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Abstract  

Africa is the continent of our species’ origin and the deep history of 
humans is represented by African genetic variation. Through genetic 
studies, it has become evident that deep African population history is 
captured by relationships among African hunter-gatherers and that 
the world’s deepest population divergences occur among these 
groups. In this review, we look back at a study published by Cavalli-
Sforza and colleagues in 1969 entitled “Studies on African Pygmies. I. 
A pilot investigation of Babinga Pygmies in the Central African 
Republic (with an analysis of genetic distances)”. The study analyzed 
19 classical polymorphisms and found that the deepest divergences 
in African populations were represented by hunter-gatherer groups 
such as the southern African San and the central African rainforest 
hunter-gatherers. We repeated the original analyses from Cavalli-
Sforza et al. [1] with about 22 thousand times more genome-wide 
genetic markers in populations similar to those included in the 
original study. Our high-resolution analyses gave similar results 
regarding the relationships of early-diverging African populations 
compared to the classical polymorphism analyses. This finding, 
however, does not imply that research has stagnated and that 
developments in technology and genetic methods over the last fifty 
years delivered no additional information regarding African history 
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and adaptation. We review how technology and population genetic 
methods have advanced to give more detailed inferences about 
population structure, migrations, admixture patterns, timing of 
admixture, sex-biased admixture, and inferences of selection and 
adaptive introgression in rainforest hunter-gatherers and other 
African populations. We also comment on how sequencing of ancient 
DNA has influenced findings and deliberate on the progress and 
development of more complex models of African history, including 
alternatives to tree-models and the inference of possible archaic 
admixture in African populations. We review the growing complexity 
of our picture of population history in central Africa and Africa as a 
whole, emerging from genomic studies and other disciplines 
investigating human population history and adaptation. While data 
and knowledge are accumulating, certain populations and areas 
remain underrepresented in genomic research. Their inclusion, 
possibly also through ancient DNA studies, together with new 
methods of analysis and the testing of representative models of deep 
population history in Africa, will help to build a more complete picture 
of past population history in Africa. 

Based on " Cavalli-Sforza LL, Zonta LA, Nuzzo F, Bernini L, de Jong WW, 
Meera Khan P, Ray AK, Went LN, Siniscalco M, Nijenhuis LE, van 
Loghem E, Modiano G. Studies on African Pygmies. I. A pilot 
investigation of Babinga Pygmies in the Central African Republic  
(with an analysis of genetic distances). Am J Hum Genet. 1969 
May;21(3):252-274”. 

Keywords: human evolution; admixture; population genetics; deep 
population history; Africa; rainforest hunter-gatherers; blood group 
systems 

1. Introduction 

Genetic studies of central African populations have substantially 
contributed to our understanding of human evolutionary history. A 
landmark study by Cavalli-Sforza and colleagues investigated patterns 
of genetic diversity among diverse African populations [1]. Their study 
focused on a west-central African population belonging to a group of 
populations, which at that time were called Pygmies. The word ’Pygmy’, 
which derives from an ancient Greek word and was generally used to 
refer to individuals of small size, has been used as the name of human 
populations of small stature from the Congo Basin since the 1870s [2]. 
However, its use has been questioned because, among other reasons, it 
is a name given by foreigners to marginalised populations and not the 
name the people prefer to call themselves.  
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In the introduction to “African Pygmies” [3], Cavalli-Sforza draws a 
parallel between the use of the term ‘Pygmy’ and the term ’Bushmen’; 
alternatives had been proposed to the latter name. Similarly,  
Cavalli-Sforza suggested some alternatives to the term, Pygmy, though 
none is deemed entirely satisfying. Almost forty years later, Hewlett 
addressed the same issue and presented the alternatives that are most 
commonly used today [4], such as ‘rainforest hunter-gatherers’ 
(abbreviated as RHGs), which we chose to apply in this review. However, 
using a different term does not remove the fact that RHGs are 
marginalised populations, and thus any term has to be used with care 
and respect. The naming of specific groups within larger populations is 
also a delicate matter. For example, the name ‘Babinga’ that was 
originally used by Cavalli-Sforza and colleagues [1] for a specific RHG 
group, is not used anymore, as it is a name given to them by 
neighbouring farmers and is perceived as being derogatory by this RHG 
group [3]. Instead, this RHG population from the Central African 
Republic (CAR) is referred to as ‘Aka’ or ‘Biaka’. Thus, the group name 
that we use in this review is Aka (Figure 1). Other terms used by Cavalli-
Sforza et al. [1] have since become obsolete, such as ‘forest Negros’ or 
‘Bushmen’ (replaced by San or a specific population name), and ‘Bantu’ 
or ‘Congo’ (which should be clarified as ‘Bantu-speaking populations’). 

 

Figure 1 Geographic distribution of present-day rainforest hunter-gatherer (RHG) populations in 
Central Africa (based on [8]). Distributions of western RHG populations are highlighted in blue 
except for the Aka population that is in red; central RHG are highlighted in orange; and eastern RHG 
are highlighted in green. 

A common thread in research focusing on RHGs is the difficulty in 
finding appropriate criteria to categorize RHGs as a group [3,4]. RHG 
groups are not phenotypically or culturally homogeneous and they have 
highly diverse lifeways, languages, cultures and social interactions with 
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neighbours [5,6]. Instead of a single criterion, lists of criteria have been 
proposed (see examples in [3] and [7]). One criterion that has proven 
unsatisfactory for distinguishing RHGs from other African populations 
is short stature, such as the threshold of 153 cm for males and 144 cm 
for females proposed by Cavalli-Sforza et al. [1]. Recent studies of 
diverse RHG groups have shown that RHG populations fall within the 
modern human height distribution, that variation in height across RHG 
populations is notably large, and that some non-RHG populations are as 
short as some RHG populations [8]. Language cannot be used as a 
classification either, since RHGs speak various languages, sometimes 
belonging to distinct linguistic families [5,6]. There is no unique shared 
language only spoken by RHG groups; instead RHG populations speak 
languages adopted from non-RHG populations, often Bantu-speaking 
farmers and often their neighbours [8].  

The complex relationships and interactions between RHG populations 
and their neighbours have been well described in the literature and are 
a characteristic shared by all RHG populations. These relationships 
include the exchange of goods and labour, spiritual practices, gene flow, 
and in some cases a shared language [4]. Because of the complex 
relationships between the RHGs and their neighbours, several genetic 
studies include pairs of populations, in particular to investigate patterns 
of gene flow (for example [9–11]). This also means that population 
genetic studies of RHGs and their neighbours greatly benefit from 
cross-disciplinary collaborations with ethnologists, anthropologists, 
linguists and other researchers who have a good knowledge of the 
cultural background of the populations of interest. 

Present-day African RHGs can be divided into three major groups: 
western, central, and eastern RHGs (abbreviated as wRHG, cRHG, and 
eRHG) (Figure 1), which are distinguished based on geography. The 
eastern and western groups have been shown to have a common 
genetic origin [12,13]. The western group, inhabiting Cameroon, the 
CAR, Gabon and the Republic of the Congo, includes populations such 
as the Baka, the Aka and the Bongo. The central group in the western 
and central parts of the Democratic Republic of Congo (DRC) includes 
populations such as the Twa and Cwa. The eastern group, living 
northeast of the DRC, and in Uganda and Rwanda, includes populations 
such as the Mbuti from the Ituri forest and the Twa from Uganda [8]. 
Some populations have been studied more than others. In particular, 
there is a bias towards studying ‘forest-oriented’ populations in the 
ethnographic literature [5]. Due to the political instability of the region, 
little is known about populations from the DRC [14]. In genetic studies, 
the Aka from the CAR and the Mbuti from eastern DRC, were sampled in 
the 1980s by Hewlett and Cavalli-Sforza and later included in the Human 
Genome Diversity Project (HGDP) [15]. They are commonly used as 
representatives of the western and eastern RHG populations, respectively. 
A large number of genetic studies have been done on RHG groups  



Human Population Genetics and Genomics, 2021, 1(1), 0004  Page 5 of 29 

and some include a good representation of various RHG groups (for 
example [9,12,16–18]). An updated overview of genomic datasets from 
RHGs is included in Table 1. For a corresponding list prior to 2014, see 
Table 1 in [7]. 

Table 1 Available whole-genome and exome sequences from RHG populations (ancient and modern 
samples). List of publications updated up to April 2021. wRHG: western rainforest hunter-gatherers, 
eRHG: eastern rainforest hunter-gatherers. 

Population name Sample Size Country Type of Data (Mean Overage) Reference 
Ancient DNA     
Shum Laka 4 Cameroon genome (0.7 to 7.7X) [64] 
Modern DNA     
“Congo Pygmies” 3 “Congo” (DRC) genome [115] 
Baka (wRHG) 3 Cameroon genome (>60X) [104] 
Baka (wRHG) 2 Cameroon genome (~43X) [47] 
Baka (wRHG) 1 Gabon genome (32X) [88] 
Baka (wRHG) 20 Gabon genome (~6.5X) [11] 
Bakola (wRHG) 1 Cameroon genome (>60X) [104] 
Bakola (wRHG) 2 Cameroon genome (~43X) [47] 
Bedzan (wRHG) 1 Cameroon genome (>60X) [104] 
Bedzan (wRHG) 2 Cameroon genome (~43X) [47] 
Biaka (wRHG) 4 CAR genome (~60.5X) [103] 
Biaka (wRHG) 2 CAR genome (high-coverage) [48] 
Biaka (wRHG) 20 CAR genome (~35X) [15] 
Mbuti (eRHG) 1 DRC genome (~20X) [116] 
Mbuti (eRHG) 4 DRC genome (high-coverage) [48] 
Mbuti (eRHG) 8 DRC genome (~35X) [15] 
Babongo (wRHG) 21 Gabon (center) exome (~40X) [11] 
Babongo (wRHG) 27 Gabon (east) exome (~40X) [11] 
Babongo (wRHG) 33 Gabon (south) exome (~40X) [11] 
Baka (wRHG) 30 Gabon exome (~40X) [11] 
Baka (wRHG) 100 Cameroon exome (~68X) [50] 
Bakoya (wRHG) 26 Gabon exome (~40X) [11] 
Bezan (wRHG) 38 Cameroon exome (~40X) [11] 
Batwa (eRHG) 51 Uganda exome [50] 

2. Blood Group and Immunogenetic Markers Used in Genetic 
Studies 

Blood group antigens are polymorphic traits inherited among 
individuals and populations. The existence of molecular genetic 
variations among human populations was first demonstrated in 1919 by 
characterizing the ABO blood group [19], which was the first human 
gene to be described. The subsequent identification of other blood 
group systems expanded the range of polymorphic markers. Since the 
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1950s, the analysis of these classical polymorphisms, in populations 
from broad geographic ranges, has been useful to investigate the 
origins and history of human populations worldwide. In total, 34 blood 
group systems have been recognized [20], which may reflect 
polymorphisms of red cell glycoproteins or carbohydrate epitopes on 
glycoproteins and glycolipids (e.g. ABO and Lewis systems), proteins 
(e.g. Diego, MNSs, and Duffy), and junctional complexes (e.g. Diego  
and MNSs). 

Human immunoglobulin G (IgG) proteins are known for the large 
diversity of the variable domains of their heavy (gamma-globulin) 
chains, known as GM allotypes (the term allotype refers to any genetic 
variant of a protein). This highly polymorphic system, determined 
serologically by hemagglutination inhibition assays, is unique in its 
ability to characterize individuals and populations by specific sets of 
allotypes inherited in fixed combinations, or GM haplotypes [21]. Prior 
to the development of DNA sequencing techniques, GM haplotypes 
were used in bone marrow transplants, forensic medicine, and even 
paternity testing. Over four decades, GM haplotypes have been one of 
the most powerful tools in population genetics [22–24] and crucial to 
our understanding of the immunogenicity of antigenic determinants 
[21]. Large-scale screenings of human populations worldwide have 
uncovered considerable variability both in the kinds of GM haplotypes 
and in their frequencies. This led to new insights regarding genetic 
admixture, biogeography, ethno-anthropology, evolutionary biology 
and population genetics [22–26].  

The frequencies of classical polymorphisms are useful tools for 
reconstructing the history of human migration, as they show different 
distributions between populations from different continents and within 
sub-continental populations. Although the analysis of classical markers 
does not allow estimation of the precise molecular diversity of human 
populations, knowledge of the gene frequencies of hundreds of 
populations worldwide can provide highly informative data for 
exploring spatial patterns of genetic diversity. The genetic patterns 
among human groups were summarised and described by Cavalli-
Sforza et al. [22] in a landmark book demonstrating the worldwide 
geographic distribution of human genes and providing insights into 
human history. This book includes comprehensive tables and maps of 
the genetic information that the authors accumulated over fifty years; 
they examined more than 110 different polymorphisms such as blood 
groups, human leukocyte antigen (HLA) factors, immunoglobulin 
proteins, and DNA markers in over 1800 populations. Their work 
demonstrates the correlation between geography and particular 
genetic markers for detecting ancient migrations, for example the 
Bantu expansion in sub-Saharan Africa.  
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2.1 Case study: “Studies on African Pygmies. I. A pilot investigation 
of Babinga Pygmies in the Central African Republic (with an 
analysis of genetic distances)” 

The study presented by Cavalli-Sforza et al. [1] included serological 
analyses of 175 Aka individuals from the CAR. To investigate their 
patterns of genetic diversity, haemoglobin variants, red cell enzymes 
(e.g. G6PD and haemoglobin S), blood group systems (e.g. ABO, Duffy, 
MNS, Rh, Kidd, P, Jk, Lutheran, Diego, Kell, Lewis, Hp, and Tf), and 
immunoglobulin allotypes (e.g. GM and Inv) were typed. Frequencies of 
certain blood group variants were similar to those among west-central 
African populations, such as for the Duffy null-allele or Fy(a-b-) with an 
estimated frequency of 100% in 163 tested individuals. The Duffy system 
was the first human blood group assigned to a specific autosomal 
chromosome [27]. The common Duffy alleles present striking patterns 
of geographic differentiation in human populations [28], as highlighted 
by Cavalli-Sforza et al. [22]. Individuals homozygous for the null variant, 
Fy(a-b-), have the Duffy-negative phenotype; absence of the Duffy 
protein on the surface of erythrocytes can confer protection against 
infection with Plasmodium vivax, one of the primary causative agents of 
malaria. Therefore, this study also provided important public health 
insights for African populations living in regions where malaria is 
endemic. The underlying mechanism of protection in Duffy-negative 
individuals is still unclear, however. Several studies have suggested 
through serological, molecular, and microscopic analyses that Duffy 
negativity is not completely protective against P. vivax infection and low 
levels of parasitemia can be detected in large surveys [29,30]. To better 
explain this low parasitemia and decipher P. vivax invasion mechanisms, 
future studies should investigate other red blood cell receptors of  
Duffy-negative individuals from west-central African populations. 

The estimated frequencies of 29 classical polymorphisms typed in the 
Aka population were compared with frequencies in other African and 
worldwide populations obtained from the literature at the time [1]. The 
study showed that the Aka had typical ‘African’ genotypes. The 
frequencies were also used to calculate genetic distances between 
populations, which showed a bimodal African/non-African distribution. 
This confirmed results from previous studies, indicating that there were 
no increased genetic similarities between RHGs and other populations 
of short mean stature, such as the Southeast Asian Negrito groups. In 
their article Cavalli-Sforza et al. quote a sentence from Buettner-Janusch, 
1966: “blood group gene frequencies suggest that Papuan Pygmies are 
simply short Papuans and African Pygmies are short Africans”. 

Within African groups, the smallest genetic distances were found 
between agriculturist groups from the Congo and agriculturist groups 
living in the forest (Table 2A). These two groups were subsequently 
grouped as ‘central Africans’ in their analyses. A three-dimensional 
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representation of genetic distances in figure 3 of Cavalli-Sforza et al. [1] 
indicated that the four main African groups, wRHG, eRHG, Khoe-San, 
and agriculturist central Africans, could be represented along three 
roughly equidistant axes. However, the distance of the eRHG and wRHG 
was smaller than the distance of Khoe-San to either group, supporting 
a common origin of RHG groups (Table 2A). The study also investigated 
group relationships with maximum-likelihood analyses of different tree 
topologies, and here again their ‘best tree’ supported a common origin 
of wRHG and eRHG populations. Aside from the closer association of 
wRHGs and eRHGs, an increased affinity between wRHGs and 
agriculturists was noted. The study went into further detail on the 
possibility of agriculturist admixture into the wRHGs and the effect that 
this admixture would have on genetic distances and topologies. They 
conducted further in-depth analysis on this, estimating possible mixture 
proportions by using the eRHGs and agriculturalist Central Africans as 
two parental populations. They estimated 45% gene flow from RHG 
agriculturist neighbours into the wRHG population. Although they 
strongly believed that their results indicated admixture between wRHGs 
and their agriculturist neighbours, they conceded that their dataset was 
too limited to make more definitive inferences. 

To compare the results of analysing 29 classical polymorphisms 
presented in Cavalli-Sforza et al. [1] with current datasets, we examined 
over 640,000 genome-wide single-nucleotide polymorphisms (SNPs) in 
a similar set of African populations. Analogous to the 1969 study [1], we 
calculated Cavalli-Sforza’s chord genetic distance [31] between 
comparable pairs of African populations (Table 2B). We obtained 
smaller genetic distances than the ones reported in 1969 (Table 2A), 
perhaps due to the differences in genetic markers, both in number and 
type (here we used 411,903, predominantly non-genic, biallelic 
autosomal SNPs). Similar to the original study, the smallest genetic 
distances (of the four main groups) were found between wRHGs and 
agriculturalists and distances between eastern and western RHGs are 
smaller than distances to Khoe-San. It is important to note the role of 
natural selection in classical marker polymorphisms, which would have 
influenced the genetic distances reported in 1969 (Table 2A). For 
instance, sickle cell anaemia, thalassaemia, and certain enzyme 
polymorphisms are strongly associated with resistance to malaria in 
sub-Saharan African populations [32]. Likewise, the Duffy null-allele has 
been shown to protect against P. vivax infection and is at near fixation 
in sub-Saharan African populations like the Aka [1], while Fy(b+) and 
Fy(a+) are common in European and Asian populations, respectively [33]. 
In contrast, most of the genetic variations represented in genome-wide 
SNP arrays are in non-coding parts of the genome and are neutral or 
under background selection. 
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Table 2 Comparison of genetic distances between sub-Saharan African 
populations estimated by Cavalli-Sforza et al. [1] (A) and a genome-wide 
genotype dataset (this review) (B). 

A. Genetic distances (quantity D) for a subset of African populations 
(adapted from Table 15 in Cavalli-Sforza et al. [1]. The original 
population names are provided together with broader and/or better 
accepted names: AGR or agriculturalists for “Congo” and “Forest 
Negro”; KS or Khoe-San for “Bushmen”; and wRHG and eRHG - western 
and eastern rainforest hunter-gatherers - for “W. Pygmies” and “E. 
Pygmies”, respectively. 

  “Forest 
Negro” “Bushmen” 

“W. 
Pygmies” 

“E. 
Pygmies” 

  AGR KS wRHG eRHG 

“Congo” AGR 0.082 0.341 0.203 0.316 

“Forest 
Negro” AGR  0.346 0.194 0.309 

“Bushmen” KS   0.293 0.261 

“W. Pygmies” wRHG    0.238 

B. Pairwise genetic distances between four African populations (69 
individuals, and 648,788 genetic markers, see legend of Figure 2). 
Genetic distances were calculated with the program GENDIST that is 
part of the PHYLIP package [117] and Cavalli-Sforza’s chord distance 
[31], a metric slightly modified to the one used in Cavalli-Sforza et al. [1]. 
No missing data were included in the analysis. 

  Ju|’hoansi Baka Mbuti 

  KS wRHG eRHG 

Nzebi AGR 0.134 0.054 0.100 

Ju|’hoansi KS  0.117 0.127 

Baka wRHG   0.087 

To visually compare our results with the three-dimensional 
representation in figure 3 of Cavalli-Sforza et al. [1], we plotted the 
calculated Cavalli-Sforza’s chord genetic distances (Table 2B) using the 
multidimensional scaling (MDS) algorithm (Figure 2A). For the genome-
wide SNP dataset including the same populations, we also estimated the 
pairwise allele-sharing dissimilarity (ASD) matrix, a measure of genetic 
distance that is more commonly used today, between all pairs of 
individuals in the dataset and plotted the matrix using the MDS 
algorithm (Figure 2B) and a maximum likelihood tree using the TreeMix 
algorithm [34] (Figure 2C). Similar to Cavalli-Sforza et al. [1], the 
projections of both MDS plots show a strong genetic differentiation 
between wRHGs, eRHGs, Khoe-San, and western African agriculturalist 

https://paperpile.com/c/Gok5Hg/WV94
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populations (Figure 2), with affinity between wRHGs and western 
African agriculturalists that suggests admixture. Comparison of the 
1969 results with today’s confirms our current knowledge on population 
structure and admixture between these African populations [9,16]. 

 

Figure 2 Genetic diversity patterns among four representative African populations (wRHGs, eRHGs, 
Khoe-San, and western African agriculturalists). Figures showing three-dimensional metric 
multidimensional scaling (MDS) projections for the first, second and third axes based on (A) the 
Cavalli-Sforza’s chord distance matrix presented in Table 2B and (B) the pairwise allele-sharing 
dissimilarity (ASD) matrix across all pairs of individuals in the dataset. To compare our results with 
Figure 3 in [1] and avoid sample-size bias, we selected individuals from each representative African 
population: 20 Baka individuals from Gabon as wRHG; 13 Mbuti individuals from DRC as eRHG; 20 
Nzebi individuals from Gabon as Western African agriculturalists (and RHG neighbours); and 16 
Ju|’hoansi individuals from Namibia as Khoe-San. Genome-wide SNP data were previously 
published elsewhere [52,74], and after merging 648,788 SNPs and 69 individuals passed quality 
control steps. The ASD matrix was estimated using asd (https://github.com/szpiech/asd), MDS 
analysis was performed using the R function cmdscale, and 3D plots were plotted using a custom 
Python script. The maximum likelihood tree (C) was created using TreeMix [34] and visualized in 
MEGA X [118] and was based on the genome-wide SNP data described above. 

3. Analysis of Tree Topology in Africa 

In 1969, Cavalli-Sforza and colleagues wrote about their tentative 
topology of the tree of modern humans that “the accumulation of 
further data, both on other markers and on related populations, should 
improve the resolution [of the phylogeny] to a satisfactory level”. While 
we have access to much more genetic data (see Table 1 for sequencing 
data only), the relationship between human lineages remains a much-
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discussed research topic [15,35]. It is now acknowledged that significant 
population structure already existed within Africa before the expansion 
towards the rest of the world, with extensive gene flow between African 
populations [36,37]. While recent gene flow during the past couple of 
thousand years is easier to characterize genetically and can be 
correlated with evidence from archaeology or linguistics, the study of 
deeper time periods is more complex. The utility of model testing and 
the importance of representative demographic models have been 
proposed and discussed [38] but applications to real data remain limited.  

Today, the majority of approaches approximate African demographic 
history with trees that sometimes incorporate the possibility of gene 
flow between branches [15,35,38–42]. In a bifurcating tree representing 
modern human ancestry, the first divergence is generally found to be 
between the ancestors of the Khoekhoe and San populations living 
today in southern Africa (known as Khoe-San), and the ancestors of the 
rest of modern humans. The next divergence is between the ancestors 
of RHGs and the ancestors of the rest of modern humans. Further 
events include the divergence of the ancestors of western and eastern 
Africans, and finally of the branch ancestral to non-Africans. What has 
been demonstrated since Cavalli-Sforza et al. [1] is the common origin 
of a large number of wRHG populations [9], as well as the common 
origin of eastern and western RHGs [12,13,43]. West of the Congo Basin, 
a rapid diversification of RHG populations occurred in the past few 
thousand years, possibly correlated with the expansion of Bantu-
speaking populations that fragmented territories [9,44]. 

The timing and modalities of these events have also been investigated 
using a variety of methods, genetic markers, and worldwide populations 
[15,35,37,45]. While the period 200-300 thousand years ago (kya) 
corresponds to the diversification of the ancestries found in present-day 
populations, it is difficult, if not impossible, to generate point estimates 
of the different events [35,46]. As an example, estimates for the divergence 
of the RHG branch vary from 350 to 70 kya [9,35], and the divergence of 
western and eastern RHGs was estimated at 20-80 kya [12,15,47–51]. 

4. Complex Patterns of Shared Ancestry Between African 
Hunter-gatherer Groups 

Gene flow in deep time periods between geographically distant present 
day hunter-gatherer groups has been suggested by a number of studies 
[17,41,42]. Several lines of evidence point to pre-farming gene flow 
between eastern African hunter-gatherers and southern African Khoe-
San [52,53]. This claim has been further substantiated with ancient DNA 
(aDNA) results from hunter-gatherers that lived in the region of 
present-day Malawi [42]. These hunter-gatherers had a genetic profile 
with intermediate levels from an “eastern African” genetic component 
associated with current-day eastern African hunter-gatherers from 
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Tanzania and aDNA from East Africa, and a “southern African” genetic 
component, associated with southern African hunter-gatherers, both 
modern-day Khoe-San and ancient southern African Stone Age hunter-
gatherers. The intermediate genetic profile of the Malawi hunter-
gatherers suggests gene flow over deep time periods between eastern 
and southern African hunter-gatherers. This gene flow possibly 
represents an isolation-by-distance pattern that existed in the past, 
which connected hunter-gatherer groups across sub-Saharan Africa 
with low levels of step-wise gene flow between neighbouring groups, 
which gave rise to correlations between genetic and geographic 
distances between groups [54,55]. A similar pattern could therefore be 
extrapolated to include central African RHG groups. A recent whole-
genome study of modern-day San groups showed higher genetic 
contributions from RHGs in San groups from the northern part of 
southern Africa (southern Angola) compared to more southerly San 
groups [45]. Indeed, when only ancient and modern-day hunter-
gatherers are included in two-dimensional principal component 
analysis (PCA), there is a high correlation with geography (77%) which 
further points toward the possibility that hunter-gatherer groups were 
connected in the past through low levels of gene flow in and patterns of 
isolation-by-distance [54,55]. 

Shared ancestry and/or gene flow between RHG and other hunter-
gatherer populations needs to be explored further in future research. 
Genetic information from ancient or modern representatives of 
populations that lived in the geographical areas between central African 
RHG populations and southern African San hunter-gatherer groups 
could contribute much to this debate. The majority of the populations in 
these areas today are Bantu-speaking agriculturists and most of the 
original inhabitants of these areas have been replaced or absorbed by 
the farming groups. The preservation of human remains and aDNA in 
west-central Africa is poor due to the acidic soil and tropical climate, 
thus remains from these parts are scarce and valuable. There are 
however a few marginal groups living in the DRC and Zambia, referred 
to as Batwa, Twa, or Cwa (see Figure 1 here and figure 2.1 in [1]). These 
groups are acknowledged by their farmer neighbours to be the original 
inhabitants of the region; some are hunter-gatherers, others are 
fishermen. Consequently, there is a possibility that they might still 
harbour a genetic component from the local pre-agricultural 
populations. Analysing their genetic composition with respect to Khoe-
San and RHG contributions might offer valuable information to resolve 
long-standing questions regarding hunter-gatherer connections in the 
central and western parts of the continent. 
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5. Recent Patterns of Admixture in Central Africa 

Today, descendants of the early-diverging human populations, the 
southern African Khoe-San, eastern and western RHGs, and eastern 
African hunter-gatherers such as the Hadza, are populations of small 
census sizes living in scattered regions. These populations all have some 
degree of admixture with groups of different genetic backgrounds, for 
example with Bantu-speaking agriculturalists, eastern African pastoralists 
or Eurasian groups. In general, admixture in RHG groups is mostly with 
their agriculturist neighbours; the amount of admixture varies across 
groups and is generally lower in eastern than in western groups. The 
mean admixture fraction is below 6% in Mbuti (eRHG) and Biaka (wRHG), 
and reaches almost 50% in Bezan (wRHG), while populations such as the 
Bakola and the Bongo have intermediate values [16]. Admixture 
fractions in RHGs tend to correlate with stature and social interaction 
with agricultural communities [9]. In contrast, admixture fractions from 
RHG groups into farming neighbours are generally low (ranging from 
0.7 to 15.7% with a mean of 10.2%) [16]. 

Several investigations focused on the question of when these 
admixtures occurred. Archaeological records suggest hunter-gatherer 
occupation of the central African rainforests dating to 40 kya [56] and 
the first farmers only arrived in the region 3-5 kya [57]. Archaeological 
and linguistic studies indicate immediate interaction and trade between 
the RHGs and incoming farmers [3,58]. These early and close 
interactions were supported by biological studies dating the transfer of 
Helicobacter pylori bacterial strains from Bantu-speaking farmers to 
RHGs to about 4 kya [59]. Interestingly, genetic studies that estimated 
the timing of admixture events between RHGs and Bantu-speaking 
agriculturists found recent admixture dates using admixture-LD decay 
methods [16]. The estimated dates were more recent than 800 ya in all 
RHG populations (with a mean of 437 ya). These dates are much more 
recent than the initial contacts indicated by the archaeological record 
(3-5 kya). However, results showed that a single pulse model was not a 
good fit for the data and that continuous admixture or multiple pulses 
produced better fits. The recent dates could represent averages of 
several events, and could have been influenced by a large recent 
admixture pulse. Newer methods such as the MOSAIC software [60]  
that takes into account multiple pulses of admixture from multiple 
sources and the MetHis-ABC framework [61] for testing continuous 
contributions over time might further clarify and reconstruct the 
dynamics and timing of these events. A further possibility is that the 
original Bantu-speaker farmers, who expanded into the region, did 
indeed undergo admixture and genetic exchange with the local RHG, 
but that these initial Bantu-farming groups are not represented by 
current-day Bantu-speaking groups in the region. Several archaeological 
studies suggested a sharp decrease in farmer settlements across 
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central Africa 1000-1600 BP, indicating a severe population crash [62,63]. 
Therefore, the initial Bantu-speaking groups that migrated into the 
region might have gone extinct or moved to other regions and were 
replaced by later waves of expansion and settlement in the region, 
leading to later expansion signals and admixture dates in the newly 
arrived groups [63]. Sequencing of aDNA of Bantu-speaking farmers 
from the region, before the population crash, might be able to shed 
more light on this question. 

An aDNA study indeed confirmed an older interaction and genetic 
exchange between putative Bantu-speaking or West African agriculturist 
ancestors and RHG ancestors [64]. In the Shum Laka rock shelter in 
Cameroon, four individuals dated from about 8,000 to 3,000 ya  
were found to be genetically more similar to modern RHGs than to  
Bantu-speaking agriculturalists, who populate most of the region today. 
Although these individuals are not the direct ancestors of RHGs,  
they are clearly related to current-day wRHG populations, and they 
already showed admixture/affinity towards the West African genetic 
component harboured by current-day Bantu-speaking agriculturist 
groups [64]. This indicates population interactions between RHG and 
other West African groups during older time periods, preceding the 
introduction of agriculture. 

6. Patterns of Sex-specific Admixture Within and Between 
Central African Populations 

Ethnographers and population geneticists have long been interested in 
post-marital residence rules driving mobility after marriage, since these 
socio-cultural behaviours can shape the distribution of genetic variation 
within and among human populations [65]. The evolution of sociocultural 
behaviours determining post-marital residence rules and lineage 
transmission in African groups has been the subject of intense debate 
in cultural anthropology and ethnology [66]. The genetic effect of these 
socio-cultural behaviours is most directly reflected in the uniparental 
genetic markers, the mitochondrial genome (mtDNA) for the female 
lineages and the Y-chromosome for the male lineages [37]. In this 
context, population geneticists can determine how different sociocultural 
post-marital residence rules influenced the genetic variation observed 
today in mtDNA and Y-chromosome markers within existing populations, 
and estimate sex-biased admixture patterns. 

Surprisingly, sex-specific genetic patterns in some sub-Saharan African 
populations apparently contradict population genetic expectations 
from post-marital residence rules [67]. Ethnographic studies showed 
that marriages usually occurred between RHG females and 
neighbouring males, but rarely or never between hunter-gatherer 
males and neighbouring females. One reason for this imbalance is that 
marrying a RHG female is more likely, due to lower bride compensations 
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to be paid to the RHG families compared to agriculturalist families. The 
expected result would be RHG female gene flow into neighbouring 
populations. However, genetic evidence was compatible with a different 
pattern where male gene flow from neighbouring populations went into 
the RHG gene pool [68,69]. The two observations were reconciled in the 
following scenario: the neighbours’ social discrimination against the 
RHGs often results in RHG females marrying neighbouring males, but 
later divorcing and returning to their birth family with their children [69]. 
The children are then raised in the hunter-gatherer population, creating 
the observed sex-specific admixture pattern. Females might also move 
back to the hunter-gatherer population when their husbands from the 
neighbouring population died [69]. 

Among farming populations, genetic studies have evidenced high  
levels of genetic similarity in autosomal markers, and this genetic 
homogeneity is likely due to the recent demic expansion of Bantu-
speaking populations concomitant with the expansion of agricultural 
techniques and Bantu languages starting about 4-5 kya [68-72]. 
However, if we focus on sex-specific genetic diversity patterns in these 
populations, genetic studies show more genetic differentiation among 
populations for genetic markers in the Y-chromosome than in the 
mtDNA [16,68-71]. These studies provide strong evidence for a higher 
female than male migration rate among farming populations from sub-
Saharan Africa. This is consistent with the self-reported patrilocal 
practices in farming populations, where females move after marriage 
across communities and populations much more often than males 
[69,72]. Sex-specific genetic patterns in farming populations may also 
be linked to the practice of polygyny, which reduces the genetic diversity 
of male lineages compared to female lineages [65]. 

7. What More Can We Infer from Genomic Data and Current 
Methods? 

Our repeat of the original analyses from Cavalli-Sforza et al. [1] with 
22,372 times more genetic markers (Figure 2), gave very similar results 
regarding the relationships of early-diverging African populations. 
However, this does not imply that research has stagnated and that 
developments in technologies and methods over the past fifty years 
delivered no additional information regarding RHG history and 
adaptation, and African population history as a whole. Technologies that 
developed denser marker typing such as short tandem repeat (STR) 
analyses and SNP arrays made whole-genome representation available 
by effectively tagging genome representative haplotypes. Aside from 
denser genome-wide coverage, these technologies also gave us access 
to neutral variation in the genome, which better represent population 
demographic history compared to protein markers, which are subject to 
selection. Genome-wide autosomal research started with STR markers, 
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which immediately highlighted the unique position and divergence of 
African hunter-gatherer populations with regards to other African 
populations [9,17,73]. The use of newly developed, cluster-based 
methods has delivered fine-scale inferences on population structure 
and possible admixture. Together with algorithmic methods, such as 
PCA, it formed the basis of many ensuing African population structure 
studies based on genome-wide genotype data [16,34,52,74,75]. Those 
studies all confirmed the unique position of hunter-gatherer groups 
with regard to population structure in Africa and also suggested various 
levels of admixture between different hunter-gatherer groups and  
their neighbours.  

Although clustering and algorithmic methods can only uncover 
suggestions of admixture, new formal tests of admixture based on allele 
sharing in simple topologies allow formal testing of admixture [76]. 
Therefore, admixtures between RHG and other populations could be 
formally tested, and admixture fractions could be estimated [64]. 
Methods dating admixture events, based on LD-admixture patterns [76] 
or the lengths of local ancestry fragments [77,78] were used to estimate 
specific timings of major admixture events [9,12,16]. Inference of sex-
biased admixture based on comparing X-chromosomal admixture 
ratios to autosomal ratios [79] also contributed to our knowledge about 
population histories. Sex-biased admixture patterns in RHG populations 
could be inferred using these and other methods such as approximate 
Bayesian computation (ABC) analyses [69] to complement inferences 
already obtained by uniparental markers [9,13,16,67–69]. Thus, 
although admixture with RHG neighbour groups was a possibility that 
could only be alluded to in Cavalli Sforza et al. [1], advances in the past 
fifty years, provided much more information regarding formal tests of 
admixture, admixture fractions, admixture timing and sex-biased 
admixture patterns. 

Population size is another aspect of demography that has been 
extensively studied in the past decade, in particular using methods like 
multiple sequential Markovian coalescent (MSMC) that infer effective 
population size over time [80]. There is evidence that the effective 
population size of RHG populations like the Baka, BaTwa, Biaka and 
Mbuti was large for most of their past—similar to or larger than the size 
of neighbouring agriculturalist populations [11,15,35]. This contrasts 
with the small census sizes of RHG observed today, and suggests that 
RHG formed a metapopulation connected with gene flow. Another 
observation is that RHG population sizes have been decreasing over the 
past 10,000 years while agriculturalist populations have been increasing 
[11,12,15,35]; this predated the shift to agriculture in central Africa, and 
suggests that the ancestors of agriculturalists experienced an increase 
of population size prior to the adoption of agriculture [16]. 
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Aside from demographic inferences, genome-wide representation also 
provides the opportunity of scanning genomes for regions that were 
subject to selection in specific populations. Since an unbiased estimate 
of genetic diversity is not obtained using array-based genetic markers 
that usually specifically target intermediate frequency polymorphisms 
in reference populations, the classical population genetic selection tests 
based on the site frequency spectrum (SFS) were not possible in array-
based studies. However, much information regarding selective events 
and adaptations in populations have been acquired, mostly through two 
types of methods for genome-wide selection scans regularly applied to 
SNP-array data. These include methods that estimate frequency 
differences at specific genomic positions between populations [81] and 
methods for estimating haplotype homozygosity surrounding specific 
alleles [82,83]. Using these types of selection scans, interesting signals 
have been identified in hunter-gatherer populations in Africa [11,52,84]. 
In particular, numerous genetic studies tried to identify the genetic 
basis of height in RHGs and/or to test hypotheses positing an adaptive 
advantage of short stature [18,85–87]. Immune response genes were 
also found to be a recurring target of adaptation in RHGs. Moreover, 
Patin et al. [74] identified evidence of adaptive introgression in western 
African Bantu-speaking agriculturists, showing an excess of RHG 
ancestry in the HLA region. This indicated that central African 
agriculturalist populations might have acquired immunity-related 
alleles from RHG groups that they admixed with, which helped them to 
adapt to the different pathogen environments they encountered during 
their expansion into the RHG geographical areas. 

Although genome-wide genotype panels are very useful for many kinds 
of analysis and yield valuable inferences, SNP arrays do not represent 
an unbiased sample of genomic diversity. Specific reference populations 
were used to select the genetic markers represented on SNP arrays. 
Genetic markers that are polymorphic in these reference populations 
may not be polymorphic in other populations. Similarly, loci that were 
monomorphic in the reference populations would not have been 
chosen to be represented in the SNP array, but may be polymorphic in 
other populations. This may generate allele frequency biases that could 
influence allele frequencies in different populations and lead to the 
identification of spurious demographic events and selection signatures. 
African populations, especially hunter-gatherers and other marginalized 
populations, were not well represented in reference panels used to 
select haplotype tagging markers of SNP arrays; therefore, their 
unbiased genetic diversity was hidden to a large extent. Recent full 
genome sequencing studies highlighted the extensive diversity in 
hunter-gatherer populations (Table 1) [45,47,88], and led to the finer 
estimation of deep structure and major population split-time inferences 
in Africa. Bifurcating tree models however remain an over-simplification 
of a more complex underlying history. Future studies should strive to 
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use available full genome data to test more complex demographic 
scenarios [38–40,89,90] that allow the inference of pulses of admixture 
and/or continuous gene flow. These models should ideally not just 
include modern-day populations but also aDNA results as reference 
points or prior information. Complex demographic models are often 
inferred by composite likelihood methods [91–94]. More recent 
approaches have attempted to move beyond tree-like approaches  
(e.g. [95–97]). By combining simulations with machine learning 
algorithms, ABC approaches allow researchers to specify virtually any 
model and to formally choose between models [49,98,99]. Recent 
studies have started to apply these methods to entire genomes [88]. 

Ancient DNA studies have demonstrated that admixture had an 
influence on most present-day hunter-gatherer and neighbouring 
agriculturalist populations [41,64,100,101], and that our perceptions and 
inferences about simple major mode admixture timing does not always 
capture this complex history [64]. Ideally, models should strive to 
include possible events of archaic admixture. The possible contribution 
of unknown African archaic populations (deeply diverging past 
populations who did not leave distinct populations as descendants 
today) have been highlighted, proposed and inferred by several studies 
[36,41,42,64,102–105]. Despite the growing number of genomes from 
African populations and the new statistical tools developed for detecting 
archaic introgression, there are still obstacles to detecting signals of 
putative archaic introgression. These include the lack of an archaic 
African genome, the lack of reference genomes without any admixture, 
the lack of an appropriate ‘outgroup’ population particularly when the 
target is an early-diverging population, and sample sizes of high-
coverage genomes that remain low for many African populations [106], 
which limits the power of allele frequency-based methods. 

Besides the limitations, cumulative genetic evidence is suggesting a 
complex history of archaic admixture or deep structure within African 
populations. Signals of putative archaic admixture were also identified 
in some RHG populations, such as the Biaka, the Baka, and the Mbuti, 
using different methods, such as S* [87,107], which identifies long LD 
fragments, IMa3, which reconstructs the entire genealogy of several 
hunter-gatherer populations [108], and ABC [88]. While the modalities 
of archaic introgression/s remain to be clarified, a number of studies 
are compatible with independent events into the ancestors of several 
modern populations such as RHGs, Khoe-San and west Africans 
[88,102,108]. Several studies are compatible with a divergence of the 
estimated archaic source from the ancestors of modern humans around 
the time of the split with the ancestors of Neanderthals, about 600 kya 
years ago, though the divergence estimates range from 1.2 million years 
to 300 kya [9,35]. In future studies it will be important to clarify different 
scenarios of admixture by more systematic testing of RHG and other 
African populations for archaic admixture. 
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8. Future Directions and New Technologies 

Other ‘omics’ studies have recently complemented genomic research to 
address questions about population history and adaptation. Epigenomics, 
transcriptomics and microbiome studies have highlighted that RHGs 
possess specific adaptations compared to their neighbours [109]. A 
landmark methylome study combined datasets of SNP-array data and 
DNA methylation profiles for RHG and neighbouring agriculturalist 
populations [110]. To contrast effects associated with the recent change 
of habitats versus historical lifestyle, they compared agriculturalists 
living in urban areas to those in the rainforest. They showed that both 
the current habitat and the historical lifestyle had an effect on the 
methylome, but they encompass different biological functions. Current 
habitats were found to have an influence on methylation profiles 
regarding immune and cellular function while the historical lifestyle 
pattern influenced developmental processes. Furthermore, they found 
that the historical lifestyle effect was more strongly correlated with 
changes in the DNA. 

Several gut microbiome studies among wRHGs, Baka, Bagyeli and Aka, 
and neighbours appeared somewhat contradictory; however all studies 
point to higher parasitic loads in RHGs [111–113]. A transcriptomic study 
by Harrison et al. [10] tested the transcriptional response of peripheral 
blood mononuclear cells to bacterial and viral stimuli. They compared 
Batwa (eRHG) and Bakiga (agriculturalists) and found larger divergences 
between these groups in their response to viral stimuli and stronger 
positive selection signals in RHGs. These studies revealed unexpected 
findings for comparisons between hunter-gatherer vs. farmer groups, 
since a common theory is that the shift to agriculture increased the 
occurrence of diseases and parasitic infections [114] and therefore also 
pressure on the immune system. Future genomic and other ‘omic’ studies 
need to be done to provide more data for further inferences about 
lifestyles and adaptations of RHG communities and their neighbours. 

9. Conclusions 

Since the 1969 Cavalli-Sforza et al. study of the Aka [1], with a limited 
number of serogenetic markers and only a few comparative populations, 
central African populations have become better represented in genetic 
and genomic datasets. This allowed a more accurate description of their 
genetic diversity and progress in the reconstruction of their evolutionary 
history and relationships to other populations. In particular, different 
models of population topologies could be tested, complex patterns of 
sex-biased admixture have been identified, admixture times and 
fractions with different populations have been estimated, and selection 
signals and adaptive introgression have been identified. While data and 
knowledge are accumulating, certain populations and areas still remain 
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underrepresented in genomic research. Their inclusion in future studies, 
hopefully including aDNA sequencing, will continue to help build a more 
complete picture of past population structure in Africa. As we learn more 
about human history, demographic models become more and more 
complex, incorporating for example the possibility of archaic admixture 
in Africa. The Cavalli-Sforza et al. study together with similar studies using 
classical genetic markers, focusing on the demographic history of RHGs 
and their role in deep African history, established a foundation for future 
population genetic studies that will remain a topic of interest for many 
years to come. 
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