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Ethnic Variation of Genetic Disease: Roles of Drift for Recessive
Lethal Genes

DIANE WAGENER,1'2'3 LUIGI L. CAVALLI-SFORZA,1 AND RICHARD BARAKAT2

INTRODUCTION

The importance of the rare recessive gene to medical genetics is well known [1]. The
possible roles of nonequilibrium, hitchhiking, and epistatic models to explain varia-
tions of diseases between ethnic groups have also been studied [2]. In this paper, we
show that deviations between groups observed for phenylketonuria (PKU), cystic
fibrosis, and Tay-Sachs are possibly the result of genetic drift in restricted populations.
We use the estimates of mean gene frequencies for PKU (6 * 10-) and cystic fibrosis
(1.02 * 1I0-) as given in tables 1 and 2 in reference [2].

Considerable attention has recently been focused on the ethnic variation of
Tay-Sachs disease, with some investigators suggesting either founder effect [4-7] or
selection in the form of heterozygote advantage [8- 13 ] to explain the high frequency in
certain populations. The data from several surveys listed in table 1 demonstrate the
increased frequency of the Tay-Sachs gene among Ashkenazi Jews; those from Israel,
although the smallest sample, indicate the variation between Ashkenazi groups.

Myrianthopoulos et al. [8-11], looking for a heterozygote advantage in Tay-Sachs
among the Ashkenazim, found a moderate increase in fitness in the sibs of the affected
and suggested tuberculosis (TB) as a possible selective factor imparting advantage to
heterozygotes. Naturally, this hypothesis requires further explanation of the failure of
other non-Jewish groups, living under very similar conditions, to show an increase in
Tay-Sachs frequency. The heterozygotic advantage for Tay-Sachs predicted from the
assumption of equilibrium is 3%-6% [11-12]. Even if there is an indication of
selective advantage of heterozygotes from demographic data of relatives of probands,
the observed differences are far from significant.
Rao and Morton [18] suggested that drift could explain the ethnic variation for

Tay-Sachs and cystic fibrosis. However, they assumed a beta distribution of gene
frequencies among populations which is strictly valid only in the absence of selection
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ETHNIC VARIATION OF GENETIC DISEASE

TABLE 1

TAY-SACHS GENE FREQUENCIES FOR SEVERAL POPULATIONS

Gene
Region and Source No. Births Incidence Frequency

Israel, Ashkenazi [14] .......... ............. 85,000 1/5,000 .0141
New York City, Ashkenazi [15] ....... ........ 450,000 1/8,333 .0110
United States, Ashkenazi [7] ....... .......... 352,000 1/6,250 .0127
New York City, Ashkenazi [16] ...... ......... 412,500 1/4,350 .0152
Sephardic Jews [17] ........................ ... 1/588,250 .0013
New York City, non-Jews [15] ....... ......... 1,350,000 1/454,550 .0015
United States, non-Jews [7] ........ .......... 15,461,000 1/588,250 .0013
New York City, non-Jews [16] ....... ......... 1,012,500 1/384,600 .0016
Israel, non-Ashkenazi [14] ........ ........... 77,000 1/39,500 .0050

(or with weak selection, if any, in favor of the heterozygote). In the present case, there
is strong selection against homozygote recessives. Wright [19, 20] has given the
appropriate theoretical equilibrium distribution which we will henceforth call the lethal
distribution.

EQUILIBRIUM UNDER DRIFT

Following the analysis of Wright, the distribution of the gene frequency, x, of a
recessive lethal gene under mutation and selection in a finite population at equilibrium
for mean and variance is given by

4)(X) = CX4NU-1(1 -X2)2N(j -X)-1 (1)

where u is the mutation rate of the recessive allele, and N is the effective population
size for the diploid population. The constant C is a normalizing factor such that the
total probability is unity. Recalling that most of the probability mass is near x = 0,
equation (1) can be rewritten, introducing the parameter ( = 4Nu, as

4)(X) CX 0-le-2Nx2 (2)

.2(2V) XO Je-2NX2 (3)

Here F( -) is the standard gamma function, and we have made the approximation

C 2(2N) (4)

by assuming that the upper bound forx is o rather than 1. There is negligible error here
because the probability mass of +(x) is concentrated nearx = 0.

Given the probability density function +(x), we calculate the probability P(x > xT)
that a population chosen at random will have a gene frequency x greater than or equal to
a specified value x T. Here the probability is approximated by

1 XT

P(X .XT) = C fx le 2Nx2dx = 1 - C fx -le-2NX2dx (5)
XT 0
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The integral in equation (5) can be found by using the incomplete gamma function
x

y(x,p)= fettP-ldt
0

and this leads to

P(x >-xT) = 1 -y(2Nx T2, JO)/IF() . (6)

Computer routines are available for the evaluation of the incomplete gamma. We
expressed this function in terms of the confluent hypergeometric function (equation
6.5.12 in reference [21]) when XT is small. When XT is large, its complement may be
written as an asymptotic series in x = 2NXT2 (equation 6.5.32 [21]).
The probability that a deviant gene frequency x is greater than a given value XT can

thus be calculated. It is somewhat more illuminating to plot P(x .xT) as a function of
T = XTIX (whereX is the expected gene frequency, discussed below) than ofxT itself. In
figures 1 and 2, the probabilities for various values of 6 are graphed. From figure 2, it
is apparent that large deviations are probable if the number of mutations per generation
(2Nu) is small (i.e., 0 < i). Note that these probabilities are functions of 6 only and do
not depend directly on the effective population size N.
The moments of degree r for the gamma distribution of equation (5) are

E(xr) = IF(.O + Jr)1[(2N)irr(o)], (7)

so that the expected gene frequencyT is F(jO + bI[(2N) iF(jO)] which depends on both
6 and N. Some representative values are listed in table 2.

Therefore, given the value of x and the order of magnitude of the estimated N for a
population, the corresponding values of 0 can be obtained from table 2, and the
probabilities of certain deviants can be determined from figures 1 and 2. For instance,
consider cystic fibrosis, a disease of European Caucasians, for which the Caucasian
gene frequency (x = .01616) deviates as much as five times from the Oriental gene
frequency (x = .0033). The greater Caucasian gene -frequency is very high for lethal
gene frequencies maintained by mutation and selection. The higher frequency,
therefore, may be a deviation from a baseline gene frequency, comparable to the
Oriental gene frequency. Consequently, we estimate the probability of a deviation five
times a mean gene frequency of .0033. As an estimate of N, we choose effective
population sizes of 104, that is, census sizes of 30,000 or higher. Although the
population of the whole of England before the transition to agriculture was estimated to
be less than 10,000 people [22 ], subsequent population changes have diluted the effects
of the initial population size. In table 3, the probabilities of deviations of five times the
mean gene frequency are given with several mean gene frequencies and several 0
values. Also, the corresponding probabilities have been interpolated from table 2 in
Rao and Morton for the beta distribution. From table 2, given N = 10,000 and mean
gene frequency of .0033, the corresponding value of 0 is .8. The probabilities derived
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FIG 1. -P(x 2x T) as a function of T for various values of 6 greater than or equal to unity: A, ) = 11; B,

6 = 2; C, 6 = 1. 1; D, 6 = 1.01. Note that Xt is expressed as a multiple (T) of x.

from Wright's lethal distribution are not only somewhat smaller than those obtained
from the beta distribution, but these values also fall much more rapidly as the expected
gene frequency increases. For instance, in table 3 we note that as X increases by 50%
(from .002 to .0028), the decrease in probability is a factor of six for the lethal
distribution, but only three for the beta distribution. Note from table 3 that we are, in
fact, concerned with three parameters. Given the estimated mean gene frequency and
population size, a choice of 6 implies a choice of mutation rate.

Using the procedure above, a probability of, say, .02 indicates that such a large
deviance is improbable under conditions generating that distribution for a random
observation from that distribution. In accordance with standard convention, a probabil-
ity of less than 5% and certainly for less than 1% indicates that there may be a
significant departure from the assumptions generating the distribution. But we have to
consider that the diseases we are examining are not random observations. In fact, they
are extreme outliers. These diseases may represent the extreme deviants of all genetic
diseases known today, which number in the thousands [1]. A chance deviation of the
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FIG. 2.-P(x >XT) as a function of T for various values of 6 less than or equal to unity: A, 6 = 1; B,
6 = .6;C, 6 = .4;D, = .2; and E, 6= .1.

order one in a 1,000 for one of these diseases would be expected because of their
having been selected, if they indeed are the extreme outliers.

In the case of cystic fibrosis, with x = .0033 the corresponding 6 value for
N = 10,000 is .8. A deviation of x >-, as observed, has a probability equal to .001
(table 3). This is certainly in agreement with the fact that this disease is an outlier out of
perhaps thousands of diseases (see also Wright and Morton [23]). The agreement with
the probability figure obtained by Wright and Morton (P =.0012) is probably
coincidental since we used different data and an unrelated method, but the agreement is
better than that with the figure obtained by Rao and Morton [18] using the beta
distribution (approximately P = .01, extrapolating from their tables). It should be
noted, however, that all of these methods imply a decision on N. If N were smaller
(table 3, N = 1,000, and 0 = .2), the probability would be higher (.047).

Turning our attention to PKU, we want to find the probability of deviations of only
two or three times a mean gene frequency of 6 x 10-3 in populations of size 10,000. In
table 3, note that as the mean gene frequency increases, the probabilities of deviants
rapidly decrease, so that for large population sizes and mean gene frequencies,
deviations even as large as two times are not probable. From table 2, we find 0
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TABLE 2

EXPECTED GENE FREQUENCIES FOR GIVEN EFFECTIVE POPULATION SIZES AND VALUES

6*

.1

.2 ...................

.6 ...................

.8 ...................

.9 ...................

1.0 ...................

1.1 ...................

2.0 ...................

11.0 ...................

NOTE. -Choices of N and imply a choice of mutation rate. The expected gene frequencies with mutation rates of
comparable magnitude are enclosed in the table by solid lines. From upper right to lower left, the grouped mutation rates are

of orders 10-7, 10-6, 10-5, 1-0, 10-3 and 10-2.
* = 4Vu, where u is the mutation rate.

approximately 2.0. For 0 = 2.0, x is .0063 (forN = 10,000 as before), the probability
of deviants with twice the gene frequency is .04, a little higher than for cystic fibrosis.
This case is not covered in Rao and Morton's tables. The high frequency of PKU in
Caucasians could be due to drift even more easily than cystic fibrosis.

TABLE 3

ESTIMATES FOR PROBABILITY OF DEVIATIONS

MUTATION
RATE (U)

MEAN GENE
FREQUENCY

PROBABILITIES

XT= 2 x XT =S X XT = 5 x*

A.)N = 10,000

.2

.4

.6

.8
1.1
2.0

5 x 10-6
1 x 10-5
1.5 x 10-5
2 X 10-5
2.7 x 10-5
5 X 10-5

.0011

.0020

.0028

.0034

.0046

.0063

.16

.18

.16

.13

.10

.04

.05

.013

.002

.001

.000

.000

>.013
.033
.013

.. .

.. .

B.) N = 1,000

.1 ..............

.2 ..............

.4 ..............

2.5 x 10-5
5 X 10-5

1 X 10-4

.0019

.0035

.0063

.143

.174

.175

.066

.047

.013

.053
.. .

NOTE.-.. = parametric values fall outside the ranges given in the tables of Rao and Morton [18].
* Interpolated from Rao and Morton [18], derived from beta distribution.
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N = 103 N = 104

.0019

N = 105

.0035

.0088

.0109

.0118

.0127

.0136

.0199

.0514

..............

..............

..............

..............

..............

..............
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For Tay-Sachs, we consider a disease for which only one restricted population has
characteristic gene frequencies which deviate substantially from the other populations
in general. Historical information on population sizes of Ashkenazim has been recently
collected by Fraikor [24-25]. She indicates that three "population bottlenecks" have
occurred: (1) in the fifth through eighth centuries; (2) in the thirteenth through fifteenth
centuries (between the crusades); and (3) in the seventeenth and eighteenth centuries.
During these times the population effective size, taken as one-third the total census
size, may have been not far from 10,000 or even less. Historical accounts suggest that
population consisted of small isolated bands for substantial periods of time. The
effective population size, therefore, was somewhat less than 10,000.
From gene markers different from the disease markers studied here, a population size

of comparable order of magnitude may also be estimated [26]. A population size of
about 10,000, therefore, is estimated by an independent method. The present large
population size is the consequence of recent increases.

It is therefore reasonable, in discussing the frequency of the Tay-Sachs gene in
Ashkenazi populations, to choose effective population sizes of N = 103 and 104.
Taking first the value N = 103, equation (7) [table 2] indicates that it is necessary to
choose 6 = .08 to arrive at a mean gene frequency of .00 15, the observed non-
Ashkenazi mean value. With these values, equation (6) shows that the probability
of a frequency greater than or equal to the observed Ashkenazi value (.0133) is about
.031. The population size of N = 5,000 is consistent with historical evidence
mentioned above, giving a probability of deviation of .007 (0 - .183). Similarly, for
N = 10,000, the probability is .12% and forN = 20,000, the probability is .004%.

Note how fast the probabilities fall with increasing population size. However, the
probability of deviation depends on the assumed mean gene frequency of .0015, which
is in agreement with estimates of non-Jews and Sephardic Jews living outside of Israel.
The data on non-Ashkenazi Jews living in Israel showed an increased gene frequency. In
this case, the deviation of the Ashkenazi gene frequency from the non-Ashkenazi
would be less and, consequently, the probability of deviation greater.

These probabilities estimated above are less than the figure of 5%, which is the
standard threshold employed in significance tests. But for reasons already discussed,
we see no special merit for this particular application of the standard threshold. Besides
being arbitrary, this threshold ordinarily applies to random samples, which these
diseases are not.

DISCUSSION

The choice between random genetic drift and selection is always a problem in the
absence of good measurements of fitness, which are very difficult to obtain. For each of
the three diseases considered here, we lack solid evidence that selection is at work, and
we find that the deviations are really not so extreme if drift is responsible. Of the three
diseases, Tay-Sachs is the one for which there is more demographic evidence and
better agreement with the hypothesis of drift. PKU is intermediate, and cystic fibrosis
is perhaps the one that requires the most extreme chance deviation if drift is responsible
for ethnic variation.

268



ETHNIC VARIATION OF GENETIC DISEASE

It should, of course, be made clear that evidence in favor of drift is in general weak.
Drift can be accepted (1) if there is absence-or insufficiency-of proofs in favor of
natural selection in the individual case being considered; and (2) if there is a minimum
of demographic data available which is in basic agreement with the event being due to
drift.
One should stress the lack of available data. The insufficiency of evidence for

selection for the heterozygotes may be only due to the absence of adequate
investigation, which is made even more difficult for cystic fibrosis and PKU by the lack
of easy and fully reliable tests for heterozygotes. The present conclusion in favor of
drift will have to be reversed if specific facts in favor of natural selection are
demonstrated in the future. The fact that drift is compatible with the observations is no
proof that it is the cause of it.

SUMMARY

Using Wright's distribution of gene frequencies for a recessive lethal gene, a method
is given to analyze the probability that any particular gene frequency is greater than a
given threshold gene frequency. The method is introduced to analyze the plausibility of
drift for explaining observed data.
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