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Abstract

Fusarium stalk rot and charcoal rot caused by Fusarium thapsinum and Macrophomina
phaseolina respectively are devastating global diseases in sorghum that lead to severe
quality and yield loss each year. In this study, three sets of interrelated experiments were
conducted that will potentially lead to the development of resistance based control option
to these diseases.

The first experiment was aimed at identifying sources of resistance to infection by
M. phaseolina and F. thapsinum in a diverse panel of 300 sorghum genotypes. The
genotypes were evaluated in three environments following artificial inoculation. Out of a
total of 300 genotypes evaluated, 95 genotypes were found to have resistance to M.
phaseolina and 77 to F. thapsinum of which 53 genotypes were resistant to both
pathogens.

In the second experiment, a set of 79,132 single nucleotide polymorphisms
(SNPs) markers were used in an association study to identify genomic regions underlying
stalk rot resistance using a multi-locus mixed model association mapping approach. We
identified 14 loci associated with stalk rot and a set of candidate genes that appear to be
involved in connected functions controlling plant defense response to stalk rot resistance.
The associated SNPs accounted for 19-30% of phenotypic variation observed within and
across environments. An analysis of associated allele frequencies within the major
sorghum subpopulations revealed enrichment for resistant alleles in the durra and
caudatum subpopulations compared with other subpopulations. The findings suggest a
complicated molecular mechanism of resistance to stalk rots.

The objective of the third experiment was to determine the functional relationship
between stay-green trait, leaf dhurrin and soluble sugar levels and resistance to stalk rot
diseases. Fourteen genotypic groups derived from a Tx642 x Tx7000 RIL population
carrying combinations of stay-green quantitative trait loci were evaluated under three
environments in four replications. The stg QTL had variable effects on stalk rot disease.
Genotypes carrying stgl, stg3, stgl,3 and stg1,2,3,4 expressed good levels of resistance
to M. phaseolina but the combination of szgl and stg3 was required to express the same

level of resistance to F. thapsinum. Other stg QTL blocks such as stg2 and stg4 did not



have any impact on stalk rot resistance caused by both pathogens. There were no
significant correlations between leaf dhurrin, soluble sugar concentration, and resistance

to any of the pathogens.
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Chapter 1 - Review of Literature

Overview

Stalk rots are caused by various species of fungal organisms. Two or more causal
pathogens usually occur together, making identification of the primary pathogen difficult.
The most important stalk rotting organisms, however, are Macrophomina phaseolina
(Tassi) Goidanich, the causal organism of charcoal rot, and a number of Fusarium spp,
the pathogens responsible for Fusarium stalk rot (Edmunds and Zummo, 1975; Bramel-
Cox et al.,, 1988 Wildermutch et al., 1997). Fusarium stalk rot can usually be
distinguished from, charcoal rot because of the less pronounced pigmentation and
disintegration of pith tissues and slower rot rate of Fusarium. The fungi, ubiquitous on
plant debris of many crops, are not aggressive pathogens capable of attacking vigorous
plant tissue, but are able to overcome senescing tissue. Each of these stalk rots is
associated with environmental stresses. Fusarium stalk rot is generally less virulent than
charcoal rot. The incidence of both diseases is generally associated with high
temperature, drought stresses, and senescence (Rosenow et al., 1977). The stress is a
predisposing factor to invasion of the fungi. Bramel-Cox et al. (1988) reported a
significant general combining ability effect for resistance to both Macrophomina
phaseolina (Tassi) Goid and Fusarium moniliforme Sheldon (sensu lato) under both
dryland and normal conditions. However, resistance was dependent on environment
especially for F. moniliforme (sensu lato).

Apart from root and stalk disintegration, both charcoal rot and Fusarium stalk rot
under severe infestation can lead to crop lodging, which may further undermine the grain
filling process and eventually reduce grain yield. Under severe conditions complete
lodging and a grain yield loss of about 64% has been reported for charcoal rot
(Mughogho and Pande, 1983). The disease can also result in significant reduction in
fodder quality in infected stalks (Manici et al., 1995; Mayek-Perez et al., 2001).

Host plant resistance has been considered as the most practical way to manage
these diseases. However, sorghum breeding efforts have not yielded any cultivar with a

satisfactory level of field resistance to charcoal rot. The polygenic nature of charcoal rot



resistance, and its interaction with moisture stress and temperature has complicated the
breeding efforts for resistance (Rajkumar et al., 2007).

Resistance to maturity-related stalk rots has complex inheritance patterns linked
to environmental and physiological interactions in plants. Consequently, selection of
genotypes that will reliably maintain healthy stalks and have high yields over many
environments is difficult to identify. A better understanding and elucidation of the nature
of the interactions is a prerequisite to select genotypes and recommend cultural practices
for more stable crop performance. These interactions are explained by the photosynthetic
stress translocation balance concept of predisposition to root and stalk rots (Dodd, 1977).
According to this theory, root and stalk rot predisposition begins with senescence of root
tissue due to an insufficient supply of carbohydrates for normal metabolic functions. The
senescing cell, apparently unable to produce normal resistance metabolites, are invaded
by microorganisms that are only weakly pathogenic on vigorous cells. As more root
tissue is destroyed, the ability of the plant to obtain water from the soil is reduced. The
plant eventually reaches the point where transpiration rates exceed water uptake and
consequently, permanent wilting occurs. Several microorganisms now invade and digest
the remaining stalk structure, which results in lodging.

In a study involving sorghum families derived from diallel crosses between two
nonsenescent, resistant inbreds and two nonsenescent susceptible inbreds, Tenkouano et
al. (1993) reported that charcoal rot resistance was regulated by dominant and recessive
epistatic interactions between two non-senescence inducing loci and a third locus with

modifying effect.

Economic importance

Macrophomina phaseolina infects more than 500 plant hosts in many areas of the
world (Ali and Dennis, 1992). Hosts may include major food crops (maize, sorghum; Su
et al., 2001), pulse crops (common bean; Mayek-Perez et al., 2001), green gram
(Raguchander et al., 1997), fiber crops like jute (De and Chattopadhyay, 1992), cotton
(Aly et al., 2007), and oil crops such as soybean (Ali and Dennis, 1992), sunflower
(Khan, 2007), and sesame (Dinakaran and Mohammed, 2001). Softwood and other forest
trees such as Abies, Pinus, Pseudotsuga, Cassia (Lodha et al., 1986; McCain and



Scharpf, 1989), fruit trees (Citrus spp., Cocos nucifera, Coffea spp., Ziziphus mauritiana,
Leucaena spp.), medicinal plants and weed species (Lodha et al., 1986; Songa and
Hillocks, 1996) are also hosts. Recently, increased incidence of the pathogen on diverse
crop species has been reported worldwide (Aviles et al., 2008; Khangura and Aberra,
2009; Mahmoud and Budak, 2011; Sharifi and Mahdavi, 2012) highlighting the
importance of this disease to crop production in drought-prone regions. The fungus has a
wide geographical distribution, and is especially found in tropical and subtropical
countries with arid to semi-arid climates in Africa, Asia, Europe, and North and South
America (Diourte et al., 1995; Gray et al., 1990; Wrather et al., 2001; Wrather et al.,
2003). The pathogen can result in severe crop losses. For example, charcoal rot is a
serious problem of soybean, which accounted for a total yield loss of $173.80 million in
the United States during the 2002 crop season (Wrather et al., 2003). In Bangladesh, the
fiber yield of jute is reduced by 30% due to this pathogen.

The genus Fusarium represents the most important group of fungal pathogens,
causing various diseases on nearly every economical plant species. Several Fusarium
spp. are potentially pathogenic to sorghum (Leslie et al., 2005). Stalks or root infection
can reduce yield and grain quality, while lodging can increase difficulty in harvesting
(Tesso et al., 2005). Panicle infection can result in grain of reduced quality and usability
(Menkir et al., 1996). Mycotoxins are produced by many Fusarium spp. (Leslie et al.,
2005; Nelson et al., 1992). Accumulation of these metabolites occurs at various stages
particularly in stored grains and ensiled stover (Amigot et al., 2006; da Silva et al., 2000).
Deterioration by grain molding fungi and contamination by mycotoxins is common in
traditional small holder systems such as those used in developing countries and may
cause serious problems as infected grains are the source of health concerns when used as
food or feed or for making various types of beverages (Dejene et al., 2004; Sashidhar et
al., 1992). Long-term exposure to mycotoxins can result in life-threatening diseases to
animals and possibly to humans (Voss et al., 2007).

Charcoal rot is generally more destructive, it can destroy a field of sorghum in 2
to 3 days compared to Fusarium stalk rot which may require 2 to 3 weeks to do so.
Fusarium stalk rots can be more important in certain regions. Jardine and Leslie (1992)

indicated that the average yield loss caused by this disease in Kansas is about 4%, while



the loss at specific locations can reach as much 50%. Recent reports from South Central
Kansas experiment stations support this estimate, indicating that stalk-rot-induced
lodging of up to 60% is common among high yielding hybrids and the incidence can be
even higher under stressful conditions. When converted to monetary terms, the annual
economic loss associated with this disease in Kansas surpasses $15 million per year.
Significant yield losses due to stalk rot have been reported in Africa (Frowd, 1980; Omar
et al., 1985; Hulluka and Esele, 1992), India (Khune et al., 1984; Seetharama et al.,
1987), and Australia (Trimboli, 1982).

Causal organisms

Several bacterial and fungal pathogens have been reported as causing stalk rots in
sorghum and these include: Macrophomina phaseolina (charcoal rot), various Fusarium
spp (Fusarium stalk rot), and Colletotrichum graminicola (anthracnose stalk rot). Stalk
rot diseases of lesser importance or with a more limited distribution include Pokkah
boeng (F. proliferatum, F. subglutinans, and F. thapsinum), bacterial stalk rot (Erwinia
spp.), and Acremonium wilt (Acremonium strictum). M. phaseolina and several Fusarium
spp are the most common and important. F. thapsinum and F. andiyazi have been
reported as the most dominant species affecting sorghum (Funnell-Harris and Pedersen,
2008; Leslie et al., 1990; Tesso et al., 2010). In Kansas, where over 40% of the sorghum
in the USA is produced, Fusarium spp are the predominant causal agents of stalk rot

disease (Reed et al., 1983; Jardine and Leslie, 1992)

Biology and epidemiology of the major causal agents (M. phaseolina

and F. thapsinum)

The fungus, M. phaseolina is an anamorphic fungus in the ascomycete family
Botryosphaeriaceae (Slippers et al., 2013). Growth of the fungus in soil is fueled by
nutrients stored in the microsclerotia, so growth continues even after the soil nutrient
levels become insufficient for fungal competitors to grow. On account of this
characteristic, the pathogen competes well with other soil pathogens when soil nutrient
levels are low and the temperature is above 30°C. Microsclerotia germinate from a few

cells at a time on the surface, or in close proximity of the roots. Root exudates induce



germination of microsclerotia, and when in proximity to or on the roots, microsclerotia
germinate from a few cells at a time. Numerous germ tubes are formed, which give rise to
appresoria on the anticlinal walls of epidermal cells. The appresoria penetrate the
epidermal cell walls by mechanical pressure and enzymatic digestion or via wounds and
natural openings (Gupta et al., 2012). Ammon et al. (1975) observed that within 3 days
of inoculation, appresoria are produced on the root surface at the tip of the primary
hyphae. During the initial stages of pathogenesis, mycelium penetrates the root epidermis
and is primarily restricted to the intercellular spaces of the cortex of the primary roots.
Consequently, adjacent cells collapse and heavily infected plants may die prematurely
probably due to the production of fungal toxins, e.g., phaseolinone or botryodiplodin
(Ramezani et al., 2007) and plugging host vessels. After plant death, colonization by
mycelia and formation of microsclerotia in host tissue continue until the tissues have
dried. After decay of root and plant debris, microsclerotia are released into the soil and
the cycle continues.

Similar to M. phaseolina, infection by Fusarium spp. usually occurs when the
host is weakened by predisposing factors (Dodd, 1980). The pathogens persist in soil, on
crop residue and on weed hosts as mycelium or as conidiomata, such as sporodochia. The
infection starts on the cortical tissues of the roots and eventually invades the vascular
tissues as the pathogen progresses towards the stalk (Zummo, 1980). Fusarium spp. do
not produce microsclerotia. But upon sudden occurrence of dry conditions, the pathogen
appears to form sclerotia-like structures for its survival (Khune et al., 1984). Fusarium
thapsinum is characterized by the production of yellow pigments on lab media. However,
pigmentation is variable in F. thapsinum strains. The teleomorph, G. thapsina, can be
formed under laboratory conditions by crossing strains of opposite mating types on carrot
agar (Klittich et al., 1997). Symptoms of the disease are prevalent in tissues that are
injured or damaged by insects. The infected plant parts contain large areas of reddish pith
and the upper internodes have discolored vascular bundles. Premature plant death, poor
grain development and crop lodging are some of the characteristic symptoms of Fusarium
stalk rot.

The Fusarium species that are responsible for stalk rot can survive between crops

in infected stubble for up to 3 years and perhaps on roots of weed grasses. The dominant



Fusarium spp that attack grain sorghum are known to infect winter cereals such as wheat
and barley. Zero tominimum tillage tends to favor their survival in stubble, and

successive sorghum crops will gradually build up the levels of these pathogens.

Relationship between stalk rots and the stay-green trait

Stay-green is the general term given to a variant of annual crop species in which
normal senescence is delayed compared with a standard reference genotype. Stay-green
can be viewed as a consequence of the balance between N demand by the grain and N
supply during the grain filling stage. Rapid premature leaf death generally occurs in
sorghum when water is limiting during the grain-filling period (Tuinstra et al., 1997).
During post-anthesis drought, genotypes possessing the stay-green trait maintain more
photosynthetically active leaves than genotypes not possessing this trait (Borrell and
Hammer, 2000). Expression of stay-green has been reported in other cereals including
maize (Wang et al., 2012; Zheng et al., 2009), rice (You et al., 2007), wheat, (Kumari et
al., 2013), and oat (Helsel and Frey, 1978).

Stay-green phenotypes have been classified into five types on the basis of time
and duration of senescence (Thomas and Howarth, 2000). In Type A stay-green, there is
a delayed initiation of yellowing. Senescence is initiated late but then proceeds at a
normal rate. Type B stay-greens initiate senescence on schedule, but thereafter senesce
comparatively slowly. In Type C stay-green phenotype, specific defects in chlorophyll
degradation pathway are involved. Chlorophyll may be retained more or less indefinitely.
Stay-green of the frozen spinach or herbarium specimen kind are referred to as Type D.
In type E stay-green, chlorophyll content remains constant but enzyme activity is reduced
(Thomas and Smart, 1993). Classifying stay-greens has been useful in understanding the
kinds of modified gene or physiological process underlying the phenotype, but, in
practice, particular stay-greens can be combinations of two or more different functional
types. Retention of green leaf area at maturity (GLAM), which is a visual stay-green
rating, has been used as an indicator of post-anthesis drought resistance in sorghum
(Borrell et al., 2000). Field-based screening methods for stay-green drought tolerance are
difficult to manage and highly constrained due to the need for near perfect moisture and

drought stress conditions across multiple locations to acquire a meaningful assessment of



the stay-green trait. A quantitative assay that would allow the trait to be measured year-
round under controlled and easily reproducible conditions and is potentially high
throughput has been reported by (Burke et al., 2013).

Four major QTLs (stgl,stg2,stg3,stg4) conferring stay-green in grain sorghum
have been reported (Crasta et al., 1999; Harris et al., 2007; Kebede et al., 2001; Tao et al.,
2000; Tuinstra et al., 1996; Xu et al., 2000). Stay-green has also been reported in other
cereals like rice (You et al., 2007); wheat (Vijayalakshmi et al., 2010) and maize (Wang
et al.,, 2012, Zheng et al., 2009). Several breeding programs are using marker-assisted
selection and/or marker-assisted backcrossing to incorporate stay-green in advanced
breeding lines (Galyuon et al., 2005).

Stay-green in sorghum is considered an important trait; it improves genotype
adaptation to post-flowering drought stress, particularly in environments in which the
plant depends largely on stored soil moisture to fill grain and mature (Rosenow et al.,
1977). Specifically, stay-green has been associated with reduced lodging (Mughogho and
Pande, 1984), lower susceptibility to charcoal rot (Mughogho and Pande, 1984), higher
levels of stem carbohydrates both during and after grain filling (McBee, 1984), and
improved grain filling and better grain yield under stress conditions (Rosenow and Clark,
1981). Because of these benefits, selection for enhanced stay-green has been an important
component of breeding for improved drought tolerance and improved grain yield in
breeding programs in the United States (Rosenow et al., 1983) and Australia (Henzell et
al., 1992) for many years.

Drought stress and the stay-green gene have been reported to have a great impact
on stalk rot disease development. Symptoms of post-flowering drought stress
susceptibility include premature plant (leaf and stem) death or plant senescence, stalk
collapse and lodging, charcoal rot infection, and a significant reduction in seed size,
particularly at the base of the panicle. Tolerance is indicated when plants remain green
and fill grain normally. Such green stalks also have good resistance to stalk lodging and
charcoal rot. Stay-green is as an important post-flowering drought resistance trait.
Genotypes possessing stay-green are able to maintain a greater green leaf area under
post-flowering drought than their senescent counterparts (Rosenow et al., 1997). Recent

studies have shown that leaves stay-green not only because of small sink demand but also



due to higher leaf nitrogen status and transpiration efficiency, resulting in maintenance of
photosynthetic capacity and, ultimately, higher grain yield and lodging resistance (Borrell
and Douglas, 1997; Borrell et al., 1999, 2000b; Borrell and Hammer, 2000). It is unsure
whether or not the trait itself provides resistance or just tolerance to drought conditions.
However, reports indicate that there is an interaction between irrigation, stay-green, and

the occurrence of charcoal rot.

Dhurrin and stay-green in sorghum

Sorghum exhibits genetic variability for the stay-green trait, but the expression of
the trait can also be affected by the nitrogen status of the plant. Dhurrin is a cyanogenic
glucoside found in sorghum. Dhurrin is reported to act as a nitrogen storage compound.
When tissues containing dhurrin are crushed, hydrogen cyanide (HCN) is released as part
of dhurrin decomposition. HCN is toxic to humans and livestock. Recent studies have
shown a relationship between higher dhurrin content in seedling leaves and improved
stay-green at grain fill.

The content of the cyanogenic glucoside dhurrin in sorghum varies depending on
plant age and growth conditions. The cyanide potential is highest shortly after onset of
germination. At this stage, nitrogen application has no effect on dhurrin content, whereas
in older plants, nitrogen application induces an increase. At all growth stages, the content
of dhurrin correlates well with the activity of the two biosynthetic enzyme CYP79A1 and
CYP71E1 and with the protein and mRNA levels of the two enzymes. During
development, the activity of CYP79A1 is lower than the activity of CYP71El, suggesting
that CYP79A1 catalyzes the rate-limiting step in dhurrin synthesis as has been shown
using etiolated seedlings. The site of dhurrin synthesis shifts from leaves to stem during
plant development (Busk and Moller, 2002). The toxicity of hydrogen cyanide renders it
obvious to assume that cyanogenic glucosides repel herbivores (Jones, 1998). However,
many trials do not support this hypothesis (Hruska, 1988) and effectiveness may be
strongly influenced by the feeding strategy of the animals (Compton and Jones, 1985).
With regard to the interaction between plants and microorganisms, the release of
hydrogen cyanide from cyanogenic glucosides may be more damaging to the plant than

to the microorganism because of inhibition of phytoalexin production (Lieberei et al.,



1989). In accordance, highly cyanogenic plants are preferred by some fungi and insects
compared to plants with lower cyanogenic potential (Nahrstedt, 1996; Meller and Seigler,
1999). Aglycones released from cyanogenic glucosides formed from Phenylalanine or
Tyrosine may give rise to the formation of compounds with antifungal activities (Siebert
et al., 1996). Other possible roles of cyanogenic glucosides are as nitrogen storage

compounds or as osmoprotectants (Forslund and Jonsson, 1997).

Control of stalk rots

Coincident with increased stalk rot disease incidence are several cultural practices
suspected of contributing to the disease. These include: soil nitrogen fertility, excessive
plant populations, irrigation during dry periods after heading so as to eliminate
predisposing water stress conditions, and crop rotation. However, the most practical way
to control charcoal rot is to grow varieties that are resistant to charcoal rot and/or tolerant
to predisposing stress factors. Efforts have also been made to manage the disease using
biological methods by using fluorescent pseudomanads associated with the rhizophere
(Das et al., 2008). However this bio-control measure was meant to be a useful component
of integrated management the disease. The constitutive overexpression of rice chitinase in
sorghum plants seems to offer protection against the stalk rot disease. Transgenic
sorghum expressing high levels of chitinase have been reported to exhibit less stalk rot
development when exposed to F. thapsinum conidia (Waniska et al., 2001).

Pathogenesis-related (PR) proteins such as chitinase are inducible plant defenses
that restrict the spread of the pathogen in incompatible interactions and allow for
systemic acquired resistance.

The effect on the charcoal rot fungus by common herbicides used in sorghum
such as atrazine, alachlor, and metolachlor on growth and colonization of grain sorghum
roots by Macrophomina phaseolina showed that all three herbicides reduced fungal
colony diameter and increased production of microsclerotia both in laboratory and green
house conditions (Russin et al., 1995).

A good understanding of all the processes involved between the sorghum plant,
microbiota found in the soil, and cultural practices that can assist or hinder these

interactions is required for managing stalk rots. Certain agricultural practices can alter the



soil environment, indirectly or directly, thereby creating conditions that are less favorable
for pathogens to survive and attack plants or by just moving them about and in the

process reduce the incidence of disease.

Genomic mapping in sorghum

The recently completed sorghum genome sequence of a leading inbred BTx623
by Paterson et al. (2009) has provided a foundation for invigorating progress toward
relating sorghum genes to their functions. Sorghum is a diverse genus consisting of both
cultivated and wild species, many of which are inter-fertile. Sorghum bicolor (2n=20) is
the most important taxon that includes the cultivated races. Sorghum is usually self-
pollinated and is a functional diploid possessing considerable genetic and morphological
diversity. Sorghum is an important target for plant genomics due to its adaptation to harsh
environments, wide genetic diversity, and relatively small genome size (Menz et al.,
2002). The sorghum genome contains 750 Mb of DNA, which is somewhat larger than
that of rice (430 Mb) but 3- to 4-fold smaller than that of maize (2400 Mb)
(Arumuganathan and Earle, 1991). Maize and sorghum diverged from a common
ancestor 15 to 20 million years ago (Doebley et al., 1990) and are more closely related
than either is to rice. Sorghum genome mapping based on DNA markers began in the
early 1990s and several genetic maps of moderate marker density have been constructed.
The first complete sorghum maps with 10 linkage groups developed based on DNA
probes previously mapped in maize were reported by Pereira et al. (1994), and
Chittenden et al. (1994). Genomic mapping strategies are increasingly being adopted to
develop genetic linkage maps and to identify genomic regions influencing traits of
economic importance in sorghum, e.g, stay-green, fertility restoration, pest and disease
resistance, photoperiod sensitivity, grain quality and bioenergy traits (Sivasukurman et
al., 2012; Harris et al., 2007; Klein et al., 2005; Parh et al., 2006; Tao et al., 2003;
Chantereau et al., 2001 and Crasta et al., 1999).

Sorghum is fitting for association mapping methods because of its medium-range
patterns of linkage disequilibrium (Hamblin et al. 2005) and its self-pollinating mating
system. Extensive ex-situ sorghum germplasm collections exist within the U.S. National

Plant Germplasm System and ICRISAT. Early characterization of complementary
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association genetics panels developed by a group of US scientists (Kresovich et al.,
2005), and by Subprogram 1 of the Generation Challenge Program, is in progress. At
present, more than 750 SSR alleles and 1402 SNP alleles discovered in 3.3Mb of
sequence (Hamblin et al., 2005, Hamblin et al., 2005, Casa et al., 2005; Schloss et al.,
2002) are freely available from the Comparative Grass Genomics Center relational
database (Paterson et al., 2008). Extensive studies of sequence variation in sorghum show
that haplotype diversity is low, even when nucleotide diversity is high. For regions of
average length 671bp surveyed in 17 genotypes, the median number of haplotypes was
three and the mode was two (Hamblin et al., 2005). Common sequence variation can
therefore be captured in a small sample of genotypes.

Genetic variation consists of sequence variation and structure alteration. Sequence
variation normally is manifested by SNPs, short sequence insertions and deletions
(indels), microsatellites or simple sequence repeats, and transposable elements.
Numerous marker systems designed to capture those variations have been used in genetic
studies of sorghum. Restriction fragment length polymorphisms (RFLP), random
amplified polymorphic DNA (RAPD) markers, amplified fragment polymorphisms
(AFLP), simple sequence repeat (SSR) and inter sequence repeat (ISSR), markers have
been widely used in sorghum. More recently, single nucleotide polymorphisms (SNPs)
have become markers of choice primarily due to their ubiquitousness. SNPs are very
useful for high resolution genetic mapping, marker discovery by association analysis, and
investigation of evolutionary history of populations (Morris et al., 2013). Development of
the Illumina BeadArray platform and GoldenGate SNP assay have made high-throughput
SNP discovery feasible in sorghum. SNP development using genotype-by-sequencing
(GBS) is now possible because of the advancement of next generation sequencing
technology. This is a very simple, cost effective, and a rapid approach that is very
specific, highly reproducible, and may reach important regions of the genome that are
inaccessible to other sequence capture approaches (Elshire et al., 2011). The library
development for GBS is also very simple, requires minute quantities of DNA, avoids

random shearing and can be completed in only two steps (Poland and Rife, 2012).
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Chapter 2 - Resistance to Stalk-rots

in a sorghum Diversity panel

Abstract

Fusarium stalk rot and charcoal rot are the primary stalk rot diseases that cause
significant yield loss in sorghum. Fusarium stalk rot caused by Fusarium spp.
including F. thapsinum, F. proliferatum, and F. andiyazi) are important when high
temperatures and drought stress occur during grain filling followed by exposure to cooler
and wetter conditions. However, charcoal rot (caused by Macrophomina phaseolina)
occurs during prolonged post-flowering drought stress and does not require a period of
cooler temperatures or higher moisture in order to manifest the disease. The diseases are
important biotic constraints to sorghum production worldwide and are especially critical
under mechanized production. The objective of the study was to identify sources of
resistance to stalk rot diseases. A sorghum diversity panel consisting of 300 genotypes
was evaluated for resistance to both M. phaseolina and F. thapsinum in three
environments (Manhattan, KS 2011, Manhattan, KS 2012, and Ottawa, KS 2012)
following artificial inoculation. A randomized complete block design with two
replications was used. The panel displayed large genetic variability for stalk rot related
traits. Response to infection by pathogens varied significantly and was not affected by
botanical race and geographic origin of genotypes. Out of a total of 300 genotypes
evaluated, 95 genotypes were found to have resistance to M. phaseolina and 77 to F.
thapsinum of which, 53 genotypes were resistant to both pathogens. These should serve

as useful sources for stalk rot resistance breeding efforts in future.

Key words: Sorghum, Fusarium thapsinum, Macrophomina phaseolina, stalk rots,

diversity panel
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Introduction

Sorghum (Sorghum bicolor L. Moench), a grass belonging to the family
Andropogonaceae, is a resilient species able to grow under a variety of conditions.
Together with maize, barley, wheat, rice and sugarcane, it forms a significant part of the
world’s major crops cultivated both for animal and human consumption (Jwa et al.,
2006). Sorghum is particularly important under small-scale subsistence production in arid
and infertile soils due to its tolerance to drought and waterlogging, adaptation to marginal
soils and its more prudent use of soil nitrogen fertilizer than other cereal crops (Sasaki
and Antonio, 2009). According to the Food and Agriculture Organization crop production
statistics, sorghum is the fifth most important grain crop in the world. Its yearly
production has been stabilized at 60 million tons per year with an average area harvested
~44 million hectares annually. However, in addition to abiotic stresses, sporadic
occurrences of various disease and insect pests have become major impediments to
realizing high yield potential. Developing cultivars resistant to these stresses is the key to
improving sorghum productivity in farmers’ fields.

Sorghum stalk rots are caused by a complex of soil-borne fungal pathogens.
Fusarium stalk rot and charcoal rot are the primary stalk rot diseases that cause
significant yield loss in sorghum. Fusarium stalk rots caused by Fusarium spp.
including F. thapsinum, F. proliferatum, and F. andiyazi are important when high
temperatures and drought stress occur during grain filling followed by exposure to cooler
and wetter conditions. However, charcoal rot caused by Macrophomina phaseolina
occurs during prolonged post-flowering drought stress and does not require a period of
cooler temperatures or higher moisture in order to manifest itself. The diseases are
important biotic constraints to sorghum production worldwide and are best managed
through host plant resistance. Both diseases reduce crop yield through direct interference
with the grain filling process (degraded vascular tissues reduce transportation of water,
minerals and assimilates that cause further reduction in yield and quality of grains),
inducing lodging and increasing harvesting problems. Stalk rot pathogens can be
distributed through rain, agricultural equipment, wind and animals and survive in plants,
soil or plant debris either as spores, hyphae, or resting structures (Waniska et al., 2002).

Germination of resting structures, mycelium or spores is stimulated by root and seed
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exudates (Idris et al., 2008) and the pathogens gain access to the roots through natural
root wounds or injuries caused by machinery, insects or other causes (Claflin, 2000).
Primary infection starts in the cortex tissues and spreads towards the vascular tissues of
the root (Zummo, 1984). Studies conducted by Jardine and Leslie (1992) estimated the
average yield loss caused by this disease in Kansas at 4%, while the loss at specific
locations can reach high as 50%. Recent reports from South Central Kansas experiment
stations support this estimate, indicating that stalk rot induced lodging of up to 60% is
common among high yielding hybrids and the incidence can be even higher under
stressful conditions. When converted to monetary terms, the annual economic loss
associated with these diseases in Kansas surpasses $15 million per year. Significant yield
losses due to stalk rot have been reported in other regions of the world where the crop is
cultivated including Africa (Frowd, 1980; Omar et al., 1985; Hulluka and Esele, 1992),
India (Khune et al., 1984; Seetharama et al., 1987), and Australia (Trimboli, 1982).

Availability of the desirable genetic sources is a prerequisite for genetic
improvement of any trait. The ever increasing population and the growing challenge of
food security require that productivity be increased at a faster rate than ever before. Much
of the anticipated increase in productivity will rely on exploiting the existing sources of
genetic variability. Thus, genetic resources will be the main drivers of future progress in
developing new cultivars (Grenier et al., 2001; Bhattacharjee et al., 200; Upadhyaya et
al., 2009). Large amounts of plant genetic materials have been collected and preserved in
gene banks throughout the world. Given the large number of collections and the level of
variability present among them, finding ways of harnessing these resources for crop
improvement has been one of the issues scientists struggle with. The use of core
collections was proposed to overcome this problem (Frankel et al., 1984) and has been
used to systematically capture the existing variability in a sub-sample of the collections
that is small enough for use in experimentation.

To this end, the U.S. sorghum research community has created a panel of 378
photoperiod insensitive grain sorghum genotypes from diverse geographic and climatic
regions including 230 converted African landraces, U.S. adapted breeding lines and
cultivars (Stephens et al., 1967), and 148 elite grain or forage sorghum cultivars and other

genotypes of genetic and historical importance. The population has been evaluated for
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several key plant characteristics including drought and heat stress tolerance (Mutava et
al., 2011), grain quality (Sukumaran et al., 2012), protein content and digestibility (Bean,
unpublished). Based on these data, the K-State sorghum breeding program has utilized
selected sources of large seed size and grain quality in its breeding program. The current
study is based on further exploiting the potential value of this resource for improving
stalk rot resistance in grain sorghum.

The objective of this study was thus to identify sources of resistance to infection

by M. phaseolina and F. thapsinum.
Materials and methods

Genetic materials

Three hundred lines from the sorghum diversity panel, including 251 converted
germplasm, and 49 breeding lines or releases from the U.S public breeding programs and
other sources of both tropical and temperate origin and U.S adapted historical cultivars
were included in the study. The materials represent wide geographical origin, from all
parts of Africa, Asia, and the Americas. They also represent diverse plant morphotypes,
including plant and seed color, panicle forms, plant height, maturity range, seed size, and
botanical races. All races were adequately represented in the panel. The materials also
vary for agronomic potential and response to numerous biotic and abiotic stresses other
than those targeted in this study. The test panel also contained known sources of
resistance to M. phaseolina and F. thapsinum and known susceptible sources to both

pathogens.

Experimental design and management

The materials were planted in 5 m long single row plot spaced 0.75m apart. The design
was randomized complete block with 2 replications in three environments. The test
environments were Manhattan, KS during the 2011 and 2012 seasons and Ottawa, KS
during the 2012 season. Both of the 2011 and 2012 Manhattan tests were conducted at the
Ashland Bottoms KSU Agronomy research farm near Manhattan, KS on well-drained
Smolan Silty Clay Loam soils prone to moisture stress. The Ottawa 2012 test was

conducted at the KSU North East Agricultural Experiment Station near Ottawa, KS. The
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soil at Ottawa is Harney Silt Loam. The test was conducted under uniquely dry and hot
environments both in 2011 and 2012 seasons that were not typical for the areas. How
much effect this may have had on the development of the disease is not clear. All fields
received optimal fertilization and pre-planting weed control practices commonly used for
sorghum. Post-emergence weeds were removed by hand as soon as they appeared. At
flowering, six uniform plants in a plot were tagged with two distinct color tapes, three

plants for each color to use for pathogen inoculation.

Inoculum preparation and inoculation

Two fungal pathogens were selected for this study: Fusarium thapsinum and
Macrophomina phaseolina. The choice of pathogens was based on previous reports that
these two pathogens are the most virulent organisms causing stalk rot diseases in
sorghum (Tesso et al., 2010). Pure cultures of the pathogens were provided by Dr.
Christopher Little at Kansas State University.

For F. thapsinum, liquid inoculum suspensions were initiated from pure cultures
of the pathogen using potato dextrose broth (DIFCO, Detroit, MI). The suspensions were
maintained at room temperature on a rotary shaker until conidia were produced and then
strained through four layers of cheese cloth to separate the conidia from the mycelial
mass. The concentration of the suspension was determined by counting the number of
conidia under a microscope using a hemacytometer. The concentration was then adjusted
to 5 x 10* conidia ml™' by diluting using 10 mM (pH 7.2) phosphate-buffered saline. The
suspension was kept on ice until inoculation. An Idico filler-plug gun (Forestry Suppliers,
Inc., Jackson MS) equipped with a stainless steel needle similar to that described by
Toman and White (1993) was used to deliver approximately 1 ml of suspension into the
pith of three of the tagged plants in each plot at 14 d after flowering.

For M. phaseolina, the pathogen was sub-cultured into several fresh potato
dextrose agar plates, into which sterile toothpicks were inserted. The plates were
incubated at 30°C for two weeks. At 14 d after flowering, the remaining three tagged
plants from each plot were inoculated with an infested toothpick inserted perpendicularly
into each stalk. For both pathogens, inoculations were made on the basal stalk about 10

cm above the soil surface
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Data collection

Twenty eight days after inoculation, the entire stalk of the inoculated plants were
harvested and scored for disease severity. The scoring was done by longitudinally
splitting the stalks and measuring the length of the visible lesion and by counting the
number of diseased nodes crossed within the lesion.

Total lesion length (cm) was measured as the entire length of the visible lesion in
the pith of the stalk and major lesion length (cm) as the length of uninterrupted lesion
measured on both sides of the inoculation site. Plant height was recorded as the length of
the plant from the soil surface to the tip of the panicle. We also determined relative lesion
length as the ratio of lesion length to plant height. Days to flowering was recorded as the
number of days from planting to when 50% of plants in a plot have reached 50%

anthesis.

Statistical analysis

The analysis of variance was conducted for 8 disease related traits using the R software
package. Broad sense heritability was estimated using the method outlined by Holland et
al. (2003). Pearson correlation coefficients between traits were estimated using means
pooled over the three environments.

Using the means for all traits, hierarchical clustering was performed with a
software package Pvclust (Ryota and Hidetoshi, 2011) in R (version 3.0.1, 64 bit). This
procedure was used to partition the 300 genotypes into different disease response groups;
resistant, moderately resistant, moderately susceptible, and susceptible. Using a Dunnett’s
test, the mean disease score of each group were compared to the means of the known
resistant checks; SC599 for F. thapsinum, and Tx642 for M. phaseolina and a susceptible
check Tx7000 for both pathogens.

Results
The analysis of variance for 8 traits, their broad-sense heritability, and descriptive
statistics are presented in Table 1. The difference among the genotypes was highly
significant (P < 0.0001) for all disease parameters and phonological traits. The combined

genotypic mean for total lesion length for M. phaseolina (TLM) ranged from 1.83 to 16.2
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cm with a mean of 5.38 + 2.78. The value for major lesion length (MLM) was similar
with the range being 1.83 to 12.92 cm and a mean of 4.65 + 2.16. The range of values for
the disease parameters indicates the breadth of genetic variability for the trait and the
prospect for genetic improvement. The result for F. thapsinum was similar. The genotype
mean for total lesion length for F. thapsinum (TLF) ranged from 2.28 to 17.02 cm and for
major lesion length (MLF) from 2.19 to 13.67 cm; the overall mean for TLF and MLF
was 5.83 + 2.35 and 5.02 + 1.93, respectively. The score for both M. phaseolina and F.
thapsinum was comparable although the former is generally considered more aggressive.

The coefficient of variation was high for all traits except days to flowering, but
given the quantitative nature of the disease traits and the scoring methods used, the
coefficient of variation observed is not out of range. Broad-sense heritability estimates
were moderate to low for all disease traits ranging from 21 to 39%. As expected, broad-
sense heritability was high for plant height (53%) and days to flowering (49%). Pearson
correlation coefficients between all the traits are presented in Table 2.2. There were
highly significant positive correlations between all disease related traits both within and
between pathogens indicating that the pattern of reaction of genotypes to both pathogens
was similar. There is also a significant correlation between plant height and all of the
disease related traits for both pathogens. However, there was no correlation between
relative lesion length for both total and major lesion lengths and plant height, which
shows that the relative lesion length was not affected by plant height. Days to flowering
was significantly (» = -0.24) correlated with total lesion length for M. phaseolina and was
not significant with all other parameters.

Fig 2.1 shows the summary of disease reaction of the sorghum diversity panel.
Using a hierarchical clustering procedure and a Dunnet’s test to test differences between
group means, resistant and susceptible checks, and individual disease scores, the
genotypes were classified into four disease reaction groups: resistant, moderately
resistant, moderately susceptible and susceptible. According to this grouping, 95
genotypes were resistant to M. phaseolina while 77 genotypes were resistant to F.
thapsinum. Another 72 genotypes were moderately resistant to M. phaseolina while 80
were moderately resistant to F. thapsinum. Likewise another 81 and 49 genotypes were

grouped as moderately susceptible and susceptible to M. phaseolina respectively, while
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83 and 60 genotypes were moderately susceptible and susceptible to F. thapsinum. A

total of 53 genotypes were resistant to both M. phaseolina and F. thapsinum.

Relationship between stalk-rot disease reaction and racial distribution

The racial distribution of the 300 sorghum genotypes in the diversity panel is shown in
Fig 2.2 Twenty-five percent of the genotypes belonged to the caudatum race, 10% to
durra, 8% to guinea, 6% to kafir, 5% to bicolor, 4.3% were breeding lines, 16% were
cultivars of unknown race. The remaining 27% were representatives of mixed races like
caudatum-bicolor, durra-bicolor, durra-caudatum, guinea-bicolor, guinea-caudatum,
guinea-durra, guinea-kafir, kafir-bicolor, kafir-caudatum and kafir-durra. The caudatum
race had the highest representation in the diversity panel followed by durra, guinea, kafir
and bicolor, respectively. The caudatum race, mainly from central Africa, has been
widely used in breeding programs and all modern hybrids in the U.S. are caudatums or
contain substantial pedigree of caudatum. Because of its large panicle structure,
caudatum seems to offer higher yield potential though there is significant variation within
races for yield as well as other traits like seed color and grain quality. The race bicolor is
predominant in Africa and found in almost all parts of the continent with no clear
geographical distribution or ecological adaptation. Guineas are predominantly from West
Africa and have hard seeds that are resistant to insects and mold damage under wet
conditions. They are grown in the high rainfall areas of the region. The race kafir was
evolved in southern Africa and also commonly grown in India. Durra is a drought-
tolerant race and is present in Eastern Africa and India. It is adapted to wide agro
ecologies, including wide moisture and temperature regimes.

Racial distribution of genotypes with respect to reaction to Fusarium stalk rot
resistance is shown in Fig 2.3 Sources of resistance to both Fusarium stalk rot and
charcoal rot are not limited to just one or a few races. The 95 genotypes identified as
resistant to F. thapsinum represented all races of sorghum (Fig 2.3 A). However, there
was a larger representation of the caudatum race within the resistant group. Similar racial
representations were observed for the moderately resistant (Fig 2.3 B), moderately
susceptible (Fig 2.3 C), and susceptible (Fig 2.3 D) group. The distribution of the

genotypes in different disease reaction groups for M. phaseolina was similar to that of F.
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thapsinum (Fig 2.4). The five basic races were represented in each group; however, the
proportion of the caudatum and durra races in the resistant group was higher than the

other races.

Relationship between stalk rot disease reaction and geographical distribution
The geographical distribution of members of the diversity panel is presented in Fig 2.5.
Sudan, Ethiopia, USA, India, Nigeria, and Uganda were the highest contributors to the
panel at 18%, 15%, 12%, 10%, 9.3% and 6.7%, respectively. Materials from Sudan and
Ethiopia made up 33% of the entire panel; these makes sense since the two countries
harbor the largest genetic variability for the crop.

Unlike the botanical race, geographic origin of genotypes seems to have some
degree of influence on the response of genotypes to the diseases. As shown in Fig 2.6,
38% of genotypes resistant to Fusarium stalk rot are of Ethiopian origin followed by
Sudan (17%). Though Sudan has the largest representation in the panel, the proportion of
Sudanese materials resistant to Fusarium stalk rot were less than half of those from
Ethiopia indicating some influence of geographical adaptation. However, a higher
frequency of genotypes originating from Sudan was grouped in the susceptible category
(Fig 2.6 D). The distribution of genotypes with respect to charcoal rot resistance (Fig 2.7
A) had the same trend as Fusarium stalk rot with 14 and 16 genotypes originating from
Ethiopia and Sudan, respectively, making up the greatest proportion of the resistant
group. However, Sudanese materials also make up the highest proportion of genotypes
susceptible to the disease (Fig 2.7 D). It was also observed that genotypes originating
from Japan, Kenya, Western Ghana and Gambia were predominantly resistant to charcoal
rot though the representation from these countries is generally very low.

Table 2.3 shows the list of top ten genotypes identified as resistant to stalk rot
diseases caused by F. thapsinum and M. phaseolina. The elite breeding line RTx430 bred
at Texas A&M University was found to be resistant to infection by M. phaseolina. This
line has been included in previous stalk rot resistance studies conducted in Texas and
Kansas and was not considered resistant. However, this study shows a completely
different result and this may be due to either environmental effect or differences in the

pathogen isolates used in the studies. SC15 is another resistant line of Sudanese origin. It
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belongs to a mixed race of guinea-bicolor and was noted to have the best resistance to
infection by F. thapsinum. RTx2737 was also observed among the top ten genotypes to
have dual resistance to F. thapsinum and M. phaseolina infection. The origin of the
resistant genotypes is largely from the east African countries of Ethiopia, Sudan, and
Uganda with few genotypes from Chad, Nigeria, Congo, and China also among the top

10. No evidence of racial effect on stalk rot resistance was observed.

Discussion

The incidence of stalk rot diseases is sporadic; whenever it happens, it can cause
serious damage to yield and quality of sorghum. Apart from the likely loss caused as a
result of damage to roots and stalks, the disease predisposes infected plants to lodging
that can cause even more damage. The disease is very complex in that not only numerous
pathogens are involved but also the environmental conditions that trigger the diseases are
poorly understood. Generally, prolonged drought after flowering period is believed to
trigger infection by M. phaseolina whereas F. thapsinum requires a wet and cool period
that follows hot and dry condition in order to cause disease. The year 2013 was
sufficiently moist in much of the Midwestern U.S. and sorghum enjoyed ample moisture
and ideal temperature throughout the season. Though such an environment may be
perceived as less ideal for disease development, heavy stalk rot infection occurred later in
the season at an epidemic scale covering large areas from Texas to Kansas. Our sorghum
breeding nursery was affected by the disease with entire root systems in some of the
genotypes, being completely disintegrated leaving the plants flat; whereas, other
genotypes were healthy and intact and there was wide variability between genotypes in
the nursery.

Previous studies have suggested the use of resistant cultivars as the most effective
and environmentally sound approach for addressing stalk rot problems. Our observation
in 2013, where varietal differences were vividly evident in breeding nurseries agrees with
this recommendation. The objective of the present study was to identify stable sources of
resistance to infection by the two major stalk rot organisms, M. phaseolina and F.
thapsinum. Although stalk rot is caused by a complex of pathogens, these two species

have been reported to be the major causal organisms. M. phaseolina has been known to
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occur worldwide and is much more aggressive than other pathogens (Zummo, 1984).
While almost all Fusarium spp. do cause stalk rot in sorghum, F. thapsinum was shown
to be the most aggressive species (Tesso et al., 2010).

The present study evaluated the largest set of genotypes (300) ever studied under
artificial inoculation and revealed significant genetic variation for resistance to both
diseases. Genotypes with a range of disease responses were present among the population
evaluated, which were grouped into four response categories, resistant, moderately
resistant, moderately susceptible and susceptible based on hierarchical clustering
performed on individual genotype response data (Table 2.1). Of the 300 genotypes
evaluated, 95 and 77 were found to be resistant to M. phaseolina and F. thapsinum,
respectively with 53 genotypes resistant to both pathogens. The remaining genotypes
were distributed among the different resistance groups. There seems to be more
genotypes resistant to Macrophomina than to Fusarium despite that the former was more
aggressive.

The environments were not considered ideal for development of Macrophomina
and this may have obscured the expected aggressiveness. Nevertheless, given the number
and level of genetic variability present within the diversity panel (Casa et al., 2008) and
the results of similar studies conducted earlier on smaller set of genotypes (Rosenow et
al., 1983; Bramel-Cox et al., 1988; Tesso et al., 2005), the extent of genetic variation
observed for resistance to both pathogens in the present study was not unexpected. Levels
of resistance seem to be randomly distributed across the diversity continuum and were
not specific to any genetically differentiated subgroup or specific racial group. However,
geographical origin seemed to have a slight impact in that many of the resistance sources
came from east African. This agrees with numerous previous reports where east Africa is
considered a source for post-flowering drought tolerance genotypes, a character closely
related to stalk rot resistance. However, the significant number of genotypes that are
resistant to both pathogens was interesting. The pathogens belong to completely different
genera and have distinct biology. However, though there are specific preferences, the
pathogens seem to have significant ecological overlap in that they both over winter in
infected plant debris and the soil, and their infection triggered by similar types of

environmental conditions during crop maturation. Thus, although certain genotypes of
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sorghum produce antifungal proteins that provide resistance to fungal colonization
(Darnetty et al., 2006), which may be the case in the current study, part of the dual
pathogen resistance observed may be the result of overlapping ecological preferences of
the two species. In other words, genotypes that are tolerant to abiotic stress conditions
that trigger these diseases even though they carry different alleles for resistance may tend
to show less infection by the pathogens. Previous studies have also reported similar
results where several sorghum genotypes were found to have enhanced resistance to
Macrophomina as well as several species of Fusarium (Tesso et al., 2005). However,
these authors reported consistently higher levels of infection among plants inoculated
with M. phaseolina than those treated with any of the Fusarium spp. The current study
differs in that though M. phaseolina was always considered more virulent and aggressive,
disease severity was not higher than that of F. thapsinum. This may be the result of the
difference in inoculum doses of Macrophomina and Fusarium pathogens or due to
specific environmental preference of the pathogens although they all are commonly
triggered by the same kind of environmental conditions. Unlike the study by Tesso et al.
(2005) where Macrophomina and Fusarium inoculum were delivered as calibrated liquid
suspensions the current study utilized the toothpick inoculation procedure for M.
phaseolina that does not account for specific inoculum concentration. Therefore, it is
likely that the amount of Macrophomina inoculum delivered by the colonized toothpick
to the plants may be low resulting in disease severity that is not higher than F. thapsinum
as expected. Also, the current test was carried out in an environment presumed to be less
ideal for M. phaseolina infection. Previous studies have shown that Macrophomina
prefers a more arid environment such as those found in Texas and New Mexico
(Rosenow et al., 1977), while Fusarium becomes more damaging in more temperate type
environments, including the Central Great Plains of the U S (Jardine and Leslie, 1992).
Hence, besides the inoculum dose, the fact that Kansas is a less ideal environment for
Macrophomina, or the isolate used in the study may have compromised virulence, or both
may have contributed to M. phaseolina not expressing the typical aggressiveness.
Another important observation from this study is that new genotypes were found
to be more resistant than the known checks (Table 2.3). This indicates that wider scale

germplasm screening would yield new genotypes immune to these diseases. The
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difficulty with that is the lack of high throughput screening method. The present
inoculation and screening procedures are crude and labor intensive. Thus only a relatively
small set of genotypes can be accurately phenotyped in a reasonable amount of time.
While the stalk and root rot problems in sorghum are real, any effort to address them
through deployment of resistant germplasm should first focus on optimizing and
simplifying screening protocols to add ease and accuracy to the procedure. On the other
hand, some of the genotypes that were grouped among the top resistance sources to both
M. phaseolina and F. thapsinum were not considered so in previous studies. The
appearance of genotypes such as Tx430 and Tx2737 as resistant to both pathogens, and
more resistant than the resistant checks, was difficult to explain. Although they were not
in the susceptible groups when evaluated as inbreds per se, they never were on the top or
even close to the resistant checks such as Tx642 and SC599. The only two reasons we
can speculate in relation to this result may be the kind of pathogen isolates used in the
studies and the possible genotype by environment interaction effects. Much of the earlier
studies conducted on Macrophomina over the last fifteen years was based on the isolate
collected in Texas by Dr. Gary Odvody. Under those tests genotypes like Tx430 and
Tx2737 never performed well and their hybrids were susceptible to the disease. Similarly,
although many of the Fusarium studies previously conducted were based on various
strains of the former F. monliforme, more recent studies after the reclassification of the F
moniliforme species complex (Leslie, 1995) was based on specific species of F
thapsinum, F. andiazi, F. proliferatum, etc. Strains used in the current study were isolated

from infected sorghum plants but there is no evidence of their pathogenicity.

Conclusion
Like for many other traits, sorghum seems to harbor significant genetic variability
for resistance to stalk rot diseases. However, research for improving stalk rot resistance in
sorghum is difficult and complex primarily due to the complexity of the disease itself and
due to lack of high throughput screening methods that can be used in breeding programs.
Enhancing resistance to the disease should involve large scale screening to identify more
stable sources with resistance to multiple causal pathogens, mapping the key genes

involved and incorporating them into breeding programs if the immense potential of the
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crop are to be harnessed. Moreover, there are significant genotype X environment X
isolate interaction effects on the development of the diseases, which bolsters the need to
establish the most robust and virulent isolate for both pathogens and selection of suitable
locations for use in germplasm screening and hybrid evaluation. The new sources
identified as resistant to both F. thapsinum and M. phaseolina are significant additions to
the resistance pool and broaden the germplasm base to offer alternative sources for

programs seeking to develop stalk rot resistant cultivars/hybrids.
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Tables and Figures

Table 2.1. Combined analysis of variance, descriptive statistics and broad-sense heritability for eight traits related to stalk rot

disease measured in the sorghum diversity panel (N = 300).

P value Heritability

Trait Mean + SD* Coefficient of Variation Range (genotype) (%)
TLM 538+£2.78 51.65 1.83-16.72 <0.0001 38.7
MLM 4.65+2.16 46.56 1.83-12.92 <0.0001 38.1
RMLM 0.04 £0.02 38.91 0.021 -0.126 <0.0001 21.7
TLF 5.83 £2.35 40.20 2.28-17.03 <0.0001 37.1
MLF 5.02+1.93 38.55 2.19 - 13.67 <0.0001 40.7
RMLF 0.05+0.02 33.79 0.021 -0.119 <0.0001 31.3
PH (cm) 103.99 + 23.87 22.96 59.97 - 192.9 <0.0001 52.6
DF 65.62 £ 6.54 9.97 41.5-80.5 <0.0001 49.0

TLM = Total lesion length Macrophomina, MLM = Major lesion length Macrophomina, TLF = Total lesion length Fusarium,
MLF= Major Lesion length Fusarium, RMLM = Relative major lesion length Macrophomina, RMLF = Relative major lesion
length Fusarium, PH= Plant height, DF= days to flowering.

* standard deviation
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Table 2.2. Pearson correlation coefficients between crop phenology and disease parameters for both Fusarium thapsinum and
Macrophomina phaseolina (N=300).

Correlation (7)

Trait TLM MLM RMLM TLF MLF RMLF PH
MLM 0.89%** -
RMLM 0.73%* 0.87%#* -
TLF 0.827%* 0.76%* 0.62%* -
MLF 0.75%* 0.8%* 0.67** 0.9%* -
RMLF 0.58%** 0.65%* 0.76** 0.78%** 0.88** -
PH 0.41%* 0.43%#* -0.04 0.36* 0.38* -0.05 -
DF -0.24* -0.08 -0.05 -0.09 0.01 0.03 -0.01

**Significant at P<0.01, *Significant at P<0.05

TLM = Total lesion length Macrophomina, MLM = Major lesion length Macrophomina, TLF = Total lesion length Fusarium,
MLF= Major lesion length Fusarium, RMLM= Relative major lesion length Macrophomina, RMLF= Relative major lesion
length Fusarium, PH= Plant height, DF= days to flowering
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Table 2.3. The list of top ten genotypes identified as resistant to stalk rot diseases caused by Macrophomina phaseolina and

Fusarium thapsinum.

Macrophomina phaseolina

Fusarium thapsinum

Genotypes origin Race Genotypes origin Race
*RTx430 Ethiopia Breeding line SC15 Sudan Guinea-bicolor
*SC323 China Caudatum SC299 Nigeria Guinea
*SC115 Chad Caudatum-bicolor *RTx430 Ethiopia Breeding line
SC325 Congo Caudatum RTx437 Ethiopia Breeding line
SC58 Ethiopia Caudatum *RTx2737 Ethiopia Breeding line
RTx436 Ethiopia Inbred *SC115 Chad Caudatum-bicolor
*RTx2737 Ethiopia Breeding line *SC323 China Caudatum
SC17 Sudan Bicolor SC13 Sudan Durra-bicolor
SC348 Nigeria Caudatum SC805 Uganda Caudatum
SC574 Uganda Caudatum SC348 Nigeria Caudatum

*Genotypes resistant to both Fusarium thapsinum and Macrophomina phaseolina inducing stalk rot
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Figure 2.1. Summary of disease reaction of the sorghum diversity panel. R= resistant, MR = moderately

resistant, MS = moderately susceptible, and S = susceptible.
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Figure 2.2. Racial distribution of the sorghum diversity panel used in the study.
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Figure 2.3. Racial distribution of study genotypes with respect to the Fusarium stalk-rot
disease reaction groups (A) Resistant (B) Moderately-resistant (C) Moderately-
susceptible (D) Susceptible; B= Bicolor, BL= Breeding Line, C= Caudatum, CB=
Caudatum-Bicolor, CV= Cultivar, D= Durra, DB= Durra-bicolor, DC= Durra-Caudatum,
G= Guinea, GB= Guinea-Bicolor, GC= Guinea- Caudatum, GD= Guinea-Durra, GK=
Guinea-Kafir, K= Kafir, KB= Kafir-Bicolor, KC= Kafir-Caudatum, KD= Kafir-Durra,
UN = Unknown.
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Figure 2.4. Racial distribution of study genotypes with respect to the Macrophomina
disease reaction groups (A) Resistant (B) Moderately-resistant (C) Moderately-
susceptible (D) Susceptible; B= Bicolor, BL= Breeding Line, C= Caudatum, CB=
Caudatum-Bicolor, CV= Cultivar, D= Durra, DB= Durra-bicolor, DC= Durra-Caudatum,
G= Guinea, GB= Guinea-Bicolor, GC= Guinea- Caudatum, GD= Guinea-Durra, GK=
Guinea-Kafir, K= Kafir, KB= Kafir-Bicolor, KC= Kafir-Caudatum, KD= Kafir-Durra,
UN = Unknown.
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Figure 2.5. Geographical distribution of the sorghum diversity panel used in the study.
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Figure 2.6. Geographical distribution with respect to the Fusarium stalk rot disease
reaction groups. (A) Resistance (B) Moderately resistant (C) Moderately-susceptible (D)
Susceptible. B= Bicolor, BL= Breeding Line, C= Caudatum, CB= Caudatum-Bicolor,
CV= Cultivar, D= Durra, DB= Durra-bicolor, DC= Durra-Caudatum, G= Guinea, GB=
Guinea-Bicolor, GC= Guinea- Caudatum, GD= Guinea-Durra, GK= Guinea-Kafir, K=
Kafir, KB= Kafir-Bicolor, KC= Kafir-Caudatum, KD= Kafir-Durra, UN = Unknown

47



Figure 2.7. Geographical distributions with respect to the charcoal rot disease reaction
groups. (A) Resistance (B) Moderately resistant (C) Moderately susceptible, (D)
Susceptible; B= Bicolor, BL= Breeding Line, C= Caudatum, CB= Caudatum-Bicolor,
CV= Cultivar, D= Durra, DB= Durra-bicolor, DC= Durra-Caudatum, G= Guinea, GB=
Guinea-Bicolor, GC= Guinea- Caudatum, GD= Guinea-Durra, GK= Guinea-Kafir, K=
Kafir, KB= Kafir-Bicolor, KC= Kafir-Caudatum, KD= Kafir-Durra, UN = Unknown.
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Chapter 3 - Genome wide association study on resistance to

stalk rots in sorghum

Abstract

Fusarium stalk rot and charcoal rot are the primary stalk rot diseases that cause
significant yield loss in sorghum. They are important biotic constraints to sorghum
production worldwide and host plant resistance has been considered as the most feasible
approach for controlling the disease. The high environment dependence of the disease
and its sporadic nature has led to slow progress in breeding efforts. A set of 79,132 single
nucleotide polymorphisms (SNPs) markers were used in an association test to identify
genomic regions underlying stalk rot resistance using a multi-locus mixed model
association mapping approach that accounted for background genomic relationships. The
genotypes were evaluated in three environments (Manhattan, KS 2011, Manhattan, KS
2012, and Ottawa, KS 2012) using artificial field inoculations. Adequate genetic variation
for stalk rot resistance traits was observed in the study. We identified fourteen associated
loci and a set of candidate genes that appear to be involved in connected functions
controlling plant defense response to stalk rot resistance. Each associated SNP had a
relatively small effect on disease resistance. The associated SNPs accounted for between
19-30% of phenotypic variation observed within and across environments. Linkage
disequilibrium analyses of the significant SNPs suggested that they are genetically
independent. An analysis of associated allele frequencies within the major sorghum
subpopulations revealed enrichment for resistant alleles in the durra and caudatum
subpopulations compared with other subpopulations. The findings suggested a
complicated molecular mechanism of sorghum resistance against stalk rots caused by the

fungus Macrophomina phaseolina and Fusarium thapsinum.

Key words: Sorghum, Fusarium thapsinum, Macrophomina phaseolina, stalk rots,

association mapping, diversity panel
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Introduction

Sorghum is the world’s fifth most important cereal crop. It is a staple food for
more than half a billion people in the world, 60 percent of whom are living in the African
continent. However, diseases and pests, in addition to abiotic stresses, are major
impediments to realizing the high yield potential that sorghum ought to offer as a C4
cereal. Developing cultivars resistant to these biotic and abiotic stresses is paramount to
improving sorghum productivity in farmers’ fields.

Stalk-rots are an important disease of sorghum worldwide. Recently, increased
incidence of stalk rot have been reported (Mahmoud and Budak 2011; Khangura and
Aberra 2009) highlighting the importance of the disease especially in regions that are
already prone to drought. Charcoal rot, a soil borne necrotrophic fungal pathogen is the
most aggressive stalk rot disease of sorghum (Crasta et al. 1999). The disease is caused
by the fungus Macrophomina phaseolina (Tassi) Goid. M. phaseolina infects sorghum
through roots and continues to the base of the plant, resulting in disintegration of the pith
cells, premature leaf and plant senescence, and crop lodging. Fusarium (Fusarium spp.)
stalk-rot is another important disease of grain sorghum. Fusarium thapsinum is the most
common fungus associated with sorghum stalk rots in more temperate environments
including much of the central great plains of the United States (Bramel-cox et al. 1988;
Klittich et al. 1997; Marasas et al. 2001; Leslie 1995; Leslie et al. 1990). Although
Fusarium is often regarded as a weak pathogen or a secondary invader, Fusarium
infections become more aggressive under appropriate environmental condition. Both F
thapsinum and M phaseolina have been reported as the most aggressive pathogens
causing stalk-rot in Kansas (Tesso et al. 2010). Significant yield losses due to stalk rot
have been reported throughout the world including Africa (Frowd, 1980; Omar et al.,
1985; Hulluka and Esele, 1992), India (Khune et al., 1984; Seetharama et al., 1987),
Australia (Trimboli and Burgess, 1982), and the USA (Jardine and Leslie 1992; Reed et
al. 1983). Current disease control depends on the combination of field management
practices and the use of resistant cultivars (Waniska et al. 2001).

Conventional breeding for sorghum resistance to stalk rots has mainly focused on
indirect selection for the stay-green trait. This may be as a result of the difficulty of field

phenotyping for stalk-rot disease related traits. Genetic engineering is also not a feasible
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approach both from the wide gap in the knowledge of molecular processes mediating
host-pathogen interactions as well as from the regulatory standpoint as sorghum GM is
not widely deployed. Also, there are conflicting reports on the nature of genetic factors
that condition resistance to charcoal. (Pecina-Quintero et al. 1999; Sahib et al. 1990).
Understanding the genetic control will facilitate cultivar improvement for disease and
secure global food production.

Genome wide association mapping has arisen as a powerful tool for high-
resolution mapping of loci underlying quantitative traits, because it takes advantage of
accumulated historic recombination events in natural populations and it holds promise for
identifying causative polymorphism of complex traits (Stich et al. 2008). Although
genome wide association studies (GWAS) have the potential to pinpoint genetic
polymorphisms underlying human diseases and agriculturally important traits, false
discoveries are a major concern (Abiola et al. 2003) and can be partially attributed to
spurious associations caused by population structure and unequal relatedness among
individuals in a given cohort. Population stratification was initially addressed using
general linear model (GLM)-based methods such as structured association (Pritchard et
al. 2000), genomic control (Devlin and Roeder 1999) and family-based tests of
association (Abecasis et al. 2000). Association analysis uses preexisting germplasm such
as landraces, modern cultivars, and advanced breeding lines to detect potential
associations between molecular markers and traits of interest (Zhu et al., 2008).
Association analysis has been successfully applied to identify marker—trait associations in
different crops (Beattie et al. 2010; Kump et al. 2011; Roy et al. 2010; Wang et al. 2012a;
Yu et al. 2006; Zhu et al. 2008; Gupta et al. 2005). In sorghum, an association mapping
approach has been used to map agronomic and quality traits such as grain quality
(Sukumaran et al. 2012; Figueiredo et al. 2010), height and maturity (Upadhyaya et al.
2012; Brown et al. 2008), agro-climatic traits (Morris et al. 2013), biomass, grain, and
saccharification yield traits (Yi-Hong Wang, 2012), days to heading, flowering time,
culm length, number of tillers, number of panicles and panicle length (Shehzad et al.
2009). Associating of causal polymorphism with complex phenotypes can provide a
better understanding of the mechanisms underlying developmental and biochemical

constraints, thus enabling accelerated crop improvement.
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In the present study, 300 genotypes from the sorghum association panel (SAP)
characterized at 265,487 SNPs was used in association analysis. Our objective was to

identify marker-trait associations for stalk rot disease resistance in sorghum.
Materials and methods

Genetic materials

Three hundred genotypes from the sorghum association panel, including 251 Sorghum
Conversion Program (SCP) lines, and 49 breeding lines and their progenitors from the
U.S. served as the genetic material for this study. The sorghum genotypes were planted in
a randomized complete block design with two replications. The experiment was
conducted in three environments; Manhattan 2011 (39°N, 96°W), Manhattan 2012
(39°N, 96°W) and Ottawa 2012 (38°N, 95°W), KS. Plots were 6 m long single rows
spaced 0.75 m apart with 0.6m alley at the end of each plot. Three grams each of the
entries were drilled into the plots after treatment with herbicide safener (Maxim 4FS,
Apron XL, Concept III, and colorant). Three weeks after emergence the seedlings were
thinned to approximately 40 plants per plot. Fertilizer phosphorus (di-ammonium
phosphate, DAP) and nitrogen (urea) were applied at the rate of 34 kg P,Os ha™' and 90
kg N ha™, respectively, at Manhattan and 25 kg P,Os ha™ and 90 kg N ha™, respectively,
at Ottawa. Pre-emergence weeds were controlled with a pre-plant application of 0.24 L
ha™ Dual plus 0.68 kg ha” Atrazine. Post emergence weeds were removed manually to
ensure normal growth. Fields trials near Manhattan were conducted on Smolan Silty Clay

Loam soils and trials in Ottawa were conducted on Harney Silt Loam soils.
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Inoculum preparation and inoculation

Two fungal pathogens were selected for this study; Fusarium thapsinum and
Macrophomina phaseolina. The selection of these two pathogens was based on previous
reports that these two pathogens are the most virulent stalk rot causing pathogens of
sorghum (Tesso et al. 2010). Pure fungal cultures were provided by Dr. Chris Little’s lab
at Kansas State University. Liquid inoculum suspensions from pure cultures of the
Fusarium thapsinum pathogen were initiated in potato dextrose broth (DIFCO, Detroit,
MI). The suspensions were initiated on a shaker at room temperature until conidia were
produced and then strained through four layers of cheese cloth to separate the conidia
from the mycelia mass. Concentration of the suspension was determined by counting the
number of conidia under a microscope using a hemacytometer. The concentration was
then adjusted to 5 x 10* conidia ml" by diluting using 10 mM (pH 7.2) Phosphate-
buffered saline. The suspension was kept on ice until inoculation. An Idico filler-plug
gun (Forestry suppliers, Inc., Jackson MS) equipped with a stainless steel needle similar
to that described by (Toman and White 1993) was used to deliver approximately 1 ml of
suspension into the pith of the sorghum plants. For M. phaseolina, the pathogen strain
was sub-cultured into several fresh potato dextrose agar plates, into which sterile

toothpicks were inserted and incubated at 30°C for two weeks.

Field inoculation

For Macrophomina phaseolina, at 14 d after flowering, three randomly tagged plants
from each plot were inoculated with an infested toothpick inserted perpendicularly into
each stalk about 10 cm above the soil line (internodal region) in holes made with a
sterilized needle. For Fusarium thapsinum, inoculations were performed with an Idico
filler-plug gun (Forestry Suppliers, Inc., Jackson, MS) equipped with a stainless steel
needle similar to that described by Toman and White (1993). At 14 d after flowering,
three randomly tagged plants from each plot were artificially inoculated with
approximately 5 x 10 conidia in the pith of the stalk approximately 10 cm above the soil

surface.
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Disease evaluation and scoring
Twenty eight days after field inoculation, plants were cut at the base and split
longitudinally to score disease severity. Disease scores were obtained by measuring the
length of the visible lesion in the pith of the stalk as a measure of disease progression in
the sorghum stalks.

Data was collected on the following traits:

1. Total lesion Length (cm) : length of the visible necrotic lesion in the pith of the
stalk

2. Major lesion length (cm): length of the major necrotic lesion in the pith of the
stalk

3. Relative lesion length: Ratio of lesion length to plant height
4. Plant height (cm): Distance from the soil surface to the top of the panicle

5. Flowering time (FT): Days from sowing to when 50% of plants in a plot have
reached 50% anthesis

Genotypic data

The genotypic data was a community resource of 265,487 SNPs (Morris et al., 2013). To
avoid potential false findings, we selected only 79,132 SNP markers that mapped to
defined single locations in the sorghum genome and that had <20% missing data and

MAF>0.05 were used in the association analysis.
Statistical analysis

Estimation of least-square means and repeatability:

To obtain inbred line means adjusted for environmental effects, a similar method used by
(Zila et al. 2013) was implemented. The Manhattan and Ottawa experiments were
analyzed individually first and then combined in a second multi-environment analysis.
The mixed linear model for the Manhattan experiment across years included line as a
fixed effect, flowering time as a fixed linear covariate, and year, line X year interaction
and replication within year as random effects. In the combined experiment analysis, each
combination of location and year was considered an environment. The combined analysis
model included a fixed line effect, flowering time as a fixed covariate nested within

environment, a random line X environment interaction effect, and nested random
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experimental design effects (replication within environment). All analyses were weighted
by the number of stalks scored within each plot and utilized a heterogeneous error
variance structure. In both experiments, larger predicted stalk rot trait values were
associated with larger residuals, so a natural logarithmic transformation of raw stalk rot
scores (which largely eliminated the relationship between residual variance and predicted
values) was used for all analyses. Least square means were estimated for inbred lines
within each environment and across environments using ASReml version 3 (Gilmour et
al. 2009). A second analysis was performed treating inbred lines as random effects for the
purposes of estimating repeatability for stalk rot resistance traits in the diversity panel.
The same models as above were used except lines were treated as random effects to
obtain estimates of genetic variance.

Line mean-basis repeatability was estimated as

2
o~ OppE
Ho=1-—1

26¢

Where 02pf is the average prediction error variance for all pairwise comparisons
of lines and 6¢ the estimated genetic variance (Cullis et al. 2006). We estimated line
mean-basis repeatability for each environment individually, across years for the
Manhattan environments and for the combined data set across all environments. The
model used to estimate line mean-basis repeatability in the combined data set was further
modified by nesting the random line effect within environment and modeling the
genotype-environment effect (G) matrix as unstructured, thereby allowing estimation of
unique genetic variance within each environment and a unique genetic correlation
between each pair of environments. The same models used to compute stalk rot resistance
trait repeatability were used to estimate flowering time and plant height repeatability, but
flowering time was treated as the dependent variable instead of as a fixed linear

covariate.

Population structure and kinship analysis
Population structure was investigated in order to define suitable covariates for

association genetic models. Population structure was analyzed using a Bayesian model
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based clustering method implemented in the STRUCTURE software (Pritchard et al.
2000) to detect population structure and assign individuals to subpopulations. This
analysis requires selectively neutral polymorphic unlinked markers. Unlinked markers
were selected for this analysis using the PLINK software to generate a pruned subset of
SNPs that are in approximate linkage equilibrium with each other. The final SNP dataset
used to analyze the population structure thus contained 25,190 SNP markers from 10
LGs. An initial cluster 2 through 10 were tested with ten replications for each value of
putative k£ clusters and the log probability of data was estimated using the admixture
model with correlated allele frequency. The initial 10° steps were discarded as burn-in to
allow the run parameters to attain convergence, after which data were collected for an
additional 5 x 10° steps. Using stability of the rate of change of log likelihood across
grouping patterns within the ten runs, the optimal (k) was observed between k=4 and 5.
The optimal k was determined based on: 1, - likelihood plot of models; 2, - stability of
grouping patterns across 20 runs; and 3, - germplasm information. Subsequently, we
tested clusters 4 and 5 using an initial burn-in of 150,000 after which data was collected
for an additional 350,000 steps with 20 replications for each cluster. Further, the
membership coefficients for the most optimal number of clusters based on this analysis
were permuted using the Greedy algorithm to match the various replicates for that value
of k as closely as possible. This was done using the CLUMPP software (Jakobsson and
Rosenberg 2007). Finally, the membership assignments of individuals in various clusters
were visualized using a plotting function in the DISTRUCT software (Rosenberg 2004).
Probabilities of subpopulation membership coefficients (Qk) were used for assigning
lines to subpopulations. Lines with highest membership probability Qk less than 0.8 for
all &£ were considered to result from admixture, hence, classified as “mixed”. Kinship (K)
was estimated using the software SPAGeDi 1.4 (Hardy and Vekemans 2002) using the
method of (Ritland 1996).

Genotypic correlation analysis
We estimated genetic correlations among stalk rot traits using a multivariate model using

the ASReml version 3 (Gilmour et al. 2009). Least square means estimated from the
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combined analysis were used to estimate genotypic correlations between the diseases

related traits.

Linkage disequilibrium analysis
Linkage disequilibrium analyses of the significantly associated SNPs were performed

with HAPLOVIEW v.4.2 (Barrett et al. 2005).

Association analysis

The least square means for the inbred lines was used as the input phenotype. We
conducted a GWAS with 79,132 genome wide SNPs using a univariate unified mixed
linear model (Yu et al. 2006) that eliminated the need to recompute variance components.
The optimum compression mixed linear model and P3D options (i.e., population
parameters previously determined), which increases computational speed and statistical
power, were implemented by clustering individuals in groups (Zhang et al. 2010) in the
Genome Association and Prediction Integrated Tool package (GAPIT) (Lipka et al.
2012). To control for population structure and familial relatedness, the mixed model
included principal components (Price et al. 2006) and a kinship (coancestry) matrix
(Ritland 1996). An R’ statistic was used to assess the amount of phenotypic variation
explained by the model. The (Benjamini and Hochberg 1995) procedure was used to
control for the multiple testing problem at false-discovery rates (FDRs) of 5%.

In addition to the unified mixed linear model, a multi-locus mixed model (MLMM)
(Segura et al. 2012) was used to dissect complex association signals that involved major
effect loci. The MLMM employs stepwise mixed-model regression with forward
inclusion and backward elimination, thus allowing for a more exhaustive exploration of
the model space. In contrast to the unified mixed model with P3D, the MLMM re-
estimates the genetic and error variance components at each step of the regression.
Specifically, all SNPs on a chromosome (i.e., chromosome-wide) with a major effect
locus were considered for inclusion into the final model. The optimal model was selected
using the extended Bayesian information criterion (Chen and Chen 2008). We then
reanalyzed GWAS for each trait with MLMM-identified SNPs included as covariates in

the unified mixed linear model for better control of major effect loci.

57



Allele frequency analysis

Lines were grouped into one of five major sorghum subpopulations (caudatum, durra,
guinea, bicolor and kafir) based on the population structure analysis. Lines of mixed
ancestry (the result of admixture among the subpopulations) were dropped from the
analysis. Based on the results of the GWAS analyses, the frequencies of alleles that
reduced disease severity at significant SNPs were estimated within each subpopulation
using the FREQ procedure in R software version 3.0.2 (R CORE TEAM 2013). At each
SNP locus, a Fisher’s exact test in R software version 3.0.2 (R CORE TEAM 2013) was
used to test the null hypothesis that frequency of the allele conferring increased disease

resistance was the same across all four subpopulations.

Candidate genes
The genes located within or adjacent to associated SNPs were identified using the

sorghum genome browser (Goodstein et al. 2012).
Results

Phenotypic variation

The extent of phenotypic variation for stalk rot resistance to two fungal pathogens; F'
thapsinum and M phaseolina were assessed with the use of a sorghum diversity panel
consisting of 300 sorghum genotypes. Significant phenotypic variation for Fusarium and
Macrophomina stalk rot resistance was observed in both the Manhattan and Ottawa
experiments. For the Fusarium pathogen, the mean ranges for total and major lesion
length observed among inbred lines of the association panel were higher in the Manhattan
(1.33 - 34.67cm) compared with the Ottawa environment (1.67 -14.34 cm). Similar range
for the mean relative total and major lesion length with an overall mean of 0.05 and 0.04
respectively were also observed at both environments (Table 3.1). Similar findings were

also observed for the Macrophomina pathogen at both environments.
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Environmental correlations

In the combined analysis, significant line X environment interactions were observed for
all stalk rot disease related traits. Estimates of unique genotypic covariance from the
mixed model analysis for each trait and for each pair of environments showed that the
two Manhattan environments had a much stronger genotypic correlation for the eight
stalk rot traits (Table 3.2) than did any other pair of environments. Thus, there was little
genotype-by-environment (GxE) interaction between the two Manhattan environments
compared with other environments. In contrast, pair-wise genotypic correlations were
much lower between Manhattan and Ottawa environments for all traits (Table 3.2),
causing much of the observed GXE interaction in the combined analysis. Therefore, we
conducted separate association analyses on three different sets of phenotypic mean values
for the eight stalk rot traits: (1) means from two Manhattan environments, (2) means from
one Ottawa environments, and (3) means from the combined analysis of all three

environments.

Genotypic correlations

Genetic correlations were estimated between the eight stalk rot traits including plant
height (PH) and flowering time (FT) (Table 3.3). The traits: major lesion length
Macrophomina (MLM), total lesion length Macrophomina (TLM), major lesion length
Fusarium (MLF), and total lesion length Fusarium (TLF) were highly genetically
correlated with each other(|pg| > 0.94). Similarly, the traits: relative major lesion length
Macrophomina (RMLM), relative total lesion length Macrophomina (RTLM), relative
major lesion length Fusarium (RMLF), and relative total lesion length Fusarium (RTLF)
had high genetic correlation between each other(|pg| > 0.82). However, genetic
correlations between RTLF and TLM, RTLF and MLF, RTLM and TLF were low
compared to other genetic correlations. Generally, genetic correlations were lower
between traits (MLM, TLM, MLF, and TLF) and (RMLM, RTLM, RMLF, and RTLF).
For PH, genetic correlations were low for all stalk rot traits with a range of (-0.04 to
0.69). Negative genetic correlations were observed between the eight stalk rot traits and

FT.
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Assessment of population structure

Previous studies, (Sukumaran et al. 2012; Casa et al. 2008; Brown et al. 2011) have
assigned lines to groups based on a probability of membership P >0.5. Compared with
previous studies, some lines were reassigned from the five well established groups
[Bicolor (BIC) Caudatum (CAU), Durra (DUR), Guinea (GUI) and Kafir (KAF) to the
admixed group (containing lines with the probability of membership in each of the five
major germplasm groups <0.8). We were left with four major groups after the
reassignment. The BIC group was reassigned to the admixed group. A large majority of
the lines that were reassigned from one of the population groups to the mixed group in
the current analysis had high probability of membership (P = 0.6-0.79) in their
previously-assigned group (Table 3.4; Fig 3.13); i.e., close to the arbitrary threshold used

for group classification.

Genome-wide analysis

We examined the genetic basis of natural variation for stalk rot resistance in sorghum by
using an association panel of diverse inbred lines with a unified mixed linear model that
controls for population structure and familial relatedness. A total of 3 SNPs were
significant for at least one trait at a genome-wide bonferroni corrected threshold
estimated based on effective number of independent tests (Table 3.5 and Figure 3.1-
3.11a). Given the complex nature of inheritance of stalk rot resistance in sorghum and
also given that most of the significant SNPs in the unified mixed model were located
within a 2Mb region on chromosome 9 (Table 3.5), we used the MLMM of (Segura et al.
2012) on a chromosome-wide scale to further dissect the complex association signals
which we observed for stalk rot resistance (Table 3.6 and Figure 3.1-3.11b).

Based on the MLMM we identified 14 major effect loci associated with stalk rot
resistance from the combined analysis, MN all years and Ottawa analysis. These results
indicate that the association panel provides sufficient statistical power to detect causative
alleles. In the combined analysis, the optimal model contained one significant SNP for
MLF (S9 57816733) (Figure 3.1b). This same SNP was associated with TLF (Figure
3.3b). The SNP S9 57222599 was significant from the optimal model for MLM and
TLM (Figure 3.2b and 3.4b). These SNPs had the strongest significant association signals
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in the unified mixed model as well (Table 3.5). The individual SNPs accounted for
between 11-16% of the total phenotypic variation explained by the traits. The two
MLMM-identified SNPs in the combined analysis were essentially in linkage equilibrium
(*=0.45) with each other (Figure 3.12).

In the MN all years analysis, one significant SNP (S9 57272115) was included in
the MLMM obtained optimal model for MLM, TLF, and TLM (Figure 3.5b, 3.8b and
3.9b). This SNP accounted for about 14% of the phenotypic variation observed for each
trait. This SNP also had the strongest association signal for the 3 traits in the unified
mixed model (Table 3.5). For RMLF, two SNPs (S2 64623580 and S7 55702883) were
included in the optimal model obtained with the forward-backward stepwise approach of
MLMM (Figure 3.6b). The two SNPs accounted for a 24% of the total phenotypic
variation for RMLF. For RMLM, four SNPs (S2 27851064, S2 60129082,
S7 58532122 and S9 57231207) were included in the optimal model obtained with the
forward-backward stepwise approach of MLMM (Figure 3.7b). The two SNPs accounted
for a 33% of the total phenotypic variation for RMLM.

In the Ottawa analysis, four SNPs (S3 8738404, S4 65815798, S8 51279094 and
S9 56646280) were included in the MLMM obtained optimal model for RTLM (Figure
3.10b). These SNPs accounted for 34% of the total phenotypic variation observed for the
trait. For TLM, one SNP (S8 39230116) was included in the optimal model obtained
with the forward-backward stepwise approach of MLMM. The SNP accounted for a 13%
of the total phenotypic variation for TLF (Figure 3.11b). Clearly, stalk rot resistance is
subject to Genotype x Environment, which might be related to the severity of the stress.
Such effects will be reflected in QTL x Environment interaction leading to SNPs being

significant at one environment but not the other.

Linkage disequilibrium (LD)

Classic LD parameters (D’ and r°) as implemented by HAPLOVIEW v.4.2 (Barrett et al.
2005) were used to test whether the significant SNPs were in strong LD with each other
(Figure 3.12). The presence of very strong LD would raise concerns about a high rate of
false positives present in our results whilst complete absence of LD between the

significant SNPs would provide evidence of complete independence between QTLs. We
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only observed significant LD between SNPs S9 57222599 and S9 5722115 (r*= 0.52),
both located on chromosome 9 at 57222599 and 5722115 Mb, respectively, suggesting
their effects are not independent. For the rest of the SNPs we did not observe signs of
strong inter-QTL LD resulting from population substructure and admixture within our
panel even for closely linked significant SNPs observed in the combined analysis such as
S9 57222599 and S9 57816733 both mapping on chromosome 9 with (r*= 0.20). With
an average 1~ value of 0.06 for all 91 possible combinations between the 14 significantly
associated SNPs, most observed 1 values were <0.30. Only four, which were amongst
the six possible combinations between SNPs S9 57222599, S9 57231207,
S9 57272115, and S9 57816733, were greater than 0.3 and none exceeded 0.5 (Figure
3.12). Such r* values are not strong enough to suggest non-independence between QTL
regions but they might add some evidence of co-selection, a reasonable situation when
measuring traits of high agronomic/economic importance are subjected to a long history

of breeding and selection.

Allele distribution at significant SNPs

Allele frequency at the 14 SNPs significantly associated with stalk rot resistance in four
major sorghum sub-populations: CAU, DUR, GUI, and KAF were estimated (Table 3.7).
In the combined analysis, the allele that reduced disease severity on the chromosome 9
SNP locus S9 57816733 was over-represented in the CAU and DUR groups compared to
GUI and KAF (P =3.01 x 10™*). The second SNP, S9 57222599 is represented in all four
subpopulations but the allele frequencies are not high enough to be considered different
between the subpopulations (P = 0.13). In the MN all year’s analysis, the allele that
reduced disease severity linked to SNP S9 57272115 had high frequencies in all the
subpopulations. The allele on the second SNP S9 57231207 was only represented in the
CAU and GUI sub-populations. On chromosome 7, the allele on the SNP S7 55702883
is significantly over-represented in the CAU compared to the other sub-populations (P =
2.02 x 107'°). The allele reducing disease severity linked to SNP S7 58532122 is
significantly over-represented in the DUR sub-population (P = 0.0013). On chromosome
2 in the MN all years analysis, the allele on SNP S2 64623580 which reduced disease
severity is significantly (P = 1.41 x 10”7) over represented in CAU and DUR compared to
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GUI ad KAF sub-population. For the SNP S2 60129082, the allele reducing disease
severity was significantly (P = 4 x10°®) over-represented in the GUI and KAF compared
to the CAU and DUR subpopulations. The allele reducing disease severity for SNP
S2 27851064 was significantly (P = 2 x 10™'®) over represented in the DUR and GUI
compared to the CAU and KAF sub-populations. In the Ottawa analysis on chromosome
3, the allele reducing disease severity on SNP S3 8738404 was only present in CAU,
DUR and KAF subpopulations. On chromosome 4 the allele reducing disease severity
was significantly over-represented in the DUR subpopulation. On SNP S8 39230116, the
allele reducing disease severity was only present in the DUR and significantly (P = 5.14
x 10™®) over represented. Also on chromosome 8, the allele on SNP S8 51279094
reducing disease severity was significantly (P = 5.14 x 10™) over represented in the DUR
and GUIL On chromosome 9, from the Ottawa analysis, the allele on SNP S9 57231207
reducing disease severity present only in the CAU and GUI and significantly (P =14 x 10

%) over represented compared to the other two subpopulations (Table 3.7).

Candidate genes colocalized with associated SNPs

Using the sorghum genome browser (Goodstein et al. 2012), we identified the genes that
contained SNPs that showed statistical significance with the stalk rot resistance. Two
genes identified in the combined analysis (Table 3.6), have reported predicted gene
functions related to immune response pathways including; a ring finger domain
containing protein, tyrosine kinase protein, chalcone and stilbene synthases (Dao et al.
2011). In the MN all year analysis, genes with predicted functions included; an AP2
domain containing protein, a homobox domain containing protein, a protein kinase
domain, an auxin-induced protein, a UDP-glucuronosyltransferase gene and a
pentatricopeptide repeat-containing protein. In the Ottawa analysis, the SNP S3 8738404
is located in an intronic region of hAT family dimerisation domain with similarity to the
zinc finger protein. SNP S4 65815798 is located in the intronic region of an
acetylglucosaminyltransferase family gene (Table 3.6). SNP S8 51279094 is located in a

sterol regulatory element-binding (SERP) domain containing protein.
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Discussion
In the present study we describe the application of genome wide association mapping in a
panel of diverse sorghum genotypes for resistance to two predominant pathogens causing
sorghum stalk rot disease; Macrophomina phaseolina and Fusarium thapsinum. Sorghum
germplasm used in this study represent an excellent reservoir of genetic variation for the
application of GWAS. It is assumed that these genotypes possess a diversity of alleles.
Such diversity can be examined and exploited for sorghum genetic improvement by
identifying useful alleles for genetic improvement. GWAS offers one approach of

achieving the objective.

Means and repeatability

GWAS are strongly influenced by the quality of the phenotypic data (Rafalski 2010).
Plant maturity differences can confound with stalk rot response; we used FT as a fixed
linear covariate to try to account for this. In the present study repeatability on a line
means basis were moderate to high with a range of 0.62-0.97 for all traits indicating that,
QTL are predominantly responsible for the broad phenotypic variation reflected in the
panel. The efficiency of artificial selection could be enhanced through connecting
phenotypic information to molecular markers associated with QTL alleles that enhance
stalk rot resistance. One of the major constraints in breeding for stalk rot resistance is
identifying a phenotype that underlies the genetics of stalk rot infection. Here we have
used a novel additional phenotype “relative lesion length” which is a ratio of length of
infection to plant height to account for the distribution of plant height in the panel which
was assumed to be correlated with lesion length. The repeatability of these derived traits
(RMLM, RMLF, RTLM and RTLF) on a line mean basis was lower than the
corresponding (MLM, MLF, TLM and TLF) traits (Table 3.1). The possible reason for
this is the lower variation for the derived traits in the panel having accounted for by plant
height. This repeatability were obtained by modeling each line as a random sample from
the reference population, modeled by a genotypic variance-covariance structure equal to

the genotypic variance multiplied by an identity matrix.
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Genotypic correlations
Strong genotypic correlations between resistance to the two fungal diseases; charcoal rot
and Fusarium stalk were obtained, implying that the genetic mechanisms controlling
these traits; (TLM, MLM, RTLM and RMLM for Macrophomina) and (TLM, MLM,
RTLM and RMLM for Fusarium) were partially shared (Table 3.3). Previous reports
have suggested that some genotypes with charcoal rot resistance could also be resistant to
Fusarium stalk rot (Tesso et al. 2010; Bramelcox et al. 1988). The genotypic correlations
between plant height and the derived traits RMLM, RMLF, RTLM and RTLF were low
and not significant after accounting for plant height. In contrast, the traits (MLM, MLF,
TLM and TLF) were moderately correlated with plant height indicating that the derived
traits may be beneficial to account for the confounding nature of plant height on stalk rot

resistance in a diverse panel.

Association analysis results

Two SNPs were significantly associated with stalk rot resistance in the combined
analysis; S9 5816733 (TLM and MLM), S9 57222599 (TLF and MLF), and all localized
to the same chromosome. None of these SNPs were identified in the MN al year and
Ottawa analysis. However, the SNPs that were significantly associated with stalk rot
resistance on chromosome 9 in the other analysis vis combined analysis (S9 5816733 and
S9 57222599), MN all years (S9 57272115 and S9 57231207), and Ottawa
(S9_56646280) were located within a 1 Mb region on chromosome 9 (which we would
here call SNPs 1, 2, 3, 4, and 5 respectively). There appeared to be a relatively high LD
between SNPs 2 and 1 (r* = 0.52) and between SNPs 2 and 3 (r* = 0.45). Thus it is
possible that these SNPs are associated with the same underlying causal variation.
However, SNPs 4 and 5 are in low LD with the other SNPs, suggesting that they are
distinct from the causal polymorphisms with which the other SNPs are associated. The
chromosome 9 SNPs colocalized with previously described plant height (57272115 Mb)
locus dw1/SbHt9.1 (Brown et al. 2008). This locus is 29 kb away from a GA2 oxidase, a
catabolic enzyme in the gibberellin pathway which is proposed as the gene underlying
plant height QTL SbHt9.1/Dw1(Wang et al. 2012b). The derived traits RMLM and
RTLM which had no genotypic correlation with plant height and accounted for plant

65



height in the diversity panel also mapped to this region. Therefore, the stalk rot resistance
causal variations observed on chromosome 9 are not causal variations due to plant height.
Furthermore, the SNPs identified with significant associations to stalk rot resistance are
located within predicted genes with functions related to the immune response pathway.
While we may not rule out a pleiotropic effect of the plant height locus on stalk rot
resistance, this is a subject of further research. The fact that we identified precisely
different QTLs with the same data set across environments indicates the diversity of the
environments used in the present study. However, the chromosome 9 SNPs mapped to
the same genomic region. Although we might expect such effects to be minor, we have
sampled a limited number of environments yet highlighted the potential importance of
QTL x Environment interactions. Future work should be directed towards suitably
augmenting the genetic diversity of the panel and increasing the environmental diversity
to which it is exposed in order to obtain a complete survey of stalk rot resistance genetics.
The directions of the allelic effects were consistent for all the significant SNPs. Although,
the SNPs explained a relatively large portion of the total variation in line means, each
SNP had a relatively small additive effect, with a range of 0.84 - 1.50. In every case, an
increase in disease resistance was associated with the rare allele at each locus. Alleles
enhancing stalk rot resistance were overrepresented in the caudatum germplasm group
relative to other groups for the combined analysis while they were overrepresented in the
durra germplasm group relative to other groups for the MN all years, and Ottawa
analysis. Durra sorghums are predominantly found in the warm semi-arid or warm desert
climates of the Horn of Africa, Sahel, Arabian Peninsula, and west and central India
(Morris et al. 2013). These results are congruent with the fact that stalk rot resistance is
related to drought tolerance and staygreen under terminal moisture stress conditions.
Several reports have related staygreen and drought tolerance to stalk rot resistance

(Crasta et al. 1999; Rosenow et al. 1977; Rosenow et al. 1983).

Candidate genes
We used the BTx623 sorghum genome reference sequence to identify genes that either
included or were nearby SNPs significantly associated with stalk rot resistance. One of

the chromosome 9 genes (Sb09g029260) in the combined analysis belongs to the
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Chalcone and stilbene synthase protein family. Chalcone synthase is a key enzyme of the
flavonoid/isoflavonoid biosynthesis pathway. Besides being part of the plant
developmental program the CHS gene expression is induced in plants under stress
conditions such as UV light, bacterial or fungal infection. CHS expression causes
accumulation of flavonoid and isoflavonoid phytoalexins and is involved in the salicylic
acid defense pathway (Dao et al. 2011). The second gene (Sb09g028280.1) belongs to the
family of ROP GTPase protein an important signaling molecule. ROP GTPase signaling
regulates hormone responses and disease resistance (Tao et al. 2002; Ono et al. 2001;
Kawasaki et al. 1999). In the MN all years analysis, the gene on chromosome 9
(Sobic.009G233100.1) belongs to the AP2 transcription factor family found only in
plants that encodes proteins involved in regulation of disease resistance pathways
(Gutterson and Reuber 2004). On chromosome 7, the gene Sb07g021660 encodes a
protein kinases known to be involved in disease response, gene (Sb02g029630,
Sb07g023700) are predicted genes of unknown function. Gene (Sb02g025370) belongs to
a class of proteins coding for a PPR repeat (pentatricopeptide repeat-containing protein).
PPR genes show features in common with disease resistance genes (Foxe and Wright
2009). In Arabidopsis, PPR proteins have been shown to function in defense against
neurotropic fungi and abiotic stress tolerance (Laluk et al. 2011). On chromosome 9, the
gene (Sb09g028320.1) belongs to the UDP-glucuronosyltransferase family of proteins.
Altering glucosinolate profiles in plants have been shown to modulate disease resistance
in plants (Brader et al. 2006).

In the Ottawa analysis, the SNPs on chromosome 8 (sobic.008G098200.1) and 9
(Sb09g027770) were located within genes of unknown function. The SNP on
chromosome 3 is located downstream of a gene (Sb03g008300) coding for a BED zinc
finger domain protein which are major components of R proteins (Aravind 2000; Tuskan
et al. 2006). The SNP on chromosome 4 is located upstream of a gene (Sb04g036090)
coding for acetylglucosaminyltransferase protein a major component of signal
transduction pathways leading to systemic acquired resistance in plants. Infection of
plants by necrotizing pathogens may lead to the induction of a complex set of defense
responses resulting in a restriction of pathogen growth and spread. The infected leaves

develop a hypersensitive response (HR), i.e., rapid, localized cell death occurring at the
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sites of pathogen entry (Heath 2000). Concomitant with the HR is the accumulation of
salicylic acid and several classes of pathogenesis-related (PR) proteins, many of which
exhibiting antimicrobial activity (Ward et al. 1991). Subsequently, an enhancement of the
plant defensive capacity against a broad spectrum of pathogens is observed. This
resistance is expressed locally as well as in distal, uninfected tissues and can last for
several weeks to months. It is known as Systemic Acquired Resistance or SAR (Klessig
and Malamy 1994). The SNP on chromosome 8 is located downstream of a gene

(Sb082020320) coding for a sterol regulatory element-binding protein.

Conclusion
In conclusion, progress in understanding the genetic basis of stalk rot resistance in
sorghum is often constrained by difficulty in reproducing results under both field
environments and controlled experiments in addition to lack of high throughput
phenotyping protocols. The current study is the first attempt to apply GWAS to stalk rot
resistance. We have used the MLMM in a sorghum association panel as a powerful way
to survey the allelic diversity to discover loci associated with natural variation in
resistance to two stalk rot pathogens; Macrophomina phaseolina and Fusarium
thapsinum. We identified fourteen associated loci and a set of candidate genes that appear
to be involved in connected functions controlling plant defense response. This research
may serve as a basis for resistant genes or QTL cloning to understand further the
complicated molecular mechanism of resistance to stalk rots in sorghum against
Macrophomina phaseolina and Fusarium thapsinum. To validate the significant
association signals, further research is required. Further studies may focus on, deep
association work (i.e., resequencing the rest of the gene from the panel), QTL
mapping/fine-mapping, characterization of near-isogenic lines, gene knock-outs,
complementation studies, larger sample sizes, association analysis in more diverse
populations, and validation of findings in other sorghum lines and environments to

identify other genetic factors contributing to phenotypic variations.
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Tables and Figures

Table 3.1. Means and repeatability estimates for stalk rot traits. Estimates are reported for each environment individually,

across years within the Manhattan environments and combined across environments.

Environment MN 2011 MN 2012 OT 2012 MN, all years Combined

Traits” Mean® H, Mean H. Mean H, Mean H, Mean H,
MLF 4.22 0.72 540 0.67 3.74 0.82 4.77 0.96 4.43 0.75
MLM 3.79 0.81 438 0.68 3.85 0.93 4.07 0.94 4.00 0.80
TLF 5.24 0.70 5.89  0.65 4.09 0.79 5.56 0.95 5.06 0.69
TLM 4.61 0.73 463 0.70 4.19 0.93 4.62 0.93 4.49 0.78
RTLF 0.05 0.64 005 0.67 0.05 0.71 0.05 0.97 0.05 0.64
RTLM 0.04 0.66 004 0.65 0.05 0.89 0.04 0.96 0.04 0.71
RMLF 0.04 0.62 005 0.66 0.05 0.73 0.04 0.97 0.04 0.66
RMLM 0.04 0.69 0.04 0.62 0.05 0.87 0.04 0.97 0.04 0.73
PH 107.2 0.81 119.8 0.83 84.9 0.75 113.5 0.87 104 0.78
FT 63.3 0.88 634 047 70.1 0.90 63.3 0.68 65.4 0.53

*MLF ,major lesion length Fusarium; MLM, major lesion length Macrophomina; TLF, total lesion length Fusarium;

TLM, total lesion length Macrophomina; RTLF, relative total lesion length Fusarium; RTLM, relative total lesion length Macrophomina;
RMLF, relative major lesion length Fusarium; RMLM, relative major lesion length Macrophomina; FT, flowering time;

PH, plant height

°Means are reported as the average of the line least square means calculated within and across environments.
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Table 3.2. Genotypic covariance/variance/correlation matrix for stalk rots traits from the
combined analysis of a sorghum diversity panel evaluated in three environments. The
diagonal (bold) is an estimate of genetic variance (¢°G>) plus the genotype by
environment interaction (¢'GE?) within each environment. Estimates of covariance
between pairs of environments are shown below the diagonal, and genetic correlations

between inbred lines in each pair of environments are shown above the diagonal.

Environment Environment
Traits MN 2011 MN 2012 OT 2012 Traits MN 2011 MN 2012 OT 2012
Major lesion length Fusarium Major lesion length Macrophomina
MN 2011 0.14 0.83 0.66 0.17 0.89 0.51
MN 2012 0.11 0.12 0.72 0.14 0.15 0.66
OT 2012 0.09 0.09 0.12 0.10 0.13 0.24
Total lesion length Fusarium Total lesion length Macrophomina
MN 2011 0.14 0.75 0.48 0.18 0.89 0.57
MN 2012 0.10 0.13 0.66 0.16 0.17 0.68
OT 2012 0.07 0.09 0.14 0.13 0.15 0.29
Relative total lesion length Fusarium Relative total lesion length Macrophomina
MN 2011 0.11 0.70 0.36 0.12 0.84 0.44
MN 2012 0.08 0.13 0.52 0.10 0.12 0.47
OT 2012 0.04 0.06 0.11 0.07 0.08 0.22
Relative major lesion length Fusarium Relative major lesion length Macrophomina
MN 2011 0.10 0.77 0.56 0.11 0.85 0.35
MN 2012 0.08 0.11 0.56 0.09 0.10 0.44
OT 2012 0.05 0.05 0.09 0.05 0.06 0.18
Plant height Flowering time
MN 2011 587.70 0.79 0.88 0.33 0.76 0.82
MN 2012 613.80 1029.00 0.99 0.20 0.21 0.76
OT 2012 318.00 473.10 223.30 0.30 0.22 0.39
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Table 3.3. Genotypic correlations from the combined analysis of a sorghum diversity panel evaluated in three environments. The
diagonal (bold) is an estimate of genetic variance (°G) for each trait. Estimates of covariance between pairs of traits) are shown

below the diagonal, and genetic correlations between traits are shown above the diagonal.

Traits® MLF MLM TLF TLM RTLF RTLM RMLF RMLM PH FT
MLF 0.09 0.94 0.99 0.9 0.74 0.8 0.78 0.85 0.59 -0.03
MLM 0.1 0.13 0.97 0.99 0.63 0.84 0.62 0.85 0.69 -0.22
TLF 0.09 0.1 0.09 0.94 0.06 0.86 0.79 0.9 0.57 -0.1
TLM 0.11 0.14 0.11 0.16 0.07 0.1 0.6 0.86 0.65 -0.31
RTLF 0.06 0.06 0.06 0.06 0.06 0.86 0.99 0.93 -0.09 -0.14
RTLM 0.08 0.09 0.08 0.11 0.07 0.1 0.82 0.98 0.22 -0.41
RMLF 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.89 -0.04 -0.06
RMLM 0.07 0.08 0.07 0.09 0.06 0.08 0.06 0.07 0.21 -0.31
PH 3.92 5.36 3.65 5.58 -0.47 1.45 -0.19 1.22 467.4 0.01

FT -0.05 -0.36 -0.13 -0.57 -0.16 -0.58 -0.07 -0.38 0.99 21.04

* MLF ,major lesion length Fusarium; MLM, major lesion length Macrophomina; TLF, total lesion length Fusarium; TLM, total lesion length Macrophomina;
RTLF, relative total lesion length Fusarium; RTLM, relative total lesion length Macrophomina; RMLF, relative major lesion length Fusarium; RMLM, relative
major lesion length Macrophomina; FT, flowering time; PH, plant height.
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Table 3.4. List of sorghum lines in population structure analysis (based on 25,000 SNPs) showing the subpopulations they are

assigned to, and their probability values of membership.

New Traditional New Traditional

Taxa assignment classification CAU BIC KAF DUR GUI Taxa assignment classification CAU BIC KAF DUR GUI
PI152651 MIXED cultivar 0.22 042 0.18 0.04 0.13 PI576366 MIXED durra-bicolor 0.23 032 013 032 o0.01
PI34911 CAUDATUM kafir 085 0.15 0.00 0.00 0.00 PI576373 MIXED caudatum-bicolor 0.16 0.26 048 0.08 0.03
PI533750 DURRA durra-bicolor 0.00 0.00 000 094 0.06 PI576375 DURRA durra-bicolor 0.00 0.00 0.06 0.85 0.09
PI533752 CAUDATUM caudatum 0.82 0.07 011 0.00 0.00 PI576376 DURRA durra-bicolor 0.00 0.02 0.00 0.7 0.00
P1533754 MIXED bicolor 0.03 0.17 0.00 0.53 0.26 PI576380 CAUDATUM caudatum 098 0.00 0.00 0.00 0.02
PI533755 MIXED caudatum 0.22 058 000 0.10 0.10 PI576381 DURRA durra-bicolor 0.00 0.01 0.02 0.8 0.00
P1533757 CAUDATUM kafir-caudatum 1.00 0.00 0.00 0.00 0.00 PI576385 MIXED kafir 0.00 0.00 052 0.00 048
P1533758 CAUDATUM caudatum 0.99 0.00 0.01 0.00 0.00 PI576386 CAUDATUM other 0.85 0.02 0.02 0.07 0.04
PI533759 CAUDATUM caudatum 0.88 0.10 000 0.00 0.02 PI576387 CAUDATUM other 091 005 0.00 0.03 0.00
P1533761 MIXED durra 0.55 0.36 0.00 0.01 0.08 PI576390 MIXED durra 0.00 0.18 0.11 0.62 0.09
P1533762 MIXED durra-caudatum 048 036 0.02 0.03 0.12 PI576391 DURRA bicolor 0.00 020 0.01 0.80 0.00
PI533766 GUINEA guinea 0.00 0.02 000 0.00 0.98 PI576393 MIXED kafir 050 0.15 0.12 0.03 0.20
P1533769 MIXED kafir-caudatum 0.72 0.18 0.00 0.04 0.06 PI576394 KAFIR caudatum 0.00 001 096 001 0.02
PI533776 GUINEA caudatum 0.00 0.00 000 0.00 1.00 PI576399 MIXED caudatum 0.26 0.21 0.20 0.00 0.32
PI533785 GUINEA guinea 0.00 0.00 0.00 0.00 1.00 PI576401 DURRA durra 0.00 0.19 0.00 0.79 0.02
P1533788 MIXED durra-caudatum 0.34 030 0.00 035 0.02 PI576418 GUINEA guinea 0.00 0.00 0.00 0.00 1.00
PI533789 MIXED caudatum 048 039 000 0.05 0.08 PI576422 KAFIR kafir 0.00 0.00 1.00 0.00 0.00
PI533792 CAUDATUM caudatum 1.00 0.00 0.00 0.00 0.00 PI576425 DURRA durra 0.00 0.02 000 0096 0.01
P1533794 CAUDATUM caudatum 1.00 0.00 0.00 0.00 0.00 PI576426 DURRA durra-bicolor 0.00 0.02 0.04 094 0.00
PI533799 CAUDATUM caudatum 1.00 0.00 0.00 0.00 0.00 PI576428 CAUDATUM caudatum 094 000 0.06 0.00 0.00
P1533800 CAUDATUM caudatum 0.84 0.09 0.00 0.07 0.00 PI576435 MIXED kafir-bicolor 0.66 0.16 0.11 0.03 0.04
PI1533807 MIXED kafir-caudatum 0.77 0.12 0.00 0.00 0.11 PI576437 MIXED other 0.34 0.23 0.11 0.13 0.20
PI533810 DURRA durra 0.00 0.15 0.00 0.85 0.00 PI595699 DURRA caudatum 0.00 0.14 0.03 0.83 0.00
P1533814 DURRA durra 0.00 0.15 0.00 0.83 0.02 PI595702 KAFIR kafir-caudatum 0.00 001 099 0.00 0.00
P1533821 MIXED caudatum 0.18 0.29 0.29 0.00 0.24 PI595714 CAUDATUM caudatum 0.80 0.14 0.00 0.00 0.05
PI1533822 MIXED kafir-caudatum 0.76 0.10 0.06 0.00 0.08 PI595718 MIXED kafir-caudatum 0.58 030 0.01 0.08 0.02
P1533824 MIXED durra-caudatum  0.10 0.23 0.05 0.42 0.20 PI595720 DURRA durra-bicolor 0.00 0.00 0.00 1.00 0.00
PI533831 KAFIR kafir-caudatum 0.00 0.00 100 0.00 0.00 PI595739 CAUDATUM caudatum 095 0.00 0.02 0.00 0.03
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PI1533833
PI533838
PI1533841
P1533842
P1533843
PI1533845
PI1533852
PI1533855
PI533856
PI533866
PI1533869
PI533871
PI533876
PI1533877
PI533878
PI1533901
P1533902
PI1533910
PI533911
PI1533912
PI1533913
PI1533919
PI1533927
PI1533937
PI1533938
PI1533939
PI1533940
PI1533943
P1533948
P1533955
P1533956
PI1533957
P1533961
P1533962

CAUDATUM
MIXED
MIXED
DURRA
MIXED
MIXED
DURRA
MIXED
DURRA
MIXED
MIXED
GUINEA
MIXED
GUINEA
GUINEA
MIXED
MIXED
MIXED
MIXED
MIXED
MIXED
MIXED
MIXED
KAFIR
MIXED
MIXED
MIXED
MIXED
KAFIR
KAFIR
MIXED
MIXED
CAUDATUM
CAUDATUM

caudatum-bicolor
caudatum
guinea
durra
guinea
guinea
durra
guinea-bicolor
durra
caudatum-bicolor
guinea
caudatum
caudatum
caudatum
caudatum
caudatum
durra-bicolor
caudatum
caudatum
caudatum
guinea-caudatum
durra-bicolor
bicolor
kafir
caudatum
durra
bicolor
durra-bicolor
guinea-kafir
kafir-caudatum
durra-bicolor
caudatum
caudatum
caudatum

0.88
0.42
0.23
0.00
0.12
0.11
0.00
0.06
0.00
0.15
0.10
0.10
0.41
0.00
0.00
0.45
0.02
0.53
0.55
0.46
0.43
0.00
0.12
0.00
0.10
0.28
0.00
0.00
0.00
0.00
0.09
0.19
0.87
0.99

0.10
0.08
0.06
0.15
0.22
0.22
0.16
0.21
0.15
0.21
0.21
0.04
0.26
0.00
0.00
0.30
0.28
0.26
0.22
0.34
0.14
0.11
0.27
0.00
0.13
0.29
0.03
0.13
0.00
0.00
0.12
0.17
0.08
0.01

0.02
0.13
0.04
0.00
0.31
0.48
0.08
0.46
0.00
0.02
0.49
0.03
0.10
0.00
0.05
0.11
0.05
0.17
0.01
0.17
0.19
0.00
0.33
1.00
0.42
0.19
0.79
0.30
1.00
1.00
0.38
0.22
0.05
0.00

0.00
0.05
0.00
0.85
0.23
0.05
0.75
0.15
0.85
0.14
0.00
0.00
0.06
0.00
0.00
0.03
0.47
0.03
0.06
0.00
0.03
0.75
0.08
0.00
0.15
0.07
0.14
0.55
0.00
0.00
0.14
0.12
0.00
0.00

0.00
0.32
0.67
0.00
0.11
0.14
0.00
0.12
0.00
0.48
0.20
0.83
0.17
1.00
0.95
0.12
0.18
0.01
0.16
0.03
0.21
0.14
0.20
0.00
0.21
0.17
0.04
0.02
0.00
0.00
0.28
0.30
0.00
0.00

P1595740
PI595741
PI595743
PI1595744
PI595745
PI1597945
PI597946
PI597950
PI597951
PI1597952
PI597957
PI597960
PI597961
PI597964
PI597965
PI597966
PI597967
PI597971
PI597972
PI597973
PI597976
PI597980
P1597982
P1607931
P1613536
P1629034
P1629040
P1641874
P1655977
P1655978
P1655979
P1655986
P1655987
P1655989
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MIXED
MIXED
MIXED
MIXED
MIXED
MIXED
MIXED
MIXED
GUINEA
MIXED
MIXED
GUINEA
CAUDATUM
CAUDATUM
CAUDATUM
CAUDATUM
CAUDATUM
MIXED
MIXED
MIXED
GUINEA
MIXED
MIXED
MIXED
MIXED
MIXED
MIXED
MIXED
CAUDATUM
MIXED
MIXED
MIXED
KAFIR
MIXED

caudatum
durra
guinea-caudatum
kafir-caudatum
guinea-caudatum
durra
guinea-bicolor
kafir-bicolor
guinea
caudatum
durra-bicolor
caudatum-bicolor
caudatum
caudatum
caudatum
caudatum
caudatum
caudatum
durra-caudatum
durra-bicolor
guinea
caudatum
caudatum
cultivar
caudatum-bicolor
breedingline
inbredline
NA
breedingline
breedingline
inbredline
breedingline
NA
breedingline

0.40
0.00
0.10
0.20
0.75
0.02
0.51
0.13
0.00
0.61
0.00
0.07
0.89
0.99
0.93
0.87
1.00
0.50
0.34
0.12
0.00
0.73
0.52
0.52
0.27
0.55
0.27
0.00
0.85
0.00
0.24
0.01
0.00
0.00

0.11
0.09
0.00
0.36
0.11
0.27
0.08
0.24
0.01
0.15
0.00
0.04
0.01
0.00
0.07
0.08
0.00
0.26
0.25
0.26
0.01
0.11
0.36
0.07
0.21
0.09
0.09
0.01
0.08
0.15
0.20
0.11
0.00
0.04

0.40
0.37
0.50
0.27
0.07
0.04
0.39
0.31
0.08
0.17
0.08
0.03
0.10
0.00
0.00
0.05
0.00
0.11
0.02
0.00
0.00
0.00
0.07
0.41
0.00
0.00
0.08
0.35
0.00
0.15
0.04
0.47
0.92
0.80

0.05
0.00
0.12
0.01
0.06
0.54
0.03
0.21
0.00
0.04
0.83
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.27
0.43
0.00
0.00
0.01
0.00
0.38
0.00
0.33
0.64
0.07
0.06
0.09
0.39
0.08
0.14

0.04
0.53
0.28
0.15
0.00
0.13
0.00
0.11
0.91
0.04
0.09
0.86
0.00
0.01
0.00
0.00
0.00
0.06
0.11
0.19
0.99
0.17
0.05
0.00
0.14
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0.24
0.00
0.00
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PI1533965
PI1533967
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PI1533972
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P1533979
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PI1533986
P1533987
P1533989
PI1533991
PI1533996
PI1533997
PI1533998
P1534009
PI1534021
P1534028
PI1534037
PI1534053
PI1534054
PI1534063
P1534070
PI1534075
PI1534079
P1534096
P1534097
P1534099
PI534101
P1534104
P1534105
PI1534108
PI534112
PI534114

CAUDATUM
CAUDATUM
CAUDATUM
CAUDATUM
CAUDATUM
CAUDATUM
KAFIR
CAUDATUM
CAUDATUM
MIXED
CAUDATUM
MIXED
MIXED
MIXED
KAFIR
MIXED
DURRA
DURRA
MIXED
MIXED
MIXED
GUINEA
GUINEA
GUINEA
MIXED
MIXED
KAFIR
CAUDATUM
MIXED
MIXED
CAUDATUM
CAUDATUM
CAUDATUM
CAUDATUM

caudatum
caudatum-bicolor
caudatum
caudatum
caudatum
caudatum
kafir
caudatum
caudatum
caudatum
durra
guinea-caudatum
durra-caudatum
guinea
guinea
durra
durra
durra
guinea-caudatum
caudatum
kafir-caudatum
guinea-caudatum
guinea
caudatum
caudatum-bicolor
guinea
kafir
caudatum
caudatum
kafir-caudatum
kafir-caudatum
kafir-caudatum
other
caudatum

1.00
0.79
0.94
0.90
1.00
0.84
0.00
0.90
0.67
0.59
1.00
0.79
0.41
0.08
0.00
0.00
0.00
0.00
0.05
0.39
0.06
0.00
0.00
0.00
0.52
0.07
0.00
0.90
0.72
0.53
0.89
0.89
0.98
0.92

0.00
0.13
0.06
0.08
0.00
0.06
0.00
0.10
0.29
0.32
0.00
0.00
0.33
0.19
0.04
0.18
0.15
0.13
0.11
0.40
0.13
0.00
0.00
0.00
0.07
0.27
0.02
0.10
0.13
0.38
0.06
0.00
0.00
0.00

0.00
0.00
0.00
0.02
0.00
0.09
1.00
0.00
0.00
0.00
0.00
0.15
0.05
0.40
0.86
0.06
0.00
0.10
0.29
0.08
0.69
0.00
0.00
0.00
0.00
0.15
0.89
0.00
0.09
0.00
0.05
0.11
0.02
0.08

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.00
0.06
0.09
0.07
0.07
0.63
0.85
0.77
0.04
0.10
0.00
0.00
0.00
0.00
0.04
0.10
0.09
0.00
0.01
0.04
0.00
0.00
0.00
0.00

0.00
0.08
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.07
0.00
0.00
0.12
0.26
0.04
0.13
0.00
0.00
0.52
0.04
0.12
1.00
1.00
1.00
0.38
0.41
0.00
0.00
0.04
0.05
0.00
0.00
0.00
0.00

P1655990
P1655991
P1655992
P1655993
P1655996
P1655998
P1656001
P1656010
P1656015
P1656018
P1656019
P1656022
P1656023
P1656025
P1656027
P1656029
P1656034
P1656035
P1656048
P1656051
P1656058
P1656063
P1656071
P1656072
P1656074
P1656075
P1656076
P1656077
P1656078
P1656080
P1656081
P1656082
P1656083
P1656085
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MIXED
KAFIR
KAFIR
KAFIR

MIXED

MIXED

MIXED

GUINEA

MIXED
KAFIR

MIXED
KAFIR
KAFIR

DURRA

MIXED

DURRA

CAUDATUM
CAUDATUM
MIXED
CAUDATUM
MIXED
MIXED
CAUDATUM
DURRA
MIXED
CAUDATUM
CAUDATUM

MIXED

MIXED

MIXED

MIXED

DURRA

MIXED

CAUDATUM

kafir
kafir
kafir
kafir
breedingline
NA
breedingline
NA
bicolor
breedingline
kafir
breedingline
kafir
NA
cultivar
durra
cultivar
NA
cultivar
cultivar
kafir
NA
caudatum
durra
guinea-caudatum
guinea
caudatum
durra-bicolor
kafir-durra
guinea
guinea
bicolor
caudatum
NA

0.01
0.00
0.00
0.00
0.14
0.00
0.64
0.00
0.23
0.00
0.00
0.01
0.00
0.00
0.76
0.00
1.00
0.73
0.73
0.91
0.37
0.23
0.78
0.00
0.24
0.91
0.97
0.05
0.07
0.09
0.07
0.00
0.48
0.89

0.13
0.00
0.00
0.00
0.18
0.00
0.10
0.14
0.58
0.00
0.00
0.01
0.00
0.30
0.09
0.00
0.00
0.23
0.00
0.00
0.04
0.00
0.15
0.00
0.46
0.00
0.00
0.12
0.28
0.18
031
0.10
0.41
0.00

0.16
1.00
1.00
0.85
0.00
0.33
0.13
0.00
0.00
0.94
0.69
0.99
1.00
0.00
0.01
0.11
0.00
0.01
0.27
0.00
0.58
0.57
0.00
0.00
0.07
0.09
0.03
0.00
0.13
0.55
0.18
0.00
0.01
0.11

0.66
0.00
0.00
0.15
0.00
0.00
0.14
0.00
0.08
0.06
0.23
0.00
0.00
0.66
0.13
0.89
0.00
0.00
0.00
0.00
0.00
0.19
0.04
1.00
0.05
0.00
0.00
0.72
0.10
0.00
0.09
0.86
0.00
0.00

0.04
0.00
0.00
0.00
0.67
0.67
0.00
0.86
0.10
0.00
0.08
0.00
0.00
0.04
0.02
0.00
0.00
0.04
0.00
0.09
0.00
0.00
0.02
0.00
0.18
0.00
0.00
0.11
0.42
0.17
0.35
0.04
0.10
0.00



PI534116
PI1534117
PI1534123
PI534124
PI1534127
PI1534128
PI1534132
PI1534133
PI1534135
PI1534137
PI1534138
PI1534139
PI534144
PI1534145
PI1534148
PI1534155
PI1534157
PI1534163
PI534167
PI542718
PI561071
PI1561472
PI576332
PI576333
PI576339
PI576340
PI576345
PI576347
PI576348
P1576349
P1576350
PI576352
PI1576364

MIXED
MIXED
MIXED
MIXED
DURRA
DURRA
DURRA
DURRA
DURRA
MIXED
MIXED
MIXED
MIXED
GUINEA
DURRA
MIXED
CAUDATUM
MIXED
MIXED
DURRA
MIXED
CAUDATUM
KAFIR
KAFIR
KAFIR
KAFIR
KAFIR
MIXED
MIXED
MIXED
MIXED
KAFIR
KAFIR

durra-bicolor
bicolor
durra-bicolor
guinea-bicolor
kafir-bicolor
durra
durra
durra
durra
caudatum
caudatum
guinea-caudatum
durra-caudatum
other
durra-bicolor
durra-bicolor
caudatum
caudatum
durra-bicolor
NA
inbredline
cultivar
bicolor
guinea-kafir
kafir-caudatum
kafir-caudatum
caudatum
bicolor
bicolor
bicolor
kafir-caudatum
kafir
caudatum

0.06
0.07
0.09
0.07
0.00
0.00
0.00
0.00
0.00
0.36
0.24
0.06
0.15
0.00
0.00
0.01
0.97
0.67
0.00
0.00
0.20
0.92
0.01
0.00
0.00
0.00
0.00
0.19
0.03
0.05
0.08
0.00
0.00

0.17
0.26
0.29
0.29
0.08
0.00
0.00
0.00
0.00
0.30
0.40
0.24
0.35
0.02
0.03
0.10
0.00
0.02
0.07
0.30
0.19
0.04
0.08
0.00
0.00
0.00
0.06
0.30
0.30
0.32
0.23
0.00
0.04

0.22
0.33
0.07
0.06
0.02
0.04
0.07
0.00
0.00
0.05
0.12
0.35
0.14
0.00
0.00
0.02
0.00
0.31
0.11
0.00
0.11
0.04
0.86
1.00
1.00
1.00
0.92
0.20
0.22
0.18
0.35
1.00
0.94

0.39
0.03
0.35
0.33
0.84
0.96
0.93
1.00
1.00
0.24
0.01
0.11
0.02
0.00
0.97
0.78
0.00
0.00
0.72
0.66
0.17
0.00
0.05
0.00
0.00
0.00
0.00
0.17
0.26
0.29
0.16
0.00
0.02

0.16
0.31
0.21
0.24
0.06
0.00
0.00
0.00
0.00
0.05
0.23
0.24
0.34
0.98
0.00
0.08
0.03
0.00
0.10
0.04
0.33
0.00
0.01
0.00
0.00
0.00
0.03
0.14
0.19
0.16
0.18
0.00
0.00

P1656086
P1656088
P1656089
P1656090
P1656091
P1656092
P1656093
P1656094
P1656095
P1656096
P1656097
P1656099
P1656100
P1656101
P1656102
P1656103
P1656104
P1656105
P1656106
P1656107
P1656108
P1656110
PI656111
P1656112
PI656113
P1656114
P1656115
P1656117
P1656118
P1656119
P1656120
P1656121

MIXED
DURRA
DURRA
MIXED
DURRA
DURRA
GUINEA
GUINEA
GUINEA
GUINEA
DURRA
DURRA
DURRA
MIXED
MIXED
MIXED
MIXED
MIXED
CAUDATUM
MIXED
DURRA
MIXED
MIXED
MIXED
GUINEA
MIXED
MIXED
CAUDATUM
CAUDATUM
GUINEA
MIXED
MIXED

durra-bicolor
other
durra
guinea-caudatum
durra
durra
guinea
guinea
caudatum
caudatum
durra
durra
durra
guinea
caudatum-bicolor
bicolor
bicolor
kafir-caudatum
caudatum
caudatum
durra
durra-bicolor
kafir-durra
guinea-kafir
durra
durra-bicolor
guinea
caudatum
NA
caudatum
caudatum
NA

0.38
0.00
0.00
0.40
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.28
0.29
0.00
0.00
0.69
0.87
0.47
0.00
0.00
0.18
0.01
0.00
0.21
0.07
1.00
0.89
0.00
0.74
0.44

0.21
0.04
0.05
0.29
0.00
0.00
0.01
0.01
0.07
0.00
0.15
0.15
0.15
0.57
0.20
0.22
0.15
0.00
0.00
0.39
0.17
0.21
0.16
0.09
0.00
0.01
0.27
0.00
0.08
0.00
0.00
0.11

0.00
0.00
0.00
0.13
0.00
0.05
0.08
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.26
0.00
0.24
0.28
0.13
0.00
0.05
0.01
0.44
0.22
0.00
0.19
0.19
0.00
0.00
0.15
0.22
0.05

0.30
0.96
0.95
0.08
1.00
0.95
0.06
0.00
0.00
0.00
0.85
0.85
0.85
0.06
0.00
0.66
0.62
0.03
0.00
0.11
0.78
0.61
0.00
0.57
0.00
0.43
0.08
0.00
0.00
0.00
0.04
0.08

0.11
0.00
0.00
0.10
0.00
0.00
0.85
0.99
0.93
1.00
0.00
0.00
0.00
0.09
0.25
0.12
0.00
0.00
0.00
0.02
0.00
0.17
0.23
0.11
1.00
0.16
0.38
0.00
0.03
0.85
0.00
0.32

CAU, caudatum; BIC, bicolor; DUR, durra; GUI, guinea; KAF, kafir.
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Table 3.5. Chromosome locations, and other summary statistics for SNPs significantly
associated stalk rot resistance in the combined, MN all years and Ottawa analysis from

the unified mixed model.

SNP Physical
Chromosome Position, bp P-Value MAF? Trait°
Combined analysis

9 57816733 2.87E-06 0.28 MLF
9 57272115 4.18E-06 0.25 MLF
6 60030948 5.65E-06 0.10 MLF
9 57222599 1.48E-07 0.28 MLM
9 57476134 2.28E-07 0.30 MLM
9 57272296 5.58E-07 0.27 MLM
9 56152890 6.56E-07 0.34 MLM
9 57169768 7.50E-07 0.23 MLM
9 57272115 7.72E-07 0.25 MLM
3 60176979 4.97E-05 0.23 RMLF
2 64623580 9.16E-05 0.44 RMLF
7 58280357 1.43E-05 0.35 RMLM
7 56256841 1.95E-05 0.39 RMLM
3 60176979 7.62E-05 0.23 RTLF
7 56152038 1.35E-05 0.47 RTLM
9 56152890 1.87E-05 0.34 RTLM
9 57272115 1.72E-06 0.25 TLF
9 57222599 2.07E-06 0.28 TLF
9 57816733 2.66E-06 0.28 TLF
9 57222599 8.93E-08 0.28 TLM
9 56152890 1.17E-07 0.34 TLM
9 57476134 2.25E-07 0.30 TLM
9 56508161 4.94E-07 0.41 TLM
9 57236778 5.82E-07 0.29 TLM
9 57272296 6.91E-07 0.27 TLM
9 57272115 7.47E-07 0.25 TLM
9 56562984 9.71E-07 0.34 TLM

MN all years
9 57272115 2.93E-06 0.25 MLF
9 57816733 3.36E-06 0.28 MLF
9 57383556 6.39E-06 0.30 MLF
9 57236791 6.70E-06 0.30 MLF
9 57272115 4.04E-07 0.25 MLM
9 57272296 6.16E-07 0.27 MLM
9 57476134 6.53E-07 0.30 MLM
9 57169768 6.69E-07 0.23 MLM
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9 57383556 9.89E-07 0.30 MLM
2 60129082 9.67E-06 0.40 RMLM
6 59739236 1.89E-05 0.46 RTLF
2 64623580 1.61E-05 0.44 RMLF
7 59890439 1.07E-05 0.32 RTLM
9 57272115 2.48E-06 0.25 TLF
9 57816733 5.56E-06 0.28 TLF
9 57236791 6.72E-06 0.30 TLF
9 56152890 2.82E-07 0.34 TLM
9 57272115 4.34E-07 0.25 TLM
9 57383556 4.99E-07 0.30 TLM
9 57222599 5.93E-07 0.28 TLM
9 57476134 9.28E-07 0.30 TLM
Ottawa analysis

1 11814753 1.70E-05 0.12 MLF
4 55646941 1.78E-05 0.31 MLF
2 69967056 3.73E-05 0.17 MLM
1 42155829 5.19E-05 0.10 MLM
3 60195553 4.48E-05 0.31 RMLF
4 55646941 6.59E-05 0.31 RMLF
1 66836006 1.20E-05 0.08 RMLM
8 51279094 2.55E-05 0.40 RMLM
6 54221186 6.27E-05 0.17 RTLF
10 3137796 8.26E-05 0.17 RTLF
1 61119284 2.68E-05 0.32 RTLM
8 51279094 3.48E-05 0.40 RTLM
10 3137796 2.38E-05 0.17 TLF
9 56802949 2.61E-05 0.18 TLF

1 27040589 6.39E-05 0.32 TLM
1 61119285 6.57E-05 0.32 TLM

*MAF, minor allele frequency.

®MLF, major lesion length Fusarium; MLM, major lesion length Macrophomina; TLF, total lesion length
Fusarium; TLM, total lesion length Macrophomina; RTLF, relative total lesion length Fusarium; RTLM,
relative total lesion length Macrophomina; RMLF, relative major lesion length Fusarium; RMLM, relative
major lesion length Macrophomina
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Table 3.6. Chromosome locations, allele effect estimates and other summary statistics for
SNPs significantly associated stalk rot resistance in the combined, MN all years and

Ottawa analysis from the multi-locus mixed model.

SNP Physical Allele®
Chromosome Position, bp P-Value® Trait!  Allele N* Effect R*
Combined analysis

9 57816733 8.87E-07 MLF A 174 1.14 0.12
G 61

9 57222599 7.01E-09 MLM C 169 1.20 0.16
G 57

9 57816733 6.98E-07 TLF A 174 1.50 0.11
G 61

9 57222599 8.60E-09 TLM C 169 1.30 0.16
G 57

MN all years analysis

9 57272115 1.18E-07 MLM A 58 0.84 0.13
G 186

7 55702883 1.42E-07  RMLF T 154 0.99
G 62

2 64623580 2.74E-07  RMLF G 122 0.99 0.24
A 91

9 57272115 3.68E-07 TLF A 58 0.87 0.13
G 186

9 57272115 1.23E-07 TLM A 58 0.83 0.14
G 186

2 60129082 3.84E-10 RMLM C 133 0.99
T 84

7 58532122 8.28E-09 RMLM G 203 0.99
A 30

9 57231207 5.70E-08 = RMLM T 213 0.99
C 13

2 27851064 5.13E-06 RMLM A 153 1.00 0.33
G 76

Ottawa analysis

3 8738404 1.63E-08  RTLM A 200 1.00
G 27

9 56646280 1.06E-07 RTLM A 84
T 149 0.99

4 65815798 1.20E-06 RTLM T 211 0.99
C 17

8 51279094 523E-06 RTLM C 129 0.99 0.34
T 79

8 39230116 1.18E-06 TLF G 203 1.21 0.13
A 21

“N, total number of lines with the specific SNP genotype.

» Allele effects are reported back-transformed to the original scale in cm.

¢ R?, proportion of total line mean variance explained by SNP as computed by GAPIT.

4 MLF,major lesion length Fusarium; MLM, major lesion length Macrophomina; TLF, total lesion length
Fusarium; TLM, total lesion length Macrophomina, RTLF, relative total lesion length Fusarium; RTLM,
relative total lesion length Macrophomina; RMLF, relative major lesion length Fusarium; R MLM,
relative major lesion length Macrophomina.
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Table 3.7. Allele frequencies of significantly associated SNPs at the combined, MN all years and Ottawa environments in four

sorghum major subpopulations

Allele

Chromosome SNP Physical increasing Allele Frequency (%)" N
Environment Position, bp resistance CAU DUR GUI KAF P-value’ CAU DUR GUI KAF
Combined
9 57816733 G 412 278 9.5 0.0 3.01E-04 51 36 21 24
9 57222599 G 353  16.7 9.5 208 1.29E-01 51 36 21 24
MN all years
9 57272115 G 60.8 972 66.7 70.8 8.12E-04 51 36 21 24
7 55702883 G 72.6 8.3 0.0 0.0 2.20E-16 51 36 21 24
2 64623580 A 373  66.7 9.5 8.3 1.41E-07 51 36 21 24
2 60129082 T 11.7  36.1 714 583 4.00E-06 51 36 21 24
7 58532122 A 5.9 222 4.8 4.2 4.22E-02 51 36 21 24
9 57231207 C 13.7 0.0 9.5 0.0 1.33E-02 51 36 21 24
2 27851064 G 2.0 694 857 125 2.20E-16 51 36 21 24
Ottawa
3 8738404 G 9.8 2.8 0.0 8.3 2.55E-04 46 34 21 24
9 56646280 A 392 199 285 375 9.99E-03 44 34 21 24
4 65815798 C 0.0 27.8 0.0 0.0 1.53E-06 50 33 21 24
8 51279094 T 274 694 524 40 5.41E-08 44 29 21 24
8 39230116 A 0.0 30.6 0.0 0.0 5.41E-08 47 36 21 24

CAU, caudatum; DUR, durra; GUI, guinea; KAF, kafir.

*P-values after testing the null that the proportions (probability of success) in subpopulations are the same.

Alleles are for homozygous genotype.
°N, total number of lines included in the analysis.
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Figure 3.1. Manhattan plots for stalk rot resistance trait: major lesion length Fusarium (MLF) in
sorghum from the combined analysis (a). A single-locus mixed model (marked in red;
Bonferroni-corrected threshold of 0.05; dashed horizontal line) (b). A multi-locus mixed model
(MLMM) identifies one SNP on chromosome 9 (marked in red) from the optimum model. The
vertical axis indicates the —log;, of P-value scores, and the horizontal axis indicates chromosomes

and physical positions of SNPs.
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Figure 3.2. Manhattan plots for stalk rot resistance trait: major lesion length Macromophina
(MLM) in sorghum from the combined analysis (a). A single-locus mixed model (marked in red;
Bonferroni-corrected threshold of 0.05; dashed horizontal line) (b). A multi-locus mixed model
(MLMM) identifies one SNP on chromosome 9 (marked in red) from the optimum model. The
vertical axis indicates the —log;, of P-value scores, and the horizontal axis indicates chromosomes

and physical positions of SNPs
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Figure 3.3. Manhattan plots for stalk rot resistance trait: total lesion length Fusarium (TLF) in
sorghum from the combined analysis (a). A single-locus mixed model (marked in red;
Bonferroni-corrected threshold of 0.05; dashed horizontal line) (b). A multi-locus mixed model
(MLMM) identifies one SNP on chromosome 9 (marked in red) from the optimum model. The
vertical axis indicates the —log;, of P-value scores, and the horizontal axis indicates chromosomes

and physical positions of SNPs.
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Figure 3.4. Manhattan plots for stalk rot resistance trait: total lesion length Macrophomina
(TLM) in sorghum from the combined analysis (a). A single-locus mixed model (marked in red;
Bonferroni-corrected threshold of 0.05; dashed horizontal line) (b). A multi-locus mixed model
(MLMM) identifies one SNP on chromosome 9 (marked in red) from the optimum model. The
vertical axis indicates the —log;, of P-value scores, and the horizontal axis indicates chromosomes

and physical positions of SNPs.
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Figure 3.5. Manhattan plots for stalk rot resistance trait: major lesion length Macrophomina
(MLM) in sorghum from the Manhattan, all years’ analysis (a). A single-locus mixed model
(marked in red; Bonferroni-corrected threshold of 0.05; dashed horizontal line) (b). A multi-locus
mixed model (MLMM) identifies one SNP on chromosome 9 (marked in red) from the optimum
model. The vertical axis indicates the —log;, of P-value scores, and the horizontal axis indicates

chromosomes and physical positions of SNPs.
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Figure 3.6. Manhattan plots for stalk rot resistance trait: relative major lesion length Fusarium
(RMLF) in sorghum from the Manhattan, all years’ analysis (a). A single-locus mixed model
(marked in red; Bonferroni-corrected threshold of 0.05; dashed horizontal line) (b). A multi-locus
mixed model (MLMM) identifies one SNP on chromosome 2 and 7 (marked in red) from the
optimum model. The vertical axis indicates the —log;, of P-value scores, and the horizontal axis

indicates chromosomes and physical positions of SNPs.
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Figure 3.7. Manhattan plots for stalk rot resistance trait: relative major lesion length

Macrophomina (RMLM) in sorghum from the Manhattan, all years’ analysis (a). A single-locus

mixed model (marked in red; Bonferroni-corrected threshold of 0.05; dashed horizontal line) (b).

A multi-locus mixed model (MLMM) identifies one SNP on chromosome 2, 7 and 9 (marked in

red) from the optimum model. The vertical axis indicates the —log;, of P-value scores, and the

horizontal axis indicates chromosomes and physical positions of SNPs.
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Figure 3.8. Manhattan plots for stalk rot resistance trait: total length Fusarium (TLF) in sorghum
from the Manbhattan, all years’ analysis (a). A single-locus mixed model (marked in red;
Bonferroni-corrected threshold of 0.05; dashed horizontal line) (b). A multi-locus mixed model
(MLMM) identifies one SNP on chromosome 9 (marked in red) from the optimum model. The
vertical axis indicates the —log;, of P-value scores, and the horizontal axis indicates chromosomes

and physical positions of SNPs.
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Figure 3.9. Manhattan plots for stalk rot resistance trait: total lesion length Macrophomina
(TLM) in sorghum from the Manhattan, all years’ analysis (a). A single-locus mixed model
(marked in red; Bonferroni-corrected threshold of 0.05; dashed horizontal line) (b). A multi-locus
mixed model (MLMM) identifies one SNP on chromosome 9 (marked in red) from the optimum
model. The vertical axis indicates the —log;o of P-value scores, and the horizontal axis indicates

chromosomes and physical positions of SNPs.
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Figure 3.10. Manhattan plots for stalk rot resistance trait: relative total lesion length
Macrophomina (RTLM) in sorghum from the Ottawa analysis (a). A single-locus mixed model
(marked in red; Bonferroni-corrected threshold of 0.05; dashed horizontal line) (b). A multi-locus
mixed model (MLMM) identifies one SNP on chromosome 3, 4, 8 and 9 (marked in red) from the
optimum model. The vertical axis indicates the —log;, of P-value scores, and the horizontal axis

indicates chromosomes and physical positions of SNPs.
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Figure 3.11. Manhattan plots for stalk rot resistance trait: total lesion length Fusarium (TLF) in
sorghum from the Ottawa analysis (a). A single-locus mixed model (marked in red; Bonferroni-
corrected threshold of 0.05; dashed horizontal line) (b). A multi-locus mixed model (MLMM)
identifies one SNP on chromosome 8 (marked in red) from the optimum model. The vertical axis
indicates the —log;( of P-value scores, and the horizontal axis indicates chromosomes and

physical positions of SNPs.
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Figure 3.12. Linkage Disequilibrium (LD) among significant SNP markers. HAPLOVIEW v.4.2 (Barrett
et al., 2005) pairwise LD values (r2*100) for 14 SNPs based on genotypes of 257 individuals were used to

test whether all the SNPs significantly associated with stalk rot resistance tolerance were in strong LD with

each other; white, r’=0; shades of gray, 0 < <.
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Figure 3.13. Population structure plot for the 257 association population based on 25,000 SNPs. The red,

green, blue and yellow bars correspond to the caudatum (CAU), kafir (KAF), guinea (GUI) and Durra

(DUR) and, respectively, while vertical bars represent sorghum lines.

100



Chapter 4 - Study of Recombinant Inbred Lines (RILs)
Differing for Stay-green QTL, Dhurrin and Leaf Sugar

Concentration for resistance to infection by stalk rot pathogens

Abstract

The association between post-flowering drought tolerance, the stay-green phenotype, and
stalk rot resistance has been reported in sorghum [Sorghum bicolor (L.) Moench] and
used as an indirect selection criteria to improve stalk rot resistance, especially charcoal
rot caused by Macrophomina phaseolina. However, the mechanisms governing this
association between drought tolerance and charcoal rot resistance, apart from the
common knowledge that charcoal rot requires dry environment to prevail is not fully
known. Understanding the mechanisms relating the stay-green and associated traits such
as dhurrin and leaf sugar levels with response to stalk-rot will be important in the
development of new stalk-rot resistant cultivars. The objective of this study was thus to
determine the functional relationship between stay-green trait and resistance to stalk rot
diseases caused by Macrophomina phaseolina and Fusarium thapsinum. Fourteen
genotypic groups derived from Tx642 x Tx7000 RIL population carrying combination
for stay-green quantitative trait loci were evaluated under three environments in four
replications. The stg QTL had variable effects on stalk rot disease. Genotypes carrying
stgl, stg3, stgl, 3 and stg1,2,3,4 expressed good levels of resistance to M. phaseolina but
it required the combination of s#g1 and szg3 to express same level of resistance to F.
thapsinum. Other stg QTL blocks such as s7g2 and stg4 did not have any impact on stalk
rot resistance caused by both pathogens. Also there was no correlation between leaf

dhurrin, and soluble sugar concentration and resistance to any of the pathogens.

Key words: Sorghum, Macrophomina phaseolina, Fusarium thapsinum, stay-

green, quantitative trait loci (QTL).
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Introduction

Genetic variation for stalk rot resistance in sorghum is well-documented (Dodman et al.,
1992; Tesso et al., 2005). Not much effort has been made to directly improve stalk rot
resistance in sorghum; but much of the progress in addressing this and the associated
lodging problems was achieved through selection for post-flowering drought tolerance.
The key trait of interest in post-flowering drought tolerance breeding has been the stay-
green trait. Stay-green also known as non-senescence is the ability of a plant to maintain
active green leaf area to continue to photosynthesize under limited moisture during crop
maturation. It is strongly associated with post-flowering drought tolerance and allows
plants to avoid premature senescence due to drought stress. Stay-green genotypes have
been reported to have the ability to continue to fill grain normally under drought stress
(Rosenow and Clark, 1981) and exhibit resistance to charcoal rot (Rosenow, 1984;
Borrell et al., 2000b) and lodging (Henzell et al., 1984). Because of these, the trait has
attracted significant attention over the last decades and almost all breeding lines released
in the recent past and many commercial hybrids have stay-green trait incorporated into
them.

Quantitative trait loci (QTL) associated with the stay-green phenotype has been
mapped in numerous populations including the famous Tx642 x Tx7000 recombinant
inbred population (Crasta et al., 1999; Haussmann et al., 2003; Kebede et al., 2001;
Subudhi et al., 2000; Tao et al., 2000; Tuinstra et al., 1997; Xu et al., 2000). Of several
stay-green QTL mapped in this population, four of them, Stg1-Stg4, were the major ones
that were consistently expressed under multiple environments and jointly account for
53.5% of the phenotypic variance for the trait (Sanchez et al., 2002). Moreover, these
QTL have also been shown to individually reduce leaf senescence induced by post-
flowering drought stress (Harris et al., 2007). Genetic studies on populations derived
from Tx642 showed that genes conferring the stay-green trait act in various levels of
dominance (Walulu et al., 1994) or in an additive fashion (VanOosterom et al., 1996).

Stay-green genotypes were reported to contain higher concentration of basal stem
sugars (Duncan, 1984) and cytokinins (McBee, 1984) compared to senescent genotypes,
which may reduce the rate of drought-induced senescence (Thomas and Smart, 1993).

Increased accumulation of soluble sugars found in stay-green genotypes besides reducing
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dependence on stored assimilates for filling grains (McBee et al., 1983) were reported to
contribute to reduced incidence of stalk and root rot diseases. Previous studies have
indicated that high concentration of sugars in basal stalks contribute to increased
resistance to major stalk rot pathogens (Clark and Miller, 1980; Hirematch and
Parvatikar, 1985; Rajewiski and Francis, 1991). Thus indirect selection for charcoal rot
resistance through stay-green trait has been effective (Rosenow, 1984).

Further research in recent years substantiate the original findings by confirming
that stay- green sorghums tend to accumulate high amount of biochemical compounds
and sugars (Burke et al., 2013). One of the key compounds consistently found in stay-
green genotypes was the cyanogenic glucoside, dhurrin. Cyanogenic glycosides are
produced in plants to mediate some general and specialized functions such as to provide
chemical defense system, for mediating plant-insect interactions (Zagrobelny et al.,
2004), and also to serve as nitrogen storage compounds (Busk and Moller, 2002; Selmar
et al.,, 1988). Dhurrin is found in all vegetative tissues in sorghum (O'Donnell et al.,
2013); the site of dhurrin synthesis shifts from leaves to stem during plant development
(Busk and Moller, 2002). When tissues containing dhurrin are crushed, hydrogen cyanide
(HCN) is released as part of dhurrin decomposition. Sorghum may accumulate high
concentration of cyanogenic glycoside dhurrin when subjected to drought stress.

Recent studies have shown the relationship between dhurrin levels and the degree
of pre- or post-flowering drought tolerance (Burke et al., 2013). Highly cyanogenic plants
have been reported to be preferred by some fungi and insects compared with plants with
lower cyanogenic potential (Nahrstedt, 1996; Meller and Seigler, 1999). But Aglycones
released from cyanogenic glucosides formed from Phe or Tyr amino acids may give rise
to the formation of compounds with antifungal activities (Siebert et al., 1996).

Despite the relative paucity of published evidence highlighting the value of stay-
green, there has been little research conducted to understand the genetic mechanism
underlying the stay-green and stalk rot resistance complex in sorghum and the
relationship between them. There seems to be a direct correlation between senescence
and susceptibility to stalk rots (Borrell et al., 2000a) but it is not clear whether there is a
cause and effect relationship between the two. It is possible that the stay-green genes may

provide tolerance to drought and at the same time confer resistance to stalk rot
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(pleiotropic effect) or indirectly contribute to stalk rot resistance through reducing the
negative effects of drought.

Therefore, in this project we examined a sub-set of genotypes derived from the
popular Tx642 xTx7000 RIL population to shed more light on the functional association
between stay- green trait and resistance to stalk rot diseases. The objectives of this study
were thus: (1) to determine the reaction of recombinant inbred (RI) genotypes with
varying stay-green QTLs to stalk rot resistance, and (2) to examine any possible

relationship between leaf dhurrin and soluble sugar levels and stalk rot disease severity.

Materials and methods

Genetic materials
An Fi; RIL (recombinant inbred line) population from the cross Tx642 x Tx7000 was
used for this study. The development of this RIL population was earlier described by (Xu
et al., 2000). Tx642, a BC, derivative of IS12555, durra sorghum from Ethiopia is a B-
line and does not restore fertility when crossed with A1 cytoplasm. It responds distinctly
to drought stress at pre-flowering and post-flowering stages compared to Tx7000. It is
susceptible to pre-flowering drought and highly resistant to post-flowering drought (stay-
green trait) with a relatively low yield potential as inbred per se. Tx7000 is an elite high
yielding public R-line commonly used for developing sorghum hybrids in the United
States and is tolerant to pre-flowering drought but very susceptible to post-flowering
drought. Tx642 is also resistant to charcoal rot while Tx7000 has been used as a
susceptible check in all charcoal rot related studies.

The entire population of Tx642 x Tx7000 was provided by Dr. Bill Rooney and
stg QTL profile for each of the genotypes by Dr. Patricia Klein of Texas A&M
University. Sub-sample of the population selected based on the number and types of stay-
green QTL they carry were used in this study. For the four stay-green QTL (stgl-szg4),
there were a total of 14 combinations of QTL groups. Wherever possible, four genotypes
were selected for each group and whatever number of genotypes available was used for
those less than that. Accordingly, seven of the 14 QTL groups had 4 genotypes each, two
of them had 3, three of them had 2 and another two of them had just 1 genotype. For

those QTL groups that have only one or two genotypic representation, multiple rows of
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the genotypes were grown to make the number of reading comparable to those that have
three or four representation. The parental lines Tx642 and Tx7000 were also included as
complete QTL and zero QTL check along with Tx430 as non-stg check. Overall, 45
genotypes were included in the study. Summary of the number of genotypes and the

number and types of stg QTL they carry is presented in Table 4.1.

Experimental design and management

The selected genotypes including the parents were evaluated at three environments using
a randomized complete block design with four replications. The test environments were
the 2012 and 2013 crop seasons at the Ashland Bottom Kansas state University (KSU)
Agronomy research farm near Manhattan KS and the KSU East Central Agricultural
Experiment Station near Ottawa KS in 2013. Soils are well-drained Smolan Silty Clay
Loam and Harney Silt Loam for Manhattan and Ottawa, respectively. Plots were 6 m
long single rows spaced 0.75 m apart with 0.6m alley between blocks. Three grams each
of the selected RILs were drilled into the plots after treatment with herbicide safener
(Maxim 4FS, Apron XL, Concept III, and colorant). Three weeks after emergence the
seedlings were thinned to approximately 0.15m between plants. Fertilizer phosphorous
(di-ammonium phosphate, DAP) and nitrogen (urea) were applied at the rate of 34 kg
P,0Os ha! and 90 kg N ha! at Manhattan and 25 kg P,0s ha! and 90 kg N ha! at Ottawa.
Pre-emergence weeds were controlled with a pre-plant application of 0.24 L ha™ Dual
plus 0.68 kg ha™' Atrazine. Post emergence weeds were removed manually to ensure
normal growth. The Manhattan 2012 environment was characterized by serious drought
and high temperature stress while both Manhattan and Ottawa during the 2013 season
had optimal moisture and temperature. At flowering, eight uniform plants in a plot were

tagged, four each with two distinct color tapes, to use for pathogen inoculation.

Dhurrin and leaf sugar assay

A one centimeter leaf disc samples were collected midway between the base and the tip
of the top third leaf from each genotype prior to flowering using leaf punch from both
Manhattan and Ottawa 2013 tests. Samples were collected from five different plants in a
row and immediately placed in an ice box and covered to transport to the laboratory. In

the laboratory, the samples were transferred into a dry-ice container and shipped to Dr.
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John Burke’s lab at the USDA Cropping Systems Research Laboratory, Lubbock, TX for
biochemical analysis. High performance liquid chromatography analysis for dhurrin and
leaf sugars was carried out using the methods described by (Burke et al., 2013). Dhurrin
and leaf sugars were extracted from five leaf punches by incubating the samples in 1 mL
80% ethanol at 60°C for 1h followed by a 5-min cool down time at room temperature.
The extract was centrifuged at 10,621 x g for 10 min and 200 puL supernatant was
transferred into a clean Eppendorf tube and dried by vacuum centrifugation in a Savant
SpeedVac SVC100 (Savant Instruments Inc.) set to the low drying rate. The extracts were
then suspended in 200 pL deionized water and suspension samples equivalent to 50 to
100 pg of fresh weight of leaf tissues were separated on a 4.6 x 250-mm YMC
Polyamine II column (Waters Corporation) with a mobile phase of 70% C,HsN in water
(v/v) at a flow rate of 1.0 mL min™' and dhurrin and leaf sugars were analyzed using a VP
Series HPLC (high performance liquid chromatography) system fitted with an
evaporative light scattering detector-LT (Shimadzu Scientific Instruments). Presence of
dhurrin and leaf sugars in the samples was detected by their retention time in comparison
with the corresponding dhurrin and leaf sugar standards. Quantification of dhurrin and

leaf sugar concentration was calculated using peak area.

Inoculums preparation and inoculation

Two fungal pathogens were selected for this study: Fusarium thapsinum and
Macrophomina phaseolina. The selection of these two pathogens was based on previous
reports that these two species are the most virulent stalk rot pathogens of sorghum (Tesso
et al., 2010). Pure fungal cultures were provided by Dr. Chris Little, Department of plant
pathology, Kansas State University. Liquid inoculum suspensions from pure cultures of
the Fusarium thapsinum pathogen were initiated in potato dextrose broth (DIFCO,
Detroit, MI). The suspensions were initiated on a shaker at room temperature until
conidia were produced and then strained through four layers of cheese cloth to separate
the conidia from the mycelia mass. Concentration of the suspension was determined by
counting the number of conidia under a microscope using a hemacytometer. The
concentration was then adjusted to 5 x 10* conidia ml™ by diluting the suspension using

10 mM (pH 7.2) Phosphate-buffered saline. The suspension was kept on ice until
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inoculation. An Idico filler-plug gun (Forestry suppliers, Inc., Jackson MS) equipped
with a stainless steel needle similar to that described by (Toman and White, 1993) was
used to deliver approximately 1 ml of suspension into the pith of three tagged plants per
plot at 14 d after flowering. For M. phaseolina, the pathogen strain was sub-cultured into
several fresh potato dextrose agar plates, into which sterile toothpicks were inserted and
incubated at 30°C for two weeks. Then infected toothpicks were used to inoculate the
plants on the basal stalk approximately 10 cm above the soil surface. Control plants (one
per genotype) in the case of F. thapsinum were injected using sterilized water, whereas

for M. phaseolina with sterilized toothpicks.

Data collection and statistical analysis

Twenty eight days after inoculation, plants were cut at the base and split longitudinally to
score disease severity. Disease scores were obtained by measuring the length of the
visible lesion in the pith of the stalk as a measure of disease progression in the sorghum
stalks. Data were analyzed using the PROC GLM procedure in SAS (version 9.1.3) both
for individual environment as well as the combined data. All factors, genotype, block and
environment and their interactions were considered random effects. Significant means for
all traits were separated using Fischer’s protected LSD (SAS, V 9.1.3). Pearson
correlation coefficients were estimated from combined environments data (Manhattan
2013 and Ottawa 2013) to determine the relationship between disease scores, dhurrin and

leaf sugar concentrations using PROC CORR procedure in SAS (version 9.1.3).
Results

Analysis of variance

The combined analysis of variance for stalk rot parameters, dhurrin and leaf sugar
concentration as affected by genotypes and environment is presented in Table 4.2. The
environment had a significant effect on mean disease score for both F. thapsinum and M.
phaseolina. However, it did not have significant effect on dhurrin concentration and all
components of leaf sugars (Table 4.2). The effect of genotype, however, was highly
significant (P<0.001) for lesion length score both for M. phaseolina and F. thapsinum. It
was also highly significant (P<0.01) for dhurrin and significant (P<0.05) for sucrose
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content. The genotype did not have significant effect on leaf glucose and fructose
concentrations. Similar to the genotype effect, the QTL effect was highly significant for
M. phaseolina and F. thapsinum, dhurrin and sucrose concentrations; but was not
significant for glucose and fructose concentrations. The genotype x environment effect
was highly significant for dhurrin concentration, significant for F. thapsinum and sucrose
concentration and was not highly significant for the other parameters. The QTL x

environment effect was significant only for dhurrin concentration.

Genotypic response to infection by Fusarium and Macrophomina pathogens
Across environment mean disease rating following inoculation, dhurrin and leaf sugar
content as affected by stg QTL blocks presented in Table 3. The environment and
genotype effects for disease development of both M. phaseolina and F. thapsinum were
highly significant (Table 4.2). The genotype x environment effect was only significant
for F. thapsinum, dhurrin and sucrose concentrations. As a result, in addition to the
combined analysis, a second analysis was performed for individual environments.

Mean disease score for F. thapsinum among genotypes in the combined analysis ranged
from 3.3 cm in the stay-green QTL donor parent Tx642 to 7.8 cm in the susceptible
parent Tx7000. Most of the stay-green RI genotypes had intermediate values between the
parents with mean disease reaction in genotypes combining stgl and stg3 QTL being
close to that of Tx642 (5.0cm) (Table 4.3). But when the two QTL occur independently,
it seems resistance is compromised. Genotypes that carry stg2, stg4 and those that
combine both stg2 and stg4 QTL were as susceptible as Tx7000. Although genotypes
combining stgl and stg3 were the most resistant, stacking additional stg QTL (stg2, stg4
or both) with stg1,3 seems to undo the resistance. Accordingly, genotypes carrying stg2
or stg4 QTL in addition to either szgl or stg3 or both tend to lose resistance and the
disease score approaches that of the susceptible parent.

For M. phaseolina, mean disease score was lowest (3.2cm) in Tx642 and was again
highest (7.8cm) in the susceptible parent Tx7000. Unlike F. thapsinum where stgl and
stg3 should occur together for resistance to express, both stgl and s7g3 seem to contribute
to resistance individually as well as in combination with other stg QTL. Again stg2 and

stg4 whether they occur together or separately seem to have little or no contribution to
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resistance to M. phaseolina. Response to infection by both pathogen groups of RI
genotypes carrying all the szg QTL blocks was markedly different from that of Tx642
which indicates that additional gene blocks may be responsible for conferring resistance
to the diseases besides these four QTL blocks.

Because there was no significant genotype x environment interaction effect for M.
phaseolina and the significant G x E effect for F. thapsinum is of a scale and did not
involve change in ranking patterns, the performance of the genotypes across
environments tend to be consistent (Tables 4.4, 4.5 and 4.6). Accordingly, mean lesion
length for both F. thapsinum and M. phaseolina ranged from 2.6 to 3.9 cm in the parental
genotype Tx642 to the highest of 6.8 to 8.7 cm in the other parent Tx7000. The across
genotype mean lesion length for both pathogens were 5.7 and 4.3 cm at Manhattan 2012,
6.5 and 6.3 cm at Ottawa 2013 and 6.1 and 4.7 cm at Manhattan 2013.

In the Manhattan 2012 environment (Table 4.4), genotypes with the szg3, stgl,3,
stgl,4 and stg 1,3,4 had lower lesion lengths of (3.4 to 4.8 cm) for F. thapsinum and these
scores were not significantly different from that of Tx642 (3.9 cm). The highest score at
this environment (7.7cm) was recorded in the susceptible parent Tx7000 and szg4 (8.3cm)
and stg2, 4 (6.9cm) genotypes. For M. phaseolina, genotypes carrying stg3, stgl,3,
stg2,3, and stg1,3,4 had lesion lengths of 3.0 cm and below which is lower than 3.4 cm
recorded in the resistant parent Tx642.

At Manhattan 2013, mean lesion length for F. thapsinum was lowest (2.6 cm) in
Tx642 followed by RI genotypes stgl,3, stgl,4 and stg1,3,4. Genotypes with stg2, stg2,4
and stg4 were comparable to that of the susceptible check Tx7000 while others have
intermediate scores. For M. phaseolina, genotypes stgl, stgl,3,4, stg1,2,3,4, and stg3,4
had men lesion length of 4cm and lower while the resistant and susceptible parents had
lesion lengths of 2.7cm and 6.8cm, respectively. As it was the case in Manhattan 2012
for both pathogens and Manhattan 2013 for F. thapsinum, genotype stg2,4 had the
highest mean lesion length for M. phaseolina in 2013. This shows that though their
contribution to stay-green has been validated, some of the QTLs both individually and in
combination with others seem to have no or little relationship with stalk rot resistance.
The Ottawa 2013 environment was not any different from the Manhattan 2012 and 2013

environments. Consistent with data for other environments as well as the combined
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analysis, the lowest lesion length of 4.0cm for F. thapsinum was recorded in stg1,3 and
this was not significantly different from the 3.7 cm recorded in Tx642 at this
environment. The score for other genotypes was similar to the other locations. Likewise,
genotype stg3 had the best performance for M. phaseolina similar to Tx642 at this
environment. In the 2013 evaluation, another genotype (Tx430) not known to possess
any of these QTL blocks was included for comparison and it consistently expressed high
degree of resistance to both pathogens. This indicates that besides the stay-green
character there are other genetic/physiological events associated with resistance to stalk
rot diseases.

To summarize, some of the stay-green QTL blocks, besides conferring post-
flowering drought tolerance either directly or indirectly contribute to stalk rot resistance.
For F. thapsinum, the effects of the QTL blocks were not so marked such that only few
and specific QTL combinations provided resistance comparable to that of Tx642. Only
stgl and stg3 when combined into one genotype provide the desired level of resistance.
When disaggregated or when another stg QTL is included, it seems to break up with the
positive interaction between the two and the resistance breaking down (Fig 4.1). For M.
phaseolina, there seems to be more room for combining the different stg blocks. QTL
blocks stgl and szg3 whether they occur together or separately seem to provide the same
level of resistance. Also combination of s7g1,3,4 and stg1,2,3,4 also provide acceptable
level of resistance (Fig 4.1). The effect of the number of stg QTL blocks on parameters
studied was not significant in individual environments. However in the combined
analysis, significant effects were observed for disease related traits, dhurrin and sucrose
(Appendix 2). These significant effects could be attributed to the parental genotypes.
There was no significant difference between genotypes with varying number of QTLs.
Data on nodes crossed was not significant for any of the parameters and hence was not
presented. Only summary of the genotypic response for the trait is included in the
appendix Al.

All of the control genotypes expressed discoloration near the inoculation site
either in response to wounds or due to infection by spontaneous pathogens that may have
used the open wounds. No effort was made to isolate a pathogen from the control

wounded tissue.
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Dhurrin and soluble sugars

There was marked difference for dhurrin content between the test genotype groups; but
its relationship with stalk rot disease was not clear. Mean dhurrin content ranged from
the lowest of 39.45 pug cm™ in RI genotype carrying stgl, szg3 (genotypes that showed
the least infection by both M. phaseolina and F. thapsinum), to the highest of 90.6 pg cm’
2 in RI genotypes combining stg1, stg2 and szg3 QTL blocks. Another group of genotypes
that combine all szgl-stg4 QTL blocks and those that combine stg2 and stg4 also had
among the lowest dhurrin content of 47.2 and 47.85ug cm™, respectively. The drought
susceptible parent Tx7000 and the tolerant parent Tx642 had mean dhurrin content of
40.3 and 67.4ug cm™ respectively.

Also there was marked difference between the RI genotypes for soluble sugar
concentration except for fructose that ranged from 94.2ug cm™ in s7g3 genotypes to 122.6
ug cm™ in stgl,3 genotypes. Mean fructose content in parents, Tx7000 and Tx642 was,
107.7 and 119.7ug cm™, respectively. Similar to fructose, mean glucose levels of the RI
genotypes was also within the range of readings of the parental genotypes. Only three
genotype groups, stg3, stg4 and s1g3,4, had mean glucose levels slightly lower than 110.6
ng cm” recorded in one of the susceptible parents Tx7000 and none of the RI genotypes
exceeded the resistant parent Tx642 which had the reading of 124.4 pg cm™. Variation
for sucrose levels was relatively larger ranging from a low of about 11.5 pg cm™ in
several RI genotypes including Tx7000 to a high of 30 pg cm™ in stg3 genotypes. The
resistant parent Tx642 had only 14.2 ug cm™. Some eight of the fourteen RI genotype
groups had mean sucrose content higher than the resistant parent.

Because there was highly significant G x E effect for dhurrin levels, we carried
out separate ANOVA for the two locations. For Manhattan 2013 environment, mean
dhurrin levels ranged from as low as 48.9 ug cm™ in stg3, 4 genotypes to a high of
77.7ug em™ in stg3 genotypes. Only four stg genotype groups had mean dhurrin content
less than that of the susceptible parent Tx7000 (58.5 pg cm™) and ten of the fourteen stg
groups were higher than the other parent Tx642 (61.7 pg cm™). For Ottawa 2013, the
domain of the dhurrin levels was much larger ranging from the low of 22 pg cm™ in
Tx7000 to a high of 106 pg cm™ in s7g1,2,3 with an overall entry mean of 65.3 ug cm™.
Tx642 had a mean dhurrin level of 73.1 ug cm™ exceeded by six of the 14 stg groups.
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Soluble sugars in the leaves were significantly different among entries. At
Ottawa 2013, the highest fructose and glucose levels of 166 and 182ug cm™,
respectively, were observed in the check genotype Tx430. While the parental sources
Tx7000 and Tx642 were 96 and 108 pg cm™, respectively, for fructose; and 97 and 114
ug cm™for glucose with, several genotypes exceeding the high sugar parent. Genotypes
stgl, stgl,2, stgl,2.3, stgl,2,4, stgl,3, stg2, and stg2,3 were higher than Tx642 both for
fructose and glucose levels. Invariably, genotypes with the highest fructose and glucose
had the lowest sucrose levels and the vice-versa (Table 4.5). Accordingly, the check
genotype Tx430 that had the highest glucose and fructose levels had the lowest sucrose
while szg3 that was the lowest both in fructose and glucose was highest in sucrose levels.
Unlike Ottawa 2013, Tx430 had among the lowest levels both for fructose and glucose
while Tx642 being the highest for both. Here the relationship between fructose/glucose
and sucrose was again almost direct opposite with Tx430 and sfgl that had the least
fructose/glucose levels showing the highest sucrose. However, Tx642 that had the highest
fructose and glucose had an intermediate sucrose and szg1,3,4 that had the lowest fructose
and glucose also had among the lowest sucrose levels (Table 4.6). There was no
significant correlation between dhurrin, fructose, glucose and sucrose levels and disease
score for both pathogens. However there was significant (positive) association between
dhurrin and sucrose and significant (negative) correlation between fructose and sucrose
and between glucose and sucrose. Correlation between glucose and fructose was positive
and highly significant (0.99) (Table 4.7). Also there was significant and positive

correlation between disease score for the two pathogens.

Discussion
Previous studies have shown that stalk rot causing pathogens are commonly found in the
soil and also in the plant system almost at all stages of growth. However, they are capable
of causing disease only when the host condition is weakened either by prolonged drought
stress or due to senescence or both. As a result, stalk rots are often observed in plants that
are in senescence phase of development that are also subjected to severe drought stress.
Thus, plant characteristics that enhance drought tolerance or delay senescence are

considered to contribute to reduced stalk rot incidence. The current study investigated the
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disease response of sorghum genotypes varying for non-senescence (stay-green) QTL to
infection by common pathogens causing Fusarium stalk rot and charcoal rot. Because
previous studies found significant association between stay-green phenotype and leaf
dhurrin content (Burke et al., 2013), we also evaluated the relationship between the levels
of dhurrin and soluble sugars in the leaves and severity of both charcoal rot and Fusarium
stalk rot.

Although all of the four major QTL (szgl, stg2, stg3 and szg4) contribute to stay-green
expression jointly accounting for 53% of the total variation observed for the trait, not all
of these QTL blocks have an effect on genotypic response to stalk rot diseases (Tables 3-
6, Fig 1). Only certain stg blocks either independently or in combination with each other
seems to have effect on the development of the disease.

For M. phaseolina, stgl, stg3 and their combination (szg1,3) consistently resulted
in low infection rate comparable to that in the resistant parent Tx642. Also genotypes
carrying stg3.4, stgl,3,4 and stgl,2,3,4 gave resistant reaction to charcoal rot. The
resistance in stgl,2,3,4 genotype, however, was not as strong as that of Tx642 though
both carry all the major QTL. This indicates the presence of other QTL loci in the Tx642
background that may have positive contribution to charcoal rot resistance but may not
necessarily be to stay-green. The resistance reaction of the check genotype Tx430 which
is not known to carry any of the four stg QTL but expresses the highest resistance to the
disease confirms this hypothesis. However, stg2, stg4, stg2,4 do not seem to have any
contribution to charcoal rot resistance. Moreover, they undermine the role of other QTL
blocks such as stgl and stg3 that were consistently associated with low charcoal rot
infection when they occur in combination with them such as in stgl,2, stgl,2,3 and
stgl,2,4 where infection by M. phaseolina was apparently higher. This response was
consistent across all test environments except only szg3 was more important in Manhattan
2012 and stgl in Manhattan 2013 (Figl-4). The role of the different stg QTL blocks
seems to be slightly different for F. thapsinum. Unlike M. phaseolina where either stgl or
stg3 or their combination szgl1,3 seem to effectively reduce the development of stalk rot
disease, stgl and s7g3 need to be stacked in order to reduce infection by F. thapsinum and
this does not seem to be affected by environment. However, it seems additional QTL

blocks may be present that contribute to reduced infection both by Macrophomina and
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Fusarium spp. Previous studies have ranked the contribution of the four QTL to the
expression of stay-green trait as Szg2 > Stgl > Stg3 >Stg4 (Xu et al., 2000). The trend for
delayed onset of leaf senescence has been reported for Stg3 near-isogenic sorghum lines
(Harris et al., 2007). With respect to disease resistance, this ranking doesn’t hold true
given that szg2 was apparently not important.

Contrary to the growing expectations, correlation between the disease scores, and
dhurrin and leaf sugar levels were not significant. There was a tendency for genotypes
with intermediate levels of dhurrin to have lower disease reactions to both pathogens
especially for the parental genotypes Tx642 and Tx7000. Dhurrin is a cyanogenic
glycoside located in the vacuole of the epidermal cells, whereas the catabolic enzymes (-
glucosidases and a-hydroxynitrilases) are in the mesophyll cells (Conn, 1991). In intact
plant tissues, enzymes and substrates are kept separate in cells: only when plant tissues
are lesioned or destroyed, as a consequence of biotic or abiotic factors, do enzymes and
substrate come into contact, releasing the bioactive compound (hydrogen cyanide) that is
involved in limiting plant infection.

In the Ottawa2013 environment, the genotype Tx7000 had the lowest dhurrin
level (22 pg cm™). Tx7000 genotype also showed the highest lesion length for the disease
related traits. While the dhurrin levels in the resistant genotypes (Tx642 and Tx430) were
not the highest, they were more than double that observed in the genotype Tx7000.
However, genotypes with the highest dhurrin levels in the leaves did not necessarily have
lower lesion lengths as expected. Earlier studies have shown that, with regard to the
interaction between plants and microorganisms, the release of hydrogen cyanide from
cyanogenic glycosides may be more damaging to the plant than to the microorganism
because of inhibition of phytoalexin production (Lieberei et al., 1989). In accordance,
highly cyanogenic plants are likely to be preferred by some fungi and insects compared
with plants with lower cyanogenic potential (Busk and Moller, 2002); Moller and Seigler,
1999). We did not observe significant differences between genotypes for dhurrin and leaf
sugar levels at Manhattan 2013. This could be attributed to the growing environment.
Leaf tissues at the Manhattan 2013 environment were collected after a series of heavy
rainfall. The concentrations of dhurrin increases when plants are drought stressed

(Gleadow et al., 2012; O'Donnell et al., 2013).
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Conclusion
The results of this study confirm the relationship between post-flowering drought
tolerance and resistance to stalk rot pathogens. However, not all genomic loci that confer
tolerance to post-flowering drought stress are responsible for resistance to infection by
stalk rot pathogens. In the current study, out of the four QTL blocks known to confer
stay-green, only two of them stg1 and szg3 seem to have functional relationship with stalk
rot resistance. Their mechanism of action seem to be different for the two pathogen
groups with both loci needing to occur in one background in order to express resistance
to F. thapsinum while either of the loci seem to work well to confer resistance against M.
phaseolina. Moreover, there seems to be additional QTL loci that seem to contribute to
resistance to both diseases. Hence future work besides optimizing the phenotyping assay
should explore additional sources to discover new alleles that may further boost

resistance to these diseases for use in breeding programs.
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Tables and Figures

Table 4.1. Sub-sample of Tx642 x Tx7000 RILs with the number and type of stg QTL
blocks included in the study.

Genotypes QTL number Frequency
Stgl 1 4
Stg2 1 4
Stg3 1 4
Stg4 1 3
Stgl, 2 2 4
Stg2, 3 2 2
Stg2, 4 2 2
Stg3,4 2 4
Stgl,3 2 1
Stgl,4 2 3
Stgl,3, 4 3 4
Stgl,2.4 3 4
Stg1,2 3 3 2
Stgl,2,3,4 4 1
Tx642 all

Tx7000 0

Tx430 check
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Table 4.2. Combined analysis of variance for stalk rot parameters, dhurrin and leaf sugars as tested

under three environments.

Sources of Mean squares

variation daf "y phaseolina  F. thapsinum Dhurrin  Fructose Glucose Sucrose
Block 3 8.5 6.0 6412.4%  15534%* 15792%* 2207.4**

Env (E) 2 168.5%* 29.7** 288.1 255.9 298.7 36.95

Genotype (G) 15 31.6%* 27.5%%* 4249.5%*%  930.2 859 550.7*

QTL (Q) 5 47 4%* 49 .9** 8546.2*%* 4957 650.2 671.9*

GxE 30 6.0 7.3* 2766.2** 1343.6 12794  515.5%

QxE 10 5.8 6.6 2954.9% 9327 1006.7 196.6

Error 421 5.4 4.5 1268.1 1021.7 11419  268.39

* Significance at P < 0.05, **Significance at P < 0.001
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Table 4.3. Across environment mean disease rating (lesion length) following inoculation

with M. phaseolina and F. thapsinum and leaf sugar content as affected by stg QTL

blocks.
F. thapsinum M. phaseolina Leaf sugars
lesion lesion
length  Control length Control Fructose Glucose Sucrose

Genotypes  (cm) (cm) (cm) (cm) Dhurrin  pg/em®  pg/em®  pg/em’
stg 1 6.0 2.3 4.6 1.7 75.5 106.2 111.0 25.5
stg 1,2 6.3 2.9 5.7 2.3 533 108.7 112.8 13.7
stg 1,2,3 6.5 3.0 6.0 2.3 90.6 111.1 120.7 19.2
stg 1,2,4 6.0 2.9 5.6 3.0 80.2 111.2 118.8 18.0
stg 1,3 5.0 2.4 4.2 2.1 394 122.6 124.2 11.5
stg 1,3,4 54 2.5 4.4 2.0 63.4 100.7 104.6 11.9
stg 1,4 5.5 2.7 5.2 1.7 71.5 101.9 106.3 13.1
stg 1,2,3,4 5.9 34 4.4 2.2 47.2 107.4 110.8 17.8
stg 2 7.1 29 5.6 2.3 69.1 116.7 118.7 14.3
stg2,3 7.5 2.8 5.0 24 69.3 108.5 113.9 11.1
stg 2.4 6.7 2.8 6.9 2.7 479 107.8 114.7 11.6
stg3 5.6 2.9 4.2 2.3 70.5 94.2 100.9 30.8
stg 3,4 59 29 4.5 2.2 62.7 101.6 106.8 19.2
stg 4 7.8 3.0 6.2 3.1 76.1 102.5 108.4 17.1
BTx642 33 1.6 32 1.6 63.9 119.7 124.4 14.2
Tx7000 7.8 3.2 7.8 24 40.3 107.7 110.6 11.5
MEAN 6.2 2.8 5.2 2.3 64.6 108.2 113.2 16.6
LSD 1.1 0.6 1.9 0.5 22.9 ns ns 10.5

*LSD- least significant difference; ns —not significant
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Table 4.4. Mean lesion length of recombinant inbred genotype groups varying for stay-
green QTL as tested against infection by Fusarium thapsinum and Macrophomina

phaseolina at Manhattan KS during 2012 crop season.

F. thapsinum M. phaseolina
lesion length Control lesion length  Control

Genotypes (cm) (cm) (cm) (cm)
stg 1 6.0 23 4.2 1.4
stg 1,2 6.2 3.1 4.7 2.8
stg 1,23 5.0 24 5.7 2.9
stg 1,2,4 5.5 2.6 5.7 2.6
stg 1,3 34 2.7 2.6 2.0
stg 1,3,4 4.8 1.3 3.0 2.5
stg 1,4 3.9 2.1 3.2 1.8
stg 1,2,3,4 6.1 2.0 4.3 23
stg 2 6.5 3.6 4.9 2.3
stg 2,3 6.7 2.5 3.0 2.5
stg 2,4 6.9 2.6 4.6 2.6
stg3 4.8 2.7 3.0 2.9
stg 3,4 5.5 1.4 4.1 2.4
stg 4 8.3 2.7 6.6 3.2
BTx642 3.9 1.5 3.4 2.0
Tx7000 7.7 2.8 6.9 2.0
MEAN 5.7 2.4 4.3 2.5
LSD 1.3 0.4 1.3 0.6

*LSD- least significant difference; ns —not significant
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Table 4.5. Mean lesion length of recombinant inbred genotype groups varying for stay-
green QTL as tested against infection by Fusarium thapsinum and Macrophomina

phaseolina at Ottawa, KS during 2013 crop season.

F. thapsinum M. phaseolina Leaf sugars
Lesion Lesion
length length Dhurrin  Fructose Glucose Sucrose
Genotypes (cm) Control (cm) Control pg/em® pg/em®  pg/em®  pg/em’
stg 1 5.0 2.0 5.6 1.9 73.6 116.0 120.6 19.8
stg 1,2 5.6 2.6 6.4 23 42.6 113.8 118.0 11.2
stg 1,2,3 6.6 2.5 5.5 1.7 106.2 113.6 123.7 21.2
stg 1,24 6.2 2.7 6.2 2.6 95.4 111.0 119.7 17.3
stg 1,3 4.0 2.4 52 23 27.3 125.5 123.6 9.8
stg 1,34 6.9 2.9 6.4 2.5 56.8 104.4 109.2 13.0
stg 1,4 6.9 2.6 5.6 1.6 74.0 91.0 94.9 9.9
stg 1,2,3.4 53 2.6 5.0 2.1 43.1 106.0 109.5 18.1
stg2 6.8 2.5 6.5 2.3 71.7 125.4 125.2 12.9
stg 2,3 8.6 2.3 6.7 2.3 70.6 116.8 123.2 11.7
stg 2.4 5.8 2.6 8.1 2.3 30.9 106.8 110.3 8.9
stg 3 5.8 2.5 4.4 1.9 63.4 76.0 82.3 49.2
stg 3,4 6.0 2.8 5.1 2.3 76.6 91.5 99.9 20.4
stg 4 7.3 2.9 6.6 2.6 97.2 101.5 108.3 243
BTx642 3.7 1.4 3.4 1.4 73.1 108.3 113.9 12.2
Tx430 2.3 1.3 2.5 1.0 52.1 165.9 181.6 6.7
Tx7000 8.1 3.3 8.7 2.9 22.0 96.0 97.4 10.5
MEAN 6.5 2.5 6.3 2.1 65.3 108.8 113.9 16.7
LSD 2.3 0.9 2.5 0.8 30.3 29.2 31.0 15.1

* LSD- least significant difference; ns —not significant
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Table 4.6. Mean lesion length of recombinant inbred genotype groups varying for stay-
green QTL as tested against infection by Fusarium thapsinum and Macrophomina

phaseolina at Manhattan, KS during 2013 crop season.

F. thapsinum M. phaseolina Leaf sugars
lesion lesion
length length Dhurrin ~ Fructose Glucose Sucrose
Genotypes (cm) Control (cm) Control  pg/cm’ ng/cm’ pg/em’  pg/em’

stg 1 6.8 2.2 34 1.8 77.5 96.4 101.5 31.2
stg 1,2 6.7 2.5 5.7 2.0 63.9 103.6 107.6 16.1
stg 1,2,3 6.8 2.8 5.7 23 75.0 108.5 117.6 17.2
stg 1,2,4 6.0 2.8 4.7 2.5 65.1 111.4 117.9 18.7
stg 1,3 4.4 2.4 43 1.6 51.6 119.7 124.7 13.2
stg 1,3,4 4.1 2.3 34 1.6 70.0 96.9 99.9 10.8
stg 1,4 4.5 2.6 5.5 1.6 69.0 112.8 117.7 16.4
stg 1,2,3.4 5.5 2.8 3.6 1.8 51.3 108.7 112.1 17.5
stg 2 7.5 2.7 5.0 2.2 66.5 108.0 112.2 15.7
stg 2,3 6.3 2.8 4.6 2.4 67.9 100.2 104.5 10.4
stg 2.4 7.1 3.0 7.8 3.1 64.8 108.9 119.1 14.2
stg 3 6.4 2.9 4.8 1.9 717.7 112.4 119.5 12.5
stg 3,4 5.8 2.5 4.0 1.9 48.9 111.7 113.6 18.1
stg 4 7.1 2.8 4.9 2.0 55.0 103.5 108.5 9.8
BTx642 2.6 1.6 2.7 1.5 61.7 131.2 135.0 16.2
Tx430 2.5 1.3 2.3 1.0 70.7 95.2 105.3 33.5
Tx7000 7.3 2.6 6.8 2.0 58.5 119.3 123.7 12.6

Mean 6.1 2.5 4.7 2.0 65.3 108.8 113.9 16.7

LSD 1.9 0.7 2.3 0.8 37.7 31.9 33.8 16.6

*LSD- least significant difference; ns —not significant
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Table 4.7. Pearson correlation coefficients between lesion length, dhurrin and leaf sugars
across genotypes with varying stay-green QTLs evaluated against infection by Fusarium

thapsinum and Macrophomina phaseolina.

Correlation (7)

Traits MLM* MLF®  Dhurrin Fructose Glucose Sucrose
MLM -
MLF 0.49%** -

Dhurrin -0.05 0.03 -

Fructose -0.06 0.00 -0.09 -

Glucose -0.05 0.01 -0.03 0.99%** -

Sucrose -0.11%* -0.04 0.417%** -0.20% -0.25%** -

* Significantly different from zero (P < 0.05);
*#* significantly different from zero (p < 0.001)
*Lesion length for F. thapsinum

® Lesion length for M. phaseolina
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Figure 4.1. Mean lesion length of recombinant inbred lines varying at stay-green QTL loci as compared to the parental checks at
Manhattan 2012
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Figure 4.2. Mean lesion length of recombinant inbred lines varying at stay-green QTL loci as compared to the parental checks at
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Manhattan 2013.
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Appendix A - Number of nodes crossed

and Number of Stg QTL Blocks

Table A.1. Number of nodes crossed following inoculation with M. phaseolina and F.

thapsinum as affected by stg QTL blocks.

Manhattan 2012 Manhattan 2013 Ottawa 2013 Combined
environment
Genotypes NNCF* NNCM® NNCF NNCM NNCF NNCM NNCF NNCM
stg 1 1.5 0.3 1.4 0.2 09 09 1.1 0.5
stg 1,2 1.2 0.7 1.5 0.9 1.2 1.3 1.3 1.1
stg 1,2,3 1 0.7 1.4 09 1.3 0.8 1.3 09
stg 1,2,4 1.3 0.7 1 0.3 1 0.8 1 0.6
stg 1,3 0.1 0 1.2 0.6 1 1 1.1 0.8
stg 1,3,4 1.4 0.2 1 0.6 0.6 1 0.8 0.8
stg 1,4 0.2 0 0.8 0.1 1.8 1.2 1.3 0.7
stg 1,2,3.4 1.4 0.4 0.5 09 0.6 0.3 0.6 0.6
stg 2 1.5 0.4 1.7 0.5 1.2 09 1.4 0.7
stg 2,3 1.1 0 1.4 0.5 1.8 1.4 1.6 09
stg 2.4 1.7 0.6 1.2 1.3 0.6 1 09 1.1
stg 3 1.5 0.1 1.4 0.6 1.2 0.3 1.3 0.5
stg 3,4 1.2 0.5 1.2 04 1.2 1 1.2 0.7
stg 4 1.9 09 1.4 0.5 1.6 1 1.5 0.8
BTx642 0.6 0 0.4 0.2 0.1 0.3 0.2 0.3
Tx7000 0.3 1.3 1 0.3 1.5 2 1.3 1.1
Mean 1.1 04 1.1 0.5 1 09 1.1 0.7
‘LSD ns ns ns ns ns ns ns ns

*Number of nodes crossed by Fusarium thapsinum
®Number of nodes crossed by Macrophomina phaseolina
‘LSD- least significant difference; ns —not significant
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Table A.2. Mean disease rating (lesion length) following inoculation with M. phaseolina

and F. thapsinum and leaf sugar content as affected by the number of stg QTL blocks

F. thapsinum M. phaseolina Leaf sugars
lesion lesion
length length Dhurrin ~ Fructose Glucose Sucrose
Genotypes (cm) Control (cm) Control pg/em? pg/em’  pg/lem’  pg/em?’
Combined Analysis
1 5.1 2.3 6.6 2.7 72.7 106.2 110.8 21.5
2 53 2.2 6.2 2.8 57.4 108 112.6 13.8
3 5.5 2.5 6 2.8 79.9 108.5 115.9 16.9
4 4.4 2.2 59 34 47.2 107.4 110.8 17.8
BTx642 3.2 1.6 33 1.6 63.9 119.7 124.4 14.2
Tx7000 7.8 24 7.8 3.2 40.3 107.7 110.6 11.5
Mean 52 2.3 6.2 2.8 64.6 108.2 113.2 16.6
’LSD 1 0.4 0.9 0.5 18.7 ns ns 8.7
Manhattan 2012
1 6.4 2.8 4.7 24
2 5.8 2.3 4 2.5
3 5.1 2.5 5.1 2.8
4 6.1 2.6 4.3 2.6
Mean 5.8 2.4 4.7 2.4
LSD ns ns ns ns
Ottawa 2013
1 6.5 24 6.3 2.2 75.7 107.9 111.9 24.5
2 6.6 2.6 6.5 2.2 54.5 106.9 111.3 12.5
3 7.1 2.7 6.6 2.2 89.8 110.3 118.6 17.7
4 5.7 2.6 5.4 2.1 43.1 106 109.5 18.1
Mean 6.6 2.6 6.4 2.2 67.7 107.9 113 17.6
LSD ns ns ns ns 20.4 ns ns 9.9
Manhattan 2013
1 7 2.6 4.4 2 69.7 104.5 109.7 18.5
2 6 2.6 5.5 2.1 60.4 109.2 114 15.1
3 5.8 2.6 4.7 2.2 70 106.7 113.3 16.1
4 55 2.8 3.6 1.8 51.3 108.7 112.1 17.5
Mean 6.2 2.6 4.9 2.1 64.5 107.3 112.4 16.5
LSD ns ns ns ns ns ns ns ns

*LSD- least significant difference; ns —not significant
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