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ABSTRACT
The debate over classification of the human species according to racial or continental lines has involved reports on genetic differences in allele frequencies of a number of loci
with important biomedical functions. Such differences are in contrast with the fact that, for
human beings, intrapopulation genetic diversity is larger than that seen between populations.
In an attempt to address the hypothesis that certain genes show high interpopulation diversity
due to selective pressure, the literature was surveyed to quantify such diversity using Wrights Fst
statistic. The gene-specific Fst values were then compared to pairwise population values of Fst
taken over a large number of genes, which presumably reflect mostly neutral mechanisms of
genetic diversity such as drift. The results showed that the majority of pairwise population values
of Fst for over 30 genes of biomedical significance were either below or within the expected limits
of Fst based on published values. These results do not support the idea that positive or diversifying natural selection plays an important role in increasing genetic diversity, even in genes
that might be expected to be subject to selection pressure. Balancing selection, whereby the
degree of genetic diversity is actually lower than that expected, appears to occur more frequently
for these genes. The fact that allele frequency differences between populations might be
‘‘statistically significant’’ does not therefore necessarily imply a degree of genetic diversity greater
than would be expected due to nonselective mechanisms. Am. J. Hum. Biol. 15:814–823, 2003.
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Geographic differences in allele frequencies
between populations are generally considered
to be the result of neutral genetic drift and
natural selection since the beginning of
migrations of modern humans out of Africa
(Hamblin et al., 2002; Hartl and Clark, 1997;
Bowcock et al., 1991; Cavalli-Sforza et al.,
1994). Not all genes behave the same way
with respect to allelic variation within the
human species. For the great majority of
human genes, there is little evidence of natural selection since the emergence of modern
humans, and these genes show interpopulation differences in allele frequency comparable or less than intrapopulation differences
(Lewontin, 1972; Relethford, 2002; Steele,
2002; Romualdi et al., 2002). The role of balancing selection for certain genes of biomedical
importance has been emphasized in a study
of the AIDS-related gene CCR5 (Bamshad et
al., 2002), in which such selection results in
less than expected diversity. Gene variants
whose functions strongly interact with
geographic- or population-specific environmental factors may, on the other hand, be
under strong positive or diversifying selection pressure. Examples of this form of
selection in humans includes the genetic
basis of skin color, body size and shape, the
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ability to tolerate lactose and alcohol, etc. It
is to be expected that for such genes the level
of diversity in allele frequency between the
relevant populations will be significantly
higher than that predicted for drift alone.
It could be hypothesized that genes subject
to strong selection pressure from environmental factors such as sunlight, temperature,
diet, infectious organisms, or environmental
toxins would show evidence of positive selection by a greater level of interpopulation
genetic diversity than that expected from
neutral drift (Garte, 2002). Besides genes
that code for skin color, and other obvious
geographically based phenotypes, it is possible that many genes with biomedical significance such as those involved in xenobiotic
(drug or dietary) metabolism, susceptibility
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to infection, or detoxification could be part
of this group of high diversity genes due
to differences in exposures to infectious
and toxic agents in different environments. If
true, this would help explain the apparent
paradox (Garte, 2002) between the fact that
many genes that show large interpopulation
differences in allele frequencies, and the fact
that for most of the genome intrapopulation
differences are much greater than those
between populations (Lewontin, 1972).
The work of Cavalli-Sforza et al. (1994)
has quantified a good deal of genetic diversity between human populations and has
shown how migrations, isolation, intermarriage, and other historical patterns of human
movement around the globe has caused complex patterns of geographic genetic diversity.
These workers devote some discussion in
their landmark work to the fact that there
can be no biological significance to the concept of race in the human species. At the
same time, their work, as well as a large
literature, clearly documents population differences in many allele frequencies that
seem to follow more or less continental lines.
A number of studies have examined the
issue of population genetic diversity using
pooled data from many loci (Smith et al.,
2001; Watkins et al., 2001; Daly et al.,
2001), or using data from single genes of
biomedical interest. The hypothesis described above, namely, that the level of population genetic diversity is a function of the
role of each particular gene and of its interaction with external factors, has not been
directly addressed. Using data from the
literature on a panel of over 30 genes of biomedical importance, all of which might be
expected to be under selective pressure, this
hypothesis has been addressed by computation of the genetic diversity statistic Fst, for
all of these genes between a number of population pairs and over all human populations.
MATERIALS AND METHODS
A Medline search of the literature led to the
discovery of several hundred articles in which
allele frequencies were discussed according
to populations. Articles using less than 50
individuals per population were excluded.
Population definition follows no universal criteria, and most reports use self-definition for
American ethnicity, or country of origin for
other parts of the world. Certain groups, with
primarily cultural and/or linguistic definition,

such as Hispanics, were not included. Whenever possible, population definitions were fit
to match those given in the prime reference
used for genetic diversity comparison (CavalliSforza et al., 1994). Thus, African Americans
were treated as Africans, although it is well
known that these two populations are not
equivalent, and that considerable admixture
(10–20%) with Europeans has occurred with
the African American population (Chakraborty
et al., 1992; Parra et al., 1998). However, since
the use of Africans is itself an artificial amalgam of many populations with large interpopulation genetic heterogeneity, the relative
error from including African Americans with
Africans is expected to be small.
Pairwise population genetic diversity was
determined by calculation of Wrights Fst, as
described (Cavalli-Sforza et al., 1994). The
formula used was:
L
P

Fst ¼

p i ð1  p i Þ  Fi

i¼1
L
P

p i ð1  p i Þ

i¼1

where p*i is the average allele frequency
(over all populations) of the i-th allele, L is
the number of alleles, and Fi is the value of
Fst for each allele. This is given for two populations by:
2
P

Fi ¼

ðpij  p i Þ2

j¼1
p

i ð1

 p i Þ

where pij is the frequency of the i-th allele in
population j.
The ARLEQUIN program (Schneider et al.,
2000) was used to check these calculations.
Values of Fst were also calculated over the
whole human species when such data were
available from published sources for at least
three populations of different continental
origin, to include at least Asians, Europeans,
and Africans. The reference Fst for each
population pair was taken from CavalliSforza et al. (1994), using confidence intervals calculated from the tables of Fst values
and their errors presented in the text (see
table 2.3.1A, p. 75, and table 2.3.2, p. 80).
Values of Fst calculated from allele frequency
data were compared to the standard reference value and its 95% upper and lower confidence intervals (CI). Values within these
limits were considered to be equivalent to
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the reference, while values below or above the
95% CI were considered to be below or above
‘‘expected’’ reference values.

RESULTS
The values of Fst for pairwise population
comparisons of 34 genes among the three
most commonly defined human continental
population groups (African, Asians, and
Europeans) are shown in Table 1. Each

Fst was compared to that published for the
appropriate population pair by CavalliSforza et al. (1994). If the value fell within
the 95% confidence limits of the published
value, then the degree of genetic diversity for
this gene between these two populations was
considered to be not significantly different
from that expected from the reference value
(indicated as R in the table). Values greater
than the upper confidence limit could reflect
the effects of positive or ‘‘diversifying’’ natural selection leading to increased diversity

TABLE 1. Values of Fst for pairwise comparisons of three populations for 34 genes
Genea
HLA
CCR5
APO B
HER2
ALPHP1
NOS
UGT1A1
LEPR
CYP3A4
LRP
AHR
CYP1A1
CYP2E1
GSTM
FXIII
LPL
HFE
FcgRIIIB
P53
SFD1
APO E
ANGIO
MTHFR
GPIIIa
GSTP1
CAPN10
CYP1A2
LCT
OATP-C
IL4RA
AGT
MC1R
COMT
GSTT
a

African-European
Fst

African-Asian
Fst

Asian-European
Fst

0.030 ()
0.107 (R)

0.106 ()
0.069 ()

0.061 (R)
0.011 ()
0.059 ()

0.064
0.163
0.146
0.025
0.017
0.625
0.014
0.072
0.118

()
(R)
(R)
()
()
(þ)
()
()
(R)

0.242 (R)
0.127 (R)
0.759 (þ)

0.128 (R)
0.266 (þ)
0.041 ()

0.073 ()
0.046 ()

0.145
0.031
0.016
0.193
0.014
0.325
0.096
0.027
0.010
0.102
0.004
0.016

(R)
()
()
(R)
()
(þ)
(R)
()
()
(R)
()
()

0.143 (R)
0.263 (R)

0 ()
0.145 (R)
0.122 (R)
0 ()

0.001
0.674
0.260
0.090

()
(þ)
(þ)
(R)

0.077 ()
0.021 ()

0.278 (þ)

0.287 (R)

0.038 ()

0.050 ()

0.136 (R)

0.231 (þ)

0.194 (R)

0.079 (R)

0.137 (R)

0.059
0.025
0.092
0.538

()
()
(R)
(þ)

0.219
0.105
0.072
0.169

(þ)
(R)
(R)
(þ)

Abbreviations and references for genes: HLA (histocompatability; Dawson et al., 2001), CCR5 (CC Chemokine receptor 5; Gonzalez
et al., 1999), APO B (apolipoprotein B; Iso et al., 1996), HER2 (Human epidermal growth factor receptor 2; Keshava et al., 2001),
ALPHP1 (alpha 1-proteinase inhibitor; Halkas et al., 1998), NOS (endothelial nitric oxide synthase; Chen et al., 2001), UGT1A1 (UDPglucurono syltransferase 1; Beutler et al., 1998), LEPR (leptin receptor gene; Chagnon et al., 2000), CYP3A4 (Cytochrome P4503A4;
Ball et al., 1999), LRP (low density lipoprotein receptor-related protein; Harris et al., 1998), AHR (aryl hydrocarbon receptor; Wong
et al. 2001), CYP1A1 (Cytochrome P4501A1; Garte et al 2001), CYP2E1 (Cytochrome P4502E1; Garte et al 2001), GSTM (glutathione
S-transferase M1; Garte et al 2001), FXIII (factor XIII; Attie-Castro et al., 2000), LPL (human lipoprotein lipase; Clark et al., 1998),
HFE (hemochromatosis; Beutler and Gelbart 2000), FcgRIIIB (neutrophil antigens NA1 and NA2; Matsuo et al., 2000), P53 (protein
53; Shepherd et al., 2000), SFD1 (stromal cell derived factor 1; Rabkin et al., 1999), APO E (Apolipoprotein E; Pablos-Méndez et al.,
1997,), ANGIO (Angiogenin; Rivera et al., 2001), MTHFR (5,10-methylenetetrahydrofolate reductase; Rosenberg et al., 2002), GPIIIa
(glycoprotein IIIa; Goldschmidt-Clermont et al., 1999), GSTP1 (glutathione S-transferase P1; Watson et al., 1998), CAPN10 (calpain10; Fullerton et al., 2002), CYP1A2 (Cytochrome P4501A2; Aitchison et al., 2000), LCT (Lactase; Hollox et al., 2001), OATP-C (Human
organic ion transporting polypeptide-C; Tirona et al., 2001), IL4RA (interleukin 4-receptor alpha; Ober et al., 2000), AGT
(angiotensinogen; Nakajima et al., 2002), MC1R (Melanocortin 1 receptor; Harding et al., 2000), COMT (catechol-O-methyltransferase;
Palmatier et al., 1999), GSTT (glutathione S-transferase T1; Garte et al 2001).
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TABLE 2. Values of Fst between various population pairs for four genes

Population
Japanese/Amerinds
African/Amerinds
European/Amerinds
Chinese/Amerinds
N.Asian/Amerinds
Pygmies/Amerinds
African/North Asians
Chinese/North Asians
European/North Asians
Japanese/North Asians
Pygmies/North Asians

LEPR
Fst
0.184
0.271
0.186
0.010

(þ)
(R)
(R)
()

between populations. Values of Fst below the
95% confidence limit, on the other hand,
might result from balancing selection (especially for alleles at or near fixation), or could
be due to chance.
It is clear from Table 1 that for any population pair no pattern of genetic diversity can
be seen that cuts across different genes. For
example, when comparing Europeans and
Africans (the most commonly examined
pair) there were 9 genes with no significant
deviation in diversity from expected, 12
genes with decreased diversity compared to
that expected, and 2 genes with a higher
than expected Fst. For the genes examined
from more than a single population pair,
very few showed a consistent pattern. The
MTHFR gene had Fst values not different
from expected for all three population pair
comparisons, and the AHR gene had Fst
values less than expected for the three
population pairs, as well as for pairing of
Northern Asians with Africans, Chinese
and Europeans (Table 2). The other genes
showed highly inconsistent patterns, suggesting that different selective factors
might be exercising locus-specific effects
in populations with different geographic
origin. For example, the LEPR gene exhibited lower than expected diversity between
Africans and Europeans, higher than expected
diversity between Asians and Europeans,
but between Africans and Asians the value of
Fst was within that expected. As shown in
Table 2, this pattern for LEPR was also
found when comparing Amerinds with
Japanese (positive), or with Africans or
Europeans (reference).
It is clear from the population pair comparisons that the majority of Fst values fall
within or below the range expected from

AHR
Fst

FXIII
Fst

0.047 ()
0.010 ()

0.104 ()
0.009 ()

0.073 ()
0 ()
0 ()

CAPN10
Fst
0.016
0.179
0.018
0.034
0.074
0.448

()
(R)
()
()
(R)
(R)

0.064
0.086
0.091
0.188

(R)
(R)
(þ)
(R)

the reference set, as illustrated in Figure 1.
Only 26 out of 114 (23%) values of Fst for
specific genes in all population pair comparisons showed a higher than expected degree
of genetic diversity. A rare example of strong
positive selection was seen for the metabolic detoxification gene GSTT1 comparing
Northern Europeans to other Europeans
(Table 3). Diversity in the allele frequencies
of this gene is quite high between these very
similar populations, suggesting an unknown
selective mechanism in operation.
For those genes whose allele frequencies
were available for at least three populations
representing different geographical origins
around the world, the human Fst was calculated over all populations available, as shown
in Table 4. The Fst values for the genes
analyzed covered a wide range (0.038–0.374),
as expected, with a mean of 0.125, very close

Fig. 1. Values of Fst compared to expected value for
114 population pair comparisons. Below, within, and
above refer to the expected values for each population
pair/gene combination. Total number of combinations
was 114.
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TABLE 3. Values of Fst and for pairwise comparisons of three
European populations for GSTT1

English/Danish
English/German
Danish/German

Observed Fst

Expected Fst

OBS/EXP

0.0209
0.00031
0.0160

0.0021
0.0022
0.0016

9.9
0.14
10.0

to the generally accepted value of Fst (0.1)
for the human species (Relethford, 2001).
Analysis of two genes that could be considered to be under true positive selection
provided interesting results. The ability of
adults to tolerate lactose is due to a wellknown polymorphism in the LCT gene
found in Northern Europeans and people
from Northern India. The Fst values
between a number of populations confirm
the positive selection, but only when comparing the specific populations in which
this polymorphism has occurred. Another
gene that could be considered under positive
selection, the MC1R gene, involved in skin
pigmentation, shows only limited evidence of
such selection, and only between Africans
and Europeans (Table 1). This result, while
surprising, is in fact consistent with the conclusions of the article from which the data
were extracted (Harding et al., 2000). These
authors, using more sophisticated measures
of selection and drift, also conclude that this
particular gene (which is only one of several

involved in skin pigmentation) does not
show a degree of diversity consistent with
positive selection.

DISCUSSION
The hypothesis put forward above has been
clearly refuted by the results of the analysis of
these genes among several populations. Instead
of any pattern of increased diversity for biomedically important genes over that expected,
a random pattern of diversity was observed,
with large differences found even among single
genes for different population pairs. Only a
minority of these genes show any evidence of
higher than expected diversity between populations which could be attributed to selective
environmental or geographic influences. For
many of the genes examined, much less diversity was observed than expected. For some
genes, less diversity was observed for certain
population pairs, and either equal or greater
diversity for other pairwise comparisons.

TABLE 4. World wide Fst for 17 genes
Gene
a

DRD2
CCR5
HLA-A
AHR
LEPR
CYP3A4
UGT1A1
CYP1A1
GSTM1
CYP1A2
FXIII
FcgammaRIIIB
MTHFR
CAPN10
GSTP1
MC1R
LCT
MEAN (SEM)
a

Alleles

Populations

Fst

3
8
12
2
6
1
4
4
2
1
1
1
5
7
1
8
1

3
3
5
5
4
3
3
3
3
3
4
3
3
5
3
3
11

0.108
0.101
0.062
0.038
0.203
0.374
0.080
0.064
0.062
0.048
0.162
0.085
0.079
0.188
0.037
0.144
0.285
0.125  0.022

DRD2 (D2 dopamine receptor; Gelernter et al., 1998). See Table 1 for gene
abbreviations.
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Several limitations of the approach taken
here should be taken into consideration. The
assessment of the degree of drift between
specific populations is often a very rough
estimate, based on fairly small sample sizes.
Furthermore, the set of genes used by
Cavalli-Sforza et al. (1994) to establish interpopulation genetic diversity includes some
genes that could be influenced by selection
(such as the immunoglobulin genes). It
would have been preferable to use those
genes which are known to be subject only to
neutral drift, as has been done in other studies (Hamblin et al., 2002). However, such a
set of genes is not available for the extensive
worldwide population comparisons done by
Cavalli-Sforza et al. (1994). Considering the
fact that among the genes included in the
control set, selection should not be biased
in any particular direction, and the fact
that most of the genes used (like most
genes) are in fact under little or no selection,
it is highly unlikely that the results of the
analysis presented here have been greatly
distorted by the use of this gene set for comparison. Indeed, the results are consistent
with earlier estimates of the percentage of
population specific contribution to human
genetic diversity (Lewontin, 1972).
The determination of Fst values from data
on allele frequencies presented in published
reports usually does not allow for the statistical estimation of level of confidence. The
allele frequencies presented here were often
obtained from fairly small population samples, sometimes less than 100 individuals,
and therefore may be inaccurate. From previous work on the determination of allele
frequencies in very large population samples
(Garte et al., 2001), it is clear that major
errors can occur from small sample sizes. In
an often-cited publication on population differences in over 300 genes, Stephens et al.
(2001) used population samples of 20 individuals, from which they claimed to have
found a number of ethnic-specific alleles.
Clearly, such claims require far larger sample sizes to be substantiated. Allele frequencies reported to come from analysis of
samples of less than 50 subjects were not
used in this report, in an attempt to avoid
such errors. Allele frequency estimation
errors due to small sample sizes could result
in the misclassification of a gene-specific Fst
for some population pairs. However, it seems
unlikely that any major change in the general conclusion would be necessary following
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correction of allele frequency data for particular loci and populations.
It should be noted that certain standard
measures of natural selection such as
Tajima’s D (Wooding et al., 2002; Tajima,
1989) were not applied to these data, since
such statistics have more value when examining the possible role of selection for a
particular degree of heterogeneity within a
population, and some require knowledge of
haplotype, or larger sample sizes than were
generally available from the literature
sources used here.
Not all alleles produce changes in phenotype, and therefore it would not be expected
that all alleles would be subject to selection
pressure to the same extent. The majority
of the allelic variants included in this analysis have clearly defined or indirectly established phenotypes. The only exceptions are
CYP1A1, CYP2E1, LRP, and AHH. Unfortunately, the definition of phenotype is
not always sufficiently clear to allow for a
definitive decision to be made about the relevance of a particular variant to the effects
of selection pressure. As an example, the
CYP1A1*2A allele, which results from an
SNP outside the coding region of the gene,
has been widely assumed to be devoid of
phenotypic consequences. However, several
studies have shown this allele to be important in susceptibility to carcinogenesis
(Vineis et al., 2003) and other effects (Garte
et al., 2003). It is also far from clear that the
inclusion of some possibly phenotypically
neutral alleles has skewed the results toward
neutrality. For GSTM1, where the variant
genotype is complete gene deletion (with
obvious loss of function phenotypic consequences), no significant departure from neutrality was found for the African/European
pair, while between Asians and Africans the
result was equivocal.
There is a debate around the issue of
human categorization related to genetic
profiles (Wilson et al., 2001; Goodman,
2000; Braun, 2002; Burchard et al., 2003;
Cooper et al., 2003; Sankar and Cho, 2002).
While some argue that such categorization is
not justified by human genetic data, others
point out that population differences do exist
in many genes of biomedical importance.
The analysis presented here does not
directly address this debate, since differences due to drift are still differences.
However, the fact that such differences
appear to be lower or equal to (rather than
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higher) than expected for many genes of biomedical importance could be used to argue
that too much attention to the ethnic background or population origin of individual
patients may not be warranted. A recent
article has shown, for example, that even if
one accepts continental geographic origin as
a basis for making inferences about genetic
diversity, it is not possible to accurately
determine the continental origin of individuals based on such commonly used phenotypes as skin color or facial characteristics
(Parra et al., 2003).
A review of the literature on human population genetic diversity reveals two broad
categories of research studies. In articles
devoted to population genetics, careful
analysis of haplotypes, linkage, neutrality,
selection, and other statistical measures of
population structure are generally presented
for one or more loci, often using large panels
of well-defined population samples and
sophisticated statistical tools of genetic analysis (Bonnen et al., 2000; Batzer et al., 1996;
Knight et al., 1996; Goddard et al., 2000). On
the other hand, a great deal of data on population diversity has been published in association studies dealing with a single locus,
where the focus of the research is on pharmacogenetics, disease susceptibility, or other
areas related to specific gene function in a
biomedical context. In this latter category of
publications population groups are sometimes ill-defined (‘‘white’’ or ‘‘Hispanic’’)
and allele frequencies of control populations
are compared using chi-square or other simple statistical tests. Among the publications
in this category is a large interdisciplinary
pooled analysis study (led by the author) of
metabolic gene allele frequencies in control
populations (Garte et al., 2001). In this and
many other articles (Sanghera et al., 1998;
Chen et al., 2001; Beutler et al., 2000;
Chagnon et al., 2000; Iso et al., 1996;
Keshava et al., 2001; Tirona et al., 2001),
population differences in allele frequencies
are often discussed as being ‘‘large’’ or ‘‘significant,’’ when in reality such differences
were less than or not different from that
expected between geographically distinct
populations. It would be beneficial in general
for biomedical researchers to perform a simple analysis to determine whether the population-based differences they detect in allele
frequencies for their gene of interest are
anything more (or in fact less) than that
expected for all genes between those popula-

tions. As an example, the allele frequency of
the GSTP EX5 allele was found to be 0.18,
0.33, and 0.42 in Asians, Europeans, and
Africans, respectively, and these differences
were statistically significant (Watson et al.,
1998). The authors conclude that ‘‘The
differences observed were highly significant . . . .[D]ifferences we observed between
groups suggest the possibility of differences
in susceptibility to electrophilic toxicants
or effectiveness of drugs.’’ In reality, the
Fst values for this allele were 0.016
for European/African, 0.059 for Asian/
European, and 0.14 for Asian/African pairs.
The first two values are smaller than
expected, while the third is within the
expected range. While the conclusion by the
authors quoted above might be warranted, it
would be misleading to suggest that these
significant differences point to a selection
mechanism related to geographic factors or
natural histories of populations, since such
data probably correspond mostly to the
result of genetic drift or other factors to
be expected for any gene when comparing
different populations.
While the assessment of population differences in allele frequencies of biomedically
relevant genes is not incorrect, it is important to address the biological and medical
meaning of these differences. Since the
majority of these differences are less than,
or the same as, that expected for any gene, it
is not correct to presume that such differences reflect any meaningful or significant
effects related to natural selection, including
differential susceptibility to disease organisms, environmental exposures, or other specific geographical influences. The results
of the analysis require a new hypothesis
related to the degree of population-specific
allele frequency differences for genes with
biomedical significance. One possibility is
that the emphasis in the literature on allele
frequency differences between ‘‘racial’’ or
ethnic groups in biomedically important
genes might be due to a type of publication
bias (biomedically relevant genes are more
likely to be studied), coupled with a lack of
awareness among many authors of human
population genetics data concerning the
expected levels of such differences.
Recent publications discussing the implications of racial or population differences in
the frequency of certain alleles in genes of
pharmacogenetic or susceptibility relevance
have suggested that such variation needs to
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be taken into account when designing treatment or prevention strategies (Kalow, 2001;
Risch et al., 2002). It will probably remain
true that for the majority of such susceptibility alleles, each individual will need to be
genotyped regardless of apparent race. And
consistent with work from many labs, the
concept of race is of limited, if any, value in
any field of genetic diagnosis. It is highly
unlikely that specific genetic influences on
treatment, diagnosis, toxicity, or other response will be predictable based on racial or
ethnic identification alone (as determined by
skin color, eye shape, self-identification, or
in any other way). For almost all medicine–
gene–disease situations, individual genotypes of patients will need to be assessed
without regard to alleged race, in order to
determine the patient’s specific genetic profile.
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