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General introduction 



General introduction 

1 Scope of the thesis 

Worldwide, the culture of fish and shellfish is expanding rapidly to satisfy the 

increasing demand for fish and shellfish products (Gjedrem, 1998). The total world 

production of fish, crustaceans and molluscs increased from 13.0 million metric tons in 

1990 to 30.8 million metric tons in 1998. Two-thirds (20.8 metric tons) of the total 

production in 1998 were produced in China and carp, barbel and other cyprinids were 

the most popular species at 14 metric tons. The estimated value of the total production 

in 1998 was US$ 47 billion (FAO, 2000). 

Similar to terrestrial production systems, husbandry conditions play an 

important role in successful production of aquacultural species. However, due to the 

extreme intimate interaction between fish and its aquatic environment, changes in this 

environment can, therefore, easily result in a disturbance of homeostasis within a fish 

(Wendelaar Bonga, 1997). The maintenance of internal homeostatic equilibria is 

essential for normal function of cells, animals and -indirectly- for the maintenance of 

populations. In case of disturbance, an animal will try to establish a new equilibrium. 

The animal's behavioural and physiological reaction to this disturbance is commonly 

called the stress response (Chrousos and Gold, 1992). Man-made (aquacultural) 

production systems can be regarded as environmental challenges or demands for the 

adaptive capacity of the animals involved. If animals are incapable to cope with these 

production environments, prolonged stress response might result in maladaptation. 

Energy-dependent activities like growth, maturation and disease resistance are affected 

under these circumstances. 

The stress response in fish and its influence on other physiological processes 

have been studied extensively. For commercial purposes, stress is mainly considered as 

an indirect selection criterion for disease resistance, due to the tight relationship 

between stress and increased disease susceptibility (Snieszko, 1974). However, only 

few selection experiments with stress and/or disease resistance as main traits of interest 

have been initiated so far. These selection experiments are mainly carried out in 

commercial important fish species, like rainbow trout (Oncorhynchus mykiss, Pottinger 

and Carrick, 1999), Atlantic salmon (Salmo salar, Fevolden et al., 1991), gilthead 

seabream (Sparus aurata, Afonso et al., 1998) and common carp (Cyprinus carpio, 

Wiegertjes, 1995). So far, only one selection experiment aimed at creating strains with 

divergent antibody production has been carried out in the latter species (Wiegertjes, 

1995). 
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In 1996, an NWO-ALW programme started, aimed to study the physiological 

strategies during acclimation to a temperature shock in common carp (See summary 

NWO-ALW programme for results). Next to the neuroendocrine regulation of the cold 

shock stress response and its effects on the immune and reproduction system, the 

genetic background of stress in common carp was studied with the ultimate aim to 

create isogenic lines with either a high or low stress response, to be used in future 

research. 

However, like many important traits, the stress response of an organism is 

probably regulated by many genes, thus making stress a complex genetic trait to 

analyse. To investigate such a complex trait, reproduction techniques like gynogenesis 

and androgenesis are useful. These can be utilised to produce complete homozygous or 

heterozygous (= Fi hybrid) isogenic strains in only two generations. In the first 

generation of homozygous double haploid (DH) individuals, the genetic variation (VG) 

within a group of DH fish sharing the same sire or dam is equal to the additive genetic 

variation (VA). Furthermore, the variation between progeny groups is also equal to VA 

and this feature can be used to estimate genetic parameters like heritabilities Qi2), 

especially if the h2 is expected to be below 0.35 (Bijma et al., 1997; Bongers et al., 

1997). In the second generation of homozygous isogenic (obtained through andro- or 

gynogenesis) and heterozygous isogenic strains (obtained by crossing two homozygous 

individuals), the phenotypic variation (Vp) for a trait within such a strain is completely 

due to environmental sources (VE), since genetic variation is absent. Furthermore, the 

variation between homozygous inbred strains is theoretically equal to VA + VE and 

between Fi hybrids to VA + VD + VE, where Vp is the dominance variance. Comparing 

the performances of a number of such isogenic strains enables the estimation of 

phenotypic variation due to additive and non-additive genetic factors. Through these 

features, DH individuals and their progenies provide a powerful model for dissection of 

phenotypic variance. 

The aim of the present thesis was to examine the genetic background of the 

stress response in common carp (Cyprinus carpio L.) using DH individuals obtained 

through androgenetic reproduction. As model stressor, a rapid temperature drop was 

used. Through selection of DH parents with extreme stress responses, isogenic strains 

with divergent stress responses were created. Both the DH parents and the isogenic 

strains were used to study the influence of additive and non-additive genetic and 

environmental effects on the stress response. Furthermore, a study was carried out to 

examine possible association of recently developed carp microsatellite markers with 

quantitative trait loci (QTL) influencing the stress response in carp. 
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In the next paragraph of this chapter, the two major pathways of the stress 

response in fish are described in more detail and the choice of stressor is explained. 

Paragraph 3 describes the processes of selection, (cross)breeding and use of genetic 

markers (in fish) and gives arguments for the choice of the breeding plan. Finally, 

paragraph 4 gives an overview of the work done within the framework of this thesis and 

describes the connection between the different chapters that form this thesis. 

2 Stress in fish 

In bony fish (teleosts), two major neuroendocrine pathways control the stress 

response. Although these pathways are comparable to pathways in mammals and other 

terrestrial animals, there are some distinct differences in the regulation and functions of 

the stress response in fish, mainly as a consequence of the aquatic environment. 

2.1 Hypothalamus - sympathetic nerves - chromaffin cell axis 

The first major neuroendocrine pathway in fish is the hypothalamus -

sympathetic nerves - chromaffin cell (HSC) axis (Figure 1). This pathway results in the 

release of the catecholamines (CAs) epinephrine and nor-epinephrine in the general 

circulation under conditions that require enhanced oxygen transport and mobilisation of 

energy substrates. Therefore, the three main functions of CAs are (Randall and Perry, 

1992; Wendelaar Bonga, 1997): 

1) Increase the oxygen uptake through the gills by increasing the ventilation 

rate, the diffusional surface area in the gills, the permeability of the tight 

junctions between branchial epithelium cells and the blood flow through the 

gills. 

2) Increase the blood oxygen transport capacity by increasing the haematocrit 

(increased numbers of circulating erythrocytes and swelling of erythrocytes) 

and increasing the affinity of haemoglobin for oxygen by blood plasma 

acidification and cytoplasmatic alkalinisation (Nikinmaa, 1992). 

3) Increase of plasma glucose by glycogenolysis of hepatic glycogen reserves. 

In fish, the increase in diffusional surface and permeability of the tight junctions due to 

high circulating CA levels also stimulates passive water and ion fluxes in the gills. The 

passive influx of ions and efflux of water in seawater fish (hydromineral balance T) or 

the opposite fluxes in freshwater fish (hydromineral balance i ) can, therefore, be seen 

as negative side effects of the stress-related CA release. Because the release of the CAs 

is mainly regulated through the sympathetic nerves, the reaction time between the onset 
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of the stress and the CA release is relatively short (< 3 min), but it depends on the 

severity and nature of the stressor and the fish species involved (Wendelaar Bonga, 

1997). 

BRAIN 
Hypothalamus 

Hypothalamic factors 

Sympathetic fibres Pituitary gland 

ACTH, MSH, f3END 

HEAD KIDNEYS 
Chromaffin cells Interrenal cells 

Catecholamines Cortisol 

Primary 
stress 

response 

Hydromineral balance 4-
Liver glycogen 1 
Plasma glucose T 
Plasma free fatty acids TJ-
Cardiac output t 
Gill blood flow t 
Oxygen uptake and transfer T 
Immune functions T l 

Hydromineral balance T 
Liver glycogen T 
Muscle proteins 4-
Plasma free fatty acids t 
Immune functions X 
Reproduction i 
Growth i 

Secondary 
and 

tertiary 
stress 

response 

Figure 1: Generalised diagram of main neuroendrocrine elements of integrated stress 
response in teleost fish. ACTH: adrenocorticotropic hormone, MSH: Melanophore-stimulating 
hormone, (3END: P-endorphin, i inhibitory, t stimulatory (adapted from: Wendelaar Bonga, 
1997). 



General introduction 

2.2 Hypothalamus - pituitary - interrenal cell axis 

The second major pathway controlling the stress response in fish is the 

hypothalamus - pituitary - interrenal cell (HPI) axis (Figure 1). In teleosts, this pathway 

mainly results in the release of Cortisol as active steroid. The secretion of Cortisol can be 

regulated by many different hormone substances including Cortisol itself. However, the 

main regulatory hormones are adrenocorticotrophic hormone (ACTH) produced by the 

ACTH cells in the pituitary pars distalis and a-melanophore-stimulating hormone 

(a-MSH) potentiated by (i-endorphin, which are both produced by the a-MSH cells in 

the pars intermedia of the pituitary gland (Pickering et al., 1986; Sumpter et al., 1986; 

Lamers et al., 1992). The release of ACTH is mainly regulated by the hypothalamic 

neuropeptide corticotrophin-releasing hormone (CRH) (Fryer, 1989; Olivereau and 

Olivereau, 1990, 1991). The a-MSH release is under control of a number of 

hypothalamic factors, including dopamine, thyrotropin-releasing hormone (TRH), 

melanophore-concentrating hormone (MCH) and CRH (Lamers, 1994; Lamers et al., 

1994). Due to the neuroendocrine regulation of the Cortisol release, increases of plasma 

Cortisol occur somewhat slower than the increase in CAs, but increases can be observed 

already within 5 -10 min after the start of the disturbance. The two major functions of 

Cortisol in fish are related to the maintenance of the hydromineral balance 

(mineralcorticoid function) and the energy metabolism (glucocorticoid function). The 

mineralcorticoid function of Cortisol is an additional function of Cortisol compared to 

the functions of Cortisol in terrestrial animals. This function of Cortisol compensates the 

CA induced disturbances of the hydromineral balance, by stimulating the extrusion of 

Na+ and CI" ions in seawater and the uptake of Na+ and CI" ions in freshwater. However, 

a prolonged high plasma Cortisol concentration can induce damage of skin- and possibly 

gill epithelium due to increased apoptosis (= programmed cell death) resulting in 

increased passive ion and water fluxes. The glucocorticoid action of Cortisol is relatively 

slow compared to that of the CAs and the rapid rise in plasma glucose during acute 

stress is mainly caused by CAs. The main glucocorticoid effect is the redirection of 

energy destined for e.g. growth, immunity and reproduction towards behavioural and 

physiological processes involved in restoration of the disturbed homeostasis, thus 

enabling the animal to cope with the stressor (reviewed by Wendelaar Bonga, 1997). 

For a detailed review of the stress response in teleosts see e.g. Pickering (1981), 

Barton (1997), Iwama et al. (1997); Wendelaar Bonga (1997), and Mommsen et al. 

(1999). 



Chapter 1 

2.3 Measuring stress 

Increased levels of circulating CAs and Cortisol are most often used as indicator 

of a (primary) stress response (Figure 1). Especially Cortisol is regarded as the stress 

hormone both in terrestrial and aquatic animals. However, both CA and Cortisol levels 

change rapidly and are very sensitive to disturbances caused by e.g. sampling the 

animals. Therefore, in addition to the Cortisol measurements, an indicator of the 

secondary stress response is often measured. These indicators include different 

metabolic (e.g. plasma glucose, lactate, liver and muscle glycogen), haematological 

(e.g. haematocrit, leucocrit, haemoglobin concentration), immunological (e.g. 

phagocytic activity, ratios of circulating B- and T-lymphocytes, antibody response to an 

antigen) and hydromineral (plasma chloride, sodium, osmolality) parameters (reviewed 

in Wedemeyer and McLeay, 1981; Adams, 1990; Barton and Iwama, 1991). In the 

present thesis, plasma Cortisol was used as main indicator of the primary stress 

response. Technically, catecholamines can also be measured, but require rapid sampling 

since changes occur within minutes after onset of the stress and changes due to the 

sampling are confounded with those due to the actual stressor. As indicators of the 

secondary stress response, plasma glucose and lactate concentrations, and haematocrit 

and leucocrit percentages were used in some of the experiments. These parameters are 

also relatively easy to measure. 

2.4 Temperature and stress 

Due to the poikilothermic nature of fish, the environmental (water) temperature 

has a high impact on most physiological processes. Each fish species has a certain upper 

and lower temperature limit. Within these limits, a range is present in which 

physiological processes run optimally. The size of this optimal range and the heights of 

the upper and lower limits vary from species to species. An eurythermal species like the 

common carp can survive within the temperature range of 0 - 32°C (Aston and Brown, 

1978), whereas a stenothermal species like the Antarctic eelpout (Pachycara 

brachycephalum) can survive within a temperature range of 0 - 9°C. (Van Dijk et al., 

1999). Processes involved in the stress response are, therefore, also influenced by the 

water temperature. The rate at which Cortisol levels are elevated due to stressors like 

netting and crowding seem to be positively related with the environmental temperature 

(Davis et al., 1984; Sumpter et al., 1985; Barton and Schreck, 1987; Davis and Parker, 

1990). The effect of environmental temperature on the amount of Cortisol released is 

less clear. Davis and Parker (1990) found higher Cortisol levels in striped bass {Morone 
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saxatilis) netted at 25 - 30°C than in bass netted at temperatures ranging from 5 - 16°C. 

Similarly, Sumpter et al. (1985) found higher Cortisol levels in brown trout (S. trutta) 

handled and confined at 13.4 than at 5°C. Conversely, Barton and Schreck (1987) did 

not find any influence of the environmental temperature on the height of the Cortisol 

peak in chinook salmon (O. tshawytscha). Next to the rate and height of the Cortisol 

response, the recovery after a stressor can also be influenced by temperature in different 

fashions. Davis and Parker (1990) found that in striped bass stressed at 25 - 30°C 

Cortisol levels never returned to basal levels after the stress, but at temperatures between 

10 and 21°C, Cortisol levels returned to resting levels within 6 hours after the acute 

stress. On the other hand, Barton and Schreck (1987) found a slower recovery in 

chinook salmon kept at 7.5°C compared with fish kept at 12.5 and 21°C. 

Besides the modulating role of the environmental temperature on the stress 

response due to other stressors, a sudden temperature change acts as a stressor by itself 

with a high physiological impact on fish. Gradual changes within the optimal range can 

be compensated before they produce noticeable disturbances of homeostasis. However, 

rapid temperature changes will lead to disturbances and, therefore, act as stressors. Both 

heat and cold shocks have been used to induce acute stress in different species of fish 

(Strange et al., 1977; Franklin et al., 1990; Sun et al., 1992, 1995; Le Morvan-Rocher et 

al., 1995), but the majority of the research on temperature effects focuses on (acute or 

chronic) heat stress. In the present study, we chose (three-hour) cold shocks as acute 

stressor. 

2.5 The cold shock 

Temperature shocks can be applied using a variety of techniques. For instance, 

Franklin et al. (1990) and Le Morvan-Rocher et al. (1995) applied their temperature 

shocks instantaneously by transferring the fish from one aquarium to another with a 

different water temperature. In such a design, however, the temperature stress is 

confounded with handling and confinement stress due to the netting of the fish. A 

possible temperature shock method without handling the fish is through heating or 

cooling the inlet water in an experimental unit. The rate of temperature change in such a 

design is highly dependent on the total water volume in the experimental units and the 

capacity of the heater or cooler. We used another approach allowing a rapid cold shock 

without handling. The experimental facilities used in the present thesis, consisted of 

three experimental units with two layers of eight rectangular 140 1 aquaria each. All 48 

aquaria were supplied by the same recirculation system and the total water volume in 

this recirculation system was c. 10 m3. Using the available cooling device, cooling the 
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water from e.g. 25 to 16°C would still take considerable time (> 3 hours). Furthermore, 

the water temperature in all 48 aquaria in the three experimental units would decrease, 

which is both unnecessary and undesirable, since control (warm water) aquaria are also 

needed in an experimental design. 

n 

Figure 2: Schematic representation of the two recirculation systems used in the 
experiments and their respective water flows, (a) biological reactor cold water system 
(temperature adjustable 14 - 25°C), (b) biological reactor warm water system (25°C), (c) UV-
filter, (d) experimental units consisting of two layers with eight 140 1 aquaria each, (e) laminar 
flow sedimentation tank, (f) cooling machine. Between experiments, both systems were kept at 
25°C and one warm water outlet (g) was connected with the 'cold water' outlet, thus creating a 
surplus of water in the 'cold water' system (a). This surplus water was returned to the warm 
water system (b) through a overflow (h). 

To overcome these problems, all 48 aquaria were fitted with two inlet and 

(outlet) tubes connected to two separate recirculation systems (Figure 2). Under normal 

circumstances, the water temperature in both systems was kept at 25°C and both 

systems were connected (total water volume c. 16 m3) resulting in similar water quality 

parameters (pH, dissolved oxygen, conductivity, NH3-N, NO2-N, NO3-N). Two days 

prior to a cold shock, the systems were disconnected and the water in one system was 

cooled down to the desired temperature. On the sampling day, cold shocks could be 

initiated in any of the 48 aquaria by switching the inlet (and outlet) tubes from one 

10 
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supply system to the other. Due to mixing, the desired lower temperature was reached 

c. 60 minutes after onset of the shock. This way, we were able to subject the fish to a 

rapid cold shock with selectable amplitudes without handling the fish. 

3 Breeding in fish 

The discipline of animal and plant breeding is a science developed in the last 

century. Today, the use of genetically improved farm animals and plants is common 

practice in agriculture. Conversely, selective breeding programmes are still rare in fish 

and shellfish and only a small percentage of the total aquaculture production is based on 

genetically improved stocks (Afonso et al., 1998; Gjedrem 1998). To secure the 

availability of aquatic products in the (near) future, the aquaculture production will need 

to increase by about 4.5% per year (Gjedrem, 1998). To help reach this goal, breeding 

programmes offer a valuable tool. There are two ways by which the breeder can change 

the genetic properties of a population. The first is by choosing the individuals to be used 

as parents (selection) and the second by control of the way the parents are mated 

(breeding). A short description of both approaches is given below (adapted from 

Falconer and Mackay, 1996). In the third paragraph, the use of different markers 

(phenotypic, allozyme, DNA) in these approaches is discussed. 

3.1 Selection 

The aim of selection is to increase the frequency of the desired alleles in the 

population. However, most traits of interest are controlled by a number of (major and 

minor) genes and there are environmental effects (= quantitative trait), which are 

completely hidden from us. Therefore, selection relies on measuring individual 

phenotypic values for the desired trait. The decision to select a certain animal as parent 

can be based solely on the performance of the animal itself, but also on performances of 

the relatives. Especially in fish breeding, where due to the higher fecundity of the fish 

larger full- and half-sib families can be produced, information from relatives can be 

more important than individual information. Furthermore, for some traits, selection of 

parents has to rely completely on information of siblings or progeny. For instance, 

selecting male fish that will produce progeny with good egg-quality can only be based 

on information of female relatives. However, the pedigree in a population has to be 

known to use this information. 

The phenotypic value of an individual (P), measured as deviation from the 

population mean is the sum of two components. The deviation of the family mean from 

11 
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the population mean (Pf) and the deviation of the individual from the family mean (Pw). 

The relative weight that is put on the components determines the type of selection. 

Individual selection 

If individuals are selected solely on the basis of their own performance (equal 

weight for Pf and Pw), the selection is called individual selection (or mass selection 

when the selected animals are mated en masse). This is a simple method and no 

pedigree information is necessary to select the individuals. However, for most 

commercial cultured fish species only a few parents are required to produce a new 

generation large enough to stock a farm. Therefore, individual selection can result in a 

rapid increase of the inbreeding coefficient (Gjedrem, 1998). Thus, to restrict the 

increase of inbreeding, the number of parents should be kept at a certain level. An 

optimum design for fish breeding programmes with constrained inbreeding when 

applying individual selection for a certain trait is discussed by Gjerde et al. (1996). 

Pottinger and Carrick (1999) used individual selection in rainbow trout to create lines 

with either a high or low stress-related Cortisol response. In common carp, individual 

selection has been used, for example, to improve the growth rate (Moav and Wohlfarth, 

1976), the body shape (Ankorion et al, 1992) and the resistance to dropsy (etiological 

agent: Aeromonas spp.; Kirpichnikov et al., 1993). 

Family selection 

If whole families are selected or rejected for further breeding purposes (weight 

on Pw is zero), the selection procedure is called family selection. The main 

circumstances under which family selection is preferred are: 1) the trait has a low 

heritability (h2 = VA / VP; where Vp is the total phenotypic variance), and 2) there is 

little variation due to common environment (VE is small), and 3) large families are 

available. Furthermore, family selection can be applied if the trait of interest cannot be 

measured on the individual itself, but can be measured on the family mean. The efficacy 

of this selection method rests on the fact that the environmental deviations of the 

individuals tend to cancel each other out in the mean value of the family. On the other 

hand, environmental variation common to all members in a family impairs the selection 

procedure. If this VE is large, apparent genetic differences between families might 

actually be caused by differences in common environments. Furthermore, the larger the 

family the more accurate the mean phenotypic value will approach the mean genotypic 

value. A big disadvantage of family selection is the relative high inbreeding or 

conversely the low selection intensity that can be achieved. Therefore, a large number 

of families have to be selected for production of the next generation and, as such, 

12 
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successful family selection with constrained inbreeding requires a lot of maintenance 

space and administrative work. An example of a breeding programme in fish applying 

family selection is discussed by Gj0en et al. (1997). The Atlantic salmon and rainbow 

trout Fi lines with divergent Cortisol responses used in the experiments described by 

Fevolden et al. (1991, 1992, 1993a,b) were made by family selection within the F0 

generation. In carp, the ongoing selection programme for dropsy-resistant Krasnodar 

carp strains has been conversed to family selection (Hulata, 1995). 

Within-family selection 

Two different selection schemes for within family selection can be 

distinguished, but the term 'within-family selection' is sometimes used to describe both, 

thus causing some confusion (Hill et al., 1996). The first is selection within-families 

(SWF), in which the best male(s) and female(s) are selected within a family on the basis 

of their own performance. The second is where individuals are selected across families 

based on their deviation from the family mean Pw (SDM; weight on Pf is zero). For 

SDM, it is unlikely that all families will contribute one male and one female to the next 

generation. The main condition under which these methods have an advantage over the 

others is a large VE component influencing the trait. If families are kept in separate 

tanks, a large part of the variation between family means for e.g. growth might be 

caused by tank effects. Selection within families would eliminate this large non-genetic 

component from the variation operated on by selection. An important practical 

advantage of selection within families (SWF), especially in laboratory experiments, is 

that it economises breeding space (Falconer and Mackay, 1996). If family sizes are 

larger than four individuals, higher responses are predicted for SDM, because no 

constraints are made on selecting the best animals. The maximum relative difference is 

seen to be for families of about ten of each sex. If SDM is practised after correction for 

sex, using a common mean, its relative efficiency rises further. However, as the 

effective population size (Ne) is smaller for SDM than SWF, long-term responses are 

expected to be less (Hill et al., 1996). 

Combined selection 

Next to zero weights for either the Pf and Pw component or equal weights, other 

weights can also be put on the Pf and Pw components. This form of selection is called 

combined selection. The most accurate breeding value (A) estimate for an individual is 

h2P. This can be applied to both components of P to obtain a formula for the best 

estimate of the expected breeding value: 

13 
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E(A) = h2
fPf+h2

wPw (1) 

To maximise the use of the information of both P components, the best weights are, 

therefore, the heritability of family means (hj) and the heritability of the within-family 

deviations (hi). Using these heritabilities, the expected response of the three simple 

selection procedure and the combined one can be calculated and used to compare the 

efficiency of the different methods (see: Falconer and Mackay, 1996, Chapter 13). The 

relative merits of the different simple selection methods to that of combined selection 

are shown in Figure 3. 
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Figure 3: Relative merits of the different methods of selection, with full-sib families. 
Responses relative to that for combined selection plotted against the phenotypic intraclass 
correlation, 1.1 = resemblance of family members, I = individual selection, F = family selection, 
W = selection on deviation from family mean (SDM) and n = number of individuals per family. 
(Adapted from: Falconer and Mackay, 1996). 

Comparing the three simple methods with combined selection shows that the 

three simple methods are never better than combined selection. On the other hand, 

however, the expected response of one or the other simple method is never more than 

20% below that of the combined selection method. Comparing the three simple 

methods, individual selection is best over much of the range of t (= Vi (VA + V£ )IVP 

= resemblance of family members). The reason for this is that individual selection 

operates on the whole of the additive genetic variance, whereas family selection 

operates only on the variance between family means, and within-family selection only 
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on the variance within families. A comparison between the efficiency of combined 

family selection and within family selection and individual selection only on growth 

rate in fish has been made by Gj0en (in Gjedrem, 1998). Under the same circumstances 

(population size: 3600; AF 1% / generation; h2 = 0.20; mating ratio 1M:2F), individual 

selection yielded the highest relative genetic gain (100) compared with combined 

selection (93) and family selection (75). 

Index selection 

Next to the two sources of information (Pf and Pw) used in the four selection 

forms mentioned above, other sources of information might also be available. These 

sources include information from the parents, full-sibs, half-sibs and other relatives. 

This information can be combined to calculate an index on the basis of which the 

parents of the next generation are selected. Calculation and use of this index is, 

however, beyond the scope of this introduction. For a more detailed description see e.g. 

Nordskog (1978), Van Vleck (1993) and O'Flynn et al. (1992, 1999). 

3.2 Inbreeding and crossbreeding 

Inbreeding in itself is almost universally harmful and a breeder or experimenter 

normally seeks to avoid it as far as possible, unless it is desirable for some specific 

purpose. There are two main purposes to produce inbred lines. The first purpose of 

inbreeding is to use these inbred lines for subsequent crossing and exploitation of the 

hybrid vigour. Hybrid vigour, or heterosis, is the phenomenon that loss of performance 

due to inbreeding is restored when two inbred lines are crossed. In carp, heterosis for 

growth rate, survival or disease resistance have been reported in crosses of wild and 

domesticated European, Russian, Chinese and Japanese strains (reviewed by Hulata, 

1995). However, evaluating the inbred strains and their crosses requires a lot of effort. 

The condition under which inbreeding followed by crossbreeding is a better means of 

improvement than selection is when much of the genetic variance is non-additive and/or 

most of the additive genetic variation has been exploited. 

A second (more important?) purpose of inbreeding is the production of 

genetically uniform strains for research purposes. Through inbreeding, no genotypes are 

created that cannot occur in the base population, but the possibility of unlimited 

replication of a certain genotype (with a desired trait) is the main merit. Furthermore, 

individuals within a strain show less phenotypic variation. Through the use of 

genetically uniform strains, the replicability (variation between replicates in an 

experiment), the repeatability (variation between experiments in the same laboratory) 
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and the reproducibility (variation between experiments in different laboratories) can be 

improved (Festing 1979, Bongers et al., 1998). For this, both homozygous inbred and Fi 

hybrid strains made by crossbreeding two homozygous parents are used in fish research. 

As mentioned in paragraph 1, androgenesis is one of the reproduction 

techniques, which can be used to create isogenic lines. Androgenesis consists of two 

phases. In phase 1, the eggs, whose DNA has been destroyed by ultraviolet radiation, 

are fertilised by normal sperm. This produces a haploid zygote, in which all 

chromosomes come from the father. However, due to its haploid nature, it is not viable. 

To restore diploidy, a pressure or temperature shock is used to prevent nuclear division 

during the first cleavage of the zygote (phase 2). Due to the treatment and the fact that 

the offspring are 100% homozygous, the percentage of viable larvae is low (10-15%). In 

species like common carp, where the males are heterogametic (XY), 50% of the 

androgenetic offspring is female and 50% is supermale (YY). For a more detailed 

description of the androgenesis technique used in the present thesis see Bongers et al. 

(1994). 

Previously, androgenesis was mainly used to produce 100% homozygous 

individuals (= doubled haploids, DH) and isogenic lines for research purposes. For 

commercial purposes, it was mainly used to produce viable supermales (YY), which 

when crossed with normal females would give 100% male progenies to be used in 

monosex culture. Next to these applications, DH individuals are increasingly used for 

linkage analyses, marker mapping and quantitative trait loci (QTL) association studies 

(e.g. Lie et al, 1994; Slettan et al, 1997; Young et al., 1998; chapter 5). 

In an androgenetic DH progeny group, individuals are 100% homozygous but 

not identical due to Mendelian sampling. The additive genetic relations between a 

parent and its DH progeny are equal to 1.0 and the additive genetic relations within a 

DH progeny group are also 1.0. Therefore, the additive genetic variance within a DH 

progeny group is equal to the additive genetic variance between DH progeny groups, 

resulting in a doubling of the additive genetic variance (Bongers et al., 1997). Based on 

these principles, a DH progeny group can be used to estimate the breeding value of the 

parent and, consequently, DH progeny groups from different parents can be used to 

estimate heritabilities (Bijma et al., 1997; Bongers et al, 1997), an important genetic 

parameter for breeding purposes. In chapter 4, this design is used to estimate 

heritabilities for morphological and stress-related traits in common carp. Isogenic lines 

(homozygous or heterozygous) can also be used in breeding programmes. Because 

different traits can be measured on the same genotype, they can be used to estimate 

genetic correlations between traits. Furthermore, they are useful to estimate the presence 
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and magnitude of genotype x environment interactions and can function as internal 

control lines in long-term breeding programmes to estimate variances due to (changing) 

environmental factors (Van der Lende et al., 1998). 

3.3 Genetic markers and their use in breeding. 

At present, a huge variety of genetic markers is available through the use of 

molecular biological techniques. Previously, only morphological and biochemical 

markers were available. In common carp, scalation or pigment characteristics are often 

used as morphological markers. The big advantage of morphological markers is that the 

phenotypes can be scored on the spot and, in general, genotypes can be deduced directly 

or through pedigree information. However, the big shortcoming of morphological and 

biochemical markers is their relative low level of polymorphism. This problem can be 

solved by using DNA based molecular markers, which display a much larger level of 

polymorphism. Another (practical) advantage of DNA markers compared to 

biochemical markers is the relatively small tissue or blood sample needed for the 

analysis. Such samples can be taken without sacrificing the fish. Although biochemical 

markers also require laboratory equipment, the required equipment for most DNA 

markers has to be more sophisticated and requires specific expertise and skill, which is 

the biggest limitation for the use of DNA markers at this moment. 

A wide array of DNA markers are available and can be grouped into 

clone/sequence based (CSB) and fingerprint (FP) markers (Dodgson et al., 1997). The 

first category requires the isolation of a cloned DNA fragment and often determination 

of some, if not all, of its DNA sequence. The CSB markers include among others 

microsatellites (or simple sequence repeat (SSR) markers; Tautz, 1989) and single 

nucleotide polymorphisms (SNP; e.g. Cooper et al., 1985; Landegren et al., 1998). The 

FP markers require no a priori knowledge of the sequence of the polymorphic region or 

isolation of a cloned DNA fragment, and include among others random amplified 

polymorphic DNA (RAPD; Welsh and McClelland, 1990; Williams et al., 1990), 

minisatellites (Jeffreys et al., 1985) and amplified fragment length polymorphisms 

(AFLPs, Vos et al., 1995). 

Microsatellite, minisatellite and satellite markers are based on repetitive DNA 

(variable number of tandem repeat (VNTR) markers; Nakamura et al., 1987) and the 

division between mini and micro mainly depends on the length of the repeating unit 

(Tautz, 1993), although the borderline (in base pairs, bp) between both can vary with 

different authors. Satellites are composed of repeat units of several thousand base pairs 

with repetition grades of 103 - 107 at each locus and are usually located in 
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heterochromatin, mainly in centromeres. Minisatellites have repetitive units of c. 9 - 65 

bp and microsatellites consist of tracts of repeats of 1 - 9 bp. Both are distinctly 

different from satellites in that both mini- and microsatellites have only a moderate 

degree of repetition, the length of the repeat unit is shorter, and repetitive loci tend to be 

more dispersed throughout the genome (Debrauwere et al., 1997). In fish, 

microsatellites have been developed for an increasing number of species including most 

important salmonid species, Atlantic cod, sea bass, African catfish and European eel 

(Slettan et al., 1993; Brooker et al., 1994; Garcia de Leon et al., 1995; Galbusera et al., 

1996; Daemen et al., 1997). It is estimated, that in the genome of fish, and vertebrates in 

general, over 10 - 10 microsatellites are present. However, in comparison with other 

vertebrates, microsatellite alleles tend to be longer in fish, resulting in a higher number 

of alleles and thus a higher level of polymorphism (Brooker et al., 1994). 

The uses of genetic markers are numerous. In population genetic studies, 

markers are used e.g. to study the population structure within a species and the 

evolutionary relationship with other more or less related species (e.g. Jarne and Lagoda, 

1996; Jorde et al., 1998). Similarly, markers are used in breeding programmes to 

identify progenies belonging to certain parent combinations (e.g. Galvin et al., 1995) or 

test the heterozygous or homozygous state of an individual (e.g. Corley-Smith et al., 

1996). This latter application is very important in relation with androgenetic and mitotic 

gynogenetic reproduction, where produced offspring should be 100% homozygous in 

theory. However, residual heterozygosity has been reported in gynogenetic and 

androgenetic progenies (Thorgaard et al., 1985; Carter et al., 1991; Lin and Dabrowski, 

1998). Next to their use in population genetics, genetic markers are used to create 

genome maps and study association of markers with single genes or QTLs influencing 

traits of interest. Genetic or linkage maps, essentially, provide flag-posts along the 

genome that allow locations to be identified (e.g. Hearne et al., 1992; Kocher et al., 

1998; Young et al., 1998). They are obtained by analysing the co-segregation of alleles 

of different markers within pedigrees. Some genetic markers (e.g. microsatellites and 

SNPs) can also be physically mapped, providing information about the specific 

chromosomes the markers are located on and their orientation. The genetic maps are 

mainly used to enable the mapping of genes affecting (commercially) important traits 

(e.g. Jackson et al., 1998; Sakamoto et al., 1999). These genes may be identified as 

single genes inherited in a Mendelian fashion (e.g. the scalation genes in carp), or they 

may be regions of the genome identified as accounting for a significant proportion of 

the variation in a trait that is quantitative in nature (QTLs). Once association of markers 

with important genes has been established, marker information can be used in selection 
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programmes for traits regulated by these genes (marker assisted selection, MAS). In 

such cases, segregation information of associated linked marker alleles provides 

information about the (co-)segregating gene alleles. This MAS is especially useful for 

traits that are difficult and expensive to measure or traits which can only be measured 

after the selection has been carried out. However, MAS requires a comprehensive 

performance recording and typing of the animals involved in the selection procedure. 

For common carp, 32 microsatellites had already been developed prior to the 

start of the present programme (Crooijmans et al., 1997), but during the work described 

in the present thesis, 48 additional carp microsatellites were developed. Currently, no 

genetic map of common carp has been published. 

4 Selective breeding for stress in common carp using 

androgenesis (outline of the thesis) 

Our aim was to produce homozygous and heterozygous isogenic strains of 

common carp with divergent stress responses due to a cold shock to be used in future 

research. As a preparatory step, a number of experiments were carried out to investigate 

the validity of the cold shock as a stressor and to define the selection criterion. The 

amplitude needed to induce a noticeable stress response in carp and plasma Cortisol, 

glucose and lactate dynamics during and after such a cold shock were studied (Chapter 
2). Based on these results, the plasma Cortisol concentration at 20 min after onset of a 

single 9°C cold shock was set as selection criterion in our selection experiment. 

Furthermore, a first impression of the influence of non-genetic effects on the stress 

response was obtained by studying the effects of environment, age, and repeated cold 

shocks on the response during and after a cold shock. 

The first step in the actual selection experiment (Figure 4) was the formation of 

the base population (Chapter 3). This base population was an Fi cross between six sires 

from a wild strain originating from the Anna Paulowna (AP) polder and a highly 

domesticated homozygous E4 dam already present in our laboratory. The wild origin of 

the AP carps was verified through genetic characterisation of the Fi fish using 

biochemical and genetic analyses i.e. allozymes and carp microsatellites. As a first step 

towards the production of isogenic strains, the F2 generation was made by androgenetic 

reproduction of 33 randomly picked sires from the six E4xAP full-sib families. These 

33 progeny groups were subjected to a cold shock, thus enabling us to estimate 

heritabilities for different stress-related parameters (Chapter 4) and select the highest 

and lowest responding families for further selection (Chapter 6). The heritability 
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(h = VA/VP) of a trait is an important parameter used to determine the form of the 

selection programme and to predict its success. Although h2 estimates for stress-related 

Cortisol were available in Atlantic salmon (h2 = 0.07) and rainbow trout (h2 = 0.27) 

(Fevolden et al. 1993b) proving the existence of a genetic basis for stress in these 

species, no estimate for h2 for stress-related parameters was available for common carp. 

Because the model used to estimate the h2 assumed a complete homozygous state of the 

animals and to ensure that only homozygous individuals would be used for subsequent 

production of the homozygous and heterozygous isogenic strains, all 660 individuals 

were characterised with 11 microsatellites (Chapter 5). In addition, the microsatellite 

data and morphological and stress-related data obtained in chapter 4 were used to 

examine the segregation of the microsatellites, the linkage between microsatellites and 

possible association of microsatellites with the phenotypic traits. The actual selection 

procedure and the rationale for subsequent family and individual selection is described 

in Chapter 6. The selected sires and dams were used to create homozygous inbred and 

heterozygous isogenic strains. These strains were used to study the influence of additive 

genetic, non-additive genetic and environmental effects on the stress response. In 

chapter 2, the 'complete' stress response pattern was tested in only one isogenic strain, 

thereby limiting the observations to a single genotype. Simultaneously with the 

selection programme, two experiments were carried out to test the 'complete' response 

pattern in four other isogenic strains. As in chapter 2, the possible influence of age on 

the response pattern was examined. The results from these experiments are described in 

Chapter 7. In Chapter 8 the overall results and possible implications of these results 

are discussed. 

20 



General introduction 

E4 great-granddam 

Homozygous inbred strain 

Wageningen 
X 

Normal reproduction 

A P 1 - 6 great-grandsires 

Wild population 

Anna Paulowna Polder 

F,: 

E4xAP 1-6 full sib families 

Androgenesis: 

5 - 6 randomly selected grandsires 

per E4xAP family 

33 androgenetic progeny groups 

with max. 40 homozygous fish 

1. Family selection 

2. Individual selection 

High Cortisol: 2 sires and 1 dam 

Low Cortisol: 2 sires and 1 dam 

Androgenesis four sires 

Normal reproduction sires and dams 

Homozygous and heterozygous 

isogenic strains 

Wild origin AP great-grand 

sires? Chapter 3 

Heritability? Chapter 4 

Microsatellites: Homozygous? 

Segregation? Linkage? 

Association? Chapter 5 

Inheritance? Variation within 

strains? Non-additive genetic 

effects? Chapter 6 

Figure 4: Schematic representation of the selection experiment aimed at producing 

isogenic strains of common carp with divergent stress response due to a cold shock. On the left-

hand side, the reproduction and/or selection method applied to obtain the next generation is 

given. On the right-hand side, the most important question(s) per generation is (are) given 

together with a reference to the specific chapter. 
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Cold shock stress in carp 

Abstract 

The stress response of common carp (Cyprinus carpio L.) was studied by evaluating plasma 
Cortisol, glucose and lactate after single or multiple rapid temperature drops (AT: 7, 9 or 11°C). 
All three amplitudes used induced a significant rise in plasma Cortisol levels. Peaks occurred 
within 20 min after onset of the cold shock. No stress-related secondary metabolic changes were 
observed in any of the experiments described: plasma glucose levels remained unaffected and 
plasma lactate levels dropped. Carp of 60 days old showed a significant stress response, 
although plasma Cortisol levels were lower than those observed in carp of 120 days. 
Furthermore, fish that had experienced multiple cold shocks showed an overall lower Cortisol 
response than fish experiencing a single cold shock, indicating that habituation to this stressor 
occurred. 

1 Introduction 

For fish, changes in environmental conditions may result in disturbance of homeostasis. 

The animal tries to minimise or eliminate the deleterious effects of such changes by 

behavioural and physiological adjustments, which are called collectively the stress 

response (Pickering, 1981; Chrousos and Gold, 1992). Rapid temperature changes, 

either heat or cold shocks, are among the stressors with a high physiological impact on 

fish (Crawshaw, 1979). Within the lethal temperature limits of an organism, a tolerance 

range of temperatures, to which a species can acclimatise, can be discerned as well as a 

narrow optimal temperature range in which the efficiency of most or all physiological 

processes is maximal, with optimal conditions for growth, reproduction and disease 

tolerance. In general, the temperature tolerance ranges are narrower for poikilothermic 

aquatic animals, than for their terrestrial counterparts (Blaxter, 1992). Temperature 

changes of the water have immediate effects on fish because of the high rate of heat 

exchange between the animal and the ambient water. Such changes require highly 

complex adjustments of virtually all body processes, because many enzymes have 

different Q-10 values and, therefore, most multi-enzyme processes are disturbed during 

a temperature change. Gradual changes in temperature, within the tolerance zone, can 

be coped with before they produce noticeable disturbances of internal equilibria. 

However, rapid changes will disturb internal homeostasis and, thus, by definition act as 

stressors. 

Sudden temperature changes, both of natural origin (e.g. daily variations in 

water temperature in shallow waters or thermocline in deeper water bodies) or caused 

by human activities (e.g. thermal discharges), represent a very common threat to fish, 
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