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Abstract

The Sahel/Savannah belt harbors diverse populations with different demographic histories and different subsistence
patterns. However, populations from this large African region are notably under-represented in genomic research.
To investigate the population structure and adaptation history of populations from the Sahel/Savannah space, we
generated dense genome-wide genotype data of 327 individuals—comprising 14 ethnolinguistic groups, including 10
previously unsampled populations. Our results highlight fine-scale population structure and complex patterns of
admixture, particularly in Fulani groups and Arabic-speaking populations. Among all studied Sahelian populations,
only the Rashaayda Arabic-speaking population from eastern Sudan shows a lack of gene flow from African groups,
which is consistent with the short history of this population in the African continent. They are recent migrants from
Saudi Arabia with evidence of strong genetic isolation during the last few generations and a strong demographic
bottleneck. This population also presents a strong selection signal in a genomic region around the CNR1 gene asso-
ciated with substance dependence and chronic stress. In Western Sahelian populations, signatures of selection were
detected in several other genetic regions, including pathways associated with lactase persistence, immune response,
and malaria resistance. Taken together, these findings refine our current knowledge of genetic diversity, population
structure, migration, admixture and adaptation of human populations in the Sahel/Savannah belt and contribute to
our understanding of human history and health.

Key words: Africa, population structure, admixture, selection, pastoralists, camel herders, CNR1 gene.

Introduction climate change in this region led to intensive aridification
with a serious impact on all life forms (Manning and
Timpson 2014; Armitage et al. 2015). Along with the fauna
and flora, human populations gradually emigrated from
the newly formed steppe to less hostile environments situ-
ated southwards. After this period, the Sahel/Savannah
belt became a suitable habitation place lying between
the Sahara Desert and the tropical rainforests of
sub-Saharan Africa.

Domestication developed independently in the western
and eastern Sahelian regions around 4.5 ka (Manning and
Timpson 2014; Winchell et al. 2017), and soon after, metal-

The Sahel/Savannah belt, located south of the Sahara
Desert, is an important crossroad between northern, west-
ern, central, and eastern African groups as well as Eurasian
migrants. Human populations from this large region are
anthropologically characterized by the co-existence of no-
madic pastoralists and sedentary farmers showing their
roots in the early Holocene (Cerny et al. 2011). Food pro-
duction in the form of pastoralism started in the Sahara
around 8 thousand years ago (ka) (Kuper and Kropelin
2006). This harsh and inhospitable environment contains
relict populations of plants and animals documenting a

past environment rich with rivers, freshwater lakes, and lurgy catalyzed further demographic expansions (Maley
grasslands suitable for large herds of ruminants during and Vernet 2015). The emergence of the first African states
the early Holocene time periods (Brito et al. 2011; Phelps was also related to social differentiation and accelerated
et al. 2020). Archaeological excavations found evidence with trans-Saharan trade, where camels and later horses
of the presence of herders, especially cattle remains, in a were employed. Due to the constant importance of
great number of archaeological sites in the Sahara (Jesse domestic animals within this semi-desert environment,
et al. 2013; Kuper and Riemer 2013). Around 5.5 ka, a rapid pastoralists always played a very important role in the
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cultural history of the Sahel/Savannah belt (McIntosh
2020). A long-term co-existence of ethnically heteroge-
neous groups of sedentary farmers and nomadic pastoral-
ists was reported in this region (Homewood 2008; Linseele
2013).

Sedentary farmers living in the Sahel are divided into
two main groups: extensive and intensive farmers. The ex-
tensive farmers, or horticulturalists, cultivate domesticates
in a certain time and space but leave once the soil is ex-
hausted. Intensive farmers, or agriculturalists (currently
the most numerous group), fertilize the soil, create fields
and stay in one place for theoretically unlimited time
(Fuller and Hildebrand 2013). Both groups of farmers
may keep domestic animals mostly for meat, plowing
and fertilizing fields. In contrast, Sahelian nomadic pastor-
alists represent a specialized group with food-producing
strategies adapted to the harsh climate in semi-arid re-
gions. They are specialized in breeding a much higher num-
ber of domestic animals per household than neighboring
farmers. This requires regular seasonal movements to areas
with plenty of pastures (wild grasslands) and water re-
sources. This mode of living is called transhumance and
does not provide a possibility to cultivate fields and lead
settled lifestyles as intensive farmers do (Pedersen and
Benjaminsen 2008; Turner and Schlecht 2019). Therefore,
nomadic pastoralists differ from both the extensive and in-
tensive farmers in displaying a much higher degree of
mobility.

The population history of the Sahel/Savannah belt has
been studied thus far mainly through genetic variation of
the uniparental markers (Pereira et al. 2010; Cerny et al.
2011; Novackova et al. 2020; Diallo et al. 2022), or specific
genes, such as LCT, NAT2, TAS2R16, or HLA-B (Podgorna
et al. 2015; Triska et al. 2015; Sanchez-Mazas et al. 2017;
Vicente et al. 2019; Priehodova et al. 2020; Kulichova et al.
2021). It has been shown that the genetic differentiation
among pastoralists and farmers does not represent signifi-
cant population structure and that intensive gene-flow or
shared ancestry might be among the possible reasons for
this (Cerny et al. 2021). There is, however, an asymmetry
in maternal gene-flow between sedentary farmers and
Fulani pastoralists in the western part and between seden-
tary farmers and Arabic pastoralists in the eastern part of
the Sahel belt (Cerny et al. 2018). While the Fulani continu-
ally loose inherent mitochondrial-DNA (mtDNA) lineages
(Fulani women usually marry neighboring farmers), Arab
groups, who originally arrived from the Arabian Peninsula,
more often accepted women from local sub-Saharan popu-
lations into their communities (Cizkova et al. 2017). This is
also evident from the occurrences of sub-Saharan mtDNA
haplotypes in Arabic-speaking populations in the Sahel/
Savannah belt (such as the Baggara, Shuwa, and Abbala),
while these haplotypes are not found in Arabian popula-
tions from founding populations in the Arabian Peninsula
(Priehodova et al. 2017).

It has also been shown that genetic distances among lo-
cal populations of sedentary farmers correlate with geo-
graphic but not with linguistic distances (Novackova et al.
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2020). This is more pronounced in analyses of mtDNA
data, but occurs also in analysis of Y-chromosome data
(Novackova et al. 2020). In contrast, in pastoralists there is
a significant correlation between genetic and linguistic dis-
tances but not with geographic distances, for both the ma-
ternal and paternal gene pool. These findings suggest that
the genetic differentiation among sedentary farmers could
be determined by geography, while among nomadic pastor-
alists the genetic differentiation is influenced by linguistics
instead. Interestingly, all sampled local populations of the
Fulani pastoralists (collected between Senegal and Chad)
have very similar genetic components, and also show genet-
ic affinities with other western African groups. They also
have a non-negligible Eurasian contribution (~20%) that
is missing in neighboring western African populations
(Triska et al. 2015; Vicente et al. 2019; Novackova et al.
2020; Diallo et al. 2022).

Uniparental markers analyzed among the Sahelian po-
pulations thus indicated differences in population history
with regards to one or another sex and provided valuable
information about gender differences in gene-flow.
Uniparental markers however represent only a small por-
tion of the human genome and their low effective sizes
and susceptibility to drift effects can distort general popu-
lation structure patterns in this large African region.

Despite low levels of genetic differentiation, certain gen-
etic variants, such as variants associated with lactase per-
sistence (LP), show large frequency differences between
Sahelian populations of different linguistic affiliations or
different subsistence forms (Priehodova et al. 2017, 2020;
Hollfelder et al. 2021). On the other hand, other genes ana-
lyzed in populations from the Sahel/Savannah belt (such as
NAT2 or TAS2R16) do not show such a clear differentiation
(Podgorna et al. 2015; Kulichova et al. 2021). Genome-wide
signals of selection and population structure were previ-
ously described in a study focused on a limited number
of Sahelian populations (Triska et al. 2015).

To achieve a deeper insight into both the demographic
history and genetic patterns of selection in populations
from the Sahel/Savannah belt, we generated a genome-
wide genotype dataset of Sahelian populations which,
together with previously published data, cover the whole
Sahel/Savannah belt, spanning from the Atlantic Ocean
to the Red Sea (supplementary fig. S1, Supplementary
Material online). This dataset included both pastoralist
and farmer groups from a broad range of ethnic, cultural,
and linguistic groups (including Niger-Congo, Semitic,
Cushitic, Omotic, and Nilotic speakers). Our findings high-
lighted fine-scale population structure between and with-
in regions from the Sahel/Savannah belt, as well as
complex patterns of admixture in Fulani and
Arabic-speaking populations. Furthermore, we investi-
gated patterns of selection and local adaptation that likely
impacted Sahelian populations. We identified putative sig-
nals of selection in important genetic regions, including
pathways associated with substance dependence and
stress in a recent migrant population in Sudan, while sig-
nals of selection in immune response genes were found
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in Western African populations residing in endemic re-
gions for diseases such as malaria.

Results

Genome-wide Diversity and Population Structure in
the Sahel/Savannah Belt

To explore population structure within studied Sahelian po-
pulations, we first performed principal component analysis
(PCA) (Patterson et al. 2006) based on the Sahelian popula-
tions genotyped in the present study (supplementary table
S1, Supplementary Material online). In the PCA plot (fig.
1A), the Rashaayda Arab population from Sudan separate
on the first principal component (PC1) from the other stud-
ied populations, while on PC2 Western Sahelian popula-
tions (in Senegal and Guinea) separate from Central and
Eastern Sahelian populations (in Chad and Sudan). We ob-
tained a very similar population structure in PCA plots that
display genotyped Sahelian populations and comparative
populations across the Sahel/Savannah belt and Yemen
from the Sahel-SNP dataset (fig. 1B and supplementary
fig. 2, Supplementary Material online). Among Sahelian po-
pulations, PCA results highlight different clines of genetic
variation and suggest admixture in some individuals and po-
pulations. On PC1, Arabic-speaking populations are in a
cline between the Central and Eastern Sahelian populations
and Middle Eastern populations (fig. 1B). On PC2, there is
another cline of genetic variation between populations in
northeastern Africa (e.g, Nuba Koalib) and Niger-Congo-
speakers in Western Africa (e.g, Bedik in Senegal). The
PC3 (supplementary fig. S2B, Supplementary Material on-
line) extremes are defined by the Nuba Koalib population
in Sudan, a Kordofanian speaking population, and the
Toubou population in Chad, a Nilo-Saharan speaking popu-
lation. Other populations, such as Bedik in Senegal and Daju
in Sudan, split from the remaining populations on PC5 and
PC8, respectively (supplementary fig. S2C and D,
Supplementary Material online).

To further explore population structure, we performed
PCA based on Sahelian and worldwide populations (fig. 1C,
supplementary figs. S3-S5 and table S2, Supplementary
Material online). PCA results recapitulate genetic differenti-
ation between continental groups with different geographical
distributions, linguistic affiliations and lifestyles affiliations
(supplementary fig. S4A-D, Supplementary Material online).
On PC2, we detected genetic differentiation between sub-
continental groups, for example, Central and Eastern
African populations that separate from Western African po-
pulations. Among Western Sahelian populations, Fulani
groups are between Western African populations and
non-sub-Saharan African populations, in a more linear direc-
tion to Northern African and Middle Eastern populations
than to European populations, suggesting admixture pat-
terns between the former groups and Western African
groups as previously reported (Vicente et al. 2019). Among
Eastern Sahelian populations, the Rashaayda Arab population
has close genetic affinities with Middle Eastern populations
like the Yemeni population. On PC3, there is a cline of genetic

variation between populations from Western to Eastern
Africa. Those three PC projections have significant correla-
tions with  geography  (supplementary fig. S5,
Supplementary Material online), for example, between lati-
tude and PC1 (r* = 0.786; P-value < Te-5), between longitude
and PC2 (r* = 0.493; P-value < 1e-5), and between longitude
and PC3 (r* =0.285; P-value < Te-5).

We obtained a strong positive correlation between the
matrix of genetic distances (pairwise population Fsr) and
the matrix of geographical distances (Pearson Mantel
r-statistic = 0.477; P-value < 1e-5) (supplementary figs. S6
and S7, Supplementary Material online). As expected,
the Rashaayda Arab population has high genetic distances
in pairwise comparisons with African populations
(supplementary fig. S6, Supplementary Material online).
Very strong significant correlations were estimated in
comparisons between genetic, linguistic and geographical
distance matrices (in all of them the P-value was
0.00002), including after controlling for geographical or lin-
guistic diversity (P-value = 0.0007 and 0.00002, respective-
ly; supplementary table S3, Supplementary Material
online). In general, there were stronger correlations be-
tween genetic and geographical distances than between
genetic and linguistic distances (Pearson Mantel
r-statistic = 0.481 and 0.150, respectively). Correlations be-
tween genetic and geographical distances after controlling
for linguistic diversity (Pearson Mantel r-statistic = 0.470,
P-value =0.00002) were stronger than correlations be-
tween genetic and linguistic distances after controlling
for geographical diversity (Pearson Mantel r-statistic=
0.0907, P-value = 0.00067). The same population structure
among Sahelian populations was observed for PCA ana-
lyses based on the Low-SNP density dataset, which notably
increased the number of reference populations from
Eastern African and the Middle Eastern regions
(supplementary fig. S8, Supplementary Material online).
These results also evidence genetic similarities and possible
gene-flow among populations from those regions due to
back-migrations to Africa (Fernandes et al. 2019).

To further investigate the population structure and
admixture patterns across the Sahel/Savannah belt and
worldwide populations, we used clustering analyses as imple-
mented in the ADMIXTURE software package (Alexander
et al. 2009), allowing clusters ranging from K=2 to K=20
(supplementary fig. S9, Supplementary Material online). In
the ADMIXTURE plot at K=4, the four estimated compo-
nents are associated with Western African, Central African,
Middle Eastern, and European ancestries (fig. 2A, C, and
supplementary figs. S10-512, Supplementary Material on-
line). In agreement with previous studies (Triska et al. 2015;
Hollfelder et al. 2017; Cerny et al. 2018), Arabic-speaking po-
pulations across the Central and Eastern Sahel have an im-
portant genetic contribution from populations with Middle
Eastern-related ancestry and complex admixture dynamics
with  African  groups  (supplementary table  S4,
Supplementary Material online), such as the Baggara Arab
population residing in Chad and Sudan (on average 27.6%
+ 156 SD and 205% =+ 9.1 SD, respectively) and the
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Fic. 1. Geographical locations and PCA for each assembled dataset. (A) Locations and PCA results for only Sahelian populations included in the
present study. (B) Locations and PCA results of Sahelian populations across the Sahel/Savannah belt included in the present study and in pre-
vious studies (Triska et al. 2015; Haber et al. 2016; Vicente et al. 2019) (further details were included in supplementary fig. S2, Supplementary
Material online). (C) PCA plots of worldwide populations included in the High-SNP density dataset (further details were included in
supplementary fig. S4, Supplementary Material online). Populations were grouped according to their major linguistic affiliations (left plot)
and geographical locations (right plot). Each PCA plot shows the first and second PC projections, and in parentheses the proportion of variance
explained for each PC projection. Legend and further details about all the populations included in each dataset are detailed in supplementary fig.

S$3 and table S2, Supplementary Material online.

Kababish Arab population from Sudan (39.0% + 16.9 SD).
The Rashaayda Arab population from Sudan has the highest
values for Middle Eastern-related ancestry (95.1% + 4.0 SD),
which is even higher than in the studied populations from
Yemen or Lebanon (ranging from 57.3% + 1.4 SD to 75.8%
+ 45 SD).

In ADMIXTURE analysis at K= 15, the K-group with the
lowest cross-validation (CV) error value (supplementary

fig. S12C, Supplementary Material online), the results

4

highlight different genetic components among Sahelian
populations (fig. 2B and supplementary table S5,
Supplementary Material online). For instance, there are
two components among Nilo-Saharan-speaking popula-
tions, while Western Sahara-speaking populations have
high proportions of the teal component (e.g, 79.1% in
Toubou and 61.3% in Daza from the northern region in
Chad), Eastern Sahara-speaking populations have high pro-
portions of the purple component (e.g, 63.8% in Zaghawa

2202 4990120 0€ U0 150n6 Aq 0601 €29/6029BSW/0L/6€/2191HE/qUI/WO0"dNO"0lWapese//:SdRy Woly papeojumoq


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac209#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac209#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac209#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac209#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac209#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac209#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac209#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac209#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac209#supplementary-data
https://doi.org/10.1093/molbev/msac209

Demographic and Selection Histories - https://doi.org/10.1093/molbev/msac209

A

Fic. 2. Patterns of population structure

and migration rates across the Sahel/Savannah belt. Figure showing genetic cluster

membership estimated for all the populations included in the High-SNP density database using unsupervised clustering ADMIXTURE analysis:
(A)atK =4and (B) at K =15 (further details were included in supplementary figs. 59513 and tables S4-S5, Supplementary Material online). The
size of the pie charts is in relation to the sample size of each studied population. Results for the remaining European populations were included in
supplementary fig. S12, Supplementary Material online. (C) To better visualize the ADMIXTURE results at K = 4, the values of the four compo-
nents were plotted on a geographical map using the Kriging method, highlighting the West African ancestry in red, the Central African ancestry
in purple, the Middle Eastern ancestry in light blue, and the European ancestry in dark blue. For each ancestry, cluster assignments below 30%
were not included in the figure. (D) Effective migration rates estimated using FEEMS. Figure showing fitted parameters in log-scale with lower
effective migration shown in orange and higher effective migration shown in blue. A topographic map of the Sahel/Savannah belt was also in-

cluded (supplementary fig. S10E, Supplementary Material online).

in Sudan and 51.8% in Zaghawa in Chad). Interestingly, po-
pulations from Chad with different linguistic backgrounds
from the southern region in Chad are genetically different
from the northern populations. Nilo-Saharan-speaking po-
pulations from the northern region in Chad have notably
less gene-flow with West-Central African populations
than Afro-Asiatic Semitic-speaking populations from the
southern region in Chad (supplementary fig. S13,
Supplementary Material online). The dark green compo-
nent is in high proportions in Sara and Laal populations
from southern Chad (60.7% and 69.8%, respectively), and
is also present in west-central African populations, while
the light green has the opposite pattern, suggesting bi-
directional gene-flow or shared ancestry between those
groups. In Western Africa, studied Fulani populations scat-
tered across five Sahelian countries highlight high propor-
tions of the west and west-central African ancestry from
Niger-Congo-speaking populations (range: 30.8-52.2%), as
well as admixture from non-sub-Saharan African sources
(range: 10.3-29.0%), in agreement with previous genome-

wide studies (Busby et al. 2016; Vicente et al. 2019).
ADMIXTURE analysis at K = 15 based on the Low-SNP dens-
ity dataset (supplementary fig. S14, Supplementary Material
online), recapitulates our previous results after increasing
the number of Central and Eastern African populations.
The results also highlight shared ancestry between the
Beja population in Sudan and Afro-Asiatic populations
from Ethiopia (Hollfelder et al. 2017).

Kordofanian is a language grouping which, at the mo-
ment, is discussed whether it is an isolate or groups with
Niger-Congo languages (Quint 2006). A limited number
of Koalib-speaking Nuba (N =16 individuals) were the
only Kordofanian-speaking group that has been studied
in genetic studies up until now (Hollfelder et al. 2017).
From ADMIXTURE analyses (supplementary figs. S13 and
S14, Supplementary Material online), one can see that
Nuba populations share more genetic similarities with sur-
rounding populations like the Daju and Dinka (both
speaking Eastern Sudanic, Nilo-Saharan languages) rather
than Niger-Congo speaking groups from West Africa.
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Among all studied populations, the Kordofanian-speaking
Nuba Koalib population from the present study has the
highest value for the purple component at K= 15 (on aver-
age 74.4%; fig. 2B, supplementary fig. S13, and table S5,
Supplementary Material online). To further investigate the
Nuba Koalib population, we performed PCA on the basis
of the Only-Sudan database (supplementary fig. S15,
Supplementary Material online). PCA of only populations
in Sudan highlighted genetic differentiation between several
groups in particular the Copts and other populations on
PC1, Nuba Koalib and Zaghawa population on PC2, Hausa
and other populations on PC3, and Zaghawa and Daju on
PC4. The PCA results further highlight genetic relationships
between the Nuba Koalib and other populations in Sudan
supporting strong genetic affinities with Nilotic populations
such as the Dinka and Nuer (supplementary fig. S15,
Supplementary Material online). Genetic analyses therefore
do not support a link between these two Kordofan-speaking
populations and Niger-Congo-speaking populations, rather,
they are genetically closest related to surrounding Eastern
Sudanic speaking populations.

Migration Rates and Patterns of Shared Haplotypes
To investigate patterns of migration in the Sahel/Savannah
belt, we used Fast Estimation of Effective Migration Surfaces
software (FEEMS) which allows for depicting spatial popula-
tion structure and migration surfaces (Petkova et al. 2016;
Marcus et al. 2021). The estimated effective migration rates
evidenced a very low migration rates between Sahelian and
North African populations due to the presence of the geo-
graphical barrier represented by the Sahara Desert that lim-
its gene-flow between populations (fig. 2D and
supplementary fig. S10F, Supplementary Material online),
in agreement with a previous study (Peter et al. 2020).
Among Sahelian regions, however, low migration rates
were detected also between Western, Central and Eastern
groups, likely due to the presence of another geographical
barrier represented by Lake Chad, linguistic affiliation, or
population history. High migration rates were detected be-
tween Nilo-Saharan speaking populations in the Northern
part of Chad, Ethiopia and Kenya that highlighted the distri-
bution of Nilo-Saharan groups. We also detected high mi-
gration rates between Afro-Asiatic speaking populations
in Sudan and Ethiopia.

To infer patterns of shared ancestry between popula-
tions across the Sahel/Savannah belt, we estimated sharing
patterns of identical-by-descent (IBD) haplotypes
(supplementary fig. S16, Supplementary Material online).
For short IBD segments (i.e, 3—4 cM), high patterns of
sharing were detected between populations from different
Sahelian regions suggesting older shared ancestries in each
region, for example, between Fulani groups in Western
Africa (range: 4.2—17.7 cM per pair); as well as between no-
madic populations in Chad (range: 6.1-10.3 cM per pair);
and between Arabic-speaking populations in Sudan, for ex-
ample, the Rashaayda and Kababish (2.96 cM per pair) or
between the Rashaayda and Baggara (2.5 cM per pair)
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(supplementary fig. S16A, Supplementary Material online).
In contrast, for long IBD segments (i.e, longer than 5 cM)
(supplementary fig. S16B, Supplementary Material online),
the Rashaayda Arab population (SD3) shares fewer long
IBD segments with nomadic Arabic-speaking populations
from the Sahel/Savannah belt. In the northern region of
Chad, populations share long IBD segments between
them, suggesting they share a common ancestor more re-
cently in their genealogical history, while they share few-
er long IBD segments with populations in the southern
region of Chad. Fewer patterns of sharing of both short
and long IBD segments were detected between Western
Sahelian populations and Central or Eastern Sahelian
populations, suggesting complex networks of migra-
tions within different regions of the Sahel/Savannah
belt.

Homozygosity and Founder Events in the Sahel/
Savannah Belt

To shed additional light on the demographic history and
cultural practices of Sahelian populations, we analyzed pat-
terns of runs of homozygosity (ROH). Among Sahelian po-
pulations, the highest values of the mean number of ROH,
total length of ROH, total sum of ROH, and total sum of
long ROH longer than 15Mb were observed in
Arabic-speaking populations (fig. 3A, B, supplementary
figs. S17-519 and table S6, Supplementary Material online).
For the sum of short ROH (<1.5 Mb) (supplementary fig.
S18A, Supplementary Material online), the results capture
the Out-of-Africa expansion causing Eurasian populations
to have higher patterns of homozygosity than African
groups (Ceballos et al. 2019). The kurtosis and skewness of
the violin plots also provide additional information, while
Niger-Congo speaking populations are relatively homoge-
neous with very short tails and an almost normal distribu-
tion, Sahelian Arabic-speaking and Nilo-Saharan
populations in Chad and Sudan present more variability
with pronounced kurtosis with positive and negative
skewness. Interestingly, Fulani groups from the central
Sahel region have more homozygosity than Fulani groups
from the western Sahel region. In accordance with our pre-
vious results, the Rashaayda Arab population has similar
values of the sum of short ROH (on average 348.6 +21.0
SD; supplementary fig. S18A and table S6, Supplementary
Material online) than Middle Eastern populations, which
are in-between African and European groups.

Among all populations included in the High-SNP dens-
ity dataset, the Rashaayda Arab population has the highest
values of genomic inbreeding coefficient (Fron =0.077 +
0.033 SD; supplementary fig. S19A and table S6,
Supplementary Material online), which are significantly
different  (Mann-Whitney U-test; P-value =0.00058)
from the second population with the highest values (the
Kababish Arab population in Sudan (Triska et al. 2015),
Fron =0.038 +0.042 SD). This population also has the
highest values of the total sum of long ROH (230.6 +
98.6; supplementary fig. S18B, Supplementary Material
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Fic. 3. Patterns of runs of homozygosity (ROH) and effective population sizes in studied Sahelian populations. (A) Linear regression between the
total length of ROH and total sum of ROH longer than 1.5 Mb in each Sahelian population. (B) Linear regression between mean number of ROH
and total sum of ROH longer than 1.5 Mb in each Sahelian population. In each figure, linear regressions were estimated using the generalized
linear model (GLM) regression function in R. Values of each individual from each population are also shown in the background of each figure
(and further details in supplementary fig. S17, Supplementary Material online). (C) Mean ROH length categories of all the populations included
in the High-SNP density dataset. Figure showing the average for each category for: the Rashaayda Arab population (in black), European popula-
tions, Middle Eastern populations, North African populations, and African populations. Further details for each population were included in
supplementary figs. S18-522 and table S6, Supplementary Material online. (D) Effective population sizes (N,) in Sahelian populations for the
last 50 generations were estimated using IBDNe (supplementary fig. S25, Supplementary Material online). To better visualize the results, inter-
active plots were created for figures C and D (see Interactive_plot-fig_3C.html and Interactive_plot-fig_3D.html).

online) and total length of ROH (0.05+0.01 SD;
supplementary fig. S19B and table S6, Supplementary
Material online). To further investigate patterns of homo-
zygosity, we classified the total sum of ROH into six ROH
length classes for each population (fig. 3C, supplementary
figs. S20-S22 and table S6, Supplementary Material on-
line). For the first and second classes of ROH (i.e., shorter
than 2 Mb), high values of ROH were detected in both
the Rashaayda Arab population and Middle Eastern popu-
lations (range: 125-175 Mb). For the remaining classes of
longer ROH (from class 3 to class 6; ie, from 2 to
10 Mb), the Rashaayda Arab population has the highest
averages for those categories, suggesting strong genetic
isolation in this population.

Ancestral Origins and Demographic History of the
Rashaayda Arab Population

The Rashaayda Arab population living in Eastern Sudan is
genetically the most similar to Middle Eastern populations
among all the studied Sahelian populations. To investigate
the ancestral origins of this population, we used dimension-
ality reduction methods (i.e, PCA and PCA-UMAP). We first

analyzed all the populations from Sudan together with a
large representation of Arabic-speaking populations from
Africa and the Middle East (supplementary fig. S23,
Supplementary Material online), and we then analyzed only
the Sudanese Rashaayda together with Middle Eastern popu-
lations (supplementary fig. S24, Supplementary Material on-
line). All the results highlight strong genetic affinities between
the Rashaayda Arab and Saudi Arabian individuals, in accord-
ance with historical sources (Young 1996).

To investigate the recent demographic changes in
Sahelian populations, we estimated effective population sizes
(Ne) in the last 50 generations using IBDNe (Browning and
Browning 2015). Among all studied populations (fig. 3D
and supplementary fig. S25, Supplementary Material online),
the lowest estimated N, was detected in the Rashaayda Arab
population 15 generations ago (N, = 682; 95% Cl = 435-1160;
supplementary fig. 525D, Supplementary Material online).
Also, there is a drop of N, more or less common for all ana-
lyzed populations, with lowest levels around 15 genera-
tions ago, and while some populations show recoveries
(e.g., Dangaleat in Chad or Bedik in Senegal), others stay
demographically unchanged from that time (eg,
Kababish Arab population in Sudan).
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In the Rashaayda Arab population, bottleneck events
could explain the observed patterns of high homozygosity
and low effective population size in the last generations. To
infer the age of the founder event and the strength of
bottleneck events in Sahelian populations, we performed
ASCEND analysis (Tournebize et al. 2022) (supplementary
figs. 526, S27 and table S7, Supplementary Material online).
Following the four thresholds recommended by Tournebize
et al. (2022), we detected significant founder events in the
Rashaayda Arab, Baggara Arab, Daju, Nuba Koalib, and
Zaghawa populations in Sudan; Dangaleat, Daza, Maba,
Zaghawa populations in Chad; and Bedik population in
Senegal. The highest estimated bottleneck intensity (I)
was observed in the Rashaayda Arab population (/= 8.5%;
95% Cl=7.9-9.1%; supplementary figs. S26A and S27A,
Supplementary Material online), while other studied
Sahelian populations have notably lower values of bottle-
neck intensities since the inferred founder events (I; range:
0.5-1.8%). As expected (Tournebize et al. 2022),
sub-Saharan African populations have lower values than
North African and Eurasian populations, except for Fulani
populations. We observed high values of bottleneck inten-
sities among Fulani populations that are increasing from
western Fulani groups to central Fulani groups (I; range:
0.3-4.3%). High bottleneck intensity values were estimated
in the Songhai population (I;=4.7%; 95% Cl =3.2-6.3%), a
Nilo-Saharan-speaking population residing in the western
Sahel region that has western African ancestry (Triska
et al. 2015). The age of the inferred founder event (Ty)
in the Rashaayda Arab population was 13 generations
ago (95% Cl=11-16) (supplementary fig. S26B,
Supplementary Material online), while African and
Eurasian populations have older dates (T, range: 9-194).
Among Sahelian populations, the Baggara Arab population
in Sudan has the oldest date estimated over 5,000 years ago
(Tf=179 generations; 95% Cl=100-258; supplementary
table S7, Supplementary Material online), likely this popula-
tion was founded before the Arab expansion from the
Middle East to Africa in the 7th century (Arauna et al. 2017).

Inferring Admixture Events in Populations From the
Sahel Belt

To make inferences about admixture events in studied
Sahelian populations, we applied different methods. First,
admixture f3-statistics tests (Patterson et al. 2012) evi-
denced significant signals of admixture in Fulani popula-
tions from western Africa (supplementary fig. S28A and B,
Supplementary Material online), as previously reported
(Busby et al. 2016; Vicente et al. 2019). Populations in
Sudan such as the Nuba Koalib and Rashaayda Arab lack ad-
mixture signals (supplementary fig. S28C and D,
Supplementary Material online), as suggested by PCA and
ADMIXTURE analyses, in both populations there is null or
low level of gene-flow with other groups. Second,
MALDER analyses (Pickrell et al. 2014) using multiple refer-
ence populations indicated recent admixture times among
most of the Sahelian populations (supplementary fig. S29,
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Supplementary Material online). For all the studied popula-
tions, we found a total of 58 significant linkage-
disequilibrium (LD) curves weighted by two of the reference
populations (supplementary fig. S30, Supplementary
Material online). In Sudan, the most recent admixture
events were detected in the Baggara Arab population
around 16.76 + 1.84 generations between the Nubian and
the Berber Asni in Morocco (supplementary table S8,
Supplementary Material online).

Detecting Signatures of Selection

To identify signals that have been targets of selection in po-
pulations residing in the Sahel/Savannah belt, we performed
genome-wide scan analyses based on three extended
haplotype homozygosity (EHH)-based statistics. We first es-
timated the integrated haplotype score (iHS) across genom-
ic regions in each Sahelian population (supplementary figs.
S31-33 and table S9, Supplementary Material online).
Among populations from each region of the Sahel/
Savannah belt, most of the top 1% candidate regions
were private within one of the studied populations
rather than between studied populations (supplementary
fig. S34, Supplementary Material online), including
between Arabic-speaking populations from the same
country.

Several signals previously associated with selection in
African populations were detected also in Sahelian popu-
lations. In the western Sahel region, the Bedik population
in Senegal evidenced a strong signal (>4 SD) in chromo-
some 14 that involved several genes including SPTB gene
(supplementary fig. S31C,  Supplementary Material
online, supplementary table S9, Supplementary Material
online), which is associated with a rare disorder of the
membrane of red blood cells called hereditary spherocyto-
sis (HS) anemia (Mansour-Hendili et al. 2020), and ACTN1
gene, which is associated to several rare blood disorders
(Murphy and Young 2015). Among Fulani individuals
sampled in Senegal and Guinea, we detected candidate
genomic regions in chromosome 2 around CTNNA2 gene
(supplementary fig. S31E, Supplementary Material online),
which is associated with cleft palate in African populations
(Butali et al. 2019). In the central Sahelian region, the
Zaghawa sampled in Chad has a candidate region near
SLC22A16 gene, which encodes metabolite transporter
proteins (Faraji et al. 2016). Interestingly, some
Nilo-Saharan-speaking and Arabic-speaking populations
shared the same signals for candidate regions of selection.
For instance, in both the Daju population in Sudan and the
Baggara Arab in Chad (supplementary figs. S32A and S33C,
Supplementary Material online), the genomic regions in
chromosome 1 displayed significant values (>4 SD)
around the TRABD2B gene that encodes a cell membrane
metalloprotease involved in signaling pathways (Liu et al.
2019), and the AGBL4 gene, which encode a deglutamyla-
tion enzyme (Rogowski et al. 2010).

We then estimated the two pairwise population statis-
tics: cross-population EHH score (XP-EHH) between pair-
wise populations, and the log-ratio of the integrated
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site-specific EHH between populations (Rsb) score.
XP-EHH scores of the Rashaayda Arab population against
several Sahelian and sub-Saharan African and European
populations display a strong selection signal in all
XP-EHH pairwise comparisons on chromosome 6 (fig.
4A-C, supplementary figs. S35-S37 and table S10,
Supplementary Material online). This candidate region is
located around the Type 1 Cannabinoid Receptor
(CNR1) gene (chr6:88,849,584:88,875,767; based on UCSC
Genome GRCh37/hg19 [Dreszer et al. 2012]), which is a
group of receptors found mainly in the terminals of central
and peripheral neurons in the brain (Ashenhurst et al.
2017). In total, 55 single nucleotide polymorphisms
(SNPs) from the H3Africa array were included in this in-
ferred candidate region (supplementary table S11,
Supplementary Material online). To better visualize
XP-EHH results, for each pairwise population comparison,
we zoomed in on chromosome 6 and the genomic region
of 20 Mb around CNRT gene (supplementary figs. S38-540,
Supplementary Material online). We also detected high al-
lele frequencies in two of the top selected SNPs from this
candidate region, one SNP in the coding region and an-
other SNP in the transcript region of CNRT gene
(rs806368 and rs11756397, respectively). Both markers
showed notably higher frequencies in the Rashaayda
Arab population than in other studied African or
Eurasian populations (supplementary figs. S41A, B and
table S12, Supplementary Material online). Pairwise Fsy va-
lues between the Rashaayda Arab population and other
populations also showed high values with the majority
of the studied populations, and the lowest values with
the Kanembu for rs806368 and with the Dangaleat for
rs11756397  (Fst=0.299 and 0.201, respectively;
supplementary table $S12, Supplementary Material online),
suggesting that those SNPs might also have relatively high
values in some African populations from Chad. We also
confirmed XP-EHH results after downsampling popula-
tions with sample sizes larger than in the Rashaayda
Arab population. For the downsampled dataset, allele fre-
quencies showed the same pattern (supplementary fig.
S41C and D, Supplementary Material online). In agree-
ment, XP-EHH-based scans indicated the same key genom-
ic regions in the pairwise population comparisons after
downsampling populations to 13 randomly selected indi-
viduals from that population (supplementary figs. S42—
S44 and table S13, Supplementary Material online).

In both, XP-EHH comparisons between one Sahelian
population and the Rashaayda Arab population or one
European population (supplementary tables S10 and S14,
Supplementary Material online), several populations
from different Sahelian regions (Halpularen, Dangaleat,
and Zaghawa) have other candidate regions detected in
chromosome 6 for candidate regions that include zinc fin-
ger transcription factor genes and protein-coding genes,
ZSCANT12 and ZKSCAN3, which are implicated in cancer
cell progression and response to bacterial and viral infec-
tions (Kanehisa and Goto 2000; Huang et al. 2019;
Ouyang et al. 2021).

XP-EHH comparisons between each Sahelian popula-
tion and one representative sub-Saharan African popula-
tion with western-central African ancestry
(supplementary table S15, Supplementary Material online)
evidenced significant values (>3 SD) in candidate regions
in chromosome 6 associated with HLA genes (e.g,
HLA-DQB1, HLA-DPAT1, and HLA-DPB1 polymorphism). In
the Bedik population from Senegal, the inferred selection
region included the HLA class DQBT1, which is associated
with protection against intracellular pathogens such as
Plasmodium vivax (Lima-Junior and Pratt-Riccio 2016).

In XP-EHH comparisons between each Sahelian popula-
tion and one representative European population
(supplementary table S14, Supplementary Material on-
line), significant selection signals (>3 SD) were detected
in the candidate region in chromosome 2 associated
with LCT gene in the Fulani population sampled in
Guinea, in agreement with previous studies of Fulani
groups (Triska et al. 2015 Vicente et al. 2019;
Cuadros-Espinoza et al. 2022). This candidate region has
a derived LCT haplotype with a large EHH in studied
Fulani individuals (fig. 4D).

To confirm the XP-EHH-based test, we also performed
Rsb-based pairwise comparisons between the same set of
populations. Rsb-based results were in agreement with
XP-EHH pairwise comparisons (supplementary figs. S45—
S47 and table S16, Supplementary Material online).
Likewise, there is a strong signal for selection in pairwise
comparisons between other study populations and the
Rashaayda Arab population around CNR7 gene. Across
chromosome 6, we observed a strong correlation between
comparisons of Rsb P-values against XP-EHH P-values
(supplementary figs. S48-S50, Supplementary Material
online). To investigate all the genes from inferred candi-
date regions of the Rashaayda Arab population against
other studied populations, we provided information
regarding pathways, gene families, drugs, and diseases of
genes that are enriched according to XP-EHH-based scans
(supplementary table S17, Supplementary Material on-
line). In total, seven gene families were listed: cannabinoid
receptors, topoisomerases, gamma-aminobutyric acid type
A receptors, phosphodiesterases, armadillo repeats, leu-
cine zipper proteins, and zinc fingers C2H2-type.

Discussion

The genetic landscape in the Sahel/Savannah belt has been
strongly influenced by the geography and demographic
history of the populations with a wide range of linguistic
affiliations and lifestyles, as has been shown in previous
studies (Triska et al. 2015; Kulichovd et al. 2017
Novackova et al. 2020). Our results based on genome-wide
genotype data evidence high levels of diversity across this
large African region. For all the studied populations, PCA
projections have significant correlations with the geo-
graphical distribution of studied populations (across
both latitude and longitude). This correlation is still
significant after correcting for linguistic variation
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Fic. 4. Genome-wide selection signals in Sahelian populations. XP-EHH-based scan for selection after comparing Rashaayda Arab population and
African populations from: (A) the Western Sahelian region (1—Gambian in Gambia [GWD], 2—Bedik in Senegal, 3—Halpularen in Senegal, 4—
Fulani in Guinea, and 5—Yoruba in Nigeria [YRI]) (supplementary fig. S35, Supplementary Material online); (B) the Central Sahelian region in
Chad (1—Baggara Arab, 2—Dangaleat, 3—Daza, 4—Maba, and 5—Zaghawa) (supplementary fig. $36, Supplementary Material online); and (C)
the Eastern Sahelian region in Sudan (1—Baggara Arab, 2—Kababish Arab, 3—Daju, 4—Nuba Koalib, and 5) Zaghawa (supplementary fig. S37,
Supplementary Material online). Each figure highlights the location of the candidate region for selection in the CNRT gene. Manhattan plots for
this chromosome 6 and also a genomic region of 20 Mb around CNRT gene were also included (supplementary figs. $38-S40, Supplementary
Material online). (D) Lactase persistence associated haplotypes in studied Sahelian populations. Figure shows the EHH around the ancestral (in
blue) and the derivate (in red) variants, rs182549 (—22018*A), which is in strong LD with rs4988235 (—13910*T), the European lactase prsistence

associated variant.

(supplementary table S3, Supplementary Material online).
Linguistic affiliations also represent specific patterns and
clines of variation in the PCA space, but lifestyle affiliations
are more difficult to distinguish between farmers and pas-
toralist groups (supplementary fig. S4D, Supplementary
Material online).

Our findings highlight different demographic histories
and patterns of migration and admixture in Sahelian
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groups. These groups have complex social organizations
and developed a dense network of migrations across the
Sahel/Savannah belt. We detected population structure
between and within Sahel/Savannah belt regions, where
western Sahelians have notably higher amounts of admix-
ture with Niger-Congo-speaking populations than popula-
tions from the other Sahelian regions. In Chad, populations
from the northern region have different genetic ancestry
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components and linguistic backgrounds than populations
from the southern region, suggesting that cultural factors
or Lake Chad Basin were likely a barrier to population
movements within the central Sahelian region (Haber
et al. 2016; Magnavita et al. 2019). As expected, a large bar-
rier to human migration was detected in the Sahara Desert
(fig. 2D), the world’s largest desert, which limits migration
and gene-flow with north African populations, except for
nomadic Fulani groups who show patterns of admixture
between western African and north African populations
(Vicente et al. 2019). Arabic-speaking populations also evi-
denced complex patterns of admixture between
sub-Saharan African and Middle Eastern populations
(Hollfelder et al. 2017; Fernandes et al. 2019). Other
Sahelian populations have less admixture and they define
different clusters suggesting a high genetic differentiation.
One cluster was defined by the Toubou, a
Nilo-Saharan-speaking population from Chad, while the
another cluster was defined by the Nuba Koalib, a
Kordofanian-speaking population from Sudan
(supplementary figs. S2, S13 and S14, Supplementary
Material online). Although speaking a different language
family (Kordofanian) with uncertain and debated connec-
tions to Niger-Congo, the Nuba Koalib population has gen-
etic similarities with other populations from Sudan, such
as the Dinka and Daju who speak Nilo-Saharan languages,
rather than with Niger-Congo speakers. This is also in ac-
cordance with the results based on uniparental markers
(Novackova et al. 2020).

The Rashaayda Arab population represents nomadic
Arabic-speaking people who practice camel-herding.
They currently live in scattered areas predominantly in
Eritrea and North-Eastern Sudan. Among all studied
Sahelian populations, this recent migrant population has
a strong shared ancestry with the Middle Eastern groups
and no or very little gene-flow with African groups. In
agreement, the Rashaayda Arab population has mtDNA
haplogroups mostly present among only Middle Eastern
populations, such as ROa2c and J1b (Cizkova et al. 2017;
Priehodova et al. 2017), and in all genetic results are strik-
ing outliers among African populations due to genetic drift
or isolation. We found strong genetic affinities between
this population and Arabic-speaking people living in
Saudi Arabia (supplementary figs. S23 and S24,
Supplementary Material online), highlighting their com-
mon ancestral origins. In contrast to other Middle
Eastern populations from previous studies (Haber et al.
2016; Fernandes et al. 2019), the Rashaayda Arab popula-
tion has very low levels of genetic admixture with
African groups (supplementary fig. 528D, Supplementary
Material online). This is likely influenced by the fact that
Saudi Arabia received notably less gene-flow from
sub-Saharan African groups compared with other Middle
Eastern populations such as the populations in Yemen
(Abu-Amero et al. 2007; Cerny et al. 2008, 2016;
Fernandes et al. 2019). In accordance, historical sources
point out that the Rashaayda is a Bedouin group, descend-
ing from Banu Abs, an indigenous group in the Hejaz

region of Saudi Arabia (Young 1996). They are also known
as Rashaida or Bani Rashid people and migrated from Saudi
Arabia to Eritrea and Sudan in the mid to late 1800s
(Young 1996).

This recent migrant population has been in strong gen-
etic isolation likely due to cultural barriers and shows a
high prevalence of consanguineous marriages. Their ele-
vated patterns of homozygosity and the timing of the es-
timated founder event suggest strong patterns of genetic
isolation that even predate their arrival in Sudan around
two centuries ago. Therefore, this population must have
been a minority group in Saudi Arabia several generations
before they migrated to Eastern Sudan. Historical sources
highlight that the Rashaayda was a marginalized group
in Saudi Arabia due to ethnic warfare and starvation
(Young 1996). Our results show that the Rashaayda Arab
population decreased around 15 generations ago (~1515
CE) in the effective population size (supplementary fig.
S25D, Supplementary Material online), likely when they
were still in the Arabian Peninsula. Thereafter, this popula-
tion migrated to Sudan, where they experienced a strong
founder event that further increased their patterns of
homozygosity (fig. 3C and supplementary fig. S26,
Supplementary Material online). According to anthropo-
logical studies, marriages in the Rashaayda Arab popula-
tion usually follow Arabic cultural traditions and are
arranged by families (Young 1996). In nomadic Sahelian
Arabic-speaking societies, there is a rule in the choice of
partners, according to which a girl should marry a parallel
cousin on her father’s side, that is, the son of her father’s
brother, if available (Cunnison 1966; Asad 1970).

Due to the hard environment in the Sahel/Savannah
belt, several droughts and famine affected essentially all
the populations resigning in this region (Carré et al.
2019). We detected the lowest levels in effective popula-
tion sizes around 15 generations ago (approximately in
the 17th century AD). At that time the climatic conditions
do not seem to have been the main cause of population
decline, for instance Lake Chad experienced a rise in water
level right at this time (Brunk and Gronenbom 2004). In
addition to climatic factors, cultural factors might also
have affected effective population sizes, for example the
variance of reproductive success. Since 10th century AD,
Sahelian populations have been under the influence of
Islamization by the Arab populations, who practice endog-
amy and consanguineous matrimonial practices that can
reduce effective population sizes, as can be seen in the
Arab Rashaayda population (Young 1996). However, these
interpretations should be viewed with caution, since infor-
mation on marital practices in earlier generations of the
Sahelian populations is not available.

The only non-Muslim population in our dataset was the
Bedik from southeastern Senegal. This population, to-
gether with the Dangaleat population from northern
Chad, show differences in the pattern of change in N,
(drop and recovery) from other studied Sahelian popula-
tions (fig. 3D). The Dangaleat belong to the group of peo-
ple called the Hadjeray (from the Arabic “those of the
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stones”), whose ancestors resisted raids (slave hunting) or-
ganized by the Wadai Empire in the 17th century. During
this time period, they still were non-Muslims, and their
conversions were more recent in time.

From a wider perspective, it is difficult to classify
Sahelian populations as endogamic or exogamic to assess
this effect on effective population sizes. Endogamy is pre-
sent in most Sahelian populations; the only difference
might be the proportion of endogamous partnerships in
a population. For example, in the Fulani pastoralists from
Burkina Faso, the ratio of such unions is relatively high
(65.8% for women and 71.0% for men) on average
(Hampshire and Smith 2001). However, it has been also
shown that higher rates of endogamy occur in places
where there is not enough pasture for larger herds of cat-
tle; especially evident among the poorest pastoralists, who
have less than five cows at their disposal (Hampshire and
Smith 2001). Therefore, the rates of endogamy might also
depend on the locations from where the samples were ob-
tained for the study.

The genetic diversity influencing the LP trait has been
studied in Sahelian populations (Ranciaro et al. 2014;
Hollfelder et al. 2021). Strong evidence of a founder event
in the Rashaayda population was inferred in previous stud-
ies of the -13915*G LCT variant (Priehodova et al. 2014,
2017). This variant is associated with camel herders from
the Middle East (Enattah et al. 2008; Priehodova et al.
2017), and its high frequencies in those populations are
notably different from populations in Sudan and South
Sudan (ranging between 0% and 28%) (Hollfelder et al.
2021). However, the highest frequency for this LCT variant
(on average 76.5% in 51 individuals) and the highest pre-
dicted LP phenotype (95%) have been found in the
Rashaayda population residing in the eastern Sahelian re-
gion (Priehodova et al. 2020). In Fulani groups, we detected
a large haplotype around the European LCT -22018*A
(rs182549), which is in strong linkage disequilibrium (LD)
with —13910*T (rs4988235), the European LCT variant
(Enattah et al. 2002). This haplotype was likely introduced
to the western Sahel via admixture with a northern African
population with Eurasian ancestry (Vicente et al. 2019).
However, further research has shown that this variant is
not present in high frequencies only in populations of
the Fulani pastoralists, but also in other western Sahelian
pastoralist such as the Tuareg and Moors (Priehodova
et al. 2020).

A specific signal of exceptionally strong selection involv-
ing the CNR1 gene in the Rashaayda Arab population has
been highlighted in this study. In all pairwise population
comparisons, both XP-EHH- and Rsb-based genome-wide
scans gave consistent results. CNR1 regulates both the en-
docannabinoid and dopaminergic neurobiological sys-
tems, and polymorphisms of this gene have been
previously associated with substance dependence, such
as morphine or cocaine (Clarke et al. 2013), as well as regu-
lation of neuronal and endocrine responses to chronic so-
cial defeat stress (or CSDS) due to depression or
anxiety-like behaviors (Beins et al. 2021). The associations
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of mutations in CNR1 gene with the risk of developing
substance dependence have been recently demonstrated
(Pabalan et al. 2021). In the Rashaayda population, the
CNR1 gene could likely be under selection due to cultural
adaptations of this population due to chronic stress (e.g.,
CSDS) or substance dependence (e.g, use of morphine ob-
tained from poppy tears). However, stress has a pleiotropic
nature controlled by numerous genes and likely other
genes and functional pathways might be involved as
well. Future integrative genomic research will shed light
on the functional impacts of variants under selection for
adaptation to environmental stress or lifestyle factors. In
addition, future association studies of molecular and clin-
ical phenotypes would clarify the context-specific effects
of this region/locus and its impact on downstream
phenotypes.

In Western African populations residing in
malaria-endemic regions, we detected candidate regions
of selection that are associated with malaria genes, in par-
ticular SPTB and ACTN1 genes and HLA polymorphisms.
Several populations from different Sahelian regions have
candidate regions that include zinc finger transcription
factor genes (ZSCAN12 and ZKSCAN3 genes), which are im-
plicated in response to cancer progression and bacterial
and viral infections.

In summary, the Sahel/Savannah belt harbors diverse
populations with different demographic histories and dif-
ferent genetic backgrounds. Our results evaluated the level
of population structure and patterns of admixture, par-
ticularly among Fulani groups from the western part of
the Sahel and Arabic-speaking populations from its east-
ern part. In contrast to other Arabic-speaking populations,
the Rashaayda Arabs in Sudan show a lack of gene-flow
with any sub-Saharan African population, which is consist-
ent with their recent arrival and short history in the
African continent. Rashaayda Arabs in eastern Sudan are
recent migrants from Saudi Arabia with high values of in-
breeding coefficients and patterns of homozygosity, evi-
dencing strong genetic isolation during the last
generations, and a bottleneck around 15 generations
ago. This population has a strong selection signal in a gen-
omic region around the CNR1 gene associated with sub-
stance dependence and CSDS. In Western African
populations, signatures of selection were detected in sev-
eral genetic regions, including pathways associated with
the LP trait and immune responses triggered by endemic
diseases such as malaria. Taken together, these findings in-
dicate complex evolutionary histories in Sahelian popula-
tions from different regions, shedding new light on how
selection may have influenced their adaptation to harsh
climate and environmental changes in semi-arid Sahelian
regions.

Materials and Methods

Sampling Design
We collected saliva samples of populations from three re-
gions of the Sahel/Savannah belt the: Western region
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(three populations in Senegal and Guinea), Central region
(five populations in Chad), and Eastern region (six popula-
tions Sudan) (supplementary fig. S1, Supplementary
Material online). Selected populations from different geo-
graphical locations represent groups with different subsist-
ence strategies (farmers, pastoralists and agro-pastoralists)
and belong to three linguistic affiliations (Niger-Congo,
Nilo-Saharan, and Afro-Asiatic linguistic families)
(supplementary tables S1 and S2, Supplementary
Material online). Each participant gave informed consent
before donating their saliva sample, and only individuals
whose parents and grandparents came from the same
ethnolinguistic group were included. This study was ap-
proved by the Ethical Committee of the Charles
University in Prague (the Czech Republic, approval no.
2019/12) and the Swedish Ethical Review Authority under
the Ministry of Education (Sweden, approval no. 2
2019-00479) and was conducted according to the
Declaration of Helsinki.

Genotyping Procedure

DNA was extracted from each saliva sample following the
protocol provided by the supplier (DNA Genotek Inc.).
For this study, we generated genome-wide SNP data of
327 participants in total from 14 Sahelian populations,
on average 23 participants per population (ranging from
12 to 25 individuals per population) (supplementary
table S1, Supplementary Material online). DNA samples
were genotyped on the lllumina H3Africa array
(BeadChip type: H3Africa_2017_20021485_A2; designed
for SNP-genotyping of 2,267,346 SNPs) at the SNP&SEQ
Technology  Platform,  NGl/SciLifeLab  Genomics
(Sweden). This genotyping array was designed to account
for the larger genetic diversity and smaller haplotype seg-
ments in African populations (Mulder et al. 2018). After
genotyping, the average SNP call rate per individual was
99.4% (ranging from 83.5% to 99.7%).

Assembling Genome-wide Genotype Datasets

For autosomal data, quality control (QC) steps were per-
formed using PLINK v1.9 (Chang et al. 2015), to keep auto-
somal biallelic variants with a high genotyping rate (plink
--mind 0.15 --geno 0.1 --hwe 0.0000001). Three samples
were removed due to their low genotyping rate (mind >
0.15). To estimate recent genetic relatedness, we used
KING (Manichaikul et al. 2010) and PC-Relate analysis
from GENESIS software (Conomos et al. 2016), and we re-
moved 59 individuals due to first- or second-degree kin-
ship (supplementary fig. S51, Supplementary Material
online). For our new dataset, we obtained 2,206,620
SNPs and 268 individuals. We also used PLINK to prune
SNPs under high LD (plink --indep-pairwise 100 10 0.2)
for analyses that assume unlinked variation and the
LD-pruned dataset contains 459,880 variants and 268 indi-
viduals (supplementary table S1, Supplementary Material
online).

To investigate genetic affinities in our dataset, we built
three genome-wide SNP datasets for different types of ana-
lyses (see details of populations included in each dataset in
supplementary table S2, Supplementary Material online).
First, we assembled the “Sahel-SNP” dataset by merging
the QC-filtered dataset from this study with selected popu-
lations from the Sahel/Savannah belt presented in previous
genome-wide studies using the lllumina HumanOmni2.5 ar-
ray (Triska et al. 2015; Haber et al. 2016; Vicente et al. 2019).
Before and after each merging, we applied the same QC
steps using plink. After merging, we obtained 651 Sahelian
individuals from 30 populations and 1,229,657 SNPs for
the “Sahel-SNP” dataset (and 360,282 SNPs for the
Sahel-SNP LD-pruned dataset).

Second, we assembled the “High-SNP density” dataset
by merging the QC-filtered Sahel-SNP dataset with data-
sets from worldwide populations included in previous
studies (1000 Genomes Project Consortium et al. 2015;
Gurdasani et al. 2015; Haber et al. 2016; Fortes-Lima
et al. 2017; Hernandez et al. 2020) (supplementary table
S2 and fig. S1, Supplementary Material online). After mer-
ging and QC-steps, the High-SNP density dataset contains
2,967 individuals from 94 populations and 813,052
SNPs (and 258,994 SNPs for the "High-SNP LD-pruned
dataset").

Third, to investigate the ancestral origins of migrant po-
pulations in the Eastern region of the Sahel/Savannah belt,
we assembled a dataset with Eastern African and Middle
Eastern populations, we assembled the “Low-SNP density”
dataset by merging the High-SNP density dataset and pub-
licly available datasets from previous studies (Hollfelder
et al. 2017; Fernandes et al. 2019; Scheinfeldt et al. 2019)
(supplementary table S2 and fig. S1, Supplementary
Material online). After merging and QC-steps, the
Low-SNP dataset contains 4,321 individuals from 139 po-
pulations and 181,004 SNPs (and 110,220 for the
"Low-SNP LD-pruned” dataset). We also created a subset
database for populations in Sudan from the present study
(excluding the recent migrant Rashaayda Arab popula-
tion) and from previous publications (Triska et al. 2015;
Hollfelder et al. 2017), called “Only-Sudan” dataset (con-
taining 370 individuals from 25 populations in Sudan
and 472,291 SNPs).

Correlations Between Linguistic, Geographical and
Genetic Distances

To test the correspondence between language, geography,
and genetic diversity, we performed a Mantel test using
the R package ncf. For genetic distances, we used
smartPCA tool from the EIGENSOFT package (Patterson
et al. 2006) to calculate pairwise Hudson Fs; between po-
pulations, which produces estimates that are independent
of sample sizes in uneven populations (Bhatia et al. 2013).
Geographic distances were calculated as great circle dis-
tances (accounting for the curvature of the earth) using
the R package fields (Nychka et al. 2005). For linguistic dis-
tances, we estimated distances between pairs of languages
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using the Levenshtein distance normalized divided algo-
rithm defined by Bakker et al. (2009). To do so, we applied
the automated similarity judgment program (Wichmann
et al. 2020), which estimates lexical distances by comparing
100-item word lists of all the languages spoken by the po-
pulations included in the High-SNP density dataset
(supplementary table S18, Supplementary Material on-
line). We first estimated correlations between geographical
and genetic distances using Mantel test (Mantel 1967)
based on Pearson’s r-statistic, and significance was esti-
mated using 100,000 random permutations. We then esti-
mated correlations between geographical, linguistic, and
genetic distances using partial Mantel tests.

Population Structure Analyses

To investigate the population structure across populations
from the Sahel/Savannah belt, we first performed PCA
using smartpca (Patterson et al. 2012) for the new data
and the three assembled datasets. We plotted the results
using PCAviz (Novembre et al. 2019; Liu et al. 2020), and
in-house R scripts. To combine the information of the first
ten PCs, we then performed PCA-UMAP (Diaz-Papkovich
et al. 2019) for a subset of selected populations from
Eastern Africa and the Middle East.

For the High-SNP and Low-SNP LD-pruned datasets, we
used ADMIXTURE software v1.3 (Alexander et al. 2009;
Alexander and Lange 2011) to carry out unsupervised
ADMIXTURE analysis for each dataset from K=2 to
K = 20, and for 10 independent runs with a random seed
for each K-group. The CV test was performed for each run
of each K-group (supplementary fig. S12C, Supplementary
Material online). ADMIXTURE analysis was carried out using
the projection mode for the admixed Fulani groups included
in the High-SNP density dataset, where Fulani samples were
projected onto the population structure (allele frequencies)
learned from the reference panels included in the dataset. To
better visualize the major mode of the ADMIXTURE results,
we used AncestryPainter graphic program (Feng et al. 2018).
For a better comparison, the width of each population was
set to be equal regardless of its sample size. To investigate
the geographical distributions of ADMIXTURE results, we
plotted estimated admixture proportions on a geographic
map. We used the grid-based mapping Surfer software
(Golden Software, LLC) and applied the Kriging method
for spatial interpolation.

Estimating Effective Migration Patterns

To further investigate spatial population structure in the
Sahel/Savannah belt, we used FEEMS (Petkova et al.
2016; Marcus et al. 2021). Briefly, FEEMS applies a
Gaussian  Markov random field model in a
penalized-likelihood-based framework to infer whether
populations are exchanging gene flow with neighboring
populations in a spatial graph of a “stepping-stone” model
of migration and genetic drift. To estimate effective migra-
tion parameters, we used as inputs the genotype data of
African and Middle Eastern populations included in the
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High-SNP density dataset, as well as the latitude and lon-
gitude coordinates of each population. This analysis is suit-
able for the dataset that we collected in geographically
different sites/locations, in local villages, camps etc. and
not big cities or hospitals, making the samples more repre-
sentative of local demes in the Sahel/Savannah belt.

ROH and Genomic Inbreeding Coefficients

To calculate ROH, we used a sliding-window approach
implemented in PLINK v1.9 following recommendations
from a previous study estimating ROH in African popula-
tions (Ceballos et al. 2019). First, we calculated ROH for
each population included in the High-density SNP data-
set. ROH were detected with the following parameters:
30 was the minimum number of SNPs that a ROH was re-
quired to have (--homozyg-snp 30), 300 was the length in
kb of the sliding window (--homozyg-kb 300), 30 was the
required minimum density to consider a ROH that means
1 SNP in each 30 kb (--homozyg-density 30), 30 was
the number of SNPs that the sliding window must
have (--homozyg-window-snp 30), 1,000 was the
length in kb between two SNPs to be considered in two
different segments (--homozyg-gap 1000), 1 was the
number of heterozygous SNPs allowed in each window
(--homozyg-window-het 1), 5 was the number of missing
calls allowed in a window (--homozyg-window-missing 5),
and 0.05 was the proportion of overlapping window that
must be called homozygous to define a given SNP as in a
“homozygous” segment (--homozyg-window-threshold
0.05). For ROH longer than 1.5 Mb, we calculated mean
ROH size, sum of long ROH, and total length of ROH;
and for ROH shorter than 1.5 Mb, we calculated the
sum of short ROH; using an available R script (https://
github.com/CeballosGene/ROH). The genomic inbreed-
ing coefficient based on ROH (or Froy) measures the ac-
tual proportion of the autosomal genome that is
autozygous. We estimated Froy as the total sum of
ROH >1.5 Mb divided by the total length of the auto-
somal genome (3 Gb) (McQuillan et al. 2012; Ceballos
etal.2018). We plotted the results using custom R scripts.
Linear regressions between ROH parameters in each
population were then estimated using the generalized lin-
ear model (GLM) regression function in R. We also calcu-
lated six ROH length classes: class 1 (0.3 < ROH < 0.5 Mb),
class 2 (0.5<ROH <1 Mb), class 3 (1<ROH <2 Mb),
class 4 (2<ROH <4 Mb), class 5 (4 <ROH <6 Mb),
and class 6 (6 Mb<ROH < 10 Mb). For all the ROH
length classes together, we used an in-house Pythin script
with the bokeh visualisation library for interactive plots in
“.htm!” format, with the option of scroll-over metadata
for better identifying on the plot the results of each stud-
ied population.

Estimating the Timing of Founder Events

To infer both the age and strength of demographic foun-
der events in Sahelian populations, we used ASCEND v8.6
(Tournebize et al. 2022). This method uses the correlation
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in allele sharing across the genome between pairs of indi-
viduals to recover signatures of past bottlenecks in each
studied population. For each population included in the
High-SNP density dataset, we used default settings for all
the autosomal chromosomes, such as distance bins from
0.1 cM to 30.0 cM by steps of 0.1 cM. We estimated the
age since the founder event (Tf, in generations before
the present) and the intensity of the founder event (If).
To evaluate the quality of the exponential fit, we estimated
the normalized root-mean-square deviation between
the empirical allele sharing correlation values and the fit-
ted ones, and we plotted the correlations between empir-
ical and theoretical decay curves. To identify significant
founder events, we followed the four criteria recom-
mended by Tournebize et al. (2022). To convert the
inferred dates since the founder event from generations
to years, we used the following equation: 1950-(g*29),
where g is the estimated number of generations and 29
is the assumed number of years for one generation
(Fenner 2005).

Sharing of IBD Segments

To infer population dynamics, we analyzed
identity-by-descent (IBD) segments for selected popula-
tions included in the High-SNP dataset. We employed
the fastIBD algorithm in the Beagle package (Browning
and Browning 2011) to first calculate the total amount
of shared IBD segments between individuals in tested po-
pulations. We then calculated the average amount of
shared IBD in centimorgans (cM) between individuals in
tested populations. We removed IBD segments of 3 cM
to avoid the conflation effect of short IBD segments
(Chiang et al. 2016), and parameters for IBD sharing
were calculated separately for short IBD segments (3—
4 cM) and long IBD segments (5 cM or more). Because
the length of IBD segments decreases over generations
due to recombination, short IBD segments suggest ancient
common ancestors of two populations, while long IBD seg-
ments suggest evidence of a recent gene-flow between
pairwise populations. To estimate the effective population
size (N,) in the last 50 generations of each studied Sahelian
population, we analyzed IBD-segment data using IBDNe
(Browning and Browning 2015) with a threshold size of
2 cM. For IBDNe plots, we included an interactive plot in
“html” format with the option of scroll-over metadata
for better identifying the results of each population on
the plot.

Admixture Inference Methods

To confirm admixture results, we tested for admixture
using f3-statistics (Patterson et al. 2012) in the form
f3(A; B, Q). If the test results are positive (i.e, f3(A; B, C)
> 0), then there is no evidence that target population A
is descended from an admixture event between popula-
tion source B and C. If the test results are significantly
negative (i.e, f3(A; B, C)>0), then target population A
might have the results of admixture between population

source B and C (Lipson 2020). To make inferences about
admixture times in studied Sahelian populations, we calcu-
lated the weighted LD statistic using the implementation
of ALDER (Loh et al. 2013) for multiple events of admixture
called MALDER.

Genome-wide Scan Analyses for Selection

To identify recent signatures of positive selective sweeps,
we perform haplotype-based selection scan analysis using
rehh v3.2.2 (Gautier and Vitalis 2012; Gautier et al. 2017).
We estimated the extent of haplotype homozygosity
(EHH) within studied Sahelian populations using the inte-
grated haplotype homozygosity (iHS) score (Voight et al.
2006) and between populations using the cross-
population EHH (XP-EHH) score (Sabeti et al. 2007) and
the log-ratio of the integrated site-specific EHH between
pairwise populations (Rsb) score (Tang et al. 2007). We
phased the High-SNP density dataset using SHAPEIT v2
(Delaneau et al. 2013) with the Haplotype Reference
Consortium as a reference panel (Consortium and the
Haplotype Reference Consortium 2016), and recombin-
ation maps were interpolated from the HapMap Phase 2
genetic map. To minimize switch error rates (Delaneau
et al. 2013), we used the following parameters: 500 states,
50 MCMC main steps, 10 burnin and 10 pruning steps.
First, we calculated the iHS score in each population for
all the variants with a minor allele frequency higher than
0.05 to exclude variants near to fixation, and also variants
were excluded from the calculation if a 20 kb maximum
gap between two SNPs was found when calculating EHH,
as they may produce biases. Then, we estimated XP-EHH
between pairwise populations, using one studied
Sahelian population versus one reference population for
western African, European and Middle Eastern ancestries
(YRI, CEU and Rashaayda, respectively). To confirm
XP-EHH-based tests, we also estimated Rsb statistics be-
tween each studied population and the Rashaayda Arab
population. For each SNP in each population, we com-
puted a weighted average of the EHH at both alleles, re-
ferred to as site-specific EHH (EHHS). Rsb scores were
then calculated for the observed distribution of the stan-
dardized log-ratio of the integrated EHHS (iES) between
pairs of populations, and genomic regions with unusually
high Rsb evidenced signals of positive selection. Also, we
compared Rsb-based P-values against XP-EHH-based
P-values across chromosome 6.

To identify the ancestral alleles in our dataset, we only
analyzed SNPs that are present in the genomes of the three
great apes (chimpanzee, orangutan and gorilla). For each
30 kb window of iHS, XP-EHH and Rsb score, we calculated
the mean, maximum and P-value values. For each statistic,
all estimated P-values were adjusted for multiple compari-
sons by using the Benjamini & Hochberg correction algo-
rithm (Benjamini and Hochberg 1995), which is
recommended to reduce the false discovery rate (Francois
et al. 2016). Each score was constructed to have an approxi-
mately standard Gaussian distribution and be transformed
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into a P-value (in a —log10 scale), and plotted using the
Manhattan-plot function in rehh (Gautier et al. 2017). As
a genome-wide threshold, we used the quartile 1% for the
scores of each population, and candidate regions for selec-
tion were inferred for all the genetic windows above that
threshold. To annotate the gene-coding content of each
candidate region, we intersected windows with the hg19
gene annotations from the “RefFat.txt” file included in the
UCSC genome annotation database (Dreszer et al. 2012).
For pathway enrichment analysis, we used ToppGene soft-
ware (Chen et al. 2009) to list pathways, gene families,
drugs and diseases of all the genes that were enriched
according to XP-EHH-based scans (supplementary table
S17, Supplementary Material online).

XP-EHH results were plotted in rounded plots using the
R package shinyCircos (Yu et al. 2018). To visualize results
on chromosome 6, we plotted in Manhattan-plots and we
also zoomed into a particular genomic region of 20 Mb,
and plotted allele frequencies in African and Eurasian po-
pulations for two selected SNPs from that region. For those
two selected positions, we used selink software
(Cuadros-Espinoza et al. 2022) to compute pairwise Fsy be-
tween the target population and populations included in
the High-SNP density dataset. To avoid sample size bias,
we downsampled each population with a sample size lar-
ger than 13 individuals. For the downsampled dataset,
we repeated XP-EHH-based tests and recalculated allele
frequencies for the two top selected SNPs included in
one candidate region.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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