.75 and13.48 respectively. The statistical significance is labelled as ™', **’
634 and *“** for P<0.05, P<0.01 and P<0.001, respectively.

Models d.f. BD BL BT BWH FW FY
ADME -43.48  -191.28 -1.78 -31.51 -69.90 -68.55
ADE 1 -46.55"* -195.75** -2.25 -35.82* -74.74*** -69.10
ADM 1 -4514* -192.02 -2.34 -33.40* -70.40 -68.65
AME 1 -4348 -191.28 -1.78  -31.51 -69.90 -68.55
AD 2 -49.29* -197.99** ‘ -3.04 -39.29"** -76.05*** -69.25
AE 2 -46.55* -195.75** | -2.25 -35.82** -74.74** -69.10
AM 2 -4515 -192.02 -2.40 -33.40 -70.40 -68.65
A 3 -49.29* -197.99* -3.06 -39.29*** -76.05"* | -69.25

635

636
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Table 2: Inbreeding depression for the commercial traits in Nile tilapia. “b” is the
regression coefficient of trait on individual homozygosity, and D is the percentage
decrease in the trait value per 1% increase in the individual homozygosity due to
inbreeding depression. Standard errors are presented inside the parenthesis (). **
indicates p values 0.001 - 0.01 and * indicates p values 0.01 - 0.05 for significant
values.

BD BWH BL FW BT FY
b -3.27** -371** -7.57* -156** -7.08 -6.90
(1.19) (137) (2.95) (56) (5.05) (4.93)
D 0.37 0.91 0.34 1.08 0.17 0.21
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648

Table 3: Components and their ratios with phenotypic variance for the models of best
fit for different traits. Standard errors are presented in parentheses. The ratios are:
narrow heritability h?, broad heritability H2, maternal ratio m2 and epistatic ratio eaa?

Trait

BD

BWH

BL

FW

BT

FY

BD

BWH

BL

FW

BT

FY

Model

AME

AME

AM

AM

A

A

AME

AME

AM

AM

O'ZA

0.086
699
0.284
118
1.695

1.758

0.097
791
0.321
133
1.915

1.987

0%kaa 0%m

0.080 0.047
1183 635
0.257

99

0.102 0.047
1504 635
0.257

99

0%

0.328
4540
2.803
1009
8.015

7.461

0.326
4520
2.801
1009
8.004

7.450
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0%
NOIA
0.541

7059
3.345
1227
9.710
9.220

HWE
0.573

7450
3.380
1241
9.92

9.437

hZ

0.158
0.099
0.085
0.096
0.174

0.190

0.169
0.106
0.095
0.107
0.193

0.210

HZ

0.307

0.266

0.348

0.308

m

0.087

0.090

0.076

0.080

0.082

0.085

0.076

0.079

€aa

0.148

0.167

0.178

0.201



649 Table 4: Corrected heritabilities, ratio and variances for the models of best fit for
650 different traits and approaches. The variances and ratios were corrected by (Mean
651 (leading diagonal) — Mean) of the the corresponding relationship matrices as per
652 Legarra (2016). Standard errors are presented in parenthesis.

Traits HWE NOIA
o’a 0%kaa h? €aa o’ 0%aa h? €aa
BD 0.086 0.080 0.150 0.139 0.086 0.080 0.159 0.147

BWH 698.774 1169.547 0.094 0.157 | 698.772 1169.539 0.099 0.166

BL 0.285 0.084 0.284 0.085
FW 117.948 0.095 117.948 0.096
BT 1.694 0.171 1.694 0.174
FY 1.757 0.186 1.758 0.191
653
654
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656  Figure 1: Decomposition of the phenotypic variance into different components using
657 NOIA and HWE assumption approaches for the six traits. The ratios are: h? is additive;
658  d?is dominance; ess? is additive by additive epistatic; m? is maternal; and e?is residual.

w

2



659
660

661
662
663
664
665

666

(a) BWH-Individuals (b) BWH-Fullsib families

20-
50-

= °
L]
o« deh, 0
“ rc " . 5 ° o . rc
L
= - P e e T oA
I} - w S o0 g oI .
* BxA o oo L] o ® BxA
(R L 1%e
LA 1
:?,’ g ° )
A . |
. .
; et
-50- 1 1
1 b4 1
1 1
1 1 L]
1 |
1 ° !
' | ' ' ' ' | '
-25 0 25 50 -20 -10 0 10
EBVs EBVs

Figure 2: Scatterplot of estimated breeding values (EBVs) and epistatic (additive by
additive) values (EEVs) for the trait BWH using NOIA approach (a) shows the
scatterplot for all the individuals (b) shows the scatterplot for the mean values for
different full-sib families. Please note that the values for x-axis and y-axis are different
for both plots. The color of the dots in the scatterplot represents the types of reciprocal
cross (rc): AxB and BxA.
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Table S1.1: Number of animals genotyped in different full-sib families. The row with P
and G denotes the total number of phenotyped (coded black) and genotyped animals
(coded bold blue) respectively from each full-sib family. Parents are coded from 1 to
18 in the header rows and columns. Empty cells means no phenotypes or genotypes
were available for that full-sib family.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
1 P 519 30 5| 5|26 | 26 34 15| 36
G
2 P 30 20 18 1 33 9 3 16
G 30|20 18 11 8
3 P 29 18 25 6 36 8 13 36
G
4 P 13 7 19 6 23 11 6 14
G
5 P 8 7 20 12 25 10 27
G 8| 7|20 21 10 | 27
6 P 3| 6 46 8 4 39 44 59 17 54
G 41 8| 4|39 38 17 | 44
7/ P |32 9|17 8 32 7 2 30
G 32| 9|17 8 7
8 P 5| 3 24 9 3|13|13 19 8 16
G 25 8| 3|13 10 8| 16
9 P 29 16 26 © 37 11 3 27
G 29|15 26 9 11
10 P 35 27 16 8 38 17 6 30
G
1 P 1| 2 13 2 1| 8|13 22 8 21
G
12 P 4 2 36 4 3 10 30 47 10 52
G 36 4 3|10 34 8| 43
13 P 19 3 14 3 19 7 1 10
G |19, 3|14 3 7
14 P 2 6 14 16 13 15 12 45
G 14 16 9 12 | 43
15 P 16 15 22 6 28 12 4 29
G 16|15 20 6 1 12
16 P 22 13 17 4 26 15 3 17
G 22|13 | 17 5 1 16 1
17 P 4 17 4 6 17 17 34 7 4
G
18 P 14 6| 3|12 22 15 8 18
G 14 6 3/12| 1 13 717




Table S1.2: Descriptive statistics for the six traits, where N is the number of
observation having both phenotypes and genotypes, SD is the standard deviation, SE
is the standard error and CV is the coefficient of variation expressed as percentage.

N Unit Min Max Median Mean (SE) SD CV%
BWH 1119 g 115.60 802.80 390.20 407.31 (3.84) 128.44 31.53

BL 1119 om 1410 28.00 2240 22.38(0.07) 2.25 10.05
BD 1119 om 5.00 12.00 8.80 8.89 (0.03) 1.03 11.58
BT 1119 mm 1290 59.70 40.50 40.70 (0.14) 455 1117
FW 1119 g 20.10 34260 136.60 143.83 (1.56) 52.32 36.38
FY 1119 % 1524 5053 33.15 32.83(0.09) 3.13 9.54

Table $1.3: Mean values of the genomic relationship matrices constructed with NOIA

and HWE approaches

HWE NOIA
Overall Diagonal Off-diagonal | Overall Diagonal Off-diagonal
G 0.00079 0.8847333 -0.000791354 | 0.000893 1 -0.000894454
D 0.038489 0.9250984 0.03690302 | 0.000893 1 -0.000894454
k(G#G) | 0.009216 0.7868253 0.007825131 | 0.011713 1 0.009945195
k(G#D) 0.002971 0.8211928  0.001507525 | 0.003311 1 0.001528032
k(D#D) | 0.00513 0.8581108  0.003604039 | 0.004223 1 0.002441192




Table S1.4: Transformation of the variances on a similar scale based on the

relationship matrices. The additive genetic variance (o2A) and the heritability (h?) were

obtained from A model. No individual homozygosity was fitted in these models. The

transformed variances and ratio are marked by * and was scaled by (Mean (diagonal)

— Mean) of the the corresponding relationship matrices (Table S1.3) as per Legarra

(2016)". In “Ped”, genomic relationship matrix was replaced by pedigree relationship

matrix obtained using 3 generations of pedigree. The mean and mean(diagonal) of the

relationship between 1119 individuals from pedigree relationship matrix were
0.2757587 and 1 respectively.

Traits Assumption o2a  SE o2 SE h? SE h  SE
BWH NOIA 1242 300 1241 300 0.18 004 0.18 004
HWE 1404 339 1241 300 020 004 018 004
Ped 3480 1391 2556 1019 0.44 014 (.32 0.10
BD NOIA 013 003 013 003 024 004 024 004
HWE 0.14 003 0.13 003 Q.27 005 (024 004
Ped 0.31 012 023 009 050 015 036 0.1
BL NOIA 0.40 012 0.40 012 0.13 004 0.13 0.04
HWE 0.46 014 0.40 012 0.14 004 012 003
Ped 120 050 0.88 037 0.33 012 (.24 0.9
FW NOIA 177 47 177 47015 004 0.15 004
HWE 200 55177 47 0.17 004 0.15 004
Ped 536 215 393 158 039 013 0.28 009
BT NOIA 170 044 169 044 0.17 004 Q.17 0.04
HWE 1.92 050 1.69 044 0.19 004 017 004
Ped 183 092 134 068 (.18 008 (.13 0.06
FY NOIA 1.76 041 176 041 019 004 0.19 004
HWE 199 046 176 041 021 004 (0.19 0.04
Ped 2.65 117 1.94 08 0.26 010 0.19 007

! Legarra A. Comparing estimates of genetic variance across different relationship models. Theor
Popul Biol. Elsevier; 2016;107:26-30.
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Figure S1.2: Scatterplot and correlation of the additive and dominance relationships
using imputed genotypes (G.imputed and D.imputed respectively) and without
imputed genotypes (i.e. with some missing genotypes, named as G.cleaned and
D.cleaned respectively).
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Figure $1.3: Scatterplots for different additive and dominance relationships. Mean of G and
D are shown as orange dot in the respective plots a) Relative frequency plots for genomic
relationships (G) and dominance relationships using genomic information (D). b) Scatterplot
between G and D (correlation = 0.47). c) Scatterplot between G (using NOIA approach) and
the pedigree relationships using 3 generations of pedigree (A-Shortped) (correlation = 0.72).
d) Scatterplot between G and the pedigree relationships using 20 generations of pedigree (A-
Fullped) (correlation = 0.72). e) Scatterplot between D and the dominance relationships using
3 generations of pedigree (D-Shortped) (correlation =0.65). f) Scatterplot between D and the
dominance relationships using 20 generations of pedigree (D-Fullped) (correlation = 0.62).
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Figure S1.5: a) and b) Density plots showing the dominance deviations for BWH
between the animals having phenotypes and those that were selected from them to
be genotyped. ¢) and d) Scatterplot and LOESS regression between the selected
and non-selected individuals. The selected individuals were coded as 1 and the non-
selected individuals were coded as 0. The dominance deviations were obtained from
the ADM model given in Joshi et al. (2018)2.

2 Joshi R, Woolliams J.A., Meuwissen T.H.E., Gjgen H.M.. Maternal, dominance and additive genetic
effects in Nile tilapia; influence on growth, fillet yield and body size traits. Heredity (Edinb) [Internet].
Nature Publishing Group; 2018 Jan 16 [cited 2018 Jan 16];1. Available from:
http://www.nature.com/articles/s41437-017-0046-x
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Joshi et al. (2018)* showed how the variance components of the basic factorial mating design
used in this study were translated into estimates of maternal, dominance and additive variances
related to a pedigree. The basic factorial mating design had 3 core components (Vsire, VDam,
and Vrsib) which can be related to the covariances (C) between individuals, i and j, assuming a

mean is fitted to the population.

i, j no common parent (U), Cu =0 ()
i, j paternal half-sibs (PHS), Ceis = Vsire 2)
i, j maternal half-sibs (MHS), Cmus = Vpam 3)
i, j full-sibs (FS), Crs = Vsire + VDam + Vsib 4)

For this population i and j were in generation 22, and Joshi et al. (2018)! published the main

results with a base set at generation 20.

Dominance. Assuming the non-additive genetic variation was primarily arising from

dominance then Joshi et al. (2018)" showed:

Cu =(4c% +o%)/16 3)
Crus = (60%A +206%p)/16 (6)
Cmus = (66%A +26%p)/16 + 6%m (7)
Crs  =(80% +46°p)/16 + c*m (8)

The fitted mean will account for the genotypic drift from the base generation, which is

represented by Cu, and Equation 5 can be subtracted from the (6), (7) and (8).

Crus = (20%A + o°p)/16 )
Cmus = (20%4 + 6°p)/16 + 6°m (10)
Crs = (40%r +36%°p)/16 + 6°m (11)

1 Joshi R, Woolliams J.A., Meuwissen T.H.E., Gjeen H.M.. Maternal, dominance and additive
genetic effects in Nile tilapia; influence on growth, fillet yield and body size traits. Heredity
(Edinb) [Internet]. Nature Publishing Group; 2018 Jan 16 [cited 2018 Jan 16];1. Available
from: http://www.nature.com/articles/s41437-017-0046-x



Solving these equations and equating them to (2) to (4) results in the following:

e o2\ is estimated as Cwvus — Cpus -
e o°pis estimated as 16(Crs—Cpns—Cwmns) =16 Vrsib

e o’ is estimated as 16Cpus-8(Crs-Cmms) = 8(Vsire - VFsib).

Epistasis®. Consider now an assumption that the non-additive genetic variation was primarily

arising from A#A, denoted o? :

Cu  =(160°A + 4c%)/64 5)
Crus = (246%4 + 96%1)/64 (6)
Cmus = (240°A + 96%1)/64 + o*m (7)
Crs  =(320% + 166%)/64 + c*m )

As with dominance the fitted mean removes Cy and this is subtracted from remaining

covariances.
Crus = (80%a + 5071)/64 (6)
Cmus = (86%a + 56%1)/64 + 6*m @)
Crs = (166 + 126%)/64 + c*m (8)

The solutions to these equations are:

e o2\ is estimated as Cwvus — Cphs .
e o7 is estimated as 32(Crs—Cpus—Cwmus) =32 VEsib

e o’ is estimated as 28Cpus-20(Crs-Cmus) = 8Vsire - 20VEsib = 8(Vsire - VEsib) — 12 Vsib.

Therefore the estimate of 624 from this design is reduced when the non-additive variation is
assumed to be additive-by-additive epistasis rather than dominance, and this reduction is of the

order of 3/8 o°1.

2 Cockerham CC. An extension of the concept of partitioning hereditary variance for analysis
of covariances among relatives when epistasis is present. Genetics. Genetics Society of
America; 1954;39(6):859.
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Both the models with HWE and NOIA approaches were fitted without individual

homozygosity as the covariate to account for the impact of the inbreeding depression in

the models. The summary of the variance parameters are presented in the tables below.

Table S2.1: Heritabilities, ratio and phenotypic variance, for the models of best fit for
different traits. The relationship matrices were constructed with HWE approach’. Models

were not fitted with individual homozygosity as the covariate.

HWE approach - Without individual homozygosity

Traits Model h? se e’ se H? se m? se phenvar se

BD AME 0.17 0.05 019 0.11 0.36 0.10 0.08 0.05 0.58 0.04
BWH AME 0.11 0.04 0.22 0.11 0.33 0.10 0.08 0.05 7540 548
BL AM 0.10 0.03 0.08 0.05 3.41 0.22
FW AM 0.11 0.04 0.08 0.05 1252 82
BT A 0.20 0.04 9.96 0.50
FY A 0.21 0.04 945 047

Table S2.2: Heritabilities, ratio and phenotypic variance, for the models of best fit for
different traits. The relationship matrices were constructed with NOIA approach'. Models

were not fitted with individual homozygosity as the covariate.

NOIA approach - Without individual homozygosity

Traits Model h? se en? se H? se m? se phenvar se

BD AME 0.16 004 0.16 0.09 0.32 0.09 0.08 0.05 0.54 0.04
BWH AME 0.10 004 0.19 0.10 0.29 009 0.09 0.05 7110 499
BL AM 0.09 0.03 0.08 0.05 3.38 0.22
FW AM 0.10 0.03 0.08 0.05 1236 80
BT A 0.18 0.04 9.74 046
FY A 0.19 0.04 9.23 044

! Vitezica ZG, Legarra A, Toro MA, Varona L. Orthogonal Estimates of Variances for Additive, Dominance,

and Epistatic Effects in Populations. Genetics [Internet]. 2017 Jul [cited 2018 Jan 29];206(3):1297-307.

Available from: http://www.ncbi.nlm.nih.gov/pubmed/28522540



Table S2.3: Literature review for inbreeding depression in some species of aquaculture.
The inbreeding depression is expressed as the percentage decrease in the trait value per
10% increase in the inbreeding coefficient.

Species Trait Inbreeding depression
Atlantic salmon? BW -0.6 to -2.6%
Rainbow trout® BW -2.3%
Rainbow trout* BWH | -1.6 to-5.0%
Coho salmon® BWH | -1.5% to-1.7%
BW- Body Weight, BWH- Body Weight at Harvest

2 Rye M, Mao IL. Nonadditive genetic effects and inbreeding depression for body weight in Atlantic
salmon (Salmo salar L.). Livest Prod Sci. Elsevier; 1998;57(1):15-22.

3Hu G, Wang C, Da Y. Genomic heritability estimation for the early life-history transition related to
propensity to migrate in wild rainbow and steelhead trout populations. Ecol Evol [Internet]. 2014 Apr 20
[cited 2015 Oct 16];4(8):1381-8. Available from: http://doi.wiley.com/10.1002/ece3.1038

4 Pante MJR, Gjerde B, McMillan I. Effect of inbreeding on body weight at harvest in rainbow trout,
Oncorhynchus mykiss. Aquaculture [Internet]. Elsevier; 2001 Jan 15 [cited 2018 Sep 4];192(2—-4):201-11.
Available from: https://www.sciencedirect.com/science/article/pii/S0044848600004671

> Neira R, Diaz NF, Gall GAE, Gallardo JA, Lhorente JP, Manterola R. Genetic improvement in Coho
salmon (Oncorhynchus kisutch). I: Selection response and inbreeding depression on harvest weight.
Aquaculture [Internet]. Elsevier; 2006 Jun 30 [cited 2018 Sep 4];257(1-4):9-17. Available from:
https://www.sciencedirect.com/science/article/pii/S0044848606001839
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Both the models with HWE assumption and NOIA approaches were fitted without
individual homozygosity as the covariate to account for the impact of the inbreeding
depression in the models (marked as *). The comparison is made between A* model
(fitting only additive genetic variation) and the higher order alternative models (fitting
individual homozygosity, dominance, additive-by-additive epistasis and maternal
environmental effect, single or in combination), therefore the 0 for the A* model is by
definition. There was no much difference in the rankings between the HWE or NOIA
approaches, so the results of NOIA approach is only shown.

Table $5.1: The impact of model choice for the top 100 animals after ranking was based on EBVs.
The boxes are color coded from dark grey to white so that the darker color signifies higher values.

Traits Models without individual homozygosity
A*  AD* ADE* ADM* ADME* AE* AM* AME*

BD 0 2 8 30 31 8 30 31
BWH 0 0 6 40 89 6 40 39
BL 0 1 10 54 52 10 54 52
FW 0 0 7 43 44 7 43 44
BT 0 1 5 23 19 5 22 19
FY 0 0 4 15 14 4 15 14

Models with individual homozygosity

A AD ADE ADM ADME AE AM AME
BD 9 10 8 29 Sil 8 29 S
BWH 8 8 10 40 37 10 40 37
BL 12 12 14 58 52 14 53 52
FW 5 5 6 40 41 6 40 41
BT 2 3 4 23 18 4 23 18
FY 4 4 4 14 15 4 14 15

Adding only individual homozygosity as the measure of inbreeding depression made
minor differences in the ranking of the 100 best animals, with the change of 4-12% of the
animals in the top 100 list across various traits. Similarly, adding only epistatic term also
made minor difference in the top 100 list based on EBVs, with the change of 4-10% of



the animals across various traits. The impact of the epistatic effects on the ranking based
on EBVs was not consistent with the significance of this effect for the trait. For example,
though the best-fit model for the trait BL did not have epistatic effect, including this effect
in the model for this trait changed the maximum number of animals in the list compared

to other traits where this effect was significant.

Whereas, including maternal term in the models was found to effect the ranking based on
EBVs, with more than 50% of the animals being different in the list. For those traits where
the best-fit models included maternal variances, the impact of the maternal effect was
bigger, than those traits where the maternal effect was not significant. These results are

similar to that using pedigree®.

1Joshi R, Woolliams J.A., Meuwissen T.H.E., Gjgen H.M.. Maternal, dominance and
additive genetic effects in Nile tilapia; influence on growth, fillet yield and body size
traits. Heredity (Edinb) [Internet]. Nature Publishing Group; 2018 Jan 16 [cited 2018 Jan
16];1. Available from: http://www.nature.com/articles/s41437-017-0046-x
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4. General Discussion

Prof. Harald Skjervold’s at NMBU (former NLH) first involvement with Atlantic salmon
was to use it as a model species to disentangle additive and non-additive genetic effects
in a factorial design similar to the one we have applied in the present project (Gjedrem,
2005). The external fertilization, which easily could be applied in fish, was
unattainable with other production animals. This shows that non-additive genetic
effects were thought to be an important source of genetic variation in aquaculture
since the very beginning. One of the main conclusion and the future research priority
of the Aquaculture Genomics, Genetics and Breeding Workshop held in Auburn,
Alabama, USA in 2016 (Abdelrahman et al,, 2017) was to try to utilize heterosis in
different aquaculture species, which shows that this is still relevant. Hence, this project
was also to some extent motivated by the huge difference in profit between breeding
programs that exploit both non-additive and additive vs. those that exploit only
additive genetic effects (Bichard, 1977; Weller, 1994). For example, pigs and chickens
rely on the additivity, but they exploit non-additivity as well (Bell et al, 1952). The
thesis presents the papers in the order of the progression of work: first we use classical
methods utilizing pedigree to partition the variances and quantify the non-additive
genetic effects, then we develop the genomic resources (SNP-array and linkage maps)
to allow deeper analyses, and finally utilize these genomic resources to partition the
variances and quantify the non-additive genetic effects. Many relevant issues have
already been addressed in the discussion sections of the respective papers and will not
be repeated here. Thus, this general discussion will focus on following main points,
with the aim to provide broader general perspective and possible future areas of

research than what has already been given in the papers.

4.1. Experimental Design

Most conventional tilapia aquacultural breeding designs cause confounding of various
effects; making it difficult to separate various source of variances during the genetic
evaluation. In this experiment, the source population was part of a breeding nucleus
and various modifications of the regular commercial Nile tilapia practice were done to
separate the additive, maternal and non-additive genetic effects accurately, as shown

in Table 2 (See methodology in paper I for details).
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Table 2: Modifications in the regular commercial Nile tilapia aquaculture practice

Regular commercial Confounding

practice

Modifications

Hierarchical mating

/nested design

Difficult to separate
maternal and non-
additive genetic

effects

Factorial design with reciprocal

Cross

Natural mating and

mouth brooding

Maternal
environmental effect
and full-sib family

effect

Artificial breeding (stripping the
eggs and milt directly from the
genital papilla and fertilizing
them artificially in mixing

containers)

Full-sib families are
kept separate until
they are pit-tagged
(for about 5-7 weeks)

Tank effect, maternal
environmental effect
and full-sib family
effect

All the eggs were kept together
and were reared together in the
same environment. Parentage

assignment was done with the aid

of microsatellites

4.2. Models used

The prediction of breeding values is the important core of any breeding program, and
we depend on the models used to get these values. As with the “Garbage in- garbage
out” paradigm, the inappropriate data with perfect model or the perfect data with
inappropriate model leads to wrong conclusion. Also, it would be impossible to get the
perfect data and perfect model in the practical world. Thus, practically we try to have
an experimental design (as above) to generate the best data for an experiment and

utilize the best available models (with their own assumptions).

In animal breeding and genetics, BLUP (Best Linear Unbiased Prediction) models
(Henderson, 1949) have been widely utilized, which has evolved from simpler sire
models to the animal models and on to the genomic models. BLUP assumes that the

appropriate variance components are known (Mrode, 2014). Paper [ and III utilizes
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different mixed linear models using residual maximum likelihood (REML) to partition

the additive and non-additive genetic variances.

Paper I compares the sire variances and full-sib variances obtained from simple diallel
model, with the standard animal models with dominance relationship matrices
(coefficient of fraternity) (Harris, 1964; Smith and Méaki-Tanila, 1990; Lynch and
Walsh, 1998). Use of fraternity matrices for dominance (computed from pedigree
information) is an approximation of the full dominance model (Shaw and Woolliams,
1999). The presence of inbreeding together with dominance increases the deviation
from the HWE and generates covariances between additive and dominance effects (de
Boer and Hoeschele, 1993). This can be written as the computationally simpler
equivalent model (Fernandez et al, 2017), which ignores two terms related to the

inbreeding depression:

Var (g) = < 1{40} zCGAIDI 2 )
C'oyp, Dpop, + Djop,
where, a is the vector of random additive genetic effects; d is the vector of random
dominance effects; 02 and o?ps are the additive and dominance genetic variances in
the base population (non-inbred population mated at random); o2p1is the dominance
genetic variance in a fully inbred population (with the same allelic frequencies as the
base; oapiis the covariance between the respective additive and dominance effects; A
is the numerator relationship matrix generated from the pedigree (twice the
probability of IBD of two alleles across two individuals); Di is inbred dominance
relationship matrix (probability of both identical genotypes across individuals and
identical alleles within individuals); Ds is the non-inbred dominance relationship
matrix (probability of identical genotypes across individuals but distinct alleles within
individuals); and C is the additive-dominance relationship matrix (probability of three

alleles identical across the two pairs of two individuals.

Hence, the fraternity relationship matrices used in paper I excludes term that arises in
the presence of inbreeding with dominance, i.e. the terms D,aﬁl and the co-variances
in the above variance structure were assumed to be zero. But the relatively low value

of the inbreeding coefficient in our population (compared to the fully-inbred
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individuals where these full models have been utilized), may not cause too serious

problems and biasness.

These BLUP parametric methods assume that the dominance effects have the mean of
zero and the symmetric distribution of the variance (Falconer et al., 1996; Mrode,
2014). Whereas, under the directional dominance these assumptions do not hold true.
One example to overcome this shortcoming is to use the regression of homozygosity

as the covariate in the model, as we did in paper III.

Different genomic regions in the genome has been shown to contribute differently to
the inbreeding depression and overall heterosis (for example: (Pryce et al, 2014)).
Hence, it is difficult to model these properties using parametric methods like linear
mixed models and non-parametric models could be an option (For example Bayes D,
as in (Bennewitz et al, 2017)), though the implementation is complex. The GBLUP
approaches used here suggest the linear relationship between the genotypes and
phenotypes, which might not be true when we want to model epistasis (Gianola et al.,
2006). Hence, appropriate non-linear models with easy implementation needs to be

developed.

4.3. New genomic resources for Tilapia

The first Aquaculture Genomics Workshop, Dartmouth, Massachusetts, United States
of America in 1997 is considered a milestone for starting aquaculture genomics, and
tilapia was one of the six species selected for genomic research (Liu, 2017). At present,
we have a spectrum of genomic resources available for different aquaculture species,
ranging from restriction-site association DNA (RAD)/ double digested RAD (ddRAD)
and only a little knowledge of genome structure or gene content (for example Yellow
Croaker), to high-density arrays with significant genome annotation (Atlantic salmon
- Salmo salar). High-resolution data (such as we can get from S. salar) has more chance
to reveal biology underlying genotype-phenotype links and greater chance to help us

select more efficient for complex traits.

The Aquaculture Genomics, Genetics and Breeding Workshop held in Auburn,
Alabama, USA in 2016 has reviewed and compared the status of aquaculture genomics
for major aquaculture species (Abdelrahman et al., 2017). Despite having two genome

assemblies (see (NCBI, 2018)) and four linkage maps of varying resolutions (Kocher
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etal., 1998; Lee et al,, 2005; Guyon et al.,, 2012; Palaiokostas et al.,, 2013), the workshop
highlighted the lack of utilization of available genome tools and technologies in tilapia
breeding programs (See Figure 1 at page 15 of (Abdelrahman et al, 2017)). To bridge
this gap, Paper Il deals with the development of two important genomic resources, 58K

SNP-array (Onil50 array) and the high-density linkage map, for Nile tilapia.

Priority of utilizing SNP array and the linkage maps in aquaculture has been in utilizing
these resources on selection for disease and parasitic resistance. Hence, one of the
major utilities of Onil50 array will be genome wide association studies (GWAS),
making it preferable to have the SNPs at equivalent distances across the genome.
Hence, even though a very thorough and stringent approach was used to develop the
array, in Paper Il it has been recommended to increase the coverage and density of the
Onil50 array, so that it becomes comparable to the recently available SNP-arrays in

another important aquacultural species, the 930K in Salmon (Lien et al, 2016).

Besides increasing the density of the SNP arrays, another future perspective in tilapia
breeding might be to utilize the Whole Genome Sequence (WGS) data, i.e. to utilise all
base-pairs on the genome that show variation in the population. Assuming the
sequencing of enough animals, it is believed that the data will contain nearly all causal
mutations contributing to the genetic variance. This will have a direct impact on short
term breeding by increasing the power to detect and localise causal variants
(Meuwissen and Goddard, 2010; MacLeod et al, 2013; Druet et al, 2014; van
Binsbergen, 2017). Whereas the long term breeding goals might be to use the WGS
information combined with the newer methods like gene editing and RNA Seq data for

genomic prediction (Jenko et al, 2015).

The Build 1 linkage map (see methodology in Paper II) was used to anchor, order and
orient the scaffolds in the available O_niloticus_UMD1 genome assembly. Although this
is not the part of this thesis, it shows one of the utilization of the linkage map we
produced. In short, this linkage map helped to identify 22 mis-assemblies, anchored a
total of 906.6 Mbp of the O_niloticus_UMD1 assembly and was used to produce a new
version of the assembly: O_niloticus_ UMD_NMBU assembly (Conte et al, 2018). An
important contribution was that the linkage map helped to join the LG3a and LG3b into
a single linkage group, LG3, in the assembly.
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Availability of genome sequence and the establishment of gene-editing methods (Li et
al, 2013, 2014; Brawand et al, 2014) make Nile tilapia an ideal model species for the
experiments related to the gene-editing. It is expected that the future research will
focus on creating different disease resistance, salt tolerant and temperature tolerant
lines of Tilapia, and we believe that the development of SNP-array and linkage map is

a enabling the first step towards this goal.

4.4. Maternal effect

Maternal effects can either be genetic or non-genetic sources of variation among the
offspring acquired from the mother. For example: the size of the egg is an
environmental factor for the offspring, whereas for the mother it can be genetic so that
it gets transferred to the offspring. These environmental sources of variation in
offspring has been shown to origin from either of the parents (Immler, 2018), but
female influences have been considered more significant, in Nile tilapia as in many
other fish species, as the female provides the eggs with nutrients, hormones,
cytoplasm, and mitochondrial DNA. Additionally, in Nile tilapia the female provides the
brooding environment and chooses the place to deposit them. Hence, mother is a more
likely source of the variance, at least during the initial stages of development (Heath et

al, 1999).

In the beginning, maternal effects were viewed as an experimental noise, but
eventually this has been converted as an opportunity to breed for separate maternal
lines (Smith, 1964). In aquaculture (i), the size of the dam is correlated to the number
of eggs produced (i.e. reproductive potential of the dam) (Marshall et al, 1998); (ii)
variation in the age and size of the dam is correlated to the qualitative changes in eggs
(Solemdal, 1997); (iii) size of egg is correlated with the size of hatchling (Chambers et
al., 1989); (iv) negative correlation between egg size and number (Smith and Fretwell,
1974); (v) female mouth brooding is an important natural phenomena responsible for
maternal environmental effect in Nile tilapia, and it has been found that the low
offspring density in the pouch favours growth (Watanabe and Watanabe, 2002); (vi)
Transfer of maternal immunity to eggs and embryos through yolk (Mor and Avtalion,
1990; Swain and Nayak, 2009). The detailed review on the causes, modes and

mechanisms of maternal effects in fishes can be found in Green (2008).
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The influence of these maternal effects on the traits of offspring generally declines with
the gradual development of the offspring, because with time and life history, the
influence on offspring’s trait is gradually taken over by its genetic architecture
(Atchley and Zhu, 1997; Heath and Blouw, 1998) and the maternal effects in fishes are
postulated to be negligible after the early juvenile stages (Heath and Blouw, 1998). But
in our experiment, we found that the maternal effects were still responsible for four
out of six commercial growth and carcass traits (Paper I and III), and was found to
explain around 10% of the phenotypic variance (P<0.05). Since these maternal ratios
are reported for the first time in Nile tilapia, a comparison from other studies was not

available within the species.

This result challenges the hypothesis of negligible maternal effects after the juvenile
stages. One possible explanation is that this maternal effect might be the manifestation
of mitochondrial effects (Huizinga et al, 1986; Rothschild and Ollivier, 1987),
assuming negligible maternal effects related to size and quality of the eggs at the
harvest age of Nile tilapia. Another possibility is that maternal effects might be species
specific (Benowitz et al., 2015) and all the maternal effects are still present at harvest
age. The origin of maternal effects are the substantially larger variances due to dams
rather than sires (Falconer et al, 1996). It has also been shown that incorrect and
incomplete pedigrees cause biasness in the calculation of the maternal ratio
(Roughsedge et al., 2001). But before concluding anything, future research should be
directed on manifestation of maternal effects in the different ontogenetic stages of Nile
tilapia and some other fish species. Availability of the genomic resources with the SNPs
covering the mitochondrial genome (Paper II) makes it very interesting to search for
the genes located in the mitochondria (Gongalves et al., 2014) responsible for the
manifestations of these commercial traits in Nile tilapia (and even study the gene

expressions during different ontogenetic stages).

Including maternal component in the models was found to cause substantial impact in
the genetic evaluation (Paper I and Supplementary 5 of Paper III). The next step would
be to know if this is real or not in a normal population, and if it is truly maternal and
to what extent the maternal effect is genetic. This will provide an opportunity for the

creation of maternal lines in Tilapia breeding schemes.
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4.5. Non-additive genetic effect

Most of the genetic evaluations ignore the non-additive genetic effects and are based
on the hypothesis that the genes determining the phenotype act solely by adding their
effects. This quantification of the role of genetics for any trait is done by calculating
heritability, which is the ratio of genetic variance over phenotypic variance. It is hard
to say that this method of calculation precisely gives the correct estimation of additive
variance, as it has been well shown that the additive variance with this method
contains some fragment of dominance and interactions (Falconer et al, 1996)
Therefore, it is unknown how much of the total genetic variance is precisely due to the
additive component in Nile tilapia, though there have been efforts to separate the
contribution of each variance term using modern technologies and advanced models

in other species (Vinkhuyzen et al., 2013).

The additional full-sib family variance (Vesi) over the sire and dam components in
simple sire and dam model in the diallel design (Paper 1) under the dominance model

can be interpreted (Falconer et al,, 1996) as;
Vrsib = %4 Vb
where, Vp is the dominance variance.
In the presence of the dominance and epistasis, this is given by
Vrsib =%V + Y%8Vaa + %8Vap + Y8V,

where, Vaa, Vap and Vpp are additive-by-additive, additive-by-dominance and
dominance-by-dominance epistatic variances. Hence, we have assumed in Paper I that

the variances within the full-sib families are due to the dominance.

Due to the development of the genomic resources for Nile tilapia (paper II), we were
able to use genomic models to partition the additive and non-additive genetic
variances. It is much easier to calculate dominance and epistasis using genomics than
pedigree, because in genomics we don’t have to use the probabilities of identical
genotypes, rather we use allele counts and the observations of heterozygote states of
the SNPs. We fitted additive, dominance and epistatic models using genomics with

individual homozygosity as the linear covariate and found that the Vrsib was almost
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entirely additive-by-additive epistatic variance, unlike dominance as concluded in
paper I, with the presence of inbreeding depression. This might be due to the
infinitesimal property of the dominance effects. It has been shown that under an
infinitesimal model with both additive and dominance effects, with the increase in the
number of loci, either the dominance variance tends towards zero or the inbreeding
depression tends towards infinity (Falconer et al., 1996; Toro and Maki-Tanila, 2018).
Further, we showed in Paper III that assuming the non-additive genetic effects to be
epistasis, rather than dominance, affects the estimation of the additive genetic

variance.

The GBLUP models use the genomic relationship matrices (GRMs) and there are
different ways to construct these GRMs (VanRaden, 2008; Yang et al., 2010; Speed and
Balding, 2015; Vitezica et al., 2017) directly affecting the partition of the variances. In
Paper Il we have shown that relaxing the assumption of HWE in the construction of
the GRMs (as in (Vitezica et al., 2017)) deflate the additive-by-additive epistatic ratio
by approximately 20 % and 18%, and heritability by 6% and 10% for two traits body
depth (BD) and body weight at harvest (BWH) respectively, when the estimates are
not transformed to the base generation (Legarra, 2016). Further, the models we have
used are not fully orthogonal in the presence of LD. So, development of models to
account for LD in the population will help to partition the variances orthogonally and

to get more accurate values (Hill and Maki-Tanila, 2015).

Though the magnitude of the non-additive genetic effects were found to be large (but
also with large standard errors) with differences between the full-sib families, it was
concluded that it was not beneficial to go for reciprocal recurrent selection (RRS) to
exploit the non-additive variation in this population, as additive-by-additive epistatic
variance is believed to be converted to the additive genetic variance due to random
drift and selection in the long run (Hill, 2017). Though the conclusion not to use RRS
cannot be generalized for other effects, as this might not be valid if the future analysis shows
that the maternal variance is genetic (possibility to utilize maternal lines), but this will still
depend on the cost structures. Further, this also supports the claim that additive genetic
variance is the major source of genetic variance for quantitative traits (Falconer et al,
1996; Mackay, 2014; Hill, 2017), with an underlying epistatic genetic architecture. The

distinction between the additive and epistatic variance is not that important if the aim
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is to predict the short-term responses including estimation of heritability, prediction
of breeding values or the phenotypes using the additive variances. However, Mackay
(2014) has listed following points where it would be beneficial to know whether the
additive variance is the function of underlying epistasis or not for a quantitative trait:
(i) for functional dissection of the phenotype-genotype map (ii) determination of the
genetic interaction networks (iii) prediction of long term responses to selection (both
natural and artificial) (iv) prediction of the consequences of inbreeding and genetic
drift. Hence, it would be helpful if the future research for non-additive genetic effects
in this population would be directed to find the major genes or the regions responsible
for the non-additive effects (Ravi et al, 2011; Powell et al.,, 2013; Lopes et al.,, 2014;
Bolormaa et al,, 2015; Jiang et al., 2017), including large epistatic effects and to further
utilize them in the breeding programs (Carlborg et al., 2006; Grof3e-Brinkhaus et al.,
2010). Compared to finding out the causal variants showing additive effect, it is
difficult to find out the casual variants showing epistatic effects, as this will require
huge number of observation, additional SNP coverage of the genome and huge

computational power (Misztal, 1997).
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5. General conclusion and recommendations

Significant non-additive genetic effects were found for BWH and BD, which was
entirely additive-by-additive epistatic effects in the presence of inbreeding
depression. Rather than depending on the interactions of unknown genes
contributing to the non-additive genetic variance, exploitation of this effect in
the future in Nile tilapia breeding program might depend on finding out the

genes or genomic regions associated with the heterosis for the traits.

Significant maternal effects were found for four out of six traits (except BT and
FY). The creation of maternal lines in Tilapia breeding schemes (with
subsequent cross-breeding designs) may be a possibility if this variation is

found to be heritable.

Non-additive genetic effects were not found to cause substantial consequences
on the rankings of the selection candidates. However, minor impacts were
observed in the heritability and genetic evaluations. Unlike the non-additive
genetic effects, including maternal component in the models was found to cause

substantial consequences on the genetic evaluations.

The development of SNP-Array and linkage map has opened a new door of the
genomic era in Nile Tilapia. These resources have the potential to improve the
genetic gain through genomic selection and to surpass the difficulties of

selection of the invasive traits.
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