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1. I N T R O D U C T I O N A N D O U T L I N E

The large number of polymorphic loci found in natural populations, e.g.
Drosophila, mice and man, have frequently been discussed by population
geneticists. Various models have been proposed to explain the existence of so
many genetic polymorphisms in nature (a current estimate of the proportion
of polymorphic loci in Drosophilais 0.3; KIMURA, 1971). Initially these models
were based on some type of equilibrating selection mechanism acting upon
each polymorphic locus. Recently, KIMURA suggested that many polymorphic
loci might be selectively neutral; he started work on a theory which should
liberate us from 'pan selectionism' (KIMURA, 1968, 1971). These neutral loci
then may be under apparent equilibrating selection pressure as a result of
their association with closely linked loci which are under real selection pressure
(OHTA and KIMURA, 1970).This so called 'associative overdominance' then is a
result of overall linkage disequilibrium between the neutral loci and the nonneutral loci. In a natural population this deviation from linkage equilibrium
is due to the finite size of the population.
An implication of this model isthe following. When a laboratory population
is initiated with small samples from a relatively large population (or different
populations) the 'amount' of overall linkage disequilibrium is greatly amplified,
resulting in amplified apparent selection coefficients at the selectively neutral
loci in the new population. This point is discussed in chapter 2 (section 2.5)
(see also KIMURA, 1971).
With neutral alleles which show associative overdominance, the general
features of the models for equilibrating selection remain the same as with
the previously used selection models, be it that selection now is restricted to
the interspersed non-neutral loci.
Chapter 2 discusses a number of models which have been proposed for
the maintenance of genetic polymorphisms; the general conditions are discussed which should besatisfied by the selectionmodels(i.e.fairly high selection
coefficients and a not too heavy segregational load), as well as the arguments
which have been used for their plausibility from the evolutionary point of
view (i.e. the principle of minimizing the segregational load). This rather
extensive discussion has been made in order to arrive at a realistic general
operational model which covers the experimental results reported in literature
and which also describes and explains my own experimental findings.
The rationale ofmyexperiments (chapter 3)isasfollows.Triboliumcastaneum
was chosen since it is a genetically well known and experimentally
convenient object. The marker locus 'black' has been chosen for investigation
of the selective forces acting upon it, since all three genotypes can phenotypically be distinguished. Now, if the black stock is mixed with the wild type
HERBST
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stock (together with their F t ) the observed shifts in gene frequency of the b
allele during generations can a priori be ascribed to:
1. Frequency dependent selection at the marker locus (i.e. selection dependent
on the frequencies of the marker genotypes),
2. Non-frequency dependent selection at the marker locus itself,
3. Indirect selection at the marker locus via linked fitness loci and/or fitness
loci on other chromosomes (both groups of loci contribute to initial linkage
disequilibrium and therefore to differential fitness of the marker genotypes).
On the basis of the experiments to be described in chapter 3 these three
situations can be distinguished. Of course, when introducing a mutant stock
(mutant genotype black) into a wild type population, it must be expected that
the mutant genotype is at a selective disadvantage, since in general laboratory
practice the construction of such a mutant stock involves a certain amount of
inbreeding, that is,acertain amount of homozygosity initsgenetic background.
The experiments will now prove this to be the case and rule out the other two
possibilities (1 and 2 above). The basic feature of these experiments is that
mutant and wild type populations and their F t are mixed in a number of
different genotype frequencies (representing Weinberg-Hardy frequencies)
and that a classical F 2 population is used to evaluate the relative importance
of fitness loci linked resp. non-linked to the marker locus (the F 2 population
will be in approximate linkage equilibrium for non-linked loci). The initial
linkage disequilibrium (and therefore the apparent selection at the neutral
marker locus) in these experiments is not so much due to the small samples
from which the pooled populations are started (cf. KIMURA, 1971) as to the
different genotypic backgrounds of the founder stocks.
Thefoundation of apopulation from two or more populations with different
coadapted genepoolscan be described astheintake of 'foreign' genetic material
by a receiving population. This process does not only occur when populations
of different origin are used to initiate a laboratory stock, but also plays a role
in the events following introgressive hybridization in nature, and in the introduction of 'fresh' geneticmaterial into a breeding stock. Analysis of this process
requires study of the role of selection and recombination. As will be demonstrated in chapter 3,information on the effects of initial linkage disequilibrium
and selection in pooled populations can be inferred from the changes in gene
frequency of a selectively neutral marker locus.
In chapter 4 a simulation model is presented (based on FRASERS'S technique
of binary representation of genotypes) by which the fate of newly introduced
genetic material in a population can be studied theoretically. Simulation then
may be helpful in a better understanding of a process which is interesting not
only from the evolutionary point of view but also with regard to the introduction of 'fresh' genetic material into animal and plant breeding stocks.
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2. T H E M A I N T E N A N C E O F G E N E T I C P O L Y M O R P H I S M S

Many polymorphisms have been observed in natural populations. Especially
the work of HUBBY and LEWONTIN (1966), which revealed the existence of a
large amount of genetic variability with respect to protein structure in Drosophila populations, has stimulated the discussion on the mechanisms through
which polymorphisms can be maintained in natural populations. In this discussion the central question is how the forces acting upon a population, i.e.
random drift, selection, mutation and migration balance each other such that
the polymorphisms are maintained.
This chapter discusses overdominance, frequency dependent selection and
neutral alleles as mechanisms for the maintenance of polymorphisms. Overdominance at many loci needs some further exploration since a number of
models for thejoint effect of many overdominant loci (i.e.multiplicative effects
and additive effects) onfitness implies too highaloadand/or too small selection
coefficients to counteract drift. I have constructed a third model (diminishing
returns) which also leads to too low selection coefficients. Finally KING'S
(1966) threshold model proves, upon further examination, to be the most satisfactory in all respects. In section 2.5 a synthesis will be made by using the concept of associative overdominance. In experiments the consequences of this
mechanism may be easily mistaken to be the outcome of frequency dependent
selection. An experiment will be proposed which can lead to unambiguous
interpretation. The results ofsuch experiments will be described in chapter 3.

2.1. DEFINITIONS

Fitness
The term fitness is used as a synonym for reproductive capacity. This may
apply to either populations, genotypes or individuals. In a population with
overlapping generations the growth is continuous and may be expressed as
dyldt = m-y,

(2.1)

where y is the population size and m is the net growth rate (net effect of birth
and death rate). The parameter m, the Malthusian parameter, measures the
reproductive capacity or fitness of the population. When m is a constant, Eq.
2.1 yields
y, = y0em\

(2.2)

where y0 is the value of y at time t = 0.
When generations are non-overlapping, i.e. when after reproduction the
parental population is replaced by the offspring generation, the population
growth is discontinuous and is expressed as
y,+i = wy,(t = 0, 1, 2,..),
Meded.Landbouwhogeschool Wageningen 72-24 (1972)
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where w is the Wrightian fitness of the population, i.e. the mean number of
offspring per individual. When wis constant,
y, = y0-w' (t = 0, 1,2,....)

(2.4)

The relation between w and m is seen by equating expressions (2.2) and (2.4)
(for integer values of t):
w = em,
or
m = l o g w.
Throughout this study the term fitness is used in the Wrightian sense.
When applied to genotypes or individuals,fitnessagain isdefined asthe mean
number, or rather theexpected number of offspring. Consequently, asa measure
of the fitness of a genotype its mean number of offspring is used. Total fitness
includes the components viability and fertility. Viability isdefined as the probability of survival from zygote to the reproductive stage. Fertility is defined as
the expected number of offspring once the adult stage has been reached, i.e.
theconditional expectation ofthenumber of offspring ofa zygote,the condition
being that the reproductive stage is reached. Denoting viability by v and
fertility b y / , the total or net fitness (w) becomes
w = vf.
Selection
Selection occurs when some individuals leave more offspring than others.
Since the production of offspring is subject to both variation in genetic factors
and non-genetic random effects, selection in the genetical sense is defined as
'non random differential reproduction of genotypes' (LERNER, 1958). This
definition shows that genotypic selection refers to differences in reproductive
capacity as far as these differences correspond to differences in genotypic
constitution. Selection is said to favour those genotypes which, on an average,
leave more offspring than others.
Relative fitnesses and selection coefficients
When three genotypes at a locus, AA, Aa and aa, say, have fitnesses w2, Wj
and w0 respectively, then the ratios w2lwx and WQ/WI are called the relative
fitnesses of the genotypes AA and aa respectively. (Of course, any genotype
may be used as a reference for relative fitnesses.) The selection coefficients
s2 and s0 of the genotypes AA and aa are defined by
1 —s2 — w2/wi and 1 —s0 = WQ/WJ

Thus, the selection coefficient s2 measures the average selective advantage (or
disadvantage, when s2< 0) of the genotype Aa over AA. The relative fitnesses
of the genotypes AA, Aa and aa in terms of s2 and s0 are 1 —^2, 1and 1 —s0,
4
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respectively. Changes in genotype and gene frequencies are more easily described in terms of selection coefficients than in terms of absolute fitnesses.
Geneticload
The genetic load of a population is defined as 'the amount by which the
mean fitness of the population is depressed for genetic reasons below that of
the genotype with maximum fitness' (WALLACE, 1968). It is mostly expressed
as the ratio of this difference and the maximumfitness:
L = (wmax - w) / wmax = 1 - vv/wmax.

(2.5)

The load of a population which is due to the occurrence of deleterious mutants
is known as the mutational load, which will not be discussed in this chapter.
The segregational load of a population is the load which is due to segregation
at one or more loci. Segregational load has as a reference the maximum fitness
which may be realized in the population. The load of a monomorphic population depends on whether monomorphism is regarded as a limiting case of
polymorphism or not. When regarding a monomorphic population asa limiting
case of a polymorphic population, it must be regarded as still segregating and
therefore it has a segregational load, with the same reference fitness as a polymorphic population. When however it is not regarded as a limiting case of a
polymorphic one, a monomorphic population does not segregate and therefore
its segregational load, i.e. the load due to segregation does not exist. Therefore,
it should be stressed that a population for which the segregational load is
not defined, can not be considered to have a load equal to zero.
The two alternative ways of considering monomorphic populations and the
corresponding loads are shown in Table 2.1. The difficulty with segregational
load is that it has, contrary to the proportion of non-survivors, no immediate
biological significance. In Table 2.1it is seen that the ratio's of proportions of
non-survivors of the three populations (i.e. 0.625:0.700:0.529) give a more
realistic picture of the actual differences between the populations than the

TABLE 2.1. Mean viabilities and geneticload of monomorphic and polymorphic populations.
The fertility component offitnessisnot considered. Viabilities of the genotypes AA, Aa and
aaare0.375, 0.6 and 0.3, respectively, v: mean viability; 1-v: proportion of non-survivors;
Ls :segregational load;a:the two monomorphic populations are considered here as limiting
casesof polymorphic populations; b: the two monomorphic populations are considered here
as non-segregating populations.

V

1-v
b

monomorphic
AA

monomorphic
aa

0.375
0.625
0.375

0.300
0.700
0.500

-

-

Meded.Landbouwhogeschool Wageningen 72-24 (1972)

polymorphic
24
9
— AA — Aa, — aa
49
49
49
16

0.471
0.529
0.214
0.214

ratio's of their genetic loads (i.e. 0.375:0.500:0.214). On the other hand
however, the proportion of non-survivors is not a genetic measure, whilst
the load (cf. the definition) expresses a reduction in fitness which indeed is due
to genetic factors. For this reason, the genetic load is the most convenient
measure in comparing Mendelian populations. Note that the load can be interpreted as the proportion of non-survivors, provided that the genotype with
maximum viability survives with probability unity (see Eq. 2.5). (Introducing
also fertility differences into the above considerations does not alter their
validity since differences in total fitness can be considered as differences in
'genetic mortality'.)
Hard selection and soft selection
As pointed out by WALLACE (1968), natural selection, as far as realised by
differential viability, may havetwo(not mutually exclusive) modes:hard and/or
soft selection. (Hard selection should not be confused with intense selection.)
These two types of selective forces are illustrated in Fig. 2.1,which shows the
distribution of genotypes of two populations, A and B. In order to show the
difference between the two modes of selection, it is assumed that there are no
non-genetic random effects. With hard selection all individuals survive which
have a 'genotypic value' larger than a fixed truncation value,t.The proportion
of the population of zygotes that survives varies with the distribution of
genotypes in the population. With soft selection the population size is reduced
to a given number, irrespective of the distribution of genotypes.
Soft selection is likely to occur in those populations which are kept at a
level which the environment can sustain, e.g. when there is prédation or crowding. In a computer model constructed by WILLS, CRENSHAW and VITALE

Hard selection

Soft selection

FIG. 2.1.Hard selection and soft selection (after WALLACE, 1968).The populations A and B
have different distributions of genotypes.With hard selection all genotypes survivewhich are
totherightofthefixed truncation value(/).Withsoft selectionafixedproportion ofthepopulation of zygotes survives, irrespective of the genotype distribution. Dotted area: survivors.
Meded.Landbouwhogeschool Wageningen 72-24 (1972)

(1969), selection wassimulated onthebasis ofsoft selection only. This seems
to be unrealistic because, if soft selection were the only operative selection
force, it implies that the fitness of a particular inferior genotype willbe
larger when its frequency in the population is higher. This might betruefor
the situation where selection results from prédation only; when howeverthe
inferiority of the particular genotype is due to e.g. its susceptability to a
disease,itssurvivalprobability mustbeunderstood as hard selection mainly.
Therefore,theassumptionthat soft selectionisthemain component ofnatural
selection must bean oversimplification.
2.2. OVERDOMINANCE

Whenthefitnessesw2,wxandw0ofthegenotypesatalocuswithtwoalleles
(AA, Aaandad) satisfy thecondition
w2< wt > w0
(i.e.thelocusisoverdominant), then, intheideal situation (norandom drift,
no mutation andnomigration), a stable equilibrium willbereached atwhich
the frequency ofthe alleleAisgivenby
Pe = sj(s„ + s2),

where s2 and s0 are the selection coefficients of the genotypes AA andaa,
respectively. Natural populations however arenot infinitely large and,therefore, theselection pressure at an overdominant locus should belarge enough
to withstand the force of random drift. (Mutation and migration are not
considered forthemoment.) Thismeansthat selection coefficients must havea
certainminimumvalueinordertoensurethemaintenanceofthepolymorphism
over many generations. Strictly speaking, without mutation and immigration
apolymorphismcannotbepermanent inafinitepopulation,evenwithequilibriating selection (overdominance). However, for intermediate equilibrium
gene frequencies (i.e.in the range 0.2—0.8) overdominance will increase the
meantimeuntilfixation(see ROBERTSON, 1962;KIMURA, 1964).As ROBERTSON
(I.e.) hasshown, an effective population size of theorder of 1000is required
to maintain a polymorphism when the selective advantage of a heterozygote
over either homozygotes equals 0.005,provided amutation rate of 10 -5 from
one allele totheother (andviceversa). Because 10"5 probably istoohighan
estimate of the mutation rate and many natural populations are effectively
smaller than 1000,selectioncoefficients probably shouldbeoftheorder of0.01
to maintain non-transient polymorphisms.
When many polymorphisms occur in a population, all of which aremaintained by overdominance and recurrent mutation, thejoint effect of many
overdominant loci onfitnessbecomes the central question. In the following,
four theoreticalrelationships betweennumber ofheterozygous loci and fitness,
as well astheir consequences with respect tothemean populationfitnessand
Meded. Landbouwhogeschool Wageningen 72-24 (1972)
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the average selection pressure at individual loci are discussed. The calculations
for models A, B and C are based on the following assumptions:
1. Differential viability is the only component of selection. This assumption,
i.e. the absence of genotypic fertility differences is no essential limitation.
2. All loci have two alleles.
3. All loci are considered overdominant with equal selective advantage of the
heterozygote over either homozygote (which implies gene frequencies 0.5).
4. All loci are not linked and not only the probability for any individual to be
homozygous atany locusequals 0.5, but also the probability for an individual to be homozygous at any two loci equals 0.25, etc.
Although the latter assumption is a gross oversimplification, the calculations
below clearly show the impacts of the different models for multiple gene action.
The total number of polymorphic overdominant loci will be denoted by N.
A. Multiplicative effects (see e.g. LEWONTIN and HUBBY, 1966; SVED et al.,
1967).
With multiplicative effects the relation between viability (v) and number of
homozygous loci («) becomes
v„= v„ (1 - s)",

(2.6)

where s is the selection coefficient of single gene homozygotes and v0 is the
viability of the complete multiple heterozygote (n = 0). The mean viability
of the population (v) is given by

v = vo E I ) M (1 - sf,
k=0 \k

which reduces via
N

1

» = »o l a ' '*+ ( 1 ~ S)
to

v = v0 (1 - sßf.

(2.7)
N

Theratio v/v0thus equals (I —s/2) and theload, as defined by Eq. 2.5 becomes
L = 1 - vjv0 = 1 - (1 - sßf

(2.8)

In Table 2.11a I calculated the load of the hypothetical population with the
multiplicative model for geneeffects withvarious values ofJand N. Table2.11a
shows that even small selection coefficients impose a heavy load on the population when the number of overdominant loci is of the order of 1000. Many
plant and invertebrate animal speciesproduce zygotes inabundance and may be
able to carry a heavy load; for most vertebratae however a load of the order
of 0.9 must be considered as being too heavy to be realistic.
8
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TABLE 2.11a. Theload ofthe hypothetical population with multiplicative effects for different
valuesofsandN;N:totalnumber ofoverdominant loci,5:selectioncoefficient ofsinglegene
homozygotes.
N

s = 0.01
0.994
0.970
0.919
0.750
0.634
0.500
0.395

1000
701
500
276
200
130
100

J = 0.005
0.919
0.828
0.715
0.500
0.395
0.278
0.220

j = 0.002
0.629
0.500
0.391
0.239
0.180
0.121
0.094

SVED, REED and BODMER (1967) proposed a modification of the model with
multiplicative effects: they assumed multiplicative effects for a large range of
genotypes with asymptotic approach of fitness to a plateau. Their idea wasas
follows: When N equals 1000,say,thevariance of thenumber of homozygous
loci perindividual equals 250,andindividuals with more than 600or less than
400heterozygous loci, say,aresorare that they contribute butvery little tothe
mean fitness of the population. Mean population fitness is hardly changed
when the genotypes with more than 600heterozygous loci are assigned equal
fitnesses, i.e. the upper limit of fitness. With this model the reference fitness
(wmax) is reduced considerably and therefore also the load of thepopulation is
lowered to an acceptable level. Since on physiological grounds there can not
be a truncation value ofnumber ofheterozygous loci beyond which allfitnesses
are equal, SVED et al. proposed an asymptotical approach to thelimiting value.

B. Additive effects
The concept of additive effects has been forwarded by a.o. MILKMAN (1967)
who suggests that these effects result in a smaller load than multiplicative
effects. It seems worthwhile to formally work out the consequences of this
model.
With additive gene effects there is a linear relationship between viability (u)
and number of homozygous loci («):
vn = »o - c-n(vn>o),

(2.9)

where c is a constant. The value of c depends on v0(viability of the complete
multiple heterozygote) and vN (viability of the complete multiple homozygote)
such that
% = ^o — c.N, or c = (v0 —ö,v) / N.
Then Eq.2.9 becomes
vn = v0-n

(v0 - vN)/N

(2.10)

Nowitwillbeshownthatwiththismodel,theloadofthehypothetical population
is reduced considerably but that at the same time the selection coefficients at
Meded. Landbouwhogeschool Wageningen 72-24 (1972)
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individual loci become very small. Sincethe relationship between viability and
number of homozygous loci is linear in n (cf. Eq. 2.10), the mean population
viability (v)can be obtained by substituting E(«) = N/2 into Eq. 2.10; this
yields
» = »iw = (». + »w)/2
The load then, by Eq. 2.5becomes

(2.11)

L = ! ( , - £ ) < 0-5

(ZU,

The average selective advantage of a heterozygote over a homozygote at any
locus(s)isgiven by
s = 1 - v„0jvHE,

(2.13)

where t5HO is the mean viability of individuals which are homozygous at a
given locus; vHEisdefined analogously. Now (from Eq. 2.10)
%o = v„ - nH0 (v0 - v„) IN,

(2.14)

and
%£ = v, - nHE (v0 - vN) IN,

(2.15)

where nHO is the mean number of homozygous loci of individuals which
arehomozygousatagivenlocusandnHEistheanalogousnumberfor individuals which are heterozygous at a given locus. Further one has
nHO = 1 + (AT- 1)/ 2 = (N + 1)/ 2,

(2.16)

and
nHE = (N - 1)/ 2.

(2.17)

Substitution of Eq. 2.16 and Eq. 2.17 into Eq. 2.14 and Eq. 2.15 and finally
into Eq. 2.13yields
' + v"> - (»° - p»>
(2.18)
iV(u0 + v„)+ (v0 - vN)
Assuming viN = 0, i.e. lethality of thecompletemultiplehomozygote,wehave
(by Eq. 2.12)
s = 1-

N(v

L = 0.5,
and (by Eq. 2.18)

s=

l-(N-l)/(N+l).

Values ofsfor different values of N, assuming viN = 0, are tabulatedinTable
2.11b.
These calculations show that with an additive model for multiple gene
effects, the load is reduced to an acceptable level (cf. Eq. 2.12), but that at
10
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TABLE 2.11b. Selectioncoefficients (s)of singlegenehomozygotes inthehypothetical population under the model of additive gene effects for various values of N (the total number of
overdominant loci)and for vN = 0(seetext).Theload inallcasesequals0.5.
N

s

1000

0.002
0.004
0.005

500
400

N
200
100

s
0.010
0.020

the same time selection coefficients for approximately 1000 overdominant loci
become very small. Accepting for the moment a load of 0.5 and a value of J
of 0.005 as reasonable, a comparison of Tables 2.11a and 2.11bshows that the
multiplicative model then allows the existence of 276 polymorphisms in the
hypothetical population, whilst the additive model allows 400.
C. Diminishing returns
I propose to investigate a third mathematical model for multiple gene action
with an asymptotic approach to the maximum viability as the number of
heterozygous loci tends to itsmaximum. With this model the effect of increased
heterozygosity decreases as the total number of heterozygous loci increases.
This is essentially a model with 'diminishing returns' which is expressed by a
relation of the type
o»+i = »» + *(c - vn),

(2.19)

or
vn+1-vn

= t(c-

v„) (n = 0, 1, 2,.., N),

(2.20)

where vnstands for viability, and n, in contrast to models A and B now stands
for the number of heterozygous loci; t and c are constants. Since the increase
inviability per heterozygous locus,i.e. t(c—vn), must bepositive and decreasing
for all n<N as vnincreases, we have the following conditions:
and

t>0
c > vN.

Setting n=N—l in Eq. 2.20 one obtains
t = (% - f ] v - i ) / ( c - % - l ) ,

which is always less than or equal to unity because c > %
So we arrive at the conditions
0<t
or, writing

<1
c >%.

c = k.vN,

0<t

<1
k >\.

Meded. Landbouwhogeschool Wageningen 72-24 (1972)
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Assuminglethality of the complete multiple homozygote and non-lethality of
allothergenotypes(i.e.t>0=0ando„>0for w>0),thesolutionoftherecurrence
relation (Eq. 2.19)isas follows:
vn = k-v„ {1 - (1 - 0"}

(2.21)

For given values of t and N the corresponding value of k isfound by writing
n=N'm Eq.2.21,yielding
k = 1/ {1 - (1 - tf}

(2.22)

Substitution of Eq.2.22 into Eq. 2.21yields
1 - (1 - 0"
v„ =vK 1 - (1 - tf

(2.23)

Thisrelationbetweenviabilityandnumberofheterozygouslociisshowngraphically in Fig.2.2for N= 1000and different values oft. Note that thegraphsof
Fig.2.2haveno common upper limitif theywereallowed to continue beyond
n=N; this is because the limiting value of v, if n was allowed to increase to
infinity, equalsk-vNwhich byEq.2.22depends onboth N and t.Asameasure
for theshapeofthegraphs,i.e.theircurvature, onecould usetheparameter m,
defined by
u

*iV

m.Uju

FIG. 2.2.The relation between
viability(expressed as v„/vN) and
number of heterozygous loci(»)
according to Eq. 2.32 for N=
1000 and different values of t.
For the sake of completeness
t=l has been added (all viabilitiesbeingequal,except thecomplete multiple homozygote,
having viability zero).Note that
t=0 is non-existant. The direction in which n is plotted is reversed in order to make the
model comparable with models
A and B (cf. Fig.2.7).
Meded.Landbouwhogeschool Wageningen 72-24 (1972)

Values of m close to unity correspond to curves for which an increase in
number of heterozygous loci beyond \N has hardly any effect (cf. ?=0.010 in
Fig. 2.2).
Writing
m = viNlvN,
one obtains by substitution of n—\N into Eq. 2.23:
m=

1 - (1 - t)iN
i
'—
1 - (1 - tf

(2.24)

which shows that m depends on both t and N.
Since the shape of the graph of v as a function of n is the most essential
feature of the model, it is reasonable to start further considerations on the
model from a given value of m. For given m and N, the corresponding value
of t is found by noting that
1 _ (1 _ tf = {1 - (1 - 0**M1 + (1 - 0**},
so that one obtains from Eq. 2.24:
(1 - tfN = (1 - m) / m
or

log(1 - 0 = ^-log /^—-^V
N

\

(2.25)

m

A table for t can then be constructed. From Eq. 2.25 it is seen that, since
t<\, m should satisfy the condition 0 . 5 < A M < 1 .
The continuous analogon of Eq. 2.20, i.e.
dv/dn = t(c —v),
leads to
»„ = »*•-

1 - e~'"
=m(o<n<N),
1—e

(2.26)

which for small values of t is equivalent to Eq.^2.23. Thus, large values of N
(for which the discrete relationship (Eq. 2.20) may be approximated by its
continuous analogon), should correspond to small values of t. Equation 2.25
shows that for large N (1000, say) t indeed will be very small in general.
Denoting for the moment Eq. 2.26 by vn=f(n), the mean population viability
(v) can be approximated by the series
v = ƒ(«) + I ƒ" («)• var (n) + ...
2
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(2.27)
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Neglecting terms containing t2 and higher orders of t, v can without serious
error beapproximated by
ƒ(«)

"IN,

or
(2.28)

v = m'VN

The load then becomes
L = 1 - vjvN = 1 - m <0.5.

(2.29)

Defining the average selective advantage (s) of a heterozygote over either
homozygote in the sameway aswith model B (Eq.2.13):
S = 1 - %o/%£>

and also using Eqs.2.16 and 2.17and writing
v
J(JV-l)
HO
tf
B =v
one obtains

s= 1 -

a n

d % £ — ü i(JV+l)

1 - (1 - 0 i ( t f - i )
1 _ (1 _ ,)«*+!)

(2.30)

For a given set of values for L=1—m (Eq. 2.29) and N, the corresponding
values of / and s have been calculated according to the expressions Eq. 2.25
and Eq. 2.30 and have been tabulated in Table 2.11c.It is seenthat for values
of N>500 the selection coefficients become very small, perhaps too small to
ensure themaintenance of stable polymorphisms.

TABLE 2.11C. Values of / and J (selection coefficient of single gene homozygotes) with the

model with diminishing returnsfor different values ofL = \-m andN. The parameters t and
marediscussedinthetext;N: total number of overdominant loci. The values of L (load) =
\-m are chosen, t iscalculated from Eq. 2.25,* from Eq. 2.30.
L = 0.4
m = 0.6

L = 0.3
m = 0.7

L = 0.2
m = 0.8

L = 0.1
m = 0.9

0.00808 (t)
0.0161 (s)

0.01680
0.0125

0.02734
0.0092

0.04299
0.0059

N = 200

0.00405
0.0081

0.00844
0.0063

0.01760
0.0040

0.02173
0.0027

N = 500

0.00160
0.0032

0.00338
0.0026

0.00552
0.0018

0.00875
0.0011

N= 1000

0.00080
0.0016

0.00168
0.0013

0.00277
0.0009

0.00437
0.0007

N = 100
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In conclusion:
The models discussed so far are rather unsatisfactory. Model A must be
regarded asunrealistic because itimposes atooheavy load onthepopulation;
with models B and Cthe load is reduced considerably, but at the same time
very small selection coefficients are implied. They probably are too small to
maintain balanced polymorphisms in a finite population. Assuming for the
moment that a selection coefficient > 0.01 isrequired and that the load should
notexceed0.5,itisseenfrom Table2.11a,2.11band 2.11cthatnoneofthemodels
A, B and Ccanaccount for themaintenance of 500 or more polymorphisms
in thehypothetical population.
D. Threshold model (see KING, 1967)

The models A, B and Cdonotaccount for thevariation which is brought
about by non-genetic random effects. Random effects have been accounted
for in the threshold model proposed by KING (1967), which makes it a very
elegant model for natural selection. Therelation between number of homozygous loci and viability obtained by KING is essentially the same as theone
proposed by SVED, REED and BODMER (1967) discussed earlier.

In KING'S model the non-genetic factors which affect fitness are normally
distributed. Anindividual is assigned a hypothetical value, the'survival factor
parameter', whichinfact isarandom variable. The mean ofthe 'survival factor
parameter' depends on the individual's genotype:itis a linear function ofits
number ofhomozygous loci. Thevariance ofthe 'survival factor parameter' is
interpreted as the variance due to random effects. The survival probability
is interpreted as the probability that the survival factor parameter takes a
value less than t,a threshold value. Thus, thesurvival probability asa function
of the number of homozygous loci is identical with the cumulative normal
distribution (seeFig. 2.3).
As KING demonstrates with a set of numerical calculations, the model
accomodates themaintenance ofmany balanced polymorphisms (ofthe order
of 1000) through an average selective advantage of heterozygotes over homo-

FIG. 2.3.(From KING, 1967).

a. Probability distributions
of the'survival factor parameter' for different genotypes, b. Viability (v) as a
function of the number of
homozygous loci («). A linnear relationship isassumed
between nandthemeanvalue of the survival factor
parameter.
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zygotes as large as 0.01 without imposing a heavy load on the population
(L«*0.5).
The essential feature of this model which makes it preferable to models
A, B and C is its property that selection coefficients of a realistic magnitude
(e.g.0.01)donotimposeaheavyload.Thisjustifiesafurther formal exploration
into the merits of the threshold model. This ismost easily done by comparing
it with the additive model (B)(see Fig. 2.4). Since for large values of N, the
variance ofthenumber ofhomozygouslociper individual isrelatively smallas
compared to therange ofthisnumber, thecurveDin Fig.2.4can be assumed
to be linear for the range in which most of the genotypes actually occur.
Rare genotypes contribute little to the mean and variance of viability in the
population. Thus, as an approximation one canwrite (seemodel B):

! _f(HN + !))_
f(HN- 1))

l_fd(N

f(HN-

1) + 1)

1))

whereƒdenotes the function which relates viability to number of homozygous
loci: v= ƒ(«).
Writing
ƒ ( * ( * - 1)+ l ) = / ( | ( i V -

1))-Av,

wehave

s = AvjfQ(N - 1)),

FIG. 2.4. Graphical comparison of the additive model
(B)and the threshold model
( / » •

n: number of homozygous
loci; v:viability; g: frequency distribution of n in the
population.
For explanation see text.
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FIG. 2.5. Viability (v) as a
function of the number of
homozygous loci («) in two
different environments according to the threshold
model. Ei : heterogeneous
environment; E2: homogeneous environment. Aand B
are denned genotypes; the
ratio vA/vBdiffers for thetwo
environments.

which approximately equals Av/v, provided At; is small as compared with v.
Thequantity Au represents the amount by which vincreases when the number
of homozygous loci decreases from J(7V—1)+1 to i(N—1) and thus can be
interpreted as the tangent to v=f(n) in the point {$N,f(%N)}. Having found
Sf&Av/v,oneimmediately seesfrom Fig.2.4thatmodelDimplies larger selection
coefficients than model B, whilst the mean viability and therefore the load
( L = l —v/vmax) is in both cases approximately equal.
An elegant feature of the threshold model is seen when the relative viabilities
of two defined genotypes (A and B) are compared in two different environments. In Fig. 2.5 the relationship between number of homozygous loci and
viability is schematically shown for two environments, E1 and E2 ;E±is heterogeneous with large variance of random effects, E2 is homogeneous with smaller
environmental variance. The ratio of the two viabilities (vB/vA) is changed when
the genotypes A and B are removed from Ex to E2. This point will be extended
later on (chapter 3). This feature of the model, which may be referred to as
genotype by environment interaction, also explains any inbreeding depression
curve.The form and shape of such a curve depends on the distance between the
threshold value t and the mean number of homozygous loci in the non-inbred
population and the variance of random effects, respectively. These may differ
for different species and different environments, which, as KING (I.e.) points
out, results in different inbreeding depression curves.
As far asthe viability component of fitness isconcerned, KING'S model seems
to be correct. However, when regarding total fitness, denned as the expected
number of offspring of a zygote, this can no longer be treated in terms of
probabilities only. Curves for total fitness as afunction of the number of homozygous loci which are of the same form as the curve of Fig. 2.3 are obtained
only if the expected number of offspring of adults approaches a maximum as
thenumber of heterozygous locitendsto its maximum. This means that KING'S
model, in which the form of this curve is essential, only is correct if there is an
upper limit to fertility, which is reached asymptotically. Since on physiological
grounds there must be an upper limit to fertility, the relation between number
of homozygous loci and net fitness may very well be of the form proposed by
KING.

This 'generalized threshold model', applying to total fitness, also accounts
for soft selection as can be seen from Fig. 2.6. Here the relation between total
Meded. Landbouwhogeschool Wageningen 72-24 (1972)
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FIG. 2.6. Soft selection with the generalized threshold model, w:total fitness; n: number of
homozygous loci.£1 and E2 are two different environments. In E2 soft selection isanimportantcomponent of natural selectionascomparedwithEj,. InE2 there isalso lessvariation in
random effects.

fitness (w)and number of homozygous loci («) is shown schematically for two
environments, Ex and E2. In E2 there is a smaller environmental variance than
in £ j and besides the maximum fitness is lower than in E1. Thelatter can be
exemplified by overcrowding or a higher rate of prédation, which can be
understood as soft selection (cf. page 6).
Finally a graphical comparison of the models A, B, C and D is given in Fig.
2.7. As argued on page 16, the selection coefficient s may be approximated by

s = Avlfà(N

- 1)) « Avjv,

in which Av is the slope of the curve at n=\N. The graphs immediately show
that only model D can account for both relatively large selection coefficients
and a relatively small load.

2.3. FREQUENCY DEPENDENT SELECTION

Frequency dependent selection implies that the fitness of a genotype isin one
way or another related to its relative frequency (and possibly that of other
genotypes). If frequency dependent selection plays a role in the maintenance of
geneticpolymorphisms it should be of an equilibrating type, i.e. its mechanism
should cause the gene frequency to move towards some stable equilibrium
value. (Theoretically many other types of frequency dependent selection can
exist, e.g. types leading to fixation of an allele or with unstable equilibrium
gene frequencies.)
On the basis of their experiments KOJIMA and YARBROUGH (1967), KOJIMA
and TOBARI (1969) and TOBARI and KOJIMA (1967) suggest that at the loci (or
chromosome inversions) under consideration the less frequent genotype is
favoured. When this mechanism acts upon a given locus, gene frequency will
reach a stable equilibrium at which all genotypes have equal fitnesses (are in a
sense equally favoured). In an equilibrium population of this type all relative
18
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FIG.2.7.Agraphicalcomparison of the models A,
B, C and D. v:viability;
n: number of homozygous loci; N: total numberofoverdominantloci;
g: frequency distribution
of n in the population.
A:multiplicative model
B: additive model
C: 'deminishing returns'
model
D:threshold model
vA, etc: mean viability
withmodel A, etc.
Seefurther text.

fitnesses equal unity and, consequently, there is no segregational load, though
the population is polymorphic. Strictly speaking, the load only is defined
when there is differential fitness in the population and thus the load of a population as mentioned above is not defined. However, when considering the equilibrium population as a limiting case of a non-equilibrium population (cf. also
section 2.1), the segregational load equals zero. The absence of 'substantial'
segregation load in a population which is in stable equilibrium as a result of
frequency dependent selection has been used by KOJIMA (see KOJIMA and YARBROUGH, 1967 and KOJIMA, 1971) as an argument in favour of frequency
dependent selection as a major cause of the existence of many polymorphisms
in natural populations. It is then tacitly assumed that the absence of segregational load is an optimal situation from the evolutionary point of view.
KOJIMA (1971) has made a set of numerical calculations which are to demonstrate that also with finite population size (which will cause deviations from
the exact equilibrium frequency) the expected load is in general less with frequency dependent selection than with overdominance. However, the utility
of such calculations is doubtful because they are based on relative fitnesses, and
therefore do not adequately describe the mean population fitness. From the
evolutionary point of view, in particular when considering competition on the
population level, mean population fitness rather than segregational load is of
interest. In theory it is possible that when fitness is measured on the relative
scale, that is with the maximum fitness of the population as a reference, the
Meded. Landbouwhogeschool Wageningen 72-24 (1972)
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mean population fitness ismaximized bynatural selection, but that mean population fitness when measured on the absolute scale does not change (or even
decreases). An illustration of this theoretical possibility is given in Table 2.Ill
where viabilities are frequency dependent such that less frequent genotypes
have higher fitness. This example shows that the equilibrium and non-equilibrium populations may have equal mean absolute fitnesses, whilst paradoxically the segregational load, calculated on the basis of relative fitnesses would
indicate that the equilibrium population has the highest mean fitness. Thus,
frequency dependent selection may be a mechanism through which polymorphisms are maintained, but the fact that it implies absence of segregational
load in equilibrium populations does not in itself make it a more likely mechanism.
A difficulty with frequency dependent selection is that it can hardly be
detected in a reliable way from population data (population censuses in successivegenerations), ashas beenpointed out by PROUT (1969).He demonstrates
that deviations from the estimation model may mimic frequency dependency
of fitnesses (see also page 28); in these cases the frequency dependency of
fitnesses is merely a statistical artefact. The estimation of fitnesses from population data essentially is a maximum likelihood procedure (see PROUT; 1965,
1969; DUMOUCHEL and ANDERSON, 1968; STAM, 1971), based on the following
assumptions:
1. There is random mating,
2. Selection is completed at the time of census,
3. Fitnesses are constant over generations.
Deviations from one or more of these assumptions may result in nonconvergence of the likelihood or negative fitness estimates, as demonstrated by
PROUT (I.e.). So non-convergence of the likelihood or negative fitness estimates

TABLE 2.III. A theoretical example of frequency dependent selection: the less frequent
genotypes have the higherfitnesses.Populations I and III are not in equilibrium; population
II isthe equilibrium population. It isseen that the three populations haveequal mean absolute viabilities, whilst the equilibrium population has the maximum mean relative viability.
genotype

pop. I

pop. II

pop. Ill
20

relative absolute
frequency viability

AA

0.81

0.60

Aa
Aa

0.18
0.18

0.70
0.70

aa

0.01

0.80

AA

0.25

0.62

Aa
Aa
aa
aa
AA
AA
Aa
Aa
aa
aa

0.50
0.50
0.25
0.25
0.01
0.01
0.18
0.18
0.81
0.81

0.62
0.62
0.62
0.62
0.80
0.80
0.70
0.70
0.60
0.60

mean
relative
absolute viability
viability
0.620.62

mean
load
relative
viability

0.750
0.875
0.875 0.785

0.215

1.000
1.000

0.620.62

0.620.62

1.0001.000 1.000
10000
10000
1.000
1.000
0.875 0.785
0.875
0.750
0.750

0.000

0.215
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can not be considered as proof for non-constancy of fitnesses and certainly
not for frequency dependency of fitnesses. (Frequency dependent selection in
a non-equilibrium population willresult in changing fitnesses over generations.)
Frequency dependent selection, therefore, can to my opinion not be reliably
demonstrated from comparisons between genotype frequencies of successive
generations, but must be inferred from successive counts during the life span
of one generation. Several examples of the latter approach can be found in
literature (SOKAL and KARTEN, 1964; KOJIMA, 1969).

2.4. NEUTRAL ALLELES

It has been suggested by KIMURA (1968) that many protein polymorphisms as
found ine.g. Drosophilaand man are selectively neutral. If this is true, the polymorphism is the outcome of mutation, random drift and migration. With neutral alleles one expects tofinddifferent setsofallelesinisolated sub-populations.
However, ingeneral the same sets of allelesarefound, and from this ROBERTSON
(1968) concluded that most polymorphisms are maintained by selection.
Using the concept of identity by descent, KIMURA and CROW (1964) derived
the expression
ne = 4Neu+l,

(2.31)

in which ne isthe 'effective number of alleles',Ne is the variance effective population number and u is the mutation rate. By definition
ne = I /'Lpf ,
wherept isthefrequency ofthe z'-thallele.Equation 2.31isbased onthe assumption that every (neutral) mutation of the allele leads to a new, not pre-existing
allele.
As shown by KIMURA (1971), a value of « e = 1.1 roughly corresponds to an
average fraction 0.3 of all enzyme loci investigated being polymorphic, which
is in good agreement with the observations. (In this calculation a population in
which the frequency of one alleleisgreater than 0.95 issupposed to be classified
as a monomorphic one.)
It has long been known (for a recent proof see MARUYAMA, 1970)that conspicuous divergence of subpopulations is possible only when the mean number
of gametes which each isolate exchanges with other isolates is less than one per
generation. MARUYAMA (1970) derived the expression (based on the so called
'island model')
nu

ne = 4Ne nu + — + 1,
(2.32)
m
whereNe isthe variance effective number ofeach isolate,nisthe number ofisolates, uisthe mutation rate,m isthe rate at which each colony exchanges gametes with all other colonies and ne is the effective number of alleles. When comMeded. Landbouwhogeschool Wageningen 72-24 (1972)
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pared with Eq. 2.31 one sees that the increase in effective number of alleles due
to subdivision equals — , which for reasonable values of m (e.g. m > i r r ) bem

JNC

comesvery small.Asan example consider first a singleclosedpanmictic population of effective size 25,000. Let the mutation rate be 10~ 6 , then, according to
Eq. 2.31, ne= 1.1.Now let thepopulation be subdivided into 25isolateseach of
effective size 1000and let/w=0.002(i.e.an average of4 gametes per generation
are exchanged between the isolates). Then, according to Eq. 2.32, ne su 1.11.
These considerations show that a group of sub-populations of a mobile specieslikeaDrosophilaspecieseffectively behavesasasinglepanmictic population,
and therefore an effective number of alleles of 1.1can be considered as realistic
(cf. KIMURA and OHTA, 1971).

Another possible explanation for theexistenceofpolymorphisms with neutral
alleles is supported by so called 'associative overdominance'. Associative overdominance is generated by linkage disequilibrium between an overdominant
locus and a neutral locus: when not in linkage equilibrium, the neutral locus
behaves as if it were overdominant (OHTA and KIMURA, 1970).In finite populationstherewillbelinkage disequilibrium asaresult ofthefinitesample of gametes which contributes to the nextgenerationandthusassociative overdominance
is generated.
2.5. SYNTHESIS AND HYPOTHESIS

Among the mechanisms by which genetic polymorphisms can be maintained
in finite populations, overdominance has received most attention. As discussed
in section 2.2, overdominance with multiplicative gene effects on fitness can
most likely be ruled out because it drastically reduces mean population fitness,
even with a moderate number of overdominant loci. The models with additive
effects and my own model with 'diminishing returns' in their turn are unsatisfactory because they do not accomodate realistic values of selection coefficients.
The threshold model proposed by KING does not suffer from these 'disadvantages' and besides it is very attractive because of its generality.
The analysis of migration models (see MARUYAMA, 1970) has shown that for
populations which are divided into sub-populations and which have a reasonable migration rate, the force of random drift is of far less importance than
previously assumed. As a consequence of this, KIMURA (1970) suggested that
many polymorphisms in fact may be selectively neutral.
The experiments of VANN (1966)and of SVEDand AYALA (1970)have demonstrated the existence of overdominance at the chromosome level in Drosophila,
that is overall overdominance when blocks of loci are considered.
Now,when combining theresults of OHTA and KIMURA (1970)on thedevelopment of associative overdominance with the observation on overdominance at
thechromosome level,Ipropose the following hypothesis:Part of the observed
polymorphic loci are truly overdominant (or may behave as overdominant loci
because of very close linkage of two dominant lociin repulsion phase) but most
22
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of thepolymorphic loci,which are in fact selectively neutral, show associative
overdominanceasaresultofoveralllinkagedisequilibriuminfinitepopulations.
On the basis of this hypothesis some comments can bemade on the experimentalresultsobtained by KOJIMAand associates.(Inconnection withmyown
experiments this point is of special interest.) An important corollary of the
abovehypothesisisthatlinkagedisequilibriummayresultinspurious frequency
dependency offitnesses,aswillbe discussed below.
Supposethat smallsamplesfrom apolymorphicbasepopulation aretakento
establish the two homozygous marker strains and that the marker locus is
fitness-neutral. With the individuals from these homozygous marker strains
populations are initiated at different levels of marker gene frequency. Theexpected pattern offitnessesofthe marker genotypes in these populations corresponds to that of overdominance if the marker locus is linked with an overdominant locus(orchromosome segment).Thiswillinitiallycausethegenefrequency at themarker locusto shift in thedirection ofitsapparent equilibrium
value.However, ifthepopulation isof a reasonable size,thelinkage disequilibrium decreases as a result of recombination and the apparentfitnessesof the
marker genotypes will converge to a common value as the population breeds.
Asthefitnessesofthemarker genotypes approach each other, the apparentselectionpressureatthemarkerlocusdecreases(seeFig.2.8).Thus,theobserved
changesinmarkergenefrequency coincidewithchangesinfitnessofthemarker
genotypes.Knowinglittleaboutthelinkagedisequilibriumintheinitialpopulations, one might conclude thatfitnessesare frequency dependent (i.e. fitnesses
are functions of the genotype frequencies). In the situation considered here
however,thechangesinfitnessarenotcausedbythechangesingenotype frequen-

FIG. 2.8. Changes in gene frequency (?) with
constant selection coefficients (solid curves)
and decreasing selection coefficients (dotted
curves) for an overdominant locus with intermediate equilibrium gene frequency (qe). The
dotted curves may easily bemistaken to be the
outcome offrequency dependent selection. For
explanation see text.
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ciesbut the two simply coincide,and therefore there isno true frequency dependence of fitnesses. The basic shortcoming of experiments as described above is
thatchanges in fitness can not a priori be ascribed to the changes in gene frequency when little is known about linkage disequilibrium in the initial populations. To check whether fitnesses are really functions ofgenefrequency, the experiment should be started with a range of initial marker gene frequencies instead of two extreme values, since, if for the set of gene frequency shifts during
the first generation interval a unique set of fitness parameters can be found, fitnessesareobviouslynotfrequency dependent.Onlyifnouniquesetofparameters
can be found fitnesses are indeed related to gene frequency. In my own experiments (see chapter 3) a unique set of fitness parameters was found.
The effect oflinkage disequilibrium in theinitial populations on the results of
this type of experiments has been recognized by KOJIMA (1971) but he failed to
conclude that the experimental results, if indeed caused by associative overdominance, do not justify his speculation that real frequency dependent selection is a major force in the maintenance of genetic polymorphisms in natural
populations.
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3. E X P E R I M E N T S A N D D I S C U S S I O N O F R E S U L T S

3.1. MATERIAL ANDGENERAL METHODS

Wild type andmutant stocks ofthe flour beetle Tribolium castaneum HERBST
(Coleoptera, family Tenebrionidaé)were kindly provided by Dr. A. SOKOLOFF,
San Bernardino, California, U.S.A. Theexperiments were started with a wild
type strain (tobedenoted by'CAW') anda homozygous black strain ('CAB').
Black isan autosomal mutant affecting body colour with intermediate expression intheheterozygote. The wild type body colour ofT. castaneumis red-rust;
the genebcauses the formation ofadark pigment. The heterozygote is referred
to as 'bronze' (SOKOLOFF, 1966).

Populations were kept in'population vials' (diameter 4cm, height 8cm) ona
standard medium consisting offinesifted whole wheat flour towhich 5% dried
yeast wasadded. Themedium washeated to 60°C for 16hours before itwas
stored for later use. Thevials were closed with a ring-shaped lidinto which a
fine meshed polyether cloth was mounted for air circulation. Cultures were
placedinaroomat31 °Cand± 70%relativehumidity. Under these conditions,
with moderate population density, thedevelopmental period from egg to adult
averaged 30days. The removal ofadults andpupae from themedium was performed with sieves. Virgin females were collected by sexing the pupae and
rearing thesexes separately. In theexperiments generations were non-overlapping.Apopulation was initiated by200virgin adults (sex ratio 1:1)in different
proportions from CAW, CABand their reciprocal F^s. These were put in a
'mating vial' (diameter 5cm,height 6cm)containing 20g medium and were
allowedtomate and layeggsfor2days.Then themedium (witheggs)wastransferred toapopulation vial. This moment marks thebeginning ofa new generation. After 35 days a random sample of approximately 500sexually mature
adults wastaken from thepopulation vialandtransferred toamating vial (now
containing 30 gmedium). After a2daystay inthemating vial, theadults were
removed from the medium and counted and classified; at the same time the
medium (with eggs) wastransferred to a population vial. Then the cyclewas
repeated. For further experimental details see under 3.2 (Population Experiments) and3.4(Fertility Experiments).

3.2. POPULATION EXPERIMENTS

In thepresent experiments population size waskept approximately constant
and therefore population density factors werenottaken into account. The total
number of individuals from which the stocks CAW and CABwere started in
our laboratory didnotexceed 50perstock, which arerelatively small samples.
Thestocks CAWandCABhavenot beenintercrossed toobtain 'isogenic' black
Meded. Landbouwhogeschool Wageningen 72-24 (1972)
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and wild type strains. When it turned out that CAW and CAB had markedly
different genotypic backgrounds, attention focused on the background structures.
Heterozygous individuals were obtained from the reciprocal crosses between
CAW and CAB.Adults ofthemarker genotypes ( + / + , +/b and b/b)each with
equalnumbers ofmales and females weremixedinWeinberg-Hardy frequencies
and placed into a mating vial. The total size of the initial parental populations
was 200; in each of the subsequent generations ± 500 adults were sampled to
be the parents of the next generation. Five initial relative frequencies of the b
allelewerechosen,viz:0.07,0.3,0.5,0.7and 0.9.With eachinitial gene frequencyfour replicatepopulations were started simultaneously. These 5 x 4 = 2 0 populations were maintained for 8 generations in the way described sub 3.1.
The results of the population experiments are summarized in Table 3.1and
Fig. 3.1,where the frequency of the ballele is plotted for the successive generations.
The first generation interval will be considered first. The shifts in gene frequency from generation 0to generation 1 indicatethatselectionpressure against
the ballelemust beconsiderable. In order to obtain an impression ofthe magnitude of the selection coefficients during the first generation interval, the followTABLE 3.1. Data (frequencies of 6-allele) of the population experiment. Roman numerals
indicatereplicates.
Qo = '

generations
0
1
2
3
4
5
6
7
8
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Qo = = 0.5

1o = = 0.3

I

II

III

IV

I

II

III

IV

I

II

III

IV

0.06
0.04
0.03
0.03
0.03
0.02
0.02
0.02
0.02

0.07
0.05
0.03
0.03
0.03
0.02
0.03
0.02
0.01

0.07
0.04
0.03
0.02
0.01
0.01
0.01
0.02
0.02

0.07
0.05
0.04
0.03
0.03
0.03
0.03
0.03
0.02

0.30
0.19
0.13
0.10
0.08
0.09
0.08
0.08
0.08

0.30
0.21
0.15
0.12
0.10
0.09
0.09
0.09
0.09

0.30
0.19
0.14
0.11
0.10
0.11
0.10
0.11
0.11

0.30
0.19
0.15
0.15
0.12
0.14
0.13
0.12
0.11

0.50
0.34
0.26
0.24
0.21
0.19
0.19
0.18
0.19

0.50
0.33
0.26
0.23
0.23
0.21
0.19
0.19
0.18

0.50
0.34
0.27
0.26
0.25
0.22
0.21
0.19
0.19

0.50
0.34
0.26
0.22
0.20
0.18
0.17
0.16
0.16

1o =

0
1
2
3
4
5
6
7
8

0.07

0.70

1o =

0.90

I

II

III

IV

I

II

III

IV

gene- I
rations

0.70
0.47
0.39
0.35
0.32
0.31
0.29
0.26
0.28

0.70
0.48
0.37
0.35
0.28
0.28
0.26
0.25
0.26

0.70
0.50
0.40
0.36
0.35
0.32
0.35
0.31
0.33

0.70
0.46
0.39
0.38
0.39
0.36
0.33
0.32
0.31

0.90
0.67
0.59
0.58
0.52
0.48
0.45
0.45
0.44

0.90
0.66
0.56
0.52
0.49
0.48
0.46
0.49
0.48

0.90
0.69
0.63
0.59
0.57
0.55
0.54
0.56
0.54

0.90
0.66
0.57
0.54
0.53
0.52
0.50
0.53
0.50

0
1
2
3

4o = 0.6( 3
II
III

0.60
0.60
0.60
0.59

0.60
0.59
0.58
0.58

0.60
0.60
0.59
0.59

9o, = 0.80
0
1
2
3

0.80
0.80
0.79
0.78

0.80
0.79
0.80
0.79

0.80
0.78
0.77
0.77
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FIG. 3.1.Frequency of ballele(q)inthe
different sets ofpopulations.Eachsolid
curve represents the average of 4 replicates. Dotted curves represent populations readjusted to q0'=0.% and q0'=
0.6 (see text).

ing approach is sometimes useful, though in our case not correct, as it will be
assumed for the moment that selection acts through differential viability only.
Then the relative viabilities of the genotypes + / + and bib can be estimated by
the methods presented by PROUT (1969) and STAM (1971).The relative viability
estimates for the populations initiated at q0=0.3, 0.5,0.7 and 0.9 are shown in
Table 3.H. The estimates for the population with ^ o =0.07 were not calculated
because the number of b/b individuals in generation 1was too low for efficient
estimation. Although the estimation model used here is not correct because
genotypic fertility differences probably played an important role (see sub 3.4),
it is clear that selection coefficients must be considerably large in order to give
rise to the observed shifts in gene frequencies. When this estimation model is
used,onemightconcludefrom Table 3.II that selectioncoefficients are frequency

TABLE 3.II. Estimates of relative viabilities of genotypes + / + and bjb (v + + /v + 6 andvbbl
v+b), calculated from the shifts in genotype frequencies during the first generation interval.
The estimation model is based on the assumptions of random mating and absence of genotypicfertility differences (see PROUT, 1969).q„:frequency of 6-alleleamongparents.

0.3
0.5

Vbb

v+ +

v+b

V+b

V+b

V+b

1.83
2.10

0.66
0.56

2.71
3.96

0.41
0.21

0.7
0.9
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dependent. Aspointed out by PROUT(1965)thismaybe an artefact caused by an
incorrect estimation model (see also ch. 2,p. 20).As an alternative approach to
the order of magnitude of the selection pressure during the first generation
interval, one can assume absence of genotypic viability differences and ascribe
the shifts in gene frequency to parental fertility differences only. The direction
in which q is changed is the same for all initial gene frequencies, i.e. 'unidirectional' selection against the b allele. This suggests that the genotypes + / + and
+/b are superior in fertility to b/b (sub 3.3. it will be discussed why partial
dominance for fitness of the marker genotypes in the parental generation must
be considered unlikely). With this model, that is selection acting only through a
reduced fertility of b/b, a least square procedure was applied in order to obtain
the selection coefficient of b/b which fitted best to the observations (Fig. 3.1),
yielding J = 0 . 8 5 with an excellent fit. Although this procedure too might be incorrect,it onceagain showstheappreciable selectionpressureagainsttheballele
during the first generation interval. Because with this model aunique set of fitness parameters can be found for all initial gene frequencies, the data do not
allow frequency dependent fertilities. Later on (3.4.) it will be shown that viability differences only play a minor role in the change in genefrequency ;so frequency dependent selection is less probable.
Including now also the second and further generations, the following points
are obvious from Fig. 3.1 :
1. The b allele is selected against.
2. Selection pressure against the b allele decreases as the populations breed.
3. After about 8 generations the gene frequencies apparently reach equilibria,
the equilibrium frequency being dependent on the initial gene frequency.
It isclear that the strains CAW and CABhavedifferent genotypic backgrounds:
if these were similar, then selection would act through the blocus only and the
b allele would become either lost or fixed in all populations, or, in the case of
overdominance or equilibrating frequency dependent selection, it would be
maintained at some intermediate level, which should be the same for all initial
gene frequencies. Thus frequency dependent selection is excluded. Fig. 3.1suggests that the ultimate gene frequency in a population is determined by its
'history'. This point was checked as follows. In the 5th generation virgin adults
were collected from the populations with # 0 =0.9 and q0=0.7 (qs=0.5\ and
<jr5=0.32, respectively); with these adults new initial parental populations were
composed (3replicates of 200 individuals) such that the marker genotypes were
in Weinberg-Hardy frequencies with «70=0.8 and # Q = 0 . 6 , respectively. Thus,
thegenefrequencies ofthepopulationswith<7„=0.9andq0=0.7 were artificially
set to values close to their initial values (the exact initial values could not be
reconstructed because the sample of adults contained too few b/b individuals). The gene frequencies of these populations is given by the dotted curves
in Fig. 3.1.The results are unambiguous: the genefrequency in these 're-adjusted' populations remains nearly constant as would be the case if the black locus
were fitness-neutral.
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The simplest explanation for these observations isasfollows. The black locus
itself is fitness-neutral and selection acts through another locus, A-a, say. The
initial populations are not in linkage equilibrium, CAW carrying the favoured
allele,A, say.Asthepopulations breedtheapparent selectionagainsttheballele
becomes weaker and weaker because the association between the alleles aand b
isbroken down on the way to linkage equilibrium. With this hypothesis a set of
fitness parameters and a recombination fraction might be fitted to the observations. (Note that this hypothesis implies an appreciable selection coefficient at
the A-a locus.) It would be more satisfactory if also a more general explanation
could be given, viz. in terms of homozygosity of chromosome segments (in
which crossing over can take place) rather than a specific locus (or e.g. a small
inversion). For this reason another hypothesis, which accounts for the joint
action of many fitness loci, has been constructed.

3.3. HYPOTHESES

In chapter 2it wasdiscussed how selectively neutrallocican stay polymorphic
in a population as the result of their association with selectively non-neutral
loci (associative overdominance).Although with this model the number of overdominant loci per unit chromosome length is less than with the models which
assign a selective force to each polymorphic locus, the model with neutral loci
still implies overdominance at the chromosomal level. Overdominance at the
chromosomal level isthe basic assumption in the following approach to the explanation of the experimental results.
When a hypothesis which accomodates multiple gene action on fitness is
formulated, a relationship between number of heterozygous lociand fitness has
to be assumed. Several types of this relationship have been discussed in chapter
2. For our present purpose the assumption suffices that fitness is a monotonically increasing function of the number of heterozygous loci. In formulating the
possible causes of the fitness difference between the original marker genotypes
(CAW, CAB and their F t ) the following assumptions will be made.
1. Each chromosome can be considered as a number of successive units of intrachromosomal recombination, (i.e. recombination can only take place
between units) as diagrammed below:
1

unit

1

1

1•

.

•I

I

unit

j
unit
region of
recombination
2. The marker locus is fitness-neutral, or rather the unit which contains the
marker locus is fitness-neutral.
3. The other units may or may not contain a fitness locus and, if so, they show
overdominance for fitness.
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4. Since no general statements can be made about the distribution of fitness
lociover chromosomes, it will be assumed that these follow a uniform distributioninthesensethateach unit has equal probability to contain an overdominant locus (or block of loci).
5. Fitness heterozygotes at any unit have equal average advantage over either
homozygote.
6. The strains CAW and CAB have been derived from the same base population.
In the following a chromosome unit which has originated from the wild type
population (CAW )is denoted by a 0; a unit originated from the marker strain
(CAB) by a 1.With this notation theparental strains and their F x are represented asin table 3.III. It should be noted that the 'state' of a digit (0or 1)does not
correspond to an alternative of allelic units but only indicates which of the
parental strains the unit originates from. For our purpose we now only need to
assign probabilities of homozygosity to each of the classes 0/0, 0/1 and 1/1 (0/1
and 1/0 are equivalent). In the following these will be denoted by X00, X10 and
Xlu respectively. Thus X00 stands for the probability of homozygosity for any
two allelic units from the wild type strain. This implies that the average total
number of homozygous fitness loci of an individual from CAW is proportional
to X00.
Now, since fitness was assumed to be a monotonie function of the total number of homozygous overdominant fitness loci, the difference in fitness between
the two parental stains can be expressed in terms of X00 and X11 (viz. X00^
Xxx ). Since CAB clearly is the least fit of the two strains,
XQQ

< An J

which corresponds to a higher inbreeding coefficient of CAB, or at least an
excess of homozygosity in CAB. The following two hypotheses (A and B) are
based on random and non-random distribution of the excess of homozygosity
in CAB over the chromosomes:
A. randomness of the excess of homozygosity in CAB referring to X00 < Xxx
for all chromosomes.
TABLE 3.III. Binary representation of genomes of the original marker genotypes; +/b:
marker locus.
„ „ „ ...0000+0000
CAW
...0000+0000

00000...
,

...0000+0000
F.

, etc.
00000...
00000...

,
...111161111

_ . D ...11116111
CAB
...11116111...
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, etc.
11111...
11111...

,

, etc.
...11111...
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B. non-randomness of the excess of homozygosity in CAB, referring to
A'oo<^'ii for marker chromosomes only, the other chromosomes bearing
no fitness contrast between the strains.
Hypothesis A
The strains CAWand CABdiffer withrespect to their inbreeding coefficents.
With inbreeding the mean number of homozygous loci of the individuals increases, thus reducing the mean population fitness. When both parental strains
have been inbred this is expressed as
^oo > *io < * n

(3-1)

Theexpectedmeannumber of homozygousloci of hybrid individuals, obtained
bycrossingtwo 'randomly inbred' populations(derivedfrom thesamebasepopulation) equals that of individuals in a non-inbred population. Thus, when only
oneoftheparentalstrainshasbeen'inbred',CABbeingtheinbredparent,wehave
-^oo = ^io < •Aii

(3.2)

When the fitnesses of the parental strains and their Fi are compared, expression
(3.1)corresponds to net overdominance and expression (3.2)corresponds to net
dominance. As discussed earlier (sub 3.2) the apparent 'unidirectional' selection
at the b locus suggests dominance rather than overdominance.
Hypothesis B
The strains CAW and CAB differ with respect to the degree of homozygosity
of the marker chromosomes only. This possibility becomes apparent when the
history of a mutant stock is considered. A mutant stock often is established
starting from a single homozygous mutant individual, observed in a wild type
population, and therefore two randomly sampled mutant alleles in the mutant
stockhaveahighprobability tobeidenticalbydescent. Thisalsoholdsfor alleles
at loci which are closely linked to the marker locus. A mutant strain which
differs from the wild type population with respect to the marker locus only, will
only be effectively obtained by repeated backcrossing to a large wild type population. As an illustration consider the situation that a heterozygous mutant
(+/m) isbackcrossed anumber oftimesto thewildtypepopulation. Let further
an allele on the marker chromosome be at a distance such that the recombination fraction between this locus and the marker locus is r. Then, after n backcrosses, the probability (P) that the marker chromosome still carries a copy of
the allele which originally occurred on this chromosome is given by
P = (1_ r) n .
For unlinked loci with w=10 this becomes
P = (0.5)10 m 0.00098.
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For a locus closely linked to the marker locus with r=0.02, say, however
p = (0.98)10 on 0.82.
Thehighprobabilities ofbeingidentical bydescent ofalleleson lociclosely linked to the marker locus lead to a high degree of homozygosity at the marker
chromosome in the region around the marker locus. Hypothesis B is justified
when itisassumed that CABhas been derived from CAW or a related population without having been backcrossed often enough to ensure approximately
random differences between the stocks with respect to the marker chromosome.
These conditions being fulfilled, our attention can then be restricted to the
marker chromosome. In terms of XQ0, X10 and Xlt the hypothesis can be formulated as

which corresponds to net dominance when the fitnesses of the parental strains
and their hybrid are compared.
Thehypotheses A and B arenot mutually exclusive:CABmay carry an excess
of homozygosity on the marker chromosome while both or one of the parental
strains may have been 'inbred' to someextend.Underbothhypothesesthegenotypic background of the marker genotypes in the population experiments
gradually become similar as the populations breed, resulting in a deminishing
apparent selection pressure at the marker locus. The level of the ultimate
(neutral) equilibrium genefrequency is determined by the input ratios of the
initiallydiffering backgroundsandthe rateat which these backgrounds converge
to the same ultimate general background. In order to determine to what extend
hypothesesA and B are true, the following consideration is useful. Tribolium
castaneumhas 10chromosome pairs (SOKOLOFF, 1966); with the assumption of
uniformly distributed fitness loci,eachchromosome contributes an amount proportional to its length to the reduction in fitness of an inbred population, provided inbreeding depression increases linearly with the number of homozygous
loci (which under KING'S model (ch.2) holds for a large range of genotypes).
Supposing that the marker chromosomes represent one tenth of the genome,
the marker chromosome contributes a proportion 0.1to the inbreeding depression of an inbred population.
Now consider under both hypotheses the fitness of the marker genotypes in
an F2-generation obtained by random mating among Ft individuals. Since
under both hypotheses themarker genotypes inan F 2 will not differ systematically with respect to their genotypic backgrounds on the nonmarker chromosomes, the systematic differential fitness of these marker genotypes in an F 2 is
due to the different make-up of their marker chromosomes only. Consequently,
if the differences between the original marker genotypes (CAW, CAB and F t )
are due to 'random inbreeding', these differences willbereduced considerably
when the marker genotypes of an F 2 are compared, because the proportion of
the genome which contributes to these differences is reduced by at least 90%.
32

Meded. Landbouwhogeschool Wageningen 72-24 (1972)

CAB

CAW

F|
•

a

s
//

bb ++ +b

CAW,
F1

CAB

/
//

b
bb

/
//

//

++'

FIG. 3.2. The expected pattern of
fitness differences betweentheoriginal marker genotypes (0) and the
marker genotypes of an F 2 under
hypotheses A (random inbreeding
of both or one of the parental
strains) and B (only the marker
chromosome bearing a fitness contrast between the two parental
strains).
a: hypothesis A with both parental
strains being inbred
b: hypothesis A with one parental
' strain (i.e. CAB)being inbred.
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If however the differences between the original marker genotypes are due to a
different make-upofthemarkerchromosomesonly,thesedifferences willamong
the marker genotypes in an F 2 still be appreciable (though less, as a result of
crossing overat F t meiosis).Thepattern offitness differences amongtheoriginalmarker genotypes (CAW,CABand F t ) and themarker genotypesinan F 2
under the two hypotheses is schematically shown in Fig. 3.2.
From Fig. 3.1it is seenthat the slopes of the curves show agradual decline
after the first generation interval, which means that thefitnessdifferences between the marker genotypes in the populations only gradually diminish. Althoughthispointmaybeinterpreted asanindicationthat themarkerchromosomeplays an important role in thepattern offitnessdifferences it may in the
caseofarandommatingpopulationnot beused asan argument againsthypothesisA, becausealsounderhypothesisAinsuchapopulation (whereallchromosomes contribute to linkage disequilibrium), there isa gradual approach to
equalfitnessesof the marker genotypes in contrast to the abrupt shifts found
in an F 2 .
Aspointed out above, the information which isrequired to decide to which
extendthehypothesesAandBaretrue(AandBarenotmutuallyexclusive)can
best be obtained from experiments in which the fitness differences among the
original marker genotypes are compared with the corresponding differences
amongthemarker genotypes of an F 2 .The experiments described sub 3.4 (F2
experiment) and sub 3.5 (Fertility experiments) have been designed for this
purpose.
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3.4. F 2 EXPERIMENT

Inordertocomparethefitnessdifferences amongthemarkergenotypesofan
F 2 with the corresponding differences among the original marker genotypes,
the following experiment was carried out. The original marker strains were
crossed in both directions to obtain F t individuals (+/£). These were allowed
tomateandlayeggsinordertoobtain an F 2 generation.Populationdensityin
this experiment was approximately the same as in the population experiments
(section 3.2).
If differential viability isanimportant component ofdifferential total fitness
amongtheF 2 markergenotypes,thenthiswillresultinadeviationfrom theexpected 1:2:1 ratio among F 2 adults. Table 3.IV gives the observed numbers,
which in each of the four replicates closely fit to the expected numbers. This
means that there are no significant viability differences among the F 2 marker
genotypes.
Fromasecond setof4duplicate F 2 populations thepupaeweresexed,virgin
adults weresampled, mixedin theexact 1:2:1 ratio (100adults ofeachsexper
replicate),and wereallowed tomateandlayeggsfor a2dayperiodtoproduce
thenextgeneration (F3).Thus,thispart oftheexperimentisstrictlycomparable
withthepopulation experiment started with marker genefrequency qo=0.5.
Sincenoviability differences amongthe F 2 marker genotypesarepresent,no
viabilitydifferences areexpectedintheF3generationneither.Ashiftinthegene
frequency intheintervalfrom F 2 toF 3thencanbecomparedwith theobserved
shift in the population experiment with <70=0.5. The difference between these
shifts is a measure for the reduction in overallfitnessdifferences between the
markergenotypesofanF 2 ascomparedwiththoseoftheoriginalmarkergenotypes. The observed numbers of F 3 adult marker genotypes and gene frequen-

TABLE 3.IV. Population countsof4replicateF 2 populations,o:observednumber;«:expected
number on the basis of the 1:2:1 ratio. AT: sample size. The homogeneity chi-square (6 d.f.)
is 1.926 + 0.027 + 0.883 + 0.22 - 1.270 = 1.587 (0.95<P<0.99). q: frequency of the b
allele; q: unweighted mean of q.

+/+

+/*

b\b

o 369
e 350

676
700

II

o 243
e 244

III

Genotype

Xs

P

N

Q

355
350

1400

0.495

1.926

0.30<P<0.50

492
489

243
244

978

0.500

0.027

0.95<P<0.99

o 236
e 231

448
462

240
231

924

0.502

0.883

0.50<P<0.70

IV

o 207
e 205.5

411
411

204
205.5

822

0.498

0.022

0.95<P<0.99

Total

o 1055

4124 i j = 0.499

1.270

0.50<P<0.70

Replicate
I

e 1031
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2027

2062

1042

1031
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TABLE 3.V. Population counts inthe F 3 generation. Chi-squarevaluesrepresent values in the
goodness -of- fit test totheWeinberg-Hardyfrequencies. N: samplesize;q:frequency of the
b allele; q: unweighted mean of q.
Genotype

+/+

+/*

bib

N

Replicate
I
II
III
IV

190
243
284
272

283
430
393
416

114
180
145
166

587
853
822
854

a
0.435
0.463
0.415
0.438
q = 0.438

x;
0.221
0.159
0.198
0.094

P
0.5<i><0.7
0.5< J P<0.7
0.5<P<0.7
0.7<i><0.8

ciesaregiveninTable3.V.Innoneofthe4replicatesthereisasignificant deviation from the Weinberg-Hardy frequencies. This means that gene frequency
shifts dueto differential fertilities amongthe3 markergenotypes arenotwidely
different for maleandfemale parents.Asmalldifference between gene frequenciesamongmaleandfemale gametesgivesonlyasmallheterozygoteexcess.As
an example, compare the two following situations (denoting gene frequencies
amongmale andfemale gametesby qmand qf, respectively): A: qm=qf—0.44
and B:<7m=0.5;qf=0.3>%. Inbothcasesthegenefrequency orinthenext generation equals 0.44. The relative frequencies of the three genotypes are 0.1936,
0.4928,0.3136and0.1900,0.5000,0.3100inthecasesAandB,respectively.This
showsthat thedifference betweenqmandqf incaseBishardly detectable from
the genotype frequencies in thenext generation.
It isfurther seenfrom Table 3.Vthat thereisamarked change in frequency
of the b allele: from 0.5 in F 2 to an (unweighted) mean of 0.438 in F 3 . The
corresponding changeinthepopulation experiment with q0=0.5 wasfrom 0.5
to an average of0.34 (see Fig. 3.3).
Itisclearthattherearestillappreciablefertility differences amongthemarker
genotypesofanF 2; however,theseareconsiderably smallerthan the differences
among the original marker genotypes.
From theseexperiments thefollowing conclusions canbe drawn:
1. Differential viability among marker genotypes, if any exists, is negligible
withrespecttothechanginggenefrequencies ofthepopulation experiments.
2. Comparison oftheresultsofthe F 2 experimentwiththoseofthepopulation
experimentwithq0=0.5 showsthatboththemarkerchromosomeandtheother
chromosomes contribute to the difference infitnessbetween the strains CAW
and CAB.
Thesecondconclusionmeansthat neither ofthehypotheses A andBcanbe
rejected on thebasis of this experiment.
As an approach to the relative importance of the marker chromosome and
non-marker chromosomes with respect to the fitness contrast between the
strains CAWandCAB,thefollowing considerationisuseful. Aselection coefficient(s)canbecalculatedfor theobservedchangesingenefrequencies, i.e.the
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FIG. 3.3. Comparison of changes of frequency of the b allele in
thepopulation experiment withq0=0.5(a) andtheF 2 experiment
(b). q:frequency of the ballele; t: generations.

0.3-

0.2

0.1

change from 0.5 to 0.34 in the population experiment with <70=0.5 and the
changefrom 0.5to 0.44in the F 2 experiment. Assumingequal selection coefficientsformalesandfemalesforthemoment,onecancalculatesforthecasesof
dominance(i.e.arelativefitnessset1,1, l-s)andnodominance(arelative fitness
set 1,l-^s, l-s). For thecaseofdominancethevaluesofsinthepopulationexperiment andthe F 2 experiment are0.90and 0.42,respectively. For thecaseof
no dominance these are 0.78 and 0.38,respectively. Assuming further a linear
relationship betweenfitnessand number of homozygous loci, one sees that in
either ofthealternative situations (i.e.dominance and no dominance) approximately half of the reduction infitnessof the original marker genotypes with
reducedfitnessisduetohomozygosity onthemarkerchromosome. Thismeans
that the marker chromosome on the onehand and the nine non-marker chromosomes on the other hand contribute equal proportions to thefitnessdifferencebetween CAWand CAB.Thisshowstherelative great importance ofthe
marker chromosome with respect to the fitness contrast between the strains
CAW andCAB.
3.5. FERTILITYEXPERIMENTS

SincetheF 2 experimentdescribedinsection3.4doesnotprovide information
on thepatternof fertility differences among marker genotypes (i.e. dominance
and partial dominance can not be distinguished), the following more detailed
fertility experiments werecarried out.
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3.5.1. Methods
Virginfemales of a given marker genotype weremated to males of different
genotypes, according to a diallel cross scheme:

b/b +/b + / + (&J)
bib
+/b

+/+
For each of the nine combinations 10males and 10females were allowed to
mateina 3cmdiametermatingvialduring2days.Allmalesandfemaleswere
taken about 5 days after emergence from the pupae. After the two days of
mating, single females were placed in an 'egg laying tower' (see Fig. 3.4). A
tower consisted of2glasstubes,fittedintoeachother. Thelarge(bottom)tube
contained ± 2gofmedium;thebottom ofthesmaller(top) onewasapieceof
polyether cloth. Singlefemales wereput (without etherizing) into the top tube
sothat eggspassed through thebottom sieveinto themedium.After 2daysof
egglayingtheinner(top)tubewiththefemalewasremovedandputontopofa
second bottom tube for another 2dayperiod ofegglaying. In this way2twodayperiods ofegglayingwererecorded. Thetubecontainingthemediumwith
eggs was kept under the usual environmental conditions. After all adults in
thesetubeshademerged, theywerecounted andclassified bygenotype.In this
waythreeexperiments,tobedenoted byE1( E2 and E3werecarried out.These
experiments differed with respect to the source of theparents:
E t . Parents collected from CAW, CAB and a hybrid population which was
obtainedbyreciprocalmasscrosses.
E2. Parents collected from an F 2 population which was obtained by random
mating (in mass) of hybrid individuals.
E3. Parents collected from the populations started with qo=0J in the 4th
generation (#4^0.37).

C

-1.5 cm

J~a

FIG. 3.4. An egg laying tower as used in the fertility experiments,
a: polyether stopper; b: polyether sieve;c: medium
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TABLE 3.VI. Results of fertility experiments Ei, E 2 and E 3 . The body of the tables contains
the mean number of adult offspring per female. The right hand columns and bottom rows
contain the unweighted means of rows and columns respectively.

33

bb

+b

++

??
bb
+b

++

7.7 6.4 7.1 7.1
12.1 25.8 11.3 16.4
11.6 12.4 11.9 12.0
10.5 14.9 10.1 11.8

Ex (foundation stocks)

bb

bb
+b

5.5 5.8 7.4 6.2
6.3 9.6 5.8 7.2
7.5 7.8 17.3 10.9

++

+b

++

33
??

6.4 7.7 10.2

33
?9

8.1

E 2 (F 2 marker • genot:ypes)

bb
+b

++

bb

+b

++

8.3 12.8 5.2 8.8
17.0 12.4 13.0 14.1
19.0 16.1 16.0 17.0
15.1 13.8 11.4 13.3

E 3 (population expt. gen. 4)

It should be noted that the conditions of mating and egglaying in these fertility
experiments are of course quite different from the conditions in the population
experiments; the results of the fertility tests may therefore not automatically
be extrapolated to the population experiments.
3.5.2. Results
The results of thefertility tests are summarized in Table 3.VI, whichgives the
mean number of adult offspring per female during the4day stay in the 'towers'.
Analysis of thesegregation ratio's showed that in none of the singlefemale progenies these ratio's differed significantly from the expected values, nor did the
pooled numbers (pooled over 10females). Soit can be concluded that there was
no differential viability within progenies, at least not related to the marker
genotypes. Inspection of the estimates of variance within each of the 3 x 3 x 3 =
27 combinations showed an approximately linear relationship between mean
and variance, as is expected when the offspring number per female follows a
Poisson distribution. Therefore, the square root transformation of the data was
applied in order to obtain variance estimates which are independent of the
mean, so that an analysis of variance could be applied.
As a first approach to the analysis of the data, the components of variance
were estimated, according to the model:
yUc=fi+xh+ehk(h=l,..,9;k=l,..,
10),
where yhk is the number of offspring of the kth female in combination h,
ah is the random effect of the /zth combination,
ehk is the random error in observation yhk, and
H is the overall mean,
Although this model probably is not correct (there may e.g. be a correlation
between the three <xÄ'swithin a given maternal or paternal genotype), the estimatessj and sf of var (a) (the between combinations component) and var (e)
(thewithincombinations component) respectively,inthethree experiments give
an impression of the overall differences within each of the experiments. The
estimates are given in table 3.VII. This table shows that the overall differences,
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TABLE 3.VII. Estimates of components of variance in the fertility experiments E 1; E2 and
E3>accordingto the model yhk = (x+a^+e^ (see text). The estimates for E 3 were obtained
from the data of the second egglaying period only. In Ex and E 2 the data of both egglaying
periods(i.e. the sums) were used for the estimation, si: estimate of var(a); si: estimate of
var(e);s2= s%+s2e (totalvariance).

0.54
0.25
0.25

E,
E2
E3

1.22
1.21
1.71

1.76
1.47
1.96

measured as s\ are in experiment E 2 considerably smaller than in experiment
E t : s\ drops from 0.54 in E t to 0.26 in E 2 ; the estimated variances of random
effects withincombinations (se2) areequal inthetwoexperiments.Thisevidently
is a result of the more homogeneous backgrounds of the parents in E 2 as compared with Ei. The next step in the analysis of the data concerned the detection
of interactions between paternal and maternal genotypes. Analysis of variance
was applied with the model
yiJk = ß + At + Bj + ABij + em (i = 1, 2, 3;j = 1, 2, 3;
k = 1,..., 10),
where yiJk
\i
Ai
Bj
ABU
etJk

is the progeny number of the kth female of genotype i, mated to
males of genotype j ,
is the overall mean number of progeny,
is the fixed effect of the rth maternal genotype,
is the fixed effect of they'th paternal genotype,
is the interaction of maternal genotype i and paternal genotype j ,
and
is the random error in observation yiJk
(normally distributed with mean zero).

The results of this analysis of variance are summarized in Table 3.VIII. The
significant interactions of parental genotypes in experiments E± and E 2 imply
that the magnitude and even the direction of the differences (cf. Table 3.VI) of
offspring production of the maternal genotypes + / + , +/b and b/b isnot independent of the genotype of the male tester. This raises thefollowing question on
the measure to be used in the estimation of fertilities. On the one hand one

TABLE 3.VIII. P values in the tests of significance of maternal and paternal effects and
interactions in the fertility experiments (Ei, E2 and E3).

Ei

E2
E3

maternal
effect

paternal
effect

P<0.005
0.025<P<0.050
0.010<P<0.025

O.KXXP
0.050<P<0.100
0.100<P
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interaction
0.025<P<0.050
0.025< P < 0.050
0.100<P
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might usethenumber ofoffspring produced whenmarker genotypes aremated
interse(i.e.thediagonalentriesofthedialleltablesinTable3.VI);ontheother
hand thenumber of offspring produced whenfemales ofa given genotype are
matedtodifferent malegenotypesisameasureoftheoverallfertility. Theoverall fertility of a female of given genotype might be measured as its expected
number ofoffspring whentested against arandom sampleofmalepopulations
inwhichthegenotypes occurinWeinberg-Hardy frequencies andamongwhich
the gene frequency is uniformly distributed. This of course is a very arbitrary
way ofmeasuringfertility but it nevertheless givesanimpression ofthe overall
behaviour. Suppose that for a given female genotype the mean numbers of
offspring whenmatedtomalesofgenotypesb/b,+jb and + / + area, ßand y,
respectively. Then the expected mean number of offspring, measured as outlined above,equals
ƒ W + ß-2p (1 - p) + y(1 - p)2} dp
o
which reduces to
(«+ / ? + y ) / 3

(3.3)

It thus turns out that when fertility is measured this way, the values in the
right hand columns of Table 3.VI can be used. The two alternative measurementsoffertility, i.e.themeannumber ofoffspring perfemale whengenotypes
aremated interse(i.e.thediagonalentriesofTable3.VI)andthe measurement
accordingto(3.3)areshowninTable3.IX.Althoughtheabsolutevaluesofthe
twomeasurements differ withinthe sameexperiment, thepattern of differences
betweenexperimentsisthesameforthetwomeasurements:achangefrom overdominance in experiment E t to partial dominance in experiments E2 and E 3 .
Beforeattachingconclusions tothedata ofthefertility experiments,itisuseful toconsidertheinteractions ofparental genotypes in some more detail. As
has been mentioned earlier, there areno significant viability differences within
progenies;however,viabilitydifferences betweenprogeniesofdifferent parental
combinations mightbeacauseofinteraction. Thistypeofinteraction however

TABLE 3.IX. The two alternative measurements of female fertility in the experiments Ei, E 2
and E 3 .
OD: overdominance; PD: partial dominance. The two measurements are discussed in the
text.Data takenfrom Table3.VI,i.e.without thesquareroot transformation.
Inter se

Overall

Inter se

Et
bb

+b

++
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7.7
25.8
11.9
OD

Overall

Inter se

E2
7.1
16.4
12.0
OD

bb

+b

++

5.5
9.6
17.3
PD

6.2
7.2
10.9
PD

bb

+b

++

8.3
12.4
16.0
PD

Overall
E3
8.8
14.1
17.0
PD
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probably does not play an important role,as can be seen byinspection of the
first rowofexperimentE t (Table3.VI).Theb/bfemalesproduce approximately
equal numbers of offspring when mated to b/b, +/b or + / + males. Sincebjb
(CAB) is the least fit genotype, viability differences between progenies would
resultinlessadultoffspring from thematingsbjbxb/b. Inotherwords,ifthere
are viability differences betweenprogenies,weexpect tofindthese amongprogenies ofb/b females.
The data suggest an entirely different type of interaction, which can bedescribedasfollows: thenumber ofoffspring (Zu) producedbyapairwithfemale
genotype i and male genotypej is determined by the capacity of producing
effective gametes ofthat parent which setsthelowerlimit. E.g. afemale which
potentially produces20eggs,canonlyproduceanumber of 10fertilized eggsif
itsmateproducesonly 10effective gametes.Denotingfemaleandmalepotencies
by oct and ß} respectively, the maximum number of offspring (ZtJ) equals min
(ocj,ßj).Withthismodelforinteractionthearrays{a}and{/?}forexperimentEx
become asfollows:
a/ß
7.7
25.8
12.4

12.1
7.7
12.1
12.1

25.8
7.7
25.8
12.4

11.3
7.7
11.3
11.3

Thesefiguresarevirtuallyidenticaltotheactualdatafor E t presented inTable
3.VI.Becausethistypeofinteraction under-estimatesthecapacityinproducing
offspring when mean numbers of offspring per female ore used (a few males
with lowcapacity will decrease the mean number of offspring per female), the
valuesofTable3.VIwere'adjusted' usingonlythoseofthe 10valuesperparental combination which were above the median. These 'adjusted' data, together
with the corresponding (approximate) values of a(, ßj and Zu = min (af, ßj)
areshowninTable3.X. Itisseenfrom thistablethat withthismodelfor interaction,usingthe'adjusted' datathereisthesamepattern ofdifferences between
the experimentsas with the two previously used measurements of fertility: a
change from overdominance in experiment E t to (partial) dominance in experiments E2 and E3.
It should be noted that the interaction as described above, possibly plays a
less important role under population conditions. In the fertility experiments
adultswereallowed tomateonlyfor alimitedperiod.Underpopulationconditionshowever,matingisnotlimitedtoashortinterval,andinparticular alow
capacity of males may thusbe counterbalanced by multiple matings.
The results of thefertility experiments can besummarized asfollows:
1. Thereisamarked decreaseinoveralldifferences betweenparental combinations from experiment E± (original marker genotypes) to experiment E2
(marker genotypes of an F2) (see the variances in Table 3.VII). In fact the
decrease isto the level of overall differences in E3 (population with q0=0.7 in
Meded. Landbouwhogeschool Wageningen 72-24 (1972)
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TABLE 3.X. Adjusted mean numbers of offspring perfemale (A)and corresponding valuesof
«i,ßj and z,j = min (a,,ßj)(B)for experiments Elt E2 and E3.
*:this value is lessreliable since it isbased on only three observations. For explanation see
text.
A

bb

+b

++

B

bb

+b

12.0
17.0
16.6

30.0
18.0

12.0
15.8
17.6

12
30
16

12
16
16

+b

++

a

9.8

++

a

16

30
12
30
16

12
16
16

10

bb

10

24

10
10
10

10
10
10

10
10
24

bb

9.6

8.6

+b

10.0
12.8

13.8
10.8

24.0

10
10
24

bb

+b

++

a

14

18

18

bb

9.0

+b

12.6
14.8

12.8
12.2
18.4

3.3*
13.8
18.4

10
12
18

10
12
14

10
12
18

10
12
18

++

9.0
9.0

S

?
++

E!

ß

c?

?

16

ß

the 4th generation). This decrease must be caused by the much greater resemblance between genotypic backgrounds of the F 2 . As a whole it can be taken as
an indication that the non-marker chromosomes played a role in the fertility
patterns in these experiments. This is in accordance with hypothesis A.
2. When the fertility estimates, based on either inter se crosses or on testing
against a set of different tester populations or on the model for interaction
described earlier, are compared for experiments E t and E 2 , there is a shift from
apparent overdominance in Ej to apparent partial dominance in E 2 . The overdominance in Ej is in accordance with hypothesis A for the case that both
parental strains have been 'inbred' to someextend. Thepartial dominance in E 2
is in accordance with hypothesis B, as will be discussed below.
3. The overall differences between parental combinations in experiment E 3 are
hardly significant (cf. Table 3.VIII). This is in accordance with the general
hypothesis (both A and B) that the genotypic backgrounds of the marker
genotypes gradually become similar as the populations breed.
From these 3points the conclusion is that neither of the hypotheses A and B
can be rejected, i.e. it is not excluded that both marker and non-marker chromosomes play a role inthefitnessdifference between the stocks CAWand CAB.
The partial dominance in experiment E 2 is indeed explained by hypothesis
B, and not by A, as is seen from the following considerations (see Table 3.Ill;
remember thatwith hypothesis B, X00=X10<X11).
Partof the + gametes, produced by a hybrid will carry units from CAB (1), as a result of recombination
within the marker chromosome. For the same reason, part of the bgametes will
carry units from CAW (0). Now it can be intuitively seen that when gametes
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unite at random, the + / + zygotes will, on an average, carry less 1/1 units than
the +/b zygotes, which in their turn will carry less 1/1 units than b/b zygotes.
This can also be seen from the following more formal treatment. Consider a
singleunit at a distance from the marker carrying unit such that the recombination fraction is r. Writing P + +(11) for the probability that 2randomly sampled
+ gametes each carry a copy of a unit from CAB, we have
P + + ( l l ) = r2,
P+b(ll) = r ( l - / - ) a n d
iVll) =(l~r)2,
which shows that for any r (<0.5):
PM(11) > P + i J ( l l ) > P + + ( 1 1 )

(3.4)

With hypothesis B, i.e. X00=Xl0<Xlu
the fitness of an individual is a monotonically decreasing function of its number of 1/1 unit pairs only (see also
ch. 4). Thus expression (3.4) implies
Ww, < w+b < w++
(where w stands for fitness), i.e. partial (or no) dominance.

3.6. DISCUSSION

The parental populations CAW and CAB used in the experiments may have
been in approximate overall linkage equilibrium. The results of the population
experiments however indicate that their genotypic backgrounds markedly differ
and that themarker locus(b)isalmost fitness neutral. When two marker strains
with different genotypic backgrounds are used to initiate a new population, the
latter will exhibit linkage disequilibrium. Whether or not the apparent selection
at the marker locus is ascribed to a single locus, the phenomenon of decreasing
apparent selection pressure can be explained as the result of the approach to
linkage equilibrium. The F 2 experiment and the fertility tests were carried out
to determine the relative importance of the linkage disequilibrium generated
by marker chromosomes and non-marker chromosomes. The results indicated
that neither of the two hypotheses (i.e. random or non random distribution of
'extra homozygosity' in CAB over chromosomes) can be rejected. With respect
to the history of the strain CAB it now becomes probable that CAB has not
been backcrossed often enough to the wild type population from which it has
been extracted to ensure only random differences between the backgrounds of
the marker strain and the wild type strain (indicated by the role of the marker
chromosome). Secondly, the role of the non-marker chromosomes indicates
that both parental strains have been 'inbred' to some extend which may be due
to the small number of individuals the strains were established from in this
laboratory (as mentioned earlier, these numbers were about 50).
It should beemphasized here again that theresults of thefertility experiments
Meded. Landbouwhogeschool Wageningen 72-24 (1972)
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FIG. 3.5. Relation between
fitness (w) and number of
homozygous loci (n) in two
environments, according to
King's threshold model.Ei:
heterogeneous environment,
uncrowded (fertility experiments); E2: homogeneous
environment, crowded (population experiments).

may not automatically be extrapolated to the population experiments because
of the widely different environmental conditions: in the fertility experiments
'population' density during mating and egg laying was extremely low as compared with the population experiments. Crowding is likely to impose soft selection on a population (cf. ch. 2), resulting in a reduced fitness of all genotypes,
especially ofthebetter adapted ones.Besides,thevariance ofnon genetic factors
probably has been different in the two experiments:in the fertility experiments
every female was reared seperately in a vial, whilst in the F 2 experiment and in
thepopulation experiments allfemales ofapopulation shared the same environment, i.e. the same vial. The effects of different environmental conditions of
these experiments might have been as illustrated in Fig. 3.5. In this figure the
possible relations between number of homozygous loci and fitness, according to
KING'S threshold model (see ch. 2) are given for the two environmental conditions. As is seen from Fig. 3.5.the overdominance in the fertility experiments
(Ej) might be changed to dominance in the conditions of the population experiments (E2). The shift of fitness differences as proposed by Fig. 3.5 is of
course a guess,though not arandom guessbecause the 'unidirectional' selection
at the b locus observed in the population experiments also suggest dominance
rather than overdominance.
Theexperiments described inthischapter have shown that linkage disequilibrium caused byboth marker and non-marker chromosomes have played a role
in the process of changing marker gene frequencies in the populations. Linkage
disequilibrium generated bynon-marker chromosomes however,isof secondary
interest because after some generations it contributes but very little to overall
linkage disequilibrium (the term overall linkage disequilibrium here applies to
disequilibrium between the marker locus and any other locus).
In the next chapter a more detailed study of the process of approach to
linkage equilibrium with selection is presented for the model of hypothesis B
(an excess of homozygosity on marker chromosomes only in CAB).
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4. C O M P U T E R S I M U L A T I O N

In this chapter a computer model for simulation of the population experiments is presented and the results are given of a number of simulation runs.

4.1. METHOD OF SIMULATION OF GENETIC SYSTEMS

The simulation of a genetic system often involves the computation of genotype and gene frequencies at many loci simultaneously. For realistic numbers
of loci on a single chromosome the number of variables soon becomes of a
magnitude which isfar beyond the memory capacity ofmost computer systems.
Here the features of binary computer systems become very useful and can be
exploited in an elegant way. The idea is as follows. An allele at a given locus at
which two alleles occur iseither in 'state' A or in 'state' a. Since all information
in a digital computer is stored binary, the alleles A and acan be represented by
'bits' which are in state ' 1 'or '0'. Since a single word in a binary computer consists of many bits,each of which can be in state ' 1 ' or '0',a word can represent
a chromosome region, or, in general, any set of alleles. Thus, a single variable
listedintheprogram, which isrepresented byaword, can represent anumber of
alleleswhichcorrespondstothenumber ofbitsinaword.Inthiswaythe amount
ofcore required is considerably reduced, sothat computers with relatively small
capacity can be used. A pair of words then represents a pair of homologous
chromosome regions or, in general, a genotype defined at many loci (see Table
4.1). This approach has been developed by FRASER and BURNELL (1970) to construct computer programs for the simulation of genetic systems which involve
the manipulation of a set of chromosomes (or alleles). Then, by application of
socalled 'logicfunctions', whichare operationsinBooleanalgebra,mostly being
available as assembly routines of the computer system, the state of a locus
(heterozygous or homozygous) can be determined and the process of recombination canbe simulated. The logic operations NOT, AND, OR and EOR and
their applicationsareshowninTable4.II(ORisnot applied here). Inthe C.D.C.
computer system,usedby the author, thesebit-by-bit operations areexecuted at
a FORTRAN statement of the form: #=AND(L,M).
TABLE 4.1. Binary representation of genotypes.
Genotype
..ABC.
..ABC.
..Abe.
..abC.
..A Be.
..aBC.

Binary notation
..111..
..111..
..100..
..001..
..110..
..011..
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From Table 4.II it isseen that:
1. the symbols 1 appearing in AND (K,L)represent theloci at which theindividual ishomozygous dominant (capitals denote dominant alleles),
2. the symbols 1appearing in EOR(K,L)represent the loci at which the individual is heterozygous,
3. the symbols 1appearing in AND (NOT(X), NOT(L)) represent the loci at
which the individual ishomozygous recessive.
Thenumberofheterozygouslociisobtainedasthe'digitalsum' ofEOR(K,L),
that isthe total number of symbols 1 appearing in EOR(K,L). The simulation
ofrecombinationisshowninpart cofTable4.II.Itisassumedthatrecombination occurs between the second and the third locus, as indicated. A so called
'mask' (M) is generated which contains the symbols 1 from the left end up to
thepoint of exchange and the symbols 0 elsewhere. It is seen that the string
P=AND(M,K) is a duplicate ofthe string Kfrom theleft end to thepoint of
exchange. Similarly, the string ß=AND(NOT(M),L) isa duplicate ofL from
thepoint ofexchangeto theright end. Thearithmaticsum(R)ofPandQrepresents the chromosome region generated by a cross over.
TABLE 4.II. a. Logicoperations NOT, AND, OR and EOR (Exclusive OR).
b. Binary representation of a genotype and application of logic operations to determine the
states at different loci.
c. Application oflogicoperationsinthesimulation ofcrossingover. Forexplanation seetext.
a.

x
1
1
0
0

b. Genotype
ABcDeF
aBcDEF

y

NOT(x)

AND( ,x,y)

OR(*, y)

EORC*, y)

l
0
l
0

0
0
1
1

1
1
0
0

1
1
1
0

0
1
1
0

Binary representation
1 1 0 10 1
0 10 1 1 1

#=110101
£, = 0 1 0 1 1 1
AND(#, I ) = 0 1 0 1 0 1

=#
= £

NK = N O T ( # ) = 0 0 1 0 1 0
NL = NOT(£) = = 1 0 1 0 0 0

# = 1 1 0 1 0 1
£=010111
EOR(#,£) = 1 0 0 0 1 0

NK = 0 0 1 0 1 0
NL = 1 0 1 0 0 0
AND(W#, NL) = 0 0 1 0 0 0
Mask = M = 1 1 0 0 0 0
M= 1 1 0 0 0 0
#=110101
AND(M, # ) = 1 1 0 0 0 0
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NM = NOT(Af) = 0 0 1 1 1 1
NM = 0 0 1 1 1 1
£=010111
g = AND(NM, £) = 0 0 0 1 1 1
P= 110 000
R = 1 10 1 11
(ABcDEF)

+
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Because only afinitenumber ofindividuals can be represented by their binary
analogues, the size of the population to be simulated by means of the above
techniques is finite. Consequently, the use of the FRASER technique is restricted
to stochastic simulation.

4.2. SIMULATION OF THE POPULATION EXPERIMENTS

In chapter 3it has been argued that the strain CAB probably carries an 'excess'ofhomozygous locionthemarker chromosome (hypothesis B). This should
be understood as follows: the average frequency at which homozygous loci
occur in a region near the marker locus in individuals from CAB exceeds the
corresponding frequency in individuals from CAW. Or, in other words, the
probability that a locus in a region near the marker locus is homozygous is in
CAB greater than in CAW. The fate of such a chromosome region with an excess of homozygosity, when introduced into a population which has not such
an excess of homozygosity, will now be studied by means of computer simulation. For this purpose I adopted the FRASER technique as outlined in the
previous section.
As in chapter 3,the term segment isused for the part of the marker chromosome which carries an excess of homozygosity in CAB.The term unit denotes a
unit of intrachromosomal recombination. So the segment under consideration
consists of many units (cf. page 29).
In addition to the assumptionsmentionedinsection3.3(page29)itwillnowbe
assumed that the probability of recombination between any pair of successive
units is equal (i.e. the units are at equal map distances).
4.2.1. Formalisation of the genetic process
Using binary notation of genotypes, the initial populations, composed with
adults from CAW, CAB and hybrid individuals are represented in Table 4.III.
For convenience ithasbeen assumed that theregionsateither sideofthe marker
locus do not behave differently, sothat for astudy of thebehaviour ofthe whole
segment around the marker locus our attention can be restricted to one side of
the marker locus. The marker locus is not terminal or subterminal (SOKOLOFF,
1966).Theunits ofrecombination, asdescribed inchapter 3,are denoted by the
digits 0 or 1.The 'state' of a digit (0or 1)does in my application of the FRASER
technique not refer to an alternative of alleles which is present, but indicates
which of the parental strains it originated from :units denoted by a 0 are from
CAW, those denoted by a 1from CAB.
With our model (see Ch. 3) we have
•^oo = A 1 0 < A n ,

where X00, Xl0 and I n are the probabilities of homozygosity for any two (by
assumption) allelic units from CAW, the hybrid and CAB, respectively. Denoting the relative frequencies of unit pairs 0/0, 0/1 and 1/1 of an individual by
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Al

Poo> A o and P n respectively, and the relative frequency of homozygous loci
of an individual by y, we have

or, since
X00 = X10 andPoo + Pio =
y = X00 + P11(X11-X00)

l—Pu,
(4.1)

In Eq. 4.1 A'ooand A\ t are constants; only the value of P l t is allowed to vary
from individual to individual. Thus, assuming a relationship (<p) between fitness
(w)and number of homozygous loci (y): w=<p(y),knowledge of X00, X11 and
Pu suffices in calculating w:
w = (P{X00+Pll(Xll-

X00)} = f(P,x)

(4.2)

Denoting the mean value of P l t for the three marker genotypes by P u ( + + ) ,
Pu(+b) and P^ibb) respectively, we have in the initial populations (mixtures
of CAW, hybrid and CAB):
Ai(++) = 0
Pu(+b)
=0
PiiQb)
=1
The process we are interested in, is the change of the variables P n ( + + ) ,
Pu(+b) andPi ^bb) asthepopulations breed. The rate at which these variables
change in successive generations depends on the mean number of cross overs in
thechromosome segment under consideration and theintensity of selection (i.e.
the function q>) Besides, the initial composition of the population plays an
important role. In the absence of selection the ultimate frequency of 1/1 unit
pairs would be equal for the three marker genotypes (i.e. P n ( + + ) = P n ( + è )
=Pu(bb) because recombination ultimately will result in linkage equilibrium
between the marker locus and any of the units under consideration, at least in
an infinitely large population. Without selection, the expected ultimate value of
P n ( . . ) ( . . standsfor + + , +b or bb) equals q2, the square of the frequency of
1 units. Selection however favours the 0 units (fitness was assumed to' be a
strictly decreasing function of y) and therefore the actual mean ultimate value
of P u (..) will be less than q2. (Actually, the limiting value of ? n ( . . ) is zero
because every pair of allelic units is treated as a single dominant locus.)
Now the question arises what type of simulation has to be applied, deterministic or stochastic? Since we are interested in the expected values of P n ( . . )
and the frequencies of the marker alleles rather than in their probability distributions,theapriorichoiceisadeterministicsimulation.Deterministic simulation
however requires the knowledge of the complete frequency distributions of the
number of0/0, 1/0 and 1/1 unit pairs for each of the three marker genotypes in
every generation. Thisisseen asfollows. Suppose that the chromosome segment
under consideration consists of Munits ofrecombination; then permarker genotype there are more than 3"possible constitutions, because not only at each unit
48
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the constitutions 0/0, 1/0 or 1/1 may be realized, but for multiple heterozygotes
the repulsion and coupling phase should also be distinguished. The frequency
distribution of these genotypes can be computed from the frequency distribution of the 2 x 2 " types of gametes in the previous generation (in a gamete with
given marker allele at each unit the constitution 0 or 1may be realized). This
distribution in its turn is determined by the distributions of the number of 0/0,
1/0 and 1/1 unit pairs among the adults. Thus, deterministic simulation would
requirethemanipulation ofanarray ofmore than 3 x 3 " variables.It isclear that
realistic values of« (of the order of 100)can not be simulated deterministically;
so it was decided to follow the stochastic approach. Thus a situation arises
where stochastic simulation is applied not because one is interested in the stochastic effects of the process, but because stochastic simulation is the only
feasible method. In this situation the advantages of the FRASER technique (i.e.
reduction oftherequired memory capacity ofthecomputer system)are obvious.
In the stochastic simulation a finite set of chromosome pairs is manipulated.
The variables which are of interest, i.e. the mean value of Pn(..) and the frequency ofthe marker allelearerecordedfrom thissample ofchromosome pairs.
The mean values of these variables are then estimated from the results of a
number of simulation runs. The constitution of the chromosomes during the
process is recorded by the binary make-up of the 'words' whichrepresent these
chromosomes.
4.2.2. The simulation program
The simulation program was written in FORTRAN IV and was run on a
C.D.C. 3200 computer. A flow sheet of the program is given in Fig. 4.1. A
chromosome was represented by a string of 5 'words' and an additional word
for identification of the marker allele. A single word contains 24 bits in the
C.D.C.;anumber of20bits (out of the24)wasused to represent theunits ofrecombination to obtain a total of 100 bits per chromosome. An additional 6th
word was used for the marker locus.
The initial set of marker chromosome pairs was generated according to the
notation of Table 4.III. Chromosomes carrying the + allele were represented
by a string of 6variables, 5of which were assigned the value 220—1 (in binary
notation this is a string of 20 l's); the6thvariablewasassignedanalternative of
2 arbitrary values. The corresponding 5 variables representing a chromosome
with the b allele were assigned the value 0.
The simulation of one generation cycle consisted of the following steps:
1. Two individuals were sampled at random from the population. This mimics
random mating but does not account for dioecy since males and females
were not distinguished. This discrepancy probably is of minor importance (cf.
SVED, 1968).

2. From each of the two sampled parents one gamete was generated; the pair
ofgametes represented a zygote. It was assumed that the occurrence of cross
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next replicate

FIG. 4.1. Flow diagram of the simulation program. N: population size. For
explanation seetext.

generate initial set
of chromosome pairs
next generation
sample two different
individuals (parents)

generate a gamete from
each of the two parents

, survival
probability and marker
genotype of zygote

store zygote, F^ and
marker genotype

compute and store mean
fy-values and marker
allele frequency

replace parental population
by population of zygotes

TABLE 4.III. Binary representation of the genotypes in the initial populations, p: frequency
ofthe + alleleCp+ç = 1).
Genotype

Frequency

+0000+0000...
+0000...
Mill...

Ipq

Mill...
Mill...
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overs involving a particular chromatid is a Poisson process, so that the distance
between successive cross overs is exponentially distributed with probability
density function:
fix) = XeXx (x > 0),
whereXistheintensity oftheprocess (i.e.theprobability ofan eventin an interval of unit length). Thus, for simulation of crossing over the sites of cross overs
can be obtained by successive sampling from the exponential distribution function:
F(x) = 1 - ekx
In this way the sites of successive cross overs were determined until a cross over
occurred outside the chromosome segment under consideration. After determination of cross over sites the corresponding masks (cf. section 4.1)were applied
to a randomly chosen member of the pair of homologous chromosomes, which
mimics random assortment of chromosomes.
3. The zygote was scanned for its marker genotype and its number of 1/1 unit
pairs, being the 'digital sum' (see sub 4.1) of AND (K,L), where K and L
are the homologous chromosomes. This digital sum was divided by 100 (the
total number of units in the segment) to obtain the Pxt value. The relation between number of homozygous loci (y) and fitness (w)was assumed to be linear
(as discussed in chapter 2, according to KING'S threshold model, a linear relationship will hold for a wide range of genotypes):
w = wmax — c.y ,

(4.3)

where wmax is the maximum fitness and c is a constant. Since only relative fitnesses are relevant in the change of genotype frequencies over generations and
becausey isalinear function ofP±±(cf. Eq.4.1),Eq.4.3canarbitrarilybewritten
as
w=l-s.Pllt
(4.4)
and w can be interpreted as the survival probability. Notice that the selective
advantage of CAW over CAB is
1 — (WCAB I WCAW)= S .

A value ofs = 0.8 was chosen in order to realize the considerable shifts in gene
frequency during the first generation interval, as was indicated by the population experiments (Ch. 3).
After determination ofthesurvivalprobability (w)ofthezygote,itwas 'tested'
for survival by means of a pseudo random number (r)uniformly distributed on
[0,1] :r < wresulted in a surviving zygote, r > win a non-surviving one.
If surviving, the zygote, its Plt value and marker genotype were stored; if
non-surviving a new pair of parents was sampled from the parental population
and the procedure of gametogenesis and 'tossing' for survival was repeated
(steps 1-3).
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The above 3stepswererepeated until the required number of survivors had
been generated.
4. From the stored P tt values and marker genotypes, the meanPy1 value per
markergenotypeandfrequency of the marker allele among thezygoticpopulationwascomputed(andstoredforlaterusein the computation of meani^t
valuesper marker genotype per generation from thereplicateruns).
5.Theparental population wasreplaced by the population ofzygotes.
The procedure of sampling the parents of the next generation not only
accountsfor arandomchoiceoftheparents(randommating)butalsoaccounts
for random variation in number of offspring. In the absence of selection the
number of offspring approximately is Poisson-distributed because the probability of being sampled as aparent is smallwith a reasonable population size.
The present author's method for determination of the sites of cross overs
deviates somewhat from the method used in simulation studies on recombination processes by WILLS et al. (1970) and SVED (1969): these authors used a
sample value from a pre-defined Poisson distribution for the number of cross
oversinthechromosome segmentunderconsideration andthendeterminedthe
sitesofthecrossoversbysuccessivesamplingfrom adiscreteuniform distribution on [1,n]where n is the total number of possible cross over sites. This
method and the present author's one are essentially equivalent; the latter is
somewhat less laborious because the sites of the cross overs need not to be
ordered afterwards.
4.2.3. Resultsofsimulation anddiscussion
Thesimulationprogramwas run with the following initial populations representingapproximate Weinberg-Hardy frequencies ofthemarker genotypes:
I
II
II

+/+
2

+/*
16

12
32

26
16

b/b
32
12
2

N
50
50
50

1o
0.8
0.5
0.2

The parameter of the Poisson-process of the occurrence of cross overs (see
section 4.2.2)wassetequal to 0.005.This choiceisofcourse arbitrary. Amap
distancebetweensuccessiveunitswhichequals0.5centimorganimpliesthatthe
mean number of chiasmata in which any one of the two sister chromatids is
involved equals unity.
Now,thepurpose ofthesimulationisnot somuchtofindasetofparameters
which closely fit to the results of thepopulation experiments (infact, only the
marker chromosomes are considered in the simulation), as to make a model
which essentially gives the same results and through which the results are
readily understood.
Each oftheinitialpopulations, I,II and IIIwasrun for 15generations.The
data of20replicaterunswereaveraged.Theresultsareshownin Figs.4.2-4.5.
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FIG. 4.2. Graphs ofPu(..) values in the simulation. Initial gene frequency ? 0 =0.8 (population I).
a: P„(M), b:? „ ( + i ) , c: P „ ( + + ) .
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13
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15

FIG. 4.3.Graphs ofPut.) values in the simulation. Initial gene frequency q0=0.5 (population II). Seefurther Fig.4.2.
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FIG. 4.4. Graphs ofP u ( . . ) values in the simulation. Initial gene frequency q0=0.2 (population III). Seefurther Fig.4.2.

Asisseenfrom thesefigures,thereisaslightdifference intherateofdecreaseof
themeanPti{bb)valuesbetweenthepopulationsduringthefirstfewgenerations.
Thisisexpectedsincewithahighervalueofq0(i.e.populationI)fewerunitsfrom
CAW('0units')willinitiallybetakenupbybib.Thiscan alsobeseenfrom the
Pi!(++) andPii(+&)graphs:thesereachamaximumafter afewgenerations,
themaximumvaluedependingontheinitialcompositionofthepopulation;The
moreCABunitsthereareintheinitialpopulation,themoreoftheseareinitially
taken up by the marker genotypes +/b and + / + .
It isfurther seenthat themean value of./^(éè) inpopulation III (Fig. 4.4)
fluctuates moreovergenerationsthanthePn{bb)valuesinpopulationsIand II
(Figs.4.2and4.3) .Thisiscausedby thesmaller sample sizesinpopulation III
from which the meanP^^bb) values are obtained: there are,especially during
thefirstfewgenerations,considerablylessbjbindividualsinpopulationIIIthan
in populations I and II.
After about some 15generations the difference betweenPn^bb) on the one
hand andPtl(+b) and ? u ( + + ) on the other hand is still appreciable on the
scale of Figs. 4.2-4A;
however, this difference obviously istoo small to bring about afurther significant change in the frequency of the ballele, as can beseenfrom Fig.4.5.
In ordertocomparetheresultsofthesimulationasgiveninFig.4.5withthe
results of the population experiments (Fig. 3.1), a correction has to be made.
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FIG. 4.5.Frequency of b allele (?) in the simulated population. Each curve represents the
average of 20replicate populations.

Denotingthedifferentialfitnesswhich changes the genefrequency from qtoq'
by the operator S, one can write q'=S(q). When population counts are made
among adults, it makes no difference when S is ascribed to either differential
fertility among parents (in case of no viability differences) or to differential
viability among the offspring (incase of no fertility differences). In our case S
changes from onegeneration to the next as a result of recombination between
the marker locus and fitness loci.For thechangein genefrequency during the
firstgeneration interval of the population experiment wehave
?i =

S0(q0),

where S0 corresponds to differential fertility amongparents (inthe population
experiments onlydifferential fertility played arole,asshowninchapter 3).For
the simulation runs however, where selection acts through differential viability
ofzygotes (cf. the description oftheprogram, section 4.2.2),wehave
#i = Si (?o),

where 5X corresponds to differential viability amongthefirstoffspring generation (seeFig.4.6).Thus,inorder to maketheresults of thepopulationexperiments strictly comparable with the results of the simulation runs, one has to
correcttheinitialgenefrequency for thesimulationrunsandtoshift thegenerationindex onegeneration forward, suchthat thefirstchangein gene frequency
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O
q„

FIG.4.6.Diagramforthechanges
in gene frequency in the population experiments and the
simulation runs. q0, qu etc.:
gene frequency among adultsin
2
q0
3
»q.
» q , simulation
successive generations. S0, S „
•^
^.
etc.: selection operators which
s
\
• -_
change the gene frequency from
v
^
^
onegenerationtothenext.Dotted
q?
£q?
^ q , * 2simulation
corrected
simulation
corrected arrows connect equal gene fre
for initial gene
quencies:çl; =S0(<?o )=Qa- For
frequency.
explanation see text.
!°

1
a-q,

2 generation
=>q, population
experiment

Î!

isbrought about byS0 instead of S^.This isindicated in Fig.4.6:wehave to
calculate q*such that
q*i = So(q*o) = q0.

Sincein the simulation runs selection during thefirstgeneration interval only
acts through a reduced viability of the bjbgenotype, the corrected initial gene
frequency (q0*)isreadily found from
q0 = «Î = q* ( 1 "

Sq

*\

(4.5)

1 - *(q*o)2

wheresisthe selection coefficient of bjb.SolvingEq. 4.5for q*yields
q* =

1 ± y/l

-4s(l-qï)qï
2s(l-q*)

ofwhichthesmallerroot satisfies. Thevalue ofsusedinthesimulation runsis
0.8.Thecorrectedinitialgenefrequency (q0*)calculatedfromtheaboveformula
andthecorrectedgraphs,togetherwiththeresultsofthepopulationexperiments
are shownin Fig.4.7.From thisfigureit isseenthat thegenefrequency inthe
simulation runs continues to drop over a longer period thaninthepopulation
experiments,especiallyfor thepopulations withthehigherinitialgene frequencies(i.e.q0=0.9 inthepopulation experiment and q0=0.94 inthesimulation).
Thiscanbeunderstood asfollows.Ashasbeenarguedinchapter 3, themarker
chromosomesandthejointnon-markerchromosomescontributeapproximately
equally to the reduced fitness of CAB. In the simulation however, only the
marker chromosomes were considered. This means that in the population experiments theapparent selection pressure against theballele decreases quicker
with generations than in the simulation runs, because the approach to linkage
equilibrium betweenmarker locusandanyotherlocusisfaster for locionnonmarkerchromosomesthanfor locionthemarkerchromosome.Asanapproach
to thepattern ofthisdifference, assumefor themoment that during allgenerationsselectionactsthroughareducedfitnessoftheb/bgenotype only(i.e.complete dominance). Then, after a few generations the apparent selection coeffi56
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FIG. 4.7.Resultsof thesimulationruns,adjusted for initial genefrequency (-) and of the population experiments (
). q: frequency of ballele.

cients in the simulation and the population experiments are s and a.s., respectively,say( a < 1 becauseschangesslowerinthesimulation than inthe population
experiment). Starting from a given gene frequency (q), the changes in genefrequency in the simulation ((Aq)s) and the population experiment ((&q)p) are
(M)s

1-sq2

- <z

and
q(l-xsq)
( J «)p = -:
r - *'
1—asq
respectively. The difference between these changes (which is a measure for the
discrepancy between simulation and experiment) is
(Aq), - {Aq\ =

sg2(l-g)(l-a)
(l-sq2)(l-<xsq2)

Upon inspection it is seen that the above quantity strictly increases when q increases from 0 to 2/3 for any value of 0 < s < l and 0 < a < l . This means that
the difference between gene frequency shifts in the experiment and the simulation always increases when q increases from 0 to 2/3. This trend is indeed observed, as can be seen from Fig. 4.7 (see e.g. the changes in qfrom generation 3
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to generation 4).Thus,the greater discrepancy (measured as the difference in
A#after somegenerations) between the experiment and the simulation for the
populations with the higher initial gene frequencies is satisfactorily explained
by the role of the non-marker chromosomes, which has been neglected in the
simulation runs.
ReturningnowtothegraphsofFigs4.2-4.4oneseesthatthelimitingvalueof
P u (..) for the three marker genotypes is zero because every unit, except the
unitcontainingthemarkerlocus,istreated asasingledominant locus.In other
words:theinput of 1 unitsfrom CABeventuallyiscompletelylost.Thiswould
meanthatthecompletemarkerchromosomes,excepttheneutralunitcontaining
theballele,from CABbecomeeventuallylost.Inanactualpopulationhowever,
this will not happen, because not every locus is a fitness locus. Nevertheless,
whenfitness neutral units would have been dispersed between the non-neutral
units, this would not have essentially altered the results, because any other
neutral locus willbehave in a similar way asthe blocus.
It is clear that, meeting a situation where 'new' genetic material from a
(partially)inbredpopulationisintroduced into anoninbred breedingstock(as
might bethe casein a plant breedingprogramme) one should be aware of the
possibility of losing a great deal of the newlyintroduced genetic material by
natural selection.Thisphenomenon alsomaybeimportant whennaturalpopulations arepooled spontaneously, asis the casewith introgression.
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5. S U M M A R Y

Inchapter 2anumber ofthemechanisms arediscussed through which genetic
polymorphisms canbemaintained in natural populations: overdominance, frequencydependent selection and neutral alleles with associative overdominance.
The overdominance model is emphasized because overdominance is also the
basic feature of the associative overdominance model. Different theoretical
relationships between number of heterozygous loci and fitness are explored, including their implications with regard to mean population fitness and selection
coefficients atindividual lociinan ideal population. From these, King's thresholdmodelfor multiplegeneaction on fitness proved to be the most satisfactory
in all respects:it accomodates fairly high selection coefficients at individual loci
without implying too heavy a load;it further explains different inbreeding depressions for different organisms and for different environments, as well as
genotype by environment interaction. The model of associative overdominance,
with the incorporation of King's threshold model for multiple gene action, has
been chosen as an operational hypothesis for explanation of my experimental
results (chapter 3) and as a basis for the simulation study (chapter 4).
Chapter 2 further discusses the implications of associative overdominance
(which is a result of overall linkage disequilibrium in finite populations) when
linkage disequilibrium is generated artificially by using a small sample to found
a new population. In this situation pseudo-frequency dependent selection is
expected to occur at selectively neutral loci.An experimental design is proposed
which distinguishes between apparent and real frequency dependent selection.
Chapter 3 presents the experiments:individuals from two laboratory stocks
of Tribolium castaneum HERBST, together with their F l s were used to initiate a
set of polymorphic populations (for the black locus) with different frequencies
of the marker allele. These experiments, jointly taken, indicate that the black
locus itself is selectively neutral under the current experimental conditions and
ruleout thepossibility ofrealfrequency dependent selection.There was however
apparent selection against the mutant allele due to initial linkage disequilibrium. This linkage disequilibrium is described in terms of the different genotypic backgrounds of the components (wild type and mutant stock and Fj) of
the founder population:in the mutant stock there is an excess of homozygosity
which may be randomly distributed over the chromosomes or may be partially
or wholly concentrated in a chromosome region near the marker locus. This
confirms the expectation formulated in the Introduction (chapter 1).The initial
linkage disequilibrium in these experiments isnot somuch due to small samples
from thefounder stocksastothedifferent genotypicbackgrounds ofthe founder
stocks, and, with respect to neutral loci, implies associative dominance rather
than associative overdominance.The apparent decrease in selection against the
b allele is a result of the approach to linkage equilibrium.
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Acomparison ofthefitnessdifferences amongtheoriginalmarker genotypes
(wildtype,mutant black and Fj) ontheonehand andthemarker genotypesof
an F 2 population onthe other hand, showed that thefitnesslocicloselylinked
to the marker locus and thejoint non-linked fitness loci made approximately
equalcontributionstothefitness contrastbetweenthetwofounder stocks(i.e.a
lower fitness of the mutant stock). It also showed that, under the current experimental conditions, differential viability onlyplayed a minor role,if any,in
the genefrequency changes of the ballelein the pooled populations.
Chapter4presentsacomputer modelfor (stochastic) simulation ofthepopulationexperiments.Thismodelisbased on the hypothesis of overdominance at
thechromosomallevelandontheassumptionthatonlythemarker chromosome
contributestothefitnessdifference betweenthefounder stocks.Forthispurpose
FRASER'Stechnique of binary representation of genotypes was adopted.
After correction for some discrepancies between the simulation model and
the experiments (in the simulation only the marker chromosome is considered
andselectionactsthroughdifferential viability),theresultsofsimulationproved
to be in fairly good agreement with the experimentally obtained results. The
simulation model can readily beadapted to other situations,e.g. both founder
stocks being 'inbred', tracking the gene frequencies at more than one neutral
locus, and any arbitrary function relating the number of heterozygous loci to
fitness.
Thefinalconclusion from both the experiments and the simulation study is,
that after introducing the relatively 'inbred' mutant stock into the wild type
population, a great deal of the genetic material of the mutant stock is lost by
naturalselection.Forpracticalbreedingthisimpliesariskoflosing part of the
geneticmaterial, as a result of natural selection, from small samples of (relatively)inbredpopulationswhichareintroducedintoabreedingstock.Ofcourse,
the breeder may artificially selectinfavour ofafitness-neutralcharacter introduced by the 'fresh' genetic material; however, the effect of artificial selection
may be greatly reduced when (in the initial generations) natural selection outweighs artificial selection, since natural selection 'acts' against the desired
character through linkage disequilibrium with fitness loci.
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