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Abstract

Archaeobotanical evidence suggests that the beginning of cultivation and emergence of
domesticated sorghum was located in eastern Sudan during the fourth millennium BCE.
Here, we used a genomic approach, together with archaeobotanical and ethnolinguis-
tic data, to refine the spatial and temporal origin and the spread of cultivated sorghum
in Africa. We built a probability map of the origin of sorghum domestication in Eastern
Africa using genomic data and spatial Bayesian models. The origin was located in East-
ern Sudan and Western Ethiopia, in perfect concordance with recent archaeobotanical
evidence. Calibrated on archaeological remains, our genomic-based model suggests that
the beginning of the expansion of sorghum agriculture took place around 4,600 years
ago. Spread of sorghum cultivation led to a sorghum population structure fitting ethno-
linguistic groups at different scales, suggesting that human social groups and sorghum
populations co-diffused. Consequently, ethnolinguistic barriers and social preferences,
as well as adaptation to specific climate zones, have contributed to structuring domesti-
cated sorghum diversity during its diffusion.
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Introduction

Sorghum is one of the most climate-resilient and drought-tolerant cereals. It is the fifth most
widely cultivated cereal globally (FAO, 2023) and is the mainstay for millions of inhabitants in
the drier areas of Africa and Asia. Sorghum has a multitude of diversified end uses, including
food, feed, fodder, fiber, and fuel in over 100 countries in a variety of environments.

Anthropological evidence suggests that hunter-gatherers were familiar with wild forms of
sorghum as early as 8,000 BCE (Smith and Frederiksen, 2000). The beginning of cultivation
and emergence of sorghum domesticated characteristics was situated during the fourth
millennium BCE in eastern Sudan (Winchell et al., 2017), but no genetic evidence has
supported that hypothesis so far, and there are still gaps in our understanding of its early
diffusion.

Anthropological and human genetics studies suggest that many cultural and linguistic traits,
including agricultural expansion (Diamond and Bellwood, 2003), followed demic diffusion
models, i.e. the spread occurred through the movements of people (Hewlett et al., 2002), an
hypothesis known for the agricultural diffusion as the “farming/language dispersal hypothesis”.
Assuming that the initial sorghum populations were propagated under a demic diffusion model
through the movements of people from the crop’s area of origin, and were subsequently
maintained through time, it can be hypothesized that sorghum genetic groups should be
associated with fine linguistic clusters at their destination.

Many anthropological studies suggest that seed exchanges and seed circulation are
related to farmers’ linguistic identity (Leclerc and Coppens d’Eeckenbrugge, 2012; Westengen
et al.,, 2014). As noted by Harlan and Stemler (1976), the correspondence between the
distribution of the basic morphological groups of sorghum and the major linguistic groups in
Africa may not be fortuitous. For example, guinea sorghum is associated with Western African
farmers, durra sorghum is confined to the Muslim and Arabic farmers along the fringes of the
Sahara and Ethiopia (Kimber, 2000), and kafir, which is widely grown in Southern Africa, is
reputed to be associated with the Bantu-speaking peoples of Eastern and Southern Africa (de
Wet and Huckabay, 1967). If such social barriers were at work in the past and maintained, at
least partially, up to present times, they can explain why, after thousands of years, sorghum
genetic groups still remain associated today with fine linguistic clusters.

The aim of this paper is to shed light on the origin and spread of the cultivated sorghum in
Africa by integrating ethnolinguistic, archaeobotanical and genomic data. Based on a
multidisciplinary approach and on spatially explicit modeling, we seek to identify the
geographic origin of cultivated sorghum, and enlighten its expansion history and dynamics in
Africa. The origin and spread of cultivated sorghum were considered to result from both
biological and social processes, with two leading questions: firstly, how human social groups
could have contributed to the dissemination of initial sorghum populations, and secondly, how
linguistic barriers could have subsequently contributed to the isolation of sorghum populations
from each other and to the building of its current genetic structure.

To examine the origin and dissemination of African sorghum, we initially investigated the
relationships between sorghum populations and ethnolinguistic groups at two classification
levels. Subsequently, we assessed the congruence between our genomic-based estimation of
the geographic origin of cultivated sorghum and the most recent archaeobotanical findings. By
integrating genomic and archaeobotanical data, we finally inferred the timing and rate of the
westward and southward expansions from its origin.
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Materials and methods

Plant material

We used a set of cultivated sorghum accessions [Sorghum bicolor (L.) Moench] included
in several genotype-by-sequencing (GBS) datasets previously published in Brenton et al.
(2016), Lasky et al. (2015) and Yu et al. (2016). From these datasets combining over 2,000
landraces, we selected 210 cultivated varieties (Supplementary Dataset 1 available on the
CIRAD Dataverse repository (Gilabert et al. 2025); see the section “Data and code availability”)
with the aim of 1) keeping only African geo-referenced accessions, 2) covering the African
area of distribution of sorghum and 3) limiting over-representation of any geographic,
ethnolinguistic and genetic group. To proceed to that selection, we first excluded the non-
African landraces from the complete datasets. Then, following the procedure described in the
following section “Genomic dataset”, we produced a VCF file containing the African landraces
from the Brenton, Morris-Lasky and Yu collections and performed an individual-based
clustering analysis implemented in STRUCTURE (Pritchard et al., 2000) and a Neighbor
Joining tree based on that African dataset, to remove nearest neighbor accessions while
maximizing geographic distance and ethnolinguistic data (results not shown). Latitude and
longitude coordinates associated with each selected accession were checked using passport
data and place names from different databases (genesis, available at https://www.genesys-
pgr.org/a/overview, grin global available at https://www.grin-
global.org/help_pw2/Content/Searching%200verview.htm, and geonames available at
https://www.geonames.org/). This sampling included representation of all five known cultivated
sorghum botanical groups of cultivated sorghum (bicolor, caudatum, durra, guinea, and kafir)
and their intermediate races.

Genomic dataset

The GBS data of cultivated sorghum from Brenton, Morris-Lasky and Yu collections were
downloaded from NCBI Sequence Read Archive (Leinonen et al., 2011) (SRA) (see
Supplementary Dataset 1). The SRA files were converted to FASTQ file using fastq-dump of
SRA  Toolkit  (http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?view=toolkit_doc&f=fastq-
dump).

Low quality bases, lllumina adapters, primers and the end of reads were removed with
TRIMMOMATIC version 0.33 (Bolger et al., 2014) with the following options: ILLUMINACLIP
2:30:10, LEADING 3, TRAILING 3, SLIDINGWINDOW 4:15, MINLEN 36.

All single-end reads were aligned to the BTx623 sorghum reference genome (McCormick
et al., 2018; release 3.1 of the Phytozome database (Goodstein et al. 2011)) with the Burrow-
Wheeler Aligner (BWA) software v0.7.15 using the standard MEM option (Li and Durbin, 2009).
The unmapped, not properly mapped and duplicated reads were filtered with the SAMtools
v0.1.9 software (Li et al., 2009). The resulting BAM files (binary format of sequence data) were
used as input for Genome Analysis Toolkit (GATK) v4.1.4.0 (DePristo et al., 2011). The GATK
HaplotypeCaller algorithm was used for joint variant discovery and genotyping. Single-sample
gVCFs were created using the GATK HaplotypeCaller standard parameters according to
GATK Best Practices recommendations (DePristo et al., 2011). Finally, single-sample gVCF
files were merged into one VCF file using the GenomicsDBImport tool from GATK followed by
GenotypeGVCFs for joint variant calling.

Raw VCF was filtered with VCFtools v0.1.13 (Danecek et al., 2011) to obtain high-quality
SNPs according to the following criteria: only bi-allelic sites, missing data < 40%, minQ (sites
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with Quality value above) > 60. After applying all filters, we obtained a VCF file containing
95,362 SNPs for the 210 accessions analyzed.

Data analysis

Population structure and diversity

To identify population structure, we used three distinct and complementary approaches: (i)
a maximum likelihood estimation of individual ancestries approach based on a population
genetic model as implemented in the software ADMIXTURE (Alexander et al., 2009) (ii) a
principal component analysis (PCA) approach; and (iii) an unweighted neighbour-joining (NJ)
approach based on pairwise genetic distances. These analyses were run on the dataset of
210 accessions and 95,362 SNPs. ADMIXTURE v.1.22 software (Alexander et al., 2009) was
used to estimate the proportion of ancestry of each individual sample in each of the K
considered genetic clusters, K ranging from 1 to 20. Ten repetitions of the algorithm were
made for each K. We used the cross-validation procedure implemented in ADMIXTURE (5-
fold cross-validation) to choose the value of K that best represents our sampling. We selected
as the optimal number of genetic clusters the value of K that gave the lowest cross-validation
errors averaged over the 10 replicates. We performed the PCA using PLINK version 1.9
(Chang et al.,, 2015; Purcell et al.,, 2007). Diversity tree was constructed by using the
unweighted neighbour-joining (NJ) algorithm (Saitou and Nei, 1987) based on a dissimilarity
matrix computed using GBS-div software (available at https://darwin.cirad.fr/gbsdiv.php):
dissimilarity indices dj were estimated by simple matching, that is the number of unmatching
alleles between two accessions standardized by the number of loci (Perrier et al., 2003).

We estimated admixture graphs of geographically defined genetic groups of cultivated
sorghum resulting from Admixture analysis using TreeMix software v1.13 (Pickrell and
Pritchard, 2012) TreeMix builds a maximum likelihood tree for the relationships among
populations and allows the addition of migration events to improve model fit. It allows inference
of contemporary and historical patterns of gene flow among populations. We used the script
provided by Fitak (2021) to run TreeMix for a number of migration events, m. We tested m
ranging from O to 10 with 30 iterations for each value of m. We also considered different sizes
of SNP-blocks ranging from 50 to 500 with an incrementation of 50, to avoid converging to the
same likelihood across all runs for each iteration of m, as suggested (Fitak, 2021). The optimal
number of migration events was then identified using the Evanno’s method (Evanno et al.,
2005) implemented in the R package optM (Fitak, 2021) The tree inferred with the optimal
number of migration events was visualized using the R function provided with the Treemix
software (Pickrell and Pritchard, 2012). Because of its divergence and its likely independent
origin (Mace et al., 2013; Sagnard et al., 2011), we excluded the cluster cl5c for the Treemix
analysis.

In order to characterize the level of diversity within cultivated sorghum, we computed the
observed heterozygosity (Ho) and gene diversity (Hs) per genetic cluster using the R package
hierfstat (Goudet, 2005). We calculated the number of singletons and private doubletons per
accession using VCFtools 0.1.16 (Danecek et al., 2011) and the number of private alleles (N)
using an in-house script (available on the CIRAD gitlab platform; see the section “Data and
code availability”). The genetic differentiation between the genetic clusters was estimated by
the means of pairwise Weir & Cockerham Fsr using the R package hierfstat (Goudet, 2005).
All those statistics were computed using the whole dataset of 210 accessions. For all the
subsequent analyses that are based on the genetic clusters, we only kept accessions that
were unambiguously assigned to a genetic cluster using the same ADMIXTURE ancestry
threshold of 0.7.
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To analyze the distribution of the genetic clusters according to the climate and to the
language families, we used the Koppen-Geiger climate classification, which defines climate
zones with different vegetation growth according to the temperature and/or the dryness (Beck
et al., 2018), and the language classification referenced in the database Ethnologue Version
16 (Lewis, 2009). Regarding the climate, our sampling is distributed in ten of the sixteen zones
present in Africa, with six climate zones being represented by more than five accessions. For
the ethnolinguistic analysis, we considered the three main language families present in Africa:
the Afro-Asiatic one, distributed in Africa in the western and eastern parts of the Sahelian belt
and in the Horn of Africa, the Nilo-Saharan language, whose distribution mostly extends from
the central part of the Sahara and Sahelian belt to northern limit of the Great Lakes region,
and the Niger-Congo language family, widely distributed from the Sahelian belt to South Africa.
We further subdivided the Niger-Congo family into two classes, the Mande distributed in the
western part of western Africa and the Atlantic-Congo languages, which include the Bantoid
languages notably, since this level of classification has been shown to be relevant, at least for
the fonio in Western Africa (Diop et al., 2023). We further subdivided the Nilo-Saharan family
into three classes (Central and Eastern Sudanic and Fur), the Afro-Asiatic family into four
classes (the Chadic, the Cushitic, the Omotic and the Semitic) and the Atlantic-Congo class
into 16 classes to consider the Guthrie classification of the Bantoid languages (Guthrie, 1971,
1948; Maho, 2009).

The association between genetic clusters and botanical races, climate zones or
ethnolinguistic groups were tested using Fisher’'s exact tests with the R function fisher.test.
The associations were further analyzed by visualizing the Pearson residuals to identify the
specific groups contributing to the observed associations. Pearson residuals were retrieved
from the R function chisqg.test. Cells with residuals greater than |2| were considered as
deviating from the expected values. Kruskal-Wallis rank sum tests (using the R function
kruskal.test) were used to test whether the altitude or the number of singletons per accession
differed between the genetic clusters. Multiple groups comparisons were performed using
Dunn’s tests from the R package dunn.test (Dinno, 2024) to identify the genetic clusters that
are differing according to the altitude or the number of singletons per accession. All R analyses
were performed using R Statistical Software version 4.4.0 (R Core Team, 2024).

Inference of the geographic origin of the cultivated sorghum

We used SPLATCHEZ2 (Currat et al., 2004) to perform spatially-explicit simulations within
an approximate Bayesian framework in order to infer the geographic origin of the diffusion of
the cultivated sorghum in Africa.

SPLATCHE2 enables users to model range expansions using non-equilibrium stepping-
stone models. In those models, the geographical cells are colonized from their neighbors. We
considered here a single origin model. We performed 1,000,000 range expansion simulations
from randomly picked origins based on prior distributions for latitudinal and longitudinal
coordinates, considering a heterogeneous environment and modeling the African continent
using an array of 87 by 83 demes. Prior distributions allowed the geographic coordinates of
the origin of expansion to vary over the Sub-saharan region, within an area ranging between
-17° and 50° of longitude and between -35° and 20° of latitude. Despite the importance of gene
flow and introgression in the evolutionary history of sorghum, we decided to consider simple
demographic models, to limit the model complexity and the number of parameters in the
model. Because domestication can be accompanied by a genetic bottleneck, followed by a
period of stable low population size before expansion due to a period of weak cultivation, we
considered two different simple demographic models, one with a constant size of population
before the expansion and one with a bottleneck before the expansion (Figure S1).
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Uninformative prior distributions were considered for the longitude, latitude, migration rate, the
growth rate, the expansion length (Exp_length), the effective population size before expansion
(BtSize, corresponding to population size during the bottleneck), the population size before
the bottleneck (AncSize) and the duration of the bottleneck in generations (BtDuration) (Table
S1). Simulated genetic variation was surveyed at 210 geographic sites corresponding to the
exact sampling locations of cultivated sorghum accessions. A total of 10,000 haploid loci were
simulated for each genotype, and an effective mutation rate of 10°® per base pair per
generation was considered. Missing data were randomly included in the simulated dataset at
the same frequency as the frequency of missing data in the observed dataset (approx. 0.20).
The posterior distributions of the geographic and demographic parameters were inferred using
an approximate Bayesian computation (ABC) approach relying on a neural network algorithm
for posteriors estimation (R package abc (Csilléry et al., 2012)), considering a tolerance rate
of 0.5% and implementing 500 neural networks. Parameter estimations were thus performed
accepting 5,000 simulations. The summary statistics used for the ABC analysis included a
statistic related to the rare variants and the expected heterozygosity in each genetic cluster
identified using the ADMIXTURE analysis, as well as eight classes of the Site Frequency
Spectrum (SFS), as described in Cubry et al. (2018). The statistic based on the rare variants
corresponds to the mean number of singletons per accession within each genetic cluster,
relative to the entire dataset. As for the SFS, the eight classes were defined according to the
number of times a SNP was detected in the dataset: one time (singleton), two times, three
times, four times, five to six times, seven to 12 times, 13 to 28 times and more than 28 times.
Two analyses were performed, one considering the 210 cultivated accessions (model
including all cultivated genetic clusters) and one without cultivated accessions that likely
originated from an independent event and shows signals of introgression with wild sorghum
(Gilabert et al., 2023; Mace et al., 2013; Sagnard et al., 2011) (cluster cl5c; see Supplementary
Information, S| Text section 1.2). We considered for the calculation of the summary statistics
only the accessions assigned to a genetic group with an ancestry > 0.7 according to
ADMIXTURE analysis. We evaluated the adjustment of our models using the goodness-of-fit
approach described in Lemaire et al. (2016) which evaluates the distance between the
simulated summary statistics and the observed ones. We used the dfit function of the abc R
package (Csilléry et al., 2012) and the mean as the goodness-of-fit statistic to perform the prior
predictive checks. We simulated 1,000 additional datasets, sampling the parameters from the
posterior distributions obtained from the previous simulations, to compute the 95% credible
intervals of the summary statistics and perform the posterior predictive checks.

Estimating the timing of the expansion onset

The availability of archaeological data for sorghum allowed us to calibrate temporally our
diffusion model following Burgarella et al. (2018) and estimate the timing of the onset of the
expansion of the cultivated sorghum in Africa. From the bibliography, we identified African
archaeological sites where archaeobotanical remains of cultivated (or pre-domesticated)
sorghum could be identified (Table S2-A), using for each site the oldest estimated dates to get
an estimation of the youngest bound for the beginning of the diffusion of cultivated sorghum in
Africa. We conducted 5,000 new spatial demographic simulations by randomly sampling the
parameters from the posterior distributions estimated in the previous ABC analysis, and
monitored the simulated time for the arrival of the expansion wave at each cell where cultivated
sorghum were identified by archaeobotanical data. A linear regression was fitted between the
observed dates from archaeological sites and the simulated dates at the same geographical
coordinates. The intercept of the real time axis was then estimated as the timing of the onset
of the expansion. The regression analysis was performed for each simulation, which allowed
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us to obtain a distribution of the timing of the expansion’s inception. Because domesticated
sorghum was suggested to have dispersed through two movements of diffusion (Fuller and
Stevens, 2018), a North-South and an East-West one, we performed two independent
regression analyses. The first one considered the sites distributed along an Eastern-Western
transect from Sudan to Mali (westward diffusion), while the second considered the sites
distributed along the North-South axis (southward diffusion, see Table S2-A). In addition,
because the expansion from the origin toward the North may correspond to a different
movement of expansion than the one toward the South, and since we only have one
archaeological site north of the inferred point of origin, we estimated the onset of the southward
expansion removing the archaeological site from Egypt from the latitudinal analysis (see Table
S2-A). Similarly, we also estimated the westward expansion by removing from the longitudinal
analysis the archaeological site from Ethiopia, the only site east of the inferred origin (see
Table S2-A).

Estimation of the dispersal front speed

We followed Cobo et al. (2019) to estimate the speed of diffusion of the cultivated sorghum
in Africa by the means of time-space regressions. We used the same list of archaeological
sites considered for the estimation of the beginning of the dispersal of the cultivated sorghum
(Table S2-A). Although based on a low number of archaeological sites, we performed two
estimations, for the longitudinal and latitudinal diffusions, similarly to the estimation of the
timing of the onset of sorghum expansion. Indeed, one might expect that the front speeds may
be different for the two diffusions as the environments and climate do not present the same
variability longitudinally and latitudinally.

We fitted two linear regressions between the oldest estimated dates of the archaeological
sites and their distance to the estimated point of origin of the expansion of the cultivated
sorghum. For the point of origin of the expansion of sorghum, we used the median of the
posterior distributions of the longitude and latitude inferred using the ABC approach. Following
Cobo et al. (2019), we used the Haversine equation to compute the great-circle distance (the
shortest distance between two points on a sphere) between archaeological sites and the point
of origin. We estimated the speed as the inverse of the slope of the time-space regression and
its standard error (SE) as being equal to the standard error of the slope divided by the slope
squared (Cobo et al., 2019; Fort et al., 2004; Jerardino et al., 2014). Because they were based
on a low number of sites, we computed for each of the two regressions the 80% confidence-
level interval for the speed, similarly to Jerardino et al. (2014): slope * t1-ai2, N2 * SEslope, With ¢
being the Student’s t value for the confidence level a (0.8 here) and N the number of sites
considered in the regression.

Identification of geographic barriers

We estimated effective migration surfaces using the software FEEMS v1.0.0 (Marcus et
al., 2021) (available at https://github.com/NovembreLab/feems) to infer geographic barriers
and corridors for the cultivated sorghum. FEEMS assumes an isolation-by-distance pattern
(IBD), which stipulates that dispersal occurs at a local scale and that two organisms will be
more likely genetically close if they are geographically close. FEEMS identifies areas where
the genetic distance between two individuals is either higher or lower than expected given the
geographic distance separating them and assuming an IBD. FEEMS was run following the
pipeline provided with the publication. As for the SPLATCHE analysis, FEEMS was run using
the panel of 210 cultivated accessions from which we removed the nine cultivated accessions
of the cluster cl5c, as introgression may bias the results.
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Results

Sorghum population structure and diversity

A panel of 210 georeferenced accessions representative of the African genetic diversity of
cultivated sorghum for which GBS data were available was used to study its domestication
history as a biological and social process. A total of 95,362 Single Nucleotide Polymorphisms
(SNPs) was identified after bioinformatic treatment of the raw genomic data. The genetic
structure analysis of population ancestries of our sampling revealed the existence of nine
genetic clusters (Supplementary Information, S| Text section 1.1, Figure S2 and S3). The
clusters, associated with the known cultivated sorghum botanical races (Fisher’s exact test p-
value < 0.005; Figure S4), were geographically structured (Figure 1A), with clusters associated
with both Képpen-Geiger agroclimatic zones (Beck et al., 2018) and language families (Lewis,
2009) (see below for the detailed results on the association with the agro-climatic zones and
language families). One genetic cluster, associated with the caudatum botanical race, was
widely distributed (cl1), partially overlapping the other eight genetic clusters. Three genetic
clusters were restricted to Western Africa (cl5a, b and ¢) and were associated with the guinea
botanical race. One cluster (cl2b), associated with the kafir race, was restricted to Southern
Africa. Two other clusters (cl4 and cl6), respectively associated with the bicolor/durra-bicolor
and the caudatum botanical races, were distributed in Eastern Africa. Lastly, two clusters
present in Eastern Africa were also found in Southern (cl2a, associated with the guinea race)
and Western Africa (cl3, associated with the durra race) (Figure 1-A, Figure S4).

The genetic clusters considered from the structure analysis (Supplementary Information,
S| Text section 1.1, Figure S2 and S3), from the PCA (Supplementary Information, S| Text
section 1.2, Figure S5) and from the neighbor joining tree (Figure S6) corresponded. The first
two axes of the PCA distinguished two distinct groups of accessions that belonged to the
Western African cluster cl5¢ and the Eastern African cluster cl4 (Supplementary Information,
S| Text section 1.2, Figure S5-A and C) respectively. A third group, comprising accessions
from the Western African clusters cl5a and cl5b, stood apart on the third axis of the PCA
(Supplementary Information, S| Text section 1.2, Figure S5-B and C). In the neighbor joining
tree (Figure S6), the Westernmost cultivated sorghum from the cluster cl5c stood out as a
highly divergent and diverse clade, which likely corresponds to accessions belonging to the
margaritiferum subrace (see Supplementary Information, S| Text section 1.2).

The maximum likelihood tree inferred using the Treemix analysis (Pickrell and Pritchard,
2012) and excluding the highly divergent margaritiferum cultivated cluster cl5c, was consistent
with the NJ tree. The analysis suggested two gene flow events, one between the clusters cl1
and cl6 and one between the clusters cl2b and clI3 (Figure S7).

Two hotspots of sorghum genetic diversity were localized in Western and Eastern Africa,
as illustrated by the distribution of the singletons per accession (Figure S8-A). The
margaritiferum cluster cl5c in Western Africa harbored the highest levels of genetic diversity
compared to all other clusters, as evidenced with the number of singletons per accession
(global Kruskal-Wallis rank sum test X? = 82.25, df = 9, p < 0.001, Dunn’s tests p—values <
0.02 for every pairwise comparison including the cluster cl5c; Figure S8-A & B), and the
number of private alleles (Table S3). Besides the cluster cl5c, the Eastern African cluster cl4
and the Eastern and Western African cluster cl3, which harbored similar levels of genetic
diversity (Dunn’s test p—value for the pairwise comparison cl4-cl3 = 0.41; Figure S8-A & B;
Table S3), contributed to the two genetic diversity hotspots.
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A) Geographic distribution of the cultivated genetic groups
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Figure 1 - Genetic diversity of the African cultivated sorghum. A) Geographic
distribution of the cultivated genetic groups defined using ADMIXTURE
(Alexander et al., 2009). Each point corresponds to an accession. B) and C)
Chi-squared residuals between the genetic and the farmers language groups,
considering (B) four linguistics groups (the three main language families present
in Africa, the Niger-Congo family being subdivided into two classes, the Mande
and the Atlantic-Congo) or (C) a finer linguistic classification. The size and color
of the circles are proportional to the value of the chi-squared residuals between
the language families and the genetic clusters.

Sorghum genetic clusters were
agroclimatic zones (Beck et al., 2018)

significantly associated with the Ko&ppen-Geiger
(Fisher's exact test p-value < 0.001; Supplementary

Information, S| Text section 1.3, Figure S9-A and B, Table S4-A). The chi-squared residuals
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of the association between the genetic clusters and the agroclimatic zones indicated that the
Eastern African cluster cl4 was overrepresented in temperate climates with warm summers
and a dry season (Csb and Cwb zones) and cluster cl3 in hot, arid desert climates (Bwh zone),
while Western African clusters cl5c and cl5a were over-represented in the tropical monsoon
(Am) and savannah (Aw) climates respectively (Figure S9-B, Table S4-A). Conversely, the
Eastern African cluster cl2b was under-represented in the tropical savanna climate (Aw) but
over-represented in semi-arid (Bsh and Bsk) and Monsoon-influenced humid subtropical
climates (Cwa) and cluster cl6 under-represented in hot semi-arid climate (Bsh) but over-
represented in humid tropical climate (Af zone) (Figure S9-B, Table S4-A). Beside the
influence of the agroclimatic zones, the genetic clusters were significantly associated with the
elevation (Kruskal-Wallis rank sum test, Kruskal-Wallis X2 = 120.33, df = 9, p < 0.001). The
Eastern African cluster cl4 was found at the highest elevations while the three Western African
clusters (cl5b, cl5¢) were found at the lowest (Figure S9-C).

Association between sorghum genetic clusters and the human language families (Lewis,
2009) was statistically significant (Fisher's exact test p-value < 0.001; Figure 1-B,
Supplementary Information, Sl Text section 1.3, Figure S9-D, Table S4-B). The chi-squared
residuals showed a clear association between clusters cl2a and cl2b with Atlantic-Congo
languages, and between clusters cl5b and cl5¢ with Mande languages. Clusters cl3 and cl4
were associated with Afro-asiatic languages, and clusters cl1 and cl6 with Nilo-saharan
languages (Figure 1-B). A more precise picture, by considering a finer linguistic classification,
revealed that cluster cl2b was strongly (Chi? residual over 9) associated with the Narrow Bantu
Guthrie linguistic zone S, which is located in South-Eastern Africa, while the cluster cl2a was
associated with four geographically close Bantu Guthrie linguistic zones (zones F, G, N and
P). The cluster cl6, still associated with Nilo-saharan languages, was strongly associated with
the Narrow Bantu Guthrie linguistic zone J located in the Great Lakes area (Table S4-B; Figure
1-C; and map in Figure S9-D). Finally, the westernmost clusters cl5b and cl5c were associated
with the Atlantic-Congo and the Mande, the cluster cl5b being also associated with the Volta-
Congo linguistic group. The cluster cl5a was associated with multiple Niger-Congo, non-Bantu,
groups and with the Afro-Asiatic Chadic group.

Geographic origin and spread of the cultivated sorghum

The geographic origin of cultivated sorghum was inferred including or not the cluster cl5c.
The cluster cl5c is associated with the margaritiferum subrace (see Supplementary
Information, S| Text section 1.2), which most probably emerged from a secondary independent
domestication event and is likely introgressed with wild sorghum (Gilabert et al., 2023; Mace
et al., 2013; Sagnard et al., 2011). Thus, inferring the geographic origin of cultivated sorghum
with this cluster could introduce a bias that we wanted to account for (see details in the
Supplementary Information, S| Text section 2.1 and Figure S10).
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A) Geographic origin of the cultivated sorghum
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Figure 2 - Geographic origin and diffusion of the African cultivated sorghum. A)
Inferred geographic origin of the cultivated sorghum in Africa. The posterior
distribution of the latitude and longitude of the origin in the spatial model was
represented, the darker, the higher. The blue symbols correspond to the
localizations of the archaeological sites in the inferred area of origin where the
oldest remains of sorghum were found (from Table S4-B). B) Distribution of the
timing of the beginning of the westward (blue) and southward (green)
movements of diffusion of the African cultivated sorghum, removing the
Ethiopian and the Egyptian archaeological sites from the analyses. C) Effective
migration surfaces representing dispersal barriers (orange) and corridors (blue)
without the cultivated accessions from the cluster cl5¢c. The geographic
distribution of the eight genetic clusters considered in the analysis are illustrated
on the FEEMS results map using standard deviational ellipses computed using
the CrimeStat method implemented in the Standard Deviational Ellipse plugin
for QGIS.
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The posterior predictive checks indicate that the model with a constant ancestral population
size simulated well and better the observed data than a model with a bottleneck of the
ancestral population (Figure S10-IA and Figure S10-1lA). The simplest model with a constant
ancestral population size was therefore considered. Graphic representations of the summary
statistics (PCA and their distribution) of this model revealed that the posterior distributions
were close to the observed dataset, and most of the summary statistics (15 statistics over the
24) were found in the 95% credible intervals of their posterior predictive distributions.
Predictive checks are only slightly significant for this no bottleneck model, and more strongly
for the other three models (Table S5). This result was obtained without integrating gene flow
between the genetic groups in the models due to methodological limitations of Splatche.

Our retained spatially explicit model (i.e. with constant population effective size before
domestication and excluding likely introgressed cluster cl5c) located the geographic origin of
cultivated sorghum in a region situated in eastern Sudan and western Ethiopia (Figure 2-A,
Figure S10-IB), in line with archaeobotanical evidence and most recent hypotheses (Fuller and
Stevens, 2018; Winchell et al., 2017).

Using archaeobotanical remains to calibrate our model of spatial expansion (Table S2-B)
led to an estimation for the onset of both the westward and southward diffusions of the African
sorghum to have occurred around 4,600 ya (4,550 ya, 95% CI 4,340-4,979 for the southward
diffusion and 4,600 ya, 95% CI 4,435-5,238 for the westward one; Figure 2-B; Supplementary
Information, S| Text section 2.2; Figure S11).

The speed of the fronts of diffusion was estimated to be similar for the westward and
southward diffusions, with a spread rate of 1.26 + 0.4 km/year (80% CL: 0.67-1.85 km/year
and r = 0.82.) and 1.14 + 0.25 km/year (80% CL: 0.77-1.5 km/year, r = 0.88), respectively
(Figure S12-A).

Effective migration surfaces analysis using FEEMS (Marcus et al., 2021) mirrored the
spatial organization of sorghum genetic diversity at different scales. Low migration rates were
observed in Eastern Sudan and Western Ethiopia, the area of origin of the cultivated sorghum
(Figure 2-C). In this area, genetic differentiation between two cultivated accessions was higher
than expected given their geographic distance. This suggests the existence of isolated
populations (mainly clusters cl3 and cl4) between which gene flow was limited, while high
diversity was observed within those two clusters. High genetic differentiation combined with
high intra population diversity could result from low effective population sizes, and geographic
and/or linguistic barriers to diffusion. Effective migration surfaces revealed other isolated
populations in the African Great Lakes area of Nilotic and Bantoid Guthrie J group speakers
(cluster cl6), in the South-Eastern Africa area of Guthrie S group speakers (cluster cl2b), and
in the Nigeria area, where no Bantoid Benue-Congo speakers are located (mainly cluster cl5a).

Discussion

In this study, we combined genomic, archaeobotanical and ethnolinguistic data to
investigate the origin and spread of the cultivated sorghum in Africa. The origin of cultivated
sorghum and the beginning of its expansion, as estimated by genomic data, converge with the
result deduced from archaeological remains. The multidisciplinary approach adopted here
indeed confirmed the East African origin of cultivated sorghum. The southward and westward
expansions of sorghum were estimated to have begun at the same period, with a similar
spread rate, by 4,600 BP, which is close to the period estimated from archaeological remains.
The complex sorghum population genetic structure shows how its evolution dynamics were
linked to both environmental and ethnolinguistic factors: effective migration surfaces analysis,
mirroring the spatial organization of sorghum genetic diversity at different scales, confirmed
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that sorghum diffusion was constrained by geographic and/or ethnolinguistic barriers. Low
migration rates, and high level of genetic diversity between and within genetic clusters in the
area of origin, shed new light on the early period of sorghum cultivation. Considering close
associations between genetic clusters with present day ethnolinguistic groups in the area of
origin and beyond, on one hand, and social barriers as anthropological characteristics on the
other hand, allows upscaling our analysis over time and space.

Geographic origin and expansion onset of African cultivated sorghum

Our results localized the onset of the expansion of the African cultivated sorghum in
Eastern Sudan, specifically in the Southern Atbai region (the Eastern desert of Sudan), where
the oldest domesticated sorghum remains are known (Fuller and Stevens, 2018). Besides the
probabilistic map, one of the two hotspots of cultivated genetic diversity was localized in that
same area (Figure S-8), in line with the expectation of a higher diversity in the primary
domestication center.

The second hotspot was observed in Western Africa and was mainly due to the accessions
from the Western African cluster cl5¢c (guinea margaritiferum). The margaritiferum subrace is
highly specific, both genetically (Burgarella et al., 2021) and morphologically, showing close
relationships to wild sorghum with evidence of gene flow (Deu et al., 2006, 1995; Gilabert et
al., 2023; Mace et al., 2013), and has been suggested to have originated from a secondary
independent domestication event (Morris et al., 2013; Sagnard et al., 2011). This western
hotspot could thus result from an independent sorghum domestication, cluster cl5¢c emerging
from local Western African wild sorghum and/or from introgression between the wild and
cultivated sorghum refueling the cultivated diversity with endemic wild one. More extended
genomic study of this guinea margaritiferum group will certainly shed more light on its precise
origin.

Calibrating with archaeobotanical data our genomic based spatial expansion model, we
estimated that the westward and southward diffusions of cultivated sorghum from its center of
origin in Eastern Africa occurred approximately 4,600 years ago (~2,600 BCE). Our
estimations are concomitant to the estimation for the cultivated pearl millet diffusion date
(Burgarella et al., 2018), and correspond to a more ancient diffusion than the diffusion of the
African rice and the African yam (Cubry et al., 2018; Scarcelli et al., 2019).The expansion of
sorghum and pearl millet coincides with the intensification of the aridification of the “green
Sahara”, and more specifically with the most severe drought episode the Sahara desert has
experienced during the Holocene (Van der Meeren et al., 2022). The harsher conditions and
reduced availability of Poaceae in the environment (Krépelin et al., 2008) may have
encouraged the cultivation of drought-resistant cereals such as sorghum and pearl millet, and
the migration of people towards regions with more favorable conditions (Fuller et al., 2019).

It is worth noting that, with our approach, we estimated the onset of the expansion of
cultivated sorghum, rather than the timing of the domestication process itself, which may
largely predate the expansion. Even our estimation of the onset of expansion reflects a lower
bound, given that the calibration is made on archaeobotanical remains that could be found
only in the case of a rather important presence of the taxon, suggesting that reports of the
presence of the crop post-date its actual arrival. The process of crop domestication is now
understood as being protracted with the existence of an initial period of weak cultivation and/or
management, rather than a rapid process accompanied by a domestication bottleneck (Allaby,
2010; Allaby et al., 2022, 2019; Fuller et al., 2014). The ABC results of our study do not support
the hypothesis of a sharp population decline in the population of cultivated sorghum. Our
finding is consistent with a study of modern and ancient sorghum genomes from Egyptian
Nubia, which suggested that the loss of diversity observed in cultivated sorghum occurred
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gradually over time and was due to an accumulation of the mutation load rather than to a
domestication bottleneck (Smith et al., 2019).

In line with these findings, sorghum archaeobotanical data argue in favor of the existence
of a protracted period for sorghum in Africa. Charred remains of wild sorghum from huts and
storage pits were identified in Egypt sites dating from approx. 8,000 BCE, and from potteries
found in sites in Central Sudan active during the fifth and fourth millennium, suggesting that
wild sorghum were likely collected and used in the Mid-Holocene (Fuller and Stevens, 2018;
Lucarini and Radini, 2020; Wasylikowa and Dahlberg, 1999). The first evidence of cultivated
sorghum was found in archaeological sites from Northern Sudan dating back to the 4%
millennium (Winchell et al., 2017) indicating that the domestication of sorghum was already
ongoing at that time.

Drivers of the genetic diversity of the African cultivated sorghum

The genetic diversity and structure of African sorghum have been suggested to be shaped
by a combination of environmental, morphological (Billot et al., 2013; Deu et al., 2006; Lasky
et al., 2015; Morris et al., 2013), and ethnolinguistic factors (Labeyrie et al., 2014; Westengen
et al., 2014).

Morris et al. (2013) suggested that the diffusion of the cultivated sorghum has been driven
by both geographic isolation and agroclimatic constraints. Similarly, we observed that some
genetic clusters appeared to be preferentially distributed along a specific agroclimatic zone or
altitudinal range, substantiating the role of climatic and environmental conditions in shaping
sorghum diversity.

Analyzing a distinct minicore collection of African cultivated sorghum with simple sequence
repeat markers, Westengen et al. (2014) identified three major sorghum groups that were co-
distributed with the three main language families in Africa, in agreement with the
farming/language dispersal hypothesis (Diamond and Bellwood, 2003). Our study, based on
SNP markers, more finely divided sorghum diversity in nine groups and confirmed this previous
finding of structuration of sorghum diversity at the language family scale, suggesting that
sorghum genetic diversity is related to ethnolinguistic factors. An advantage of a fine
description of sorghum genetic diversity is that we can associate sorghum diversity not only to
a wide linguistic family level (Westengen et al., 2014) but also to a finer level and local linguistic
groups, freeing us from potential correlations that could exist between language families and
environmental variables at the higher level. This allows taking into consideration the
ethnolinguistic groups that might have contributed to sorghum diversity diffusion or structure
through the selection of sorghum locally-adapted to environmental conditions or usage.

The key role of social factors in structuring crop genetic diversity has been suggested to
result from seed exchanges that were historically more oriented within than between sorghum
populations (Westengen et al., 2014). Globally, this hypothesis, which was made explicit by
Leclerc and Coppens d’Eeckenbrugge (2012), proposes that seed circulation is not random,
and that speaking the same or a common language makes such interactions more likely.
Linguistic organization of crop genetics diversity was observed for many crops, such maize
(Orozco-Ramirez et al., 2016; Perales et al., 2005), pearl millet (Naino Jika et al., 2017) or
fonio (Diop et al., 2023). In the case of fonio, farmers’ migrations are proposed as the
mechanism leading to the fonio spatial structure in Senegal, which fits language diversity (Diop
et al., 2023).

At a finer scale, local populations were detected in the area of origin of sorghum.
Interestingly, those populations (clusters cl3 and cl4) are differentiated whereas they harbored
a high level of intra-population diversity. This suggests that those populations were
characterized by a low effective population size, and by limited gene flow between them,
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probably because of the existence of social barriers or adaptation to the environment or
elevation. Action of social barriers on sorghum genetic diversity was well documented at the
local scales (Labeyrie et al., 2016; Westengen et al., 2014). Notably, ethnolinguistic
differentiation was also detected in the area of origin of cultivated sorghum in Northern Ethiopia
in three sites with similar agro-ecological and topographic profiles, yet with admixture between
the studied populations (Wendmu et al., 2023).

We identified three genetic clusters in the area of distribution of the Bantoid languages.
The cluster cl6 was associated to the Guthrie zone J in the Great Lakes region, cluster cI2b to
the zone S in South-Eastern Africa. These associations suggest that those sorghum
populations moved with people, and since stayed associated with them. The cluster cl2a was
associated with four Guthrie zones (F, G, N, P), which are located from north to south along a
South-Eastern African corridor that reaches the area of distribution of the cluster cl2b, the
cluster presenting the lowest level of genetic diversity. This could suggest a North to South
migration route of sorghum (Fuller and Stevens, 2018). This is consistent with the two areas
in Eastern and South-Eastern Africa with high effective migration rates. Using a similar
analysis of effective migration rates of Bantu-speaking populations, congruent southeastern
corridors along the coast from Tanzania to South Africa and the area of the Great Lakes were
also detected for those human populations (Fortes-Lima et al., 2023).

Our estimations of the two fronts of dispersal of the cultivated African sorghum, at a rate of
approx. 1 km/year, are consistent with previous estimations of the spread rate of agriculture in
multiple areas of the world (reviewed in Fort 2021). One striking result regarding the timing
and the spread of the two movements of diffusion is that they appear to have occurred
simultaneously. Dispersals along an east-west direction are expected to have happened more
rapidly than those along a north-south axis (Diamond and Bellwood, 2003). Indeed, climates
and environments show a higher variability latitudinally than longitudinally due to the fact that
daylength and seasonality depends on the latitude only. Interestingly, a relatively constant
movement rate through time was also suggested for Bantu-speaking populations, despite the
variety of environments and interactions they had to have encountered during their migration
(Fortes-Lima et al., 2023). The results obtained from Treemix suggest gene flow between
cluster cl3, which is split between Eastern and Western Africa, and cluster cl2b in South-
Eastern Africa. The interconnection between Eastern accessions, which are located in the
sorghum area of origin, and cluster cl2b in South-Eastern Africa, suggests a route of diffusion
that corresponds well to the one proposed by Fuller and Stevens (2018). The gene flow
between cluster cl6 (Great Lakes region) and the widely distributed cluster cl1 could suggest
a key role played by Bantu speakers of Guthrie zone J in sorghum diffusion from the area of
origin and the Great Lakes region. The wide distribution of the cluster cl1 could suggest an
independent diffusion, with secondary contact leading to signature of gene flow. The
complexity of sorghum structuration could reflect the fact that African populations underwent
multiple waves of migration during their history, known as the spread-over-spread model
(Fortes-Lima et al., 2023; Seidensticker et al., 2021).

Conclusion

Combining genomics and archaeobotanical data, this study corroborates the Eastern
African origin of the cultivated sorghum. It also proposes two simultaneous and synchronous
fronts of diffusions from the area of origin towards the West and the South. Overall, our results
also confirm the complex geographic-based genetic structuring of the cultivated sorghum,
whose genetic structure at the African continental scale appears to be shaped by a
combination of multiple factors, environmental and ethnolinguistic ones, acting at different
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temporal and spatial scales. One major outstanding question on the evolutionary history of
cultivated plants and the history of their domestication relies on their origin and how they
dispersed from there: have crops dispersed through a demic or cultural diffusion, or a
combination of the two (Hewlett et al., 2002; Leclerc and Coppens d’Eeckenbrugge, 2012)?
Under a scenario of a demic diffusion, one would expect crops to be structured by social factors
as they move together with the farmers while a cultural diffusion model would lead to patterns
of isolation by distance since it depends on interactions with neighboring societies. If our study
helps the understanding of the beginning of sorghum domestication, a comparative study of
population genetics of ancient human and crop populations (see for example Tao et al. (2023))
and/or additional archaeobotanical data (see for example Cobo et al. 2019) would be
necessary to give insight into the main mechanism, a demic and/or a cultural diffusion,
responsible for the diffusion of agriculture, and thus help us to better understand their
evolutionary history.
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