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Summary

Data on 15 polymorphic protein-coding loci are used to estimate the proportion of Caucasian genes in U.S.
blacks from the greater-metropolitan area of Pittsburgh. Allele frequencies from U.S. whites of the same
region and from a sample of Nigerians are used as representatives of the genetic contributions of the source

populations between which admixture has occurred. These materials provide 18 unique variants that occur

exclusively in the blacks and 5 variants that are restricted to the Caucasians only. As a result, when all
segregating alleles (52) at these 15 loci are considered, the proportion (mean ± SE) of Caucasian genes in

U.S. blacks (25.2% ± 2.7%) is estimated with a precision much better than that of all other previous
estimates. The estimate based on the frequencies of these 18 unique variants of African origin (24.8%
6.2%) is also consistent with the pooled estimate obtained from the 15 loci by the weighted least-square
method. The homogeneity of locus-specific estimates of admixture indicates that these loci are appropriate
for studying the proportion of black genes in any admixed population involving African admixture. The
advantages of employing such loci for genetic-epidemiologic studies in U.S. blacks is discussed in the context
of the availability of these large number of unique African variants at these protein loci.

Introduction

The estimation of the proportion of Caucasian genes
in the U.S. black populations has been a subject of
considerable discussion in the genetic and anthropo-
logical literature for almost 5 decades, because of the
social, anthropological, genetic, epidemiological, and
historical demographic implications of such estimates.
Perhaps U.S. blacks are the best-studied human ad-
mixed groups, since the origin and evolution ofadmix-
ture among this group are better documented than the
occurrence of admixture in other parts of the world.
The availability of shipping lists, records ofgeographi-
cal origin of the imported slaves, and notes on areas
of placement of the slaves in the American continent
provide direct verification of some of the assumptions
of admixture estimation for American blacks (Adams
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and Ward 1973). In spite of these advantages, several
studies noted discrepancies between the estimates of
admixture as well as of constituents of the gene pool
in U.S. blacks of different regions of the country (Glass
and Li 1953; Glass 1955; Roberts 1955; Reed 1969).
More recent compilations (Adams and Ward 1973;

Chakraborty 1986) of admixture estimates in U.S.
blacks suggest not only that these estimates were
different when different sets of loci were employed
but also that there are different trends for interlocus
variation and for rural/urban classification of the
communities. In an incisive study, Adams and Ward
(1973) reevaluated these aspects of the extent of Cau-
casian admixture in U.S. blacks, considering the pro-
portion of slaves from different geographic regions of
Africa.
One limitation that is common to all admixture

studies thus far conducted on U.S. blacks is that they
used allele frequency data on loci that rarely showed
unique alleles of African origin, as a result of which
the admixture estimates had always a large standard
error associated with them. With the exception of the
hemoglobin-S allele, peptidase-Co allele, and Duffy-
null variant, no other unique African allele was de-
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tected in U.S. blacks, hampering the prospect of reli-
able single-locus estimation of Caucasian admixture
in U.S. blacks. With the discovery ofnew genetic poly-
morphisms and the use of isoelectric-focusing/immu-
noblot methods to improve both resolution and sensi-
tivity in assaying genetic variability, this difficulty can
be partially circumvented.

In the present paper, our objective is to use some
new data to provide a revised estimate of Caucasian
admixture in U.S. blacks sampled from the metropoli-
tan Pittsburgh area. Recent surveys on 15 protein loci
revealed 18 alleles that are presumably of African ori-
gin, since they were not encountered in the U.S. white
population (for references, see table 1). We use the
allele frequency data at these 15 loci and show that
the estimate of Caucasian admixture in this U.S. black
population, an estimate derived from the 18 unique
African alleles, agrees fairly well with that obtained
from all allele frequencies at these loci. The interlocus
estimates of admixture are shown to be statistically
homogeneous, suggesting that these loci are appro-
priate for studying Caucasian admixture in U.S.
blacks. While the combined estimate of admixture is
generally consistent with the ones suggested before,
particularly for U.S. blacks from the northern part of
the United States, the present estimate, based on the
15 loci that contain the unique African alleles, is more
precise than the ones based on the traditional loci.
This implies the advantage of using these discrimina-
tory loci in future admixture studies in U.S. blacks.
Finally, we suggest that the availability of such a large
number of unique African alleles opens the possibility
of estimation of admixture in individual U.S. blacks,
which might be of considerable epidemiological inter-
est in tracing the etiology ofchronic diseases that occur
in U.S. blacks at substantial frequencies (Chakraborty
1986).

Material and Methods

Data

Phenotype data were collected on 15 plasma protein
markers (table 1) for black and white blood donors at
the Central Blood Bank, Pittsburgh. All participants
ofthe study were residents ofthe Pittsburgh metropoli-
tan area, and there was no selection beyond their vol-
unteer status. As far as could be determined from the
information given by the subjects from whom blood
samples were collected, no relatives were included in
the analysis. Allele frequencies from the Pittsburgh

whites were used as the white parental frequencies in
admixture estimation. The African sample consisted
of two groups. The first group were first-year medical
nursing and midwifery students at the University of
Benin in Benin City, Nigeria. The second group con-
sisted of volunteers drawn from civil service workers
from Benin City and of teachers from the Oroyo Col-
lege Secondary School in Benin City. The two groups
did not show any significant allele frequency differ-
ences at the loci studied, and, hence, the present analy-
sis includes the allele frequency data on a total of 356
unrelated individuals from the pooled sample of these
two groups, representing the African parental popula-
tion frequencies in the admixture computation. Possi-
ble pitfalls of using such data to represent the ancestral
populations between which admixture might have oc-
curred are addressed in the Discussion section. De-
scriptions of the sample populations are given by
Adams-Campbell et al. (1988) and Bunker et al.
(1990). All allele frequencies used in the present analy-
sis are based on the gene-count method of estimation,
and the estimates of allele frequencies for the X-linked
locus (TBG) are the averages over the males and fe-
males included in the sample.
The 15 loci tested yield a total of 52 segregating alleles,
of which 18 are unique to blacks and of which 5 are
unique to whites. The gene products of all 15 loci were
screened using isoelectric-focusing and/or immu-
noblot techniques. The reference sources of allele fre-
quencies in U.S. blacks, African blacks, and U.S.
whites, as well as other characteristics of the studied
loci, are presented in table 1. Details of experimental
protocols for assaying these loci are also given in the
references listed in table 1.

Statistical Methods

Since our objective in the present paper is to estimate
the proportion of Caucasian admixture in U.S. blacks
by utilizing allele frequency data at loci which contain
unique African alleles, we used two different ap-
proaches. In the first approach, only unique African
allele frequencies are considered, while, in the second
approach, all allele frequencies are taken into account.
For both approaches, several alternative methods of
estimation could have been adopted (for reviews of
alternative approaches, see Szathmary and Reed 1978;
Chakraborty 1986). In the present work, we adopted
a weighted least-square method for both approaches,
because (a) this method yields simple estimators, (b)
error variance can be computed easily, and (c) a heter-
ogeneity test of estimates based on different loci can
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Table I

Characteristics of Marker Loci Used in Analysis

No. OF ALLELES UNIQUE ALLELES IN

Locus CHROMOSOME SEEN ACROSS SOURCE
(abbreviation) LOCATION THREE SAMPLES Blacks Whites OF DATA

Factor XIIIB (FXIIIB) ..... 1 5 FB*6 and FB*23 FB*3 Kamboh and Ferrell 1986a
Kamboh and Ferrell 1989

Apolipoprotein D
(APO D)................. 3 2 APOD*2 ... Kamboh et al. 1989a,

Kamboh and Ferrell 1990
Transferrin (TF) ............. 3 4 TF*D1 TF*C3 Kamboh and Ferrell 1987b
Vitamin D-binding

protein (GC) ............. 4 4 GC*1A1 ... Kamboh and Ferrell 1986a
M. I. Kamboh and R. E.

Ferrell, unpublished data
Orosomucoid (ORM1) ... 9 2 ... ... Escallon et al. 1987
Orosomucoid (ORM2) ... 9 4 ORM2*2, ORM2*3, ... Escallon et al. 1987

and ORM2*4
Hemopexin (HPX) ......... 11 3 HPX*2 and HPX*3 ... Escallon et al. 1987

M. I. Kamboh and R. E.
Ferrell, unpublished data

Apolipoprotein A-IV
(APO A-IV) .............. 11 5 APOAIV*5 APOAIV*2 Kamboh and Ferrell 1987a

Complement subcompo-
nent (CIR) ................ 12 3 C1R*5 ... Kamboh et al. 1989b

a-1-Antitrypsin (PI) ....... 14 5 ... PI*S and DeCroo et al., in press
PI*Z

Apolipoprotein H
(APO H) ................. 17 4 APOH*4 ... Kamboh and Ferrell 1987a

Apolipoprotein C-1I
(APO C-II) ................ 19 3 APOCII*2 and ... Kamboh and Ferrell 1987a

APOCII*3
Apolipoprotein E
(APO E)................. 19 3 ... ... Kamboh and Ferrell 1987a

Thyroxin-binding globu-
lin (TBG).................. X 2 TBG*S ... Kamboh and Ferrell 1986c

M. I. Kamboh and R. E.
Ferrell, unpublished data

Apolipoprotein (LDL) .... Unknown 3 LDL*2 and LDL*3 ... M. I. Kamboh and R. E.
Ferrell, unpublished data

be performed using large-sample properties. Since the
estimates of the unique African allele frequencies are
subject to comparatively larger sampling error (in
terms of coefficient of variation), we suggest a method
of admixture estimation from the unique alleles that
takes into account errors of estimating such allele fre-
quencies in the U.S. blacks as well as in the African
ancestral population. In this section we present, for
easy reference, the closed-form expressions of the esti-
mators and their approximate standard errors, since
in earlier work they are not readily available.

Estimate Based on Unique African Alleles
Let r denote the total number of unique African

alleles. The true frequencies of the ith such allele in
the U.S. blacks and in the ancestral African population
are represented by hi and ai, respectively. Since these
alleles are assumed to be absent in the Caucasian popu-
lation, the proportion g of Caucasian genes in U.S.
blacks is related to hi and ai by the structural relation-
ship

hi= (1-)ai, (1)
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so that p can be estimated by fitting a linear-regression
equation (passing through the origin) of hi on ai for i
= 1,2, ... , r. Although a simple least-square estimate
p (Snedecor and Cochran 1967) can be easily obtained
from equation (1), the situation is somewhat compli-
cated, since hi and ai values are not known without
error. We have only estimates of these values, from
samples drawn independently from U.S. blacks and
from an African population. Assume that estimates of
hi (say, yi) and ai (say, xi) are available from samples
of size ni and mi individuals randomly drawn from
U.S. blacks and an African population. We can, there-
fore, write

Xi = ai+ui, (2a)

and

yi = hi+vi, (2b)

for i = 1, 2, . . ., r; where ui and vi are the errors of
estimation for the unique African alleles observed in
the samples. Since in the present work all allele fre-
quencies are estimated by the gene-count method, we
can assume that ui and vi both have expectation zero

and that error variances are given by

V(ui) - xi (1 - xi)/2mi ' (3a)

Madansky (1959, p. 180) also gave an expression
for the approximate error variance of d by following
the suggestion of Creasy (1956), which requires the
evaluation of 95% confidence limits of = tan-1 (a/
> Since = 1 - a, the complement of equation (5)
gives the weighted least-square estimate of g, whose
sampling error can be evaluated by the method of
Creasy (1956) and Madansky (1959). Note that, al-
though this method is comparatively more tedious
than the usual least-square estimator (Snedecor and
Cochran 1967, p. 166), this is more appropriate for
the present analysis, since the allele frequency esti-
mates from both populations involve sampling errors.

and

V(vi) - yj (1 - yi)/2ni ' (3b)

respectively. The average values of these error vari-
ances over all r unique African alleles are denoted by
a2 and a2, respectively, and the ratio

x= cYV GU (4)

is assumed to be known without error. Under this
formulation, Madansky (1959) and Brown (1982)
showed that a robust estimator of 1 - (= a, say) is
given by

& = [+2 +4XSy)'/, 2sxyv (5)

where

x = Zxj1r,
i=l

Estimate Based on All Allele Frequencies

While the above method uses only the unique Afri-
can alleles, so that allele frequency data are needed
only from the samples from U.S. blacks and the Afri-
can ancestral population, to utilize data on all alleles
at several loci we need samples from the Caucasian
ancestral population as well. Using a somewhat
different notation, let us denote the frequencies of the
ith allele at the fth locus in the three populations by
P?) (for U.S. blacks), Pal) (for the African ancestral
population) and P,'2) (for the Caucasian ancestral popu-
lation). Suppose that we have allele frequency data on
L loci (so that f = 1, 2, . . , L) and that there are r,

segregating alleles at the fth locus (i.e., i = 1, 2, . . .

, re for a fixed 2). Long and Smouse (1983) and, more
recently, Long (1991) have suggested a weighted
least-square estimate of admixture proportion for
such a dihybrid admixed population, an estimate
whose closed form expression is given by

y = fyi/r,=
i=l

sxx = (X, _ x)2/r,
i=l

r
SYY = Z(y, _5)2/r,

i=l

sxy = (xiyi -1 y)/ r,
i=l

and
8 = syy-xsxx -
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L rA

Ej Fj(P~c'P - Pat2))(A, - PMa,1)/P
t,=e=li= 1

E (PIt) PIai))2/P
I=li=l

The sampling variance of a is

L rf

V(iA) = MSE/ a, I

2=li=l

rt

V(t) = MSE/Z(P(ct)- A,) ,

i=l
(6)

(9)

in which MSE remains the same as in equation (8).
When the L loci are independently segregating, a test
of homogeneity of locus-specific estimators can be
conducted by the statistic

(7) (10)xL-1 = Dal-A) /V(af)

where MSE (mean square error) is given by

L re

2= Yi[(1 ?
_

pal))
_
(ApctS

_
pll)]2/I

1= li= I

r-L

L

and r = Z re is the total number of alleles at all L loci.
2=

One interesting property of this weighted least-
square estimate is that such estimators can be defined
for each individual locus as well, simply by dropping
the summations over loci in equation (6), to get locus-
specific estimates of ., denoted by ae. The sampling
variance of at2 can be computed as

which, for large samples, should approximately fol-
low a X2 distribution with L - 1 df (Cavalli-Sforza and
Bodmer 1971).

(8)

Results

Estimate Based on Unique African Alleles

Table 2 presents the allele frequency estimates for
each of the 18 unique African alleles that are found
at the 15 loci surveyed. The standard errors of these
estimates were calculated from the standard binomial
theory (eq. [3a] and [3b]).

Figure 1 shows the plot of this relationship, where

Table 2

Frequencies of Unique African Alleles among West Africans and U.S. Blacks

AFRICANS U.S. BLACKS

Mean Mean
ALLELE N3 Frequency ± SE Na Frequency ± SE

HPX*2 ........... 382 .017 ± .005 193 .018 ± .007
HPX*3........... 382 .089 ± .010 193 .046 ± .011
LDL*2 ........... 191 .298 ± .023 67 .216 ± .036
LDL*3 ........... 191 .000 67 .008 ± .008
APOCII*2 ......... 194 .049 ± .011 137 .025 ± .009
APPCII*3 .......... 194 .003 ± .003 137 .000
APOD*2........... 364 .022 ± .005 263 .013 ± .005
ORM2*2 .......... 187 .005 ± .004 181 .025 ± .008
ORM2*3 .......... 187 .005 ± .004 181 .006 ± .004
ORM2*4 .......... 187 .003 ± .003 181 .011 ± .006
TBG*S........... 45 .080 ± .029 101 .120 ± .023
APOH*4 .......... 167 .015 ± .007 148 .013 ± .007
APOAIV*5 ....... 171 .015 ± .007 127 .008 ± .006
FB*6........... 370 .036 ± .007 220 .028 ± .008
FB*23 ........... 370 .023 ± .006 220 .011 ± .005
ClR*5 ........... 247 .016 ± .006 136 .011 ± .006
GC*1A1 ........... 750 .025 ± .004 273 .015 ± .005
TF*D1 ........... 131 .080 ± .017 194 .030 ± .009
Average .043 ± .016 .034 ± .012

a Number of individuals sampled.
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Figure I Relationship of frequencies of unique African al-
leles in U.S. blacks and in west Africans. The middle solid line is
the fitted regression line (eq. [5]), and the other two solid lines
are the upper and lower 95% confidence limits of the regression
equation that pass through the origin. The slope (a) is the comple-
ment of p.

the slope of the regression equation (d = 0.752) is
based on equation (5). This is the complement of the
estimated p (mean + SE), which becomes .248 ±
.062. Although some of the data points are outside the
95% confidence limit of the regression equation, most
of the deviant points have also large standard errors
in both directions. In general the fit of the regression
line (of frequencies of unique African alleles in U.S.
blacks, on the same in the African population) is statis-
tically adequate, since deviation from linearity passing
through the origin (Student's t-statistic with 16 df =
0.51) is not significant (P > .69).

Since our compilation of allele frequencies at these
15 loci also revealed five unique Caucasian alleles not
found in the Nigerians, we can use the above approach

to estimate A by using these five unique Caucasian
alleles as well. Table 3 shows the frequencies (and
sample sizes) for these five alleles in the U.S. black and
U.S. white samples. Using equation (5) on these data,
we get p directly, giving A = .301 ± .051 as the
estimate of Caucasian genes in U.S. blacks. Although
this estimate is somewhat higher than the one obtained
from the unique African alleles, their difference is not
statistically significant.

Estimate Based All Alleles at the IS Loci

When all allele frequency data at the 15 loci were

used, the weighted least-square estimate of g (by eq.

[6] and [7]) becomes .252 + .027. Note that while
this point estimate is very close to the one obtained by
using the 18 unique African alleles (ft = .248), the
precision of this estimator is much improved when all
data are utilized. Since the least-square estimation of
admixture proportion, when all allele frequency data
are used, presupposes a linearity of (PM' -P~) with
(Ply - P(')) for all alleles at all loci, figure 2 plots this
relationship for the 52 alleles encountered at the 15
loci surveyed. The regression line (with a slope of
0.252) is obviously in good agreement with the data
points, suggesting that the admixture model is ade-
quate for the present data.

Homogeneity of Interlocus Estimates

Table 4 shows the summary of the homogeneity test

(eq. [10]) of the locus-specific estimates of g when the
least-square approach is used. It is clear that, although
two loci (ORM2 and TBG) gave estimates outside the
valid range (0 < g < 1), their deviations from the
pooled estimate (4 = .252) are not significant, judged
from the individual x2 values. Furthermore, note that,
even though the pooled estimate is quite precise, the

Table 3

Frequencies of Unique Caucasian Alleles among U.S. Whites and U.S. Blacks

U.S. WHITES U.S. BLACKS

Mean Mean
ALLELE N- Frequency ± SE N' Frequency ± SE

FB*3........... 171 .202 ± .022 260 .056 ± .010
TF*C3........... 300 .040 ± .008 194 .010 ± .005
APOAIV*2 ....... 159 .088 ± .016 127 .035 ± .012
PI*S................. 192 .021 ± .007 96 .015 ± .009
PI*Z................ 192 .005 ± .004 96 .0

Average .071 ± .036 .023 ± .010

a Number of individuals sampled.

150



Caucasian Genes in American Blacks

.2 - Discussion and Conclusion

.1 -

-.3
0-

-.1 -

-.2.1
-.75 -.25 0pti p51P.,, @5

Figure 2 Relationship between (P1'f - P(O) an
52 alleles at 15 polymorphic loci. This relationship s

(shown by the solid line) with a slope of i = .25

standard errors of the locus-specific em
rather high. Nevertheless, the homogei
locus-specific estimates is revealed by if
(with 14 df), whose observed value 10.65
tically significant (P > .69). This homoge
with the good fit of allele frequency differ
suggest that these 15 loci, most of wi
unique African alleles, are appropriate J
the extent of African genes in admixed b]
tions.

Table 4

Locus-specific Estimates of A, and Test of
Homogeneity of These Estimates

Locus
(no. of alleles) Mean han) ± SE

HPX (3) .............. .434 ± .173
LDL (3) .............. .269 ± .181
APO-CII (3) ........... .503 ± .289
APO-D (2) ............. .409 ± .341
ORM1 (2) ............. .034 ± .658
ORM2 (4)............. -1.202 ± 1.018
TBG (2) .............. -.500 ± .435
APO-H (4) ............. .117 ± .229
APO-E (3) ............. .225 ± .250
APO-AIV (5) .......... .395 ± .193
FXIIIB (5) .............. .264 ± .046
CIR (3) .............. .178 ± .421
PI (5) .............. .245 ± .137
GC (4) .............. .214 ± .041
TF (4) .............. .385 ± .107

Pooled (52) ......... .252 ± .027

a Pooled X2 has 14 df, and hence it is not signific

In the present work our main purpose has been to
,, / ,, show that with the modified approach of electropho-

retic detectability of alleles it is now possible to detect
a large number of unique alleles ("private" variants in
the terminology of Neel [1973]) that are of African
origin. We detected 18 such alleles at 15 loci, which
greatly enhanced the reliability of estimating African
ancestry of admixed black populations such as the
U.S. blacks of the metropolitan Pittsburgh area. Our

5-r5----.~ estimate of the p (.252 ± .027), based on all allele
*25 frequency data at the 15 loci examined here, agree
Id (P(. - P(f)) for well with previous estimates (Glass 1955; Adams and
should be linear Ward 1973), although the loci employed here are
2. different from the ones utilized by these previous work-

ers. The increased precision of our estimate is due to
the presence of both a large number of unique African

stimates are alleles (18) and five unique Caucasian alleles at these
neity of the loci. Even though we used the weighted least-square
ie pooled x2 method for the present work, because it provides the
is not statis- additional test of homogeneity of locus-specific esti-
-neity, along mators, other methods of estimating admixture on the
ences (fig. 2) basis of the data also give similar results. For example,
iich contain when Chakraborty's (1985) gene-identity method is
for studying employed, the present data yield the weighted least-
lack popula- square estimate (based on gene identity) of p = .236

± .005, which is even more precise.
The congruence between such estimates based on

the pooled data and the ones obtained from only the
unique alleles (African as well as Caucasian) is reassur-
ing in spite of the fact that the unique-allele frequencies
are subject to larger coefficient of variation due to
estimation error. The use of unique alleles in estimat-
ing admixture proportions that was originally sug-

x2(l) gested by Szathmary and Reed (1978) is somewhat
1.15 different from the one presented here. Their method
.01 yields an estimate of maximum possible admixture,
.76 while the present method gives a point estimate. Byard
.21 et al. (1985) and Williams et al. (1986) used unique-

2.04 allele frequencies in estimating the degree of Cauca-
2.99 sian admixture in some Amerindian groups, giving
.35 point estimates. Their method does not take into ac-
.01 count the errors of estimation of the unique-allele fre-
.55 quencies, while the present method does. As a result
.07 of such measuremental errors, the precision of the esti-.03
.oo mate based on the unique African alleles is somewhat
.85 lower than that of the pooled estimate. Nevertheless,

1.56 the congruence with the pooled estimate is not dis-
10.652 torted, irrespective of the methods of estimation.

cant (P > .69). It is worthwhile to mention here a comment about
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the method of incorporating the sampling errors of
variables in fitting a linear-regression equation. The
estimator suggested by Madansky (1959), given in
equation (5), was called, by Brown (1982), the "best"
maximum likelihood (BML) estimator, under the as-
sumption that the errors of measurement (ui and vi)
have a bivariate normal distribution with a zero corre-
lation and that the ratio X = a2/o2 is known without
error. While the independence of ui and vi is assured
when the samples from the two populations are inde-
pendently chosen, x is not strictly known in our case.
We estimated X from the average error variances of
the estimates of the unique alleles. Through a series
of simulations Brown (1982) showed that the BML
estimator is robust for such imperfect knowledge of X,
particularly when the sample sizes are large. Since for
most of the loci the number of individuals sampled is
larger than 100, we argue that this approximation is
reasonable.
The sampling variance of the estimator given in

equation (5) is perhaps an underestimate of the true
variance, because o2 and a2 used in estimating this
quantity are associated with allele frequencies that are
rare. Alternative formulations ofestimating error vari-
ance that are based on the observed numbers of hetero-
zygotes and/or homozygotes in the samples may pro-
vide somewhat improved estimators. However, since
the genotype distributions at these loci in all three
samples did not significantly differ from their Hardy-
Weinberg expectations (data not shown), we surmise
that the underestimation of error variance is not a
serious problem in the context of the present data. We
might also note that, in view of the possible unreliabil-
ity associated with the small numbers of heterozygotes
or homozygotes which contributed to the rare-
unique-allele frequencies, the incorporation of the
sampling errors ofx and y in estimating the admixture
proportion, as suggested here, is important even
though a direct application of a weighted regression
(which ignores both sampling variances) is easier be-
cause of its availability in statistical packages. (A copy
of the FORTRAN-77 algorithm of the method pro-
posed here may be obtained from R.C. on request.)
The homogeneity of locus-specific estimates (table 4)
shows that the loci containing the unique alleles
should be particularly useful for estimating the African
ancestry for any admixed black population, as long
as the other parental populations contributing such
admixture do not possess these unique alleles.
The present study suffers from a limitation common

to all studies of admixture. Seldom are allele frequen-

cies in the "parental" populations known precisely,
and the definition of "parental" population(s) contrib-
uting to any admixed group is often uncertain. This
is certainly true of the present study. African slaves
originated from a variety of geographic locales, and
their disposition in the New World was not random.
Local or regional variation in estimates of allele fre-
quency for the loci used in the present work cannot
be assessed from the limited population genetic data
available on undisturbed African populations. Thus,
a single African population sample is, at best, a poor
representative of the true parental population. The
only approach may be to employ a large number of
loci, in the hope that local fluctuations in allele fre-
quencies will average out over a larger set of markers.
Even where data on African geographical origins and
disposition of slaves in the New World are available
from historical records, subsequent large-scale migra-
tions of American blacks have further homogenized
the population. In this regard, Reed (1969) estimated
that 20% of U.S. blacks originated in central Nigeria
and that 46% were from countries west of Nigeria.
Nigeria is in the west-African linguistic group, which
is more homogeneous than groups to the east and
south and, hence, perhaps best approximates the true
unknown situation.
The same problems plague, perhaps to a lesser ex-

tent, the choice of a "parental" white population rep-
resentative of the population contributing to the ad-
mixture. Older industrial American cities such as
Pittsburgh attracted European immigrants because
they offered economic opportunities. These immi-
grants maintained their cultural separateness, still re-
flected in the urban neighborhoods of Pittsburgh.
American blacks were attracted to the region for the
same, primarily economic, reasons as were European
immigrants, and the extent and nature of non-African
admixture in the present-day Pittsburgh black popula-
tion represents admixture events spanning the whole
history of blacks in America. The contemporary white
population of Pittsburgh is probably not representa-
tive of the "parental" population contributing to the
past admixture.

Given these limitations, there seems to be only two
alternatives- (1) to abandon efforts to use admixture
as a tool in understanding ethnic variation in disease
or (2) to accept the weaknesses in the approach and
cautiously use genetic data to ask, in a general sense,
whether admixture plays a role in determining the dis-
tribution of disease in a mixed population. In the latter
case, consistency of data across studies may increase
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our confidence in the conclusions. The Nigerian popu-
lation used in the present study is a mixed urban popu-
lation representing a variety of ethnic subgroups of the
Nigerian population and to some extent represents the
potential variation in allele frequencies in a broader
geographical area. The degree to which it is represen-
tative of the founders of the American black popula-
tion is unknown. We argue that the use of a large
number of loci characterized by unique alleles from
either of the parental populations will yield more accu-
rate admixture estimates for the study of the genetic
etiology of common diseases.

Keeping in mind such caveats, we note two other
important implications of data on unique alleles. First,
there are suggestions that many chronic diseases occur
in high frequencies in the admixed black populations,
in comparison with other populations of the same en-
vironment. Hypertension in the continental United
States is a good example of this phenomenon (Mac-
Lean et al. 1974; Harburg et al. 1978; Dischinger et
al. 1981). Some previous reports have argued that this
may be due to the fact that the arrival of the Africans
also brought hypertension-susceptibility genes to this
continent. This argument is contested by others, who
show (a) that not all African populations exhibit an
increased level of hypertension in the African conti-
nent (Kaminer and Lutz 1960) and (b) not all individu-
als of African origin experience the marked increase
in blood pressure with advanced age that is evident
among the black Americans (Abrahams et al. 1960;
Oyediran et al. 1976; Oviasu 1978). The caveat of
these studies is that, since blood pressure is probably
under polygenic control with a considerable effect of
environment, a comparison ofprevalence ofhyperten-
sion across populations is not quite appropriate. This
is so because the variation of contributing environ-
mental factors is difficult to measure, nor can it be
appropriately controlled. On the other hand, if the
African-ness of admixed black individuals from the
same environment can be measured by estimating
the proportion ofAfrican genes at the individual level,
then the question of whether a higher susceptibility of
hypertension is of African origin can be answered
more definitively. The large number of unique African
alleles demonstrated in the present work leads to this
possibility. For example, for a sample of U.S. blacks
who live in a relatively homogeneous environment and
on whom blood-pressure measurements are available,
we might ask whether the individuals belonging to
different deciles of the blood-pressure distribution
have equivalent numbers of unique African alleles.

Combined with the present 18 such unique African
alleles, the total number of recognized unique African
alleles is now approaching two dozen, making such
a study feasible with enough statistical power. This
would be a study parallel to the trend of an increase
in the susceptibility to non-insulin-dependent diabetes
mellitus in admixed Amerindian communities in the
New World, a trend observed with an increasing level
of Amerindian admixture (Weiss et al. 1984; Chakra-
borty et al. 1986; Chakraborty and Weiss 1986). Such
studies on hypertension and African admixture should
yield new data pertinent to the possible resolution of
the above controversy and can provide insight perti-
nent to the etiology of hypertension.
The second implication of the discovery of such a

large number of unique African alleles relates to the
issue that, in the context of genetic, epidemiologic,
and forensic applications of genetic polymorphism, it
is often necessary to establish the genetic homogene-
ity of populations, particularly when the populations
are admixed. Individuals of a homogeneous admixed
population may differ in their level of admixture, but
the distribution of individual admixture proportions
should have a predictable form under genetic homoge-
neity, whose expectation can be computed from the
group-admixture proportion in the entire population.
With the help of the unique alleles in one of the ances-
tral populations, this expected distribution can be
evaluated. For example, under the assumption that
U.S. blacks of metropolitan Pittsburgh are a homoge-
neous admixed population with approximately a =
75% African ancestry, the probability that an individ-
ual will have i unique alleles in his or her genome
is given by the Poisson distribution with mean 2aX,
where X is the summed allele frequency of all recog-
nized unique alleles in the African population (for this
assumption, whose validity is demonstrated by Chak-
raborty et al. [1991], see Szathmary and Reed [1978]).

Qi = e-2aX(2aX)i/i!, (11)

for i = 0, 1, 2, etc. Unfortunately, in the present work
the same individuals were not assayed for all of the 15
loci on which such a distribution can be fitted. But
our estimate of a = .75 (approximately) leads to an
expected distribution for the 18 unique African alleles
(listed in table 2) shown in figure 3. The shape of
this distribution of individual admixture is in sharp
contrast with the U-shaped distribution of individual
admixture proportions published in the literature
(Chakraborty et al. 1986; Hanis et al. 1986). This is
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Figure 3 Expected distribution of number of unique African
alleles among individuals in population with 75% African genes.
The dark bars show the exact expected distribution as derived by
Chakraborty et al. (1991), and the lightly shaded bars represent the
Poisson approximation (eq. [11]).

so because in these previous works the loci utilized
did not contain any unique variant, and hence the
genotypes of individuals in an admixed group often
were not informative about the individual admixture.
A direct assay of these unique African alleles in future
works on admixed black populations should help in
establishing the genetic homogeneity in view of this
predictable distribution shown in figure 3.

In implementing either of these suggestions, one
must recognize that the reliability of individual admix-
ture estimates is mitigated both by the unknown ances-
try of the parental populations between which admix-
ture may have occurred and by the sampling errors
associated with the estimation of rare frequencies of
the unique alleles. Empirical studies demonstrate that
rare alleles show considerably more geographic varia-
tion in their frequencies and that hence, unless a large
number of them are available, the conclusions drawn
from studies such as the ones mentioned above may
be somewhat misleading unless the parental origins
of the admixed population are precisely known and
unless rare allele frequencies are derived from appro-
priate reference population.

Finally, we conclude with the cautionary remark
that the technique of electrophoresis may not be the
best for detecting unique alleles, since this technique
does not detect all genetic variation at the DNA level.
In spite of the fact that the improvement of electropho-
resis through isoelectric focusing revealed at least 18
unique African alleles not found in Caucasians, we
have at least one example where a variant that mi-

grated equally in the African and Caucasian samples
is perhaps different. This was the case with the FB*6
variant, which we included as an unique African allele,
even though in a previous work (Kamboh and Ferrell
1989) this variant was assigned a nonzero frequency
(<.01) among the Caucasian populations. With the
prospect of discovering more unique alleles by DNA
sequencing, the potential of using the unique variants
in tracing admixture between populations and in ex-
amining genetic homogeneity ofpopulations by study-
ing variation of their occurrences among individuals
should be greatly improved.
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