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ABSTRACT

Sorghum (Sorghum bicolor) is a well-known agronomic crop of global importance. The
demand for sorghum as a food crop makes it the fifth most important cereal in the world. The grain
of sorghum is utilized for food and feed, whereas the sorghum biomass may have many other uses
such as for fodder, bioenergy or even for construction. Globally, sorghum is consumed as a food
crop and used for home construction primarily in the developing world. The grain and biomass
yield of sorghum is drastically reduced by the parasitic plant Striga hermonthica which is endemic
to Sub-Saharan Africa. To date, only one sorghum gene, LGS1, has been characterized as a genetic
mechanism that reduces S. hermonthica parasitism by altering the strigolactone composition of the
host root exudates which results in a reduction of the parasites ability to germinate. To establish
more durable resistance additional genetic variation needs to be identified that reduces the S.
hermonthica parasitism in sorghum, but also reduces the parasitic weed seed bank by promoting
suicidal germination. To that end, the PP37 multi-parent advanced generation inter-cross (MAGIC)
population was developed, originally as a recurrent selection population that was developed to
recombine sorghum accessions with different putative resistance mechanisms to S. hermonthica.
Whole genome sequences were developed for approximately 1,006 individuals of the PP37
MAGIC population. The population was phenotyped for S. hermonthica resistance during the 2016
and 2017 growing season in Northwestern Ethiopia. There was significant spatial variation in the
S. hermonthica natural infestations that were partially attenuated for with artificial inoculation.
The data was used to conduct a genome-wide association study that detected several subthreshold
peaks, including the previously mapped LGS1. The highly quantitative nature of S. hermonthica
resistance confounded with the complex spatial variation in the parasite infestations across a given
location make it difficult to detect highly heritable variation across years and environments.

In addition to S. hermonthica resistance, the plant architecture of the PP37 MAGIC was
also assessed at a location in Northwestern Ethiopia that is free of the parasite, as it significantly
reduces plant height. To asses plant architecture the total plant height, the height of the panicle
base, flag leaf height, and pre-flag leaf height were collected using a relatively high-throughput
barcoded measurement system. Sorghum head exertion and panicle length were derived from this
data. The actual measures of plant architecture and the derived traits were used to conduct a

genome-wide association study. The high heritability of this trait demonstrated the statistical

9



power of the PP37 mapping population. Highly significant peaks were detected that resolved the
dwarf3 locus and an uncharacterized qHT7.1 that had only been previously resolved using a
recombinant inbred line population. Furthermore, a novel significant locus was associated with
exertion on chromosome 1. The random mating that was utilized to develop the PP37 MAGIC has
broken the population structure that when present can hinder our ability associate regions of the
genome to a given phenotype. As a result, novel candidate gene lists have been developed as an
outcome of this research that refined the potential genes that need to be explored to validate
gHT7.1 and the novel association on chromosome 1.

This research demonstrated the power of MAGIC populations in determining the genomic
regions that influence complex phenotypes, that facilitates future work in sorghum genetic
improvement through plant breeding. This research however also demonstrates a large
international research effort. The nuisances and lessons learned while conducting this international
research project are also discussed to help facilitate and guide similar research projects in the future.
The broader impacts of this research on the society at large are also discussed, to highlight the
unique potential broader impacts of international research in the plant sciences. The broader
impacts of this research include germplasm development and extensive human capacity building
in plant breeding genetics for developing country students and aspiring scientists. Overall this
research attempts to serve as a model for highlighting the interdisciplinary nature and complexity
of conducting international plant science research, while also making significant strides in
improving our understanding the genetic architecture of quantitative traits of agronomic

importance in sorghum.
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CHAPTER 1. A REVIEW OF STRIGA HERMONTHICA PARASITISM
IN SORGHUM

1.1 Introduction

Parasitic plants rely on the host plant to complete their lifecycle as they can feed directly
from the host plant (1). Approximately one percent of all angiosperms utilize parasitism in their
lifecycle (Westwood, Yoder, Timko, & dePamphilis, 2010). Holoparasitic plants have no
photosynthetic activity and obtain all of their reduced carbon from the host through the haustorial
connection, where hemiparasitic plants undergo varying degrees of photosynthetic activity (2).
Perhaps the most notable members of the family parasitic Orobanchaceae are the Striga species as
they parasitize essential crop species resulting in a significant negative impact on crop productivity
worldwide (3). The value of the estimated annual yield loss from Striga worldwide is
approximately $7 billion USD (3,4). Striga species have specific host preferences, and Striga
hermonthica preferentially parasitizes host plants in the Poaceae family, notably maize (Zea mays),
rice (Oryza sativa) and sorghum (Sorghum bicolor) (5).

Striga hermonthica is a hemiparasitic plant that attacks sorghum and can result in a 40 to
100% vyield reduction (Gebisa Ejeta, 2007). All parasitic plants connect to the host using an organ
known as the haustorium, which in the case of S. hermonthica allows for a xylem-to-xylem
connection between the two organisms (1). S. hermonthica parasitism results in significant yield
reduction because it extracts water and nutrients from the host and thus results in chlorosis, wilting
and even necrosis of the host (Figure 1.1). In the developing countries where S. hermonthica is
prevalent, there are not established systems to produce herbicides to control the pest. Furthermore,
S. hermonthica inflicts the majority of the damage on the plant before emerging from the ground,
rendering post-emergent herbicides as ineffective. Therefore, the ideal method of control is to
develop sorghum that has genetic resistance to S. hermonthica parasitism.

Sorghum displays natural genetic variation for quantitative resistance and tolerance to S.
hermonthica. Quantitative resistance refers to a plant having a reduction in an infection that is
conferred by multiple genes across the genome (6). Tolerance is a degree of susceptibility in which
tolerant plants exhibit less reduction in yield than other susceptible plants with similar levels of
infection (7). As early as 1936 researchers reported on the sorghum cultivars Dobbs and Kano,

noting that even under S. hermonthica parasitism these cultivars were tolerant enough to produce
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grain unlike the more susceptible landraces (8). Further analysis on the sorghum cultivar Dobbs
corroborated this observation by demonstrating that this genotype produced a higher yield under
S. hermonthica parasitism, but also that it supported a fewer number of attached parasitic plants
than the susceptible check indicating resistance (9). Due to the severity of the S. hermonthica
problem international efforts were made to screen sorghum germplasm collections for additional
resistant cultivars (10). This research documents a significant hurdle in screening for S.
hermonthica resistance, namely the lack of uniformity of natural parasite infestations across testing
locations. Like many weed species the spatial distribution of S. hermonthica across testing
locations, including inoculated sick-plots is not uniform (10-13). Screening the natural variation
of sorghum germplasm for S. hermonthica field resistance can be cumbersome and requires
extensive replication. To overcome the constraints presented by field variation on S. hermonthica,
experimental designs are implemented that utilize dense placement of susceptible checks to
quantify the variation of the parasite infestations in the field (Gilliver et al. 1986). These
limitations have substantially hindered the ability to screen and discern levels of parasitism and
thus have limited the understanding of quantitative resistance and tolerance to S. hermonthica in
sorghum.

However, other unique strategies have been employed to overcome the limitations of
phenotyping sorghum for S. hermonthica resistance and tolerance. The majority of our current
understanding of quantitative resistance to S. hermonthica in sorghum was greatly facilitated by a
research program at Purdue University which sought to deconstruct the life-cycle and interaction
between the parasite and host into key events that could be analyzed in detail with individual
laboratory assays (4,14,15). This strategy allowed for the decomposition of the multiple putative
quantitative resistance mechanisms into qualitative assays that permitted efficient phenotyping for
Striga parasitism. The ability to map these resistance mechanisms was improved further by
advances in molecular markers and genome sequencing technology (16). The genomics era has
brought a new level of hope to unraveling the genetics of S. hermonthica resistance in sorghum.

The intricate relationship between sorghum and S. hermonthicam will be reviewed here with
significant detail given to the novel advancements made in the last decade that have permitted a
greater understanding of the relationship. Even though, this improved understanding of the
parasite-host interaction and sequencing technology facilitated the detection of the one and only
known genetic resistance mechanism in sorghum, LOW GERMINATION STIMULANT 1 (LGS1).
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However, our understanding of the genetic architecture of quantitative resistance to S. hermonthica
in sorghum remains limited. To date, the full potential of genome-wide sequencing tools and
analysis have yet to be realized. With high-density genome coverage explaining the genetic
variation, the main limitation remains the ability to phenotype accurately. In what follows is a
demonstration of how the ability to phenotype can be improved by having a clear understanding
of the host-parasite interaction, careful experimental design and utilizing appropriate populations

when implementing genome-wide assessments for S. hermonthica resistance in sorghum.

1.2 The parasitic life cycle S. hermonthica

In Latin the term Striga translates to mean a witch or evil spirit. In a seemingly cursed
manner, the host plants become wilted, chlorotic and stunted when parasitized by Striga, which is
commonly known as witchweed. The tropical savannah spanning from the northwestern corner of
Ethiopia to southern Sudan is home to the greatest biodiversity of Striga. This area is endemic
with S. hermonthica, the Striga species with the largest impact across sub-Saharan Africa. S.
hermonthica parasitizes plant species from the Poaceae family, predominantly staple food crops
such as sorghum, maize, and rice. Infection of these crops by S. hermonthica can result in up to a
total yield loss where infestations are high (17). Specifically, S. hermonthica is an obligate root
hemi-parasite. The parasitic eudicot S. hermonthica is a member of the Orobanchaceae of the order
Lamiales and only infects members of the Poaceae family (18). The whole genome sequence of S.
hermonthica remains publicly unavailable to date. However, limited information is available on
the S. hermonthica genome. Flow cytometry revealed that the S. hermonthica is a diploid (n=19)
that has an estimated genome size of 1,801 Mbp (19). An expressed sequence tag (EST) analysis
identified 17,137 putative genes of which 79% are homologs to genes of known function in model
plant species (19). S. hermonthica is an obligate outcrossing plant with significant genetic
variation (20) which was confirmed when looking at EST from S. hermonthica types collected
from diverse locations and hosts (19). Further transcriptomic work on S. hermonthica has eluded
to the core set of genes required for parasitism, specifically regarding the formation of parasitic
plant organs such as the haustorium (21). These genomic and transcriptomic studies have
facilitated a greater genetic understanding of the S. hermonthica.

The successful completion of the parasitic life-cycle necessitates a successful connection

to the host but can be decomposed into several key stages. The S. hermonthica life-cycle involves
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the following key stages; below ground (1) dormancy (2) conditioning, (3) germination, (4)
haustorium formation, (5) attachment to the host and the above ground (6) growth and maturation.
Here the current state of knowledge on each of the stages will be discussed to provide a thorough
understanding of the S. hermonthica parasitic cycle, with detail being focused on advances made
in the last decade as prior reviews have explained the lifecycle concisely (4). As will be described
further, an understanding of the life cycle is vital as each stage represents a unique opportunity for
phenotyping quantitative resistance mechanisms to S. hermonthica in sorghum and other host
crops of global importance.

1.2.1 Seed dormancy and conditioning

Seed dormancy is an innate suspension in germination in an otherwise viable seed after
maturity. S. hermonthica displays two types of dormancy, a primary dormancy and a secondary
dormancy that is also known as a wet dormancy. The primary dormancy of S. hermonthica
typically lasts for six months after seed maturity (22). Under conducive conditions, S. hermonthica
will transition from primary dormancy to stage known as conditioning. During the conditioning
phase, the S. hermonthica seeds must be exposed to warm and moist environmental conditions for
2 to 14 days, initiating metabolic processes that facilitates detection of an exogenous germination
stimulant produced by the host (23). If the exogenous germination stimulant is not perceived S.
hermonthica can desiccate and enter into a secondary dormancy (22,24). This secondary
dormancy allows the parasite to persist in the soil until a host plant is available to support its

lifecycle.

1.2.2 Strigolactone induced germination and perception

As early as 1933 it was reported that Striga seeds would only germinate when they were
near a host root or when irrigated with water that had percolated across maize roots (25). Thus, it
was concluded that direct contact between Striga and the host is not required and that an exogenous
compound exuded from the host root stimulates germination. The exudate of the sorghum host
also germinated S. hermonthica which indicated a host specificity of the parasite to the Poaceae
family and established that the putative compound responsible for germination contained a pentose

sugar (26). The chemical structure of Striga germination stimulant, strigol, was determined
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utilizing exudates from the roots of cotton (Gossypium hirisutum) which is a non-host plant (27)
This research demonstrated that strigol solutions of 10 M concentrations could provide 50%
germination rates in Striga, eluding to the remarkable sensitivity of the strigol receptors in the
parasite. By 1986, sorgoleone was reported as the first Striga germination stimulant isolated from
root exudates of sorghum, a Striga host species (28). However, further studies indicated that
sorgoleone was on par in sorghum cultivars that were known as susceptible and resistant in
laboratory and field reaction to Striga (29). This discrepancy necessitated further study regarding
the Striga germination stimulants produced by host plants. Sorgolactone was confirmed to be the
primary Striga germination stimulant from sorghum root exudates (30). Likewise, strigol was
confirmed as the primary germination stimulant from the maize and porso millet root exudates
(31). Strigol and sorgolocatone are both sesquiterpene lactones that are active as Striga
germination stimulants and thus began to be referred to collectively as strigolactones, as proposed
by Dr. Larry Butler at Purdue University (32). Analysis of sorghum under laboratory conditions
revealed that S. hermonthica susceptible cultivars tended to exude the specific strigolactone 5-
deoxystrigol, while resistant cultivars exuded orobanchol (33). A similar association of Striga
susceptibility with 5-deoxystrigol exudation occurs in maize (34).

With the chemical nature of the S. hermonthica determined it remained unclear on how the
parasite perceived these host-derived signaling molecules. Recently the perception of
strigolactones by S. hermonthica received needed attention as the mechanism of how the parasite
perceived strigolactone germination stimulants were not previously well understood. As early as
1972 it was demonstrated that even picomolar concentrations of strigol could stimulate Striga
germination (27). Research on the endogenous perception of strigolactones in Arabidopsis
thaliana identified a group of genes encoding o/ hydrolases as the putative strigolactone receptors,
specifically AtDWARF14 (AtD14) and HYPOSENSISTIVE TO LIGHT (AtHTL)/KARRIKIN
INSENSITIVE?2 (35-39). Further examination revealed that S. hermonthica contains 12 genes
that are homologous to AtD14 and AtHTL, further designated as ShD14 and ShHTL1 to ShHTL1
(40). A greater understanding of the affinity of given S. hermonthica receptors for synthetic and
natural strigolactones was facilitated by the development of Yoshimulactone Green (YLG), a
fluorescent small molecule reporter that indicates strigolactone perception by S. hermonthica. This
research demonstrated that GR24 and 5-deoxystrigol produced the greatest inhibitory
concentration with YLG, meaning that 5-deoxystrigol displays the highest binding affinity to the

15



majority of the putative S. hermonthica strigolactone receptors (40). The demonstrated affinity of
the strigolactone receptors to 5-deoxystrigol provides evidence for the mechanism behind the
laboratory and field observations that indicate host plants producing 5-deoxystrigol have higher
germination stimulant activity and thus are more susceptible to S. hermonthica in the field.

Interestingly, ShHTL6 and ShHTL7 appear to be promiscuous receptors in that they have
an affinity for a range of strigolactoness including 5-deoxystigol and orobanchol, unlike ShHTL2-
5 and ShHTL8 which have preferential affinity for only 5-deoxystrigol (40). The putative
strigolactones receptors ShHTL1-9 were inserted as transgenes in the Arabidopsis htl-3 genetic
background and the resulting seeds germinated to varying degrees with exogenous application of
GR24 (41). This research found that only ShHTL7 perceives GR24 at the picomolar concentrations
observed in S. hermonthica, and thus the researchers concluded ShHTL7 to be the most
functionally sensitive receptor for germination of the parasite in response to exogenous
strigolactones signals from the host (41).

Strigolactones are not the only plant hormone required for successful germination. It is
now known that S. hermonthica will initiate but not complete the phases of germination in response
to exogenous GR24 and 5-deoxystrigol when ethylene biosynthesis is inhibited (40,42). By
observing the fluorescence of YLG in S. hermonthica embryos, we now know that strigolactone
perception during germination occurs in three distinct wavelike phases; (1) wake-up phase, (2)
pre-germination pause, and (3) the elongation tide (40). Strigolactone perception occurs
approximately twenty minutes after exogenous application of YLG in a period known as the wake-
up phase followed by a pre-germination pause. Following this pause, there is a second wave of
fluorescence concentrated at the S. hermonthica root tip and subsequent elongation of the root (40).
This concentration of strigolactone perception activity indicates that S. hermonthica utilizes
chemotaxis towards a strigolactone concentration gradient to develop the radical towards the host

root while in its free-living state.

1.2.3 Haustorial formation and attachment

S. hermonthica follows the characteristic signature of all parasitic plants in that it can
directly feed on the host plant, here specifically the roots, via a specialized organ of parasitism
called the haustorium (1). It is vital that the germinated S. hermonthica find and penetrate the host

as soon as possible because it has minimal reserves in the small seed. The haustorium allows S.
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hermonthica to attach to the roots of the host plant by invading the root system and making a direct
connection to the xylem. For the haustorium to form an additional signal must be perceived from
the host root. Studies on S. asiatica demonstrated that 2,6-dimethoxy-p-benzoquinone (DMBQ) is
the principal haustorium inducing factor exuded from sorghum roots (43). DMBQ was
demonstrated to be the product of cell well oxidation suggesting that the parasite produces phenol
oxidases to detect the host (44). This has not been demonstrated in S. hermonthica but is
considered to be the putative mode utilized by the parasite to initiate the formation of the
haustorium. Upon perception of the haustorium inducing factor, the root cap of the S. hermonthica
radical will swell, and the epidermal cells and haustorial hairs will form. It is assumed that cell
wall degrading enzymes exuded by S. hermonthica facilitate haustorial penetration into the host.
Transcriptomic studies have revealed that genes encoding cell wall degrading enzymes,
specifically glycosyl hydrolases and pectin lyases are upregulated in haustorial tissues from S.
hermonthica (Yang et al. 2015). Subsequently, the epidermal cells will differentiate into intrusive
cells that invade the host plant and become xylem cells forming a xylem-to-xylem connection

between the host and parasite (45,46).

1.2.4 Growth and maturation

With a successful connection to the xylem, the establishment of parasitism is complete,
and the parasite can successfully extract water and dissolved nutrients from the host. Once a
successful attachment is established, S. hermonthica will grow underground for four to seven
weeks before emerging as a photosynthetically active plant (47). It is approximated that at least
35% of the parasites carbon is derived from the host (48). The pre-emergent stage of S.
hermonthica causes significant damage to the host plant, and the symptoms include wilting,
chlorosis and severe stunting which in many cases prevent the host plant from reaching maturity.
Postemergence, the S. hermonthica plant will photosynthesize, but it is not capable of surviving
without continued attachment to the host (25). S. hermonthica will flower within three to four
weeks after emergence, and each plant is capable of producing up to a half a million seeds upon

maturity that have the potential to remain viable in the soil for over a decade (49).
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1.3 Quantitative resistance S. hermonthica in sorghum

The improved understanding of the S. hermonthica lifecycle has facilitated additional
discoveries regarding quantitative resistance to the parasite in the sorghum host. The interaction
between the host and the parasite illustrates the putative quantitative resistance mechanisms. It was
hypothesized that each critical stage of the S. hermonthica life cycle could be dissected into a
qualitative laboratory assays that could be used to study quantitative resistance in sorghum without
utilizing cumbersome field observations (15). By analyzing the interaction of S. hermonthica and
the host, laboratory assays have been developed to study the following putative resistance
mechanisms; low germination stimulant, low haustorial factor, and the hypersensitive response.
This approach has identified sorghum genotypes with these mechanisms of S. hermonthica
resistance and facilitated the detection of genomic regions that confer resistance to the parasite.

1.3.1 Indirect analysis of S. hermonthica resistance using laboratory assays

An agar gel assay was developed to examine the variation in Striga germination stimulant
activity in host plants (29). The premise being that indirect phenotyping of germination stimulant
activity would translate to increased resistance of indirectly selected sorghum accessions that have
low germination stimulant activity. By utilizing the agar gel assay, sorghum accessions having
high and low Striga germination stimulant activity are distinguishable qualitatively. The agar gel
assay was used to phenotype sorghum a bi-parental mapping population and associate the loci
resulting in low Striga germination stimulant activity to a 30-gene region on chromosome five,
known as LOW GERMINATION STIMULANT 1 (LGS1) (50). The agar gel assay together with
chemical characterization of the strigolactones present in root exudates from a variety of natural
variants at LGS1 were used to identify the causative gene as Sobic.005G213600, which encodes
an uncharacterized protein with a sulfotransferase domain (51). As noted, S. hermonthica
germinates when it perceives 5-deoxystrigol, a strigolactone that is exuded by the roots of the
sorghum host plant (33). In Igs mutants where LGS1 has been deleted the sorghum plants exude
an alternate form of strigolactone known as orobanchol that does not facilitate the germination of
S. hermonthica to wild-type levels. To date, the deletion of LGS1 is the only known mechanism
of S. hermonthica resistance that has been characterized.

A modified agar gel assay known as the extended agar gel assay was used to characterize

haustorial initiation, haustorial attachment, and signatures of a hypersensitive response reaction.
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As discussed, after germination S. hermonthica requires an additional host-derived signal to form
a haustorium. Some sorghum genotypes to facilitate germination of the parasite but the haustorium
of S. hermonthica may not form, and this is known as a low haustorial factor resistance mechanism.
The use of the extended agar gel assay identified the wild sorghum accession P78 as having the
low haustorial factor resistance mechanism, and segregation analysis indicated that this resistance
mechanism might be inherited through a single dominant gene (4). The genomic region or
associated genes conferring low haustorial factor resistance was mapped to 19.3 centimorgans (cM)
from the SSR marker txp358 (52), which resides on chromosome nine of the sorghum genome
(53). The extended agar gel assay facilitated further understanding of the genetic mechanisms that
influence the hypersensitive response reaction by sorghum to S. hermonthica parasitism. In the S.
hermonthica and sorghum context, the hypersensitive response is characterized by the formation
of necrotic lesions at the haustorial attachment sites (54). The locus that influences this
hypersensitive response was reported to be 7.5 cM from the SSR marker txp96 (52), which is on

sorghum chromosome two (53).

1.3.2 Direct analysis of S. hermonthica resistance in infested fields

Studies that analyzed the field reaction of sorghum to S. hermonthica parasitism in situ
have also provided limited insight into the genomic regions that influence resistance. The field
reaction of sorghum to S. hermonthica is characterized primarily using the terms resistance and
tolerance. In this context, a sorghum accession with resistance would host significantly fewer S.
hermonthica plants than a susceptible accession, whereas tolerance indicates an accession that can
support a susceptible level number of S. hermonthica plants but can still produce an acceptable
yield (55). Field screening for S. hermonthica quantitative resistance measures resistance and
tolerance, which may consist of the assayable resistance mechanisms such as low germination
stimulant, low haustorial factor and the hypersensitive response that can’t be resolved under field
conditions.  Effective field screening for S. hermonthica quantitative resistance is hindered
because natural field infestations of the parasite are highly heterogeneous and are strongly
influenced by environmental variation. This hindrance can be overcome to some extent by
inoculating the testing location with S. hermonthica seeds and utilizing appropriate experimental
designs that are replicated (11,12,56). The predominant phenotypes used to measure quantitative

resistance are counts of the number of S. hermonthica per experimental unit over a period of time
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which can be used to construct derived traits such as the area under the Striga number process
curve (ASNPC) (57). Some studies phenotyped sorghum germplasm and identified accessions
with field resistance to S. hermonthica (9,10,58). The sorghum that was identified as resistant to
S. hermonthica we later utilized to construct bi-parental mapping populations that facilitated
quantitative trait loci (QTL) analysis (59). The S. hermonthica resistant accessions 159830 and
N13 were crossed to a common susceptible parent, E36-1. The ASNPC was utilized to map a total
of 29 QTL across the two populations that are associated with S. hermonthica resistance (Table
1.1) (59). This research indicates that every chromosome in the sorghum genome is potentially
contributing to S. hermonthica quantitative resistance. Given that this QTL analysis used a low-
marker density, these intervals span large genomic regions which require further study for the

actual S. hermonthica resistance genes to be identified.

1.4 Future research for understanding quantitative resistance to S. hermonthica

In 2009, the first version of the sorghum genome was published (60). An additional 49
diverse sorghum genomes were sequenced to provide a genome-wide understanding of the genetic
variation present in sorghum (61). The sorghum reference genome was recently improved as
version 3 was recently released, providing further genomic insight(62). Studies have also analyzed
the transcriptome of sorghum to assess the differential gene expression, some under certain abiotic
and biotic stresses (62—-64) These genomic and transcriptomic resources have facilitated a greater
genetic understanding of several quantitative traits such as plant architecture, abiotic stress
tolerance in sorghum, flowering time, kernel composition, yield and stalk rot resistance (65-71).
With the exception of mapping LGS1, there have been no other studies to date that utilize these
genomic and transcriptomic resources to improve our understanding of quantitative resistance to
S. hermonthica. Improved sequencing technology can facilitate the exploration of the sorghum

genome and transcriptome to resolve our knowledge of quantitative resistance to S. hermonthica.

1.4.1 Linkage mapping

Quantitative traits are controlled by the collective action of many genes and their
interaction with the environment. The majority of agronomically important traits, including yield,
abiotic stress tolerance and even S. hermonthica resistance in sorghum are considered to be

quantitative. A QTL is a region of the genome that explains a statistically significant portion of
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the phenotypic variation of a quantitative trait of interest, likely containing allelic variation
responsible for the segregation of the phenotype. Linkage or QTL mapping involves locating
genomic regions that influence a specific trait. The general common procedures of linkage
mapping in plants will be mentioned here, however, the concise details of linkage mapping
methodology have been concisely reviewed (72). In plants, the general procedure for linkage
mapping involves producing a bi-parental mapping population by crossing two parent lines that
show segregation for the trait of interest. This initial cross would be further advanced via self-
pollination to produce hundreds of recombinant inbred lines (RIL) that display segregation for the
trait of interest. Each RIL is phenotyped for the trait of interest and is genotyped using genetic
markers. The genotypic data is then used to create a genetic map, which is the linear ordering of
markers within a linkage group. Generally, linkage mapping techniques involve statistically
associating a region between two markers with phenotypic variation of trait at a given level of
significance. Overall these studies have indicated that in plant populations, quantitative traits are
controlled by a limited set of small-effect QTL, in addition to very few QTL that produces large
effects in the phenotypic variation of a trait (73). Family-based linkage mapping studies have been
hindered because they have limited genomic resolution and are restricted to the allelic diversity
found in a bi-parental population (74). As sequencing technology becomes increasingly affordable,
it is now routine to genotype a bi-parental mapping population using SNP markers. This has
facilitated high-density linkage mapping which improves the genomic resolution of a QTL due to
an increased genetic marker density across the genome (75). However, this resolution is still
limited by a lack of recombination events. To incorporate greater allelic diversity in the analysis,
nested association mapping (NAM) populations have been designed in which several bi-parental
populations are developed that all have a common female parent, that are crossed to a diverse set
of male parents (76,77). Linkage mapping in NAM populations can be executed through a Joint
QTL linkage mapping (78). The allelic diversity in these populations is relatively limited, for
example there are only 26 founders in the maize NAM and 11 founders in the sorghum NAM
which limits the usefulness of these populations if the founders do not have phenotypic variation
for the trait of interest (76,77).
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1.4.2 Association mapping

Association mapping typically makes phenotype to genotype associations in natural
populations, commonly referred to as association panels, in contract to linkage mapping which
using structured populations. Association panels consist of individuals that are selected to
represent the diversity of the organism, such as the sorghum association panel (SAP) (79).
Association mapping in association panels rely on ancestral recombination to resolve phenotype
to genotype associations in a process called association mapping. Recombination limits resolution
of a QTL on average to 10-20 cM because of the limited number of recombination events that
occur in constructing the bi-parental or backcross populations (72,80). Association mapping is an
improvement over linkage mapping in that it improves the resolution of the QTL, reduces the
research time needed in population development and allows a greater allelic diversity to be
analyzed (81). The increased resolution achieved in association mapping is a function of the
structure of the linkage disequilibrium or the non-random association of loci across the genome.
In a genome-wide association study (GWAS), association mapping is performed between
phenotypes and genotypes across the entire genome (82). In sorghum GWAS in natural
populations such as association panels have improved genetic understanding of several
quantitative traits such as plant architecture, flowering time, kernel composition, yield and stalk
rot resistance (Adeyanju, Little, Yu, & Tesso, 2015; Boyles et al., 2016; Chopra, Burow, Burke,
Gladman, & Xin, 2017; Higgins, Thurber, Assaranurak, & Brown, 2014; Morris et al., 2013;
Rhodes et al., 2017). However, all of these studies as with others using natural populations had to
statistically control for population structure which limits the statistical power of these analyses.

Population structure is present in natural populations, for example association panels and
even structured populations such as the NAM. Population structure is the presence of
subpopulations with distinct allele frequencies due to non-random mating. Population structure
can cause spurious phenotype to genotype associations in GWAS because it acts as a confounding
variable. In plants non-random mating due to geographical origin, local adaptation and breeding
history can result in population structure (81,83). Statistical corrections can be made to control
for population structure but this limits the power to detect the causative genomic regions that
influence the phenotype of interest (84,85). Another option to overcome the hindrance of

population structure is to utilize a population design that incorporates enough random mating that
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the population becomes unstructured, such as multi-parent advanced generation intercross
(MAGIC) populations(86).

1.4.3 Association mapping in MAGIC populations

Generally, the development of a MAGIC population includes (1) selecting founder lines
that segregate for the trait of interest, (2) random mate the founders for several generations, (3)
randomly select a population of random mated individuals and advance them via self-fertilization.
This procedure results in a MAGIC population of advanced RILs that do not have population
structure because it was eliminated in the random mating step of the population development (86).
The random mating also increases the number of recombination events which can potentially
reduce the size of linkage blocks and increase the resolution for detecting sequence variants that
influence a given phenotype. MAGIC populations have been developed in a number of crops
including rice (87), wheat (88), maize (89), barley (90), cowpea (91) and sorghum (92). Aside
from the elimination of population structure, MAGIC populations also have a significant
advantage over association panels in that they produce a large breeding pool of novel variation
that can be selected upon in breeding programs. However, the main disadvantage of MAGIC
populations is that they take several generations to produce which can be laborious and cost
prohibitive. This limitation can be further exacerbated if the species of interest does not exhibit a
high degree of outcrossing or does not have an established male sterility system. Lastly, as with
the NAM populations, the allelic diversity in a MAGIC population may be considerably less than
an association panel if the diversity in the founder lines in genetically narrow. Despite these
limitations, MAGIC populations have provided a greater understanding of the genomic regions
influencing plant architecture, abiotic stress tolerance, disease resistance and nutritional

composition in a number of crops and model species (93).

1.4.4 Mapping for Striga hermonthica Resistance in Sorghum

As discussed, linkage mapping in sorghum facilitated mapping a QTL that spanned 5.8 cM
that explained a significant amount of the variation in Striga germination stimulant activity that
was further fine-mapped to a 400 kb region (50). This study successfully delivered two of the

main goals of linkage mapping; (1) selection of Striga resistant sorghum accessions using marker-

23



assisted selection and also, (2) aided in the gene discovery of LGS1. As mentioned by
characterizing the strigolactones present in root exudates from a variety of natural sorghum
variants LGS1 was identified as Sobic.005G213600 encoding an uncharacterized protein with a
sulfotransferase domain (51). The mutant phenotype associated with loss of function causes a shift
in the stereochemistry of the exuded SLs from 5-deoxystrigol to orobanchol in the root exudates
of sorghum which confers resistance to S. hermonthica. To date LGS1 is the only gene conferring
a component of quantitative resistance to S. hermonthica that has been characterized. Additional
studies have utilized linkage mapping and identified 29 QTL that are associated with S.
hermonthica resistance in two bi-parental populations using field-collected S. hermonthica count
data (59).

This in situ linkage mapping study illustrates that S. hermonthica resistance is indeed
quantitative. There have been no studies in sorghum that assess the natural variation in sorghum
for tolerance to S. hermonthica parasitism. By leveraging the low cost of whole-genome
sequencing further linkage and association mapping studies could be conducted to determine the
genomic regions that confer quantitative resistance on tolerance to S. hermonthica in sorghum.
However, the existing association panels may not be useful for association mapping for this trait
because there may not be significant variation for the phenotype of interest to detect associations.
For example, the SAP has a total of 377 individuals, yet only three accessions (SAP-167, SAP-
345, and SAP-360) have a reported resistant field reaction to S. hermonthica (94). Meaning that
less than 1% of the population has a potential sequence variation for the phenotype. Unfortunately,
these rare variants may be lost before the association analysis occurs because minor alleles with a
frequency of less than 5% are filtered out because they cannot be distinguished from sequencing
errors when low-depth sequencing methods such as genotyping-by-sequencing are used (95).
Therefore, careful attention must be given when selecting the population that will be utilized for
association mapping. MAGIC, NAM and bi-parental populations are structured and require
substantial resources to develop, however with careful selection of the founder lines they could be
utilized to identify the genomic regions that confer quantitative resistance and tolerance to S.
hermonthica. Furthermore, these findings could facilitate the use of marker-assisted and genomic
selection in expediting the development of elite sorghum accessions that resistant and potentially

tolerate S. hermonthica parasitism.
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The research activities that will be discussed in further chapters sought to leverage the
advances in sequencing technology to conduct a GWAS for S. hermonthica resistance and
tolerance in sorghum. To date, no GWAS has been conducted in any species for S. hermonthica
resistance. A MAGIC population was used to conduct the GWAS. The PP37 MAGIC population
was generated using 25 founder lines, of which 23 have been reported as resistant or tolerant to
Striga. The populations were phenotyped for resistance and tolerance to S. hermonthica in the
Northwestern corner of Ethiopia where the parasite is endemic during the 2016 and 2017 sorghum
growing season. To account for spatial variation in S. hermonthica parasitism across the field an
incomplete block design was used, with dense allocation of susceptible checks. Overall this
research reveals that despite advances in our ability to genotype large populations segregating for
putative S. hermonthica resistance mechanism, the primary challenge remains in accurately

phenotyping these individuals.

25



Table 1.1: The previously detected QTL potentially conferring field resistance to S. hermonthica.

The location of the QTL is based off of version 3 of the sorghum reference genome. Genes refers
to the number of genes inside the support interval of the QTL.

QTL Population Chr. | Start (bp) | End (bp) | Interval (kb) | LOD | R? | Genes
QSTRGI.1 N13xE36-1 1 7159896 7455090 295 6.7 |24.2 49
QSTRGI1.2 | IS9830xE36-1 1 8957572 | 11628163 2671 29 [10.7 ] 325
QSTRGI1.3 NI13xE36-1 1 20162320 | 23989400 3827 4 14.6 | 201
QSTRGI1.4 NI13xE36-1 1 53840102 | 55365887 1526 74 |26.5 57
QSTRGL.5 NI13xE36-1 1 77289787 | 78396426 1107 33 | 125 ] 143
QSTRG2.1 NI13xE36-1 2 1533903 2267139 733 29 | 11.2 77
QSTRG2.2 | IS9830xE36-1 2 2001997 | 2879255 877 3 11.6 95
QSTRG2.3 NI13xE36-1 2 6058726 6080498 22 6 22.1 2
QSTRG2.4 | IS9830xE36-1 2 56518961 | 57022492 504 58 1219 33
QSTRG2.5 | IS9830xE36-1 2 71851092 | 73416602 1566 18.9 | 224
QSTRG3.1 | IS9830xE36-1 3 6900269 9483430 2583 11.2 | 257
QSTRG3.2 | IS9830xE36-1 3 58225457 | 58692191 467 29 | 113 56
QSTRG3.3 NI13xE36-1 3 68335734 | 69607180 1271 2.5 9.5 168
QSTRG3.4 | IS9830xE36-1 3 71514043 | 72298881 785 2.8 | 11.1 102
QSTRG4.2 | 1S9830xE36-1 4 61565833 | 61917025 351 2.7 1102 41
QSTRG4.1 N13xE36-1 4 61665535 | 61732660 67 12.4 | 40.5 7
QSTRGS.1 N13xE36-1 5 1994079 | 2867047 873 53 | 189 | 104
QSTRGS.2 N13xE36-1 5 12102612 | 13417632 1315 8 28.5 46
QSTRG6.1 | 1S9830xE36-1 6 3401736 | 4241078 839 4.4 16 39
QSTRG6.2 | 1S9830xE36-1 6 47664738 | 48915576 1251 42 1162 | 169
QSTRG6.3 NI13xE36-1 6 52528921 | 52773566 245 9 30 35
QSTRG6.4 | 1S9830xE36-1 6 60079492 | 60226099 147 12.7 | 41.5 24
QSTRG7.1 N13xE36-1 7 2486294 | 2915151 429 45 1173 59
QSTRG7.2 | 1S9830xE36-1 7 54379522 | 57687844 3308 2.8 | 11.1 199
QSTRG7.3 | IS9830xE36-1 7 63194655 | 65460255 2266 3.6 | 157 280
QSTRGS.1 N13xE36-1 8 1121704 1561135 439 2.6 9.9 62
QSTRGIY.1 N13xE36-1 9 6107804 | 7507895 1400 3.8 4 104
QSTRGHY.2 | 1S9830xE36-1 9 52990009 | 55552544 2563 3.1 | 11.7] 355

QSTRG10.1 | IS9830xE36-1 10 | 56335690 | 56921445 586 2.9 |10.9 65
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Figure 1.1: The parasite in situ.

A Striga hermonthica (purple flowers) infested sorghum field in Humera, Tigray, Ethiopia in
2017. The parasitized sorghum plants are stunted, chlorotic and also displaying whole plant
necrosis. This level of infestation resulted in a 100% grain yield loss.
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CHAPTER 2. INVESTIGATING A CEREAL KILLER: EXPLORING
QUANTITATIVE RESISTANCE TO THE PARASITE STRIGA
HERMONTHICA IN SORGHUM

2.1 Abstract

Sorghum (Sorghum bicolor [L.] Moench) is a staple food crop in some of the most food-
insecure places in the world throughout Asia and Africa. In these regions where sorghum is grown,
it is afflicted by a parasitic weed known as Striga hermonthica. Striga hermonthica is an obligate
hemi-parasite that attaches to the roots of sorghum and can result in a total crop loss. Previously
only one gene, low germination stimulant (LGS1) has been identified in sorghum that when deleted
confers partial resistance to parasite by reducing the germination of S. hermonthica. The research
presented here is the first to demonstrate that Igsl results in a significant reduction of S.
hermonthica parasitism in a segregating population, the PP37 multi-parent advanced generation
intercross (MAGIC). In order to conduct a genome-wide association study the PP37 MAGIC was
phenotyped for two seasons in Northwestern Ethiopia, where S. hermonthica infestation is
pervasive. In the first season a sub-threshold association with an FRD-corrected p-value of 0.07
was detected on chromosome three that co-localizes with a QTL that was previously mapped by
the only other study that has attempted to map genomic regions conferring resistance to S.
hermonthica field resistance. This association was not detected when the experiment was repeated
in the following season, demonstrating the highly qualitative nature of S. hermonthica. In order to
further understand the genetic architecture of S. hermonthica resistance in sorghum, effectively

phenotyping remains the primary challenge.

2.2 Introduction

Approximately one percent of all angiosperms utilize parasitism in their lifecycle (96).
Parasitic plants can feed directly from the host plant via an organ known as the haustorium (1).
Perhaps the most notable members of the parasitic Orobanchaceae family are the Striga species as
they parasitize agronomically important crop species resulting in significant negative impact on
crop productivity worldwide (3). The value of the estimated annual yield loss from Striga
worldwide is approximately $7 billion USD (3,4). Striga species have specific host preferences
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and S. hermonthica preferentially parasitizes host plants in the Poaceae family, notably maize (Zea
mays), rice (Oryza sativa) and sorghum (Sorghum bicolor) (5).

For decades sorghum has remained the world’s fifth most important crop after maize,
wheat, rice, and barely (97). Sorghum is known as an abiotic stress tolerant member of the Poaceae
family that utilizes the C4 photosynthetic process and is a staple food crop of the world’s poor.
One particular biotic stress, the parasitic plant S. hermonthica, greatly hinders sorghum production
in areas of Asia and sub-Saharan Africa. Striga hermonthica taps the xylem of the host roots to
extract water and nutrients, and contributes to the sorghum becoming stunted, chlorotic and wilted
(Figure 2.1). In areas where S. hermonthica is endemic, parasitism can result in complete crop loss
(4) (Figure 2.2). Sorghum possesses natural genetic variation for S. hermonthica resistance,
although the understanding of the genetic mechanisms conferring resistance remains limited.

Generally in plants, disease resistance can be distinguished as either being qualitative or
quantitative. The negative influence of Striga on its host is often likened to a disease. Qualitative
plant resistance is a complete resistance conferred by a single gene, whereas quantitative resistance
is an incomplete resistance conferred by multiple genes of small effect (6,98). Qualitative disease
resistance is usually conferred by a single resistance (R) gene, whereas quantitative disease
resistance is conditioned by numerous genes of small effect (6). To date there has only been one
R-gene identified in the Striga-host pathosystem. Striga gesnerioides parasitizes members of the
Fabaceae, Convolvulaceae, Euphorbiaceae, and Solanaceae families, including the agronomically
important cowpea (Vigna unguiculata) (99). In cowpea, resistance to S. gesenerioides is conferred
by the R-gene RSG-301 which is predicted to encode a protein with a coiled-coil (CC) protein-
protein interaction domain at the N terminus, a nucleotide binding site (NBS) and a leucine-rich
repeat (LRR) at the C terminus (100). The CC-NBS-LRR, RSG3-301 elicits a hypersensitive
response (HR) in cowpea at the S. gesenerioides haustorial attachment site (100,101). Typically
biotrophic pathogens, or a parasite in this case, elicit R-gene mediated HR in which the host plant
tissue adjacent to the site of infection displays rapid programmed cell death (102). In plants, the
majority of R-genes encode for NGS-LRR proteins (103). The sorghum genome contains 24
putative CC-NBS-LRR encoding genes (104). However, there has been no qualitative R-gene
mediated S. hermonthica resistance reported in sorghum, or any other grass species. Signatures of
the hypersensitive response, including necrosis at the haustorium attachment site, have been

observed in some cultivars and wild accessions of sorghum parasitized with Striga asciatica (54).
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Linkage mapping in a bi-parental backcross population identified loci on chromosome two and
five that are associated with HR, but further refinement of these genomic regions have not been
reported (52,105).

Aside from the potential existence of R-gene mediated HR, resistance to Striga species in
sorghum appears to be quantitative as is generally demonstrated with grass host species (106,107).
Our current understanding of quantitative resistance to Striga was greatly facilitated by a research
program at Purdue University which sought to deconstruct the life-cycle and interaction between
the parasite and host into key events that could be analyzed in detail with unique laboratory assays
(4,14,15) . The first committed and non-reversible step in the Striga life cycle is the perception of
the strigolactone germination stimulant from the host plant. The in vitro agar gel assay was
specifically developed to examine the variation in Striga germination stimulant activity in host
plants (29). The agar gel assay was used to phenotype sorghum a bi-parental population and
linkage mapping was used to associate the locus resulting in low Striga germination stimulant
activity to a 30-gene region on chromosome five, known as LOW GERMINATION STIMULANT
1 (LGS1) (50). The agar gel assay together with chemical characterization of the strigolactones
present in root exudates from a variety of natural variants at LGS1 was used to identify LGS1 as
Sobic.005G213600 encoding an uncharacterized protein with a sulfotransferase domain (51).
Striga hermonthica preferentially germinates when it perceives 5-deoxystrigol, a strigolactone that
is exuded by the roots of the sorghum host plant (33). In Igs mutants, where LGS1 has been deleted,
the sorghum plants exude an alternate strigolactone, orobanchol that results in a reduction of S.
hermonthica germination. To date, the deletion of LGS1 is the only known mechanism of S.
hermonthica quantitative resistance that has been characterized.

Additional linkage mapping studies in two bi-parental populations identified 29 QTL
across the sorghum that was associated with S. hermonthica resistance using phenotypic data that
assessed parasitism in infested field locations (59). Linkage mapping provides limited resolution
of the genomic regions influencing a trait and is limited to the allelic diversity found in the parental
lines (72). Association mapping is routinely used in sorghum to determine the sequence variants
responsible for several quantitative traits such as plant architecture, flowering time, kernel
composition, yield and stalk rot resistance (Adeyanju, Little, Yu, & Tesso, 2015; Boyles et al.,
2016; Chopra, Burow, Burke, Gladman, & Xin, 2017; Higgins, Thurber, Assaranurak, & Brown,
2014; Morris et al., 2013; Rhodes et al., 2017). These studies relied on assessing phenotypes in
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natural populations known as association panels or diversity sets which lack mating designs and
are simply germplasm collections selected to represent the diversity of a species, such as the
sorghum association panel (SAP) (94). Such populations may not be suitable for mapping
quantitative resistance to S. hermonthica because the number of accessions with resistance to the
parasite is very low. For example, only three accessions (SAP-167, SAP-345, and SAP-360) of the
377 lines in the SAP have reported resistance to S. hermonthica. In this case, the sequence variants
conferring resistance to the parasite would potentially have allelic frequencies so low that are
indistinguishable from genotyping errors when low depth sequencing methods such as genotyping-
by-sequencing (GBS) are utilized (95,108). Therefore, it is necessary to conduct such mapping
efforts in populations that have been specifically designed to evaluate S. hermonthica resistance.
The sorghum PP37 multi-parent advanced generation inter-cross (MAGIC) population was
established using 25 founder lines, 23 of which are resistant or tolerant to one or more Striga
species (Table 2.1). CSH1 and Swarna the only two accessions that are reported as susceptible to
Striga (109). All of the SAR accessions have been reported to be resistant to S. asiatica (110).
SRN39, Tetron and 555 were utilized to determine the location of LGS1, which when deleted
confers the low Striga germination phenotype (111). The PP37 founders were genotyped for
mutations in LGS1, and it was determined that 14 of the founders have Igs1 alleles, meaning they
have at least partial quantitative resistance to S. hermonthica because they do not stimulate the
germination of the parasite to wild type levels. Framida and Dobbs have a reported hypersensitive
response reaction to Striga in which necrotic lesions form at the haustorium attachment site of the
sorghum roots (54). Framida also partially inhibits the formation of a functional S. hermonthica
haustorium which limits resource diversion from its host (112). N13 and 1S4202 exhibit increased
lignification at the point where the haustorium attempts to penetrate the endodermis effectively
creating a mechanical barrier against the parasite (109). P67083 produces a low density of roots
near the soil surface therefore potentially avoiding S. hermonthica parasitism (58). Overall the
PP37 MAGIC population was constructed using a diverse collection of founder accessions with
the majority of them exhibiting S. hermonthica resistance from several different mechanisms.
The PP37 MAGIC was phenotyped for S. hermonthica resistance in Northwestern Ethiopia
where the parasite is endemic during the 2016 and 2017 growing seasons. The number of S.
hermonthica plants per experimental unit was quantified at three-time points across the growing

season and was used to calculate the area under the Striga number progress curve (ASNPC) which
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provides a measure of the proliferation of the infestation (113). The experimental units were
inoculated with conditioned S. hermonthica seeds. However the significant spatial variation in the
natural parasite populations introduced experimental error. To control for this experimental error,
the population was planted in an incomplete block design with dense allocations of the susceptible
check, BTx623 in each block (114). The PP37 population consists of 1,000 individuals that were
genotyped using genotyping-by-sequencing (GBS) (108). These phenotypic and genotypic data
sets were used to conduct a genome-wide association study to determine the genomic regions
associated with S. hermonthica resistance in sorghum.

2.3 Materials and Methods
2.3.1 Germplasm

The PP37 MAGIC population was developed at the Purdue University Center for Research
and Education, Purdue University beginning in 1986. The population was originally developed as
a recurrent selection population for the development of elite sorghum cultivars with potentially
multiple mechanisms of S. hermonthica resistance. The PP37 MAGIC population was constructed
using 25 founder sorghum accessions, of which 23 are known to be resistant to one of more species
of Striga. The founders were randomly mated for six generations using the msz genetic male
sterility system (115). The genetic male sterility system involved crossing the founders to a stock
of 10 random sorghum plants that carried the mss allele. During the random mating, only male-
sterile heads are harvested which ensures that all seeds produced on the head are the result of cross-
pollination. After random mating, a total of 1,000 inbred lines were randomly selected and further

self-pollinated by single seed descent to the Se generation.

2.3.2 Genotypic data

Tissue was collected from one seven-day old sorghum seedling of each accession of the
PP37 MAGIC grown under greenhouse conditions at Purdue University. Approximately 40-50
mg of lyophilized leaf tissue was used for DNA extraction. DNA was extracted using the CTAB
(cetyl trimethylammonium bromide) method with minimal modifications (116). After elution, the
DNA was cleaned using a 1.5:1 by volume ratio of Axygen Clean-Seq beads (Corning Life
Sciences, Corning, NY, USA) to remove any remaining inhibitory compounds in the sample. DNA
was quantified using Quant-1T PicoGreen fluorescent dye (Thermo Fisher, Waltham, MA, USA).
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The concentration of the DNA was quantified using the Quant-iT™ PicoGreen® dsDNA kit (Life
Technologies, Grand Island, NY). Library preparation was done using a genotyping-by-
sequencing (GBS) protocol with the following modifications; 50 ng of DNA was digested with a
5 basepair cutter ApeKI (New England Biolabs, Ipswich, MA) followed by ligation of barcoded
adapters with T4 ligase (New England Biolabs, Ipswich, MA) (108). The adapter-ligated samples
are pooled, amplified, and adapter dimers were removed with SPRI bead purification. The quality
and quantity of the finished libraries were assessed using the Agilent Bioanalyzer High Sensitivity
Chip (Agilent Technologies, Inc., Santa Clara, CA) and Qubit® dsDNA HS Assay Kit (Life
Technologies, Grand Island, NY). The libraries were standardized to a 2nM concentration, and the
cluster was generated using the HiSeq SR Cluster Kit v3 (Illumina Inc, San Diego, CA, USA).
Each flow cell was sequenced using single-end, 100 base pair reads on the lllumina HiSeq2500
sequencer. The resulting images were analyzed using the Illumina Pipeline, version 1.8.2. To
analyze the GBS data and the TASSEL-GBS pipeline was utilized (95)The original genotypic data
set consisted of 449,208 single nucleotide polymorphisms (SNPs) that were filtered using TASSEL
(117). A total of 71,448 SNPs with minor allele frequency (MAF) < 5% and missing data >80%
were used in this study. The physical position of the SNPs was determined using sorghum genome
v3.1.

2.3.3 Genotyping for LGS1

The entire PP37 MAGIC was grown in sand benches under greenhouse conditions at
Purdue University. The accessions SRN39 and Shanqui Red were also grown to serve as the Igsl
and LGS1 check respectively. Leaf tissue was collected from one fourteen-day old seedling using
a 0.3 cm Integra Militex standard biopsy punch (Fisher Scientific, Hampton, NH, USA) for each
accession in the population and placed in a 96-well plate. The genomic DNA was extracted using
a high-throughput method as previously described (118). The LGS1 marker targets a genomic
region where the mutant allele is a deletion, and therefore the target sequence is missing in Igs1.
Therefore, a forward and reverse primer for a positive control needs to be used in addition to the
forward and reverse primer for LGS1 (Table 2.2). The gene Sobic005G213200 that encodes for a
kinase was used as a positive control because it resides upstream of LGS1 and is present in all 1gs1
mutants. The primer set used for LGS1 can distinguish between the two wild-type alleles (LGS1-

1 and LGS1-2). The LGS1-1 allele has a larger amplicon size and is found in Shaqui Red, whereas

33



the LGS1-2 allele is found in BTx623. Amplification was performed in a 20 pl reaction volume
consisting of 10 pl of MyTaq Red (Bioline, London, UK), 1 pl of LGS1 forward and reverse primer
mix, 1 pl of the positive control forward and reverse primer mix, 1 pl of 20% BSA, 10 ul of 20%
PVP and 1 pl of the DNA template. The thermal cycler was programmed for 2.5 minutes at 95 °C,
for initial denaturation, 30 seconds at 65 °C for annealing, 60 seconds at 72 °C for extension for
35 cycles (but with 30 seconds at the denaturation temperature) and 5 minutes at 72 °C for the
final extension (BioRad, Hercules, CA, USA). Upon completion of the PCR, 2-5 ul of each PCR
product was loaded onto a 3% high-resolution agarose gel and amplicons were separated by size
by electrophoresis in 0.5% Tris/Borate/EDTA buffer at 45V for 8 hrs. The lines carrying the Igs1
allele (low Striga germination stimulant activity) have only one band which is the amplicon from
the positive control primer pair (333bp). Those with the LGS1 allele (high Striga germination
stimulant activity) have two gel bands, one from the amplicon primed by the LGS1 primer pair

(208-220 bp), and one from the positive control primer pair (333bp).

2.3.4 Striga hermonthica field resistance phenotypes

The PP37 MAGIC population was grown during the 2016 and 2017 growing seasons in
the Humera district in the state of Tigray located in Northwestern Ethiopia. In 2016 two
replications were grown solely on research fields within the Humera Agricultural Research Center
(HARC) of the Tigray Agricultural Research Institute. In 2017 two replications of the experiment
were planted in S. hermonthica-free conditions and two replications were planted under S.
hermonthica infestation at HARC in addition to two replications under infestation in a farmer’s
field in Adabay which is also in the Humera district approximately 20 kilometers from HARC. In
2016 and 2017 all replications consisted of plots that were 3 meters in length with 1.5 meters
between the plots and 1-meter allies to prevent germination stimulant from influencing S.
hermonthica infestations in the neighboring plot. Each replication was weeded three times during
the growing such that S. hermonthica was the only weed growing in the experimental unit to
prevent other Poaceae species from spuriously germinating the parasite. In 2016 each replication
was grown in a randomized incomplete augmented block design, where each replication consisted
of 100 blocks and each block had the susceptible check Dabar randomized among the entries. In
2016 phenotypic data was collected on the number of S. hermonthica emerged per plot (at 50 and

75 days after planting), S. hermonthica height, S. hermonthica branch number, S. hermonthica
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emergence distance from the sorghum, for each plot in the replications. In 2017 each replication
was grown in a randomized incomplete augmented block design, where each replication consisted
of 200 blocks and each block had the susceptible check BTx623 randomized among the entries.
Dabar displayed insufficient susceptibility in 2016 and a significantly longer duration than the
PP37 population at large, potentially escaping parasitism temporally. The reference genome
BTx623 was observed in 2016 at HARC and demonstrated to be highly susceptible to S.
hermonthica and of similar maturity to the populations at large, making it a better susceptible
check than Dabar. In 2017 phenotypic data was collected on the number of S. hermonthica
emerged per plot (at 40, 50 and 75 days after planting), S. hermonthica height, S. hermonthica
branch number, S. hermonthica emergence distance from the sorghum, total sorghum plant height,
panicle length, flag leaf height, pre-flag leaf height and chlorophyll meter values (SPAD) for each
plot. Successive S. hermonthica counts were used to calculate the area under the Striga number

progress curve (ASNPC) using the following formula with slight modifications (57):
n
Y.+Yj
ASNPC = Z = l%l (T; —Tp)
i=0

Where:

Y;is the ith Striga count
Yj is the jth Striga count
T, is the ith Striga count date
T]. is the ith Striga count date

It was necessary to remove blocks where natural S. hermonthica infestations were
insufficient. The S. hermonthica infestation in the complete second replication of 2016 was
insufficient and thus was excluded from the subsequent association analysis, but was used to refine
the experimental design in the following season. Blocks were excluded from the data set when the
respective susceptible check had less than 30 S. hermonthica emerged plants per plot in 2016, and
less than 150 S. hermonthica emerged plants per plot in 2017 to remove experimental units where
infestations were insufficient. Best linear unbiased predictors (BLUP) were calculated for each
trait using the filtered phenotypic data for one replication in 2016 and four replications in 2017.

The BLUPs from 2016 represent a single replication whereas the experimental unit had to be
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present under sufficient infestation in two out of the four replications grown in 2017 for the
derivation of BLUPs and to be used in subsequent association analysis. The BLUPs were
calculated as yij= puttit+ Bjp) + €ijx where yi; is the ijth observation, p is the grand mean, t: is ith

fixed genotypic effect and () is the block effect nested within replication p.

2.3.5 Striga hermonthica germination stimulant activity

The S. hermonthica germination stimulant activity of a random sub-sample (n =87) of the
PP37 MAGIC population was determined using the agar gel assay as previously described (29)
with minimal modifications. Briefly, ten sorghum seeds from each sorghum accession were
surface-sterilized for 30 minutes in a 50% bleach solution (2.6% sodium hypochlorite) containing
0.2% Tween-20 (polyethylene glycol sorbitan monolaurate; Bio-Rad Corp.) and then imbibed
overnight in a 5% aqueous slurry of Captan fungicide (active ingredient: N-trichloromethylthio-4-
cyclohexene-1,2-dicarboximide, 48.9%; Arysta LifeScience North America LLC) in an incubator
at 30°C to germinate. One germinated sorghum was transplanted to each of three 100mm petri
dishes containing 0.7% agar into which conditioned S. hermonthica seeds were embedded at an
average density of 40 seeds/cm?. The plates were incubated in the dark for three days at 29°C. The
S. hermonthica germination stimulant activity was inferred from a measure of the maximum
germination distance (MGD). The MGD was determined by averaging the distance (mm) of the
three furthest germinated S. hermonthica seeds from the sorghum root on three plates per accession.
The S. hermonthica germination stimulant activity is scored as high if MGD was >10 mm and low
if the MGD was below 10 mm. The S. hermonthica utilized for the agar gel assay was collected
from Pawe, Ethiopia and showed a germination rate of 80% in agar treated with a 10" M solution
of GR24. The agar gel assay was conducted at the Purdue University Parasitic Weed Containment

Room.

2.3.6 Association analysis

The GWAS studies were conducted using the statistical genetics package Genome
Association and Prediction Integrated Tool (GAPIT) (119,120). The GBS produced SNPs with a
MAF of less than 0.05 and more than 20% were removed from the genotypic data set, and minor

SNP states, or minor alleles were also removed, resulting in 71,448 SNPs. Associations were made
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using a unified mixed linear (MLM) approach with kinship to account for relatedness among
individuals (85). The LGS1 marker status of each individual of the PP37 population were used as
a covariate in the MLM. The type | errors rate associated with multiple testing were controlled
with a 5% false discovery rate (FDR) that were calculated with the Benjamini and Hochberg
procedure (121) in GAPIT. The pairwise correlation between SNPs was calculated in TASSEL 5.2
to estimate linkage disequilibrium (LD) (117). The narrow sense heritability (h?) was estimated
using a compressed mixed linear model to estimate the additive genetics effects using marker-
based kinship in GAPIT (122). There were eight and seven traits used in 2016 and 2017
respectively to conduct the GWAS for S. hermonthica resistance in the PP37 MAGIC (Table 2.3).
Likewise, there were 513 and 916 individuals from the PP37 MAGIC that were grown under
sufficient infestation to be represented in the 2016 and 2017 respectively included in the GWAS.

2.4 Results
2.4.1 Structure of the PP37 population

The PP37 MAGIC population was initially established to generate a recurrent selection
population by recombining several elite sorghum accessions with accessions known to by field
resistance to S. hermonthica by different putative modes of action. The PP37 population was
established with 25 founder accessions of which 23 have reported field resistance to S.
hermonthica (9-11,110). To assess the putative resistance mechanisms, the PP37 population
founders were genotyped with the LGS1 marker. In total, 22 of the PP37 founders were genotyped
as the seed was not available for the remaining three founder accessions. Out of the 22 founders
that were genotyped 14 had Igs1 alleles and eight had wild-type LGS1 alleles (Table 2.1). At least
56% of the founders have some extent of S. hermonthica resistance conferred by the low
germination stimulant activity attributed to Igsl. The exact S. hermonthica resistance mechanism
of the other founders reported to be resistant is unknown. Therefore, the PP37 MAGIC population
derived from these founders was further analyzed to better understand S. hermonthica resistance
in sorghum.

In generating the PP37 MAGIC population, the founders were random mated for six
generations using the mss genetic male sterility system. The phylogeny of the PP37 population

founders was analyzed using neighbor-joining trees and the 23 founders that were analyzed
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clustered into seven distinct groups (Figure 2.3). Similarly, the phylogeny of the entire PP37
MAGIC population was analyzed and only clustered into one group and the lines are distributed
at equal distances from the root of the tree (Figure 2.4A), suggesting that the population structure
present in the founders were eliminated during the successive random mating that occurred during
the development of the population. The lack of population structure on the PP37 MAGIC is further
demonstrated with principal component analysis, in which no significant relationship was
observed (Figure 2.4B).

2.4.2 Genome-wide association of S. hermonthica germination stimulant activity

The S. hermonthica maximum germination distance was determined for a random subset
(n=85) of the PP37 MAGIC population. Of the subset that was analyzed, 54% of the individuals
scored as having high S. hermonthica germination stimulant activity, with the remaining tested
individuals being scored with low germination stimulant activity. All individuals of the PP37
population were genotyped for the LGS1 marker. The average maximum germination distance of
those with the wild type LGS1 is significantly higher than those with Igs1 (Figure 2.5A). There is
a perfect correlation (r? = 1.0) between the MGD phenotype from the agar gel assay and the LGS1
genotype (Figure 2.5B) on the subset of individuals that were tested. A GWAS of MGD on this
subset mapped significantly to one and only one region of the genome, on chromosome five
(Figure 2.6). This GWAS significantly associated 42 SNPs with the maximum germination
distance score using o= 0.05 FDR adjusted p-value threshold. The significant SNPs spanned from
positions 69,042,547 to 69,943,558bp, a 900kb region. The previously characterized S.
hermonthica resistance gene LGS1 (Sobic005G213600) resides within this interval. The peak SNP
(S5_69539513) is 444,927bp from the start site of LGS1. Linkage disequilibrium analysis
indicated there were two linked regions contributing to this genomic association. An additional
SNP (S5_69943558 ) of on equal significance to the peak SNP is only 40,882 bp from the start site
of LGS1. The LGS1 marker status of the individuals was used to infer the germination stimulant
activity of the entire PP37 MAGIC. Genotyping for the LGS1 marker revealed that 57% of the
PP37 MAGIC individuals have the wild type LGS1 allele while 43% have the Igs1 allele (Figure
2.7). From this, it is inferred that 43% of the population have the low S. hermonthica germination

phenotype which conveys partial resistance to the parasite. Here we demonstrate that the Igs1 allele
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results in a significant reduction in the number of S. hermonthica parasitizing the host plant at 40,
50 and 75 days after planting across the PP37 MAGIC (Figure 2.8).

2.4.3 Genome-wide association of S. hermonthica field resistance

A GWAS was conducted for all S. hermonthica resistance phenotypes (Table 2.3) in 2016
and 2017. The Manhattan plots for these studies indicate that there are no statistically significant
associations when using an FDR adjusted p-value of 0.05. All association studies that utilize the
S. hermonthica count or the derived ASNPC as a phenotype detect a subthreshold peak at LGS1,
for example the 2017 GWAS for ANSPC in the PP37 MAGIC (Figure 2.9A). When the LGS1
marker is used as a covariate the subthreshold peak for LGS1 is no longer present, validating that
this peak is LGS1. The most significant SNP of the sub-threshold LGS1 peak —logio p-value of
3.53 which is an FDR corrected p-value of 0.34. Given that we demonstrated that the Igs1 allele
results in a statistically significant reduction in S. hermonthica and that a sub-threshold peak was
detected for LGS1, we propose investigating sub-threshold peaks with SNPs in the peak at or
exceeding —logio p-value of 3.0, further referred to as the LGS-level. There are 1,943 SNPs that
cross the LGS-level for the S. hermonthica count data and ASNPC combined from the 2016 and
2017 data sets. To provide further evidence that these peaks are not spurious, comparisons were
made to previously mapped QTL.

A notable sub-threshold peak was detected on chromosome three using the 2016 S.
hermonthica count data at 75 days after planting, further referred to as ST-SH3.1. The peak SNP
(S3_8564738) of ST-SH3.1 had an FDR-corrected p-value of 0.07. The associated Manhattan plot
reveals that the ST-SH3.1 peak is significantly higher than the LGS-threshold (Figure 2.10). To
provide further evidence that these peaks are not spurious, a comparison was made to previously
mapped QTL that is associated with S. hermonthica count data (59,123). The ST-SH3.1 peak is
located within the support interval of one such previously mapped QTL, known as QSTRG3.1. To
map QSTRG3.1, a bi-parental mapping population was utilized that 1S9830 as the resistant parent,
which is as a founder line of the PP37 MAGIC population and carries a Igs1 allele. There are 257
putative candidate genes within QSTRG3.1. The 100,000 base pair linkage block around the peak
SNP of ST-SH3.1 reduces this candidate gene list to 20 candidate genes (Table 2.4). No peaks
were detected with the 2017 data that co-localized with ST-SH3.1. Furthermore, no other peaks
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were detected in the GWAS that co-localized across years when considering all SNPs that cross
the LGS-level.

2.5 Discussion

Despite decades of research and effort, limited advancements have been made in
understanding the genetic architecture of S. hermonthica resistance in sorghum. The seminal
studies regarding S. hermonthica quantitative resistance in sorghum were hindered by phenotypic
and genotypic limitations (50,59). Resistance to S. hermonthica is a highly quantitative trait.
There is profound variation in S. hermonthica infestations even under inoculated well-designed
experiments. Also, the germination and subsequent parasitic lifecycle of S. hermonthica is highly
influenced by the environment, to an extent that is only partially understood. These points
highlight some of the main hindrances that confound phenotyping for S. hermonthica. Pioneering
studies decomposed the quantitative nature of S. hermonthica resistance into qualitative
laboratory-based assays that led to the detection of the only gene associated with a reduction in the
germination of S. hermonthica, LGS1. The detection of LGS1 was facilitated by the rapid
advancement in sequencing technology. Undoubtedly, effectively phenotyping for S. hermonthica
field resistance remains the primary hindrance in furthering our understanding of the genetic
architecture conferring resistance to this parasite. To date, only one other study has evaluated a
sorghum mapping population for S. hermonthica resistance in the field, and this study was limited
by low genetic marker coverage (59). Advances in sequencing technology have facilitated larger
populations to be examined with genetic resolution. We hypothesized that a purposefully designed
large MAGIC population phenotyped with the careful experimental design would allow for greater
resolution of the genetic architecture underlying S. hermonthica in sorghum. Overall the results
of this GWAS are inconclusive, inviting a critical examination of the population, experimental

design, and the results to inform future research on this elusive parasite.

2.5.1 Animproved understanding of LGS1 and mapping structural variants

In sorghum, LGSL1 is the first, and the only gene reported that alters the primary exudate
for the sorghum root from 5-deoxystrigol to orobanchol and thus reduces the germination rate of
S. hermonthica (124). LGS1 was characterized using the in vitro agar gel assay which resolves

sorghum genotypes as either being high or low stimulators of S. hermonthica germination (29).
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The PP37 population was originally designed as a recurrent selection population to develop elite
S. hermonthica resistant sorghum inbred lines for hybrid development. The majority of the PP37
founders had been previously reported as resistant to Striga by varying putative modes of
resistance. In total 14 of the PP37 founders have a lgs1 mutant allele in which all or part of LGS1
is deleted. In total 43% of the PP37 population had a homozygous Igs1 genotype. This research is
the first to demonstrate that individuals having only Igs1 alleles have less severe S. hermonthica
field infestation than those carrying wildtype LGS1 alleles.

Furthermore, the agar gel assay was performed on a small subset consisting of 85
individuals of the PP37 population and was used to perform at GWAS to determine the genomic
regions that influence S. hermonthica germination. One and only one significant peak was detected
with the LD block of LGS1. Detection of this peak with such a low sample size demonstrates the
power of the PP37 population to detect genomic regions associated with a phenotype of interest
even when the population size is small if the allele frequency permits. The two peak SNPs of equal
significance were respectively 444 kb and 44 kb from LGS1. We validate that this peak is, in fact,
LGS1 signal because when the LGS1 marker was used as a co-variate, the peak is no longer
detected. The Igsl alleles are structural variants involving deletion of all or part of LGS1, often
extending to the surrounding genes. In the sorghum reference genome BTx623 that was used for
SNP calling in this study, LGS1 is present. Therefore, all homozygous Igs1 accessions in the PP37
MAGIC population would have missing data in this region. Overall this finding reinforces the
importance of considering candidate genes in long-range LD as the GWAS peak may be linked to
a structural genome rearrangement such as large-scale insertions or deletions that confer the

phenotype of interest.

2.5.2 The challenge remains phenotyping Striga hermonthica resistance

We demonstrated that lines in the PP37 MAGIC population fixed for Igsl alleles have
significantly fewer events of successful S. hermonthica parasitism as measured in this study than
those with wildtype alleles at this locus. However, when we used the same S. hermonthica count
phenotypes and the associated derived phenotypes to conduct a GWAS an insignificant
subthreshold peak with an FDR-corrected p-value of 0.34 appeared on chromosome five near the
genomic position of LGS1 but was likely only noticeable because of our a priori knowledge of the

gene. Therefore, although Igs1 significantly reduces S. hermonthica parasitism, it is a small effect
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gene on the overall highly quantitative resistance. In the first year of this experiment a peak, ST-
SH3.1, associated with S. hermonthica count and progression was detected on chromosome three
with an FDR-corrected p-value of 0.07. The ST-SH3.1 peak resides within a previously mapped
QTL, QSTRG3.1. The bi-parental mapping population used to locate QSTRG3.1 utilized the
sorghum accession 1S9830 as the S. hermonthica the resistant parent. 1S89830 carries the Igsllgsl
genotype but appears to have a region on chromosome three with potentially large effect gene
action at reducing S. hermonthica parasitism. Candidate genes within the LD block of ST-SH3.1
include a resistance related receptor-like kinase (Sobic.003G096900). These preliminary results
were the primary driver in the decision to repeat and expand the experiment in the following 2017
season.

During the 2016 and 2017 growing seasons the field experiment was designed such that
the plots were planted at twice the normal 75 centimeters spacing such that S. hermonthica
germination stimulant released from one genotype would not affect the rate of parasite germination
in the neighboring plot. Plants in the experimental check plots were densely spaced such that each
block had the susceptible check to serve as an indicator of the presence of S. hermonthica. In 2016,
Dabar, a commonly used susceptible sorghum accession was used as a susceptible check. However,
in northwestern Ethiopia we found that Dabar is not highly susceptible to the resident S.
hermonthica population. Dabar also has a duration and flowering time that far exceeded those of
members of the PP37 MAGIC population. Therefore, in 2017 the experiment was repeated using
double the number of replications and double the number of blocks within each replication.
Furthermore, the accession BTx623 was used as the susceptible check because it is highly
susceptible to S. hermonthica, yet highly productive when there is no parasite in this environment
and had a similar duration to the population at large. These adjustments in 2017 permitted a
greater resolution of S. hermonthica infestations and allowed blocks with insufficient parasite
infestations to be removed from further analysis.

In addition to the challenges imposed by environmental variation in S. hermonthica
infestation is the fact that this research was conducted in a developing country where variation was
introduced into the experiment that could otherwise be controlled by technology applications. For
example, mechanical planters have not been introduced in this region of the country. The nearly
8,200 plots that encompassed this experiment were demarcated, planted and inoculated by hand,

all tasks that could easily be done with one machine over the course of a couple days. However,
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in this study, these tasks were all done by hand and with daily monsoon rainfall and scorching
temperatures, only 600 plots could be planted per day, even with a crew of 15 incredibly strong
people. These hand activities introduced significant temporal variation that may have confounded
our ability to resolve the genetic underpinnings of S. hermonthica resistance in the GWAS
presented here. This is completely anecdotal but farmers in this region plant sorghum late in the
available planting season, nearly a month after the onset of monsoon rains because they have
observed delayed planting reduces S. hermonthica infestation levels. We still do not have a
complete understanding how variation in planting time due to our technical limitations impacted
the severity and uniformity of S. hermonthica parasitism and our ability to resolve genotype by
environment interactions.

Regardless, the field-testing location at Humera in the state of Tigray in the northwestern
corner of Ethiopia is potentially ideal for large quantitative genetics-based studies on Striga. The
soil type is uniform, with limited changes in topography over large expanses. S. hermonthica is
endemic and severe in Humera. Furthermore, there is an active and flourishing research station,
HARC, that is supported by the federal and state governmental agricultural agencies in Ethiopia.
The limitations that we experienced in this study might be mitigated by investments in technology
in this region and further human capacity efforts to improve the quality of plant science research
at this hub of S. hermonthica activity. Technological investments worth considering are
mechanical planters, biomass dryers, and high-throughput phenotyping systems, perhaps even
aerial imaging to quantify S. hermonthica parasitism. These efforts will greatly assist in reducing
the environmental variation in the experiments so that greater resolution of the genetic architecture
of S. hermonthica resistance can be obtained.

Further GWAS on the PP37 MAGIC population are also warranted. The PP37 MAGIC is
a powerful population that displays visual phenotypic variation on the order of an association panel.
Moreover, it is potentially packed with alleles impacting response to S. hermonthica since it was
constructed by recombination among S. hermonthica resistant sorghum accessions with different
putative mechanisms of resistance. The frequency of S. hermonthica resistance may be too low in
other populations that would otherwise be suitable for GWAS, like the Sorghum Association Panel,
where the frequency of resistant individuals is so low that it does not permit genetic resolution.
Above all, we have learned that the MAGIC population is extremely powerful, when combined

with precise phenotyping. With the aforementioned considerations in mind further research can be
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conducted to better understand the highly quantitative nature of S. hermonthica resistance in
sorghum and even potentially in other afflicted crops such as maize, rice and sugarcane. Striga
hermonthica remains a major constraint to production by developing country farmers and swift

action towards fixing this situation is as pertinent as ever.
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Table 2.1: The founding accessions of the PP37 MAGIC population

Pedigree information is not available (-) for all accessions. The reported field reaction is taken
from the associated reference that was available prior to the conception of the population. The S.
hermonthica counts are reported on a per plant basis collected over three replicates in
Northeastern Ethiopia in 2017. The country of origin information was collected from the U.S.
National Plant Germplasm System.

Reported Striga LGS
Striga Field hermonthica | Std | Marker | Country of
Accession Pedigree Reaction Count Dev| Status Origin Reference
555 - Resistant 4 2 lgs Yemen (Rao, 1985)
CSH1 - Suceptible . . . India (Maiti, 1984)
Dobbs - Resistant -Tolerant 9 9 LGS Uganda (Doggett, 1965)
Framida - Resistant 17 5 Igs Kenya (Doggett, 1965)
159830 - Resistant 9 12 lgs Sudan (Ramaiah, 1983)
154202 - Resistant . . . India (Maiti, 1984)
M90360 - Tolerant 17 15 LGS (Jain & Ejeta, 1981)
M90362 - Tolerant 10 9 LGS . (Jain & Ejeta, 1981)
N13 - Resistant 9 8 LGS India (Maiti, 1984)
P967059 - Tolerant 10 2 Igs . (Jain & Ejeta, 1981)
P967083 - Resistant 9 1 LGS USA  |(Jain & Ejeta, 1981)
SAR 1 (555 x 168)-1-1 Resistant 7 4 lgs India (Rao, 1983)
SAR 2 (555 x 168)-16 Resistant 11 6 lgs India (Rao, 1983)
SAR 9 [SRN 4841 x (WABC x P 3)-3]-7-3 Resistant 9 11 lgs India (Rao, 1983)
SAR 10 |[555 x (PD 3-1-11 x CSV 4)-29-3]-5-2-1-1 Resistant 11 5 Igs India (Rao, 1983)
SAR 16 (555 x 168)-19-2-7 Resistant 8 2 lgs India (Rao, 1983)
SAR 19 (555 x GPR 168)-23-1-2 Resistant 13 12 Igs India n.a.
SAR 25 (555 x Awash 1050)-2-2-1 Resistant 11 5 LGS India n.a.
SAR 29 (SRN 4841 x SPV 104)-17 Resistant 7 3 LGS India n.a.
SAR 34 (148 x Framida)-39-2-4-1-2-1 Resistant 20 12 lgs India n.a.
SAR 35 (GPR148 x 555)-29-3-2-1-1 Resistant 15 8 Igs India n.a.
Serena - Resistant 13 6 LGS Zimbabwe | (El Hiweris, 1987)
SRN39 - Resistant - Tolerant 4 4 lgs . (Hess, 1992)
Swarna - Suceptible . . . India (Maiti, 1984)
Tetron - Resistant 6 4 Igs Sudan (Ramaiah, 1983)
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Table 2.2: The primers used in the LGS1 marker screening of the PP37 MAGIC population.
Forward (F) and reverse (R) primers were designed for LGS1 and a positive control.

Primer

Gene Target

Primer Sequence

GC

Content

Expected
Amplicon Size (bp)

Sbh05G2136.0617-F

Sh05G2136.0837-R

Sobic005G213600
(LGS1)

5’-TTGCCCAAGTCCGGCACCACCTGC-3’ 67%

5’-GTGGCGATCAGCCGTGGAGCTC-3’ 68%

208 (LGS1-1) or
220 (LGS1-2); no
amplicon (Igsl)

Sbh05G2132.0792-F

Sbh05G2132.1125-R

Sobic005G213200
(positive control)

5’-TCGCTGCCCGGATTGCCGAAACC-3’ 65%

R 5’-TTCGCCTGCTCCGGCACGAGCTT-3’ 65%

333

Table 2.3: The phenotypic traits collected in 2016 and 2017.

The traits used to conduct the GWAS for S. hermonthica resistance in the PP37 MAGIC
population. BLUPs were calculated for each trait and the ASNPC was constructed from the

respective BLUPSs.

Year Trait Unit Description
Striga_Count_50_DAP count/plot S. hermonthica count per plot at 50 days after planting per plot
Striga_Count_75_DAP count/plot S. hermonthica count per plot at 70 days after planting per plot
Max_Striga_Height cm Maximum S. hermonthica plant height in a plot
Max_Striga_Branch cm S. hermonthica branch number of plant with maximum height
2016 Striga_Emerg_Dist_R cm Maximum S. hermonthica emergence distance to the right side of the plot
Striga_Emerg_Dist_L cm Maximum S. hermonthica emergence distance to the left side of the plot
Striga_Fresh_Weight g/plot Fresh weight of S. hermonthica at 100 days after planting
ASNPC n.a. Area under the Striga number progress curve from 50 to 75 days after planting
Striga_Count_40_DAP count/plant Mean S. hermonthica count per plot at 40 days after planting per plant
Striga_Count_50_DAP count/plant Mean S. hermonthica count per plot at 50 days after planting per plant
Striga_Count_75_DAP count/plant Mean S. hermonthica count per plot at 75 days after planting per plant
2017 Striga_Fresh_Weight Fresh weight of S. hermonthica at 100 days after planting
ASNPC_1 n.a. Area under the Striga number progress curve from 40 to 50 days after planting
ASNPC 2 n.a. Area under the Striga number progress curve from 50 to 75 days after planting
ASNPC_3 n.a. Area under the Striga number progress curve from 40 to 75 days after planting
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Table 2.4: Candidate gene list for ST-SH3.1

The candidate genes within a 100 kb window of the peak SNP of ST-SH3.1 on chromosome
three in the 2016 GWAS for S. hermonthica count at 75 days after planting.

Dis tance to Peak

Gene Name Chr Start End Annotation SNP
Sobic.003G096000 3 8474356 8478421 fructose-bisphospate aldolase isozyme, putative, expressed 90382
Sobic.003G096100 3 8499492 8501691 auxin-induced protem SNG4, putative, expressed 05246
Sobic.003G096300 3 8516801 8523922 homeobox and START domains containing protein, putative, expressed 47937
Sobic.003G096400 3 8533586 8537784 protein kinase domain contaming protein, expressed 31152
Sobic.003G096500 3 8532845 8541635 protein kinase domain contaming protein, expressed 31893
Sobic.003G096600 3 8554330 8556966 10408
Sobic.003G096750 3 8562424 8564918 protein kinase domain contaming protein, expressed 2314
Sobic.003G096900 3 8573857 8577124 resistance-related receptor-like kinase, putative. expressed -9119
Sobic.003G096950 3 8578937 8579697 lectin protein kinase family protein, putative, expressed -14199
Sobic.003G097000 3 8580681 8582674 expressed protein -15943
Sobic.003G097100 3 8588949 8592440 receptor kimase ORK10, putative, expressed -24211
Sobic.003G097200 3 8585283 8588728 Ser/Thr receptor-like kinase, putative, expressed -20545
Sobic.003G097300 3 8593915 8595519 -29177
Sobic.003G 097400 3 8601835 8602722 -37097
Sobic.003G097500 3 8604843 8607611 -40105
Sobic.003G097600 3 8607613 8608841 -42875
Sobic.003G097701 3 8611635 8612475 -46897
Sobic.003G097800 3 8617949 8619145 -53211
Sobic.003G097900 3 8626250 8627845 seven in absentia protei family domain contaming protein, expressed -61512
Sobic.003G098000 3 8664262 8608413 armadillo/beta-catenin repeat family protein, putative, expressed -99524
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Figure 2.1: Striga hermonthica attachment to the host root

(A) Striga hermonthica parasitizes the roots of the susceptible sorghum accession BTx623. The
white bar is 50 centimeters. (B) Striga will make a xylem to xylem connection with the host root
system. A Striga asciatica seed is also embedded in the agar next to the established parasite.
The white bar is 200 um. (Photo B Credit: Dr. Patrick Rich)
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Figure 2.2: The effect of S. hermonthica on BTx623.

The susceptible sorghum accession BTx623 grown in S. hermonthica free soil (A) and S.
hermonthica infested conditions (B) in Humera, Ethiopia. The sorghum in the infested condition
was planted 12 days after the uninfested condition. The white bar is 0.5 meters.
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Figure 2.3: Population structure of the PP37 MAGIC founders.
Phylogenetic tree of the PP37 MAGIC population founders.
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Figure 2.4: Population structure of the PP37 MAGIC population.

The (A) phylogenetic tree and (B) plot of principal components of the PP37 MAGIC population,
illustrating a lack of population structure.
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Figure 2.5: Germination stimulant activity of the PP37 MAGIC population.

(A) The average maximum germination distance (mm) of a subset (n=85) of the PP37 MAGIC

population. (B) The germination stimulant activity score of the same subset. In both figures the

x-axis is the LGS1 marker status with LGS being the wild type and Igs being the natural mutant
genotype that confers low S. hermonthica germination stimulant activity.
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Figure 2.6: A Manhattan plot of the maximum germination distance score in a subset of the PP37
MAGIC population (n=85).

The x-axis is the genomic position of the SNPs on chromosome five, and the y-axis is the
negative log base 10 of the p-values. The green line indicates the Bonferroni threshold for
statistical significance. The SNP color indicates the correlation of the respective markers.
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Figure 2.7: Allelic distribution of LGS1 in the PP37 MAGIC population.

The y-axis represents the percentage of individuals within the whole PP37 population. The x-axis
is the LGS1 marker status with LGS being the wild type and Igs being the natural mutant
genotype that confers low S. hermonthica germination stimulant activity.
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Figure 2.8: The effect of LGS1 on the S. hermonthica count.

The mean S. hermonthica count per sorghum plant at 40, 50 and 75 days after planting across the
entire PP37 MAGIC population (n=916). The low and high stimulant grouping is determined by
genotyping respectively for the absence or presence of the LGSI molecular marker. The S.
hermonthica count at 40, 50 and 75 days after planting is significantly different between the high
and low stimulant genotypes at a significance level of < 0.01, <0.001 and <0.0001, respectively.
The error bars were constructed using one standard error of the mean.
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Figure 2.9: Detecting LGS1 in the GWAS

Manhattan plot of the 2017 GWAS for the ANSPC phenotype in the PP37 MAGIC using the K-
model (A) and the K-model with the LGS1 marker as a covariate (B). The red vertical line indicates
the position of LGS1. The x-axis is the —log10 p-value and the x-axis is the base pair position on
chromosome five.
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Figure 2.10: A novel GWAS peak for S. hermonthica resistance

Manhattan plot of the 2016 GWAS for the ANSPC phenotype in the PP37 MAGIC with LGS1
marker as a covariate. The gold horizontal line indicates the position of significant level of the
peak SNP linked to LGS1 detected without the covariate. The SNPs crossing the LGS1-level are
known as ST-SH3.1 and it co-localizes with the previously detected QTL, QSTRG3.1 that is
indicated by the grey bar. The x-axis is the —logio p-value and the x-axis is the base pair position
on chromosome three.
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CHAPTER 3. EXPLORING THE GENETIC ARCHITECTURE OF
PLANT ARCHITECTURE IN SORGHUM

3.1 Abstract

Sorghum is the fifth most important cereal crop in the world. Depending on the end user the
plant architecture needs of sorghum are quite diverse. In most cases where the sorghum grain is
the component of interest there is a global demand for sorghum that is short in stature to facilitate
mechanical harvest. Whereas when sorghum biomass is preferred for fodder or ethanol, often
sorghum that is tall in stature is preferred. The genetic mechanisms that influence sorghum plant
architecture are only partially understood. The objective of this research was to improve our
understanding of plant architecture in sorghum. To that end, the PP37 multi-parent advanced
generation inter-cross (MAGIC) population was developed, originally as a recurrent selection
population that was developed to recombine sorghum accessions with different putative resistance
mechanisms to S. hermonthica. The plant architecture of the PP37 MAGIC was also assessed at a
location in Northwestern Ethiopia that is free of the parasite, as it significantly reduces plant height.
To asses plant architecture the total plant height, the height of the panicle base, flag leaf height,
and pre-flag leaf height were collected using a relatively high-throughput barcoded measurement
system. Sorghum head exertion and panicle length were derived from this data. The measures of
plant architecture and the derived traits were used to conduct a genome-wide association study.
Highly significant peaks were detected that resolved the dwarf-3 locus and an uncharacterized
locus, gHT7.1 that had only been previously resolved using near-isogenic lines. Furthermore, a
novel significant locus was associated with exertion on chromosome 1. The random mating that
was utilized to develop the PP37 MAGIC has broken all population structure and subsequently
broke ancestral linkages that limited resolution previously. As a result, novel candidate gene lists
have been developed as an outcome of this research that refines the potential genes that need to be
explored to validate gHT7.1 and the novel association on chromosome 1.
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3.2 Introduction

Sorghum is a unique agronomic crop because it has a wide range of end uses. Traditionally
we know sorghum as the fifth most important cereal crop globally, as it is a staple food crop in a
number of developing countries (FAO 2019). Within those developing countries sorghum has a
number of competing uses, such as for the brewing industry, animal feed both as grain and fodder
and is used in the construction of traditional homes. In the developed countries sorghum may be
utilized in a similar manner, aside from construction but is increasingly being regarded as a
potential biomass crop for ethanol production. In most cases where the sorghum grain is the
component of interest, there is a global demand for sorghum that is short in stature to facilitate
mechanical harvest. Whereas when the sorghum biomass is preferred for fodder or ethanol, often
sorghum that is tall in stature is preferred (Regassa and Wortmann 2014). Here plant architecture
is defined as the organization and dimensions of the plant structure, here focusing on the above
ground structures. In addition to consumer preference, certain aspects of plant architecture such as
exertion can have serious impacts on the agronomic performance and quality of sorghum. Exertion
is the ability of the sorghum head to emerge completely from the flag leaf. Poor exertion results
in the flag leaf partially covering the sorghum head or inflorescence, and this promotes pathogen
growth that deteriorates the grain quality. Our current understanding of plant architecture is limited.
Therefore, there remains a need to better understand the genetic variation that influences plant
architecture in order to facilitate current and future plant breeding needs.

Generally, the sorghum landraces are tall as they were utilized for a fodder, construction,
and grain. Selection for dwarfness occurred when the sorghum landraces were introduced into
environments where it was advantageous. The dwarfing phenotypes in modern sorghum were
thought to be controlled for four dwarfing loci, Dw1-Dw4 (Quinby and Karper 1954; Quinby 1974).
Dwl was mapped to a 300 kb region on chromosome 9 (Brown et al. 2008) in an association
mapping study. It was later determined that the causative gene in this region was
Sobic.009G229800 which encodes a putative membrane protein that regulates internode cell
proliferation (J. Hilley et al. 2016; Yamaguchi et al. 2016). The seminal mapping study of Dw2
indicated that the causative gene was located on chromosome 6 and was linked to a locus the
influences maturity, Mal (Lin, Schertz, and Patemon 1995). The causative gene at the Dw2 locus

was determined to be Sobic.006G067700, as a protein kinase whose closest Arabidopsis thaliana
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homolog is the kinesin-like calmodulin-binding protein interacting protein kinase (J. L. Hilley et
al. 2017). Dw3 was the first dwarfing gene to be cloned and it encodes Sobic.007G163800.1

an unstable phosphoglycoprotein auxin efflux carrier that orthologous to brachytic2 (br2) in maize
(Multani et al. 2003). An additional locus known as qHT7.1 that is linked to Dw3 has been
resolved and it has an opposite impact on plant height as the neighboring dwarfing locus (L. et al.
2015). To date, the gene underlying qHT7.1 has not been identified but it does reside within a
large region that syntenic to maize at the locus surrounding br2, the ortholog of dw3. Furthermore,
an additional locus was detected on chromosome 1 in a genome-wide association study, but the
causative gene remains to be determined (Upadhyaya et al. 2013).

The objective of this research was to improve our understanding of plant architecture in
sorghum. It is thought that sorghum originated in the Northwestern regions of Ethiopia, spanning
into Sudan (Ejeta, 2007). In this study, the PP37 multi-parent advanced generation inter-cross
(PP37 MAGIC) population was phenotyped for plant architecture in Northwestern Ethiopia for
two consecutive growing seasons starting in 2016. The phenotypic measurements include the total
height of the plant, the height of the base of the panicle, the flag leaf height, and the pre-flag leaf
height. Measurements of the panicle length and exertion were derived from these measurements.
Using these phenotypes, a genome-wide association study (GWAS) was conducted to determine
the regions of the genome that impact the various impacts of plant architecture. We hypothesized
that the large population size and extensive population size coupled with accurate measures of
plant architecture would allow us to further resolve the genomic regions influencing these traits.
Here we validate the previously known role of dw3 and qHT7.1, but further, demonstrate that only
gHT7.1 plays a role in exertion. Furthermore, we identify novel regions of chromosome 1 that
influence the panicle length and exertion that do not co-localize with any previously characterized
dwarfing genes.

3.3 Materials and Methods
3.3.1 Germplasm

The PP37 MAGIC population was developed at the Purdue University Center for Research
and Education, Purdue University beginning in 1986. The population was originally developed as

a recurrent selection population for the development of elite sorghum cultivars with potentially
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multiple mechanisms of S. hermonthica resistance. The PP37 MAGIC population was constructed
using 25 founder sorghum accessions. The founders were randomly mated for six generations
using the mss genetic male sterility system (Doggett and Eberhart 1968). The genetic male sterility
system involved crossing the founders to a stock of 10 random sorghum plants that carried the ms3
allele. During the random mating, only male-sterile heads are harvested which ensures that all
seeds produced on the head are the result of cross-pollination. After random mating, a total of
1,200 inbred lines were randomly selected and further self-pollinated by single seed descent to the
Se generation with a final population size of 1,000 individuals.

3.3.2 Genotypic data

Tissue was collected from one seven-day old sorghum seedling of each accession of the
PP37 MAGIC grown under greenhouse conditions at Purdue University. Approximately 40-50
mg of lyophilized leaf tissue was used for DNA extraction. DNA was extracted using the CTAB
(cetyl trimethylammonium bromide) method with minimal modifications (Saghai-Maroof et al.
1984). After elution, the DNA was cleaned using a 1.5:1 by volume ratio of Axygen Clean-Seq
beads (Corning Life Sciences, Corning, NY, USA) to remove any remaining inhibitory compounds
in the sample. DNA was quantified using Quant-1T PicoGreen fluorescent dye (Thermo Fisher,
Waltham, MA, USA). The concentration of the DNA was quantified using the Quant-iT™
PicoGreen® dsDNA kit (Life Technologies, Grand Island, NY). Library preparation was done
using a genotyping-by-sequencing (GBS) protocol with the following modifications; 50 ng of
DNA was digested with a 5 basepair cutter ApeKI (New England Biolabs, Ipswich, MA) followed
by ligation of barcoded adapters with T4 ligase (New England Biolabs, Ipswich, MA) (Elshire et
al. 2011). The adapter-ligated samples are pooled, amplified, and adapter dimers were removed
with SPRI bead purification. The quality and quantity of the finished libraries were assessed using
the Agilent Bioanalyzer High Sensitivity Chip (Agilent Technologies, Inc., Santa Clara, CA) and
Qubit® dsDNA HS Assay Kit (Life Technologies, Grand Island, NY). The libraries were
standardized to a 2nM concentration, and the cluster was generated using the HiSeq SR Cluster
Kit v3 (Illumina Inc, San Diego, CA, USA). Each flow cell was sequenced using single-end, 100
base pair reads on the lllumina HiSeq2500 sequencer. The resulting images were analyzed using
the lllumina Pipeline, version 1.8.2. To analyze the GBS data and the TASSEL-GBS pipeline was
utilized (Glaubitz et al. 2014). The original genotypic data set consisted of 449,208 single
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nucleotide polymorphisms (SNPs) that were filtered using TASSEL (Bradbury et al. 2007). A
total of 71,448 SNPs with minor allele frequency (MAF) > 5% and missing data < 80% were used

in this study. The physical position of the SNPs was determined using sorghum genome v3.1.

3.3.3 Field experimental design

The PP37 MAGIC population was grown during the 2016 and 2017 growing seasons in
the Humera district in the state of Tigray located in Northwestern Ethiopia. Striga hermonthica is
endemic in this area and parasitism can result in a significant change in plant architecture therefore,
steps to mitigate parasitism were implemented. In 2016 two replications were grown solely on
research fields within the Humera Agricultural Research Center (HARC) of the Tigray
Agricultural Research Institute and only one replication was in the S. hermonthica free location
and thus was used in this study. In 2017 two replications of the experiment were planted in S.
hermonthica-free conditions at HARC. All replications consisted of plots that were 3 meters in
length with 1.5 meters between the plots and 1-meter allies to prevent germination stimulant from
influencing S. hermonthica infestations in the neighboring plot. Each replication was weeded three
times during the growing such that S. hermonthica was the only weed growing in the experimental
unit so that those plots could be identified and excluded. In 2016 each replication was grown in a
randomized incomplete augmented block design, where each replication consisted of 100 blocks
and each block had the susceptible check Dabar randomized among the entries. In 2017 each
replication was grown in a randomized incomplete augmented block design, where each
replication consisted of 200 blocks and each block had the susceptible check BTx623 randomized
among the entries. The check was replaced across seasons because BTx623 is more sensitive to S.

hermonthica and there was a better indicator of the pest.

3.3.4 Phenotyping for plant architecture

Phenotypic data were collected on the total sorghum plant height, panicle length, flag leaf
height, pre-flag leaf. Exertion was derived by subtracting the height of the base of the panicle from
the height of the panicle. The plant height measurements were collected using a barcoding system
in which a strip of barcodes was printed to represent 1 cm intervals. The data were recorded
electronically with a barcode reader that sent a data to a tablet. One randomly selected plant per

plot was utilized to collect the plant height measurements. Best linear unbiased predictors (BLUP)
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were calculated for each trait using the filtered phenotypic data for one replication in 2016 and two
replications in 2017. The BLUPs from 2016 represents a single replication whereas the
experimental unit had to be free of S. hermonthica parasitism. BLUPs were obtained using all the
data collected over the two years. The BLUPs were calculated from the following mixed linear
model for each trait

Yi=p+ it Bip) + € ijk
in which y;; is the ijth observation, p is the grand mean, 7 is ith fixed genotypic effect and Sj)is

the block effect nested within replication p.

3.3.5 Population structure and association analysis

The phylogeny of the PP37 parents and population was assessed using the neighbor
joining-tree method TASSEL (Bradbury et al. 2007). This was done to determine the clustering of
the 23 founders in which genotypic data were available for compared to the whole population. The
population structure of PP37 was further inferred using a principal component analysis (PCA) to
determine if there was any genetic clustering. The PCA and GWAS were conducted using the
statistical genetics package Genome Association and Prediction Integrated Tool (GAPIT) (Lipka
et al. 2012; Tang et al. 2016). The GBS produced SNPs with a MAF of less than 0.05 and more
than 20% were removed from the genotypic data set, and minor SNP states or minor alleles were
also removed, resulting in 71,448 SNPs. Associations were made using a unified mixed linear
(MLM) approach with kinship to account for the relatedness among individuals (Yu et al. 2006),
The PCA analysis did not show any genotypic clustering therefore population structure was not
controlled for in the subsequent GWAS model. Multiple testing was controlled using the
Benjamini and Hocheberg (1995) procedure to control the false discovery rate at 5%. The squared
Pearson’s correlation coefficient between SNPs was calculated in TASSEL 5.2 to estimate linkage
disequilibrium (LD) (Bradbury et al. 2007) and local linkage black was determined when r?< 0.2.
There were 403 and 916 individuals from the PP37 MAGIC that were grown under sufficient
infestation to be represented in the 2016 and 2017 respectively included in the GWAS. To further
determine if the peak were inside of syntenic
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3.4 Results and Discussion
3.4.1 Structure of the PP37 population

In generating the PP37 MAGIC population, the founders were randomly mated for six
generations using the ms3 genetic male sterility system. The phylogeny of the PP37 population
founders was analyzed using neighbor-joining trees and the 23 founders that were analyzed
clustered into seven distinct groups (Figure 1). Similarly, the phylogeny of the entire PP37 MAGIC
population was analyzed and only clustered into one group and the lines are distributed at equal
distances from the root of the tree (Figure 2A), suggesting that the population structure present in
the founders were eliminated during the successive random mating that occurred during the
development of the population. The lack of population structure on the PP37 MAGIC is further
demonstrated with principal component analysis, in which the individuals did not subdivide into
distinct clusters (Figure 2B).  Spurious genotype to phenotype associations can arise when
population structure is present and not controlled for. However, controlling for population
structure reduces power to detect genotype to phenotype associations. The lack of clustering in the
PP37 population was inferred as a lack of population structure in the PP37 MAGIC population, it

was not necessary to control for it in any of the models used for the GWAS.

3.4.2 Exertion is not associated with dw3

A GWAS was conducted for the plant architecture data collected on the PP37 MAGIC.
The known sorghum gene dw3 resides on chromosome 7 and has been previously mapped and
characterized. A bi-parental mapping study was able to resolve dw3 from a previously unmapped
locus known as qHT7.1 (Li et al. 2015). To date the causative gene associated with gHT7.1 is
unknown. The biparental mapping effort reported that dw3 is associated with the changes in plant
architecture below the flag-leaf and gqHT7.1 only controlling plant architecture above the flag-leaf
(Lietal. 2015). In the research presented here, we detected two highly significant associations that
resolved the linkage blocks between qHT7.1. It was demonstrated that in the PP37 MAGIC
population qHT7.1 had significant associations with plant height, exertion, flag leaf height and the
pre-flag leaf height (Figure 3.3A-D). Furthermore, in the PP37 MAGIC population, it was found
that dw3 has highly significant associations to plant height (Figure 3.3A), flag leaf height (Figure
3.3C) and pre-flag leaf height (Figure 3.3D). It was also demonstrated that dw3 does not influence

sorghum head exertion but qHT7.1 does. This finding may facilitate the genetic improvement of
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sorghum by producing sorghum hybrids that have panicles consistently emerging from the flag
leaf, which will produce higher quality grain. This evidence indicates that qHT7.1 and dw3 may
have a more complex effect on plant architecture than previously illustrated in the bi-parental
mapping population. It is possible that there are additional alleles of qHT7.1 and dw3 segregating
from one or more of the 25 founds of the PP37 population. Further studies that sequence the full-
length dw3 in the population founders, and the yet to be determined causative gene for
gHT7.1would facilitate testing the proposed hypothesis.

Given that the causative gene for gHT7.1 has not been determined to date it was justified
to identify the candidate genes within the linkage block surrounding the peak SNP at this locus
(Table 3.1). As previously demonstrated dw3 is an ortholog of br2 in maize (Multani et al. 2003).
In fact, comparative genomic analysis reveals that qHT7.1 and dw3 reside within a large syntetic
region that is shared between chromosome 7 of sorghum and chromosome 1 of maize (Figure 3.4).
The peak SNP of gHT7.1 resides within the Sobic.007G137101 (SbMYB), which isa MYB family
transcription factor orthologous to Zm00008a003767 (ZmMYB). There are several biologically
intuitive candidate genes within the 100kb linkage block surrounding the peak SNP at qHT7.1,
including other MYBs. However, because of the strength of the association and that the SNP
resides within the gene it may be worth prioritizing this first within sorghum and maize given the

syntenic relationship (Figure 3.5).

3.4.3 Novel locus associated with exertion and panicle length

In addition to validating and expanding our knowledge on previously detected associations,
this GWAS on plant architecture in the PP37 population also mapped novel associations. A novel
locus was significantly associated with panicle length (Figure 3.6A) and exertion (Figure 3.6B) on
chromosome one. This locus is not linked to a locus that influences the maturity or flowering time.
A candidate gene list has been produced for the 200kb region that surrounds this novel locus on
chromosome 1. The panicle length and exertion are both derived traits and the data used to generate
them is not independent. Therefore, it is not altogether surprising that they map to the same location.
However, as demonstrated with dw3 in the PP37 MAGIC population, it is possible for traits that
are not entirely independent to associate with a different trait.

As with most GWA studies, the results of this study do not paint a complete picture of the

genetic mechanisms that influence architecture. However, we have demonstrated that the qHT7.1
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and dw3 locus could be resolved at high resolution in the PP37 MAGIC. We have evidence to
suggest that qHT7.1 and dw3 have a more complex role than previously demonstrated. We have
refined the candidate gene list at gHT7.1 and further information on the syntenic relationship
between sorghum and maize in this region that has remained highly conserved over evolutionary
time scales. We have also provided evidence of a novel region influence the length of the panicle
and the ability of that panicle to emerge from the flag leaf, which is an important trait that may be
able to improve sorghum grain quantity but also quality. The desired plant architecture needs of
the future remain largely unknown as globalization continues. However, we do know that variation
for this trait will be utilized for different breeding targets and furthering our understanding of plant

architecture remains an important research endeavor to facilitate these future selection efforts.
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Table 3.1: Candidate genes for gHT7.1 associated with all plant architecture phenotypes.

The candidate genes with in the 100 kb linkage block of the peak SNP associated with plant

height on chromosome 7.

Transcript Start [ Transcript End Distance to Maize Homolog
Gene(v3.1.1) ®p) ®p) Annotation Peak SNP (bp) (B73 v4)

Sobic.007G136300 56367592 56369617 no apical meristem protein, putative, expressed 99055 Zm00008a003774
Sobic.007G136400 56372628 56381009 94019
Sobic.007G136500 56380444 56382321 MYB family transcription factor, putative, expressed 86203 Zm00008a003773
Sobic.007G136600 56396557 56397894 SET domain-containing protein, putative, expressed 70090 Zm00008a003772
Sobic.007G136700 56399351 56400674 YGLO10w, putative, expressed 67296 Zm00008a003771
Sobic.007G136800 56430217 56437440 polypyrimidine tract-binding protein, putative, expressed 36430 Zm000082016215
Sobic.007G136900 56439996 56442238 chlorophyll A-B binding protein, putative, expressed 26651 Zm00008a003768
Sobic.007G137000 56445832 56450594 lipoate protein ligase, putative, expressed 20815 Zm000082019058
Sobic.007G137100 56444373 56446237 22274
Sobic.007G137101 56463393 56469232 MYB family transcription factor, putative, expressed 0 Zm00008a003767
Sobic.007G137201 56494648 56495884 -28001 .
Sobic.007G137300 56497770 56501149 myb-like DNA-binding domain containing protein, expressed -31123 Zm00008a016217
Sobic.007G137350 56508283 56511067 WD domain, G-beta repeat domain containing protein, expressed -41636 Zm00008a027111
Sobic.007G137400 56516168 56526441 CSLAL11 - cellulose synthase-like family A, expressed -49521 Zm00008a040471
Sobic.007G137501 56528079 56529349 -61432
Sobic.007G137600 56567941 56570679 lactate/malate dehydrogenase, putative, expressed -101294 Zm00008a003762
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Table 3.2: Candidate genes for association novel association on chromosome 1

The candidate genes with in the 200 kb linkage block of the peak SNP association with panicle

length and exertion.

Expression
Distance
in the
Transcript| Transcript| to Peak Maize Homolog
Gene(v3.1.1) Annotation Sorghum Maize Description
Start (bp) | End (bp) | SNP (B73 v4)
®p) Inflorescence
P (FPKM)
Sobic.001G222100| putative uncharacterized protein | 21125541 | 21125846 | 174106 1.85532 - -
Sobic.001G222200| similar to Os10g0472400 protein| 21126170 | 21130232 | 173477 10.2568 | Zm00001d014043 | PPPDE peptidase domain-containing protein 2
similar to Cyclin-dependent 122752
Sobic.001G222300 kinase inhibitor 1 21176895 | 21180687 9.8558 Zm00001d014046 Cyclin-dependent kinase inhibitor 5
similar to TPR Domain 101507

Sobic.001G222400 containing protein 21198140 | 21211324 13.141 Zm00001d032734 no pollen germination related 2
Sobic.001G222600| similar to Cyanate hydratase | 21233680 | 21236680 | 65967 232314 | Zm00001d032736 Cyanate hydratase
Sobic.001G222700 similar to CER1 protein 21300007 | 21306449 | -360 30.4006 | Zm00001d014055 Protein ECERIFERUM 1

Zm00001d032739| Heterogeneous nuclear ribonucleoprotein 1
Sobic.001G222900| putative uncharacterized protein | 21314169 | 21320655 | -14522 110.925 _ .

Zm00001d014058 | Heterogeneous nuclear ribonucleoprotein 1

Zm00001d014060 Protein NRT1/ PTR FAMILY 5.2
Sobic.001G223100| similar to POT family protein | 21334060 | 21340341 | -34413 1.97271

Zm00001d032740 Protein NRT1/ PTR FAMILY 5.2
Sobic.001G223200| similar to POT family protein | 21379629 | 21384632 | 79982 22.5505 Zm00001d032744 Protein NRT1/ PTR FAMILY 5.2

similar to 0J000223_09.12

Sobic.001G223300 protein 21408273 | 21410994 | -108626 0 - -
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Figure 3.1: Phylogenetic tree of the PP37 MAGIC population founders.
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Figure 3.2: Phylogenetic tree of the PP37 MAGIC population

The (A) phylogenetic tree and (B) plot of principal components of the PP37 MAGIC population,
illustrating a lack of population structure.

70



-Log Base 10 p-value
16
. .
-Log Base 10 p-value

» 0
0 .
Base Pairs (x10°%) Base Pairs (x10°)

gHT7.]  « g3

-Log Base 10 p-value
0
-Log Base 10 p-value
0

| o s,

» @
Base Pairs (x1079)

Figure 3.3: Manhattan plots for significant associations with plant architecture on chromosome 7.

Significant associations on Chromosome 7 (A) Plant Height (B) Exertion (C) Flag Leaf Height
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Figure 3.4: A syntenic dotplot between maize and the sorghum.

The syntenic region between maize chromosome 1 and chromosome 7 of maize contains dw3
and the maize ortholog br2, and the putative candidate gene for gHT7.1
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Figure 3.5: A schematic of the putative syntenic region in sorghum and maize influencing plant
height.
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Figure 3.6: Manhattan plots for significant associations with plant architecture on chromosome 1.
Significant associations on Chromosome 1 (A) Panicle Length (B) Exertion
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CHAPTER 4. ACHIEVING GLOBAL FOOD SECURITY: THE
BROADER IMPACTS OF PLANT SCIENCE RESEARCH

4.1 Abstract

Too often a dissertation will solely detail the research related processes and findings of our
scientific endeavors. This is counter-intuitive to what those with a Ph.D. will be expected to do
when they enter the academic workforce. Every grant awarded by the National Science Foundation
(NSF) is judged equally on the potential of the research to possess intellectual merit and broader
impacts. The intellectual merit or research is what we are predominately trained to do during our
graduate education. Broader impacts are the larger societal improvements such as benefit to the
public and human capacity building of our research. The NSF, and increasingly other funders
require that broader impacts be designed with intent, implemented succinctly with institutional
support and be well reported. Here | report the major broader impacts of my Ph.D. research that
was funded by the Bill and Melinda Gates Foundation. The hope is that by sharing these broader
impacts we can improve the design and implementation of these endeavors to deliver the education,
resources and human capacity that is necessary to implement the findings of our research in order
to achieve global food security.

4.2 Introduction

In the plant science literature, it is common for the author to introduce the need for their
research by describing the cataclysmic state of global hunger and malnutrition that is occurring
amid increasing global populations and climate change. It is indeed true that approximately 821
million people across the globe experienced chronic food deprivation in 2017, up from 804 million
in 2016 (97). The number of malnourished people in the world has been on the rise since 2014
(Figure 4.1). Plant scientists have correctly identified global food security as a needed outcome of
their research. However, it has been argued that basic plant science does not directly contribute to
global food security. It is commonly accepted that basic science is necessary to facilitate the
applied plant science research such as plant breeding or food science that directly result in
improved food quantity and quality. Here we will demonstrate that the broader impacts of basic
and applied research not only improve the quantity and quality of the food supply but also deliver
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vital broader impacts that are necessary in order to achieve sustainable global food security in
perpetuity. Evidence of broader impacts are often qualitative, thus to demonstrate their role in
potentially achieving global food security an anecdote collected from the dissertation research
conducted in the previous chapters will be presented for each broader impact.

4.3  What are the broader impacts?

The NSF is an independent federal agency in the United States of America that supports
fundamental research in science, engineering, and education with an annual budget of $7.5 billion
USD in 2017 (125). Of the approximately 50,000 proposals that the NSF receives each year, 22%
to 24% will be funded (125). The proposals are considered for funding based off of (1) the
intellectual merit and (2) the broader impacts of the proposed project. Intellectual merit refers to
the potential of the project to achieve the NSF’s first strategic goal which is to advance or expand
knowledge in science, engineering and learning, whereas broader impacts are defined as “the
potential to benefit society and contribute to the achievement of specific, desired social outcomes
(125,126). The broader impacts align with the NSF’s second strategic goal of “advancing the
capability of the Nation to meet current and future challenges (125). The America COMPETES
Reauthorization Act of 2010 is the piece of legislation that mandates that the NSF evaluates

research proposals for their potential to make broader impacts(127).

4.4 Translational research

Translational research generally means research that drives the translation from discovery
to releasing an innovative product to an end user. Generally, plant genetics is considered basic
science and plant breeding is considered applied science with translational research outcomes.
Accelerating the translation from discovery to innovation is one of the strategic objectives of the
NSF under the societal impacts category (125). The experiments that encompassed my research
were not funded by the NSF, however, did strive to deliver these translation research outcomes.
My research was funded by the generous support of the Bill and Melinda Gates Foundation
(BMGF) utilizes the Sustainable Development Goals (SDGs) (Table 4.1) implemented by the

United Nations to align the research they towards having broader societal impact. There are 17
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SDGs that seek to build on the former Millennium Development Goals and strive to end global
poverty and hunger (128).

In plant genetics and breeding the translation research outcomes usually are improved plant
varieties that farmers can utilize to improve their livelihoods. Delivering improved plant varieties
can be considered a broader impact and can potentially address several SDGs including but not
limited to goal one, two, three, eight, twelve and fifteen. My Ph.D. research utilized the PP37
multi-parent advanced generation intercross population (MAGIC). The PP37 MAGIC population
was developed as a recurrent selection population by Dr. Gebisa Ejeta, under the advisement of
Dr. Rex Bernardo in 1986. The PP37 MAGIC population was at that time known as a recurrent
selection population in which 25 sorghum accessions, each with their own unique desirable
agronomic property, were intermated for six generations to develop a population of novel
phenotypic variation. The purpose of developing the PP37 MAGIC population at that time was to
identify one or potentially more unique sorghum varieties through recombination combined
several of the desired agronomic properties. The breeding objective was to develop a sorghum
accession that was high yielding, high quality, resistant to abiotic stress and above all resistant by
more than one mode of action to the parasitic plant species Striga.

When | began my research 1,200 of these intermated individuals were randomly selected
and self-pollinated to develop the PP37 MAGIC population. To date, there are 1,008 individuals
of the PP37 population that are not in a genetically homozygous state after six generations of self-
pollination. These 1,008 unique sorghum accessions have been evaluated for their Striga
hermonthica resistance and could be immediately used in the development of hybrid sorghum or
released as varieties as inbred sorghum seed does not experience extensive inbreeding depression
and inbred lines are commonly used in developing countries. Therefore my Ph.D. project directly
possessed a translational research component and with additional evaluation of these unique PP37
MAGIC sorghum accession, these lines could be utilized by farmers across the globe, especially
in Sub-Saharan Africa where the parasite Striga hermonthica is a direct hindrance to the

achievement of the SDGs.
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45 Germplasm collections

The PP37 MAGIC population is unique because it is a breeding population as discussed,
but as presented in earlier chapters this population is extremely powerful for in the realm of
identifying the genomic regions associated to a quantitative trait using relatively simple statistical
genetic tools. There are several publicly available MAGIC populations in other species such as
cowpea, maize, rice and, sorghum (86,87,89,91,92). The currently available sorghum MAGIC
population is also very powerful statistically however it does not have extensive phenotypic
diversity for certain traits such as seed quality traits and Striga resistance (66). The currently
available sorghum MAGIC also of 1,000 unique accessions, however only 200 of them have been
sequenced to date (92). The PP37 MAGIC population consists of 1,008 unique accessions and we
generated low coverage genome sequences for all of them. The PP37 MAGIC was also developed
using a different and arguably more diverse set of founding parental sorghum accessions than the
seminal sorghum MAGIC. This is purely anecdote however when walking the PP37 fields with
Dr. Gebisa Ejeta and Dr. Tesfaye Mengiste they were shocked to see the extensive diversity present
in the population, especially when compared to the seminal sorghum MAGIC which is also known
as PP34.

As an aside, the PP stands for Purdue Population and the numbering indicates that there
are potentially 36 populations developed my Dr. Ejeta that predicate those that are currently being
researched and the numbers continue. Therefore, the genetic potential sitting in the Dr. Ejeta’s
germplasm collections is astounding and awe-inspiring to say the very least. However, when
focusing on specifically on the PP37 MAGIC, this population represents 1,008 recombinant inbred
lines, derived from 25 diverse parental lines that can be used to test an infinite number hypothesis.
This is corroborated by the fact that there are genome sequences for all 1,008 inbred and 20 of the
25 founding parental lines. By making the PP37 MAGIC population public or open access, scores
of other basic and applied scientists can continue to unravel the genetic architecture of sorghum
and expedite translation research of this staple food crop (129). The delivery of well-curated
sequenced MAGIC populations could strongly be considered a broader impact of any PGRP
funded research and would contribute towards the SDGs numbers one, two, three, four, eight, nine,

thirteen and fifteen.
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4.6 Building human capacity in plant breeding and genetics

Around the globe, agriculture is often the primary economic driver. The global seed market
was valued at $58 Billion USD in 2016 (130). Access and utilization to improved seeds help
farmer become more productive and profitable. To support this robust industry there needs to be a
well-trained global workforce trained in plant breeding and genetics. Plant breeding is a unique
career that is inherently interdisciplinary as indicated by the following definition of a plant breeder:

“A plant breeder possesses strong knowledge of genetics and information
management and draws upon elements of many other disciplines, including
pathology, entomology, crop physiology, experimental design and analysis, remote
sensing, and soil and environmental sciences. Although a plant breeder must be
comfortable with laboratory techniques, she or he is committed first and foremost

to high quality, high throughput fieldwork, observing plant response in the target

environment. It is in the field that putative yield enhancing mechanisms are

properly tested and where they must demonstrate improved or stabilized crop yields

under realistic production conditions. A breeder must be able to understand,

critically evaluate, and use new methods emerging from many diverse fields of

investigation and different disciplines, and to evaluate their potential for improved

rates of genetic gain. This calls for flexibility, openness, a commitment to staying

abreast of the professional literature, and a willingness to retrain.” (131)

Despite the strong market, training in plant breeding and the associated applied genetic
techniques in limited globally especially across Sub-Saharan Africa (132,133). Inasurvey of 137
Eastern and Southern Africa plant breeders it was found that only 26% of those surveyed had a
Ph.D. and that only 60% of all plant breeders in Eastern and Southern Africa were using any
molecular breeding techniques as of 2013 (134). In Ethiopia more than half the plant breeders
have only been trained at the BSc level (134). In addition to the undereducated workforce, there
is also a gender disparity given that only 15% of the Ethiopian plant breeders surveyed were
women which is the second lowest in all of the countries in East and South Africa (134).

While in Ethiopia conducting this research, 1 managed up to 25 Ethiopian women and three
men, 13 of which worked with me for two consecutive years. The employees in Ethiopia were
between the ages of 17 and 25 years old and all of them had some high school education or had
completed high school. All of the 25 Ethiopian employees had attended high school at least until
the 10" grade and have received formal instruction in English. Only two of the 25 Ethiopian
employees could speak basic English, however, a translator was required for all technical

discussions especially regarding the instruction of the daily activities. The daily activities for the
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Ethiopian staff were similar to field staff in the United States such as field preparation, field
experimental design layout, planting, weeding and extensive phenotypic data collection.

In Ethiopia, these workers are referred to as “daily labor” as they are usually paid daily at
the Tigray Agricultural Research Institute rate which is approximately $2.00 USD a day. The
weather of Humera however, is dangerously hot, there are no public bathroom facilities and potable
water is often in short supply. At the Humera Agricultural Research Center | was the first to
implement policies on work breaks to facilitate the use of the limited bathroom facilities, policy to
mandate that researchers provide an ample supply of potable water and food, especially when
traveling to offsite location. | was also the catalyst in developing policy mandating that any and
all accidents of impairments of human health be dealt with at the local hospital despite the local
preference of taking any ill person to a place of worship. I also implemented safety protocols to
ensure that each employee had an emergency contact on file so that in case of an accident the
contact would be notified as we were on route to the hospital so that decisions could be made with
respect to their cultural, ethical and religious preference. It is important to remember that all of
these accommodations that we almost take for granted in the United States are not ensured in
developing countries and it is your moral and ethical imperative to ensure these basic human and
worker rights wherever you go. Also, providing a young woman with plenty of water, food, access
to education and safe sanitation facilities is the purest form of women empowerment.

In hindsight, I regret not collecting more information about my Ethiopian field staff, aside
from this basic demographic information. However, such a research activity would have required
the permission of the Institution Review Board and since it was not a funded research question this
was not pursued. In the future, such research questions and data collection will be incorporated
into my research endeavors. | ca however say anecdotally that the women who worked with me
were extremely shy when we started the work and would barely lift their gaze from the ground to
tell me their name when we started work. By the end of the research experience, these young
women would confidently correct my mistakes, ask questions and take leadership roles with ease.
These young men and women were not just trained but also empowered to implement field
research projects that were larger than all of the other research projects of the 20 other researchers
at the center combined. These young people learned how to carefully collect data and had the
confidence to tell me when I was wrong, or something wasn’t working well. They took ownership

and pride in regard to work. 1 can proudly state that three of the young women are pursuing
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Agricultural Science at the undergraduate level at Ethiopian universities and one of the men is
pursuing a certificate program in agriculture at a technical college. | continue to support them in

an advisory role and the experience has been mutually beneficial.

4.7 Responsibly implementing international research for sustainable impact

After spending a significant portion of my graduate work and the last decade abroad | have
developed a certain ethos about conducting international research. Although this ethos is ever
evolving, anecdotal, and not founded in a direct scientific observation | feel that it is appropriate
to share this ethos as a conclusion to this brief discussion of broader impacts. As discussed, broader
impacts are essentially the social impacts of a given research endeavor. The social impacts can be
designed with intent as instructed by the NSF and have wonderful impacts. Broader impacts can
empower people to change the world, they can put data in the hands of scientists across the globe,
inspire a young person to consider a career in science and potentially influence our society in ways
we don’t even yet understand. However, in the words of the fictional Ben Parker, the uncle of
Spiderman, “with great power comes great responsibility”. Despite the entertainment value one of
America’s favorite heroes, this is a statement that should not be taken lightly because if we are not
careful, the best-intended researchers can do the opposite of what they set out to achieve and
actually do more harm than good with their broader impacts. On October 4", 2016 Dr. Sharon
Gray was returning to the Addis Ababa airport in Ethiopia and she was struck by a rock being
thrown by anti-government protestors as she was traveling in transportation provided by the
Ethiopian government. Dr. Gray passed away before she could reach the airport and it is a day |
will never forget for the rest of my life. To solidify that Dr. Gray did not die in vain | will discuss
my observations opinions and potential solutions to ensure our broader impacts are implemented
responsibly for safe and sustainable positive impact.

Above all, the most important objective is to keep you and your team members safe as you
execute your research and broader impacts. It is quite easy to become overzealous about the
exciting potential outcomes of our research and ignore seemingly innocuous warning signs of
danger or maligned impacts. Please always use institutional support in the form of a research ethics
office, travel clinics, register with the United States Department of State before embarking on

international travel, use the Center for Disease Control website for health information and above
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all educate yourself on the religion, culture, language and other relevant aspects of your target
population.

Personally, while traveling abroad | have always found the in print hard copies (you never
know when the network will go out) of the Lonely Planet travel guides to be well written, painfully
honest, candid and this information literally saved my life and reputation a time or two. Did you
know that if you eat all of the food on your plate in some parts of Ethiopia, and don’t leave a small
bite or two that your hosts will think you are inviting famine into their home? | will assume the
reader doesn’t know this, and it is something | learned from the travel guide and made sure to
observe as a broke bread across the country. Similarly, did you know that the word “no” does not
always mean “no” when a man makes an advance on a woman in Ethiopia and culturally woman
say “no” to imply their sexual inexperience? Lonely Planet suggests never being alone with a man
in any capacity because it can be a mistaken invitation. As a woman working in a male-dominated
occupation, it is vital to know this kind of cultural information and respect it. These are all
examples of the importance of educating yourself to avoid offending your hosts or entering into a
potentially life-threatening situation. Even while traveling in your home country it isn’t safe to
assume you understand the cultural, religious and social mindset of those around you and your
research will always be better if you take time to understand these things. Our home Universities
are filled with wonderful experts from ethicists, rural sociologists, human health professionals,
risk managers and economists just to name a few that are available to provide institutional support
to make sure we stay safe and sound.

When personal safety is ensured with intent, our intent must be focused on the broader
impacts of our science. Whether we are in the metropolitan areas of America, a kindergarten
classroom or simply having a cup of coffee outside a grass house in rural Ethiopia we have a
responsibility to be stewards and diplomats of science. | have seen egregious behavior from
members of the scientific community domestically and abroad that truly alienates the public and
fosters the populist views of the general public. Most of our research is executed with either tax
dollars or tuition dollars and we should respect those who fund our endeavors. Furthermore, it is
our duty to effectively communicate our science in a respectful manner. | have heard scientists on
countless occasions saying that they have to “dumb down” their research to talk to the public. As
a previous agricultural education major and extension specialist at Cornell University, | can say

confidently that making a document the appropriate reading level and vernacular for the general
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audience is not trivial. When implementing broader impacts, we need to consider the audience,
how to educate our audience appropriate and respectfully and how to use institutional support such
as extension services and the libraries to support our endeavors.

In the increasingly digital age as we take to social media, we also need to be stewards of
this powerful tool to and use it to respectfully provide information. As any extension educator
worth their salt will tell you, it is not our role as public sector educators to tell people what to think,
we just provide them with information to think about and generate their own opinions that align
with their ethical, cultural and social values. It is high time we reinvigorate the mission of the land
grant universities by planning the broader impacts with research, education and extension
represented for the planning and execution of our work.

As a 2015 graduate of the U.S. Borlaug Global Food Security Summer Institute | have been
trained to approach research in an interdisciplinary manner. This means inviting ethicists,
economists, nutritionists, food scientists, rural sociologists and even policy makers to my research
table, that conventionally would one have plant breeders and genetics around it. | have never
regretted this mode of action and it has always improved my research and broader impacts. This
may seem daunting; however, your home institutions are brimming with the human capacity to do
this and therefore all you need to do is extend a kind hand of collaboration and design a mutually
beneficial research endeavor. Interdisciplinary endeavors will shape the next generation research

that has the potential to truly achieve global food security and end the poverty pandemic.
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Figure 4.1: The number of malnourished people in the world is increasing.

The number (orange) and prevalence (blue) of malnourished people globally over time. Source:
Food and Agriculture Organization. The y-axis on the left is the percentage of the global
population and the y-axis on the right is the number of people in millions (M).
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Table 4:1 The Sustainable Development Goals, developed by the United Nations.

Sustainable Development Goals

Goal 1.

Goal 2.

Goal 3.

Goal 4.

Goal 5.

Goal 6.

Goal 7

Goal 8.

Goal 9.

Goal 10.

Goal 11.

Goal 12.

Goal 13.

Goal 14.

Goal 15.

Goal 16.

Goal 17.

End poverty in all its forms everywhere

End hunger, achieve food security and improved nutrition and promote sustainable
agriculture

Ensure healthy lives and promote well-being for all at all ages

Ensure inclusive and equitable quality education and promote lifelong learning
opportunities for all

Achieve gender equality and empower all women and girls
Ensure availability and sustainable management of water and sanitation for all
Ensure access to affordable, reliable, sustainable and modern energy for all

Promote sustained, inclusive and sustainable economic growth, full and productive
employment and decent work for all

Build resilient infrastructure, promote inclusive and sustainable industrialization and
foster innovation

Reduce inequality within and among countries

Make cities and human settlements inclusive, safe, resilient and sustainable
Ensure sustainable consumption and production patterns

Take urgent action to combat climate change and its impacts”

Conserve and sustainably use the oceans, seas and marine resources for sustainable
development

Protect, restore and promote sustainable use of terrestrial ecosystems, sustainably
manage forests, combat desertification, and halt and reverse land degradation and halt
biodiversity loss

Promote peaceful and inclusive societies for sustainable development, provide access to
justice for all and build effective, accountable and inclusive institutions at all levels

Strengthen the means of implementation and revitalize the Global Partnership for
Sustainable Development

* Acknowledging that the United Nations Framework Convention on Climate Change is the
primary international, intergovernmental forum for negotiating the global response to climate

change.
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10.

11.

12.

13.

14.
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