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Inbreeding trends in diree populations of rainbow trout under selection for over 

seven generations were investigated. Inbreeding levels across generations were al1 below 

11.5% as estimated from pedigree information and effective population size, Ne. 

Coefficients of inbreeding estimated from Ne were generally lower than those from 

pedigree information. The average rates of increase in inbreeding were 2.0%, 0.53% and 

1.38% per generation for populations 1, 2 and 3, corresponding to N. of 25, 94 and 36, 

respectively. These values were within the acceptable range for avoiding loss of fitness and 

suggest there is no cause for concern over the curent  inbreeding trend for al1 populations. 

Three sire-dam models: addirive (A), additive plus dominance (A+D), and additive 

plus dominance plus additive by additive (A+D+A*A) and a fixed linear mode1 were used 

to estirnate the effect of inbreeding on growrh. Estimates of inbreeding depression from 

the fixed model were substantiaiiy lower than those obtained from the mixed models. The 

A+D and A+ D + A*A models produced sirnilar estimates of inbreeding depression that 

were higher than those from the A model. Resdts suggest that addition of A*A effect in 

the A+D model does not have a significuic effect on the estimation of inbreeding 

de pression. 



Additive, dominance, and additive by additive genetic variance componena for 

growth were estimared using the tilde-hat approximation ro REML method Estimates of 

heritability were the same for di populations (hz = 0.20) in the A model. These estimares 

decreased slightly (range of 0.193 to 0.196) when dominance and additive by additive 

effects were included in the model. The percentage of total genetic variance accounted for 

by dominance effects averaged among al1 populations was 49.6% and 43.4% when 

calculated under A+D and A+D+ACA models, respectively. Most of the non-additive 

genetic variance for body weight was accounted for by dominance effects. Inflated values 

for the doMnance variance rnay be due to confourtding with common environmental effect 

due to full-sibs. Averaged among ail populations additive by additive effects accounted for 

12% of the total genetic variation. These results confirmed the presence of non-additive 

genetic variances for growth in rainbow trour. 
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General Introduction 

Aquaculture or fish famning has been widely practiced for hundreds of years but it 

has ken  based mostly on spawning of gravid fish species or catching fiy fiom the wild 

and raising the spawned eggs and fry in captivity mtil marketable size. Efficient 

domestication programs comparable to those of fann animais and birds have only been 

practiced for a few species such as Atlantic salmon, rainbow trout, carp and tilapia. In 

Nonvay, a selective breeding program for Atlantic salmon and rainbow trout was started 

in 1975 (Gjedrem 1992,1993). Iceland and Canada are both operating a breeding 

program for farming and sea ranching of Atlantic salmon (Jonasson 1 993, Bailey 1 987, 

Friars et al. 1995). Sweden has a breeding program for Atlantic salmon (Gjedrem 1993) 

and Israel nins a crossbreeding program for carp (Wohifarth et al. 1987). The Philippines 

started the GIFT (Genetic Improvement of Farmed Tilapias) project to develop a national 

tilapia breeding program (Eknath et al. 199 1). 

Rainbow trout, which is f-ed in many countries under a wide range of 

environmental conditions, has the greatest amount of estimates of genetic and phenotypic 

parameters (Gjedrem 1992) when compared to other fish species. Estimates of 

inbreeding and inbreeding depression in fish are few and these have been limited to 

rainbow trout species (Aulstad and Kittelsen 1 97 1, Kincaid 1 976% 1 976b, Gjerde et al. 



1983). These studies were based on planned cornparisons between one or several groups 

of systematicdy inbred individuals and one or more groups of outbred individuals. 

Moreover, in those studies, inbreeding was achieved at a rapid rate (one to three 

generations) through successive full-sib m a ~ g s ,  the population size was smali and the 

individuais were not u d y  s e i d  for improved production. There is very iittie 

information available on unintentional inbreeding and its consequent effect on production 

traits, as would occur in a seiective fish breeding program. 

Various methods have been used to cdculate heritability of important traits: 

realized heritability based on selection response, heritability estimated f?om the 

regession of offspring on parents, and heritability calcdated fkom sib analysis 

(Kempthorne 1957). The latter method estimates both sire and dam components of 

variance and each of these variances contain one p u e r  of the additive genetic variance. 

The sire component of variance permits calculation of heritability in the narrow sense 

using only the additive genetic variance. 

In fish breeding, experiments are usually designed to estimate additive genetic 

variance. However, there are several reasons for estimating dominance variation: to 

obtain a more precise prediction of response to selection, to improve the estimation of 

additive effects, to obtain an unbiased estimate of heritability in the oarrow sense, and to 

aid in deciding which breeding plan and selection method should be employed (Gjerde 

1986, Sheridan 1988, Hoeschele and VanRaden 1991, Wei and van der Werf 1993). 

Moreover, the occurrence of dominance is also important in animal breeding because it 

dlows the prediction of the outcornes of matings for sirnply inherited traits and it is the 
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chief source of hybrid vigor and inbreeding depression in polygenic traits (Bourdon 

1997). 

Mixed mode1 methods are available for estimating additive and non-additive 

genetic variances (Meyer 1989, Hoeschele and VanRaden 1991, Misztai 1997). The 

improvements in estimation rnethods, the availability of software and the advancement in 

computing facilities make it possible to d y z e  large field data sets. Up to the present 

+he ,  non-additive genetic variances have not been estimated in rainbow trout using the 

recentiy developed methodology. 

Objectives 

With the above background in min4 the present shidy aims to contribute such 

information through the following objectives: 

1. To analyze the levels of inbreeding relative to a base generation in large 

populations of rainbow trout under selection 

2. To determine the magnitude of inbreeding depression for body weight at 

harvest associated with increased inbreeding 

3. To derennine the magnitude of non-additive genetic variance cornponents for 

body weight at &est. 



Rainbow trout breeding in Norway 

The selective breeding program for rainbow bout in N o m y  was started in 1975 

and has now undergone over seven generations of selection (Gjedrem 1993). The 

selection method practiced is a combination of between-family and within-family 

selection for fast growth rate. A hierarchical mating design is applied where milt fbm a 

single male is used to fertilùe the eggs of 2 to 9 fernales. The generation interval for 

rauibow @out is three years and each generation is discrete as sires and dams are used for 

only one breeding season. Consequently, the breeding program consists of tbree separate 

populations. The founding individuals for each population were from different rainbow 

trout fams in Norway and Sweden and thus were asmmed to be from different gene 

pools. In each generation per population, about 100 families are produced, which are 

evaluated fiom fertilization to market weight. 

Full-sib groups are reared separately in 1 m' tanks until the fish reach a body 

weight of 15 to 20 g, at which tirne they are tagged. The tagging system used is a 

combination of fish-branding and fin-clipping (Refstie and Aulstad 1975). 

A sample of 150 fish from each ml-sib family are tagged individuaily and reared 

in floating net cages at the breeding centre's marine unit. These individuals are the 

potential brood fish for the next generation. 

Another sample of 100 fish per family are tagged individually for rearing in 

floating net-cages in the sea at the marine test stations. The breeding centre has 3 to 5 

test stations. 



During the k h w a t e r  period at the breeding centre, traits such as survival, growth 

rate, and percentage of precocious males, are recorded on a full-sib family basis. Then 

the tagged fish are placed in net cages in May, a year after hatching. Early sexual 

maturity is recorded on a full-sib family basis during November and December. Sexually 

maturing fish are removed fiom the net cages. The fish reared at the test stations are 

slaughtered in September/October after 16 months in the seawater. The body weight, 

body length and the sex of each fish are recorded. The families are ranked, based on their 

breeding values, for early sexual matunty and body weight at harvest. 

Selection takes place at the marine breeding centre the following November based 

on the data from the test stations. Males are selected nom the top 10 to 15 highest- 

ranking farnilies and females fiom the top 20 to 30 highest-ranking families. A total of 

150 males and 500 females are selected at each breeding centre. Individuai body weights 

and sex of al1 fish are recorded. Selected fish are individually marked with metal tags in 

the opercular flap. These individuai records are added to the previous data set and the 

breeding values are calculated for all the initiaily selected broodfish. 

Finally, the top 50 to 60 highest-ranking males and the top 100 to 150 highest 

ranking females are selected as future parents for the following generation. Matings 

among the selected individuals that will result in offspring with inbreeding coefficients of 

12.5% or higher are restricted. 

A single trait BLUP (Bea Linear Unbiased Prediction) is used to estimate the 

breeding values of families and individuals. At present, about 70% of al1 rainbow trout 



f m e d  in Nonvay corne b r n  the national breeding program which was established in 

1985 (Gjedrem 1997). 

Definition of inbreeding and its measurement 

Mating between related individuals leads to inbreeding. Individuals are related 

when they share one or more common ancestors. Thus, they may carry alleles in 

common that each has received nom their common ancestors. If they mate, they may 

pass on these common aileles to their offspring, resulting in an inbred individual. An 

inbred individual possesses two aileles at some loci that are identical copies of the allele 

botb its parents received fiom a common ancestor. Such alleles are called identical by 

descent (Malécot 1948). 

The level of inbreeding is measured by a value c d e d  the inbreeding coefficient, 

and is denoted by the symbol F. It is the probability that the two alleles at any locus are 

identical by descent (Malécot 1948). Inbreeding coefficients can be measured in several 

ways. However in the present study, two methods will be discussed. The first involves 

knowledge of the size of the breeding population and the other involves information on 

the pedigree relationships of the individual in the population. 

Intentional inbreeding is sometimes performed for some specific purposes, such 

as producing inbred lines for crossing to exploit heterotic effects, and producing 

genetically homogenous çaains for bioassay and genetic research. However, 

unintentional inbreeding cm also occur due to the use of a small nurnber of breeding 

individuals in a population. The rate of increase in inbreeduig with the assumption of 
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1 
random mating is calculated by the following formula: LW =- , where Ne is the w 
effective population size. The effective population size is the nurnber of breeding 

indwiduals that would give rise to the same rate of inbreeding as would be expected in a 

randody mating population (Falconer 1989). 

In fish, measurement of inbreeding is difficult because cornplete pedigree 

information is either not available or ciifficuit to obtain (Gall 1987). Therefore, the one 

generation increase in inbreeding (LW) in a closed randomly mating population is 

approximated based on the effective population size, Ne (Falcooer 1989) as expressed in 

the following formula: 

where AT, and Nf are the actual nurnbers of males and fernales, respectively, that 

contribute progeny to the next generation. However, this approximation method is more 

useful in estirnating inbreeding for a whole population than for individuals. Moreover, in 

a population under selection this formula will grossly underestimate the inbreeding level. 

This is because the use of Ne ignores the effect of directional selection and does not take 

into account the introduction of unrelated individuals into the populations. 

However, when pedigrees of the individuals are known, relationships between 

individuals and their coefficients of inbreeding are computed by the method of tracing 

paths to common ancestors (Wright 1922). When a large number of relationships and 

inbreeding coefficients are to be calculated, the tabular method, which can be easily 
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computerized, is preferred. F m e d  populations of rainbow trout in Norway have 

complete pedigrees tracing back to a base population. At present, rapid computer 

algorithms are available which permit calculation of individuai inbreedllig coefficients 

for large populations (Tier 1990, VanRaden and Hoeschele 1990, Meuwissen and Luo 

1992, Miglior et al. 1992). These methods involve the calculation of additive genetic 

relationships arnong the animals fiom pedigree information. The individual inbreeding 

coefficient is caiculated as one-haLf the additive genetic relationship between the parents 

of the individual. 

in Chapter 2, the algorithm of VanRaden and Hoeschele (1990) is used to 

calculate the coefficients of inbreeding for each individual fish. Inbreeding trends fiom 

the base population up to the sixth generation for each farmed population of rainbow 

trout are examined. Inbreeding levels and inbreeding rates cdculated fiom both pedigree 

information and effective population size are also compared. 

Effects of inbreeding 

In any breeding program, minimization of inbreeding has aiways k e n  

emphasized. The classical effects of inbreeding, such as the reduction of phenotypic 

performance have been well established for dairy canle (see Miglior 1994 for summary), 

birds (Flock et ai. 1991), other f i  animais (see Pirchner 1985 and Falconer 1989 for 

sumaries) and Tribolium (Jui and Friars 1974). In cornparison, few studies on 

inbreeding and its effects have been done with fish. 



In the zebra fish, Brachydanio rerio, there was reduced fertility, survival to 30 

days, body length at 30 days and increased incidence of crippled &y at inbreeding levels 

of 0.125 and 0.25 (Mrakovcic and Haley 1979). Bondan and Dunham (1987) reported 

increased days to hatching at an inbreeding level of 0.25 in channel catfish but spawnuig 

weight and hatchability were not affected. in commercial farming of carp species, wild- 

caught individuals are often added to the broodstock population to avoid inbreeding 

depression (Eknath and Doyle 1990) but this practice reverses the gains nom selection. 

In experiments with common carp, Komen et al. (1992) reported increased variation in 

body weight, gonad weight and egg size with increasing levels of inbreeding. 

Ln rainbow trou& Aulstad and Kittelsen (1971) observed a high occurrence of fry 

deformities but no depression in the growth of £iy at an inbreeding coefficient of F= 0.25. 

Kincaid (1976% 1976b) reported increased fiy defomüties, decreased feed conversion 

efficiency, decreased fi-y suMval and decreased fish weight at 147 and 364 days of age at 

inbreeding levels of F = 0.25 and F = 0.375. Gjerde et al. (1983) found decreased 

survival of eyed eggs, alevins and and growth rate to 18 months in seawater at three 

levels of inbreeding (F = 0.25,0.375,0.50). 

For the above-mentioned studies the method used to investigate inbreeding 

depression involved comparing the mean performance of inbred sibgroups with that of 

non-inbred control groups. More ofien, these studies involved small daîa sets and 

inbreeding was achieved rapidly through systematic sib mating in one or three 

generations. Another method that can be used to estimate the effects of inbreeding on 

performance traits is the use of regression techniques, in which the inbreeding coefficient 

of the animal is fitted as a covariate in fixed or mixed models. Su et al. (1996) used the 
9 



latter method to investigate inbreeding depression based on selection experiments with 

three lines of rainbow trout The shidy reported inbreeding depression of 2.26% for body 

weight at 364 days, 3.92% for body weight of fernales at spawnhg and 5.77% for body 

weight of males at spawning. per i0Y0 iucrease in inbreeding coefficients. At present, 

there are no studies that have investigated inbreeding depression in a national fish 

breediog program where accumulation of inbreeding was avoided as far as possible. 

Chapter 3 estimates the magnitude of the effect of inbreeding on growth in 

rainbow trout by using both h e d  and mixed models. 

Non-additive genetic variances 

Quantitative traits or phenotypes have continuous variation. The phenotype of an 

individual is influenced by genetic and environmental factors. The genetic effects can be 

partitioned into additive (GA), dominance (GD) and epistatic (G) genetic effects. The 

additive genetic effect is the sum of the effects of ail alleles across ail loci. GA is not 

disrupted during meiosis; consequently, additive effects are passed on by parents to their 

offspring. Dominance deviations are produced by the interaction of alleles at the same 

locus. Since this genetic efiect depends on interactions, it is disrupted during meiosis and 

cannot be transmitted fiom parent to offspring. GD is created over again and in different 

combinations each generation. Epistatic genetic effects are due to interactions of genes at 

two or more loci. although present is assumed to be zero because it is difficult to 

predict and has linle practical use in selection. However, epistasis was found to have an 

important in role in heterosis for egg production in poultry breeding (Fairfull et al. 1987). 



Breeding programs are designed to change the genetics of a population to improve 

its productivity aad profitability. Quantitative geneticists have focused mainly on the 

additive genetic effects in the evaluation of selected animals. A signincant amount of 

genetic progress in plant and livestock breeding has k e n  achieved by exploiting the 

additive genetic effects. 

Recently, there has been renewed interest in the estimation of non-additive 

genetic variances for important traits in pouitry and livestock species. This was sparked 

by the improvement in computing facilities and availability of software (Meyer 1989, 

Hoeschele and VanRaden 199 1, Misd 1997) which permit estimation of non-additive 

genetic effects fiom large field data sets. Evidence of non-additive genetic variation for 

economic traits has k e n  reported in cattle (Hoeschele 1991, Tempehan and Bumside 

1991, Fuerst and S o h e r  1994, Miglior et al. 1995, Rodriguez-Almeida et al. 1995, 

Misnal et ai. 1997) and poultry (Wei and van der Werf 1993). 

In fish, salmonids in particdar, the literature suggests some evidence of 

significant dominance genetic variance in growth traits for the populations studied. 

Gjedrem (1983, 1992) sumrnarized estimates o f  phenotypic and genetic parameters for 

quantitative traits in different species of fish and shellfish. Some heritability estimates 

fiom the dam components of variance were greater than fiom the sire components, 

suggesting non-additive genetic effects or maternal and comtnon environmental effects in 

the growth rate of fish. 

In rainbow trout, Gall (1975) found evidence of non-additive genetic variation for 

pst-spawning body weight among crosses and backcrosses in two s t rah .  Refstie 
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(1980) found a larger dam variance component than sire variance component for body 

weight of rainbow trout fbgerlings. Gunnes and Gjedffm (198 1) reported significant sire 

by dam interaction for body weight of rainbow trout reared in seawater for 18 months. 

Similarly, the midy by McKay et al. (1986) showed the presence of significant sire by 

dam interaction in rainbow trout for ail size and growth traits except instantaneous 

growth rate for weight at 2.5 years of age. Gall and Huang (1988) reported a larger dam 

component of variance than sire component for al1 body weight traits in rainbow trout 

except nursery weight, which implies some amount of non-additive genetic or common 

environmental effect exists. Similarly , Gj erde and Schaeffer ( 1 989) reported higher 

heritability estirnates fiom the dam tban the sire component for body traits such as body 

weight, body length, dressing percentage, condition factor, gonad weight, abdominal fat 

and meat color in rainbow trout. 

In Atlantic salmon, Gjerde and Refstie (1984) found low non-additive genetic 

variance (Le. low average heterosis) for traits recorded in the later stages of life such as 

growth rate. Estimates of heritabilities for body weight and body length at 190 days of 

age were larger nom dam cornponents than fiom sire components of variance (Jonasson 

1993). Gjerde et al. (1994) reported some arnount of transitory common environmental 

effect for growth traits and sexual maturity at the time the groups were reared separately 

before tagging but the presence of non-additive genetic effects was also suggested. A 

ment study showed a decrease in estimated additive variance by about 50% to 79% 

when the non-additive genetic effects were fitted to the growth rate data (Rye 1996). 



Nilsson (1992) reported s m d  non-additive genetic effects for growth and sexual 

maturity traits in Arctic char. Studies on Chinook salmon suggest the presence of 

dominance genetic effects for body weight and length analyzed using an animal mode1 

that includes both additive and dominance effects (Winkelman and Peterson 1994% 

1 994b). 

In a majority of these studies, the presence of a non-additive genetic effect was 

based on the observation of a larger dam component than sire component of variance 

when estimated using a nested mating design, or by the presence of signiscant sire by 

dam interaction. Genetic theory also indicates the presence of dominance gene action 

when there is significant evidence of inbreeduig depression in performance traits. 

Non-additive genetic variance estimation using recent methodology has not been 

reported in rainbow trout. In Chapter 4, additive and non-additive genetic variances for 

body weight are estimated using the tilde-hat approximation to REML (Restricted 

Maximum Likelihood). Moreover, the e h a t e s  of genetic variances were compared for 

models including (1) additive, (2) additive and dominance, and (3) additive, dominance 

and additive by additive genetic effects. 

Each chapter is presented as a complete paper. Chapter 1 is a general introduction 

to the topics discussed in Chapten 2, 3 and 4. Some tables and figures might be 

presented again in some chapters for clarity of presentation of results and discussion. 

The final chapter contains a summary of fïndings fiom the previous chapters and a 

discussion of the implications of the results to fish breeding programmes, for rainbow 

trout in particdar. 
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Chapter 2 

Inbreeding Levels in Three Selected 

Populations of Rainbow Trout 

(Oncorhynchus mykiss) 

Inbreeding trends in three fanned populations of rainbow trout under selection for 

over seven generations were investigated. The inbreeding levels across generations as  

estunated nom pedigree information and effective population size (Ne) among the three 

populations were dl below 11.5%. The coefficients of inbreeding estimated fiom 

effective population size (F*) with the assumption of random mating were generally 

lower when compared with coefficients of inbreeding calculated fiom pedigree 

information (Fpd) except in the initial generations. The average rates of increase in 

inbreeding coefficients calculated from pedigree information were 2.0 1 %, 0.53% and 

1.38% per generation for populations 1, 2 and 3, respectively corresponding to Ne of 25, 

94 and 36, respectively. However, the rates of increase were non-linear for al1 three 

populations. A large proportion of individuals had inbreeding coefficients greater than 

zero across generations per population but the individual inbreeding coefficients were 

generally below 12.5%. While the acnial rates of inbreeding were within the acceptable 
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range for avoidllig the loss of fitness, M e r  inbreeding in fuhire generations can be 

prevented by using a designed mating system and increasing the effective population 

size. Moreover, the results suggea there is no cause for concern over the current 

inbreeding trend for al1 populations. However, due to the high reproductive rate in fis4 

breeding strategies that control the rate of inbreeding while optirnizing the response to 

selection merit M e r  investigations. 



INTRODUCTION 

The conneciion between number of breeders or the effective population size and 

inbreeding is important to fish farmers. Within a closed population under selection, 

matings between relatives are more likely because the nurnber of  ancestors is relatively 

srnall. Moreover, the high fecmdity of fish permits high selection intensities. A srna11 

number of breeding individuals may produce al1 of the progeny each succeeding 

generation and this leads to increased inbreeding. Moreover, the practice of mating 

uneqd number of males and femaies, usually in this case a smaller nurnber of maies 

than fernales, also increases the probability of inbreeding (Falconer 1989). 

In populations under selection, inbreeding produces negative effects such as 

increased homozygosity, which leads to the increased chance of expression of lethal or 

lower fimess recessive genes, inbreeding depression and reduction of genetic variance 

(Falconer 1989). However, there was no evidence of reduced genetic variation &ter 11 9 

generations of selection for increased pupa weight in Tribolium (Enfield 1980). 

Inbreeding midies in fish are few but they show in generd the detrimental effects of 

inbreeding such as reduced growth, viability and sunrival and increased numbers of 

abnomalities. In commercial fa-g of carp species, wild-caught individuals are O ften 

added to the broodstock population to avoid inbreeding depression (Eknath and Doyle 

1990). However, this practice tends to reverse the gains achieved by selection. In 

rainbow trout, Aulstad and Kittelsen (1971) observed a high occurrence of fiy 

deformities with an inbreeding coefficient of F = 0.25. Kincaid (1 976% 1 976b) reported 

increased fry deformities, decreased feed conversion efficiency, decreased f j  survival 
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and decreased weight at 147 and 364 days of age at inbreeding levels of F = 0.25 and F = 

0.375. Gjerde et al. (1 983) found decreased niMval of eyed eggs, devins and fiy and 

growth rate to 18 months in seawater for three levels of inbreeding coefficients (F = 0.25, 

0.375,O.SO). 

When pedigrees of the individuals are know11, relationships between individuals 

and their coefficients of inbreeding are computed by the method of tracing paths to 

common ancestors. The inbreeding coefficient of an individual is calculated as one-half 

the additive genetic relationship between its parents. In fish, measurement of inbreeding 

is difficult because complete pedigree information is either not available or ditficult to 

obtain (Gall 1987). Therefore, approximation of the one generation increase in 

inbreediag (AF) in a closed randoxniy mating population is calculated fiom the effective 

population size, Ne (Falconer 1989) as expressed in the following formula: 

where N, and Nfare the actual number of males and fernales, respectively, that contribute 

progeny to the next generation. However, this approximation method is more usefül in 

esthating average inbreeding for a whole population rather than for individuals (Vangen 

1983). Moreover, in a population under selection this formula will grossly underestimate 

the inbreeding level. This is because the use of Ne ignores the effect of directional 

selection and it does not take into account the introductions of unrelated individuals into 

the populations. 



Farmed populations of rainbow tmut in Norway have complete pedigrees tracing 

back to a base population. At present, rapid computer dgorithms are available which 

allow estimation of inbreeding coefficients (VanRaden and Hoeschele 1990, Meuwissen 

and Luo 1992). These methods calculate the full relationship ma& and the inbreeding 

coefficients for each animal. In any breeding program, minimization of inbreeding has 

dways been emphasized. However, there are few reports of the actuai inbreeding levels 

in closed populations of fish using pedigree analysis, which led to this shidy. The 

objective was to determine actuai levels of inbreeding in f m e d  populations of rainbow 

trout as calculated fkom pedigree information (Fm) and compare these with values 

estimated nom effective population size (FNe) With the assumption of random mating. 

The data were from the Noak Lakseavl AS (a Norwegian salmon breeding 

company). Each population was established separately in a different year and was 

founded by broodfish fiom different fish fams (Table 2.1). The founding individuals for 

the three populations were brought in from different commercial f m s  in Norway and 

Sweden (Korsvoll, persona1 communication). Each population was assumed to have a 

different genetic origin (Gjerde 1989). The year-class represents the time of hatching of 

the fertilized eggs. Al1 individuals at the base generation O in each population were 

assumed unrelated with inbreeding coefficients of zero. 

The fish were offspring of broodstock selected mainly for fast growth rate. Seven 

generations (generation O to 6) compnsed the pedigree data In al1 generations, full- and 



haif-sib matings were avoided Starting fiom the second-generation, matings that would 

yield inbreeding coefficients greater than 12.5% were avoided. The number of breeding 

individuals and progeny each generation per population is shown in Table 2.2. A 

hierarchicai mating system was used where sperm nom each male fertiüzed eggs from 2 

to 9 fernales. 

The coefficients of inbreeding for each individual were calculated using the 

algorithm of VanRaden and Hoeschele (1990). The algorithm assumes that individuals 

with missing pedigree information have an additive genetic relationship with the 

population equal to the average relationship among individuals with complete pedigree 

information born in the same year. For each generation, the level of inbreeding was 

calculated as the mean of the individuai inbreeding coefficients. The proportions of 

inbred individuals were dso calculated per generation The rate of inbreeding in each 

population was calculated as: A F = + z ;=, A F, , where ur = (6 - F,-, ) /(i - 4-, ) and F, is 

the average inbreeding coefficient, calcuiated from pedigree information, of individuals 

bom in generation r (Faiconer 1989). 

Alternatively, the more traditionai formulas were used to estimate the coefficients 

of inbreeding from effective population size per generation in each population under the 

assumption of random mating (Falconer 1989). The effective population size (Ne) when 

the numbers of breeduig males (Nm) and fernales (Nfi vary in each generation was 

calculated as: 





coefficients of inbreeding estimateci fiom effective popdation size (Five) with the 

assumption of random mating were generally lower than coefficients of inbreeding 

caicuiated fiom pedigree information (FM) except in the initial generations. The 

coefficients of inbreeduig calculated nom Fve and Fpd increased corn generation O (base 

population) to generation 6 by 8.04 and 9.77% respectively, in population 1, to 4.44 and 

3.1 3% in popdation 2, and to 6.75 and 6.86% in population 3. The maximum inbreeding 

coefficients ranged f?om 30 to 33%. The average inbreeding level per generation for al1 

populations was below 1 1 -5%. 

The average rates of inbreeding (LW) calculated fiom pedigree information were 

2.0 1%, 0.53% and 1.38% for populations 1, 2 and 3, respectively, conesponding to 

effective population sizes (Ne) of 25, 94 and 36, respectively (Table 2.4). The pattem of 

increase in Ilibreeding rates among the three populations was non-linear (Fig. 2.1) with 

the greatest magnitude occuning fiom generation two to three (Fig. 2.2). All populations 

exhibited a decreasing inbreeding rate fiom generation 4 to 5. Populations 1 and 3 

continued to exhibit a decreasing rate nom generation 5 to 6. Population 2 showed a 

slight increase. The rates of increase and decrease differed among the populations. ï h e  

pattern of increase was slightly similar for populations 1 and 3. By generation 6.  the 

average inbreeding levels were 9.8, 3.1 and 6.9% for populations 1,2 and 3, respectively. 

Figure 2.3 shows that the proportion of individuais with inbreeding coefficients 

greater than zero ranged fiom zero to 97%. In general, increases in the level of 

inbreeding (Fig. 2.1) were matched by increases in the proportion of inbred individuals. 

Populations 1 and 3 exhibited a sirnilar pattern of increase in the proportion of inbred 



individuais. By generaîion 6, 97, 42 and 84% of the individuals had inbreeding 

coefficients greater than zero for populations 1, 2 and 3 respectively. ûver dl, 

population 2 exhibited the lowest proportion of inbred individuals. 

The fkequency distributions of individuals per generation in each population are 

shown in Figures 2.4, 2.5 and 2.6. The individuals were classified into six levels of 

inbreeding coefficients. Very few individuals had inbreeding coefficients equal or 

greater than 18.75%. For populations 1 and 3, a majority of individuais in each 

generation had inbreeding coefficients that range from 6.25 to 12.5%. However, in 

generation 5 of population 1, 38.5% of the individuals had inbreeding levels fiom 12.5 to 

18.75%. For population 2, a majority of the individuals belonged to the first class of 

inbreeding coefficients. 

The Eequency distributions of full-sib families by inbreeding coefficients in each 

generation are shown in Figures 2.7, 2.8 and 2.9 for population 1, 2 and 3, respectively . 

The figures show the development of the more peripheral relationships as generabon 

progresses. In generation 2, inbreeding coefficients were ail below 10% except in 

population 3 where a full-sib family had an inbreeding coefficient of 15.63%. 

DISCUSSION 

The inbreeding levels in the initiai generations for al1 populations were zero 

because Ml- and half-sib matings were generally avoided in al1 generations. This policy 

was beneficial at the outset. However, as selection progressed, the probability of 

selecting related individuals fiom the best performing families were higher than for 



unrelated individuals, resulting in offspring with higher inbreeding coefficients. Further 

increases in inbreeding levels were reduced by imposing restrictions to matings that 

would yield inbreeding coefficients grniter than 12.5%. Out-crossing with a small 

number of male broodstock fiom an unrelated population also reduced the Uibreeding 

levels in later generatioos. For example, in populations 1, some male broodstock from 

population 3 from year-class 1980 were mated to some selected female parents from 

year-class 1981 of population 1 to produce some of the offspring in generation 4 of 

population 1. In generation 5, some of the offipring were products of matings between 

some male broo&ock fiom population 3 fiom year-class 1983 and female broodstock 

fiom year-class 1984. Male broodstock nom year-class 198 1 of population 1 were mated 

to some female broodstock of year-class 1982 of population 2 to produce some of the 

offspring in generation 4 of population 2. In population 3, some male broodstock fiom 

year-class 1982 of population 2 were mated to femaie parents of year-class 1983 to 

produce some of the offspring in generation 5. Then in generation 6, some of the 

offspring were products of matings between some male broodstock fkom population 2 

fiom year-class 1988 and fernale broodstock fiom year-class 1989. However, each 

population is treated as separate and as much as possible rnixing among the three 

populations was minirnized. 

Critical values for inbreeding levels have not been estabiished in fish, but Tave 

(1993) suggested using F = 5% as a consewative estimate and F = 10% as a tolerable 

estimate. Studies with other species have shown detectable harrnful effects on important 

traits such as fecundity, survival and growth at an inbreeding level of 10% (Falconer 

1989) and the results kom this study were still generaliy below this value. However, in a 
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breeding program, the rate of accumulation of inbreeding (AF) is more important than the 

actual inbreeding level (F') due to its influence on genetic progress. Moreover, AF is a 

measure of how many more generations a population can be kept before reaching the 

critical level of inbreechg. High rates of inbreeding wili reduce funve selection response 

through reduction in genetic variance. Likewise, future performance will be influenced if 

inbreeding depression affects the traits under selection. 

In the present study, the actual rate of inbreeding was maximum in the first 

generations and then gradually leveled off in the succeeding generations. Moreover, the 

actud rate of inbreeding averaged over al1 populations was 1.3% per generation or 0.4% 

per year. There were no estimates of tolerable rates of accumulation of inbreeding in fish 

populations. However, in cattle where MOET (multiple ovulation and ernbryo transfer) 

schemes are practiced, Nicholas (1 989) suggesred a 0.5% inbreeding rate per year as 

acceptable. In a theoreticai snidy of livestock populations, AF of 2% to 0.2% per 

generation, correspondhg to effective population sizes of 31 to 250 could prevent a 

decline in fitness traits, depending on the heritability of the traits (Meuwissen and 

Woolliams 1994). Results fiom this snidy were withùi the suggested tolerable rates of 

inbreeding. This information is important, as the populations under study are the nucleus 

populations of a rainbow aout breeding program in Norway. However, Gjerde et al. 

(1996) suggested that the tolerable rate of inbreeding may Vary among populations and 

traits depending on the magnitude of the reduction in genetic variance and the inbreeding 

depression in production traits and fitness. Thus, permissible rates of inbreeding may 

differ fiom one breeding program to another. 



For cornparison, the expected increase in inbreeding was calculated using the 

more traditional formula based on population structure under the assumption of a 

randornly mating population. The mean effective population s k s ,  r, were 32.7, 49.8 

and 40.4 for populations 1, 2 and 3, respectively. These yield estimates of average rates 

of inbreeding of LW = 1.5, 1 .O and 1.2% per generation, respectively which are below the 

level of 3 to 5% typically found in many commercial saimonid farrns (McKay et al. 

1992). The estimated rates of increase were Lower than the actual rates for populations 1 

and 3 but not for population 2. 

As much as possible &g of populations was kept to a minimum to keep the 

populations separate. However, some amount of gene exchange between populations 

occurred in later generations to neutralize the accumulation of inbreeding and the use of 

Ne in the estimation of inbreeding rate did not consider this. Moreover, the use of Ne 

provides a poor estimate of the inbreeding levels in a seiected population because the 

probability of CO-selecting related individuals were higher than for unrelated individuals 

so that relationships among selected individuals increase more rapidly than predicted 

(Gibson 1995). Thus, in any breeding program complete pedigree information is 

necessary for the accurate estimation of rates and levels of inbreeding. Keeping track of 

pedigree data can be done by tagging individuals with PTT (passive integrated 

tramponder) tags or utilizing rnicrosattelite markers to establish the parentage of selected 

individuals (Fishback et al. 1997). Both methods may be expensive but the costs will 

likely outweigh the benefits of long-term selection response. A population can be kept 

for more generations of selection while keeping the rate of inbreeding under control by 

following a designed mating system and keeping a reasonably high effective population 
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size. The genetic progress achieved will not be set back by 'refieshing' the population 

with broostock fiom the wiid, as is the practice in commercial carp farming, to reduce the 

rate of inbreeding (Eknath and Doyle 1990). 

The effective population s k s  ( Ne ) starting at generation 2 for each population 

were within the low to middle range limit (except in generation 5, population 3) 

suggested by Meuwissen and Woolliams (1994) for avoiding inbreeding and Ioss of 

fitness. The effective population size (Ne) per generation that reduces inbreeding under 

the assumption of randorn mating has been recommended by severai researchers. The 

recommended Ne was at ieast 200 (Kincaid 1976b), 500 (Kincaid 1979), and 100 

(Kincaid 1983). A substantiaily higher Ne = 500 was recommended by Kincaid (1979) 

for populations which would be used as standard reference or control lines of rallibow 

trout for removing the environmental effects from long-term studies. A much lower Ne 

that would still give minimum increases in inbreeding was recommended for populations 

under selection due to limitations in rearing facilities. Tave (1 988) recommended Ne 

between 45 and 250. Gjerde (1993) and Jmstadd and Nevdai (1 996) suggested a 

minimum of Ne = 100 each generation to keep the increases of LW at a minimum. The 

results fiorn this study imply that in fish populations under artificial selection, inbreeding 

may be controlled by maintaining a margud to average effective population s k  per 

generation and following a strict mating policy for breedea selected a s  parents for fûture 

generations. This marginal to average Ne is about 25 to 94, compared to the N, of 3 1 to 

250 suggested by Meuwissen and Woolliams (1994). The results agree with the work by 

Wray and Thompson (1990) which stated that the long-tem rate of inbreeding is not only 

detemüned by a planned mating system but also by an effective population size for 
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populations under amficial selection. 

The proportion of individuals with inbreeding p a t e r  than zero varied per 

population and across generations. The most important thing to note here is that the 

proportion for a particular generation may be as high as 97%, but examinhg the 

fiequency distribution in a particular generation for each population reveals that 

individuai inbreeding coefficients were generally below 12.5%. Kincaid (1 977) reported 

reduced productivity at inbreeding Levels above 18% in rainbow trout. in dairy cattle, it 

was suggested to maintain the level of inbreeding to iess than 12.5% (Miglior et al. 

1992). Although the population structure between the two species is different since each 

generation is discrete in rainbow trout while generations overlap in livestock species, 

maintaining the inbreeding level to 12.5% or Iess would be safer to follow. 

A nurnber of methods are available to fish breeders to minimize the rate of 

inbreeding. One is the practice of splining the breeding stocks into two or more 

independent populations to allow outcrossing between populations, as suggested by 

Bentsen and Gjerde (1994). This may allow the reestablishment of variability within 

populations and neutralize accumulated inbreeding. Gjedrem (1993) also suggested 

dividing the breeding population into at least two sub-populations to control inbreeding. 

Breeders are selected and improved within each sub-population and fish for fanning are 

produced by crossing the sub-populations. Gjerde et al. (1996) investigated optimum 

designs for fish breeding programs that apply individual selection to achieve maximum 

genetic gain, with a resaicted inbreeding rate, through a stochastic simulation. The study 

showed that for a given scored population size, the rate of inbreeding can be kept at an 



acceptable level by restricting the number of individuals selected per full-sib f d y  to 

avoid the mating of close relatives. These approaches c m  be readily adapted to most 

situations in fish breeding programs. 

The result of this study is the first report on the inbreeding trends for a full-scale 

national breeding program in rainbow trout. The results suggest there is no cause for 

concem over the inbreeding trend for al1 three populations shidied. Miid fluctuations in 

the rate of inbreeding were due to selecting individuais fiom a few best families, which 

increased the rate of inbreeding, and outcrosshg between the selected populations, which 

reduced the rate of inbreeding. The average inbreeding levels were below the detrimental 

value of 18% as suggested by Kincaid (1977). However, maintainhg the inbreeding 

level to 12.5% or less per generation might be preferred. The actual rates of inbreeding 

were within the acceptable range for avoiding loss of fitness (Meuwissen and Woolliams 

1994). While a large proportion of individuals had inbreeding coefficients greater than 

zero across generations per population, the individual inbreeding coefficients were 

generally below 12.5%. However, the occurrence of inbreeding is detrimental to 

populations undergoing artficial selection. Therefore, maintenance of moderate effective 

population size and following a designed mating system codd delay the accumulation of 

inbreeding in future generations. However, due to the high reproductive rate in fish, 

breeding strategies that control the rate of inbreeding while optimizing the response to 

selection merit fiirther investigations. 



Table 2.1. The three separate populations analyzed in the study and the year-classes 

representing the time of hatching of fertilized eggs in each population 
- - -  - 

Generation Population 1 Population 2 Population 3 

Year-class 

The fmt year where offspring were selected for fast growth rate. 



Table 22. Number of sires and dams and offspring (N) produced each generation for 

t h e  populations of rainbow trout 

Population 1 Population 2 Population 3 

Sire Dam N Sire Dam N Sire Dam N 



Table 23. Mean level of inbreeding (Yo) per generation as estimated h m  effective 

population size (F*) under the assumption of random mating and calculated fiom 

pedigree information (Fpd) for ail populations. Generation O is the base population 

FPAW 
Pop. Year Gen. Ne F N W  

Class Mean S.D. Min Max 



Table 2.4. The rate of inbreeding (%) across generations for three populations of 

rainbow trout calculated fiom inbreeding coefficients nom pedigree information relative 

to previous generations 

- - - - - - - - - 

Generation Population 1 Population 2 Population 3 



Figure 2.1. Average levei of inbreeding (%) per generation for three populations (Pop 1, 

Pop 2 and Pop 3) of rainbow trout. 



-7 1 
Generation 

Figure 2.2. The rate o f  inbreeding (%) per generation and average rate of inbreeding for 

three populations (Pop 1 ,  Pop 2 and Pop 3) of rainbow trout. See also Table 2.4. 



Figure 23 .  Percent proportion of individuals with inbreeding coefficients greater than 

zero across generations for three populations (Pop 1, Pop 2 and Pop 3) of rainbow trout. 



1 2 3 4 5 6 

C&sses of hbreeding Coefficients 

Figure 2.4. Frequency distribution of individuals in population 1 by classes of hbreeding 

coefficients (F) per generation. The classes of F are as foilows: 1 - F = 0; 2 - O < F < 

6.25%; 3 - 6.25% 1 F < 12.5%; 4 - 12.5% S F < 18.75%; 5 - 18.75% 5 F < 25%; 

6-FZ25%. 



1 2 3 4 5 6 

Classes of hbreeding Coefficients 

Figure 2.5. Frequency distribution of individuals in population 2 by classes of 

inbreeding coefficients (F) per generation. The classes of F are as follows: 1 - F = O; 2 

- 0 < F < 6.25%; 3 - 6.25% 1 F < 12.5%; 4 - 12.5% 1 F < 18.75%; 5 - 18.75% S 

F<25%; 6-FZ25%. 



t 2 3 4 5 6 

Classes of hbreedmg Coefficients 

Figure 2.6. Frequency distribution of individuals in population 3 by classes of 

inbreeding coefficients (F) per generation. The classes of F are as follows: 1 - F = O; 2 

- 0<Fc6 .25%;  3-6.25%SF<12.5%; 4-12.5%aF<18.75%; 5-18.75%s 

F<25%; 6-F225%. 



a. Generation 2 

O 6.25 7.81 9.38 10.94 12.5 20.31 

Wrcent hbreeding Coefficient 

'o. Generation 3 

O 9.77 10.55 11.33 12.11 12.89 13.48 13.87 16.02 

fbrcent hbreeding Coefficient 

c. Generation 4 

Figure 2.7. a, b and c 



e. Generation 6 

Figure 2.7. Frequency distribution (%) of full-sib families by inbreeding coefficients 

(%) per generation (a - Gen. 2, b - Gen. 3, c - Gen. 4, d - Gen. 5,  e - Gen. 6 )  

for population 1 .  



-nt h b ~ i  M i i e n t  

a. Generation 2 

Percent lnbreeding Coefiaent 

b. Generation 3 

krcent hbreedaig Coefficient 

Figure 2.8. a, b and c 

c. Generation 4 



brc8nt hbreeding Coeff-~:iant 

krcent hbreeding Coefficient 

Figure 2. 8. Frequency distribution (%) of full-sib families by inbreeding coefficients 

(%) per generation (a - Gen. 2, b - Gen. 3, c - Gen. 4, d - Gen. 5, e - Gen. 6) 

for population 2. 



Percent Inbreeding Coeffiaent 

a. Generation 2 

Perœnt lnbreeding Coefficient 

Generation 3 

Perœnt lnbreeding Coefficient 

Generation 4 

Figure 2.9. a, b and c 



d. Generation 5 

e. Generation 6 

Figure 2.9. Frequency dihbution (%) of full-sib families by inbreeding coefficients 

(%) per generation (a - Gen. 2, b - Gen. 3. c - Gen. 4. d - Gen. S.  e - Gen. 6) 

for population 3. 



Chapter 3 

Effect of Inbreeding on Growth in Selected 

Populations of Rainbow Trout 

(Oncorbynchus mykiss) 

Three fanned rainbow trout populations under selection for over seven 

generations from the Norsk Lakseavl AS (a Norwegian salmon breeding company) were 

used to investigate the occurrence of inbreeding depression on body weight at harvest. 

The coetficients of inbreeding of each individual were estimated from complete pedigree 

information startuig at base generation zero. inbreeding depression was estimated per 

generation using a fixed linear model and an additive model. The esthnates of inbreeding 

depression obtained fiom the additive model were generaiiy higher than those obtained 

fiom the fuced model. Three sire and dam models: additive (A), additive plus dominance 

(A+D), and additive plus dominance plus additive by additive (A+DtAeA) with F as a 

covariate were used to estimate the magnitude of the effect of inbreeding on growth in 

each population. Both mixed and linear k e d  models were used to compare the extent of 

inbreeding depression. The inbreeding depression estimates fiom the fixed model were 

substantidly lower than those from the mixed models for d l  populations. The (A+D) and 
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(A+D+AeA) models exhibited quite simiiar estimates of inbreeding depression which 

were substantially higher than the (A) model. The results suggest that addition of the 

additive by additive effect in the (A+D) model does not have a significant outcome on the 

estimation of inbreeding depression. The magnitudes of inbreeding depression presented 

in this study were not hi& enough to cause serious effect on growth in dl three selected 

populations of rainbow trout. For unbiased estimation of inbreeding depression, the 

(A+D) model with F as a covariate may be used. The inbreeding depression for growth 

cdculated as the average of the estimates obtained nom models A+D and A+D+AtA, 

were 1.6%, 5.0% and 4.5% per 10% unit increase in inbreeding coefficients for 

populations 1, 2, and 3, respectively. These values were not high enough to cause any 

serious effect on the selective breeding program for rainbow trout as the realized genetic 

gain for growth estimated previously at 14.4% per generation (Gjerde 1986), was still 

higher than the inbreeding depression occurring for the trait. 



INTRODUCTION 

Inbreeding arises fiom the mating of related individtds. Ln populations under 

selection, inbreeding can occur randomly due to using a limited number of breeding 

individuals. The classical eEect of inbreeding, the reduction of phenotypic performance, 

has been well established for farm animals (see Pirchner 1985, Falconer 1989, and 

Miglior 1994 for summaries) and TriboIium (Jui and Friars 1974). In cornparison, 

estimates of inbreeding effects on important traits in fish species are Limited to a few 

experiments on rainbow trout where matings of close family members have ken used to 

achieve a high level of inbreeding in a short period of time (Le., one to three generations). 

Moreover, these studies (Aulstad and Kittelsen 1971, Kuicaid 1976% b c a i d  1976b, 

Gjerde et al. 1983) were based on relatively small populations that were intentionaily 

inbred for experimental reasons. However, they show, in generai, the detrimental effects 

of inbreeding such as reduced growth, viability and survival and increased number of 

abnormalities. A recent study by Su et ai. (1996) fiom a selection experiment on rauibow 

trout showed a tendency for increasing inbreeding depression for body weight with 

advancing age, and significant inbreeding depression for egg number and spawning age 

of fernales. 

In fish, the magnitude of inbreeding depression is calculated by comparing the 

mean performance of systematicaliy inbred groups with the performance of randomly 

bred groups. In fami animais where individuals are usually identified and individual 

inbreeding coefficients can be calculated, estimation of inbreeding depression is usually 



performed by a regression of individual phenotypic performance on inbreeding 

coefficients. Su et al. (1996) utilized linear regressions of body weight and reproductive 

traits on individual inbreeding coefficients to estimate inbreeding depression in rainbow 

bout using a linear fked model. Pante et al. (1998) examined the effect of inbreeding on 

body weight on rainbow trout using a linear k e d  model where the inbreeding 

coefficients were treated as first and second-degree polynomials. Recently, animai 

models (Miglior et al. 1992, Casanova et al. 1992) and a sire-dam model (Miglior 1995) 

have been used in the estimation of inbreeding depression in d q  cattle. At present, 

there is littie information available regarding unintentionai inbreeding and its effect on 

production traits such as growth, as wodd occur in a commercial fish breeding program 

where accumulation of inbreeding is avoided as much as possible. This information is of 

practical importance to commercial breedes of rainbow trout who select mainly for fast 

growth rate. 

The objective of this .study is to investigate the effect of inbreeding on growth by 

fitting the individual inbreeding coefficients as a linear covariate in both fixed and mixed 

models. 

IMATlERIALS AND METHODS 

The present study was based on data fiom a national selective breeding program 

for three populations of rainbow trout canied out by the Norsk Lakseavl AS (a 

Nonvegian salmon breeding company). The founding individuals for each population 

were from different Nonvegian fish fanns and thus were assumed to be from different 
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gene pools. The pedigree data comprised, in total, seven generations (generation O to 6). 

AU animals at the base population (generation O) were assumeci unrelated with an 

inbreeding coefficient of zero. In ail generations, full- and half-sib matings were avoided 

and matings that would yield inbreeding coefficients of 12.5% or higher were restncted. 

The study of the effect of inbreeding on growth measured as body weights 

recorded after 16 to 18 months of reariag in floating net cages in the sea at different 

f m s  was restricted to data &om generations 2 to 6 for al1 three populations. Thus, fiom 

generation 2 onwards, the coefficients of inbreeding for most individuais as calculated 

fiom pedigree information were greater than zero. The data included 154 sires, 5 12 dams 

and 69,920 o f f s p ~ g  for population 1 ; 165 sires, 456 dams and 62,897 offspring for 

population 2; and 278 sires, 682 dams and 67,280 offspring for population 3. The 

coefficients of inbreeding for each individual fish were calculated using the pedigree 

information fiom al1 generations and using the algorithm of VanRaden and Hoeschele 

(1990). The inbreeding coefficients cdculated were relative to base generation zero. 

To study the magnitude of inbreeding depression for body weight at hsuvest a 

linear fixed model and sire and dam models were used. The fixed model for analyzing 

the effect of inbreeding on growth per generation in each population is: 

where 

y, = body weight at harvest of the jh individual 

p = over al1 mean 

fcs, = fixed effect of the i" f m  x cage x sex 



F; = inbreeding coefficient of the j" individual 

b = coefficient for the regression of yu on F, 

eu = random error for the j" individual, and the 

~ ( e )  = 1 0 2 .  

The fixed model used to estimate the efféct of inbreeding on body weight at 

harvest across generations in each population is similar to model [1] with the addition of 

the fixed effect of generation. The linear k e d  model assumes that matemal and 

common environmental effects are negiigible, and there is no genotype by environment 

interactions. 

A non-additive sire and dam model was used to analyze the effect of inbreeding 

on growth in each population and included the additive, dominance and additive by 

additive effects. The additive (a), dominance (d), and additive by additive (a* a) genetic 

values of an individual were derived fkom the following relationships: 

where a,,,, and adarn are the additive effects of the sire and dam, respectively; fdrirc,dom 

is the average dominance effect for individuals with the same sire and dam; fa* a,,,, and 

fa* ada, are the additive by additive effects of the sire and dam, respectively; 

fa* âSire.dai,, is the additive by additive interaction of genes of sire with genes of dam at 

different loci; and the m terms are the respective genetic effects due to Mendelian 

sampling. The fds,re.dam and fa * asire are the combination effects of sue with dam 



due to interaction of genes of sire with dam at the same loci and at different loci, 

respectively. These combination effects were caiculated through the following 

recurrence equation (Hoeschele and VanRaden 1 99 1, VanRaden and Hoeschele 1 99 1): 

fsire.dam = - ~ ( ~ s . s D  + f s . 0 ~  + f sS .0  + f ~ s . 0 )  

- - ~ ~ ( ~ s s . s D  + ~ S S . D D  + ~ D S . S D  + ~DS.DD) 

where SD is sire of dam, SS is sire of sire, DD is dam of dam, and DS is d a m  of sire. 

The sire and dam mode1 in matrix notation is: 

y = Xh + bF + Zs + Zss +Wca + Vcd + e 

where 

y = body weight at harvest of 69,920; 62,897; and 67,280 individuals for 

populations 1 ,2  and 3, respectively, 

X = known matrix re1ati.g individuals to fked effects, 

h = vector of fixed effects (generation-fa-cage-sex with 80, 90 and 77 

levels for populations 1,2 and 3, respectively), 

b = coefficient for the linear regression of body weight on individual 

inbreeding coefficients, 

F = vector of inbreeding coefficients, 

Z = known matrix relating individuals to sire and dam, 

s = vector of random additive effects for sire and dam, 

ss = vector of =dom additive by additive effects for sire and dam, 

W = known ma& relating individuais to random additive by additive 

combinations for sire and dam, 
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V = known ma& relating individuals to random dominance combinations 

for sire and dam, 

ca = vector of random additive by additive combination effects for sire and 

dam, 

cd = vector of random dominance combination effects for sue and dam, 

e = vector of random residual effects. 

The variance-covariance ma& associated with this modet is assumed to be: 

additive, additive by additive and dominance genetic variances, respectively. Additive 

Var 

( 05 ), dominance ( a: ), and additive b y additive ( O; ) variances were assigned arbitrary 

values of 20, 5 and 5% of phenotypic variance, respectively. A is the additive 

SS 

ca 

relationship matrix among the sires and dams; (AXA), 1 is the additive by additive genetic 

relationship rnatrix among sues and dams; (AXA) 12 and  AXA)^^ are the relationship 

= 

matrices among additive by additive main and combination effects;   AXA)^^ is the 

0 (AXA),p: (AxJv,,o: 0 0 

O (AXA),, oi  (AxA),a: O O 

relationship maûix among additive by additive combination efficts for sire and dam; D is 

the relationship matrix among dominance combination effects for sire and dam and R is a 

diagonal matrix of residual variances. 



Two more models were fitted with the same h e d  effects and covariate but with 

different genetic effects. The first model included additive and dominance (A+D) genetic 

effects only, and the second included additive (A) genetic effect only. In the per 

generation analyses of inbreeding depression for each population, the sire-dam model 

with only the additive genetic effect included was used In this analysis, the generation 

effect was taken out fiom the vector of fixed effect. 

Al1 three models assumed the absence of genotype by environment interactions 

and that the materna1 and common environmental effects were negligible. The 

limitations of the models were that inbreeding was accounted for only in the A and AXA 

matrices and if dominance variation and inbreeding co-exist, some coefficients in the 

relationship mat& among dominance and sire-dam combination effects are incorrect 

(Hoeschele and VanRaden 1991). The joint effects of inbreeding and dominance were 

ignored in this approach. 

The computations were performed using two Fortran programs by Hoeschele 

(1991). The fim program (MVERS) calculates the inbreeduig coefficients and the non- 

zero elements of the inverse of the following relationship matrices: A, D and AXA. The 

algorithms developed by Henderson (1 976), Hoeschele and VanRaden (1 99 1) and 

VanRaden and Hoeschele (1991) were used to directly compute the inverses of the 

relationship matrices, respectively. The second program (NONADD) processes the data 

and the sorted inverse coefficients to calculate solutions for effects and variance 

components. Solutions to the mixed model equations were obtained by direct iteration on 

the data (Schaeffer and Kennedy 1 986). 



The mean body weight at harvest calculated across ai l  farms in each population 

and generation are shown in Table 3.1. The mean coefficients of inbreeding expressed in 

percentage per generation as estimated nom pedigree information are shown in Table 3.2. 

ui al1 generations full- and half-sib matings were avoideci, thus inbreeding coefficients 

calculated fiom pedigree idormation of alI individuals in generations O and 1 were zero 

for ail populations. Population 2 had a zero inbreeding level in generation 2 because the 

individuals selected to produce offspring in generation 2 could not be identified due to 

tag Iosses. From generation O (base population) to generation 6, the inbreeding 

coefficients increased to 9.8% in population 1, 3.1% in population 2, and 6.9% in 

population 3. The average inbreeding level per generation in each population was below 

1 1.5%. The maximum inbreeding coefficients for the three populations ranged fiom 30 

to 33%. Across generations, the rate of inbreeding was 2.0, 0.53, and 1.38% for 

populations 1,2 and 3. respectively. 

The regression coefficients of body weight on inbreeding coefficients per 

generation in each population estimated using fixed and additive genetic models are 

presented in Table 3.3. Generally, the regression coefficients were negative and 

significant in al1 three populations. There were cases when the regression coefficients 

had opposite signs for the two models, for example in population 1 in generation 4 and 

population 3 in generations 4 and 6. The additive model (A) estimates of regression 

coefficients were generally higher than those of the fixed model. Generally, the 

magnitude of inbreeding depression tended to be large in the initial generations as 
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reflected in populations 1 and 3. However, in each population per generation there was 

no consistent relationship between the level of inbreedkg and the magnitude of 

inbreeding depression estimated h m  the additive model (Figure 3.1). 

Table 3.4 presents the regression coefficients and inbreeding depression 

calculated over ail generations using a fixed model and three different mixed models with 

additive (A), additive plus dorninance (A+D), and additive plus dominance plus additive 

by additive (A+D+AeA) genetic effects, respectively. The inbreeding depression 

estimates obtained fiom the three difEerent mixed models were substantidy higher than 

those obtained from the fixed model. For example, the inbreeding depression estimates 

increased by 22%, 37% and 20% for populations 1, 2 and 3, respectively when an 

additive (A) model was applied as compared to the fixed model. Likewise, when a mixed 

mode1 with both additive and dominance (A+D) genetic effects was applied, the 

inbreeding depression estimates in populations 1, 2 and 3 increased by 122%, 71 % and 

35%, respectively when compared to the fixed model estimates. 

DISCUSSION 

A corn bination of between-family and within- famil y selection for fast growth rate 

has been practiced for rainbow trout over the last two and a half decades in Nonvay. At 

presenf there is Little information on the magnitude of inbreeding depression for growth 

for these nucleus populations of rainbow trout. Resdts of the present study showed that 

the magnitude of inbreeding depression for body weight at harvest was generally larger in 

the initial phase of selection, as reflected in populations 1 and 3. Inbreeding rate was also 
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large for the same period. This may be due to sorne families responding more severely to 

inbreeding or selected hture parents might have corne nom related families. Other 

causes might be the disruption of genetic equilibrium fiom the original base generation 

and the effective numbers of parents used to establish the base generation (Friars, 

personal communication). Population 2 might have shown the same initial trend. 

However, this could not be verified because the broodstock parents that produced 

offspring in generation 2 were not identifie4 due to tag losses. Thus, the mie inbreeding 

level might have been higher than the estimated inbreeding level for population 2. 

As selection progressed, the magnitude of inbreeding depression varied in each 

generation in each population. In addition, the distributions of inbreeding coefficients 

also varied per generation in al1 three populations. With increasing mean inbreeding 

coefficients, the variances of the distribution tended to increase. This result agrees with 

the finding by Groen et al. (1995) who reported an increasing variance and decreasing 

skewness when inbreeding coefficients increased, in a simulation study over five 

generations. Burrow (1993) in his review of the effects of inbreeding in cattle explained 

that the distribution of inbreeding coefficients might duence  the estimation of 

inbreeding depression. In a skewed distribution, relatively few individuals have high 

inbreeding coefficients and theu phenotypic performance has a large impact on the 

overall regression coefficient. 

In generations where there were positive regression coefficients for body weight 

on inbreeding coefficients, Fikse et ai. (1997) explained that theoretically, the mechanism 

of selechg individuals with high phenotypic performance and high inbreeding 



coefficients leads to underestimation and even positive estimates of iabreeding 

depression. However, it is not clear, why in some cases the sign of regession 

coefficients was Merent between the k e d  and additive models. The true values may 

not be significantly different fiom zero and thus the estimates may become either positive 

or negative. 

The over-ail generation e s h a t e s  of inbreeding depression for body weight at 

harvest in the present study fiom the fixed mode1 were 0.8%, 2.9%~~ 3.3% decrease in 

mean body weight per 10Y0 unit increase in inbreeding coefficients for populations 1, 2 

and 3, respectively. These estimates were lower than that calculated by Gjerde et al. 

(1983). They reported inbreeding depression values of 4.5% to 6.1% decrease in mean 

body weight per 10% unit increase in inbreeding coefficient for body weight at harvest of 

rainbow trout. In their study, three consecutive full-sib matùigs were used to produce the 

inbred full-sib goups with inbreeding levels of S%, 37.5% and 50%. These levels were 

substantially higher than those occurring in the present study. Hence, the rates at which 

the level of inbreeding had been reached were different. Ehioubu et al. (1989) in an 

expriment designed to study the relationship between rate of inbreeding and observed 

inbreeding depression in Drosophila melanogas~er, explained that the differences in 

estimated inbreeding depression between lines might be due to different inbreeding 

trends. The lower estimates of inbreeding depression in the present study agree with the 

statement of Gjerde et al. (1996) that inbreeding depression may be lower if measured in 

closed populations with moderate rates of inbreeding thm systematically inbred 

populations. 

tn the present study, the relationship between the rate of inbreeding and the level 
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of inbreeding depression was not clear. The estimated Uibreeding depression h m  the 

fked model, and the rate of inbreeding across generations (in parenthesis), for 

populations 1, 2 and 3, respectively were 0.8% (2.0%), 2.9% (0.53%), 3.3% (1.38%). 

The estimated rate of inbreeding for population 2 might have been higher but tag losses 

in the broodstock parents in the initial generation prevented a more correct cdcuiation of 

inbreeding coefficients. 

The study by Su et al. (1996) on the effect of inbreeding on growth and 

reproductive traits in rainbow &out is comparable to the present study in terrns of the 

model use& but the number of generations investigated was 3 as compared to 5 in the 

present study. They reported 2.26% inbreeding depression for body weight per 10% 

increase in inbreeding, which was within the ranges estimated in the present study. 

However, the estimates of inbreeding depression are not comparable due to different data 

structures, e.g. number of available performance data and amount of known pedigree 

idormation. The cdcuiation of individual inbreeding coefficients is influenced by the 

completeness of pedigree data (Te Braalce et al. 1994). Consequentiy, the estimation of 

inbreeding depression might dso be influenced by data structure i.e., inclusion of al1 or 

the latest performance data and number of known ancestral generations (Fikse et al. 

1 997). 

Fikse et al. (1997) investigated the effect of data structure and selection on 

estimated iribreeding depression in experimentai Iines of Tribuhm cestaneum. They 

reported higher rates of inbreeding depression when the Iatest performance data for 

family size and pupae weight were used rather than when dl perfomiance data fiom al1 

17 generations were used. In both cases, inbreeding coefficients were calcdated using all 
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known pedigree information. 

There were no comparable estimates of inbreeding depression calculated from the 

mked models. This study is the fint report on the magnitude of inbreeding depression in 

rainbow trout estimated using different sire-dam models. The estimates of inbreeding 

depression for body weight at harvest were lower for the (A) mode1 than the (A+D) and 

(A+D+AeA) models in aü three populations. In a simulation study for a trait controlled 

by 64 loci, Uimari and Kennedy (1990) found similar estimates of inbreeding depression, 

(Le. close to the theoretical vaiue) from the additive and additive plus dominance models, 

when gene frequency of the favorable allele was 0.5 under phenotypic selection. 

However, at higher frequencies (0.8) of the desirable gene, estimates of inbreeding 

depression were different for both models and were underestimated compared to the 

theoretical value. At a lower fiequency (0.2), the estimates of inbreeding depression 

were overe-ated compared to the theoretical vaiue. Likewise, de Boer and van 

Arendonk (1992) reported similar findings when selection was applied: there was 

overestimation of inbreeding depression at gene fkequencies of less than 0.5; the absence 

of bias when gene fkequency was equal to 0.5; and underestimation when it was greater 

than O.S. Both simulations assumed finite numbers of loci and discrete generatio. The 

similarity of inbreeding depression estimates across al1 three different mked models for 

five traits in dairy cattle reported by Miglior et al. (1995) made the authors suggest that 

the gene frequency in actual populations may be distributed around 0.5. However, in the 

present study, it is not possible to speculate on the fiequency of the desirable genes 

existing in the three populations of rainbow trout. 



Maki-Tanila and Kennedy (1986) reported that inbreeding depression is 

significdy underestimated under additive genetic modeis. Kennedy (1995) stated that 

in -dies where additive and dominance effects are ignored, inbreeding depression 

effects are underestimated in populations where selection has occurred. This is due to a 

complication of confounding between increases in average additive genetic value and 

inbreeding level in the population but an animal model with inclusion of additive and 

dorninance genetic effects and F as a covariate provides a reasonabie approximation to 

accommodating the complexity (Kennedy 1995). The simulation study by Uimari and 

Kennedy (1990) showed that the model with additive (A), and dominance (D) genetic 

effects, and inbreeding coefficients (F) as a covariate gave unbiased estimation of 

inbreeding depression under both random and phenotypic selection. Their model is 

equivalent to the (A+D) modei in the present study with the regression of body weight on 

individual inbreeding coefficients. Moreover, this model gave similar esthates of 

inbreeding depression with the (A+D+A*A) mode1 but substantiaily higher than the (A) 

model. The results suggest that M e r  inclusion of an additive by additive effect in the 

(A+D) model does not have a significant outcome on the estimation of inbreeding 

depression. This implies the absence of additive by additive interaction for growth. 

However, this may not be tme if the epistatic effect in the population involves dominance 

by dominance interaction, in which case inbreeding depression becomes non-linear with 

F (Kennedy 1995). 

A recent study by Misztai et ai. (1997) on the stature of Holsteins using Method R 

(Reverter et ai. 1994) reported a 5% decrease in the estimated inbreeding depression for 

the additive plus dominance model compared with that f?om the additive model. The 
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ciifference between the resriits of Misztal et al. (1997) and the present study might be due 

to the magnitude of average inbreeding present in the Holstein population (0.7% to 2.3%) 

as compared to the average inbreeding present (4.0% to 10.0Y0) in the rainbow trout 

populations. Also, the selection intensities applied for fast growth in rainbow mut and 

for stature in Holstein cows rnay be different. The abundance of full-sib relationships in 

fish compared to the limited n u m k  of dominance relationships in Holsteins due to its 

low reproductive rate might have also aEected the inbreeding depression estimates when 

the dominance relationships were included in the model. 

Estimates of inbreeding depression calcdated per generation were not comparable 

to the over-al1 generation estimates due to the ciifferences in amount of available 

performance data and number of known generations of pedigree information. In the 

present study, perfomance record of offspring was only available starting at generation 

2. However, in order to get a better idea of the effect of inbreeding in the population, 

estimates shodd be based on dl available performance data of animals with suficiently 

large number of ancestral generations known (Fikse et al. 1 997). 

For al1 three populations, inbreeding had a moderate effect on the growth of 

rainbow bout The present study did not estimate realized genetic gain for growth 

however, a genetic gain of 14.4% per generation (Gjerde 1986) was reported for the 

national breeding for rainbow trout. This implies that in spite of the occurrence of 

inbreeding depression for growth, a substantial gain could still be achieved through 

seiection. 



CONCLUSIONS 

The additive model estimates of inbreeding depression per generation on body 

weight at harvest were generally higher than those obtained from the fked model. 

[nbreeding depression estimates calculated per generation vary, due to the different 

distributions of inbreeding coefficients per generation in each population. The estimates 

of inbreeding depression were different among the three populations. Estimated 

inbreeding depression were lower for population 1 than for populations 2 and 3, in al1 the 

models using 5 generations of performance data and al1 known available pedigree 

information. The inbreeding depression estimates obtained from the fixed model were 

substantially lower than those obtained fiom the mixed models for all populations. The 

(A+D) and (A+D+A*A) models exhibited quite simila. estimates of inbreeding 

depression but substantiaily higher than the (A) model. The results suggest that inclusion 

of an additive by additive eEect in the (A+D) model does not have a significant outcome 

on the estimation of inbreeding depression because additive by additive interaction may 

not be important for growth. For unbiased estimation of inbreeding depression, the 

(A+D) model with regression of body weight on inbreeding coefficients may be used. 

The inbreeding depression caiculated as the average of the estirnates obtained fiom the 

models, A+D and A+D+A*A, were 1.6%, 5.0% and 4.5% per 10% unit increase in 

inbreeding coefficients for populations 1, 2, and 3, respectively. These levels of 

inbreeding depression were not high enough to cause any serious effect on the selective 

breeeeding program at the Noak Lakseavl AS. The realized genetic gain for growth 

estimated previously at 14.4% per generation (Gjerde 1986), was still higher than the 



inbreeding depression occuning for the trait. 



Table 3.1. Mean body weight (X, kg) and standard deviations (SD, kg) of fish per 

generation in each population across aii generations 

Gen. Population 1 Population 2 Population 3 



Table 32. Inbreeding (%) per generation as estimated h m  pedigree information and 

average rate of inbreeding (AF, %) across generations for ai i  populations. Generation O 

is the base population 

Population Gen, Mean S.D. Min Max 

O 0.0 - - - 
1 0.0 - - - 

2 3 -7 2.96 O 9.38 

3 8.9 2.74 O 20.3 1 

4 11.3 3 -52 O Z 7.97 

5 10.4 9.44 O 33.30 

6 9.8 3.96 O 20.1 7 

hF 2.0 1 

O 0.0 - - - 
I 0.0 - - - 

2 0.0 O O O 

3 8.5 5.3 7 O 25.00 

4 3 -6 6.07 O 29.69 

5 2.8 2.40 O 12.74 

6 3.1 5.22 O 26.76 

AF 0.53 

O 0.0 - - - 
1 0.0 - - - 

2 3.1 2.99 O 15.63 



Table 33. Regresçion coefficients (b) of body weight on percent coefficient of inbreeding 

(kg$?&) per generation in each population using fuced and additive (A) models and inbreeding 

depression expressed as percentage of the mean body weight per 10% increase in F 

Fixed Mode1 Additive Mode1 (A) 
Pop. Gen. 

b Inb. Depa (%) b Inb. Depa (%) 

* * a  

p < .O0 1 "5 not significant a Inbreeding depression = xlOOxIO 
Mean B W 1 



Table 3.4. Regression coefficients (b) of body weight on percent coefficient of 

inbreeding (kg/%) over aii  generations for each population using fixeci, additive (A), 

additive plus dominance (A+D) and additive, dominance plus additive by additive 

(A+D+A*A) models. Inbreeding depression is expressed as percentage of the mean body 

weight per 10 % increase in F 

Population 1 Popuiation 2 Population 3 
Model 

b Inb. Dep." b Inb. Depl b Inb. Dep.' 
(%) (%) (%) 

a Inbreeding depression = xlOO]  r10 
Mean B W 



Figure 3.1. The percent level of inbreeding (abbr: F) and the magnitude of inbreeding 

depression (abbr: Inb Dep) estimated from the additive mode1 per generation in dl three 

populations (Pl,  P2 and P3). Inbreeding depression is expressed as percent decrease in 

mean body weight per 10% unit increase in inbreeding. 



Estimation of Additive and Non-additive 

Genetic Variances for Growth in Selected 

Populations of Rainbow Trout 

ABSTRACT 

Additive, dominance, and additive by additive genetic variance components were 

estimated for body weight at harvest in three populations of rainbow bout under selection 

for over seven generations. Three different sire and dam models: additive (A), additive 

plus dominance (A+D) and additive plus dominance plus additive by additive 

(A+D+A*A), al1 including regression of body weight on inbreeding coefficients of the 

individual were w d  to estimate the effect of inbreeding on growth. The tilde-hat 

approximation to REML was used to obtain estimates of variance components. The 

average inbreeding levels of the selected populations were at or below 10%. The 

estimates of inbreeding depression, calculated as the average of estimates obtained fiom 

the models, A+D, and A+D+A*A, were 1.6%, 5.0% and 4.5% for populations 1,2 and 3, 

respectively. Estimates of heritability for growth were the same for al1 populations in the 

A mode1 and were in good agreement with those found in the literature. In aii 

populations, hentability estimates decreased slightly under the A+D and A+D+A*A 
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models. The dominance variance estimates, expresseci as percentage of total phenotypic 

variance were 19.8 and 16.6% for A+D and the A+D+A*A models, respectively for 

population 1; 15.8 and 12.6%, respectively for population 2; and 22.2 and 19.0%, 

respectively for population 3. The magnitudes of the dominance variances were 

generally smaller but in some cases were larger than the additive variance. The additive 

by additive genetic effect accounted for only 5% of the total phenotypic variance. The 

dominance variance as a proportion of genetic variance averaged among d l  populations 

was 49.6% and 43.4% when calculated under A+D and A+D+A*A models, respectively. 

The additive by additive variance as a proportion of genetic variance averaged among ail 

populations was estimated at 12%. The infiated values for the dominance variance may 

be due to confounding with the common environmental effects due to full-sibs. The 

present study confhned the presence of dominance genetic variance for body weight at 

harvest in rainbow trout. Future breeding studies should consider the exploitation of the 

dominance effect in rainbow trout selection programs. 



Genetic variation is often partitioned into additive and non-additive components. 

The additive component is the variation among the breeding values or the additive 

effects. The non-additive component c m  be partitioned into dominance variance and 

epistatic variances. The dominance variance is caused by interaction among alleles at the 

same loci, the additive by additive variance is due to interaction among two genes at 

different loci and the epistatic variances are due to gene interactions of more than two 

genes at two or more loci (Faiconer 1989). 

Breeding programs are designed to change the genetics of a population to improve 

its productivity and profitability. A considerable amount of genetic progress has been 

achieved in animal breeduig through the exploitation of additive genetic effects. Non- 

additive genetic effects are usually not considered in genetic evaluation systems and 

breeding programmes, except to avoid matings among close relatives to prevent 

inbreeding depression (Fuerst and Solkner 1994). Its practicai application in genetic 

evaiuation has been limited because non-additive genetic effects tend to be confounded 

with common maternai environment (Mrode 1996). Moreover, including non-additive 

genetic effects in the mode1 involves a large computational requirement (Varona and 

Misztal 1998). 

Recentiy, there has been renewed interest in the estimation of non-additive 

genetic variances for important traits in poultry and livestock animals. This was made 

possible by the improvernent in computing facilities and availability of software (Meyer 

1989, Hoeschele and VanRaden 1991, Misztal 1997) which permits estimation of non- 
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additive genetic effects fiom large field data sets. Evidence of non-additive genetic 

variation for important traits has been reported in cattie (Hoeschele 1991, Tempehan 

and Bumside 199 1, Fuerst and Solkner 1994, Migiior et al. 1995, Rodriguez-Almeida et 

al. 1995, Misztai 1997, Misztal et ai. 1997) and poultry (Wei and van der Werf 1993). 

In fish, sahonids in particda., several researchers have suggested that non- 

additive genetic effects may have an important influence on growth related traits. In a 

majority of these studies, the presence of non-additive genetic effects was based on the 

observation of a larger dam component than sire component of variance when estirnated 

using a nested mating design (Gjedrem 1983, 1992) or by the presence of a significant 

sire by dam interaction (Gunnes and Gjedrem 198 1, McKay et ai. 1986). 

A recent study on Chinook salmon reported dominance ratios (d2 = dominance 

genetic variance expressed as a hct ion of the total phenotypic variance) of 0.26 and 0.08 

for fieshwater weight and saitwater weight, respectively (Winkelman and Peterson 

1994a). Winkelman and Peterson (1994b) also reported dominance ratios ( d" of 0.1 9 

and 0.27 for body weight afler 9 and 22 months of saitwater rearing, respectively. In 

Atlantic saimon, Rye (1996) reported a decrease of about 50 to 79% in the estimated 

additive genetic variance when the non-additive genetic effects were fitted to the growth 

rate data. 

There were no existing estimates of non-additive genetic variances for important 

traits in rainbow trout although the literanire suggests its presence. Gall (1975) found 

evidence of non-additive genetic variation for post-spawning body weight among crosses 

and backcrosses in two strains. Refstie (1980) found a higher dam component than sire 
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component of variance for body weight of rainbow bout fingerlings. A signifïcant sire 

by dam interaction for body weight of rainbow trout reared in seawater for 18 months 

was reported by Gunnes and Gjedrem (198 1). Likewise, the study by McKay et al. 

(1986) showed the presence of significant sire by dam i n t e d o n  for al1 size and growth 

traits except instantaaeous growth rate for weight at 2.5 years of age. Gall and Huang 

(1988) reported a larger dam component of variance than sire component for ail body 

weight traits in rainbow trout except nursery weight, which implies that some amount of 

non-additive genetic or common environmental effect exists. Similarly, Gjerde and 

Schaeffer (1989) reported higher heritability estimates fiom the dam component than the 

sire component for body traits such as body weight, body length, dressing percentage, 

condition factor, gonad weight, abdominal fat, and meat color in rainbow mut. 

Accounting for non-additive genetic effects is important for the following 

reasons: to improve estimation of additive effects, to obtain an unbiased estimate of 

hentability in the n m w  sense, to obtain a more precise prediction of response to 

selection, and to aid in deciding which breeding plan and selection method should be 

employed (Gjerde 1986, Sheridan 1988, Hoeschele and VanRaden 1991, Wei and Van 

Der Werf 1993). Moreover, the dominance effect of an individual provides an indication 

of how well the genes from its two parents combine and thus could be used in mate 

selection strategies (Mrode 1996). The purpose of this study was to obtain estimates of 

the additive, dominance and additive by additive genetic variances for body weight at 

harvest of rainbow trout. 



MATERIALS AND METHODS 

The data consisted of records of body weight at harvest of three rainbow trout 

populations under selection for over seven generations at the Nonk Lakseavl AS (a 

Norwegian saimon breeduig company). The founding individuals for each population 

were from different Norwegian fish farms and thus were assumed to be nom different 

gene pools. The pedigree data comprised seven generations (generations O to 6). The 

fish were offsprïng of broodstock selected m d y  for fast growth rate and the selection 

method practiced was a combination of between-farnily and within-farnily selection. In 

al1 generations, full- and half-sib matings were avoided. Moreover, matings that would 

yield inbreeding coefficients of 12.5% and higher were restricted. Markhg of newly 

hatched larvae or fiy is impossible, thus each full-sib family was reared in separate tanks 

until tagghg. This introduces an environmental effect common to families. 

The data consisted of 154 sires, 5 12 dams and 69,920 offspring for population 1; 

165 sires, 456 dams and 62, 897 offspring for population 2; and 278 sires, 682 dams and 

67, 280 offspring for population 3. In total, more than 1,600 full-sib families and more 

than 200,000 records were used in the study (Table 4.1). Growth was measured as body 

weight at harvest recorded after 16 to 18 months of rearing in floating net cages in the 

The coefficients of inbreeding for each individual fish were calculated using the 

pedigree information fkom al1 generations and using the algorithm of VanRaden and 

Hoeschele (1990). The inbreeding coefficients were relative to base generation zero. 

The level of inbreeding in each population was caiculated as the mean of the individual 
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inbreeding coefficients. The proportion of individuals with inbreeding coefficients 

greater than zero was also caicdated for each population. 

The estimation of additive, dominance and additive by additive genetic variances 

for growth in each population was based on the following siredam model (see chapter 3): 

where 

y = individual body weight at W e s t ,  

m = over al1 mean, 

G = fixed effect of generation x f m  x cage x sex, 

bF = linear regression of y on inbreeding coefficients to account for inbreeding 

depression, 

a = random additive genetic effects -(O, AU: ) including inbreeding in the A 

relationship matrix, 

d = dominance interactions for sue and dam -(O, DO:) without including 

inbreeding in the D relationship matrix, 

aa = additive by additive interactions -(O, AXA O:) including inbreeding in the 

A xA rnatrix, 

e = random residual effects -(O, 1 al ). 

Two more models were fitîed with the same fixed effects and covariate but with 

different genetic effects. The h t  model included the additive and dominance effects 

(A+D), and the second included additive ef5ects o d y  (A). To account for the presence of 

inbred individuals in this study, a linear effect of inbreeding coefficient was included as 

was done previously in studies with cattle (Hoeschele 1991, Lawlor et ai. 1992, 

VanRaden et al. 1992, Fuerst and S o h e r  1994). 
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The estimates of the variance components were computed using the tilde-hat 

approximation to REML (VanRaden and Jung 1988) using Fortran programs written by 

Hoeschele (1991). The £ïrst program (INVERS) calculates the inbreeding coefficients 

and the non-zero elernents of the inverse of the following relationship matrices: A, D and 

A*A. The second program O N A D D )  processes the data and the sorted inverse 

coefficients to calculate solutions for effects and variance components. Solutions to the 

mixed mode1 equations were obtained by direct iteration on the data (Schaeffer and 

Kennedy 1986). 

RESULTS AND DISCUSSION 

Table 4.2 presents the average inbreeduig level calculated fiom pedigree 

information, percentage of individuals with inbreedùig coefficients greater than zero and 

inbreeding depression for aü three populations of rainbow aout. The inbreeding levels of 

the selected populations were at or below 10%. This implies that the applied selection 

and mating policies imposed on the rainbow trout breeding program were effective in 

delaying the accumulation of inbreedhg to detrimental level. 

The percentage of inbred individuals per population was below 85%, with 

population 2 showing the lowest proportion at 46%. Population 2 might have the same 

proportion as the rest but tag losses of the breeders during the second generation dected 

the result. The proportions of inbred individuals were high but based on the fiequency 

distribution of individuals by classes of inbreeding coefficients, individual inbreeding 

coefficients were generally below 12.5%. This value is below the detrimentai level of 
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18% reported by Kincaid (1977) to reduce productivity in rainbow &out However, 

inbreeding depression was shown to occur for nwival and growth traits in a variety of 

livestock species at 10Y0 hbreeding level (Falconer 1989). Miglior et al. (1992) 

suggested limiting inbreeding level in dajr cade to 12.5%. Limiting the average 

inbreeding level to 12.5% per generation rnight be preferred in rainbow trout breeding 

programs too. 

uibreeding depression, expressed as percent decrease in body weight per 10% unit 

increase in inbreeding, per population was calculated as the average of the estimates 

obtained fiom the two models, A+D, and A+D+A* A. The estimates obtained fiom 

these two models were quite sùnilar as shown in Chapter 3 and were more likely the 

unbiased estirnates of inbreeding depression. In the study by Uimari and Kennedy 

(1990), an animal mode1 with additive and dominance effects and with F as a covariate 

gave unbiased estimates of inbreeding depression under both random and phenotypic 

selection. The estimates of 1 A%, 5.0% and 4.5% for populations 1, 2 and 3, respectively 

were within the reported inbreeding depression values of 4.5% to 6.1% per 10% increase 

in inbreeding for body weight at harvest in rainbow trout (Gjerde et al. 1983), except for 

population 1. The estimates fiom the present study however, were higher than the 2.26% 

inbreeding depression for body weight reported by Su et al. (1996), except for population 

1. However, the estimates of inbreeding depression were not comparable due to different 

numbers of generations analyzed and the models used to obtain estimates. hbreeding 

depression estimates where additive and dominance effects are ignored are 

underestimated in selected populations (Kennedy 1995). In addition, the calculation of 

inbreeding coefficients is iduenced by the completeness of the pedigree data (Te Braake 
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et al. 1994). Consequently, inbreeding depression estimates might also be influenced by 

the amount of available performance data and the number of known ancestral generations 

(Fikse et al. 1997). 

Signincant evidence of inbreeding depression in performance traits indicates the 

presence of a dominance gene effect. The magnitudes of inbreeding depression 

calcdated for ail three populations in the present study indicate the presence of 

dominance gene effects for body weight at harvest in rainbow mut. 

The additive, dominance and additive by additive (A*A) genetic variances for 

body weight at harvest, expressed as a percentage of total phenotypic variance, 

heritability estimates and residual variance using the three models are presented in Table 

4.3. The magnitude of heritability estimates reported in this study were similar to those 

found in literature for growth-related traits in rainbow trout (Kinghorn 1983, Gjedrem 

1992). Heritability estimates for growth were the same for ail populations in the A 

model. In ail populations. heritability estimates decreased slightly under the A+D and 

A+D+A*A models. This was caused by the extraction of dominance variance fiom the 

residual and additive variance components which consequently, reduced the additive and 

residual variance estimates (Wei and Van Der Werf 1993). The reduction in the residual 

variance estimates when the non-additive genetic effects were included in the model 

implies that some of the unexplained sources of variation may have been removed. 

The additive genetic variance decreased by an average of 0.6% when a dominance 

effect was included in the model (A+D), when compared to the additive (A) model. The 

average decrease in additive variance was 0.5% when both dominance and additive by 



additive effects were in the model (A+D+A*A), when compared to the additive (A) 

model. These redts were substantiaily Iower than the reported 50 to 79% decrease in 

the estimated additive variance when the non-additive genetic effects were fitted to the 

growth data in Atlantic s a h o n  (Rye 1996). The result of the present study was more 

similar to the studies in daky cattle: a smdl decrease in the additive variance when the 

dominance was uiciuded in the model (Miglior et al. 1995, Misztal et al. 1997). Misaal 

et al. (1997) explained the small decrease was due to a smail number of dominance 

relationships in the daiqr cattle data. However, both Atlantic saimon and rainbow trout 

data have the Ml-sib relationship as the most common. 

The dominance variance estimates were different for al1 three populations under 

the A+D and A+D+A*A models. Dominance variance estimates decreased by 3.2% 

when the A*A effect was included in the A+D model. The dominance variance estimates 

in the present study ranged from 12.6% to 22.2%. In a study by Misaal et al. (1998), the 

estimates of dominance variance components in dajr cattle, beef cattle and swine ranged 

fi-om 2.3% to 10.3% and thus were found to be rnoderately important for the selected 

traits. However, the absence of dominance effects in the evaluation procedures resdted 

in biased estimates of additive breeding values for full-sib families (Misztal et al. 1998). 

Rye (personal communication) estimated about 1.6% to 18.1% dominance 

variance for growth in four sub-populations of Atlantic salmon. The slightly higher 

dominance variance estimates in the present study might be due to confounding with the 

common environmental a d o r  rnaternal effects. A common environmental effect was 

introduced when the full-sib families were reared in separate rearing tanks before 

tagging. Refstie and Steine (1978) reported tank effects, Le. environmental effects 
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common to fU-sibs reared in the same tank, to account for 5% of the total variation in 

weight of Atlantic saimon tingerlings. Gunnes and Gjedrem (1978) found the tank effect 

for weight at slaughter in sahon to be not important. In a shidy of ungutted body 

weights of rainbow trout at different ages, Elvingson and Johansson (1993) reported 

common environmental effects (c2) of about 1 to 9%. However, this effect decreased 

over time. Likewise, Winkelman and Peterson (1994a) aiso reported diminishing c2 for 

weight and length in Chinook &on and concluded that c2 may not be important for 

performance traits close to time of marketing. Rye (personal communication) estimated 

about 5% of common environmental effect for body weight for salmon. Salmonids do 

not numire their offspring hence, matemal effets might have been due to dflerences in 

egg size or egg quality traits among femaies (Gjerde 1988). Several studies reported 

positive correlations between egg size and early growth in channel cattish (Reagan and 

Conley 1977), rainbow trout (Piman 1 979, Springate and Bromage 1985), and Atlantic 

salmon (Thorpe et al. 1984) but the correlations disappeared soon d e r  first feeding in 

most of the studies. Based on those previous results, common environmental effects for 

full-sibs before the tagging period and the matemal effect rnay be ignored. Thus. the 

present results confirmed the presence of dominance variation for body weight in 

rainbo w trout. 

Averaged among al1 populations, the dominance variance as a proportion genetic 

variance ( d i  = 2 , ) was around 49.6% when caiculated under the A+D model. 
Cra +q 

This decreased to 43.4% when caiculated under the A+DtAf A mode1 (d: = 



"d 
2 2 2 ) These values indicated that dominance effects were large. Similarly, 

Ga f Od +bara  

the average estimates for d i  in Atlantic salmon were large at 55% and 18% under the 

A+D and A+D+A*A models, respectively (Rye, personal communication). This fïnding 

has important implications in fish breeding programs. Dominance variance may be 

exploited in species with high reproductive rates and short generation intervals by 

formation and subsequentiy crossing of the lines (DeStefano and Hoeschele 1992). The 

generation interval of 3 years in rainbow trout may not make it a likely candidate. 

Moreover, Gjerde (1988) reported small heterotic effects for weight at slaughter in a 

complete diallel crosses between inbred groups of rainbow trout. Meritance of 

dominance effects can be traced through parental pairs. If the offspring of a particular 

mating have high average dominance effects, a mating of the dam to a close relative of 

the sire or vice-versa will also yield the same high dominance effect (Hoeschele and 

VanRaden 1991). Therefore, the benefit of mate allocation strategies (DeStefano and 

Hoeschele 1992) in rainbow trout breeding is worth investigating. 

There was no marked difference in additive by additive genetic variance for body 

weight for al1 three populations. The magnitude of additive by additive genetic variance 

was around 5% which is similar to those found for miik traits in Holsteins ( ' g l i o r  

1994). The magnitude of additive by additive genetic variance for growth rate in Atlantic 

salmon were tbree times higher at 15% (Rye, personal communication). Non-additive 

genetic effects, although present, is assumed by quantitative geneticists to be zero 

because it has little practical use in selection. Individuals that are selected based on 

epistatic genetic value wouid not transmit s permanent selective advantage to future 
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generations because of epistatic loss (Bentsen 1994). However, in instances where there 

is tight linkage among genes, the favorable gene combination effect rnight be conserved, 

as they are likely to segregate together. 

Some Limitations of the present study should be noted. For example, relationship 

coefficients for inbred individuais and their close relatives may be incorrect because the 

dominance relationship inverses were formed using the algorithms for noninbred 

populations (Hoeschele and VanRaden 199 1 ). However, with low Ievels of inbreeding, 

includiig a linear regression on individual inbreeding coefficients in the model, while 

ignoring inbreeding in forming the inverse of the relationship matrices, may be sufficient 

(Hoeschele and VanRaden 1991). Johansson et al. (1993) demonstrated that not 

accounting for inbreeding in the dominance relationship matrix and ignoring c o v ~ a n c e s  

between additive and dominance effects might yield biased estimates of dominance 

effects. 

Moreover, estimation was by the tilde-hat approximation to the REML method 

which is not resistant to selection b i s ,  in part because its quadratics do not account for 

relationship matrices (VanRaden et ai. 1992). Pseudo expectation methods of variance 

component estimation, of which tilde-hat REML is one, is biased by culling type of 

selection (Ouweltjes et al. 1988). The accurate estimation of dominance variances with 

animal rnodel would require data sets with at least 30,000 to 100,000 animals for 

populations with many full-sibs and even larger data sets for cattle populations (Misaal 

et al. 1998). REML would not be appropnate because of excessive computational 

requirements (Misztai 1997). Future research could try Method R (Misztal 1997) or 

Bayesian methods via Gibbs sampling for the estimation of dominance variance 
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component for body weight in rainbow trout and compare the results with the present 

snidy. The common environmental effect (c2) should aiso be included in the rnodei to 

obtain accurate estimates of dominance variance. 

CONCLUSIONS 

This snidy was the fkst report on the magnitude of non-additive genetic variances 

for growth in rainbow trout. Heritability estimates for growth were siightly higher in the 

A model than in the A+D and A+D+AtA models for al1 populations because it ignored 

non-additive genetic effects. Significant dominance variation was found for body weight 

at harvest but the estimates might be inflated with the common environmental effect of 

full- sibs pnor to tagging. The magnitudes of the dominance variances were lower, but in 

some cases were larger than the corresponding additive genetic variances. The 

proportion of total genetic variance accounted for by dominance variance (d i  ) averaged 

among dl populations was around 49.6% when calculated uuder the A+D model. Under 

the A+D+A* A model, d i  was around 43 -4%. These values indicate that dominance 

effects for growth were large. Additive by additive genetic effects accounted for only 5% 

of the total phenotypic variation. The presence of dominance variation in growth in 

rainbow trout has important implications in mate selection strategies. The dominance 

effect of an individual provides an indication of how well the genes £tom its two parents 

combine. Thus, a rnating of the dam to a close relative of the sire or vice-versa would 

also yieid the same high dominance effect. 



Table 4.1. The data structure, mean body weight (kg) and standard deviation of the three 

selected populations of rainbow trout analyzed in study 

- .  - - - -- 

Number of 
Number of Number of Nurnber of G*F*c*S~ 

~~~~~d~ Sires Dams - - - MemRg) SD 0%) 



Table 42. Average inbreeding, percentage of individds with non-zero inbreeding 

coefficients and rnean inbreeding depression (average of estimates h m  the models: 

A+D, A+D+A*A) for ail  three populations of rainbow mut 

a Percentage decrease in body weight per 10% increase in inbreeding coefficient 



Table 4.3. Variance component estimates, expressed as  percentage of total phenotypic 

variance, heritability ( h2 ) in the narrow sense and residual variance for aii  three 

populations of rainbow &out using the three different models: A, A+D, and A+D+A*A, 

all with regression on inbreeding coefficients 

Genetic variance (%) 
Population Mode1 h2 Residuai 

Additive Dominance A*A Variance 



CHAPTER5 

General Discussion and Conclusions 

Level of inbreeding 

Inbreeding studies in rainbow trout received substantial attention during the 

1970's and the early 1980's. This was the penod when a selective breeding program for 

rainbow bout in Norway was at the initiai stages of selection for improved growth rate. 

Thus, the search for an upper limit of inbreeding level that does not result in inbreeding 

depression for the production traits became important. At present the rainbow trout 

selective breeding program in Nonvay has cornpleted over seven generations of selection. 

Thus, there was a compelling need to revisil the topic and ushg current methods to 

examine the trend in inbreeding levels 2nd its effect on body weight at harvest on the 

three nucleus populations of rainbow trout. 

In Chapter 2, the levels and rates of inbreeding per generation in each population 

were investigated. The inbreeding coefficients of each animal were derived from the 

additive genetic relationships between its parents to compute the additive genetic 

relationships using the tabular method. Cornplete pedigree information was used to 

compute the additive relationships among the animals using the algorithm of VanRaden 

and Hoeschele (1991). The inbreeding level per generation in each population was 



calculated as the mean of the individual inbreeding coefficients. The inbreeding level in 

each generation per population was also computed using the effective population size, Ne 

under the assumption of random mathg. This latter value will now be termed the 

effective inbreeding and the inbreeding computed fiom pedigree information will be 

called pedigree inbreeding. 

Inbreeding levels per generation calculated from both pedigree information and 

effective population size were below 1 1.5%, with the effective inbreeduig generally 

lower than the pedigree inbreeding values in al1 populations. Wcaid (1977) reported 

inbreeding depression for production traits in rainbow trout at 18% level. In studies with 

a variety of livestock species, inbreeding depression was shown to occur for survival and 

growth traits at the 10% level (Falconer 1989). In dairy cattle, it was suggested to limit 

inbreeding level to less than 12.5% (Miglior et al. 1992). 

The effective inbreeding was lower than pedigree inbreeding levels in al1 

populations. Effective inbreeding levels may not provide a good estimate in selected 

populations because the probability of selecting related individuais was higher than for 

unrelated individuals so that relationships among selected individuals increase more 

rapidly than predicted (Gibson 1995). Therefore, accurate estimation of individual 

inbreeding coefficients could only be done when there was complete pedigree 

infoxmation. This implies that tagging individuals either phy sically (e. g . PIT tags) or 

using molecular genetic techniques (e.g. DNA microsatellites) to trace parentage is 

important. With famil y and individual identifications, mating between close relatives 

could be avoided. 



Effective management of breeding programmes involves both planning and 

evaluation of inbreeding trends. Te Braake et al. (1994) emphasized the importance of 

completeness of pedigree data as incomplete pedigree affects the computation of the 

absolute level of inbreeding and the increase in inbreeding as well. 

Rate of inbreeding 

In any breeding program, information on the rate of inbreeding (AF) is more 

important than the actuai inbreeding level due to its influence on genetic progress. With 

knowledge of M. it is possible to predict how many generations can occur before a 

population reaches the critical level of inbreeding. When rates of inbreeding are high, 

selection response will decrease due to the reduction in genetic variance. Future 

performance will also be influenced if inbreeding depression aects  the trait under 

selection. Resuits fiom chapter 2 showed that in al1 populations the actual rates of 

inbreeding were within the pennissible range of 0.2 to 2% per generation for avoiding 

loss of fitness, as suggested by Meuwissen and Woolliams (1994). 

in populations of finite size, slow rates of inbreeding will allow other processes to 

counteract the hamiful effects of inbreeding. Mutations although they rarely occur will 

help maintain genetic variability of the whole populations. In addition, the occurrence of 

crossing-over and recombinahon may aiso counteract the deletenous effect of inbreeding 

if the inbreeding occurs slowly enough (Wiener 1994). 



Many methods using stochastic simulation have recently k e n  developed for 

minimizing the rate of inbreeding in selection programmes (Vemer et. 1993, Gnindy et 

ai. 1993, Villanueva et al. 1994, Wray and Goddard 1994, Brisbane and Gibson 1995, 

Caballero et al. 1996). In general, these procedures assume a fixeci number of sires mateci 

to a fixed number of dams, with each mating producing a fixed number of male and 

femaie offspring. These methods may not be totaily applicable in fish because the higher 

reproductive capacity rnakes it possible to produce large numbers of offspring from a few 

selected individds. Gjerde et ai. (1996) used stochastic simulation to find the optimum 

number of sires for fish breeding programmes with restricted inbreeding under a mass 

selection scheme for a single normally distributed trait. More studies on breeding 

strategies that control the rate of inbreeding, while optimizing the response to phenotypic 

or EBV based selections that are more suited for fish species, are worth looking into. 

Effect of inbreeding on growrh 

In Chapter 3, the effect of inbreeding on body weight at harvest was investigated 

in the tbree nucleus populations of rainbow trout. In the per generation analyses, large 

inbreeding depression was generally observed in the initial generations together with 

large Uibreeding rates as  well. 

When whole populations were analyzed using additive, additive plus dominance, 

additive plus dominance plus additive by additive mked models and Iinear fixed models, 

the inbreeding depression estimates were lower for population 1 than for populations 2 

and 3 in al1 models (Figure 5.1). The fixed mode1 estimates of inbreeding depression 
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were substantiaiiy lower than those obtained fiom the mixed models in ali populations. 

Similar estimates of inbreeding depression were found for the A+D and A+D+A*A 

models but substantially higher than the A model in ail populations. This suggests that 

inclusion of the additive by additive effect in the A+D model does not have a significant 

effect on the estimation of inbreeding depression. This implies that additive by additive 

interaction may not be important for growth in rainbow trout. 

Groen et al. (1995) reported that with selection, there was a directional change in 

allelic fiequencies Ieading to increased homozygosity, in addition to random drift, which 

was not accounted for in the pedigree inbreeding. Therefore, the estimated inbreeding 

depression for traits under selection, based on linear regression of performance on 

pedigree inbreeding are potentially biased. However, Uimari and Kennedy (1990) in a 

simulation snidy showed that an animal model with additive (A), and dominance @) 

genetic effects and inbreeding coefficient (F) as a covariate gave unbiased estimation of 

inbreeding depression under both random and phenotypic selectîon with inbreeding. This 

is similar to the A+D mode1 descnbed in Chapter 3 with inbreeding coefficients as 

covariate. 

hbreeding had a moderate effect on the body weight at harvest of rainbow trout 

in al1 three populations. The inbreeding depression calculated as the average of the 

estimates fiom A+D and A+D+A*A models, were 1.6%, 5.0% and 4.5% decrease in 

mean body weight per 10Y0 unit increase in inbreeding coefficients for populations 1, 2, 

and 3, respectively. These magnitudes of inbreeding depression were not high enough to 

cause serious effect on growth in the nucleus populations of rainbow mut  at the Norsk 



Lakseavl AS. The realïzed genetic gain for growth in rainbow trout was not calculated in 

the current study but was eSamated previously at 14.4% per generation (Gjerde 1986) and 

at 10 to 14% per generation in Atlantic saùnon (Gjedrem 1993). This implies that genetic 

gain realized under selection is stilI substantially higher than the inbreeding depression 

occming for the trait- 

A simple calculation of how the application of modem breeding technology 

leadhg to genetic improvement is still profitable in spite of the occurrence of hbreeding 

depression might be given as follows. The average body weight of a genetically 

improved fish, a s  estimated f?om the curent study, is about 4 kg. The estimated 

inbreeding depression averaged across al1 populations in the present study is 3.7% 

decrease in mean body weight per 10% increase in the inbreeding coefficient. The 

production cost for salmonid species is a litîle less than US$3 per kilogram of body 

weight (Gjedrem 1997). The retail price for the salmonid fish c m  Vary fiom US$25 to 

USS7O per kilogram (Shaw and Egan 1996) depending on the finished product. An 

improved fish with 4kg body weight would therefore generate a profit of US$88 at a 

retail price of US%25/kg after production cost On the other hand, an inbred fish at 3.8kg 

body weight would generate a profit of USS84.3 at the same retail price and the sarne 

production cost. When there is 3.7% inbreeding depression, the loss in profit is 

US$3.7/fish or about USS0.92 per kilogram body weight. The loss in profit calculated as 

US$0.92/kg divided by US$25/kg is around 4%, which is very marginal. 



Non-additive genetic variances 

The literature suggests the presence of non-additive genetic efYects on growth 

related traits in sahonids. These were based on observations of a larger dam component 

than sire component of variance under a nested mating design, the presence of a 

significant sire by dam interaction under a cross classified design and some amount of 

heterosis in a diallel crosses of inbred groups. Wei and Van Der Werf (1 993) estirnated 

dominance variance for egg production traits in pouitry using an animal model 

accounting for both additive and dominance effects and showed that this procedure was 

not comparable to the method that estimates dominance variance on the bais of the 

difference between the sire and the dam variance. Theoretically, the dam variance can be 

overestimated due to the presence of epistatic, matemal and common environmental 

effects (Falconer 1 989). 

In Chapter 4, three different mixed models (A, A+D, A+D+A*A) were w d  to 

estimate variance components for body weight at harvest in dl selected populations of 

rainbow trout. Figure 5.2 sumrnarizes the results of variance components estimation. 

The results of the present study confinned the presence of non-additive genetic variances 

for body weight in rainbow trout. Most of the non-additive genetic variances for body 

weight at harvest seem to be accouoted for by dominance variance. 

Heritabilities were ody slightly overestimated in aU three populations, when the 

dominance efEects were not included in the model. Across al1 populations, the additive 

variance components were quite similar, whereas dominance variance components varied 



depending on the inclusion of additive by additive genetic effects. Dominance variance 

ranged fkom 15.8% to 22.2 % under the A+D model. Dominance variance, ranged nom 

12.6 to 19%, decreased when the additive by additive effect was included in the model in 

all populations. Additive by additive genetic effect accounted for only 5% of the total 

phenotypic variation, in al1 populations. 

In al1 three populations, total genetic variance increased when dominance and 

additive by additive genetic effects were included in the additive model (Fig. 5.2). There 

was a slight reduction in the residual variance estimates when the non-additive genetic 

effects were included in the model. This implies that some of the unexplained sources of 

variation may have been removed. 

The additive genetic variance decreased by an average of 0.6% when a dominance 

effect was included in the model (A+D), and decreased by 0.5% when both dominance 

and additive by additive effects were in the model (A+D+ALA), when compared to the 

additive (A) model. The proportion of t o d  genetic variance accounted for by dominance 

variance (d i  ) averaged amoog al1 populations was 49.6% and 43.4% under the A+D and 

A+D+A*A models, respectively. These values indicate that dominance effects were 

large. Dominance is an important cause of both heterosis and inbreeding depression. 

The development and crossing of inbred lines in rainbow trout is not a practical option in 

the existing breeding program due to its costs, time-delay and small amount of heterotic 

effect (Gjerde 1 988). Similarly, Gjerde and Refstie (1 984) found that crossbreeding of 

Nonvegian strains of Atlantic salmon to exploit non-additive genetic variance offer little 

significance in the breeding program. A more sensible alternative to utilizing dominance 
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effects would be to study the benefit of mate allocation stxategies (DeStefano and 

Hoeschele 1 992) in rainbow trout breeding. 

Varying results have been obtained regarding the magnitude of genotype- 

environment interactions in salmonids. Gunnes and Gjedrem (1981) reported tbat in 

rainbow trout, the half-sib families by seawater famis interaction was negligible for body 

weight. Ayles and Baker (1983) estimated that the strain by lake interaction for growth 

in rainbow bout accounted for only 2% of the phenotypic variance. In rainbow trout, 

genotype by environment interaction was reported when sib-groups were reared at 

various temperatures (McKay et al. 1984) and in different production systems (Sylven et 

ai. 199 1). Recently, Bentsen et al. (1 998) suggested that the non-additive genetic 

cornponent of growth performance of Nile tilapia might be more sensitive to 

environmental variations than its additive genetic component. This implies that if 

crossbreeding programs were to be implemented for rainbow mut  to exploit the large 

non-additive genetic effects for growth, a less variable and well-defined farming system 

would be required for the improved stocks. 

Limitations 

Some limitations in this snidy shodd be noted. In Chapters 3 and 4, the algorithm 

by Hoeschele and VanRaden (1991) was used to invert the dominance relationship 

matrix. This aigorithm does not account for inbreeding in the dominance ma&. 

Therefore, some coefficients in the dominance relationship matrix may be incorrect. 

However, with low bvels of inbreeding, including a lineat regression on individual 
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inbreeding coefficients in the model while ignoring inbreeding in forming the inverse of 

the relationship matrices, may be sufncient (Hoeschele and VanRaden 199 1). Moreover, 

the covariance between the additive and dominance effects was ignoreci which may result 

in biased estimates of dominsuice effects. 

Future Studies 

This study investigated the inbreeding effects and nonadditive genetic variances 

for growth in three nucleus populations of rainbow bout in Norway. Other important 

information could have been obtained but due to the constraints, these studies were not 

performed. 

Inbreeding generally affects phenotypic performance and thus influences genetic 

evaluation. This effect is u s d y  accounted for by including inbreeding coefficients in 

the model as a covariate. It would be irnponant to know the influence of the individual's 

inbreeding on its genetic evaluation by comparing the breeding values of individuals 

from models that do or do not adjust for inbreeding, and a model that does not account 

for inbreeding in the construction of the inverse of the additive relationship m a h .  If 

accounting for inbreeding changes the ranking of the individuals, then genetic evaluation 

models accounting for inbreeding should be implemented for rainbow trout. 

Inbreeding depression is not only a hc t ion  of the inbreeding of the individual 

but the inbreeding of its parents as well (Bowman 1974). A mode1 that includes the 



regression of the performance trait on the inbreeding coefficients of the d e  and female 

parents and the individuai itself should dso be investigated. 

Method R which is applicable to very large data sets and less expensive in terms 

of computing time (Misaal 1997) could be used to estimate the dominance variance 

components for growth of rainbow trout and compare the results with the present study. 

Moreover, in simulation studies, method R was shown to be as resistant as REMI, to 

several types of selection bias (Kaiser and Golden 1994). The common environmentai 

effect shouId also be included in the mode1 to obtain accurate estimates of dominance 

variance- 

Rodnguez-ALmeida et al. (1995) suggested that re-rankuig might occur when 

using animal models that do or do not account for dominance genetic effects in the 

evaluation of beef cattle for total merit. Predicted breeding values may be biased in the 

absence of dominance efTects in the evaluation procedures (Misaal et al. 1998). 

Therefore, it would be worthwhile to examine if implementation of a mode1 that accounts 

for dominance effects is beneficial for the rainbow trout breeding programs. 



2 

Population 

Figure 5.1. Average percent inbreeding levels (abbr: F) and estimates of inbreeding 

depression (%) obtained fiom the models: additive (A), additive plus dominance (A+D), 

and additive plus dominance plus additive by additive (A+D+A*A), and a fixed linear 

model for ail three nucleus populations of rainbow trout. 
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Figure 5.2. Variance es as proportion of total phenotypic variance in 

al1 three populations (Pop 1 ,  Pop 2 and Pop 3) ushg mixed models additive (A), additive 

plus dominance (A+D) and additive plus dominance plus additive by additive 

(A+D+A*A). 
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and keep Hts commandments. 
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