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The Role of Finite Population Size and Linkage in Response
to Continued Truncation Selection

II. Dominance and Overdominance*
A. W.QURESHI **

Towa State University, Ames, Iowa

Summary. In a direct Monte Carlo study, the effects and interactions of parental population size, close linkages
between loci, degree of truncation selection and environmental variance are explored in the cases of complete domi-
nance and overdominance with equilibrium gene frequency of .5. The base population simulated has a gene frequency
of .5 at all 40 loci and is a state of gametic equilibrium. Response and fixation of genes are studied up to 30 genera-
tions.

In the case of complete dominance of desirable genes, long term response is described in terms of an initial phase of
change and a later phase when there is a very slow approach to the limit and plateaus are established in the case of
close linkages between loci. The change in the initial phase constitutes most of the total response. Increased selection
in parental populations of 16 or less isineffective when recombination value between adjacent loci is as low as .005.
Linkage effects in reducing response appear to increase in geometric proportions with restricted population size.

Results of the overdominance model provide an interesting study of the effects of population size and linkage on
heterozygosity while there is selection for the heterozygotes. These effects are partially explainable in terms of diffe-
rences in heterozygosity between chromosomes and heterozygosity within chromosomes. The between chromoscme
component of heterozygosity appears to be rapidly reduced with finite population size and common heterozygosity
within chromosomes is conserved due to linkages between loci. In general, however, the effects of selection pressure,
linkage and population size interact strongly. With small populations and tight linkage, increased selection pressure
causes a decrease in amount of fixation. With the largest population increased selection pressure tends to increase the
amount of fixation. It is clear, however, that these conclusions must be regarded tentatively, and an exact picture of
what is happening will be obtained only with very extensive simulation. It seems quite clear, also, that single locus

finite population theory is essentially ineffective.

Introduction

In the first paper of this series of Monte Carlo
studies (QURESHI et al., 1968), the process of conti-
nued selection was examined for additive genes.
When selecting for a quantitative trait in plants or
animals we are probably dealing with a large number
of genes at many more loci than the number of chro-
mosomes in the species. We are also confronted
with gene action involving a variety of dominance
and epistatic effects. In complex multi-locus situa-
tions with linkage and finite population size, a study
of continued selection has to be conditional upon a
given gene action and initial gene frequency.

When selection is based on the performance of a
diploid individual and the zygotic phases in its geno-
type exhibit dominance, population size eifects on
response involve not only the change in gene fre-
quency but also in the heterozygosity as discussed by
Kojma (1961). A more interesting situation is en-
countered when the heterozygote is superior to both
homozygotes. Population size and selection effects
with respect to chance of fixation of a gene and
maintenance of heterozygosity have been examined
for this case by RoBERTsON (1962). HayMAN and
MATHER {1953), and REEVE (1955), have dealt with
the problem of change in heterozygosity in the case
of particular mating systems and selection for hete-
rozygotes at a single Jocus. In multi-locus systems
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effects of linkage and gametic disequilibria also need
to be considered.

This paper deals with a genetic model where gene
effects at 40 loci are similar and additive but the
genotypic value of a heterozygote at each locus is
not equal to the mean of the genotypic values of the
two homozygotes. Two special cases of dominance
are considered, complete dominance of desirable
genes, and pure overdominance with the genotypic
values of the homozygotes equal. The matters of
interest are the changes in the whole polygenic
system arising from truncation selection and the
dependence of these changes on population size,
selection intensity, and the linkage of the several
loci. The results presented here on these aspects are
of exploratory nature and include data presented
earlier in duplicated form (QURESHI, 1964).

Structure of Simulated Populations

The populations consist of diploid individuals of
separate sexes and mating is random among selected
parents, The number of parents in a population is
constant over the generations, and the number of
progeny generated from these depends upon the
degree of truncation selection specified. The geno-
types consist of 40 loci distributed equally on four
chromosomes. Linkages are uniform between ad-
jacent loci on a chromosome and there is no inter-
ference. Two alleles are simulated at each locus, the
favorable allele is referred to as the plus allele. The
initial population is generated by random mating of
the parents that are heterozygous at all loci. The
mean gene frequency is therefore .5 initially and the
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expected numbers of coupling and repulsion phases
are equal.

The genotypic value (g) of an individual is calcu-
lated as follows:

Dominance model: g = n; + #,
Overdominance model: g = #n,

where #, is the number of 4 — phases and #, is the
number of 4 4 phases in the genotype. The in-
finite population equilibrium for the dominance model
has gene frequency equal to 1 and has gene frequency
of .5 for the overdominance model. The environ-
mental component of the phenotypic value isindepen-
dent of the genotype and is constant over the gene-
ration. The simulation procedure of the above genetic
model is similar to QURESHI et al. (1968).

The following levels of parental population size (),
recombination value between adjacent loci on a
chromosome (), degree of truncation selection (),
and the environmental variance (¢?) are varied in
different populations according to a 3% factorial
design so that various effects and interactions are
estimated.

N = 8,16, 64
r = .005, .05, .5
1 1 1
b=

0; = 0, 203, 8039
0%, is the expected genotypic variance in the initial
population. The selection process is continued for 30
generations, or less if fixation occurred earlier.
Selection pressure over the generations is deter-
mined by the degree of truncation and heritability.
The heritability in the narrow sense, % = ¢%/(a% + o3)
which pertains to change in gene frequency, 2,
depends on the additive component of the geno-
typic variance, ¢%, and changes with changing p due
to selection and random drift in a particular line.
Following are the HARDY-WEINBERG expectations
of 72 for the three levels of ¢? and a given $:

0% 0 2 0%, 8 6%
Dominance:
p =5 667 222 074
.6 571 151 047
.7 462 .083 .024
.8 .333 .031  .008
.9 .182 .005 .001
Overdominance:
.5 .000 .000 .000
.6 .077 .026 .009
.7 276 .090 .030
.8 .529 161 .052
.9 780 178 .053

The frequency of a dominant gene at a locus is
expected to increase with selection, but in the case of
overdominance a change towards equilibrium fre-
quency is brought about with selection if $ deviates
from the equilibrium frequency due to random drift.
Besides the changes in p, the effects of departure
from HarRDY-WEINBERG structure also need to be
considered in order to determine the heritability and
the effectiveness of selection over generations in the
populations specified here. These effects include re-
duction in heterozygosity due to random drift and
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change in genotypic variance due to gametic dis-
equilibria.

Quantitative Response

The genotypic mean in generation £, denoted by
my (t =0,1,...), is a function of the average number
of various genotypic phases in the population. The
population has a maximum genotypic mean when
there is 100% heterozygosity at each locus., In the
case of complete dominance the maximum genotypic
mean is also attained when only plus genes are fixed
in the population. For the purpose of standardi-
zation, response in generation f is defined in terms of
percentage of maximum possible response as:

R = ="

Mmax — Mg

X 100; £ =01,.., (1)
1)

where m,, denotes the maximum genotypic mean.
If we denote the average frequency of the -+ gene in
generation ¢ by #; and the average frequency of -4 —
phases in generation ¢ by 2 Q,, R, in the case of com-
plete dominance may also be written as

_ (1= 1o) = [P (1 — o) — Q1]
R, = i e X 100,  (2)
and in the case of overdominance as
thz[Qt—Po“—“fo)] % 100 . (3)

3+ (1 — po)?

It may be seen from (2) and (3) that, with over-

dominance, R, is a function only of change in the

heterozygosity whereas with complete dominance it
also depends upon the change in gene frequency.

Complete Dominance

Since the initial gene frequency, #,, is simulated as
.5, R; is expected to vary between 100 and —100
depending upon the changes in population structure
due to population size, linkage and selection. The
positive values of R, indicate net effectiveness of
selection, whereas the negative values show that the
depressing effects of population size and linkage are
predominant.

Population size effects on response may be ex-
plained in terms of decrease in heterozygosity and
increase in sampling error of the process. Random
drift in mean gene frequency over 40 loci is expected
to be zero but the drift at individual loci contributes
to the variance. Degree of truncation, environmental
variance, dominance variance and the additive
variance may be pointed out as factors that deter-
mine the effectiveness of selection. Since degree of
truncation and environmental variance are constant
in each generation, any non-linearity of response
over the generations is attributed to change in the
additive and the dominance variance.

A considerable amount of sampling error is expect-
ed in the results since the data comprise a single
replication. However, the graphs presented in Fi-
gures 1 to 3 indicate the general features of relation-
ships. The main effects realized under the specified
levels of N, 7, b, and o? are quite obvious from the
figures. A major purpose of this presentation is to
point out certain interactions that occur between
these factors. Analyses of variance of the genotypic
means in different generations were found to be
inconsistent and inconclusive for this purpose be-
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Fig. 1. Dominance model, ¢2 = 0:R; and number of segregating loci in each generation
for various conditions of N, b and #
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Fig. 2. Dominance model, ¢% = zagorRt and number of segregating loci in each generation
for various conditions of N, b and 7

cause of sampling errors. A graphic comparison of
the response curves presented in the figures is more
informative.

When there is free recombination between loci,
response curves can be described in terms of an
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initial phase of change and
a later phase when there
is slow approach to the
limit. The rate of response
in the initial phase deter-
mines the total response to
alargeextent. The decrease
due to low N in the rate
of responseis smaller when
selection is more intense.
Population size effects are
not as pronounced in the
initial phase of response
as they are in later gener-

ations. With increased
truncation selection and no
environmental  variance,

there is a large increase in
R;in the first few generati-
onsandacontinued plateau
is seen in later generations
until all loci are fixed.
With large environmental
varianceorlowheritability,
there is an increasing but
slower response till fixa-
tion. The fluctuations in
response curves in small
parental populations are
increased with environ-
mental variance. Increased
level of truncation ap-
pearstoresultin a smoother
response over generations
even when the environimen-
tal variance is very large
and population size is as
low as 8. When parental
population size is as large
as 64, maximum response
appears to be attainable
with very low selection
pressure. With free recom-
bination, only in the case
of an initial heritability
of .07, N equal to 8 and &
equal to 1/2 is a negative
value of R, obtained after
30 generations of selection.

Close linkages between
loci, as specified in this
study, have a marked ef-
fect on the rate of response
even when parental popu-
lation isaslargeas64. Two
obvious patterns of re-
sponse are seen in this re-
gard: (1) increased rate of
fixation of genes due to
closer linkage resulting in
a decline in R,; (2) when

heterozygosity or the number of segregating loci is
maintained in the population due to selection, a phase
of plateaned response is noticed. With 7 equal to .05,
maximum response appears to be attainable in large
populations in spite of a slower rate of response. In



small populations and low
selection pressure a de-
finite ceiling is imposed.
Fixation of clusters of
genes is seen when 7 as
low as .005 is simulated.
Thus, anegative R; is seen
in all cases except when
N is 64. In parental popu-
lations of 8 there is a very
rapid fixation of all loci
making selection almost
ineffective.
In larger
withcloselinkage,aplateau
in response is seen in later
generations after an initial
change.
teaued phase there is no
fixation of genes.
pearsthatin thesesituations
selection is effective only
in maintaining heterozy-
gosity  without
any change in response.
CoMsTOCK (1961) has re-
ported a similar situation

Vol. 38, No. 6 Finite Population Size and Linkage in Response to Continued Truncation Selection. II 267
" N-¢ V=16 V=64
89| b2 y b1z b1z 05
a 5 S i
£, I - N N N e P L —~
5 R : N o] 005 00057~
= oA, _L gt e el A N LB
Y 07 ’ A J
gk | A% AT |
S RN T N R fipyraa
= N Nen 05 N J T~ L as | | hoos | 005 P
: \ 005\ ~— gm T - R 465 1 !
2, 005 T™~-L 000 L _ W |
100 T T T r
SR | e | 1] b | 1 [ T5
=) - ——
Y 05 0.5 L?*Mé-‘ s NI 08
N b B e
5 | Y- - 0g05 ”-‘751 i T
. s 1 ‘b e | 005 AN e N : |
populations =0 {557 J
§ s \.\\— N A g
S\ R 0 | gt —les || a057‘---|}—
— 2 - — ]
; = 0 Ve PpfF e T - \
During the pla- — : :
%[ b1/ | bl | ][y [ B
It ap- £ % U | e R | P e e
e il i I = ;b* . et N B P S % (11
N 1 VTN -\#.U.ﬂﬂ
= -gpl— A% — S
2o N R
causing 8 N ="+ B SN [ 05 B e ]
S S 17} g 205 0057103
2“0 e N e 21 I ﬂ,oj/T o I
2 0 eI T [ I e Y |
0 0 20 300 0 20 500 10 20 30
Generafions Generafions  Generafions

where linked dominant
genes show ‘‘operational
overdominance”. The data
in this study are not
adequate to discuss these
plateaus in terms of the
genetic structure of the
population. In a detailed
MonteCarlostudy, QURESHI
and KEMPTHORNE (1968)
have shown that in amulti-
locus situation, gametic
disequilibria, arising due
to selection and finiteness
of population size, increase
thedominantcomponent of
the variance and decrease
the additive component.
Hence, selection is ineffec-
tive in Dbringing about
response although varia-
bility in the population is
large. Linkages between
loci tend to conserve the
gametic disequilibria and
thereby cause an “‘opera-
tional platean” in the po-
pulation.

Overdominance

Response curves for
this model, presented in
Figures4 to 6, indicate the
changes in heterozygosity

as a net result of operative forces. Since truncation
selection of 1/2 or more is simulated in this study, a
stable gene frequency equilibrium as well as stable
gametic equilibria would be expected in infinite
populations irrespective of linkages between loci.

Fig. 3. Dominance model, 02 = 806%,:R; and number of segregating loci in each generation
_ for various conditions of N, b and »
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Fig. 4. Overdominance model, o2 = 0:R; and number of segregating loci in each generation
for various conditions of N, b, and #

In finite populations reduction in heterozygosity is
expected over the generations depending upon its
size. Also, drift in gene frequency from its equili-
brium value and gametic disequilibria in a particu-
lar line will result because of sampling nature of the
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Fig. 5. Overdominance model, ¢} = 20}, : Ryand number of segregating loci in each gene-
ration for various conditions of N, b, and »
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Fig. 6. Overdominance model, 6% = 80%,: Iy and number of segregating loci in each gene-
ration for various conditions of N, b, and »

process. Selection and linkage effects are thereby
involved in altering R,, although the population is
initially at equilibrium.

An examination of the response curves in Figures
4 to 6 shows that the simulated levels of truncation

reported in literature.
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selection have similar ef-
fects in very large popula-
tions. In parental popula-
tions of 8 or 16, increased
selection pressure slows
down the rate of decrease
in heterozygosity when 7 is
equal to .05 or more. Since
additive variance is initi-
ally zero, selection is opera-
tive only when there is a
drift in gene frequency and
when sufficient variability
is released in the popu-
lation through recombina-
tions. With tight linkages
between loci (r = .005),
increased selection is seen
to be ineffective in main-
taining heterozygosity. It
is apparent that in the ex-
treme case of gene clusters
practically no variability
1s released in small popula-
tions even after a number
of generations of random
mating. Increased selec-.
tion pressure in this case
appears to decrease further
the heterozygosity in small
populations.

The pattern of response
curves in the case of close
linkage is that of a rapid
drop in R; in the initial
phaseofresponseandavery
slow rate of decrease or
plateau in the later phase.
Close linkage increases the
rate of decrease in hetero-
zygosity in small popula-
tions since blocks of genes
or whole chromosomes are
segregated in each genera-
tion rather than individual
genes. A strong interaction
between population size
and linkage is also appa-
rentin the graphs. Linkage
effects in reducing hetero-
zygosity are very much
magnified in parental po-
pulations of 16 orless. The
decrease in recombination
between loci due to popu-
lation size has been studied
by WRIGHT (1933). The re-
sults of the present study
suggest that the problem of
decrease in heterozygosity
due to linkage in finite po-

pulations deserves more theoretical treatment than is

Fixation of Genes
The trend of fixation of loci that pertains to the
rate of response has been discussed in the previous
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Table 1. Dominance model: Mean squaves obiained from analysis of vaviance of the number of inferiov genes fived

df Generation § Generation 30

Source

o 0 2034 8039 0 203, 802,
N 2 129.00%* 75.4%% 181.0%% 160.0%* 264.0%* 435.0**
¥ 2 131.0%* 66.3%* 116.0%* 268.0** 125.0%% 199.0**
b 2 1.4 2.3 18.9 21.4%% 14.9* 43.0*
N X7 4 54.2%% 16.9 39.1%% 54.9%% 28.4%% 47.1%
N xb& 4 4.6% 4.1 6.8 5.2 9.3 6.6
b X7 4 2 3.3 14.3 7.6 3.4 6.2
N Xrxb 8 .9 5.8 5.2 2.8 2.9 7.5

* k% — gignificant at 5% and 1% level when compared with 3-factor interaction m.s.

Table 2. Dominance model: Number of loci fixed for infevior allele in 30 genevations

¥ = .005 3 = .05 ¥ = .5
a2 b N =38 16 64 8 16 64 8 16 64
1
Y 19 21 2 9 7 0 2 2 4]
0 —j’_— 19 14 1 2 2 0 1 0 0
+ 16 10 0 4 2 0 3 2 0
1
> 18 16 0 12 6 1 9 3 0
2 —1— 18 12 0 16 6 0 4 4] 0
% 11 11 2 8 5 0 4 1 0
1
> 22 23 2 20 12 0 9 2 1
8 % 21 15 0 14 6 0 6 5 0
fg— 21 11 0 8 4 0 6 2 0
Table 3. Overdominance model: Mean squares obtained from A.0.V. of the number of fixed loci
df Generation 15 Generation 30
Source g2 o 202 8 0% 0 203 80%¢
N 2 824.0%* 1180.0%** 1331.0%* 1170.0%* 1564.0%* 2011.0%*
7 2 1039.0%* 577.0%% 451.0%* 1055.0%* 779.0%% 579.0%*
b 2 0.5 0.0 0.0 12.7 10.1 7.0
Nxr 4 132.0%* 95.0%* 88.0%* 117.0%* 60.9%** 77.7%%
Nxb 4 25.7 20.6 6.6 22.4% 12.9 9.2
bXxr 4 4.1 23.1 12.4 3.0 23.7 4.7
NXrxbd 8 10.8 16.0 8.7 4.3 9.7 7.3

® #% - gignificant at 5% and 1% level when compared with 3-factor interaction m.s.

Table 4. Qverdominance model: Number of loci fixed within 30 generations

7 = .005 7 = .05 r=_.5

o2 b N=38 16 64 8 16 64 8 16 64
% 40 23 6 31 14 0 16 6 0

0 - 39 39 7 26 15 8 13 6 2
%— 36 33 12 19 16 1 8 4 0
% 40 23 8 34 24 1 25 7 1

2 %— 40 40 11 30 16 2 17 8 0
% 40 33 9 26 19 0 15 6 0
% 40 39 3 34 36 1 25 10 1

3 % 40 37 7 35 22 1 24 8 2
% 40 31 11 30 18 (¢} 22 12 [¢]
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section. The number of segregating loci in each
generation is given in Figures 1 to 6 in order to in-
dicate the rate of approach to complete fixation. In
this section we shall discuss the effects and interaction
of selection, population size and linkage from the
point of view of chance of fixation of an allele. It
was not possible to follow the simulated populations
until all loci were fixed as the approach to complete
{ixation was very slow especially with parental po-
pulations of more than § and with free recombina-
tions. However, the proportion of fixed loci after 30
generations of selection and random mating provides
some information in this regard.

In the case of complete dominance the trend of
response indicates also the fixation of plus genes in
successive generations. Analyses of the number of
plus genes fixed, give results similar to those pre-
sented under quantitative response. The number of
inferior genes fixed in each generation, under the
specified conditions, indicates the process of fixation
more clearly. Analyses of variance, given for 8th
and 30th generations in Table 1, show that population
size and linkage effects are cumulative over the
generations and that differences due to various
levels of truncation are small in early generations but
become considerably larger in later generations.
Figures given in Table 2 indicate that increased
selection intensity is important in reducing the pro-
portion of inferior genes fixed when parental popu-
lation is 16 or less and when genes are closely linked.
A strong interaction between population size and
linkage as indicated by the response curves is also
seen with respect to the fixation of inferior genes.
Table 2 illustrates that population size and linkage
effects are definitely non-additive.

The results for the overdominance model, presented
in Table 3 and 4, indicate population size and linkage
effects in spite of selection against fixation of genes,
It was mentioned in the previcus section that with
close linkage the rate of decrease in heterozygosity
appeared to be increased with increasing intensity
of selection. It is interesting to note in Table 4 that
the proportion of fixed loci within 30 generations is
also increased under these conditions. ROBERTSON
(1962) has shown that when the equilibrium gene
frequency is not within a range of .2 to .8, selection
for heterozygosity may accelerate fixation in finite
populations. The genetic nature of a similar situ-
ation with linkage needs further study.
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Zusammenfassung

Die Wirkung und Wechselwirkung der elterlichen
PopulationsgréBe, der engen Koppelung zwischen
Loci, dem Grad der Verteilungsstutzung bei Selek-
tion und der Umweltvarianz wurden in einer direkten
Monte-Carlo-Simulation ftir den Fall vollstindiger
Dominanz und Superdominanz fiir eine Gleichgewicht-
Genfrequenz von 0,5 untersucht. Die Ausgangs-
population besal eine Genfrequenz von 0,5 an allen
40 Loci, sie befand sich im Zustand des Gameten-
gleichgewichts (gleiche Hiaufigkeit von Repulsions-
und Attraktions-Typen). Die Reaktion der Popu-
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lationen und die Fixierung der Gene wurden iiber
dreiBig Generationen hinweg verfolgt.

Im Falle vollstindiger Dominanz erwiinschter
Gene kann die Langzeitreaktion in eine Initialphase
mit schnellen Anderungen und eine spite Phase mit
sehr langsamer Nédherung an einen Grenzwert unter-
teilt werden, wobei im Falle enger Koppelung zwi-
schen den Loci Plateaus gebildet werden.

Die Anderungen wihrend der Initialphase machen
den gréften Teil der Gesamtreaktion aus. Besteht
die elterliche Population aus sechzehn oder weniger
Individuen, so ist eine zunehmende Selektionsinten
sitdit unwirksam, wenn die Rekombinationswerte
zwischen benachbarten Loci 0,005 oder niedriger sind.
Hinsichtlich der Reduktion der Reaktionsgeschwin-
digkeit scheinen Koppelungseffekte geometrisch pro-
portional der begrenzten Populationsgréfe zuzu-
nehmen.

Die Ergebnisse des Superdominanzmodells er-
lauben eine interessante Untersuchung der Wirkung
der Populationsgrofe und der Koppelung auf die
Heterozygotie bei selektiver Begiinstigung der Hete-
rozygoten. Die Wirkungen sind teilweise erkliarbar
durch Unterschiede der Heterozygotie zwischen den
Chromosomen und innerhalb der Chromosomen. Die
Heterozygotiekomponente ,,zwischen den Chromo-
somen’’ wird mit begrenzter PopulationsgréBe stark
reduziert, wihrend die allgemeine Heterozygotie
innerhalb der Chromosomen infolge der Koppelung
zwischen den Loci erhalten bleibt. Im allgemeinen
gibt es strenge Interaktion zwischen den Wirkungen
des Selektionsdruckes, der Koppelung und der Popu-
lationsgréBe. Bei enger Koppelung in kleinen Popu-
lationen vermindert ein erhéhter Selektionsdruck das
Ausmal} der Genfixierungen. In der gréBten Popu-
lation dagegen fithrt ein erhdhter Selektionsdruck zu
einer Zunahme der Fixierungsrate.

Es ist jedoch kar, daB Folgerungen dieser Art noch
vorsichtig zu bewerten sind und ein genaues Bild der
tatsidchlichen Vorgidnge erst mit sehr viel ausfiihr-
licheren Simulationen erhalten werden kann. Auf
jeden Fall wird klar, daB eine Theorie iiber begrenzte
Populationen bei Betrachtung einzelner Loci im
Grunde genommen unwirksam ist.
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