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Summary

The effects of mutation, migration, random drift, and selection on the change in frequency of the alleles
associated with Huntington disease, porphyria variegata, and lipoid proteinosis have been assessed in the
Afrikaner population of South Africa. Although admixture cannot be completely discounted, it was possi-
ble to exclude migration and new mutation as major sources of changes in the frequency of these alleles
by limiting analyses to pedigrees descendant from founding families. Calculations which overestimated the
possible effect of random drift demonstrated that drift did not account for the observed changes in gene

frequencies. Therefore these changes must have been caused by natural selection, and a coefficient of selec-
tion was estimated for each trait. For the rare, dominant, deleterious allele associated with Huntington dis-
ease, the coefficient of selection was estimated to be .34, indicating that this allele has a selective disadvan-
tage, contrary to some recent studies. For the presumed dominant and probably deleterious allele
associated with porphyria variegata, the coefficient of selection lies between .07 and .02. The coefficient of
selection for the rare, clinically recessive allele associated with lipoid proteinosis was estimated to be .07.
Calculations based on a model system indicate that the observed decrease in allele frequency cannot be ex-

plained solely on the basis of selection against the homozygote. Thus, this may be an example of a

pleiotropic gene which has a dominant effect in terms of selection even though its known clinical effect is
recessive.

Introduction

The effect of selection on gene frequency has rarely been
measured in human populations. In the few cases where
it has been estimated, independent determinations are
often in conflict or give unanticipated results. For ex-
ample, the allele associated with Huntington disease
was measured to be selectively deleterious in a Michi-
gan population (Reed and Neel 1959) but, surprisingly,
was determined to be selectively neutral in a Queens-
land population (Wallace and Parker 1973) and selec-
tively advantageous in both a Minnesota (Marx 1973)
and a Welsh (Walker et al. 1983) population. Alleles
at loci associated with the genetic diseases porphyria
variegata and lipoid proteinosis have been postulated
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to be selectively neutral, despite their effect on pheno-
type, because of the high incidence of these diseases
in South Africa (Dean 1971; Botha and Beighton 1983b).
More recently, the high incidence has been attributed
to founder effect (Diamond and Rotter 1987). In the
present paper, estimates of the coefficients of selection
for the alleles associated with each of these traits have
been made in the well-defined Afrikaner population of
South Africa.

Directional selection alters gene frequency from one
generation to the next within a population. Before se-
lection can be estimated from an observed change in
gene frequency between generations, three alternative
explanations-migration, mutation, and random drift-
must be examined. Pedigree analysis in the well-defined
Afrikaner population would allow new immigrants and
new mutations to be easily recognized. The effect of
random drift was determined by estimating its maxi-
mum possible effect given the initial population size
and gene frequency and then comparing this value with
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the observed generational change in gene frequency. In
each case the observed change in gene frequency was
larger than the estimated maximum effect of random
drift. Thus selection must have occurred, and a coefficient
of selection could be estimated. The coefficient of se-
lection measures the relative lack of offspring produced
by an individual with a given genotype. For example,
a coefficient of selection of .2 would mean that affected
individuals produce 20% fewer offspring than does an
average individual in that population.
The Afrikaner population of South Africa was used

to estimate the effects of selection on the alleles as-
sociated with Huntington disease, porphyria variegata,
and lipoid proteinosis. The Afrikaners are a subset of
white South Africans whose ancestry has been traced
to a small group ofDutch, German, and Huguenot set-
tlers who founded the Cape Colony in the late 17th
and early 18th centuries. There have been 12-14 gener-
ations since the founding, and it has been estimated
that currently there are 2.5 x 106 Afrikaners in South
Africa (Botha and Beighton 1983b). There are conflict-
ing estimates of the size of the founding population.
Dean (1972) states that there were 20 original family
names-and thus presumably 20 separate families in
the founding Afrikaner population-while Botha and
Beighton (1983b) state that there were 50 original free
burghers and their wives. Botha and Beighton (1983b)
refer to a list of immigrants which shows that half of
the most common surnames among the Afrikaners ar-
rived before 1691 and that the other half arrived before
1717. The later arrivals could be treated either as im-
migrants to the second generation or as members of
the first generation if the population had discrete gener-
ations. However, this population has overlapping gener-
ations, and the status of the later arrivals is uncertain.
Although the number of original settlers is not clear,
an initial population of 100 will be used to calculate
the effect of random drift, the observed change in gene
frequencies, and the coefficients of selection. This esti-
mate is more inclusive and is consistent with the 1691
and 1701 censuses, which count all whites of all ages
(see Botha 1972; Botha and Beighton 1983a).
The analysis was limited to Afrikaners in an attempt

to limit the effect of migration on the change in gene
frequencies. If white South Africans were considered
as the current population, the change in gene frequen-
cies due to English immigrants and their progeny would
have to be calculated. The calculations are more straight-
forward if these migrations are excluded.
Some small migrations- such as the immigration of

small groups absorbed by the Afrikaners; the admix-

ture by Bantu, colored, and English; and the emigra-
tion of Afrikaners both to other nations (notably Zim-
babwe and Zambia) and to the colored population of
South Africa (Dean 1971)- have affected the Afrikaner
population. While available data do not allow accurate
estimation of the magnitude of these migrations, it has
been estimated from blood group markers that the
Afrikaner population has approximately 8% Bantu ad-
mixture (Botha 1972). In addition, we show here (see
below) that even admixtures of up to 50% have only
a small effect on our calculations. Thus, the effect of
migration can be ignored in our calculation of the
coefficients of selection.
The presence of affected individuals in the popula-

tion because of immigration or new mutation was elim-
inated by studying traits which could be traced by pedi-
gree analysis, to a carrier among the founding colonists.
For each of the diseases to be discussed, the pedigrees
of affected individuals from different families could be
traced to single families among the founders of the Cape
Colony (Dean 1971; Hayden 1981; Botha and Beighton
1983b). This is consistent with the hypothesis that these
alleles were present in the founders. Given that these
mutations are rare elsewhere in the world, it is unnec-
essary to postulate a new mutation or a new immigrant
as the origin of these alleles in any affected individual.
Even if some of the affected individuals did result from
new mutations, the calculations would only slightly un-
derestimate the deleterious effects of these alleles.

For determination of the effect of selection on gene
frequency, the critical comparison is between the ob-
served generational change in gene frequency and the
magnitude of the possible effect due to random drift.
If the estimated magnitude of random drift cannot ac-
count for the observed change, then natural selection
has occurred. Although the effect of random drift on
gene frequencies in the Afrikaner population cannot
be determined exactly, its maximum possible effect was
estimated from the change in gene frequency between
successive generations, according to the equation
pqI2N, where p and q are the frequencies of alterna-
tive alleles andN is the population size (Falconer 1976,
p. 51). This expression is maximized whenN is smallest.
In the rapidly expanding Afrikaner lineage (Botha and
Beighton 1983a), this occurred in the first generation.

Coefficients of selection were estimated using the
method of Clarke and Murray (1962). Their model as-
sumes (1) a large, Mendelian population in which there
is no mutation or migration, (2) an allele which is dom-
inant and deleterious, and (3) discrete generations. Al-
though Afrikaners have overlapping generations, Hal-
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dane (1926) has determined that this does not
significantly affect the outcome of these types of calcu-
lations. A consequence of this model is that for rare
alleles the coefficient of selection is primarily derived
from affected heterozygotes, because of the virtual ab-
sence of homozygotes.

According to this model (Clarke and Murray 1962),
the wild-type homozygote occurs at a frequency of q2
and has a relative fitness of 1, the heterozygote occurs
at a frequency of 2pq and has a relative fitness of 1
minus the selection coefficient (S), and the affected
homozygote occurs at a frequency of p2 and also has
a relative fitness of 1 - S. Given these assumptions,
the change in q from the initial to the next generation
is [Sq2(1-qo)]/(1-Sq2), where qo is the gene frequency
in the initial generation (see Falconer 1976, table 2.1).
When treated as a differential equation, so that n gener-
ations can be considered, the solution after integration
can be expressed in terms of the initial and final gene
frequencies qo and qn and the number of generations n:

l qo (1-qn) 1 1

= Lqn (1-qo)J qn qO

t +log, ( qn)
1 - qo

The variance of the selection coefficient V(S) is also
dependent on the initial and final sample sizes No and
Nn:

/1 1 1 2 qn(l-qn)

Vqn l-qn q~n 2Nn

( + g -qq-qo )

V(S) =

l1 1
+ +

qo1-q0

±\\2 q0(1-_q0)
+ -I

2No

Huntington Disease

A recent survey identified 210 Afrikaners affected with
Huntington disease who were descendants of an origi-

nal settler who was a presumed heterozygote (Hayden
1981). Thus, the gene frequency in the original popula-
tion was 5 x 10-3 (1/200). When the expression
pq/2N is applied, the estimated magnitude of change
due to random drift from the first to the second genera-

tion is 4.98 x 10-5. Despite the very small amount
of change that can be attributed to random drift in the

first generation, it is the maximum per generation be-
cause the population was expanding in size. Thus, using
the magnitude of change associated with the first gener-
ation as an estimate for each of the succeeding 14 gener-
ations will overestimate the accumulated effect of ran-
dom drift between the initial and current generations.
In the extremely unlikely event that the gene frequency
persistently drifted in the same direction in each of the
14 generations (2-14, or 1/16,384), the maximum
change in gene frequency that could have occurred
would be 7 x 10 -4. The current gene frequency esti-
mated from the 210 affected individuals (Hayden 1981)
identified among the 2.5 x 106 Afrikaners descendant
from the original colonists (Botha and Beighton 1983a)
is 4.2 x 10 -5. Thus, the current gene frequency is ap-
proximately two orders of magnitude less than the ini-
tial gene frequency. The observed change in gene fre-
quency, 4.9 x 10-3, is much too large to be explained
by random drift alone. Therefore, selection must be
operating to reduce the frequency of the allele associated
with Huntington disease.

If the original frequency plus or minus the maximum
accumulated effect due to random drift was found in
the current population, there would currently be 25,000
+ 3,500 affected individuals instead ofthe 210 observed
affected individuals. This substantial decrease must be
attributed primarily to natural selection, consistent with
the conclusion of Reed and Neel (1959) that the allele
associated with Huntington disease is deleterious.
The calculated coefficient of selection against indi-

viduals in the Afrikaner lineage who have the allele for
Huntington disease is .3419 (table 1). This estimate of
selective disadvantage is twice that estimated by Reed
and Neel (1959) and may reflect differences either in
the populations studied or in the nature of the muta-
tion. Juvenile onset occurs in the Afrikaners (Hayden
1981) but not in the Michigan population studied by
Reed and Neel (1959). In addition, onset occurs before
the age of 30 years more frequently in Afrikaners
(33.3%) than in Michiganders (26.3%) (Hayden 1981).
Earlier onset could affect the coefficient of selection be-
cause the affected Afrikaners would be expected to be
reproductively active for a shorter period of time- i.e.,
to have a smaller reproductive value (Fisher 1958)-
and to provide less maternal care (see Reed and Neel
1959) than the Michiganders.
The estimate of current gene frequency in the

Afrikaners would also be affected by any admixture from
other populations. However, the effect on these calcu-
lations would be small. For example, if50% ofthe cur-
rent Afrikaner population is the result of admixture,
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Table I

A Numerical Summary

Huntington's
Disease Porphyria Lipoid Proteinosis

Initial population size ........ 100 100 100
Initial frequency:
Mutant .................. .005 .005 .01
Wild type ................ .995 .995 .99

Changes due to random drift:
1 Generation ............. 4.98 x 10-5 4.98 x 10-5 9.9 x 10-
n Generations ............ 7.0 x 10-4 6.0 x 10-4 1.39 x 10-3

Recent gene frequency ........ 4.2 x 10-5 Maximum .00225,
minimum .00394 .0036

Observed change (mutant) .... .0049 Maximum .00275,
minimum .00116 .0064

Explained by random drift .... 14% Maximum 22%,
minimum 51% 22%

Coefficient of selection ....... .3419 Maximum .067,
minimum .020 .0742

Variance .................. .0052 .0073 .0026

the size of the population descendant from the founders
would be 1.25 x 106, but the coefficient of selection
would only be reduced to .2924. Clearly, migration can
only account for a fraction of the observed change.

In the Australian study (Wallace and Parker 1973),
the allele associated with Huntington disease was esti-
mated to be selectively neutral (S = 0). The selective
differences between the Australians and the Americans
and Afrikaners could be due to (1) later onset in Aus-
tralians (only 17.3% are affected before age 30 years),
(2) the presence of a remarkably large Australian fam-
ily which skews the data (for a previous example, see
Reed and Palm 1951, and for discussion, see Reed and
Neel 1959), and (3) the fact that the Australian esti-
mate does not include early childhood mortality, which
in Michigan was higher among the offspring of female
choreics than among offspring of normal females (Reed
and Neel 1959).

Surprisingly, two other studies, one in Minnesota and
one in South Wales, which estimated the coefficient of
selection (1 - fitness) for individuals with Huntington
disease found the allele to be advantageous. In the first,
Marx (1973) noted that many affected individuals were
immigrants and that the immigrants as a group tended
to have larger families than did the general population
in Minnesota. Since the general population was used
as the control group, it is likely that the estimated
coefficient of selection contains a cultural component
and thus is not an accurate estimate ofthe selective value
of the allele associated with this disorder.

The second study (Walker et al. 1983) used data from
an earlier survey (Walker et al. 1981) that had an ascer-
tainment method which might inflate fitness estimates
in two ways (both acknowledged by the authors in 1981).
Their method was to identify propositi and then inten-
sively search among relatives for other affected individ-
uals. Only 30% of the affected individuals were
propositi, an observation consistent with two possible
biases. First, families with only a few affected individu-
als may have been undetected. Second, large families
may be overrepresented. Indeed, Walker et al. (1981)
remarked that some affected individuals in small fami-
lies were diagnosed after the close of the study and that
in one of the two counties there are two very large
kindreds which skew the data (see above).

Porphyria Variegata

A recent survey identified 29 individuals with por-
phyria variegata among 6,458 adult patients at two Port
Elizabeth hospitals (Dean 1971): a gene frequency of
2.25 x 10-3. All of the affected individuals are
descendants of a single original founder who was a pre-
sumed heterozygote giving rise to both affected and
nonaffected lineages (Dean 1971). The calculated gene
frequency is a minimum because it is unlikely that all
of the hospital patients are Afrikaners descendant from
the founding population. Nationally, 57% (Botha and
Beighton 1983a) ofwhite South Africans are Afrikaners.
Thus, the expected number of patients of Afrikaner
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descent can be estimated to be 3,681. Since Dean (1971)
states that the proportion of Afrikaners is higher in the
Port Elizabeth area than in South Africa as a whole,
this is likely to be an underestimate. Thus, the range
of estimated current gene frequencies in the sample
population is 2.25 x 10-3 (N = 6,458)-3.94 x 10-3
(N = 3,681).

Since all Afrikaner porphyrics are derived from a sin-
gle heterozygous individual, the initial gene frequency
is 5 x 10-3. The estimated magnitude of change due
to random drift in one generation is 4.98 x 10-5, and
the maximum possible change in gene frequency over
12 generations is 6 x 10-4. If the original frequency
plus or minus the maximum accumulated effect due
to random drift were found in the sample population,
there would be 64 ± 4 (N = 6,458) or 37 ± 2 (N
= 3,681) instead ofthe 29 observed affected individuals.
The observed change in gene frequency, 2.75 x

10-3-1.16 x 10-3, is too large to attribute to drift.
Thus, the allele associated with porphyria variegata is
selectively deleterious, and a range of coefficients of se-
lection may be calculated from the previously described
model (Clarke and Murray 1962). In keeping with this
model, the allele was assumed to be dominant both
clinically and selectively. As presented in table 1,
coefficients of selection were estimated for the two ex-
treme estimates of the sample gene frequency. Based
on these values, the coefficient of selection ranges from
.067 to .020.

It is possible that a significant proportion ofthis selec-
tive disadvantage may be ascribed to the nearly lethal
synergism between porphyria and barbiturates which
affected this population during the first half of the 20th
century. While it is not possible to quantify the effect
of barbiturates on the allele frequency ofporphyria be-
cause the number of affected individuals is not known,
it may well be that selection against this allele is
significantly reduced in the absence of barbiturates. In
addition, for this trait some or all of the changes in
gene frequency may be accounted for without recourse
to selection. For example, if the minimum estimated
sample size is correct (unlikely; see above) and if 20%
of the current Afrikaner population is the result of ad-
mixture, then the observed change in gene frequency
can be accounted for by migration. This would imply
that the allele associated with porphyria might be selec-
tively neutral or even advantageous. However, if the
maximum estimated sample size is correct, even 50%
admixture cannot account for the change in allele fre-
quency. Thus, although there is considerable uncertainty
as to the value of the coefficient of selection, porphyria

is probably deleterious. This conclusion is consistent
with calculations by Dean (1971). He estimated that
there should be 32-36 affected individuals in the Port
Elizabeth survey. He derived these values from the num-
ber of individuals surveyed who had the name van
Rooyen; porphyria is commonly called van Rooyen dis-
ease. Thus, if these estimates are considered the expected
values in the absence of selection, the 29 observed por-
phyria patients reflect the selective disadvantage.
A direct test to determine the deleteriousness of por-

phyria variegata is possible if appropriate Afrikaner
populations can be identified and examined. For ex-
ample, the first trekkers into an area could be used as
the initial population and a random sample of their
living descendants, tested for porphyria variegata, could
be used to determine the current gene frequency.

Lipoid Proteinosis

There are 32 identified individuals affected with li-
poid proteinosis among living Afrikaners. Pedigree anal-
ysis indicates that all are descendants of two (related)
original colonists (Botha and Beighton 1983b). Al-
though it is difficult to rule out new mutations to the
clinically recessive allele associated with lipoid protein-
osis, the extreme rarity of this trait in the rest of the
world (one-third of reported cases are in South Africa;
Botha and Beighton 1983b) and the consistent pedigrees
suggest that new mutations have not contributed
significantly to the current gene frequency. (If a new
mutation has occurred, its effect on the calculations
is to strengthen our conclusions.) As the clinically rec-
ognized trait is recessive, each affected individual has
two copies of the allele and there are expected to be
many heterozygous carriers. Ifthe population is assumed
to be in Hardy-Weinberg equilibrium, the estimated cur-
rent gene frequency is 3.6 x 10-3. Given that the
affected individuals are descendants of two original
colonists, the gene frequency in the initial population
is .01. The estimated maximum of change due to ran-
dom drift in a single generation, calculated from the
formula pqI2N, is 9.9 x 10 . Over 14 generations,
the maximum effect is 1.39 x 10-3. Thus, at a maxi-
mum, random drift could account for less than one-
fourth of the observed change in gene frequency (see
table 1). Ifthe original frequency plus or minus the max-
imum accumulated effect due to random drift had been
found in the current population, there would currently
be 250 ± 5 instead of the 32 observed affected individ-
uals. This substantial decrease must be attributed pri-
marily to natural selection.
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The formula for calculating the selection coefficient
in the case of a recessive trait is modified from the model
for a dominant trait (see Clarke and Murray 1962).
Since lipoid proteinosis is an autosomal recessive and
since heterozygotes appear normal, selection against
heterozygotes is not expected. Therefore, the fitness of
both the wild-type homozygote and the heterozygote
will be 1, and their frequencies will be p2 and 2pq,
respectively. The frequency of the mutant homozygote
will be q2 and their fitness will be 1 - S. If the initial
population size and gene frequencies for lipoid protein-
osis discussed above are used and if that selection is
assumed to be only against the homozygous recessive,
the calculated coefficient of selection is always greater
than 1, even if allowance is made for the maximum pos-
sible effect of random drift. By definition, this is im-
possible, since a person can only die leaving no offspring
once. Thus, the change in gene frequency cannot be
attributed to selection solely against the recessive
homozygote, implying that the heterozygote is also selec-
tively disadvantageous. Thus, the mutant allele as-
sociated with lipoid proteinosis, although recessive to
the wild-type allele in terms of the clinically recognized
phenotype, must be dominant in terms of fitness. In-
deed, Fisher (1958) predicted that alleles with these par-
ticular phenotypic relationships would be common.

If the mutant allele is assumed to be dominant, the
coefficient of selection can be calculated employing the
previously described assumptions and the model for
a dominant allele. The coefficient of selection is .0743
and is appropriately attributed to the heterozygotes,
since they outnumber the affected homozygotes by at
least 200 to 1 in every generation. Thus even if the
affected homozygote were lethal (S = 1), the calculated
coefficient would change very little. In addition, if50%
of the current Afrikaner population were the result of
recent admixture, the coefficient of selection would be
reduced to .0493. It is tempting to speculate that, if
natural selection adversely affects the heterozygote, there
may be additional, as yet unrecognized, clinical pheno-
types associated with this allele.

Conclusion

The coefficients of selection estimated in the present
study are small, reflecting a slight but significant reduc-
tion each generation in the number of offspring pro-
duced by mutant heterozygotes compared with normal
homozygotes. Such small differences can only be mea-
sured if there is a very large sample size (e.g., see Reed
and Neel 1959) or if a population can be studied over

several generations as with the Afrikaners. In order to
measure the change in gene frequency over several gener-
ations, it is essential that the population have a known
pedigree. The ability to trace the lineage of affected in-
dividuals minimizes ascertainment problems as well as
allowing the effect of mutation and migration to be de-
termined. Once these two forces are accounted for, the
effect of random drift on gene frequency can be esti-
mated. When the observed frequency change cannot
be explained by any combination of these forces, it must
be attributed to natural selection. It is important to
recognize that even though natural selection has propor-
tionally decreased the frequency of the alleles associated
with Huntington disease, porphyria variegata, and li-
poid proteinosis, the enormous expansion of popula-
tion size has permitted the survival of a large number
of mutant phenotypes producing the perceived high in-
cidence of these diseases among Afrikaners.
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