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Summary. The elapsed time from the appearance of a
single copy of a recessive gene in a population with sepa-
rate sexes until the first detection of a recessive homozy-
gote has been analyzed using simulation techniques.
Several systems of mating frequently used in laboratory
maintenance and artificial selection processes have been
the subject of this study. The expected time of detection
(T) in each system of mating is described by a function
of number of parents (N) and the factor K that when
multiplied by N gives the number of examined individ-
uals per generation (e.g. T=1.6+1.8 (N/K)'? for the
mass-mating system). Although the expected time of
detection changes greatly depending on the system of
mating and on the K value (the causes are discussed),
both the time scale (A'/3) and the coefficient of variation
of the distribution of the times of detection (%) seem to
be unaffected. The additional reduction of the effective
population number caused by artificial selection on a
heritable trait modifies the expected detection time in a
minor way unless both high heritability and high selec-
tion intensity are involved.
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Introduction

The discovery of homozygotic individuals for a recessive
visible gene that was not previously detected in the popu-
lation seems to be a common event in artificial selection
processes. To determine whether the gene was present in
the base population or if it is a product of a more recent
mutation, the distribution of first detection times of ini-
tially single copy recessive alleles must be analyzed. The

elapsed time until the detection of homozygotes of new
mutant types is relevant from the point of view of the
population genetics and the contribution of new recessive
mutations with visible effects on the response to artificial
selection. The origins of the genes responsible for rapid
responses observed in selection lines have been frequently
discussed (Hollingdale 1971; Frankham 1980; Yoo 1980).

This topic was examined by Robertson (1978), who
studied the relationship between population size and the
first occurrence of a homozygous recessive individual in
a monoecious random-mating population, using transi-
tion matrix methods. If initially there is a single copy of
the gene and only the N individuals that reproduce are
examined, the distribution of times of first detection
takes a near geometric form with a mean very close to
2N1/3 generations, a coefficient of variation of % and the
95% upper confidence limit near to 2.5 times the mean.
Differential selection upon the heterozygote seems to
have very little effect on the detection time of the gene.
Karlin and Tavaré (1980, 1981a, b) confirmed the time
scale N1/* proposed by Robertson and examined a num-
ber of variations on the basic model by means of diffu-
sion approximations. They tried to assess the effects of
examining a greater number of individuals than those
used as parents as to probability and time of detection.
Direct selection on heterozygotes together with partial
penetrance in heterozygotes were also dealt with.

A wide spectrum of systems of mating are used to

“maintain artificial populations. The different systems

produce different rates of inbreeding, which may lead to
differences in the time of detection as compared to the
random mass-mating model studied by Robertson (1978).
Also the examination of a greater number of individuals
than those used as parents affects the time of detection in
different ways, depending on the system of mating; this
is because each system splits the population forming
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mating-groups or couples in a particular way. The pur-
pose of this paper is to analyze the better known mating
systems to provide assistance in testing the two alter-
native hypotheses dealing with the origin of the recessive
gene. Mean time of detection will be expressed as a func-
tion of number of parents and number of examined indi-
viduals for each system of mating. Another goal was to
try to assess the effect of the reduction of the effective
population number due to artificial selection on a herita-
ble trait (Robertson 1961).

Models and methods

This work was carried out using simulation techniques. Initially,
one single copy of the recessive gene was present in a population
with separated sexes. A constant number of individuals was
examined in each generation to look for a recessive homozygote,
and the parents that form the following generation were chosen
from these (equal numbers of males and females were used as
parents). The relative fitness of the heterozygote was considered
equal to the dominant homozygote. The following mating sys-
tems were analyzed:

(1) Random mass-mating. The two gametes that form each
individual were randomly sampled from the two gene pools of
the population (male and female).

(2) Individual random mating and random examination.
The parents were previously paired at random. The offspring
were obtained at random from the different prefixed couples.
Thus, the contribution of each family to all examined individu-
als follows a binomial distribution. The parents that formed the
next generation were randomly sampled from the pool of exam-
ined individuals.

(3) Individual random mating and equal number of exam-
ined individuals per family. The uniform contribution of all of
the families to all examined individuals was the only difference
from mating system 2.

(4) Limited random mating. The population was split into
groups before mating and the gametes were randomly combined
within each group to obtain the offspring that were examined
(equal number of individuals were examined per group). The
parents that formed the next generation were sampled among
the offspring of each group (equal number of parents was
sampled from each group). These parents were randomly allo-
cated to form new mating groups. The extreme case of two
parents per group is equivalent to the mating system used to
carry out the within-family selection.

(5) Circular mating. As in mating system 4, the population
was split to mate. The groups were arranged in a sequential and
circular form. The combination of gametes and the choice of
parents were made in the same way as in mating system 4. The
chosen males of a group were mated with the chosen females
from the next group. This system is used in selection experiments
to reduce the genetic drift of the population, although it pro-
duces a rapid decrease in average heterozygosity in the first
generations (Kimura and Crow 1963; Robertson 1964).

For the first three mating systems, combinations of the
following values were considered:

— Number of parents (N): 2, 4, 6, 8, 12, 16, 23, 32, 48, 64, 96,
128, 192, 256, 384, 512, 768.
— The factor (K) that when multiplied by N gives the number of
examined individuals per generation: 1, 2, 3, 4, 5§ and infinite
times the number of parents.

In the limited and circular mating systems, the parameters
were:

— Number of parents per group (Ng): 2, 4, 8, 16, 32 (this last
value only in circular mating).

— Number of groups (G): 3, 6, 12, 24. For the limited system of
mating with 2 parents per group, these cases were extended to
the 17 G values from 1 to 384 corresponding to 17 N values,
which are equivalent to those considered in the first three mating
systems.

— The factor (K) that when multiplied by N gives the number of
examined individuals per generation: 1, 4 and infinite times the
number of parents.

The consequences of the additional reduction of effective
population number due to artificial selection on heritable trait
were analyzed with the third mating system. A genetic system of
nine additive loci with identical effects and two alleles per locus
controlled the trait. In the first generation, frequencies from 0.1
to 0.9 were assigned to the nine alleles with positive effects. One
copy of a recessive gene on the tenth locus is assigned to a single
individual. There was no linkage among the ten loci. In each
generation, an equal number of individuals per family was mea-
sured for the trait and examined to detect recessive homozygotic
individuals for the tenth locus. Combinations of the following
parameters were considered:

— Number of parents: 10, 20, 40.

— Proportion of selected individuals: 0.5, 0.25, 0.1. These values
are equivalent to the K values 2, 4 and 10, respectively.

— Heritability of the base population: 0, 0.2, 0.4, 0.6.

For each combination of mating system, number of parents
and K value, 500 simulations were made from the appearance of
the recessive gene until it was lost or until a recessive homozy-
gote was detected. The mean detection time (in generations) was
estimated only from those simulations where the gene was de-
tected as homozygote. This implies that each mean is based on
a different number of data (ranging from 28 to 250), which
decreases as the population size increases. This, together with
the increase in the variance of the detection times, also associat-
ed with population size, implies that the standard error of the
estimate of the mean increases considerably as population size
increases within the same regression. Because of this, the linear
regressions were carried out giving each point a weight equal to
the inverse of its error variance. Statistical tests of deviations
from the regression lines were made combining the probabilities
of the deviation tests from all points of the same line as described
by Fisher (1958).

Results

Robertson (1978) suggested the order of magnitude of
N*73 for the expected time of detection of a recessive gene
in a random-mating population when only the N repro-
ducing individuals are examined. To check the generality
of this relation, the linear regressions of the mean detec-
tion times on N''/? values were calculated for each mating
system and ratio of examined individuals (X). Figure 1
shows graphically the lines of regression for the mass-
mating system separately for the different K values. The
fitting to the linear regression form a+bN'/? is satis-
factory for the mass-mating and for both individual mat-
ing systems when N is the number of parents of the whole
population: deviations from regression were not signifi-
cant (Table 1). However, it was not possible to describe
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Table 1. The a and b coefficients + standard errors (S.E.) of the regression lines (a+b Ng!/® for the circular mating system and
a-+b N3 for the other systems), fitted to the observed means of detection times. Probabilities from test of significance of deviations

from the regression lines are also given

Mating system K b +S.E. a +S.E. n of means P
Mass-mating 1 1.81+£0.09 1.624+0.21 17 0.52
2 1.4610.06 1.58+0.16 17 0.59
3 1.26+0.05 1.564+0.13 17 0.36
4 1.1240.04 1.6340.11 17 0.66
5 1.0440.03 1.69+0.10 17 0.92
Inf 0.014+0.02 3.024+0.05 17 0.19
Individual random mating 1 2.08+0.08 1.07+0.19 17 0.46
and random examination 2 1.684+0.07 1.304+0.14 17 0.24
3 1.56+0.06 1.304+0.12 17 0.29
4 1.5040.05 1.31+0.11 17 0.28
5 1.5040.04 1.02+0.12 17 0.31
Inf 1.5640.06 1.02+0.12 17 0.30
Individual random mating and equal 1 3.4940.12 —0.2240.26 17 0.18
examination 2 2.42+0.09 0.3240.18 17 0.76
3 1.884+0.08 0.97+0.16 17 0.94
4 1.8240.07 0.89+0.15 17 0.75
5 1.844-0.07 0.67+0.14 17 0.31
Inf 1.5640.06 1.0240.12 17 0.30
Limited 2 parents/group 1 3.49+0.12 —0.2240.26 17 0.18
4 2.9140.08 —0.4740.16 17 0.82
Inf 2.824:0.08 —0.49+0.16 17 0.16
4 p/g 1 2.0940.30 1.83+0.81 4 0.40
4 1.704+0.21 1.5040.53 4 0.20
Inf 1.914+0.14 —0.41+0.36 4 0.11
8 p/g 1 1.8640.31 1.61+1.02 4 0.80
. 4 1.3740.19 1.63+0.71 4 0.53
Inf 0.98+0.12 1.1940.38 4 0.89
16 p/g 1 2.2140.39 0.50+1.13 4 0.77
4 1.3240.23 1.334+0.86 4 0.68
Inf 0.64+0.13 1.59+0.40 4 0.31
Circular 1 2.234+0.26 4.80+0.49 5 0.78
4 1.26+0.25 4.63+0.44 5 0.25
Inf 0.01+0.02 4.8640.19 5 0.80

Inf — infinite
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Fig. 1. Regression lines fitted to the means of detection times for
the six K values of the mass-mating system. The means + stan-
dard errors for K=1 (*) and K =35 (+) are also plotted

mean time of detection as a function of the entire number
of parents in the other two mating systems. This failure
was expected because of the variable degree of splitting
into mating-groups of the populations with similar N
values.

Time of detection is dependent on the decrease in
heterozygosity. In the circular mating system, the in-
breeding coefficient is mainly determined by the number
of parents per group (Ng). The number of groups may
have an influence only if the number is very small. Since
there were no differences among the mean times of detec-
tion with simulations for the same value of Ng even
though they had different numbers of groups, they were
pooled by Ng values. Surprisingly, the fits for linear re-
gressions of mean times on Ng'/® values were excellent.
Conversely, the limited random-mating system showed
differences among simulations with the same Ng value;
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Table 2. The expected time of detection as a function of the number of parents () and the factor of examination (X) for the different
systems of mating. Chi-square tests of deviation of the estimated b coefficients (Table 1) from those expected are also given

Mating system

Mass-mating
Individual random mating and random examination

Individual random mating and equal number
of examined individuals
Limited
2p/g
4 p/g
8 plg
16 p/g

Circular

1.6+1.80 (N/K)'* 12y =0.6 P=0.98
1.2+1.44 N3 4+0.59 (N/K4)'3 Ky =51 P=0.28
0.7+1.54 N1 +1.94 (N/K*)'/3 Xy =42 P=0.38
—0.4+2.81 NY3+0.67 (/K43 22ap=0.1 P=0.82
1.0+1.83 NV340.21 (N/K4)'3 Ca=10 P=0.33
1.5+1.04 N'3 +0.89 (/K413 ap=1.1 P=0.29
1.140.70 N3 4+1.65 (NJKH13 Pa=18 P=0.19
4.8+2.17 (Ng/K)' 120 =03 P=0.86

Table 3. Coefficients of variation (CV) for some combinations of K and N values from the five systems of mating. Standard errors
must be used with care because the detection times are non-normally distributed

Mating system

K N
4 12 24 96
Mass-mating 1 0.78 1:0.06 0.71+0.07 0.68+0.07 0.754+0.10
4 0.7240.05 0.76 +0.06 0.64+0.06 0.70+0.07
Inf 0.6440.05 0.63+0.05 0.7940.05 0.69+0.05
Individual random and random examination 1 0.75+0.06 0.71+£0.07 0.80+0.08 0.68+0.07
0.68+0.05 0.6210.06 0.671+0.07 0.69+0.06
Inf 0.70+0.05 0.64+0.06 0.65+0.07 0.63+0.09
Individual random and equal examination 1 0.65+0.06 0.63+0.07 0.71+0.07 0.70+0.09
4 0.72+0.05 0.68 +0.05 0.75+0.07 0.78 +0.08
Inf 0.70+0.05 0.64 +0.06 0.65-+0.07 0.63+0.09
Limited, 2 parents per group 1 0.731£0.05 0.75+0.07 0.81+0.08 0.63+0.07
4 0.701+0.05 0.62+0.06 0.64+0.07 0.60+0.08
Inf 0.68 +0.04 0.60+0.05 0.60+0.07 0.57+0.08
Ng
2 4 8 32
Circular 1 0.6340.04 0.66+0.04 0.584+0.05 0.53+0.06
4 0.6440.03 0.59+0.04 0.60+0.04 0.61+0.05
Inf 0.7240.06 0.67+0.06 0.68+0.06 0.91+0.07

V= Standard Deviation

_CY o
Mean — 1 S.E.—\/zvn\/1+2 cv

Inf — infinite

so the regression fitting was made on N!/3 values sepa-
rately for the different mating-group sizes.

These results show that the cube root of the number
of parents is the order of magnitude adequate for a wide
spectrum of mating systems. Examination of more indi-
viduals than those that are used as parents does not alter
the linear relation. This result allows the construction of
a formula to estimate the mean time of detection that

also includes the ratio of examined individuals K. In this
way, the linear equations for each mating system were
pooled as follows: the a coefficients were averaged (in the
mass-mating system, the a coefficient corresponding to
K=infinite was excluded) and the coefficients or regres-
sion b were adjusted to the function cK~ /3 for the mass-
mating and circular systems, and to d+cK~*?3 for the
other systems (other functions had been tested previous-
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Table 4. Mean times of detection in generations (+S.E.) for combinations of heritability, population size and intensity of selection.
The percentages of reduction of the mean times of detection in relation to h*=0 are given in brackets

K N Heritability
0.0 0.2 04 0.6
2 10 56402 53102 (54) 51402 (8.9) 51402 (8.9)
20 6.8+0.3 6.9+04 (—1.5) 6.84+04 (0) 64+04 (59)
40 85405 7.7+05 (94) 814+05 (4.7) 82405 (3.5)
% Reduction averaged 4.4) (5.5) (6.1)
4 10 49102 46402 (6.1) 43+40.2(12.2) 43+0.2 (12.2)
20 6.0+0.3 5.6+03 (6.7) 5.7+£03 (5.0) 49+0.2 (18.3)
40 74405 70+04 (54) 6.61+0.4 (10.8) 6.6+0.4 (10.8)
% Reduction averaged 6.1) 9.4 (13.8)
10 10 44402 44402 (0) 41+02 (6.8) 3.71+0.2 (15.9)
20 54403 54103 (0) 49+03 (9.3) 48+03 (11.1)
40 69+04 6.6+04 (4.3) 6.6+04 (4.3) 54403 (21.7)
% Reduction averaged .. (1.4) 6.8) (16.2)

ly). The expected mean times of detection are shown in
Table 2 as a function of N and K. The deviations of &
coefficients from that estimated by the function were
always non-significant.

The distribution of times of detection in a mono-
ecious random-mating population when only the N
parents are examined follows a quasi-geometrical distri-
bution, with a coefficient of variation near to % (Robert-
son 1978). The effect of excluding selfing is to increase
the mean time of detection by one generation, as the
allele cannot be detected in the first generation. To check
the constancy of the variation of the distribution of
detection times for other systems of mating and number
of examined individuals, the coefficients of variation
were calculated after subtracting one generation from the
mean time of detection. Table 3 shows the coefficients of
variation of a sample of several combinations of N (Ng
in the circular mating system) and K from all the mating
systems considered. Although some significant devia-
tions from the % value were detected (e.g. the combina-
tion Ng =32, K=infinite of the circular mating system in
Table 3), the value of % seems to be a good approxima-
tion to the coefficients of variation for all the systems of
mating.

In artificial selection processes there is an actual re-
duction in effective population number. This reduction is
a function of the intensity of selection and of the value of
heritability (Robertson 1961). Selection for a character
with a high heritability may cause an important reduc-
tion in the effective number (up to around 50% for
#%2=0.6 and selected proportion=0.10). Obviously, the
effective number must affect the distribution of times of
detection. Table 4 shows the mean times of detection for
different combinations of heritability, intensity of selec-
tion and population size. The intensity of selection is
generally related to the observation of a larger number of

individuals. In this way, the effect of a reduction in the
effective number on the detection time must be analyzed
through the effect produced by an increase in heritability.
As expected by the reduction in the effective population
number, the reduction in mean times across heritability
is greater with more intense selection. However, the re-
duction seems to be rather small. From low to moder-
ately high heritability values, the reductions range up to
a maximum of 10%. Very high values of heritability and
intense selection are required to reduce the mean time of
detection to about 20%.

Discussion

Differences in times of detection among the systems of
mating may be considered to be caused by differences in
the inbreeding increment and the particular split of the
population into couples or groups for mating. However,
these differences do not modify either the time scale N*/3
or the coefficient of variation, %, proposed by Robert-
son (1978). The time scale for the circular mating system
is related to group size (Ng'/?), because the rate of in-
breeding increase for this system depends on the size of
the group (Kimura and Crow 1963). In the remaining
systems of mating, the increase in inbreeding is depen-
dent on the effective number for the entire population.
The effective population number may be estimated
from the variance of the family size (Wright 1940; Crow
1954). Random mass-mating and individual random-
mating with random examination have the same variance
of family size. The number of individuals chosen to be
parents from each family follows a binomial distribution,
with variance 2(N-2)/N. Both systems of mating show
similar regression lines of mean detection times on N'/?
values when population size and number of individuals
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examined were the same (K=1). However, there is an
increasing difference between the regressions for the two
systems as K increases. Although in both systems the
mean detection time decreases as K increases, only detec-
tion times in the random mass-mating system tend to be
independent of the population size. Obviously, this is a
consequence of the splitting of the population to mate.
When groups or couples are previously determined to
mate, the attainment of a given genotype is conditioned.
Increasing the number of examined individuals reveals
the differences with respect to a non-split population.

In the limited random-mating system, family size also
follows a binomial distribution, but the variance is
related to group size, (Ng-2)/Ng. Therefore, effective
number is determined by group size as well as by number
of groups. When number of parents per group is 2, the
ratio between the effective population number (Ne) and
actual size tends to 2. This increase in effective popula-
tion number seems to be responsible for the high mean
detection times. As number of reproducers per group
increases, the ratio Ne/N decreases rapidly and differ-
ences with the mass-mating system disappear.

The effective population number of the individual
mating system, when an equal number of individuals per
family is examined, is determined by population size and
by number of individuals examined. Because reproducers
are sampled from among the individuals examined, the
contribution of each family to the next generation fol-
lows a hypergeometric distribution. The variance of this
distribution is 2(N-2)(K-1)/(KN-1). When only the N in-
dividuals that are to reproduce are examined (K=1),
effective population number is the same as for the limited
random-mating system with two parents per group (in
fact, a common simulation was carried out for both
cases). As the value of K increases with values 2, 3, 4, 5
and infinite, the ratio Ne/N rapidly decreases to values
1.33,1.21, 1.14, 1.10 and 1.00, respectively. When num-
ber of individuals examined is infinite, the two individual
mating systems considered are really the same.
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