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1 | INTRODUCTION

Various food-production strategies emerged during the Neolithic. This
remarkable cultural innovation significantly changed human

populations in both a social (Hodder, 1990) and biological sense

Abstract

Objectives: Archeological evidence shows that first nomadic pastoralists came to the
African Sahel from northeastern Sahara, where milking is reported by ~7.5 ka. A sec-
ond wave of pastoralists arrived with the expansion of Arabic tribes in 7th-14th cen-
tury CE. All Sahelian pastoralists depend on milk production but genetic diversity
underlying their lactase persistence (LP) is poorly understood.

Materials and methods: We investigated SNP variants associated with LP in 1,241
individuals from 29 mostly pastoralist populations in the Sahel. Then, we analyzed six
SNPs in the neighboring fragment (419 kb) in the Fulani and Tuareg with the
—13910*T mutation, reconstructed haplotypes, and calculated expansion age and
growth rate of this variant.

Results: Our results reveal a geographic localization of two different LP variants in
the Sahel: —13910*T west of Lake Chad (Fulani and Tuareg pastoralists) and
—13915*G east of there (mostly Arabic-speaking pastoralists). We show that
—13910*T has a more diversified haplotype background among the Fulani than
among the Tuareg and that the age estimate for expansion of this variant among the
Fulani (~8.5 ka) corresponds to introduction of cattle to the area.

Conclusions: This is the first study showing that the “Eurasian” LP allele —13910*T is
widespread both in northern Europe and in the Sahel; however, it is limited to pasto-
ralists in the Sahel. Since the Fulani haplotype with —13910*T is shared with contem-
porary Eurasians, its origin could be in a region encompassing the Near East and
northeastern Africa in a population ancestral to both Saharan pastoralists and
European farmers.
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(Wolfe, Dunavan, & Diamond, 2007). Sub-Saharan Africa with its
abundant wild food resources (National Research Council, 2008) has
always been viewed as the home of diverse hunter-gatherer
populations (Cummings, Jordan, & Zvelebil, 2014). Its genetic struc-

ture, however, has been significantly reshaped by several genetic
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adaptations related to food-production strategies in the Holocene and
pathogen-driven selection related to culturally modified environments
(Podgorna et al., 2015; Sanchez-Mazas et al., 2017; Tishkoff
et al., 2007; Triska et al., 2015). With respect to food-production
strategies found in Africa, it is believed that nomadic pastoralism pre-
ceded sedentary farming (Marshall & Hildebrand, 2002), but both of
these subsistence strategies contributed to population expansions
and admixture (Schlebusch & Jakobsson, 2018).

In sub-Saharan Africa, only few animal species were eligible for
domestication (Diamond, 1997; Diamond, 2002) but local environ-
ment provided plentiful palatable grasses suitable for grazing domesti-
cated animals, which were introduced into this region soon after the
beginning of the Neolithic in the Near East. In Early and Middle Holo-
cene, the Sahara was green, covered by vast expanses of grassland.
Due to subsequent climatic changes, by ~5 ka this environmental set-
ting receded to the Sahel/Savannah belt, where both pastoralism and
farming have been widely practiced ever since (Batello, Marzot,
Touré, & Kenmore, 2004; Boutrais, 1988; Sougnabe, 2011). Some
models even suggest that ancient forms of pastoralism may have del-
ayed the collapse of Middle Holocene Saharan ecosystem, which was
brought about by climatic desiccation (Brierley, Manning, &
Maslin, 2018). Traditional pastoralism can thus be viewed as a suitable
cultural adaptation to the Sahelian environment and it has been
reported that children of Sahelian pastoralists are better nourished
than the children of farmers (Pedersen & Benjaminsen, 2008; Sheik-
Mohamed & Velema, 1999).

Population genetic studies show that the African Sahel/Savannah
belt formed a bidirectional corridor of human migrations between
western and eastern Africa, with Lake Chad acting as a “center of
gravity,” where, in the course of the Holocene, new haplogroups
emerged and diversified and where the subsistence pattern had a
more significant impact on population structure than linguistic affilia-
tion (Cerny et al, 2009; Cerny et al., 2011; Cerny, Salas, Hajek,
Zaloudkova, & Brditka, 2007; Novackova et al., 2020; Podgorna,
Soares, Pereira, & Cerny, 2013). The origins of food production strate-
gies in the Sahel/Savannah belt are not yet understood in detail but
archeological investigations show that the first food-producers in this
area were pastoralists coming from the Sahara at ~5 ka
(Ozainne, 2013). Somewhat later, they domesticated pearl millet in
the Tilemsi Valley (northern affluent of the Niger River in Mali), while
some of the groups became mixed agro-pastoralists and spread to
other Sahelian locations in western Africa. Other Sahelian areas, such
as the Chad Basin were not, however, settled by these agro-
pastoralists from Middle Niger but by herders coming from outside
the first pearl millet domestication area. These herders possibly origi-
nated in either Northern Niger/Chad or Eastern Sahara (Ozainne
et al., 2014; Ozainne, Mayor, & Huysecom, 2017).

For the Sahelian pastoralists, the most important animal has
always been cattle, whose milk—as reported in several anthropological
and ethnological studies (Bernus, 1981; Dupire, 1962; Evans-
Pritchard, 1940; Homewood, 2008; Lhote, 1955)—was consumed
fresh. Although the auroch, ancestor of the domestic cattle, also lived

in northeastern Africa, as evidenced by rock art and archeological

findings (le Quellec, 1997), its domestication took place in Asia. The
auroch was domesticated independently in the Near East and in India
and two different breeds were subsequently introduced to Africa
(Mwai, Hanotte, Kwon, & Cho, 2015). The route these Near Eastern
cattle keepers took, went through the Nile Valley and then from
~8 ka on via Wadi Howar to Central Sahara (Jesse, Keding, Lenssen-
Erz, & Pollath, 2013), while Indian cattle was imported to East Africa
by a sea route across the Indian Ocean and then via Southern Arabia
at ~4 ka (Boivin, Blench, & Fuller, 2009). It is still unclear whether
Near Eastern cattle (Bos taurus or taurin) and/or the Indian cattle (Bos
indicus or zebu) had subsequently mixed with aurochs living in Africa.
Nevertheless, the high diversity of currently kept indigenous African
cattle breeds and selection signals in their gene pool attest to these
animals' genetic adaptation to Sahelian tropical environmental settings
(Kim et al., 2017).

In Europe, animal husbandry during the initial phases of the Neo-
lithic merely supplemented widespread cereal cultivation, while
milking appeared as a later innovation during the “Secondary Product
Revolution” (Sherratt, 1981). In sub-Saharan Africa (Smith, 2005) and
Arabia (McCorriston, Harrower, Martin, & Oches, 2012; McCorriston &
Martin, 2009), on the other hand, the first food-producing societies
were nomadic pastoralists. These pastoralists gradually adapted to the
specific environment of the Sahel/Savannah belt (Linseele, 2013) by
adopting a system of seasonal movements (transhumance) that is
incompatible with the sedentary lifestyle of traditional farmers
(Pedersen & Benjaminsen, 2008). It has been suggested that these
African cattle keepers supplemented their diet—based initially on
hunting wild game and harvesting of wild plants (Cancellieri & di
Lernia, 2014)—by milking already by around 7.5 ka (Dunne
et al, 2012). The amount of milk used at that time for human con-
sumption is, however, still uncertain (le Quellec, 2016).

Milk drinking is of vital importance to all mammals that depend
on breast milk as a food source before weaning. In addition to other
nutritional components, it contains a sugar, lactose, which is the main
source of energy for infants (Ségurel & Bon, 2017). To obtain energy
from lactose, almost all mammals synthetize an enzyme called lactase-
phlorizin hydrolase (LPH), encoded by the lactase gene (LCT). In
populations where dairy production is common, downregulation of
LPH production after weaning—the original physiological state in all
LPH-producing mammals—has been counterselected. In these groups,
milk consumption became no longer limited to the first years of life.
Especially in groups highly dependent on pastoralism, fresh milk
became the main constituent of their diet, and ability to produce lac-
tase after weaning (i.e., lactase persistence [LP]) became an advanta-
geous trait. In these populations, specific mutations which maintained
LPH production have been under strong positive selection, as
evidenced by high selection coefficients and hard sweep signals asso-
ciated with LP, which have been found in many populations
(Bersaglieri et al., 2004; Enattah et al., 2008; Jones et al., 2013;
Ranciaro et al, 2014; Schlebusch, Sjodin, Skoglund, &
Jakobsson, 2013; Tishkoff et al., 2007).

Several variants associated with LP are found in current

populations. There are three different mutations in eastern Africa
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(-14010*C, —14009*G, and —13907*G), one in western Eurasia and
northwestern Africa (—13910*T), and one in Arabia and northeastern
Africa (-13915*G). These mutations can be viewed as evidence of
convergent genetic adaptation of humans to pastoralism (Tishkoff
et al., 2007). It has been estimated that allele —13910*T is the oldest
among these variants. Simulation models show that it emerged some-
where between central Europe and northern Balkans at ~7.5 ka (Itan,
Powell, Beaumont, Burger, & Thomas, 2009), but its presence has not
yet been attested by ancient DNA studies of European human
remains from this period (Burger, Kirchner, Bramanti, Haak, &
Thomas, 2007; Krittli et al., 2014; Malmstrém et al., 2010). Currently
the prevailing view is that this allele had been present in the popula-
tion at a very low frequency and became strongly selected for much
later, perhaps during the Bronze Age, in conjunction with other alleles
associated with lipid metabolism (Mathieson & Mathieson, 2018).

As mentioned above, the —13910*T variant occurs not only in
western Eurasia but also in northwestern Africa (Coelho et al., 2005;
Lokki et al., 2011; Ranciaro et al., 2014). Based on high frequencies of
—13910*T and Eurasian Y chromosome haplotypes in the Fulani
(Fulbe) from Cameroon, it has been suggested that this LP variant may
have been introduced in their population from outside Africa (Mulcare
et al., 2004). Based on (probably different) Fulani DNA samples but
again from northern Cameroon, it has been demonstrated that their
—13910*T variant shares its haplotype backgrounds with Europeans
(Coelho et al., 2005; Ranciaro et al., 2014), which suggests a single
mutation event for this mutation and its introduction via admixture of
non-African sources and through gene flow. A recent study of Fulani
pastoralists from Ziniaré, Burkina Faso (Vicente et al., 2019) confirmed
these suggestions and showed that this variant shares its haplotype
background with Eurasians and that ancestors of the Fulani probably
acquired the haplotype via recent admixture events which took place
in northern Africa.

The Fulani are, however, spread through a much larger area of the
Sahelian Africa and samples from the groups that live in Cameroon and
Burkina Faso does not represent them fully. Other Fulani populations are
concentrated around the rivers of Senegal, and Niger, along Hausaland in
Niger and Nigeria, as well as around Lake Chad. From these locations, no
data on LP variation of this originally nomadic people have been available
so far. The aim of this article is to fill this gap in our knowledge and gain
a deeper understanding of the history of (Fulani) pastoralism in sub-
Saharan Africa by providing new data for LP variants from 31 Sahelian,
mostly Fulani, populations. Thanks to such a large LP dataset, we can
also test hypotheses regarding their mutual prehistorical contacts and
past gene flow between nomadic pastoralists and sedentary farmers in
the Sahel/Savannah belt previously indicated by the results of studies on
uniparental markers (Cerny et al,, 2011; Cizkova et al., 2017; Novatkova
et al., 2020).

2 | MATERIALS AND METHODS

We analyzed LP variants in 31 African populations living in the Sahel/

Savannah belt (see Table 1 for their geographical locations, lifestyles,
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and language affiliations). Sampling authorizations were obtained from
the relevant state institutions of countries involved in the study prior
to sample collection from participants. Ethical approval was obtained
from the Charles University in Prague (Approval Number 2019/12).

We focused primarily on nomadic pastoralists, where a higher fre-
quency of LP alleles was to be expected. Additionally, however, we
included all existing linguistic families in the Sahel/Savannah belt, such
as the Fulani who belong to the Niger-Congo family, the Tuareg, Afar,
Beja, Kababish, and Moors who all belong to the Afro-Asiatic family,
and the Zaghawa who belong to the Nilo-Saharan family. Moreover,
we also analyzed populations traditionally seen as sedentary farmers,
such as the Gurunsi, Gourmantche, and Mossi of the Niger-Congo
family, the Masa, Kotoko, Buduma, and Dangaléat of the Afro-Asiatic
family, and the Daju, who are affiliated with Nilo-Saharan languages.

By doing so, we included all three linguistic groups and both life-
styles currently found in the Sahel/Savannah belt, but a majority of
our samples come from two pastoral populations: the Fulani and the
Arabs. While Fulani are autochthonous sub-Saharan population
groups whose ancestors admixed with population(s) of Eurasian
ancestry (Kulichovd et al., 2017; Triska et al., 2015; Vicente
et al., 2019), Arabs are an originally Eurasian population who arrived
from Arabia from the seventh century CE onward. They were present
in the Lake Chad basin in the 14th century (Zeltner, 2002) and nowa-
days, they are admixed with local sub-Saharan populations
(Prichodova, Abdelsawy, Heyer, & Cerny, 2014; Priehodova
etal, 2017).

In total, we screened 1,241 individuals (2,482 chromosomes) for
variants associated with LP. We sequenced a 359-bp fragment
located in intron 13 of the MCMé6 gene, where the five main LP-
associated mutations are located. We used primers reported in a pre-
vious study (Coelho, Sequeira, Luiselli, Beleza, & Rocha, 2009). PCR
products were sequenced with forward primers and in case of ambi-
guity, we generated reverse complements. The variants were identi-
fied using BioEdit software (Hall, 1999) and allele frequencies and
homozygous and heterozygous variants were calculated by GenAlEx
software (Peakall & Smouse, 2012). Arlequin software (Excoffier &
Lischer, 2010) was used to perform analyses of molecular variance
(AMOVA). We have also produced a nonmetric multidimensional scal-
ing plot (MDS) computed by R-package vegan 2.5-6 (Oksanen
et al., 2019) based on Reynolds' distances matrix from Arlequin
(Excoffier & Lischer, 2010; Reynolds, Weir, & Cockerham, 1983).

LP variant frequencies of the 31 analyzed Sahelian populations
were subsequently compared with previously published LP variant
frequencies in other Sahelian and neighboring populations. In this
manner, we obtained a dataset including 101 populations from the
Sahel/Savannah belt or its close vicinity (Supplementary Table S1). To
visualize the distribution of LP variants across this dataset, we used
an open source geographic information system, the QGIS ver. 3.4.9
LTR Madeira, with free maps from Natural Earth quick start packages.
Frequencies of LP variants, geographical coordinates, and information
about lifestyle were used to produce pie charts. Variance structure of
the four main LP genotypes was computed and visualized by principal

component analysis (PCA) using allele frequencies available for the
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TABLE 1 Population samples used in the study
Population n Sampling location
Afar 26 Paris, Brussels
Beja 47 Mackali
Buduma 30 Around Balatungur
Daju 50 Daju
Dangaléat 49 West of Mongo
Fulani Abalak 26 Around Abalak
Fulani Ader 49 Around Ader
Fulani Balatungur 23 Around Balatungur
Fulani Banfora 49 Around Banfora
Fulani Bongor 49 East of Bongor
Fulani Diafarabe 50 Diafarabe
Fulani Diffa 32 Around Diffa
Fulani Timbi-Touni 51 Timbi-Touni
Fulani Ferlo 56 Near Linguere
Fulani Linia 27 Around Linia
Fulani Mauretania 47 Brakna, Gorgol, Assaba
Fulani Tcheboua 40 Tcheboua
Fulani Tindangou 50 Around Tindangou
Fulani Zinder 34 Around Zinder
Fulani Ziniare 56 Northeast of Ziniare
Gurunsi 32 P&
Gourmantche 37 Nnear Pama
Kababish 27 Al-Obeid
Kotoko 47 Holouf and around
Masa 35 Yagoua and around
Moors 46 Brakna, Gorgol, Assaba
Mossi 34 East of Ziniare
Tuareg 1 37 Around Gorom-Gorom
Tuareg 2 26 Around Gossi
Tuareg 3 31 Around Tanut
Zaghawa 48 Al-Obeid

whole dataset. We applied the prcomp method from stats v3.6.1 pack-
age and further plotting was done using the autoplot function in sur-
vMisc v0.4.2 (both found in the R). Groups of populations were
differentiated by specific color palettes. To determine and visualize
the geographical distribution of LP variants, we drew interpolation
maps using ArcView software.

A clinal pattern of LP mutations within the Sahel/Savannah belt
was tested by correlogram autocorrelation analysis (Moran, 1950),
implemented in PASSaGE software, version 2 (Rosenberg, 2001), and
applied with 10,000 permutations. We tried different numbers of clas-
ses with equal observations but results presented in this study were
achieved with 10 classes. These spatial analyses included other previ-
ously published datasets, which were based on a total of
101 populations from the Sahel/Savannah belt and neighboring loca-
tions (see Supplementary Table S1).

Country of origin Family Lifestyle

Djibouti, Ethiopia, Eritrea Afro-Asiatic Pastoralists
Sudan Afro-Asiatic Pastoralists
Niger Afro-Asiatic Farmers

Sudan Nilo-Saharan Farmers

Chad Afro-Asiatic Farmers

Niger Niger-Congo Pastoralists
Niger Niger-Congo Pastoralists
Niger Afro-Asiatic Pastoralists
Burkina Faso Niger-Congo Pastoralists
Chad Niger-Congo Pastoralists
Mali Niger-Congo Pastoralists
Niger Niger-Congo Pastoralists
Guinea Niger-Congo Pastoralists
Senegal Niger-Congo Pastoralists
Chad Niger-Congo Pastoralists
Mauretania Niger-Congo Pastoralists
Cameroon Niger-Congo Pastoralists
Burkina Faso Niger-Congo Pastoralists
Niger Niger-Congo Pastoralists
Burkina Faso Niger-Congo Pastoralists
Burkina Faso Niger-Congo Farmers

Burkina Faso Niger-Congo Farmers

Sudan Afro-Asiatic Pastoralists
Cameroon Afro-Asiatic Farmers

Cameroon Afro-Asiatic Farmers

Mauretania Afro-Asiatic Pastoralists
Burkina Faso Niger-Congo Farmers

Burkina Faso Afro-Asiatic Pastoralists
Mali Afro-Asiatic Pastoralists
Niger Afro-Asiatic Pastoralists

Sudan Nilo-Saharan Pastoralists

The age of expansion and growth rate of the —13,910*T allele
was estimated by a method described by Austerlitz et al. (Austerlitz,
Kalaydjieva, & Heyer, 2003), which was previously used to estimate
the expansion age and growth rate of —13915*G in Arabic-speaking
populations (Priehodova et al., 2017). For this analysis, we genotyped
six SNPs in a 419 kb-long fragment around -13910*T (Heyer
et al,, 2011). We decided to apply a High Resolution Melting analysis
that needs samples of over 40 ng of DNA, that is, more than we had
available in all our samples. For this reason, we worked with two
smaller subsubsets: a Fulani (n = 286) and a Tuareg (n = 45) one.

Subsequently, we reconstructed the haplotypes using the phase
& Scheet, 2005; Smith, &
Donnelly, 2001) with settings identical to those used by Priehodova

program  (Stephens Stephens,
et al. (2017), and repeated these results using Arlequin software (Epsi-

lon value = 1e-12 and 10,000 iterations) (Excoffier & Lischer, 2010).
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Finally, we estimated the age of expansion (g) and geometric growth
rate (r) of the —13,910*T allele in the Fulani and Tuareg populations
separately using a method developed in Austerlitz et al. (2003). This
method takes as inputs the current number of copies (k) of the allele
in a population and the frequency (p,,) of the most frequent haplotype
for a set of markers around the locus of interest. It assumes that all
current copies of the allele trace back to the most recent common
ancestor (MRCA) and that since that time, the allele has been spread-
ing at a constant rate (r), with g being the time separating all current
copies from their MRCA, that is, their coalescent times. The probabil-
ity of reaching the observed values of k and p,,, can be obtained from
Equations (1) and (5), respectively, in Austerlitz et al. (2003). These
probabilities can be combined into a likelihood formula that allows us
to estimate g and r from the values of k and p,,. The value of k can be
obtained as 2Np, where N is the current census size of the population
and p is the allelic frequency of the mutant allele in the population.
While we could estimate p using our sample, the current population
size (N) is difficult to estimate in nomadic pastoralists. For the Fulani,
we assumed a population size ranging between 10 and 30 million and
for the Tuareg, 1.3 million (Eberhard, Simons, & Fennig, 2019). p,, was
obtained from the haplotypes reconstructed with PHASE (see above).
The method requires an estimate of the total recombination rate (6) of
the haplotype, which we estimated using HAPMAP map build 37.
Since the method focuses on the number of copies of the
allele, tracing all the way back to the ancestral copy of this allele,
it is affected neither by the population size at the time of occur-
rence of this copy, nor by the fact that the population had since
then expanded in size. It assumes that the number of copies
followed a geometric growth at a constant rate r since that time.
This growth rate combines the demographic growth rate of the
population and specific growth rate for the gene linked for
instance to selection. If there was, for instance, first a period
where the number of copies evolved only through drift followed
then by selection of standing variation, the estimated r would be
an average of the growth rate of the two periods, while the
expansion age (g) would be in any case the estimated coalescence
time of all copies of the allele. It would also apply to the case of
gene flow, where r would correspond to the growth rate of the
allele in the sets of connected populations, while g would still be
an estimate of this coalescence time. The method also assumes

that the mutant allele appeared through a unique mutation event.

3 | RESULTS

We screened the sequences for five variants (—13907*G, —13910*T,
—13915*G, —14009*G, and —14010*C) associated with LP. The most
frequent variant in our dataset, —13910*T, was found in all analyzed
western Sahelian pastoralists such as the Fulani, Tuareg, and Moors in
more or less similar frequencies but was not present in other groups
(Table 2). The second most widespread variant in our dataset,
—13915*G, was found in seven populations living in the eastern part

of the region. It occurred at the highest frequency among the
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Kababish Arabs (33.3%), while in other populations, its frequency was
rather low. The third most frequent variant was —14009*G, found
almost exclusively among the Beja (42.6%): in other groups, it was
present at much lower frequencies. Variant —13907*G was found in
seven Afar, five Beja, and one Kababish individual, and variant
—14010*C was not found in our dataset at all. The LP variants of the
Sahelian and neighboring populations are shown in Figure 1.

There are, however, also other mutations not currently associated
with LP but observed in the sequences we obtained. An interesting
case is that of —13913*T, which had been proven not to be associated
with LP (Jones et al., 2013). In our dataset, however, it was found only
in nomadic pastoralists, such as the Fulani, Tuareg, and Zaghawa.
Another, and more frequent, variant is the —14107*G, found in many
Sahelian populations, such as the Afar, Buduma, Fulani, Gurunsi,
Kotoko, and Masa. It has likewise been shown that it is not an LP-
associated variant (Torniainen et al., 2009) and in our dataset, it failed
to correlate with subsistence patterns. Another interesting finding
was a T to C change in position —13,915, found in two Fulani from
Diafarabe, Mali.

Molecular variance within and among populations was evaluated
by AMOVA. The overall variance for the most frequent variants
(-13907*G, -13910*T, -13915*G, -14009*G, -13913*T, and
—14107*G) expressed as a percentage was 74.8% within populations
and 25.2% among populations. For variant —13910*T alone, values
were 73.0% within populations and 27.0% among populations. We
also used MDS to visualize affinities among the populations analyzed
for the six main variant positions (Supplementary Figure S1), but pop-
ulation clustering turned out to be governed mainly by frequency of
the —13910*T. When only —13910*T was considered, all eastern
Sahelian and sedentary populations cluster together, showing that this
variant does not contribute to differentiation in this area. It displays a
striking geographical division between the distribution of variants
—13910*T and —13915*G and differences in frequencies of these var-
iants between pastoralists and farmers.

The frequencies of LP variants found in our populations were
compared with those obtained in previously analyzed African
populations (see Supplementary Table S1). Unfortunately, only four
variants were available but the entire dataset contains a much larger
number of populations. PCA showed that principal components 1 and
2 are directed by —13910*T and —13915*G, respectively, and jointly
they explain 93.4% of variation in the dataset (Figure 2). Another
striking observation of the study is the virtual absence of LP variants
among Nilotic pastoralists, such as the Dinka, Nuer, and Shilluk.

To assess whether frequencies of the mutations as shown in geo-
graphical space (Figure 3) correspond to a clinal pattern, we applied
Moran's | correlograms for the —13910*T and —-13915*G variants
(based on the entire dataset) and showed that frequency distribution
of these variants is not random. In fact, —13910*T shows significantly
positive autocorrelation in all distance classes up to 1,800 km and sig-
nificantly negative estimates above 2,600 km (Supplementary
Figure S2), thus clearly corresponding to a clinal
(Barbujani, 2000). Variant —13915*G showed a similar pattern except
for displaying positive autocorrelations only up to 800 km with

pattern
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FIGURE 1

Frequency of the different lactase persistence (LP) variants found among the examined populations. Positions of pie charts

correspond to the approximate geographical coordinates of the populations. Star symbol indicates pastoral populations in the dataset. Numbers in
pie charts are numeric codes referring to particular populations 1 Afar, 2 Beja, 3 Buduma, 4 Daju, 5 Dangaleat, 6 Fulani Abalak, 7 Fulani Ader,

8 Fulani Balatungur, 9 Fulani Banfora, 10 Fulani Bongor, 11 Fulani Diafarabe, 12 Fulani Diffa, 13 Fulani Timbi-Touni, 14 Fulani Ferlo, 15 Fulani
Linia, 16 Fulani Mauritania, 17 Fulani Tcheboua, 18 Fulani Tindangou, 19 Fulani Zinder, 20 Fulani Ziniare, 21 Gurunsi, 22 Gourmantche,

23 Kababish, 24 Kotoko, 25 Masa, 26 Moors, 27 Mossi, 28 Tuareg Gorom-Gorom, 29 Tuareg Gossi, 30 Tuareg Tanut, 31 Zaghawa, 32 Afar,

33 Algerian, 34 Amharic, 35 Amizmiz, 36 Arabic Baggara, 37 Arabs, 38 Arabs Baggara, 39 Arabs Baggara, 40 Arabs Baggara, 41 Bani Amir, 42 Beja
Banuamir, 43 Beja Hadandawa, 44 Beni Amer, 45 Berber, 46 Berber Moyen-Atlas, 47 Berber Mzab, 48 Beta Israel (Ethiopian Jews), 49 Boulala,
50 Burji, 51 Cameroonian, 52 Cameroonian, 53 Copts, 54 Darfurian, 55 Dinka, 56 Dinka, 57 Egyptian, 58 Ethiopian, 59 Ethiopian, 60 Ethiopian,
61 Ethiopian, 62 Ethiopian, 63 Fulani, 64 Fulani, 65 Fulani, 66 Gaali, 67 Gaalien, 68 Ghanaian, 69 Halfawien, 70 Hausa, 71 Jaali, 72 Konso,

73 Laka, 74 Mahas, 75 Mahas, 76 Mambila, 77 Mambila, 78 Mandara, 79 Manjak, 80 Mozabite Berbers, 81 Ngambay, 82 Nilotes, 83 Nso,

84 Nuba, 85 Nuer, 86 Nyimang, 87 Ouldoume, 88 Phenotyped Somali, 89 Rashaayda Arabs, 90 Shilluk, 91 Shokrya, 92 Shuwa Arab, 93 Shuwa
Arab, 94 Shwaiga, 95 Somali, 96 Somali, 97 Sudanese, 98 Sudanese, 99 Wolof, 100 Yamba, and 101 Yoruba. For population details, see

Supplementary Table S1

several nonsignificant values, therefore corresponding to a less clear
clinal pattern.

After genotyping six SNPs around the —13910*T position in the
Fulani and Tuareg samples, we took all 198 Fulani individuals bearing
—13910*T and identified 22 haplotypes in the first three runs of the Phase
software. For one haplotype, the fourth run differed from the previous
three runs, and the fifth run produced one haplotype less than the other
four runs. We repeated the phasing with the algorithm implemented in
Arlequin: this yielded the same haplotypes as in the first three runs of
Phase and we have therefore decided to use this haplotype set for further
calculations. For the Tuareg subset, all five runs in Phase were congruent.
We obtained 11 haplotypes from 26 samples bearing —13910*T.

Using the method of Austerlitz et al. (2003), we estimated the

expansion age of -13910*T in the Fulani population at

7,534-9,686 ya (Table 3), along with a slow growth rate of
1.033-1.053. Conversely, for the Tuareg we estimated a much
younger date of 1,541-2,200 ya, associated with a faster growth
rate of 1.16-1.25. These estimates reflected the different haplo-
type distributions in these two populations. We found a low haplo-
type diversity in the Tuareg, with a strongly predominant single
haplotype (23 out of 26), while in the Fulani, several haplotypes
were present at comparable frequencies. This difference was also
striking when we compared the haplotype network (Supplementary
Figure S3). These patterns were thus consistent with a rapid expan-
sion of the —13910*T haplotype in the Tuareg, which did not leave
much time for recombination, while expansion of this haplotype
was much slower in the Fulani, leaving more time for

recombination.
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LP variation

FIGURE 2 Principal coordinate
analysis (PCA) of lactase persistence

(LP) mutation frequencies in Sahelian and
neighboring populations; for population
abbreviations, see Supplementary

Table S1
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Our investigation of LP variant frequencies revealed new and interest-
ing results related to the origins of pastoralism and subsequent gene
flow between pastoralists and farmers in the Sahel/Savannah belt of
Africa. We observed a clear distinction between regions west and east
of Lake Chad: while variant —13910*T prevails in the western Sahel,
where we found it only in pastoralists such as the Fulani, Tuareg, and
Moors (it is virtually absent in sedentary farmers analyzed in our
dataset), eastern Sahel appears to be much more diverse and several
LP-associated variants, such as —13907*G, —13915*G, and 14010*C,
are found in various populations.

The almost zero frequency of the —13910*T variant in sedentary
farmers is consistent with a hypothesis of very low gene flow in the
western part of the Sahel/Savannah belt. Low gene flow in this region
is further attested by analyses of mtDNA variation (Cizkova
et al., 2017; Kulichova et al., 2017) and supported by recent geometric
morphometrics analyses (Kleisner, Pokorny, Cizkova, Froment, &

Cerny, 2019). The presence of the “Arabian” —13,915*G variant in
many populations of the eastern Sahel (including several sedentary
farmers) is, on the other hand, consistent with the idea of a higher
gene flow in this part of Africa (Cizkova et al., 2017), especially
the Arabic-speaking Baggara their neighbors
(Priehodova et al., 2017). The —14009*G variant has been associated
with LP in eastern Africa (Jones et al., 2013; Jones et al., 2015) and

frequency at which we found it in the Beja near Kassala, Sudan

between and

(42.6%) is much higher than reported by other studies (Hassan
et al., 2016; Ranciaro et al., 2014). Such isolated occurrence and high
frequency of this mutation among the Beja specifically could be
explained by East African origin of this Cushitic-speaking population
and subsequent genetic drift with a limited gene flow, which has been
attested also by an mtDNA study (Cizkova et al., 2017).

Interestingly, in all Nilotic pastoralists analyzed in this study we
found zero frequencies of the main known LP variants. It is possible
that these populations also carry another, yet unknown, LP variant

since tests for lactose tolerance based on breath hydrogen
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FIGURE 3 Interpolation maps of allelic frequencies of the main lactase persistence (LP) variants (—13910*T upper row, —13915*G middle
row) between sedentary farmers (left column) and nomadic pastoralists (right column) in the Sahel/Savannah belt and neighboring sites. The
bottom row shows combined frequencies of all LP variants identified and collected so far

TABLE 3 Estimation of growth rate and age of expansion of the —13910*T allele in Fulani and Tuareg population

Number of

chromosomes

carrying the Total

Allelic majority number of

Population Size frequency haplotypes haplotypes
Fulani 10,000,000 0.455 187 260
Fulani 30,000,000 0.455 187 260
Tuareq 1,300,000 0.433 36 39

determination (done before molecular genetic testing became
available) showed that least 25% individuals from this population are
lactose absorbers (Bayoumi, Flatz, Kuhnau, & Flatz, 1982); note, how-
ever, that in this investigation only the Dinka were examined in

Estimated age of Estimated age
Estimated the mutation in of the mutation
growth rate generations in years
(with CI) (with CI) (with CI)
1.038 (1.033, 340.1 (305.6, 8,503.5
1.048) 387.4) (7,639.0,
9,685.8)
1.043 (1.038, 333.3 (3014, 8,333.5
1.053) 378.5) (7,534.4,
9,461.4)
1.19 (1.16, 1.25) 70.6 (61.6, 88.0) 1,765.7
(1,540.6,
2,200.4)

sufficient numbers. Nevertheless, at least some Nilotic populations
are highly dependent on fresh milk consumption, as reported for the
Nuer, where only surplus milk is used for cheese-making (Evans-
Pritchard, 1940). Nonproblematic digestion of large quantities of
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lactose in these populations might be accounted for by the presence
of a certain kinds of bacteria (including Bifidobacteria) in their gut
microbiome, which could possibly provide lactose tolerance
(Goodrich, Davenport, Clark, & Ley, 2017).

Low genetic structure of the Sahel/Savannah belt, revealed by
uniparental markers, inspired the notion of a bidirectional migration
corridor situated between the Sahara and tropical rainforests (Cerny
et al., 2007; Cerny’l et al., 2009; Cerny et al., 2011). Other studies,
however, stress the importance of pastoralism as a barrier of gene
flow (Buckova, Cerm’/, & Novelletto, 2013; Kleisner et al., 2019;
Novatkova et al., 2020; Shriner & Rotimi, 2018). In fact, a high degree
of endogamy can be observed among the Fulani pastoralists even
today (Hampshire & Smith, 2001), especially in fully nomadic groups
such as Wodaade (sing. Bodaado), where finding of a partner is mostly
limited to ceremonial meetings irregularly organized by certain line-
ages (Loncke, 2015). A split between full-time pastoralism and seden-
tary farming thus hindered gene flow between populations practicing
two subsistence systems and exchange of alleles associated with LP
was limited.

Our study shows that the age of expansion of —-13910*T
obtained for the Fulani pastoralists in western Sahel/Savannah belt
(7,534-9,686 years ago) is much older than that obtained for the
—13915*G in Arabic pastoralists in eastern Sahel/Savannah belt
(Priehodova et al., 2017), when applying the same method (Austerlitz
et al., 2003). Priehodova et al., 2017 estimated age of —13915*G at
between 1,274 and 1,782 years ago, which is consistent with the time
of Arabic expansion to Africa. The estimate obtained in this study for
the Fulani pastoralists conforms to estimates for introduction of pas-
toralism in Africa which are based on archeological evidence. There is
clear evidence of early Middle Holocene migration(s) of pastoralists
from the Near East to northeast Africa (Jesse et al., 2013; Kuper &
Riemer, 2013) as well as of the fact that these pastoralists later
established themselves in western Africa (Linseele, 2013; Ozainne
et al,, 2014). It has been suggested that presence of the —13910*T
variant in North African Berber population could be a sign of past
gene flow from Near Eastern pastoralists (Myles et al., 2005).

This first Saharan/Sahelian influx of population with LP individ-
uals was followed by a later migration of other pastoralists from the
Arabian Peninsula throughout northern Africa and Sahara up to the
Lake Chad Basin, which was led by Bedouin Arabic-speaking tribes
(Braukamper, 1994; Levy & Holl, 2002; Zeltner, 2002). This migration
probably introduced the —13915*G variant to the region, which origi-
nated in Arabia as an adaptation to the consumption of camel milk
(Enattah et al., 2008; Imtiaz et al., 2007; Priechodova et al., 2014).

In this context, we would like to mention the Baggarization the-
ory, which explains how the incoming Arabic tribes abandoned camels
in favor of cows, possibly through contact with Fulani pastoralists.
This phenomenon was revealed by both linguistic and ethnographic
data (Braukamper, 1994; Manfredi, 2012; Owens, 1994), which indi-
cate an incorporation of not only Fulani linguistic and cultural items
but also individuals into the Arabic population. Our last study also rev-
ealed that this theory can be supported by genetics (Novackova
et al., 2020). The only slight disagreement between the various

versions of Baggarization hypothesis lies in the dating and localization
of the Arab-Fulani contact. While Owens suggests it took place in the
Bagirmi region prior to 1,500 CE, Braukdmper indicates a later time,
around 1,635 CE, and localizes the process further to the east, toward
Waddai (both regions are located in Chad, east of the Lake). Our study
revealed several populations bearing both —13910*T and —13915*G
that live as far as in Sudan, but most populations which have both of
these mutations are nowadays located within Lake Chad Basin, that is,
in the Bagirmi area.

It has been suggested that the Fulani acquired the —13910*T
haplotype by admixing with a North African population which had
some Eurasian ancestry, so that this variant in the Fulani population
has the same descent as the variant found in Eurasia (Coelho
et al., 2005; Mulcare et al., 2004; Ranciaro et al., 2014). Furthermore,
it has been estimated that two distinct admixture events took place,
one 1,828 and the other 302 years ago (Vicente et al., 2019). Our esti-
mates of the growth and selection of —13910*T haplotype in the
Fulani indicate an earlier dating than the abovementioned admixture
times (Vicente et al., 2019) and are consistent rather with the esti-
mates of Coelho et al. (2005), who proposes a period of
10,125-6,060 years ago.

The age of the second main LP Sahelian variant —13915*G, which
we estimated at 1.5 ka (Priehodova et al., 2017) perfectly matches the
timing of migration of Bedouin tribes from Arabia to Africa
(Zeltner, 2002). A previous estimate of the age of —13915*G, which
was up to 4 ka (Enattah et al., 2008), concerns its origin in Arabia,
probably Central Arabia. From there, it expanded at the beginning of
Middle Ages, therefore much later than the —13910*T variant, which
was already established in the western Sahelian populations.

This discrepancy between the age estimates of —13910*T in the
Fulani population can be explained by the fact that the two studies,
that is, our present study and Vicente et al.'s (2019), targeted different
parts of the genome (a local haplotype age of growth estimate vs. a
genome-wide estimate of admixture), used different dating methods,
and the samples on which they were based covered different
populations. Moreover, Vicente et al. (2019) analyzed only one Fulani
population (from Ziniaré, Burkina Faso), while our results are based on
a larger Fulani dataset stretching geographically from Senegal to Chad.
Nevertheless, we want to stress that our results do not exclude the
possibility of a later admixture and introgression as suggested by
Vicente et al., 2019. In fact, the TAS2R genes alleles may have also
been introduced to the Fulani via recent admixture with a Eurasian
population (Triska et al., 2015). In short, these results reflect the com-
plexity of the population history of Africa.

Sampling coverage, too, may have affected the results of our pre-
sent study. While our Fulani dataset covers almost all places where
this nomadic population lives, the three Tuareg samples are only from
the southern part of their geographic range. We cannot therefore
exclude the possibility that greater diversity would have been cap-
tured had we also analyzed Saharan Tuareg samples (from Algeria and
Libya) and not only the Sahelian ones we had at our disposal (from
Mali, Burkina Faso, and Niger). Further research is needed to resolve

this issue.
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One may wonder whether some processes, such as gene flow or
selection on standing variation, may have also affected our estimates
of growth rates and ages of the mutation. Gene flow is unlikely in the
Tuareg population. It would have introduced other haplotypes into
the population, which seems rather improbable in the light of results
of relatively recent study on uniparental markers in the Tuareg
(Pereira et al., 2010). Similarly, there would be more haplotype diver-
sity in the Tuareg population had there been standing variation when
the selection started.

Regarding the Fulani, we cannot completely exclude the possibil-
ity that their high haplotype diversity results partly from gene flow
and/or selection on standing variation. However, as noted above,
there are several pieces of genetic and ethnological evidence to the
effect that gene flow with neighboring populations was rather limited,
which indicates that this factor is unlikely to have biased our esti-
mates. Regarding standing variation, several haplotypes may have
indeed been present already in the founding population. That, how-
ever, would not have a substantial impact on our estimate of the age
of the mutation, which is based on the estimated coalescent time of
all carriers of the mutant allele in this population, that is, on the time
to their common ancestor. This ancestor may but need not have lived
within the territory where the Fulani currently reside. What is impor-
tant is that our estimate of the age of this mutation is consistent with
the emergence of pastoralism. This would have held even in the case
of extensive gene flow, since even then all lineages carrying the
mutant allele would still coalesce at the time of emergence of
pastoralism.

Because the —13910*T haplotype associated with LP is shared
between the Fulani from Ziniaré, Burkina Faso, and Europeans
(Vicente et al., 2019) and since we found an old age of expansion for
this mutation within the African population of the Fulani (dataset cov-
ering much larger area of the Sahel), it is possible that the —13910*T
may have originated in a food-producing population that lived in the
Near East, including northeastern Africa, as suggested by Myles
et al. (2005). Subsequently, though, the first Neolithic farmers who
lived in the Near East/northeastern Africa were replaced by various
population movements (Cerny, Poloni, Al-Meeri, &
Mulligan, 2016; Vyas et al., 2016), with the result that only the origi-
nally “Arabian” -13,915*G LP variant is present in this region today
(Priehodova et al., 2014).

Interestingly, genetically the nearest population to the first Near

Cizkova,

Eastern farmers has been conserved in Sardinia (Chiang et al., 2018;
Sikora et al., 2014), where the frequency of —13910*T is as low as
(Gerbault, 2013;

et al., 2001). Since there is archeological evidence of milking among

elsewhere in the Mediterranean Meloni
pastoralists in Central Sahara by at least around ~7.5 ka (Dunne
et al., 2012), which corresponds to our molecular estimates for the
Fulani, it is possible that the first Neolithic sedentary populations
consumed not fresh milk but rather dairy products such as cheese,
where lactose content is low. Fresh milk consumption is, after all, a
habit more common among nomadic pastoralists originating in north-
eastern Sahara than among sedentary farmers whose origin is in the

Near East.

ANTHROPOLO

Although there is genetic evidence of gene flow from the Near
East to North Africa (but not vice versa) in Late Pleistocene, ~15 ka
(van de Loosdrecht et al., 2018), several studies based on uniparental
markers show that a bidirectional gene flow occurred between these
regions later, during the Holocene (Arredi et al., 2004; Ottoni
et al,, 2009; Ottoni et al., 2010; Pereira et al., 2010). Moreover, links
between Africa and Eurasia are documented in studies of several
mitochondrial haplogroups, such as U5 and H1 in Africa and L1b in
Eurasia (Achilli et al, 2005; Cerezo et al., 2012; Kulichova
et al., 2017), as well as in studies of Y chromosome haplogroups, such
as E-M35 in Eurasia and R1b-V88 in Africa (Cruciani et al.,, 2010;
Trombetta et al., 2015). Other, later migrations between Arabia, Near
East, and North Africa (Cerny et al., 2016; Fernandes et al., 2015) may
be responsible for the fact that variant —13910*T is almost entirely
absent from the Near East today (Gerbault et al., 2011). More data on
Eurasian and especially African populations is needed to fully under-
stand the evolution of food-producing lifestyles and history of LP
among human populations.
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