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It has been well established that genetic factors strongly affect
susceptibility to asthma and its associated traits. It is less clear to
what extent genetic variation contributes to the ethnic disparities
observed for asthma morbidity and mortality. Individuals of African
descent with asthma have more severe asthma, higher IgE levels,
a higher degree of steroid dependency, and more severe clinical
symptoms than individuals of European descent with asthma but
relatively few studies have focused on this particularly vulnerable
ethnic group. Similar underrepresentation exists for other minorit-
ies, including Hispanics. In this review, a summary of linkage and
association studies in populations of African descent is presented,
and the role of linkage disequilibrium in the dissection of a complex
trait such as asthma is discussed. Consideration for the impact of
population stratification in recently admixed populations (i.e., Euro-
pean, African) is essential in genetic association studies focusing
on African ancestry groups. With the most recent update on the
International HapMap Project, efficient selection of haplotype tag-
ging single nucleotide polymorphisms (htSNPs) for African Ameri-
cans has accelerated and efficiency of htSNPs chosen from one
population to represent other continental groups (e.g., African)
has been demonstrated. Cutting-edge approaches, such as ge-
nomewide association studies, admixture mapping, and phyloge-
netic analyses, offer new opportunities for dissecting the genetic
basis for asthma in populations of African descent.
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Asthma is a complex disease of unknown etiology characterized
by intermittent inflammation of the airways, which, over time,
may lead to irreversible airway remodeling and intractable air-
flow limitation. The prevalence of asthma has increased mark-
edly since the latter half of the 20th century, doubling in the
United States from 6.7 million in 1980 to 17 million in 1998, and
now affects over 20 million people in the United States alone
and 155 million individuals worldwide (1). Asthma can be de-
scribed as an epidemic that disproportionately affects children
and underserved minorities, and confers a substantial public
health burden. Individuals of African descent with asthma have
more severe asthma than those of European descent, but studies
focusing on both the epidemiology and especially the genetic
basis for asthma among this vulnerable ethnic group are limited.
Although it is not known to what extent genetic susceptibility
contributes to disparities in risk to asthma, the limited linkage
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and association studies performed in non-European populations
have shown evidence of genetic control that differs among ethnic
minority groups.

The huge efforts and expense that have been committed to
asthma genetics over nearly two decades have already begun to
modify the perception of the etiology of asthma and allergic
disease. Not surprisingly, a number of target candidates that
have been associated with asthma susceptibility are relevant to
the mucosa and the bronchial epithelium (i.e., DPP10 [2],
SPINK5 [3], GPRA [4]). Some of the earliest efforts in asthma
genetics were directed—and efforts continue to be directed—
toward candidate genes in pathways associated with treatment
(i.e., ADRB2 [5, 6], ALOX5 [7, 8], CRHR1 [9]). As an outcome
of what was, in the early 1990s, a relatively novel dichotomization
of the cytokine milieu in the context of asthma, Th2 cytokines
were a high priority set of priority candidate genes in some of
the earliest association studies on asthma (i.e., IL4, IL13), and
represent some of the most replicated associations to date (10–
12). The biggest surprise is perhaps the preponderance of associ-
ations between asthma and polymorphisms in host defense
genes, especially those in the pattern-recognition receptor signal-
ing pathway (i.e., CD14 [13–23]). These findings not only suggest
that the pathology associated with asthma is more complex than
previously believed but also implicate complicated gene-by-
environment interactions, as was recently demonstrated in the
case of a functional variant in the CD14 gene and the role
that domestic endotoxin levels played in conferring asthma risk
versus protection (23).

Currently, there are essentially two major shortcomings in
our understanding of the genetic epidemiology of asthma in
African Americans. First, asthma genetics studies focused on
sufficiently powered datasets of families and/or cases and control
subjects of African descent are limited; therefore, the role
that variants play in conferring risk of asthma among African
Americans for most of the priority candidate genes described
above (and the many other candidates published to date) is
uncertain. Second, there is a plethora of environmental factors,
which likely are relevant in gene–environment interactions asso-
ciated with asthma, but for which exposure could differ according
to ethnicity, independent of genetic background. Such differ-
ences might result from disparities in socioeconomic status,
which in turn might lead to greater cockroach or mouse allergen
exposure as a result of infestations in poor, inner-city housing
(24–26). A higher proportion of residence in the urban environment
can subject disenfranchised groups to more air pollutants, which
also contribute to asthma (27). Cultural practices, including envi-
ronmental tobacco smoke exposure dependent on smoking habits,
may also differ (28). This review will focus on what is known to
date regarding genetic studies of asthma in populations of African
descent, the implications of the findings thus far, and, importantly,
considerations for design of genetic epidemiology–based studies of
complex traits among African Americans, and interpretation of
the findings.
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BIOLOGICAL RELEVANCE OF THE SOCIAL CONSTRUCT
OF ETHNICITY AND RACE

After much recent debate in the biomedical and scientific litera-
ture on whether “race” is a biological or social construct, data
emerging from human genome variation research leave little
room for argument that race is an imperfect surrogate of biology
(for in-depth reviews on this topic, see Nature Genetics supple-
ment, volume 36, 2004), and one that carries with it certain social,
cultural, educational, and economic variables that influence the
epidemiology of minority health and health disparities as indi-
cated in the data on African Americans with asthma. Conse-
quently, the use of race as a surrogate for biology limits scientists
in not only separating and identifying the real environmental
and genetic determinants but also in determining the relationship
between genome variation and population differences in asthma.
More importantly, the social construct of ethnicity and race can
and therefore must be used instructively and constructively to
interrogate the biology of population-based gene–environment
interactions in asthma susceptibility, severity, and response to
medications. The reality of race as a social construct can be
sanctioned when used beneficially to empower social identity in
ways that positively impact disease prevention, health promo-
tion, and the elimination of health disparities.

Consider, for example, the striking racial and ethnic disparit-
ies in disease prevalence for many of the common disorders
characterized by inflammation and/or altered immunologic re-
sponses, including hypertension (29), non–insulin-dependent di-
abetes mellitus (30), and obesity (for review, see Reference 31).
Although ethnic differences in disease incidence and prevalence
have traditionally been dismissed as a mix of environmental,
social, cultural, or economic factors in etiology, genetic factors
cannot be ignored.

LINKAGE DISEQUILIBRIUM AND LESSONS LEARNED
FROM THE HAPMAP

In recent years, the “Recent African Origin” model (RAO, or
“Out of Africa” hypothesis [32]) has been adopted to explain
evolution of modern human origins, purporting that Homo
sapiens evolved in Africa some 100,000 to 200,000 years ago
(probably from an East African gene pool), after which their
anatomically modern members migrated and replaced archaic
human groups throughout Europe and Asia. From this, we can
estimate that biogeographical variation in phenotypes occurred
within the past 100,000 years, and during varied points in time
(60,000�3,000 years ago) there have been expansions across
Europe, Asia, the Americas, and the Pacific, respectively, which
are evident by patterns of allele frequency variation (33). Higher
levels of genetic variation exist in the more ancient African
populations, and less diversity is present in the younger, non-
African populations (34).

Genetic diversity is the net result of naturally occurring re-
combination events. When an individual inherits a copy of ge-
netic material from each parent during gamete formation, large
portions of DNA travel together as a result of recombination
that shuffles up chromosomal segments (35). Within these large
segments are multiple polymorphic sites (alleles) that are physically
linked. Combinations of these neighboring alleles, descended from
single, ancestral chromosomes, comprise “haplotypes.” Linkage
disequilibrium (LD) is the nonrandom association of these alleles
(or haplotypes) at two linked loci. Measures of LD are based on
the departure of observed haplotype frequencies from what is
expected under random assortment of alleles at different loci (D�),
or a function of the correlation coefficient between alleles at
different markers (e.g., r2). Over time, our genetic diversity is

enhanced because of the gradually eroding ancestral LD, which
results in new combinations of alleles. Recombination events do
not occur at a uniform rate and, as a result, LD is organized
into a blocklike structure interspersed with recombination “hot
spots” (36). In addition to naturally occurring recombination
events, LD can also occur as a result of mutation, random genetic
drift, migration, or selection in response to environmental forces,
all of which may result in diverse patterns of LD across biogeo-
graphical groups. Natural selection can be a particularly powerful
influence on LD patterns and lead to increasing frequency of a
particular variant within a given population. A classic example
is the LD observed between the FY locus on chromosome 1 and
unlinked markers as much as 22 cM apart in African Americans
(37); the FY locus confers a strong selective advantage against
malaria (reviewed in Reference 38) and the “protective” variant
occurs in the majority of African individuals (39). Thus, positive
selection has created a block of LD extending far beyond the
usual distance of several kilobases among Africans. Genetic epi-
demiologists can rely on the measure of LD as a useful tool for
associating inheritance of a phenotype with genetic markers by
asking whether one or more genetic markers occur at a frequency
significantly higher or lower in an affected group compared with
an unaffected group. If the difference is significant, one can
assume that either the marker itself is associated with the trait,
or the marker is in LD with the causal variant.

Our knowledge of LD patterns in human populations is rap-
idly expanding as a direct result of the International HapMap
Project. The HapMap project is a collaboration between aca-
demic, public, and private institutions from the United States,
Japan, China, Nigeria, the United Kingdom, and Canada, in
which groups from these sites provide liaisons to populations
willing to participate as subjects and provide blood samples,
sample collection and storage support, genotyping, funding, data
management oversight, and data analysis (40–42). The aim of
the project is to gather data on similarities and variations in the
human genome and the project is based on 269 DNA samples
representing four biogeographical groups (whites from the
United States with northern and western European ancestry;
Yorubans from Ibadan, Nigeria [YRI]; Han Chinese from
Beijing, China; and Japanese from Tokyo, Japan) to help scien-
tists identify variants influencing disease and response to differ-
ent environmental factors and medication. Genotypes are made
publicly available for the purpose of developing new analytic
methods and investigating patterns of variation and LD. The
project began in 2002, and the latest set of data was released in
January 2006. Genotypes on one million SNPs at a spacing of
5 kb or more were made available through the website in phase I
of the project, and 5.8 million SNPs in each of the four popula-
tions were made available after completion of phase II (October
2006). The latest release provides build-35 chromosomal coordi-
nates for phase I and II data (41, 42).

It is anticipated that a direct outcome of the HapMap will be
the identification of genetic determinants for the most complex of
diseases. The rationale behind this notion is the expectation that
as of yet unobserved disease-causing variants will be in significant
LD with surrounding markers that can be readily genotyped, and
that they will be easily detected using association-based mapping
approaches. In the context of studying complex diseases, such as
asthma in African Americans, the HapMap has been invaluable.
Consider, for example, that just as more ancient populations
(e.g., African) will express greater heterogeneity than younger
populations at the marker level, so the older populations
will have smaller regions of LD, due to more recombination
events and more time for alternative selective forces to exert
influences at the genetic level. To demonstrate the impact of
LD in illustrating our genetic diversity, consider the juxtaposition
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of LD between an “ancient” population, in this case founders
from the YRI population participating in the HapMap project
(www.hapmap.org), and an African-Caribbean group of found-
ers from Barbados, characterized by European and West African
admixture. The European admixture in Barbados is similar to
that observed among African Americans, at around 21% (43),
and the population is a result of essentially the same intermix
of European colonists with West African slaves several hundred
years ago, or about a dozen or so (25-year) generations. In Figure
1, a dense panel of single nucleotide polymorphisms (SNPs) in
a large region on chromosome 12 is compared in both groups.
In the “younger” Barbados founder population panel, several
“blocks” of LD are relatively conserved among founders, com-
pared with decay of LD for the same markers among founders
from the YRI population.

The differences in LD are even more striking, however, when
we compare LD between a European-American, 12-generation
population originally founded by three unrelated northern Euro-
peans, with an average inbreeding coefficient of 0.018 for inbred
individuals (44), and both the African-Caribbean group and the
more ancient YRI group. In this case, a very large block of LD
is conserved among founders in the relatively young European-
American isolate, compared with some decay of LD for the same
markers among the founder of African descent in Barbados, and
even greater decay among the YRI founders.

Contrary to the assumptions derived from these examples,
the HapMap project has demonstrated that LD is in fact broadly
similar across populations (45); it is low near telomeres of each
chromosome, and higher in duplicated regions of the genome,
and within 5 Mb of centromeres (41). Regions of high and low
LD when considering the genome in quartiles have a higher
density of coding bases, with genes in high-LD regions involved
in the cell cycle and genes in low-LD regions involved in the
immune response, for example. Evolutionary hypotheses can be
invoked to explain these observations. A measure of genetic
variance among populations as a fraction of total genetic vari-
ance (FST) can be used to identify candidate loci likely to have
undergone selection (46), and in the limited study populations
to date, functional variation does not appear to be population
specific. A study of FST values in the four HapMap populations
and in the three populations studied by Perlegen Sciences (Afri-
can American, European American, and Asian American)
showed that values are too variable to be useful in detection of
selection (47). New methods are being developed to detect re-
gions of the genome where selection is likely to have had an
effect (48).

AFRICAN AMERICANS AND DISPARITIES IN ASTHMA
AND ALLERGIC DISEASE: A GENETIC BASIS?

The burden of asthma has increased over the past two decades;
however, recent evidence suggests that asthma prevalence and
death rates in the general population have been leveling off.
Despite this, asthma morbidity and mortality are disproportion-
ately high and continue to increase among African Americans
(49–52). In 2002, African Americans had emergency depart-
ment visit rates of 380%, hospitalization rates of 225%, and
mortality rates of over 200% higher than non-Hispanic whites
(CDC report, http://www.cdc.gov/nchs/products/pubs/pubd/
hestats/asthma/asthma.htm). In addition, asthma appears to vary
phenotypically according to ancestry, with African Americans
showing different patterns of allergic sensitization, IgE levels,
and bronchial hyperresponsiveness, when compared with Ameri-
cans of European ancestry (52). These striking racial and ethnic
disparities in disease characteristics and prevalence for common

disorders such as allergic asthma cannot be explained entirely
by environmental, social, cultural, or economic factors (53).

Although it is not known to what extent genetic susceptibility
contributes to asthma-related disparities, differences according
to ethnicity in linkage and association studies between asthma
and associated traits and genetic markers have been observed.
The NHLBI-funded Collaborative Study on the Genetics of
Asthma (CSGA) was one of the first genomewide linkage
screens for asthma and included families representing three
United States’ ethnic groups: European American, African
American, and Hispanic American (54). In that study, evidence
for linkage to six novel and several previously reported chromo-
somal regions and asthma was observed; curiously, the best evi-
dence for African Americans (5p15, 17p11.1-q11.2), European
Americans (11p15, 19q13), and Hispanics (2q33, 21q21) did not
overlap, suggesting distinct genes may be acting in different
groups, or that unique gene-by-environment interactions exist.

Another likely explanation is that the genes that confer risk
are the same across ethnic groups, but the frequency of the
polymorphisms associated with asthma is different according to
ethnicity. There are many examples of substantial variation in
frequencies of “high risk” variants in candidate genes associated
with asthma and atopy according to self-reported ancestry, such
as the following: (1) the 237G allele of the � chain of the high-
affinity IgE receptor (FCER1B) (55); (2) the �589T allele of
IL4 (56); (3) the Ile50 allele of the IL4RA � gene (57); (4) the
P46L (c.224C�T) variant in the gene encoding member 1A of
tumor necrosis factor receptor superfamily (TNFRSF1A) (58);
(5) the �174 G/G genotype in the proinflammatory cytokine
interleukin IL6 gene (59); and (6) the �401A allele of RANTES
(regulated on activation, normal T-cell expressed and secreted)
(60). As a further example, consider the comparisons in Table
1 of allele frequencies in SNPs representing the IL4 gene across
four distinct populations: West African, African American,
Brazilian African Caribbean, and European American. The biggest
difference in IL4 variant allele frequencies is predominantly
between the two populations most distinct from each other,
the European Americans and Africans. Frequencies of variant
alleles in the two African and European admixed populations
are mostly between these two extremes, and in several cases most
closely approximate frequencies in the African group. Thus, it
can be concluded that, whereas IL4 is a strong candidate gene
for asthma, differences according to ethnicity in frequencies of
the SNPs tested in genetic association studies may lead to differ-
ent conclusions.

UPDATE ON GENETIC STUDIES OF ASTHMA IN
POPULATIONS OF AFRICAN DESCENT

Asthma and its associated trait of atopy were perhaps some of
the first complex diseases for which a strong genetic basis was
established (12, 61). To date, nearly a dozen genomewide screens
have been performed on asthma and its associated phenotypes,
for which 10 regions have been reproducible. From several of
these screens, six novel genes have been identified by positional
cloning (2, 4, 62–65). The Genetic Association Database (http://
geneticassociationdb.nih.gov), a public archive of published
gene-based genetic association studies, currently contains data
from over 500 published genetic associations studies on asthma,
and continues to grow (66). In one of the most thorough reviews
on asthma genetics to date, Ober and Hoffjan (12) examined
nearly 500 studies and identified 79 genes that had been associ-
ated with asthma or its associated phenotypes in two or more
independent populations, 25 of which have been replicated in
six or more populations, with an additional 54 genes associated
in two to five populations (12).
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Figure 1. Comparison of pairwise linkage dis-
equilibrium (LD) estimates (D�) in three popula-
tions. Pairwise LD estimated between each of 20
single nucleotide polymorphism (SNP) markers
genotyped on chromosome 12q (67953342�

68500427; [National Center for Biotechnology
Information (NCBI) build 35; Illumina panel 42
(Illumina, Inc., San Diego, CA)] using Haploview
(Julian Maller, developer, Massachusetts Institute
of Technology). Haplotype blocks are shown
according to the definition by Gabriel and col-
leagues (45). A represents the LD between 20
single nucleotide polymorphisms (SNPs) and
founders from the Yoruban (YRI) population pub-
lished by the HapMap project (www.hapmap.org;
estimated from 120 chromosomes); B shows the
same set of SNPs in an African-Caribbean popu-
lation from Barbados (estimated from 900 chro-
mosomes); and C shows the same set of SNPs
in European Americans from Tangier Island,
Virginia (estimated from 354 chromosomes).
The 20 SNPs are aligned to the pairwise LD plot.
Squares illustrate strong (red), little/no (white),
and nonsignificant (blue) LD.
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TABLE 1. ALLELIC FREQUENCIES OF SINGLE NUCLEOTIDE
POLYMORPHISMS IN THE IL4 GENE IN FOUR ETHNIC
GROUPS (WEST AFRICAN, AFRICAN AMERICAN,
BRAZILIAN, EUROPEAN)

Minor Allelic Frequencies (% )

IL4 Marker Allele YRI* GRAAD† Brazil‡ CEU§

rs2070874 C/T 46.7 44.8 39.9 15.8
rs2227284 C/A 99.2 44.4 40.6 27.1
rs2243267 G/C 37.5 36.5 32.9 16.7
rs2243270 A/G 77.5 37.0 37.7 15.5
rs2243291 C/G 25.8 43.0 41.2 82.8
rs734244 A/G 53.3 42.5 48.0 84.2

* YRI, Yoruba people in Ibadan, Nigeria; allelic frequencies based on founders
from 30 parent-and-adult-child trios participating in the International HapMap
Project.

† GRAAD, the consortium on Genomic Research on Asthma in the African
Diaspora; allelic frequencies based on 306 healthy control subjects participating
in an asthma genetics study in the Baltimore–Washington, DC, metropolitan area
(unpublished data).

‡ Allelic frequencies based on 205 founders participating in a family-based study
on susceptibility to asthma and schistosomiasis in the Conde district, Bahia, Brazil
(unpublished data).

§ CEU, European Americans from Utah, from the Centre d’Etude du Polymorphi-
sme Humain collection; allelic frequencies based on founders from 30 parent-
and-adult-child trios participating in the International HapMap Project.

Regretfully, the voluminous data to date on asthma genetics
are not representative of the diverse human populations afflicted
with asthma, particularly those from groups that suffer dispro-
portionately both in morbidity and mortality. In their review,
Ober and Hoffjan (12) also characterized the populations in
which these studies were performed and summarized the actual
numbers of cases and control subjects used in each study. As
illustrated in Figure 2, studies in white populations (i.e., of north-
ern and western European ancestry) constitute the largest num-
ber of genetic associations since the earliest reported study (Ref-
erence 247 in the Ober and Hoffjan review [12]) through 2005,

Figure 2. Number of published genetic association
studies on asthma and associated phenotypes in
different ethnic populations (European/European
American, African descent, Hispanic, Asian, other)
during 1987–2005. Summaries are derived from the
data provided in the online supplement by Ober
and Hoffjan (12), which include summaries of asso-
ciations between specific variants in 120 HLA and
non-HLA genes, phenotype, and the population
studied, and are based on a compilation of 492
references. In studies that included more than one
independent population, each population was
counted. “African descent” includes African-American
and African-Caribbean populations, and popula-
tions from continental Africa (Tunisia, South Africa).
“Hispanic” includes Puerto Rican, Mexican American,
Costa Rican, Mexican, and Venezuelan. “Other” in-
cludes ethnically mixed populations, and aboriginal
Australian, Indonesian, and Hawaiian populations.

representing 60% of the associations summarized by Ober and
Hoffjan. Reports on Asian populations are the second-most rep-
resented, comprising 28% of these studies, but there are only 25
studies (3%) based on populations of African ancestry (African
American, African Caribbean, and two populations from conti-
nental Africa). In most of these studies, power is in question
because the number of cases and/or control subjects is less than
100. Underrepresentation in asthma genetic studies is not limited
to African Americans; only 41 studies in the Ober and Hoffjan
review are based on Hispanic populations (Puerto Rican, Mexican
American, Costa Rican, Venezuelan). This is also troubling,
given that one of these groups, Puerto Ricans, reportedly has
even higher asthma prevalence, morbidity, and mortality than
do African Americans (67, 68).

The NHLBI-funded CSGA was the first and only genomewide
linkage study to date to include a population of African descent.
As described above, there was evidence for linkage of asthma
in African-American families to two novel regions: 5p15 (p �
0.0008) and 17p11.1-q11.2 (p � 0.0015) (54). Although novel at
the time, linkage to the 17q locus was eventually replicated.
Linkage to markers in 17q11.2-q21.2 was initially replicated in
an independent population of African descent from Barbados
(69), although significant evidence for linkage to 17q was only
observed after conditioning on linkage to chromosome 12q
markers. Elsewhere, linkage to the same region on 17q was
replicated in a large panel of French families (70). Replication
of linkage to the 5p locus has been more problematic; significant
evidence for linkage to a region downstream of the 5p15 locus
was previously observed in a European-American religious iso-
late for markers at 5p13 (71), and recent findings among both
the Hutterites and a German population suggest the presence
of at least two to five genes associated with asthma and bronchial
hyperreactivity in this broad region (72). Therefore, and despite
the many linkage replications to date, the 5p15 locus identified
in the CSGA African Americans remains a unique locus. Con-
versely, the initial linkage observed in the African-Caribbean
Barbados population on 12q13-24 has been one of the most
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replicated loci, predominantly in European populations (54, 70,
73–79), and therefore, like chromosome 17q, would not appear
to be a locus unique to populations of African descent.

In a second-stage analysis among a subset of the CSGA African-
American families, strong evidence for linkage has been observed
at 11q21 (80). Follow-up fine-mapping studies have narrowed
the critical linkage region to one containing several interesting
candidates, including CD44, EHF, ELF5, and GSTP1 (81, 82).
Another candidate gene in this general region is CRTH2 (83);
two common SNPs in the 3� untranslated region showed signifi-
cant evidence of association, and functional analyses demon-
strated that the two-SNP haplotype confers a significantly higher
level of reporter mRNA stability when compared with a non-
transmitted haplotype. Other studies in populations of African
descent include significant associations between markers in in-
nate immunity candidate genes and asthma in a family-based
population living in Barbados, where a well-known (CD14) and
a relatively unknown (AOAH) innate immunity gene have been
shown to be associated with asthma (23, 84). The CD14 (�260)
C/T variant has been shown to be negatively associated with
asthma and associated phenotypes in a number of European
ancestry and Asian populations (13–23), and most recently
Hispanics (18); AOAH has not yet been tested. It still remains
uncertain at this time whether there are asthma risk loci (poly-
morphisms) that are uniquely important to populations of
African descent.

CONSIDERATIONS IN STUDY DESIGN AND
TESTS FOR ASSOCIATION IN POPULATIONS OF
AFRICAN DESCENT

SNP Selection in Populations of African Descent

The availability of high-density sets of well-characterized genetic
markers for complete chromosomes or large contiguous regions
has revolutionized approaches in selecting nonredundant mark-
ers, or haplotype-tagging SNPs (htSNPs), to both maximize in-
formation provided in dense marker maps and minimize the cost
of genotyping. This approach involves genotyping only those
SNPs necessary to predict the majority of observed haplotypes.
HapMap data can be used to define “bins” of SNPs with all
members sharing high pairwise LD (r2 � 0.8), and instead of
selecting all SNPs in a bin for a genotyping project, one represen-
tative or tagging SNP can be chosen. A project by Perlegen
Sciences (46) aims to capture genetic variation in Americans of
European, African, and Asian ancestry, on a set of more than
1.5 million SNPs. An examination of bins from the Perlegen
populations across the genome shows that the overall bin size
among African Americans is lower than for European Americans.
In examining the fraction of common SNPs that are highly redun-
dant with other SNPs, there is a high degree of redundancy for
the European-American and Han Chinese populations, and less
for the African Americans. At a threshold of r2 � 0.8 for SNPs
within bins, 73% common variation is captured for European
Americans compared with 71% for African Americans. When
selecting one tagging SNP from each bin across the genome
(from a total set of � 1 million SNPs), 30% are retained for
European Americans, 28% for Han Chinese, and 50% for
African Americans (46), once again highlighting the decay of
LD in the population for whom the parental ancestry is more
ancient, and the practical point that more SNPs need to be
genotyped in African Americans than in other groups.

HapMap genotype data from the Utah and YRI populations
can be used to select representative tagging SNPs for associa-
tion studies in populations with African-European admixture.
Several algorithms for selecting representative SNPs based on
patterns of LD have been proposed, and the utility of five of

these methods in terms of ability to retain associations observed
in a fine-mapping project (713 SNPs) in an African-Caribbean,
family-based population selected for asthma has recently been
explored (85). These methods include both structured ap-
proaches, which take chromosomal position into account (i.e.,
Gabriel’s and colleagues’ block definition [45] and solid spline
of LD [SSLD] [86]), and unstructured approaches (i.e., TagSNP
[87], htSNP [88, 89], Tagger [90]), which only take correlations
between alleles into consideration. It was determined that the
greatest degree of information about association while achieving
high efficiency is retained in htSNP, TagSNP, and Tagger (	 90%
signals at an � of 0.05), with Tagger implemented through the
HapMap website.

Figure 3 illustrates results from application of the Tagger
algorithm on a set of 20 SNPs from chromosome 12q using an
r2 � 0.8 in the same family-based population from Barbados as
illustrated in Figure 1, in addition to individuals selected from
different nuclear families in an isolated European-American
population from Tangier Island, Virginia. In the Tangier popula-
tion (Figure 3A), there is greater pairwise LD overall compared
with founders from Barbados (Figure 3B), as would be expected.
Also highlighted is the fact that the number of tagging SNPs
selected is different: 12 of 20 (60%) SNPs should be retained in
the Tangier sample to capture variation in this chromosomal
region, compared with 18 of 20 (80%) SNPs for the population
of African descent. SNPs retained are shown in blue for the two
populations. In regions with greater local pairwise LD in both
populations, a smaller number of tagging SNPs are necessary.
This highlights the fact that genetic studies in populations of
African descent require more SNPs than a European-American
population.

Adjusting for Population Stratification

The unique population history of minorities in the United States,
which has been characterized by a mixture of European ancestry
with West Africans, indigenous groups (northern and southern
Native Americans, as in the case of Mestizos in Central and
South America), and a multitude of peoples from other distinct
geographical regions, has diminished the role of geographical
distance in defining populations according to their biogeographical
ancestors. The impact of admixture is an especially important con-
sideration in genetic epidemiologic studies of African Americans,
because it is compounded when the disease of interest is more
prevalent in a particular group (or groups) within a given popula-
tion in that any alleles that are more common among the minority
group(s) of interest will tend to be associated with the disease,
even if completely unlinked to the disease-causing locus.

Various approaches to deal with the problem of stratification
are available. One approach is to match the ethnic backgrounds
of cases and control subjects, but this is problematic because
there still may be considerable cryptic or hidden stratification re-
maining (91). Alternatively, unlinked genetic markers throughout
the genome that show a high difference in allele frequencies
across source populations relevant to the admixed population,
or “Ancestry Informative Markers” (AIMs), can be typed in
the study population to attribute an estimate of proportion of
ancestry from the source population samples to each individual
in the study population. This information can be used to adjust
association test statistics and correct for hidden population strati-
fication in case-control designs using self-reported ethnic mem-
bership (92–96). Simulation studies have demonstrated that
upward of 100 AIMs are needed for optimal adjustment (97,
98). For example, in a reanalysis of previously published findings
based on 35 AIMs (99), Halder and colleagues selected 177
AIMs for maximum information content. Although the original
analysis produced significant associations for skin pigmentation
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Figure 3. LD plots and tagging SNPs from a selected segment on chromosome 12q for two populations. Illustration of SNPs selected by the Tagger
algorithm (90) on a set of 20 SNPs at r2 � 0.8. A represents the LD between 20 SNPs and European Americans from Tangier Island, Virginia
(estimated from 354 chromosomes), and B represents the same set of SNPs in founders from the African-Caribbean population from Barbados
(estimated 900 chromosomes). SNPs retained by Tagger are shown with blue marker identifiers for the two populations and include 12 of 20
SNPs for the Tangier sample and 18 of 20 (80%) SNPs for the Barbados sample.

and bone mineral density and the disease markers, the second
analysis identified a suggestive association for fat-free mass and
skin pigmentation, but not bone mineral density (Indrani Halder,
Ph.D., Penn State University, personal communication, July 2006).

CUTTING-EDGE APPROACHES AND
FUTURE DIRECTIONS

Genomewide Association Studies

Data readily available from the HapMap project, combined with
more accurate approaches in selecting tagging markers suffi-
ciently dense to capture most of the common variation in the
human genome, have paved the way for the next step in gene
hunting: genomewide association (GWA) studies. GWA studies
offer a potential solution to the limitation in association studies
to date: that each causal variant in each candidate gene will only
make a modest contribution to overall heritability. By screening
dense panels of markers representing the most common genetic
variation across the genome, it is assumed that many more risk
variants will be identified than what could be accomplished using

conventional candidate gene–based studies. Candidate gene
studies, after all, are only as good as the hypothesis on which
they are based; if the biological hypothesis is inaccurate (e.g.,
the proposed pathway from which the candidates are selected
is too broad or inaccurate), or if the physiologic defects are
unknown, the candidate gene approach will not be successful
(100).

The potential drawbacks have been extensively debated in
the literature, even though to date there have been only a few
published GWA studies. Issues related to multiple comparisons
and the potential for multiple type I errors (i.e., false discovery
rate) and ideal study designs (i.e., multistage vs. single stage)
continue, and are unlikely to be settled until more empiric data
are at hand. Conversely, solutions related to cost and feasibility,
and the effects of bias due to population stratification, or admixture,
are forthcoming. Costs are dropping rapidly and simultaneously;
the size of the SNP panels is increasing (and consequential repre-
sentation across the genome). Adjustments for the effect of
admixture in an African-American population under study in a
GWA analysis are similar to approaches described above, the
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main difference being that it is not necessary to genotype a
specific panel of AIMs, because one can take advantage of the
half million or so SNPs to be genotyped in the GWA panel, and
evaluate admixture directly from those. Of particular relevance,
newly released panels exceeding 500,000 SNPs have been se-
lected on the basis of adequate average minor allele frequencies
for the Centre d’Etude du Polymorphisme Humain (CEPH)
project in Utah, Han Chinese of Beijing (CHB), individuals of
Japanese ancestry from the Tokyo area (JPT), and YRI HapMap
populations, and promise greater efficiency in coverage (i.e., tag
SNP selection) than the earlier panels for which tagging SNPs
were generated from European-ancestry data.

Admixture Mapping

Family-based linkage mapping has proved useful in interrogating
the genome for disease genes in complex traits, especially the
rare Mendelian diseases. As illustrated in this review and else-
where (12), population-based association studies have been more
useful in homing in on causative genes for a complex trait such
as asthma, and the potential power in GWA studies to detect
even more of these genes is described above. A major drawback
to the genomewide approach is the expense of genotyping any-
where from 300,000 to 1,000,000 markers. Until very recently, suc-
cess in mapping genes through GWA in populations of African
descent has been hampered by the limited efficiency of haplotype
tagging (101), due in part to the overall reduced levels of LD
in African populations (33).

An approach that is gaining attention is admixture mapping,
also referred to as mapping by admixture linkage disequilibrium
(MALD). The approach is predicated on the assumption that
when an admixed population is created from previously isolated
populations (i.e., Africans and Europeans), and the ancestral
population is disproportionately predisposed to a particular dis-
ease as a result of differences in risk allele frequencies, it will
be possible to identify genomic regions where individuals with
the trait of interest will have a higher proportion of ancestry
from the parental population more likely to be affected by the
trait. In other words, susceptibility genes can be identified by
mapping distortions of ancestry (102). For example, a multiple
sclerosis locus was recently identified on chromosome 1 where
there is an exceptionally high level of European ancestry in a
group of African-American cases and control subjects (103).
Indeed, the discovery of the Duffy blood group locus was
founded on this principal.

Admixture mapping is most successful when the differences
in susceptibility allele frequencies and disease prevalence be-
tween the two parental populations are large, and when the
populations have been recently admixed (104–106). Admixture
LD diminishes over time, although the rate between linked
markers is much slower than for unlinked markers (107). African
Americans and African Caribbeans as a group were formed
with the convergence of Europeans and West Africans and the
colonial history of North and South America and the West
Indies, just a dozen or so generations ago. As a result, the allelic
associations in these groups created by admixture extend over
large chromosomal distances (averaging 10–20 cM) (107), and
contain far fewer genetic markers than GWA studies, as few as
several thousand compared with upward of 1 million markers.
A limitation until recently has been the availability of admixture
panels, but these are increasingly available (108, 109), especially
for African Americans, and new panels are on the horizon.

Phylogenetic Studies

Once a causal variant in a gene has been identified, the logical
next step is to determine its effective significance. Predictions
of the consequence of an amino acid change on protein function

are most typically undertaken after significant genetic associa-
tions between the marker at the variant and the trait have been
identified. Another approach involves phylogenetic analyses,
whereby the degree of conservation of the modified amino acid
is evaluated with the notion that the most functionally important
residues will be the most conserved residues (110). In its simplest
form, phylogenetics seeks to determine the rates and patterns
of changes in our genome to reconstruct the evolutionary history
of genes, and to identify the basis for positive selective pressures
that confer functional changes, such as substitutions. Despite
the more than 500 genetic associations of asthma to date, rela-
tively few causal variants have been identified and validated.
Given the remarkable diversity of the human adaptive immune
system and the apparent and critical role that the more ancient
and conserved host defense pathways play in the pathogenesis
of and susceptibility to asthma, it is likely that studies focused
on the evolutionary and selective basis for causal variants in
asthma candidate genes will be forthcoming.

CONCLUSIONS

Despite the health disparities among underrepresented minorit-
ies for a number of complex diseases, our understanding of
the role of the contribution of genetic variation in the mix of
environmental, social, cultural, or economic factors involved in
asthma is limited, due in large part to how relatively few well-
designed and sufficiently powered genetic association studies
have been conducted in nonwhite groups, such as African Ameri-
cans, as illustrated in Figure 2. The striking and consistent differ-
ences in SNP frequencies across populations (i.e., Table 1) reflect
variation in the human genome, which most typically results
from naturally occurring recombination events. Patterns of LD
reflect these events, and due in large part to the success of
the International HapMap Project, these patterns are readily
apparent (Figures 1 and 3). Advances made by the HapMap as
well as other, similar endeavors (e.g., Perlegen Sciences) have
specifically benefited studies in minority groups such as African
Americans, enabling scientists to develop more efficient panels
of markers for genetic association studies, and panels for adjust-
ments to the confounding characteristic of admixed populations.
Novel approaches including GWA studies and admixture map-
ping will likewise be dependent on the more efficient character-
ization of the human genome. It is hoped that these collective
advances and insights will lead to a greater understanding of the
pathogenetic basis of asthma and its associated traits.
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