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Summary. In artificial gynogenesis diploidization of 
the sperm activated zygote is achieved by retention of 
the second polar body and by this method perfectly 
normal and fully viable broods can easily be reared. 
Studying this form of propagation, we determined the 
coefficient of inbreeding (F), the fixation index (P) and 
the degree of genotypic identity (I) introduced for 
characterizing the isogeneity of gynogenetic popula- 
tions with the help of the parameters of the probability 
distribution of meiotic recombination between the 
centromere and the genes. 

All three parameters were linear functions of the 
moments of the distribution of recombination prob- 
abilities. The theoretical relationships were investigat- 
ed in the artificial gynogenesis of the carp. 

It appeared without exception that the progress of 
inbreeding made by gynogenesis largely depends on 
the distribution of the recombination probabilities of 
the genes. The rate of increase of the F value was more 
rapid only in the first few generations (2-5)  compared 
to sibmating. The increase of the F value slowed in 
subsequent generations and fell significantly below the 
values obtained by sibmating. The degree of genotypic 
identity (I) is not as sensitive to the type of the 
distribution of recombination probability. In the case 
of gynogenesis, the value of I abruptly converges to 1 
much more abruptly than in the case of sibmating. 

Used alone, gynogenesis does not enable the pro- 
duction of homozygous strains to any great extent. 
However, partly heterozygous, but isogenic, linea can 
be rapidly produced. 
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Introduction 

Gynogenesis is a special type of parthenogenesis in the 
course of which penetration of the spermatozoon into 

the ovum merely activates the development of the 
zygote without incorporation its genetic material into 
the zygote. Each cell of the developing embryo contains 
chromosomes of exclusively maternal origin. Artificial 
gynogenesis produced by spermatozoa inactivated by 
large doses of X-ray radiation was first described by 
Hertwig in the frog (Hertwig 1911). It has so far been 
used for determining karyotype (Parmenter 1933), for 
sex-determination studies (Kawamura 1939) and gene 
mapping (Volpe 1970: Nace et al. 1970) and for 
producing inbred strains (Nace 1968, Nagy et al. 1978). 

The zygote arising during artificial gynogenesis is 
usually haploid and is viable only until hatching. 

During artificial gynogenesis it seldomly occurs that viable 
diploid zygotes also arise, either by abnormal cleavage or by 
the retention of the second polar body, and both maternal 
chromosome series participate in forming the nucleus of the 
zygote. Various methods are used for increasing the propor- 
tion of diploid individuals: cold shock (Moriwaki 1957), heat 
shock (Volpe and Dasgupta 1962) and high pressure (Das- 
gupta 1962). Artificial gynogenesis is particularly effective in 
the case of the fish (Purdom 1969; Cherfas 1975; Stanley et al. 
1975; Nagy et al. 1978). 

The genetic homogeneity of the gynogenetic off- 
spring usually increases as follows: let us assume that a 
given locus in a female providing all chromosomes of 
the offspring is heterozygous. If the given homologous 
loci split during the first meiotic division, the diploid 
produced by the retention of the polar body will be a 
homozygote corresponding to either of the homologous 
loci. If, however, splitting of the sister loci occurs, the 
diploid zygote will be a heterozygote. Splitting of the 
sister loci is due to the crossing over between the given 
locus and the centromere. Consequently, the frequency 
of a heterozygous genotype (assuming that the female 
has been a heterozygote), in a given gene in a gyno- 
genetic population, is a direct marker of the prob- 
ability of meiotic recombination between that gene and 
the centromere (Volpe and Dasgupta 1962). It is 
obvious, therefore, that determination of the genetic 
parameters characteristic of an individual or popula- 
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tion (e.g. coefficient of inbreeding, fixation index, etc.) 
requires knowledge of the recombinat ion probabil i t ies 
involving a greater number  of  genes. 

Though Nace and co-workers, studying the gynogenesis of 
Rana pipiens, attempted to estimate these parameters from 
data referring to 2 - 3  genes, their procedure can be criticized 
from several aspects. They assumed that in measuring 
chromosomal distances in Morgan's metric the genes are 
uniformly distributed. Furthermore, lacking the total genome 
size of the frog, this value was estimated on the basis of 
measurements accepted for the mouse (Nace et al. 1970). 

For the genetic characterization of gynogenetic 
generations we have chosen a different method which 
does not rely on the strong assumptions used by Nace  
and co-workers. Our  calculations have been based on 
the use of  the distribution of the recombinat ion prob-  
ability of  genes selected by chance from the genome as 
a random variable. This distribution can be well 
estimated with a recombinat ion probabil i ty  measured 
in a sufficient number  of  marker  genes. In the carp the 
recombination probabili ty of  9 genes has so far been 
described (Cherfas t 977, 1978; Nagy et al. 1978, 1979). 

In this study, three genetic characteristics of  succes- 
sive gynogenetic generations, i.e. the coefficient of  in- 
breeding, the fixation index and the degree of  geno- 
typic identity have been described. 

Results 

Definitions of the Studied Parameters 

Coefficient of  Inbreeding 

This coefficient gives the probabil i ty  that the alleles of  
any gene of an offspring are identical, i.e. homozygous.  
If this coefficient is examined in the case of  a given 
gene, this gives the coefficient of  inbreeding for the 
gene. The coefficient of  inbreeding of the i-th gyno- 
genetic generation is denoted by FGi. When referring 
to single gene of recombinat ion probabil i ty  r, this 
denotation will be F~!. 

Fixation Index 

The fixation index of  an offspring generation gives the 
probability of  the exclusive occurrence of  only one 
allele of  a given gene. The fixation index of the i-th 
gynogenetic generation is denoted by Pcl. When refer- 
ring to a single gene characterized by recombinat ion 
probability r, it is denoted by P~]. 

Degree of Genotypic Identity 

This parameter  represents the probabi l i ty  with which 
an identical genotype occurs in a given gene of 2 given 
individuals of an offspring generation. The degree of 
genotypic identity of  the i-th generation is denoted by 
IGi, and I~! if referring to a locus of  recombinat ion 
probability r. 

A Change of the Coefficient oflnbreeding 
in Successive Gynogenetic Generations 

The probability for a gene of recombinat ion frequency 
r to be heterozygous in the i-th gynogenetic generation 
is r i, hence 

F~i = 1 - r i . (1) 

Let us consider the recombinat ion probabil i ty  as a 
random variable, and let us suppose that the density 
functions of  recombination probabili t ies belonging to 
the genes is any f(x) function defined on the (0.1) 
closed interval. Then obviously 

1 1 

VGi = ~ F~I f(x) dx = I (1 - x i) f(x) dx 
0 I 0 

= 1 - ~x i f(x) dx = 1 - M ( r  i) (2) 
0 

where M(r  i) is the i-th moment  of  the random variable 
of  the r recombination probabilities. 

B Change of the Fixation Index in Successive 
Gynogenetic Generations 

Fixation will occur in the i-th gynogenetic generation 
in those genes where the female used for producing the 
generation was a homozygote.  Thus, in the case of  a 
gene of recombination probabil i ty r this is 

P ~ =  F Cr) - 1 - r i-1 (3) 
G ( i - I )  - -  

and 
I I 

Pci = ~ P~! f(x) dx = .[ (I - x i- ') f(x) dx 
0 1 0 

= 1 - -  ~ X i-I f(x) dx = 1 - M ( r i - l ) .  (4) 
0 

C Change of Genotypic Identity in Successive 
Gynogenetic Generations 

Two individuals selected from the i-th gynogenetic 
generation in a gene with a given r - recombinat ion 
probability are of  the same genotype if fixation has 
already occurred in the gene. The probabi l i ty  of  this is 
P~!. If the given gene has still not been fixed (the 
probability of  this is 1 ----Gi,D(r) then both allelic varia- 
tions (A, a) of  the gene occur. The frequency of  the 

g no y es A A  a a  and aa r and  
respectively. 

Thus, the degree of  genotypic identity of  the two 
selected individuals is 

I ( l - r )  2 + r  2= i 3r  2. 5- 5 - - r + 2  (5) 

So 

3 r 2) (6) = + ( 1  - r + 
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From (3) 

1 r i - i  ri 3 ri+l I ~ ] = 1 - 5 -  - +5- (7) 

and 
I 1 

I~! = S ' Ix ) f (x)dx  = J" ( l - ~ i  - 5-'xi-' - xi + 5-3 xi+,) f(x) d x 
0 0 

=1--5-1M(r H )  _ M ( r  i) +5-3 M (ri+l). (8) 

i~r) Ci, as the function of  r (in the case of  fixed i), has 
a minimum in the open interval (0.1), namely 

i +  1 / 4 i z - 3  
r i = - (9) 

3(i + 1) 

This means that the value of  I Gi in the i-th gyno- 
genetic generation, would be minimal  if the recombi-  
nation probabilities of  all the genes equalled ri. 

Hence, 

rain lGi = I~! 
f(x) 

' ( i + ] / 4 i 2 - - 3 ) i - 1  ( i - / - ] / 4 j 2 - - 3 )  i 

= I - - ~ - -  ~3-0-+D " " 3 ( i + 1 )  

3 ( i +  4 V 4 ~ - 3 )  TM 
+Y (10) 

This ~ i  n IGi, as the function of  i, depending on 
F (x), is the lower envelope of  all possible IGi functions. 
In the i-th gynogenetic generation with any distr ibution 
of the recombination probabili t ies,  the degree of  geno- 
typic identity is larger or equal to the value of  the 
function taken here (10). 

D Estimation of the Studied Parameters in Case 
of the Gynogenesis of the Carp 

Based on the above equations, using the moments  of  
the recombination probabil i ty as the random vari- 
able, the coefficient of  inbreeding, the fixation index 
and the degree of genotypic identity characteristic of  
the gynogenetic generations can be determined.  

In the carp, so far, the recombinat ion probabi l i ty  of  
nine different loci have been determined (Cherfas 
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Table 1. Recombination probabilities of some known genes of 
the carp 

Phenotype Locus Recombination Average of 
Probability measurements 

Transferrin Tr 0.063" 
0.13 b 0.081 
0.05 

Colour P 0.12 b 
R 0.12 b 

Scale S 0.11 b 
0.048 d 0.079 

N 0.973 c 0.973 
Colour - 0.739 d 0.739 
Shape - 0.700 d 0.700 
Esterase S 0.091 d 0.091 

F 0.284 d 0.284 

? =  0.354 

' Nagy etal. 1978; b Nagy et al. 1979; c Cherfas 1977; 
d Cherfas 1978 

1977, 1978; Nagy et al. 1978, 1979). These are shown in 
Table 1. In the case of  repeated measurings of  individ- 
ual genes, the average of  the measurements  for char- 
acterizing the recombinat ion probabil i ty  of  the gene 
was used. Since only nine values are available,  the 
genetic parameters cannot be accurately estimated. 
However, it is still worthwhile to compare  the genetic 
parameters calculated from the distribution of  the 
value of this small sample with values calculated from 
three different arbitrarily selected distributions. 

The density functions of  the selected distributions 
of  the recombination probabil i t ies are of  type 
f(x) = J x J-t, where J = 0 . 5 ,  J = I and J = 2. The  shape, 
as well as the distribution, of  the 9 measured recombi-  
nation probabilities are shown in Fig. 1. The param-  
eters of  FGi, PGi and of  IGi corresponding to the indi- 
vidual distributions in the first thirty generations are 
shown in Figs. 2, 3 and 4, respectively. For  comparison,  
parameters corresponding to selfing and s ibmating are 
given. The case of  selfing is a special case based on the 
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Fig. 2. Change of the coefficient of inbreeding in various breeding plans, as well as in the case of gynogenesis with different 
distributions of recombination frequencies 
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Fig. 3. Change of fixation index in different breeding plans as well as during gynogenesis with different distributions of recom- 
bination frequencies 

~10.5) and I = ~r The values belonging equations F i = ~ a i  " a i  �9 

to sibmating have been calculated from the coefficient 
of  inbreeding given by Li (1955). 

Discuss ion  

The genetic parameters of  successive gynogenetic gen- 
erations which are of  primary importance in describing 
breeding of  a closed system were examined: i.e. the 
coefficient of  inbreeding, the fixation index and the 
index of  genotypic identity introduced for characteriz- 

ing isogeneity. These three parameters of  the gyno- 
genetic generations are the linear functions of  moments 
of the recombination probabilities characteristic of  
genes. The fixation index of  a given gynogenetic gen- 
eration corresponds to the coefficient of  inbreeding of  
the preceeding generation. 

Based on the distribution of  recombination prob- 
abilities known in the carp, as well as on three dif- 
ferent arbitrarily selected distribution functions, it has 
been revealed that the change of  the coefficient of  in- 
breeding shows a rapid increase within the first couple 
of gynogenetic generations; its rate of  progress essen- 
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Fig. 4. Change of the probability of genotypic identity (I) in different breeding schemes as well as during gynogenesis with differ- 
ent distributions of recombination frequencies 

tially exceeds the values obtained for sibmating. This 
rate of  progress subsequently decreases to a point at 
which the value of  F = 0.9 of  the coefficient of  in- 
breeding obtained for s ibmating will reach, then sur- 
pass, the value characteristic of  gynogenesis. As a con- 
sequence, if genetically homogeneous  strains are to be 
produced, gynogenesis should be used only in the first 
few generations. For producing considerably homozyg-  
ous inbred strains, contrary to foregoing expectations 
(Stanley and Sneed 1974; Nagy et al. 1978), gyno- 
genezis is not suitable in itself. 

The degree of gynogenetic identity, having been 
introduced for characterizing isogeneity, also increases 
rapidly in the first few gynogenetic generations, similar 
to the coefficient of  inbreeding. Its rate of  progress 
substantially surpasses the values obtained for s ibmat-  
ing. The decrease in the rate of  progress follows only in 
much later generations. During sibmating, a high value 
characteristic of  the gynogenetic lines is obtained only 
after 20 to 25 generations, i.e. over a value of  I = 0.99. 
In the successive gynogenetic generations, the degree of  
genotypic identity is much less sensitive to the distri- 
bution of recombination probabil i t ies than the coeffi- 
cient of  inbreeding. So, for example,  based on the 
estimation obtained according to the nine known re- 
combination probabilit ies of  the carp, there is a geno- 
typic identity of  96.8% between two individuals in the 
fifth gynogenetic generation. Such an increase of  iden- 
tity is due to the relatively constant proport ion of  the 
heterozygous states of  the genes of  a high recombina-  
tion during the gynogenesis. Therefore,  strains obtain- 
ed by a series of  gynogenesis are homozygotes,  having 
a great probabili ty in genes of  low recombinat ion fre- 

quencies, and they are heterozygotes in genes of  high 
recombination probability. Since, however,  the degree 
of genotypic identity is high, these strains can be used 
for several practical purposes, e.g. for producing het- 
erosis hybrids. 
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