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A Revised Indirect Estimate of Mutation Rates
in Amerindians
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SUMMARY

We have previously raised the possibility that the mutation rate result-
ing in rare electrophoretic variants is higher in tribal/tropical-dwelling/
nonindustrialized societies than in civilized/temperate-dwelling/indus-
trialized societies. Here, we report the results of examining 11
additional proteins for the occurrence of rare electrophoretic variants
in 10 Amerindian tribes, for a total of 8,968 determinations and a total
of 17,648 locus tests. When these data are combined with the results
of all our previous similar studies of Amerindians, a total of 272,298
polypeptides, the products of 43 different loci, have been examined
for the occurrence of rare electrophoretic variants. On the assumption
that these variants are maintained by mutation pressure and are essen-
tially neutral in their phenotypic effects, we have calculated by three
different approaches that it requires an average mutation rate of 1.3 x
10-5/locus per generation to maintain the observed variant frequency.
Concurrently, we are reporting elsewhere that a direct estimate of the
mutation rate resulting in electromorphs in various studies of civilized
industrialized populations is 0.3 x 10-5/locus per generation. Al-
though this difference appears to have statistical significance, the
nonquantifiable uncertainties to both approaches are such that our
enthusiasm for a true difference in mutation rates between the two
types of populations has diminished. However, even the lower of
these estimates, when corrected for all the types of genetic variation
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that electrophoresis does not detect, implies total locus and gametic
mutation rates well above those which in the past have dominated
genetic thinking.

INTRODUCTION

For the past dozen years, we have been pursuing the possibility that mutation
rates are substantially higher among unacculturated/tropical-dwelling/tribal
populations than among civilized/temperate-dwelling/industrialized popula-
tions [1-3]. The issue is nontrivial, bearing as it does both on the question of
the genetic and/or environmental control of human mutation rates and the
impact on the current mutation rate (or absence thereof) of the various environ-
mental changes that accompany civilization-industrialization. The basic data
result from surveys for electrophoretic variants of serum proteins and erythro-
cyte enzymes. The evidence for higher mutation rates in tribal populations has
all been indirect; the assumptions necessary to utilize this evidence are subject
to error, the magnitude of which has been difficult to estimate. Recently, we
have attempted a rather rigorous examination of the nature of these errors and
their cumulative impact on the estimates [4]. We have also recently presented
an updated direct estimate of the mutation rate to electromorphs in civilized
populations (Caucasoids and Mongoloids), an estimate higher than the previous
estimates [5]. Here, we will first present a substantial addition to the body of
data available for indirect estimates of mutation rates in Amerindians. Then,
using both the additional and the previous data, we will derive revised indirect
estimates of the average mutation rates in the Amerindian populations studied
and compute the errors to be attached to these estimates. This rate, although
lower than the previous estimate, is still about four times higher than the direct
estimate based on studies of the above-mentioned Caucasoid and Mongoloid
populations; the difference is of borderline statistical significance. The new
indirect estimate, thus, can be seen as reinforcing the results of the direct
approach even while leaving open the possibility of somewhat higher mutation
rates in tribal/tropical peoples. The important implications of these protein
rates for nucleotide mutation rates will be explored.

DATA

Indirect estimates of mutation rates for electromorphs are based on the frequency of
occurrence in population isolates of rare variants and "private" polymorphisms, such
as might be maintained by mutation pressure. "Public" polymorphisms do not enter
into the calculation. Our new data on such variants fall into two categories, one set
resulting from the examination of up to 11 additional proteins not included in previous
studies of the tribes in question, the other from an update on 26 previously investigated
proteins. These 37 proteins are the products of 43 loci.

Data on an Additional 11 Enzymes in 10 Previously Studied Tribes

Table 1 lists the 11 additional proteins investigated and the tribes studied. Descrip-
tions of the tribes will be found in previous publications from this laboratory. The
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NEEL ET AL.

proteins peptidase C (PEPC), peptidase D (PEPD), esterase B (ESB), glutamic ox-
aloacetic transaminase (GOT), and glucose-6-phosphate dehydrogenase (G6PD) were
typed as described by Neel et al. [6]. Glyoxalase (GLO), glutamic pyruvate transamin-
ase (GPT), and fumarase (FUM) were typed as described by Long et al. [7]. Adenosine
triphosphatase (ITPAS) was typed as described by Vanderheiden [8] and Harris and
Hopkinson [9], while acetaldehyde dehydrogenase (ALDH) was typed as described by
Marada et al. [10]. For most of these determinations, an approximately 10% sample
from the earlier collections from each tribe was typed. To the extent possible, the 10%
sample was so chosen that only a single child per family was studied, and samples were
available from both parents if needed. Table 1 presents the findings with respect to rare
(i.e., nonpolymorphic) variants. Table 2 presents the findings with respect to the com-
mon genetic polymorphisms known from the reports of others to involve these proteins
in most populations studied to date.
The well-known, worldwide polymorphisms of GLO and GPT (phenotypes 1, 1-2, and

2) were encountered in all tribes, the allele frequencies varying widely but no more
widely than commonly observed for other polymorphic loci in Amerindian tribes. Two
GOT variants were encountered; they were electrophoretically similar to the previously
described type 2 (fast) and type 3 (slow) variants known to occur as polymorphisms in
Mongoloid populations [11]. No differences could be detected between the GOT-2-type
variants observed in the Yanomama and Pano tribes, or among the GOT-3-type variants
occurring in five of the tribes, even when the five different buffer systems described in
Wurzinger and Mohrenweiser [12] were employed in the electrophoretic procedures.
No rare variants occurring either in limited copies or as private polymorphisms were

identified in 8,968 determinations. This is in contrast to our earlier experience with other
systems, as summarized in 1978, in which the frequency of such variants was 2.8/1,000
[13]. Inasmuch as concurrent studies in other groups in this laboratory were yielding the
usual frequency of rare variants, there is no possibility that the failure to detect any rare
variants was due to technical factors. Given the manner in which indirect estimates of
mutation rates are compiled (see below), the absence of rare variants in these systems
will have an influence on the estimate of mutation rates that is quite disproportionate to
the number of determinations involved.

An Update and Extension of the Data on the Previously Studied Systems
The results of our various studies on the types and frequency of rare variants in

Amerindian tribes were last summarized in 1978 [13], and that summary was the basis
for our last indirect estimate of human mutation rates [3]. Since that time, the results of
five additional studies by ourselves on rare variants in Amerindians have been reported
[6, 14-17]. The Kanamari and Ticuna covered in those reports had not been previously
sampled, while the data on the Guaymi and Macushi represent new acquisitions for
tribes studied previous to 1978. These five additional studies, plus the data being re-
ported in the preceding section, increase the total number of determinations from this
laboratory available for an estimate of the average mutation rate from 180,578 to
272,298.

Before this data base can be used for the intended calculations, two addenda to the
previously reported findings are necessary. We have conducted extensive electropho-
retic comparisons, using multiple buffer systems, of a number of apparently similar
variants found in two or more tribes (GPI 2CAY 1X TF DCHI' G6PD C, CP ACAY 1), as well
as of the GOT variants mentioned earlier. Only one variant has been subdivided. A CP
variant observed in the Macushi and Wapishana tribes has been found to be elec-
trophoretically distinct from the variant identified in the Cayapo and Xavante and desig-
nated CP ACAY 1. The new variant is designated CP AWAP 1 [18]. An additional
classificatory change from the former data base involves the higher frequency of the
PGM1 10MAC variant among the new acquisitions from the Macushi tribe. This variant
has now reached a frequency such that it must be classified as a "private" polymor-
phism.
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NEEL ET AL.

The figure of 272,298 determinations mentioned above requires some explanation. We
actually examined 37 different proteins for rare variants in one or more tribes, for a total
of 198,773 determinations. However, LDH is the product of two loci, ESA as scored is
the product of four loci, and hemoglobins A and A2 are dimers with the added complica-
tion that the locus responsible for the a polypeptide of hemoglobins A and A2 is dupli-
cated. We, thus, were examining the products of 43 different genetic loci. Since, except
for the sex-linked locus G6PD, the locus products reflected the presence of two alleles,
the number of allele tests was 544,038. Two private polymorphisms, of serum albumin
(ALBYAN2) in the Yanomama and of acid phosphatase (ACPTIC) in the Ticuna, contrib-
ute heavily to the frequency of rare variants, and, although restricted to single tribes,
have polymorphic frequencies in the total Amerindian material. If these two variants are
included in the calculation, our current (updated) frequency of so-called rare variants is
4.7 per 1,000 determinations. Without them, the figure becomes 1.6/1,000.

A REVISED, INDIRECT ESTIMATE OF THE MUTATION RATE FOR ELECTROPHORETIC

VARIANTS IN AMERINDIANS

At this juncture, the use of the term "private" polymorphism must be exam-
ined more closely. It is customary in calculations of this type, following sugges-
tions of Neel [1] and Nei [19], to exclude polymorphisms of widespread distri-
bution from entering into the calculation. Tribal populations, however,
frequently exhibit a type of genetic variation only rarely encountered in na-
tional, industrialized populations, stemming as the latter do from an amalgama-
tion of numerous tribes hundreds and thousands of years ago. These are "pri-
vate" polymorphisms, alleles that attain polymorphic frequencies within one or
several closely related tribes but are not encountered in neighboring tribes.
Such variants undoubtedly occurred in some of the tribes that were the precur-
sors of the various national, industrialized populations of the world, but
through the blending of tribal ancestries have been "diluted" to nonpoly-
morphic frequencies. We include such variants in the total count of rare vari-
ants in tribal populations (even though within a given tribe they are not rare),
on the thesis that such variants are unavoidably commingled with the variants
of civilized populations.

Since in fieldwork one presumably never samples all the individuals in the
adult breeding population of a tribe (N), one may not detect some variants
present in the tribal adults. We [20] have suggested an explicit adjustment of
the data for this fact. The data necessary to this adjustment are given in tables 3
and 4. Let n be the average number of tests of adults for variants per enzyme
per tribe and N be the number of adults in the tribe (i.e., the breeding popula-
tion). Let k be the average number of variants (other than generally distributed
polymorphisms) per enzyme determination per system (i.e., the sum of the
entries in columns 3 and 4 of table 4 divided by the entry in column 4 of table 3).
Then, the expectation of k, given the proportion of alleles, g(i), that occur
exactly i times in the population, is

E (klg(i), i =1, 2 * )=K [1 - g(i) (2N-)/ 2N ) 1
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MUTATION RATES

where K is the average number of variants per locus in that tribe. A geometric
series model describing the number of copies of a mutant allele transmitted to
the next generation has been fitted to the observed data [21] and, then, in
conjunction with assumptions given in Rothman and Adams [20], used to ob-
tain estimates of the sequence g(i). Next, replacing the conditional expectation
in the above formula with the observed number of alleles and substituting our
estimates, g(i), an extrapolation to K is obtained, namely,

K = k(2)K= l ~j~i)2Ni) (2N)2

Because g(i) is a rapidly decreasing sequence in i and the sampling fraction,
f = n/N, is usually small, this computation is well approximated in our applica-
tions by

A ~~~kK 3 (3)

1 - E(i)(l - f)i
i=1

We will employ this method in our present paper. Columns 5 and 6 of table 3
present, by tribe, values for k and K. These values are averages, the number of
polypeptides involved in the estimate per tribe ranging from 31 to 42 (table 3).
The indirect estimates (more properly, identities) for deriving mutation rates

all require the following assumptions: (1) an equilibrium population, constant in
its numbers for many generations, and with no in-migration from surrounding
populations for the same period of time; (2) selective neutrality of the pheno-
types associated with the alleles detected by electrophoresis; (3) an "infinite
alleles" model, that is, mutation always resulting in a "new" allele with a
distinguishable gene product; and (4) ultimate loss from the population of the
alleles contributing to the calculation. Some or even all of these assumptions
are undoubtedly incorrect for each of the tribes contributing to the dataset
under consideration. Elsewhere we have examined in detail the probable na-
ture of the departures from these assumptions and concluded that they are
largely offsetting if one bases the estimate on a sufficiently large number of
tribes that have been selected insofar as possible to meet the requirements of
the model (4).
Mutation rates will be calculated in three different ways. Inasmuch as we

have recently compared and contrasted these approaches in some depth [22],
we will content ourselves here with a simple presentation of the identities.

1. The Identity of Kimura and Ohta [22]

K I
2N to (4)
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in which K and N are as previously defined and to is the average mutant
survival time in generations for those mutations not going to fixation. Kimura
and Ohta [22] did not discuss the estimation of K in the event N was incom-
pletely sampled (which will generally be the case in fieldwork). Although Kum-
ura and Ohta [22] presented a formula for calculating to, it depends upon a
number of assumptions concerning population structure that are demonstrably
unrealistic for tribal Amerindians. We have accordingly derived to on the basis
of a Monte Carlo-type simulation of four Yanomama villages [21]. Since the N
upon which the census of variants is based is the number in the adult genera-
tion, the value of to relevant to the calculation is for newly arisen mutations
whose bearer survives to adulthood; this to is 5.6 generations.

2. The Identity of Nei [19], Rewritten in the Format of Equation (4)

k 1
>2N 2 loge2nq ' (5)

where q is the prescribed threshold defining the notion of a rare allele. Nei
recommends q = .01 and suggests that his formula(s) be used only when n is
large (the second line of Nei [p. 227] contains a typographical error).

This rather attractive formula of Nei requires that to obtain an estimate of the
mutation rate one provide only an estimate of the number of adults in a tribe
and a count of the average number of rare alleles per locus in a sample. Neither
the difficulty of extrapolating from k to K nor the estimation of to are required
as in the Kimura-Ohta estimator. Furthermore, since the right side of equation
(5) must remain constant whatever the value of n, provided n is large, we can
relate equation (5) to equation (4) by setting n to N and k to K. In this form,

K
= 2N[2 loge2Nq] (6)

Relating this equation to Kimura and Ohta's formulation shows that

to = 2 loge2Nq . (7)

Now with q = .01, a value recommended by Nei, we see a marked difference
between the Kimura-Ohta value of to and the implicit value of this parameter
in the Nei formula. The difference, expressed numerically, is given by to(Nei)
= to(Kimura-Ohta) - 9.2103. In particular with N = 7,500, we find to(Nei)
= 5.4161 as compared with to(Kimura-Ohta) = 14.6264, more than a twofold
difference. In the usual situation in which a subsample of n adults is drawn from
the total N, Nei's formula uses k in the numerator while the Kimura-Ohta
formula requires an extrapolated estimate of K. So for certain special cases of n
and N, the substantial difference in the denominator may be counterbalanced
yielding roughly equal estimates of the mutation rate. To see when both esti-
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mates will yield comparable values, we must have the estimated K of Kimura-
Ohta

K k loge2Nq (8)
loge2nq

3. The Identity ofRothman-Adams [20]
The Rothman-Adams estimator is based on a balance, at equilibrium, be-

tween the expected number of alleles entering, through mutation and drift, the
class of alleles with exactly one copy and those alleles leaving this class in a
single generation. This estimator may be expressed in the Kimura-Ohta form

A

A

jL = 2 [g(1) = l;g(i)Pil] , (9)

where the Pi,, i = 1, 2, . . . 2N denote the probability of an allele with i copies
transmitting only one copy to the next generation. Estimates of these probabili-
ties, as for the g(i) sequence, are obtained from a geometric series model fitted
to data of Li et al. [21].
The quantity in brackets in equation (9) is, at equilibrium, a measure of the

rate of loss of alleles per generation. Equating equation (9) with equation (4)
gives

to = [g9l) - E gi) pil] *- (10)

Lack of agreement between the estimates of the right and left side of equation
(10) could suggest a departure from equilibrium.
Table 3 presents the basic data concerning the estimated proportion of the

adult breeding generation (N) that was sampled. The term "adult" encom-
passes all persons aged 15-40. Variants not encountered in the adult generation
as defined do not enter into the calculation. The number of rare variants and
private polymorphisms observed to be unique to each tribe and the indirect
estimates of mutation rate to which they lead are presented in table 4. As noted,
the value of to substituted in the Kimura-Ohta identity is 5.6. It is specific to a
population with Amerindian breeding structure. The unweighted average of the
tribal mutation rate estimates for electromorphs yielded by the Kimura-Ohta
approach is 1.2 x 10-5locus per generation and by the Rothman-Adams ap-
proach, 1.4 x 10-5/locus per generation. A problem arises with the Nei es-
timator when n is small. Indeed, when 2n < 1/q, the estimate is a negative
number (i.e., with q = .01, a negative estimate results if n - 50). Nei advises
that his estimator be used only with n large. When we omit the one case in our
series with n < 50, the average of the remaining 13 estimates is 1.7 x 10-5/
locus per generation. Unfortunately, a number of other sample sizes are also
probably inappropriately small for the use of the Nei estimator. We will con-
clude only that the results of the Nei approach, in general, confirm the results
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of the other two but should not be used further. The average- of the results of
the other two estimates based on all the data is 1.3 x 10-5/locus per generation.
This is to be contrasted with our last estimate, of 1.6 x 10-5/locus per genera-
tion [2]. The decrease is largely the result of the failure to detect any additional
rare variants in the 11 systems for which data are reported in this paper, plus
the paucity of variants in the Ticuna [6].
Elsewhere we have argued that each mutation resulting in an electrophoretic

variant of a protein corresponds roughly to two additional undetected muta-
tions involving nucleotide substitutions [23]. If we assume that the average
polypeptide on which this estimate is based requires 1,000 nucleotides for its
specification, and that exon rates are characteristic of the DNA as a whole, this
finding implies a nucleotide mutation rate/generation in this population of 3.9
x 10-8. While this on the one hand represents an amazing fidelity of repli-
cation, with at least 2 x 109 nucleotides in the human haploid genome, the
average gamete of the populations under study should contain 78 mutations of
the nucleotide substitution type. This estimate would, of course, not include
mutations resulting in small deletions, duplications, or rearrangements of the
genetic material. Even if this estimate were too high by a factor of 2, such a
total rate would raise a number of serious questions for the theory of population
genetics, questions which we propose to treat elsewhere.

ASSIGNMENT OF AN ERROR TO THE ESTIMATES

The standard error of the mean, computed as Si/<, where S is the standard
deviation among the tribal estimates, and T, the number of tribes, provides a
first approximation to the standard deviation of the estimates. The resulting
value based on the estimates yielded by the Kimura-Ohta approach is 0.3
x 10-5, and the same value is oltained for the Rothman-Adams estimates.
Pollak [24] recently derived the error term to be attached to the Nei estimator.
Although we have above indicated concern that our sample sizes are too small
for the appropriate application of the Nei estimator, it is relevant that the Pollak
derivation indicates that the error to be attached to the 13 positive estimates
derived by the Nei approach is 0.4 x I0-5.
Elsewhere we discussed the possibility of systematic departures from the

assumptions necessary for the calculations and have concluded that the most
probable result of such departures is an underestimate of the true mutation rate
[4]. In particular, we doubt that all of the variants that enter into this calculation
can be neutral in their effect on fitness. Such systematic departures should not
influence the magnitude of the error term. On the other hand, individual tribes
may depart in a nonsystematic way from the assumptions necessary to the
calculation. The assumptions most likely to be violated are of constant popula-
tion size and absence of genetic exchange with neighboring tribes. A recent
increase in population size should result in an underestimate of the mutation
rate, whereas genetic exchange with neighboring tribes should result in an
overestimate. It is, in this connection, noteworthy that two of the three small-
est estimates are yielded by tribes that have almost certainly expanded their
numbers significantly this century (the Ticuna and Yanomama), whereas one of
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the two highest estimates is based upon a tribe (the Wapishana) that is alleged
to have absorbed the remnants of several other tribes during the present cen-
tury. Although these departures are compensating in their effect upon the
mean, they should inflate the error term. Unfortunately, no correction is possi-
ble, and we will use the present error term as the best available.

DISCUSSION

Other Indirect Estimates ofHuman Mutation Rates
To date, there have been three other efforts to apply the indirect approach to

human mutation rates to data on electromorphs in tribal populations. Unfortu-
nately, in each instance, the populations under consideration depart from the
assumptions of the model even further than Amerindian tribes.

(1) Bhatia et al. [25], using the excellent data of Kirk et al. on Australian
Aborigines, calculated a rate for this latter group by the three methods used in
this paper. Unfortunately, tribal population numbers have been dramatically
reduced in the past several hundred years, and tribal boundaries undoubtedly
blurred, with increased tribal intermarriage. This possibility is borne out by the
single set of tribal data they present, on the Waljbiri, who share four of their
five rare variants with the remaining Aboriginal population; we do not believe
this tribe is a suitable base for an estimate. They also present an estimate
derived from the total present Aboriginal population. Basing their estimate on
the current population size should bias the estimate upwards, since the muta-
tions arose when the population base was larger. On the other hand, using the
total population of Aborigines as the basis for their estimate will bias it down-
wards, since the effective breeding size of the population within which the
observed rare variants and private polymorphisms arose and established them-
selves was presumably much smaller than the total population. Some idea of
the magnitude of this latter bias can be gained from an empiric demonstration
by Neel et al. [26]; the average tribally based estimate of 1.6 x 10-5/locus per
generation for electromorphs was reduced to 0.7 x 10-5 when the total es-
timated adult tribal breeding population of all South Amerindians was used as
the population base for the estimate. Be this as it may, when the estimate of
variant number was corrected by the method of Neel and Rothman for the fact
that only a fraction of the Aboriginals had been sampled, the data yielded the
following three estimates: Kimura-Ohta, 1.0 x 10-5; Nei, 0.6 x 10-5, and
Rothman-Adams, 1.3 x 10-5. Since we believe the greater bias is associated
with treating the Aboriginals as one interbreeding population, we find this
result in satisfactory agreement with the current result.

(2) Bhatia et al. [27], again using the data of Kirk et al., also calculated by the
indirect method mutation rates for the populations of Papua New Guinea. The
rates estimated on the assumption that linguistic groups constitute the breeding
unit, with I corrected as suggested by Rothman and Adams [20], were: Kimura-
Ohta, 0.2 x 10- 5; Nei, 0.2 x 10 - 5; Rothman-Adams, 0.6 x 10 - 5. The first two
rates are calculated on the unrealistic assumption that mutant loss occurs as in
the idealized population structure assumed by Kimura and Ohta [22] (see [21]
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for discussion of how tribal populations depart from this structure). Correction
for this would render the first two estimates much more similar to the third. We
suggest that serious consideration must be given to the possibility that a rapid
expansion of the Papua New Guinea population during the last 300 years is
largely responsible for the difference between the estimate of 0.6 x 10-5 given
above and the estimate of this paper of 1.3 x 10-5 for Amerindians.

(3) Chakraborty and Roychoudhury [28] also presented an indirect estimate
of mutation rate for the Kadars of Kerala State, India. We have discussed
elsewhere why this is an inappropriate population [3].

Concordance of the Current Estimate with the Results
of the Thompson-Neel Approach
Above we referred to the occurrence of "private" polymorphisms in

Amerindian tribes. Thus far, with the addition of the PGM1 1OMAC variant men-
tioned above, 12 examples of the phenomenon have been recognized [29].
These are presumed due to a founder effect resulting from the occurrence and
survival of a single, unique mutation at some time in tribal history. Based on
the results of a simulated 400-year span of the demography of four Yanomama
villages [21], we computed the probability of founder effects of various mag-
nitudes, using a branching process model [30]. From a consideration of the
number of these polymorphisms in relation to the number of loci surveyed, and
the number of alleles with which each polymorphism is represented, the ap-
proximate mutation rate necessary to maintain this array can be inferred. On
the assumption of selective neutrality of the alleles in question, the mutation
rate for electromorphs most consistent with the data was 0.7 x 10-5/locus per
generation [31]. The error associated with this estimate is undoubtedly rela-
tively large but indeterminate.

A Comparison with the Results of Direct Estimates
We recently reported that in a series of 529,971 tests for spontaneous muta-

tions detected electrophoretically in Japanese children and young adults, the
rate was 0.6 x 10-5/locus per generation, with a 95% confidence interval
between 0.1 x 10-5 and 1.7 x 10-5 [5]. Inclusion in this estimate of all the data
available in the world's literature on civilized populations resulted in a rate of
0.3 x 10-5, with 95% confidence limits of 0.1 x 10-5 and 0.8 x 10-5 [5]. A
comparison between the mutation rates in civilized and tribal populations
would traditionally be based on the difference between the two estimates di-
vided by the standard error of this difference. Unfortunately, in this instance,
this statistic is not normally distributed under the null hypothesis of no differ-
ence between the mutation rates. Estimates of the skew and kurtosis are 0.02
and 3.80, respectively, while a standard normal density has no skew and a
kurtosis of 3. Thus, the distribution of the statistic is slightly skewed and has
heavier tails than a normal density. Using an Edgeworth expansion (cf. [32]),
with parameters estimated from the data, we find the observed value of the
statistic corresponds to a P-value < .04, while for the normal approximation a
P-value of < .01 is obtained. Of course, the Edgeworth expansion for the
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distribution of the statistic provides a suitable approximation only when the
moments are known exactly, whereas here we estimated moments. On
the other hand, the large sample sizes involved certainly imply that the differ-
ence between the mutation rates in these two populations are at least at the
edge of statistical significance.
As mentioned in a preceding section, the magnitude of the "total" nucleotide

rate suggested by the indirect approach raises a number of profound questions
for classical population genetics. Even the lower rate suggested by the direct
approach raises many of the same questions. We shall, for now, adopt the
position that, at the very least, the results of the indirect approach applied to
Amerindians confirm the magnitude of the nucleotide and total mutation rate
suggested by the direct approach in nontribal populations, while at the same
time, especially in view of the data to be discussed in the next section, still
leaving open the possibility of higher rates in unacculturated tribal populations.

The Higher Frequency ofRare Variants in Tribal/Tropical
Dwelling Populations
A comparison of the frequency of rare variants of 20 proteins examined in

three different tribal and three different civilized populations revealed a higher
frequency of these variants in tribal populations [3]. Despite the fact that no
rare variants were encountered in the additional locus tests reported in this
paper, that finding remains correct. As noted above, the rare variant plus
private polymorphism frequency in this series now stands at 4.7/1,000 polypep-
tides examined. In a Caucasian series studied in London with respect to many
of the same proteins, using essentially the same techniques, the frequency was
1.6/1,000 [33]. For Caucasoids in Ann Arbor, the corresponding figure is 2.4/
1,000 (Mohrenweiser and Neel, manuscript in preparation), whereas for Japa-
nese, the frequency was 2.0/1,000 [34, 35]. In another recent comparison,
Naidu et al. [36] record that for a set of 12 enzymes, a subset of those surveyed
in this study, the frequency of rare electrophoretic variants per 1,000 determi-
nations was 2.8 for the long-civilized populations thus far studied in South India
but 3.6 for the tribal populations of the same area. The difference, while not
significant, is in the same direction noted in the data we have just discussed.

In two populations with identical breeding structures, the population with the
higher mutation rate should support a greater number of different rare variants
and a higher total frequency of these variants. The highly subdivided nature of
tribal populations and the higher infant and childhood mortalities should result
in a higher rate of mutant loss from these populations than from civilized
populations. The fact is that, this notwithstanding, variant frequencies for elec-
tromorphs are higher in the tribal populations. One obvious possibility is that
the estimated threefold mutation rate differences between the two populations,
while not statistically significant, are valid.

It is pertinent to efforts to understand the significance of this difference that
Mohrenweiser and Neel [37] found no apparent difference in the frequency of
carriers of enzyme deficiency alleles in Amerindians from the findings in
Caucasians [38] or Japanese [39]. This finding is consistent either with the
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hypothesis of higher mutation rates in the tribal populations, with more
efficient elimination of alleles responsible for grossly decreased enzyme activ-
ity, or a different distribution, in the two types of populations, of the selective
coefficients associated with these two classes of variants, the mutation rates
being the same in both populations.

Other Explanations of the Higher Frequency ofRare Variants
in Tribal/Tropical Populations

If one elects to conclude that there is no difference between the mutation
rates of the two types of populations under consideration, one then has to
address the question of why there are greater frequencies of rare variants in
these tribal populations. One possibility involves the requirement that the vari-
ants found among unacculturated populations are subject to greater variation in
selective values than one may anticipate among the variants found in civilized
populations. Such a requirement has been studied in the context of a model of
weak selection [40] and the qualitative implication would be a higher frequency
of rare variants. However, it is not clear whether the quantitative impact could
account for the differences found.
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THE NATIONAL INSTITUTE OF GENERAL MEDICAL SCIENCES HU-
MAN GENETIC MUTANT CELL REPOSITORY. The National Institute of
General Medical Sciences sponsors a bank of human cell lines representing a
wide variety of genetic disorders. The bank, known as the Human Genetic
Mutant Cell Repository, is maintained at the Coriell Institute for Medical Re-
search in Camden, New Jersey. The purpose of the Repository is to promote
and facilitate research on human genetic disease by providing to qualified in-
vestigators cell cultures that are well characterized, thoroughly documented,
and free of contamination.
The Repository contains mainly fibroblast and lymphoblast cultures from

individuals with a wide range of inherited metabolic disorders and chro-
mosomal aberrations. Approximately 4,000 individual cultures, representing
approximately 300 genetic diseases and 500 chromosomal aberrations, were
listed in the 1985 catalog. In recent years, a special effort has been initiated to
establish a collection of lymphoblastoid cultures from extended reference pedi-
grees for developing the human linkage map with respect to known DNA
markers, as well as for mapping gene loci. To accomplish this objective, the
Repository obtained a series of lymphoblastoid cultures from: six apparently
normal multigeneration Utah families; an Old Order Amish pedigree that con-
tains a high incidence of primary affective disorder; a Venezuelan pedigree that
shows a high incidence of Huntington disease as well as a Venezuelan refer-
ence pedigree; 11 cystic fibrosis families, many with multiple affected children;
65 members of a family with maturity onset diabetes of the young; a tuberous
sclerosis pedigree; a family with Gardner syndrome type III; and several large
fragile X-linked mental retardation families.
A moderate fee is charged for the cell cultures, and a discount is available for

large orders. Information about the cultures in the Repository and details of
procedures for submitting and obtaining cell cultures may be obtained by con-
tacting: Dr. Arthur E. Greene, The Human Genetic Mutant Cell Repository,
Coriell Institute for Medical Research, Copewood and Davis Streets, Camden,
NJ 08103. Telephone: (609)966-7377. Cable address: INMEDRES.
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