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AABSTRACTBSTRACT

An overview of genetics research in the Fish Culture and Fisheries Group, Department of Animal Science, Wageningen

University and Research Centre, the Netherlands, is presented. The major model species for genetics research is

common carp, Cyprinus carpio, L.  In carp, several inbred strains have been produced by gynogenesis or

androgenesis. Techniques for gynogenesis and androgenesis, hormonal sex reversal and cryopreservation, and

the consequences of inbreeding and crossbreeding in terms of genetic and phenotypic variation are discussed.

Theoretical considerations for application of gynogenesis and androgenesis in selective breeding programs are

illustrated with experimental results and a case study on selective breeding for stress response. The consequences

of inbreeding for sex determination and differentiation are also presented.
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IntroductionIntroduction

Research by the genetics section of the Fish Culture

and Fisheries Group at the Wageningen University,

Netherlands focuses on the use of induced gynogenetic

and androgenetic reproduction in selective breeding

programs. The common carp (Cyprinus carpio)  is the

species mainly used in the studies, although some

breeding work with the African catfish, Clarias gariepinus

is performed. The following are the main areas of

research since 1992:

1. Development of a toolbox for gyno/

androgenesis, for sex control and  cryopre-

servation of gametes;

2. Development of a theoretical framework for

breeding with gyno/androgenesis in fish;
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3. Case studies in which the principles laid down

in the theoretical framework could be tested;

and

4. Development of genetic markers which could

be used in combination with gyno/

androgenesis to study quantitative trait loci

(QTL) associations for traits of interest.

A brief description of the progress in each of these stages

is given below.

Common carp can be reproduced by gynogenesis or

androgenesis. In gynogenesis, eggs are fertilized with

Principles of AndrogenesisPrinciples of Androgenesis
and Gynogenesisand Gynogenesis
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variance since genetic variance does not increase.

Theoretically, the additive genetic relation between

parent and offspring equals 1 (Fig.1; Bongers et al.

1998). Therefore, gynogenetic reproduction could be

useful for selection purposes when one is interested to

estimate breeding values of individual dams (or sires in

androgenesis) included in a breeding program.

Likewise, gynogenesis can be used to estimate the genetic

load of a dam (or sire) included in a breeding program.

In this case, the expression of deleterious recessive genes

is measured. However, all estimations based on

phenotypic variances should be treated with caution

since the phenotypic variance can also increase due to

treatment effects or increased sensitivity to

environmental influences (Bongers et al. 1997a).

Three types of environmental variance (VE) should be

considered within homozygous offsprings:

1. “true” VE (interindividual variance);

2. VE, due to developmental instability (DI,

intraindividual variance); and

3. VE originating from embryonic damage (ED)

caused by the chromosome manipulation

treatment.

To investigate the relative contributions of each of these

factors, homozygous (F = 1) androgenetic and

gynogenetic families and partly heterozygous (2pb-

gynogenesis: F = 0.79) gynogenetic families were

observed. All families were produced from genetically

identical parents. DI and ED were determined by

measuring fluctuating asymmetry (FA) of five bilateral

symmetric morphometric characteristics (Bongers et al.

1997c).

The androgenetic groups showed highest FA and

variations caused by ED, followed by 2pb-gynogenetic

and homozygous gynogenetic groups, respectively (Table

1). It was concluded that increased variation within

gynogenetic or androgenetic offsprings is mainly the

result of embryonic damage, caused by the chromosome

manipulation treatment.

Parthenogenetic reproduction of animals which are

homozygous, i.e., animals from a gynogenetic or

Phenotypic variation inPhenotypic variation in
gynogenetic and androgeneticgynogenetic and androgenetic
clonesclones

genetically inactivated sperm to produce haploid

embryos. These embryos are made diploid by either

inhibition of the extrusion of the second polar body

(2pb-gynogenesis) (Komen et al. 1988) or inhibition of

the first cellular division (endomitosis) (Komen et al.

1991). In the latter case, the result is a double haploid

(= diploid) homozygous individual. In androgenesis,

the same principle is applied but the maternal genome

is genetically inactivated and fertilization is performed

with intact sperm (Box 1; Bongers et al. 1994). Survival

is typically low: around 5-15 % of treated eggs develop

as viable fry, which necessitates rigorous screening of

the progeny for true parthenogenesis (no contribution

from the irradiated genome) and homozygosity. To

confirm the parthenogenetic status of the fry,

phenotypic markers can be used for which the dominant

alleles are carried by the “irradiated genome” and the

recessive alleles by the genome which will be reproduced

by gyno or androgenesis. True parthenogenonts do not

express dominant alleles. Segregation ratios of a

phenotypic marker, for which the parent is

heterozygous, can also be used as a simple first check

for homozygosity of the parthenogenetic progeny. In

the studies, S/s (scaled/mirror) was used as dominant

marker, and Bl/bl (wild type vs. blond, orange or yellow

phenotypes) as a marker for segregationa .Homozygosity

can also be determined by the use of DNA markers, or,

in the case of clones, simply by skin or scale

transplantations (Komen et al 1990).

After androgenetic or gynogenetic reproduction, a large

expansion of phenotypic variance is generally observed

(Komen et al. 1992a). Within one homozygous family,

this expansion is the result of increased environmental

a In many carp strains, B1 is still present as a tetraploid locus with duplicated alleles b11 and b12. Only the homozygous recessive
genotype b11/b11; b12/12 is colored (Komen et al. 1991)

Genetic and phenotypicGenetic and phenotypic
variation in gynogenetic andvariation in gynogenetic and
androgenetic familiesandrogenetic families

Box 1:
Androgenesis in cyprinids is difficult since eggs are activated
the moment they come into contact with aquatic solutions.
To overcome this problem, the centre developed a technique
to irradiate eggs from common carp with UV, by using an
artificial ovarian fluid for irradiation medium (Bongers et al.
1994). Eggs are shaken in this medium which ensures an
even irradiation and proper genetic inactivation of DNA. Eggs
are irradiated to a total dose of 175 mJ/cm2. Diploidization is
achieved with a 40°C heat shock for 2 min, given around the
time of the first mitotic metaphase, which is between 26 and
32 min after activation (at 24°C).
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androgenetic sib family, produces homozygous clone

lines. Cloning offers the opportunity to capitalize on

nonadditive genetic effects. This can be done by using

gynogenetically and androgenetically produced

individuals from different lines as parents. In this way,

the additive genetic superiority of selected gynogenetic

individuals can be combined with the effect of heterosis.

Among the crossbreds, there should be no genetic

variation (isogenic strains), which would promote

product uniformity and dissemination of genetic

progress from the breeding population to the

commercial population (Komen et al. 1993; Bongers et

al. 1997a; van der Lende et al. 1998).

To test this last idea, the importance of two types of VE

in three isogenic strains (produced by crossing

homozygous inbred strains) and one partly outbred

strain of common carp was examined. As all were

conventional breedings, VE due to embryonic damage

was absent. True VE was determined by measuring length,

body weight and number of dorsal fin rays. DE was

determined by measuring FA as before.

The isogenic strains varied in degree of homozygosity

(coefficient of inbreeding F: 0 to 0.99) (Table 2). The

strain with the highest F displayed the lowest true VE.

Surprisingly, FA was equal in all isogenic strains and

highest in the partly outbred strain (Bongers et al.

1997a).

Under gynogenetic reproduction, offsprings receive

genes only from their dams since paternal genes are

not transmitted. In gynogenetic progeny from a non-

inbred dam, there is still genetic variation since the

gametes produced by the dam differ due to Mendelian

sampling. Theoretically, gynogenetic families can

therefore be used to estimate heritabilities. In

gynogenesis or androgenesis, the total genetic variance

VG is partitioned in VA, VD and VI. Of these, VD is absent

in homozygous families while Vi is probably negligible.

However, the additive genetic variance in the offsprings

is doubled compared to the non-inbred dam

population and is equally distributed within and

between gynogenetic sib families:

V
A-tot

 = V
A-between families

 + V
A-within families

= 2fV
A
 + (1+F-2f)V

A
,

with f = coefficient of co-ancestry and F = coefficient

of inbreeding (Fig.1) (Bongers et al. 1997c; Bongers et

al. 1998).

Family sizes for estimating heritabilities are smaller for

gynogenetic sib families than for conventional full-sib

families. For low heritabilities (<0.35) there is a small

advantage in accuracy of the estimated heritability for
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Gynogenesis and Androgenesis:Gynogenesis and Androgenesis:
Theoretical ConsiderationsTheoretical Considerations

Table 1. Fluctuating asymmetry values for the parameter P (= number of pectoral fin rays) and for  metric indices A (distance
of mouth corner to lower end operculum), B (lower to upper end operculum), C (upper end operculum to eye) and D (eye
to mouth corner) in 12 experimental groups. F = coefficient of inbreeding, n = number of animals analyzed, Con = normal
fertilizations, 2pb = 2pb-gynogenetic treatment, Gyno = gynogenetic treatment, andro = androgenetic treatment. Treatments
with a common superscript do not differ significantly (Duncan’s multiple range test, P < 0.05).

Con (F=0.75) 2pb (F=0.79)  Gyno (F=1.0) Andro (F=1.0)

n 60.0  65.0  59.0   58.0 55.0 47.0 60.0 58.0 19.0 31.0 12.0 30.0

P 04.7 03.5 04.3   03.6 05.8 06.2 05.0 04.6 06.7 03.7 07.1 06.4

A 03.3 04.8 03.5   03.3 (a) 05.7 07.2 (ab) 04.4 05.0 (ab) 05.1 07.6 10.1 06.4 (b)

B 05.1 04.7 04.3   03.4 (a) 07.3 07.6 (b) 05.7 07.4 (ab) 05.2 08.1 09.2 07.9 (b)

C 04.1 03.0 03.7   03.7 (a) 06.6 07.1 (ab) 04.2 04.7 (ab) 06.2 07.4 13.7 04.9 (b)

D 04.8 04.1 04.7   04.6 (a) 06.5 09.4 (b) 04.6 06.7 (ab) 07.3 06.9 10.2 06.9 (b)

Table 2. Coefficient of inbreeding (F) and means plus coefficients of variation (cv) for length (L, mm), body weight (BW) and
the number of dorsal fin rays (#D) in four isogenic groups. n = number of animals analyzed. Cv’s with a common superscript
do not differ significantly (Levene’s F, P<0.05).

E4xR3R8 E4xE5 E4xE4.Y5 E4xFS

F 0 0.5 0.99 0.375

n 50 50 50 50

mean   cv mean   cv mean cv mean cv

L 93.2  11.6 88.0  11.8 83.2 09.6 84.8 13.0

BW 35.0  29.4b 29.0  27.2ab 26.5 27.2a 30.2 31.8ab

# D 21.0  05.2abc 21.1  11.4c 20.9 04.3a 21.3 06.6bc
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gynogenetic sib families, but with higher heritabilities

there is a clear disadvantage (Bongers et al. 1997c).

In 1996, a project was started to investigate whether

selection for a stress response in common carp is

feasible, and how heritabilities can be estimated using

androgenetic progenies. The starting population for

this study was an F1 hybrid cross between a domesticated

carp strain from Wageningen and 6 males from a feral

carp strain caught in a Dutch lake (Fig. 2) (Vandenputte

et al., in press). The stressor used within the selection

program was a simple cold shock of 9°C for 3 hours

(Tanck et al. 2000). A first generation of 33 androgenetic

families was produced using the F1 hybrids and these

families were subjected to a cold shock and blood was

sampled 20 min after onset of the shock. Furthermore,

all individual fish were tested for homozygosity using a

panel of 11 microsatellite markers.

Heritability estimates on a group of 512 homozygous

animals ranged from 0.60 ± 0.16 for cortisol response

to 0.09 ± 0.05 for weight at 12 months. From these 33

families, 12 potential high and low responder

homozygous males were selected for further

androgenetic reproduction. The progenies from these

males are expected to be homozygous clones and

genetically identical to their respective “fathers”.

In 1998, new clones of common carp were produced

from the 12 homozygous males which were selected for

a high or low cortisol response during a temperature

shock. From the 12 homozygous clones, four were

selected, which descended from the two

sires with the lowest and the two sires with the

highest estimated breeding values. These clones were

given a standard cold shock of 3 hours to induce a

cortisol response and again sampled 20 min after

onset of the shock (Komen et al. 2000). The aim was to
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Fig. 3. Plasma cortisol levels in four clones of carp, derived
from parents selected for a high or low cortisol response
after a cold shock. Means (± SD) with similar superscripts
are not significantly different (Tukey’s multiple comparison
procedure, P<0.05).
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Fig. 2. Breeding strategy with androgenesis.
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Fig. 1. Determination of genetic relations in gynogenetic
offspring. Parents (P) are assumed not to be related. F

1

females are reproduced by homozygous gynogenesis to
produce homozygous gynogenetic offspring (G). F =
coefficient of inbreeding; f = coefficient of co-ancestry; a =
additive genetic relation; a= 2*f.
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see if, and to what extent, a cortisol response of

a homozygous clone reflects the phenotype of the

sire for this trait (the genetic correlation is 1.) Indeed,

high responder clones were significantly different from

low ones (Fig. 3).

In breeding programs, clone lines (crossbred or pure)

can be used to measure different traits on the same

genotype, for example, carcass quality at different ages,

disease resistance, or gonadal growth (Bongers et al.

1997a). Clone lines might therefore be very useful for

estimating genetic correlations and genotype by

environment interactions, because performance on the

same genotype can be observed in different

environments. Since clone lines are not subject to

genetic change, they can be used as internal control

lines in long-term breeding programs where estimations

of genetic progress are based by improvements in

husbandry (Vandenputte et al., in press). This is

particularly important for fish, where estimates of

genotype by environment interactions can vary from

negligible to considerable.

In 1998, a project was started to investigate the impact

of various aquaculture practices on stress and health in

fish (van Weerd and Komen 1998). Preliminary

experiments in which the effect of crowding at different

densities (control 25 g l-1; crowded 50 and 100 g l-1)

were examined, showed that common carp can adapt

to fairly high densities of up to 100 g l-1, provided that

water quality conditions (particularly oxygen) are

optimal. An additional 1 hour net confinement stressor

was applied to both uncrowded and crowded fish as a

stress test.

Netting induced a high cortisol response, of a

magnitude comparable to a temperature shock of 9°C

(compare Figs. 3 and 4). Crowding and netting also

induced significant changes in blood glucose, lactate

and free fatty acid levels.

The next step in this research will be to investigate the

response to crowding and netting in carp strains which

have been selected for high and low cortisol response

after cold shock and strains selected for a high and low

antibody response to a synthetic antigen. The idea is

to investigate whether:

• selection for one stressor (e.g., cold shock)

conveys resistance to other stressors (positive

correlation between stress responses) or

• a negative correlation between antibody

response as a trait and cortisol response, as a

trait exists.

The common carp is a gonochorist species with XX/

XY sex determination. Androgenetic progenies usually

consist of varying proportions of males, females and

sterile fish. The males produce all male offspring when

crossed with normal females, and are therefore YY

(Bongers et al. 1997b; Bongers et al. 1998). All male

progenies are currently used in tests to screen

environments on the presence of industrial pollutants

with estrogenic activity (Gimeno et al. 1996).

In gynogenetic progenies, males are often detected at

Determining genetic correlationsDetermining genetic correlations
between traits in crosses betweenbetween traits in crosses between
homozygous clones of commonhomozygous clones of common
carpcarp

Clones, correlations and genotypeClones, correlations and genotype
environment interactionenvironment interaction

Sex determination and sexSex determination and sex
differentiation in common carpdifferentiation in common carp

Fig. 4(a). Changes in plasma cortisol levels during crowding in common carp over an 87-hour period. (b) Plasma cortisol
levels in control and crowded common carp after a 1-hour net confinement, during the crowding period. * (p<0.05);
***(p<0.001) denote significant differences to the controls.

crowd 50

control

crowd 100

con1

co
rt

is
ol

(n
g/

m
l)

15 39 con2 87

350

300

250

200

150

100

50

0

***

*

***

con1

co
rt

is
ol

(n
g/

m
l)

15 39 con2 87

90
80
70
60
50
40
30
20
10
0

***
(a) (b)



Fish Genetics Research in Member Countries and Institutions of INGA166

high frequencies. The analysis of one such case showed

that XX animals, which are homozygous for a recessive

mutation in a putative sex determining gene

mas(-culinization), undergo female to male sex reversal

(Komen et al. 1992b; Komen et al. 1992c).

In order to identify the function of mas in sex deter-

mination, the sex reversal of XX (mas/mas) common carp

was investigated by comparing clones of XY males,

XX(mas/mas) males and XX(mas/+) females. Fish in each

of these clones are genetically uniform and of the same

sex. From this study, it was concluded that sex reversal

in XX (mas/mas) animals might becaused by a precocious

production of 11-oxygenated androgens, which

gradually overrule female sex differentiation by male

sex reversal of female steroid producing cells. Based

on these findings, a new female to male sex reversal

protocol for common carp was designed, using 11 keto-

androstenedion (Box 2).

Between 1996 and 1998, some 83 highly polymorphic

poly(CA) type microsatellite markers have been

developed in common carp (Crooijmans et al. 1997).

Clones containing a (CA) repeat were isolated from a

common carp genomic library and sequenced. The

number of repeats found was high compared to other

mammals, but comparable with other teleost fishes. Most

microsatellites are highly polymorph (average  of 4.7

alleles) with a few markers giving additional polymorphic

amplification products. It is suspected that these loci

are tetraploid. Of the 83 markers, 11 are currently used

as a panel to screen homozygous clones and to perform

pedigree analyses. The developed microsatellites appear

to be species-specific. Cross hybridization with DNA of

Indian carp Catla catla gave no amplification.

One of the centre’s main activities for the near future

will be the search for markers in common carp which

are linked to QTL. For this, an F1 hybrid cross was

produced between an ornamental (koi) carp and a

domesticated common carp, as these strains appear to

be genetically most distant. Koi and edible common

carps differ in many traits, due to their domestication

history. Androgenetic and gynogenetic progenies will

be produced for direct AFLP  mapping. The progenies

are expected to differ in a large number of single and

multilocus traits, i.e., scalation, color, sex determination,

onset of maturity, fecundity, growth, etc., and it is

expected that markers will segregate with major genes

affecting these traits. In the end, such markers will be

very valuable for selective breeding programs with

common carp anywhere in the world.
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