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Abstract 
 

The present thesis titled “ Genes, peoples and languages in Central 

Africa” examines the genetic diversity patterns in populations from 

west central Africa, more specifically, in Bantu and Pygmy 

populations from Gabon and Cameroon, two key areas in the 

understanding of the Bantu expansion. More than 800 samples have 

been analysed at the Y chromosome level in order to genetically 

characterise these populations and establish the genetic relationship 

between them. The results have shown that the Bantu expansion 

largely homogenised the gene pool of Bantu populations, erasing 

the pre-Bantu diversity, while it diversified that of Pygmy groups, 

introducing Bantu lineages into their gene pool. Furthermore, gene 

flow of paternal lineages seems to have taken place mainly in one 

direction; from Bantus to Pygmies. These results contrast with those 

found in studies of maternal (mtDNA) lineages in these areas, 

where considerable gene flow from Pygmy to Bantu populations 

have been observed, suggesting possible sex-biased admixtures 

rates between Bantu and Pygmy populations. An interesting finding, 

is the significant presence of a non-African lineage in these sub-

Saharan populations.  
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Resumen 
 

La presente tesis, titulada “Genes, peoples and languages in Central 

Africa”, examina los patrones de diversidad genética en poblaciones 

del oeste de Africa central, más específicamente, poblaciones 

Bantús y Pigmeas de Gabon y Camerún, dos zonas vitales para la 

comprensión de la expansión Bantú. Se han analizado más de 800 

muestras a nivel del cromosoma Y con el fin de caracterizar 

genéticamente a estas poblaciones, y establecer la relación genética 

entre ellas. Los resultados han demostrado que la expansión Bantú 

homogeneizó el acervo genético de las poblaciones Bantús, 

eliminando la diversidad pre-Bantú, mientras que diversificó aquel 

de las poblaciones Pigmeas, introduciendo linajes Bantus. Además, 

se ha visto que el flujo de linajes paternos parece haber tenido una 

única dirección: de Bantus a Pigmeos. Estos resultados contrastan 

con aquellos obtenidos para linajes maternos (DNA mitocondrial) 

en estas zonas, donde se ha observado un considerable flujo 

genético de Pigmeos a Bantus, sugiriendo un posible sesgo sexual 

en la tasa de mestizaje entre poblaciones Bantus y Pigmeas. Un 

hallazgo interesante es la presencia de un linaje no-africano en estas 

poblaciones de África subsahariana.  
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Preface 
 

Among the several demographic processes that have shaped the 

genetic landscape of Africa, the Bantu expansion is undoubtedly 

one of the most influential. Good proof of this is the current, 

practically exclusive, widespread distribution of Bantu populations 

throughout sub-Saharan Africa, an area that prior to the Bantu 

expansion was home to hundreds of hunter-gatherer populations.  

Although many genetic studies have been carried out on 

populations from sub-Saharan Africa few have focused on Central 

Africa, an area of vital importance for the understanding of this vast 

population movement.  

The present thesis is based on the genetic analysis of paternal (Y 

chromosome) lineages in 22 Bantu and 3 Pygmy populations from 

the west central African regions of Gabon and Cameroon with the 

aims of determining the genetic structure of Pygmy and Bantu 

populations, the extent and symmetry of gene flow between them,  

and a possible existance of ancestral paternal lineages prior to the 

Bantu expansion.  
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1. INTRODUCTION 
 
1.1. Human genetic variation  
 
a) Before and after the human genome project 
 
Until the sequencing of the human genome became a reality, back 

in the year 2003, our knowledge on the genetic variation present in 

human populations was fairly limited, being restricted to the 

analysis of only a few DNA polymorphisms (e.g. Short Tandem 

Repeats (STRs) and Variable Number of Tandem Repeats 

(VNTRs)) and the information from uniparental genomes (Y 

chromosome and mitochondrial DNA (mtDNA)). With this 

remarkable initiative, came the discovery of hundreds of Single 

Nucleotide Polymorphisms (SNPs), genetic changes at a specific 

site interspersed throughout the genome´s three billion nucleotides. 

Since then, and with the current sequencing and typing techniques 

available, many large-scale genome-wide studies have provided, 

and continue to provide, new insights into the nature of diseases, 

drug response and human evolution. The International HapMap 

Project for example, which analysed blocks of DNA containing 

numerous SNPs inherited initially in 270 individuals from four 

geographical populations (HapMap I), and subsequently extended to 

eleven populations (HapMap 3), paved the path towards a 

“catalogue” of human genetic variation that has contributed and is 

still contributing to our understanding of the structure of human 

genetic variation and its effect on human health.  

Large arrays of genome-wide association studies using SNPs have 

been conducted for scores of human diseases and have identified 
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hundreds of genes and genetic variants that contribute to common 

diseases such as cancer (Stacey et al. 2006), cholesterol and 

triglycerides (Kathiresan et al. 2008), Alzheimer´s (Yucesoy et al.  

2006), Parkinson´s (Edwards et al. 2010) and benign breast disease 

(Jorgensen et al. 2009), as well as to the response to therapeutic 

drugs (Seo et al. 2005; Goodman et al. 2008; Varenhorst et al. 

2009), opening new frontiers in the treatment of human disease. In 

the same way, multiple genome-wide genomic studies using a 

variety of unlinked loci, have produced detailed descriptions of 

genetic diversity patterns of human populations (both within and 

among populations), both at the global level (Auton et al. 2009) and 

for individual geographic areas (Rosenberg et al. 2002; Lao et al. 

2008), providing insights into human history and evolution, the 

evolutionary forces acting on human populations and the 

relationships among these.  

Taking into account that projects such as the first comprehensive 

map of copy number variation (CNV) in the human genome (based 

on the study of 270 individuals from four HapMap populations), the 

first high-resolution sequence map of human structural variation, 

and the 1,000 Genomes Project have already started to offer 

important insights into genetic population structure and human 

disease, there is no doubt that more refined fine-scaled maps of 

human genetic diversity that will further our understanding of the 

nature of the human species are soon to come… 
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b) Types of human genetic variation 
 
Genetic variation in the human genome can occur at any genetic 

level (e.g. at the DNA sequence level, at the chromosome or protein 

level etc.) and takes many forms, ranging from large, 

microscopically visible chromosome anomalies, to changes in a 

single nucleotide (Redon et al. 2006).  

Until quite recently, it was thought SNPs, variations of a single 

nucleotide, were the most frequent form of genomic variation in the 

human genome, constituting up to 90% of the total variation 

(Sachidanandam et al. 2001; The International HapMap Consortium 

2005). However, the discovery of the widespread presence of Copy 

Number Variations (CNVs), structural alterations such as 

duplications, inversions and rearrangements of large (1 kilobase 

(kb) in length and over) segments of DNA at a variable copy 

number throughout the human genome (Iafrate et al. 2004; 

McCarroll et al. 2006; Repping et al. 2006), has shown that this 

kind of polymorphism is also a major source of human genetic 

diversity (Freeman et al. 2006), to such an extent, that it is currently 

thought that CNVs affect more nucleotides than do SNPs (Redon et 

al. 2006).  

 

The most common types of polymorphisms used in evolutionary 

studies are: 

 • SNPs 

Also known as biallelic markers, because they usually only have 

two possible alleles (frequencies >1%) 

(http://www.promega.com/geneticidproc/ussymp9proc/content/10.p
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df), SNPs occur approximately every 1-2 kilobases (kb), with more 

than 6 million SNPs having being been identified throughout the 

genome (http://www.ncbi.nlm.nih.gov/SNP/snp summary.cgi). 

SNPs are thought to have occurred only once in human history 

(unique events) and are characterized by having a low mutation rate 

(2x10-8 per generation (Nachman and Crowell 2000)); two 

properties that make them especially useful for studying early 

demographic events. 

• Insertions/deletions 

Insertions/deletions (indels) represent around 8% of all human 

polymorphisms (Weber et al. 2002), and can be as small as one 

nucleotide in length up to several million nucleotides long (Lupski 

et al. 1996). Their stability - unlikely to undergo reverse or 

convergent mutation - makes them useful markers to distinguish 

chromosomal lineages that are identical by descent (Tishkoff and 

Verrelli 2003).  

• Alu insertions 

Alu insertions are the most common type of retrotransposable 

elements in the human genome. There are approximately one 

million copies (Batzer et al. 2002), comprising around 10% of the 

genome (Smit 1996). Given their length, around 300 base pairs 

(bp), they are classified as repetitive DNA elements belonging to 

the Short Interspersed Nuclear Elements (SINEs) type. The fact that 

the ancestral state of Alu insertions is known (absence or presence 

of Alu insertion) (Batzer and Deininger 1991; Batzer et al. 1994), 

makes them highly useful for the reconstruction of human 

demographic history and for the detection of migration and 
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populational events (Bamshad et al. 2003; Hammer et al. 1994; 

Jorde et al. 2000; Nasidze et al 2001; Romualdi et al. 2002; Sherry 

et al. 1997; Stoneking et al. 1997). 

 

• Satellite DNA 

There are two main families of satellite DNA or tandemly repeated 

DNA; microsatellites or STRs, and minisatellites or VNTRs. 

Microsatellites are less than 10 bp long, mostly 2-6 bp in length 

(Nakamura et al. 1987; Charlesworth et al. 1994; Chambers and 

Mac Avoy 2000), and minisatellites are longer tandem repeats, from 

10-100 bp in length. Whilst STRs are widely used in evolutionary 

studies, minisatellites are minisatellites have only been used in 

some studies. It has been shown that strand slippage during 

replication and mutations via a complex meiotic recombination 

pathway give rise to a different number of repeats in STRs 

(Tishkoff 2003), leading to variation in length between individuals 

that acts as alleles. STRs have a much higher mutation rate (2.0 x 

10-3 per generation (Weber and Wong 1993)) than SNPs, making 

them ideal markers to investigate demographic events that have 

taken place more recently.  
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c) Forces shaping human genetic variation 
 
The magnitude and patterns of genetic variation vary across the 

genome, across individuals, across populations and across species, 

given that their precise genealogy is not the same. The more closely 

linked the regions are, the individuals are, the populations are and 

the species are, the more similar their genealogy is. 

Genealogy is greatly influenced by natural on-going processes such 

as mutation, migration, recombination, drift and natural selection, 

and by characteristics of the species and historical events – all of 

which can increase/decrease/change genetic diversity e.g. selection 

can rapidly increase the frequency of a genetic variant or nearby 

regions (hitch-hiking effect) (Maynard Smith and Haigh 1974) or 

reduce local genetic diversity. Because these events can have an 

effect at the genomic, individual, populational and species level, 

patterns of genetic diversity also vary from region to region, 

individual to individual, population to population and from species 

to species. Furthermore, all these processes are not constant in time 

or space, so patterns of genetic diversity can also vary over a range 

of time and specific locations. Therefore, the patterns of genetic 

diversity we observe in a given genomic region, individual, 

population or species are the result of many demographic and 

evolutionary events acting on different timescales.  In the human 

species, we have clear examples of how events that took place in 

the past have had a major impact on modern genetic diversity (e.g. 

colonisations, population expansions etc. (Jobling et al. 2004)). The 

Out-of-Africa origin for modern humans, for example, is probably 

one of the most representative examples of this fact.  
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Because of the differences in genealogy mentioned above, the 

analysis of different kinds of genetic data may yield different 

patterns of genetic diversity as a reflection of the environmental and 

biological events acting at one moment in time, with values 

becoming increasingly similar the more closely linked the regions 

are (Weir et al. 2005).  

 

Genetic polymorphisms are created at random by mutation and can 

appear both in coding (functional) and non-coding (non-functional) 

regions. Whilst functional polymorphisms can lead to major 

biological alterations causing phenotypic variation or disease 

(Yamaguchi-Kabata et al. 2008), in principle, non-functional 

polymorphisms do not cause any alterations that impair gene 

function, with neutral loci being less likely to be subjected to 

selective forces such as natural selection than non-neutral loci. For 

this reason, functional polymorphisms are especially useful as 

genetic markers for medical diagnosis and genome mapping studies 

and neutral markers, such as the non-recombining portions of the 

genome, are especially efficient at detecting population 

substructure.  
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d) Patterns of human genetic variation 
 
Humans are around 98.8% identical to chimpanzees at the 

nucleotide level (Britten et al. 2002; Fujiyama et al. 2002; Olson et 

al. 2003) and even more similar to each other. However, the small 

fraction of genetic material remaining that differs among people 

confers individuality, and is responsible for differences in 

appearance, susceptibility to diseases, and response to drugs and 

environmental factors.   

A wide range of studies have shown that not all human populations 

show the same level of genetic variation, with 85 – 90% of the 

genetic variation being due to differences between individuals 

within populations (Lewontin 1972; Barbujani et al. 1997; Jorde et 

al. 2000; Watkins et al. 2003; International HapMap Consortium 

2005; Rosenberg et al. 2005), and the remaining 10-15 % being due 

to differences among populations. However, it has also been 

established that individuals from the same population tend to be 

more closely related and more genetically similar (Powell and 

Taylor 1978), and that it is possible to accurately assign humans to 

populations (Rosenberg et al. 2002, 2005; Bamshad et al. 2003; 

Turakulov and Easteal 2003; Lao et al. 2006) even if they are of 

admixed origin (Bamshad et al. 2003). Furthermore, estimates of 

genetic differentiation e.g. the FST statistic (that varies from 0 

(undifferentiated) to 1 (population-specific) (Weir and Hill 2002)), 

have shown that human populations show geographic clustering 

across all major continents.  

The influence of geography on patterns of genetic variation was 

first identified in the first half of the 20th century (Wright et al. 
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1943). This evidence came from the correlation between the 

frequency of human blood group polymorphisms and geographic 

location (Mourant et al. 1976; Lewontin et al. 1972). Subsequent 

studies showed a strong correlation between genetic differentiation 

and geographic distance; the larger the geographic distance between 

populations, the larger the genetic distance between them (both at 

the continental and global scale (Cavalli-Sforza 1994; Cavalli-

Sforza and Feldman 2003). This correlation was later re-confirmed 

by several subsequent studies (Ramachandran et al. 2005; Manica et 

al. 2005; Linz et al. 2007; Relethford 2004; Conrad et al. 2006) that 

have shown that geographic distance explains at least 75% of the 

variance between human populations (Ramachandran et al. 2005; 

Manica et al. 2005; Linz et al. 2007). 

 

                
 
 
Figure 1.  Effect of geography on genetic diversity patterns (from 

Lawson Handley et al. 2007). (a) FST distances between populations in the 

HGDP-CEPH cell line plotted against geographic distance. (b) Gene diversity 

(Hs) within the HGDP-CEPH populations plotted against geographic distance 

from East Africa.  
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The geographic distribution of human genetic diversity has been 

studied in depth with a wide variety of genetic polymorphisms in 

diverse human populations; classical protein polymorphisms (Corbo 

et al. 1999; Cavalli-Sforza et al. 1994), autosomal STRs (Deka et al. 

1995; Bowcock et al. 1994; Rosenberg et al. 2002; Jorde et al. 

2000; Jorde et al. 1997), autosomal SNPs (Shriver et al. 2005; Chen 

et al. 1995); mtDNA haplotypes (Seielstad et al. 1998; Jorde et al. 

2000; Torroni et al. 2001; Chen et al. 2000), Y chromosome STRs 

and SNPs (Forster et al. 2000; Underhill et al. 2000; Hammer et al. 

2001; Seielstad et al. 1998; Jorde et al. 2000; Kayser et al. 2001), 

non-STR, non-repetitive element indels (Weber et al. 2002), Alu 

insertion polymorphisms (Watkins et al. 2001, 2003; Hedges and 

Batzer 2005) and a few LINE-1 (L1) insertion polymorphisms 

(Sheen et al. 2000). Although these studies have offered slightly 

different estimates of genetic differentiation across human 

populations depending on the type of marker and population 

analysed -  mtDNA and Y chromosome markers show higher FST 

values than autosomal markers: 0.24-0.27 (Seiestad et al. 1998; 

Jorde et al. 2000) and 0.23-0.64 (Seiestad et al. 1998; Jorde et al 

2000; Kayser et al. 2001; Romualdi et al. 2002), respectively, 

versus 0.09-0.16 (Barbujani et al. 1997; Jorde et al. 2000; Deka et 

al. 1995; Bowcock et al. 1994), the degree of agreement across 

these studies is remarkable.  
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e) The Out-of-Africa model 
 
Many studies have shown that, in general, genetic diversity is 

highest in Africa.  Studies with mtDNA (Cann et al. 1987; Vigilant 

et al.1991; Ingman et al. 2000), Y chromosome (Seielstad et al. 

1999; Hammer et al. 2001; Underhill et al. 2001) and autosomal 

markers (Watkins et al. 2001; Cavalli-Sforza et al.1994; Deka et al. 

1995; Weber et al. 2002; Calafell et al. 1998) have shown that 

African populations are more diverse than non-African populations 

and some studies have even shown that allele diversity outside 

Africa is a subset of that found within Africa (Armour et al. 1996; 

Calafell et al. 1998; Kivisild et al. 1999; Yu et al. 2002), pointing 

towards an African origin for the human species. Although there are 

a few exceptions to this pattern of higher genetic diversity in Africa 

(Mountain and Cavalli-Sforza 1994; Rogers et al. 1995; Eller et al. 

1999) these are mainly due to ascertainment bias, with the Recent 

African Origin model (RAO) being nowadays widely accepted. 

Also known as the Out-of-Africa model, the RAO claims that 

anatomically modern humans originated in East Africa around 

200,000 years ago and then migrated out of Africa, spreading across 

the rest of the globe within the last 100,000 years (Campbell and 

Tishkoff 2008; Walter et al. 2000), replacing all non-African 

archaic humans (Manica et al. 2007)(a south-western African 

origin, near the coastal border of Namibia and Angola, has also  

been hypothesised (Tishkoff et al. 2009)). According to the model, 

modern humans lived in Africa a lot longer than in any other 

geographic region and maintained relatively large effective 

population sizes, resulting in high levels of within population 
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genetic diversity within Africa (Campbell and Tishkoff 2008; Reed 

and Tishkoff 2006). Also, the exit from Africa seems to have been 

associated to severe or repeated bottlenecks, whereby drift vastly 

reduced the genetic diversity of the populations leaving Africa, to 

such an extent, that 85% of genetic diversity within human 

populations decreases with geographic distance from East Africa 

(Ramachandran et al. 2005; Prugnolle et al. 2005; Linz et al. 2007).   

 
 
1.2. Mitochondrial DNA 
 
a) Evolution 
 
It is thought that mtDNA originated from the circular genomes of 

endosymbiotic bacteria that were engulfed by proto-eukaryotic cells 

around 1.5 billion years ago. The mitochondrial genome is a 

double-stranded circular molecule made up of 16,569 bp that with 

time has lost most of its genes, currently only coding for 13 sub-

units of the oxidative phosphorylation system within the 

mitochondria (2 ribosomal RNAs and 22 transfer RNAs (Wallace et 

al. 1999).  Hence, most of the functional proteins of the 

mitochondria are coded by nuclear genes. MtDNA is highly 

abundant in the cell, with each mitochondrion containing around 2-

10 copies of mtDNA, and each somatic cell containing ∼ 1000 

mitochondria. 
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b) Structure 
 
The entire sequence of mtDNA was first published at the beginning 

of the 1980´s (Anderson et al. 1981) and was since known as the 

Cambridge Reference Sequence (CRS), being later reviewed by 

Andrews et al. 1999. The base content of its two strands is biased, 

with the purine-rich and the pyrimidine-rich strands named “heavy” 

and “light”, respectively (Chinnery et al. 2006). In addition to its 

coding region, the mtDNA molecule only contains a small fragment 

of non-coding DNA known as the Control Region (CR) or D-loop, 

1125 bp long. Like its name denotes, the CR is involved in the 

regulation of the transcription and replication of the molecule; 

containing the origin of replication, together with the main 

regulatory elements involved in these events. Already presenting a 

much higher mutation rate than the coding region, the CR contains 

two 350 bp long hypervariable regions, hypervariable region I 

(HVR I) and hypervariable region II (HVR II), that are even more 

variable. 

 
c) Inheritance 
 
MtDNA is inherited via the maternal line and, as is characteristic of 

a haploid system, in principle, it does not undergo recombination 

(Horai et al. 1995; Jorde et al. 1998), because despite sperm 

mitochondria entering the oocyte during fertilization, they are 

somehow degraded. Although the possibility of recombination 

taking place in mtDNA has been proposed by several authors (Eyre-

Walker et al. 1999; Awadalla et al. 1999), which has lead to certain 
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controversy, paternal inheritance of mtDNA has only been truly 

observed once (Schwartz and Vissing 2002), with the rest of the 

cases having been ruled out due to insufficient evidence. 

 
d) Selection 
 
It is generally assumed that the mtDNA molecule is selectively 

neutral. However, some studies showing an excess of non-

synonymous substitutions in humans, pointing towards purifying 

selection acting on mtDNA (Nachman et al. 1996) have raised 

certain controversy. Although other association studies have also 

suggested a possible link between specific mtDNA types and 

certain diseases, there is no conclusive evidence on this subject for 

the moment, with the general acceptance that even if purifying 

selection has been acting on human mtDNA, it does not seem to 

have modified the topology of its phylogeny. 

 
1.3. Y Chromosome DNA  
 
a) Evolution 
 
The Y chromosome is the second smallest chromosome, with an 

average size of 60 megabases (Mb). It was originally thought that 

the Y chromosome was a profoundly degenerated X chromosome, 

with very few genes on it encoding male-specific features (Ohno et 

al. 1960). It was later discovered that, in fact, both the X and the Y 

chromosome originated from the same ancestral pair of identical 

autosomes 300 million years ago (mya) (Jegalian and Page 1999; 

Lahn and Page 1999) - shortly after the divergence of the 
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evolutionary lines leading to mammals and birds - and that they 

differentiated into their distinctive X and Y forms when the 

appearance of the Sex determining Region Y (SRY), that codes for 

the testes determining factor and multiple inversions on the Y 

chromosome, repressed X-Y recombination (Lahn and Page, 1999). 

Each inversion drove the sex chromosomes farther apart as they 

evolved, increasing the amount of DNA that could no longer align 

and recombine. Whereas the X chromosome continued to benefit 

from crossing over in females, maintaining stable gene function, it 

is thought the Y chromosome developed mechanisms to overcome 

the degradation of genes by the lack of X-Y crossing over. One of 

these mechanisms that has been thought to preserve gene function 

over evolutionary time is gene conversion (Rozen et al. 2003). 

 

b) Structure  
 
The Y chromosome is composed of a large non-recombining region 

NRY (NRY) that comprises 95% of its length, and two pseudo-

autosomal regions that flank the NRY on either side (pseudo-

autosomal regions 1 and 2 (2.6 Mb and 0.32 Mb in length 

respectively)), where X-Y crossing over is normal and frequent in 

male meiosis (Simmler et al. 1985; Cooke et al. 1985; Freije et al. 

1992). Following the discovery of multiple processes occurring 

within the Y chromosome e.g. non-homologous recombination or 

gene conversion events (Skaletsky et al. 2003), the NRY region was 

recently renamed MSY or male-specific region (Rozen et al. 2003; 

Skaletsky et al. 2003). The MSY contains a heterochromatic region 

of variable size (can comprise up to 40 Mb) consisting of at least six 
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different types of sequence classes that form long homogeneous 

tandem arrays (Skaletsky et al. 2003) and an euchromatic region of 

around 23 Mb (8 Mb on the short arm (Yp) and 14.5 Mb on the long 

arm (Yq)), consisting of a mosaic of complex and interrelated 

sequences (Skaletsky et al. 2003). The euchromatic region contains 

156 transcription units that include 78 protein coding genes that 

encode 27 distinct proteins/protein families, 12 of which are 

expressed ubiquitously throughout the body, 11 of which are mostly 

or exclusively expressed in the testis, and 4 of which are expressed 

in other tissues (Skaletsky et al. 2003). Euchromatic sequences can 

be classified into three groups: X - transposed, X - degenerate and 

ampliconic.  

 

 • X-transposed 
 
Comprising 10-15% of the MSY (3.4 Mb), as their name indicates, 

these sequences are the result of a large X-Y transposition that took 

place around 3-4 million years ago after the divergence of the 

human and chimpanzee lineages (Rozen et al. 2003), still exhibiting 

99% identity to their X chromosome counterparts. Of the three 

groups of euchromatic sequences, X-transposed sequences contain 

the lowest density of genes, as well as the highest density of 

interspersed repeated elements (Skaletsky et al. 2003). 

• X-degenerate 
 
Comprising 20% of the MSY, these sequences are surviving 

remnants of ancient autosomes from which the modern X and Y 
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chromosomes co-evolved (Lahn and Page et al. 1999), exhibiting 

between 60 - 96% identity to their X-linked homologues.  

• Ampliconic 
 
Comprising about 30% of the MSY (10.2 Mb), these sequences 

(also known as the segmentally duplicated portion of NRY (Hurles 

and Jobling 2003)), that are located in seven segments scattered 

across the long and proximal short arms of the Y chromosome 

include large regions that show 99.9% identity that is maintained by 

frequent gene conversion (Skaletsky et al. 2003). The most 

prominent feature are eight massive palindromes located in the 

ampliconic regions of the long arm of the Y chromosome (Yq) that 

comprise around one quarter of the NRY euchromatin, six of which 

carry testes genes. Of the three groups of euchromatic sequences, 

ampliconic sequences contain the highest density of genes. 

 

Figure 2. MSY region of the Y chromosome (from Skaletsky et al. 
2003). (a) Schematic representation of the Y chromosome, including the 
pseudoautosomal and heterochromatic regions. (b) Enlarged view of a 24-Mb 
portion of the MSY. 
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c) Inheritance 
 
Like its female counterpart that is only inherited via the maternal 

line, the Y chromosome is only inherited via the paternal line. As a 

haploid system, in principle, the Y chromosome does not undergo 

recombination. Although the possibility of recombination taking 

place within the Y chromosome has been questioned due to the 

observation of Y-Y gene conversion events (Skaletsky et al. 2003), 

this is not considered to be the case when phylogenetic population 

inferences are made.  

 
d) Selection 
 
Like for mtDNA, it is generally assumed that the Y chromosome is 

also selectively neutral. However, because it contains many Y-

specific genes that are important for male fitness and it escapes 

recombination - meaning that any selection would affect the entire 

chromosome- the possibility that the Y chromosome could be 

susceptible to selection has been suggested. Many studies have tried 

to clarify this point, searching for associations between Y 

haplotypes and male illnesses. Whilst some studies have failed to 

find such association (Jobling and Tyler-Smith 2004), others have 

detected signatures of selection acting on the Y chromosome 

(Jobling et al 1998; Yen et al. 1998; Repping et al. 2003). Although 

further research needs to be carried out, at this moment, it is widely 

considered that even if selection is acting on the male-specific 

chromosome, its effects are not strong enough to modify the general 

topology of its phylogenetic tree.  
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1.4. Applications of mitochondrial and Y 
chromosome DNA 
 
Both mtDNA and the Y Chromosome have a series of features that 

make them extremely useful for studies on recent human evolution 

(Jobling and Tyler-Smith 1995; Underhill et al. 2000, 2003; 

Hammer et al. 2001; Hammer and Zegura 2002), medical genetics 

(Jobling and Tyler-Smith 2000), DNA forensics (Jobling et al. 

1997) and genealogical reconstructions (Jobling et al. 2001). 

 

The fact that they are maternally and paternally inherited, 

respectively, and that they do not recombine, means that the 

mtDNA of all the maternally-linked members and the Y 

chromosome of all the paternally-linked members of a family/group 

is exactly identical, making it possible to trace modern mtDNA and 

Y chromosome lineages back to ancestral females and males. 

Because both mtDNA and the Y chromosome only change by 

accumulating mutations over time, it can be said, that these 

genomes reflect the history of female and male lineages in a much 

simpler way than autosomes. Furthermore, the lack of 

recombination on these markers results in only one copy of the 

mtDNA and Y chromosome gene pool being passed on from 

generation to generation, with their effective population size  (Ne) 

being one-fourth that of diploid autosomes and one-third that of the 

X Chromosome (Takahata 1993). This makes them more 

susceptible to drift, which increases the levels of variation between 

populations, especially small populations, making them good 

reflectors of population sub-structuring. 
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All these characteristics are extremely useful in the field of forensic 

genetics.  mtDNA, for example, is especially useful in cases 

involving evidence based on samples of poor nuclear DNA content 

e.g. degraded DNA, teeth, skeletal remains etc. (Just et al. 2009) 

and the Y chromosome is useful in sexual assault cases, where male 

profiles can be successfully identified in a sample containing 

multiple donors (both female - male(s) and male-male(s)), and for 

paternity cases. 

 
1.5. mtDNA and Y Chromosome phylogenies 
 
To our good fortune, both mtDNA and the Y Chromosome contain 

many types of polymorphisms, such as SNPs, that allow researchers 

to examine variation on different time scales. The mtDNA genome, 

on one hand, contains many SNPs in the coding region and a high 

level of variation at HVR I/II. The Y chromosome, on the other, 

contains hundreds of well-characterized SNPs and many STRs 

(Jobling and Tyler Smith 2003; Kayser et al. 2004). MtDNA and Y 

chromosome lineages defined by SNPs are referred to as 

haplogroups, and mtDNA and Y lineages defined by HVR I/II 

variation and Y- chromosome STRs, respectively, are referred to as 

haplotypes. 

MtDNA has a mutation rate 5-10 times higher than nuclear DNA 

(Parsons et al.1997) – an estimated 2-3x10-7 per nucleotide per 

generation (Horai 1995; Jorde et al. 1998). However, the estimates 

of the mutation rate of the coding region vary significantly 

depending on the type of study carried out (Ward et al. 1991; 

Torroni and Wallace 1994; Forster et al. 1996; Parsons et al. 1997; 
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Siguroardóttir et al. 2000; Heyer et al. 2001), showing 

heterogeneous mutation rates across nucleotide positions, with some 

positions evolving at a faster rate than others (Soares et al. 2009). 

Y-chromosome SNPs, like autosomal SNPs, have an average 

mutation rate of 2x10-8 (Jobling and Tyler-Smith 2003), whilst Y-

STRs have been shown to have much higher mutation rates. 

Although the precise value of Y-chromosome STR mutation rates 

varies significantly depending on the estimation methods employed 

and the STR marker analysed, the following values have been 

estimated per generation; 2 x 10-3 (Heyer at al. 1997), 2.8x 10-3 

(Kayser et al. 2000), 2.6 x 10-4 (Forster et al. 2000) and 6.9 x 10-4 

(Zhivotovsky et al. 2004).   

The slow evolving characteristic of SNPs enables the 

characterisation of deeply-rooted ancestral female and male lineages 

whilst the fast evolving characteristic of mtDNA HVR I/II and Y-

chromosome STRs allow the study of more recently acquired 

variation. In this way, in evolutionary studies, the use of both types 

of markers is a valuable combination that increases resolution (de 

Knijff 2000), allowing the examination of the diversity within 

haplogroups. Furthermore, the examination of the evolutionary 

relationship between mtDNA and Y-chromosome SNPs has enabled 

the construction of robust highly resolved mtDNA and Y 

Chromosome Phylogenies (Richards and Macaulay 2001; Underhill 

et al. 2000), whose lineages are geographically structured and can 

be examined in an approach commonly known as 

“phylogeography” (Avise et al. 1987; Avise 2000). 
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Since the discovery of the first mtDNA and Y-chromosome SNPs, 

technological advances (e.g. Polymerase Chain Reaction (PCR), 

Denaturing High Pressure Liquid Chromatography (DHPLC)) have 

led to the discovery of new SNPs resulting in the continuous up-

dating and refinement of the mtDNA and Y Chromosome 

phylogenies. Furthermore, the possibility of screening populations 

from a wide-range of locations across continents for many mtDNA 

and Y-chromosome SNPs has increased our knowledge on the 

geographic distribution of their different mtDNA/Y Chromosome 

branches (haplogroups).  

Studies have shown that the Time to the Most Recent Common 

Ancestor (TMCRCA) for the mtDNA and the Y chromosome 

phylogenies is not more ancient than 100-200 kilo years ago (kya) 

(Watson et al. 1997; Ingman et al. 2000; Hammer et al. 1998; 

Underhill et al. 2001; Underhill 2003;), and that their root is in 

Africa. The deepest branches of both mtDNA (L and its sub-groups) 

and Y chromosome  (A and B) phylogenies are restricted to Africa 

and the rest are found in other parts of the world, completely 

separating African populations from non-African populations, in 

agreement with the Out-of-Africa hypothesis that suggests that 

modern diversity arose in Africa.  
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Geographic distribution of mtDNA lineages (from 

www.mcdonald.cam.ac.uk/genetics/links.html) 

 

Archaeological evidence has suggested that there were at least two 

different migration events Out-of-Africa; a southern coastal route 

around the northern edge of the Indian Ocean reaching Australia 50-

60 kya (Bowler et al. 2003), and a northern route, slightly later on, 

into Eurasia via the Levantine corridor 40,000 kya (Clark and 

Lindly 1989). The Americas was settled later on around 14,000 

years ago. The geographic distribution of mtDNA and Y 

Chromosone lineages is in agreement with these findings, where 

apart from the ancestral set of African haplogroups, the rest of the 

non-African haplogroups cluster in three other geographic regions; 

Southeastern Asia/Australia, Central and Western Asia/Europe and 

the Americas and the Pacific, reflecting the migratory movements 

humans carried out after leaving Africa.   
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Geographic distribution of Y Chr lineages (from 

www.mcdonald.cam.ac.uk/genetics/links.html) 

 

The current geographic clustering of both Y chromosome and 

mtDNA lineages has been/is still being further influenced by sex-

specific behaviours such as patrilocality and matrilocality, which 

enhance local differentiation. The comparison of male and female 

patterns of migration allow us to better understand these sex-

specific behaviours and how these and other demographic events 

have contributed to the current distribution of mtDNA and Y 

Chromosome gene pools observed. 
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1.6. Africa and the Bantu Expansion 
a) The Bantu Expansion 
 
Since the Out-of-Africa event, Africa has witnessed many important 

migrations, colonisations and population movements that have 

marked its history and shaped its genetic diversity patterns. The 

Bantu expansion, triggered by the transition from food collection to 

food production, is undoubtedly one of them.  

The Bantu expansion of languages, one of the greatest population 

movements in recent African history (Diamond 1997), took place 

around 5,000 ya, when farmers speaking Bantu languages left their 

homeland situated in the present day border between Cameroon and 

Nigeria (Newman 1995) to initiate an unstoppable expansion 

throughout sub-Saharan Africa. During the expansion, that may 

have been driven by the advent of agriculture, and to some extent, 

to the emergence of iron techniques (Newman 1995), Bantu 

agriculturalists replaced neighbouring hunter-gatherer populations, 

namely Pygmy and Khoisan groups, forcing them to mix with them 

or to move to remote isolated areas (Cavalli-Sforza 1986).   

Although the exact mode and tempo of the Bantu expansion are still 

somewhat controversial, data suggest that the expansion involved 

several dispersals with a relatively small number of people, rather 

than one single vast movement (Van Bakel 1981; Vansina 1995), 

following two main routes or waves; an eastern wave, leading north 

of the main African forest block to the Great Lakes region of East 

Africa (in what is nowadays Uganda) and then on to South Africa, 

and a western wave, leading southwards and penetrating the 
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equatorial forest in two directions, one following the coast line, and 

the other following the many major ridge lines running north-south 

into the interior (Oslisly 1995), with conversion events between 

both waves taking place in Central Africa (Newman 1995).  

The Bantu expansion resulted in the simultaneous spread of Bantu 

languages and Bantu genes across the whole of sub-Equatorial 

Africa (Diamond and Bellwood 2003), with this area mainly being 

inhabited by Bantu groups (with a only few Pygmy and Khoisan 

populations in Central and Southern Africa, respectively) all 

speakers of Bantu languages. Although the demographic intensity 

of the Bantu expansion is still uncertain, its effects can be observed 

in the current genetic diversity patterns of sub-Saharan Africa and 

the distribution of Bantu languages.  

 
b) Distribution of Bantu languages in Africa 
 
It has been estimated that there are over 6,000 languages in the 

world (Grimes 2000) - a third of which are African languages 

(www.ethnologue.com). African languages belong to four main 

linguistic families; Afro-asiatic, Khoisan, Niger-Congo and Nilo-

Saharan (Heine and Nurse 2000). The Niger-Congo family is the 

largest phyla of the four (Williamson and Blench 2000), both in 

terms of the amount of languages it contains and in its geographical 

distribution, with Niger-Congo languages being spoken throughout 

sub-Saharan Africa. Around one third of the Niger-Congo phyla are 

Bantu languages, a group of over 500 languages spoken in almost 

half of all sub-Saharan countries (Ruhlen 1991) - from Cameroon 

all the way to South Africa.  
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This large distribution of the Bantu languages is explained by the 

Bantu expansion of languages.  

 

                        
 

Figure 3. Language families in Africa (modified from Diamond and 

Bellwood 2003). (1), (B) and (10) represent the expansion routes suggested 

for Bantu languages, Nilo-Saharan and Afro-Asiatic languages respectively.  
 

Studies on the distribution of Y chromosome genetic variation and 

linguistics in sub-Saharan Africa have shown an association 

between Bantu languages and Bantu genes, with Y chromosomal 

SNP haplogroups being significantly correlated with the distribution 

of Bantu languages (Wood et al. 2005). Given that my thesis is 

mostly based on the analysis of the Y chromosome in African 

populations involved in the Bantu expansion, the following part of 

my thesis will only make reference to this uniparentally inherited 

marker.  
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c) Distribution of Y lineages in sub-Saharan Africa 
 
The Bantu expansion erased (at least partly) the ancient Y-

chromosome diversity found in the areas it surpassed, vastly 

changing the African genetic landscape. However, some traces of 

ancient paternal lineages are still observed in sub-Saharan 

populations, mainly among hunter-gatherers. Sub-Saharan 

populations are characterized by the presence of four main Y 

chromosome haplogroups; A, B, E and R. 

 

Haplogroups A and B are the deepest clades of the Y-chromosome 

phylogeny, being practically exclusive to Africa, and showing a 

wide distribution across all sub-Saharan Africa at moderate-to-low 

frequencies. Both haplogroups have been found in Khoisan-

speaking populations from South Africa (Underhill et al. 2001; 

Cruciani et al. 2002; Wood et al. 2005), in the Fulbe population 

from West Central Africa (Cruciani et al. 2002), in populations 

from Sudan and Ethiopia, and the Sandawe population from East 

Africa (Underhill et al. 2001; Cruciani et al. 2002; Tishkoff et al. 

2007). Haplogroup B has also been found in Biaka and Mbuti 

pygmy populations (Underhill et al. 2001), in various populations 

from East Africa (Knight et al. 2003; Luis et al. 2004; Tishkoff et 

al. 2007), and in Yoruba, Mossi and Bamileke from West Central 

Africa (Cruciani et al. 2002; Tishkoff et al. 2007). Outside Africa, 

haplogroup A has only been found in one individual from Sardinia 

that has been considered to be the result of a recent event (Underhill 

et al. 2001) and haplogroup B has not been found in any non-

African populations. 
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Haplogroup E is thought to have originated in Africa around 50,000 

years ago, being present throughout the whole of the African 

continent (Wood et al. 2005; Cruciani et al. 2002). Haplogroups 

E1a and E2 are quite rare, being mainly present in East Africa (Luis 

et al. 2004). Although haplogroup E2 is found at low frequencies 

across the entire African continent (Cruciani et al. 2002), its sub-

branch E2b has been found to be more frequent among Bantu 

populations (Cruciani et al. 2002: Underhill et al. 2000). 

Haplogroup E1b1 is highly widespread and very frequent across 

sub-Saharan Africa. Its sub-branch E1b1a has been proposed as a 

marker of the Bantu expansion (Wood et al. 2005; Underhill et al. 

2001; Scozzari et al. 1999; Passarino et al. 1998) and is present in 

most sub-Saharan populations, including hunter-gatherers 

(Underhill et al. 2001; Cruciani et al. 2002; Beleza et al. 2005; 

Tishkoff et al. 2007). Sub-haplogroup E1b1b is restricted to East 

and North Africa, although it has also been observed outside Africa 

in Europe and Western Asia (Semino et al. 2000; Underhill et al. 

2001; Cruciani et al. 2004; Wood et al. 2005; Tishkoff et al. 2007). 

 

Haplogroup R is not very frequent in Africa. Rather, it is mainly 

found in Asia and Europe, and is thought to have originated in Asia 

(Underhill et al. 2001). However, its sub-branch R1b1* has been 

observed in Northern and Southern Cameroon at a high frequency 

(Cruciani et al. 2002). Its presence in these areas has been thought 

to be due to a back migration from Asia to sub-Saharan Africa 

(Cruciani et al 2002).  
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2. AIMS 
 
2.1.Technological Innovation 
 
From a technological point of view, our aim was to create a Y-

chromosome SNP multiplex capable of distinguishing samples from 

a wide range of geographic areas in a single reaction. Our multiplex 

would improve the current methodologies for Y chromosome 

typing, which, when used for multiple SNPs, can result extremely 

laborious and highly time and DNA consuming. The wide 

haplogroup coverage of our multiplex would eliminate the need for 

the hierarchical typing system widely used in Y chromosome 

studies. With the newly created multiplex, we aimed to carry out 

population genetic studies of several populations in a fast, secure 

and effective manner.  

  
2.2. Population genetic inferences 
 
a) West Central Africa 
 
Although much is known in terms of linguistics and archaeology for 

this mass population movement, less is known in terms of genetics. 

Many studies have attempted to provide insights into the nature of 

the Bantu expansion from a genetic perspective using both mtDNA 

(Bandelt et al. 2001; Torroni et al. 2001; Ingman et al. 2000; Salas 

et al. 2002; Pereira et al. 2002; Plaza et al. 2004) and the Y 

chromosome (Cruciani et al. 2002; Coia et al. 2004; Luis et al. 

2004; Semino et al. 2002; Knight et al. 2003; Underhill et al. 2001; 
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Beleza et al. 2005; Kayser et al. 2001; Thomas et al. 2000; Hammer 

et al. 2001, Destro-Bisol et al. 2004, Wood et al. 2005; Côrte-Real 

et al. 2000) and have postulated specific sets of markers as genetic 

footprints of the Bantu expansion, such as L0a, L2a, L3b and L3e 

for the mtDNA (Pereira et al. 2001; Salas et al. 2002; Plaza et al. 

2004; Beleza. et al. 2005) and E1b1a (previously named E3a), E2 

and B2a for the Y chromosome (Underhill et al. 2000; Cruciani et 

al. 2002; Beleza et al. 2005).  However, most of these studies have 

focused on the Eastern migration wave of the Bantu expansion, with 

only a few analysing populations affected by the Western route. 

Taking into account that both routes varied significantly in 

geographical constraints, time-scale, and most probably, in the size 

of the migrating population, it is not surprising that differences 

between the two waves have been found. Data on the Western route 

is, therefore, crucial for the full understanding of this expansion.  

 

An area of the Western route that has proved to be especially 

interesting is West Central Africa. Lying in the vicinity of the Bantu 

cradle, this area homes hundreds of different Bantu-speaking 

agriculturalists and small Pygmy hunter-gatherer groups; Bantu 

groups being spread across the whole of the area, western pygmies 

being present in the Western Congo basin, Cameroon, Gabon and 

the Central African Republic, and Eastern pygmies being present in 

the North-Eastern area of the Republic of Congo.  

Pygmies lead a significantly different lifestyle to Bantus. Although 

they also mainly speak Niger-Congo languages that they have 

adopted from their neighbours, they are hunter-gatherers, physically 
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different (much shorter), monogamous, and practice patrilocality. Y 

chromosome studies have shown that these populations were greatly 

assimilated by their Bantu neighbours e.g. presence of haplogroup 

E1b1a in Pygmy populations (Wood et al. 2005), where as mtDNA 

studies have shown a lesser effect of Bantu populations, with the 

presence of ancestral mtDNA maternal lineages in Pygmy gene 

pools (Batini et al. 2007; Quintana-Murci et al. 2008). These results 

point towards the effect of sex-biased rates of admixture triggered 

by socio-cultural factors influencing the process of the Bantu 

expansion. Furthermore, the influence of Bantu people on the gene 

pool of pygmy populations has shown to vary among pygmy 

groups, with Western pygmies showing higher admixture levels 

with Bantu agriculturalists than Eastern pygmies (Thomas et al. 

2000; Beleza et al. 2005; Pereira et al. 2001; Pereira et al. 2002) for 

the Y chromosome, and mtDNA marker of the bantu expansion 

haplogroup L1c, being found at extremely high frequencies in 

Western Pygmy populations (Batini et al. 2007; Quintana-Murci et 

al. 2008) but completely absent in Eastern Pygmies.  

 

Taking all this data into consideration, in this thesis I have 

concentrated on studying the genetic diversity in Bantu and Western 

pygmy populations from the Central African regions of Gabon and 

Cameroon from the Y chromosome perspective in order to:   

 

∗ Characterise the genetic structure of Bantu and pygmy 

populations from West Central Africa 

∗ Measure the extent and symmetry of the gene flow between 
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Pygmy and non-pygmy populations  

∗ Further explore the influence of Bantu populations on the Y 

chromosome gene pool of pygmy populations, tackling the 

possibility of ancestral paternal lineages prior to the Bantu 

expansion that may have been missed in other areas sampled 

∗ Trace the spread of the Eurasian haplogroup R1b1* with the aim 

of refining the current hypothesis of a back migration to Africa as 

the origin of this haplogroup (Cruciani et al. 2002). 
 

b) The Island of La Réunion 
 
The island of La Réunion, a small island located in the Indian 

Ocean, is nowadays a multi-ethnic population – a true reflection of 

the population movements it experienced during its colonization 

back in the 17th century. The constant influx of foreign labourers 

from various continents throughout the colonization period resulted 

in people of very diverse origin living side-by-side, giving rise to 

the current melting pot of people living on this island. Although 

historical records have provided insights into the potential ethnic 

origin of these foreign labourers, there is little genetic data on how 

the different ethnic groups contributed to the current gene pool of 

La Réunion population, and what demographic processes acted on 

these during the colonization event.  

Taking into consideration the lack of genetic data on this 

population, in this thesis I have concentrated on studying the 

genetic diversity in an admixed sample of the “general” population 

of La Réunion both from a mtDNA and Y chromosome DNA 

perspective in order to: 
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∗ Provide data on the genetic composition and diversity patterns of 

La Réunion Island 

∗ Help understand how the colonization system implemented by the 

French shaped the genetic diversity currently observed 

∗ Measure the contribution of the different incoming ethnic groups 

to the gene pool of this population 

∗ Examine possible female/male biasing during the population 

settlement of the island 

 

We also aimed to use the Y-chromosome SNP multiplex in the 

study of populations from Cuba in order to investigate the 

demographic processes that shaped the current Cuban population. 
 

2.3. Collaboration in forensic genetic studies 
 
Throughout the development of the thesis, on-going collaborations 

in forensic projects took place in order to improve and standardize 

the analysis of Y chromosome, mtDNA and autosomal markers and 

be up-to-date with innovations in this field that can also be applied 

to population genetics.  
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3. RESULTS 
 
3.1.Creation of a 35 Y-chromosome SNP 
multiplex 
 
Article 1: Berniell-Lee G, Sandoval K, Mendizabal I, Bosch E, 

Comas D (2007) SNPlexing the human Y-Chromosome: a single 

assay system for major haplogroup screening. Electrophoresis. 

28:3201-6. 
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3.2. Population genetic inferences  
 
Article 1: Berniell-Lee G, Calafell F, Bosch E, Heyer E, Sica L, 

Mouguiama-Daouda P, van der Veen L, Hombert JM, Quintana-

Murci L, Comas D (2009) Genetic and demographic implications of 

the Bantu expansion: insights from human paternal lineages. Mol 

Biol Evol. 26:1581-9.  
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Article 2: Berniell-Lee G, Plaza S, Bosch E, Calafell F, Jourdan E, 

Césari M, Lefranc G, Comas D (2008) Admixture and sexual bias 

in the population settlement of La Réunion Island (Indian Ocean). 

Am J Phys Anthropol. 136:100-7. 
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Annexe I. Population genetic study of Cuban 
populations 
 
 
Article 1. Mendizabal I, Sandoval K, Berniell-Lee G, Calafell F, 

Salas A, Martínez-Fuentes A, Comas D (2008) Genetic origin, 

admixture and asymmetry in maternal and paternal human lineages 

in Cuba. BMC Evol Biol. 8: 213-223. 
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Annexe II: Collaboration in forensic studies 
 
 
Article 1: Crespillo M, Paredes MR, Prieto L, Montesino M, Salas 

A, Albarran C, Alvarez-Iglesias V, Amorin A, Berniell-Lee G, 

Brehm A, Carril JC, Corach D, Cuevas N, Di Lonardo AM, 

Doutremepuich C, Espinheira RM, Espinoza M, Gómez F, 

González A, Hernández A, Hidalgo M, Jimenez M, Leite FP, López 

AM, López-Soto M, Lorente JA, Pagano S, Palacio AM, Pestano JJ, 

Pinheiro MF, Raimondi E, Ramón MM, Tovar F, Vidal-Rioja L, 

Vide MC, Whittle MR, Yunis JJ, Garcia-Hirschfel J (2006) Results 

of the 2003-004 GEP-ISFG collaborative study on mitochondrial 

DNA: focus on the mtDNA profile of a mixed semen-salive stain. 

Forensic Sci Int. 2006 160:157-67.  
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4. DISCUSSION 
 
4.1.Technological advancements 
 
Recent technological advancements in high-throughput DNA 

sequencing and SNP typing have offered, and continue to offer, 

more efficient and robust automated methods to characterize 

diversity patterns in human populations and identify candidate loci 

for disease. Techniques such as matrix-assisted laser 

desorption/ionisation-time of flight mass spectrometry (MALDI-

TOF MS) or microarrays are extremely useful for the typing of 

SNPs, not only because they enable the simultaneous typing of 

thousands of these markers in one go, but also, because they are 

extremely fast and only require tiny quantities of DNA. Up until 

now, techniques of this type have proved highly successful for the 

typing of autosomal SNPs, but have not been attempted with 

mtDNA and Y chromosome markers, because studies with these 

genomes generally require the typing of a few selected SNPs and in 

a hierarchical manner. The aim of the first part of this thesis was to 

make use of the vast advantages these new technologies have to 

offer and provide a much more efficient alternative for the typing of 

Y chromosome SNPs than the allele-specific probes and single-base 

extension methods currently used. The high-throughput technology 

chosen for this purpose was the SNPlex system based on an Oligo 

Ligation Assay coupled to Polymerase Chain Reaction (OLA/PCR). 

The result was a highly robust 35 Y-chromosome SNP multiplex 

capable of distinguishing up to 31 different haplogroups and sub-

haplogroups on the Y chromosome phylogeny (YCC 2002), 
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correctly assigning samples of different geographic origin to their 

corresponding haplogroup. 

The 35 Y-chromosome multiplex created included 6 SNPs more 

than the largest multiplex to date for the Y chromosome (Brion et 

al. 2005), and showed no incompatibilities between alleles of the 

different SNPs. Furthermore, the lack of inconsistencies 

corroborated the accuracy of the current Y chromosome phylogeny 

consensually used for population genetic and forensic studies.  

All in all, SNPlex proved to be a highly accurate, fast, and robust 

technique to type SNPs that can now also be applied to Y SNPs, 

allowing many markers in hundreds of samples to be typed in a 

short period of time. Applying SNPlex technology to Y 

chromosome studies, known to be highly tedious and time-

consuming, could result highly advantageous and open a new door 

for large scale population studies. Although the pass rate and 

average call rates were slightly lower for the 35 Y-chromosome 

multiplex than for other autosomal markers (Tobler et al. 2005), 

probably due to the repetitive nature of the Y chromosome, one 

must take into consideration that this has been the first attempt to 

SNPlex Y chromosome SNPs and that, although there is plenty of 

room for improvement, this study has created a valuable typing tool 

for Y chromosome SNPs in population genetic studies.  
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4.2. Insights into the Bantu Expansion 
 
With the Western wave of the expansion being very poorly 

characterised from a genetic point of view compared to the Eastern 

wave, West Central Africa represents a crucial area for the full 

understanding of the dynamics of this large population movement. 

Not only is West Central Africa one of the first stepping-stones of 

the expansion, it is also an area where hundreds of Bantu farmers 

and small hunter-gatherer pygmy groups co-exist and have been 

doing so for thousands of years. In order to provide insights into the 

genetic composition of this area, 22 Bantu-speaking groups and 3 

Pygmy groups from Cameroon and Gabon were extensively 

analysed at the Y chromosome level.  

 

The genetic characterization of Bantu and Pygmy populations 

showed that the Y chromosome gene pool of both groups show the 

effects of the Bantu expansion, which largely homogenised the gene 

pool of Bantu populations, having erased the pre-Bantu diversity, 

and diversified that of Pygmy groups, incorporating Bantu lineages 

into their gene pool. This can be seen in the fact that Bantu 

populations show very low levels of haplogroup diversity, being 

largely characterized by two main lineages (E1b1a and B2a) that 

have been identified as signatures of the Bantu expansion 

(Underhill et al. 2001), and Pygmies showing much higher 

haplogroup diversity, presenting ancient pre-Bantu lineages, such as 

B2b and A, that originated early during the history of modern 

humans (Cruciani et al. 2002; Knight et al. 2003), plus the lineages 

brought in by Bantus through gene flow from these farmers to the 
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hunter-gatherer populations. Most of the paternal lineages in West 

Central Africa, therefore, have a recent origin brought about by the 

Bantu Expansion with only Pygmy populations having retained 

some traces of ancient lineages previous to the Bantu expansion. 

Furthermore, the flow of paternal lineages among Bantu and Pygmy 

populations in West Central Africa has shown to be mainly 

unidirectional, from Bantu-to-Pygmy but not Pygmy-to-Bantu. This 

can be seen in the strong Bantu influence that Pygmies present, with 

these populations showing high frequencies of haplogroups related 

to the Bantu expansion, such as haplogroup E1b1a (previously 

known as E3a), and Bantu populations showing an extremely weak 

Pygmy influence, presenting exclusively Bantu lineages, with 

extremely low frequencies of Pygmy-related haplogroups, such as 

B2a. 

These findings are surprising when compared to mtDNA data on 

this area of Africa, where several studies have shown high 

frequencies of ancient maternal lineages, considerable gene flow 

from Pygmy populations to Bantus, and a substantial common and 

deep ancestry between Bantu agriculturalists and Pygmies (Batini et 

al. 2007; Quintana-Murci et al. 2008). However, they are in 

agreement with a previous suggestion of the Bantu expansion 

having had a stronger influence on the Y chromosome pool of sub-

Saharan populations than on the mtDNA pool (Destro-Bisol et al. 

2004; Wood et al. 2005). These discrepancies between mtDNA and 

Y chromosome lineages in Pygmies could be due to sex-biased 

admixture rates between Bantu populations and Pygmy groups 

explained by socio-cultural factors such as patrilocality, whereby 
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Bantu Y lineages could have been introduced into the Pygmy gene 

pool through extramarital unions between Pygmy females and 

Bantu farmers due to their low bride price, fertility or similar 

conditions (Destro-Bisol et al. 2004).  

 

One of the intriguing points of the analysis of the genetic variation 

in Bantu and Pygmy populations from Gabon and Cameroon, is the 

significant presence of paternal lineages belonging to Eurasian 

haplogroup R1b1*. This haplogroup, that has been hypothesised to 

represent footprints of a back migration into sub-Saharan Africa 

(Cruciani et al. 2002), has also been found in Cameroon, Oman, 

Egypt, Rwanda  (Luis et al. 2004) and Sudan (Hassan et al. 2008). 

 
According to the known Y-Chromosome phylogeny (Underhill et 

al. 2000), the presence of this haplogroup in sub-Saharan 

populations is somewhat strange, given that its origin has been 

placed in Eurasia and not Africa. The STR analysis of the diversity 

within this haplogroup seems to point towards its origin being 

related to a possible expansion prior to the Bantu expansion. 

However, given that its frequency is especially high in northern 

Cameroon, very close to the putative origin of the Bantu expansion, 

it could also simply represent the expansion of a sub set of the 

diversity within haplogroup R1b1* to West Central Africa through 

this population movement.  

The fact that no traces of a non-African lineage have been found for 

the mtDNA further supports a sexually biased demographic 

expansion in West Central Africa, further highlighting the need to 

carry out more studies with Central African populations in order to 
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clarify this issue. Nigeria, Niger, Chad and Sudan, for example, 

could be interesting populations to sample in the near future.  

 

 

Therefore, the current data point towards the following conclusions:  

a) The Bantu expansion involved more male subjects than 

female ones 

b) A Bantu-to-pygmy flow of paternal lineages 

c) Pygmy populations retained some ancestral pre-Bantu 

lineages 

d)  A presence of Eurasian haplogroup R1b1* in Bantu 

populations being related to a pre-Bantu migration or to  

e) A possible pre-Bantu migration having given rise to 

haplogroup R1b1* in Bantu populations and a possible pre-

Bantu migration origin for this haplogroup 

 

However, further population studies with mtDNA and Y 

chromosome markers in sub-Saharan Africa, and specifically in 

other areas of Central Africa, are needed to further elucidate these 

points. 
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4.3. Insights into the genetic composition of La 
Réunion  
 
La Réunion is a relatively ‘‘young’’ population, given that it 

remained devoid of inhabitants until colonised by French in the 17th 

century. According to historical records, no ‘‘autochthonous’’ 

population originally lived on the island and, thus, the current 

Reunionese gene pool should be derived uniquely from the 

populations employed during the colonisation process.  

A mixed ancestry of Asian and African origin has already been 

suggested in La Réunion by the presence and transmission of 

typically Asian and African gamma-immunoglobulin (Gm) alleles 

and immunoglobulin (IgG) haplotypes (Dugoujon et al., 

unpublished data). 

 

In order to provide data on the genetic diversity patterns in La 

Réunion island, and help understand how the these were shaped by 

the colonisation system implemented by the French, a randomly 

selected sample of 41 individuals of “unknown” ethnic origin - 

considered to be representative of the general population - were 

typed both at the mtDNA and Y chromosome DNA level.  

 

In agreement with the known colonization history of La Réunion, 

the genetic characterisation of this sample set showed a genetic pool 

composed of both European lineages, most probably derived from 

the European colonisers, and lineages from India, Africa and East 

Asia, most likely derived from the slaves and/or workers imported 

to work on the plantations. An interesting finding, however, was the 
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asymmetrical distribution of these lineages in the female and male 

gene pools - whereas most of the Y chromosome lineages were of 

European/Middle Eastern origin, with only a few lineages of East 

Asian origin and no lineages from Africa, most of the mitochondrial 

lineages were of Indian and East Asian origin, with only a few of 

European/Middle Eastern and African origin. These results point 

towards a clear sexual bias in the population settlement of La 

Réunion Island, in terms of both the influence of the European 

colonisers and the influence of the different incoming ethnic groups. 

The mtDNA pool from La Réunion shows a much lower European 

impact than the Y chromosome pool (19% vs 85%), and shows a 

much wider contribution from lineages of the different ethnic 

groups (Indian, East Asian and African) compared to male lineages, 

that only show a contribution from lineages from one incoming 

ethnic group (East Asian). These patterns suggest that the inter-

ethnic crosses taking place at the time of colonisation, were 

predominantly between male European colonisers, and female 

imported workers (primarily of Indian origin).  This kind of male-

biased European admixture was probably due to the social 

organization of the French colonisation, characterised by an 

asymmetrical import of men versus women for their work on the 

sugar cane and coffee plantations. Furthermore, restrictions in the 

movement of male workers, together with the harsh living 

conditions that made it hard to survive, could have also reduced the 

reproductive events between male slaves and the few female slaves, 

leading to more reproductive events between the females slaves and 

the European colonisers and further exaggerating the sexual bias. In 



 

 95

addition, estimates of the genetic variation for both Y chromosome 

and mtDNA gene pools are in agreement with these findings, where 

the Y chromosome pool is highly diverse, and the mtDNA pool is 

highly homogeneous, characterised by a lack of diversity in its two 

most frequent haplogroups (M2 and E1). This reduction in diversity 

could be due to founder effects within the mtDNA pool caused by 

several reasons, for example, kinship-structured immigration or the 

sexually biased import of slaves, consequently leading to strong 

genetic drift due to a reduced population size.  

 

Although the sources of the lineages found in this sample set are 

consistent with a European colonisation and the “putative” origins 

of the slaves/workers taken to La Réunion described by historical 

records, the fact that some of these lineages have also been found in 

other populations geographically close to La Réunion - also 

colonised by the French - suggests that these lineages might have 

been brought into La Réunion via these populations instead. A clear 

example of this possible scenario are the African lineages, which 

are also found in Malagasy individuals,  and East Asian lineages, 

which are also found in Malagasy and Southeast Asian individuals. 

These lineages could be derived from Malagasy individuals 

(imported into the island to work on the sugar and coffee 

plantations) who have been found to have a dual Indonesian and 

African ancestry, result of the peopling of Madagascar by 

Indonesians via Southern India and by Africans via East Africa. 

This is also true for some of the European lineages (e.g. those 

belonging to Haplogroup R1b), that have been found in several 
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populations within Island Southeast Asia and Madagascar, and may 

have been brought into La Réunion through slaves from these areas 

that gained a European component when also colonised by 

Europeans.  

 

Therefore, the current data point towards the following conclusions: 

(a) A mixed ancestry of lineages in La Réunion (European, Asian, 

African and Indian) – in agreement with previous findings of a 

mixed ancestry of Asian and African (Dugoujon et al., unpublished 

data).  

(b) A sexual bias in the population settlement of La Réunion – both 

in terms of the contribution from European lineages (very strong 

European component in the Y chromosome pool (85%) vs a week 

component in the mtDNA pool (18%)) and in terms of the 

contribution from lineages from the incoming slave/worker 

populations (a strong and wide contribution from several ethnic 

groups in the mtDNA pool (Indian 44%, East Asian 27%, and 

African 10%) and a weak contribution from only one ethnic group 

in the Y chromosome pool (East Asian 15%)). 
(c) More possible origins for some of the lineages other than those 

documented by historical records, resulting from the import of 

slaves/workers from other nearby/colonized locations e.g. malagasy 

lineages. 

 

Although our results have shown that the several historical and 

demographic episodes taking place in La Réunion have, without a 

doubt, shaped its genetic diversity patterns, especially, its 
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colonisation process, where the French implemented a system that 

led to people of European Indian, East Asian and African origin 

living side-by-side and intermingling, in order to ascertain whether 

the multi-ethnic character observed in our sample set is 

representative of La Réunion population as a whole, further larger-

scale studies need to be carried out. Recently, the detailed analysis 

of mtDNA lineages in several Reunionese groups (Dubut et al.  

2009) has reinforced the conclusions drawn in the present thesis and 

highlighted the importance of ethno-historical data to reconstruct 

the history of admixed populations. Furthermore, it would be 

interesting to establish the patterns and levels of genetic diversity 

for the Y-chromosome in the established ethnic groups currently 

described in La Réunion.  

 

The present thesis has shown several examples of discrepancy 

between maternal (mtDNA) and paternal (Y chromosome) lineages 

as a result of a sexual bias in human populations. These examples, 

which include the sexual bias in farmer Bantu-speakers and 

Pygmies, the Reunionese, and the Cuban population (Mendizabal et 

al. 2008, see Annexe I), provide new knowledge to the growing 

evidence of sexual bias in the ethnogenesis of human populations 

(Batista dos Santos et al. 1999; Carvajal-Carmona et al. 2000; 

Carvalho-Silva et al. 2001; Kayser et al. 2003; Wooding et al. 2004; 

Quintana-Murci et al. 2010).  
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