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Abstract

Sorghum (Sorghum bicolor, L. Moench) is a staple cereal food crop for millions of
people in Sub-Saharan Africa and Asia. However, drought due to low and unpredictable rainfall
decreases its productivity in semiarid regions. Understanding the genetic architecture of adaptive
traits (drought tolerance, photoperiodic flowering time, and panicle architecture) of sorghum
germplasm from breeding programs across West Africa could contribute to efficient molecular
breeding. Breeding priorities in West African sorghum improvement programs seek to develop
drought-adapted varieties with yield advantages, early and moderate maturity. However, field
phenotyping for adaptation in early generations is difficult and there is limited technology to
rapidly develop better-adapted varieties. This study aimed to dissect the genetic architecture of
adaptive traits to develop high-throughput breeder-friendly markers for rapid introgression of
adaptive alleles from donor to elites lines.

In chapter 1, I describe the sorghum breeding programs in Senegal, the agronomic
importance of sorghum types, and genomic approaches for crop improvement in semiarid
regions. In chapter 2, I characterize 213,916 single nucleotide polymorphisms (SNPs) across 421
Senegalese sorghum accessions from the USDA-Germplasm Resources Information Network
(GRIN) to identify genomic signatures of local adaptation. This study provided insights into the
factors shaping the genetic diversity and the molecular systems underlying local adaptation to
water scarcity in sorghum, a staple food security crop in Senegal. In chapter 3, I characterize
159,101 SNPs across 756 accessions of the West African sorghum association panel (WASAP)
assembled from breeding programs of Senegal, Niger, Mali, and Togo. The genetic diversity
structured by botanical types and subpopulations within botanical types across countries and
large-effect quantitative trait loci (QTL) for photoperiodic flowering indicate an oligogenic
architecture of flowering time in West African sorghum. In chapter 4, I use genome-wide SNP
variation from chapter 3 and phenotypic data from multiple managed water stress environments
to identify genomic regions associated with drought response. Significantly positive pleiotropic
associations contributed to high phenotypic variance and colocalized with known stay-green
(Stg) QTLs, suggesting the existence of Stg alleles in West African sorghum. Finally, in chapter
5, I summarize the expected steps to establish genomics-enabled breeding for sorghum

improvement in West Africa.



The genomic resources developed in this research have allowed for the dissection of the
genetic architecture of adaptive traits. The SNPs associated with large-effect QTLs can be
converted into high-throughput breeder-friendly markers for use in marker-assisted selection.
These resources combined with discoveries from the global scientific community can be used to
accelerate and facilitate the development of locally adapted varieties to meet global food demand

in semiarid regions of Sub-Saharan Africa.
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Chapter 1 - Sorghum Improvement in Semiarid Regions of West

Africa

Sorghum (Sorghum bicolor, L. Moench) is a subsistence crop for millions of people in
Sub-Saharan Africa and Asia (Mundia ef al., 2019). Sorghum has several usages depending on
the region of production. For instance, while the crop is used for livestock, beverage, and biofuel
production in the United States of America and China, it is a staple food crop in Africa and other
Asia countries (Emmambux & Taylor, 2013). Among cereal crops, sorghum can adapt to harsh
environments where the other cereals such as corn, wheat, and rice cannot survive. In Sub-
Saharan Africa, sorghum is grown mostly in areas where annual rainfall fluctuates around 400
mm and 600 mm (Emmambux & Taylor, 2013). Although sorghum is one of the most adapted
cereal crops to water deficit, various drought scenarios affect its production. The improvement of
this crop for yield stability under drought is crucial to ensure global food security in developing
countries of West Africa.

Adverse environmental conditions such as drought and heat can lead to poor crop
adaptation and yield losses. Severe pre- and post-flowering water limitation affects pollen
development and grain filling, respectively (Barnabas et al., 2008). Understanding of the
physiological and genetic basis of factors controlling crops yield stability under drought
conditions facilitates the development of well-adapted crop varieties. Yield stability under
drought is a complex phenomenon that requires synergic efforts across disciplines, including
crop physiology, soil science, breeding, genetics and genomics, and molecular biology. The
identification of genes and quantitative trait loci (QTL) associated with grain yield and yield
components is crucial for understanding the genetic and molecular basis of drought tolerance.
Predictive breeder-friendly high-throughput markers could be designed from candidate loci
associated with drought tolerance. Breeders can use these markers to accelerate drought

tolerance improvement via marker-assisted selection.

Production and Importance of Sorghum

Sorghum is a staple food crop for 500 millions of people, mostly living in semi-arid areas
in Africa and Asia (Mundia et al., 2019). The word sorghum production is estimated at 63.5
million metric tons in 2015 (Mundia ef al., 2019). Africa is the largest sorghum producer in the

world with 24.8 million metric tons per year. The US comes at the second position with 17.2



million metric tons, followed by Asia (8.0), and South America (5.5). The overall annual
sorghum production has dropped in the last three decades from 62.8 to 59.3 million tons and
from 44.5 to 41.9 million hectares due to reduced arable lands and increased harsh environments
(FAOSTAT, 2011). These reductions are at a worldwide scale; however environmental effects
are more severe at the regional scale because some regions are more affected by environmental
changes (Rosenzweig et al., 2014; Mundia et al., 2019). Efforts have been taken by scientific
communities to increase its productivity by developing superior resilient varieties. However,
improving grain yield under water limitation is challenging in small breeding programs. In Sub-
Saharan Africa, post-flowering drought stress is more common due to the early end of rainy
seasons. Sorghum breeding programs in West Africa have been targeted to develop varieties with

early maturity cycles to escape end-season drought.

Sorghum Breeding in Senegal

Sorghum improvement started in 1950 (Mauboussin et al., 1977). Mass selection was the
first breeding method used by the program to develop pure cultivars from local varieties. Local
cultivars are mostly the guinea sorghum type with high grain tannin content, open panicle, tall
plant, and low productivity. The first breeding objective of the program was to improve yield
performance of local cultivars while maintaining their characteristics similar to farmers’ varieties
(landraces). From this selection, three main cultivars, 50-59 or Gor-Gatna (caudatum sorghum
type, short stature, good performance and stability), 63-18 or Hadien Kori (caudatum sorghum,
short stature and early maturity), and SH 60 or Congossane (guinea sorghum, non tannin, late
maturity and tall stature) were developed.

After 1965, the breeding objective was to develop varieties that would fit the growing
season length in the northern agro-ecological zone (semi-arid zone). Through pedigree selection,
several varieties were developed from hybridization between improved cultivars and introduced
lines with a maturity cycle varying from 90 to 125 days (Mauboussin et al., 1977). The objective
consisted also of creating varieties with short plant stature, semi-compact panicle to reduce
pathogen infection such as grain mold, and low tannin content. The two varieties, CE 67 and CE
90 (IRAT 11), which have good agronomic performance, were developed. IRAT 11 was
developed from a cross between 63-18 and 63-43 or Mourmoure (an introduced local variety

from Niger).



In 1980, the variety IRAT 204 (CE 151-262), locally named 80-25, was created from the
cross between IRAT 11 (CE 90) and 73-71 (known as IS 12610). It is a caudatum type with 110
cm of plant height, red plant color, photoperiod insensitive, maturity cycle of 95 days, making it
adapted to the semi-arid zone. IRAT 204 was mainly developed particularly for the Soudano-
Sahelian agro-climate zone (annual rainfall of 500 to 700 mm). This variety has been used in
several breeding programs in West Africa because of its high tolerance to biotic and abiotic
stresses such as tolerance to grain mold, drought, and leaf diseases. IRAT 204 is also shown to
be resistant to sugarcane aphid (Kebede ef al., under review). IRAT 204 is a member in the
sorghum association panel, which consists of diverse sorghum lines with key agronomic traits,
lines used during the sorghum conversion program, and lines from diverse geographic regions
(Casa et al., 2008). Whole genome de novo sequencing of IRAT 204 has been completed at
HudsonAlpha Genome Sequencing Center as part of the Gates Foundation project led by the
Donald Danforth Plant Science Center.

The current breeding program of Senegal established in 2000 aimed to develop lines that
adapt to the Sahelo-Soudanian and Soudanian agro-climatic zones and to improve grain quality
of the varieties developed by the previous programs. The variety CE 180-33 was the
recommended variety to grow in these zones because of its its good productivity and tolerance to
water-limited conditions. However, its grain quality is low with notable high tannin content,
which prevented its expansion in farmers’ fields. In 2001, to improve grain quality while
maintaining a early maturity, a cross was made between the parents IRAT 204 and Sorvato-1, a
line with good grain quality from Togo. From this cross, four varieties, Nguinthe, Faourou,
Nganda, and Darou were developed and released in 2011, and two other varieties Payenne (ISRA
618-1) and Golobe (ISRA 618-2) were developed in 2015 using pedigree selection.

The current breeding goal is to develop new varieties with drought tolerance, early and
moderate maturity, low tannin content, and semi-compact panicle Grain quality is also a
breeding target for these varieties. Nganda is being used as a parent in several breeding crosses.
This variety is also the common parent of the nested-association mapping (NAM) population that
is being developed at the Centre d'Etude Régional pour I'Amélioration de I'Adaptation a la
Sécheresse (CERAAS) in Senegal. The availability of predictive DNA markers for these

phenotypes will accelerate the achievement of the current and future breeding goals.



Genetic Structure and Botanical Characteristics in Cultivated Sorghum

Genetic structure analysis investigates the species organization into populations and
factors shaping population structure. Uncovering the genetic ancestry of sorghum accessions
according to agro-climatic zones and botanical types helps better design breeding strategies for
different regions. Population genomics studies have allowed the characterization of worldwide
sorghum germplasm (Deu et al., 2006; Morris et al., 2013). This is relevant for designing core
collections, germplasm conservation and breeding targets, identifying parental lines, and
accounting for background effects in association mapping studies. Based on genetic distance
calculation, heterotic groups can be identified and classified. The genetic variants or alleles that
significantly differentiate distinct populations can be used to improve new cultivars for local
adaptation. For instance, Fst genetic differentiation scan is one of the most used methods to
identify natural variants that differentiate distinct populations.

Among cereal crops, sorghum bicolor is more related to maize (zea mais) and rice.
Sorghum diverged from maize and rice ~15 and 50 million years ago, respectively. This close
relationship indicates the existence of significant conserved genomic sequences, which facilitates
comparative genomic analysis (Hamblin et al., 2004; Brown et al., 2006). In the wild relative
sorghums, four wild races have been defined, Arundinaceum, Virgatum, Aethiopicum, and
Verticilliflorum. These races are grouped into S. bicolor subspecies verticilliflorum (Harlan & De
Wet, 1972). The sorghum wild relatives are not often used in breeding programs as it is the case
in other crops such as wheat where wild relatives are usually used to improve for disease
resistance. In the cultivated sorghum (Sorghum bicolor subsp.bicolor (Linn.) Moench), five basic
botanical types and ten intermediate types have been defined based on the spikelet and panicle
morphology (Harlan & De Wet, 1972; Deu et al., 1994). These types, including bicolor, durra,
guinea, caudatum, and kafir are originally distributed with respect to geographic regions across
Africa. These types, except bicolor are used by sorghum breeders at different levels based on

their agronomic importance (Fig. 1).
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Figure 1-1. Spikelet morphology of cultivated sorghum types. Courtesy of J Hancock ef al.

(2004) obtained from Harris et al. (2007).

Firstly, bicolor type is thought to be the most primitive among the five basic sorghum
types, thus more related to the wild relatives, particularly verticilliflorum. The other basic types
are thought to be derived from hybridization between bicolor and wild relatives across Africa

(Doggett, 1988). Bicolor is the most poorly represented type among cultivated sorghumes. It is

characterized by loose panicles, small and elongated seeds that are entirely covered by the

glumes. Despite being adapted to humid areas, the bicolor race is less productive thus making it

undesirable to use for sorghum improvement. However, some bicolor cultivars are grown in

small areas as forage and sweet sorghum for the production of syrup.




The guinea type is predominantly distributed in humid savannas of West Africa where it
is thought to form a second center of domestication (Folkertsma et al., 2005). Guinea is also
present in South-eastern Africa and Asia. It is the most diversified type of cultivated sorghum
(Folkertsma et al., 2005). It is characterized by an open panicle, long peduncle, small elliptical
seeds that rotate in open and long glumes at maturity. Guinea type contains tall, photoperiod-
sensitive, and rustic genotypes highly adapted to humid areas. Several subdivisions exist within
the guinea race, Guinea margaritiferum which is found in West Africa and has red grain that is
used to produce local beer; Guinea gambicum, Guinea guineense, Guinea conspicuum which are
found in Eastern Africa and India, and Guinea roxburghii. The guinea type is resistant to insects
and pathogen infection such as grain mold. The grain texture and presence of tannin in guinea
seeds are favorable for the production of local beer in many African countries.

The durra type is predominant in Eastern Africa where it was first domesticated before
diffusing to West and Central Africa, Middle East, India, and South Asia (Doggett, 1988). It is
thought that durra resulted from introgression of early bicolor with wild forms in dry areas. This
type is more adapted to dry areas, especially in the Sahelian zone of Africa. It has a compact
panicle, usually a curve peduncle, a big and globose grain that is partially covered by the glumes.
Durra type is usually used in breeding to improve sorghum for drought adaptation.

The caudatum type is mainly distributed in Central and in the tropical areas of Eastern
Africa. It has a semi-compact panicle with a highly variable panicle shape, generally elliptical.
Its grain is lighter with good quality compared to other sorghum types. The grain is inserted in
short glumes. The caudatum type is highly appreciated by breeders, especially in the US mainly
due to its high yield potential and desired grain texture that is generally free of tannin. These
characteristics make caudatum sorghums suitable for hybrid production and inbred line
development.

Lastly, the kafir type is found in Southern Africa and is considered as the most recent
type. The main characteristic of this type resides from its high yield potential and lack of
photosensitivity, thus making it the type of choice of many breeding programs in temperate
regions. It has a dense and cylindrical panicle. The glumes are much shorter than the grain. The
kafir type was widely used during the sorghum conversion program to develop early maturity

and photoperiod insensitive varieties in the US sorghum breeding.



Improvement for Drought Tolerance

Understanding the physiological and genetic basis of plant water relations contributes to
developing drought-resistant varieties (Blum, 2014). Drought tolerance is a complex
phenomenon that affects several aspects of the crop (Blum, 2005). Two mechanisms of drought
tolerance are known, tolerance to dehydration and avoidance to dehydration. Tolerance to
dehydration involves phenological, biochemical, and physiological traits such as osmotic
adjustment (e.g. production of proline, glucose, glucane), antioxidant capacity, abscisic acid
response, and water soluble carbohydrates reserves (Blum & Arkin, 1984; Blum, 2005, 2014). A
study on different wetland species including both monocotyledonous and dicotyledonous plants
using water potential, solute potential, and bulk modulus of elasticity found that genotypes used
in the experiment showed tolerance to dehydration (Touchette et al., 2007). On the other hand,
the avoidance of dehydration occurs mainly through the closure of stomata, which permits plants
to maintain sufficient water content (Blum, 2005), change in leaf direction, and deep rooting
system.

Managing timing and intensity of the stress is challenging, often semi-controlled
screening has limited capacity. Approaches to screen for drought stress involve developing
rainout shelters, irrigation systems in low rainfall areas, or the modeling of environmental
conditions to reduce abiotic variations for better field control. However, none of these
approaches can constrain drought in wide range areas. Water managed stress during off-season
allows to better control water deficit in field experiments. However, off-season water stress
experiments may not reflect growing seasons, which is the target environment for sorghum
farming in smallholder farming.

Heat stress is another factor that limits crop production. Heat stress is usually associated
with drought stress (Hatfield & Prueger, 2015). However, heat stress is associated with decreased
or deactivation of the photosynthetic capacity, causing oxidative stress and early senescence
(Sharkey, 2005; Chen et al., 2012). This leads to a shortened grain filling period. The
biochemical aspects such as starch synthesis are also affected by heat stress. Studies have been
addressing the physiological aspects of water deficits for a longtime. An integrative approach
involves the understanding of the genetic and molecular basis of drought adaptation based on the

physiology of drought tolerance (Blum, 2014) to serve breeding programs.



Gene discovery for drought tolerance is crucial for dissecting the genetic basis of yield
under drought conditions. To understand the genetic basis of drought tolerance, researches have
recently been focusing on the identification of quantitative trait loci (QTLs) and alleles
associated with yield components under drought conditions. Genome-wide association studies
(GWAS) have been successful in identifying genetic loci associated with agronomic traits of
importance in crops (Huang et al., 2012; Morris et al., 2013; Crowell et al., 2016; McCouch et
al., 2016; Cao et al., 2016).

The inheritance of yield under drought conditions is complex. Response to drought in
sorghum involves delay leave senescence (Kebede et al., 2001). Several drought tolerance QTLs
have been reported to contribute to yield under drought and stay-green—delayed leaf senescence
under drought conditions (Tuinstra et al., 1997; Xu et al., 2000; Harris et al., 2007; Borrell et al.,
2014; Hayes et al., 2016). These stay-green QTLs (Stg/—4) contribute between 8 to 30% of
phenotypic variance of stay-green. Stg/ and Stg2 are located on chromosome 3, Stg3a and Stg3b
are located on chromosome 2, and Stg4 is located on chromosome 5 (Fig. 1-2) (Mace et al.,
2019). Stgl—4 QTLs have been introgressed into elite backgrounds of breeding programs in
Australia and India. The known founders of stay-green alleles are BTx642 (formerly known as
B35), QL41, E36-1, and SC56. These lines are derived from durra sorghum in Ethiopia.
However, it is not known whether the stay-green alleles exist in other Africa sorghum across the
Sahelian zone. It is also shown that stay-green alleles increase grain yield by modifying canopy
architecture and water supply in lines with introgressed B35 alleles (Borrell et al., 2014). To
shed lights on the existence of Stg/—4 alleles in the West Africa sorghum, chapter 4 describes the
phenotypic variation across multiple water stress environments to dissect the genetic architecture

of drought tolerance.
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Figure 1-2. Genomic position of sorghum stay-green quantitative loci from the sorghum
QTL Atlas.
Genomic Tools for Crop Improvement

GWAS, also known as linkage disequilibrium (LD) mapping, consists of integrating
phenotypes and genotypes and use linear models to find association between SNP markers and
causative variants of a trait based on LD. This approach was first developed in human genetics to
identify common disease-associated variants (Hirschhorn & Daly, 2005). The principle is based
on the hypothesis that common variation in phenotype is associated with common genetic
variants—common-disease common-variant hypothesis (Manolio ef al., 2009). GWAS take
advantage of ancient recombinations and genetic diversity that exist within adapted cultivars to
identify gene/QTLs. GWAS can be applied on breeding populations and unrelated individuals
from different geographic regions. Using numerous tagging SNPs, GWAS allow the dissection
of genetic architecture of complex traits by providing the number of loci controlling a trait, their

effect size, their frequencies, and gene action that is involved. Because many mutated genes have



been identified from mutation studies, conserved genes can be identified based on existing
knowledge from other model systems.

The power of GWAS results from the presence of common variants across a large
population sample size. However, this power can be influenced by factors such as the extent of
linkage disequilibrium, number of markers, low heritability of trait, presence of rare variants
with a small effect on trait, and the confounding effect due to background effects.

Linkage disequilibrium, which is the nonrandom association of alleles at two or more loci
on the same chromosome, is crucial for effective GWAS. LD decay provides estimation of the
number of SNP markers that is adequate for high-resolution GWAS. The mating system plays a
key role in the LD estimation for GWAS. Self-pollinated species usually have a long range of
LD compared to outcrossing species. High-density SNP markers are required for high-resolution
GWAS. Advances in next generation sequencing technologies (Thomson, 2014) and high-
throughput genotyping platforms such as genotyping-by-sequencing (Elshire ef al., 2011; Poland
et al., 2012) can generate high-density SNP markers at less cost.

Heritability provides insights into the correlation of phenotype to additive genetic effect in
association mapping studies. A null heritability would suggest that phenotypic variance is not
due to a genetic effect, and therefore carrying out GWAS analysis might be not useful (Korte &
Farlow, 2013). Low heritability in GWAS may result in difficulty to identify rare variants. Most
of the important traits in crops have low heritability, making GWAS challenging to detect
common variants. The problem associated with low heritability can be dealt with by increasing
population sample size and phenotypes from multiple environments. In GWAS linear-mixed
models, heritability is estimated as pseudo-heritability, which is in most cases lower than the trait
heritability. This low heritability is due to missing genome-wide variants that are non-
genotyped—missing heritability (Korte & Farlow, 2013). A way to deal with missing heritability
would be to use whole genome sequencing (Manolio et al., 2009) or at least to impute missing
genotypes to increase the frequency of rare alleles.

Most of the rare variants in GWAS experiments create synthetic associations or indirect
associations (Dickson ef al., 2010). It is difficult to distinguish these rare variants from true trait-
associated SNPs. Most complex traits are controlled by a large number of rare causal alleles that

tend to be clustered together in large population size.
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Conventional breeding has yielded many elite varieties of important economic values.
However, phenotypic selections for many adaptive traits such as photoperiodic flowering and
drought tolerance is difficult for small breeding programs because it requires multiple field trials.
Understanding the genetic architecture of complex traits contributes to facilitating and
accelerating breeding. Favorable trait-associated alleles can be converted into breeder-friendly
markers that tag these alleles. These makers can be used in marker-assisted selection (MAS) to
rapidly develop adapted varieties (Hash ef al., 2003; Varshney et al., 2013).

Genomic selection (GS) has shown to increase genetic gain and reduce the number of breeding
cycles. Trait-associated alleles also can be integrated into genomic selection models to increase
prediction accuracy (Fu et al., 2017). In GS, the whole performance of individuals is assessed
regardless of interaction between positive and negative alleles. GS model estimates the
individual total performance. This makes GS a powerful method to detect best performing lines
in the population. However, a few to several thousands of markers are used to estimate breeding
values of individuals compared to MAS.

The development of genomic tools contributes to solving the roadblocks that limit or
delay the process of achieving breeding goals. Both genomic selection and MAS provide
advantages to more rapidly increase genetic gain per unit time and unit cycle, thus can be
integrated together in the breeding pipeline for more efficient crop breeding. In this dissertation,
chapter 1 describes the sorghum breeding program in Senegal, the agronomic importance of
sorghum types, and genomic approaches for crop improvement in semiarid regions. To identify
genomic signatures of adaptation to semi-arid versus sub-humid climates, chapter 2 describes the
genetic characterization of genome-wide nucleotide polymorphisms across the Senegalese
sorghum accessions in GRIN. To determine the population structure of the West African
sorghum and demonstrate the effectiveness of GWAS analysis to identify known photoperiodic
flowering time loci, chapter 3 describes the genetic characterization of the West African sorghum
association panel (WASAP) assembled from breeding programs of Senegal, Niger, Mali, and
Togo. To develop locally-adapted varieties and rapidly introgress favorable trait-associated
alleles from West African donor lines to farmers' preferred varieties, chapter 5 describes the
genomic-enabled breeding approaches using the goal-directed hypothesis driven research

(GoHy).
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Chapter 2 - Genomic Signatures of Adaptation to Sahelian and

Soudanian Climates in Sorghum Landraces of Senegal

This chapter has been published as following journal article:
Jacques M. Faye, Fanna Maina, Zhenbin Hu, Daniel Fonceka, Ndiaga Cisse, Geoffrey P. Morris.
Genomic Signatures of Adaptation to Sahelian and Soudanian Climates in Sorghum Landraces of

Senegal. Ecology and Evolution. DOI:10.1002/ece3.5187
Abstract

Uncovering the genomic basis of climate adaptation in traditional crop varieties can
provide insight into plant evolution and facilitate breeding for climate resilience. In the African
cereal sorghum (Sorghum bicolor L. [Moench]), the genomic basis of adaptation to the semiarid
Sahelian zone versus the sub-humid Soudanian zone is largely unknown. To address this issue
we characterized a large panel of 421 georeferenced sorghum landrace accessions from Senegal
and adjacent locations at 213,916 single nucleotide polymorphisms (SNPs) using genotyping-by-
sequencing. Seven subpopulations distributed along the north-south precipitation gradient were
identified. Redundancy analysis found that climate variables explained up to 8% of SNP
variation, with climate collinear with space explaining most of this variation (6%). Genome
scans of nucleotide diversity suggest positive selection on chromosome 2, 4, 5, 7, and 10 in durra
sorghums, with successive adaptation during diffusion along the Sahel. Putative selective sweeps
were identified, several of which co-localize with stay-green drought tolerance (Stg) loci, and a
priori candidate genes for photoperiodic flowering and inflorescence morphology. Genome-wide
association studies of photoperiod sensitivity and panicle compactness identified 35 and 13
associations that co-localize with a priori candidate genes, respectively. Climate-associated
SNPs co-localize with Stg3a, Stgl, Stg2, and Ma6 and have allelic distribution consistent with
adaptation across Sahelian and Soudanian zones. Taken together, the findings suggest an
oligogenic basis of adaptation to Sahelian versus Soudanian climates, underpinned by variation
in conserved floral regulatory pathways and other systems that are less understood in cereals.

Introduction

Local adaptation is critical for survival of traditional crop varieties in stressful

environments (Camus-Kulandaivelu et al., 2006; Xu et al., 2006). Smallholder farmers in
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developing countries are particularly vulnerable to environmental factors such as drought and
heat stress limiting crop production (Morton, 2007). Climatic gradients in relation with
precipitation are major drivers of adaptation in plants including traditional crop varieties
(Fournier-Level et al., 2011; Lasky et al., 2015, 2012; Siepielski et al., 2017; Vigouroux et al.,
2011). Adaptation to water-limited environments involves phenological, physiological, and
morphological traits such as photoperiod sensitivity, delayed senescence, and inflorescence
morphology (Blum, 2014). For instance, when growing seasons are shortened by end-of-season
droughts, selection favors early maturity alleles to escape drought (Franks et al., 2007; Kenney et
al., 2014; Vigouroux et al., 2011). Identifying genetic polymorphisms underlying adaptive traits
and their eco-geographic distributions is necessary to understand the genetic basis of local
adaptation of landraces (Romero Navarro et al., 2017).

The patterns of genome-wide nucleotide polymorphisms provide insight into selective
forces varying over time and space (Olsen et al., 2006; Slatkin, 2008). Recent studies in rice
(Caicedo et al., 2007; Li et al., 2017), tomato (Lin et al., 2014), and maize (Swarts et al., 2017)
have shown that high genetic differentiation among populations reflects adaptation to specific
agroclimatic zones. Population genomic approaches for identifying signatures of selection
include decreased pairwise nucleotide diversity, composite likelihood ratio (CLR) analysis for
selective sweeps, and genome-environment associations (Fang et al., 2017; Fournier-Level et al.,
2011; Lasky et al., 2015; Li et al., 2017; Lin et al., 2014). The CLR analysis in SweeD is
relatively robust to demographic events because the method conservatively estimates the neutral
site frequency spectrum (SFS) based on the observed data (Nielsen et al., 2005; Pavlidis et al.,
2013). Linear regression models and genome-wide association studies (GWAS) mixed models
are common methods used for GEA, especially to investigate adaptation to environmental
gradients (Rellstab et al., 2015) and have been applied by several studies in plants and crop
species (Fournier-Level et al., 2011; Lasky et al., 2015; Yoder et al., 2014). Redundancy analysis
(RDA) provides an estimate of allelic variance explained by climatic factors based on
multivariate linear regressions (Meirmans, 2015). Genome-wide association studies can provide
high mapping resolution of adaptive traits in diverse populations (Cavanagh et al., 2008).

Sorghum (Sorghum bicolor L. [Moench]) is a staple food crop for smallholder farmers in
semi-arid regions worldwide. The modest genome size (~800 Mbp) of sorghum relative to other

grass species (Paterson et al., 2009) makes it a tractable system for the genomic studies of local
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adaptation. Five botanical types (bicolor, durra, guinea, caudatum, and kafir) have been
described (Harlan and De Wet, 1972). Durra types, known for their adaptation to arid zones, are
thought to have originated in Ethiopia before westward diffusion along the Sahel to West Africa
and finally Senegal (Harlan and De Wet, 1972). Guinea types, known for their humid adaptation
(Deu et al., 1994; Folkertsma et al., 2005), may reflect a second center of domestication in the
humid savanna of West Africa (Deu et al., 1994; Doggett, 1988; Folkertsma et al., 2005).
Inflorescence morphology is a major component of agroclimatic adaptation in sorghum and
varies from loose panicle in guinea to compact panicle in durra sorghum (Brown et al., 2006).
Most traditional sorghum varieties in West Africa are photoperiod sensitive such that grain
maturation coincides with the end of the rainy season (Bhosale et al., 2012; Sanon et al., 2014).
In U.S. sorghum, variation in flowering time is controlled by conserved cereal floral regulatory
networks, including phytochromes (Ma3/PhyB, Ma5/PhyC), CCT-domain regulators
(Mal/PRR37,SbEhdI, SbEhd2), and florigens (SbCN15/Hd3a, SbCN12) (Mullet et al., 2010;
Murphy et al., 2011). Several quantitative trait loci (QTL) (Stg/—4) confer stay-green (i.e.
delayed leaf senescence) post-flowering drought tolerance in lines derived from Ethiopian durra
(Borrell et al., 2014; Harris et al., 2007; Kebede et al., 2001; Tuinstra et al., 1997), but it is not
known whether these loci contribute to drought adaptation more widely across the Sahel.
Analyses of genetic diversity, linkage disequilibrium (LD), and genome-environment
associations have provided an understanding of worldwide sorghum genetic structure across
diverse agroclimatic regions (Bouchet et al., 2012; Lasky et al., 2015; Mace et al., 2013; Morris
et al., 2013; Wang et al., 2013). However, the genomic basis of climate adaptation at a regional
scale remains poorly understood. The variation of agroclimatic conditions in Senegal reflects the
sub-Saharan climatic gradient with increasing annual precipitation from north to south across the
Sahelian (~200—600 mm) and Soudanian zones (~600—1100 mm). A large panel of sorghum
landraces was collected from these agroclimatic zones in Senegal in the 1970s (Clément and
Houdiard, 1977). To better understand the genomic basis of Sahelian and Soudanian climate
adaptation, we used genotyping-by-sequencing (GBS) to characterize genome-wide single
nucleotide polymorphism (SNP) in georeferenced and phenotyped Senegalese sorghum
landraces. We characterized population structure of genomic diversity, identified signatures of

selection, and mapped genetic polymorphisms associated with phenotype and climate. The
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findings suggest that climate has shaped genomic variation across Sahelian and Soudanian zones,

with variation in floral regulatory pathways and other systems contributing to this adaptation.
Materials and Methods

Plant materials

The Senegalese sorghum germplasm (SSG) used in the present study were obtained from
the U.S. Department of Agriculture (USDA) Germplasm Resources Information Network
(GRIN). These accessions (n = 341) were collected from various agro-ecological zones of
Senegal in 1976 (Clément and Houdiard, 1977). GRIN accessions from neighboring countries of
Gambia (n = 60), which is surrounded by Senegal, and Mauritania (n = 15), which shares border
along the Senegal River Valley, were also included in our panel. Six improved varieties (CE
151-262, CE 180-33, ISRA-S-621-B, 53-49, CE 260-12-1-1, IRAT 4) from the sorghum
breeding program based at the Centre National de Recherche Agricole (CNRA) and two
sorghum conversion lines, SC 1067 (PI 576432) and SC 417 (PI 533861), were included.
Information about the SSG including botanical race, geographic origin, local name, and ethno-
linguistic group from which the landrace was collected are presented in Supporting Information
Data S1. Assignment in “durra” group was from the GRIN genebank, based on a phenotypic
assessment. To compare the SSG landraces with the global sorghum diversity, we reanalyzed
available raw sequencing data of worldwide sorghum diversity panels (Morris et al., 2013),
hereafter referred to as the global diversity panel (GDP). This data set included 582 lines from
the sorghum mini core collection and the Generation Challenge Program reference set, and 178
lines from the sorghum association panel. The GDP includes accessions from Africa, Asia, and
the Americas.
Genotyping-by-sequencing

Accessions of the SSG were grown in a greenhouse at Kansas State University. Leaf
tissues from each accession were harvested from two weeks old seedlings (five seedlings pooled
per accession), placed into 96-well plates, and dried in a lyophilizer for two days. Genomic DNA
of SSG accessions was extracted from ~50 mg dried leaf tissue using the BioSprint robot with
DNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. DNA was quantified
with PicoGreen and normalized to 10 ng/ul DNA for each sample. The GBS library was
constructed using the restriction enzyme ApeKI for DNA digestion and 384-plex barcode ligation

(4 x 96-plex) following the GBS protocol (Elshire et al., 2011). Digested DNA fragments were
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ligated to the barcode-adapters in a solution containing the 10x T4 DNA Ligase Reaction Buffer,
ultra-pure water, and T4 DNA Ligase (New England Biolabs), then cleaned using a QIAquick
PCR purification kit (Qiagen). The adapter-ligated DNA fragments were amplified by
polymerase chain reaction (PCR). The PCR-amplified DNA fragments were cleaned and
quantified with PicoGreen. Four 96-plex libraries were pooled to form a 384-plex GBS library.
GBS libraries were diluted into 20 pl at 4 nM for each library and analyzed by the Agilent 2100
Bio-analyzer for sequencing. GBS libraries were sequenced on Illumina HiSeq 2500 at the
University of Kansas Medical Center.
SNP calling

The SNP calling was done based on 1208 samples including the accessions from the SSG
panel and accessions from the GDP. Single-end sequence reads obtained from Illumina
sequencing and raw sequencing data from the GDP were processed with the TASSEL 5 GBS v2
pipeline (Glaubitz et al., 2014). All unique sequence reads were trimmed to 64 bp, which was the
default setting. The first step in the pipeline (GBSSeqToTagDBPIlugin) allowed to collapse
identical reads into tags using the key files of both SSG and GDP accessions. Distinct tags were
pulled and exported from the database in the fastQ format using the TagExportToFastqPlugin for
their alignment to the BTx623 sorghum reference genome v.3.1 (McCormick et al., 2018;
Paterson et al., 2009). The alignment was performed with the Burrows-Wheeler Alignment (Li
and Durbin, 2009) where the created SAM file was passed through the SAMToGBSdbPlugin to
store the position information of aligned tags. The SNPs were called from the aligned tags. The
DiscoverySNPCallerPlugin was used to identify SNPs from the aligned tags where MAF was set
to 0.0001 and minimum locus coverage (mnLCov) was kept as the default setting of 0.1. For
downstream population genomic analyses, SNPs with < 20% missing data rate and minor allele
frequencies (MAF) > 0.01 were retained. Monomorphic sites were removed and only biallelic
sites were retained. Missing genotypes were imputed using Beagle v4.1 program (Browning &
Browning, 2016). For the association mapping studies, the SNP dataset was filtered for MAF >
0.05 to reduce the chance of observing false positive associations.
Population structure analysis

Principal component analysis (PCA) of SNP variation was performed using the
snpgdsPCA function of the R package SNPRelate (Zheng et al., 2012). Neighbor-joining

analysis was performed using TASSEL 5 program and the tree was visualized with the ape
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package in R (Paradis et al., 2004). Bayesian model-based clustering in ADMIXTURE v1.23
(Alexander et al., 2009) was used to estimate the subpopulation membership/admixture for K =
2-20 subpopulations. To reduce SNP redundancy due to LD for the admixture analysis,
genotypic data was LD-pruned with a window size of 50 SNPs, step size 10, and VIF threshold of
0.5 using the function indep in PLINK 1.9 (Purcell et al., 2007). Default settings of
ADMIXTURE were used and five-fold cross validation (CV) error with block bootstrap and
2000 iterations was used to determine the optimum value of K. Each accession was assigned to
subpopulation when the proportion of the coefficient of membership to subpopulation was
greater than 0.60. To determine the spatial genetic co-ancestry structure with respect to
geography, we used the R package TESS3 (Caye et al., 2016). Results were visualized using the
R program (R Core Team, 2016).
Linkage disequilibrium analysis

LD was characterized in the whole SSG and separately in the guinea and durra
accessions. VCFtools (Danecek et al., 2011) was used to filter the genotypic data based on MAF
> 0.05. The pairwise correlation coefficient (+°) among SNPs was used to estimate LD using
TASSEL 5 (Bradbury et al., 2007). LD decay, measured as the distance by which the »* decays
to half its maximum value, was fit using the nonlinear least square (n/s) function (Hill and Weir,
1988; Remington et al., 2001) in R program. The R package LDheatmap 0.99-4 (Shin et al.,
2006) was used to determine and display the pairwise LD surrounding (50 kb region from both
sides of the SNP) a SNP-environment variable association.
Genome-wide nucleotide variation and genome scans

MAF and observed and expected heterozygosity for SNP markers were calculated using
VCFtools program and R program (R Core Team, 2016). Pairwise genetic differentiation (F'sr)
among subgroups defined based on eco-geography was estimated using the Weir and Cockerham
method in VCFtools. Fsr values among subgroups obtained at K = 7 from the TESS3 program
were calculated using the R package HierFstat (de Meels and Goudet, 2007). Pairwise genome-
wide nucleotide diversity (r) and Tajima's D test statistics were calculated based on non-
overlapping sliding windows of 1 Mbp across the genome using VCFtools. Ratios of © were
analyzed between guinea and durra accessions in the SSG (Tguinca / Taurra), and across putative
pre-bottleneck and post-bottleneck events (Tauinca / TEthiopia durras TEthiopia durra / TNiger and Mali durra, and

TlNiger and Mali durra / TSencgal durra)- S€lective sweeps were detected using the composite likelihood
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ratio (CLR) method in SweeD program (Pavlidis et al., 2013). Each chromosome was divided
into 5,000 grid points (non-overlapping windows). The CLR windows with > 8 SNPs
(approximately 1 SNP per 2 kb) were retained during the analysis. The significance threshold
representing the 95" percentile cutoff was determined based on 1,000 simulations.
Genome-wide association studies (GWAS)
GWAS were carried out using mixed-linear models (MLM) in GAPIT in R (Lipka et al.,
2012) with the three first principal components eigenvectors and kinship matrix. The Bonferroni
correction at o = 0.05 level was used to define the significance of association tests. SNPs were
filtered at MAF > 0.05, yielding 145,235 SNPs. Phenotypic data was obtained from the GRIN
database and treated as binary data for both photoperiod sensitivity (e.g. sensitive versus
insensitive) and panicle compactness (e.g. compact versus open panicle). For genome-
environment associations (GEA), both MLM and general linear models (GLM) were used.
Nineteen WorldClim-derived bioclimatic variables (Hijmans et al., 2005) were used for genome-
environment association tests. To identify environment-associated SNPs with the greatest
significance among SNPs of the same genomic region, the multi-locus mixed-model (MLMM)
(Segura et al., 2012) was used to complement the GLM and MLM. In both MLM and MLMM,
the first three principal components were included to account for population structure.
A priori candidate genes
A list of a priori candidate genes for climate adaptation was defined from known
sorghum genes, orthologs of cloned genes from rice and maize, and candidates from previous
sorghum mapping studies (see Supporting Information Data S2 for candidate genes, gene
functions, and references). A literature survey of sorghum orthologs of maize and rice genes that
affect inflorescence architecture, flowering time, and drought tolerance was carried out.
Inflorescence architecture candidate genes from a previous global GWAS (Morris et al., 2013),
photoperiodic flowering time candidate genes from a previous study (Bhosale et al., 2012), and
validated drought tolerance loci (stay-green, Stg/—4) from (Borrell et al., 2014) were included.
Genomic position of candidate genes were determined using Phytozome v12.1.6
(https://phytozome.jgi.doe.gov) (Goodstein et al., 2012).
Redundancy analysis
RDA was performed using the R package vegan (Oksanen et al., 2017) for climatic

factors, ethnicity, and space. Independent variables included 19 climatic variables, space

22



variables (latitude and longitude), and ethnicity variables. Ethnicity was coded as binary variable
indicating the ethno-linguistic group of the farmer that contributed the landrace to the collection
(Clément and Houdiard, 1977). Forward selection based on 1,000 permutations was performed
for space (e.g., using polynomial coordinates), climate, and ethnicity variables to include only
the meaningful variables for ordination. The total among-population genetic variance was
partitioned into space, climate, ethnicity, and their overlapping fractions using 1,000 randomly
selected SNP (MAF > 0.05). The significance of each variance fraction was tested with 1,000

permutations.
Results

Genome-wide SNP variation in Senegalese sorghum

The Senegalese sorghum accessions included in this study originated from diverse
agroclimatic zones (Fig. 2-1A), agro-ecological regions (Fig. A-1A), and ethnic-linguistic groups
(Fig. A-1B). Across 421 accessions, we identified 213,916 SNPs after filtering out SNPs with >
20% missing data, MAF < 0.01, and retaining only biallelic SNPs. The SNP density was
determined based on non-overlapping windows of 1 Mb where SNPs were distributed across the
genome with higher density in the subtelomeric regions (Fig. A-2A). The SNPs covered most of
the genome with an average coverage of 1 SNP every 2 kb. The average observed and expected
heterozygosity in the SSG were estimated at 0.05 and 0.23, respectively. The average pairwise
nucleotide diversity () was 0.00054 in durra and 0.00060 in guinea accessions. The average
pairwise LD (+*) decreased from its initial value (~0.5) to 0.2 at 220 kb, 150 kb, and 81 kb in
durra, guinea, and whole SSG, respectively (Fig. A-2B). LD decayed to background level (~0.1)
at 880 kb in durra and 430 kb in guinea. The SSG had a lesser proportion of low frequency minor
alleles (<5% MAF) and greater proportion of intermediate frequency minor alleles than the GDP,
based on non-overlapping window size of 1 Mb (Fig. A-2C). About 60% of SNPs were rare
(MAF < 0.05).

Next, we investigated the genetic variation and structure of the SSG. The two first
principal components explained 3.8% and 2.5% of SNP variation (Fig. 2-1B). The accessions
originated from the center formed one cluster, accessions from the south formed a second cluster,
and accessions from the north formed a third cluster. The third cluster included durra accessions,
caudatum accessions, a few guinea accessions from the north, and improved varieties. Neighbor

joining (NJ) tree matched the PCA results and revealed that SSG durra accessions were closely
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related to the durra from Ethiopia and other West African countries (Fig. A-2D). Durra and
guinea accessions within the SSG were genetically differentiated from each other. The SSG also
clustered somewhat with respect to ethno-linguistic groups, which are nested within geographic
origins of the accessions (Fig. A-2E).

Model-based population structure and variance partitioning

To further characterize genetic structure and gene flow among groups we used Bayesian
model-based clustering. ADMIXTURE revealed a hierarchical genetic structure and high amount
of gene flow among subpopulations (Supporting Information File S1). Cross validation error was
minimized with K = 7 subpopulations (Fig. A-3). We investigated the spatial genetic co-ancestry
in the SSG with TESS3 based on allele frequency distribution and geographic origin. Seven
optimum spatial genetic clusters (K = 7) were identified (Fig. 2-2A). The TESS3 results matched
the ADMIXTURE groups for different K values. Genetic differentiation among the
subpopulations (including only samples with admixture rate > 0.7) found at K = 7 from TESS3
results was determined using the Fsr analysis (Fig. 2-2B). The durra accessions from the
northern subpopulation (pop1) were more related to the improved varieties (pop4), based on Fir
analysis. Both popl and pop4 were distinct from central and southern subpopulations (pop2, 3,
5-7), which were mostly formed by guinea accessions where guineas in the center were
differentiated from guineas in the south. Fsr of 0.185 and 0.052 were estimated between guinea
and durra accessions in the SSG, and between SSG durra and GDP durra, respectively.

We used RDA to estimate the proportion on SNP variation explained by climate
variation, ethno-linguistic origin, and space. Climate and ethnicity explained up to 6% and 4% of
SNP variance, respectively, including variance collinear with space (P > 0.001) (Fig. 2-2C).
After accounting for space, climate and ethnicity explain up to 2% of the variance, each. Climate
collinear with space, the putative proportion of clinal adaptation, explained 6% of variance.

Genome-wide patterns of nucleotide polymorphism

To identify genomic regions subject to selection, we compared genome-wide nucleotide
polymorphism () between guinea (Soudanian) and durra (Sahelian) accessions within the SSG.
Since guinea sorghums are generally more genetically diverse than durra sorghums, we used
Tlauinea 1N the numerator and Tqurr, in the denominator to identify low-diversity genomic regions in
the durra genome. Nucleotide polymorphism was reduced in durra compared to guinea across

most of the genome, with notably low & on pericentromeric regions of chromosome 2, 5, 7, and
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10 (Fig. 2-3A). For durra, 34 genomic regions (1 Mb windows) were identified as putative
selected regions (top 5% cutoff > 1.96). A notable region of low T4ura On chromosome 1 co-
localized with the Ma3 photoperiodic flowering gene. Modestly lower mgur. Was observed around
Stgl, Stg3a, and Stg3b. Generally, negative values of Tajima's D were observed in durra,
contrasting the positive values observed in guinea (Fig. 2-3B).

To better understand the timing of putative selection events, we investigated ratios of
nucleotide polymorphism across three putative genetic bottlenecks: (i) since the divergence of
durra from its common ancestor with guinea types, (i7) from Ethiopian durra (center of durra
origin) to West African durra (Niger and Mali), (iii) and from West African durra to Senegalese
durra (Fig. 2-3C). We also characterized nucleotide polymorphism between all Sahelian durra
against worldwide guinea (Fig. A-4). The n reduction in the pericentromeric regions of
chromosome 4 occurred mainly in Ethiopian durra. The & reduction on pericentromeric regions
of chromosomes 5 and 10 and subtelomeric region of chromosome 6 were common to all West
African durra sorghums. The & reduction in the pericentromeric region of chromosome 2 was
specific to the SSG durra.

Selective sweeps and colocalization of a priori candidate genes

Next, we used CLR to identify candidate selective sweeps for Sahelian adaptation in
durra in the SSG. CLR identified 47 candidate genomic regions (top 5% cutoff or CLR > 16.9) in
durra (Fig. 2-4A). We investigated if a priori candidate genes (n = 64) implicated in stay-green,
flowering time, or inflorescence morphology co-localized with CLR outliers. Given that the
candidate genes were identified a priori from the literature, a liberal cutoff of 1 Mb was used to
define colocalization between CLR outlier regions and candidate genes. Sixteen out of 47 CLR
outliers co-localized with candidate genes (Supporting Information Data S3). The photoperiodic
flowering genes Ma3, GI, CRY1, and ZFLI and inflorescence architecture candidate genes
HAM3, Sbra2, and vt2 colocalized with CLR outliers. The stay-green loci Stg3a and Stg3b
colocalized with outlier regions on subtelomeric regions of chromosome 2. We used CLR in
guinea to identify candidate selective sweeps for Soudanian adaptation. The CLR identified 28
candidate genomic regions (CLR > 10.3) in guinea (Fig. 2-4B). Eleven out of 28 CLR outliers
colocalized with candidate genes (Supporting Information Data S3). The photoperiodic

flowering genes PhyA, Hdl, SbCN2, and Ma6 colocalized with outlier regions. The stay-green
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locus Stg! colocalized with an outlier region on chromosome 3. The inflorescence morphology
genes IDS1, DFL2, Sbra3, and Dwarf8 colocalized with outlier regions.
Genome-wide association studies of putative adaptive traits

To better characterize variation underlying putative adaptive traits, we mapped genotype-
phenotype associations for photoperiodic flowering and inflorescence morphology. To reduce
confounding effects of population structure, we also applied a regional mapping approach where
durra accessions were excluded. In total, 445 and 178 significantly associated SNPs (Bonferroni
p-value > 0.05) were identified for photoperiod sensitivity for the whole SSG and SSG without
durra, respectively (Fig. 2-5A and Fig. A-5A). Colocalization between associated SNPs and
candidate genes was determined based on LD decay rate to background level (»2 = 0.1) in durra
(800 kb) and guinea (500 kb). Among the associated SNPs, 35 and 26 co-localized with
photoperiodic flowering candidate genes for the whole SSG and SSG excluding durra,
respectively. For panicle compactness, 48 and 124 significantly associated SNPs were found for
the whole SSG and SSG excluding durra, respectively (Fig. 2-5B and Fig. A-5B). Among the
associated SNPs, 13 SNPs co-localized with a priori candidate genes for inflorescence
morphology.

Photoperiod sensitivity-associated SNPs were found near floral regulators Ma3, Ma5,
Ma6, MADS14, GI, HDG, zf11/2, Ehd2, SbCN12, and SbCN15 (Supporting Information Data S4).
Most of these associations were observed whether or not durra were included. The association
near E£hd2 was only observed when durra accessions were excluded, while associations near Ma6
and HD6 were only observed when durra accessions were included. Eighteen of the highly
significant (p-value > 10™'°) associations were not near any a priori candidate genes. For panicle
compactness, significantly associated SNPs co-localized with SP1, CRCK3, TCP24, DFL2, Sb-
ra2,vt2, and rel2. The SNP S1 55302939 (within the SP/ gene) was significant in both GWAS
approaches, while S1 55305415 (1 kb away from SP/) was only significant when using the
whole SSG panel. Two of the highly significant (p-value > 10™'°) associations were not near a
priori candidate genes.

Environment-SNP associations

We performed genome-environment associations to identify SNPs associated with

climate variables (Supporting Information Data S4). Based on the GLM, genome-environment

associations identified 560 SNPs significantly associated (Bonferroni-adjusted p-value > 0.05)

26



with environment variables including precipitation of the driest quarter (Fig. 2-6A), mean
temperature of the warmest quarter (Fig. A-6A), and precipitation of the wettest quarter (Fig. A-
6B). Associations for longitude variable were based on the MLM (Fig. A-6C) because GLM
identified many associated SNPs. MLMM identified 16 significantly associated SNPs, including
one overlapping SNP (S7_59683060) with the GLM, and 15 additional SNPs that were not
identified by GLM or MLM (Table A-1, Fig. 2-6A, and Fig. A-6). Associated SNPs for
precipitation of the driest quarter, such as S2 60708848 and S6 691400, identified by the
MLMM, colocalized with the Stg3a locus and Ma6 gene, respectively. The stay-green candidate
loci (Stgl—4) co-localized with SNPs associated with mean temperature of the driest and
warmest quarters, precipitation of the driest, warmest and wettest quarters, and longitude
(Supporting Information Data S4). The SNP S1 7584419 identified by MLMM as associated
with mean temperature of the warmest quarter colocalized with Ma5 and MADSI4, but at greater
distance (> 800 kb).

To determine the pairwise LD between the two SNPs co-localizing with Stg3a and Ma6
and variation within these loci, we generated the LD heatmap of the 50 kb region surrounding
each SNP (Fig. 2-6B, C). Nearly complete LD (+* > 0.9) was found between S2_60708848 and
other SNPs in the Stg3a locus. The SNP S6 691400 was in LD with two SNPs in Ma6. The
genotypes carrying the minor allele at S2_ 60708848 were distributed in the southern subhumid
environments (Fig. 2-6D). By contrast, genotypes carrying the minor allele at S6_ 691400 were
distributed in the northern and dry environments (Fig. 2-6E). The minor alleles at S3 67831630
(co-localized with Stg1/SbPIN4) and S3 57321183 (co-localized with Stg2/ShPIN2) were mostly
found in durra landraces and few guinea landraces distributed in the dry areas of Senegal (Fig.
A-7A, B).

Discussion

Genomic analysis of crop landraces can help determine the basis of local adaptation
(Lasky et al., 2015; Li et al., 2017; Lin et al., 2014; Swarts et al., 2017). The aims of this study
were to characterize factors shaping the genomic variation of Senegalese sorghum landraces,
map genomic regions shaped by agroclimatic adaptation, and identify genes that could play a

role in local adaptation.
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Factors shaping genomic variation of sorghum landraces

Population structure in the Senegalese landraces followed the north-south precipitation
gradient. These regional-scale patterns are in line with global patterns, where population
structure is associated with precipitation-based agroclimatic zones (Lasky et al., 2015). Within
Senegalese sorghums, guinea and durra clustered distinctly, consistent with global patterns of
genetic differentiation (Morris et al., 2013; Sagnard et al., 2011). The relatively high proportion
of variation explained by climate collinear with space suggests a role of clinal adaptation shaping
variation, similar to recent findings in Nigerian and global sorghum germplasm (Lasky et al.,
2015; Olatoye et al., 2018). However, two guinea groups, from the center and south, clustered
distinctly (Fig. 2-1B and Fig. A-2D), suggesting possibly a specific genomic adaptation to the
Soudano-Sahelian and the Soudanian agro-climatic, respectively.

The average pairwise nucleotide diversity, observed heterozygosity (data not shown), and
the spatial and hierarchical genetic structure observed within guinea group (Fig. 2-2A;
Supporting Information File S1) is consistent with guinea being the most genetically diverse
sorghum type (Deu et al., 1994; Folkertsma et al., 2005; Morris et al., 2013). Although the
number of inferred subpopulations may not always correspond to the number of biological
genetic groups (Francois and Durand, 2010; Meirmans, 2015), the spatial genetic co-ancestry
structure analysis suggests the presence of untapped genetic diversity in the subpopulations in
eastern Senegal (Fig. 2-2A). The high estimated admixture coefficients among putative guinea
subpopulations (Supporting Information File S1) could be due to gene flow among
subpopulations or an effect of limited isolation-by-distance. The limited isolation-by-distance
may occur because the geographic origin of the accessions is not broad (e.g. Senegal is not large)
and there is any major geographic barrier that may create isolated subpopulations. There was
little evidence of admixture between guinea and durra types, consistent with phenotype studies
that rarely identify guinea-durra intermediates (Harlan and De Wet, 1972). Evidence of gene
flow was mostly from guinea to durra (e.g. red subgroup at K = 7, Supporting Information File
S1) and rarely from durra to guinea. The lower abundance of durra in this region may explain the
limited gene flow between guinea and durra sorghums.

Ethnicity of farmers has shaped genetic structure in several staple crops including maize
and pearl millet. Distribution and diffusion of ethnic groups in Senegal including the Wolof,

Serer, Diola, and Fulani (Toucouleur, Peul, Peul Foulbe, and Peul Firdou) could have affected

28



gene flow among landraces. Indeed, the ethno-linguistic origin of the accessions contributed to
the genetic variance of the Senegalese sorghum (Fig. 2-2C). Seed exchange among farmers of
the same ethnic group may have contributed in shaping this genetic structure (Barnaud,
Trigueros, McKey, & Joly, 2008; Orozco-Ramirez et al., 2016; Pressoir & Berthaud,
2004)(Barnaud et al., 2008; Orozco-Ramirez et al., 2016; Pressoir and Berthaud, 2004). Co-
diffusion of sorghum with human migration has been demonstrated at Africa-wide scale
(Westengen et al., 2014) and at a regional scale in Kenya (Labeyrie et al., 2016). Durra sorghum
in Senegal are grown mainly by the Fulani ethnic group, so the clustering of Senegalese durra
with Ethiopian durra (Fig. A-2D) and low Fsr (0.052) suggest that durra sorghums moved with
Fulani people from northeast Africa (Scheinfeldt et al., 2010).
Genetic basis of Sahelian and Soudanian adaptation

Nucleotide polymorphism patterns can provide insight into loci underlying adaptation
(Vitti et al., 2013). The reduction of nucleotide polymorphism observed throughout the durra
genome (Fig. 2-3A) could be resulted from the bottlenecks during its diffusion along the
Sahelian zone. Because Ethiopia is known as the center of origin of durra, we investigated
whether the reduced polymorphism in durra was common to all African durra or specific to the
Senegalese durra. The results suggest selective sweeps across durra genomes as durra
populations diffused along the Sahel (Fig. 2-3C and Fig. A-4). Interestingly, putative selective
sweeps on pericentromeric regions of chromosome 2 were specific to Senegalese durra. By
contrast to durra, there was little reduction of nucleotide polymorphism in the guinea genome
and predominantly positive values of Tajima’s D test (Fig. 2-3A, B), reflecting population
structure or possible balancing selection (Vitti et al., 2013). Simulations with demographic
models could be used for more robust genome scans. Unfortunately, the underlying population
parameters (e.g. effective population size, migration rates) are poorly described in sorghum.

Photoperiodic flowering is a key factor underlying adaptation in tropical crops
(Kloosterman et al., 2013). The co-localization of photoperiodic flowering candidate genes with
putative selective sweeps and phenotypic and environment associations (Fig. 2-4, 5A; Table A-1;
Supporting Information Data S4) are consistent with a role of conserved cereal flowering
pathways in sorghum climate adaptation. The rare allele at the SNP near Ma6/Ghd7 (6 kb away)
was present in durra genotypes distributed in the drier areas of the Sahelian zone characterized

by short growing seasons and low rainfall (< 400 mm per year) (Fig. 2-6E). This rare allele may
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be associated with early maturity and thus suggesting a role in drought escape such that plants
can rapidly cover their maturity cycle and produce seeds before the end of growing season.

Other photoperiod flowering regulators identified in U.S. sorghum, PhyC (Ma5), PhyB
(Ma3), PhyA, and Mal (SbPRR37), co-localized with phenotype-associated SNPs (Supporting
Information Data S4) and putative selective sweeps in the Senegalese sorghum (Childs et al.,
1997; Rooney and Aydin, 1999). Signatures of selection near Ma3 in durra (74ura and CLR; Fig.
2-3A, 4A) are consistent with signatures of positive selection in Ma3 observed in global sorghum
(Wang et al., 2015). The florigens SbCN12 and ShCN15 (ortholog of rice florigen Hd3a) found
near photoperiod-associated SNPs are photoperiod-regulated activators of floral induction in
U.S. sorghum (Murphy et al., 2011). Putative photoperiodic flowering regulators SbCRY1 and
SbGl, co-localizing with selective sweeps in durra and photoperiod-associated SNPs, were
previously associated with photoperiodic flowering in regional West-Central African germplasm
(Bhosale et al., 2012). Several of the above genes were associated with flowering time adaptation
in maize landraces, including PhyB, PhyC, PRR37, and ZFL1/2 (Romero Navarro et al., 2017).

Panicle compactness in sorghum is a function of the number and length of inflorescence
branches and the number of aborted spikelets (Brown et al., 2006). Several candidate genes from
a previous GWAS of inflorescence branch length in global sorghum (Morris et al., 2013) co-
localized with GWAS signals for panicle compactness and/or CLR outliers in the current study
(SP1, CRCK3/THEI, TCP24, and DFL?2). The minor alleles in/near SP/ (S1_55302939,

S1 55305415) observed in durra accessions and some guinea accessions (Fig. A-7C-D) suggests
a rare variant in SP/ could contribute to shorter inflorescence branches in some Senegalese
sorghum.

The colocalization of selective sweeps and genome-environment associations (Supporting
Information Data S4) with stay-green drought tolerance loci (Borrell et al., 2014) suggests a
broader role for stay-green loci in Sahelian adaptation. A selective sweep and associated SNPs
colocalized with the stay-green locus Stg//ShPIN4 in guinea sorghums, suggesting that this
region may confer adaptation of some guinea accessions to the dry areas of Senegal. The rare
allele of SNP S3 57321183, which co-localized with SbPIN2, was found in a few guinea
sorghums (Figure A-7B). One possibility is that severe droughts starting in the 1970s (Gautier et
al., 2016; Mbow et al., 2008) have favored the introgression of stay-green drought tolerance

alleles into some guinea landraces. Genome scans comparing older landrace collections with
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recent collections may shed more light on whether more recent selection (e.g. 1970s-2000s) has
occurred, as demonstrated in Sahelian pearl millet (Vigouroux et al., 2011).
Prospects for genomic dissection and improvement of climate adaptation

Improving adaptation of staple crops to the Sahelian and Soudanian zones is critical for
smallholder farmers and a major challenge for African plant breeders. Despite advances in
genotyping platforms, genomic tools for crop adaptation in sub-Saharan countries remain
lacking. This study generated substantial genomic resources (213,916 SNPs among which
145,235 SNPs have MAF > 0.05) representing high quality-markers useful for the genomic
dissection of adaptive and complex traits. High rates of SNPs with low frequency minor alleles
(about 60 % of the data had MAF < 0.05) were detected. One possible explanation may be
related to the fact that these accessions are mostly landraces grown in their center of origin; thus
high number of rare polymorphisms might be segregating at intermediate frequency in the
germplasm. In the USDA-NPGS Ethiopian sorghum collection, similar patterns of MAF were
found where 60% of detected SNPs had MAF < 0.05 (Cuevas et al., 2017). Overall, the
Senegalese sorghum landraces represent a useful genetic resource, harboring useful variation for
maturity and inflorescence morphology, as well as resistant sources to grain mold and
anthracnose (Cuevas et al., 2018).

The moderate decay of LD observed within the germplasm (Fig. A-2B) is consistent with
the predominance of inbreeding in sorghum (Hamblin et al., 2005). Studies in sorghum have
found a comparable LD pattern, decaying to its background level at ~150 kb (Mace et al., 2013;
Morris et al., 2013). The population structure of the Senegalese sorghum landraces would be
expected to increase spurious association and reduce the power of GWAS (Brachi et al., 2011).
Indeed, the number of associations for photoperiod sensitivity was reduced when applying the
regional mapping approach excluding durra accessions, presumably due to fewer spurious
associations. Future studies with West African multi-parent mapping populations could break-up
confounding LD and improve power to detect climate-adaptive loci (McMullen et al., 2009;
Bouchet et al., 2017).

The stay-green loci may be useful to improve for drought adaptation in the Sahel via
marker-assisted selection. Circadian clock-related genes influence crop yield under abiotic stress
(Bendix et al., 2015) and photoperiodic flowering loci identified may contribute to early maturity

and drought escape in the Sahel. Taken together, our findings suggest a complex oligogenic basis
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of adaptation to Sahelian versus Soudanian climate, underpinned by variation in conserved floral
regulatory pathways and variation in other pathways that are more poorly understood. Whole-
genome resequencing of African crop diversity for GWAS and genome scans could facilitate
identification of causal variants in the molecular pathways that underlie climate adaptation.
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Figure 2-1. SNP variation in the Senegalese sorghums accessions. (A) Geographic
distribution of the Senegalese sorghums accessions along precipitation gradient. The accessions
are colored coded with respect to botanical race. The color background scale indicates the annual
precipitation in millimeters with green color representing the highest precipitation of the
Soudanian zone; pink representing lowest precipitation of the Sahelian zone, and yellow
representing the zone of transition between Sahelian and Soudanian zones. (B) Scatterplot of the

two first principal components explaining the genomic variation within the SSG collection.
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Figure 2-2. Spatial population structure and SNP variance partitioning in the Senegalese
sorghum. (A) Spatial genetic co-ancestry structure of the accessions at K = 7. Each accession is
represented by dot on the map and each color represents a genetic co-ancestry matrix. (B) The
Fsr genetic differentiation among subpopulations at K = 7 ancestral groups from B; the color-
coding matches that in A. (C) Among-population genetic variance at 1000 randomly selected

SNPs with MAF > 0.05 explained independently by climatic, space, and ethnicity variables.
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Figure 2-3. Genome-wide pattern of nucleotide diversity in durra accessions. Decrease in
pairwise nucleotide diversity and Tajima's D test for non-overlapping sliding windows of 1 Mbp
across the genome. (A) Decreased pairwise nucleotide diversity in durra relative to guinea in the
Senegalese sorghum. The horizontal dashed lines indicate the mean value (blue) and the top 5%
(gray) of decreased nucleotide diversity. (B) Tajima's D test between durra (green) and guinea
(red) accessions in Senegalese sorghum. (C) Positive selections between durra from Ethiopia and
all guineas in the global diversity panel (blue), between Ethiopian durra and West African durra

(green), and between West African durra and Senegalese durra (red).
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Figure 2-4. Genome-wide scan for selective sweeps in the Senegalese sorghum. Selective
sweeps in the durra (A) and guinea (B) genomes. Each chromosome was divided into 5,000 grid
points each corresponding to one dot. The y-axis represents the composite likelihood ratio (CLR)
of each grid point. The vertical dashed lines indicate the co-localized candidate genes with
genomic signatures. The horizontal dashed blue line represents the 95" percentile cutoff obtained

from 1000 simulations.
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Figure 2-5. GWAS of photoperiod sensitivity and panicle compactness. Manhattan plots of
association tests using the Mixed-linear model for photoperiod sensitivity (A) and panicle
compactness (B) for the whole Senegalese collection. The negative base 10 logarithm of the
significance p-value (y-axis) of the SNP-phenotype association is plotted against the genomic
position of each SNP on the chromosomes represented on the x-axis. The gray horizontal line
indicates the significance threshold for the Bonferroni corrected p-value > 0.05. Candidate genes

co-localizing with significantly associated SNPs are indicated.
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Figure 2-6. Genome-environment associations for precipitation. (A) SNP associations for
“precipitation of the driest quarter” using the generalized-linear model (GLM). The red dots
represent SNPs identified from the multi-locus mixed-model (MLMM). Linkage disequilibrium
displayed as heat map of coefficient of correlation 7 in a 50 kb region around SNPs

S2 60708848 (B) and S6_691400 (C) that co-localize with Stg3a and Ma6 loci in (A),
respectively. Red asterisks on each heat map represent these SNPs and blue asterisks indicate the
SNPs within Ma6. The color scale indicates the significance of ° values with black color
indicating high »* values. Allelic map distribution at SNPs S2_60708848 (D) and S6_691400 (E)
associated with precipitation of the driest quarter. The shape of the points indicates the botanical
race of the accession and the color indicates the allele at the SNP with H being the heterozygous

alleles.
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Supplemental Materials Chapter 2

This section includes the supplemental figures and tables for the chapter 2
Genomic Signatures of Adaptation to Sahelian and Soudanian Climates in Sorghum Landraces of

Senegal
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Figure A- 1. Map of Senegalese accessions distribution colored-coded with respect to
geographic region of origin (A) and ethno-linguistic groups (B). The color background scale
indicates the annual precipitation in millimeters with green color representing the highest
precipitation of the Soudanian zone, pink representing lowest precipitation of the Sahelian zone,
and yellow representing the zone of transition between Sahelian and Soudanian zones. The
improved varieties (yellow) were assigned to the coordinates of the Centre National de
Recherche Agronomic (CNRA) of Bambey, where they were developed. Casa corresponds to the
region of Casamance, P_Firdou and P_Foulbe correspond to Peul Firdou and Peul Foulbe,

respectively.
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Figure A- 2. Nucleotide polymorphisms variation and relationship between the Senegalese
sorghum landraces and worldwide sorghums. (A) SNP markers (213,916 SNPs, MAF > 1%)
distribution across the 10 sorghum chromosomes of the Senegalese sorghum landraces in the

USDA Germplasm Resources Information Network genebank (SSG). SNP marker density was
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determined based on non-overlapping window size of 1 Mb. (B) Linkage disequilibrium decay
along the genome in the whole SSG, in guinea accessions, and in durra accessions within the
SSG. (C) Distribution of minor allele frequencies for the SNP data sets across the 421
accessions in the SSG (red) and 580 accessions in the global sorghum diversity panel (GDP)
(blue). (D) Neighbor-joining tree based on genetic similarities between accessions of the SSG
(red dots), other West African accessions (magenta dots), Ethiopian accessions (cyan dots), and

the GDP (gray dots). The botanical types are represented by edges of the tree.
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Figure A- 3. Cross validation error of the model-based clustering of ADMIXTURE

program. The optimum number of subpopulations corresponded to K = 7.
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Figure A- 4. Decreased pairwise nucleotide diversity in durra sorghums along the Sahel.
Signatures of positive selection between all guineas in the GDP and Ethiopian durra (blue), West
African durra—Niger and Mali (Green), and Senegalese durra in the SSG (red). The horizontal
dashed lines indicate the mean value (blue) and the top 5% (gray) of the decreased nucleotide

diversity based on non-overlapping sliding windows of 1Mbp.
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Figure A- 5. Manhattan plots for the regional mapping GWAS, where durra sorghums

accessions were excluded, using the Mixed-linear model for photoperiod sensitivity (A) and

panicle compactness (B) for the SSG sorghum landraces. The negative base 10 logarithm of

the significance p-value (y-axis) of the SNP-phenotype association is plotted against the genomic

position of each SNP on the ten chromosomes (x-axis). The gray horizontal line indicates the

significance threshold for the Bonferroni corrected p-value > 0.05. Candidate genes co-localizing

with significantly associated SNPs are indicated.
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Figure A- 6. Genotype-environment associations for adaptation in the Senegalese sorghum
landraces. (A) Manhattan plot showing SNPs associated with mean temperature of the warmest
quarter using the generalized-linear model (GLM). (B) SNPs associated with precipitation of the
wettest quarter using GLM. (C) Manhattan plot showing SNPs associated with longitude using
the mixed-linear model (MLM). The GLM identified many associations for longitude variable,
so the MLM results are showed here. The red dots on each plot represent significantly associated
SNPs identified from the multi-locus mixed-model (MLMM). The x-axis represents the SNP
position on the ten chromosomes of sorghum. The y-axis indicates the significance of the

associations.
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Figure A- 7. Allele distribution along the map of Senegal. (Aj Allelic map distribution at SNP
S3 67831630 significantly associated with precipitation of the driest quarter and co-localizing
with Stg1/SbPIN4 locus. The minor allele at this SNP is found in durra landraces distributed in
the dry areas in the Sahelian zone of Senegal. (B) Allelic map distribution at SNP S3 57321183
associated with precipitation of the wettest quarter and co-localizing with Stg2/ShPIN2 locus.
The minor allele at this SNP is mostly found in durra and a few guinea accessions of in the drier
areas of Senegal. Allelic map distribution at SNPs S1 55302939 (C) and S1 55305415 (D)

associated with panicle compactness and co-localizing with the SP/ candidate gene.
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Table A- 1. SNP associated with environment variables using the multi-locus mixed-linear

model (MLMM). In the SNP column, the digit after “S” indicates the chromosome number and

the other digits after the underscore indicate the SNP position.

SNP P-value MAF Closest gene/locus  Position to gene (kb)
Precipitation of the driest quarter

S1 23271724 7.87E-65 0.287323944

S7 11301809 2.23E-50 0.270422535

S2 60708848 1.25E-26 0.281690141 Stg3a within
S1 3836265 5.85E-20 0.285915493

S6 691400 1.08E-09 0.073239437 Mab6 6

S7 59683060 1.40E-07 0.050704225 Dw3 138
Mean temperature of the warmest quarter

S1 7584419 2.92E-08 0.090140845 MADSI14; Ma5 884; 830
S6 51709806 3.89E-10 0.243661972 abphl 454
S3 71370900 9.54E-09 0.173239437 SbMATE 262
Precipitation of the wettest quarter

S7 61856992 3.34E-09 0.091549296

S3 15688290 2.46E-07 0.333802817

Longitude

S2 52993994 2.05E-101 0.057746479

S2 52937592 5.40E-73 0.057746479

S1 23473920 1.07E-08 0.290140845

S1 3547581 1.11E-07 0.057746479 IDSI 806
S2 70618491 1.56E-07 0.285915493
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Chapter 3 - A Genomic Resource for Genetics, Physiology, and

Breeding of West African Sorghum

A chapter to be submitted to The Plant Genome as:
Jacques M. Faye, Fanna Maina, Eyanawa A. Akata, Bassirou Sine, Niaba Teme, Cyril Diatta,
Aissata Mamadou, Sandeep Marla, Sophie Bouchet, Jean-Francois Rami, Daniel Fonceka,
Ndiaga Cisse, Geoffrey P. Morris. A Genomic Resource for Genetics, Physiology, and Breeding
of West African Sorghum.

Abbreviations
BLUP, best linear unbiased prediction; CVE, cross-validation error; DFLo, days to flowering;
GBS, genotyping-by-sequencing; GDP, global sorghum diversity panel; GLM, general linear
model; GWAS, genome-wide association studies; LD, linkage disequilibrium; MLMM, multi-
locus mixed linear model; PH, plant height; PVE, proportion of phenotypic variance explained;
PW, panicle weight; QTL, quantitative trait loci; SNP, single nucleotide polymorphism; USDA-
GRIN, United States Department of Agriculture, Germplasm Resources Information Network;

WA, West Africa; WASAP, West African sorghum association panel.
Abstract

Local sorghum (Sorghum bicolor) germplasm lines are useful sources of genetic diversity
and adaptive traits for efficient crop improvement. Genetic characterization of a new collection
of West African sorghums would facilitate their use in genome-wide studies and breeding. In this
study, a West African sorghum association panel (WASAP) of 756 accessions was assembled
from breeding programs of Senegal, Mali, Togo, and Niger. Genotyping-by sequencing was used
to generate 159,101 high-quality biallelic SNPs with < 20% missing data and minor allele
frequency > 0.01 across accessions. About 43% of SNPs were mapped in intergenic regions and
13% in genic regions, including missense (72%), nonsense (4%), and silent (24%) point
mutations. High genetic diversity was observed within the WASAP (n = 0.00045), only slightly
less than in a global diversity panel (m = 0.00055). Diversity structured by botanical type and
subpopulation within botanical type across countries. Linkage disequilibrium decayed to
background level (+* < 0.1) by ~50 kb in the WASAP. Eight ancestral populations were
identified, and clustered along with WA accessions in USDA-GRIN and the global diversity
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panel. GWAS revealed eight and three significantly associated quantitative trait loci (QTLs) with
days to flowering and plant height, respectively. Several large effect QTLs for flowering time
were colocalized with known genes Ma6 and ShCNS, and several novel loci, indicating
oligogenic architecture for flowering time with Ma6 being the potential flowering time gene in
the WA sorghum. Altogether, this study provides genetic and genomic resources for efficient
utilization of the WASAP for developing climate resilient varieties.

Introduction

Crop production in many developing countries is limited by biotic and abiotic factors that
reduce food supplies to smallholder farmers in semi-arid areas. With an increasing worldwide
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; Tilman et
al., 2011; Mundia et al., 2019). Genetic studies contribute to the development of adapted
varieties to meet global food security and help provide enough genetic diversity suitable for
efficient crop breeding (Jordan et al., 2011). Diverse landrace germplasm harbors useful alleles
for gene discovery and breeding, given their long history of adaptation to diverse environments
(Meyer & Purugganan, 2013). However, African crop genetic diversity, particularly in West
Africa (WA), are poorly characterized mainly due to 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 diversity and genetic basis of adaptive traits. Recent
advances in next-generation sequencing technologies and GBS have rendered possible the
generation of high-density markers with affordable low cost (Elshire ef al., 2011; Poland et al.,
2012). These tools facilitate characterization of the genetic structure of local germplasm relative
to global diversity. Historical recombination 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 (Huang et al., 2010; Yano et al.,
2016; Cao et al., 2016; Gapare et al., 2017; Zhao et al., 2019).

In sorghum, global reference diversity panels have been assembled (Grenier et al., 2001;
Deu et al., 2006; Casa et al., 2008; Upadhyaya et al., 2009; Billot et al., 2013; Brenton et al.,

2016) and used in genetic studies and breeding. However, an underrepresentation of accessions
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at regional scale arises in these reference panels due to limited population sampling, 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 thousands of years; however, they might
be lost over time at different levels—farmers practices, modern varieties breeding and diffusion,
and ex situ collections (Hammer & Teklu, 2008; Fu, 2017). The major West and Central African
cereal crops such as sorghum and pearl millet are poorly assembled into regional reference
diversity panels suitable for genetic studies and breeding (Sattler ef al., 2018).

Genetic diversity of cultivated sorghum is high in West African (Doggett, 1988; Deu et
al., 1994; Folkertsma et al., 2005). Despite the high genetic diversity in the West African
germplasm, its accessibility to the regional and global scientific community is limited,
particularly germplasm that was more recently collected or developed. Five botanical types in
sorghum—-bicolor, durra, guinea, caudatum and kafir and ten intermediate types—have been
defined based on spikelet and grain morphology (Harlan & De Wet, 1972) and are associated
with climate and geographic origin (Brown et al., 2011). All botanical types are represented in
West African landraces except for the kafir type. The guinea type is the most common and
diverse in WA, possibly due to a second center of domestication (Folkertsma et al., 2005). The
durra type was first domesticated in Ethiopia before diffusing to arid regions of West Africa. The
caudatum and durra-caudatum intermediate types are well represented in the west-central region,
and used for grain yield improvement in breeding programs throughout West Africa (ISRA,
2005). However, little is known about the population structure of the germplasm across the
countries, whether the germplasm of one country is distinct from other countries. Since country
boundaries in West Africa 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 WASAP from the four West African countries (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 loci using GWAS on phenotype data collected under rainfed conditions. The
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study provides genomic resources and a better understanding of the population structure of the

WA germplasm useful for genomics-assisted breeding.
Materials and Methods

Plant materials

The WASAP was composed of 756 accessions assembled by breeders, physiologists, and
geneticists in national agricultural research organizations (NARO) from four West African
countries (Senegal, Mali, Togo, Niger) (Table 3-1; Supplemental Data S1). The panel includes
working collections of the NARO sorghum improvement programs, predominantly landraces,
but also locally-improved varieties and breeding lines, and well represents all four basic
botanical types (bicolor, caudatum, durra, and guinea), except the kafir type (n = 1), based on a
priori classification. Many accessions were not classified morphologically into botanical classes
(n = 230). Genetic diversity and structure of the WASAP were compared with the global
diversity panel (GDP) that consists of 692 worldwide sorghum accessions (excluding accessions
from Americas) with available sequencing data, including West African accessions in the GDP
(hereafter named WAS-GDP) (Morris et al., 2013; Lasky et al., 2015). WASAP accessions were
also compared to previously genotyped West African accessions from USDA-GRIN (hereafter
named WAS-GRIN), originating from Niger, Senegal (including a few accessions from
neighboring Gambia and Mauritania), and Nigeria (Maina et al., 2018; Olatoye et al., 2018; Faye
etal.,2019).

Genotyping-by-sequencing and SNP discovery

The WASAP was grown in the field at the Bambey research station in Senegal and leave
tissue from five seedlings of each accession were pooled to extract genomic DNA using the
MATAB (Mixed Alkyl trimethylammonium bromide) protocol. Genotyping-by-sequencing
(GBS) was conducted following the method previously described (Elshire et al., 2011). Briefly,
GBS libraries were constructed in 96-plex and the restriction enzyme, 4peKI (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. Restriction cutting sites were ligated using
barcoded adapters and ligated products were pooled together for sequencing. Single-end
sequencing was performed on Illumina HiSeq2500 at the University of Kansas Medical Center

(Kansas, USA).
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[llumina 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 (Paterson et al., 2009; McCormick et al., 2018) using the
Burrows-Wheeler Alignment (BWA) program (Li & Durbin, 2009). Single nucleotide
polymorphism (SNP) 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. SNPs with more than 20%
missing data were excluded (n = 393,396 remaining SNPs). SNPs with minor allele frequency
(MAF) < 0.01 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 < 0.01 to yield a final data set of 159,101 SNPs that was used for downstream analysis.

Linkage disequilibrium analysis

Linkage disequilibrium (LD) was determined for the entire WASAP and for each
country's germplasm separately. LD was estimated based on the pairwise correlation coefficient
(r") among SNPs with MAF > 0.05 (to reduce computational burden) in a window of 500 kb
using the PopLDdecay package (Zhang et al., 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 7’
decreased to half from its original value.

Genome-wide SNP variation and genetic structure analysis

The imputed dataset was functionally annotated to determine 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 program
(Danecek et al., 2011). Fst genetic differentiation in the WASAP was determined according to
botanical type and country of origin using the pairwise Fst method based on Weir and
Cockerham weighted Fsr estimate in the VCFtools.

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
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al., 2012). The accessions of WAS-GRIN and GDP were included in the analysis to robustly
determine principal axes of genome-wide SNP variation and clustering of the WASAP along
other germplasms. The combined dataset consisted of a subset of 103,871 (100K) high-quality
SNP markers with a high level of polymorphism (MAF > 0.1). The GDP accessions were used as
a training set to calculate principal components and predict the genetic structure among the
WASAP and WAS-GRIN accessions.

The number of ancestral populations and ancestry fractions in the WASAP were
determined using ADMIXTURE (Alexander et al., 2009). The original SNP dataset was LD-
pruned to generate 60,749 SNPs using the 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 five-
fold cross-validation and 2,000 iterations were performed to identify the optimal K. We defined
the optimal K as the minimum K where cross-validation error no longer decreased substantially.
Accessions were assigned to subpopulations 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
generated based on the 100K SNPs using TASSEL 5 (Bradbury et al., 2007) and the results were
plotted using ape R package (Paradis et al., 2004).

Field phenotyping

Field phenotyping of a subset of 572 WASAP accessions (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 post-
flowering drought-stressed—planted 30 days later (Hiv2), were performed. Each experiment had
one replication. A randomized incomplete block design (augmented block design) was
performed with 30 blocks of 24 entries each, following a column-row field layout for spatial data
analysis. Each block contained 19 genotypes and 5 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 on both

sides. There was 60 cm space between rows and 20 cm space between plants or hills within a
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row. Ten days after planting, genotypes were pruned 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.

Statistical analysis of phenotypic data

Phenotypic variation was analyzed using the R program (R Core Team, 2016). The

genotype adjusted mean value was determined after correcting for significant spatial variation
effect using the check varieties. The variance components were estimated by fitting the mixed
linear model with random effects for all genotypes (G), environment (E), and G x E interaction
effects using the me4 package (Bates et 2010). Broad sense heritability (H?) was estimated for
each trait from the estimated genetic and residual variances derived from the mixed effect model,
as follows:
o¢

2
o + ol + 02/

where o is the genotypic variance, 64, is the genotype by environment interaction variance,
o2 is the residual error variance, and r the number of environments. The early and late planting
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 were calculated by combining data from environments. Tukey's
Honestly Significant Difference (TukeyHSD) in the Agricolae package (Mendiburu, 2009) was
used to test the difference of genotype performance between environments.

Genome-wide association studies

Genome-wide association studies (GWAS) 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 mimm 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
but shows most significant associations. 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 generally inflated. Our goal was to test the hypothesis

that some of the top associations would colocalize with known candidate genes.
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A total of 130,709 SNPs with MAF > 0.02 were used for the GWAS analysis, as
moderately rare variants can contribute to phenotypic variation (Peloso et al., 2016; Hernandez et
al., 2019). The first three principal components generated from TASSEL 5 (Bradbury et al.,
2007) and kinship matrix from GAPIT were used to account for polygenic background effects in
the MLMM analysis. GWAS were performed for BLUP values of DFLo and PH across two
environments. LD heatmaps of genomic regions surrounding GWAS QTL were constructed
using the package LD heatmap 0.99-4 package (Shin et al., 2006). All figures were produced
with the R program (R Core Team, 2016). The effect size and proportion of phenotypic variance
explained by associated QTLs 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 carried out using an a priori candidate
genes/locti list, including known sorghum genes and orthologs of rice and maize 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 determine colocalization between association signals and
candidate genes. The Sorghum QTL Atlas (Mace et al., 2019) was used to compare QTLs

identified in the current study to QTLs from previous studies.
Results

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

The GBS library sequencing yielded a total of ~258 million single-end sequencing
barcoded reads. After trimming all reads down to 64 bp, ~4.5 million unique tags were obtained.
A final data set of 159,101 high-quality SNPs was maintained after removing SNPs with >20%
missing data, MAF < 0.01, and keeping only biallelic SNPs. The SNPs were distributed across
the genome with a higher number of SNPs in pericentromeric regions relative to centromeric
regions (Fig. 3-1A). We determined if the 159,101 GBS-SNPs have potential impacts on protein-
coding sequences based on the sorghum reference sequence v.3.1. About 13% of the SNPs were
found in genic regions, including 7,689 missense (72%), 411 (4%) nonsense, and 2,603 (24%)
silent point mutations (Fig. B-1). About 43%, 22%, and 22% variants 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. The average
pairwise nucleotide diversity (m) was less in the WASAP (0.00045) than in the GDP (0.00055).
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Little variation in © was observed among the four countries of origin (Niger: 0.00046, Mali:
0.00049, Senegal: 0.00050, Togo: 0.00047). The WASAP had a higher proportion of rare alleles
(e.g., 0.01-0.05) than the GDP (Fig. 3-1B). Within the WASAP, the Senegal accessions had the
lowest rare allele proportion and the highest intermediate allele proportion followed by Togo and
Mali accessions. Linkage disequilibrium (LD) decayed to background level (+* < 0.1) by ~50 kb
in the WASAP versus ~15 kb in the GDP (Fig. 3-1C). As expected, LD decay within countries of
origin in the WASAP was higher than that in the whole WASAP. LD decayed to background by
~60 kb, ~90 kb, ~90 kb, and ~160 kb in Niger, Senegal, Mali, and Togo accessions, respectively.
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 Fsr genetic differentiation would be observed among botanical
types than among countries of origin in the WASAP. High Fsr genetic differentiation of 0.16
was observed among the six classes composing the majority of the panel, including guinea,
caudatum, durra, bicolor, guinea-margaritiferum (Gm) types, and the intermediate form durra-
caudatum (DC) (Supplemental Table S1). Surprisingly, high Fsr value was observed between
DC and caudatum (Fst= 0.22) or DC and durra (Fsr= 0.20). The Fsr value among the four
countries of origin was moderate (Fsy= 0.09) (Table B-1).

We characterized the genomic variation of the WASAP along with the WAS-GRIN and
GDP. The first two PCs explained a high proportion of genome-wide SNP variation (a combined
17%) and differentiated the caudatum, durra, guinea, and kafir accessions (Fig. 3-2A). We
predicted that the majority of the WASAP accessions will be clustered with guinea, caudatum,
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%) (Fig. 3-
2B). The durra-caudatum intermediate types in the WASAP and WAS-GRIN clustered between
durra, caudatum, and guinea clusters in the GDP.
Ancestral fractions and population structure

To determine the ancestral populations and ancestry fractions for each accession, we used
the Bayesian model-based method ADMIXTURE. Based on five-fold cross-validation error
(CVE), the optimum number of ancestral populations was eight (Fig. 3-3A). The accessions

classified morphologically as guinea (orange lower rug-plot) corresponded to three genetic
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groups (G-1II, G-IV, G-VII) (Fig. 3-3B). The accessions classified morphological as durra-
caudatum intermediates (mostly from Niger; green lower rug-plot) corresponded to two genetic
groups (G-V, G-VIII). Accessions classified morphologically as caudatum (blue lower rug-plot)
corresponded to G-I. Using 0.7 ancestry fraction as a threshold, 71% of accessions could be
assigned to a subpopulation, while 29% would be considered admixed. The greatest putative
contribution to genetic admixture was from G-V (purple bars), with ancestry fraction present in
all other subpopulations. Fst among ancestral populations averaged 0.39, with a range of 0.25—
0.61(Table B-2).

Next, we considered the extent to which germplasm of each country is distinct from the
germplasm of other countries (Fig. 3-3C). Each of the countries' 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-I, G-VII) were clearly defined. The G-IV was
specific to Senegal and Mali, while G-VI was specific to Niger and Mali. G-VII and G-VIII
groups were specific to Togo and Niger, respectively. Neighbor-joining (NJ) analysis
recapitulated the country-level ancestry structure (see color-coded tips) (Fig. 3-4 and Fig. B-2).
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 sorghums
clustered with their corresponding types in the GDP. The guinea and durra-caudatum accessions
of West Africa clustered generally distinctly from the majority of GDP accessions.

Phenotypic variation in the WASAP

A total of 572 accessions of the WASAP and five check lines were evaluated for
agronomic traits under rainfed conditions. We hypothesized that the phenotypic variation in the
WASAP is due to by genetic effect, appropriate for dissecting agronomic traits using GWAS.
Large phenotypic variation was observed for both DFLo (21%) and PH (35%). Significant
genotypic (G) variation and genotype by environment (G x E) interaction effects were observed
(Table 3-2). High broad-sense heritability (H°) was observed across the two environments, with
values ranging from 0.74 for PH to 0.88 for DFLo (Table 3-2). DFLo were significantly higher
in Hivl (TukeyHSD p < 0.0001) (Fig. B-3). DFLo was significantly correlated between Hiv1
and Hiv2 (1" = 0.75, p < 0.0001) (Fig. B-4A). The relationship holds within a country, for

instance for accessions from Togo (1 = 0.77, p < 0.0001) and Senegal accessions (1* = 0.78, p <
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0.0001) (Fig. B-4B). Phenotypic correlations, assessed based on Pearson's correlation coefficient
to determine the relationship between adaptive traits (DFLo and PH) showed significant
correlations among traits in each environment (Fig. B-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 naive model identified
many significant associations at Bonferroni correction 0.05 (Fig. 3-5A). A 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 QTL was identified between S9 54917833 and
S9 54968379 at 43 kb and 4 kb from SACNS candidate gene, respectively (Table B-3). The
GLM showed an inflation of many significantly associated SNPs. The MLMM model identified
eight QTL at Bonferroni threshold (3.8 x 1077 (Fig. 5B). Some of these QTLs colocalized with
known candidate genes, Ma6 at 45 kb (S6_651847) and SbCNS§ at 381 kb (S9_55345348) (Table
3-3). 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. 3-5C and D). LD between the QTL, S6_ 651847 and
SNPs near/within Ma6 locus was moderate (Fig. 3-5E). After controlling for the population
structure, the association of S6_ 651847 had an estimated effect size of 29 days and PVE of 25%
(Table 3-3; Fig. 3-5F).

For PH, the GLM naive model identified several associations (Fig. 3-6A). The top
association, S7 56232413 overlapped with the height QTL ¢H77.1 (Li et al., 2015; Bouchet et
al., 2017). A second QTL was identified between SNPs S7 59955806 (top association in the
region) and S7 59402662 located at 125 kb and 419 kb from the Dw3 a priori candidate gene,
respectively (Table B-4). The MLMM identified three QTLs at the Bonferroni threshold (Fig. 3-
6B; Table B-5). A putative SNP QTL, S7 59400476 was identified 421 kb away from Dw3,
though below the Bonferroni threshold. After accounting for confounding population structure,
the MLMM QTLs still had significant estimated effect sizes and contributed to high PVE for PH
(Table B-5) after controlling for the population structure confounding effect. LD 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 (Fig. 3-6E). Alleles at

both SNP QTLs were associated with height differences of accessions across planting dates (Fig.
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3-6F, G). 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" (Table B-5).

Discussion

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.

A high-quality genomic resource

The strict data filtering criteria used before and after genotype imputation provided a
final dataset with reduced number of SNPs (n = 159,101) many of which have impacts on
protein-coding sequences (Fig. B-1). The quality control of the SNP dataset matched our
expectations as the Fsr, PCA, and neighbor-joining analyses (Fig. 3-2, 4 and Fig. B-2) confirmed
the expected structure of sorghum by botanical type and geographic region (Morris et al., 2013;
Lasky et al., 2015; Bouchet et al., 2017; Wang et al., 2019). The validity of the SNP dataset was
further confirmed based on GWAS with the identification of QTLs (Fig. 3-5, 6) that colocalized
with known candidate loci, Ma6 and SOCNS (Yang et al., 2014; Murphy et al., 2014) for days to
flowering and gHT7.1 and Dw3 (Multani et al., 2003; Li et al., 2011, 2015) for plant height.
Although regional diversity panels would limit confounding effects due to population structure in
GWAS, the strong population structure observed in the WASAP appeared to increase false
positive associations in the GLM. However, using the stepwise regression in MLMM though
helped to control the inflation of p-values observed in the GLM (Fig. 3-5, 6).

Resolution of GWAS depends on linkage disequilibrium (LD) decay across the genome
(Slatkin, 2008; Korte & Farlow, 2013). LD decay range was generally short in the WASAP and
in the GDP (Fig. 3-1C) compared to the long LD range of the GDP reported in previous studies.
In sorghum, studies have reported variation in LD decays from short (10—15 kb) to moderate
(50-100 kb) (Hamblin et al., 2005; Bouchet et al., 2012) to about 150 kb in some studies with
higher density of markers and larger population size (Morris et al., 2013; Mace et al., 2013b).
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). Within
the WASAP, the longer LD range in Togo accessions and shorter LD in Niger accessions (Fig. 3-
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1C) are consistent with the limited number of genetic subpopulations observed in Togo
compared to the strong genetic structure in Niger (Fig. 3-3C).
Insights into hierarchical population structure in the West African sorghum

Sorghum genetic studies have identified population structure by botanical type and
geographic region at regional scale (Deu et al., 2006; Bouchet et al., 2012; 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 (Fig. 3 and 4). This finding is congruent with the Fsr analysis (Table B-1)
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 (Fig. 3-4). One group was formed by Senegal and Mali accessions, a second group
formed by Togo accessions (which clustered with Nigeria accessions), and a third group that was
more related to durra and durra-caudatum types, formed predominantly by Senegal accessions.
This third group (G-1V) clustered with guinea margaritiferum accessions from Niger and was
more related to bicolor and wild sorghums in the GDP. Four groups of guinea were found in
(Deu et al., 2006), which included guinea from South Africa. Results did not show genetic
differences between WASAP and WAS-GRIN populations from the same geographic origin. In
contrast, genetic differences were observed between West African accessions and GDP where
few subpopulations were formed almost entirely by West African sorghum accessions (e.g., G-
VI and G-VII, Fig. 3-4).

The high genetic diversity observed within each of the four countries of the WASAP
(Fig. 3-3C) is relevant for breeding programs in the region. Within the WASAP, all eight
ancestral populations were found in the germplasm of each country, except in the Togo
germplasm, which appeared to be less diverse. Altogether, the genetic diversity of WA sorghum
germplasm is hierarchically structured by botanical type and subpopulation within botanical
type, with many subpopulations distributed across countries.
Suitability of genomic resources for GWAS

To establish the utility of our genome-wide SNP dataset for GWAS, we carried out
GWAS for flowering time and plant height and demonstrated colocalization of QTL with known
genes from previous studies. While flowering time genes and natural variants have been

characterized in the US sorghum (Murphy et al., 2014; Casto et al., 2019), the genetic basis of
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the substantial 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 flowering time. This QTL was mapped
in both GLM and MLMM (Fig. 3-5C, D), indicating that Ma6 might be a major flowering time
gene in the WA sorghum germplasm. Only two SNPs, which were in low LD with the QTL
S6 651847 (Fig. 3-5E), were found within Ma6 locus. Several of the other identified QTLs
overlapped with flowering time QTLs found in other studies based on the sorghum QTL Atlas
(Mace et al., 2019) (Table B-6). Our findings suggest a substantial oligogenic component
conditioning flowering time in WA sorghums, indicating that photoperiodic flowering can be
selected using markers from large effect QTLs. The two MLMM height QTLs (S5 30001948,
and S9 38942669) accounted for 13.3% and 20.9%, respectively of height variation (Table B-5)
but were not colocalized (within 500 kb) with known height genes. The identified QTLs with a
major effect from this study would be cross validated using multi-parent mapping population and
multi-year phenotypic data.
Implications for sorghum improvement

This study demonstrates that breeding populations in each of the four countries in West
Africa harbor sufficient genetic diversity. The hierarchical population structure observed in the
WASAP at country level suggests the existence of multiple ancestral populations within the
country but similar across West Africa. The increased kinship within each subpopulation enables
the implementation of genomic selection within individual subpopulation and/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). The SNP dataset could be used in genomic selection, genetic diversity, haplotype
analyses, and GWAS analyses by the genetics community for global sorghum breeding. West
African sorghum germplasm has been useful for global sorghum breeding, including durra and
caudatum accessions that were sources of yellow endosperm and drought tolerance for US
breeding programs (Rosenow & Dahlberg, 2000). Whole genome-resequencing would
complement the GBS-SNP dataset to more easily identify causal variants for adaptive traits in
the West African germplasm (Bellis et al., 2020). The development of diagnostic markers for use
in breeding will allow developing more rapidly locally adapted sorghum varieties through

marker-assisted selection.
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Figure 3-1. Genome-wide SNP variation in the WASAP and GDP. (A) Distribution of the
SNP data across the 10 sorghum chromosomes in the WASAP. Minor allele frequency
distribution (B) and Linkage disequilibrium decay along the genome (C) of the SNP data in the
whole WASAP, within country in WASAP-Mali (MaWASAP), Niger (NiWASAP), Senegal
(SnWASAP) and Togo (TgWASAP), and in the global sorghum diversity panel (GDP).
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Figure 3-2. Principal component analysis of genome-wide SNP variation. Scatterplots of the
first and second axes (A) and the third and fourth axes (B) of genome-wide SNP variation in the
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; StWASAP, 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.
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Figure 3-3. Genetic ancestry analysis of the WASAP. (A) Five-fold cross-validation error
from the ADMIXTURE model using 60,749 SNPs 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. Each vertical bar plot on the x-axis represents ancestry fraction
from the eight ancestral populations (G-I to G-VIII) indicated with a different arbitrary color for
each accession. 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 available in Supplemental Data S1.
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Figure 3-4. Neighbor-joining analysis of the 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 yellow, dark gray, and light
gray represent admixed WASAP accessions (< 0.6 ancestry fraction), 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).
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Figure 3-5. GWAS for days to flowering (DFLo) under rainfed conditions. Manhattan plots
of DFLo based on (A) the GLM and (B) the MLMM. The horizontal red dashed line represents
the Bonferroni significance threshold at 0.05. The rug plots indicate the position of colocalizing
candidate genes, Ma6 and ShCNS§ with QTLs. Regional Manhattan plot of a 150 kb region on
chromosome 6 around the QTL S6_651847 that colocalized with Ma6 from (C) GLM and (D)
MLMM. The green and blue peaks are SNP QTLs at 160 bp from and within Ma6, respectively.
The dark blue segment indicates the genomic position of Ma6. (E) LD 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.

86



>

qHT7.1
9 R Dyv3
«
~ ©
3 . g . ° . .
S w© H i . I
o .
O .
T ¥ .3
38
N H “
o -
1 2 3 4 5 6 7 8 9 10
Chromosome
B GWAS MLMM BLUP PH
o
.- L J
L
[+ 0]
~ L
Q
= © .
o‘_-) . . : ° Dw3
TO << .0 - < -~ Q.. @ ‘.v ° ‘e
N —4
o -
1 2 3 4 5 6 7 8 9 10
Chromosome
GLM MLMM
C 01 S7 59955806 D s;
S7_59400476 - ; S7_59400476
81 o .ol 4l & S7_59955806
- . ~ ¢
~ 6 - . ® Q - s .
% * ’ ' . \é 2 ,.'o g * . ‘. 3
6) 4 | : ' 8’ LI . .
9 2‘ .l.' ‘ ... -. T .l - ...~. "' ...
: ’.. 2 ". .{ ﬁ‘ " -, 0- Jl’ .“ . .0‘01:0‘ «%e. ! !*‘
0/ o 88 %% o sem’en ¢ o) e Dw3
Dw3
59.4 59.6 59.8 60 59.4 59.6 59.8 60
Genome position (Mb) Genome position (Mb)
E F S7_59400476 G S7_ 59955806
\E_ . N. o o
) ‘ a 8
5 B —
’ 23 — s 2 —_—
/ = =
ks S | © —_—
Qo a o
n n X —
W'/ | SRR | —
%> oo oy
R? Color Ke o o
wn wn T T T
g o:z 0:4 0:5 ols ! AA AC cC AA AG GG

GWAS GLM BLUP PH

Allelic classes Allelic classes

87



Figure 3-6. GWAS for plant height (PH) under rainfed conditions. Manhattan plots of PH
based on (A) the GLM and (B) the MLMM. The horizontal dashed line represents the Bonferroni
significance threshold at 0.05. Rug plots on chromosome 7 indicate the position of the candidate
gene, Dw3 and gPH?7.1. Regional Manhattan plot of a 600 kb region on chromosome 7
surrounding the QTL between S7 59400476 and S7_ 59955806 that colocalizes with Dw3 from
(C) GLM and (D) MLMM. The red and green peaks are top SNPs in MLMM and GLM,
respectively. The dark blue segment indicates the genomic position of Dw3. (E) LD 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 SNP QTLs (F) S7 59400476 and (G)

S7 59955806.
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Table 3-1. Number of accessions in each sorghum collection/panel used in this study.

Collection/panel
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 West Africa - - 18
Total from WA 756 1543 98
Central Africa 44
North Africa 10
South Africa 146
East Africa 223
Middle East 37
East Asia 26
South Asia 99
Other 9
Total 756 1543 692

WASAP, West African sorghum association panel; WAS-GRIN, West African sorghum in
USDA-GRIN; WA, West Africa; GDP, global sorghum diversity panel.
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Table 3-2. Descriptive statistics and phenotypic variation across early (Hivl) and late

(Hiv2) planting date experiments under rainfed conditions.

Trait Range Mean+=SD CV (%) G (%) E (%) GxE (%) 0

skkok skkok

DFLo 40-128 78+ 15 21 79 ™ 9 0.88

skkok * skkok

PH (cm) 65-410 214+75 35 57 3 20 0.74

DFLo, days to flowering; PH, plant height; SD, Standard deviation; CV, coefficient of variation;
G, genotype and E, environment variances; H°, broad-sense heritability; Significance levels of

variance components for superscripts, ***p < 0.001 and *p < 0.05; ns, not significant.
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Table 3-3. Quantitative-trait loci associated with days to flowering BLUPs across early and

late planting date experiments using the MLMM.

QTL SNP* MLMM MAF  Effect PVE" MLM  Distance to Locus

p-value size (%) p-value locus (kb) name
S4 57407080 <10 0.02 10 7 0.002
S5 18513685 <10 0.10 12 9 0.0008
S8 2206437 <10 0.04 28 11 0.0001
SO 55345348 <107 0.04 15 9 0.0005 381 ShCNS
S6 651847 <10 025 29 25 <10 45 Ma6
S5 42404204 <107 012 6 16 0.0001
S10 51083132 <107 028 7 5 0.03
S2 11509143 <107 0.04 5 0.3 0.6

* Digits before and after underscore indicate chromosome number and SNP position on the
genome, respectively; > ADMIXTURE ancestry fractions at K = 8 were used as fixed effect
covariates; BLUP, best linear unbiased prediction; MLMM, multi-locus mixed-linear model;
QTL, quantitative-trait loci; MAF, minor allele frequency; GLM, general linear model; PVE,

proportion of variance explained; MLM, mixed-linear model.
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Supplemental Materials Chapter 3

This section includes the supplemental figures and tables for the chapter 3

A Genomic Resource for Genetics, Physiology, and Breeding of West African Sorghum.
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Figure B- 1. Genome-wide single nucleotide polymorphisms in the WASAP. SNP annotation

effect of 159,101 SNPs with MAF > 0.01.
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Figure B- 2. Unrooted Neighbor-joining tree of WASAP ancestral populations in
relationship with other West African sorghums in GRIN (WAS-GRIN) and the global
sorghum diversity panel (GDP). The tree edges and tips are color-coded based on the
ADMIXTURE ancestral populations and the accessions origin, respectively. Tree edges in
yellow, darkgray, and gray represent admixed (< 0.6 ancestry fraction) accessions in the
WASAP, WAS-GRIN (SnGRIN, Senegal, Gambia and Mauritania; NiGRIN, Niger; NGrGRIN,
Nigeria), and global sorghum diversity panel (GDP), respectively.
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Figure B- 3. Average performance values for days to flowering (DFLo) of check varieties
within each experiment under rainfed conditions. Different letters (e.g., a and b) indicate a
significant difference between early (Hiv1) and late (Hiv2) planting date experiments based on

the Tukey's Honest Significant Difference test. DAS means the number of days after sowing.
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Figure B- 5. Phenotypic correlations for DFLo, days to flowering and PH, plant height
within (A) early (Hivl) and (B) late (Hiv2) planting date experiments.
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Table B- 1. Pairwise weighted Fsr genetic differentiation among botanical types and

countries of origin.

(A) Fsr among botanical types

Botanical type Fsr
Bicolor Durra 0.02
Bicolor Caudatum  0.05
Bicolor Guinea 0.11
Bicolor Gm 0.07
Bicolor DC 0.18
Durra Caudatum  0.11
Durra Guinea 0.14
Durra Gm 0.11
Durra DC 0.20
Caudatum  Guinea 0.15
Caudatum  Gm 0.14
Caudatum DC 0.22
Guinea Gm 0.04
Guinea DC 0.18
Gm DC 0.17
Average 0.16
(B) Fst among countries of origin
Country of origin Fsr
Mali Niger 0.06
Mali Senegal 0.01
Mali Togo 0.12
Niger Senegal 0.08
Niger Togo 0.14
Senegal Togo 0.12
Average 0.09

DC, durra-caudatum types; Gm, guinea margaritiferum.
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Table B- 2. Pairwise weighted Fst among ADMIXTURE ancestral populations.

Populations G-I G-11 G-I11 G-1V G-V G-VI G-VII Total Fst
G-11 0.36

G-I11 0.35 0.43

G-IV 0.49 0.50 0.54

G-V 0.31 0.25 0.43 0.61

G-VI 0.34 0.44 0.32 0.54 0.43

G-VII 0.43 0.34 0.51 0.57 0.34 0.51

G-VIII 0.39 0.36 0.44 0.54 0.26 0.42 0.41 0.39

Accessions with >0.6 ancestry fractions for the given genetic group were included in Fgr

analysis.
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Table B- 3. Quantitative trait loci near Ma6 and SbCN8 candidate genes associated with
days to flowering BLUPs using the GLM.

QTL? P-value MAF Position (kb) Locus name

S6 651847 <10 025 45 Ma6
S6 697299 <10 0.24 160bp  Ma6
S6 699842 <10 0.22 within ~ Ma6
S6 699843 <10 023 within Ma6
S9 54917833 <10 0.5 43 ShCNS
S9 54968379 <10 0.26 4 ShCNS

* Digit before and after underscore indicates chromosome number and SNP position on the
genome, respectively; BLUP, best linear unbiased prediction; GLM, general linear model; QTL,

quantitative trait locus; MAF, minor allele frequency.
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Table B- 4. Quantitative trait loci near gHT?7.1 and Dw3 candidate genes associated with
plant height BLUPs using the GLM.

QTL? P-value MAF Position to locus (kb) Locus name
S7 56232413 <10 0.19 230 qHT7.1
S7 56432423 <107 0.20 30 qHT7.1
S7 59955806 <107 0.14 125 Dw3
S7 59402662 <107  0.15 419 Dw3

* Digit before and after underscore indicates chromosome number and SNP position on the
genome, respectively; GLM, general linear model; QTL, quantitative trait locus; MAF, minor

allele frequency.
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Table B- 5. Quantitative-trait loci associated with plant height BLUP across early and late
planting date experiments using the MLMM.

QTL? MLMM MAF Effectsize PVE" MLM Position to Locus
p-value (%) p-value locus (kb) name

S5 61867719 <10 0.09 44 247  <10°

S5 30001948  <10° 0.04 41 13.3 0.003

SO 38942669  <10° 024 62 209 <10”

S7 59400476  <10° 015 73 409 <10 421 Dw3

* Digit before and after underscore indicates chromosome number and SNP position on the
genome, respectively; © ADMIXTURE ancestry fractions at K = 8 were used as fixed effect
covariates; BLUP, best linear unbiased prediction; MLMM, multi-locus mixed-linear model;
QTL, quantitative-trait loci; MAF, minor allele frequency; PVE, proportion of variance

explained; MLM, mixed-linear model.
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Table B- 6. List of GWAS QTLs using MLMM, excluding those at Ma6, SbCN8, and Dw3

overlapping with published QTLs from other studies based on the sorghum QTL Atlas.

GWAS QTL*

QTL ID

LG:start—end Original Reference

Days to flowering QTLs

S4 57407080 QODTFL4.21
S8 2206437 ODTFLS.5
ODTFLS.8
S9 55345348 QODTFLY.16
ODTFLY9.15
ODTFL9.33
S10 9523248 QDTFLI10.10
S10 51083132 QDTFLI10.26
Plant height QTLs
S5 61867719 QHGHTS.11

4:56.1-61.6
8:1.9-2.7
8:2.3-2.7
9:50.4-57.9
9:50.4-57.9
9:56.1-59.1
10:7.6-9.7
10:42.1-51.9

5:62.3-62.9

(Felderhoff et al., 2012)
(Wang et al., 2014)
(Mace et al., 2013a)
(Lin et al., 1995)
(Feltus et al., 2006)
(Zhang et al., 2015)
(Wang et al., 2014)
(Sangma, 2013)

(Bouchet et al., 2017)

* Digit before and after underscore indicates chromosome number and SNP position on the

genome, respectively; QTL, quantitative trait locus; MLMM, multi-locus mixed-linear model;

LG, linkage group; SNP, single nucleotide polymorphism.
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Chapter 4 - Genome-Wide Association Studies of Drought Tolerance

in West African Sorghum

Abstract

Sorghum (Sorghum bicolor), a staple food crop in Africa, is affected by early and end
season droughts in semi-arid regions. Dissecting the genetic architecture of yield stability under
various drought scenarios can facilitate breeding to develop climate resilience varieties. Genome-
wide association studies (GWAS) in locally adapted varieties can identify positive pleiotropic
loci for yield stability across drought scenarios. This study aimed to identify environment-
specific and positive pleiotropic drought-yield loci across 756 sorghum accessions of West
Africa. The fraction of transpirable soil water in stress environments decreased to ~0.3 of that of
field capacity, indicating that plants went through severe water limitation at different stages.
Phenotypic variation was considerably influenced by genotype and genotype by environment
interaction effects (p < 0.01). Broad sense heritability for yield components was moderate to high
across environments. Significant correlations were observed for yield components in specific
drought scenarios and across environments. Several genotypes performed better than the drought
reference checks, B35 and Tx7000 in both pre-and post-flowering drought scenarios. Many lead
associations (134) were commonly identified by general-linear model and mixed-linear model in
GWAS analysis for reduction of yield components and stress tolerance index for grain weight in
independent stressed environments. Some associations had high allelic effects and explained 11
to 27% of phenotypic variance. Twenty-nine lead associations colocalized with Stg/—4 loci,
which overlapped with signatures of positive selection to dry environments. Overall, this study
contributes to understanding the genetic architecture of drought tolerance. Drought tolerance loci
can facilitate improving locally preferred varieties while maintaining high productivity via in
marker-assisted selection.

Introduction

Unpredictable rainfall and drought scenarios occurring during growing seasons
considerably decrease crop productivity semiarid regions. Improving crop adaptation to water
limitation is critical for establishing food security in developing countries characterized by the
vulnerability of smallholder farmers to climate changes (Mundia ef al., 2019). Drought tolerance

is a complex phenomenon that affects several aspects of plant development and phenology

104



relative to yield potential (Blum, 2005). An understanding of the genetic architecture of grain
yield and its components across various drought scenarios can facilitate crop breeding to increase
production. Advances in genomic sequencing technologies and quantitative genetic mapping
facilitate the dissection of genomic regions controlling agronomic traits to accelerate breeding
through genomic-assisted breeding (Poland, 2015; Fu et al., 2017). However, collecting good
phenotypic data under well managed water stress environments and integrating phenotypes to
genotypes remain a major constraint in many small breeding programs. The genetic dissection of
yield components under various drought scenarios would provide favorable alleles for drought
tolerance with high productivity.

Sorghum (Sorghum bicolor) is a staple cereal food crop in many developing countries but
is mainly affected by water scarcity in drought-prone environments. Sorghum is a resilient model
crop relatively tolerant to water deficit relative to many cereal crops (Mullet ef al., 2014). Studies
have demonstrated that genetic variation controls drought tolerance in sorghum. Major effect
dominant stay-green loci (Stg/—4) and lately Stg5 underlie post-flowering drought tolerance in
bi-parental populations and near-isogenic lines (Tuinstra ef al., 1997; Xu et al., 2000; Harris et
al., 2007; Borrell et al., 2014b; Hayes et al., 2016). Drought tolerance loci in sorghum influence
several aspects of sorghum development, including canopy architecture, water supply, phenology
and grain yield (Borrell et al., 2014b). These loci explained between 8 to 30% of the stay-green
trait variation (Xu et al., 2000; Harris et al., 2007). However the existence of natural variants at
these loci in West African locally-adapted varieties is poorly known. In addition, none of alleles
at these loci have been identified in diverse genetic backgrounds in Sub-Saharan Africa.
Understanding the genetic basis of drought tolerance in locally-adapted sorghum will contribute
to enable breeding to rapidly develop drought tolerant varieties. The identification of favorable
alleles for drought tolerance while maintaining high productivity is required in breeding. Stress
tolerance index (STI) allows to assess genotypes with high production capacity under both stress
and non-stress environments (Thiry ef al., 2016). STI has been successfully used to identify
genetic associations with drought tolerance in association mapping studies (Li et al., 2018; Yuan
etal.,2019).

Local varieties have been under natural and farmers selection for adaptation to various
environmental conditions and farming systems. Although there might exist physiological

tradeoffs between pre- and post-flowering drought tolerance, selection may have fixed favorable
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large-effect loci early on (Orr, 1998). Local varieties are adapted to various environmental
conditions since their domestication 8000 y ago followed by diversification (Harlan & De Wet,
1972; Wendorf et al., 1992). Consequently, positive pleiotropic QTL for combined pre- and
post-flowering drought tolerance might exist in locally adapted varieties. A positive pleiotropic
QTL is defined here as a QTL that is associated with drought response in both pre- and post-
flowering drought scenarios or multiple drought stress environments. Positive pleiotropic loci for
tolerance to pre- and post-flowering drought scenarios are poorly established in breeding. West
African sorghum is extremely diverse and there have been few cycles of selection in breeding
programs (Mauboussin ef al., 1977; Leiser et al., 2014). The West African sorghum association
panel (WASAP) including landraces and breeding lines that consist of working collection of
breeding programs was assembled and genotyped using genotyping-by-sequencing technology
(chapter 3). The germplasm contains natural genetic variants favorable for adaptation to a wide
range of environments. However, the genetic architecture underlying grain yield and its
components under various drought scenarios remains largely unknown in the germplasm. We
hypothesized that positively pleiotropic QTLs confer combined pre- and post-flowering drought
tolerance in the West African sorghum.

Genome-wide association studies (GWAS) contribute to the identification of a large
number of natural variants of known genes with high resolution by taking advantage of historical
recombinations within diversity panels (Yu & Buckler, 2006; McCouch et al., 2016; Yano et al.,
2016; Zhao et al., 2019). Grass species such as sorghum are suitable to identify natural variants
underlying complex agronomic traits partly due to its small genome size and moderate LD
(Paterson et al., 2009; Mace et al., 2013; McCormick et al., 2018). The sorghum QTL Atlas
represents a useful resource to compare GWAS associations with drought tolerance QTLs
identified from different studies based on linkage mappings (Mace et al., 2019). Disentangling
positive pleiotropic effects of drought-yield QTLs through GWAS can contribute to detect and
characterize the natural allelic variation existing within locally-adapted populations. In this
study, we performed GWAS on 756 sorghum accessions of the WASAP under ten different
environments using previous GBS SNP dataset. We (i) characterize the genetic variation of yield
components under various water stress environments; (ii) identify genetic variants at known and
novel drought tolerance loci while maintaining high productivity under pre- and post-flowering

water stress environments; (iii) investigate the pleiotropic effect of drought-yield QTLs
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associated with STI and reduction of yield components under various drought scenarios; and (iv)
determine signatures of selection overlapping identified drought-yield QTLs. The present study
provides knowledge of the genetic architecture of yield components under various drought

scenarios.
Materials and Methods

Plant materials and field experiments

The West African Sorghum Association Panel (WASAP) consists of 756 accessions from
the four West African countries of Senegal (with 118 accessions genotyped), Mali (123), Togo
(156), and Niger (359). The panel includes predominantly landraces grown by smallholder
farmers across various environmental conditions and also breeding lines and improved varieties
with useful agronomic traits. Five local breeding lines were used as checks, T1 (IRAT 204 or
CE151-262), T2 (CE145-266), T3 (621B), T4 (CE180-33) and TS5 (53-49). Two international
drought tolerance lines, Tx7000 for pre- and BTx642 (formerly known as B35) for post-
flowering drought tolerance were used as reference checks. For selection scans, we included 550
worldwide sorghum accessions including wild relative sorghum accessions with available
sequencing data (Morris et al., 2013).

Accessions were planted under field conditions for four years (2014, 2015, 2016, and
2017). Field experiments were performed at the Bambey Research Station, CNRA—Centre
National de Recherche Agronomique (14.42°N, 16.28°W) in Senegal. The experiment site is
located in the Soudano-Sahelian zone characterized by a short growing season, starting from July
to October and annual precipitation < 600 mm. The monthly precipitation reaches its peak in
August (Fig. 1). In total, ten experiments were performed in an incomplete randomized block
design across the four years. Two adjacent experiments were carried out under rainfed conditions
(RF) in 2014, RF1 and RF2 with one month planting date interval (August to December 2014).
Two adjacent experiments, well water (WW), pre-flowering water stress (WS1) were planted
during the dry hot-off season in 2015 (March to August). Three adjacent experiments, WW,
WS1, and post-flowering water stress (WS2) were planted during the cool-off season in 2015-
2016 and 2016-2017 (October 2015 to March 2016). Each experiment in a year is considered as
an environment.

During the growing season of 2014, the cumulative rainfall recorded was 394.9 mm. The

average daily temperature varied between 22.4 and 35 °C and average relative humidity between

107



42.14 and 89.27%. In WW, irrigation was applied twice a week (30 mm each time) until
physiological maturity. In WS1, water stress was applied 30 DAP to mimic a one month early
season drought and irrigation was restarted 60 DAP until physiological maturity. In the WS2,
water stress was applied when 75% of plants in a maturity group flowered and was maintained
until physiological maturity. Three maturity groups were defined based on accessions phenology
characterized during 2014 experiments for water deficit application in WS2. In each
environment, phenological, physiological, and yield component traits were measured.
Agronomic measurements

Days to 50% flowering (DFLo) of plants in a plot (one row), above ground biomass
(DBM), plant height (PH), and yield related traits including grain weight per panicle (GrW),
panicle weight (PW), grain number per plant (GrN), and thousand grain weight (TGrW) were
measured and used for association mapping studies. For each trait except for DFLo and TGrW,
three plants from each plot were used for measurements. The drought stress tolerance index

(STI) for grain weight was calculated from the GrW under WW and WS1 or WS2 as follows:

STT = Laud¥ w)

) gy
Where Yww and Yws is the grain weight of a given genotype in control environments,
respectively and Ym.ww is the mean value of GrW in the control environment. For the STI, the
higher the value, the more tolerant the genotype to the stress. The drought reduction of each yield

component relative to the control environment was calculated as follow:

Ri(%) = LY s 5 100

Where Ri is the drought response of a genotype for a trait i, Yww and Yws are the performance of
the genotype in control environment and water stressed environment, respectively.

Statistical analysis and phenotypic evaluation

Statistical analysis was performed using the R program (R Core Team, 2016). The

variance components were estimated by fitting the mixed linear model with random effects for
all genotypes (G), water regimes (WR), years (Y), and G x Y interaction effects using the /me4
package (Bates et 2010). Broad sense heritability (H”) was calculated based on variance
components derived from the mixed effect model. Heritability was estimated for each trait across
environments based on the genotypic variance and the total phenotypic variance. Phenotypic

correlations among traits were calculated using Pearson correlation of the PerformanceAnalytics
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package (Peterson et al., 2014). Tukey's Honest Significant Difference test of the Agricolae
package (Mendiburu, 2009) was used to test the difference of genotype performance between
environments or botanical types. The BLUP values of the phenotypes were calculated by
combining data for a given water regime across years. The phenotypic BLUPs were used for the
genome-wide association analysis.
Genome-wide association studies

To identify drought-yield QTLs, GWAS was performed using the general linear model
(GLM) with principal component eigenvalues and the mixed linear model (MLM) in GAPIT
package (Lipka et al., 2012). These two GWAS models were used as complementary because the
GLM may identify false positive associations while MLM may lead to false negative
associations when controlling for false positive associations. To reduce false positive
associations due to low allele frequency polymorphisms, the SNP dataset was filtered again for
MAF >0.02 (because rare variants can contribute to phenotypic variation). The five first
principal components and kinship matrix were used to account for population structure and
genetic relatedness effects, respectively for the MLM. The significance level of GWAS
associations were defined based on Bonferroni-corrected p-value 0.05 for the GLM with PCA
(termed as GLM along the text) or at least top five SNPs above p < 10+ cutoff for the MLM. The
lead peak SNP within a 150 kb surrounding genomic region was chosen to represent the
associated region. To verify LD around GWAS peaks, LD heatmaps of QTLs region or 300 kb
region surrounding lead SNPs in QTLs were constructed using the R package LD heatmap 0.99-
4 (Shin et al., 2006). The proportion of phenotypic variance was estimated using linear models
with fractions of ancestry inferred by ADMIXTURE (Alexander ef al., 2009) used as fixed
covariates to account for background effects. BLUP values of phenotypes across water stress
environments were used for the estimation of the proportion of phenotype variance explained by
GWAS lead SNPs.
Genome-wide selection scans

Genome-wide selection scans were performed to assess the impact of selection on GWAS
associations based on 100-kb sliding windows using the vcftools program (Danecek et al., 2011).
Decreased in genome-wide nucleotide diversity was determined in Niger, Senegal, and Mali

accessions relative to Togo accessions. Colocalization between significant associations and
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domestication/improvement selective sweep regions were identified. The direction of selection

of potential polymorphism at the Stg3a locus was determined using Tajima's D test.
Results

Phenotypic variation in the WASAP

About 600 accessions of the West African sorghum association panel (WASAP) were
evaluated for phenological, physiological, and yield component traits under ten environments
during four years at Bambey in Senegal. Average monthly precipitation and temperature at the
field location reflect the Sahelian-Soudanian climate variation with the maximum precipitation
obtained in August (Fig. 4-1A, B). Day length varies about one hour and half across the year
(Fig. 4-1B). To test that water deficit was precisely controlled for drought phenotyping in
managed water stress conditions, we estimated the fraction of transpirable soil water (FTSW) in
the WS1, WS2, WW different environments. FTSW was estimated to be 0.6% in control and
stressed environments before water stress application (Fig. 4-1C). FTSW then decreased
considerably to ~0.2 and 0.3 in WS1 and WS2 environments, respectively. In both WS1 and
WS2, plants went through severe water stress at different stages of their development depending
on the environment.

To confirm the effect of water deficit at different stages of plant development, we
determined the grain yield and days to flowering of genotypes in each water regime and
environment. As expected, a strong G x E interaction was observed between the two drought
tolerance reference lines, B35 and Tx7000 in WS1 and WS2 (Fig. 4-1D). Their average grain
weight was lower than that of the local drought reference check, CE145-266 in control
environments. Average grain weight was generally reduced in stressed environments relative to
control environments (Fig. 4-1E). However, average grain weight in WS1 of 2015 was not
significantly different from control environments. DFLo of genotypes was significantly delayed
in 2015 dry hot-off season environments, whereas it was reduced in cool-off seasons of 2016 and
2017 relative to rainfed conditions (Fig. 4-1F). Average grain weight was not significantly
different between rainfed conditions (RF) and WS2 environments. Average grain weight was
significantly different between RF and WS1 environments (Fig. 4-2A). As expected, the
reduction of GrN was significantly higher in WS1 (Fig. 4-2B).

To determine that the phenotypic variation in the WASAP, yield components were

analyzed under WS1, WS2, RF, and WW water regimes and across all environments. A
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considerable phenotypic variation was observed in the panel (p < 0.01) with coefficients of
variation varying from 6% for DFLo in RF to 62% for GrW in WS1 environments across years
(Table C-1). DFLo was delayed in WS1, whereas it was not different in WS2 relative to the WW
controls. Significant genotypic variance and genotype by environment interaction effects were
observed across environments for each trait (Table 4-1). To assess the part of the phenotypic
variation that is due to genetic differences in the panel, the broad-sense heritability (H°) of yield
components was estimated from the estimated genetic and residual variances. As expected, H’
estimates varied from moderate to high with values ranging from 0.53 for GrN to 0.95 for DFLo
and PH (Table 4-1).

In sorghum breeding, the caudatum type are thought to have higher yield advantage over
guinea and durra types. Unexpectedly, the average grain weight was not significantly different
between caudatum accessions and durra and guinea accessions within each water regime (Fig. 4-
2C). Durra-caudatum intermediates had higher average grain weight than caudatum accessions.
Given that durra type is more adapted to drought conditions, we predicted that the reduction of
average GrW and GrN values in water stressed environments would be significantly less in durra
accessions than other types. Reduction of GrW values was not significantly different between
durra accessions and caudatum and guinea accessions within each water regime (Fig. 4-2D). The
durra-caudatum intermediates had higher average grain weight than durra accessions. The
reduction of GrW and GrN was significantly higher in WS1 than in WS2 (Fig. 4-2D, F).

Phenotypic correlations in specific and across water stress environments

To determine whether there would be strong positive correlation among yield
components WS1 and WS2 or across water stressed environments, Pearson's correlation
coefficients were estimated. Significant correlations were observed among yield components
under the same WS1 or WS2 (Fig. 4-4A). However, there was no or weak correlation of
phenotypes between WS1 and WS2, except for GrW, DBM, and STI for grain weight. High
positive correlation was observed between the BLUP values of GrW, PW, DBM, and GrN, while
thousand grain was negatively correlated with grain number (Fig. 4-3). To verify if some
genotypes performed better than the drought tolerance reference check lines in both WS1 and
WS2 of 2016 and 2017, we determined the 1:1 ratio for grain weight and STI for grain weight.
As expected, some genotypes performed better than the reference check lines in both water stress

environments over the two years (Fig. 4-4). Overall, there was considerable phenotypic variation
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in the panel, with a significant genetic component contributing to this variation across different
environments.

Genome-wide association studies of flowering time

To identify loci underlying drought tolerance, we carried out GWAS analyses using

130,709 SNP markers. Firstly, we determined that the phenotypic data are of sufficient quality
for effective GWAS analyses. We used DFLo under control environments of 2015, 2016 and
2017 to map known flowering time candidate genes using the GLM with principal component
analysis (PCA) to account for population structure effect. Flowering time is a highly heritable
trait and its genetic control has been characterized in sorghum, maize, and rice. Any significant
peak above the Bonferroni-corrected p value of 0.05 was identified by GLM for DFLo of the
2015 data (Fig. 4-5). Significant associations were identified for DFLo of the 2016 and 2017 data
(Fig. 4-5). The SNPs, S6 55280640 and S3_ 62811196 were significantly associated with DFLo
in both years. These two SNPs co-localized with ZfI1 (9 kb away) and SODCN12 (61 kb away)
flowering time candidate genes, respectively. In both years, S6 55280640 was the lead SNP (p
value < 107'% in 2016; p value < 10"° in 2017) of the associated region on chromosome 6. A third
SNP, S2 67812515 was significantly associated with DFLo in 2017 data and colocalized with
Ma? candidate gene (70 kb away). When the MLM with PCA and kinship were used to control
for background effects, significant associations were not identified at the Bonferroni correction
threshold. The association between S6 55280640 and DFLo in 2017 (p value < 10”) was below
the threshold.

Associations for drought tolerance in independent water stressed environments

To determine the genetic natural variants associated with drought tolerance in the West

African sorghum, we identified GWAS associations for reduction of PW (RPW), DBM
(RDBM), GrN (RGrN), PH (RPH), TGrW (RTGrW), and STI for grain weight in specific water
stressed environment and across environments. In WS1, reduction of DBM, GrN, and PH was
severe in the pre-flowering drought stress environment. Whereas, the reduction of DBM and
TGrW was severe in the post-flowering drought stress environment. These traits were used to
identify associated variants at known drought tolerant loci in WS1 and WS2 environments,
respectively, in addition to RPW and STI for grain weight. In total, 222 and 214 associations
were identified by the GLM and MLM, respectively for drought response variables and STI for
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grain weight in independent water stress environments. Among the associations, 134 were
commonly identified by both GWAS models.

To identify positive pleiotropic effect QTLs between pre-and post-flowering water
stressed environments, common associations in different water stressed environments were
determined based on the 134 associations. A pleiotropy QTL was defined as one SNP or locus
being mapped in both pre- and post-flowering drought scenarios, different stress environments,
or associated with several drought response variables. As expected, many pleiotropic SNPs for
drought response variables were observed across water stress environments (Table 4-2). For
example, the SNP S8 58355080 on chromosome 8 was associated with STI in WS1 of 2016 and
2017 and in WS2 of 2016 and 2017 in both GLM and MLM models. The SNP S4 67777846 on
chromosome 4 was associated with STI under WS1 of 2016 and 2017 and WS2 of 2017 in both
GLM and MLM models. The S3 13763609 on chromosome 3 and S1 74186408 on
chromosome 1 were associated with RPW in WS1 and WS2 of 2017 in both GLM and MLM.
The identified pleiotropic SNPs showed significant allelic effect and significantly (p < 10°®, the
least highest value) explained 11 to 25% phenotypic variation for productivity under drought,
with an average of 17% (Table 4-2).

Drought response associations colocalizing with drought tolerant loci

To verify the existence of natural variation at known drought tolerant loci involved in
yield stability in the West African sorghum germplasm, we determined the colocalization
between drought response-associations and known stay-green loci (Stg/—4). Twenty-nine lead
SNPs significantly associated with STI for grain weight and drought response variables
colocalized with the known Stg1, Stg2, Stg3a, Stg3b, and Stg4 loci (Table 4-3). The lead SNPs at
each Stg locus explained 16% (p < 107'°, Stg1), 20% (p < 107, Stg2), 19% (p < 10", Stg3a),
27% (p < 107", Stg3b) and 21% (p < 107", Stg4) of the phenotypic variance across WS1 and
WS2 based on STI BLUP values. Each Stg locus showed positive pleiotropy by covering several
associations for different drought scenarios and drought-yield response variables.

The Stg2 locus covered pleiotropic associations for STT in WS1 of 2015 and 2017, WS2
0of 2017, RGrN in WS1 0f 2017 and RDBM in WS2 of 2016. There was a strong LD between
several of the lead SNPs at the locus (Fig. 4-6A). The Stg! locus covered associations for RPW
in WS1 and WS2 of 2017 and associations for STI in WS1 of 2017. There was a strong LD
among lead SNPs within the locus (Fig. 4-6A). The Stg3a and Stg3b (which are next to each
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other) region covered pleiotropic associations for STI in WS1 of 2015 and 2016, STI in WS2 of
2015 and 2017, RPW in WS1 of 2015 and 2017, and RDBM in WS2 of 2016. There was a strong
LD among the lead SNPs within Szg3b. There was no LD among lead SNPs within Stg3a (Fig. 4-
6B). The Stg4 locus covered associations for RPW in WS1 of 2017 and for STI in WS1 of 2015
and in WS2 of 2017. In this locus, there was a moderately high LD between lead SNPs,

S5 15916423 associated with RPW in WS1 and S5 52255304 associated with STI in WS2 (Fig.
4-6C). In the Stg2 locus, the SNP S3 56094063 was the top significant association (p <10 in
GLM and p <10 in MLM) for STI in WS2 and WS1. In the Stg3b locus, the SNP

S2 62095163 was the top association (p, GLM <10"® and MLM <10™"%) with high effect for STI
in WS2. This SNP was in strong LD with other lead SNPs in Stg3b (Fig. 4-6B) but not in LD
with lead SNPs in Stg3a. Two lead SNPs, S2 60973403 and S2 59237127 only were in
moderate (7 < 0.3) and low (7 < 0.1) LD with a non-synonymous SNP, S2 61595689 in Stg3a
(Fig. 4-6D).

Genome-wide selection signatures around drought response QTLs.

We investigated the occurrence of positive selection in drought response lead SNP
associations at Stg/—4 loci for drought tolerance in Sahelo-Soudanian sorghums (Niger, Mali,
and Senegal sorghums) relative to Guinean sorghums (Togo sorghums) based on ratios for
decreased pairwise nucleotide diversity (pi). Selection outliers (genomic regions in the 95
percentile were considered as selection outliers) were identified within Stg3a, Stg3b, and Stg4 in
Niger and Senegal accessions (Fig. 4-7A, B). In Mali accessions, selection outliers were
identified within Stg3b, Stg2, and Stg4 (Fig. 4-7C).

To investigate the effect of domestication on drought response lead SNP associations, we
assessed decreased pi in durra-caudatum (D-C) and durra landraces predominant in drought-
prone areas compared to guinea landraces predominant in high rainfall areas. Selective sweep
outliers at the 95 percentile were found in the durra-caudatums and durra relative to wild relative
sorghums (Fig. 8A, B) and in improved lines relative landraces (Fig. 8C). Twelve lead SNP
associations overlapped with domestication selective sweep outliers (Table 4-4). In durra-
caudatums, selective sweep outliers were localized within Stg/ (64.9-67.3 Mb), Stg3a (56.2—
58.2 Mb), Stg3b (64.8—65.0 Mb and 68.3—-68.4 Mb), and Stg4 (13.6-19.0 Mb) (Fig. 8A). In
landraces, selective sweep outliers were localized within Stg/ (65.5-67.6 Mb), Stg3b (66.8—66.9
Mb), and Stg4 (14.4-21.4 Mb) (Fig. 8B). In improved lines, selective sweep outliers were
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localized within Szg/ (at 62.6—-63.2 Mb), Stg3b (71.2-71.4 Mb), and Stg4 (13.1-16.6, 19.0-19.6
and 21.3-21.5 Mb) (Fig. 8C).

The selective sweep at 64.9—67.3 Mb in Stg/ locus harbored the lead SNPs,

S3 65137990, S3 65430305, S3_66366589, S3_66738018. The common allele frequency
(CAF) at each of these lead SNPs was fixed (0.5; 100%) in durra-caudatums (Table 4-4). The
selective sweep at 56.2—58.2 Mb in Stg3a harbored the lead SNP, S2 56682379 where the CAF
was nearly fixed (0.48) in durra-caudatums. The selective sweep at 64.8—65.0 Mb in Stg3b
harbored the lead SNP, S2 65658140 where the CAF was nearly fixed (0.48) in durra-
caudatums. The selective sweep at 13.6—-19.0 Mb in Szg4 harbored the lead SNPs, S5 15215761,
S5 15916423, and S5 16480120 with CAF fixed or nearly fixed (0.5, 0.5, and 0.45,
respectively) in durra-caudatums. Selective sweep outliers at the 99 percentile were found only
within Stg/ and Stg4 in durra-caudatums, Stg4 in landraces, and Stg3b, Stgl and Stg4 in
improved lines.

Haplotype associations at Stg/ and S7g3b quantitative trait loci

To verify evidence of specific haplotype associations at Stg/ and Stg3b for drought
tolerance in durra-caudatums and improved lines, we analyzed haplotype associations with STI
for grain weight across water stress environments based on BLUP values. Significant
associations were identified at Bonferroni correction 0.05 between haplotypes based on all SNPs
within Stg/ for STI across the whole WASAP panel (Fig. 9A; Table 4-5). The top associated
haplotype was formed by the SNPs, S3 64606653, S3 64612170, and S3 64623404, covering a
16.7 kb region. This haplotype block contained four haplotype alleles, among which the most
significant association, AGC was associated with increased STI (beta, 3.5%; p < 10™"%) and was
observed in 63% of durra-caudatums, while absent in durras, guineas, and improved lines. The
allele CAT was significantly associated with decreased STI (beta, -2.3%; p < 10™) and observed
in 33% of durra-caudatum, 85% of durras, 95% of guineas, and 79% of improved lines.

The second most significantly associated haplotype formed by the SNPs, S3 66396518
and S3_ 66396621 contained three haplotype alleles. The allele TA, which was the most
significant, was associated with increased STI (beta, 2.1%; p < 10™'%) and observed in 76% of
durra-caudatums, 61% of durras, 15% of guineas, and 27% of improved lines. The allele CT,
significantly associated with decreased STI (beta, -2%; p < 10™) was observed in 23% of durra-

caudatums, 39% of durras, 83% of guineas, and 73% of improved lines. Any of the lead SNPs
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overlapped with top significantly associated haplotypes at Stg/. Also, there was no overlapping
between lead SNPs with associated haplotypes defined based on non-synonymous SNPs at Stg/
(Fig. 9B).

Significant haplotype associations to STI were found at the Stg3b, with four haplotypes
containing four S2_62973945, S2 63881780, S2 65658140, and S2 69575903 (Fig. 9C; Table
4-6). The top associated haplotype was formed by 7 SNP covering a 7.1 kb region (70,827,637—
70,834,834 bp). Haplotype allele TGGATGA, significantly associated with increased STI (beta,
3.1%; p < 10'12) was observed in 67% of durra-caudatums, 7% of durras, 0% of guineas, and 3%
of improved varieties. Whereas, haplotype allele TCGACTT, significantly associated with
decreased STI (beta, -2%; p < 10"°) was observed in 21% of durra-caudatum, 46% of durras,
81% of guineas, and 83% of improved varieties. The second most significantly associated
haplotype was formed by 5 SNPs covering a 22.4 kb region [67,597,045-67,619,513 bp]. The
haplotype allele GTACT, significantly associated with increased STI (beta, 3.1%; p < 107'%) was
observed in 67% of durra-caudatums, 0% of durras, 2% of guineas, and 3% of improved
varieties. Whereas, haplotype allele CCTTG, significantly associated with decreased STI (beta, -
1.8%; p < 10'8) was observed in 9% of durra-caudatum, 22% of durras, 67% of guineas, and 3%
of improved varieties. Four significantly associated haplotypes formed based on non-
synonymous SNPs within Stg3b overlapped with the four lead SNPs (Fig. 9D; Table 4-6).

Discussion

In the semiarid regions, growing seasons are characterized by drought, particularly early
and end season droughts resulting in considerable yield loss (Mundia ef al., 2019). In this study,
we performed GWAS to disentangle the existence of drought tolerance loci in the West African
sorghum germplasm grown in common garden managed water experiments. Many positively
pleiotropic drought response QTLs were identified, several of which colocalized with Stg/-4
loci. Some of them overlapped with positive selection outliers in accessions from the semiarid
climate, indicating the existence of Stg alleles in the West Africa sorghum germplasm, useful to
facilitate drought tolerance sorghum breeding.

Genetic differences contribute to phenotypic variation in the germplasm

Drought stress effect occurred in water stressed environments relative to control

environments. The application of water deficit reduced the fraction of transpirable soil water

(FTSW) to that of field capacity. The values obtained for FTSW were similar to the reported
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values (0.26 to 0.37) in woody species for transpirable water stocked in the plant tissues to start
(Sinclair et al., 2005). This observation indicates that water supply was precisely controlled in
the different environments to mimik drought scenarios that usually occur during the growing
season. The effect of drought on plant performance was confirmed by the performance of the
pre-flowering (Tx7000) and post-flowering (B35) drought tolerant reference lines as shown by
the strong cross G x E interaction. As predicted, water deficit application resulted in significant
reduction of grain yield and grain number and caused a significant delay of flowering time in
water stressed environments. However, the reduction of grain yield in the water stress
environment of 2015 was not significantly different from control environment of 2016. This
variation occurred because the experiment was planted during the dry hot-off season (March to
August), which is characterized by long growing days. The maturity cycle of genotypes was
delayed (Fig. 4-1F), which allowed higher grain filling.

The phenotypic variation observed in the WASAP was highly influenced by genetic
differences. Our prediction that water deficit significantly reduces grain number under pre-
flowering drought relative to control environments held as the average grain number was
significantly reduced in WS1. This reduction of GrN in WS is in line with the model that grain
number is quantitatively affected by pre-flowering water stress. Under pre-flowering drought,
fewer seeds during grain filling could increase photosynthate allocation to the seeds, resulting in
improved fitness (likelihood of reproductive success). We also predicted that the average grain
yield performance of the accessions would not be significantly different between water stressed
environments in the cool-off season and rainfed conditions. There was not a significant
difference between rainfed conditions and WS2 environments for grain yield. However, a
significant difference was observed between RF and WS1 environments. This result suggests
that post-flowering drought is more frequent and may have a higher impact on grain yield
reduction during the growing season.

The high correlation between STI for grain weight and Plant height and dry biomass
under pre-flowering drought stress suggests common genetic architecture in biological pathways
involve in drought tolerance. A delay of flowering time was observed for the post-flowering
drought tolerant line, B35 in stress conditions compared to Tx7000 across environments.
Flowering time was not correlated with STI for grain weight under pre-flowering drought stress

but was significantly correlated with STI under post-flowering drought. This significant
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correlation suggests that flowering is a post-flowering drought escape adaptation. We evaluated
the yield advantages among botanical types under different drought scenarios for potential use in
breeding in West Africa integrating different types. The durra-caudatum types showed yield
advantages under drought while guinea types showed more stability across environments.
Integrating durra-caudatum intermediates and guinea sorghums in pre-breeding programs would
be valuable as they show good adaptability under harsh environments. Hybrids from guinea
sorghum in the Mali hybrid breeding program have been shown to harbor beneficial
characteristics that meet farmer preferences (Kante et al., 2017).
Putative GWAS QTLs for productivity and drought response

Drought tolerant and flowering time loci contribute to the genetic variation in the
sorghum germplasm. We first showed the effectiveness of the association between phenotypic
and genotypic data in GWAS using days to flowering as control to mapped known flowering
time loci. We hypothesized that an oligogenic genetic architecture controls flowering time in the
West African sorghum germplasm. We did not map the well known photoperiodic flowering
genes in sorghum (Mal—Ma6) as we expected. In contrast, we mapped two flowering time
candidate loci, Zfl1 and SbCNI2 in two consecutive cool-off seasons, which is characterized by
short days. Sorghum is a shor day plant, such that it can flower anytime during the cool-off
season regardless of photoperiod sensitivity. ZflI was at the top GWAS peak. This gene has been
hypothesized to act at the extreme of the flowering-time pathway in maize (Romero Navarro et
al., 2017), suggesting that Zfl1 expresses during floral transition under short days without
requiring a downregulation of other photoperiodic flowering genes in the pathway. This gene has
similar activities to the orthologous of rice, RLF in inducing early flowering time during
vegetative-to-reproductive transition (Rao et al., 2008). In addition, there was no GWAS peak
found in our 2015 dry hot off-season (long days) flowering time data characterized by long delay
of or no flowering (Fig. 4-1F) before the critical photoperiod. This long delay of flowering
suggests that ZfI/ may not be significantly expressed. The minor allele frequency at ZfI/ QTL
was high (0.47) in the WASAP, indicating that most genotypes will have ZfI/ functional allele.

Positive pleiotropic QTLs/genes showing stability across water stress environments are of
potential interest for use in breeding through genomics-assisted selection. We carried out GWAS
on drought responses relative to control environments to identify independent and positive

pleiotropic loci for different water regimes. Reduction of yield components under water stress
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relative to control environments were used as drought response variables to identify drought
tolerance associations. The stress tolerance index for grain weight was used to identify
associations for drought tolerance with high production (Thiry ef al., 2016). As we predicted,
several drought response associations, were identified repeatedly in different water stressed
environments and in different years (Table 4-2). This contrasts the competing hypothesis that
there is no positive pleiotropic SNP for pre-flowering and post-flowering droughts. Although
some of the associations could be related to background effects, several putative major effect
QTLs were consistent across several environments and significantly contributed to phenotypic
variation. The average proportion of phenotypic variation explained by lead SNPs at each Stg
locus is comparable to the ~10 to 30% phenotypic variation explained by known stay-green loci
(Xu et al., 2000; Harris et al., 2007). However, the phenotypic variation explained by Stg3b QTL
was the highest (27%) in the WASAP accessions, in contrast to the known stay-green sources
where Stg2 had the largest contribution to the phenotype variation among the Stg/—4 loci (Xu et
al., 2000; Harris et al., 2007). This result might be explained by interaction of Stg QTLs with
other genetic factors in this population composed of diverse unrelated accessions compared to
the near-isogenic lines (NILs) used in previous studies.

The findings support our favored hypothesis that positively pleiotropic QTLs contribute
to combined drought tolerance to multiple environments in the West African sorghum. Putative
QTLs were colocalized with most of the drought tolerant loci from the sorghum QTL Atlas
(Mace et al., 2019), demonstrating the power of GWAS to dissect the genetic basis of drought
tolerance in the locally adapted sorghum germplasm. The identification of all the Stg/—4 coupled
with the significant PVE by loci supports our hypothesis that these loci exist also in the West
African germplasm, beyond the known sources of stay-green in sorghum (Tuinstra et al., 1997,
Haussmann et al., 2002; Harris et al., 2007; Borrell et al., 2014; Hayes et al., 2016).

Natural variation in drought tolerant loci shows allelic differentiation between semi-arid and
humid zones in West Africa. Signatures of positive selection overlapped with Szg4 in Senegal,
Niger, and Mali accessions and Stg3a in Senegal and Niger accessions. Stay-green may have
been selected for drought adaptation in the Sahel versus the humid climate, consistent with high
frequency of haplotypes within Stg/ and Stg3b associated with increased drought tolerance in
durra-caudatums. The Stg2 QTL may have been selected in Togo accessions during

domestication to confer drought adaptability in dry areas. The characterization of Stg/—4 alleles
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effects in diverse backgrounds and environments would shed more lights on the expression of
stay-green in sorghum across diverse environments in West Africa. Regarding our hypothesis
that novel drought tolerant loci contribute to yield stability in the West African sorghum, several
novel associations for STI were identified in the germplasm. Some of the associations did not
colocalize with known drought tolerance loci, suggesting that novel drought tolerant loci may
contribute to drought adaptation of West African sorghum. The development of near-isogenic
lines (NILs) and the validation of major effect QTLs in breeding populations will be crucial to
characterize the interaction of these QTLs with environmental factors and different elite
backgrounds in West Africa. The drought response QTLs were identified based on phenotypic
responses at the plant level rather than responses per unit land area. Traits such as PH, DBM,
PW, GrW, and GrN might be the most sensitive to the effects of variable plant density compared
to DFLo. It would be interesting to investigate grain yield responses of the identified QTLs, in
different backgrounds, to water availability in regard to plant density for both response/plant and
response/m2 (Dhungana et al., 2007; Houshmandfar et al., 2019).

The GWAS analysis was effective in detecting positive pleiotropic loci underlying
multiple traits under various environments. GWAS analysis detected several genomic regions
harboring lead SNPs associated with multiple drought response variables. The Stg/—4 loci
harbored several lead SNPs associated with multiple response variables and STI for grain weight
in different environments. This observation is consistent with the role of Szg loci on grain yield
stability, phenological and morphological phenotype variation in sorghum (Borrell et al.,
2014b,a). A major effect QTL led by the SNP S10 4711152 on chromosome ten was associated
with RPW and RGrN in WSI1 of the 2015 dry hot-off season environment with longer growing
cycles. Phenotypic variation in this WS1 2015 environment was comparable to all control
environments in this study, suggesting that this QTL may underlie similar genetic mechanisms
for panicle weight and grain number under well water conditions rather than pre-flowering water
stress conditions. Grain yield was significantly lower in the WS1 drought scenario. Most lead
SNPs associated with RPW were detected under WS1 environments, suggesting a critical impact
of early season droughts in yield reduction in the semiarid regions. Study in pearl millet in Sub-
Saharan Africa also revealed a considerable impact of early season droughts on yield reduction

(Debieu et al., 2018), suggesting the need to investigate physiological and genetic mechanisms
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underlying effects of water deficit on yield reduction of plants from vegetative to maturity

stages.
Conclusion

We demonstrated that the phenotypic variation in the WASAP is due to genetic
differences among genotypes, with a considerable genotype-environment interaction. The
present study has contributed to the understanding of the genetic basis of grain yield under water
limitation. Large-effect positive pleiotropic QTLs were identified in multiple water stress
environments. The identified loci significantly contributed to the phenotypic variation. This
study demonstrates that the genetic architecture of stay-green is oligogenic and that Stg/—4
alleles exist in the genetic background of West African sorghum. Stg3a, Stg3b, Stg4 overlapped
with signature of positive selection to semiarid regions. This result indicates the potential interest
of Stgl—4 alleles in marker-assisted selection to improve for drought tolerance, which is difficult
to achieve using phenotypic selection. The natural variants that contributed the most to the
phenotypic variance can be converted into high-throughput breeder-friendly markers to follow
the introgression of Stg alleles into elites West African backgrounds. Near-isogenic lines at these
loci will contribute to understanding the genetic mechanisms underlying yield stability, the effect

of Stgl—4 alleles in elite backgrounds, and their interaction across multiple environments in West
Africa.
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Figure 4-1. Climatic variation and water deficit effect on managed drought environments.
(A) Precipitation gradient across sorghum accessions of origin in West Africa. The four countries
of origin of accessions are represented in the West Africa map. (B) Average monthly
precipitation, temperature, and daylength at the experimental station in Bambey, Senegal. (C)
Fraction of transpirable soil water in well water environments (WW, blue lines), pre-flowering
water stress environments (WS1, orange lines), and post-flowering water stress environments
(WS2, red lines) during 2015 (line with diamond shape dots) and 2016 (line with close circle
dots) off-seasons. The three lines of WS2 in 2016 represent three maturity groups (E, early
maturity; M, medium maturity; L, late maturity). Horizontal bars indicate the water stress
application periods for WS1 (orange) and WS2 (red) relative to WW (light blue). (D) Cross

genotype x environment interaction of the pre-flowering (Tx7000, blue) and post-flowering
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(B35, red) drought reference checks across WS1, WS2, and WW water regimes. The local
drought tolerance check (CE145-266) is represented by the orange line. Effect of water deficit on
(E) grain weight per plant and (F) days to flowering of accessions in each environment, including

the two environments under rainfed conditions (RF1 and RF2).
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Figure 4-2. Effect of water deficit on grain yield of accessions among water regimes.

Average values for (A) grain weight per plant and (B) grain number per plant in each water

regime (WS1, pre-flowering water stress; WS2, post-flowering water stress; RF, rainfed

conditions; WW, well water environments). The 2015 data was excluded. Letters within violin



plots indicate the Tuckey's HDS significance test. (C) Differences in grain weight among
botanical types within each water regime. Digits within bar plots indicate the number of
genotypes per botanical type in each water regime (two environments in each). (D) Percent
reduction of grain weight among botanical types in stressed environments relative to control
environments. (E) Differences in grain number among botanical types within each water regime.
(F) Percent reduction of grain number among botanical types in stressed environments relative to

control environments.
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Figure 4-3. Phenotypic correlations of accessions. (A) Correlations for yield components
based on BLUP values in pre-flowering (WS1) and BLUP values in post-flowering (WS2) water
stress environments. (B) Correlations for yield components based on BLUP values across all
environments. DBM, above-ground dry biomass; GrW, grain weight per plant; PW, panicle
weight per plant; GrN, grain number per plant; TGrW, thousand grain weight; DFLo, days to
flowering; and PH, plant height.
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Figure 4-4. Genotype performance in both pre- and post-flowering water stress. (A) The 1:1

ratio correlation for grain weight per plant (GrW) and stress tolerance index (STI) for GrW of

genotypes in pre-flowering (WS1) and post-flowering (WS2) water stress environments of 2016

and 2017. Color-coded dots indicate the pre-flowering (Tx7000) and post-flowering (B35)

drought reference check lines, local drought tolerance check variety (CE145-266), and elite
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Figure 4-5 GWAS for days to flowering (DFLo) under well-watered environments over
three years. Manhattan plots for days to flowering in 2015 using (A) general-linear model
(GLM) with principal components and (B) mixed-linear model (MLM). Manhattan plots for days
to flowering in 2016 using (C) GLM and (D) MLM. Manhattan plots for days to flowering in
2017 using (E) GLM and (F) MLM. Horizontal dashed line indicates the Bonferroni correction at
0.05. Red dots indicate peak SNPs colocalizing (based on 150 kb linkage disequilibrium decay

rate) with flowering time candidate genes.

133



NS S

‘—~——_ SZISWANANZANINNN

R? Color Ke
! 0.2 04 06 038 !

R? Color Ke:
(! 0.2 04 06 0.8 !

Figure 4-6. Linkage disequilibrium heatmap for lead SNP associations at S7g/—4 loci. (A)
Heatmap for lead SNPs at Stg2 (left triangle) and Stg/ (right triangle). (B) Heatmap for lead
SNPs at Stg3a (left triangle) and Stg3b (right triangle). (C) Heatmap for lead SNPs at Stg4. (D)
Linkage disequilibrium heatmap of lead SNP associations (red asterisks) and non-synonymous
SNPs (blue asterisks) at Stg3a locus. Lead SNPs, S2 60973403 (second red asterisk from right)
and S2_59237127 (second red asterisk from left) that are in moderate (+* < 0.3) and low (+* <
0.1) LD with a non-synonymous SNP, S2 61595689 (first blue asterisk from right).
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Figure 4-7. Genomic selective sweeps to dry relative to humid environments. Reduction of
pairwise nucleotide diversity (pi) around drought-yield QTLs in the genome of (A) Niger, (B)
Senegal, (C) Mali accessions relative to Togo accessions of the WASAP. Reduction of
nucleotide diversity was calculated based on 100-kb sliding windows. Dashed horizontal lines
indicate the threshold for the top 5% signatures of selection outliers. Dashed vertical lines
indicate the genomic position of the colocalized Stay-green QTLs (Stg/—4) with signatures of
selection outliers. The Rug-plots in red indicate the genomic position of the pleiotropic lead
SNPs associated with drought response variables. The Rug-plots in magenta indicate the

genomic position of lead SNP within Stg/—4.
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Figure 4-8. Selective sweeps in drought tolerance loci for domestication and improvement.
Signatures of selection colocalizations with drought response QTLs in (A) durra-caudatum (D-C)
landraces, (B) durra landraces, (C) guinea landraces, and (D) improved lines. The reduction of
nucleotide diversity was calculated based on 100-kb sliding windows. Dashed horizontal lines
indicate the threshold for the top 5% signatures of selection outliers. Blue segments indicate the
genomic position of the colocalized stay-green QTLs (Stg/—4) surrounding signatures of
selection outliers. The red Rug-plots indicate the genomic position of the pleiotropic lead SNPs

associated with drought response variables.
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Figure 4-9. Haplotype-based associations of drought tolerance quantitative trait loci.
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Regional Manhattan plot for haplotype blocks estimated based on (A) all SNPs and (B) non-

synonymous SNPs within Stg/. Regional Manhattan plot for haplotype blocks estimated based

on (C) all SNPs and (D) non-synonymous SNPs within Szg3b. Horizontal dashed lines indicate

the Bonferroni correction at 0.05. Vertical dashed lines indicate the position of lead SNP

associations that are colocalized with Stg! or Stg3b.
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Table 4-1. Descriptive statistics, variance components, and broad-sense heritability (H?) of

yield components across all environments.

Trait G(%) E(%) GxE (%) H Range Mean + SD CV (%)
DBM (g) 3 73 8 0.65 6-1311 138 + 144 105
GrW (g) 4 51 31 0.71 0428 37+ 34 94

GrN 3 50 24 0.53 0-17780 1315+1210 92
TGrW (g) 35 9 28 0.91 0-56 28 £ 8 29
DFLo 24 56 9 0.95 33-116 64 + 14 22

PH (cm) 40 31 13 0.95 40-356 182 + 54 30

DBM, dry biomass per plant; GrW, grain weight per plant; GrN, grain number per plant; TGrW,

thousand grain weight; DFLo, days to flowering; PH, plant height; SD, standard deviation; CV,

coefficient of variation; G, genotype and E, environment variances; H°, broad-sense heritability.
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Table 4-2. GWAS pleiotropic lead SNPs for reduction of yield components and stress

tolerance index for grain weight (STI) in independent and across water stress

environments.
Lead SNP* Pvalue MAF Effect Trait Env. Model BLUP BLUPP
R’® value °

S1 74186408 <10~ 0.03 -106 RPW WS22017 MLM 0.11 <10®
<10 -116 WS12017 MLM

S2 18195896 <107 002 032 STI  WS12017 GLM,MLM 022 <10
<10 1.07 WS22017 GLM, MLM

S2 20558788 <10  0.03 150 STI  WS22017 GLM,MLM 0.18 <10
<107 0.33 WS12017 GLM, MLM

S2 76213690 <10  0.04 -0.73 STI  WS22017 GLM,MLM 0.16 <10"
<10” -0.25 WS12017 GLM, MLM

S3 13763609 <10~ 0.02 -110 RPW WS22017 MLM 0.12 <10”
<10 -145 WS12017 MLM

S3 56094063 <10"  0.02 134 STI  WS22017 GLM,MLM 0.19 <10
<10 0.38 WS12017 GLM, MLM

S4 67777846 <107 0.03 -1.20 STI  WS22017 GLM,MLM 025 <10°
<10 -1.19 WS12016 GLM, MLM
<10® -0.35 WS12017 GLM, MLM

S6 55048997 <107’ 0.17 -030 STI  WS22016 GLM 0.16 <10
<10” -0.38 WS12016 GLM

S8 58355080 <10  0.02 133 STI  WS22017 GLM,MLM 0.18 <10
<10 0.42 WS12017 GLM, MLM

S9 4530433 <10 0.02 099 STI  WS22017 GLM 017 <10™
<107 0.31 WS12017 GLM
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Table 4-2. Continue

Lead SNP* Pvalue MAF Effect Trait Env. Model BLUP BLUPP
R’® value °

S9 57781496 <10'®  0.02 -0.98 STI  WS22017 GLM,MLM 020 <10
<10 -0.31 WS12017 GLM, MLM

S9 58763841 <10  0.02 1.14 STI  WS22017 GLM,MLM 0.18 <10
<107 0.31 WS12017 GLM

S10 1402513 <10® 0.14 059 STI  WSI12016 GLM,MLM 0.14 <10
<10 0.68 WS22016 GLM, MLM

S10 4711152 <10°® 0.04 -67 RPW WSI12015 MLM 0.11  <10®
<10° -69 RGN WS12015 MLM

S10 6619068 <10~ 0.03 090 STI  WS22017 GLM 0.16 <10
<10 0.31 WS12017 GLM, MLM

S10 8716926 <10~ 0.02 -036 STI ~ WS12017 GLM 0.18  <10®
<10 -1.47 WS22017 GLM, MLM

* Digit before and after underscore indicates chromosome number and SNP position on the

genome, respectively; ° proportion of phenotypic variation explained based on BLUPs across

drought water stress environments and ADMIXTURE ancestry memberships at K = 8 were used

as fixed effect covariate; ° significance of proportion of phenotypic variation explained; MAF,

minor allele frequency; GLM, general linear model; MLM, mixed-linear model; Env, water

stress environments.
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Table 4-3. GWAS lead SNPs within S7g/—4 loci for reduction of yield components and

stress tolerance index for grain weight (STI) in independent and across water stress

environments.

Lead SNP ? Pvalue MAF Effect Trait Env. Model BLUP Locus
R2b

S2 56682379 <10~ 0.02 -0.6 STI WS12016 GLM,MLM 0.16  Stg3a

S2 59129283 <10  0.03 0.9 STI WS22017 GLM,MLM 0.13

S2 59237127 <10~ 0.03 0.6 STI WS12016 GLM,MLM 0.13

S2 60191986 <10~ 0.02 1.3 STI WS12015 GLM,MLM 0.12

S2 60849014 <107 0.02 95 RPW  WS12017 MLM 0.12

S2 62095163 <10  0.02 1.5 STI WS22017 GLM,MLM  0.21 Stg2b

S2 62973945 <10 0.02 12  STI WS22017 GLM,MLM 0.18

S2 63381610 <107 0.02 1.2  STI WS22017 GLM,MLM 0.20

S2 63881780 <10"°  0.02 1.1 STI WS22017 GLM,MLM 0.22

S2 65658140 <10"°  0.02 1 STI WS22017 GLM,MLM 0.15

S2 69575903 <107 0.17 -38 RPW  WS12017 MLM 0.11

S2 70503173 <107 0.04 -0.6 STI WS22016 GLM,MLM 0.12

S2 71386056 <107 0.04 12 RDBM WS12016 MLM 0.12

S3 56094063 <10  0.02 1.3 STI WS1, GLM,MLM 0.19  Stg2

WS2 2017

S3 56515341 <10~ 0.04 17 RGN WS12017 GLM,MLM 0.12

S3 56946323 <107 007 9 RDBM WS12016 MLM 0.11

S3 57614567 <10 0.02 0.8 STI WS22017 GLM 0.16
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Table 4-3. Continue.

Lead SNP* Pvalue MAF Effect Trait Env. Model B}bUP Locus
R
S3 57615696 <107  0.02 -03 STI  WS12017 GLM 0.16
S3 58067325 <107  0.06 -1 STI ~ WS12015 GLM,MLM 0.11
S3 62836558 <10®  0.02 -72 RPW WS12017 GLM 0.12 Stgl
S3 65137990 <10 0.02 -73 RPW WS12017 GLM,MLM 0.11
S3 65430305 <10~ 0.02 96 RPW WS22017 MLM 0.11
S3 66366589 <107 0.03 -0.7 STI  WS12016 GLM,MLM 0.15
S3 66738018 <10''  0.03 72 RPW WS12017 GLM,MLM 0.11
S5 13190947 <10 0.03 -07 STI  WS22017 GLM,MLM 0.16 Stg4
S5 15215761 <10 0.03 -43 RPW WSI12017 GLM,MLM 0.11
S5 15916423 <10 0.03 -71  RPW WSI12017 GLM,MLM 0.11
S5 16480120 <10  0.03 -12 STI  WSI12015 GLM,MLM 0.16
S5 20251208 <10 0.02 -1 STI ~ WS22017 GLM,MLM 0.19
S5 52255304 <10 0.03 -15 STI WS22017 GLM,MLM 0.14

* Digit before and after underscore indicates chromosome number and SNP position on the

genome, respectively; ® proportion of phenotypic variation explained based on BLUPs across

water stress environments and ADMIXTURE ancestry memberships at K = 8 were used as fixed

effect covariate; MAF, minor allele frequency; GLM, general linear model; MLM, mixed-linear

model; Env, water stress environments.
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Table 4-4. Pairwise-wide nucleotide diversity and frequency of common allele of lead SNP

associations under positive selection.

Nucleotide diversity ratio Common allele frequency

Chr Locus Lead SNP itW/aDC nW/aD tW/aG DC Durra Guinea

1 — 74186408 18.2 3 - 0.5 0.5 0.46
2 — 18195896 24 9 - 049 0.5 0.47
2 — 20558788 61.3 722 546 049 05 0.45
2 Stg3b 71386056 2.1 7.8 - 0.5 0.5 0.44
2 — 76213690 134 33 - 045 0.26 -

3 Stgl 62836558 2.8 2.2 7.5 0.5 0.5 0.45
3 Stgl 65137990 15.1 1.7 - 0.5 0.5 0.46
3 Stgl 65430305 88.2 15.5 8.4 0.5 0.5 0.46
3 Stgl 66366589 74.6 25 - 0.5 046 0.46
5 Stg4 15215761 32 6.8 10.1 0.5 048 0.48
5  Stg4 16480120 27 13 - 045 041 0.48
5 Stg4 20251208 1 1.5 8.7 045 0.46 0.5

Bold numbers are not among the 95 percentile selective sweep outliers.
Chr, chromosome; DC, durra-caudatum landraces; D, durra landraces; G, guinea landraces; W,
wild relative sorghum
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Table 4-5. The top two significantly associated haplotypes at Stg/ quantitative trait locus.

Haplotype allele frequency

Left SNP  Right SNP Haplotype P-value® beta” (%) D-C Durra Guinea Improved

S3 64606653 S3 64623404  AGC
CAC
CAT
CGT

S3 66396518 S3 66396621 TA
CT
TT

<10
0.62
<10”
0.75
<107
<10”
0.04

3.5
0.3

-2.3
-3.1
2.1

-2.0
-3.5

0.63
0
0.33
0
0.76
0.23
0

0
0.13
0.85
0.02
0.61
0.39

0

0
0.05
0.95

0
0.15
0.83
0.01

0
0.21
0.79

0
0.27
0.73

0

* The p-values for haplotype-specific tests of association with stress tolerance index for grain

weight across drought stress environments in the whole WASAP panel; © beta, regression

coefficient of haplotype alleles in the WASAP; D-C, durra caudatum landraces; improved,

improved varieties.
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Table 4-6. The top two most significant haplotype associations and haplotypes that overlap
with lead SNPs at S7g3b quantitative trait locus.

Haplotype allele frequency

P- Beta®
Left SNP  Right SNP Haplotype® value” (%) D-C Durra Guinea Improved
S2 70827637 S2 70834834 TGGATGA <10" 3.1 0.67 0.07 0 0.03

TCGACTT <10 2.0 021 046 081 0.83

TCGATGA 002 13 0.05 026 0.09 0.05
GGTGTGA 0.04 1.7 0.04 0.13 0 0.03
TCGACGA 0.5 -13 0.02 0.02 0.01 0

TGTGTGA <10 21 0 0.04 0.05 0.03

GGGGTGA 040 -8.1 0 0.02 0 0
S2 67597045 S2 67619513 GTACT <10™ 3.1 067 0 0.02 0.03
CCTTG <10® -1.8 0.09 022 0.67 0.03
GCTCT 0.05 1.1 0.04 026 0.08 0.05
GCTTT 0.61 0.5 0.03 022 0 0
GCTTG 0.07 -0.8 0.13 030 0.21 0.29
S2 62962601 S2_ 62974532 GTACTCAGGGCGG <107 6.8 0.02 0.04 0 0.02

TTATCTCCCGCGG <10” -1.5 0.10 0.09 0.54 0.24

GGGCTCAGCATCA <10 1.7 037 0 0.05 0
GGGCTCAGCATCG 094 -0.1 O 0 0.01 0.04
GGGCTCAGCGCG
G 023 04 039 039 025 0.64

GTACTCAGCGCGG 099 0 0.05 044 0.07 0.03

S2 63870593 S2 63881780 CA <10® 7.7 0.02 0.09 0 0.02
CT <10? -0.6 0.16 048 0.8 0.57
GT 075 0.1 083 044 0.61 0.42

145



S2 65651910 S2 65679884

S2 69575903 S2 69575906

CGTTGGCACA
AACTGGCGTA
CACTGCAATG
CACCGGCATA
CACTGGCATA
AACTGGCATA
CGCTAGCACA
CACTGGCACA
CACTGGCGTA

GA

TG

GG

<10
<10™
<107
0.01

0.31

0.46
0.90
0.14
0.33

<10™
<107
0.87

6.5
1.5
-1.2
-1.3
-0.8
-0.9
0.1
0.6
-3.7
2.1
-0.8
-0.1

0.02
0.58
0.07
0
0.06
0.03
0.01
0.15
0.02
0.05
0.15
0.80

0.04
0.11
0.09

0.17

0.24
0.28
0
0.07
0.25
0.68

0.14
0.41
0.20
0.03

0.03
0.12
0
0.05
0.35
0.60

0.02
0.14
0.10
0.14
0.03

0.02
0.51
0.02
0.03
0.03
0.94

* The most significantly associated haplotype alleles of a given haplotype block only are
included in this table; ® The p-values for haplotype-specific tests of association with stress

tolerance index for grain weight across drought stress environments in the whole WASAP panel;
¢ Beta, percent regression coefficient in the WASAP; D-C, durra caudatum landraces; improved,

improved varieties.
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Supplemental Materials Chapter 4

This section includes the supplemental figures and tables for the chapter 4

Genome-Wide Association Studies of Drought Tolerance in West African Sorghum
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Table C- 1. Summary statistics and variance components of check lines in each water

regime.
Trait WR G (%) E (%) GxE (%) Range = Mean + SD CV (%)
GrW (g) Hiv 34 52 1 16-47  31+10 33
WS131 34 9 347 18+ 11 62
WS20 0 41 11-50  29+9 31
wWw32 0 50 9-71 41+17 43
DBM(g) Hiv 9 87 0 93-218 164+42 26
WwS112 67 7 16-160 65+35 53
WS20 26 43 41-114 77+£22 28
wWwW 7 66 7 35-193 102+54 53
GrN Hiv 25 46 7 812-3077 1995 + 716 36
WwS128 27 18 175-1645 738 +402 55
WwS225 0 52 506-2071 1378 + 383 28
wWw 47 0 26 351-2496 1525 + 648 42
TGrW (g) Hiv 40 51 0 10-16  14+2 14
WS10 41 29 1835 25+5 21
WS226 0 45 15-31 21+4 20
WWi12 6 33 2036 26+4 14
DFLo (days) Hiv 36 43 2 62-74  65+4 6
WSI151 0 25 53-88  65+11 17
WS266 0 11 50-77 58+6 10
WWS80 0 4 50-75  59+7 12

DBM, dry biomass per plant; GrW, grain weight per plant; GrN, grain number per plant; TGrW,
thousand grain weight; DFLo, days to flowering; SD, standard deviation; CV, coefficient of

variation; G, genotype and E, environment variances; WR, water regime.
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Chapter 5 - Genomics-Enabled Breeding for Crop Improvement in

West Africa

Genomics-Enabled Breeding in Classical Breeding Programs

My vision is to live in a world where smallholder farmers in semi-arid regions can
produce sustainably sufficient food to improve their living standards regardless of climate
changes. To contribute to this vision, my mission is to understand the genetic architecture of
adaptive traits across the West African region to establish an efficient molecular breeding
platform. One of the breeding priorities of Breeding programs in West Africa is to develop
locally adapted varieties with yield advantages over existing varieties and photoperiodic
flowering that fits the different agro-ecological regions. However, field phenotyping for optimal
selection is difficult or even impossible in early generations, requiring multi-environment trials.
Breeding programs are small with limited resources to handle multiple field trials across diverse
environments, particularly for complex traits such as drought tolerance and photoperiodic
flowering. The development of adaptive traits-associated markers can contribute to rapidly
develop varieties for short-term and long-term delivery to growers.

Marker-Assisted Backcrossing for Drought-Yield Improvement

My first research goal is to develop high-throughput breeder-friendly markers that predict
drought tolerance, photoperiodic flowering, and panicle architecture to rapidly introgress
favorable alleles from donor lines into locally preferred varieties. Marker-assisted backcrossing
(MABGQC) is suitable for the introgression of a few large-effect QTLs (Varshney et al., 2013).
Toward this goal, my favored hypothesis regarding drought tolerance was that the genetic
architecture of grain yield under drought in West African sorghum is oligogenic, with the
contribution of large-effect drought tolerance alleles. Studies have demonstrated that genetic
variation controls drought tolerance in sorghum (Tuinstra et al., 1996, 1997; Xu et al., 2000;
Kebede ef al., 2001; Haussmann et al., 2002; Harris et al., 2007; Borrell et al., 2014; Hayes et
al., 2016). The known stay-green loci, (Stg/—4) underlie post-flowering drought tolerance in
near-isogenic lines (Harris et al., 2007; Borrell et al., 2014). They have been shown to confer
grain yield increase, modify canopy architecture, water supply, and phenology under post-

flowering drought tolerance. The alleles at Stg/—4 are dominant and explained up to 30% of the
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phenotypic variance. In this dissertation, stay-green alleles were identified in the West African
sorghum and contributed up to 25% of phenotypic variance, suggesting oligogenic architecture
of stay-green in the West Africa germplasm.

Several natural variants in positive pleiotropic drought response QTLs identified in
chapter 4 are selected for drought tolerance improvement of elite and locally preferred cultivars
(Table 5-1). These cultivars are key lines breeding programs due to their agronomic
characteristics (e.g., IRAT 204, Faourou, Mota Maradi, MDK, Sorvato-1, SEPONS82, SEGUIFA,
Grinkan, IRAT 4, 53-49). Locally preferred cultivars used as trait donors or for improvement
were selected based on their agronomic importance, popularity to growers, and favorable allele
presence. These cultivars include, for example, Congossane (formerly known as IRAT 4), Sevil
Ndanery (63-23), Tigne (53-37), SL 179 (50-17), Fellah, 50-16. The natural variants for drought
response will be converted to Kompetitive Allele Specific PCR (KASP) markers to validate their
contribution to drought tolerance in West African breeding populations. Once validated in
managed water stress environments on station and in farmer fields, these markers can be
routinely used as diagnostic tools to follow the introgression of drought tolerance alleles into
elite backgrounds. I hypothesize that Stg alleles loci confers drought tolerance in elite lines of
West Africa. KASP marker alleles from the drought response variants at the Stg loci would
segregate in near-isogenic lines (NILs) relative to recurrent elite parents. The MABC will be
conducted to introgress drought response alleles into elite and locally preferred varieties. I expect
to obtain new drought-tolerant versions of locally preferred cultivars.

To take advantage of discoveries from the international community, KASP markers at
(Stg3a and Stg3b) developed by the ICRISAT breeding program are being tested across West
African breeding populations. The objective is to verify whether the developed KASP makers at
Stg3a and Stg3b would differentiate the recurrent parental lines and B35 line for use in marker-
assisted selection. There are some promising markers that segregate between B35 (donor line)
and Tx7000 (susceptible line) and Senegal sorghum elite varieties. These markers will be used to
monitor the introgression of stay-green alleles into elite backgrounds, Nganda, Congossane,

Farourou, Darou, Nguinthe, and Kapelga.
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Marker-Assisted Backcrossing for Photoperiodic Flowering and Semi-Loose

Panicle Improvement

The Senegal sorghum breeding program released high yielding new varieties that were
developed to adapt to the Soudano-Sahelian zone of Senegal (semi-arid zone). These varieties
are photoperiod insensitive and mature early. Growers in humid and sub-humid regions are
interested in growing the new varieties. However, these varieties are not adapted to the southern
region where the growing season is much longer. The varieties mature in the middle of the
growing season before the end of rains leading to grain mold infection. In addition, the panicle
morphology is semi-compact, which is a source of grain mold infection. The goal is to develop
moderately photoperiod sensitive (medium maturity cycle) versions of these varieties with semi-
loose and long panicles to adapt to the growing season length and escape grain mold infection. In
the energy biomass sorghum, the dominant allele at SbGhd7/Ma6 (Maturity6) and Mal
flowering time genes increases photoperiod sensitivity and delays flowering in an additive
manner (Murphy et al., 2014). In the sorghum conversion program, the exotic photoperiod-
sensitive genotypes contained Malma6, malMa6, or MalMa6 (Klein et al., 2008; Murphy et al.,
2014). Therefore, Ma6 allele may confer moderate photoperiod sensitivity in elite lines of
Senegal. In this dissertation, quantitative trait loci (QTL) at Ma6 were identified in chapter 2 and
chapter 3. The genetic variants at Ma6 segregate between donor lines and elite backgrounds
(Table 5-2). KASP markers at the Ma6 allele will be developed to follow the introgression of
photoperiodic sensitivity into elite backgrounds.

Using available whole genome resequencing data (Bellis et al., 2020), I will test the
hypothesis that Ma6 allele alone confers moderate photoperiod sensitivity in elite backgrounds.
The competitive hypothesis is that photoperiod sensitivity is associated with Ma6 allele and other
photoperiodic flowering genes (e.g., Mal—MaJ) in elite backgrounds. To evaluate the prediction
that genetic variations at Ma6 will be strongly associated with photoperiod sensitivity in elite
backgrounds across geographic regions, field trials could be performed on research stations of
three different agro-ecological regions, Bambey (center-north), Nioro (center-south), and
Sinthiou Maleme (south) across Senegal.

The SP1 (short panicle I) gene encodes a conserved peptide transporter 2 domain and
expresses in the phloem of panicle branches to alter the panicle length and primary branch length

at the basal part of the panicle (Li et al., 2009). The mutant allele of SP/ confers a short panicle
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with reduced branch length. The longer the branches the looser the panicle such that loose
panicle is associated with longer primary branches at basal parts of the panicle. The two natural
variants in SP/ that were identified in chapter 2 of this dissertation would be converted to KASP
markers to detect genotypes with long and loose/semi-loose panicles (guinea and caudatum
sorghums). The allele for longer and looser panicles are harbored by guinea and some caudatum
sorghum accessions (loose and semi-loose panicles) relative to durra (compact panicle) sorghum
(Table 5-3). These lines would be used for gene pyramiding to integrate Ma6 and SP/ alleles
into elite backgrounds, including medium plant height alleles at gH/77.1 and Dw3 from chapter 3
(Table 5-4) and have been shown to be in repulsion linkage for height variation (Li ef al., 2015).

Marker-Assisted Backcrossing for Tannin Improvement

Several sorghum varieties were released to farmers by the Senegal breeding program.
However, some of these varieties are characterized by high tannin content in the pericarp. Grain
sorghum is characterized by a range of tannins (Dykes et al., 2013), which are available as
condensed tannins (proanthocyanidins) and anthocyanins (Xiong et al., 2019). The tannin
content in the pigmented testa is controlled by the presence of loss-of-function alleles of both
Tanninl (Tanl) and Tannin2 (Tan2) genes (Wu et al., 2012, 2019). Functional alleles at both
genes must be present to confer non-tannin. KASP markers for Tanl and Tan?2 alleles have been
developed at Kansas State University. My research goal will be to follow the introgression of
these alleles into elite backgrounds to develop tannin free versions of high tannin content
varieties. The variety, CE 180-33 has a good productivity and tolerance to water-limited
conditions; however, its grain quality is low with notable high tannin content, which limits its
expansion in farmers’ fields. The variety Nganda has a good grain quality and is highly grown by
farmers but it may have some tannin trace. To develop a tannin-free version of these varieties, I
hypothesize that both functional 7an/ and Tan?2 alleles together confer non-tannin in the elite
backgrounds. To evaluate this hypothesis, I predict that the KASP markers at these alleles would
perfectly predict the presence of both Tanl and Tan?2 alleles in NILs relative to recurrent elite

backgrounds.
Genomic Selection for Grain Yield Improvement under Drought

My second research goal is to implement genomic selection, with the integration of
climate- and drought-yield-associated SNPs in chapters 2 and 4 to improve genetic gain under

various drought scenarios. Genomic selection (GS) would contribute to increasing genetic gain
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by reducing the number of breeding cycles. In classical breeding, phenotyping is performed
during the whole process of varietal development and selection. However, in GS, phenotyping is
performed on the training set used to train GS models. Selection is then made based on the
individual's genomic-estimated breeding values (GEBV). Thus the whole performance of
individuals is obtained regardless of the genetic architecture of the traits. Moreover, GS does not
require knowing the causative variants because the breeding value of individuals is estimated as
the sum of genome-wide markers used via the kinship. To achieve this research goal, I
hypothesize that genomic selection can efficiently increase genetic gain in three to four cycles of
selection over three years while maintaining genetic diversity and limiting phenotyping efforts.

A backcross nested association mapping population (BC-NAM) is being developed from
different genetic backgrounds in West Africa and elsewhere. The parents of the BC-NAM
include diverse lines with important agronomic and economic values, high yielding lines,
drought tolerant lines, early maturity lines, grain quality, high protein digestibility, grain mold
resistance, and midge resistance lines. The Senegal NAM parental lines will also be used because
the common parent, Nganda, is part of the BC-NAM. All parental lines will be intercrossed twice
and self-pollinated one or two times to produce the Cycle 0 (C0) families, allowing more
recombination and variability. The climate- and drought tolerance-associated alleles identified in
chapter 2 and chapter 4 will be integrated into genomic selection models to increase prediction
accuracy. Phenotypic measurement for yield-related traits will be carried out on the CO families.
CO0 families will be used as training sets to train GS models. The best GS model will be

implemented in the breeding pipeline to continuously select the best performing lines.
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Table 5-1 SNP markers with positive pleiotropic effects across various drought scenarios and donor lines for drought tolerance

improvement of elite cultivars.

Locus Stg3a
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MDK — — — + + + + + — + — - _ — —
Seguifa — + — + + + + + + + + - _ + +

199SSM9 - - - - _ - _ - _ _ _ + N _
73D

63-23 + - - - - - - - - - - - - - -
IRAT 4 — — — — — — — - _ — — _ _ _ _
Tigne — — — — — — — — — — — + _ _ _
SL 179 — — + — — — — - _ — _ _ _ _ _
Fellah — — — —/+ —/+ + —/+ —/+ — + + — _ — _

50-16 — — — + + + + + — — — — — — —

* Single Nucleotide polymorphism where digits before and after underscore indicate chromosome number and nucleotide position on the

genome, respectively; * effect of the alternative allele of each SNP on grain weight per panicle across diverse water stress environments

157



Table 5-2. SNP markers and donor lines for early or late flowering time
improvement of elite cultivars.

Locus Mab6 SHCNS
a
SNP n n
2] 2] 2] NS NS
(@) (@) (@) | |
| | | W W
(@)Y [@)) [@)) EoN N
()] O Ne) O O
— - O — N
o0 N o0 3 o0
N~ Ne) N~ o0 w
~J O W [9%) ~J
W O

Nucleotide G>C C>G C>T C>T T>A

Effect® 30 29 -7 29 29
Line DFLo
Tx623 ¢ 714 - _ _ _ _
Tx7000 © 589 - - _ _ _
IRAT 204 62 - - — _ _
Faourou 66 — — - - _
Sorvato-1 — - _ _+ _ _
MDK 63 - - _ _ _
Mota Maradi 62 — - — _ _
53-49 62 — — + — _
IRAT 4 72 - - + _ _
183SSM205G 106 + + - + +
TGVL 1 109 + + _ + +
SMIL-155 89 - - + _ _

* Single Nucleotide Polymorphism (SNP) where digits before and after underscore
indicate chromosome number and nucleotide position on the genome, respectively; °
effect of the alternative allele of each SNP; © Tx623 and Tx7000 lines that have the
recessive allele of Ma6 based on Murphy et al. (2014); ¢ days to flowering for Tx623 and
Tx7000 under summer conditions based on Murphy et al. (2014); DFLo, days to

flowering under long days of the summer in Bambey, Senegal.
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Table 5-3. SNP markers and lines segregating for marker alleles in SP! for panicle

compactness improvement of elite cultivars.

Locus SP1

SNP? S1 55302939 S1 55305415

Nucleotide C>T T>C
Line Type"

IRAT 204 caudatum — —
Faourou  caudatum — -
PI1 514461 caudatum — —
53-49 guinea — —
IRAT 4 guinea — —
PI 514342 guinea — —

PI1 514278 durra + +
PI1 514327 durra + +
PI1 514367 durra + +

* Digits before and after underscore indicates chromosome number and nucleotide
position on the genome, respectively; ° the durra type is associated with a short panicle

and short panicle branch length relative to guinea and caudatum types.
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Table 5-4. SNP markers and lines segregating for marker alleles at ¢H77.1 and Dw3

for plant height variation.

Locus qHT7.1 Dw3

SNP S7 56232413 S7 56432423  S7 59402662 S7_ 59955806

Nucleotide C>G A>G T>C A>G
Line PH (cm)
BTx623" = = - -
Tx430° A g il A
Tx7000" | | | | 2 =
BTx642° | | = g
P898012° + - i i
Hegari® + + + +
IRAT 204 132 i & = =
Faourou 138 N N = =
Sorvato-1 — B | | | | |
TGVL 1 326 £ s | B
Mota 197 | | | | | | |
Maradi
MDK 229 | | £ | B
SEPON 130 il + = =
82
SRN39 148 N + = =
53-49 270 B | | | [

The plus sign indicates that the genotype has the alternative (non-reference) nucleotide,
while negative sign indicates that genotype has the reference nucleotide of BTx623;
Wildtype allele, Dwarf allele;

* Genotype of the line based on re-sequencing data in Phytozome; PH, plant height.
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