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Abstract 

Bongers, A.B.J. 1997. Development and application of genetically uniform strains of 

common carp (Cyprinus carpio L.). Doctoral thesis, Wageningen Agricultural University, P.O. 

Box 338, 6700 AH Wageningen, the Netherlands. 

In this thesis, the development of genetically uniform strains of common carp, Cyprinus carpio 
L. is described. As in research on mammals, the use of genetically uniform fish could increase 
the quality (replicability, reproducability and repeatability) of experiments. Inbreeding was 
done by gynogenetic and androgenetic reproduction. With these methods, fully homozygous 
offspring are produced in only one generation. The principle of these reproduction techniques 
is to eliminate the genetic contribution of one of the parents by (UV) irradiating the sexual 
products, followed by artificially inducing diploidy by physical shocks in the developing 
zygotes. Inbred strains, congenic strains and Fl hybrids were produced. Congenic strains were 
used to study sex determination in carp. Inbred strains and Fl hybrids were used to study the 
genetic control of gonad development after a quantitative genetic model had been developed 
to facilitate estimation of genetic variance. We show that genetically uniform carp strains are 
suitable as experimental animal model in genetic research and in bioassays (toxicological 
research). It is obvious that other research areas could also profit from genetically uniform carp 
strains. 
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STELLINGEN 

1. Gynogenese en androgenese zijn waardevolle technieken in selectie-programma's 
van vissen. 

Dit proefschrift 

In tegenstelling tot hetgeen beweerd wordt door Ihssen et al. (1990) is het bestralen 
van karper-eieren met UV licht (254 nm) een efficiente methode om de vrouwelijke 
pronucleus uit te schakelen. 

Ihssen PE, McKay LR, McMillan I and Phillips RB (1990) Ploidy manipulation and gynogenesis in 
fishes: cytogenetic and fisheries applications. Trans. Am. Fish. Soc. 119, 698-717. 
Dit proefschrift 

De toename van de fenotypische variatie, algemeen waargenomen na gynogenetisch 
of androgenetisch voortplanten, is voornamelijk het directe gevolg van de tempera-
tuurschok. 

Dit proefschrift 

4. Gynogenese en androgenese resulteren in ongebruikelijke genetische relaties tussen 
en binnen groepen nakomelingen. Het zonder meer toepassen van gangbare modellen 
voor de berekening van genetische variatie is derhalve niet mogelijk. 

Dit proefschrift 
Bijma P, Van Arendonk JAM and Bovenhuis H (1996) Breeding value and variance component 
estimation for gynogenetic families. Genetics, accepted for publication. 

Het verschil in expressie van het gonadale geslacht is bij lagere vertebraten het 
gevolg van verschillen in splicing van heterogeen nucleair RNA. 

Baker BS (1989) Sex in flies: the splice of life. Nature, 340:521-524. 
Harry JL, Williams KL and Briscoe DA (1990) Sex determination in loggerhead turtles: differential 
expression of two hnRNP proteins. Development, 109:305-312. 

6. Er bestaan sterke aanwijzingen dat intelligentie-bepalende "major genes" in 
zoogdieren gelocaliseerd zijn op het X-chromosoom (Turner, 1996). Indien dit ook 
het geval zou zijn bij lagere vertebraten, komen androgenetisch mannelijke (YY) 
karpers in aanmerking voor huisvesting onder toezicht. 

Turner G (1996) Intelligence and the X-chromosome. The Lancet, 347:1814-1815. 



Een carrière aan de universiteit is voor wetenschappers niet aantrekkelijk meer 
aangezien het klimmen op de wetenschappelijke ladder resulteert in een toename van 
bureaucratische taken en een afname in wetenschappelijke produktie. De Modernise­
ring Universitaire Bestuursorganisatie (MUB), die voorziet in het aanstellen van een 
beroepsdecaan dient derhalve door de eerste kamer afgewezen te worden. 

Naast het gebruik van genetisch uniforme lijnen kan een gedegen statistische 
scholing van onderzoekers tot een vermindering van het aantal gebruikte proefdieren 
leiden. 

"Specialiseren" is steeds meer van steeds minder afweten tot men uiteindelijk van 
vrijwel niets alles afweet. 

Godfried Bomans 

10. All animals are equal, but some are more equal than others. 

Dit proefschrift 

Stellingen behorende bij het proefschrift 
"Development and application of genetically uniform strains of common carp, 

Cyprinus carpio L.", 
Augustinus B.J. Bongers, 

Wageningen, 14 januari 1997. 
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Chapter 1 

Introduction to the papers 



Introduction to the papers 

Scientific research on fish is often hampered by large variation between animals within the 

same experimental group. In mammalian research, these problems are minimized by using 

animals from genetically uniform strains. Examples of genetically uniform strains are 

homozygous inbred strains, Fl hybrids and congenic strains. 

Through inbreeding (crossing genetically related animals), homozygous isogenic (genetically 

identical) inbred strains are obtained. Crossing two homozygous, not related animals yields 

an (isogenic) Fl hybrid. Congenic strains can be obtained by repeatedly backcrossing 

offspring, selected for the gene of interest to the same homozygous parent. However, 20 

generations of inbreeding are needed before animals can be considered homozygous. In fish, 

homozygosity can be induced in only one generation by eliminating the genetic contribution 

of one of the parents and subsequently doubling the (haploid) genome. Artificial gynogenesis 

(all female inheritance) has been used in a previous research project of the Department of Fish 

Culture and Fisheries and the Department of Animal Morphology and Cell Biology to generate 

homozygous gynogenetic inbred strains of common carp, Cyprinus carpio. A new research 

project was initiated at the same departments aiming to produce genetically uniform strains of 

carp and to investigate their suitability as animal model in reproduction and immunological 

research. Obviously, the strains generated can also be used in other fields of research, e.g. 

physiology, endocrinology, and toxicology. This thesis concentrates on uniform carp strains 

designated for reproduction research. 

Before experimental data are presented, an introduction to the use of uniform fish strains is 

given in chapter 2, since many misunderstandings concerning genetically uniform strains exist. 

This chapter provides data on the importance of fish in general, and more specific on the 

importance of carp in experimental animal research. It also reviews methods to produce 

specific types of uniform strains and it presents their impact on the statistical evaluation of 

experiments. 

In figure 1, the structure of the experimental papers in this thesis is summarized. In chapter 

3, the development of androgenetic (all-male) reproduction techniques is described. In theory, 

androgenetic offsprings contain Y Y males. Since this genotype is lethal in mammals, their 

viability had to be demonstrated in homozygous carp (chapter 4). 

After gynogenetic or androgenetic reproduction, an increase in the total (phenotypic) variance 

is observed. Phenotypic variance consists of genetic and environmental (non-genetic) variance. 

In chapters 5 and 6, the increase in environmental variance was analyzed. Chapter 5 

concentrates on environmental factors affecting the variance in androgenetic offsprings. In 

chapter 6 a detailed analysis on the origin of several types of environmental variance in 

gynogenetic, androgenetic and (conventional) inbred offspring is presented. In chapter 7, 
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distribution of genetic variance after gynogenetic or androgenetic inbreeding was analyzed. A 

quantitative genetic model was developed and shown to be useful when gynogenesis or 

androgenesis are used additionally in selection programmes. As model parameters, egg quality 

and age at maturation were used. In chapter 8, uniform strains (Fl hybrids) were produced 

from parents, selected for age at maturation. In these strains, genetics of testis development 

was studied. 

Finally the production, application and genetic monitoring of genetically uniform carp strains 

is discussed in chapter 9. 

Androgenesis (3) YY genotypes 

viable ? (4) 

Androgenesis/Gynogenesis 

Analysis of: 

environmental variance (5,6) 

genetic variance (7) 

total variance 

homozygous populations 

Select and cross homozygous parents 

genetic analysis of 

testis development (8) 

isogenic Fl hybrids 

Figure 1: Structure of this thesis. Figures between brackets refer to chapters. 
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Clones of carp in experimental research 

Summary 
Fishes are widely used in numerous fields of basic and applied research. Currently, they are the third 
laboratory animal group in numbers, and will become increasingly important. Common carp is a major 
species in both aquaculture and research. Inbred strains of carp by gynogenetic (only female inheritance) 
and androgenetic (only male inheritance) reproduction techniques were developed at our university. With 
these methods, homozygous animals are produced in one generation and we present the production of 
homozygous inbred and Fl hybrid strains of common carp. 
As in mammalian research, using genetically well defined fish is a methodological necessity since in 
outbred strains (1) repeatability between experiments is low, (2) high levels of inbreeding may have 
accumulated and (3) high intrastrain variability might obscure treatment effects. Within inbred strains, 
the variation is reduced and as a result, less animals (compared to outbreds) are necessary to obtain statis­
tically significant results. We illustrate this with experimental data from a Fl hybrid and partly outbred 
strain of common carp, both subjected to an antibiotic treatment resulting in reduced gonadal growth. 
Results obtained from a single inbred strain should be generalized with the use of a panel of inbred 
strains. We show that optimal allocation of animals between and within inbred strains depends on the 
ratio (variation between strains) : (variation within strains). When selecting a panel of inbred strains, 
attention has to be paid to genetic relations between strains to avoid testing within a limited genetic 
range. It should be considered that in inbred strains, (genie) dominance and interaction effects are absent, 
due to the absence of heterozygous genotypes,. 
In general, variation within inbred strains will be reduced for traits with high degree of genetic 
determination. However, in inbred strains of carp produced by gynogenesis or androgenesis, the 
chromosome manipulation treatment induces considerable (environmental) variation. By using Fl 
hybrids or carp, derived from crossing homozygous clonal siblings this source of variation can be 
avoided. Still, variation in Fl hybrids of carp is relatively large and varies greatly between strains when 
compared to inbred strains of laboratory rodents. It is assumed that their Poikilothermie nature makes 
them more susceptible to environmental variation. Using inbred fish lines will increase experimental 
quality and leads to a more efficient use of experimental animals. 

Fish are widely used in the field of neurobiology, endocrinology, immunology, developmental 

biology, aquatic toxicology and cancer research. The advantages offish as experimental animal 

are numerous. Great diversity between species exists, they are highly fecund and, in most cases, 

they have large eggs with external fertilization (Powers, 1989). At present, fish are the third labo­

ratory animal group in numbers (figure 1). They are used mainly in routine toxicity testing (60 

%) of which the majority is required by law. In contrast, in mammals routine toxicity tests only 

account for 20 % of the number of animals used. For two main reasons, fish will become increa­

singly important as laboratory animals. First, there is a gradual shift in using lower vertebrates, 

since legislation in the European Community is directing towards the use of animals with low 

degree of neurosensitivity (EC council directive 86/609/EEC, 1988). Secondly, since regulations 

regarding environmental safety become stricter, more safety tests are required for newly develo­

ped, as well as existing chemicals. In the European Community, materials whose manufacture, 

transportation, use or disposal will involve a potential of reaching surface water will normally 

require at least minimal testing of their effect on aquatic organisms (EC council directive 
79/831/EEC. 1981). 
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others 
669 

Figure 1: Total numbers (in thousands) of laboratory animals used in Germany (1993), Great Britain 
(1991), Switzerland (1991) and the Netherlands (1991) according to laboratory animal statistics. Fish 
is the third major group after mice and rats. 

While in mammalian research, inbred strains of in particular mice and rats made substantial 

contributions to many areas of biomedical research (Festing, 1979), very little demands are made 

thusfar on fish. The only requirements concern in most cases health status and size homogeneity. 

Frequently, experimental fish with unknown genetic background and raising history are used. 

Some genetically uniform strains of fish have been produced through conventional inbreeding 

and have shown to be suitable for immunological, radiation and genetic research (medaka, 

Oryzias latipes: Hyodo-Taguchi and Egami, 1985; platyfish, Xiphophorus maculatus: Kallman, 

1984). In conventional inbreeding, approx. 20 generations of full sib mating are needed to obtain 

(near) homozygous animals. However, because most fish have external fertilization, 

manipulation with the sexual products is possible and fully homozygous (inbred) fish can be 

produced in only one generation. This enables the rapid production of inbred strains, with 

increased possibility to directly select specific genotypes. 

Cypriniforms are the most diverse group of freshwater fishes, consisting of approx. 3000 species. 

They are cultured on all continents, except South America (Billard and Marcel, 1986). In 1992, 

a total of 6.6 million tons of carp species was produced worldwide, representing a value of 8.1 

billion US $. Carp species account for 70 % of the world finfish production (FAO, 1995). 



Clones of carp in experimental research 

Besides having a prominent position in aquaculture, cyprinids are also an important laboratory 

animal model (fig. 2). In fundamental research and bioassays (mainly toxicity tests), 

Cypriniforms are used in at least 25 % of all studies. Common carp (Cyprinus carpio) is the most 

frequently used among the Cypriniforms. For these reasons, the development of inbred strains 

of common carp was initiated at our university. In this paper, we review methods to produce 

inbred strains of common carp and their use as experimental animal model. 

A: % of species used in fundamental research 

goldfish 

(n = 2275) 

B: % of species used in bioassays 

other cyprinids 

other salmonids 

( n - 1167 ) 

Figure 2. Important fish species as laboratory models, separately presented for fundamental research 
areas (A) and in bioassays (B). In both areas, common carp is the most important model among the 
cyprinids (10.4 resp. 7.3 %). Data were obtained by electronic literature search (MEDLINE, 1966-1993; 
TOXLINE: 1981-1993; BIOSIS: 1990-1993; BEAST-CD: 1972-1993; VET-CD: 1972-1993). n = 
number of publications. 
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UV 

(a) 

(c) 

Figure 3. Principle of chromosome manipulation techniques to produce homozygous individuals of 
common carp. (2pb) = second polar body, produced at meiosis II. Gynogenesis by retention of the second 
polar body ("heterozygous gynogenesis") is possible through similar techniques (not shown). 
t = non-viable haploids. °C = heat shock to induce diploidy. 
(a): UV-irradiating sperm or eggs results in genetically inactive DNA. 
(b): Fertilizing intact eggs with irradiated sperm (gynogenesis), or irradiated eggs with intact sperm 

(androgenesis) yields haploid zygotes that start development, but die around hatching, 
(c): After the initiation of haploid development, DNA is replicated. To prevent nuclear division, a 

heat shock is applied at the metaphase of this first mitotic division. This results in the initiation 
of a new cell cycle, starting (again) with DNA-replication. The zygote is now diploid and fully 
homozygous. 
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Production of inbred carp strains 

Inbreeding is the mating of related individuals. The coefficient of inbreeding is defined as the 

chance that the two genes at any locus in an individual are identical by descent. Using 

conventional reproduction, inbred strains can be produced by repeated full sib mating. After 20 

generations, strains can be designated as being inbred (F = 0.986), as decided in 1952 by the 

Committee on Standardized Genetic Nomenclature for mice. However, residual genetic variation 

will remain present. 

Induction of homozygosity 

In fish, complete homozygosity can be attained in only one generation, thus saving a significant 

amount of time and money. Figure 3 summarizes the production of homozygous common carp. 

The principle is to eliminate the genetic contribution of one of the parents, followed by 

artificially doubling the haploid genome. This can be achieved by treating gametes before 

fertilization with ionizing radiation like gamma-rays or ultraviolet irradiation (fig 3a). Ionizing 

radiation causes breakdown of chromosomes into small fragments. UV-irradiation initiates the 

formation of thymidine-dimers in adjacent base-pairs, rendering the DNA inactive (Thorgaard, 

1983; Friedberg, 1985). After fusion of gametes of which one parental genome is inactivated, 

haploid zygotes are produced (fig.3b). Without any further treatment development proceeds, but 

haploids die around the moment of hatching. However, the haploid state of the zygote can be 

changed into a diploid state by suppressing the first cleavage using physical shocks (temperature, 

pressure or a combination of the two), applied at the metaphase of the first mitosis (fig. 3c). After 

this treatment, a new cell cycle is initiated, starting with DNA-replication. Because an exact copy 

of the DNA is made, all homologues are fully identical, thus a 100 % homozygous individual 

will be generated. Gynogenesis (all female inheritance) involves the irradiation of the paternal 

genome. This technique has been extensively studied and homozygosity can now be induced in 

several species (for review, see Ihssen et al., 1990). Androgenesis (all male inheritance) is 

achieved after irradiating the maternal genome. Thusfar, it has been applied with much less 

success than gynogenesis. Irradiating eggs is more complicated than irradiating a sperm 

suspension, due to the relatively large size and adhesive chorion. However, we developed a 

simple and safe method of irradiating common carp eggs with UV (Bongers et al., 1994). 

Androgenesis is valuable since phenotypic effects of (maternal) cytoplasmic constituents can be 

studied (Thorgaard, 1986; Bongers et al., 1995), genotypes can be recovered from cryopreserved 

sperm (Scheerer et al., 1991) and the generation interval can be decreased since in general, male 

fish sexually mature earlier than their female conspecifics (Horvâth and Orbân, 1995). 
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Genetic markers 

To proof the absence of genetic contribution of one of the parents, dominant morphological traits 

are most frequently used as "genetic markers". For example, in gynogenesis in common carp, 

irradiated sperm of scaled carps (dominant trait) is used to fertilize eggs from scaleless females 

(recessive trait). Absence of scaled individuals among gynogenetic offspring confirms 

elimination of the male genome (Komen et al., 1991). In androgenesis, sperm of males with a 

recessive mutation causing absence of normal melanophore development ("blond") is used, 

whereas eggs from females without this mutation are used. As a result, only androgenetic 

offspring shows the blond phenotype (Bongers et al., 1994). Proof of homozygosity can be 

achieved by Mendelian segregation of alleles, heterozygous in the parent (Komen et al., 1991), 

isozymes (f.e. Scheerer et al., 1991), skin transplantations (Komen et al., 1990) and recently also 

by microsatellite markers (Crooijmans et al., submitted). 

Production and maintenance of inbred strains 

Inbred strains of fish (i.e., fully homozygous clones) can be produced by gynogenetic or 

androgenetic reproduction of homozygous individuals (fig. 4). However for diploidy induction 

(application of physical shocks), high quality eggs are needed (Komen et al., 1992a; Quillet, 

1994; Bongers et al., 1996a). Fertility in inbred animals is in general lower than in outbred 

animals due to inbreeding depression (Falconer and Mackay, 1996) and manipulation with eggs 

from homozygous females to produce inbred strains or to maintain important genotypes 

frequently fails. However, we found that egg quality was genetically determined to a large extent 

in homozygous common carp families. This indicates that selection of homozygous females with 

high egg quality is possible (Bongers et al., 1996a). Established inbred strains can be maintained 

by sex-reversing part of the progeny: in many fish species, the phenotypic sex of individuals can 

be altered since the differentiation of the gonads into a testis or ovary occurs after hatching (for 

review, see Pandian and Sheela, 1995). For example, genetic females of common carp can be 

converted into phenotypic males after feeding a diet containing male sex steroids during the 

process of sex differentiation (Komen et al., 1989). Thus, crossing two identical homozygous 

genotypes, of which one is hormonally sexreversed, will yield a new stock of the initial genotype. 

Fl hybrids and congenic strains 

Fl hybrids (heterozygous clones) are produced by crossing two homozygous (not related) 

individuals (fig. 4). From Fl hybrids, recombinant inbred strains can be produced by gynogenesis 

or androgenesis, and repeated backcrossing of a F1 hybrid to an inbred strain yields a congenic 

strain (not shown in fig. 4). 



Clones of carp in experimental research 13 

°C(l) 

(3) 

homozygous 9 individuals homozygous 0 + O individuals 

Fl hybrid (isogenic strain) 

°C (2) 

inbred strain inbred strain 

Figure 4: Schematic presentation of the production of inbred strains and Fl hybrids in carp in 2 
generations. °C = temperature shock to artificially induce diploidy. 
(1): Females (XX) and males (XY) are gynogenetically resp. androgenetica! ly propagated 

yielding homozygous individuals. Gynogenesisyields only females(XX), androgenesis 
yields 50 % females (XX) and 50 % males (YY). 

(2): Inbred strains can be produced by gynogenetically or androgenetically propagating 
homozygous females resp. males. 

(3): Crossing a gynogenetic (XX) female with an androgenetic (YY) male yields all-male 
isogenic Fl hybrids (XY). 
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Congenic strains offer the possibility to examine single (major) gene effects on a standardized 

genetic background (Festing, 1979). We used congenic strains to study sex determination in 

common carp. In this species, sex determination is of the XX/XY (male dominant) system 

(Komen et al., 1992b; Horvâth and Orbân, 1995). We repeatedly crossed male (XY) offspring 

to the same homozygous gynogenetic (XX) inbred strain. Stable 50 : 50 sex ratios were obtained 

in all backcrosses, indicating the presence of dominant maleness-inducing genes (Bongers et al., 

1996b). Males from the sixth backcross were used to produce homozygous androgenetic Y Y 

males. These Y Y males are now used in the production of all-male (XY) Fl hybrids by crossing 

them with XX-females. All-female Fl hybrids are produced after crossing a XX-female with a 

XX-(hormonally sexreversed)-male. 

Use of outbred vs inbred strains 

Outbred strains are defined as a closed colony (> 4 generations) of animals with a limited 

increase of the coefficient of inbreeding (< 1 % per generation, van Zutphen, 1993) and are 

assumed to be genetically variable within the colony. There are two main objections to the use 

of outbred strains. First, especially in small populations maintained as closed colonies for long 

periods, high levels of inbreeding may accumulate in outbred stocks even when the mating of 

close relatives is avoided (Festing, 1993). When the level of inbreeding is kept within acceptable 

limits, genetic drift (reduction in gene frequencies, due to for example unintentional selection) 

can still result in reduced genetic variation. Secondly, if genetic variability in outbred strains is 

high, the increased experimental "noise" could obscure true treatment effects or is mistaken for 

a treatment effect. High quality animal experiments have 1) a high replicability (= low variation 

between replicates during a single measurement), 2) a high repeatability (= low variation between 

tests within the same laboratory) and 3) a high reproducability (= low variation between tests 

from different laboratories) (Dave, 1993). It is obvious that using outbred strains will especially 

decrease reproducability. Therefore, using genetically well defined animals is a methodological 

necessity (Festing, 1992). 

Statistical implications of using inbred strains 

Inbred strains do not represent genetic variation. Since genetic differences in response to 

chemicals are probably ubiquitous (Lovell, 1993), results obtained from toxicological screening 

one single inbred strain should be generalized with the use of a panel of (not related) inbred 

strains (Festing, 1975; 1979; Haseman and Hoel, 1979; van Zutphen, 1993). For the analysis of 

quantitative traits, Festing (1975, 1992) and Lovell (1993) promote the use of factorial designs, 

where two or more experimental variables (or factors) are studied at the same time. Factors can 
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be for example treatment (dose level), sex and strain. The main advantages of a factorial design 

include the study of interaction effects (e.g., sex x treatment; strain x treatment) and optimization 

of resources. Differences between strains can provide information on the physiological 

mechanisms of action in toxicological effects (Lovell, 1993). Although inbred strains are often 

charged to be unnatural, physiological processes like growth, metabolism etc. are intrinsically 

the same as in outbred strains (Festing, 1979). 

Increase in statistical power 

In testing statistical hypotheses, two types of error in decision-making may occur. A type I error 

stands for rejection of the null hypothesis (H0) when it is true. A type II error stands for non-

rejection of the null hypothesis when it is false. The probability of a type I error is denoted by 

a. The probability of a type II error is denoted by ß. The power of a test, i.e. the rejection of the 

null hypothesis when it is indeed false, then equals 1 - ß. 

A reduction in the variance between animals within the same experimental group increases 

statistical precision, and as a consequence, decreases the chance to commit a type I or II error. 

Assume the following example: a number of animals (n) are being sampled on which a normally 

distributed trait y is measured. A test is performed to determine whether the sample with mean 

= fî could belong to a normally distributed population with population mean u0 and known 

standard deviation o. In this case, the null hypothesis is H0: u = u0 and the alternative hypothesis 

is HA: u *Ho • m a two-tailed test, H0 is rejected when jl is found to be outside the region of 

acceptance 

Uo±Ui-v,a (o/v/n) (1) 

with U|.l/sa being the appropriate quantile from the standard normal distribution. Suppose the 

sample was derived from a population with u = uA and equal standard deviation o. An 

alternative test could then be HA : u = u.A. The probability of rejecting H0 when this HA is true 

is the probability that ji lies outside the interval (1) under HA, which is 

(O/Vrt) + 

{ONn) 
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with u being (£ -u,A)/(a/Vn), a standard normal variate. This probability is the power of the 

experiment (1 - ß) at n = uA. It can be seen from this formula that the power depends on the 

significance level a, the absolute difference between u.0 and u\A, n, and a. A formula for n, when 

a power of 1-ß is wanted at a difference of means of ô = |iA - u0 is 

n = ( ( u r u , , j V ) / Ô 2 ( 3 ) 

N is proportionally related to the variance a2 and inversely related to ô. (N.B.: in a one-tailed test, 

u,.,/ia becomes u,.a). 

In most experiments, the situation is more complicated than in the example above. In many cases, 

two populations (for example, a control population and a population receiving a specific 

treatment) are to be compared, with equal but unknown a2. In such cases, the sample standard 

deviation s is used as estimate for o. The «-values from the standard normal distribution are 

replaced by t-values from the t-distribution with (2n-2) degrees of freedom. However, a similar 

relation as (3) can be deduced for a one-tailed test: 

" = 2 ^ ('u-2-J - ' a , -*!-«)* (4) 

Figure 5 is a graphical representation of equation 4.The relation between the sample standard 

deviation and the number of animals needed to obtain a significant treatment effect is depicted 

at a power of 0.8 and 0.9. In this example, u„ is assumed to be 2.0 and uA 1.8 and 1.6 (6 = 0.2 

resp. 0.4). 

The example in figure 5 is derived from an experiment we conducted in our laboratory with 

common carp. Under normal circumstances, female common carp reach ovary weights of approx. 

2 grams at 200 days of age. Lower ovary weights (one-tailed test) can be expected in carp treated 

with the antibiotic flumequin since this is known to reduce the rate of cell proliferation in carp 

(T. Van der Heijden, personal communication). We were able to detect a significant effect in an 

all-female Fl hybrid of common carp. In an all-female partly outbred strain, a similar reduction 

in gonadal development was observed. However, this effect was statistically not significant 

mainly due the higher standard deviation in this strain (fig. 6). The power of the t-tests could be 

calculated as 0.93 resp. 0.70. 
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0.4 0.6 0.8 

standard deviation 

Figure 5. Relation between the standard deviation and the number of experimental animals needed for 
the comparison of two population means using a one-tailed t-test. Level of significance a = 0.05; |x0 = 
2. Standard deviations under H0 and HA are considered to be equal. Lines are drawn for tests with an 
expected difference of the means of 0.2 and 0.4, as well as for a test-power of 0.8 and 0.9. 

95 97 (n) 60 75 

Control Flumequin Control Flumequin 

isogenic strain partly outbred strain 

Figure 6: Reduction in ovarian weight at the age of 200 days in an isogenic strain and a partly outbred 
strain of common carp after oral administration of the antibiotic flumequin. The antibiotic was dissolved 
in fish oil and mixed with a commercial fish feed. The dose administered was 6 mg of antibiotic per kg 
body weight per day. The period of administration was between 28 and 42 days of age, i.e. the period 
of proliferation of the primordial germ cells. Control animals received untreated food (only fish oil 
added), (n) = number offish ; * = sign, different (PO.05); bars represent standard deviation. 
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Allocation of animals between and within inbred strains 

When testing a panel of inbred strains in a factorial design, differences in main effects of the 

strains reflect the amount of (genetic) variation present within the experiment. In the ideal 

situation, this amount of genetic variation should reflect genetic variation in the outbred 

population, so generalization of test results would become possible. For reasons described later 

in this paper, this ideal situation is unlikely to be attained. 

Below follow some considerations on the allocation of animals between and within inbred 

strains. Assume that a random sample of inbred strains from an infinite pool of inbred strains 

(with mean us) is drawn. From each strain, an equal number of units is drawn on which trait y 

is measured. Assume that the total number of animals to be used (n) is fixed. A model for y. is 

Ï« = us + âj + Êjj (5) 

withi= 1,...,I (the number of strains) and j = 1,...,J (the number of units (animals) within strains), 

âj is the random effect of strain i with £(&,)- 0 and var (a,) = o2
a, anders the residual error 

corresponding to animal j in strain i, with e(e;j) = 0 and var (e )̂ = o2
e. We see that E(y_;j) = us and 

var (vjj) = var (a;) + var (e )̂ = a2
a + o2

e, the sum of the between strain and within strain variance, 

also called variance components. From the random sample, us is estimated with the mean y.., 

with variance 

var (v..) = —— + —— (6) 
I IJ 

Optimal allocation of the fixed number (IJ) of experimental units within and between inbred 

strains will depend on the quantity to be estimated and possible constraints, for example with 

respect to costs. If the main interest lies in the mean us, it is seen from (6) that the number of 

strains I should be as large as possible. So, n strains should be taken with only one unit per strain. 

This design will give an estimate of u, with minimum variance. However, no separate estimates 

of the variance components o2
a and o2

e are possible. 

Often, it is more expensive to include more strains into the sample compared to including more 

units within strains. If such cost considerations are to be taken into account, the following may 

be shown with respect to optimal allocation of units within and between strains. Suppose one 

strain costs Ca (cost-units), compared to C for units within strains. So, the total (variable) cost 

K = ICa + IJC. Suppose we would like to use a design, for a fixed amount of (variable) costs K, 

which minimizes var(y..). The minimum is achieved for 
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a , C 
J = ( — ) >/ ( — ) (7) 

a C v ' 

and I follows by backsubstitution of J into K = ICa + IJC. This formula shows that more units per 

strain should be taken if the within strain variance component gets larger compared to the 

between strain component. Also, if the cost per strain gets higher compared to cost within strain, 

more units per strain should be taken (Snedecor and Cochran, 1989). 

Often, interest lies in the comparison of a treatment group with a control group. Suppose a 

factorial design is used which, per strain, allocates at random half of the J units to the treatment 

and half to the control. In fact, this is an ordinary randomized block design. The means in the 

treatment and control group are resp. |iT and uc, which are estimated with the ordinary sample 

means. Assume no interactions between strains and treatment/control are present. The main 

interest is the difference uT - |i c. The estimator of this difference has variance 4o2
e/U, which 

does not depend on the between strain variance o2
a and the choice of I and J for fixed n. Because 

the variance components a2
a and a2,, are unknown, they have to be estimated from the data by 

(MSA-MSE)/J and MSE respectively, with MSA and MSE being the well-known mean squares. 

For the comparison of (j.T and uc only a2
e matters, as shown above. Most information on o2

e is 

obtained if a design is used with only 1 strain. However, such a design does not allow estimation 

ofo2
a. 

A reasonable choice may be to take I and J such, that both a2
a and a2

e are estimated as precise as 

possible. It may be shown that this is the case when 

(»2fc + In) (8) 
(nk + n + 1) 

with k being the ratio a2
a / a

2
e (Scheffé, 1959). As in formula (7), the ratio k plays a role. This 

implies that when a2
a and o2

eare not known, preliminary tests have to be performed to get an idea 

about the magnitude of k. Figure 7 gives a graphical representation of (8). It can be seen that 

when for a certain trait the within-strain variation is relatively small, many strains should be 

tested with few animals per strain. When between-strain variation is small, few strains with many 

animals per strain should be tested. N.B.: note that formulae (7) and (8) have to be used with care 

since I and J are integers and must divide the pre-fixed n. 

In practice other factors such as availability of inbred strains, space in the laboratory and costs 

will play an important role. Still, this theoretical derivation for the number of inbred strains to 
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be tested is indicative, and might lead to a more efficient use of experimental animals. 

Haseman and Hoel (1979) compared the power of one-tailed Fisher's exact tests in single-strain 

vs multi-strain testing in a hypothetical treatment, inducing an increase in tumor frequencies at 

low levels, moderate levels or high levels. When subgroups (analogous to inbred strains) would 

be randomly taken from an outbred stock, control and treated animals would be tested within 

each subgroup. The total number of animals tested was equal in both tests. They found that the 

power of multi-strain testing exceeded that of single-strain testing when 3 or more inbred strains 

would have been used. However, Felton and Gaylor (1989) showed that an increase in power is 

only obtained when the chemical induces an increase in tumor frequency of 0.10 in one or more 

strains in the set (reviewed in Lovell, 1993). 

Figure 7: Illustration of the relation between the ratio between-strain : within-strain variation (k = 
o2

a/o
2
c) and the number of inbred strains to be tested within one experiment (equation (8) in the text). 

Lines are drawn for the situation where the total number of animals used in the experiment (n) is 50 and 
250. 
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Consequences of inbreeding on genetic variance 

In any outbred population, the total variance (Vt01) can be partitioned in genetic variance (VG), 

environmental variance (VE) and the correlation between these two components (VQE). Genetic 

variance in its turn can be further divided in an additive genetic component (VA), a dominance 

component (VD) and an interaction component (V,) (Falconer and Mackay, 1996): 

Vtot = VG(=VA + VD + V,) + VOE + VE 

When conventionally inbreeding in a population (for example by full sib mating), several 

families will be established. During inbreeding, genetic variance between and within families 

will increase resp. decrease with the coefficient of inbreeding F (Falconer and Mackay, 1996): 

tot *G-between families G-within families 

2FVG + (1-F)V0 =(1+F)VC 

When inbreeding has been completed (F = 1 ), the population will consist of inbred strains with 

no genetic variance within strains. Using gynogenesis or androgenesis, fully inbred individuals 

are obtained in one single generation. In this situation the following formula applies: 

G-between families G-within families 

2fVG + ( l+F-2f)V0 = (1+F)VQ 

where f = the coefficient of coancestry (= the chance that a random allele in individual X is 

identical by descent to a random allele in individual Y) among individuals of the same family 

(Falconer and Mackay, 1996). Homozygous gynogenetic individuals are fully inbred (F = 1) and 

the coefficient of coancestry f of individuals belonging to the same gynogenetic family is 'A 

(Bongers et al., 1996a). As a result, the genetic variance within families is equal to the genetic 

variance between families and the total amount of genetic variance after gynogenetic 

reproduction is doubled. This is however only valid when the founder males and females of 

homozygous families are fully outbred (Bongers et al., 1996a). 

Implications for the use of inbred strains 

Genetic variance in homozygous populations only consists of additive genetic variance. 

Dominance-effects are absent due to the absence of heterozygotes. Interaction-effects (e.g. 

additive x additive) are thought to be negligible (De Boer and Hoeschele, 1993). 
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Figure 8 demonstrates these consequences of inbreeding concerning distribution of genetic 

variance for conventional inbreeding and for inbreeding by gynogenesis or androgenesis. From 

this figure, it can be seen that when a panel of inbred strains is to be used for experimental 

purposes, gynogenetic or androgenetic inbred strains are to be selected from different families. 

Selecting strains from the same family is equal to testing within a genetic range of VA, while 

selecting strains from different families equals testing within 2VA. When outbred strains are used, 

results obtained are representative for a range of genotypes with variance VA + VD + V,. When 

Fl hybrids are produced from not related inbred strains (outbreeding, F = 0), results are also 

representative for VA + VD + V,. Whether the absence of dominance or interaction effects in in­

bred strains will affect the outcome will depend on the trait under investigation. 

Outbred 

V = VA+ VD+ V, 

V = 2VA v„=v, 
inbred strains 

Figure 8: Consequences of inbreeding on genetic variance by conventional inbreeding (full sib-mating, 
1) or by repeated gynogenesis or androgenesis (2,3). Starting-point is an outbred population with genetic 
variance VG = VA (additive genetic variance) + VD (dominance variance) + V, (interaction variance). 
Through conventional inbreeding, separate families will be established with reduced within-family 
variance and increased between-family variance (2VA). After gynogenetic or androgenetic reproduction 
of several parents (2), genetic variance becomes 2VA, equally divided within and between families (VA). 
Within family variance is indicated by the solid line in 2). When producing inbred strains by repeated 
gynogenesis or androgenesis (3), genetic variation between lines remains VA when homozygous parents 
come from the same gynogenetic family. 
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Residual variation within inbred strains 

Phenotypic uniformity in inbred strains is depending on how much of the variance in outbreds 

is of genetic origin. For characteristics with high heritability (i.e., a large part of the phenotypic 

variance is genetic variance), inbred strains are likely to be more uniform than outbred strains. 

For characteristics with low heritability, this may not be the case. However, the increased 

susceptibility of inbred strains for environmental sources of variation can offset the reduced 

genetic variance, with an increase of the total phenotypic variance as a result (Festing, 1979; 

Falconer and Mackay, 1996). When homozygous parents are used in gynogenesis or 

androgenesis, the resulting homozygous clonal offsprings still display high residual variation and 

large amounts of deformed individuals (phenodeviants) (Komen et al., 1993; Taniguchi et al., 

1994). Due to absence of genetic variance, only environmental variance (VE) can be responsible 

for this. In a previous paper, we proposed three types of VE (Bongers et al., 1996c): 

- "true VE", consisting of inter-individual variation. Homozygous populations are in general more 

susceptible to this source of VE (Falconer and Mackay, 1996). 

- intra-individual variability, or developmental instability (DI). Through reduced homeostasis of 

homozygous genotypes, the buffering of developmental processes against environmental 

and physiological sources of variability decreases, resulting in DI (Lerner, 1954; Palmer 

and Strobeck, 1986). 

- VE, generated from negative side effects of the chromosome manipulation treatment on 

(maternal) cytoplasmic components (Komen et al., 1993; Mair, 1993; Bongers et al., 

1996c). This last source of VE can be referred to as "embryonic damage", ED. 

We found that ED is the main source of variation in gynogenetic and androgenetic offsprings. 

The level of inbreeding did not affect true VE and DI (Bongers et al., 1996c). Table 1 summarizes 

observations of VE for several characteristics in inbred and (partly) outbred strains offish. The 

inbred fish strains in this table were either produced by gynogenetic or androgenetic reproduction 

of a homozygous parent, or by crossing (near) identical homozygous conspecifics. It is clear from 

this table that especially in carp, inbred strains, produced by chromosome manipulation do not 

display lower coefficients of variation than (partly) outbred strains. However, in most cases the 

(partly) outbred strains in this table can be considered more as inbred strains than outbred strains. 

For example, in reference a, c and e in table 1, "outbreds" were produced by crossing a homo­

zygous gynogenetic female with an outbred male. Still, when inbred strains of fish are to be 

used, they should be derived from crossing homozygous clonal conspecifics (ref. a and b vs c and 

d !). Chromosome manipulation should only be used to generate homozygous broodstock. 

Fl hybrids combine both genetic and phenotypic uniformity (Festing, 1979; Falconer and 

Mackay, 1996). Still, coefficients of variation in Fl hybrids offish are still relatively large when 
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compared to inbred strains of laboratory rodents (table 2) and vary greatly between strains. Ac­

cording to Festing (1979), residual variation in mammals can be attributed to competition 

between animals, chance variation in utero, chance contamination by micro-organisms etc. For 

example, Gartner (1990) analyzed environmental variation for quantitative traits in laboratory 

strains of mice and rats and determined that only 20 - 30 % of the random variation was true 

environmental variation. The remaining 70 - 80 % was attributed to a component of variation, 

effective at or before fertilization and could originate from ooplasmic differences between eggs. 

The fact that fish are Poikilothermie make them more susceptible to similar sources of variation, 

resulting in a large phenotypic variance, compared to homeothermic animals (Allendorf et al., 

1987). 

Table 2. Coefficients of variation of body weight (BW) and (relative) testis weight (TW) in laboratory 
strains of rodents and common carp. TSI = testis somatic index: (testis weight/body weight) x 100 %. 

Species 
(ref.) 

Mouse, Mus musculus 
(a) 

(b) 

Rat, Rattus novegicus 
(c) 

character 

TSI, 

BW, 

TW, 

BW, 
TW 
TSI 

91 days 

30 days 
60 days 

120 days 
30 days 
60 days 

120 days 

age? 

cv 

5 - 10% 

10-25% 
9 - 11 % 
8- 10% 

15-24% 
9- 15% 
9 - 16% 

8% 
6 - 8 % 
5 - 8 % 

type (number) 
of strains 

inbred (3) 

inbred (3) 

outbred ( 1 ) 

Golden Hamster, Mesocricetus auratus 
(d) TW, age ? 
Common carp, Cyprinus carpio 
(e) 

(f) 

(g) 

7- 15% outbred (1) 

TSI, 

BW, 

BW, 

BW, 

BW, 
TW, 
TSI, 

100 days 

210 days 

168 days 

210 days 

240 days 
240 days 
240 days 

20 - 38 % 
13-36% 

30 - 39 % 
14-27% 

21 % 
15 -23% 

29% 
11 - 16% 

19-41 % 
41 - 106% 
26 - 73 % 

partly inbred (2) 
Fl-hybrid (2) 

partly inbred (2) 
Fl-hybrid (2) 

partly inbred (1) 
Fl-hybrid (2) 
partly inbred (1) 
Fl-hybrid (2) 

Fl-isogenic (12) 

References: (a) Chubb, 1992; (b) Shukri and Shire, 1989; (c) Vaughan 
1984; (e) Bongers et al., unpublished results; (f) Komen et al., 1993 (g) 

et al., 1988; (d) Jackson et i 
Bongers et al., 1996d. 
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Conclusions 
Fish are important laboratory animal models. Frequently, experimental fish with unknown 

genetic background and raising history are used. This leads to low repeatability between 

experiments. When outbred strains are used, high intrastrain variability might obscure treatment 

effects. Also, high levels of inbreeding may still have accumulated in the outbred strains. To 

improve the quality (replicability, repeatability and reproducability) of experimental research 

with fish, inbred strains need to be established. Chromosome manipulation techniques 

(gynogenesis and androgenesis) can facilitate this. The best approach in bioassays (e.g., 

toxicological screening) is to use a panel of inbred strains to enable extrapolation experimental 

results to an outbred population. This could decrease the number of animals used and increase 

the power of the experiments at the same time, due to lower intrastrain variability. However, 

gynogenetic or androgenetic reproduction results in embryonic damage, thereby increasing 

coefficients of variation. Therefore, inbreds strains for research purposes should be derived from 

crossing two identical genotypes, of which one is hormonally sex reversed. Fl hybrids can also 

be used. Gynogenesis and androgenesis should then only be applied to generate homozygous 

broodstock. 

When comparing coefficients of variation of inbred and Fl hybrids offish to inbred strains of 

laboratory rodents, coefficients of variation are higher in fish strains. This could be attributed to 

the fact that fish are Poikilothermie animals. As a result, fish are more susceptible to 

environmental sources of variation. Nevertheless, using inbred fish lines will increase 

experimental quality and leads to a more efficient use of experimental animals. 
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Abstract 
Haploid androgenetic offspring (max. 53.9 %) were obtained after UV-irradiating eggs using dosages 
of 150-300 mJ/cm2 (duration: 135 to 270 seconds at an intensity of 1.1 mW/cnf ). During irradiation, 
eggs were stirred in a synthetic ovarian fluid to assure a homogenous irradiation of all pronuclei, without 
activating the eggs. Androgenetic origin was checked using a recessive colour marker ("blond"). Absence 
of black fry (dominant trait) in the offspring confirmed inactivation of the female genome. Besides 
androgenetic haploids, few biparental diploids hatched at the optimal dose (250 mJ/cm2). Diploidy could 
be restored by heat shocks (40.0 °C, 2 min) applied at different times after fertilization (26, 28 and 30 
minutes). Yields of putative androgenetic diploids ranged from 7.2 -18.3 % at the time of hatching. Also, 
survival of the larvae 24 days after hatching was high (78 - 89 % of the initial number). After testing the 
homozygous nature of the fish, they will be used to generate isogenic strains. 

1. Introduction 

In androgenesis, the female genome is inactivated. Duplication of the male genome can be 

achieved by suppression of the first cleavage. Androgenetic reproduction techniques can be used 

for gene banking and inbreeding. In our laboratory, we are aiming to use androgenetic strains of 

common carp to study sex determination (Komen et al., 1992a) and to develop inbred lines for 

research purposes. Thus far, androgenesis has been applied with relatively little success in 

amphibians and fishes (table 1). 

Inactivation of the female genome can be done by gamma-rays (60Co), X-rays, pressure shocks, 

chemicals and UV-irradiation. In gynogenesis, UV irradiation of paternal DNA is widely 

accepted as the method of choice since Chourrout (1984) demonstrated the presence of paternal 

chromosome fragments in homozygous gynogenetic diploid O. mykiss, when sperm was 

submitted to gamma-rays. Thorgaard et al. (1985) did similar observations in O. mykiss. Disney 

et al. (1987) showed that production of transgenic O. mykiss was possible after 60Co-irradiation 

of brook trout {Salvelinus fontinalis) sperm. Carter et al. (1991) recently demonstrated by DNA-

fingerprinting the transmission of paternal DNA in gynogenetic offspring of O. aureus after UV-

irradiating sperm (19.8 mJ/cm2). They also stated that incorporation of DNA might be expected 

to occur more readily when highly energetic gamma-rays are used because of induced DNA-

fragmentation. 

We started the production of haploid androgenetic offspring in common carp using UV-

irradiation. Eggs were stirred in a synthetic ovarian fluid to assure a homogenous irradiation of 

all pronuclei and to minimize UV-damage to cytoplasmic constituents. 
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High yields of androgenetic diploids have been obtained in O. mykiss (Parsons and Thorgaard, 

1985; Scheerer et al., 1986; Thorgaard et al., 1990) using gamma-rays to inactivate the female 

genome. DNA-fragmentation might have occured, although isozyme analysis revealed 100 % 

paternal inheritance. Diploidization was done using pressure shocks. Grunina et al. (1990) 

described a method to produce androgenetic common carp. However, significant numbers of 

biparental diploids among the androgenetic offspring were found, indicating insufficient 

inactivation of the female DNA by X-rays. 

In our research, diploidization-inducing treatments consisted of heat shocks which yield 

consistent results in gynogenetic experiments (Komen et al., 1991). As a genetic marker, a 

coloration affecting mutation ("blond") was used to distinguish androgenetic from biparental 

offspring. 

2. Material and Methods 

Genetic markers 

Male broodstock were homozygous for a recessive mutation causing absence of normal 

melanophore development (M,b2/bl,b2) and therefore appear blond. Homozygous 

(B1,B2/B1,B2) and heterozygous (Bl,B2/bl,b2) black clones of females were used to minimize 

variation in egg quality. Homozygous clones were used in experiments to inactivate the female 

genome. All hatched blond haploid individuals could thus be regarded as androgenetic. 

Heterozygous clones were used in experiments to restore diploidy after UV-irradiation. The 

punnet square, depicted in table 2, shows the expected frequency of blond animals after crossing 

a heterozygous female with a blond male. Absence of black fry in UV-irradiated groups confirms 

inactivation of the female genome. We have also tried to induce diploidy using eggs from 

homozygous females. However, heat shocking these eggs resulted repeatedly in complete 

mortality within 24 hours of incubation. All broodstock was maintained at 25 °C in 800 liter 

rectangular tanks with recirculating water and were fed carp pellets (25 % crude protein, Provimi 

b.v., Rotterdam, the Netherlands) 0.6 % of their body weight per day. 

Irradiation, fertilization and heat shocking 

Eggs and sperm were obtained as previously described (Komen et al., 1991). After stripping, 

eggs were kept at room temperature. Milt was diluted 1:3 with physiological saline (0.9 % NaCl) 

and stored on ice. 
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Table 2: Punnet square for possible genotypes regarding coloration in an offspring from a cross between 
a heterozygous black female (Bl,B2/bl,b2) and a blond male (bl,b2/bl,b2). The expected frequency of 
blond animals among the offspring will be 25 %. 

gametes: 9: 

d\bl,b2 

B1,B2 

Bl,b2/bl,B2 

Bl,b2 

bl,b2/Bl,b2 

bl,B2 

bl,B2/bl,b2 

bl,b2 

bl,b2/bl,b2 

Three methods of irradiation were examined: 

(1) Dry method: Egg-samples were gently dispersed to obtain a single layer of eggs, sticking to 

the surface of the petri-dish. 

(2) Manual stirring method: Egg-samples were put in a petridish and 5 ml of a synthetic 

ovarian fluid (OF) was added to obtain a single layer of eggs, floating in the fluid. OF consisted 

of: 4.11 gr BSA fraction IV per litre, 3.8 mMOL Na2HP04, 118.0 mMOL NaCL, 12.7 mMOL 

KCl, 0.7 mMOL MgCl2*6H20, 2.7 mMOL CaCl2, 5.5 mMOL Tyrosin and 5.5 mMOL Glycin 

in distilled water (after Plouidy and Billard, 1982 and Epier et al., 1984). The pH was adjusted 

to 8.14. Osmolarity was 262 mOsm. 

In this ovarian fluid, eggs did not become adhesive and were not activated. During gentle manual 

stirring, the eggs were able to roll in the fluid. 

(3) Mechanical stirring method: Instead of manual stirring, the petridish was placed on a 

mechanical stirrer (Schüttler MTS 2) after adding ovarian fluid to the egg sample. 

Irradiation was done using a VL-6 UV-lamp (7.5 W, 254 nm) in a TJV-CN6 darkroom 

(Ankersmit, the Netherlands). The total (cumulative) energy (mJ/cm2) was recorded using a 

VLX-3W sensor (Ankersmit, the Netherlands), which was positioned at the same (fixed) distance 

from the UV-source as the eggs. The intensity was kept constant at 1.1 mW/cm2. 

After irradiation, egg samples were immediately mixed with 0.25 ml of sperm suspension and 

fertilized by adding water (24 °C). They were transferred to baskets (diam. 10 cm.) with a mesh-

bottom (mesh-size 0.5 mm) and incubated at 24 °C in the dark. 

Heat shocks were administered by transferring the eggs from the incubation-system to a 

waterbath of 40.0 °C for 2 minutes. 


