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Sorghum is a drought-tolerant crop with a vital role in the live-
lihoods of millions of people in marginal areas. We examined
genetic structure in this diverse crop in Africa. On the continent-
wide scale, we identified three major sorghum populations (Central,
Southern, and Northern) that are associated with the distribution
of ethnolinguistic groups on the continent. The codistribution of
the Central sorghum population and the Nilo-Saharan language
family supports a proposed hypothesis about a close and causal
relationship between the distribution of sorghum and languages
in the region between the Chari and the Nile rivers. The Southern
sorghum population is associated with the Bantu languages of the
Niger-Congo language family, in agreement with the farming-
language codispersal hypothesis as it has been related to the
Bantu expansion. The Northern sorghum population is distributed
across early Niger-Congo and Afro-Asiatic language family areas
with dry agroclimatic conditions. At a finer geographic scale, the
genetic substructure within the Central sorghum population is
associated with language-group expansions within the Nilo-Saharan
language family. A case study of the seed system of the Pari people,
a Western-Nilotic ethnolinguistic group, provides a window into
the social and cultural factors involved in generating and main-
taining the continent-wide diversity patterns. The age-grade sys-
tem, a cultural institution important for the expansive success of
this ethnolinguistic group in the past, plays a central role in the
management of sorghum landraces and continues to underpin
the resilience of their traditional seed system.

genetic resources | cultural selection | social–ecological adaptation

Sorghum [Sorghum bicolor (L.) Moench] is a drought-tolerant
C4 crop of major importance for food security in Africa

(1, 2). The grain crop has played a fundamental role in adapta-
tion to environmental change in the Sahel since the early
Holocene, when the Sahara desert was a green homeland for
Nilo-Saharan groups pursuing livelihoods based on hunting or
herding of cattle and wild grain collecting (3, 4). The earliest
archaeological evidence of human sorghum use is dated 9100–
8900 B.P., and the seeds were excavated together with cattle
bones, lithic artifacts, and pottery from a site close to the current
border between Egypt and Sudan (5, 6). The timing of the do-
mestication of cattle and sorghum remains contested due to
limited archaeological evidence, but, at some point, the live-
lihoods in this region transformed from hunting and gathering
into agropastoralism. Sorghum cultivation in combination with
cattle herding was a successful livelihood adaptation to the dry
grassland ecology, and, eventually, as the climate changed and
the Sahel moved south, the agropastoral adaptation spread over
large parts of the Central African steppes (7).
Recent molecular work on sorghum diversity (8–13) stands on

the shoulders of J. R. Harlan and others’ work from the 1960s–
1980s. Diversity of sorghum types, varieties, and races has been
related to movement of people, disruptive selection, geo-
graphic isolation, gene flow from wild to cultivated plants, and

recombination of these types in different environments (2, 14, 15).
On the basis of morphology, Harlan and de Wet (16) classified
sorghum into five basic and 10 intermediary botanical races (16).
The race “bicolor” has small elongated grains, and, because of the
“primitive” morphology, it is considered the progenitor of more
derived races (16, 17). The race “guinea” has open panicles well
adapted to high rainfall areas, and it is proposed that the “guinea
margaritiferum” type from West Africa represents an independent
domestication (10, 12). The race “kafir” is associated with the Bantu
agricultural tradition, and the race “durra” is considered well-
adapted to the dryland agricultural areas along the Arabic trade
routes from West Africa to India (14). The fifth race, “caudatum,”
is characterized by “turtle-backed” grains, and Stemler et al. (ref. 17,
p. 182) proposed that “the distribution of caudatum sorghums and
Chari-Nile–speaking peoples coincide so closely that a causal re-
lationship seems probable.” This hypothesis is considered plausible
on the basis of historical linguistics, but it remains to be tested by
independent evidence (3). The hypothesis is a specific version of the
interdisciplinary “farming-language codispersal hypothesis,” which
proposes that farming and language families have moved together
through population growth and migration (18, 19).
The role of cultural selection and adaptation has been docu-

mented in many studies of domestication and translocation of
crops (20, 21). The literature on the role of farmers’ manage-
ment in maintaining and enhancing genetic resources (22–26)
is relevant to understanding how patterns of diversity visible
at large spatial scales are caused by evolutionary processes
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operating at finer scales. On-farm management of crop varieties
and cultural boundaries influencing the diffusion of seeds,
practices, and knowledge are important local-scale explanatory
factors behind patterns of regional and continental scale associa-
tions between ethnolinguistic groups and crop genetic structure
(27–30).
Knowledge on the role of social, cultural, and environmental

factors in structuring crop diversity is important to assess the
resilience of rural livelihoods in the face of global environmental
change. Impact studies project that anthropogenic climate change
will negatively affect sorghum yields in Sub-Saharan Africa (31,
32). Such projections pose questions about the availability of ap-
propriate genetic resources and the ability of both breeding pro-
grams and local seed systems to develop the required adaptations
in a timely manner (33, 34). Insight in local seed systems can
contribute to more sustainable development assistance efforts
aimed at building resilience in African agriculture in the face of
climate change and human insecurity (25, 35).
Here, we present a study of geographic patterns in African

sorghum diversity and its associations with the distribution of
ethnolinguistic groups. First, we evaluate the proposed farming-
language codispersal hypothesis by genotyping sorghum acces-
sions from a continent-wide diversity panel (36). Second, to
elucidate the local level mechanisms involved in generating and
maintaining this diversity, we present a case study of the sorghum
seed system of a group of descendants of the first Nilo-Saharan
sorghum cultivators, the Pari people in South Sudan. By com-
paring accessions collected in 1983 with seeds sampled from the
same villages in 2010 and 2013, we assess the resilience of the
traditional Pari seed system during a period of civil war and
climatic stress. We draw on environmental, linguistic, and an-
thropological evidence to understand the role of geographic,
ecological, historical, and cultural factors in shaping sorghum
genetic structure.

Results and Discussion
Continent-Wide Population Structure. Modeling of genetic struc-
ture in the continent-wide panel of genebank accessions con-
sistently identifies three populations that are codistributed with
language families in Africa (Fig. 1A). Bayesian model results from
InStruct (37) and the complimentary algorithm in STRUCTURE
(38, 39), evaluated with Evanno’s delta K method (40, 41), to-
gether indicate a likely population structure at K = 3 (Fig. S1A).
Population assignment by the two approaches are highly corre-
lated (Pearson’s r = 0.93–0.97) (Fig. S2A). Moreover, there is a
strong correlation (r = 0.84–0.93) between membership coef-
ficients generated on the basis of our 19 simple sequence repeats
(SSRs) (Table S1) and those generated on the basis of 13,390
SNPs run on the 139 accessions in common between this study
and a recent SNP study of the sorghum minicore collection (13)
(Fig. S2B). These results show that our marker set reflects ge-
nome-wide diversity and that genotyping of one plant per ac-
cession is representative in this predominantly inbred species.
Evidence for codistribution of sorghum population structure

and the distribution of language families was strengthened by
spatially explicit Bayesian modeling implemented in the program
GENELAND (42) for K = 3 (Fig. 1B). Applying a 0.90 pop-
ulation membership coefficient as cutoff value, we named the
inferred populations according to their geographic distribution:
Southern, Northern, and Central (Table S2). There are three
major language families in areas where sorghum is cultivated in
Africa: Niger-Congo, Afro-Asiatic, and Nilo-Saharan. We found
that accessions originating from areas where only one of the
three language families is represented (n = 137) showed a
significantly higher membership coefficient to one of the pop-
ulations than to the two others (Fig. S2C). The codistribution
pattern was also apparent from spatially explicit inference of

Fig. 1. Map of population structure of African sorghum. (A) Genetic population structure in sorghum based on 19 SSR markers superimposed on the dis-
tribution of language families (language distribution data from Ethnologue v. 16 compiled in ref. 62). Pie diagrams display membership of sorghum
accessions to each of the three populations inferred with the program InStruct. (B) Maps of posterior probabilities of population membership in three
populations inferred with GENELAND. The probability mapping area is defined by the distribution of the accessions. Lighter yellow colors denote a high
probability of belonging to a population. Only accessions with collection-site coordinates in passport data are included (n = 138).
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population structure based on country centroid for accessions
with only country-level origin data (Fig. S3).
The Central population is wedged in the middle of the distribu-

tion of the Northern population and extends southwards into the
Great Lakes region in areas largely overlapping with the distribution
of the Nilo-Saharan language family. Seventy-three percent of the
accessions assigned to this population are from Nilo-Saharan lan-
guage areas, and a further 22% are from areas where Nilo-Saharan
languages are spoken together with languages from one of the two
other families. There was a strong correlation between population
membership and geographic origin in Nilo-Saharan language areas,
both when applying a 0.90 membership coefficient cutoff and when
no cutoff was applied (Spearman’s ρ = 0.76 and ρ = 0.68, re-
spectively, P < 0.001 for both). The association supports the notion
that there is a close relationship between speakers of Nilo-Saharan
languages and the Central sorghum population. About 40% of the
sorghums in this population are classified as caudatums or guinea-
caudatums whereas the remaining 60% have not been mor-
phologically classified. Because the Chari-Nile language group is
obsolete according to current classification of the Nilo-Saharan
language family (43) and because genetic relationship in sorghum
is better assessed with molecular markers than morphology (9),
we consider our results to support an updated version of Stemler
et al.’s hypothesis: The geographic pattern of genetic population
structure in sorghum and the distribution of the Nilo-Saharan
language family coincide so closely that a causal relationship
seems probable.
The distribution of the Southern population corresponds with

the origin and spread of Bantu sorghum agriculture. The asso-
ciation between the race kafir and the Bantu agricultural tradi-
tion is a well-established theory (2, 10, 14, 29, 44). In this study,
we found that 90% of the sorghums in the Southern population
were from the Niger-Congo language family areas where Bantu
languages are spoken, and 46% of them were classified as kafir.
The Bantu expansion out of a homeland near the present-day
Nigeria–Cameroon border is one of the archetypal examples
cited in support of the farming-language codispersal hypothesis.
Beginning about 4000 B.P., Bantu speakers expanded east and
south to cover most of subequatorial Africa (18, 45, 46). Lin-
guistic, human DNA, and archaeological evidence concur that
the Bantu farmers picked up sorghum cultivation in the cultural
melting pot in the western parts of East Africa’s Rift Valley and
Great Lakes region about 2000 B.P. and subsequently spread
south, stopping only when they encountered the Mediterranean
climate in the Cape Province to which their crops were not
adapted (46). The genetic founder event is reflected in the rel-
atively lower genetic diversity in the Southern population in
terms of total number of alleles, number of private alleles, and
expected heterozygosity (Table S2).
The Northern population is distributed throughout the Sahel

and the Sudanian Savanna belt from Senegal to Sudan and extends
into Eritrea, Ethiopia, and Somalia. The accessions in this pop-
ulation are from the areas with the highest average annual tem-
perature and with large SD on average rainfall distribution. This
population is the genetically most diverse of the three inferred
populations, and it probably encompasses a broad range of
adaptations to past and present climates in the fluctuating
Sahel (“shoreline” in Arabic). The Northern population mem-
bership coefficients were significantly higher among accessions
collected in Afro-Asiatic language family areas (Fig. S2C), and
accessions from the Niger-Congo language-family area clustering
with this population were mainly from West-Africa, north of the
region of origin and expansion of Bantu sorghum cultivation.
Some accessions deviated from the general population-language

family codistribution pattern (Table S2). Most of these devia-
tions were found close to language-family border areas and
can be explained by adoption of varieties between neighboring
groups whereas the long-distance outliers probably were due to

translocation events taking place at different times than the
dominating dispersal events. Dispersal of cultural elements
through adoption is referred to as “acculturation” (19), an ex-
planation that is complementary rather than mutually exclusive
to demic diffusion, which is dominating according to the farming-
language codispersal hypothesis (47).
Testing for the impact of other spatially distributed factors

augmented the explanation for the detected structure. There was
no significant isolation by distance (IBD) (48) effect between
genetic relatedness and geographic distance, neither with or
without control for spatial dependence with a partial Mantel test
(r = −0.31, P = 1) (49, 50). The use of Mantel tests beyond
testing for IBD is problematic in evolutionary biology due to
spatial autocorrelation (51), but, despite the bias toward identi-
fying false positives, we did not find significant associations be-
tween genetic relatedness and distance in the environmental
variables annual mean temperature and annual precipitation (r =
0.05 and 0.006, respectively, P > 0.8). This weak relationship
between population structure and ecogeographic factors alone
was supported by estimates of the fixation index (FST) of genetic
differentiation among a priori defined groups. The differentia-
tion among groups defined on the basis of temperature (<20 °C,
20–26 °C, >26 °C) (FST = 0.07, P < 0.01) and rainfall classes
(<600 mm, 600–1,000 mm, >1,000 mm) (FST = 0.01, P < 0.01)
and among Bailey’s ecoregions (52) at the division level (eight
divisions) (Fig. S4A) (FST = 0.06, P < 0.01) was all relatively
weak compared with the differentiation among the populations
inferred with InStruct (n = 143 with Q > 0.90) (FST = 0.21, P <
0.01). Moreover, as in other continent-wide assessments (9, 12)
we found that the differentiation among accessions belonging to
the five discrete basic races (n = 82) was relatively weak (FST =
0.13, P < 0.01) compared with the differentiation among the
inferred populations. Thus, social and cultural factors reflected
in the distribution of language families appear to be the strongest
structuring factors behind the continent-wide pattern. We do not
suggest, on the basis of these results, that geographic distance,
ecology, and morphology are unimportant factors for explaining
the population structure of sorghum, but their impact seems to
be contingent on social and cultural factors.

The Local Origin of Genetic Structure: The Case of the Pari and Nyithin
Sorghum. The Pari community, whose sorghum we explored in-
depth, lives in the Lafon villages located around a solitary rocky
hilltop on the river Nile’s flood plain in the southeastern part of
South Sudan. The Pari language belongs to the Luo group of the
Western-Nilotic branch of the Nilotic language group, together
with larger language groups in South Sudan like the Dinka and
Nuer languages. The Nilotic languages originated somewhere in
the area between the White and the Blue Nile 6,000–7,000 y
B.P., and Nilotic speakers have spread southwards in repeated
expansions that have continued well into historic times (7). The
majority of the family lineages in Lafon claim origin in an Anuak
homeland to the north, but the Pari society harbors a mixture of
different Western-Nilotic cultural elements (53). The Pari live-
lihood is characterized as a “multiple subsistence economy,” and
sorghum cultivation is an essential pillar, supplemented by hus-
bandry, hunting, fishing, and collection of wild food (54, 55). The
Pari society is organized in an age-grade system; young men are
enrolled in groups based on age, and these age sets pass over
different age grades over the course of their lives (56). Ehret (7)
considers the age-grade system a particularly important factor
for explaining the success of the historic Nilotic expansions. The
age-grade system remains a fundamentally important institution
with political, legal, military, ritual, and economic functions for
the Pari (56), and it also plays an important role in the traditional
seed system in Lafon (54). The ruling age grade, the mojomiji,
decides when sowing shall commence, and all Pari lineages rit-
ually mix a gourd bowl of seeds from a central granary with their

14102 | www.pnas.org/cgi/doi/10.1073/pnas.1401646111 Westengen et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 J
an

ua
ry

 1
, 2

02
2 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401646111/-/DCSupplemental/pnas.201401646SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401646111/-/DCSupplemental/pnas.201401646SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401646111/-/DCSupplemental/pnas.201401646SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401646111/-/DCSupplemental/pnas.201401646SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401646111/-/DCSupplemental/pnas.201401646SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1401646111


www.manaraa.com

own seeds before sowing. This seed-management practice connects
sorghum fields and granaries in Lafon in a metapopulation, and
different morphological types, known as landraces, are managed as
part of a landrace complex. The lowest level of classification is
given to sorghum plants belonging to a visually distinct or oth-
erwise characteristic landrace, and a higher-level classification
distinguishes the Pari sorghum from other sorghums. The Pari
sorghum is called “nyithin,” which means “the small one,” and
informants from the Pari as well as from neighboring groups
referred to nyithin as the sorghum that “came with the Pari.” The
folk taxonomy of the nyithin landrace complex recognizes 12
named landraces, including one said to appear from time to time
in farmers’ fields as a bad omen (i.e., bendi-kirikik). To assess
the local genetic structure and temporal dynamics of the nyithin,
we genotyped 20 seed lots collected from granaries and fields in
2010 and 2013, including 13 seed lots of nyithin collected in
Lafon and nearby villages and 7 seed lots of other landraces
collected among neighboring communities. Due to lack of suffi-
cient plant descriptors and partly incompatibility of folk taxonomic
classifications with scientific classification criteria, classification of
the in situ seed lots below the nyithin category is limited to three
folk taxonomic landrace names (i.e., “acar,” “adel,” and “lwalo”)
from the 2010/2013 collection. The data on the ex situ accessions
collected in 1983 that we used for comparison classify three
accessions as nyithin and one as lwalo (Dataset S1).
Neighbor-joining (NJ) analysis supported the differentiation

of three continent-wide clusters also when the in situ sampled
seed lots were included (Fig. S5). The 1983 samples of the
landraces from Lafon, conserved as genebank accessions at the
International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT), cluster firmly within the Central population
of the continent-wide panel. The NJ analysis revealed one outlier

among the nyithin seed lots, which clusters within the Southern
sorghum population together with two genebank accessions from
Bari language areas and the “kabir” variety of the Acholi com-
munity (one accession collected in 1983 and one seed lot col-
lected in 2013). The Acholi speak a Southern Luo dialect and
have the main part of their homeland in Northern Uganda. The
outlier nyithin seed lot probably represents a recent introduction
and was not included in the following analyses.
Substructure analysis of the accessions clustering to the Central

population, including the in situ sampled seed lots, identified five
subpopulations (Fig. 2 and Table S3). Assigning accessions and seed
lots to populations based on a >0.80 membership coefficient cutoff,
we identified a North-Eastern subpopulation with some Afro-
Asiatic affinity, a North-Western subpopulation including the ac-
cession from Cameroon, and three subpopulations with origin
mainly in Nilotic language areas: Central-North, Central-South, and
a latitude-wise more broadly distributed North-South subpopulation.
The substructure analysis assigned nearly all nyithins to the

Central-North subpopulation with an average population mem-
bership coefficient of 0.89 (Dataset S1). The only nyithin not
assigned to this subpopulation was a 1983 accession, which
showed more affinity with the North-Eastern population, which
also includes the accessions collected in the purported Pari
homeland along the Sobat River. Population membership in the
Central-North subpopulation was positively associated with ori-
gin in Western-Nilotic language areas (ρ = 0.42, P < 0.001), and
the population membership was significantly different in West-
ern-Nilotic areas compared with those in Eastern Nilotic and
other language areas (χ2 = 10.20, P < 0.01). Two accessions from
Dinka and Gbaya areas and two seed lots from Otuho (also
known as Lotuko) areas also clustered in the Central-North
subpopulation, suggesting a relationship with the nyithins. In the
case of the two seed lots from Otuho areas, the relationship
tallied with the information given by the farmers who donated
them; the seeds were said to be nyithin originally acquired from
Lafon in 1972. The farmers were able to precisely date this event
because the seeds were acquired when the Addis Ababa accord
ended the first Sudanese civil war and allowed them to return
from exile. There was insignificant differentiation of these seed
lots from those of Lafon (FST = 0.10, P > 0.05), showing that the
nyithin was genetically characteristic after 40 y. This example of
intercommunal adoption of landraces provides a local level ex-
ample of the spread of crop varieties by acculturation found in
language-family border zones in the continental scale analysis.
We explored temporal patterns of diversity to assess the

resilience of the Pari seed system. The 30-y period between the
collecting of landraces in Lafon has been characterized by en-
vironmental stress and human insecurity in the area. The average
annual temperature in Lafon has shown an increasing trend
through the period, and there has been large interannual varia-
tion both in rainfall and temperature (Fig. S4 B–E). In 1993,
during the civil war in Sudan, all six Lafon villages were burned
down, and the entire population (ca. 30,000) was displaced and
resettled in several new settlements further away from the hill
(57). This dramatic incidence came on top of occasional in-
terethnic hostilities between the Pari and neighboring groups.
With this environmental and historical backdrop, we assessed
changes in genetic diversity over the period. Samples from the
two temporal groups (1983 and 2010/2013 collecting) were
intermixed in the NJ analysis and the genetic differentiation
among the 1983 accessions (FST = 0.59–0.85, P < 0.05) and
among the 2010/2013 seed lots (FST = 0.07–0.60, not all signifi-
cant) were in most cases higher than the differentiation between
the two groups (FST = 0.17, P < 0.05). In the case of the variety
lwalo, for which passport data allowed us to compare a named
variety of nyithin from 1983 and 2010, we found that it was in-
significantly differentiated over the period as measured by FST at
P < 0.01 level. Overall, the 2010/2013 group was more diverse than

Fig. 2. Subpopulation structure from InStruct analysis of accessions belonging
to the Central population (Fig. 1) and in situ sampled seed lots from South
Sudan. Pie diagrams display inferredmembership in the five subpopulations, and
samples with origin in the same locations are displayed by fans. The location of
the Lafon villages, the home of the Pari people, is indicated with an arrow
(language distribution data from Ethnologue v. 16 compiled in ref. 62).
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the 1983 group, with seven times more private alleles after using
rarefaction to control for different sample sizes. Caution is impor-
tant when inferring diachronic patterns of diversity based on com-
parison of ex situ conserved accessions and in situ sampled seed lots.
An obvious caveat in our case is that, during both the 1983 col-
lecting and the 2010/2013 collecting of nyithin, we were unable to
sample the full range of landraces included in the nyithin landrace
complex in the Pari folk taxonomy. Furthermore, ex situ conserved
accessions have undergone purification and forced selfing during
regeneration (9), resulting in reduced heterozygosity com-
pared with the original landrace. Thus, we limit our inference
of the detected patterns to say that there is no evidence for
loss of genetic diversity within nyithin. Similar conclusions
were drawn in studies of pearl millet and sorghum landrace
diversity in Niger (11, 58). A molecular comparison of sorghum
landraces, sampled in the same villages separated by 26 y,
marked by major social and environmental change, found no
evidence of genetic erosion (11). Whether or not nyithin and
other landraces and affiliated seed systems harbor the necessary
diversity to adapt to projected climate change (32) (Fig. S4F)
remains an open question, but our findings suggest that the
traditional seed system of the Pari is remarkably resilient.

Conclusion
The farming-language codispersal hypothesis is commonly framed
as a proposed correlation between the spread of human genes
and languages out of an agricultural homeland (18). The asso-
ciation between languages and genetic structure in sorghum
presented in this study provides crop evolutionary evidence for
such codispersal. Our findings suggest that languages and sor-
ghum seeds have moved together both in the case of Bantu
and Nilo-Saharan expansions. We propose that this codispersal
ultimately is adaptive; drought-hardy sorghum varieties have
probably played a key role in allowing their cultivators to expand
into new areas during periods of climate change in the past.
Thus, the relationship between ethnolinguistic groups and sor-
ghum population structure reflects the dispersal of successful
social–ecological adaptations.
The study of the Pari and their nyithin sorghums provides a local-

level window into the kinds of mechanisms that have generated and
maintained the genetic patterns we see at the level of language
families. The seed system of the Pari is governed by the ruling age
grade, a social institution with deep Nilotic cultural roots. The Pari
sorghums are sufficiently genetically distinct to be recognized as
a separate population from the sorghum of neighboring groups
and at the same time sufficiently heterogeneous to harbor a
number of different genetically characteristic landraces. Main-
tenance of this two-tiered diversity pattern is possible due to the
combination of a low, but pertinent, outcrossing rate in sorghum
and the seed-mixing practice in the traditional seed system.
Despite relocation of the entire Pari population and dramatic
disturbance of normal livelihood activities during the civil war,
the traditional seed system has prevailed, and we do not find evi-
dence of significant genetic erosion.
The low adoption of improved sorghum varieties in Africa is

explained by institutional shortcomings on the supply side, as
well as by demand-side factors related to large differences in
agroecological constraints and local end-product preferences
(59). Thus, reluctance to adopt modern varieties is the flip side
of the kind of social–ecological adaptation described in the case
of the Pari seed system. Despite lower achievable yields, com-
munities relying on subsistence agriculture often choose to
continue to cultivate local varieties because yields are stable and
predictable and consumption characteristics are well known (25,
27). Insights from the literature on seed systems elucidate this
two-sided reason for the low adoption. On the one hand, in-
formal seed systems are important local safety nets (22, 26, 33);
on the other hand, introduction of modern varieties in an ad hoc

manner can increase vulnerability in the affected communities
(35). These insights provide important background for consid-
ering the sustainability of development assistance initiatives aimed
at modernizing the seed sector and introducing new sorghum
varieties in Africa. Efforts to build resilience to current and fu-
ture environmental change require understanding of the social
and cultural context and are more likely to be successful when
building on, rather than seeking to replace, existing traditional
seed systems and landraces.

Materials and Methods
Collecting. In 1983, a germplasm-collectingmission led by the International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT) visited Lafon and collected
sorghum seeds (60). Equipped with the collecting report from 1983 and the
contribution in this study by one of the participants in the 1983 mission (T.B.),
we revisited Lafon and neighboring villages in November 2010 and January
2013 and resampled seed lots of nyithin. We obtained permits to conduct
the study as well as export permits for seeds and silica-dried material from
the Ministry of Agriculture and Forestry in South Sudan. In Lafon, we were
permitted to carry out the collecting by the ruling age grade, and seed lots
(seeds of a named landrace sampled from one field or one granary) were
sampled under the supervision of the owners. We acquired information
about the sampled landraces and the local seed system in interviews with
individual farmers and members of the ruling age grade.

Plant Material. The panel used to assess continent-wide genetic structure
consisted of 200 accessions sourced from themajor global sorghum collection
at ICRISAT, including 138 African and 4 Indian accessions from the minicore
collection (36). The panel used to assess local genetic structure and temporal
dynamics partially overlaps with the continent-wide dataset in addition to
20 seed lots sampled in situ. All together, 358 plants from 220 accessions and
seed lots were genotyped (Dataset S1). As in other large-scale assessments of
sorghum genetic diversity (9, 11, 12), we included one individual per acces-
sion to infer population structure, and, as in ref. 8, we included more than
one individual per seed lot for local-scale calculation of diversity indices, FST
among landraces, and NJ analysis.

Genotyping. DNA was extracted from 15- to 30-mg dried-leaf samples using an
E.Z.N.A. plant DNA Mini Kit (Omega Bio-tek), according to the manufacturer’s
protocol. Genotyping was done with 19 simple sequence repeat (SSR) markers
(Table S1). The markers were amplified using a M13 tailing approach (61) and
were separated with capillary electrophoresis on an ABI 3730 sequencer (Applied
Biosystems). For further details, see SI Materials and Methods.

Data Analysis. The language distributions in Fig. 1A are based on spatial
data from Ethnologue v. 16 (www.ethnologue.com/) compiled in ref. 62.
Climate data (average data for ∼1950–2000 in 2.5 arc minutes resolution)
were obtained from ref. 63, and ecoregion division was obtained from ref.
52. Scoring of genotypes was done in GeneMapper v. 3.7 (Applied Bio-
sytems). We used two complimentary Bayesian model-based programs to
estimate population structure: STRUCTURE v. 2.3.3 (38, 39) and InStruct
(37). Whereas STRUCTURE assumes random mating within subpopulations,
InStruct calculates expected genotype frequencies on the basis of selfing
rates and is particularly suitable for predominantly inbreeding organisms
such as sorghum. We ran InStruct with 1 × 105 burn-in, 2 × 105 iteration
steps, and a thinning interval of 10 steps, assuming different starting
points (37). We ran STRUCTURE with 10 independent runs for each value of
K from 1 to 9, with a burn-in period of 5 × 105 followed by 106 iterations.
The most probable number of groups, K, was determined with STRUCTURE
HARVESTER (40), calculating the ad hoc measure in change in likelihood
between successive K values, delta K (41). We correlated structure mem-
bership coefficients obtained for the same accessions generated by InStruct
and STRUCTURE and between STRUCTURE generated memberships infer-
red on the basis of the 13,390 SNPs from ref. 13 and our 19 SSRs for 139
common accessions using R (www.r-project.org/). Spatially explicit Bayesian
modeling was done on the 138 genebank accessions for which latitude
and longitude data were available using the program GENELAND (42). We
ran 105 Markov chain Monte Carlo iterations with a thinning interval of 100
using the uncorrelated frequency model as a prior for the allele frequencies.
The posterior probabilities of population membership for each pixel were
computed using a burn-in of 200, and the spatial domain was set to 500
times 500. To test for IBD, we tested the association between a matrix of
individual kinship coefficients, estimated according to ref. 64 with the
program SPAGEDI (65), with geographic distance, using the R package

14104 | www.pnas.org/cgi/doi/10.1073/pnas.1401646111 Westengen et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 J
an

ua
ry

 1
, 2

02
2 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401646111/-/DCSupplemental/pnas.201401646SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401646111/-/DCSupplemental/pnas.1401646111.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401646111/-/DCSupplemental/pnas.201401646SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401646111/-/DCSupplemental/pnas.201401646SI.pdf?targetid=nameddest=STXT
http://www.ethnologue.com/
http://www.r-project.org/
www.pnas.org/cgi/doi/10.1073/pnas.1401646111


www.manaraa.com

Vegan to conduct both simple Mantel test and partial Mantel test control-
ling for spatial dependence according to ref. 50. Genetic differentiation
between a priori defined ecogeographic and morphological groups was
calculated by using Weir and Cockerham’s FST estimator (66) in SPAGEDI.
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