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ABSTRACT 

 

Mutation, recombination, selection, and demographic processes (such as gene 

flow and genetic drift) have shaped genetic variation, but the relative impact of these 

evolutionary forces remains poorly understood.   This problem motivates this study 

which examines three regions of the genome β-globin, the Y-chromosome, and 

mtDNA in a two part approach to assess the relative impact of evolutionary forces on 

human genetic variation in Africa.  The first approach characterizes levels of nucleotide 

variability and linkage disequilibrium across the β-globin gene and recombinational 

hotspot in a sample of malarial-resistance alleles (HbC and HbS).   Results suggest that 

the age of the HbC allele is <5,000 years and selection coefficients are 0.04-0.09 and, 

recombination is observed within 1-kb of the selected site on >1/3 of the chromosomes 

sampled (Appendix A).  A long-standing question regarding the HbS allele is whether it 

originated multiple times via recurrent mutation or whether it arose once and was 

transferred to different haplotypic backgrounds through recombination.  These results 

indicate that recombination played a critical role in generating haplotypic diversity at β-

globin and can explain the origins of the Bantu and Senegalese HbS haplotypes 

(Appendix B).  The second approach examines Y-chromosome and mtDNA variation to 

disentangle the relative effects of demographic forces.  A detailed characterization of the 

Y-chromosome and mtDNA in >1000 individuals from ~40 populations reveals that 

patterns of variation from these paternally- and maternally-inherited loci are remarkably 

different, suggesting that sex-specific demographic processes have influenced African 
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genetic variation, particularly among agriculturalists (Appendix C).   Hunter-gatherer 

populations carry a suite of Y-chromosomes that differ from those of agricultural 

populations.  The examination of Y-SNP and Y-STR variation in eight hunter-gatherer 

populations reveals the presence of a very old, >50-kya, derived lineage (B2b) shared 

among these populations, which is absent in agricultural populations, suggesting that 

hunter-gatherer populations share an ancient common ancestry (Appendix D).  Finally, 

the Y-chromosome results are placed into a broader evolutionary context in a 

phylogeographic summary as it relates to archeological and linguistic variation in Africa 

(Appendix E).  Together these results underscore the vastly different effects that various 

evolutionary forces have had on shaping human genetic variation in Africa. 
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CHAPTER 1: INTRODUCTION 

  

Explanation of the Problem and its Context 

Population genetics is the study of the evolutionary forces that shape genetic 

variation, which include natural selection, mutation, recombination, and demography.   

Mutation is the ultimate source of new variation; while recombination reshuffles existing 

variation producing new allelic combinations upon which natural selection can act.   

Rates of mutation and recombination vary considerably across the human genome.  For 

example, the β-globin locus experiences rates of recombination 50-fold greater than the 

genome average while the Y-chromosome and mtDNA experience very little or no 

recombination.   Natural selection has had a large impact on human variation especially 

in regions of the genome that confer protection against the infectious disease, malaria.  

Demographic processes include gene flow, isolation and/or genetic drift, population size 

and range expansions, as well as population subdivision and bottlenecks, which affect 

many regions of the genome in a similar (but not identical) manner.  The forces that 

shape variation change over time and space and leave a multitude of histories in our 

genome, each one preserving its own record of the past.   How have evolutionary forces 

shaped variation in various regions of the genome differently?  What is the impact of 

recombination and mutation on loci under strong selective pressure?  How have 

demographic forces such as population size and range expansions affected the 

distribution of genetic variation?   Great advances have been made in the fields of 

molecular biology and population genetics, which have provided new technologies to 
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efficiently examine nucleotide variation and sophisticated theoretical models to test 

alternative scenarios.  The rigorous application of these methods to different regions of 

the genome will lead us toward a more synthetic reconstruction of human evolutionary 

history. 

 This dissertation evaluates genomic patterns of human nucleotide variability in 

African populations (i) to disentangle the relative effects of recombination and mutation 

shaping variation surrounding malarial resistant alleles at the β-globin gene and (ii) to 

infer the demographic processes that have shaped Y-chromosome and mitochondrial 

(mtDNA) variation.  The results presented here suggest that the recombination, mutation, 

selection, and demography have all played an important role in shaping human variation, 

but that the relative impact of these evolutionary forces is substantially different for 

different loci.   

 

A Review of the Literature 

Early studies of human genetic variation examined differences among individuals 

that cause (or protect against) diseases and focused on disorders of blood, or hemoglobin.   

The first case of a disease associated with molecular variation was detected by protein 

electrophoresis by Linus Pauling (Pauling et al. 1949), who proposed that sickle cell 

anemia was a disease of the hemoglobin molecule and was caused by the HbS allele at 

the β-globin gene.  J.B.S. Haldane, who together with Ronald Fisher, and Sewall Wright 

developed the ideas that formed the modern evolutionary synthesis in the 1930s and 

1940s, proposed in 1949 that β-thalassemia major, a disease caused by another allele at 
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the β-globin gene, is lethal if an individual carries two copies of this variant 

(homozygote) but is resistant to malaria if an individual carries only one copy 

(heterozygote).   Anthony Allison (Allison 1954; Allison 1964) showed a similar scenario 

- the HbS allele causes sickle cell disease in the homozygous form but confers resistance 

to malaria in the heterozygous form.   These findings formed the basis of ‘the malaria 

hypothesis’, which suggests that the elevated frequencies of hemoglobinopathies, such as 

β-thalasemia and sickle cell disease, are maintained due to selection for the heterozygote 

(heterozygote advantage).   The HbS allele has since become a classic example of a 

single allelic variant that is under strong selection in humans. 

The protein electrophoresis techniques first applied to the β-globin gene were 

later used to examine hundreds of other genetic variants in populations distributed across 

the world.  Much of this work was compiled and synthesized in the landmark tome 

published by L. Luca Cavalli-Sforza and his collaborators Paolo Menozzi and Alberto 

Piazza (Cavalli-Sforza et al. 1994), who provided a remarkably comprehensive 

reconstruction of where human populations originated and the paths by which they spread 

throughout the world.   Since then, advances in molecular biology have allowed 

researchers to move beyond examinations of protein variation and to directly examine 

DNA sequence variation, including the maternally-inherited mtDNA (e.g. Cann et al. 

1987) and the paternally-inherited Y-chromosome (e.g. Hammer 1995).   The explosion 

of studies that followed examined maternally and paternally-inherited regions of the 

genome, as well as X chromosome and autosomal loci, in hundreds of human populations 

distributed across the globe (Harding et al. 1997; Nachman et al. 1998; Harris and Hey 
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1999; Nachman and Crowell 2000; Przeworski et al. 2000; Excoffier 2002; Hammer et 

al. 2004).    

Natural Selection, Recombination, and Mutation at the β-globin Locus 

Infectious diseases (such as malaria, AIDS, and measles) are responsible for 62% 

of all deaths in Africa, more than double that found in any other region of the world 

(WHO 2003).   Because Africa has had long and intense association with infectious 

diseases, genetic variation found within African populations provides important clues to 

the impact that selection has had on human variation.   Natural selection increases or 

decreases the frequency of an allele in a particular environment.  Positive selection leads 

to the increase in frequency of an advantageous allele and can include both positive 

directional and balancing selection.  Directional selection favors alleles that provide an 

advantage in the homozygous form; whereas, balancing selection (sensu overdominance) 

favors the heterozygous form.  Negative selection, sometimes referred to as purifying 

selection, will remove deleterious variants from a population.  Evolution at the malarial-

resistant β-globin gene in Africa encompasses all these types of selection.  Two of 

several alleles at the β-globin gene (HbC and HbS) provide strong protection against 

infection by malaria and are found at appreciable frequencies in Africa.  The HbC allele 

has been shown to be advantageous in malarial areas in both the heterozygous and 

homozygous form and is thus subject to positive directional selection (Modiano et al. 

2001; Hedrick 2004).  The HbS allele provides resistance to malaria in the heterozygous 

form but causes death due to sickle cell disease in the homozygous form and is subject to 

balancing selection (Allison 1954).  Additionally, the 1,606 bp β-globin gene produces 
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two of the four globin chains found in hemoglobin and some changes in this gene product 

produce devastating effects such as extreme illness or death and, hence, the β-globin gene 

is also subject to purifying selection.    

An important consequence of these processes is that selection not only influences 

the frequency of a functional allele, but it also affects variation linked to the selected site.  

In the case of positive directional selection, an advantageous allele will increase in 

frequency carrying linked neutral variation with it, often referred to as genetic 

hitchhiking (Maynard-Smith and Haigh 1974) .    Purifying selection will remove 

deleterious variants and linked neutral variation from the population, which is known as 

background selection.   The extent of these effects on linked neutral variation depends on 

the type and strength of selection, the time since the selected allele arose, and the rate of 

recombination.  The HbC and HbS alleles at β-globin are two of the most intensely 

selected loci in the recent history of humans.  The β-globin locus is also remarkable 

because a hotspot of recombination is located less than 1,000 base pairs from the gene 

(Harding et al. 1997; Wall et al. 2003).    The close proximity of the β-globin gene and 

hotspot provides the unique opportunity to empirically examine, for the first time, the 

direct effects of recombination on a strongly selected locus in humans.    

Demographic Processes in Africa 

Fossil evidence suggests that our species, Homo sapiens, originated in Africa 

more than 100,000 years ago (McDougall et al. 2005).  This hypothesis has been 

supported by mtDNA and Y-chromosome studies which indicate an African origin of 

humans (Cann et al. 1987; Hammer 1995).  Africa not only holds important clues to our 
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ancient evolutionary past, but also possesses a rich and complex history in the recent past.    

Today, Africa is home to a large number of agricultural groups as well as several hunter-

gatherer groups such as the Khoisan and the Pygmies.  The African continent is also one 

of the most linguistically diverse regions of the world.  The distribution of linguistic 

variation has been strongly influenced by the origin and spread of agriculture (Ehret 

2002; Diamond and Bellwood 2003).  Two of the major African language families are the 

Khoisan and Niger-Congo, which show very different patterns in both the distribution of 

and variation within each group (Greenberg 1964).  Khoisan is spoken by a very small 

number of hunter-gatherer and pastoralist populations, is widely (but sparsely) distributed 

across eastern and southern Africa, and contains unusual click sounds.  The Niger-Congo 

language family is spoken by the vast majority of present-day sub-Saharan Africans, is 

widely (and densely) distributed, and contains a homogeneous sub-branch of languages, 

the Bantu languages, which are associated with farmers.  Both linguistic and 

archeological evidence suggest that beginning 3,000 – 5,000 years ago Bantu-speaking 

farmers underwent a rapid expansion – both in number and in geographic space.  Studies 

of Y-chromosome, mtDNA, and protein polymorphism variation in Africa have revealed 

the large impact that the expansion of Bantu speaking farmers has had on the distribution 

of genetic variation (Cavalli-Sforza et al. 1994; Hammer et al. 1998; Hammer et al. 2001; 

Cruciani et al. 2002; Salas et al. 2002).  However, the effect of this massive migration 

had on local hunter-gatherer groups and the relative impact that males and females had 

during this process remain largely unexplored.    By comparing genetic variation in 

maternally- (mtDNA) and paternally-inherited (Y-chromosome) loci to linguistic and 
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geographic variation, the relative role that various demographic forces have had on 

genetic variation can begin to be disentangled. 

  

Explanation of Dissertation Format 

My dissertation work takes advantage of new technological and theoretical 

methods (i) to address longstanding and controversial questions regarding the history of 

malarial-resistance alleles and (ii) to test hypotheses regarding population subdivision 

and migration within Africa.  First, I use empirically-determined DNA sequence data 

across a hotspot of recombination and the β-globin gene to addresses questions about the 

role of mutation and recombination on malarial-selected alleles, HbC and HbS (Appendix 

A and B).  Second, I characterize Y-chromosome single nucleotide polymorphisms (Y-

SNPs) and short tandem repeat polymorphisms (Y-STRs) and I compile mtDNA 

sequence variation in populations across Africa to compare male and female histories and 

to examine hypotheses generated in the fields of linguistics, archeology, and ethnohistory 

(Appendix C, D, and E).    

In Appendix A, I describe the impact that recombination has had on patterns of 

genetic variation surrounding the HbC allele at the β-globin locus.  These results 

demonstrate the large impact that the β-globin recombinational hotspot has had on 

reducing the effects of selection surrounding the positively selected HbC allele.  

Appendix B examines the relative effects of recombination, mutation, and selection 

surrounding the HbS allele at the β-globin locus.  This study is primarily a reexamination 

of the well established hypothesis that the HbS allele arose multiple independent times 
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via recurrent mutation, and concludes that recombination has played a major role in 

generating haplotypic diversity at the β-globin locus.   Appendix C compares patterns of 

genetic variation observed in the Y-chromosome and mtDNA in African populations to 

linguistic and geographic distances to assess the degree of concordance between these 

two compartments of the genome.   This study reveals that patterns of variation from 

these paternally- and maternally-inherited loci are remarkably different and suggests that 

sex-specific demographic processes are responsible for the patterns of variation observed.    

Appendix D is an examination of Y-SNP and Y-STR variation in two of the few 

remaining African hunter-gatherer groups, the Khoisan and Pygmies.  The presence of a 

very old derived polymorphism shared among hunter-gatherer populations, which are 

absent in agricultural populations, suggests that these two groups share an ancient 

common ancestry.  Appendix E is a phylogeographic summary of the Y-chromosome 

results as it relates to linguistic variation in Africa.  This body of work is primarily a 

population genetics study of human variation but also employs a multidisciplinary 

approach drawing upon the fields of molecular evolution, genomics, phylogeography, 

and the anthropological disciplines including archeology, linguistics and ethnohistory.     
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CHAPTER 2: PRESENT STUDY 

 

Detailed background, methods, results, and conclusions of this study are 

presented in the manuscripts appended to this dissertation document.  To characterize 

genetic variation in Africa and the evolutionary forces responsible for shaping that 

variation, I have undertaken a multi-locus approach by surveying sequence variation at 

several loci including the autosomal β-globin locus and the haploid Y-chromosome and 

mitochondrial DNA (mtDNA) loci.  The most important findings of these manuscripts 

are summarized below. 

In Appendix A, a 5.2 kb region was sequenced and cloned in 19 individuals who 

carry the malaria-resistant HbC allele yielding 17 wild-type (HbA) allele and 21 HbC 

chromosomes.  These data were supplemented with 18 chromosomes surveyed for the 

study outlined in Appendix B.  This study estimated that the HbC mutation originated 

<5,000 years ago and that selection coefficients are 0.04-0.09.  Additionally, 

recombination is observed within 1,000 bp 5’ of the site of selection demonstrating the 

large effect that the β-globin hotspot has in reducing the effects of selection on linked 

variation.  In Appendix B, the same approach was employed as that outlined in Appendix 

A.  This study examines the patterns of variation surrounding the HbS allele in African 

populations.  The results indicate that a single origin of the HbS allele incorporating high 

levels of recombination (crossing-over and gene conversion) can explain all of the data 

but a model of independent origins can not be excluded.  In Appendix C, I compared 

patterns of Y-SNP to mtDNA HVSI sequence variation that I compiled from the 
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literature.  This study examines >1000 individuals sampled from ~40 populations 

distributed across Africa for both the Y-chromosome and mtDNA.  The results from this 

study suggest that patterns of differentiation and gene flow have been very different for 

men and women in the recent evolutionary past.  Sex-biased rates of admixture and/or 

language borrowing between expanding Bantu farmers and local hunter-gatherers likely 

played an important role in influencing patterns of genetic variation during the spread of 

African agriculture in the last 4000 years.  In Appendix D, STR variation was examined 

in a small subset of Y-chromosome SNP lineages (B2b) to assess the ancient divergence 

of two hunter-gatherer groups, the Khoisan and Pygmies.  This study infers that the 

Khoisan, Western Pygmies, and Eastern Pygmies share an ancient common ancestry and 

that the expansion of migrating Bantu farmers has not completely obscured the ancient 

shared history of African hunter-gatherer groups.   Finally, Appendix E provides a 

phylogenetic summary of African Y-chromosomes within a framework of archeological, 

linguistic, and ethnographic data.  Together these findings suggest that selection, 

demography, mutation, and recombination have all played an important role in 

influencing human variation, but that the relative impact of these evolutionary forces 

varies significantly among different regions of the genome.   
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Report

The b-Globin Recombinational Hotspot Reduces the Effects of Strong
Selection around HbC, a Recently Arisen Mutation Providing Resistance
to Malaria
Elizabeth T. Wood,1,2 Daryn A. Stover,1 Montgomery Slatkin,3 Michael W. Nachman,2
and Michael F. Hammer1,2

1Division of Biotechnology and 2Department of Ecology and Evolutionary Biology, University of Arizona, Tucson; and 3Department
of Integrative Biology, University of California, Berkeley

Recombination is expected to reduce the effect of selection on the extent of linkage disequilibrium (LD), but the
impact that recombinational hotspots have on sites linked to selected mutations has not been investigated. We
empirically determine chromosomal linkage phase for 5.2 kb spanning the b-globin gene and hotspot. We estimate
that the HbC mutation, which is positively selected because of malaria, originated !5,000 years ago and that
selection coefficients are 0.04–0.09. Despite strong selection and the recent origin of the HbC allele, recombination
(crossing-over or gene conversion) is observed within 1 kb 5′ of the selected site on more than one-third of the
HbC chromosomes sampled. The rapid decay in LD upstream of the HbC allele demonstrates the large effect the
ß-globin hotspot has in mitigating the effects of positive selection on linked variation.

Recombinational hotspots are a ubiquitous feature of
the human genome, occurring every 60–200 kb, and
likely contribute to the observed pattern of large hap-
lotypic blocks punctuated by low linkage disequilibrium
(LD) over very short (1–2-kb) distances (Gabriel et al.
2002; Jeffreys and May 2004; McVean et al. 2004).
Recombination breaks up ancestral LD and produces
new combinations of alleles on which natural selection
can act. Positive selection increases the frequency of ben-
eficial mutations, creating LD via genetic hitchhiking
(Smith and Haigh 1974). LD has been observed over
great physical distances at several genes experiencing re-
cent selection, including loci associated with malarial
resistance (Tishkoff et al. 2001; Sabeti et al. 2002; Saun-
ders et al. 2002; Ohashi et al. 2004). The b-globin hot-
spot spans ∼1 kb and is located ∼500 bp from the se-
lected site at the b-globin gene (Harding et al. 1997;
Wall et al. 2003). The close proximity of these b-globin
regions allows us, for the first time, to empirically ex-
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amine the signature of selection across a region that
recombines at a rate 50 (Wall et al. 2003; Winckler et
al. 2005) to 90 (Schneider et al. 2002) times higher than
the genomic average of 1.1 cM/Mb (Kong et al. 2004).

More than 50 years ago, Haldane (1949) and Allison
(1954) proposed that elevated frequencies of hemoglo-
binopathies such as thalassemia and sickle cell disease,
which are caused by mutations at the b-globin locus,
are maintained via balancing selection (“the malarial
hypothesis”). Since then, malarial-resistant alleles have
been identified at several other loci, including G6PD,
TNF, and HLA (Kwiatkowski 2005). Early studies of
the b-globin HbC polymorphism (b6GlurLys) suggested
that this allele was also subject to balancing selection
(Allison 1956). More recently, it has been shown that
HbC provides protection against Plasmodium falcipa-
rum malaria without significantly reducing fitness, in-
dicating that this allele is increasing in frequency as a
result of positive directional selection (Agarwal et al.
2000; Modiano et al. 2001; Hedrick 2004; Rihet et al.
2004). Because the African HbC allele rarely exceeds
frequencies of 20% and is geographically concentrated
in central West Africa, it is thought that this mutation
is very young (Livingstone 1976; Trabuchet et al. 1991;
Modiano et al. 2001). Here, we examine the extent of
LD surrounding the African HbC allele, to estimate its
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age and the strength of selection acting on this mutation
and to test the hypothesis that the b-globin recombi-
national hotspot decouples the selected HbC allele from
nearby upstream regions (fig. 1a).

To generate 5.2 kb of contiguous phased sequence
data, we cloned two ∼3-kb fragments that were tiled
together using polymorphic sites in the overlapping re-
gion (fig. 1b). We examined 17 heterozygous and 2 ho-
mozygous individuals carrying the HbC mutation and
supplemented the data set by including 18 additional
African HbA chromosomes (fig. 2). Within the 5.2-kb
fragment spanning the b-globin hotspot and gene region,
we observe 46 segregating sites. To delineate the bound-
aries of the hotspot in our data, we examine the extent
of LD among 35 HbA chromosomes (fig. 1c). The
boundaries for the three recombinational regions cor-
respond well with those observed in a sample of 16
African Hausa individuals (Wall et al. 2003) and in a
larger study of 349 globally distributed individuals (Har-
ding et al. 1997).

To examine the effects of selection, we compared pat-
terns of LD on selected chromosomes with those on
nonselected chromosomes. Substantially more LD is ob-
served among HbC than HbA chromosomes (fig. 2). We
employed a coalescent-based method that incorporates
recombination (c), effective population size ( ), andNe

population growth (r) to jointly estimate the selection
coefficient (s) and the time since the origin of the HbC
allele ( ). The selection coefficient is estimated usingt1

Slatkin and Bertorelle’s (2001) method for estimating
the likelihood of s from allele frequency and the extent
of LD with a neutral marker locus. The allele age is
estimated from the posterior probability distribution of
t1 as a function of s. Analyses were performed on the
basis of haplotypes generated from sites �2906 and 16
(HbC), where we assume that the A allele at site 16 arose
on a chromosome carrying a C at �2906 and that the
frequency of HbC is 15% in the present generation.
Figure 3a shows the likelihood of s given the data, under
the assumption that and , for a rangeN p 10,000 r p 0e

of recombination rates (c). For all values of c, we reject
neutrality ( ) and conclude that s is most likely�5P ! 10
in the range 0.04–0.09. Neutrality is also rejected when
we incorporate a population growth rate as high as

for and forr p 0.009 c p 0.004 r p 0.02 c p 0.008
(data not shown). Figure 3b shows the posterior distri-
butions of the age of HbC for the three maximum-like-
lihood estimates of s obtained using three different val-
ues of c. The age of the allele using this method depends
primarily on s and is affected little by c (data not shown).
The estimated age is 75–150 generations ago (or 1,875–
3,750 years, under the assumption of a 25-year gener-
ation time), with an upper bound !275 generations. Past
growth would make the allele slightly younger, so esti-
mates of age based on the results are conservative.r p 0

Our estimates accord well with those obtained using
theoretical predictions from epidemiological data, where

generations and (Hedrick 2004) (seet ! 150 s ∼ 0.081

the “Material and Methods” section [online only]).
At least three HbC chromosomes in our survey

(15.8%), given at the bottom of figure 2, show evidence
for crossing-over and/or gene conversion within the hot-
spot. Dgn66HbC contains a 5′ haplotype motif identical
to seven HbA chromosomes (AGCGTCTGCGA from
sites �3092 to �1944), which is likely the result of a
single crossover event occurring between sites �1944
and 16. Dgn99HbC possesses polymorphisms ATCTC,
from sites �835 to �598, that are also found in four
HbA chromosomes and may be due to gene conversion
or double crossing-over. Dgn83HbC has a CACA motif,
at sites �1927, �835, �598, and �543, that is also
found in three HbA chromosomes. However, Dgn83HbC

does not contain intervening polymorphisms that are
identical to HbA chromosomes surveyed here and may
be the result of a single cross-over event where the re-
combining HbA chromosome is not represented in our
data set, or it may be the result of multiple cross-over
and/or gene conversion events. Because of the higher
rate of gene conversion relative to crossing-over (4:1 to
15:1) (Jeffreys and May 2004), it is likely that gene
conversion is responsible for some of the patterns we
observe. Evidence for recombination is observed in an
additional five individuals (for a total of 38.1%), un-
der the assumption that the HbC mutation occurred
on the most common HbC haplotype observed (e.g.,
Dgn06HbC) (fig. 2). An alternative explanation is that
recurrent mutation occurred at site 16-HbC or at sites
described in the “recombinant” motifs in Dgn66,
Dgn99, or Dgn83. However, this hypothesis requires ei-
ther (1) independent mutations at site 16-HbC on four
different HbC haplotypic backgrounds or (2) that three
(Dgn99), four (Dgn83), or five (Dgn66) sites have mu-
tated 5′ of the gene on both the HbA and HbC back-
grounds. Thus, it seems unlikely that elevated rates of
mutation would cause decay in LD observed on the HbC
chromosomes.

The extent of LD surrounding a selected allele is ex-
pected to depend on the age of the allele, the strength of
selection, and the rate of recombination. The recent origin
(!5,000 years) and high selection coefficient (0.04 ! s !

) of the HbC allele estimated here are roughly com-0.09
parable to those of other malarial-resistance loci, includ-
ing G6PD/A- (!11,800 years; ) (Tishkoff et0.02 ! s ! 0.2
al. 2001; Saunders et al. 2002, 2005), and G6PDmed
(!6,500 years; ) (Tishkoff et al. 2001; M.0.01 ! s ! 0.2
Saunders, M. Slatkin, M. F. Hammer, and M. W. Nach-
man, unpublished data). Long-range LD extends 400–
1,600 kb at loci recombining near the genome aver-
age, including G6PD/A-, G6PDmed, and TNFSF5/726C
(Tishkoff et al. 2001; Sabeti et al. 2002; Saunders et al.
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Figure 1 a, Map of the b-globin gene cluster found on 11p15.5. Four functional globin genes, one pseudogene, and the locus control
region (LCR) that controls transcription and replication of the globin gene cluster (Aladjem et al. 1995) are located 5′ of the b-globin gene.
The position of the recombinational hotspot identified using RFLP analysis (A) (Chakravarti et al. 1984) and single-sperm typing (B) (Schneider
et al. 2002) are shown above. b, Magnified view of b-globin gene and hotspot, as identified using population sequence data in 16 Africans (C)
(Wall et al. 2003) and 349 globally distributed individuals (D) (Harding et al. 1997). The locations of primers that amplify the two 3-kb
fragments are shown with horizontal arrows. The polymorphisms observed in a 5.2-kb region are indicated with International Union of Pure
and Applied Chemistry (IUPAC) codes. Indels were excluded. Exons are shown in horizontal black boxes; introns are depicted by white boxes.
Grey boxes indicate repeat motifs. The HbC mutation is circled. c, LD triangle plot of 35 HbA chromosomes in all pairwise comparisons
between 42 sites. Black boxes indicate a significant value ( ). Values of are 1 unless indicated in white numbers where is′ ′ ′D P ! .01 FD F FD F
multiplied by 100. Dark gray boxes indicate ( ), and white boxes indicate ( ). Light gray boxes correspond to′ ′FD F p 1 P 1 .01 FD F ! 1 P 1 .01
the four segregating sites that are observed only on HbC chromosomes. Asterisks (*) indicate that pairwise comparisons are significant with a
Bonferroni correction. The two regions of low recombination are outlined.
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Figure 2 Polymorphisms observed in 35 HbA (top) and 21 HbC (bottom) chromosomes. To visually represent the decay in haplotype
sharing, the conserved most-common long-range haplotype within the HbA and HbC chromosomes is shaded. Each site was examined se-
quentially, moving away from site 16. Singletons were excluded. Shaded areas include sites that are most frequent within the conserved haplotype.
Recombination, as well as mutation, can cause a transition from gray to white in this depiction. CAR p Central African Republic. DRC p
Democratic Republic of Congo.

2002, 2005; M. Saunders, M. Slatkin, M. F. Hammer,
and M. W. Nachman, unpublished data). The b-globin
locus, however, is unique in that elevated rates of re-
combination are sufficiently strong to reduce the effect
of genetic hitchhiking on the HbC alleles to !1 kb up-
stream of the gene. Thus, recombinational hotspots ap-
pear to quickly erase the signal of strong and recent
selection.

It has been hypothesized that recombination is evo-
lutionarily advantageous because selection can operate

more efficiently when genes are decoupled from one an-
other; this hypothesis predicts that recombination will
be higher in gene-dense regions (Barton and Charles-
worth 1998). A positive correlation between recombi-
nation and gene density (or associated features such as
CpG motifs) has been observed in humans (Kong et al.
2004; McVean et al. 2004). Recombinational hotspots
have been characterized at the intensely selected b-globin
gene cluster and the gene-dense HLA region (Jeffreys et
al. 2000, 2001; Schneider et al. 2002; Winckler et al.
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Figure 3 a, Log-likelihood surface of selection coefficient (s)
under the assumption of no growth ( ), an effective populationr p 0
size ( ) of 10,000, and a recombination fraction (c) ranging fromNe

0.4%–0.8%. b, The posterior distribution of the age (in generations)
of the HbC allele over the three values of s (0.04, 0.07, and 0.09) that
correspond with the maximum-likelihood estimate obtained under the
different values of c shown in panel a.

2005). Although it remains unclear whether this cor-
relation is the result of selection favoring recombination
near genes, our data are consistent with these observa-
tions. The location of the b-globin recombinational hot-
spot may allow selection to act more efficiently on ma-
laria-resistance alleles at b-globin without significantly
affecting the upstream globin gene copies and regulating
locus control region sequence. Future studies will help
determine the extent to which recombinational hotspots
are preferentially located near regions that are under
strong selective pressure.
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Appendix A: Theβ-Globin RecombinationalHotspotReduces the
Effects ofStrong Selection around HbC,a Recently Arisen Mutation
Providing Resistance toMalaria

Elizabeth T. Wood,Daryn A. Stover,MontgomerySlatkin,Michael W. Nachman, and
Michael F. Hammer

Material and Methods

Population Samples

We screened 1,037 African individuals for the presence of the HbC variant, using allele-
specific PCR, and we identified 17 heterozygous and 2 homozygous individuals (8 Dogon from 
Mali; 8 Ga, Ewe, orFante from Ghana; and 3 individuals of unknownethnicity from the Ivory
Coast, Nigeria, and Egypt), which yielded 17 HbAand 21 HbC chromosomes. We supplemented 
these data with an additional 18 HbA African chromosomes (7 from Senegal and Gambia, 5 from 
the IvoryCoast and Ghana, 2 from Cameroon, 1 Dogon from Mali, and 3 Baka and Mbuti 
Pygmies) that were part ofanother study (E. Wood, D. Stover, M. Nachman, and M. Hammer, 
unpublished data). Sampling protocols were approved by the HumanSubjects Committee at the
University of Arizona and similar committees of collaborating institutions.

PCR Amplification, DNA Sequencing, and Cloning

We PCR amplified ~5.2 kb of genomic DNA in two overlapping ~3-kb PCR fragments 
(Figure 1b) and then sequenced these fragments with primers designed to anneal approximately 
every 400-600 bp to generate overlapping sequences.   The two 3-kb fragments were cloned
using the TA cloning kit by Invitrogen (K4520-40).  To resolve phase over the 5.2 kb region, we 
used polymorphic sites in the ~800bp overlapping region to tile the strands together.   For 15 
individuals, we were able to obtain cloned chromosomes carrying the mutant and wild-type
chromosomes for both fragments.  For the remaining individuals and fragments, we were unable 
to obtain both chromosomes after sequencing 2-6 clones per fragment (e.g. all clones contained 
HbA alleles).  In these cases, we determined allelic phase by using one cloned sequence and the 
diploid sequence.  When any sites were unclear, we resequenced and/or recloned until all 
ambiguities were resolved.   Amplification and sequencing primers, as well as reaction 
conditions, are available on request.  Fragments were assembled using Sequencher (GeneCodes).
Sequences have been submitted to GenBank under accession numbers DQ126270-DQ126325.
We also observed three repeat motifs in this 5.2-kb region(fig. 1b). Because repeat lengthcould
not be accuratelydetermined using these methods, we removed from the analysis 34 bp, 10 bp,
and 13 bp that correspond with the (TG)n, (ATTTT)n, and (RY)n(T)n repeat motifs, respectively.

Data Analysis

Linkage disequilibrium (LD) or non-random association between pairs of polymorphic 
sites is evaluated using D' (Lewontin 1964) and significance is determined using a Fisher’s Exact 
Test.  We use a Bonferroni correction to control for non- independence within our data.
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To estimate allele age (t) and selection coefficients (s), we use the method of Slatkin 
(2001) method for generating intra-allelic genealogies of selected alleles. This method randomly 
generated the allele age, t1, from the appropriate prior distribution and a random sample path of 
allele frequency t1 to the present (t = 0).  For each sample path, an intra-allelic genealogy of 
genealogy of HbC is generated.  For each intra-allelic genealogy, the probability of the data -
2906 (14/21 HbC chromosomes with C at -2906) under the assumption that the background 
frequency of C at -2906 is very low. By averaging over 10,000 replicate sample paths 
appropriate weighted, an estimate of the probability of the data and hence the likelihood of s is 
obtained.  By accumulating the results and taking the weighted average for each allele age, t1, the
probability of the data at –2906 given both s and t1 is estimated.  From Bayes theorem of 
conditional probabilities, the posterior probability of t1 given s and the other parameters is 
obtained (Slatkin and Bertorelle 2001).  We assume that the HbC allele is additive (see below), 
and population sizes (Ne) are 10,000 under a model of no growth (r = 0) or exponential growth at 
rate r.

We use a range of recombination rates from 0.4% to 0.8%.  We obtain the minimum 
estimate of recombination by using fine-scale population genetics estimates of c across the 
hotspot (1,045 bp) of 0.136/bp and outside the hotspot of 0.0126/bp (Wall et al. 2003).  Using the 
population recombination parameter, ρ = 4Nec, and assuming Ne = 10,000, we calculate c to be 
0.414% from site -2906 to 16.  Our maximum estimate of c is slightly less than the value of 
0.88% obtained from sperm-typing studies (Schneider et al. 2002).  We use an HbC frequency of 
15% which is similar to that observed in several populations including the Bisa (18.2%), Gurma 
(16.5%), and Senufu (15.0 - 22.4%) of Burkina Faso and the Somba of Benin (15.5%) 
(Livingstone 1985).  We also run these analyses with fewer HbC chromosomes and find that 
neutrality is rejected when frequencies are as low as 5% for r = 0 (data not shown).

We calculate the selection coefficient (s) from data reported in Hedrick (2004) using the 
mortality of m = 0.1 where the fitness values (w) are 0.861, 0.935, and 1 for the AA, AC, and CC 
genotypes, respectively.  We define s as the amount selection for the AC heterozygote where s =
1-w = 1-(0.935/0.861)]= 0.086 or as the amount of selection for the CC homozygote where 2s = 
(1-w) = 1-(1/0.861) = 0.161.   This is very close to additivity.

We note that it is possible that the HbC chromosomes may recombine with HbS 
chromosomes as well as HbA chromosomes. The frequency of the HbS allele in these 
populations is very low (2.4%-14.6%) and the probability that an HbC chromosome will 
recombine with an HbS chromosome is the product of their frequencies (0. 4% - 3.2%).  Because 
this value is so low, we do not consider recombination between HbC and HbS chromosome to 
significantly contribute to the recombinational motifs observed on the HbC chromosomes
presented here.
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Abstract 

The ß-globin HbS (sickle cell) allele is found at 15-20% throughout much of sub-Saharan 

Africa and is associated with many haplotypic backgrounds.   It is generally agreed upon 

that the HbS allele originated multiple times via recurrent mutation.  A minority view is 

that it arose once and was transferred to different haplotypic backgrounds through 

recombination.  We revisit this debate by examining DNA sequence variation across the 

ß-globin gene and recombinational hotspot in a pan-African sample of 31 HbS and 46 

HbA chromosomes. Our findings support previous studies indicating that the region 

surrounding ß-globin comprises three distinct recombinational regimes: a 5´ haplotypic 

region, a 3´ gene region, and an intervening hotspot with recombination rates as high as 

86.3 cM/Mb.  We estimate that the majority of recombination events occur within a 1.4-

kb segment, and that elevated rates of recombination associated with the hotspot may 

extend as far as the HbS mutation.  Low rates of recombination in the 3´ gene region 

allow the reconstruction of a single parsimonious gene tree.   Two HbS haplotypes 

(Senegal and Bantu) share all sites within this 3´ region and differ only at sites 5´ to the 

HbS mutation, supporting a common origin with a subsequent crossing-over event that 

created these two haplotypes.   A third HbS haplotype (Benin) shows a more distinctive 

pattern that is best explained by recurrent mutation; however, a model involving a single 

mutation and gene conversion cannot be excluded.  These results highlight the critical 

role that local recombination has played in generating haplotypic diversity associated 

with the HbS allele. 
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Introduction 

Natural selection acts on genetic variation generated by mutation and 

recombination.  One of the strongest selective pressures in the recent history of humans is 

infectious diseases.  The infectious disease, malaria, is caused by the parasite 

Plasmodium falciparum and is the leading causes of childhood mortality in Africa where 

is it is estimated that greater than one million children die from the disease each year.  

Malarial selection has had an enormous impact on the allele frequencies at loci including 

G6PD (A- and Med), Duffy, HLA, α-globin and β-globin [1].  The β-globin locus, in 

particular, harbors a remarkable array of alleles conferring resistance to malaria including 

HbS, HbC, HbE and many variants that also cause the β-thalassemias [2].  Some of these 

malarial resistance alleles are advantageous in both the heterozygous and homozygous 

form and are influenced by positive selection (e.g. HbC, HbE, FY-, and a+-thalasemia); 

where other alleles cause diseases in the homozygous or hemizygous form and are 

subject to balancing selection in malarial areas (e.g., HbS, G6PD A-, β-thalassemias) 

[3,4,5,6,7,8,9,10].  Because malarial selection is believed to have recently intensified and 

selection pressures are variable, the frequencies of most of these alleles are believed to be 

in a non-equilibrium state.   For example, the HbC allele, which is at relatively low 

frequencies in a limited region of West Africa, is predicted to quickly replace the HbS 

allele when the two alleles co-occur in malarial environments [11].  Moreover, many of 
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these alleles interact epistatically, adding another level of complexity to the effects of 

selection on malarial resistance alleles [2,12].  

Early studies of variation surrounding the HbS allele (β6 Glu→Val) examined 

RFLPs in homozygous individuals in a 60-kb region flanking the HbS mutation, allowing 

the first reconstructions of long-range haplotypes associated with a selected allele in 

humans [13,14,15].  These seminal studies found that the majority of African HbS alleles 

occur on one of five common RFLP haplotypes designated as Benin, Bantu, Senegal, 

Cameroon, and Asian, which are named after the regions or ethnic groups in which the 

HbS haplotype was common [16,17,18,19].   The majority view emerging from the early 

studies is that the HbS allele arose five times on separate haplotype backgrounds (i.e. via 

recurrent mutation) [15,16,17,18,19,20,21,22].  An alternative scenario is that the HbS 

allele arose once and spread to different haplotypes by recombination (crossing-over 

and/or gene conversion) [2,13,23,24].  This hypothesis is supported by the common 

occurrence, 5-10%, of ‘atypical’ HbS haplotypes in nearly every study that has examined 

population genetic variation at the β-globin locus.  These 20 or more ‘atypical’ HbS 

haplotypes are believed to be generated by recombination or interallelic gene conversion 

of the HbS allele onto pre-existing HbA haplotypes rather than recurrent de novo HbS 

mutations [23,24,25]. 

The extent to which we expect to find the HbS mutation on different haplotypic 

backgrounds depends on the age of the allele, the strength of selection, and the rate of 

recombination in the region surrounding the ß-globin gene.  Recent work has shown that 

36



the ß-globin gene sits adjacent to one of the most active recombinational hotspots in the 

human genome.  Located directly 5´ to the ß-globin gene, the ß-globin hotspot 

recombines at a rate that is > 40 times that of the genome average [7,8,9,10,11].  Given 

these findings and the paucity of studies that have measured the extent of fine-scale 

linkage disequilibrium (LD) immediately 5´ and 3´ to the HbS mutation, we set out to re-

examine the evolutionary origin(s) of the HbS allele.  Here, we clone and sequence 5.1-

kb spanning the ß-globin gene and recombinational hotspot in a pan-African sample of 31 

HbS and 46 HbA chromosomes to (1) characterize fine-scale patterns of LD, (2) delineate 

the boundaries of the recombination hotspot,  and (3) infer the origin(s) of the HbS 

allele.  

 

Materials and Methods 

DNA samples: We screened 1037 African individuals for the presence of the HbS 

and/or the HbC variant using a multiplex allele specific PCR (ASPCR) that can 

determine the presence of both the HbC and HbS allele.  We identified 97 individual 

carrying the HbS and 30 individuals carrying the HbC mutation.  The HbC results were 

previously published [10] but are included here as a comparison with HbS chromosomes.  

In this study, we sequenced and cloned 29 heterozygous HbAS and 1 homozygous HbSS 

individuals and supplemented these data with an additional 17 HbA chromosomes that 

were paired with HbC chromosomes [10] for a total of 46 HbA, 31 HbS, and 21 HbC 

chromosomes.  Sampling protocols were approved by the Human Subjects Committee at 

the University of Arizona and those of collaborating institutions.  To compare human 
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DNA sequences with other primate species, we sequenced a portion of the region shown 

in Figure 1 and combined it with available GenBank data (Chimpanzee: X02345).   

PCR Amplification, DNA Sequencing and Cloning:  A multiplex ASPCR was 

designed to detect the presence of either the HbS allele or the HbC allele.  In one reaction 

tube we used 6 primers: the two gamma globin and two β-globin HbC primers reported in 

a previous study [26] as well as two β-globin HbS primers designed for this study- Sfor 

(5´ CGGCTGTCATCACTTAGACC 3´), and Sasp (5´ GTAACGGCAGACTTCTCCCA 

3´).  The gamma globin primers were used as controls and the HbS and HbC primer pairs 

amplified a 215 bp product and a 459 bp product when the HbS and HbC alleles, 

respectively, were present.   Re-optimized reaction conditions are available upon request.   

In a subset of the individuals who carry the HbS, we PCR amplified ~5.1-kb of 

genomic DNA in two overlapping ~3-kb PCR fragments (Figure 1b) and then sequenced 

these fragments with primers designed to anneal approximately every 400-600 bp to 

generate overlapping sequences.   The two 3-kb fragments were cloned using the TA 

cloning kit by Invitrogen (K4520-40).  To resolve phase over the 5.1-kb region, we used 

polymorphic sites in the ~800bp overlapping region to tile the strands together.  

Fragments were assembled using Sequencher (GeneCodes).   Sequences have been 

submitted to GenBank under accession numbers xxx-xxx.   Numbers differ slightly from 

our previously published study [10] and are renumbered with position 0 found at the 5´ 

end of the cap which and is identical to the nomenclature of several RFLP.  We also 

observe three repeat motifs in this 5.1-kb region (Figure 1b) and  removed from the 
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analysis 34 bp, 10 bp and 13 bp that correspond with the (TG)n, (ATTTT)n and (RY)n(T)n 

repeat motifs, respectively.   

Other data sources:   We compared levels of diversity and divergence in the β-

globin regions to 269 Seattle SNP coding regions.  We also compare divergence to 

13,455 genes recently reported [27].  To assign HbS haplotypic backgrounds (or 

frameworks) to samples surveyed here, we used 7 sites that are segregating within HbS 

chromosomes (-1069, -989/HinfI, -710, -551/RasaI, -543, -491) that have previously been 

shown studies to define the five HbS haplotypes (or frameworks) using RFLPs and 

sequence data in HbS homozygous individuals [17,20,28].  Nucleotide positions in this 

study differ slightly from our previously published study [10].  Position 1 in this study 

corresponds to the 5´ end of the UTR (Figure 1) and matches site positions reported in 

previously published RFLP studies [17,19,20,28].   

Data analysis:  The population recombination rate was estimated from patterns of 

linkage disequilibrium (LD) in the 46 non-selected chromosomes.  To map recombination 

rates, we employed LDhat which is approximate-likelihood coalescent method [29] 

adapted to the finite-site model [30].  We construct a single most parsimonious gene tree 

and depict haplotype relationships as a network. 

Nucleotide diversity (θπ) [31] and the proportion of segregating sites, θW [32] was 

calculated in the 46 non-selected HbA chromosomes. Under a standard neutral model, 

both θπ and θW estimate the population parameter θ = 4Neμ, where Ne is the effective 

population size and u is the mutation rate per generation.  Divergence between humans 

and chimpanzees were calculated as the average number of nucleotide substitutions per 
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site, k, between one chimpanzee and 46 humans using Kimura’s two-parameter model 

[33].  Under a neutral model, the amount of divergence, k, between sequences drawn 

from two species is given by k = 2μt + 4Neμ where t is the time in generations since the 

species have diverged, μ is the mutation rate per generation, and Ne is the ancestral 

effective population size [34].  Diversity (θπ and θW) and divergence (k) are estimators of 

the mutation rate, μ.   For comparisons of diversity and divergence to the Seattle SNP 

data set, 95% confidence regions were generated using rank probabilities.   

 

Results 

Recombination rates in HbA chromosomes 

We calculate the recombination parameter (ρ) based on the frequency of 45 sites 

found to be segregating in our sample of 46 HbA chromosomes using LDhat  [30].  

Estimates vary dramatically across the 5.1-kb region spanning the hotspot and gene 

region (Figure 1).  The highest estimates of the recombination rate parameter (ρ/kb) are 

35.1, which are found in the region spanning 15 sites from -1533 to -83, and decrease 

rapidly moving away from this ~1.4-kb window.  The recombination rate drops to less 

than 2.40 ρ/kb and 0.38 ρ/kb ~350 bp in the 5´ and 3´ directions, respectively (Figure 

1c).   The recombination parameter (ρ/kb) averages 29.6 ρ/kb in the 2.1-kb window, 

which encompasses 24 sites from site -1879 to 250.   Thus, the majority of recombination 

events, 74.8%, occur within the 1.4-kb window and 94.2% occur within the 2.1-kb 

window.   Assuming an effective population size (Ne) of 10,000, estimates of 

recombination rates for the 1.4- and 2.1-kb windows are 86.3 cM/Mb and 74.1 cM/Mb, 
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respectively.  Using the same methods employed here [30] we also recalculated 

recombination rates with the data from Wall et al. [37] in a sample of 16 Hausa 

individuals.   We find that recombination rates are slightly higher, 87.0-108.5 cM/Mb.  In 

both studies, the boundaries of the hotspot are nearly the same, revealing that a portion of 

the recombinational hotspot encompasses part of the β-globin gene and may include site 

70HbS (Figure 1c).  Additionally, a study of 349 globally distributed individuals showed 

that 23 sequences (6.6%) recombined 3´ of site -491 and three of these 23 recombinant 

chromosomes exchange sequence between sites 1 and 458 found in the first exon and 

intron of the gene [38].  A sperm-typing study estimated a recombination rate of 80 

cM/Mb over a much larger 11-kb region 5´ to the β-globin gene (Schneider et al. 2002).  

Interestingly, we observe a CCTCCCT motif, located at the 3´ end of the purine-

pyrimadine repeat ((RY)n(T)n in Figure 1b) and <400 bp from the center of the hotspot, 

that is similar to motifs found near the centers of other recombinational hotspots [39].   

These findings suggest that the majority of recombination events occur within the 1.4-kb 

region and that the frequency of recombination events decrease from the center of the 

hotspot into the gene region possibly as far 3´ as the 2nd exon.   We infer that the HbS 

mutation, which is found in the 6th codon of the 1st exon, occurs within the 

recombinational hotspot (Figure 1).     

   

Patterns of variation on HbS chromosomes 

To infer the haplotypic backgrounds associated with the HbS allele,  we used six 

sites (-1069, -989/HinfI, -710, -551/RsaI, -543, and -491) to distinguish among the four 
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African RFLP HbS frameworks [17,19,20,28] (see Materials & Methods; Figure 2).  

Within the 31 HbS chromosomes examined here, we observe three of the four African 

HbS haplotypic frameworks.  The Benin haplotype is found in 7 individuals (#51-57), the 

Bantu haplotype is found in 14 individuals (#64-77), and the Senegalese type is found in 

5 individuals (#55-63) (Figure 2).  With one exception (a Benin type found in Gambia), 

each of the haplotypes identified here were sampled from locales that correspond to the 

known distributions of the Senegal, Bantu, and Benin haplotypes [2,18,19].  The 

remaining five chromosomes represent recombinant or ‘atypical’ haplotypes.  All of these 

‘atypical’ HbS chromosomes contain at least two sites (-543 and -491) and possibly up to 

four sites (site -1872, -989/HinfI, -543, and -491) that define the Benin haplotypes 

(Figure 2) suggesting that the recombinant haplotypes are more closely related to Benin 

than to either the Sengalese or Bantu types.   

 To characterize the evolutionary history of the HbS chromosomes, we performed 

a parsimony analysis using in the low recombining 3´ region using 20 sites (site 69 to 

2099) in 46 HbA and 31 HbS chromosomes sampled.  The HbS chromosomes surveyed 

here are associated with two different 3´ haplotypes (Figure 3).  The 14 Bantu haplotypes 

and the 5 Senegalese haplotypes share all sites within the 3´ haplotype region, forming a 

single clade.  The seven Benin haplotypes are divided among the two clades with one 

chromosome occurring in one clade and six Benin chromosomes occurring in another.  

The five ‘atypical’ haplotypes are found in both of the HbS clades (Figure 3).  This 

suggests that the Bantu and Senegalese haplotypes are more closely related to one 

another than either is to the Benin type.   
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Discussion 

The majority of studies that examine the origins of the HbS allele have examined 

long range RFLP patterns and have favored the hypothesis that the HbS allele originated 

multiple times via recurrent mutation - one mutational event for each of the five 

geographic types (Benin, Bantu, Senegalese, Cameroon, Asian/Indian) 

[15,16,17,18,19,20,21,22].  A few studies suggest that the HbS mutation could have 

arisen once and was transferred to different haplotypic backgrounds through 

recombination [2,13,23].  To address this controversy, we generated phased DNA 

sequence data and examined fine scale patterns of LD over 5.1-kb encompassing the β-

globin recombinational hotspot and gene.  Our findings support previous studies 

indicating that the region surrounding ß-globin comprises three distinct recombinational 

regimes: a 5´ haplotypic region, a 3´ gene region, and an intervening recombinational 

hotspot (Figure 1).  We estimate that the recombination rate is low in the 5´ and 3´ 

regions (ρ/kb = 2.40 and 0.38, respectively).  The recombinational hotspot, defined as a 

DNA segment where recombination rate is elevated over background levels [39], spans 

2.1-kb with the recombination parameter averaging 29.6 ρ/kb.  Our findings suggest that 

the majority of recombination events occur within a 1.4-kb segment (i.e., within the 2.1-

kb region) and that the frequency of recombination events decrease rapidly from the 

hotspot into the gene region and can include part or all of the 1st intron {Harding, 1997 

#24}.  Therefore, elevated rates of recombination associated with the hotspot may extend 

as far as the HbS mutation, which is found in the 6th codon of the 1st exon (Figure 1).  In 
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the following sections, we revisit the competing hypotheses for the origin(s) of the HbS 

allele in light of our analyses based on DNA resequence data. 

The extremely high rates of recombination estimated at the β-globin hotspot, 74.1 

– 86.3 cM/Mb, and the observation that 8-16% of recombination events occur in the gene 

region that includes the HbS allele, are consistent with the possibility that some or all of 

the many haplotypic backgrounds associated with the HbS allele have been generated via 

recombination.    In our sample of 31 HbS chromosomes, we observe 8 haplotypes, 5 of 

which are rare (Figure 2). This is concordant with RFLP data indicating that a large 

fraction of the HbS chromosomes are associated with recombinant or ‘atypical’ 

haplotypes.   The three most common haplotypes found in our sample represent the 

Bantu, Senegal, and Benin haplotypic backgrounds identified in previous studies 

[17,19,20,28].    

We reconstructed the history of the HbS allele by examining the 18 sites found 

within the 3´ gene region.  This parsimony analysis reveals that there is a single tree (i.e. 

network) associated with all sites 3´’ to the HbS mutation (sites 148 to 2099) suggesting 

that recombination rarely occurs within this 3´ haplotype region.  RFLPs examined on 

HbA chromosomes indicate that no recombination events have occurred in this 10-kb 

region.  The HbC allele is associated with one clade consistent with a single origin of this 

allele [19].  However, the HbS allele is associated with two clades suggesting that 

recombination and/or multiple mutations occurred at or near the HbS mutation (Figure 

3). The clade defined by sites 569 and 2099 contains all of the Senegalese and Bantu HbS 

haplotypes.  The sharing of this 3´ Senegalese/Bantu haplotype includes an additional 4 
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RFLP sites extending over 10-kb 3´ to the gene [2,18].  One explanation for this pattern is 

that the Bantu and Senegalese haplotypes have a common origin and were created 

through a single crossing-over event that occurred between sites -543 and 70HbS (i.e. 

within the recombinational hotspot).   Of the HbA chromosomes surveyed here, there is 

one haplotype that could represent the parental chromosome that may have recombined 

with the Bantu type (represented by Gna07).  On the other hand, here are no HbA types 

present in our small sample that represent parental types that could have recombined to 

create the Senegalese type (Figure 4).  Additional sequencing surveys are needed to 

identify candidate HbA chromosomes that may have recombined to form the Senegalese 

HbS haplotype.   

The Benin type is more difficult to explain under the single origin hypothesis 

because it differs from the Senegalese/Bantu haplotype at sites both 5´ and 3´ to the HbS 

mutation based on both sequence data (Figures 2 and 3) and RFLP data surveyed across 

60-kb [2,18].  This supports the multiple origins hypothesis for the formation of the 

Benin type.  It is also possible that the Benin type originated from a double 

recombination event or by a gene conversion event that placed the HbS mutation on a 

divergent HbA haplotype (i.e., one that differed from the Bantu/Senegal type at sites both 

5´ and 3´ to the HbS allele).  If this were the case, the crossing-over event or the 3´ end of 

gene conversion break-point would have to lie between sites 70HbS and 569, which is on 

the edge of the hotspot.  Thus, the association of the HbS mutation with common 

haplotypic backgrounds can be explained either by a single origin of HbS with several 
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recombination events 5´ to the HbS mutation and at least one recombination event 3´ to 

the HbS mutation, or by multiple mutational origins with or without recombination.    

Our findings suggest that recombination played a critical role in generating HbS 

haplotypic diversity at the β-globin locus.  However, some observations provide support 

for a multiple-origin model of recurrent de novo mutation.  Most importantly, the HbS 

haplotypes have a high degree of geographic specificity [40].  If different HbS mutations 

arose in different parts of Africa, we would expect that a single HbS haplotype would be 

the predominate type in a given region.  On the other hand, if crossing-over or gene 

conversion placed the HbS mutation on different haplotypic backgrounds, we would 

expect that there would be at least two HbS haplotypes (the original haplotype and the 

converted haplotype) present at appreciable frequencies.  Surveys of the distribution of 

haplotypes suggest that the Senegalese type comprises 80.7-100 % of the HbS types 

found in Senegal and Gambia, the Benin type makes up 92.9% of HbS types in Nigeria, 

and Bantu type is found in 88-100% of the HbS types across most of Bantu speaking 

Africa [2] suggesting that if recombination is responsible for the HbS haplotypic 

diversity, original HbS haplotypes may have been lost due to genetic drift [41].   

Additionally, malaria resistant alleles associated with the ß-globin locus have arisen 

independently outside of Africa [26,42,43,44].   

To address the role of mutation in generating haplotypic diversity in our sample, 

we examined levels of diversity (θπ) and divergence (k).  We show that levels of diversity 

are significantly greater than the genome average within the hotspot as well as the 3.5-kb 

region that surrounds (but does not include) the gene region, and that levels of diversity 
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within the gene are similar to the genome average.  Levels of divergence, on the other 

hand, are not significantly elevated in the hotspot or the surrounding 3.5-kb region.  In 

fact, levels of divergence within the β-globin gene are significantly lower than the 

genome average.  Rates of mutation surrounding the β-globin locus (as measured by 

diversity) may be elevated relative to the genome average possibly due to the mutagenic 

effects of recombination [45], but that if this increased mutation rate extends to the gene 

region, background selection may be removing deleterious mutations before they are 

fixed between humans and chimpanzees.   It is also possible that the recombinational 

hotspot is recent and increased mutation associated with recombination is contributing to 

diversity but not to divergence [46].   

Taken together, these observations suggest multiple genetic and evolutionary 

mechanisms for the origins of the HbS allele.  Our data indicate that crossing-over event 

5´ to the HbS allele can explain the origin of the Bantu and Senegalese haplotypes.  The 

Benin type, one the other hand, could have been created by a separate A→T transversion 

at the HbS site.  We note, however, that a single origin model involving gene conversion 

to explain the formation of the Benin type cannot be ruled out.   To reconcile the 

geographic distribution of HbS with a single origin model, some have suggested that 

African populations were subdivided during the early history of the HbS allele [41].  One 

possible scenario for generating the observed haplotypic diversity under the single origin 

of the HbS allele is shown in Figure 4.  The higher diversity associated with the Benin 

HbS (Figure 2) suggests an origin in central West Africa.  This may have been followed 

by a gene conversion event that created the Bantu type.  The Bantu type then underwent 
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recombination 5´ to the HbS site creating the Senegalese type.  The Bantu type was 

carried throughout much of sub-Saharan Africa with the Bantu expansions and the 

Senegalese haplotype became the primary type in present-day Senegal and Gambia.  

Under this scenario, West African populations were subdivided during the early history 

of the HbS allele and a single HbS haplotype became the predominant type in these 

subdivided populations.  Later as populations grew in size and geographic range, 

selective pressures due to malaria also intensified, rapidly increasing the frequency of the 

HbS allele [24,40].   The combined effects of population subdivision, genetic drift, and 

recombination would have created a patchy distribution of HbS haplotypes; while the 

subsequent intensification of selective pressures, population growth, and range 

expansions would increase the geographic range of HbS haplotypes [2].   Although we 

favor a model that collapses the origins of the Bantu and Senegalese types into a single 

event, reducing the number of independent origins by at least one, we cannot refute the 

multiple origins model.  Future studies that examine both short- and long-range 

haplotypes associated with selected alleles across the β-globin gene and hotspot in 

various geographic regions will help disentangle the relative effects of mutation, 

recombination, selection and demographic processes such as population subdivision, 

growth, and range expansion on the history of the HbS allele.  
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 Table 1: Summary statistics calculated in 46 HbA chromosomes for the entire 5.1-kb 

sequence length, the recombinational hotspot (1.4 and 2.1-kb window sizes), and the gene 

region. 

 

Length # of Haplotype (Ht)
Divergence 
(Homo-Pan)

Region  (bp) S Hts Diversity θπ % θS % k (%)

Entire Sequence 5139 45 42 0.994 ± 0.007 0.186 0.200 1.30%

1.4 kb Hotspot 1431 15 35 0.978 ± 0.012 0.268 0.240 1.40%

2.1 kb Hotspot 2109 21 39 0.986 ± 0.010 0.217 0.227 0.95%

Gene Region 1606 10 10 0.674 ± 0.051 0.082 0.142 0.87%  
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Figure 1: a) Map of the β-globin gene cluster found on 11p15.5.  Four functional globin 

genes, one pseudogene, and the locus control region (LCR) that controls transcription and 

replication of the globin gene cluster [47] are located 5´ to the β-globin gene.  The 

position of the recombinational hotspot identified using RFLP analysis (A) [48] and 

single sperm typing (B) [49] are shown above.  b) Magnified view of β-globin gene and 

hotspot   The polymorphisms observed in a 5.1-kb region are indicated with IUPAC 

codes. Asterisks (*) indicate sites that correspond with the RFLPs, HinfI, RsaI, and AvaII 

(see text).  Indels were excluded.  Exons are shown in horizontal black boxes; introns are 

depicted by white boxes.  Grey boxes indicate repeat motifs. The position of the origin of 

replication (IR Region) that interacts with the LCR and the 50-bp 5´ promoter region 

(UTR) are also shown. c) Recombination rates estimated in the window spanning the 

gene region and recombinational hotspot using LDhat [30] for the 46 HbA chromosomes 

reported here (solid line) and 32 African Hausa (dashed line) [37].  The 1.4-kb and 2.1-kb 

windows corresponds to the regions of maximum recombination and elevated levels of 

recombination over background, respectively .   The regions examined here that overlap 

with the 5´ and 3´ haplotypes previously identified using RFLPs are shown at the bottom.  

These RFLP haplotypes extend ~50kb upstream and ~10kb downstream of the 

recombinational hotspot [2].   

 

 

Figure 2: Polymorphisms observed in 46 HbA chromosomes (top), 31 HbS 

chromosomes (middle), and 21 HbC chromosomes (bottom).   The previously published 
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sites used to define the HbS haplotypes are shown at the very bottom [17,20,28].  The 7 

Benin, 5 Senegelese, and 14 Bantu HbS haplotypes are labeled.  The 5 ‘atypical’ HbS 

haplotypes (individuals 47-50, 58) are also shown.  Nucleotide positions are labeled such 

that the 1st position of the 5´ UTR is 1.  The boundaries of the 1.4 and 2.1-kb 

recombinational windows are indicated with dashed vertical lines.  To visually represent 

the decay in haplotype sharing, the most common long-range haplotype within the HbA, 

HbS, and HbC chromosomes is shaded.  We assume that recombination never occurs in 

the region 3´ to the gene and increases approaching the recombination hotspot [2,13,48].  

Each site was examined sequentially, moving away from site 2098 at the 3´ end.    

 

Figure 3:  Gene-tree, or network, for 46 HbA (yellow) and 31 HbS (red), and 21 HbC 

(blue) chromosomes using 20 sites (Site69HbC to Site2099) found in the low recombining 

3´ haplotype region.  Circles are proportional to the number of individuals who carry a 

given haplotype.  The numbers denoted on branches correspond to site positions shown in 

Figure 2.  The HbS haplotypic backgrounds, as defined by other studies (see Results), 

that are observed in the 31 HbS chromosomes in this study, are shown next to their 

respective HbS clades. 

 

Figure 4: Hypothetical scenario for the evolution of the HbS allele assuming a single 

origin (see text for explanation).  Horizontal lines represent haplotypes.  Stars indicate 

segregating sites, A = adenine, and T = thymine.   Dashed lines indicate a recombination 

event. 
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Seattle SNPs: http://pga.mbt.washington.edu/ 

OMIM http://www.ncbi.nlm.nih.gov/omim/ 

CpG Islands: http://bioinformatics.org/sms2/cpg_islands.html 
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Contrasting patterns of Y chromosome and mtDNA
variation in Africa: evidence for sex-biased
demographic processes

Elizabeth T Wood1,2, Daryn A Stover1, Christopher Ehret3, Giovanni Destro-Bisol4,
Gabriella Spedini4, Howard McLeod5, Leslie Louie6, Mike Bamshad7, Beverly I Strassmann8,
Himla Soodyall9 and Michael F Hammer*,1,2

1Division of Biotechnology, University of Arizona, Tucson, AZ, USA; 2Department of Ecology and Evolutionary Biology,
University of Arizona, Tucson, AZ, USA; 3Department of History, University of Los Angeles, CA, USA; 4Department of
Animal and Human Biology, University La Sapienza, Rome, Italy; 5Department of Medicine, Washington University, St
Louis, MO, USA; 6Children’s Hospital of Oakland, Oakland, CA, USA; 7University of Utah Health Sciences, Salt Lake
City, UT, USA; 8Department of Anthropology, University of Michigan, Ann Arbor, MI, USA; 9Human Genomic Diversity
and Disease Research Unit, University of Witwatersand, Johannesberg, South Africa

To investigate associations between genetic, linguistic, and geographic variation in Africa, we type 50 Y
chromosome SNPs in 1122 individuals from 40 populations representing African geographic and linguistic
diversity. We compare these patterns of variation with those that emerge from a similar analysis of
published mtDNA HVS1 sequences from 1918 individuals from 39 African populations. For the Y
chromosome, Mantel tests reveal a strong partial correlation between genetic and linguistic distances
(r¼ 0.33, P¼0.001) and no correlation between genetic and geographic distances (r¼�0.08, P40.10). In
contrast, mtDNA variation is weakly correlated with both language (r¼0.16, P¼0.046) and geography
(r¼ 0.17, P¼0.035). AMOVA indicates that the amount of paternal among-group variation is much higher
when populations are grouped by linguistics (UCT¼0.21) than by geography (UCT¼0.06). Levels of
maternal genetic among-group variation are low for both linguistics and geography (UCT¼ 0.03 and 0.04,
respectively). When Bantu speakers are removed from these analyses, the correlation with linguistic
variation disappears for the Y chromosome and strengthens for mtDNA. These data suggest that patterns
of differentiation and gene flow in Africa have differed for men and women in the recent evolutionary
past. We infer that sex-biased rates of admixture and/or language borrowing between expanding Bantu
farmers and local hunter-gatherers played an important role in influencing patterns of genetic variation
during the spread of African agriculture in the last 4000 years.
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Introduction
An important question in population genetics is identify-

ing the best predictors of genetic relationships among

human populations. Several studies indicate strong corre-

lations between genetic and linguistic relationships among

globally distributed human populations.1,2 At the subcon-
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tinental scale, correlations between genetic variation and

linguistic or geographic variation differ substantially. Y

chromosome studies have shown that geographic distances

correlate with genetic affinities among populations in

Europe,3 the Americas,4 and Austronesia,5 whereas lan-

guage better explains Y chromosome relationships in

Siberia.6 Mitochondrial DNA (mtDNA) studies suggest that

linguistic relationships are better correlated with genetic

affinities among South American populations,7 while

both geography and language are correlated with

maternal variation in Austronesia.8 In Africa the question

of gene–language relationships remains equivocal; some

classical genetic and Y chromosome studies point to

language,9,10 while other Y chromosome and mtDNA

studies identify geography11,12 as a better predictor of

genetic affinities.

The distribution of linguistic variation has been strongly

influenced by the Neolithic Revolution, particularly in

Africa. Linguistic, archeological, and ethnographic data

suggest that all four African language families arose before

agriculture in West Africa (Niger-Congo), Northeastern

Africa (Afroasiatic), the middle Nile region (Nilo-Saharans),

and East Africa (Khoisan).13–17 Early dispersals of Niger-

Congo, Afroasiatic, and possibly Nilo-Saharan languages

are likely associated with migrating farmers.14–17 Diamond

and Bellwood15 hypothesized that early farmers replaced

the languages of hunter-gatherers living in their path of

expansion and that this replacement would lead to strong

correlations between linguistic and genetic variation. Their

least equivocal example of an association of a language

group with the spread of agriculture are the Bantu

expansions. Beginning B4000 years ago, farmers speaking

Niger-Congo Bantu languages expanded from a southern

Cameroonian homeland over most of subequatorial

Africa.13,18,19 Evidence for the concordant spread of

Bantu genes and languages comes from autosomal,9,20

mtDNA,12,21 and Y chromosomal10,11,22 –27 data.

The nonrecombining portion of the Y chromosome

(NRY) and mtDNA are both haploid and uni-parentally

inherited and, hence, are expected to have a four-fold

reduction in effective population size (Ne) relative to the

autosomes. In the absence of selection, the reduced Ne

leads to an increased rate of genetic drift, which makes

these haploid regions sensitive indicators of such demo-

graphic processes as bottlenecks, population subdivision,

and population size and range expansions. The compara-

tive study of patterns of variation at these loci allows the

examination of the relative contribution of males and

females in shaping African genetic diversity. In this study,

we test for associations between genetic, linguistic and

geographic differentiation to (1) identify correlates of

genetic diversity in Africa, (2) examine the degree of

concordance between the Y chromosome and mtDNA, and

(3) assess the effects of sex-specific demographic processes

shaping patterns of variation.

Subjects and methods
Population samples

Samples include representatives of the four major language

families: Khoisan, Afroasiatic, Nilo-Saharan, and Niger-

Congo (Table 1; Figure 1). Many of the 40 populations in

Table 1 were analyzed in previously published stu-

dies;22,23,28,29 however, several markers were typed in these

samples for the first time in the current study. Differences

in the number of samples in this and previous studies

reflect differences in the availability of DNA, the inclusion

of new samples, and/or the merging or splitting of

populations according to language or ethnographic criter-

ia. Sampling protocols were approved by the Human

Subject Committee at the University of Arizona and those

of collaborating institutions.

Y chromosome markers and terminology

Fifty biallelic Y-linked markers, SNPs and indels, were typed

using a hierarchical protocol.23,26,27 First, we typed muta-

tions defining major haplogroups (eg, haplogroup A

defined by M91) and then we typed all markers within a

haplogroup until the most derived mutation in that

haplogroup was determined (Figure 2). Thus, not every

individual was typed for every marker. Markers were typed

using allele-specific PCR, restriction enzyme digest, or

direct sequencing. Protocols and primer sequences for

these assays were previously published.23,30 We follow the

terminological conventions recommended by the Y Chro-

mosome Consortium30 for naming NRY lineages.

MtDNA

To compare maternally and paternally inherited patterns of

variation, we re-examined 366 bp of mtDNA HVS1

sequence data compiled from a number of previous

studies.12,31–33 The data set includes 39 populations from

the major language groups: Khoisan (!Kung1, !Kung2,

Khwe, Hadza), Nilo-Saharan (Kanuri, Songhai, Turkana,

Nubian, Sudanese, Mbuti, Datoga), Afroasiatic (Moroccan

Berber, non-Berber Moroccan, Egyptian, Algerian Moza-

bite, Tuareg, Somalian, Amhara, Hausa, Podokwo, Man-

dara, Uldeme, Iraqw), Niger-Congo non-Bantu

(Fulbe¼ Fulfulde, Yoruba, Serer, Wolof, Mandinka, Tupuri),

and Niger-Congo Bantu (Bubi, Fang, Biaka, Kikuyu,

Mozambique1, Mozambique2, Bakaka, Bassa, Mbenzele,

Sukuma) (Figure 1). Some populations represented in the

original data sets12,31 –33 were omitted because they are not

found on the African mainland, are Cameroonian popula-

tions not represented in the Y chromosome data set,33 or

because linguistic designations could not be inferred.

Mantel tests

The correlation among genetic, linguistic, and geographic

distances was assessed by the Mantel test34 employing

ARLEQUIN 2.000.35 To test whether statistically significant

associations between linguistic and genetic affiliations
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reflect the same events in population history or parallel,

but separate isolation by distance processes, we performed

partial correlations holding geography (or language) con-

stant.36 Genetic distances were based on Slatkin’s37

linearized FST values (ie, incorporating molecular distances

among haplogroups). Geographic distances between po-

pulations were calculated using approximate latitude and

longitude data for the sample sites (Table 1). We used a

novel approach for classifying linguistic relationships

among populations. One of us (CE) constructed tree

relationships among the languages spoken by the study

populations using several sources of linguistic, archeologi-

cal, and ethnographic data. Divergence times between

related languages were estimated using archeological dates

and glottochronological methods.38 Linguistic relation-

ships among populations in this study, as well as among

the populations in the mtDNA data set, are available at

http://www.u.arizona.edu/Bewood/data.html. We also

Table 1 Sampled populations

Linguistic affiliation

Geographic region Ethnicity N Family Sublevel Latitude/Longitude

West Africa
Gambia/Senegal Wolof 34 Niger-Congo Atlantic 14N 15W
Gambia/Senegal Mandinka 39 Niger-Congo Atlantic 15:5N 15W
Mali Dogon 55 Niger-Congo Dogon 14N 3W
Ghana Ewe 30 Niger-Congo Kwa 6N 1E
Ghana Ga 29 Niger-Congo Kwa 5:5N 0E
Ghana Fante 32 Niger-Congo Kwa 6:5N 1:5E

Central Africa
Cameroon, North Podokwo 19 Afroasiatic Chadic 12:5N 14:5E
Cameroon, North Mandara 28 Afroasiatic Chadic 12:5N 14:5E
Cameroon, North Uldeme 13 Afroasiatic Chadic 12:5N 14:5E
Cameroon, North Tupuri 9 Niger-Congo Gur 10N 13:5E
Cameroon, South Bassa 11 Niger-Congo Bantu 3N 10E
Cameroon, South Bakaka 17 Niger-Congo Bantu 3N 10:5E
Cameroon, South Ngoumba 31 Niger-Congo Bantu 3N 10E
Cameroon, South Bakola Pygmies 33 Niger-Congo Bantu 2:5N 10:5E
CAR Biaka Pygmies 31 Niger-Congo Bantu 3N 16E
CAR Baka Pygmies 18 Niger-Congo Bantu 3N 16E

East Africa
DRC Nande 18 Niger-Congo Bantu 1:5N 30E
DRC Hema 18 Niger-Congo Bantu 1:5N 30E
DRC Alur 9 Nilo-Saharan Nilotic 1:5N 30E
DRC Mbuti Pygmies 47 Nilo-Saharan Sudanic 2N 29E
Tanzania S. Cushitic 9 Afroasiatic Cushitic 4S 35E
Kenya Massai 26 Nilo-Saharan Nilotic 2S 37E
Kenya Luo 9 Nilo-Saharan Nilotic 0:5S 34:5E
Kenya Kikuyu & Kamba 42 Niger-Congo Bantu 1:5S 38:5E
Uganda Ganda 26 Niger-Congo Bantu 1N 32E
Ethiopia Amhara 18 Afroasiatic Semitic 10N 39E
Ethiopia Oromo 9 Afroasiatic Cushitic 6N 39E
Ethiopia South Semitic 20 Afroasiatic Semitic 12N 38E

South Africa
Namibia !Kung/Sekele 32 Khoisan Northern 19:07S 13:39E
Namibia Tsumkwe San 29 Khoisan Central 19:13S 17:42E
Namibia Dama 18 Khoisan Central 24:50S 17:00E
Namibia Nama 11 Khoisan Central 24:00S 17:50E
Namibia Herero 24 Niger-Congo Bantu 22:30S 18:58E
Namibia Ambo 22 Niger-Congo Bantu 22:30S 18:58E
South Africa Sotho-Tswana 28 Niger-Congo Bantu 27S 27E
South Africa Zulu 29 Niger-Congo Bantu 31:35S 28:47E
South Africa Xhosa 80 Niger-Congo Bantu 33:58S 25:36E
Zimbabwe Shona 49 Niger-Congo Bantu 17:50S 31:03E

North Africa
Egypt Egyptian 92 Afroasiatic Erythraic 30N 30E
Tunisia Tunisian 28 Afroasiatic Semitic 35N 10E
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performed Mantel tests with matrices constructed using (1)

the method described by Poloni et al10 that uses the tree

relationships of the languages defined by Greenberg,39 (2)

the tree relationships among languages reported in this

study without making use of divergence times, (3) equal

distances among populations of different language fa-

milies, and/or (4) variable distances among populations

of different language families. All matrices yielded very

similar correlations (both r and P values) for the entire data

set. Results differed slightly among matrices when we

removed the Bantu speakers.

AMOVA

Analyses of molecular variance (AMOVA) were also per-

formed using ARLEQUIN 2.000.35 Both haplogroup fre-

quencies and molecular differences among haplogroups

were taken into account. We grouped populations by five

geographic regions (West, Central, East, South, and North

Africa) and by four linguistic groups (Afroasiatic, Nilo-

Saharan, Khoisan, and Niger-Congo) (Figure 1). All samples

used for the Mantel analysis were also used in the AMOVA:

1122 individuals from 40 populations for the Y chromo-

some and 1918 individuals from 39 populations for

mtDNA.

Given that levels of population differentiation can be

influenced by (1) sample composition and the Y chromo-

somal and mtDNA data sets presented here are sampled

differently, (2) the differing rates and modes of evolution

characterized by the Y chromosome and mtDNA systems,

and (3) the type of polymorphisms examined (eg, pre-

ascertained Y chromosome SNPs versus mtDNA HVS1

sequence data), direct comparisons between these haploid

Figure 1 Map of Africa. The approximate location of 40 populations typed for Y chromosome markers in this study (K) and 39 populations
surveyed for HVS1 sequence data12,31,32,33 (J) are indicated. The distribution of the four African language families was constructed using
Greenberg’s39 classifications and further refined with data from the ethnologue (http://www.ethnologue.com/). Three shades of gray on map refer to
the distribution of language families: Khoisan (light gray, southwest), Afroasiatic (light gray, north), Niger-Congo (medium gray), and Nilo-Saharan
(dark gray). The circled geographic regions include North, West, Central, East, and South Africa.
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Figure 2 Maximum-parsimony tree of 50 Y chromosome biallelic markers typed in this survey. The root of the tree is denoted by an arrow. Major
clades (ie, A–R) are labeled with large capital letters. Subclade labels (eg, A3b) are indicated to the left of the branches. Mutation names are given
along the branches. The length of each branch is not proportional to the number of mutations or the age of the mutation. Only the names of the 36
haplogroups observed in the present study are shown to the right of the branches. Haplogroup frequencies are shown on the far right.
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genetic systems should be considered with caution. Never-

theless, by comparing linguistic and geographic associa-

tions within a locus, we can ask whether mtDNA and the Y

chromosome have been influenced by similar demo-

graphic processes.

Results
Geographic distribution of Y chromosome
haplogroups in African populations

Phylogenetic analysis of the 50 Y biallelic markers used in

this study yielded 36 haplogroups (Figure 2) (for appendix

please refer to Supplementary Information). The vast

majority of these lineages (98.1%) belong to five major

haplogroups: A (7.1%), B (10.2%), E (70.2%), J (5.4%), and

R (5.2%). Haplogroup A is closest to the root of the tree and

is found most frequently in the Khoisan, particularly the

A2 and A3b1 lineages (47.7%). Haplogroup B chromo-

somes are most frequently observed in Pygmies (48.9%),

with B2a* and B2b* being nearly exclusive to this group.

Haplogroup E is overwhelmingly the most common in this

study. Over half of the individuals in our study (51%) are

members of the subclade E3a, which is defined by the P1

mutation. Niger-Congo speakers have the highest fre-

quency of E-P1* chromosomes (40.7%) and the largest

proportion of E-M191 chromosomes (27.5%), particularly

in Bantu speakers (31.5%). The E3b1 (E-M78) lineage is

most frequent in Afroasiatics (22.5%). In this study,

haplogroup J is concentrated in Afroasiatics (19.5%). While

African haplogroup R chromosomes are generally quite

rare, R-P25* chromosomes are found at remarkably high

frequencies in northern Cameroon (60.7–94.7%). The

remaining haplogroups (K, F*, I, and G) account for only

1.9% of the individuals in our data set.

Analysis of molecular variance (AMOVA)

The overall Y chromosome FST for the 40 populations is

0.32 (Table 2), a value that is similar to that found in a

previous study of African Y-SNP diversity (FST¼0.34).28

This value is also similar to that obtained when our African

sample is grouped into five geographic regions. When

populations are grouped according to language family, the

proportion of among-group variance (FCT¼0.21) is more

than three times higher than when populations are

grouped according to geographic location (FCT¼0.06)

(Table 2). AMOVA results for the mtDNA data are also

presented in Table 2. The continental mtDNA FST is 0.15.

MtDNA F-statistics are very similar when populations are

placed in either linguistic or geographic groups.

These results indicate that Y chromosome variation is

significantly partitioned among both geographic and

linguistic groups. Therefore, both language and, to a lesser

extent, geography are probably important (albeit over-

lapping) predictors of African genetic structure.

Mantel tests

To test the underlying cause of association between genetic

and linguistic versus geographic variation, we performed

Mantel tests. These tests ask whether there is a correlation

between geographic (or language) distance and genetic

distance. Mantel tests reveal a statistically significant

positive correlation between Y chromosome variation and

linguistics (r¼0.32, P¼0.001) that explains 8.9% of the

genetic variance. The correlation between genetic and

linguistic variation remains strong when geography is held

constant (r¼0.33, P¼0.001). In contrast, there is no

correlation between paternal genetics and geographic

distances (r¼0.01, P40.10) (Table 3). Mantel test results

based on the mtDNA HVS1 data are also presented in

Table 3. The correlation between maternal genetics and

linguistics is significant (r¼ 0.23, P¼0.016), but weakens

when geography is held constant (r¼0.16, P¼0.046).

Similarly, a significant correlation between mtDNA and

geography (r¼0.23, P¼0.008) weakens when linguistics is

held constant (r¼0.17, P¼0.035). It is important to note

that a failure to find correlations in Mantel tests does not

mean that two variables are not related in some way.

Rather, it means that processes that might cause a positive

correlation (eg, isolation by distance or directional gene

flow in the case of geography, or strict language–gene co-

Table 2 Analysis of molecular variance (AMOVA)

Within populations Among populations within groups Among groups

Group No. of groups Variance (%) FST Variance (%) FSC Variance (%) FCT

Y chromosome 1 68.2 0.32
Linguistic groupsa 4 62.1 0.38 16.6 0.21 21.3 0.21
Geographic groupsb 5 67.4 0.33 26.2 0.28 6.4 0.06

mtDNA 1 84.7 0.15
Linguistic groupsa 4 84.0 0.16 13.5 0.14 2.5 0.03
Geographic groupsb 5 84.1 0.16 12.3 0.13 3.6 0.04

All F-statistics. P-values are less than 0.01.
aAfroasiatic, Khoisan, Niger-Congo, Nilo-Saharan (see Figure 1).
bWest, Central, East, South, North Africa (see Figure 1).
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evolution) are unlikely to be the only processes operating

(Tables 2 and 3).

Discussion
Mantel tests show a statistically significant positive

correlation between Y chromosome and linguistic varia-

tion, while there is no correlation between Y chromosome

and geographic variation. Furthermore, when populations

are grouped according to language, the amount of among-

group paternal differentiation (FCT) is substantially higher

than when grouped according to geographic location.

Correlations with mtDNA show a different pattern.

Maternal variation is weakly correlated with both language

and geography and maternal among-group differentiation

is nearly the same when populations are grouped according

to linguistic affiliation or geographic location. These

results suggest that patterns of differentiation and gene

flow in Africa have been different for men and women in

the recent evolutionary past.10 In the following sections,

we discuss (1) the relationships among genetic, linguistic,

and geographic differentiation and the population history

factors that may underlie these relationships, and (2) the

effects of Bantu expansions on the distribution of Y

chromosome and mtDNA variation in Africa.

Associations between genetic and linguistic variation

The association of genetic and linguistic variation has been

observed at the global level,1 as well as on the regional

scale.36,40,41 What are the underlying causes of these

associations? Sokal41 stated that a common language

usually reflects a common origin for two populations,

and a related language indicates a common origin farther

back in time. This is generally thought to be an outcome of

common historical processes leading to genetic and

linguistic diversification – for example, a founding popula-

tion may reproduce biologically and linguistically in a new

location and replace the genes and languages of previous

residents.2,15,36 Discrepancies between genetic and linguis-

tic differentiation could arise through a number of

processes: genetic admixture can occur without language

change, languages can be transmitted horizontally without

significant genetic change, and/or genetic and linguistic

evolution may proceed at heterogeneous rates.2,15,42,43

We found a statistically significant association between

NRY variation and linguistic differentiation and a margin-

ally significant association between mtDNA variation and

linguisitic variation. However, when we performed Mantel

tests controlling for geographic distance, the partial

correlation between maternal genetic and linguistic varia-

tion weakens, while that between paternal genetic and

linguistic variation remains statistically significant

(Table 3). This suggests that the observed association

between Y chromosome and language variation reflects

the same co-evolutionary population history events.38

These differing patterns for the Y chromosome and mtDNA

could be the result of a greater degree of female than male

admixture and/or the adoption of languages by females to

a greater extent than males (see below). In either case, the

implication is that African languages tend to be passed

from father to children.10

Associations between genetic and geographic distances

show the opposite trend than do the aforementioned

associations between genetic and linguistic variation; there

is no correlation between Y chromosome variation and

geographic distance. In contrast, there is a stronger

correlation between mtDNA variation and geographic

distance, albeit only marginally significant when language

is held constant (Table 3). Thus, the genetics– language

correlation is stronger for the Y chromosome and the

different pattern shown by mtDNA data suggests that men

and women did not have identical demographic histories.

Effect of Bantu expansions on Y chromosome
and mtDNA variation

Numerous studies suggest that the Bantu expansions have

had a substantial impact on the distribution of genetic

variation in Africa.9,10,12,22,25,27 Is the strong Y chromo-

some–linguistics correlation we observe across the entire

continent primarily the result of the massive migrations of

Bantu farmers? We sought to clarify the effect of each

language group on influencing the paternal genetics–

linguistics association and the genetics–geography associa-

tion by repeating the Mantel test after removing each

language group in turn (ie, Afroasiatic, Khoisan, Nilo-

Saharan, Niger-Congo non-Bantu, and Niger-Congo Ban-

tu). If one language group were disproportionately con-

tributing to the overall pattern, then the association is

expected to weaken upon removal of this group. There is

only a single language group that has this effect: the

removal of Bantu–speakers causes the paternal genetics–

linguistics correlation to drop from r¼0.33 to 0.08

(Figure 3).We note that the same trend is observed, albeit

to a lesser extent, when other language matrices (see

Subjects and Methods) are employed in the Mantel tests

(data not shown). The lower correlation coefficient when

Bantu populations (but not other linguistic groups) are

Table 3 Correlation and partial correlation coefficients, r
(P-value), between genetic, linguistic, and geographic
distances

Y mtDNA

Genetics and Linguistics 0.32 (0.001) 0.23 (0.016)
Genetics and Linguistics,
Geography held constant

0.33 (0.001) 0.16 (0.046)

Genetics and Geography �0.01 (0.508) 0.23 (0.008)
Genetics and Geography,
Linguistics held constant

�0.08 (0.859) 0.17 (0.035)
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removed suggests that Bantu are contributing more to the

language–Y chromosome relationship than any other

language group.

The Y chromosome–geography correlation shows a

different pattern. While the removal of the Bantu popula-

tions does not produce a correlation, the additional

removal of four northern Cameroonian populations results

in a statistically significant positive correlation (r¼0.27,

P¼0.008). The strong effect of these northern Cameroo-

nian populations on the Y chromosome results can be

explained by the very high frequency of derived paternal

(but not maternal) lineages that originated in non-African

populations.27,33 We note that this increased geographical

correlation is not entirely attributable to the northern

Cameroonian populations because when only these popu-

lations are removed, there is no Y chromosome–geography

correlation (r¼�0.002, P40.10). Thus, in the absence of

the unique populations from northern Cameroon, the

removal of Bantu speakers leads to an association between

Y chromosome and geographic differentiation, consistent

with a recent dispersal of Bantu Y chromosomes.

On the other hand, the exclusion of Bantu speakers

strengthens both the mtDNA–linguistics and mtDNA–

geography correlations (Figure 3). Upon further explora-

tion, we discovered that the increase in both of these

maternal genetic correlations is due solely to Bantu-speak-

ing Pygmy populations, specifically, the Biaka and Mben-

zele (data not shown). The strong effect of these Pygmy

populations on the mtDNA–linguistics correlation sug-

gests that the horizontal transfer of languages from Bantu

farmers to hunter-gatherer Pygmy females19 occurred

without significant genetic change.19,31,36 The stronger

mtDNA associations with both linguistic and geographic

variation observed when the Biaka and Mbenzele popula-

tions are removed may reflect the fact that these two

populations are maternal genetic outliers.31

To further investigate the effect of the Bantu expansions

on patterns of geographic variation, we grouped popula-

tions by their geographic location and removed each

language group in a series of four AMOVA runs (data not

shown). Unlike the case for any other language family, the

removal of Bantu populations results in a higher Y

chromosome FCT (0.28) than when they are included

(0.06). This supports the hypothesis that Bantu Y chromo-

somes (eg E-P1*, E-M191) are acting to homogenize

geographically differentiated populations. A similar analy-

sis of mtDNA results in slightly higher FCT value when the

Bantu populations are excluded (0.07 versus 0.04).

If Bantu males and females dispersed equally from their

West African homeland, replacing the genes of local

hunter-gatherers in their path of expansion (equal sex

ratio model), then we would expect similar patterns of

association for paternally and maternally inherited loci. If,

on the other hand, one sex dispersed more effectively (sex-

biased model), we would expect to find differences in the

degree of association between genetic and linguistic

variation for the two haploid loci. Several explanations

have been offered for observed differences in patterns of Y

chromosome and mtDNA variation among popula-

tions.31,44 –46 Our results support the sex-biased model

whereby the replacement of pre-existing languages by

Bantu languages more closely parallels the turnover of Y

chromosomes than mtDNA. How can this be explained?

One possibility is that Bantu male farmers dispersed over

longer distances or in greater numbers than Bantu females.

Another possibility is that males and females dispersed

equally, but there was a higher ‘effective’ migration rate for

Bantu Y chromosomes than Bantu mtDNA. As Bantu

farmers dispersed, they likely intermarried to some extent

with the original inhabitants related to modern Pygmies

and Khoisan.15 In present-day African populations, the

direction of intermarriage is usually between hunter-

gatherer women and farmer (Bantu) men and the children

of these marriages generally become farmers residing in

their father’s village19,47 (ie, patrilocality). If this were

typical of practices that existed throughout the Bantu

expansions, we would expect Bantu mtDNA to be diluted

(with hunter-gatherer mtDNA) to a greater extent than Y

chromosomes. It is also possible that if the ancestral Bantu-

speaking population were highly polygynous, then indi-

genous Y chromosomes would have been replaced by a

more homogeneous pool of Bantu Y chromosomes, leading

to a stronger correlation between linguistic and genetic

variation. Indeed, polygyny is known to be substantially

higher among food-producers than among hunter-gath-

erers.31 In combination with the above processes, the

adoption of Bantu languages by hunter-gatherer Pygmies

may weaken maternal genetic–linguistic associations.

Although our data cannot address the relative impact of

Figure 3 Partial correlation coefficient between genetics and
linguistics holding geography constant (black bars) and genetics and
geography holding linguistics constant (white bars) for the Y
chromosome and mtDNA. **Po0.01, *Po0.05.
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these sociocultural processes, it is likely that sex-biased

migration/admixture, patrilocality, polygyny, and/or lan-

guage borrowing contributed to the observed patterns of

African variation.31

While earlier studies of Y chromosome variation have

noted a correspondence between high-frequency hap-

logroups and the distribution of Bantu speakers (ie E-P1*

and E-M191),11,22–27 this is the first study to demonstrate a

statistically significant correlation between Y chromosome

SNP haplogroups30 and linguistic differentiation in Africa.

The data presented here are consistent with the hypothesis

that prehistoric agriculture dispersed hand-in-hand with

Bantu languages and Y chromosomes, with languages and

Y chromosomes replacing those of hunter-gatherers in the

paths of expansion.15 Not all populations speaking Bantu

languages in our study showed the effects of complete

paternal genetic replacement (eg, the Bantu-speaking

western Pygmies and northern Cameroonians). It is

important to note that different mutation rates, as well as

methods used to assay variation, on the NRY and mtDNA

may contribute to some of the contrasting patterns

observed here.46 Future studies that examine Y chromo-

some and mitochondrial DNA sequence variation in the

same samples representing African geographic and linguis-

tic diversity will help to further elucidate the effects of

Bantu expansions on the complex genetic landscape of

Africa.
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All humans lived as hunter-gatherers prior to ~10,000 years ago.  Agriculture arose 

independently in different parts of the world and subsequently spread across most of the 

globe with farmers assimilating or displacing local hunter-gatherers.  Today, there are 

fewer than 25 African hunter-gatherer populations[1].  A central question surrounding 

modern hunter-gatherers is whether they are the descendants of a common ancestral 

population whose lifestyle was partially preserved to the present-day[1,2].  Here, we 

examined Y-chromosome SNP and STR diversity in two African hunter-gatherer groups, 

the Khoisan and Pygmies, to examine the hypothesis that these populations share an 

ancient common ancestry.   We describe B2b, a unique set of Y-chromosome lineages 

that are nearly exclusive to African hunter-gatherers suggesting a common history of 

these populations. 

The root of the Y-chromosome tree lies between the African-specific Haplogroup 

A and B lineages indicating an African origin of human Y-chromosomes[3].  We 

previously reported Y-chromosome SNP data showing that the oldest Y-chromosome 

haplogroups, A and B, are most common among Khoisan and Pygmy groups, 

respectively[4].   The high frequency (47.7%) of ancestral Haplogroup A chromosomes 

in the Khoisan (Figure 1) indicate that Khoisan are descendants of some of the oldest 

patrilineages of modern humans[5].   The Khoisan-specific lineage, A2 (A2* and A2b), is 

derived from the longest Y-chromosome branch observed to date[3] suggesting an 

extended period of isolation from other African groups.   On the other hand, the A3b 
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lineages (A3b1 and A3b2) are shared with northeastern Africans[3-5] supporting the 

hypothesis that the earliest ancestors of modern-day Khoisan speakers formed small 

bands of networked populations who resided across the savannas of eastern and southern 

Africa along the Great Rift Valley ~20-40-kya[6].   Pygmies reside in small foraging 

groups that are widely distributed on the eastern and western edges of the equatorial 

forest and, like the Khoisan, possess unique phenotypic characteristics.  Pygmies carry 

the highest frequencies of Haplogroup B chromosomes (48.9%) which are found in only 

5.1% of agricultural populations (Figure 1).  The high frequency of Haplogroup B 

chromosomes in both Western (59.6%) and Eastern (42.7%) Pygmies support the 

hypothesis that Pygmies once formed a continuous set of populations living across central 

Africa[2].  Notably, the most ancestral lineage found on the Y-chromosome tree (A*) are 

found only in Bakola Pygmies (9.1%).   

Although the oldest Y-chromosome haplogroups are associated with the Khoisan 

and Pygmy populations, the presence of derived polymorphisms shared exclusively by 

hunter-gatherer populations has, thus far, not been elucidated.  We describe a unique set 

of lineages, B2b which is comprised of B2b*, B2b1 and B2b4, that are present in both 

Pygmies (48/129) and Khoisan (12/90) but are only found in 2 of the 903 other Africans 

surveyed (Figure 1).  Median-joining network analysis[7] based on STR diversity 

indicates that 1) the B2b lineage is characterized by divergent lineages and 2) the 

Pygmies and Khoisan fall on either side of the inferred root (Figure 2).   We estimated 

the age (TMRCA) of the B2b lineage using the average square distance statistic (ASD)[8] 

and the inferred ancestral haplotype.  The TMRCA of the B2b lineage is estimated to be 
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62,400 (95% CI: 36,700-111,600) assuming a mutation rate of 6.9 x 10-4/generation [9] 

(see on-line Supplemental Methods).  This suggests that the B2b lineage is very old and 

likely predates the divergence of the Khoisan and Pygmy populations.   Thus, the 

Khoisan and Pygmies share ancient Y-chromosome lineages that are not present in 

agricultural groups supporting the hypothesis that African hunter-gatherers are descended 

from an ancient network of populations.   

The Hadza are a hunter-gatherer group residing in Tanzania that is believed to be 

descended from the ancient network of Khoisan-speaking populations[6].  If the Hadza 

are related to Khoisan, we may expect the Hadza to carry genetic lineages also found in 

South African Khoisan.  A study of the Hadza[10] did not find the Khoisan-specific 

Haplogroup A chromosomes but did find a remarkably high frequency (52%) of the B2b 

lineage which is commonly found in both Khoisan (13.3%) and Pygmies (37.2%) 

(Figure 1).  We suggest that the very high frequency of the B2b lineage support an 

ancient connection among the hunter-gatherer Pygmies, Khoisan, and Hadza populations.    

The Y-chromosome B2b haplogroup is the only genetic lineage observed to date 

that is shared at high frequencies among African hunter-gatherer groups.  Several unique 

properties of Y-chromosomes in Africa may have allowed the preservation of this hunter-

gatherer lineage while others were lost  First, the absence of recombination and the low 

occurrence of recurrent mutation allow the unambiguous reconstruction of Y-

chromosome haplotypes and the detection of shared derived lineages.  Second, the 

reduced effective population size of the Y-chromosome likely resulted in the stochastic 

increase (or decrease) of some lineage frequencies through genetic drift.  Moreover, 
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hunter-gatherer males likely assimilated less than females during the Bantu expansions[4] 

which may have allowed rare paternal (but not maternal) polymorphisms shared among 

hunter-gatherers to survive.   
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Figure 1: Y-chromosome SNP haplogroup frequencies observed in Pygmy, Khoisan, and 

agricultural African populations.   The arrow indicates the root of the tree.  Branch 

lengths are not proportional to age.  Frequencies of the B2b lineages are outlined.  

Branches for haplotypes F, G, I, and K are not depicted on this tree but frequencies are 

shown on the far right.   
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Figure 2:  Median-joining STR Network of the B2b (N=42) and B2* (N=4) lineages 

using 12 STRs and 3 SNPs (50f2, P7, P6).  Observed STR haplotypes are represented by 

colored circles with the area of the circles proportional to the number of individuals 

where yellow = Western Pygmy, red = Eastern Pygmy, blue = Khoisan, green = Kenyans.  

The outgroup B2* lineage is circled with the root of the B2b-STR network indicated with 

a black dot.  Branch lengths are roughly proportional to the number of one-repeat 

mutations separating two haplotypes.   
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Abstract 

Genetic and linguistic variation are shaped by similar evolutionary processes such as 

population range expansions and subdivision.  When evolution proceeds at similar rates 

for gene and language, these systems will concord.   A strong correlation between Y 

chromosome and linguistic variation has been observed at the continental level but the 

degree of concordance at the regional level in Africa has been largely unexplored.  We 

present a detailed phylogeographic description of Y chromosome variation in Africa in 

relation to African linguistic variation.  These findings suggest that the Niger-Congo and 

Afroasiatic language families are spread-zones where male speakers of these languages 

recently (< 10 kya) displaced pre-existing populations.  The Khoisan and Nilo-Saharan 

language families, on the other hand, represent mosaic-zone processes which are 

characterized by greater linguistic and Y chromosome diversity that trace to more ancient 

times (>10 kya).  Additionally, we infer that the Niger-Congo and Afroasiatic language 

families were strongly influenced by the spread of agriculture; whereas the Khoisan and 

Nilo-Saharan language families are likely the result of the long association with hunter-

gatherer and/or pastoralist lifestyle.   
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Introduction 

The synthesis of linguistics with archeology and cultural anthropology has 

provided an increasingly detailed account of human prehistory and generated testable 

hypotheses for population genetics.   Human population history has been dramatically 

impacted by the Neolithic Revolution.  The series of dispersals resulting from the 

transition from food gathering to food production, which occurred independently and at 

different times in various parts of the world, are thought to be one of the major factors 

shaping contemporary patterns of human linguistic, cultural, and biological variation 

(‘the farming/language dispersal hypothesis’) (Cavalli-Sforza et al. 1993; Barbujani et al. 

1994; Diamond and Bellwood 2003).  Africa is one of the areas of the world with the 

highest levels of genetic (Excoffier 2002) and linguistic (Nettle 1998) diversity as well as 

the continent with the best documented example of an association of a language group 

and genetic lineages with the spread of agriculture: the Bantu expansions ((Diamond and 

Bellwood 2003).     

The historical processes that shaped linguistic variation can be better understood 

by examining the geographic distribution of languages.  Similarly, the distribution of 

genetic variation can shed light on the processes that affected biological variation.  

Linguists have noted the marked differences in the geographic distribution of languages 

and patterns of language densities.  These contrasting patterns arise when a region has 

undergone language displacement versus a long period of linguistic stability (Renfrew 

1992).  If language groups are also biologically-reproducing units, both linguistic and 

genetic variation will be shaped by similar processes such as population bottlenecks, 
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subdivision, and population size and range expansions.  This predicts that patterns of 

genetic variation will be similar to patterns of linguistic variation.   The non-recombining 

portion of the Y chromosome (NRY) is haploid and only transmitted from father to son 

and, thus, has a 4-fold reduced effective population size (Ne) relative to autosomes 

making it sensitive to recent historical processes.  The lower Ne of the NRY leads 

increased genetic drift and is expecte to reduced coalescent times, hence, this 

compartment of the genome can detect very recent demographic processes.  The 

association between linguistic and Y chromosome variation has been shown to be 

remarkably strong in Africa indicating that these systems are capturing similar events in 

population history (Poloni et al. 1997, Wood et al. 2005).    In this study, we provide a 

descriptive analysis of Y chromosome SNP variation to qualitatively examine hypotheses 

generated from linguistic, archeological and ethnographic studies.  

 

Linguistic Variation in Africa 

The four African language families have been shaped by both language 

displacement (Niger-Congo and Afroasiatic) and linguistic stability (Khoisan and Nilo-

Saharan) (Renfrew 2003).   The largest African language family, Niger-Congo, is 

characterized by deep linguistic diversity and likely originated in West Africa before 

agriculture, possibly ~12-kya with the earliest migrations occurring with the spread of 

farming ~10-7 kya (Greenberg 1964; Ehret 1984; Ehret 2002) (Figures 1a, 1b, and 2).  

A relatively homogeneous subset of Niger-Congo languages, the Bantu languages, 

comprise > 500 of this family’s recorded 1436 languages (Williamson and Blench 2000).  
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This is widely attributed to the massive migrations of linguistically-bound farmers 

throughout most of sub-Saharan Africa (e.g. Phillipson 2003).  The origin of the Bantu 

languages is placed in the region between the Niger and Congo rivers, possibly in 

southern Cameroon ~4-6 kya (Greenberg 1955; Greenberg 1963).  Farmers speaking 

early Bantu languages first spread into the far northwestern parts of the equatorial 

rainforest and then more widely across the forest zone (Klieman 2003) (Figure 1b).  

After 3,000 years ago new fronts of Bantu farming expansions emerged and by 1,000 

years ago Bantu languages were established across large areas of eastern and southern 

Africa (Figure 1a) (Ehret 1982; Vansina 1990; Ehret 1998, Vansina, 1990 #70).    The 

massive migration of Bantu speakers is supported by a very large number of genetic 

studies including classical genetic markers (Excoffier et al. 1987; Cavali-Sforza et al. 

1994), mtDNA studies (Soodyall et al. 1996; Salas et al. 2002), and the Y chromosome 

(Poloni et al. 1997; Hammer et al. 1998; Scozzari et al. 1999; Passarino et al. 1998; 

Thomas et al. 2000; Cruciani et al. 2002; Wood et al. 2005). 

The distribution of Afroasiatic languages extends across all of North Africa, East 

Africa (Figure 1a), and parts of the Middle East.  Five of the six branches of the 

Afroasiatic language family (Figure 2) are located in Africa and one (Semitic) is also 

found in the Levant, Iraq, and the Arabian Peninsula and most are associated with the 

spread of farmers.  The origin and early history of this language family are controversial 

(e.g. Bellwood and Diamond and Bellwood 2003; Ehret et al. 2004; Bellwood 2004).  

Most linguists support an African origin of this language family (Fleming 1974; Ehret 

1978, 1979; Diakonoff 1988, 1998; Blench 1993; see McCall 1998 for further 
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references).  The African-origin hypothesis is supported by (1) the ‘fewest-moves’ 

principle suggests that it is more parsimonious to accept that one branch moved out of 

Africa than that five branches moved into Africa and (2) linguistic analysis of internal 

sub-classification, reconstructed subsistence and environmental lexicon, integrated with 

archeological evidence (McCall 1998).  These reconstructions place the Afroasiatic 

homeland in areas in or immediately north of the Ethiopian Highlands between the Red 

Sea and the upper Nile ~15-kya (Figure 1b) (Greenberg 1964; Fleming 1974; Ehret 

1979; Diakonoff 1998; Hayward 2000) (Fleming 1969, Munson 1977).    The African-

origin hypothesis suggests that the earliest Afroasiatic peoples were likely wild grass or 

grain collectors with agriculture emerging separately in the several branches of 

Afroasiatic—in the Horn of Africa, in North Africa (Cushitic), in the Lake Chad Basin 

(Chadic), and in the Middle East (Semitic) (Ehret 1979; Militarev 2003).  Farmers 

speaking different Afroasiatic languages then expanded into new areas leading to the 

present-day distribution.  The Asian-origin hypothesis of Afroasiatic languages suggests 

that the homeland is in the Levant 11.5-kya and that the earliest Afroasiatic speakers 

were farmers (Militarev 2003).  Later two waves moved into Africa, one spread carried 

farming into the Nile into Egypt and North Africa, giving rise to the Egyptian and Berber 

branches and another wave of pastorialists moved from western Arabia across the Red 

Sea into Ethiopia and Sudan giving rise to the Cushitic, Omotic, and Chadic branches 

(Militarev 2003).  The Semitic branch may have spread earlier but it certainly moved 

across much Africa with the Arab expansions that occurred within the past 2-3-ky.  

According to the Asian-origin hypothesis, the original Middle Eastern homeland has 
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since been masked by the replacement of Afroasiatic languages with languages of the 

Semitic branch.  Genetic data have been unable to resolve this debate.  

The earliest Nilo-Saharan speakers ~15 kya were hunter-gatherers.  Their 

descendants at around ~10 kya developed two distinctive economies: an Aquatic 

adaptation that rapidly spread from the middle Nile in the east to present-day Mali in the 

west (Sutton 1974), and an agripastoral adaptation restricted at first to the southern 

eastern Sahara (Wendorf and Schild 1998).  The mid-Holocene dry phase, 8500-7500 

years ago, led to the spread of the Nilo-Saharan agripastoralists west across the Sahel, in 

most areas displacing their Aquatic relatives (Ehret 2001), and also southward later on, 

toward East Africa (David 1982) (Figure 1b).  Their descendants formed a continuous 

set of populations across this vast region until the Arab intrusions within the past 1000 

years (Ehret 2001; Ehret 2002).  With the past 4,000 years, a subset of Nilo-Saharan 

speakers, the Nilotes, are believed to have expanded into regions east of Lake Victoria 

and the southeastern Middle Nile Basin where there were earlier established Nilo-

Saharan or Cushitic (Afroasiatic) agripastoralist populations (Ambrose 1982; Ehret 

2003).  Today the distribution of Nilo-Saharan languages is primarily in the regions in 

and south of the Sahara Desert, around Lake Victoria (Nilotic), and in a small region in 

the west near the Niger River (Songay).   Because of the poor sampling of this language 

group, little is know of the paternal genetic affinities of Nilo-Saharan populations. 

Khoisan is the only language family currently not associated with one of the early 

African agricultural traditions and is characterized by internal linguistic differentiation 

and unique click sounds, suggesting that Khoisan is older than other language groups 
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(Greenberg 1963).  The present-day distribution of the Khoisan languages is primarily in 

Namibia, Botswana, Angola, and South Africa (Figure 1a) and includes the !Kung San 

who are mostly hunter-gatherers and the Khoekhoe who recently adopted pastoralism.   It 

has been hypothesized that the earliest ancestors of modern day Khoisan speakers formed 

small bands of networked populations who resided across the savannas of eastern and 

southern Africa along the Great Rift Valley ~40-20-kya (Figure 1b) (Tobias 1964; 

Ambrose 1982; Nurse et al. 1985; Ehret 1998) and formerly extended into Somalia and as 

far north as the southern edges of the Ethiopian highlands (Ehret, in press).  The presence 

of two linguistic Khoisan-speaking isolates currently reside in Tanzania, the Hadza and 

Sandwe, is consistent with the hypothesis that Khoisan was once more widely distributed.   

The relatively high frequency of ancestral Y chromosome haplotypes in southern 

Khoisan speakers, the Hazda of Tanzania, and populations as far north as Ethiopia 

(Scozzari et al. 1999; Chen et al. 2000; Hammer et al. 2001; Semino et al. 2002) support 

the antiquity of the Khoisan language family and its once broad geographic distribution.   

Pygmies, like the Khoisan, are hunter-gatherers and are phenotypically distinct 

from other Africans.  Residing in small groups on the fringes and within the equatorial 

forest, Pygmy populations are widely distributed from southern Cameroon/western 

Central African Republic (CAR) to the eastern democratic Republic of Congo (DRC), 

Ruwanda, and Burundi (Figure 1).   Pygmies speak languages that were likely adopted 

from their farming neighbors (Vansina 1990; Klieman 2003), with the majority of Pygmy 

populations residing in the west speaking Niger-Congo languages (e.g. Biaka, Bakola, 

Baka) and a few populations located in the east speaking Nilo-Saharan languages (e.g. 
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Mbuti and Efe).   It has been suggested that the original inhabitants of the area that the 

Bantu speakers replaced were hunter-gatherer Pygmies or possibly other fishing 

aborigines and that as Bantu expanded in size and migrated, they assimilated or displaced 

the populations they encountered (Greenberg 1964; Vansina 1990).  Hunter-gatherer 

populations often adopt the language of the incoming farmers (Ehret 1988; Refrew 2003) 

and occurs because the farming male has greater success in obtaining a mate than does 

the hunter-gathering male (Refrew 2003).  This hypothesis predicts different patterns of 

male and female variation in farming versus hunter-gatherer populations.   In Africa, 

contrasting patterns of Y chromosome and mtDNA variation support this sex-biased 

mating hypothesis possibly due to the common cultural practice of marriage between 

hunter-gatherer women and farmer (Bantu) men where the children of these marriages 

usually become farmers residing in their father’s village (i.e., patrilocality) (Destro-Bisol 

et al. 2004; Wood et al. 2005).    

The farming/language dispersal hypothesis predicts contrasting patterns of genetic 

variation for farming versus non-farming populations (Renfrew 2003).  It is widely 

accepted that the expansions of Bantu-speaking farmers had a remarkable effect on 

genetic variation in Africa, particularly the paternally-inherited Y chromosome.  

However, less is known of the impact that linguistic affiliation had on shaping genetic 

variation in other African groups.  In this manuscript, we provide a detailed 

phylolinguistic analysis of Y chromosome variation in Africa and propose that languages 

played an important role in shaping genetic diversity in non-Bantu as well as Bantu 

populations.   
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Subjects and Methods 

Samples surveyed include individuals representing the four African language 

families.  We divide populations into major seven groups: Khoisan, Afroasiatic, Nilo-

Saharan, and Niger-Congo non-Bantu and Niger-Congo Bantu, Pygmies, and Northern 

Cameroonians (also see Discussion) (Table 1).  Most of the data represented in this 

phylogeographic manuscript were previously reported using different analytical methods 

(Wood et al. 2005).  Here we report new data for an additional 198 individuals: Kenya 

(57), Sudan (39), Nigeria (7), Ivory Coast (11), Gambia (21), Ghana (26), and South 

African Bantu (34) (Figure 1).  These individuals were typed for the same 50 markers as 

the 1122 individuals surveyed in Wood et al. 2005 (Table 1).  SNPs and indels were 

typed using a hierarchical protocol (see Wood et al. 2005 and references therein) and we 

used the YCC terminology for naming NRY lineages (YCC 2002). We examined 

diversity values within each linguistic family by pooling all individuals within a group 

calculating Nei’s (1987) heterozygosity. 

 

 

 

Results 

Phylogenetic analysis of the 50 Y biallelic markers used in this analysis yielded 

36 African haplogroups (Table 1; Figure 3).   Nearly all of these haplogrous, 98.1%, fall 

into 5 haplogroups: A (7.1%), B (10.7%), E (69.6%), J (5.5%), and R (5.2%).  
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Haplogroup A is closest to the root of the tree and is comprised of four lineages.  The 

most ancestral lineage (A-M91*), described for the first time in this analysis, was present 

in three Bakola Pygmies (9.1%) from southern Cameroon.  A2 and A3 are found at high 

frequency in the Khoisan (47.7%).  A2 includes three lineages that share the M6, M14, 

P3, and P4 mutations (Jobling and Tyler-Smith 2003), two of which were examined 

here:  A-P3* and A-P28.  Both of these lineages are exclusive to the Khoisan. Within A3 

(defined by M32), we examined A-M32*, A-M51 and A-M13.   A-M51 is found mostly 

in the Khoisan (22.2%).  A-M13 is primarily found in East African Nilo-Saharans 

(22.7%), Ethiopian Afroasiatic speaking Amhara (16.7%) and Oromo (11.1%), and 

Sudanese (12.8%).  A-M13 is also found at appreciable frequencies in the Mandara 

(Afroasiatic Chadic) and Tupuri (non-Bantu Niger-Congo) of Northern Cameroon 

(14.3% and 22.2% respectively).  A-M32* was found in a single Semitic-speaking 

Ethiopian.   

Haplogroup B chromosomes are most frequent in Pygmies. We found that all but 

two of our haplogroup B chromosomes were part of the B2 clade which contains the B2a 

(defined by M150) and B2b (defined by 50f2) subclades.  We examined two major 

haplogroups within B2b: B-P7 and B-P6.  B-50f2* chromosomes (i.e., those with the 

ancestral state at P6 and P7) are found at their highest frequencies in Pygmies (9.3%), 

particularly among the Mbuti (21.3%).  The B-P7 lineage is shared between Pygmies 

(27.9%) and Khoisan (4.4%) and is only found in 2 individuals elsewhere.  B-P6 is 

exclusive to the Khoisan (8.9%).  Within B2a we examined B-M152 which yielded two 

haplogroups within this clade: B-M150* and B-M152.   B-M150* chromosomes are also 
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present at their highest frequencies in Pygmies (4.7%).  B-M152 is the most common B 

lineage and is widely distributed, especially among some southern Bantu populations.  

However, it is absent in our Khoisan sample.   Haplogroup B chromosomes that are 

ancestral at all downstream markers surveyed here (i.e., B-M60*) are found in only two 

Gambians; but have also been reported in a single Mossi from Burkina Faso and two 

Bamileke from southern Cameroon (Cruciani et al. 2002).    The ancestral haplogroups A 

and B are exclusive to Africa which supports an African origin of human Y chromosomes 

(Hammer et al. 1998; Underhill et al. 2000). 

Haplogroup E chromosomes (i.e., defined by SRY4064) are overwhelmingly the 

most common in this study (69.6%) and fall within three major sub-clades: E1, E2, and 

E3.   Nearly half of the individuals in our study (49.4%) fall into the sub-clade E3a which 

is defined by the P1 mutation.  We examined a single major subclade of E-P1 (E3a7), 

defined by the M191 mutation.  Niger-Congo speakers have the highest frequency of E-

P1* chromosomes (46.1%) with a higher frequency in West African non-Bantu- (58.9%) 

than Bantu- (37.7%) speakers.   E-P1* chromosomes are found at lower frequencies in 

most other populations.  The largest proportion of E-M191 chromosomes are also found 

in the Niger-Congo group (25.1%), particularly in Bantu speakers (32.2%) and Pygmies 

(36.4%).  The remaining E-M191 chromosomes are found scattered throughout sub-

Saharan Africa.   Notably, the E-P1 mutation is absent in Afroasiatic Ethiopians 

(Amhara, Oromo, Mixed South Semitic), Sudan, Tunisia, most Northern Cameroonian 

populations, and the Tsumkwe San.  The E3b sub-clade contains 11.0% of individuals in 

this study and includes E-M35*, E-M78, and E-M81 lineages (we did not examine M123 
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and M281).  The distribution of E-M35* chromosomes resembles that of haplogroup 

A3b, with high frequencies in some East African populations and the Khoisan-speaking 

!Kung (12.5%).  E-M78 is concentrated in Afroasiatics (29.5%) and is absent in the 

Khoisan sample.   E-M81 chromosomes are primarily restricted to our Tunisian sample 

(35.7%). Chromosomes with the derived state at the P2 marker and the ancestral states at 

P1 and M35 (E-P2*) are found primarily in Ethiopian Cushitic (11.1%) and Ethiopian 

Amhara, Oromo, and South Semitic (5.6% -11.1%).  E-P2* chromosomes have been 

observed in Burkina Faso, Cameroon, and at appreciable frequencies in Ethiopians (10.4 

- 18.2%) (Semino et al. 2002).   The E2 sub-clade contains E-M75*, E-M41, and E-M54 

lineages and accounts for 5.0% of our sample.  Haplogroup E-M41 is restricted to the 

region directly west of Lake Victoria (Alur, Hema, and Gandan populations) while E-

M54 is widely distributed and at high frequencies in some southern African populations.  

E-M75* chromosomes are found in only six widely dispersed individuals ranging from 

the Gambia to South Africa.   The E1 haplogroup (defined by M33) is virtually restricted 

to Niger-Congo West Africans and is present at particularly high frequencies in the 

Dogon of Mali (45.5%).    

Haplogroup J chromosomes are found at high frequencies in the Sudan (59.0%) 

decreasing in frequency as one moves eastward into Ethiopia (25.5%), northward to 

Egypt (22.8%), and westward into Tunisia (46.4%) and Algeria (41%) (Rosser et al. 

2000).  While African haplogroup R chromosomes are generally quite rare, R-P25* 

chromosomes are found at remarkably high frequencies in northern Cameroon (60.7-

94.7%).  The remaining haplogroups (K, F*, I, and G) account for 1.8% of the 
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individuals in our dataset; half of these are haplogroup K-M70.  All K-M70 lineages are 

found in Afroasiatic speakers or in East African populations where linguistic affiliations 

could not be assigned.   

Discussion  

Genetic and linguistic variation are shaped by similar processes such as 

population splitting events, size and range expansions, and the merging of populations via 

admixture (Renfrew 1992).   If languages and genes changed simultaneously and at 

similar rates, patterns of linguistic and genetic variation will concord.  Contrasting 

patterns of linguistic and genetic variation will result when populations experience a 

history of population expansion versus subdivision (Renfrew 2003).  Spread-zone regions 

occur when an incoming language(s) displaces existing languages as the result of a 

dispersal process.   In contrast, mosaic-zone regions occur when a long period of 

linguistic stability exists after the initial colonization often prior to the introduction of 

farming (Renfrew 2003).  The Niger-Congo (specifically Bantu) and Afroasiatic 

language families are examples of spread zones where linguistic diversity is low over a 

large area and farming dispersals occurred less than 10 ky ago.  The Khoisan and Nilo-

Saharan language families, on the other hand, represent the mosaic-zone process which is 

characterized by greater linguistic diversity that traces to more ancient times (> 12 kya) 

(Renfrew 2003).  This ‘linguistic zone’ hypothesis predicts that, if languages and genes 

moved together, populations that speak spread-zone languages will possess lower genetic 

diversity and the presence of recently-arisen genetic lineages over a large geographic 

area.   Populations speaking mosaic-zone languages, on the other hand, will have greater 
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genetic diversity of more ancient genetic lineages within a limited geographic region.   

We found that Y chromosome diversity values are greatest within the Nilo-Saharan and 

Khoisan language families and the lowest within Niger-Congo speakers (Figure 4).  

Additionally, the Khoisan carry some of the most ancient NRY lineages (e.g. A2) and the 

Niger-Congo speakers possess a very high frequency of the derived E3a lineage.   Thus, 

Y chromosome variation is consistent with the linguistic zone hypothesis in Africa.  In 

the following sections, we discuss the impact that the dispersal of farmers has had on the 

genetic diversity within African language groups. 

 

Niger Congo 

The Niger-Congo language family has lower Y chromosome diversity than any 

other African language family which is somewhat surprising given the deep linguistic 

diversity.  This language family, specifically the Bantu speakers, has also had an 

enormous impact on continental patterns of Y chromosome variation (Wood et al. 2005).  

This can be explained by the remarkably high frequencies (>50%) of the E3a lineage that 

have been associated with the massive migrations of Bantu-speaking farmers < 4000 

years ago (Figure 3) (Passarino et al 1998; Scozzari et al. 1999; Hammer et al. 2001; 

Underhill et al. 2001, Cruciani et al. 2002, Wood et al. 2005, this study).   Notably, age 

estimate of the E3a lineage (6,200 ± 1,800 years old (Hammer and Zegura 2002; data not 

shown), accords well with linguistic and archeological dates of the earliest stage of Bantu 

populations, roughly 5 ky ago.  Additionally, the Bantu E3a lineage is five times more 

recent than the ancient (>35,000 years) haplogroups A and B common among Khoisan 
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and Pygmies.  Thus, the extremely high frequency of the E3a lineage and low Y 

chromosome diversity within Bantu speakers, the recent origin of E3a lineage, coupled 

with the low Y-linked STR diversity associated with this haplotype support the 

conclusion that some Y chromosome lineages expanded recently and rapidly across 

Africa with the Bantu expansions {Cruciani, 2002 #13}{Scozzari, 1999 #63}{Thomas, 

2000 #90}.  

Haplogroup E3a is comprised of many lineages {Underhill, 2001 #27}; two of 

which are E-P1* and E-M191 surveyed here.   A marked difference in the frequency of 

these two haplotypes has been observed in Bantu versus non-Bantu populations.  Non-

Bantu Niger-Congo groups possess nearly four times more E-P1* chromosomes than E-

M191; whereas, in Bantu populations these frequencies of these haplotypes are more 

similar (Figure 3).  These differences are likely due to the E-M191 lineage originating 

closer to the Bantu homeland than E-P1* (Cruciani et al. 2002).  It is also possible that E-

P1* increased in non-Bantu Niger-Congo groups, perhaps via sociocultural practices such 

as polygyny or paternal population replacement leading to the very low levels of diversity 

in this group (Figure 4).  Some linguists support an east/west division of Bantu 

languages, which resulted from two distinct migrations: the eastern branch spread east 

from the homeland north of the rainforest and the western branch moved southward along 

rivers through the rainforest (Guthrie 1963; Oliver 1966; Vansina 1995).  However, there 

are no clear differences between the SNP Y chromosome haplotypes found in eastern 

versus western Bantu Y chromosomes.  More intense sampling and a more detailed 
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characterization of SNP and/or STR lineages within the E3a lineage is needed to better 

understand the nature of the Bantu expansions. 

Several other haplotypes are found at appreciable in either non-Bantu Niger-

Congo speakers or Bantu speakers but not both.  E-M33 is nearly restricted to west Africa 

suggesting that this lineage arose after Bantu diverged from other Niger-Congo groups.  

B-M152 and E-M54 are found in Bantu populations (6.5% and 8.6%, respectively) but 

rarely in non-Bantu Niger-Congo (0% and 0.9%, respectively).  We suggest that B-M152, 

as well as E-M54 (Cruciani et al. 2002), are haplotypes that were present in 

autochthonous populations and recently entered Bantu populations.  

 

Khoisan & Pygmies 

The Khoisan language family is believed to be the oldest African language family 

(>20,000 years) and consists of three deep branches (Figure 2).  The best-known branch 

(South African) consists of a number of languages still spoken in the Kalahari Desert and 

surrounding regions and includes the !Kung San hunter-gatherers and the Nama 

Khoekhoe, who adopted pastoralism between 2000 and 2500 years ago (Ehret 1982).   In 

our sample, the South African Khoisan carry the majority of  Haplogroup A and B 

chromosomes and harbor some of the oldest known Y chromosome lineages (refs).  

Haplogroup A lineages are concentrated in the South African Khoisan (e.g. A-P3*, A-

P28, A-M51) but are also found at appreciable frequencies in the Nilo-Saharans and some 

Afroasiatic populations (e.g. A- M13).  The antiquity of haplogroup A (42 kya + 23 kya) 

(Hammer and Zegura 2002) coupled with its wide distribution suggests that the M91 
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mutation may have arisen before the origin of the Nilo-Saharan, Afroasiatic and Khoisan 

language families. The M6, M14, P2, P4, P28, M51 mutations may then have occurred in 

the ancestors of the South African Khoisan and M13 arose in the Northeastern Nilo-

Saharans and/or Afroasiatics. Alternatively, these mutations were once shared between 

Khoisan and other groups and were subsequently lost.  Both scenarios are consistent with 

the hypothesis that there was once a dispersed Khoisan-speaking population occupying 

the Great Rift Valley (Passarino et al. 1998, Semino et al. 2002, this study) but may also 

suggest that this network of populations contributed Y chromosomes to populations of 

other language families.    

Although the majority of Khoisan lineages are of Haplogroup A and B, there are 

appreciable frequencies of Haplogroup E3a lineages.   Assuming that E3a lineages were 

recently introduced to Khoisan, we can use these lineages to infer levels of admixture 

between the Khoisan and Bantu speakers.  Frequencies of E3a differ substantially among 

the different Khoisan groups: the Dama carry a very high proportion of these 

chromosomes (55.5%) as do the !Kung/Sekele (31.3%) and the Nama (18.2%), whereas 

the Tsumkwe San are completely lacking these haplotypes.  The Tsumkwe San have very 

high frequencies of the A-P3* and A-P28 lineages which are characterized by an 

extremely long branch suggesting that these the Tsumkwe San may have been isolated 

from other Khoisan as well as Bantu groups.  Thus, there appears to be no paternal Bantu 

admixture with the Tsumkwe San while over half of the Dama Y- chromosomes are of 

Bantu origin.    This assumes that the Dama are of Khoisan origin but it is also possible 

that the Dama are of Bantu origin and very recently adopted a Khoisan language and 
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acquired Khoisan-specific Y chromosome hapolotypes (e.g. A-P28) through admixture 

(Spurdle and Jenkins 1992).  The European R1b9 (R-M269) lineage is found at 

appreciable frequencies in the Herero (8.3%), the Nama (9.1%), and the Dama (5.6%) but 

is nearly absent from all other African populations.  This is likely due to the introduction 

of  Y chromosome to Southern Africa with the recent European colonization (~ 500 

years) of the region. 

The Khoisan speaking linguistic isolates, the Sandawe and Hadza (Figure 2), 

reside in Tanzania and are believed to be descended from a once more widely distributed 

Khoisan-speaking network of population (Tobias 1964; Ambrose 1982; Nurse et al. 1985; 

Ehret 1998).  If Under this hypothesis, we may expect the Hadza and Sandawe to carry 

lineages also found in South African Khoisan.  A study of the Hadza (Knight et al. 2003) 

did not find the Khoisan-specific Haplogroup A chromosomes but did find a remarkably 

high frequency (52%) of the B2b lineage (i.e. B-P6 and B-P7) which are commonly 

found in both Pygmies (27.9%) and Khoisan (13.3%).   These authors suggest that the 

presence of B2b in the Hadza support a model whereby Khoisan click consonants have 

been retained over tens of thousands of years.  However, some scholars contest the 

inclusion of Hadza in the Khoisan family because linguistic similarities are very limited 

and the few commonalities found may be due to chance or a shared history before the 

origin of the major language families (Guldemann and Vossen 2000).  For example, some 

Khoisan lexicons in the Southern Cushitic languages (Afroasiatic family) of Kenya and 

Tanzania and in the Ik language (Nilo-Saharan) language of Uganda which may have 

been borrowed from now extinct Khoisan languages.  Although it remains unclear 
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whether the Hadza and Sandawe are the direct descendants of Khoisan populations, the 

occurrence of Khoisan lexicons in many disparate language groups and the wide 

geographic distribution of Haplogroup A chromosomes support the former existence of 

other deep branches of the Khoisan family in southern and eastern Africa (Ehret 1980; 

Ehret in press).    

Pygmy populations are equatorial forest foragers, resemble one another 

phenotypically, and are believed to have formerly spoken several distinct languages of 

unknown affiliations (Cavalli-Sforza 1986; Cavalli-Sforza et al. 1994; Klieman 2003).  A 

central question surrounding modern Pygmy populations is whether they are the 

descendants of ancient peoples who lived in central Africa prior to the arrival of 

agriculturalists (Kleinman 2003).  The most ancestral chromosomes found on the Y 

chromosomes tree A-M91* are found in three Bakola Pygmies.  Pygmies also carry the 

highest frequencies of Haplogroup B chromosomes that are members of an ancient clade 

that is estimated to be ~36,800 ± 13,600 years old (Hammer and Zegura 2002) supporting 

the idea that Pygmies are descended from an ancient population.  Several authors have 

suggested that the shared traits of the Pygmies and Khoisan (that are different from all 

other Africans) may indicate a common ancient ancestry although the evidence remains 

weak (Vigilant et al. 1989; Chen et al. 2000).  In our study, B2b haplotypes are found in 

both Pygmies (27.9%) and Khoisan (13.3%) but are nearly absent from all other African 

populations.  We suggest that the very high frequency (52%) of the B2b lineage and 

anomalous linguistic classification of the Hadza may suggest an ancient connection 

among Khoisan, Pygmies and Hadza.   The B2b haplotype can be further divided into the 

104



   

   

B-50f2*, B-P6, and B-P7.   The ancestral B-50f2* is primarily found in Pygmies (9.3%), 

particularly Mbuti (21.3%), B-P6 is found only in Khoisan (8.9%), and B-P7 is shared 

between Pygmies (27.9%) and Khoisan (4.4%).   An examination of these haplotypes in 

the Hadza and Sandawe may shed light on the ancient history of the Khoisan and Pygmy 

populations. 

Four of the B haplogroups (B-M182*, B-M150*, B-50f2*, and B-P7) that are 

present at high frequencies in Pygmy populations (4.7 - 27.9%) are found at very low 

frequencies in Bantu-speakers (<1%).  If we assume that these B haplotypes were not 

present at high frequencies in the original Bantu migrants, then gene flow of Pygmy Y 

chromosomes into Bantu populations occurred infrequently.  This is similar to the pattern 

observed with haplogroup A chromosomes found at high frequencies in Khoisan (see 

above) suggesting that male gene flow from hunter-gatherers to farming populations was 

rare.  In contrast, the appreciable frequencies of the Bantu haplotypes E-P1* and E-M191 

haplogroups in the Pygmies (45.7%) and Khoisan (24.4%) suggests that the reverse—

paternal Bantu gene flow into the Khoisan and Pygmy populations—was common.    

 

Afroasiatic 

Afroasiatic populations are characterized by a relatively high frequency of E-M78 

(29.5%), J-12f2 (26.1%), and E-M81 (8.0%) and the near absence of E-P1* (1.7%) and 

E-M191 (0.6%) (Figure 3).  Haplogroup E-M78, dating to > 20ky ago, has been 

associated with the Neolithic expansions (Hammer et al. 1998; Behar et al. 2004) and is 

found at its highest frequencies in Cushitic-speakers including Somalians (77.6% - 100%) 
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(Sanchez et al. 2005, Cruciani et al. 2004) and the Oromo from Kenya (71.4%) and 

Ethiopia (22.2%, 32.0%) (this study, Cruciani et al. 2004).  E-M78 is also found at lower 

frequencies in Semitic speakers including the Amhara from Ethiopia (8.8%, 33.3%) 

(Cruciani et al. 2004, this study) and a mixed south Semitic group from Ethiopia (35.0%). 

E-M78 is also found at appreciable frequencies in the Nilo-Saharan speaking Maasai 

(15.4%) and Nilo-Saharans from Kenya (11.1%). This suggests that E-M78 may have 

arisen very early in the history of African languages, possibly before divergence 

Afroasiatic and Nilo-Saharan languages and probably before the divergence of Cushitic 

and Omotic from other Afroasiatic groups.  Microsatellite analysis indicates that the 

oldest E-M78 chromosomes (δ) date to 14.7 + 2.7 ky and are geographically restricted in 

Africa to the east (particularly x language group) and may have spread during the first 

migration(s) of E-M78 lineages from eastern Africa into northern Africa and the Middle 

East (Cruciani et al. 2004).  The other old E-M78 lineage (γ) dates to 9.6 + 3.3 ky and is 

found at the highest frequencies in Cushitic-speakers: the Borana from Kenya (71.4%), 

the Oromo from Ethiopia (32.0%), and Somalia (52.2%) (Cruciani et al. 2004).  Thus, the 

E-M78 mutation most likely arose in Africa and the most ancestral E-M78 lineages have 

risen to high frequencies in east African Afroasiatic speakers.   

Like E-M78, Haplogroup J has also been associated with the Neolithic demic 

diffusion of farmers into Europe (Rosser et al. 2000; Semino et al. 2000), South Asia 

(Quintana Murci et al. 1999), and possibly North Africa (Bosch et al. 2001).  In contrast 

to E-M78, SNP diversity and STR diversity within Haplogroup J is higher in Asia, 

consistent a Near Eastern origin for this haplogroup with later migrations bring it to East 
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Africa (Passarino et al. 1998; Semino et al. 2000; Al Zahery et al. 2003; Cinnioglu et al. 

2004; Semino et al. 2004).  Two major J lineages show different geographic distributions: 

J-M172 is at highest frequencies in Europe and the Middle whereas J-M267only one of 

five lineages is found in Africa (J-M267*) (Semino et al. 2004).    A subset of J-M267* 

chromosomes, defined by the single-banded YCAIIa22-YCAIIb22 motif, is found at 

>70% in the Middle East and >90% in North Africa while the European and East African 

J-M267* lineages are more diverse and are believed to have diffused into North Africa 

with the recent Arab incursions (Semino et al. 2004).   The Haplogroup J chromosomes 

in Europe, and to a lesser extent East Africa, are more heterogenous with respect to the 

YCAIIa22-YCAIIb22 motif and may be associated with earlier Neolithic migrations 

(Semino et al. 2004). 

Within Africa, the E-M81 haplogroup shows an opposite clinal gradient to J-12f2 

and E-M78 (Semino et al. 2004) with the highest frequencies found in Berbers in 

northwest Africa (65 – 80%) (Cruciani et al. 2004).  It has been suggested that this 

haplotype may be associated with migrations of the Berber branch of Afroasiatic 

languages (Cruciani et al. 2004).  The expansion of Berber-speaking populations 

occurred ~4-5 ky ago is well documented although the reasons for this expansion are 

unclear (Ehret 2002).  The high frequency of the E-M81 haplotype in the northwest 

African populations is accompanied by a low diversity of  STR diversity.  This is 

consistent with the origin of Berber languages in the northeast > 9 ky ago and later 

westward migrations where the increase in frequency of E-M81 is the result of 

expansion(s) from a smaller founding population into uninhabited landscape (Arredi et al. 
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2004).  The low frequency of E-M81 in the Wolof (5.9%) and Mandinka (2.6%) of West 

Africa may be due to the once larger geographic distribution of Berber-speaking peoples 

or to more recent gene flow possibly through individuals traveling the trans-Saharan trade 

routes.    

The controversial question of where the Afroasiatic languages originated is 

difficult to address using these data.  In the simplest case scenario, if all of the Afroasiatic 

Y chromosome haplotypes trace to Africa, we might suspect that the Afroasiatic 

languages also arose in Africa.  Likewise, an Asian origin of Y lineages would lend 

support to the Asian-origin hypothese.  The pattern observed is more complex with some 

Afroasiatic lineages originating in Africa (E-M81, E-M78) and other tracing to Asia (J-

P12f).  It is likely that the E-M78 lineage originated in Africa, migrated to Asia, and 

possibly came back to Africa in populations that were also carrying the J-P12f lineage.  It 

is impossible to know, however, if these migrants that left Africa spoke the earliest 

Afroasiatic languages or if they spoke an unknown language that latter gave rise to 

Afroasiatic language after arriving in Asia.   Unfortunately, this may be a controversy 

that can not be resolved using genetic data. 

 

Nilo-Saharan 

The poor sampling of Nilo-Saharans in this study and others makes it difficult to 

draw conclusions about paternal patterns of diversity associated with this language 

family. However, our data indicate that Nilo-Saharan Nilotics share a number of 

haplogroups with Afroasiatics (e.g., A-M13 and E-M78) but are lacking the J-12f2 
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haplogroup, supporting a recent introduction of this lineage to Africa.   The hypothesis 

that Nilo-Saharan speakers formed a continuous set of populations across the Sahel prior 

to the Arab intrusions would be supported if Nilo-Saharans from the western edges of the 

range and central portions cluster with Nilotic speakers from eastern Africa   The only 

study that has examined  Y chromosomes from west African Nilo-Saharans (the Songhai-

speaking Dendi of Benin) suggest that this population is genetically most similar to 

neighboring populations (Scozzari et al. 1999), indicating extensive genetic admixture 

and/or language borrowing in the western range of this language family.   

 

Northern Cameroon and Lake Chad 

The Sahara Desert and the Sahelian regions south of the desert were considerably 

wetter than they are today (Wendorf and Schild 1980).  From the early to mid-Holcene, 

the region west of the Nile River valley had many small ponds, lakes and wadis which 

extended westward toward the giant lake known as Lake Mega-Chad.  Today, the region 

directly south of Lake Chad encompasses the linguistically diverse northern 

Cameroonians populations.  N. Cameroonians carry a very high frequency of the R-P25* 

lineage that has been associated with a back-to-Africa migration within the past 2-8-ky 

(Cruciani et al. 2002).   Another notable haplogroup found in northern Cameroon is A-

M13 (also see Cruciani et al. 2002) which is found primarily in East Africa in both 

Afroasiatic and Nilo-Saharan speakers.  We suggest that A-M13 may have been widely 

distributed in the Sahel from East to Central Africa and has decreased in frequency with 

the introduction of other haplogroups.  The presence of extremely divergent haplogroups 
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(R and A) coupled with the high degree of linguistic heterogeneity in northern Cameroon 

indicate a unique history of population formation and language acquisition in the region 

bordering Lake Chad.  We propose that the presence of fresh water lakes and streams in 

the Sahara and Sahel during the past 9,000 years acted both as refugia for ancient 

haplotypes and as a crossroads for population carrying derived haplotypes.   The higher 

population sizes and population movements facilitated by riverine or lacustrine regions 

likely facilitated increased gene flow and/or language borrowing which may account for 

the great similarities among northern Cameroonians despite their linguistic diversity.    

 

Conclusions 

Speakers of the Niger-Congo and Afroasiatic languages carry distinct Y chromosome 

types that differ from each other and from the Khoisan and Nilo-Saharan speakers.  

Niger-Congo Bantu populations are characterized by very high frequency (~50%) of a 

homogeneous set of derived lineages, supporting the hypothesis Bantu populations 

recently and rapidly expanded across Africa.  Non-Bantu Niger-Congo populations have 

lower Y chromosome diversity than the Bantu speakers, which is surprising given the 

degree of deep linguistic diversity observed within this language family.  Afroasiatic 

speakers possess a markedly different complement of Y chromosomes than other 

language families and these lineages show high correspondence with migrational paths of 

agriculturalists moving across northern Africa.    The Khoisan and Nilo-Saharan language 

families, together with the Pygmies, carry a high frequency of Y chromosomes found in 

other groups, indicating that these populations have experienced extensive admixture 
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and/or language borrowing.  However, these groups retain a low frequency of ancient 

lineages suggesting that genetic replacement is not complete.   

111



   

   

 
Figure 1.  Maps of Africa. a) The present-day physical landscape of Africa.  b)  The 

probable areas of the initial domestication of indigenous African crops (from Phillipson 

1993). c) The hypothesized distribution of early speakers of the African populations prior 

to 3000 years ago.  The circled regions indicate the proposed place of origin of each of 

the language families (from Ehret 2003).  d) The present-day distribution of the four 

African linguistic families constructed using Greenberg’s (1963) classifications and 

further refined with data from the ethnologue (http://www.ethnologue.com/).  The 

approximate location of 40 populations typed for Y chromosome markers in Wood et al. 

(2005) and the 7 populations reported here are indicated.  The numbers correspond to 

populations listed in Table 1.   Three shades of gray on map refer to the distribution of 

language families: Khoisan (diagonal lines), Afroasiatic (light gray), Niger-Congo 

(medium gray), and Nilo-Saharan (dark gray).  The location of Pygmy and Bantu 

populations are also indicated.  

 

Figure 2.  Phylolinguistic trees of sub-levels within each African language family.  All 

branching events are believed to have occurred prior to 7000 before present. 

 

Figure 3.  Maximum-parsimony tree of 50 Y chromosome biallelic markers.  The root of 

the tree is denoted by an arrow.  Major clades (i.e., A-R) are labeled with large capital 

letters.  Subclades labels (e.g., A3b) are indicated to the left of the branches.  Mutation 

names are given along the branches.  The length of each branch is not proportional to the 

number of mutations or the age of the mutation.  Only the names of the 36 haplogroups 
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observed in the present study are shown to the right of the branches.  Haplogroup 

frequencies observed in five language groups on the far right.   To show the unique 

composition of haplotypes within Pygmy and Northern Cameroonian populations, 

frequencies for these groups are shown in a separate column.   

 

Figure 4: Nei’s heterozygosity (H) observed within five linguistic groups, Pygmy 

populations, and Northern Cameroonian populations.  
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Figure 4 
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