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Abstract
Local landrace and breeding germplasm is a useful source of genetic diversity for

regional and global crop improvement initiatives. Sorghum (Sorghum bicolor L.

Moench) in western Africa (WA) has diversified across a mosaic of cultures and end

uses and along steep precipitation and photoperiod gradients. To facilitate germplasm

utilization, a West African sorghum association panel (WASAP) of 756 accessions

from national breeding programs of Niger, Mali, Senegal, and Togo was assembled

and characterized. Genotyping-by-sequencing (GBS) was used to generate 159,101

high-quality biallelic single nucleotide polymorphisms (SNPs), with 43% in inter-

genic regions and 13% in genic regions. High genetic diversity was observed within

the WASAP (π = .00045), only slightly less than in a global diversity panel (GDP)

(π = .00055). Linkage disequilibrium (LD) decayed to background level (r2
< .1)

by ∼50 kb in the WASAP. Genome-wide diversity was structured both by botanical

type and by populations within botanical type with eight ancestral populations

identified. Most populations were distributed across multiple countries, suggesting

several potential common gene pools across the national programs. Genome-wide

association studies (GWAS) of days to flowering (DFLo) and plant height (PH)

revealed eight and three significant quantitative trait loci (QTL), respectively, with

major height QTL at canonical height loci Dw3 and SbHT7.1. Colocalization of two

of eight major flowering time QTL with flowering genes previously described in

U.S. germplasm (Ma6 and SbCN8) suggests that photoperiodic flowering in West

African sorghum is conditioned by both known and novel genes. This genomic

resource provides a foundation for genomics-enabled breeding of climate-resilient

varieties in WA.

Abbreviations: BLUP, best linear unbiased prediction; DFLo, days to flowering; FST, fixation index; GBS, genotyping-by-sequencing; GDP, global sorghum
diversity panel; GLM, general-linear model; GWAS, genome-wide association study; LD, linkage disequilibrium; MAF, minor allele frequency; MLMM,
multi-locus mixed model; PC, principal component; PCA, principal component analysis; PH, plant height; PVE, proportion of variance explained; QTL,
quantitative trait loci; SNP, single nucleotide polymorphism; WA, western Africa; WAS-GDP, West African accessions in the global sorghum diversity panel;
WAS-GRIN, West African accessions from USDA–GRIN; WASAP, West African sorghum association panel.
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1 INTRODUCTION

Crop production in many developing countries is limited by
biotic and abiotic factors that reduce food supplies to small-
holder farmers in semiarid areas. With an increasing world-
wide underfed population along with environmental changes,
there is a need in more rapidly developing locally adapted
varieties to increase crop productivity (Foley et al., 2011;
Mundia, Secchi, Akamani, & Wang, 2019; Tilman, Balzer,
Hill, & Befort, 2011). Genetic studies contribute to the devel-
opment of adapted cultivars to meet global food security and
help provide enough genetic diversity suitable for efficient
crop breeding (Jordan, Mace, Cruickshank, Hunt, & Henzell,
2011). Diverse landrace germplasm harbors useful alleles for
gene discovery and breeding given their long history of adap-
tation to diverse environments (Meyer & Purugganan, 2013).
However, African crop genetic diversity, particularly in west-
ern Africa (WA), are poorly characterized mainly as a result of
a lack of genomic resources and limited sampling of genetic
resources available to the global scientific community.

Understanding genomic variation of local germplasm at
a regional scale can help guide breeding. The availability
of high-density markers evenly distributed throughout the
genome is a prerequisite for understanding genetic diver-
sity and genetic basis of adaptive traits. Recent advances in
next-generation sequencing technologies and genotyping-by-
sequencing (GBS) have rendered possible the generation of
high-density markers with affordable low cost (Elshire et al.,
2011; Poland, Brown, Sorrells, & Jannink, 2012). These tools
facilitate characterization of the genetic structure of local
germplasm relative to global diversity. Historical recombina-
tion along with short to moderate linkage disequilibrium (LD)
existing within a diversity panel greatly improve the mapping
resolution to identify novel genes and novel natural variants
at known genes in major crops (Cao et al., 2016; Gapare et al.,
2017; Huang et al., 2010; Yano et al., 2016; Zhao et al., 2019).

In sorghum, global reference diversity panels have been
assembled (Grenier, Hamon, & Bramel-Cox, 2001; Deu, Rat-
tunde, & Chantereau, 2006; Casa et al., 2008; Upadhyaya
et al., 2009; Billot et al., 2013; Brenton et al., 2016) and used
in genetic and breeding studies. However, at a regional scale,
these global reference panels have limited population sam-
pling, thus limiting their potential use in regional association
mapping studies. Regional diversity panels are useful genetic
resources for capturing natural allelic variation existing in
locally adapted varieties (Leiser et al., 2014; Sattler et al.,
2018). Favorable alleles for adaptation to various regional
environmental conditions have been selected for over thou-
sands of years but they may not be easily accessible to breed-
ers via global ex situ collections (Fu, 2017; Hammer & Teklu,
2008). The major western and central African cereal crops,
such as sorghum and pearl millet [Cenchrus americanus (L.)

Core Ideas
∙ A West African sorghum panel (n = 756) was

assembled from four national programs.
∙ Over 150,000 genome-wide nucleotide polymor-

phisms were genotyped by sequencing.
∙ Diversity was structured by subpopulation within

botanical type and across countries.
∙ Known genes and novel loci for flowering time and

plant height were identified.

Morrone], need to be assembled into regional reference diver-
sity panels that can be accessed for genetics, physiology, and
breeding.

Genetic diversity of cultivated sorghum is high in West
African germplasm (Deu et al., 1994; Doggett, 1988; Folk-
ertsma, Rattunde, Chandra, Raju, & Hash, 2005). Despite
the high genetic diversity in the West African germplasm,
its accessibility to the regional and global scientific commu-
nity is limited, particularly germplasm that was more recently
collected or developed. Five botanical types in sorghum—
bicolor, durra, guinea, caudatum and kafir—and 10 interme-
diate types have been defined based on spikelet and grain mor-
phology (Harlan & De Wet, 1972) and are associated with
climate and geographic origin (Brown, Myles, & Kresovich,
2011). All botanical types are represented in WA landraces
except for the kafir type. The guinea type is the most com-
mon and diverse in WA, possibly a result of a second cen-
ter of domestication (Folkertsma et al., 2005). The durra type
was first domesticated in Ethiopia before diffusing to arid
regions of WA. The caudatum and durra–caudatum interme-
diate types are well represented in the western–central region
and used for grain yield improvement in breeding programs
throughout WA (Institut sénégalais de recherches agricoles,
2005). However, little is known about the population struc-
ture of the germplasm across the countries, that is, whether
the germplasm of one country is distinct from other countries.
Since country boundaries in WA cut across agro-ecological
zones, some landrace germplasm may be more similar across
countries than within a country.

Here, we report the assembly of the West African sorghum
association panel (WASAP) from the four West African coun-
tries (Mali, Niger, Senegal, and Togo) and development of
genome-wide SNP markers as genomic resources for genetics,
physiology, and breeding. We determined the genome-wide
SNP variation and population structure of the germplasm
in relationship with previously genotyped West African ex
situ collections and global sorghum diversity panel (GDP).
We also identified known maturity and plant height (PH)
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T A B L E 1 Number of accessions in each sorghum collection/panel used in this study

Collection or panela

Country of origin WASAP WAS-GRIN GDP
Mali 123 – 15

Niger 359 515 12

Senegal 118 346 8

Togo 156 – 3

Gambia – 60 4

Mauritania – 15 –

Nigeria – 607 38

Other western Africa – – 18

Total from western Africa 756 1543 98

Central Africa – – 44

Northern Africa – – 10

Southern Africa – – 146

Eastern Africa – – 223

Middle East – – 37

Eastern Asia – – 26

Southern Asia – – 99

Other – – 9

Total 756 1543 692

aWASAP, West African sorghum association panel; WAS-GRIN, West African sorghum in USDA–GRIN; GDP, global sorghum diversity panel.

loci using GWAS on phenotype data collected under rain-
fed conditions. The study provides genomic resources and a
better understanding of the population structure of the WA
germplasm useful for genomics-assisted breeding.

2 MATERIALS AND METHODS

2.1 Plant materials

The WASAP was comprised of 845 accessions assembled
by breeders, physiologists, and geneticists in the National
Agricultural Research Organization from four West African
countries (Senegal, Mali, Togo, and Niger) (Table 1; Sup-
plemental Data S1). The panel includes working collections
of the National Agricultural Research Organization sorghum
improvement programs, predominantly landraces but also
improved varieties and breeding lines (n = 72). Seed mul-
tiplication was performed for these accessions under rainfed
conditions of 2014. Out of the 845 accessions, 756 accessions
were genotyped using GBS, with 118 accessions from Sene-
gal, 123 accessions from Mali, 156 accessions from Togo,
and 359 accessions from Niger. The genotyped accessions
were used for genetic analyses in this study. Based on a pri-
ori classification, all four basic botanical types—guinea (n =
244), caudatum (n = 72), durra (n = 23), and bicolor (n =
22)—are well represented in the WASAP. The guinea margar-

itiferum is represented by nine accessions. The intermediate
types are well represented: durra–caudatum (n = 161), fol-
lowed by guinea–caudatum (n = 25), durra–bicolor (n = 13),
caudatum–bicolor (n = 8), guinea–durra (n = 5), and kafir–
caudatum (n = 1). Many accessions were not classified mor-
phologically into botanical classes (n= 230). The Supplemen-
tal Data S1 contains more details about the panel.

Genetic diversity and structure of the WASAP were com-
pared with the GDP that consists of 692 worldwide sorghum
accessions (excluding accessions from Americas) with avail-
able sequencing data including West African accessions in
the GDP (hereafter named WAS-GDP) (Lasky et al., 2015;
Morris et al., 2013). The WASAP accessions were also com-
pared with previously genotyped West African accessions
from USDA–GRIN (hereafter named WAS-GRIN), originat-
ing from Niger, Senegal (including a few accessions from
neighboring Gambia and Mauritania), and Nigeria (Faye
et al., 2019; Maina et al., 2018; Olatoye, Hu, Maina, & Morris,
2018).

2.2 Genotyping-by-sequencing and SNP
discovery

The WASAP was grown in the field at the Bambey research
station in Senegal, and leaf tissue from five seedlings of each
accession were pooled to extract genomic DNA using the
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MATAB (mixed alkyl trimethylammonium bromide) proto-
col. Genotyping-by-sequencing was conducted following the
method previously described (Elshire et al., 2011). Briefly,
GBS libraries were constructed in 96-plex and the restriction
enzyme, ApeKI (New England Biolabs) was used to digest
genomic DNA for complexity reduction. For quality control,
a random well was left blank in each 96-well plate. Restric-
tion cutting sites were ligated using bar-coded adapters and
ligated products were pooled together. Single-end sequencing
was performed on Illumina HiSeq2500 at the University of
Kansas Medical Center.

Illumina single-end sequence reads of the WASAP and raw
sequence data of the GDP were processed together using the
TASSEL GBS v2 pipeline (Glaubitz et al., 2014). Sequence
reads were trimmed to 64 bp and identical reads collapsed
into tags. Tags were aligned to the sorghum reference genome
v3.1 (McCormick et al., 2018; Paterson et al., 2009) using the
Burrows–Wheeler alignment program (Li & Durbin, 2009).
Single nucleotide polymorphism markers were discovered
using the DiscoverySNPCallerPluginV2 of the TASSEL GBS
v2 pipeline with minimum locus coverage (mnLov) of 0.1 and
other parameters kept to default settings. A total of 546,133
SNPs were discovered. The SNPs with >20% missing data
were excluded (n = 393,396 remaining SNPs). The SNPs
with minor allele frequency (MAF) < .01 were excluded (n =
201,193 remaining SNPs). Monomorphic sites were excluded
and biallelic SNPs only were maintained, resulting in a total
set of 198,402 SNPs. This dataset was imputed using Beagle
v4.1 (Browning & Browning, 2016) and filtered out again data
with MAF < .01 to yield a final data set of 159,101 SNPs that
was used for downstream analysis.

2.3 Genome-wide SNP variation

The imputed dataset was functionally annotated to deter-
mine SNP effects on protein-coding genes using the
snpEff program (Cingolani et al., 2012). The structural
location and functional class (synonymous, missense, or
nonsense) of each SNP were determined based on the
sorghum reference sequence. Genome-wide SNP distribution
along chromosomes, minor allele frequencies, and pairwise
nucleotide diversity were estimated using the VCFtools pro-
gram (Danecek et al., 2011). Linkage disequilibrium was
determined for the entire WASAP and for each country’s
germplasm separately. Linkage disequilibrium was estimated
based on the pair-wise correlation coefficient (r2) among
SNPs with MAF > .05 (to reduce computational burden) in
a window of 500 kb using the PopLDdecay package (Zhang,
Dong, Xu, He, & Yang, 2019). The smooth.spline function in
the R program (R Core Team, 2016) was used to fit LD decay
measured as the distance by which r2 decreased to half from
its original value. The fixation index (FST) genetic differenti-

ation in the WASAP was determined according to botanical
type and country of origin using the pair-wise FST method
based on Weir and Cockerham weighted FST estimate in the
VCFtools.

2.4 Genetic structure analysis

The genome-wide SNP variation of the collection was
assessed based on the principal component analysis (PCA)
using the snpgdsPCA function of the R package SNPRelate
(Zheng et al., 2012). The accessions of WAS-GRIN and GDP
were included in the analysis to robustly determine princi-
pal axes of genome-wide SNP variation and clustering of the
WASAP along other germplasms. The combined dataset con-
sisted of a subset of 103,871 (100K) high-quality SNP mark-
ers with a high level of polymorphism (MAF > .1). The GDP
accessions were used to determine the principal components
(PCs) of genome-wide variation. These PCs were then used to
estimate the genome-wide variation of the WASAP and WAS-
GRIN accessions.

The number of ancestral populations and ancestry frac-
tions in the WASAP were determined using ADMIXTURE
(Alexander, Novembre, & Lange, 2009). The imputed SNP
dataset was LD pruned using PLINK 1.9 (Purcell et al., 2007)
to reduce redundancy of SNPs that are in high LD because
such SNPs provide the same genetic information. Ancestral
populations and ancestry fractions were determined using
the pruned SNP dataset (60,749 independent SNPs) for K
= 2–20 populations using default settings of ADMIXTURE.
A fivefold cross-validation and 2,000 iterations were per-
formed to identify the optimal K. We defined the optimal K as
the minimum K-value where cross-validation error no longer
decreased substantially. Accessions were assigned to subpop-
ulations based on 0.7 membership threshold. The neighbor-
joining distance-based clustering method was used to assess
the genetic relationship among WASAP ancestral populations,
WAS-GRIN, and GDP. The genetic distance matrix was gen-
erated based on the 100K SNP set using TASSEL 5 (Bradbury
et al., 2007) and the results were plotted using ape R package
(Paradis, Claude, & Strimmer, 2004).

2.5 Field phenotyping

Field phenotyping of a subset of 572 WASAP acces-
sions (based on seed availability) was conducted at the
Bambey Research Station, Centre National de Recherches
Agronomiques (14.42˚ N, 16.28˚ W) in Senegal during the
growing season of 2014. Two experiments, early-sown date
at the beginning of the rainy season–normal planting date
(Hiv1) and late-sown postflowering drought-stressed–planted
30 d later (Hiv2), were performed. A randomized incomplete
block design (augmented block design) was performed with
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30 blocks of 24 entries each following a column–row field
layout for spatial data analysis. Each block contained 19 geno-
types and five check varieties. The five checks were randomly
assigned into each block. Each genotype was assigned only
once in each experiment. Each genotype was planted in one
row of 3 m surrounded by one row of fill material (IRAT 204
variety) on both sides. There was 60 cm of space between rows
and 20 cm of space between plants or hills within a row. Ten
days after planting, genotypes were thinned to maintain only
one plant per hill. Days to flowering (DFLo) was measured
as the day when 50% of plants within a plot flowered. Plant
height (PH) was measured as the average distance from the
soil to the tip of the panicle of three plants per plot.

2.6 Statistical analysis of phenotypic data

Phenotypic variation was analyzed using the R program. Spa-
tial analysis was performed to verify the effect of spatial vari-
ation across each experiment based on the check varieties
within blocks using the SpATS package (Rodríguez-Álvarez,
Boer, van Eeuwijk, & Eilers, 2018). The genotype-adjusted
mean value was determined after correcting for significant
spatial variability. Variance components were estimated by
fitting the mixed linear model with random effects for all
genotypes (G), environment (E), and G × E interaction effects
using the lme4 package (Bates, Mächler, Bolker, & Walker,
2015). The significance levels of variance components were
determined using the RLRsim package (Scheipl, Greven, &
Küchenhoff, 2008). Broad-sense heritability (H2) was esti-
mated for each trait from the estimated variance components
following the formula proposed by (Piepho & Möhring, 2007)
for unbalanced data:

𝐻
2 =

σ2
𝐺

σ2
𝐺

+ ν̄∕2

where σ2
𝐺

is the genotypic variance, ν̄ is the mean variance of
a difference of two adjusted means. The early and late plant-
ing date experiments were considered as two environments.
Phenotypic correlations among traits were calculated using
the Pearson correlation of the PerformanceAnalytics package
(Peterson et al., 2014). BLUP values for each trait were cal-
culated by combining data from both environments. Tukey’s
Honestly Significant Difference (TukeyHSD) in the Agricolae
package (Mendiburu, 2009) was used to test the difference of
genotype performance between environments.

2.7 Genome-wide association studies

Genome-wide association studies were performed using the
general-linear model (GLM) in the GAPIT R package (Lipka

et al., 2012) and multi-locus mixed model (MLMM) in the
mlmm package (Segura et al., 2012). The MLMM stepwise
regression model was used to account for background effects.
The GLM does not account for background effects (popula-
tion structure and kinship) but shows most significant associ-
ations. In contrast, the mixed-model method implemented in
MLMM accounts for background effects but increases false-
negative associations. These different methods were used
as complementary. We did not consider looking at nominal
p-value, as we are aware that the GLM results are gener-
ally inflated. Our goal was to test the hypothesis that some
of the top associations would colocalize with known candi-
date genes. Bayesian information criterion and LD iteratively
nested keyway (BLINK) (Huang, Liu, Zhou, Summers, &
Zhang, 2019) was also used to verify overlapping associations
with GLM and MLMM methods.

A total of 130,709 SNPs with MAF > .02 were used for
the GWAS analysis. We use SNPs with MAF > .02 because
moderately rare variants can contribute to phenotypic varia-
tion (Hernandez et al., 2019; Peloso et al., 2016). The first
three PCs generated from TASSEL 5 and kinship matrix from
GAPIT were used to account for polygenic background effects
in the MLMM analysis. The GWAS were performed using
BLUP values of DFLo and PH across two environments and
for each environment. Linkage disequilibrium heatmaps of
genomic regions surrounding GWAS QTL were constructed
using the LD heatmap 0.99-4 package (Shin, Blay, McNeney,
& Graham, 2006). All figures were produced with the R pro-
gram. The effect size and proportion of phenotypic variance
explained by associated QTL were determined using linear
regression and ANOVA. Background effect was accounted for
using ADMIXTURE ancestry fractions used as fixed-effect
covariates. Candidate gene colocalization with QTL was car-
ried out using an a priori candidate genes and loci list, includ-
ing known sorghum genes and orthologs of rice (Oryza sativa
L.) and maize (Zia mays L.) for adaptive traits, previously
described (Faye et al., 2019). Because candidate genes were
a priori defined, we used a liberal cutoff of 500 kb to deter-
mine colocalization between association signals and candi-
date genes. The Sorghum QTL Atlas (Mace et al., 2019) was
used to compare QTL identified in the current study to QTL
from previous studies.

3 RESULTS

3.1 Genome-wide SNP variation of the
West African sorghum association panel

The GBS library sequencing yielded a total of ∼258 million
single-end sequencing bar-coded reads. After trimming all
reads down to 64 bp, ∼4.5 million unique tags were obtained.



6 of 18 FAYE ET AL.The Plant Genome

F I G U R E 1 Genome-wide single nucleotide polymorphism (SNP) variation in the West African sorghum association panel (WASAP) and global
sorghum diversity panel (GDP). (a) Distribution of the SNP data across the 10 sorghum chromosomes in the WASAP. (b) Minor allele frequency
distribution and (c) linkage disequilibrium decay along the genome of the SNP data in the whole WASAP, within countries of origin in WASAP–Mali
(MaWASAP), Niger (NiWASAP), Senegal (SnWASAP), and Togo (TgWASAP) and in the global sorghum diversity panel (GDP)

A final data set of 159,101 high-quality SNPs was main-
tained after removing SNPs with >20% missing data, MAF
< .01, and keeping only biallelic SNPs. The SNPs were dis-
tributed across the genome with a higher number of SNPs
in pericentromeric regions relative to centromeric regions
(Figure 1a). We determined if the 159,101 GBS SNPs have
potential impacts on protein-coding sequences based on the
sorghum reference sequence v.3.1. Approximately 13% of the
SNPs were found in genic regions including 7,689 missense
(72%), 411 (4%) nonsense, and 2,603 (24%) silent-point muta-
tions (Supplemental Figure S1). Approximately 43, 22, and
22% of the SNPs were located in intergenic, downstream, and
upstream regions of genes, respectively.

Since four of five sorghum botanical types are represented
in the WASAP, we hypothesized that it captures much of the
genetic diversity found in the GDP. As predicted, the estimate
of average pairwise nucleotide diversity (π) was only slightly
less (18%) in the WASAP (.00045) than in the GDP (.00055).
Little variation in π was observed among the four countries
of origin (Niger, .00046; Mali, .00049; Senegal, .00050; and
Togo, .00047). The WASAP had a higher proportion of rare
alleles (e.g., 0.01–0.05) than the GDP (Figure 1b). Within
the WASAP, the Senegal accessions had the lowest rare allele
proportion and the highest intermediate allele proportion fol-
lowed by Togo and Mali. Linkage disequilibrium decayed to
background level (r2

< .1) by ∼50 kb in the WASAP vs.

∼15 kb in the GDP (Figure 1c). As expected, LD decay within
countries of origin in the WASAP was higher than that in
the whole WASAP. Linkage disequilibrium decayed to back-
ground by ∼60, ∼90, ∼90, and ∼160 kb in Niger, Senegal,
Mali, and Togo accessions, respectively.

3.2 Genetic differentiation by botanical
types and geographic origin

Based on the hypothesis that sorghum genetic diversity is
structured primarily by botanical type, we predicted high
FST genetic differentiation would be observed among botan-
ical types than among countries of origin in the WASAP.
High FST genetic differentiation of .16 was observed among
the six classes, comprising the majority of the panel includ-
ing guinea, caudatum, durra, bicolor, guinea margaritiferum
types, and the intermediate form durra–caudatum (Supple-
mental Table S1). Surprisingly, a high FST value was observed
between durra–caudatum and caudatum (FST = .22) or durra–
caudatum and durra (FST = .20). The FST value among the
four countries of origin was moderate (FST = .09) (Supple-
mental Table S1).

Next we used PCA to characterize the genomic variation
of the WASAP with respect to botanical type and origin vs.
with WAS-GRIN and GDP accessions. The first two PCs
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F I G U R E 2 Principal component analysis of genome-wide single nucleotide polymorphism (SNP) variation. Scatterplots of the (a) first and
second axes and the (b) third and fourth axes of genome-wide SNP variation in the West African sorghum association panel (WASAP) in relationship
with other West African sorghums in GRIN and global sorghum diversity panel. The color codes indicate country of origin for WASAP accessions
(MaWASAP, Mali; NiWASAP, Niger; SnWASAP, Senegal, and TgWASAP, Togo), the West African accessions in GRIN (SnGRIN, Senegal, Gambia
and Mauritania; NiGRIN, Niger; NGrGRIN, Nigeria), and the global sorghum diversity panel (GDP). The symbols indicate botanical types where DC
and Gm correspond to durra–caudatum intermediate and guinea margaritiferum types, respectively

explained a high proportion of genome-wide SNP variation
(17%) and differentiated the caudatum, durra, guinea, and
kafir accessions (Figure 2a). We predicted that the majority of
the WASAP accessions will be clustered with guinea, cauda-
tum, and durra accessions from the same geographic origin in
the GDP. The majority of the WASAP accessions overlapped
with their corresponding types, guinea, durra, and caudatum
clusters of GDP along the PC2. A substantial variation was
explained by both PC3 vs. PC4 (7.3%) (Figure 2b). The durra–
caudatum intermediate types in the WASAP and WAS-GRIN
clustered between durra, caudatum, and guinea clusters in the
GDP.

3.3 Ancestral fractions and population
structure

To determine the ancestral populations and ancestry frac-
tions for each accession, we used the Bayesian model-based
method ADMIXTURE. Based on fivefold cross-validation
error, the optimum number of ancestral populations was eight
(Figure 3a). The accessions classified morphologically as
guinea (orange lower rug plot) corresponded to three genetic
groups (G-II, G-IV, and G-VII) (Figure 3b; Supplemental
Data S1). The accessions classified morphologically as durra–
caudatum intermediates (mostly from Niger; green lower rug

plot) corresponded to two genetic groups (G-V and G-VIII).
Accessions classified morphologically as caudatum (blue
lower rug plot) corresponded to genetic group G-I. Using
0.7 ancestry fraction as a threshold, 71% of accessions could
be assigned to a subpopulation, while 29% would be consid-
ered admixed. The greatest putative contribution to genetic
admixture was from G-V (purple bars), with ancestry frac-
tion present in all other subpopulations. The FST value among
ancestral populations averaged .39, with a range of .25–.61
(Supplemental Table S2).

Next, we considered the extent to which germplasm of
each country is distinct from the germplasm of other coun-
tries (Figure 3c). Each country’s germplasm included multiple
genetic groups. Most of the ancestral populations were found
in each country, except in Togo, where only three genetic
subpopulations (G-I, G-II, and G-VII) were clearly defined.
The G-IV genetic group was specific to Senegal and Mali,
while G-VI was specific to Niger and Mali. Genetic groups
G-VII and G-VIII were specific to Togo and Niger, respec-
tively. Neighbor-joining analysis recapitulated the country-
level ancestry structure (see color-coded tips) (Figure 4; Sup-
plemental Figure S2). Genetic similarities were observed
between WASAP ADMIXTURE genetic groups and other
West African sorghums (WAS-GRIN and WAS-GDP) from
the same geographic origin and GDP accessions according
to botanical type and geographic origin. The West African
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F I G U R E 3 Genetic ancestry analysis of the West African sorghum association panel (WASAP). (a) Fivefold cross-validation error from the
ADMIXTURE model using 60,749 single nucleotide polymorphisms for K = 2–20. Ancestral genetic groups of the WASAP at K = 8 ancestral
populations (b) ordered by ancestry fraction and (C) ordered by country then by ancestry fraction. Vertical bars represent ancestry fraction from the
eight ancestral populations (G-I to G-VIII) indicated with a different arbitrary color for each population (Note, ancestral population color coding in the
vertical bars does not correspond to the rug-plot color coding). Upper rug plots indicate countries of origin. Lower rug plots indicate botanical type
(‘Others’ include rare intermediate types and accessions of unknown botanical type). Ancestry fractions for each accession are in Supplemental Data
S1

sorghums clustered with their corresponding types in the
GDP. The guinea and durra–caudatum accessions of WA
clustered generally distinctly from the majority of GDP
accessions.

3.4 Phenotypic variation in the WASAP

A total of 572 accessions of the WASAP and five check
lines were evaluated for agronomic traits under rainfed con-
ditions. We hypothesized that the phenotypic variation in
the WASAP is due to genetic effects, appropriate for map-
ping with GWAS. Large phenotypic variation was observed
for both DFLo (21%) and PH (35%). Significant genotypic

(G) variation and G × E interaction effects were observed
(Table 2). Broad-sense heritability was high across the two
environments, with values ranging from .71 for PH to .88
for DFLo (Table 2). For each trait, phenotypic variation was
similar between the two environments for each main botan-
ical type (guinea, caudatum, and durra) and country of ori-
gin (Supplemental Table S3). In both environments, guinea
types had higher average DFLo than caudatum and durra
types. Accessions from Togo had higher average DFLo than
accessions from other countries. Days to flowering were sig-
nificantly higher in Hiv1 (Tukey’s honest significant dif-
ference, p < .0001; Supplemental Figure S3), but signifi-
cantly correlated based on the 1:1 ratio, between Hiv1 and
Hiv2 (r2 = .75, p < .0001) (Supplemental Figure S4A). The
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F I G U R E 4 Neighbor-joining analysis of the West African sorghum association panel (WASAP). Clustering of the WASAP accessions
(MaWASAP, Mali; NiWASAP, Niger; SnWASAP, Senegal, and TgWASAP, Togo) in relationship with other West African sorghums in GRIN
(SnGRIN, Senegal, Gambia, and Mauritania; NiGRIN, Niger; NGrGRIN, Nigeria) and global sorghum diversity panel (GDP). The color coding
of the tree edges is based on the ADMIXTURE ancestral populations (G-I to G-VIII, including admixed accessions) of the WASAP. The edges in yel-
low, dark gray, and light gray represent admixed WASAP accessions (<0.6 ancestry fraction), West African sorghum in USDA–GRIN (WASGRIN)
accessions, and GDP accessions, respectively. The color coding of the tree tips indicate accessions origin, with black tips indicating West African
sorghum accessions in the GDP (WASGDP)

relationship holds within country of origin, for instance for
accessions from Togo (r2 = .77, p< .0001) and Senegal acces-
sions (r2 = .78, p < .0001) (Supplemental Figure S4B). Days
to flowering and PH were significantly correlated in each
environment (Supplemental Figure S5).

3.5 Genome-wide association studies for
flowering time and plant height

We assessed the effectiveness of the genome-wide SNP
data for genetic dissection of complex quantitative traits
using GWAS. For DFLo BLUPs, the GLM model identified
many significant associations at Bonferroni correction .05
(Figure 5a). A leading QTL was identified near Ma6/Ghd7
candidate gene between SNPs S6_651847 (top association in
the region, ∼45 kb away) and S6_699843 (within gene). A
second leading QTL was identified between S9_54917833
and S9_54968379 at 43 kb and 4 kb from SbCN8 candi-
date gene, respectively (Supplemental Table S4). The GLM
showed inflation of p-values with many significantly associ-
ated SNPs. The MLMM model identified eight QTL at Bon-
ferroni threshold (3.8 × 10−7). Some of these QTL colocal-
ized with known candidate genes Ma6 at 45 kb (S6_651847)
and SbCN8 at 381 kb (S9_55345348) (Table 3). The QTL

near Ma6, S6_651847, was the top peak in the region in both
GLM and MLMM and was at one gene away from Ma6 (Fig-
ure 5c and 5d). Linkage disequilibrium between the QTL,
S6_651847, and SNPs near or within Ma6 locus was mod-
erate (Figure 5e). After controlling for the population struc-
ture, the association of S6_651847 had an estimated effect
size of 29 d and proportion of variance explained (PVE) of
25% (Table 3; Figure 5f). The BLINK model identified the
same QTL, presented above, near Ma6 and SbCN8 (Sup-
plemental Figure S6A). For DFLo in each environment, the
GLM identified the same QTL as the top associations in the
regions of Ma6 and SbCN8 in both Hiv1 and Hiv2, but the
BLINK model identified only the QTL at SbCN8 in Hiv1
(Supplemental Figures S6B and S6C).

For PH BLUPs, the GLM model identified several associ-
ations (Figure 6a). The top association, S7_56232413, over-
lapped with the height QTL qHT7.1 (Bouchet et al., 2017;
Li, Li, Fridman, Tesso, & Yu, 2015). A second QTL was
identified between SNPs S7_59955806 (top association in the
region) and S7_59402662 located at 125 and 419 kb from
the Dw3 a priori candidate gene, respectively (Supplemental
Table S5). The MLMM identified three QTL at the Bonfer-
roni threshold (Figure 6b; Supplemental Table S6). A puta-
tive SNP QTL, S7_59400476, was identified 421 kb away
from Dw3, though below the Bonferroni threshold. After
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F I G U R E 5 Genome-wide association studies for days to flowering (DFLo) under rainfed conditions. Manhattan plots of DFLo based on (a)
the general linear model (GLM) and (b) the multi-locus mixed-linear model (MLMM). The horizontal red dashed line represents the Bonferroni
significance threshold at .05. The rug plots indicate the position of colocalizing candidate genes, Ma6 and SbCN8 with quantitative trait loci (QTL).
Regional Manhattan plot of a 150-kb region on chromosome 6 around the QTL S6_651847 that colocalizes with Ma6 from (c) GLM and (d) MLMM.
The green and blue peaks are single nucleotide polymorphism QTL at 160 bp from and within Ma6, respectively. The dark blue segment indicates the
genomic position of Ma6. (e) Linkage disequilibrium heatmap of a 150-kb region surrounding the QTL S6_651847. The red, green, and blue asterisks
indicate the S6_651847, SNPs at 160 bp from Ma6 and within Ma6, respectively. (f) Days to flowering across planting dates by allelic classes of the
QTL S6_651847
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F I G U R E 6 Genome-wide association studies for plant height (PH) under rainfed conditions. Manhattan plots of PH based on (a) the general linear
model (GLM) and (b) the multi-locus mixed-linear model (MLMM). The horizontal dashed line represents the Bonferroni significance threshold at .05.
Rug plots on chromosome 7 indicate the position of the candidate gene, Dw3 and qPH7.1. Regional Manhattan plot of a 600-kb region on chromosome
7 surrounding the quantitative trait loci between S7_59400476 and S7_59955806 that colocalizes with Dw3 from (c) GLM and (d) MLMM. The red
and green peaks are top single nucleotide polymorphisms (SNPs) in MLMM and GLM, respectively. The dark blue segment indicates the genomic
position of Dw3. (e) Linkage disequilibrium heatmap of genomic region between SNPs S7_59400476 and S7_59955806. The red, green, and blue
asterisks indicate the S7_59400476, S7_59955806, and a SNP within Dw3, respectively. Days to flowering across planting dates by allelic classes of
SNPs (f) S7_59400476 and (g) S7_59955806
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accounting for confounding population structure effect,
the MLMM QTL still had significant estimated effect
sizes and contributed to high PVE for PH (Supplemental
Table S6). Linkage disequilibrium between S7_59955806 and
S7_59400476 was high (though these two SNPs are separated
by 555 kb from each other) but weak between these SNP QTLs
and a variant in Dw3 locus (Figure 6e). Alleles at both SNP
QTL were associated with height differences of accessions
across planting dates (Figure 6f and 6g). The association of
S7_59400476 with PH, which had the highest allelic effect
estimate (73 cm) and PVE (41%), was confirmed using MLM
(p < 10−13) (Supplemental Table S6). The BLINK model
identified the same QTL near Dw3 and qHT7.1 (Supplemen-
tal Figure S7A). For PH in each environment, the GLM iden-
tified the two QTL in the regions of Dw3 and qHT7.1 in both
Hiv1 and Hiv2, but the BLINK model identified these two
QTL only in Hiv2 (Supplemental Figure S7B and S7C).

4 DISCUSSION

4.1 Developing a high-quality regional
genomic resource

In the present study, we assembled 756 sorghum accessions
from West African sorghum germplasm and characterized the
genome-wide SNP variation of the panel. We demonstrated
that this genome-wide SNP dataset is of sufficient quality for
genomic and quantitative genetic analyses suitable for crop
improvement through genomics-assisted breeding. The strict
data filtering criteria used before and after genotype imputa-
tion provided a final dataset with reduced number of SNPs
(n = 159,101) many of which have impacts on protein-coding
sequences (Supplemental Figure S1A).

The quality control of the SNP dataset matched our expec-
tations, as the FST, PCA, and neighbor-joining analyses
(Figures 2 and 4; Supplemental Figure S2) confirmed the
expected structure of sorghum by botanical type and geo-
graphic region (Bouchet et al., 2017; Lasky et al., 2015; Mor-
ris et al., 2013; Wang, Hu, Upadhyaya, & Morris, 2019).
The validity of the SNP dataset was further confirmed based
on GWAS with the identification of QTL (Figures 5 and 6)
that colocalized with known candidate loci: Ma6 and SbCN8
(Murphy et al., 2014; Yang et al., 2014) for days to flow-
ering and qHT7.1 and Dw3 (Li et al., 2011, 2015; Multani
et al., 2003) for plant height. Although regional diversity pan-
els could limit confounding effects as a result of population
structure in GWAS, in this case, the strong population struc-
ture in the WASAP appeared to increase false-positive associ-
ations in the GLM (Brachi, Morris, & Borevitz, 2011). How-
ever, using the stepwise regression in MLMM though helped
to control the inflation of p-values observed in the GLM
(Figure 5 and 6).

Resolution of GWAS depends on LD decay across the
genome (Korte & Farlow, 2013; Slatkin, 2008). The LD decay
range was generally short in the accessions of the GDP ana-
lyzed in the present study (Figure 1c) compared with the long
LD range in GDPs reported in previous studies. In sorghum,
studies have reported variation in LD decays from short (10–
15 kb) to moderate (50–100 kb) (Bouchet et al., 2012; Ham-
blin et al., 2005) to ∼150 kb in some studies that used higher
marker density with larger genome coverage and larger popu-
lation size (Mace et al., 2013b; Morris et al., 2013). Different
marker systems, genome coverage, and population size dif-
ferences influence LD estimates, making LD decays compar-
ison difficult among studies. The shorter LD range observed
in the GDP in this study could be explained by the exclusion
of North American breeding lines that share many common
haplotypes (Klein et al., 2008).

As expected, LD decay range was longer in the WASAP
than the GDP. This result is mainly due to the lesser genetic
diversity at the regional scale than the global sorghum diver-
sity. Within the WASAP, patterns of LD decay were simi-
lar among countries of origin but the rates of LD decay var-
ied among populations. The shorter LD in Niger accessions,
which is comparable with LD decay of the whole WASAP,
reflects the strong genetic structure in Niger where all four
basic botanical types and eight ancestral populations are
present (Figure 3c). In contrast, the longer LD range in Togo
accessions is consistent with the limited number of genetic
subpopulations observed in Togo, with only two guinea and
one caudatum subpopulations.

4.2 Insights into hierarchical population
structure in West African sorghum

Sorghum genetic studies have identified population structure
by botanical type and geographic region at regional scale
(Bouchet et al., 2012; Deu et al., 2006; Morris et al., 2013;
Wang et al., 2019) and at country level in the Senegal and
Niger germplasm (Deu et al., 2008; Faye et al., 2019). The
genetic diversity of the WASAP was structured by botanical
type within each country of origin (Figures 3 and 4). This find-
ing is congruent with the FST analysis (Supplemental Table
S1) where botanical type and country of origin contributed to
high and moderate genetic differentiation, respectively.

The guinea type in the WASAP was split into three major
subgroups (Figure 4). One subgroup was formed by Sene-
gal and Mali accessions, a second subgroup formed by Togo
accessions (which clustered with Nigeria accessions), and a
third subgroup that was more related to durra and durra–
caudatum types, formed predominantly by Senegal acces-
sions. This third group (G-IV) clustered with guinea mar-
garitiferum accessions from Niger and was more related to
bicolor and wild sorghums in the GDP. Previous studies have
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found four main guinea subgroups; however, these subgroups
were distinctly comprised of guineas from southern Africa,
Asia, western Africa, and guinea margaritiferum (Deu et al.,
2006). There were no significant genetic differences between
WASAP and WAS-GRIN subpopulations from the same geo-
graphic origin, suggesting that the globally accessible GRIN
collections are representative of current germplasm in WA. In
contrast, overall genetic differences were observed between
West African accessions and GDP where few subpopulations
were formed almost entirely by West African sorghum acces-
sions (e.g., G-V, G-VI, and G-VII; Figure 4), highlighting the
distinctiveness of West African germplasm.

The high genetic diversity observed within each of the four
countries of the WASAP (Figure 3c) is relevant for breeding
programs in the region. Within the WASAP, all eight ances-
tral populations were found in the germplasm of each coun-
try, except in the Togo germplasm, which appeared to be less
diverse based on results of LD decay, population structure,
and neighbor-joining tree analyses. Altogether, the genetic
diversity of WA sorghum germplasm is hierarchically struc-
tured by botanical type and subpopulation within botanical
type with many subpopulations distributed across countries.

4.3 Suitability of genomic resources for
GWAS

To establish the utility of our genome-wide SNP dataset for
GWAS, we carried out GWAS for DFLo and PH and demon-
strated colocalization of QTL with known genes from previ-
ous studies. While flowering time genes and natural variants
have been characterized in the U.S. sorghum (Casto et al.,
2019; Murphy et al., 2014), the genetic basis of the substan-
tial photoperiodic flowering time variation in West African
sorghum is not yet known (Bhosale et al., 2012). The QTL
S6_651847 near Ma6 (Gdh7) (Murphy et al., 2014) highly
contributed to the proportion of phenotypic variation of flow-
ering time. This QTL was mapped by GLM, MLMM, and
BLINK methods across environments (Figure 5c and 5d;
Supplemental Figure S6A), indicating that Ma6 might be a
major flowering time gene in the WA sorghum germplasm.
The large effect of the QTL near Ma6 is consistent with
the hypothesis that Ma6 contributes to photoperiodic flower-
ing time variation in sorghum (Murphy et al., 2014) includ-
ing WA sorghum. Only two SNPs, which were in low LD
with the QTL S6_651847 (Figure 5e), were found within the
Ma6 locus. Several of the other identified QTL overlapped
with flowering time QTL found in other studies based on
the sorghum QTL atlas (Mace et al., 2019) (Supplemental
Table S7).

Our findings are consistent with the hypothesis that
a substantial oligogenic component underlies flowering
time variation in West African sorghums, suggesting that

photoperiodic flowering could be selected using mark-
ers from large-effect QTL. The two MLMM height QTL
(S5_30001948, and S9_38942669) accounted for 13.3 and
20.9%, respectively, of height variation (Supplemental
Table S6) but were not colocalized (within 500 kb) with
known height genes. The major-effect QTL from this study
were mapped using a diversity panel but their effects on breed-
ing populations and different elite backgrounds across West
African environments are unknown. These major-effect QTL
would need to be validated with multi-year phenotypic data
and other approaches, such as multi-parent linkage mapping
and near-isogenic lines. Following validation, these height
and flowering QTL could be useful for marker-assisted selec-
tion to recover locally adaptive plant types across botani-
cal types within WA or during prebreeding with exotic trait
donors (Yohannes et al., 2015). Given the positive findings
for height and flowering time, we anticipate this resource will
be suitable for characterization and mapping of other complex
traits of interest to West African breeding programs.

4.4 Implications for sorghum improvement
in western Africa and globally

This study demonstrates that breeding populations in each
of the four countries in WA harbor sufficient genetic diver-
sity. The hierarchical population structure observed in the
WASAP at country level suggests the existence of multiple
ancestral populations within the country but similar across
WA (Deu et al., 2008; Folkertsma et al., 2005; Sagnard
et al., 2011). The increased kinship within each subpopulation
enables the implementation of genomic selection within an
individual subpopulation or a subpopulation across breeding
programs. Otherwise, the strong population structure could
lead to biased prediction accuracy as a result from allele
frequency differences among subpopulations (Isidro et al.,
2015). Although there are flowering time differences in the
WASAP, Togo material can adapt to the growing season of
other countries because, as a result of their photoperiod sen-
sitivity, their maturity cycle would fit the growing season in
those regions. For instance, Togo materials grown in com-
mon garden experiments in Senegal were able to mature on
time in both sowing dates. This panel is suitable for assessing
agronomic traits such as grain yield from caudatum cultivars,
drought tolerance from durra and durra–caudatum cultivars,
or grain quality and disease resistance from guinea cultivars.

This SNP dataset could be used by the genetics commu-
nity in genomic prediction, genetic diversity and haplotype
analyses, and GWAS to serve global sorghum breeding espe-
cially in combination with other regional genomic resources.
Historically, West African sorghum germplasm has been use-
ful for global sorghum breeding including durra and cauda-
tum accessions that were sources of yellow endosperm and
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drought tolerance for U.S. breeding programs (Rosenow &
Dahlberg, 2000). Whole-genome resequencing would com-
plement the GBS SNP dataset to more easily identify puta-
tive causal variants for adaptive traits in the West African
germplasm (Bellis et al., 2020). The development of trait-
predictive markers could facilitate more rapid breeding of
locally and regionally adapted sorghum varieties for the
diverse stakeholders of WA.
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https://doi.org/10.5061/dryad.k0p2ngf67.

C O N F L I C T O F I N T E R E S T
The authors declare no conflict of interest.

A C K N O W L E D G E M E N T S
This study is made possible by the support of the Ameri-
can People provided to the Feed the Future Innovation Lab
for Collaborative Research on Sorghum and Millet through
the United States Agency for International Development
(USAID) under Cooperative Agreement No. AID-OAA-A-
13-00047. The contents are the sole responsibility of the
authors and do not necessarily reflect the views of USAID
or the United States Government. The study was conducted
using resources at the Integrated Genomics Facility and Beo-
cat High–Performance Computing Cluster at Kansas State
University. This study is contribution 20-318-J of the Kansas
Agricultural Experiment Station.

AU T H O R C O N T R I B U T I O N S
Conceived and managed the study: GPM, DF, NC, AM, JFR.
Contributed the genetic materials: NT, AM, EAA, CD, NC.
Collected the data: SM, SB, FM, JMF, BS, EAA. Analyzed
and visualized the data: JMF. Wrote the manuscript: JMF,
GPM. All authors edited and approved the manuscript.

O R C I D
Fanna Maina https://orcid.org/0000-0001-5005-1904
Geoffrey P. Morris https://orcid.org/0000-0002-3067-
3359

R E F E R E N C E S
Alexander, D. H., Novembre, J., & Lange, K. (2009). Fast model-based

estimation of ancestry in unrelated individuals. Genome Research, 19,
1655–1664. https://doi.org/10.1101/gr.094052.109 PMID: 19648217

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using lme4. Journal of Statistical Software, 67,
1–48. https://doi.org/10.18637/jss.v067.i01

Bellis, E. S., Kelly, E. A., Lorts, C. M., Gao, H., DeLeo, V. L., Rouhan,
G., . . . Muscarella, R. (2020). Genomics of sorghum local adaptation

to a parasitic plant. Proceedings of the National Academy of Sciences,
117, 4243-4251. https://doi.org/10.1073/pnas.1908707117

Bhosale, S. U., Stich, B., Rattunde, H. F. W., Weltzien, E., Haussmann,
B. I., Hash, C. T., . . . Melchinger, A. E. (2012). Association analysis
of photoperiodic flowering time genes in west and central African
sorghum [Sorghum bicolor (L.) Moench]. BMC Plant Biology, 12,
32. https://doi.org/10.1186/1471-2229-12-32 PMID: 22394582

Billot, C., Ramu, P., Bouchet, S., Chantereau, J., Deu, M., Gardes, L.,
. . . Hash, C. T. (2013). Massive sorghum collection genotyped with
SSR markers to enhance use of global genetic resources. PLoS ONE,
8, e59714. https://doi.org/10.1371/journal.pone.0059714

Bouchet, S., Olatoye, M. O., Marla, S. R., Perumal, R., Tesso, T., Yu, J.,
. . . Morris, G. P. (2017). Increased power to dissect adaptive traits in
global sorghum diversity using a nested association mapping popu-
lation. Genetics, 206, 573–585. https://doi.org/10.1534/genetics.116.
198499 PMID: 28592497

Bouchet, S., Pot, D., Deu, M., Rami, J. F., Billot, C., Perrier, X., . . .
Wenzl, P. (2012). Genetic structure, linkage disequilibrium and signa-
ture of selection in sorghum: Lessons from physically anchored DArT
markers. PLoS ONE, 7, e33470. https://doi.org/10.1371/journal.pone.
0033470 PMID: 22428056

Brachi, B., Morris, G. P., & Borevitz, J. O. (2011). Genome-wide associ-
ation studies in plants: The missing heritability is in the field. Genome
Biology, 12, 232. https://doi.org/10.1186/gb-2011-12-10-232 PMID:
22035733

Bradbury, P. J., Zhang, Z., Kroon, D. E., Casstevens, T. M., Ramdoss, Y.,
& Buckler, E. S. (2007). TASSEL: Software for association mapping
of complex traits in diverse samples. Bioinformatics, 23, 2633–2635.
https://doi.org/10.1093/bioinformatics/btm308 PMID: 17586829

Brenton, Z. W., Cooper, E. A., Myers, M. T., Boyles, R. E., Shakoor,
N., Zielinski, K. J., . . . Kresovich, S. (2016). A genomic resource
for the development, improvement, and exploitation of sorghum
for bioenergy. Genetics, 204, 21–33. https://doi.org/10.1534/genetics.
115.183947

Brown, P. J., Myles, S., & Kresovich, S. (2011). Genetic support for
phenotype-based racial classification in sorghum. Crop Science, 51,
224–230. https://doi.org/10.2135/cropsci2010.03.0179

Browning, B. L., & Browning, S. R. (2016). Genotype imputation with
millions of reference samples. The American Journal of Human
Genetics, 98, 116–126. https://doi.org/10.1016/j.ajhg.2015.11.020
PMID: 26748515

Cao, K., Zhou, Z., Wang, Q., Guo, J., Zhao, P., Zhu, G., . . . Wang,
X. (2016). Genome-wide association study of 12 agronomic traits
in peach. Nature Communications, 7, 13246. https://doi.org/10.1038/
ncomms13246 PMID: 27824331

Casa, A. M., Pressoir, G., Brown, P. J., Mitchell, S. E., Rooney, W. L.,
Tuinstra, M. R., . . . Kresovich, S. (2008). Community resources and
strategies for association mapping in sorghum. Crop Science, 48, 30–
40. https://doi.org/10.2135/cropsci2007.02.0080

Casto, A. L., Mattison, A. J., Olson, S. N., Thakran, M., Rooney, W. L.,
& Mullet, J. E. (2019). Maturity2, a novel regulator of flowering time
in Sorghum bicolor, increases expression of SbPRR37 and SbCO in
long days delaying flowering. PLoS ONE, 14, e0212154. https://doi.
org/10.1371/journal.pone.0212154 PMID: 30969968

Cingolani, P., Platts, A., Wang, L. L., Coon, M., Nguyen, T., Wang, L.,
. . . Ruden, D. M. (2012). A program for annotating and predicting the
effects of single nucleotide polymorphisms, SnpEff. Fly, 6, 80–92.
https://doi.org/10.4161/fly.19695 PMID: 22728672

https://doi.org/10.5061/dryad.k0p2ngf67
https://orcid.org/0000-0001-5005-1904
https://orcid.org/0000-0001-5005-1904
https://orcid.org/0000-0002-3067-3359
https://orcid.org/0000-0002-3067-3359
https://orcid.org/0000-0002-3067-3359
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1073/pnas.1908707117
https://doi.org/10.1186/1471-2229-12-32
https://doi.org/10.1371/journal.pone.0059714
https://doi.org/10.1534/genetics.116.198499
https://doi.org/10.1534/genetics.116.198499
https://doi.org/10.1371/journal.pone.0033470
https://doi.org/10.1371/journal.pone.0033470
https://doi.org/10.1186/gb-2011-12-10-232
https://doi.org/10.1093/bioinformatics/btm308
https://doi.org/10.1534/genetics.115.183947
https://doi.org/10.1534/genetics.115.183947
https://doi.org/10.2135/cropsci2010.03.0179
https://doi.org/10.1016/j.ajhg.2015.11.020
https://doi.org/10.1038/ncomms13246
https://doi.org/10.1038/ncomms13246
https://doi.org/10.2135/cropsci2007.02.0080
https://doi.org/10.1371/journal.pone.0212154
https://doi.org/10.1371/journal.pone.0212154
https://doi.org/10.4161/fly.19695


16 of 18 FAYE ET AL.The Plant Genome

Danecek, P., Auton, A., Abecasis, G., Albers, C. A., Banks, E.,
DePristo, M. A., . . . Sherry, S. T. (2011). The variant call format and
VCFtools. Bioinformatics, 27, 2156–2158. https://doi.org/10.1093/
bioinformatics/btr330 PMID: 21653522

Deu, M., Gonzalez-de-Leon, D., Glaszmann, J. C., Degremont, I.,
Chantereau, J., Lanaud, C., & Hamon, P. (1994). RFLP diversity
in cultivated sorghum in relation to racial differentiation. Theo-
retical and Applied Genetics, 88, 838–844. https://doi.org/10.1007/
BF01253994 PMID: 24186186

Deu, M., Rattunde, F., & Chantereau, J. (2006). A global view of genetic
diversity in cultivated sorghums using a core collection. Genome, 49,
168–180. https://doi.org/10.1139/g05-092 PMID: 16498467

Deu, M., Sagnard, F., Chantereau, J., Calatayud, C., Hérault, D., Mariac,
C., . . . Traore, P. S. (2008). Niger-wide assessment of in situ sorghum
genetic diversity with microsatellite markers. Theoretical and Applied
Genetics, 116, 903–913. https://doi.org/10.1007/s00122-008-0721-7
PMID: 18273600

Doggett, H. (1988). Sorghum. Harlow, England: Longman Scientific &
Technical.

Elshire, R. J., Glaubitz, J. C., Sun, Q., Poland, J. A., Kawamoto,
K., Buckler, E. S., & Mitchell, S. E. (2011). A robust, simple
genotyping-by-sequencing (GBS) approach for high diversity species.
PLoS ONE, 6, e19379. https://doi.org/10.1371/journal.pone.0019379
PMID: 21573248

Faye, J. M., Maina, F., Hu, Z., Fonceka, D., Cisse, N., & Morris, G. P.
(2019). Genomic signatures of adaptation to Sahelian and Soudanian
climates in sorghum landraces of Senegal. Ecology and Evolution, 9,
6038–6051. https://doi.org/10.1002/ece3.5187 PMID: 31161017

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J.
S., Johnston, M., . . . West, P. C. (2011). Solutions for a cultivated
planet. Nature, 478, 337–342. https://doi.org/10.1038/nature10452
PMID: 21993620

Folkertsma, R. T., Rattunde, H. F. W., Chandra, S., Raju, G. S., & Hash,
C. T. (2005). The pattern of genetic diversity of Guinea-race Sorghum
bicolor (L.) Moench landraces as revealed with SSR markers. Theo-
retical and Applied Genetics, 111, 399–409. https://doi.org/10.1007/
s00122-005-1949-0 PMID: 15965652

Fu, Y. B. (2017). The vulnerability of plant genetic resources con-
served ex situ. Crop Science, 57, 2314–2328. https://doi.org/10.2135/
cropsci2017.01.0014

Gapare, W., Conaty, W., Zhu, Q. H., Liu, S., Stiller, W., Llewellyn, D.,
& Wilson, I. (2017). Genome-wide association study of yield compo-
nents and fibre quality traits in a cotton germplasm diversity panel.
Euphytica, 213, 66. https://doi.org/10.1007/s10681-017-1855-y

Glaubitz, J. C., Casstevens, T. M., Lu, F., Harriman, J., Elshire, R. J.,
Sun, Q., & Buckler, E. S. (2014). TASSEL-GBS: A high capac-
ity genotyping by sequencing analysis pipeline. PLOS ONE, 9,
e90346. https://doi.org/10.1371/journal.pone.0090346 PMID: 2458
7335

Grenier, C., Hamon, P., & Bramel-Cox, P. J. (2001). Core collection of
sorghum: comparison of three random sampling strategies. Crop Sci-
ence, 41, 241–246. https://doi.org/10.2135/cropsci2001.411241x

Hamblin, M. T., Fernandez, M. G. S., Casa, A. M., Mitchell, S. E., Pater-
son, A. H., & Kresovich, S. (2005). Equilibrium processes cannot
explain high levels of short- and medium-range linkage disequilib-
rium in the domesticated grass sorghum bicolor. Genetics, 171, 1247–
1256. https://doi.org/10.1534/genetics.105.041566 PMID: 161576
78

Hammer, K., & Teklu, Y. (2008). Plant genetic resources: Selected issues
from genetic erosion to genetic engineering. Journal of Agriculture
and Rural Development in the Tropics and Subtropics, 109, 15–50.

Harlan, J. R., & De Wet, J. J. M. (1972). A simplified classification of cul-
tivated sorghum. Crop Science, 12, 172–176. https://doi.org/10.2135/
cropsci1972.0011183X001200020005x

Hernandez, R. D., Uricchio, L. H., Hartman, K., Ye, C., Dahl, A.,
& Zaitlen, N. (2019). Ultrarare variants drive substantial cis heri-
tability of human gene expression. Nature Genetics, 51, 1349–1355.
https://doi.org/10.1038/s41588-019-0487-7 PMID: 31477931

Huang, M., Liu, X., Zhou, Y., Summers, R. M., & Zhang, Z. (2019).
BLINK: A package for the next level of genome-wide association
studies with both individuals and markers in the millions. Giga-
Science, 8, giy154. https://doi.org/10.1093/gigascience/giy154

Huang, X., Wei, X., Sang, T., Zhao, Q., Feng, Q., Zhao, Y., . . . Zhang,
Z. (2010). Genome-wide association studies of 14 agronomic traits
in rice landraces. Nature Genetics, 42, 961–967. https://doi.org/10.
1038/ng.695 PMID: 20972439

Institut sénégalais de recherches agricoles. (2005). Bilan de la recherche
agricole et agroalimentaire au Sénégal. (In French) Retrieved from
http://www.bameinfopol.info/IMG/pdf/Bilan-Senegal.pdf

Isidro, J., Jannink, J.-L., Akdemir, D., Poland, J., Heslot, N., & Sorrells,
M. E. (2015). Training set optimization under population structure in
genomic selection. Theoretical and Applied Genetics, 128, 145–158.
https://doi.org/10.1007/s00122-014-2418-4 PMID: 25367380

Jordan, D. R., Mace, E. S., Cruickshank, A. W., Hunt, C. H., & Hen-
zell, R. G. (2011). Exploring and exploiting genetic variation from
unadapted sorghum germplasm in a breeding program. Crop Science,
51, 1444–1457. https://doi.org/10.2135/cropsci2010.06.0326

Klein, R. R., Mullet, J. E., Jordan, D. R., Miller, F. R., Rooney, W.
L., Menz, M. A., . . . Klein, P. E. (2008). The effect of tropical
sorghum conversion and inbred development on genome diversity as
revealed by high-resolution genotyping. Crop Science, 48, S-12–S-26.
https://doi.org/10.2135/cropsci2007.06.0319tpg

Korte, A., & Farlow, A. (2013). The advantages and limitations of trait
analysis with GWAS: A review. Plant Methods, 9, 29. https://doi.org/
10.1186/1746-4811-9-29 PMID: 23876160

Lasky, J. R., Upadhyaya, H. D., Ramu, P., Deshpande, S., Hash, C.
T., Bonnette, J., . . . Mitchell, S. E. (2015). Genome-environment
associations in sorghum landraces predict adaptive traits. Sci-
ence Advances, 1, e1400218. https://doi.org/10.1126/sciadv.1400218
PMID: 26601206

Leiser, W. L., Rattunde, H. F. W., Weltzien, E., Cisse, N., Abdou, M.,
Diallo, A., . . . Haussmann, B. I. (2014). Two in one sweep: Aluminum
tolerance and grain yield in P-limited soils are associated to the same
genomic region in West African Sorghum. BMC Plant Biology, 14,
206. https://doi.org/10.1186/s12870-014-0206-6 PMID: 25112843

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment
with Burrows-Wheeler transform. Bioinformatics, 25, 1754–1760.
https://doi.org/10.1093/bioinformatics/btp324 PMID: 19451168

Li, J., Jiang, J., Qian, Q., Xu, Y., Zhang, C., Xiao, J., . . . Chen,
M. (2011). Mutation of rice bc12/gdd1, which encodes a kinesin-
like protein that binds to a ga biosynthesis gene promoter, leads to
dwarfism with impaired cell elongation. The Plant Cell, 23, 628–640.
https://doi.org/10.1105/tpc.110.081901 PMID: 21325138

Li, X., Li, X., Fridman, E., Tesso, T. T., & Yu, J. (2015). Dissecting
repulsion linkage in the dwarfing gene Dw3 region for sorghum plant
height provides insights into heterosis. Proceedings of the National

https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1007/BF01253994
https://doi.org/10.1007/BF01253994
https://doi.org/10.1139/g05-092
https://doi.org/10.1007/s00122-008-0721-7
https://doi.org/10.1371/journal.pone.0019379
https://doi.org/10.1002/ece3.5187
https://doi.org/10.1038/nature10452
https://doi.org/10.1007/s00122-005-1949-0
https://doi.org/10.1007/s00122-005-1949-0
https://doi.org/10.2135/cropsci2017.01.0014
https://doi.org/10.2135/cropsci2017.01.0014
https://doi.org/10.1007/s10681-017-1855-y
https://doi.org/10.1371/journal.pone.0090346
https://doi.org/10.2135/cropsci2001.411241x
https://doi.org/10.1534/genetics.105.041566
https://doi.org/10.2135/cropsci1972.0011183X001200020005x
https://doi.org/10.2135/cropsci1972.0011183X001200020005x
https://doi.org/10.1038/s41588-019-0487-7
https://doi.org/10.1093/gigascience/giy154
https://doi.org/10.1038/ng.695
https://doi.org/10.1038/ng.695
http://www.bameinfopol.info/IMG/pdf/Bilan-Senegal.pdf
https://doi.org/10.1007/s00122-014-2418-4
https://doi.org/10.2135/cropsci2010.06.0326
https://doi.org/10.2135/cropsci2007.06.0319tpg
https://doi.org/10.1186/1746-4811-9-29
https://doi.org/10.1186/1746-4811-9-29
https://doi.org/10.1126/sciadv.1400218
https://doi.org/10.1186/s12870-014-0206-6
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1105/tpc.110.081901


FAYE ET AL. 17 of 18The Plant Genome

Academy of Sciences of the United States of America, 112, 11823–
11828. https://doi.org/10.1073/pnas.1509229112 PMID: 26351684

Lipka, A. E., Tian, F., Wang, Q., Peiffer, J., Li, M., Bradbury, P. J., . . .
Zhang, Z. (2012). GAPIT: Genome association and prediction inte-
grated tool. Bioinformatics, 28, 2397–2399. https://doi.org/10.1093/
bioinformatics/bts444 PMID: 22796960

Mace, E., Innes, D., Hunt, C., Wang, X., Tao, Y., Baxter, J., . . . Jor-
dan, D. (2019). The Sorghum QTL Atlas: A powerful tool for trait
dissection, comparative genomics and crop improvement. Theoretical
and Applied Genetics, 132, 751–766. https://doi.org/10.1007/s00122-
018-3212-5 PMID: 30343386

Mace, E. S., Tai, S., Gilding, E. K., Li, Y., Prentis, P. J., Bian, L., . . .
Han, X. (2013b). Whole-genome sequencing reveals untapped genetic
potential in Africa’s indigenous cereal crop sorghum. Nature Commu-
nications, 4, 2320. https://doi.org/10.1038/ncomms3320

Maina, F., Bouchet, S., Marla, S. R., Hu, Z., Wang, J., Mamadou, A.,
. . . Morris, G. P. (2018). Population genomics of sorghum (Sorghum
bicolor) across diverse agroclimatic zones of Niger. Genome,
61, 223–232. https://doi.org/10.1139/gen-2017-0131 PMID: 294326
99

McCormick, R. F., Truong, S. K., Sreedasyam, A., Jenkins, J., Shu, S.,
Sims, D., . . . McKinley, B. (2018). The Sorghum bicolor reference
genome: Improved assembly, gene annotations, a transcriptome atlas,
and signatures of genome organization. The Plant Journal, 93, 338–
354. https://doi.org/10.1111/tpj.13781 PMID: 29161754

Mendiburu, F. (2009). Agricolae: Statistical procedures for agricultural
research. Retrieved from https://cran.r-project.org/web/packages/
agricolae/index.html

Meyer, R. S., & Purugganan, M. D. (2013). Evolution of crop species:
Genetics of domestication and diversification. Nature Reviews Genet-
ics, 14, 840–852. https://doi.org/10.1038/nrg3605 PMID: 24240513

Morris, G. P., Ramu, P., Deshpande, S. P., Hash, C. T., Shah, T., Upad-
hyaya, H. D., . . . Mitchell, S. E. (2013). Population genomic and
genome-wide association studies of agroclimatic traits in sorghum.
Proceedings of the National Academy of Sciences of the United States
of America, 110, 453–458. https://doi.org/10.1073/pnas.1215985110
PMID: 23267105

Multani, D. S., Briggs, S. P., Chamberlin, M. A., Blakeslee, J. J., Murphy,
A. S., & Johal, G. S. (2003). Loss of an MDR transporter in compact
stalks of maize br2 and sorghum dw3 mutants. Science, 302, 81–84.
https://doi.org/10.1126/science.1086072 PMID: 14526073

Mundia, C. W., Secchi, S., Akamani, K., & Wang, G. (2019). A regional
comparison of factors affecting global sorghum production: The case
of North America, Asia and Africa’s Sahel. Sustainability, 11, 2135.
https://doi.org/10.3390/su11072135

Murphy, R. L., Morishige, D. T., Brady, J. A., Rooney, W. L., Yang, S.,
Klein, P. E., & Mullet, J. E. (2014). Ghd7 (Ma6) represses sorghum
flowering in long days: Ghd7 alleles enhance biomass accumulation
and grain production. The Plant Genome, 7. https://doi.org/10.3835/
plantgenome2013.11.0040

Olatoye, M. O., Hu, Z., Maina, F., & Morris, G. P. (2018). Genomic sig-
natures of adaptation to a precipitation gradient in Nigerian sorghum.
G3: Genes, Genomes, Genetics, 8, 3269–3281. https://doi.org/10.
1534/g3.118.200551

Paradis, E., Claude, J., & Strimmer, K. (2004). Ape: Analyses of phylo-
genetics and evolution in R language. Bioinformatics, 20, 289–290.
https://doi.org/10.1093/bioinformatics/btg412 PMID: 14734327

Paterson, A. H., Bowers, J. E., Bruggmann, R., Dubchak, I., Grim-
wood, J., Gundlach, H., . . . Poliakov, A. (2009). The Sorghum bicolor

genome and the diversification of grasses. Nature, 457, 551–556.
https://doi.org/10.1038/nature07723 PMID: 19189423

Peloso, G. M., Rader, D. J., Gabriel, S., Kathiresan, S., Daly, M.
J., & Neale, B. M. (2016). Phenotypic extremes in rare variant
study designs. European Journal of Human Genetics, 24, 924–930.
https://doi.org/10.1038/ejhg.2015.197 PMID: 26350511

Peterson, B. G., Carl, P., Boudt, K., Bennett, R., Ulrich, J., Zivot, Eric, . . .
Wuertz, D. (2014). PerformanceAnalytics: Econometric tools for per-
formance and risk analysis. version 1.4.4000 from R-forge. Retrieved
from https://github.com/braverock/PerformanceAnalytics

Piepho, H-P., & Möhring, J. (2007). Computing heritability and selection
response from unbalanced plant breeding trials. Genetics, 177, 1881–
1888. https://doi.org/10.1534/genetics.107.074229 PMID: 18039886

Poland, J. A., Brown, P. J., Sorrells, M. E., & Jannink, J. L. (2012).
Development of high-density genetic maps for barley and wheat
using a novel two-enzyme genotyping-by-sequencing approach.
PLoS ONE, 7, e32253. https://doi.org/10.1371/journal.pone.0032253
PMID: 22389690

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A. R.,
Bender, D., . . . Daly, M. J. (2007). Plink: A tool set for whole-genome
association and population-based linkage analyses. The American
Journal of Human Genetics, 81, 559–575. https://doi.org/10.1086/
519795 PMID: 17701901

R Core Team. (2016). A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing.

Rodríguez-Álvarez, M. X., Boer, M. P., van Eeuwijk, F. A., & Eilers, P.
H. C. (2018). Correcting for spatial heterogeneity in plant breeding
experiments with P-splines. Spatial Statistics, 23, 52–71. https://doi.
org/10.1016/j.spasta.2017.10.003

Rosenow, D. T., & Dahlberg, J. A. (2000). Collection, conversion, and
utilization of sorghum. In C. W. Smith, & R. A. Frederiksen (Eds.),
Sorghum: Origin, history, technology and production. New York:
John Wiley & Sons, Inc.

Sagnard, F., Deu, M., Dembélé, D., Leblois, R., Touré, L., Diakité, M.,
. . . Mallé, Y. (2011). Genetic diversity, structure, gene flow and evo-
lutionary relationships within the Sorghum bicolor wild–weedy–crop
complex in a western African region. Theoretical and Applied Genet-
ics, 123, 1231. https://doi.org/10.1007/s00122-011-1662-0 PMID:
21811819

Sattler, F. T., Sanogo, M. D., Kassari, I. A., Angarawai II Gwadi, K.
W., Dodo, H., & Haussmann, B. I. G. (2018). Characterization of
West and Central African accessions from a pearl millet reference
collection for agro-morphological traits and Striga resistance. Plant
Genetic Resources: Characterization and Utilization, 16, 260–272.
https://doi.org/10.1017/S1479262117000272

Scheipl, F., Greven, S., & Küchenhoff, H. (2008). Size and power of tests
for a zero random effect variance or polynomial regression in additive
and linear mixed models. Computational Statistics & Data Analysis,
52, 3283–3299.

Segura, V., Vilhjálmsson, B. J., Platt, A., Korte, A., Ü, Seren, Long,
Q., & Nordborg, M. (2012). An efficient multi-locus mixed-model
approach for genome-wide association studies in structured popula-
tions. Nature Genetics, 44, 825–830. https://doi.org/10.1038/ng.2314
PMID: 22706313

Shin, J. H., Blay, S., McNeney, B., & Graham, J. (2006). Ldheatmap:
An R function for graphical display of pairwise linkage disequilib-
ria between single nucleotide polymorphisms. Journal of Statisti-
cal Software, 16. https://doi.org/10.18637/jss.v016.c03 PMID: 2145
1741

https://doi.org/10.1073/pnas.1509229112
https://doi.org/10.1093/bioinformatics/bts444
https://doi.org/10.1093/bioinformatics/bts444
https://doi.org/10.1007/s00122-018-3212-5
https://doi.org/10.1007/s00122-018-3212-5
https://doi.org/10.1038/ncomms3320
https://doi.org/10.1139/gen-2017-0131
https://doi.org/10.1111/tpj.13781
https://cran.r-project.org/web/packages/agricolae/index.html
https://cran.r-project.org/web/packages/agricolae/index.html
https://doi.org/10.1038/nrg3605
https://doi.org/10.1073/pnas.1215985110
https://doi.org/10.1126/science.1086072
https://doi.org/10.3390/su11072135
https://doi.org/10.3835/plantgenome2013.11.0040
https://doi.org/10.3835/plantgenome2013.11.0040
https://doi.org/10.1534/g3.118.200551
https://doi.org/10.1534/g3.118.200551
https://doi.org/10.1093/bioinformatics/btg412
https://doi.org/10.1038/nature07723
https://doi.org/10.1038/ejhg.2015.197
https://github.com/braverock/PerformanceAnalytic
https://doi.org/10.1534/genetics.107.074229
https://doi.org/10.1371/journal.pone.0032253
https://doi.org/10.1086/519795
https://doi.org/10.1086/519795
https://doi.org/10.1016/j.spasta.2017.10.003
https://doi.org/10.1016/j.spasta.2017.10.003
https://doi.org/10.1007/s00122-011-1662-0
https://doi.org/10.1017/S1479262117000272
https://doi.org/10.1038/ng.2314
https://doi.org/10.18637/jss.v016.c03


18 of 18 FAYE ET AL.The Plant Genome

Slatkin, M. (2008). Linkage disequilibrium—Understanding the evolu-
tionary past and mapping the medical future. Nature Reviews Genet-
ics, 9, 477–485. https://doi.org/10.1038/nrg2361 PMID: 18427557

Tilman, D., Balzer, C., Hill, J., & Befort, B. L. (2011). Global food
demand and the sustainable intensification of agriculture. Proceed-
ings of the National Academy of Sciences, 108, 20260–20264.
https://doi.org/10.1073/pnas.1116437108

Upadhyaya, H.D., Pundir, R. P. S., Dwivedi, S. L., Gowda, C. L. L.,
Reddy, V. G., & Singh, S. (2009). Developing a mini core collection
of sorghum for diversified utilization of germplasm. Crop Science, 49,
1769–1780. https://doi.org/10.2135/cropsci2009.01.0014

Wang, J., Hu, Z., Upadhyaya, H. D., & Morris, G. P. (2019). Genomic
signatures of seed mass adaptation to global precipitation gradients
in sorghum. Heredity, 124, 108–121. https://doi.org/10.1038/s41437-
019-0249-4

Yang, S., Murphy, R. L., Morishige, D. T., Klein, P. E., Rooney, W. L.,
& Mullet, J. E. (2014). Sorghum phytochrome B inhibits flowering in
long days by activating expression of sbprr37 and sbghd7, repressors
of sbehd1, sbcn8 and sbcn12. PLoS ONE, 9, e105352. https://doi.org/
10.1371/journal.pone.0105352 PMID: 25122453

Yano, K., Yamamoto, E., Aya, K., Takeuchi, H., Lo, P., Hu, L., . . .
Hirano, K. (2016). Genome-wide association study using whole-
genome sequencing rapidly identifies new genes influencing agro-
nomic traits in rice. Nature Genetics, 48, 927–934. https://doi.org/10.
1038/ng.3596 PMID: 27322545

Yohannes, T., Abraha, T., Kiambi, D., Folkertsma, R., Tom Hash, C.,
Ngugi, K., . . . Mugoya, C. (2015). Marker-assisted introgression
improves Striga resistance in an Eritrean Farmer-Preferred Sorghum
Variety. Field Crops Research, 173, 22–29. https://doi.org/10.1016/j.
fcr.2014.12.008

Zhang, C., Dong, S. S., Xu, J. Y., He, W. M., & Yang, T. L. (2019).
PopLDdecay: A fast and effective tool for linkage disequilibrium
decay analysis based on variant call format files. Bioinformat-
ics, 35, 1786–1788. https://doi.org/10.1093/bioinformatics/bty875
PMID: 30321304

Zhao, Y., Qiang, C., Wang, X., Chen, Y., Deng, J., Jiang, C., . . .
Piao, W. (2019). New alleles for chlorophyll content and stay-green
traits revealed by a genome-wide association study in rice (Oryza
sativa). Scientific Reports, 9, 2541. https://doi.org/10.1038/s41598-
019-39280-5 PMID: 30796281

Zheng, X., Levine, D., Shen, J., Gogarten, S. M., Laurie, C., & Weir,
B. S. (2012). A high-performance computing toolset for related-
ness and principal component analysis of SNP data. Bioinformat-
ics, 28, 3326–3328. https://doi.org/10.1093/bioinformatics/bts606
PMID: 23060615

S U P P O R T I N G I N F O R M AT I O N
Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Faye JM, Maina F, Akata
EA, et al. A genomics resource for genetics,
physiology, and breeding of West African sorghum.
Plant Genome. 2021;e20075.
https://doi.org/10.1002/tpg2.20075

https://doi.org/10.1038/nrg2361
https://doi.org/10.1073/pnas.1116437108
https://doi.org/10.2135/cropsci2009.01.0014
https://doi.org/10.1038/s41437-019-0249-4
https://doi.org/10.1038/s41437-019-0249-4
https://doi.org/10.1371/journal.pone.0105352
https://doi.org/10.1371/journal.pone.0105352
https://doi.org/10.1038/ng.3596
https://doi.org/10.1038/ng.3596
https://doi.org/10.1016/j.fcr.2014.12.008
https://doi.org/10.1016/j.fcr.2014.12.008
https://doi.org/10.1093/bioinformatics/bty875
https://doi.org/10.1038/s41598-019-39280-5
https://doi.org/10.1038/s41598-019-39280-5
https://doi.org/10.1093/bioinformatics/bts606
https://doi.org/10.1002/tpg2.20075

	A genomics resource for genetics, physiology, and breeding of West African sorghum
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Plant materials
	2.2 | Genotyping-by-sequencing and SNP discovery
	2.3 | Genome-wide SNP variation
	2.4 | Genetic structure analysis
	2.5 | Field phenotyping
	2.6 | Statistical analysis of phenotypic data
	2.7 | Genome-wide association studies

	3 | RESULTS
	3.1 | Genome-wide SNP variation of the West African sorghum association panel
	3.2 | Genetic differentiation by botanical types and geographic origin
	3.3 | Ancestral fractions and population structure
	3.4 | Phenotypic variation in the WASAP
	3.5 | Genome-wide association studies for flowering time and plant height

	4 | DISCUSSION
	4.1 | Developing a high-quality regional genomic resource
	4.2 | Insights into hierarchical population structure in West African sorghum
	4.3 | Suitability of genomic resources for GWAS
	4.4 | Implications for sorghum improvement in western Africa and globally
	DATA AVAILABILITY STATEMENT

	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	AUTHOR CONTRIBUTIONS
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


