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ABSTRACT We analyzed admixture in samples of six
different African-American populations from South Caro-
lina: Gullah-speaking Sea Islanders in coastal South
Carolina, residents of four counties in the “Low Country”
(Berkeley, Charleston, Colleton, and Dorchester), and per-
sons living in the city of Columbia, located in central
South Carolina. We used a battery of highly informative
autosomal, mtDNA, and Y-chromosome markers. Two of
the autosomal markers (FY and AT3) are linked and lie 22
cM apart on chromosome 1. The results of this study
indicate, in accordance with previous historical, cultural,
and anthropological evidence, a very low level of European
admixture in the Gullah Sea Islanders (m = 3.5 = 0.9%).
The proportion of European admixture is higher in the
Low Country (m ranging between 9.9 = 1.8% and 14.0 =
1.9%), and is highest in Columbia (m = 17.7 = 3.1%). A
sex-biased European gene flow and a small Native Amer-
ican contribution to the African-American gene pool are
also evident in these data. We studied the pattern of

The determination of the extent of European ad-
mixture and the dynamics of the admixture process
in African-American populations are of great an-
thropological, historical, and epidemiological inter-
est. The increasing availability of markers showing
high-frequency differentials between African and
European populations (Shriver et al., 1997) has
made possible more precise estimates of admixture
proportions in African Americans living in different
areas of the US (Parra et al., 1998). Previous studies
indicated that the European genetic contribution to
Southeastern African Americans (South Carolina
and Georgia) has been lower than in other regions
(Workman, 1968; Adams and Ward, 1973; Long,
1991; Parra et al., 1998). There are several historical
reasons that may account for these differences. After
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pairwise allelic associations between the FY locus and the
nine other autosomal markers in our samples. In the
combined sample from the Low Country (N = 548), a high
level of linkage disequilibrium was observed between the
linked markers, FY and AT3. Additionally, significant as-
sociations were also detected between FY and 4 of the 8
unlinked markers, suggesting the existence of significant
genetic structure in this population. A continuous gene
flow model of admixture could explain the observed pat-
tern of genetic structure. A test conditioning on the overall
admixture of each individual showed association of ances-
try between the two linked markers (FY and AT3), but not
between any of the unlinked markers, as theory predicts.
Thus, even in the presence of genetic structure due to
continuous gene flow or some other factor, it is possible to
differentiate associations due to linkage from spurious
associations due to genetic structure. Am J Phys An-
thropol 114:18-29, 2001.  © 2001 Wiley-Liss, Inc.

its founding in 1670, Charles Town (later to become
Charleston) became one of the most important ports
for the importation of enslaved persons from West
and Central Africa. It has been estimated that
120,000 enslaved Africans were imported legally to
Charleston, and that number could be much higher
(around 200,000) when unrecorded and illegal trade
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is taken into account (Pollitzer, 1999). This number
represents a significant proportion of the total slave
trade in the US, which is generally estimated to be
in the range of 380,000-570,000 (Curtin, 1969;
Johnson and Campbell, 1981). The demand for en-
slaved Africans in the southern British colonies, in
order to work in the rice fields along the rivers and
later in the cultivation of indigo and cotton, was very
high through the 18th century and into the 19th
century. As a consequence of this high influx of
Africans into South Carolina and Georgia, the pro-
portion of people of African ancestry in this area has
been very high since the beginning of the colonies. In
1790, the percentage of persons of African origin
with respect to the total South Carolina population
was approximately 43%, but this percentage was
much higher in several coastal areas, including the
port of Charleston (ranging from 47-93%). On many
plantations, the number of Africans vastly outnum-
bered Europeans, and the relative isolation of the
people of African ancestry allowed the formation of a
unique culture in which many African influences
were preserved in terms of language, beliefs, folk-
lore, and art. This Creole culture has survived to
modern times in the Gullah-speaking Sea Islanders
of South Carolina and Georgia (also known as
Geechee in Georgia). A book discussing the genetic
and cultural aspects of the Gullah people was re-
cently published by one of the authors (Pollitzer,
1999).

We estimated the extent of European admixture in
six different samples from South Carolina. The first
sample corresponds to Gullah people from St. Helena
and Beaufort. Four additional samples come from dif-
ferent counties of the Low Country (Berkeley, Charles-
ton, Colleton, and Dorchester). Finally, the sixth sam-
ple comes from Columbia, the state capital, located in
central South Carolina. In order to determine admix-
ture proportions, we used a panel of specially selected
autosomal markers showing high differences in fre-
quency between African and European populations
(APOA1, AT3, FY, ICAM1, LPL, D11S429, OCA2,
RB1, Sb19.3, and GC). We also used a battery of infor-
mative mtDNA and Y-chromosome markers in order
to infer sex-specific gene flow and to test for Native
American contribution. Finally, we studied the pat-
tern of pairwise associations between the 10 autoso-
mal markers in our samples. This strategy has allowed
us to test for admixture linkage disequilibrium be-
tween two linked markers (FY and AT3), and to test
for the presence of associations between unlinked
markers, which would be indicative of the existence of
genetic structure in these populations.

SUBJECTS AND METHODS
Population samples

The selection of parental populations is a key as-
pect of any study of admixture. The samples used in
our study as representative of parental populations
are from areas known to have contributed substan-

tially to the populations of African and European
ancestry currently living in the US.

African and European samples. The samples
from Africa come from three geographical areas:
Sierra Leone, Nigeria, and the Central African Re-
public.

Sierra leone. The sample from Sierra Leone includes
several tribal groups. The best-represented groups are
the Mende (N = 183) and the Temne (N = 79). There
are also a limited number of individuals representing
other groups (Creole, Fula, Limba, Loko, Mandingo,
and Susu, among others). These samples were collected
as part of an anthropological study to characterize the
genetic diversity and ancestry of the Gullah Sea Is-
landers.

Nigeria. Two samples from Nigeria were analyzed in
this study. The first sample was collected from a group
of civil servants in Benin City, Nigeria (N = 46). The
second sample comes from a traditional Yoruba com-
munity in the city of Ibadan, in southwestern Nigeria
(N = 100).

Central african republic.  This sample of Bantu
speakers was collected as part of an anthropological
survey of a village along the Oubangui River near the
capital, Bangui (N = 49).

European samples. The samples of Europeans from
Germany (N = 30), Ireland (N = 86), and England (N =
44) were collected at random as part of anthropological
surveys (Parra et al., 1998).

South Carolina samples. The sample of Gullah-
speakers (N = 83) comes from St. Helena and Beau-
fort, and was selected on the basis of the following
criteria: 1, geographic location: both parents born in
the Sea Islands (either an island or the immediate
coast); 2, at least one parent speaks the Gullah
language; and 3, individuals are unrelated.

The samples from the Low Country come from
four different Counties: Charleston (N = 145),
Berkeley (N = 182), Colleton (N = 121), and
Dorchester (N = 93). The sample from Charleston
includes individuals from five areas within Charles-
ton County: the Sea Islands southwest of the city,
east of the Cooper River, north of the city, St. An-
drews and St. Paul west of the city, and the city
itself. All samples came from African-American
women living in these areas and participating in a
lead determination and prenatal study.

The sample from Columbia (N = 90) consists of
adult males residing in Columbia, South Carolina.
All subjects were volunteer participants in a genetic
study on prostate cancer and prostate cancer screen-
ing in the African-American population.

DNA analysis

Autosomal markers. Our strategy was to select
the most informative single nucleotide polymor-
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phisms (SNPs) and Alu insertions available, which
can be genotyped easily in the laboratory, and to
combine these markers to obtain a precise estimate
of admixture. There are other genetic markers avail-
able for studying European admixture in African
Americans, namely, immunoglobulin GM and the
cDe complex of the RH system (Reed, 1969). How-
ever, these are complex markers for which haplo-
types have to be characterized, which substantially
increases the genotyping effort, without an equiva-
lent gain in information content.

Ten autosomal markers (APOA1l, AT3, FY,
ICAM1, LPL, D11S429, OCA2, RB1, Sb19.3, and
GC) were genotyped by standard PCR and electro-
phoretic separation of DNA fragments. Two of these
markers, FY and AT3, are located on the long arm of
chromosome 1, approximately 22 cM apart. Both
markers are unlinked to any of the remaining loci.
The primer sequences and PCR conditions for
APOA1, AT3, FY, ICAM1, LPL, OCA2, RB1, Sb19.3,
and GC were detailed in a previous paper (Parra et
al., 1998). For typing D11S429, forward and reverse
primer sequences were 5’ CTG GCA TCT ATT AGA
CCA GC 3’ and 5’ CGG TGC ACA ATG GAT GAA
GGC 3’, respectively. PCR reactions (94°C for 5 min,
and then 30 cycles of 94°C for 30 s, 60°C for 30 s, and
72°C for 30 s, with a final extension at 72°C for 5
min) were performed in a 25-pl volume containing
200 pM dNTPs, 10 mM Tris-HCI (pH 8.9), 50 mM
KCl, 1 U Taq polymerase, and 20 ng genomic DNA.
The D11S429 polymorphism was detected by digest-
ing the PCR product with 20 U Sacl enzyme and
running the resulting products in 3% agarose gels.

mtDNA and Y-chromosome specific mark-
ers. Six population-specific mtDNA haplogroups
(L, H, A, B, C, and D) and the Alu insertion of the
Y-chromosome (YAP) were typed using the primer
sequences and PCR conditions described in Parra et
al. (1998) (mtDNA haplogroups and YAP). DYS199,
another very informative Y-chromosome specific
marker, was characterized following the protocol of
Lell et al. (1997).

Statistical analysis

The fit of genotype frequencies to Hardy-Weinberg
proportions and the heterogeneity in allele frequen-
cies in the four counties of the Low Country were
analyzed by means of the HW and STRUC programs
of the Genepop 2.0 computer package (Raymond and
Rousset, 1995).

Because of the importance of an adequate esti-
mate of the parental frequencies to obtain a correct
admixture estimate, we would like to discuss our
strategy for the estimation of the European and
African parental frequencies. Ideally, we would like
to have samples from all relevant areas that contrib-
uted to the migration of Europeans and Africans to
the New World, and to weight the frequencies by the
relative contribution of all relevant geographic
and/or population areas (Reed, 1969). The limited

availability of samples, particularly from the popu-
lations of Africa, and the partial knowledge of con-
tribution by areas, precludes our acting on this
ideal. One way to overcome the difficulties inherent
in having limited samples, and the uncertainty that
they accurately reflect the relative contributions of
different geographic areas, is to select genetic mark-
ers that show homogeneity within Africa and Eu-
rope. For this reason, we tried to use genetic mark-
ers that are informative for admixture (high-
frequency difference between European and African
populations) and that show similar frequencies in
the samples that are available from Africa and Eu-
rope. In this way, we tried to avoid any bias in the
parental African and European frequencies used to
estimate admixture in African-American popula-
tions.

The admixture proportions of the samples were
estimated using a weighted least squares method
(WLS) (Elston, 1971; Long and Smouse, 1983; Long,
1991), implemented in the ADMIX program, kindly
supplied by Dr. Jeffrey C. Long. This method incor-
porates the effect of the evolutionary and sampling
variance in the admixture estimates and a x? test of
heterogeneity of admixture estimates from the dif-
ferent loci. Individual admixture proportions were
calculated using a maximum likelihood method, as
described by Chakraborty et al. (1986).

Haplotype frequencies and gametic disequilib-
rium coefficients for pairs of loci were estimated by
using an expectation maximization algorithm de-
scribed by Long et al. (1995). The gametic disequi-
librium coefficient is the difference between the ob-
served haplotype frequencies, inferred by means of
the expectation maximization method, and the ex-
pected frequencies, which are a function of the ob-
served allele frequencies for a pair of markers. Hy-
pothesis testing was performed with the likelihood
ratio statistic (G), which has a x? distribution for
large sample sizes. We used the 3LOCUS program,
made available to us by Dr. Jeffrey C. Long.

To detect association between linked markers, we
used a novel statistical method that distinguishes
between the excess of association due to linkage and
the potential association between unlinked markers
due to population structure. In this method, it is
necessary to estimate the overall admixture of each
individual so that it is possible to control for con-
founding by the variation of admixture between in-
dividuals. More details on this Bayesian method can
be found elsewhere (McKeigue, 1998; McKeigue et
al., 2000).

RESULTS

Admixture proportions inferred from
autosomal markers

The allele frequencies corresponding to the 10 au-
tosomal markers analyzed in the six samples from
South Carolina are depicted in Table 1. In the sam-
ples from the Low Country, we report frequencies for
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TABLE 1. Allele frequencies of autosomal markers analyzed in present study*
Population N APOA1*1 AT3*1 FY-Null*1 ICAM1*1 LPL*1 OCA2*1 RB1*1 Sb19.3*1 D11S429*1 GC*1F GC*1S
Sierra Leone (Mende) 181 0.386 0.853 0.006 0.761 0.961 0.169 0.927 0.409 0.092 0.885 0.063
Sierra Leone (Temne) 98 0.356 0.816 0.000 0.695 0.974 0.116 0.944 0.409 0.074 0.907 0.050
Sierra Leone (average) 0.371 0.835 0.003 0.728 0.968 0.142 0.936 0.409 0.083 0.896 0.056
Nigeria-1 46 0.409 0.889 0.000 0.772 0.957 0.078 0.917 0.457 0.111 0.849 0.081
Nigeria-2 100 0.480 0.875 0.000 0.697 0.985 0.124 0.944 0.455 0.116 0.846 0.085
Nigeria (average) 0.454 0.883 0.000 0.734 0.971 0.101 0.933 0.456 0.114 0.847 0.083
Central African Republic 49 0.435 0.859 0.000 0.798 0.978 0.092 0.900 0.364 0.040 0.778 0.067
African average 0.420 0.859 0.001 0.753 0.972 0.112 0.923 0.410 0.079 0.841 0.069
England 44 0.934 0.291 1.000 1.000 0.528 0.695 0.294 0.949 0.576 0.203 0.622
Ireland 86 0.915 0.279 1.000 1.000 0.397 0.761 0.287 0.943 0.514 0.133 0.633
Germany 30 0.933 0.267 1.000 1.000 0.533 0.850 0.417 0.839 0.533 0.133 0.567
European average 0.927 0.279 1.000 1.000 0.486 0.769 0.333 0.910 0.541 0.156 0.607
Delta (|pafr - peur|)? 0.507 0.580 0.999 0.247 0.486 0.657 0.590 0.500 0.462 0.685 0.538
South Carolina
Columbia 90 0.567 0.732 0.171 0.826 0.871 0.191 0.896 0.632 0.226 0.805 0.104
Berkeley County 182 0.468 0.777 0.088 0.753 0.912 0.176 0.827 0.513 0.150 0.806 0.107
Charleston County 145 0.490 0.768 0.075 0.683 0.921 0.152 0.827 0.510 0.135 0.781 0.130
Colleton County 121 0.504 0.742 0.107 0.790 0.908 0.180 0.789 0.548 0.113 0.772 0.134
Dorchester County 93 0.541 0.735 0.105 0.794 0.878 0.139 0.799 0.515 0.129 0.765 0.147
Low Country (total) 0.496 0.759 0.091 0.750 0.907 0.165 0.814 0.521 0.135 0.785 0.125
Gullah 83 0.475 0.867 0.036 0.759 0.939 0.171 0.922 0.410 0.080 0.822 0.072

! We followed the convention of defining the presence of Alu insertions and the absence of the polymorphic restriction sites as allele 1.
2 Delta is defined as the absolute value of the difference between the average European and African frequencies.

the individual counties (Berkeley, Charleston, Col-
leton, and Dorchester), as well as the total frequen-
cies. No significant differences were observed be-
tween the allele frequencies of the four counties for
the autosomal markers, with the exception of
ICAM1. The frequencies for the parental popula-
tions (European and African) indicated in the table
were calculated as an unweighted average of three
European samples (England, Ireland, and Germany)
and three geographical areas in Africa (Sierra Leone
(Mende and Temne), Nigeria (Benin City and
Yoruba), and the Central African Republic (Ouban-
gui River)), respectively. The & values for the differ-
ent markers, defined as the absolute value of the
difference in frequency between the African and Eu-
ropean populations, are presented in the last row of
the table. These values are indicative of the infor-
mation content of each marker for the estimation of
the admixture proportions in the African-American
populations.

Table 2 shows the European genetic contribution
(m) to these six African-American samples from
South Carolina, estimated using Long’s method,
with the upper and lower values of the 95% confi-
dence interval. The admixture proportions observed
in the four counties of the Low Country are also
indicated. A cline in the percentage of European
ancestry is evident from this analysis. The Gullah
Sea Islanders show a very low European ancestry
(3.5%), the lowest we have thus far observed in more
than 16 African-American populations and Jamaica
(Parra et al., 1998 and unpublished data). The av-
erage European contribution in the four Low Coun-
try counties is 11.8%. This value is similar to the m
estimate observed in a subset of 95 randomly chosen
individuals of this sample, and is lower than the m
values of other African-American populations in the
US (Chakraborty et al., 1992; Parra et al., 1998).
The admixture estimates for these four counties are
not significantly different, judging by the 95% con-

TABLE 2. European contribution to three African-American
populations from South Carolina, with upper and
lower values of 95% confidence interval

Population M 95% C.1.
Gullah 3.5% 1.7-5.3%
Low Country

Berkeley County 10.9% 8.5-13.3%
Charleston County 9.9% 6.4-13.4%
Colleton County 13.6% 10.3-16.9%
Dorchester County 14.0% 10.3-17.7%
Total (weighted) 11.8% 9.1-14.5%
Columbia 17.7% 11.6-23.8%

fidence intervals. Finally, the sample from Columbia
shows the highest level of European ancestry (m =
17.7%), which is similar to values previously ob-
served in many northern African-American sam-
ples, using the same markers (Parra et al., 1998).
The 95% confidence interval of the admixture esti-
mates from Columbia and the Gullah Sea Islanders
do not overlap, showing significant differences in
admixture proportions.

The individual m values for the different markers
show, in general, good concordance with the average
m value (data not shown), with the exception of
ICAM1, which tends to give lower m values than the
remaining markers, in some cases even negative
and significantly different when applying Long’s x2
test. This could be due to a biased estimate of the
African parental frequency (ICAM1 is monomorphic
in Europeans), or some form of selection acting on
this marker (Fernandez-Reyes et al., 1997). In any
case, ICAM1 is the least informative of all the se-
lected markers (3 = 0.24), and makes only a small
contribution to the estimate of admixture.

Individual admixture distributions

In addition to the admixture proportion of the
samples, it is possible to calculate the admixture of
each individual using a maximum likelihood
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Fig. 1. Distribution of percentage of European alleles in African-American individuals from Beaufort and St. Helena (Gullah Sea

Islanders), the Low Country, and Columbia. We created 10 groups to summarize individual admixture data. Given that there are 101
possible values of individual admixture (from 0—100% European contribution), the first group includes 11 individual admixture values
(from 0-10% European contribution), and the remaining groups include 10 individual admixture values each (from 11-20%, 21-30%,

and so on).

method, where the m value at which a particular
multilocus genotype is most likely is taken as the
individual admixture proportion. Since the allele
frequencies and admixture proportions in the coun-
ties of the Low Country are similar, we combined
them into a single sample. Figure 1 shows the indi-
vidual admixture distributions observed in the Gul-
lah Sea-Islander, Low Country, and Columbia sam-
ples. It is evident that there are important
differences in the patterns observed in the three
samples. In the Gullah, around 80% of the individ-
uals have 10% or less European admixture. The
proportion of individuals in this category is lower in
the Low Country (around 53%) and even more so in
Columbia (50%). On the contrary, the sample from
Columbia has the highest proportion of individuals
(around 7%) with estimates of m higher than 50%,
while no individual of the Gullah sample falls in that
category. The average estimates of individual ad-
mixture for the three samples are very close to the
population estimates calculated by Long’s method
(Gullah, 6.05%; Low Country, 13.16%; Columbia,
18.73%).

mtDNA and Y-chromosome-specific markers

The analysis of mtDNA and Y-chromosome-spe-
cific markers can give additional information in
terms of the dynamics of gene flow, and is especially

valuable for determining a potential sex bias in ad-
mixture contributions. We analyzed six mtDNA
haplogroups, which are continent-specific: haplo-
group L (African), haplogroup H (European), and
haplogroups A, B, C, and D (Native Americans).
Haplogroup L, which is common in Africa, consists
of three major subgroups L1, L2, and L3 (Watson et
al., 1997). The Hpal site at np 3592 is observed in
subgroups L1 and L2 but is lacking among the L3
group. Table 3 reveals that 45-55% of the African-
American mtDNA types consist of L1/L2 lineages.
The L3 lineage may represent a large proportion of
the remaining mtDNA haplotypes in the African-
American populations. The L3 lineage is pan-Afri-
can, representing about 30—40% of African mtDNA
sequences (R.A. Kittles, unpublished data). We also
typed two Y-chromosome-specific markers: the YAP
element is very useful for characterization of the
male European contribution, and the DYS199 C-T
transition is very informative for evaluating male
Native American influence. The main results of this
analysis are depicted in Table 3. The European fe-
male contribution seems to have been very low in
the three populations. In the Gullah, we did not
detect any H haplogroup among 83 individuals. In
the Low Country, we observed only five H haplo-
groups in a sample of more than 540 individuals,
and the female European contribution was esti-
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TABLE 3. African-Americans allele frequencies of informative m¢DNA haplogroups and Y-chromosome-specific markers
in three South Carolina African-Aerican populations and the European and Native American admixture proportions inferred
from those frequencies

mtDNA, maternal contribution

Y-specific paternal contribution

Population N  HapL1/L2 Hap-H % Eur' Hap-A Hap-B Hap-C HapD %Am?> N YAP+ % Eur® DYS199 % Am*
Gullah 83 45.8% 0.0% 0.0% 0.0% 2.4% 0.0% 0.0% 2.4% 25  84.0% 5.6% 0.0% 0.0%
Low Country 541 55.2% 0.9% 2.1% 0.5% 0.7% 0.2% 0.2% 1.6% 0 na’ n.a.’® n.a.® n.a.’®
Columbia 90 52.2% 1.1% 2.6% 1.1% 0.0% 0.0% 0.0% 1.1% 90 68.7% 24.1% 0.0% 0.0%

! European admixture estimated from Hap-H frequencies. 2 Amerindian admixture estimated from Hap-A, -B, -C, and -D frequencies.
3 European admixture estimated from the Y alu insertion frequencies. * Amerindian admixture estimated from the DYS199 frequen-

cies. ® n.a., not available. Only females in the sample.

TABLE 4. G statistic evaluating extent of observed pairwise associations between FY and remaining markers
examined in this study'

G values, P
Sample FY/AT3! TFY/APO FY/ICAM FY/LPL FY/L19.2 FY/OCA2 FY/RB2300 FY/SB19.3 FY/GCIF
Gullah 0.15, ns 0.18,ns 0.00,ns 3.19,ns 1.22,ns 2.91, ns 1.29, ns 1.52,ns 0.27,ns
Low Country 16.70%** 4.83% 0.51,ns 1.21,ns 0.11,ns 14.15%%%* 10.27#%* 0.87,ns 4.93%
Columbia 8.87%* 0.86,ns 0.00,ns 1.05,ns 2.31,ns 2.69, ns 0.32, ns 0.19,ns 2.45ns

1FY and AT3 (marked in bold type) are linked our chromosome
significant. * P < 0.05. ** P < 0.01. *** P < 0.001.

mated at around 2%. Finally, in Columbia we de-
tected one H haplogroup in a sample of 90 individ-
uals, giving an approximate female KEuropean
contribution of 2.6%. The male European contribu-
tion is higher than the female contribution. The
estimates of European ancestry based on YAP fre-
quencies are 5.6% in the Gullah, and 24.1% in Co-
lumbia. The sample from the Low Country is com-
posed entirely of women, so in this case it was not
possible to test for male-specific gene flow. With
respect to the Native American influence, there is
evidence of female Native American contribution in
these southeast African-American populations. In
the Gullah, we observed two individuals with hap-
logroup B, and in the Low Country all the Native
American haplogroups (A, B, C, and D) were
present, although at very low frequencies. In Colum-
bia, we found one Native American A haplogroup. In
the analysis of the DYS199 Y-chromosome specific
locus, we did not observe any individual with the
DYS199T variant, which is found at high frequen-
cies in Native American populations.

Pairwise association between markers:
testing for genetic structure

Two of the autosomal markers analyzed in this
study, FY and AT3, are located on the long arm of
chromosome 1, approximately 22 c¢cM apart. Both
markers are unlinked to the remaining loci. In order
to test if the admixture process had created a detect-
able disequilibrium between these markers, and
also to test if there is genetic structure in these
African-American populations, we studied the pat-
tern of pairwise association between FY, the most
informative marker, and the nine remaining loci.
Here we define genetic structure as the presence of a
significant association between unlinked markers,
which is not expected to occur in a random mating

1. FY and the other autosomal markers are unlinked. ns, not

population. Genetic structure can be caused by sev-
eral factors, including population substructure, con-
tinuous gene flow, and assortative mating. The re-
sults are depicted in Table 4, in terms of the G
statistic evaluating the extent of the observed asso-
ciation. In the Gullah sample no statistical associa-
tion is observed between Duffy and any of the other
genetic markers. In Columbia, the only significant
association is observed between FY and AT3, which
are linked on chromosome 1 (G = 8.87, P < 0.01). FY
and AT3 also show a very significant association in
the sample from the Low Country (G = 16.70, P <
0.001). Surprisingly, 4 of the 8 comparisons of Duffy
and the unlinked markers are also significant in this
much larger sample (FY/OCA, G = 14.15, P < 0.001;
FY/RB1, G = 10.27, P < 0.001; FY/GC1F, G = 4.93,
P < 0.05; FY/APOA1, G = 4.83, P < 0.05). These
positive associations between unlinked markers
suggest the presence of genetic structure. To further
understand the observed patterns of disequilibrium,
we plotted for all possible pairwise marker compar-
isons the D, values vs. the D, values (Fig. 2). D; is
the observed disequilibrium value, and was esti-
mated using the method of Long et al. (1995). D, is
the initial disequilibrium created in the admixture
event. Assuming no disequilibrium in the parental
African and European populations, the initial ad-
mixture disequilibrium in African Americans would
be described by the formula D, = m(1 — m)3,3y,
where m is the admixture proportion, and §,and 8y
the frequency differences between the parental pop-
ulations at loci A and B (Chakrabory and Weiss,
1988). A significant correlation is observed between
D, and D for all possible marker comparisons for
the combined sample from the four Low Country
counties (R = 0.1926, P < 0.01). Higher initial
disequilibrium levels are associated with higher ob-
served disequilibrium today.
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Fig. 2. Plot of relationship between intital disequilibrium (D,) and current disequilibrium (D,) between pairs of markers in the
sample from the Low Country. Open circles, unlinked markers; solid circle, FY-AT3.

TABLE 5. Score tests for association of ancestry between locus
FY and the other nine loci in the combined Low Country
sample, but excluding those with missing genotype at
the FY locus (n = 509)

Percent One-
information Z-test tailed
Markers Score extracted statistic P-value

FY/AT3! 3.62 10% 1.89 0.03
FY/APOA1 1.46 5% 1.14 0.13
FY/ICAM1 -0.01 2% -0.02 0.51
FY/LPL —-2.94 11% —1.68 0.95
FY/D11S429 -1.25 5% -1.09 0.86
FY/OCA 2.76 11% 1.53 0.06
FY/RB1 0.96 11% 0.51 0.31
FY/SB19.3 -0.82 4% -0.76 0.78
FY/GC 0.84 11% 0.49 0.31

L FY and ATS3 (in bold type) are linked on chromosome 1.

Table 5 shows the results of McKeigue’s score test
for association between locus FY and the other nine
loci in the combined Low Country sample. As ex-
pected, no significant association is observed be-
tween FY and any of the unlinked loci, but the
association between the two linked loci (FY and
AT3) remains statistically significant at P = 0.03.
The table also indicates the percentage of informa-
tion extracted from the data. The analysis extracts
only a proportion of the information (between
2-11%) that would be available if the ancestry (Eu-
ropean or African) at each marker could be unam-

biguously assigned. To increase the amount of infor-
mation extracted, it would be necessary to type more
markers in the vicinity of the available markers,
more unlinked markers, and parent-offspring pairs
in order to have information about phase (see Mc-
Keigue et al., 2000).

DISCUSSION

European genetic contribution to South
Carolina African-Americans

We estimated the admixture proportions in six
African-American samples from South Carolina: the
Gullah-speaking Sea Islanders living in coastal
South Carolina, four different Low Country coun-
ties, and the city of Columbia. In order to obtain
good admixture estimates, the availability of infor-
mative markers and adequate samples of the paren-
tal populations are key requirements. We used a
select panel of 10 autosomal markers showing high-
frequency differences between African and Euro-
pean populations, in order to increase the precision
of estimates of the genetic contribution of both pa-
rental populations to contemporary African Ameri-
cans residing in these areas of South Carolina. The
samples representative of the parental populations
were selected on the basis of historical evidence in-
dicating a substantial contribution to the contempo-
rary US population of African and European ances-



SOUTH CAROLINA ADMIXTURE 25

try. With respect to the African continent, we based
our estimates of ancestral African frequencies on
data from five samples, corresponding to three dif-
ferent geographical regions in West Africa (Sierra
Leone, Nigeria, and the Central African Republic). It
has been estimated that a significant number of
enslaved Africans entering the US came from these
areas (Curtin, 1969). As shown in Table 1, the allele
frequencies are similar for the 10 autosomal mark-
ers, both within regions and between regions in Af-
rica, and this homogeneity reduces a possible bias in
the estimates of ancestral frequencies caused by un-
equal contribution by areas. In order to estimate
European ancestral frequencies, we used data from
samples coming from England, Ireland, and Ger-
many, which have been main sources of European
migration to the US. The frequencies observed in the
three European samples are not significantly differ-
ent, with the exception of LPL and Sb19.3. It is
important to mention that using European-Ameri-
can samples instead of European samples as repre-
sentatives of the ancestral European population, the
admixture estimates are remarkably similar to the
values shown in Table 2, indicating the robustness
of the results.

The results of the analysis show an interesting
clinal admixture pattern. The Gullah Sea Islanders
show a very low degree of European ancestry (m =
3.5 = 0.9%), while the average of the four counties in
the Low Country is m = 11.8 * 1.4% and in Colum-
bia m = 17.7 * 3.1%. No significant differences in
allele frequencies or admixture proportions were ob-
served in the neighboring counties around Charles-
ton (Table 1), so we will use the term Low Country
when referring to these pooled samples in the rest of
the discussion. The standard errors associated with
the admixture estimates are very low (ranging be-
tween 0.9-3.1%), emphasizing the importance of se-
lecting informative markers for admixture studies.

Our results confirm previous studies indicating a
very limited European influence in Gullah-speaking
African Americans, as a result of their relative iso-
lation through history. This isolation has resulted in
the retention of numerous African characteristics in
language, social organization, religion, magic, art,
folklore, and music. Of particular interest is the
linguistic evidence, first pointed out by Turner
(1949), and extensively studied thereafter. Research
in this area has indicated a very important contri-
bution of several African languages to the Gullah
Creole language, in terms of words, sounds, and
grammar (reviewed by Pollitzer, 1999). In addition
to the cultural evidence, anthropometric and sero-
logic studies have also indicated a lower European
contribution to the Gullah Sea Islanders than to
other African-American populations in the US (Pol-
litzer, 1999). The 95% confidence intervals of the
admixture estimates of our samples indicate that,
even within South Carolina, the Gullah sample from
Beaufort and Saint Helena shows a significantly
lower percentage of European alleles than that ob-

served in Columbia and the neighboring counties of
the Low Country (Table 2). The values obtained for
the Low Country (m = 11.8%), even if higher than in
the Gullah, are lower than other values previously
observed in other regions of the US, using the same
autosomal markers (Parra et al., 1998). Given the
known history of the region, it is very likely that
some of the individuals of this sample are of recent
Gullah ancestry. On the contrary, the m estimate of
Columbia (m = 17.7%) is in the range observed in
many of the northern populations analyzed in our
previous study (Detroit, 16.3%; Baltimore, 15.5%;
Maywood, IL, 18.8%; and New York, 19.8%).

The analysis of individual admixture propor-
tions using a maximum likelihood approach (Fig.
1) further reinforces the conclusions obtained from
population-based admixture estimates. Individual
admixture estimates are much less precise than
population-based estimates (e.g., Long’s method),
and at least 40-50 markers, as informative as
those analyzed here, would be necessary to have
comparable precision in the estimate of the indi-
vidual admixture. Thus, the distributions of indi-
vidual admixture are built on the basis of esti-
mates with high standard errors. Nevertheless,
the comparison between distributions provides in-
formation regarding the differences in admixture
patterns between the three South Carolina sam-
ples. The average individual admixture estimate
in each sample agrees well with the values ob-
tained using Long’s method. In addition, the pat-
tern of distribution of individual admixture fur-
ther stresses the higher isolation of the Gullah
Sea Islanders with respect to the other South
Carolina populations. A much higher proportion of
Gullah individuals (80%) shows a percentage of
European ancestry equal to or lower than 10%, vs.
53% in the Low Country and 50% in Columbia
(Fig. 1).

Additional information on the extent of admixture
and the dynamics of the admixture process can be
extracted by the analysis of continent-specific
mtDNA haplogroups, which are maternally inher-
ited, and informative Y-chromosome-specific mark-
ers, which are only transmitted from father to son.
The combination of both kinds of markers allows the
possibility of evaluating male- and female-specific
gene flow. In accordance with previous data on other
African-American populations through the US
(Parra et al., 1998), a sex-biased European gene flow
is also observed in the populations analyzed here.
The European genetic contribution from males was
higher than the female contribution (Table 3). In the
Gullah Sea Islanders, the estimate of European ad-
mixture from YAP is 5.6%, higher than the estimate
obtained from autosomal markers (3.5%), and we
have not detected any European-specific H haplo-
groups. In the sample from the Low Country, which
comprises only females (see Material and Methods),
it was not possible to evaluate the male genetic
contribution, but again the estimate based on
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mtDNA (0.9%) is substantially lower than the auto-
somal estimate (11.8%). Finally, in Columbia the
same pattern is also evident, with a much larger
European contribution from males (m = 24.1%) than
from females (m = 2.6%).

An interesting finding of this study has been the
presence of Native American ancestry in these three
African-American populations. In order to evaluate
this influence, we typed the samples for the Native
American haplogroups A, B, C, and D, and the Y-
chromosome-specific DYS199 polymorphism. Most
of the mtDNA of Native Americans belongs to the
aforementioned haplogroups. Recently, a fifth
founding haplogroup, termed haplogroup X, was
confirmed in a number of studies (Bailliet et al.,
1994; Forster et al., 1996; Scozzari et al., 1997;
Smith et al., 1999). With the exception of some Ca-
nadian QOjibwa (i.e., those who were studied in this
large geographically dispersed population), in which
haplogroup X is relatively frequent (Scozzari et al.,
1997), this haplogroup is rare among modern Native
Americans (around 3%; Smith et al. 1999), and has
not been found in relevant southeastern tribes, such
as the Seminole, Cherokee, and Creek (Huoponen et
al., 1997; Smith et al., 1999). Thus, an estimate of
maternal Native American contribution in South
Carolina African Americans can be calculated sim-
ply as the total percentage of Native American hap-
logroups observed in the samples. An important con-
sideration is that one of the Native American-
specific haplogroups, haplogroup B, is defined by a
9-bp deletion located in the intergenic region be-
tween the cytochrome oxidase II and lysine tRNA
genes, and it is known that this deletion may have
multiple geographic origins. This deletion, in addi-
tion to being common in Native Americans and other
Asian populations, has occurred independently in
individuals of African ancestry (Chen et al., 1995;
Soodyal et al., 1996; Alves-Silva et al., 1999), and
more rarely of European ancestry as well (Barrien-
tos et al., 1995; Torroni et al., 1995; Alves-Silva et
al., 1999). In order to distinguish the geographic
source of the 9-bp deletion, we typed the individuals
with the deletion for the sites Alul 10397 and Ddel
10394. Individuals with the 9-bp deletion of Native
American origin (haplogroup B) typically lack both
restriction sites (——), while individuals with the
deletion of African or European origin lack the Alul
10397 site but have the Ddel 10394 site (—+) (Alves-
Silva et al., 1999). A complementary perspective to
the Native American female gene flow is given by
the analysis of the nonpseudoautosomal region of
the Y-chromosome, inherited only through the male
line. A very informative polymorphism in this region
for determining Native American male gene flow is
the DYS199 C—T transition initially described by
Underhill et al. (1996). The DYS199T allele is al-
most exclusively restricted to Native American pop-
ulations, and is present in high frequencies in
North, Central, and South America (Karafet et al.,
1997; Lell et al., 1997; Rodriguez-Delfin et al., 1997,

Santos et al., 1999). In the Seminole tribe of Florida,
the DYS199T frequency has been estimated at 48%
(Lell et al., 1997).

We observed two B haplogroups in the Gullah
sample, giving an approximate estimate of 2.4% Na-
tive American maternal contribution (Table 3). In
the much larger sample from the Low Country (n =
541), we detected the presence of all Native Ameri-
can haplogroups (3 haplogroup A, 4 haplogroup B, 1
haplogroup C, and 1 haplogroup D), and the esti-
mate of global Native American maternal contribu-
tion is 1.6%. In Columbia, the Native American in-
fluence is also evident (1 A haplogroup, m = 1.1%).
Interestingly, we have not observed any DYS199T
genotype in any of the Gullah (n = 25) and Columbia
(n = 90) males examined, suggesting that the male
Native American contribution has not been signifi-
cant. Unfortunately, these samples are relatively
small, and the large sample from the Low Country is
entirely comprised of women, so it is difficult to
evaluate accurately sex bias in Native American
gene flow to these African American populations.

Our results agree with historical facts indicating
that admixture between Native Americans and peo-
ple of African ancestry took place in South Carolina.
Despite early laws against Native American slavery,
many colonists disregarded the sanctions, and Na-
tive Americans were publicly sold as slaves in
Charleston. After 1720, Native American slavery
declined, and enslaved Indians were absorbed into
the black community. The term mustizoes or must-
ees was coined to refer to the offspring of Indians and
blacks (Pollitzer, 1999). Some early anthropological
reports pointed out the high proportion of African
American college students claiming some Native
American ancestry (Herskovits, 1930; Meier, 1949).
Judging from the mtDNA and Y-chromosome-spe-
cific data, the global Native American contribution
to the southern African-American populations ana-
lyzed in this study has been quantitatively low,
probably not higher than 1-2% (Table 4).

Pairwise association between autosomal
markers: inferences about the
admixture process

The analysis of the pattern of pairwise association
between the 10 autosomal markers analyzed here
can provide interesting insights on the admixture
process and the genetic structure of South Carolina
African-American populations. The association ob-
served between FY and AT3 is indicative of the
linkage disequilibrium created when the two paren-
tal populations admixed. Both theoretical (Stephens
et al., 1994; Briscoe et al., 1994; McKeigue, 1997)
and experimental studies (Parra et al., 1998; Laut-
enberger et al., 2000) have shown that this linkage
disequilibrium resulting from admixture can span
wide genomic intervals (more than 10 ¢cM). Associa-
tions between unlinked markers can be informative
about the extent of genetic structure and the pattern
of gene flow. In a nonstructured population, we
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would expect to find no associations between un-
linked markers. In a population with genetic struc-
ture, the associations may be significant even be-
tween unlinked markers. Among the possible factors
causing genetic structure, assortative mating and
continuous gene flow could be relevant in South
Carolina African Americans. We recently simulated
two different models of admixture and its conse-
quences in terms of associations between linked and
unlinked markers (Pfaff and Shriver, 1999; Pfaff et
al.,, in preparation). In admixed populations in
which there is an initial process of admixture and
further isolation from the parental populations (hy-
brid isolation model), after 15 generations a signifi-
cant association is found between linked markers
located 10 cM apart, and only low levels of associa-
tion between unlinked markers (~5%). On the con-
trary, in admixed populations in which there is a
constant input of alleles from one parental popula-
tion to the admixed population every generation
(continuous gene flow model), after 15 generations
significant associations are observed between very
close markers, but also in a large percentage of
unlinked marker comparisons (~60%). Conse-
quently, the analysis of the pattern of association,
especially when using informative markers, can pro-
vide interesting insights into the admixture process.

In the Gullah sample, no significant association
was detected either between FY and AT3 or any of
the pair-wise comparisons between FY and the
remaining nine markers. This is to be expected,
given both the small sample size and the very low
European contribution to the Gullah population,
which is reflected in just six FY-null + alleles in a
sample of 166 alleles. Thus, the power for detect-
ing associations in this sample is very limited. In
Columbia, the only significant association is ob-
served between the linked markers FY and AT3
(G = 8.87, P < 0.01). The sample from the Low
Country is much more informative in terms of
sample size. In this case, there is a very significant
association between FY and AT3 (G = 16.70, P <
0.001), a higher value than any other comparison
of FY with the remaining markers (Table 4). In-
terestingly, in the Low Country, 4 of the 8 com-
parisons of FY with unlinked markers turned out
to be significant as well (FY/APOA1, FY/GC, FY/
OCA2, and FY/RB), indicating the presence of ge-
netic structure. Although we have not observed
the same pattern in previous studies with much
smaller samples (including the sample from Co-
lumbia), recently in a study of more than 900
African Americans living in Jackson, Mississippi,
7 of 8 comparisons of FY with unlinked markers
were also significant (Parra et al., 1999). In all
these significant comparisons, both in Jackson
and the Low Country, there is an excess of haplo-
types having the two European-specific alleles, as
expected from the admixture process. These re-
sults strongly resemble our simulations of the con-
tinuous gene flow model, in which even a small

input of European alleles per generation (around
2%) results in a high percentage of significant
associations (data not shown). Additional evidence
in support for this model comes from the plot of
the current disequilibrium (D,) vs. the initial dis-
equilibrium (D) (Fig. 2). Under a hybrid isolation
model, we would expect the disequilibrium be-
tween unlinked markers to be reduced drastically
after some generations. The decay of disequilib-
rium follows the formula D, = (1 — r)* D, where D,
is the linkage disequilibrium t generations since
admixture, D, is the initial disequilibrium, and r
is the recombination fraction (Chakraborty and
Weiss, 1988). This means that, for example, after
10 generations (a reasonable estimate of the min-
imum number of generations people of African
ancestry have been living in the US), the disequi-
librium at unlinked loci would be reduced to 0.1%
of the initial level. Under the same number of
generations, in loci located at 10 cM and 1 cM
apart, the disequilibrium due to true linkage
would be 34.9% and 90.4%, respectively, of the
initial level. Consequently, we would expect to
observe, for unlinked markers, a plot between D,
and D, in which the current disequilibrium would
be near 0, irrespective of the initial disequilib-
rium. This is not the case in the sample from the
Low Country, in which most D, values are posi-
tive, relatively high, and significantly correlated
with D,. This, again, is best explained under a
model in which some disequilibrium is introduced
each generation through continuous gene flow, al-
though other mechanisms, such as assortative
mating, could potentially produce this effect.

It is obvious that the genetic structure created
as a result of continuous gene flow can pose prob-
lems for association studies in African-American
populations. It is therefore necessary to control for
such structure using appropriate statistical meth-
ods. One of the solutions is to use family-based
association tests, such as the transmission-dis-
equilibrium test (TDT) (Ewens and Spielman,
1995; McKeigue, 1997). Recently, another method
for detecting linkage in admixed populations was
proposed in the literature (McKeigue, 1998; McK-
eigue et al., 2000). We applied this method to our
data and, as expected, controlling for the overall
admixture of each individual eliminates associa-
tions between unlinked markers, but not the as-
sociation between linked markers, as can be ob-
served in the case of FY and AT3 (Table 5).
Therefore, the excess association between linked
markers can be distinguished from the back-
ground association between unlinked markers
caused by genetic structure, and this kind of ap-
proach will be very useful for mapping genes in-
volved in complex diseases showing prevalence
differences in major population groups (e.g., hy-
pertension, obesity, type 2 diabetes).
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CONCLUSIONS

The current availability of very informative auto-
somal, mtDNA, and Y-chromosome-specific markers
has made possible a much more detailed analysis of
admixed populations than in the past. This analysis
can give us interesting genetic information that can
be compared with other historical, cultural, and an-
thropological evidence in order to get a better pic-
ture of admixture processes and dynamics. The re-
sults of our study in South Carolina confirm
previous findings, based on multiple lines of evi-
dence, indicating that the relative isolation of the
Gullah Sea Islanders has resulted in a lower Euro-
pean admixture and a higher retention of African
features than in other African-American popula-
tions. An interesting clinal admixture pattern is ob-
served in three samples from South Carolina. Evi-
dence of a sex-biased European gene flow and the
presence of a low amount of Native American admix-
ture are also obvious from the mtDNA and the Y-
chromosome-specific analysis. Finally, the pattern
of admixture seems to conform to a continuous gene
flow model, which creates genetic structure and is
reflected in significant associations between un-
linked genetic markers, although other factors, such
as assortative mating, could also explain the ob-
served patterns. These spurious associations can
pose a problem in case-control studies trying to elu-
cidate the genetic basis of complex diseases, but by
using appropriate statistical tests, it is possible to
differentiate between the association due to linkage
and the association due to genetic structure intro-
duced by the continuous gene flow process.
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