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ABSTRACT

Finger millet (Eleusine coracana) is an importance food crop in Africa and Asia. Its grain
is richer in protein, fat and minerals than other major cereals. The parasitic weed Striga
hermonthica (Del.) Benth seriously limits finger millet production. The damage of Striga
to cereal crop is more severe under drought and low soil fertility. The main objectives of
this study were to: (i) assess the effect of Striga infestation on finger millet based on
agro-morphological traits, (ii) determine genetic basis of resistance of finger millet to S.
hermonthica using genome-wide selection with single nucleotide polymorphism (SNP)
markers through Genotyping by sequencing (GBS) and (iii) determine genetic diversity
among the selected finger millet genotypes against S hermonthica. One hundred finger
millet genotypes were evaluated for resistance against S hermonthica (Del) Benth under
field conditions at Alupe and Kibos sites in Western Kenya. The genotypes were planted
in control and experimental plots inoculated with Striga and plant growth monitored to
maturity. All accessions were genotyped-by-sequencing (GBS) and data analyzed using
the non-reference based Universal Network Enabled Analysis Kit (UNEAK) pipeline.
Genome wide association studies (GWAS) were done to establish the association of
detected SNPs with Striga resistance based on field results. Statistical analysis of
phenotypic data using Statistical Analysis System (SAS) PROC ANOVA revealed highly
significant differences among genotypes for morphological traits at P<0.05. Six
genotypes showed high resistance to Striga with a mean Striga count of O while the most
susceptible genotype had Striga count mean of 69.17 at maturity. In molecular analysis
117542 SNPs from raw GBS data used in GWAS revealed that markers TP 85424 and TP
88244 were associated with Striga resistance in the 95 genotypes. Principal Component
Analysis revealed that the first and third component axes accounted for 2.5% and 8% of
total variance respectively and the genotypes were distributed according to their reaction
to Striga weed. Genetic diversity analysis grouped the 95 accessions into three major
clusters containing 32 (A), 56 (B), and 7 (C) genotypes each. All finger millet genotypes
that showed resistance to Striga in the field were from cluster B while the most
susceptible genotypes were from cluster A. Results revealed genetic variation for Striga
resistance in cultivated finger millet genotypes and hence the possibility of marker —
assisted breeding for the trait. It is suggested that more studies including more genotypes
and wild relatives be carried out to understand further the resistance to Striga in Eleusine
genera.
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CHAPTER ONE
INTRODUCTION

1.1 Background information

Finger millet (Eleusine coracana, L. Gaertn) is one of the staple foods for many
predominantly peasant communities in the semi-arid tropics of Africa (ICRISAT/FAO,
1996; Obilana and Manyasa, 2002; Oduori, 2005). It is consumed in the form of several
products such as fermented and non-fermented porridge, pancake-like flat breads,
fermented alcoholic and non-alcoholic beverages (Murty and Kuman, 1995;
ICRISAT/FAO, 1996). The grains may also be malted and a flour of malted grain used as
food for infants and the elderly (NRC, 1996).

It is the second most important millet grown in Eastern, Central and Southern Africa
(House, 1995; Van Wyk and Gericke, 2000; Obilana, 2002). Due to its nutritive
components, finger millet ranks fourth among other millets of the world (Obilana and
Manyasa, 2002). It is the third most important cereal food crop after maize and sorghum
in the North Rift Valley province of Kenya (MoALD, 1994).

Finger millet is productive in a wide range of environmental conditions and is able to
tolerate annual precipitation of 290 to 422 mm, annual temperature of 11.1°C to 27.4°C
and pH of 5.0 to 8.2 (Duke, 1979; ICRISAT/FAOQ, 1996; Holt, 2000), spanning from the
Himalayas in Nepal, India, and throughout the middle-elevation areas of Eastern and
Southern Africa. In Kenya, the main production areas are located west of the Rift valley
(Oduori, 1993).

The two sulphur containing amino acids, (i.e. methionine and cysteine) are lacking in the
diets of millions of the poor who live on starch foods other than millet and cassava
(Oryokot, 2001). It is mitigates against protein malnutrition, particularly kwashiorkor.

Finger millet is also rich in calcium, iron, phosphorus and manganese (Holt, 2000).

It is grown on over 4 million ha worldwide and is a primary food for millions in dry lands
of East and Central Africa, and Southern India (Anon et al., 2004). Finger millet can
grow on any soil type as long as the rainfall is higher than 800 mm per annum (Van Wyk

and Gericke, 2000) and has the ability to utilize rock phosphate better than other cereals



(Flack et al., 1987).

Finger millet commands a high market price compared with other cereals in East Africa
(Holt, 2000; Taken et al., 2002; Obilana et al., 2002). However, it is labour intensive
especially during weeding because of its wild relative Eleusine indica, which is usually
confused with Eleusine coracana, due to close similarity limiting its commercial
production (Rohrbach, 1991). According to Agrawal, (1993); Musonga et al., (1993);
Mitaru, (1993) low finger millet production is due to processing (de-hullers), labour
during cultivation, poor technology, with research priority given to maize than finger
millet and non-adoption of new technologies such as row planting. Oduori (2001)
reported that farmers planting improved varieties and adopting improved management

practices could imrove yields of finger millet in Keya.

As explained by CGIAR, (2001), lack of improved varieties, pests and diseases, limited
uses, competition from other crops with better economic returns and lack of commercial
food products are major limiting factors in finger millet cultivation. Among the poor
technologies is the problem of farmers growing land races with low yield genetic
potential (Oduori, 1993).

The major biological constraint to increased and a serious threat to sorghum and millet
production in small holder (SH) sector in sub-Saharan Africa and India as explained by
DeVeries and Toenniessen, (2001), (Rispail et al. (2007), and Teka, (2014) is attack by
Striga or witch weeds. The genus Striga consists of obligate hemiparasitic root parasite,
some of which are serious agricultural pests (Parker, 2009). S. hermonthica (Del.) Benth
and S. assiatica (L.) Kuntze are particularly harmful to sorghum, maize and millet, but is
also increasingly being found in sugar cane and rice fields (Stroud, 1993; Rodenburg et
al., 2006; Aly, 2007; Ejeta, 2007; Scholes and Press, 2008; Atera and Itoh, 2011). Crop
yield losses may be up to 100% when a susceptible cultivar is grown under high level of
infestation (Obilana and Rammaiah, 1992; Haussmann et al., 2000). Parasitic weeds are
problematic in Agricultural Production Systems (APS) in the world today as they
compete with crops for nutrients, water and by habouring disease causing organisms
(Parker and Riches, 1993; Press and Graves, 1995). The parasitic weeds penetrates the

roots of the host plants depleting them of essential nutrients for growth resulting to



stagnation and finally low yields (Watson et al., 1998; Mohamed et al., 2006; Parker,
2009).

In Kenya, Striga infects about 210,000 ha causing an annual crop loss of US $40.8
million (Gethi et al., 2005; Vanauwe et al., 2008). These losses largely depend on the
level of infection crop variety, soil fertility and rainfall patterns (Melker et al., 2007). The
greatest impact of the parasite is on the infertile soils and the most affected are the
subsistence farmers (Kabambe et al., 2008). The control of Striga hermonthica in cereals
has proven elusive. Economically feasible and effective technologies are still to be
developed (Debrah, 1994) for the cash strapped subsistence farmers in most Striga —

stricken areas.

The analysis of genetic variation therefore becomes an essential part of plant genetics and
crop improvement programs. According to Rafalski (2002) DNA polymorphisms can
directly be related to phenotypic differences which could be genetically linked to its
causative factor, or indicate relationships between individuals in populations. Allelic
variations within a genome of the same species can be classified into three major groups
that include differences in the number of tandem repeats at the particular locus such as
microsatellites, or simple sequence repeats (SSRs) (Weber and May, 1989), segmental
insertions/deletions (InDels) (Ophir and Graur, 1997), and SNPs (Wang et al., 1998). In
order to detect and track these variations in the individuals of a progeny at DNA level,
researchers have been developing and using genetic tools called molecular markers
(Botstein et al.,1980).

Genetic diversity has several ‘indicators’, which are measured using various tools such as
classical or Mendelian genetic analysis, that can be employed to evaluate variation in
single known gene (qualitative traits), such as resistance to diseases (Smale and Mc
Bride, 1996). Classical plant breeding uses the deliberate interbreeding of closely related
individuals to produce new cultivars with desirable traits. As it needs a long period and
several generations to select and evaluate useful genotypes, classical breeding could be
limited to address global food security and meet the increasing requirements of food

demands (Tester and Langridge, 2010).



Molecular plant breeding is the applications of molecular biology or biotechnology to
improve or develop new cultivars, which includes two major approaches, marker-assisted
selection (MAS) and genetic transformation (Moose and Mumm, 2008). MAS is a
process whereby molecular markers are used for the indirect selection on traits of interest
in crops and being a critical and effective method, has widely been applied in plant

breeding to enhance crop yield, quality, and tolerance to biotic or abiotic stresses.

The DNA markers have been used to evaluate genetic diversity in different crop species
(Cooke, 1995). Various molecular markers are being used for fingerprinting such as
Restriction Fragment Length Polymorphism (RFLP) (Dubrail and Charcosset, 1998),
Random Amplified Polymorphic DNA (RAPD) (Williams et al., 1990), microsatellites
(Smith et al., 2000) and Amplified Fragment Length Polymorphism (AFLP) (Agarwal et
al., 1999). Some of these techniques are robust and reliable (e.g., RALP and AFLP),
quick (e.g., RAPD) while others are quick and reliable (e.g., microsatellites or Simple
Sequence Repeats (SSR). The main limitation in the use of RFLP and AFLP markers is
hybridization, radioactivity, time consuming, requires large amount of DNA and limited
by the number of available probes (Bernatsky and Tanksley, 1986; Kochert, 1994; Vos et
al., 1995). PCR-based molecular markers such as microsatellites and RAPD have been
widely used in many plant species including finger millet for identification, phylogenetic
analysis, population studies and genetic linkage mapping (Hilu, 1995; Salimath et al.,
1995).

The SSR markers offer many advantages such as higher frequency of polymorphism,
rapidity, technical simplicity use of fluorescence, requirement for only a few nanograms
of DNA, compatible for high throughput genotyping and feasibility of automation
(Semang et al., 2006). Therefore, SSRs has been used to analyze the genetic relatedness
in several crop species (Varshney et al., 2001) but the cost of detection has remained high

and also need prior sequence information (Powell et al., 1996).

Several low cost, high throughput methods that combine next generation sequencing with
reduced-representation have been developed (Van et al., 2007; Morishije et al., 2013).

Although complexity reduction of polymorphic sequence (CroPs) and restriction site



association DNA sequencing (RAD) technologies are powerful tools to detect SNPs, they
can hardly be called high throughput (HTP), because on an average only ~1000 SNPs in
genome pass stringent quality control (Mammadov et al., 2010). While the numbers are
enough to generate genetic linkage maps of reasonable saturation and carry out
preliminary QTL mapping, they are not adequate to implement genome-wide association
studies (GWAS). Discovery of a large number of SNPs using GBS was demonstrated in
maize (Narechania et al., 2009) and sorghum (Nelson et al., 2011) which not only
increases the sequencing throughput by several orders of magnitude but also has high

multiplexing capabilities (Elshire et al., 2011).

GBS has been developed as a low-cost approach for reduced representation sequencing
(Elshire et al., 2011; Poland et al., 2012) and demonstrated as a simple and robust method
for genome-wide profiling of complex populations (Chen et al., 2013; Lu et al., 2013).
GBS uses restriction enzymes such as Mstl, Pstl or Apekl to reproducibly capture a
targeted portion of the genome enabling high levels of multiplexing while obtaining
sufficient sequencing coverage and has been successfully applied for a range of studies
including genetic mapping (Elshire et al., 2011; Poland et al., 2012), assaying genetic
diversity, population structure, and genomic selection (Baird et al. 2008; Lu et al., 2013).
To eliminate a large portion of repetitive sequences, a type Il restriction endonuclease,
Apekl, is applied to digest DNA prior to sequencing to generate reduced representation
libraries (genome complexity reduction component), which are further subjected to
sequencing (Elshire et al., 2011). Thus targeted portion of the genome flanking restriction
site is ligated to DNA-barcoded adaptor that enable multiplexed sequencing of many

individuals on a single sequencing run.

To date the use of GBS approaches has largely focused on sequencing with the Illumina
GAIl and Hiseq platform which generates tens to hundred thousands of the genotyped
SNP markers, ready for genetic analysis (Poland and Rife, 2012). The key components of
this system are: reduced sample handling; few PCR and purification steps; no DNA size
fractionation and barcoding; simultaneous marker discovery. Opportunities to apply
markers to breeding or conservation biology that were often limited by the availability of
appropriate bioinformatics tools have been addressed through implementation of a GBS



analysis pipeline in the Java program TASSEL (Bradbury et al., 2007) (version 4) which
is specifically tailored to the GBS protocols of Elshire et al., (2011) or Poland et al.,
(2013) and Morris et al., (2013). Furthermore, the Tassel-GBS pipeline is not limited to
specific restriction enzymes but works on nearly any restriction enzyme and barcoding
approach, provided that sequence reads commence with the barcode immediately

followed by the remnant of the restriction enzyme cut site (Mascher et al., 2013).

1.2 Statement of the problem

The major biological constraint to increased sorghum and millet production in small
holder (SH) sector in Africa is attack by Striga or witch weeds (DeVeries and
Toenniessen, 2001). The presence of Striga and its interaction with host plant can lead to
high yield loss of between 10-70%, especially under heavy infestation depending on crop
cultivar (Lagoke et al., 1991). Research on Striga control has been carried out for a long
time and a wide range of technologies developed that have not been widely adopted due
to mismatch between technologies and the farmers’ socio-economic conditions (Atera et
al., 2011). Strategies for Striga control require expensive resource investment in the form
of labour, chemicals and equipment which most of the SH farmers cannot afford
(Chivinge, Mashingaidze and Mujuru 1995; Kasembe, 1999). Also the low adoption of
the control practices are as a result of limited knowledge of the problem, its biology, the
labour or resource to make the needed investment, an uncertainity of potential control and

return to investment, and an unwillingnessto make the long

The control of the weed has also been difficult because of its high fecundity and it’s
biology that allows the seed to remain viable underground for more than 10 years
allowing it to persist and increase in magnitude (Van Ast & Bastiaans, 2006; Hearne,
2009). Also complete control of Striga on cereals has been a challenge to scientists for a
long time and therefore the need to search for farmer satisfying strategies. For a long time
crop improvement through conventional breeding has been going on at slow pace
especially for traits controlled by quantitative gene action like Striga resistance. This is
because of the fact that finger millet mainly is self-fertile with some amount of cross
pollination (1%) mediated by wind (Jansen and Ong, 1996). The major challenge
therefore is to develop methods or varieties that will help small scale farmers control



Striga effectively within a sustainable and profitable farming system (Doggett, 1988).
According to Scholes and Press, (2008), the use of resistant crop cultivars is considered
to be one of the most effective strategies. However, their effective deployment has been
limited due to lack of understanding of genetic and phenotypic basis of adaptation of
Striga population to their hosts. PCR-based molecular markers such as microsatellites
and RAPD have been widely used in many plant species including finger millet for
identification, phylogenetic analysis, population studies and genetic linkage mapping
(Hilu, 1995; Salimath et al., 1995). However, the cost of detection has remained high in

SSR and also need prior sequence information (Powell et al., 1996).

Therefore knowledge of the extent and distribution of genetic variation within finger
millet could be an important tool for efficient collection, conservation and development
of improved crops against Striga together with other environmental stress. Also because
food security is at the heart of sustainable development in the region there is need to
apply research interventions and solutions that will increase crop productivity to
counteract the effects of food insecurity and climate changes. Since finger millet does not
have reference genome determination of polymorphism was done using genotyping by
sequencing (GBS) through TASSEL (Universal Network Enabled Analysis Kit) UNEAK
pipeline. The method has the potential to simultaneously discover and score segregating

markers in populations of interest.

1.3 Justification

Finger millet is usually tolerant to low rainfall, and therefore is more suitable for
cultivation in arid and semi-arid areas just like sorghum compared to other grain crops
(Rukuni et al., 2006). With the current climatic trends, drought resistant crops such as
finger millet will be relied on to feed the worlds expanding populations (Bisht and
Mukai, 2002). The crop is also known to have insignificant pest problems in comparison
to other cereals as reported by Shakya et al., (1991). The control methods have been tried
out with no conclusive and consistent results for the subsistence farmer due to the
difficulty to deplete huge amount of seeds that have accumulated and continue to
accumulate in the seed bank over years (Tenywa et al., 1999). Unfortunately, Striga
poses a major setback to finger millet production.



According to Sorrells et al. (2003) and Proba et al. (2009), the use of modern crop
improvement tools such as genomics to transfer genes from model species to the species
of interest, and genetic mapping in order to identify genes controlling traits of interest can
provide a more timely and robust response to crop production threats. It also provides
added opportunities to develop crop varieties with multiple stress resistance. Use of crop
cultivars that are resistant to Striga will provide most effective strategies to till with food
insecurity in Kenya and neighbouring states. Therefore an approach incorporating most
resistance mechanisms and screening approaches would be the way forward to the overall
management of Striga. In Kenya, there are no finger millet varieties that have been
developed to withstand Striga attack. Therefore, identification and adoption of Striga
resistant genotypes could be a feasible cost-effective solution to finger millet production
in soils infested by Striga.

This study undertook to screen Kenyan and International finger millet accessions for
Striga resistance, investigate the genetic basis for resistance and then determine the
overall genetic diversity among the finger millet germplasm using genotyping-by-

sequencing protocol.

1.4 Objectives

1.4.1 General objective
To determine variations in finger millet genotypes in response to Striga infestation under
field conditions and relate to genetic diversity through molecular characterization.

1.4.2 Specific objectives
l. To determine the effect of Striga infestation on finger millet agro-morphological

performance

Il. To determine the genetic basis of finger millet resistance to Striga hermonthica in
the selected germplasm through Genotyping by sequencing.

II. To determine genetic diversity among finger millet genotypes showing resistance
and susceptibility to Striga using general linear model GLM and mixed linear
model MLM.



1.5 Research hypothesis
The study was based on the following alternative hypotheses:-
I.  Striga infestation on many finger millet would have adverse effect on agro-
morphological traits performance.
Il.  Using GBS, it is possible to identify genetic sites involved in Striga control in
finger millet.
I1l.  There is significant genetic diversity among finger millet germplasm that can be
useful in breeding for Striga resistance.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Origin and distribution of finger millet

Finger millet is indigenous to eastern Africa, where the oldest domesticated form of the
crop was found in a pre-historic site Axum hills of Ethiopia and Uganda dating back
5000 years (National Research Council, 1996; Consultative Group on International
Agricultural Research, 2001; Bennetzen et al., 2003). According to Bennetzen et al.,
2003, tremendous diversity in the crop exists in this region. De Wit et al. (1984)
recognized five races that is to say Eleusine, Elongata, Plana, Compcta and Vulgaris, of
which Eleusine is the most widely cultivated. According to ICRISAT (2008), finger
millet is the most important minor millet in the tropics and grown in more than 25
countries where Africa and Asia, accounts for 12% of the global millet area. It is a
potential and nutritious crop for the increasing world population, particularly in arid and
semi-arid regions where it is usually ranked third in cereal production, after sorghum and
pearl millet (Bisht and Mukar, 2002).

The crop was introduced to India at a very early date, probably over 3000 years ago
(FAO, 1995). The annual worldwide production of finger millet is about 4.5 million tons,
equally divided between India and Africa (M.S Swaminathan Research Foundation India
2003), grown on approximately 3.8 million hectares (Anon et al., 2004). In Eastern
Africa, finger millet is grown in Uganda, Kenya, Tanzania, Rwanda and Burundi in
Eastern region of Democratic Republic of Congo and also in Ethiopia, Sudan and
Somalia (Obilana et al., 2002).

Kenya and Uganda are among the leading producers of finger millet in Africa and
worldwide. In Uganda about 600,000 ha is devoted to finger millet, while in Kenya it is
about 65,000 ha (Taken et al., 2002; FAOSTAT, 2008). In Kenya it is grown in Western,
Rift Valley, parts of eastern and Nyanza Provinces (M’Ragwa, 1986; Pinto, 1982). It is
also grown in West Africa, India, and other Asian countries including Sri Lanka and
China (Fakruchin et al., 2004) of which major producers are, India, Nepal and China

(ICRISAT, 2008). Table 2.1 shows millet acreage and production in Africa relative to
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other regions of the world. Acrearage is high however, production is very in Africa
relative to Asia. Finger millet also an important cereal in the Southern African
Development Community (SADC) countries of Tanzania, Zambia, Malawi and
Zimbabwe and is back up “famine food” as far south as Mozambique (Gomez, 1993;
National Research Council, 1996).

Table 2.1: Millet acreage and production in Africa relative to other regions of the
world, 1992-1994

Region/Country Area (million ha) Production (million tons)
Whole of AFRICA (28 countries) 18.50 11.36
East & Central Africa (8 countries) 3.36 2.01
Southern Africa (10 countries) 1.20 0.75
West Africa (10 countries) 13.94 8.60
ASIA 16.99 15.17
India 13.95 10.70
China (mostly foxtail millet) 1.90 3.67
USA (mostly proso millet) 0.15 0.18
Argentina (mostly proso millet) 0.04 0.06
World (all cultivated millet species) 38.10 28.38

Source: ICRISAT/FAO 1996

Poor research attention has been paid to improvement of finger millet, particularly in
Africa as is evident from the scarcity of literature on the crop. The poor research attention
on the crop include lack of international research and political support in sub-Saharan
Africa and Asia. Because of little research effort on the crop, the yield of finger millet on
farmers’ fields in Kenya is low ranging from 500 to700kg ha! (Mitaruet al., 1993 and
Taken et al., 2002). Slightly higher yields ranging between 680 and 1000kg ha*have been
reported in Uganda and India under rainfed conditions (Tenywa et al., 1999and
FAOSTAT, 2008). The higher yield in Uganda partly explains the higher production in
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Uganda than Kenya (Table 2.2)

Table 2.2: Kenya and Uganda finger millet eight years annual production in tons.

Year 2000 2001 2002 2003 2004 2005 2006 2007

Kenya 44600 44600 72200 63000 50500 53100 68700 50000
Uganda 534000 584000 590000 640000 659000 672000 687000 732000

(Data Source: FAOSTAT (2008)

2.1.1 Ecology of finger millet

Finger millet is an important staple crop in many parts of Africa (AGPC, 2008), where it
can grow on any soil type competing with maize for the best agricultural land in regions
between 900 and 1200mm of annual rainfall (de Wet, 1995a and Van Wyk and Gericke,
2000) and is able to produce some yield during times of drought. It has ability higher to
utilize rock phosphate better compared to other cereals (Flack et al., 1987). The crop is
productive in a wide range of environmental conditions being able to tolerate annual
temperature of 11.1 to 27.4°C and pH of 5.0 to 8.2 (Holt, 2000 and ICRISAT/FAO, 1996)
spanning from the Himalayas in Nepal, India, and throughout the middle-elevation areas
of Eastern and Southern Africa (Holt, 2000). Millets are Cs plants which have
competitive advantage over Cs plants under conditions of drought, high temperature,
nitrogen or carbon (IV) oxide limitation (Roder, 2006; Osborne and Freckleton, 2009). Ca4
plants utilize their specific leaf anatomy, known as Kranz anatomy, to fix Carbon (1V)
oxide around rubisco thus reducing photorespiration (Holt, 2000; Osborn and Beerling,
2006).

2.1.2 Production in Kenya

Finger millet yields are variable, compared to other cereals, but are generally good
(National Research Council, 1996). Its yields on farmers’ fields are generally low, just
about 15-16% of their theoretical maximum in Kenya (Takan et al., 2002). The yield has
been declining since 1978 with a greater variation in hectarage than production (Mburu,
1989). According to Mitaru et al., 1993 the grain yields has been ranging between 500-
750 kg hal. In North Rift Valley region of Kenya yields range from 0.5-0.9 ton ha
(MoALD Report, 1994). Under irrigated conditions in field trials, yields of up to 5-6 tons
ha! of variety P224 was obtained (National Research Council 1996). However, yield
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performance trials have shown that finger millet variety Gulu-E had a yield potential of
1.9 tons ha compared to the local variety which yielded 0.3 tons ha™at Kodich under
agro-ecological zone (AEZ) Lower midlands (LMas) in West Pokot District which is a
semi-arid zone. Finger millet variety P224 had a yield potential of 4.8 tons ha* at Alupe
Lower highlands (LH, AEZ) and 5.8 tons ha™* at Mtwapa, Coastal lowlands (CL; AEZ),
according to KARI, (1992). Zimbabwe produces between 45,000 and 90,000 tons from
hectarage of 90,000 to 130,000 yr with yields of between 350 and 750 kg ha™ using
variety I.E 4491, I.E 4497, |.E 5306 and I.E 6337, (Rohrbach and Mazvimavi, 1993).

2.1.3 Morphology of Finger millet

The numerous races under cultivation are primarily divided into purple and green types.
The spikes are divided into straight or open, curved or closed and branched. The length of
ear-heads is 5-10cm. The seed is globose about 2mm in diameter and having a range of
colours from deep brown to shade of orange-red to almost white or black. The plant
height range from 0.45m to 1.3m tall and from poor tillering to profuse tillering. The leaf
blades are shiny green, strongly keeled and difficult to break. They are 22 to 50 cm long
and 0.6 to 1.0 cm wide. The plant has an exceptionally strong root system that is difficult
to pull out of ground (Van Wyk and Van Oudtshoorn, 1999).

2.1.4 Utilization
As food, the grain has good taste and is a dietary source of two sulphur containing amino

acids methionine (~5%) and cysteine, an amino acid lacking in diets of many poor
people’s carbohydrates staples and therefore can mitigate against protein malnutrition
particularly kwashiorkor (Orykot, 2001). Finger millet is also rich in calcium, iron,
phosphorus, copper and manganese than maize and its sprouted seeds are nutritious and
easily digested, hence recommended for expectants, lactating mothers, infants and elderly
in tropics as well as providing a sustaining diet for people doing hard work, management
of measles and anemia (NRC, 1996; Holt, 2000). According to NRC, (1995), the grain’s
protein content (7.7%) is comparable to that of rice (7.9%), but the main protein fraction
(eleusinin) has high biological value, with good amount of tryptophan, cysteine,
methionine, and total aromatic amino acids, which are crucial to human health and

growth and are deficient in most cereals.
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Regular consumption of finger millet is known to reduce the risk of diabetes due to
lowering of plasma glucose level in comparison to rice and wheat and gastro-intestinal
tract disorders which could be attributed to polyphenols and high dietary fiber content or
presence of anti-nutritional factors in the whole finger millet flour that reduces starch
digestibility and absorption (Kumari and Sumanthi, 2002). Amruthmahal et al., (2003)
finding that finger millet has the highest total rapidly digestible starch (RDS), compared
to rice, wheat, and sorghum grain added to explanation on why it is used for diabetes
management. The high nutritive value, gives finger millet some medicinal value, making
it important cereal for community-based health care programs and children feeding

schemes in rural institutions in developing countries.

According to Haore et al. (2007), it is also used in traditional medicine as an internal
remedy for leprosy or liver disease. Finger millet in Africa is used to make traditional
beer because its amylase enzymes rapidly convert starch to sugar, that is subsequently
converted to alcohol, hence it is only second to barley, the world premier beer grain (Van
Wyk and Gericke, 2000). The straw makes good fodder and contains up to 61% total
digestible nutrients-better than pearl millet, wheat, or sorghum (Duke, 1979). It is sold for
cash and in cultural value, for example in special ceremonies like weddings and paying of
bride price (Oduori 1993; NRC, 1996). Table 2 presents nutrient composition of
sorghum, finger millet and other cereals in which case finger millet has highest amount of

crude fibre and calcium.

Table 2.3: Nutrient composition of sorghum, millets and other cereals

Cereal Protein Fat Crude fibre Carbohydrate Energy Calcium Iron
(9 @ (9 (9 keal (mg) (mg)
Rice (brown) 7.9 2.7 1.0 76.0 363 33 1.8
Wheat 11.6 2.0 2.0 71.0 348 30 35
Maize 9.2 4.6 2.8 73.0 358 26 2.7
Sorghum 10.4 3.1 2.0 70.7 329 25 5.4
Finger millet 7.7 15 3.6 72.6 336 35 3.9

Source: FAO (1995)

2.1.5 Importance of small grains to household food security
According to Taylor (2003); Alumira and Rusike (2005) and FAO (2008), sorghum and

millet are vitally important cereals for the maintenance of food security in Africa due to
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their high levels of adaptation to African conditions as much as the two are under
researched compared to other cereals. In view of that, Taylor (2003) advocated for proper
research in sorghum, pearl millet and finger millet that could play an important role in
offering better long-term food security than maize because they are indigenous African
cereals hence are well adapted to African semi-arid and sub-tropical agro-ecological
conditions. The same considerations were mentioned earlier by Rohrbach (1991) that
sorghum and millet represent potential staple food for many of the poorest farm
households in semi-arid areas. FAO (2006) suggested that although Zimbabwe’s Natural
Regions (NR) IV and V are considered inappropriate for dry land cropping, however
drought tolerant crops such as sorghum, pearl millet (mhunga) and finger millet (rapoko)
are suitable crops that can be grown by smallholder farmers in these regions. More so in
the event of severe drought, maize can be destroyed yet drought tolerant small grain
cereals such as sorghum and millet can yield some food for subsistence (Van Wyk and
Gericke 2000; Rukuni et al., 2006).

2.2 Origin, occurrence and distribution of Striga

Striga hermonthica (Del.) Benth originated in Nuba mountain of Sudan and in parts of
Ethiopia which are also known to be the origin of sorghum and pearl millet that are
readily infected by the weed (Ejeta, 2007; Atera and Itoh, 2011). S. hermonthica is
widespread in sub-Saharan Africa, and found throughout West Africa to Ethiopia,
Uganda and Kenya in East Africa (Mohamed et al., 2001). It is most common on heavy
black cotton soils particularly in the densely populated regions of Nyanza and Western
Province Kenya, eastern and northern Uganda (Ebiyau et al., 2000; MacOpiyo et al.,
2010). The weed was also confirmed by Hassan and Ransom (1998), to be on the
increase in maize in the moist transitional zone in Kenya with a total affected area
approximating to 400,000 ha. According to Oswald (2005), Striga has been in existence
in farmers’ fields in Western Kenya since 1936. Ayensu et al. (1984), reported serious
crop losses due to Striga in the following regions of the world, Gambia, Senegal,
Mauritania, Togo, Ghana, Tanzania, Botswana, Zwaziland, Mozambique and more

locally elsewhere in Africa, Asia, Australia and the USA.

Striga adapts very quickly to different hosts and environment attaining up to 50%
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germination under moisture regimes described as permanent wilting point for its host,
illustrating the serious consequences the parasite can have in arid regions (Dawoud and
Sauerborn (1994). It can tolerate wide ranges of day/night temperatures 25°15°C-
40°/30°C, making it a successful parasite throughout its range (Patterson et al., 1982).
The ability of S. hermonthica to withstand a wide range of climatic conditions (Welsh
and Mohamed, 2011) and parasitize different hosts (Ali et al., 2009) qualifies it to be
considered among the most widely distributed known witch weeds with real invasive
potential threatening cereal production worldwide (Mohamed et al., 2006). It has spread
in Africa south to Angola, and north to Delta zones in Egypt. Striga has also extend its
range outside the continent to Yemen and Saudi Arabia (Mohamed et al. 2001).
Generally, Striga spp. grows in areas with annual rainfall varying from 25-150 cm per
year with decrease in severity of infestation in areas of high rainfall (Mohamed et al.,
1998). It is also favoured by conditions such as continuous cultivation of cereal crops,
overused, depleted and infertile soils and soil moisture stress conditions (Khanet et al.,
2007).

2.2.1 The Striga seed

Striga seeds are minute, with the average seed size being 0.2 mm wide and 0.3 mm long.
A single Striga plant can produce up to 10,000- 500,000 seeds in one season (Ariga et al.,
1997; Koich et al., 2010). The seeds are dispersed by wind, water, cattle, man and farm
machinery like tractors (Euserink, 1995). The seeds can stay in the soil for 15 — 20 years
and can remain viable longest in soils that are usually dry where just a fraction seeds
germinate in any season in the presence of a host (Berner et al., 1995, 1997; Ariga et al.,
1997).

2.2.2 Life cycle of Striga spp.

Most Striga and Orobanche species show a large genetic diversity and complexity due to
co-evolution with host (Botanga et al., 2006; Roman et al., 2000a). For germination to
occur Striga seed requires a period of pre-treatment, conditioning in moist warm
environment for 2 to 16 days before they have the potential to germinate (Longan and
Stewart, 1991; Koua et al., 2011a). Following this period, seeds germinate in response to

molecules calle6 strigolactones, 6ihydrosorogoleone, sesqluterpene, Kinetin, coumarin,
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jasmonate, ethylene and fungal metabolites (hydroquinones) which are released by host
plant roots into the rhizosphere (Shen et al., 2006; Yoneyama et al., 2010; Cardoso et al.,
2011). The root tips of the parasite develops radial swelling and haustorial hairs that
function as attachment anchors and penetration pegs (Keyes et al., 2001). Successful
parasitic establishment creates a strong sink of nutrients to the detriment of the host,
leading to drastic growth and yield reductions (Keyes et al., 2001; Joel et al., 2007). After
a connection has been established between host and parasite, it exhibits a holoparasitic
subterranean stage of development at which time damage is inflicted. The Striga shoot
then emerges from the soil, develops chlorophyllous shoots (hemiparasitic stage) and

produces flowers and sets seeds 6 weeks later (Bagonneaud-Berthorne et al., 1995).

2.2.3 How Striga damages cereal host

The early symptoms of Striga damage on the cereal hosts include stunted growth,
bleaching / yellowing and wilting which are evident before emergence of the parasite
(Berner et al., 1995). Under severe infestation, failure of panicle formation may occur
resulting to total crop loss (Agrios, 1997). Striga reduces crop yields in two ways: Firstly,
by direct parasitism in which Striga derives water, mineral nutrients and photosynthetic
assimilates from crop root system thereby retarding its growth and development (Press
and Stewart, 1987). According to Patrick et al. (2004) and Berner et al. (1997), Striga
inflicts most of the damage to its host while still under ground. It grows parasitically
under the ground for a period of 6-8 weeks prior to emergence (Babiker, 2000).
Secondly, by pathological effect in which Striga is known to produce toxins affecting
plant growth and development (Stewart and Press, 1990). The extent of yield loss is
related to the incident and severity of attack, the host’s susceptibility to Striga,
environmental factors (edaphic and climatic) and the management level at which the crop
is produced. For example, Maize losses of up to 81% have been recorded in western
Kenya (Ransom et al., 1990). According to MacOpiyo et al. (2010), the average losses
due to Striga are 1.15, 1.10 and 0.99 tons per hectare for maize, sorghum and millet
respectively. However, the damage can reach as high as 2.8 tons ha? in maize and
sorghum in some locations with high Striga densities (Anderson and Halvarsson, 2011).
Plate 1 is a photograph showing two plots of finger millet infested with Striga and the
level of damage. The first plot carried a genotype that was tolerant as the damage was
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minimal while the second plot comprised of genotype that was susceptible to Striga
where by the crop had stunded growth. Arable lands are often abandoned because of the

prohibitive parasite populations (Hess and Lenne, 1999). Land abandonment impact

adversely on household and national food security as well as income generation
(Kasembe, 1999).

Plate 1: Severely Striga infested plots of Finger millet at Kibos 2012 LR.
(Source: Author, 2012).

2.3 Field screening and evaluation of materials for Striga resistance

According to Haussmann et al. (2000) and Omanya et al., (2004) field screening is still
the most reliable technique to produce stable resistance to Striga, though, it is complex,
expensive, hampered by high soils micro-variability, heterogeneity of natural infestations,
and concomitant large environmental effects on Striga emergence. The fact that
resistance to Striga can be greatly affected by environmental factors such as drought, soil
type and fertility levels does not make screening for Striga any easier (Ejeta, 2007 and
Amusan et al., 2008). An improved field testing methodology should include one or
several of the following practices: i) field inoculation with Striga seeds, appropriate
experimental design that allow high replication for example lattice designs for nursery
screening followed by randomized complete block design (RCBD) on fewer genotypes,
ii) specific plot layout by use of appropriate susceptible and resistant checks, evaluation
in adjacent infested and un-infested plots and the use of selection indices derived from

emerged Striga counts, Striga vigor, and grain yield or a host plant damage score. Multi-
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location screening to obtain materials with stable performance is recommended due to the
extreme variability of the parasite and significant genotype X environment interaction
effects (Oswald, 2005).

In addition to multi-locational testing, many breeding strategies have been put forward by
several workers (Berner et al., 1995; Haussmann, 2000). Among them is characterization
of crop germplasm and identification of sources of resistance and their improvement for

agronomic performance.

2.3.1 Striga management methods and their limitations

Complete control of Striga on cereals has been a challenge to scientists for a long time
and therefore the search for farmer satisfying strategies continue. Management of Striga
is difficult because majority of its life cycle takes place underground and therefore when
not detected before emergence will be too late to reduce crop loss (Johnson, 2005). Some
Striga control strategies were developed and tested on farm in western Kenya including
intercropping, crop rotation, catch-cropping, hand weeding, inorganic fertilizer and
manure application, resistant varieties and improved fallow management (Oswald, 2005).
Many researchers however, suggested that integrated Striga control or management (ISC
or ISM) was the best strategy for short and long term Striga control which needed
involving concerted effort of all stakeholders (Aliyu et al., 2004; Van Mourik, 2007).
According to Ejeta and Gressel, (2007) strategies for management of Striga revolve
around the options of control, containment, or eradication, with the latter being almost
impossible. Based on the effect on Striga population, Haussmann et al. (2000) grouped
Striga control measures into three categories: i) reduction of the soil seed bank ii)
limitation of Striga seed production and iii) reduction/prevention of Striga seed
dissemination to un-infested fields. Most often these control measures have had limited
success leading to the conclusion that effective and affordable control measures for Striga

being scarce as reported by Kuiper et al., (1998).

Hand weeding/hand pulling is the most widely practiced control method for Striga in
Kenya, but due to high labour costs, it is recommended to begin 2-3 weeks after the weed
begins to flower to prevent seeding (Parker and Riches, 1993; Frost, 1994). The method
usually need to be continued for 3-4 years and is most economical on the least infested
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fields (Ransom, 1996).

The use of trap and catch crops (e.g. cotton, cow pea, jute, soya bean, pigeon pea,
chickpea, kenaf, ground nut sunflower, lablab) that induce germination of the Striga but
are not themselves parasitized is currently one of the best methods to control agricultural
root parasites (Khan et al., 2010). However, available studies indicate that trap crops need
to be cultivated for at least 3 consecutive years in order to reduce parasite seed (Esilaba
and Ransom (1997). However, this approach was found not to be better than continuous
cultivation of maize in reducing Striga numbers in Kenya (Ransom and Odhiambo,
1996).

The use of nitrogen to suppress Striga has been demonstrated in the East and Central
Africa highlands (Esilaba et al., 2000; Gacheru and Rao, 2000). Mumera and Bello
(1993) found that although Striga infestation declined with increasing N availability, the
impact was partially dependent on the severity of infestation.

Studies carried out in Kenya indicate that intercropping with cowpeas between the rows
of maize significantly reduced Striga numbers when compared to within the maize rows
(Odhiambo and Ransom, 1993). Previous on-farm trials showed that intercropping of
maize and beans in the same hole in Striga infested farmers’ fields increased maize yields
by 78.6% in western Kenya (Odhiambo and Aringa, 2004). The intercrop legumes also
increase soil fertility and provide shade that gives Striga a disadvantage (Khan et al.,
2006). The disadvantage with intercropping is that it is more time consuming compared
to monocropping (Khan et al., 2009). Similarly a push and pull strategy for integrated
pest management showed that fodder legumes (Desmodium uncinatum and D. intortum)
intercropped with maize to repel stem borers reduced Striga infestation in western Kenya
due to allelopathic mechanisms of Desmodium spp. (Khan et al., 2002), that involved a
germination stimulant for S. hermonthica and also an inhibitor for haustorial development
(Vanlauwe et al., 2008).

Chemicals are grouped either as germination stimulants or herbicides, e.g. ethylene,
ethephon, strigol and strigol analogues induced germination of Striga seeds in the
absence of a suitable host thereby reducing seed reserve in the soil (Esilaba and Ransom,

1997). Among the chemicals investigated for efficacy in controlling Striga is Dicamba
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which can provide early season control but has not proven to be consistently cost-
effective (Odhiambo and Ransom, 1993). Recent on-farm trials in Kenya and Tanzania
indicated that seed dressing with imazapyr and Pyrithiobac offered good Striga control
and increased maize yields (Kanampiu et al., 2004). According to Parker and Riches
(1993), effective preventive measures require to be taken through seed quarantine, Striga
free equipment and burning material which may contain viable seeds. In general, the
priority in all field projects requires provision of information where farmers can make

optimum decisions on farming system.

2.3.2 Breeding for Striga resistance

Parasitic weed resistance in host plants is expressed either before or after host-parasite
vascular bridge formation (Rispail et al., 2007). Several Striga resistance mechanisms in
sorghum have been proposed where some were tagged as potential. For example, slow
Striga germination stimulant production by host plant, mechanical barriers to
parasitization, host production of germ tube inhibitors, host production of defense
chemicals (Antibiosis), post parasite attachment incompatibility, insensitivity of host to
Striga toxin, and avoidance by development of few roots in the top soil (Berner et al.,
1995; Haussmann and Hess, 2001). Of these resistance mechanisms the production of
low Striga germination seed stimulant strigolactone was the most understood and is
detected by differential crop varieties root exudates to stimulate Striga seeds germination
on agar/water gel assay (Umeliara et al., 2008). Low Striga germination stimulant activity
is controlled by one single gene recessively inherited gene, Igs (Satish et al., 2012). It was
observed that a single nuclear recessive gene controls this mechanism in sorghum variety
SRN 39 (Vogler et al., 1996). Mechanical barriers (e.g. lignification of cell walls)
mechanism involves localized necrosis of host tissue that hinders parasite penetration of
host tissue (Ejeta, 2007). Inhibition of germ tube exo-enzymes by root exudates that
inhibit the host root penetration enzymes of the parasite retarding the germ tube
(Mohamed et al., 2001). The existence of such mechanism in finger millet needs to be
verified with progression in breeding for Striga resistance in this crop. Resistant varieties
are defined as those that show less attach, and with few attached and / or emerged Striga
plants (Parker and Riches, 1993). The converse to this is susceptibility. Tolerant varieties
on the other hand are parasitized to the same extent as a standard variety but suffer less
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damage and the converse to tolerance is sensitivity.

Haussmann et al., (2000) outlined three categories of Striga screening methods.
Laboratory screening individual for resistance mechanisms where two approaches exist:
agar-gel assay (Hess et al., 1992). According to Haussmann et al., (2000) and Omanya et
al., (2004) this is a useful, fast, indirect selection method for screening for long stimulant
character. However, correlation analysis showed that this resistance mechanism was
ineffective in some environments, pointing to the necessity of field evaluation. Paper-roll
assay method (Ejeta, 2000) allows observations of early stages of Striga infection and is
effective for identifying early post infection resistance mechanisms, i.e. hypersensitivity
reaction or incompatibility though it needs modification for large-scale application.

2.4 SNP Genotyping

SNP genotyping is the downstream application of SNP discovery to identify genetic
variations. The advantages of SNPs over microsatellites and mitochondrial DNA resides
in the fact that SNPs represent single base sequence nucleotide substitutions and as such
they are less affected by homoplay because their origin can be explained by mutation
models (Vignal et al., 2002). SNPs have been employed to quantify genetic variation, for
individual identification, to determine parentage relatedness and population structure
(Morin et al., 2004). SNPs have also been used to study the evolution of genes such as
WAG-2 in wheat (Wei et al., 2011), Algorithms such as neighbor-joinig and maximum
likelihood implemented in PHYLIP (Retief, 2000). The number of SNPs and individuals
to screen are of primary importance in choosing on SNP genotyping assay, though cost of
the assay and/or equipment and the level of accuracy are also important considerations.
[llumina Golden gate is a commonly used genotyping assay because of its flexibility in

interrogating 96 to 3,072 SNP loci simultaneously (http://www.illumina.com/).

2.4.1 Genotyping-by-Sequencing (GBS)

There have been a number of approaches developed that use complexity reduction
strategies to lower the cost and simplify the discovery of SNP markers using NGS, RNA-
Seq, complexity reduction of polymorphic sequences (CRoPS) (Mammadov et al., 2010),
restriction-site-associated DNA sequencing (RAD-Seq) (Pfender et al., 2011), and GBS


http://www.illumina.com/
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(Davey et al., 2011). Of these methodologies GBS holds the greatest promise because it
has the ability to perform SNP discovery and genotyping simultaneously besides it
having a simplified library production procedure that is more amenable to use on large numbers
of individuals/lines (Elshire et al., 2011). The technique can be applied to species with or without
a reference genome (Chutimanitsakun et al., 2011). A two-enzyme (Pstl/Mspl) GBS protocol,
which provides a greater degree of complexity reduction and uniform library for sequencing than
the original protocol using ApeKI, has now been developed and applied to both wheat and barley
(Poland et al., 2012). Two different GBS strategies have been developed with the lon PGM
system (Poland et al., 2012a). (A) Restriction enzyme digestion, in which no specific SNPs have
been identified and ideal for discovering new markers for MAS programs. The complexity of the
genome under this approach is reduced by digesting the DNA with one or two selected restriction
enzymes prior to the ligation of the adapters. (B) Multiplex enrichment PCR, in which a set of
SNPs has been defined for a section of the genome. This approach uses PCR primers designed to

amplify the areas of interest.

Barcodes are included in one of the adapter sequences, and their locations, just upstream of the
RE cut-site in genomic DNA, eliminate the need for a second Illumina sequencing (“indexing”)
read. The barcoding strategy is similar to RAD but modulation of barcode nucleotide composition
and length results in fewer sequence phasing errors (Baird et al., 2008). Compared to the RAD
method, GBS is substantially less complicated; amenable to setting up an automated work flow
using liquid handling work stations, generation of restriction fragments with appropriate adapters
is more straightforward, single-well digestion of genomic DNA with a restriction enzyme and
adapter ligation results in reduced sample handling, fewer DNA purification steps, and fragments
are not size selected (Elshire et al., 2011; Poland et al., 2012). Startup costs for GBS are minimal,
as it involves only (1) testing that one of your candidate restriction enzymes (or enzyme pairs)
produces a suitable GBS library, and (2) optimization of the ratio of sample DNA to the PCR
adapters (Elshire et al., 2011). Costs can be further reduced via shallow genome sampling
coupled with imputation of missing internal SNPs in haplotype blocks.

Unlike other high density genotyping technologies which have mainly been applied to general

interest “reference” genomes, the low cost of GBS makes it a powerful approach on discovering

and genotyping SNPs in a variety of crop species and populations. GBS is suitable for population
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studies, germplasm characterization, plant genetics, and breeding in diverse crops and it has
widely been applied in many large crop genomes to saturate the mapping and breeding
populations with 10-100s of 1000s of SNP markers (Poland et al., 2012; Lu et al., 2013).

Construction of GBS libraries is based on reducing genome complexity with restriction enzymes
(REs) (Elshire et al., 2011). This approach is simple, quick, extremely specific, highly
reproducible, and may reach important regions of the genome that are inaccessible to sequence
capture approaches. Choosing appropriate Res avoids repetitive regions of genomes, and lower
copy regions are targeted with two to three fold higher efficiency which tremendously simplifies
computationally challenging alignment problems in species with high levels of genetic diversity
(Gore et al., 2007). The GBS procedure is demonstrated with maize and barley recombinant
inbred populations where roughly 200,000 and 25,000 sequence tags were mapped, respectively
(Elshire et al., 2011). To date, the use of GBS approach has largely focused on sequencing with
the lllumina GAII and Hiseq platform (Poland and Rife, 2012).

Startup costs for GBS are minimal, as it involves only (1) testing that one of your
candidate restriction enzymes (or enzyme pairs) produces a suitable GBS library, and (2)
optimization of the ratio of sample DNA to the PCR adapters (Elshire et al., 2011). The
Production Pipeline determines the taxon of origin of each good, barcoded sequence read
in each input FASTQ file and then checks if the read matches one of the useful tags in the
production-ready TOPM. In this manner, allelic depths for each useful SNP in the TOPM
are recorded for each taxon, allowing quantitative SNP calling to be performed, again
either by our own binomial likelihood ratio method or, optionally, according to the
method of Hohenlohe et al., (2010). Genotype files are produced in HapMap format as
well as in or in the custom HDF5 format (which also records allelic depth). The ability to
convert from this custom HDF5 format into VCF format also retains allelic depth and
plans are underway to have them added to the TASSEL GUI in the near future (Danecek
etal., 2011).

2.4.2 DNA sample Preparation
High quality genomic DNA is crucial to the success of these protocols, given that varying
efficiency of digestion, ligation and amplification can have significant effects on the final

marker set. Most importantly the quantity of DNA from different samples should be
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evenly balanced before pooling to avoid losing markers from some individuals owing to
lack of coverage. The choice of method may also be influenced by the amount of
genomic DNA starting material required for example RRL 25ug pooled (Close et al.,
2009); CroPs 300ng per sample (Schadt et al., 2010) and GBS 100ng per sample (Xu et
al., 2012). Low sequence diversity is a problem with methods in which the restriction
enzyme overhang appears at the same position in every read. Although using many
barcodes an innovation of GBS that can be applied to any method usually avoids this
problem, together with use of variable length barcodes (between 4 and 8 nucleotides

long).

2.4.3 Pooling individuals.

Many studies use one barcode for a pool of several individuals which is useful to avoid a
whole genome amplification step when amount of DNA per individual is small (Libaut et
al., 2010; Emerson et al., 2010). There is also an analytical theory to suggest that such
pooling improves SNP discovery and leads to better estimates of population allele
frequencies (Robertson et al., 2007; Futschik and Schlotterer, 2010). In the absence of a
high-quality reference genome sequence, pooling also precludes filtering on the basis of
observed heterozygosity (Lu et al., 2010).

2.4.4 lllumina sequencing

With this sequence approach fragments of DNA are hybridized to a solid substrate called
a flow cell. Through bridge amplification process, the bound DNA template fragments
are amplified in an isothermal reaction where copies of the template are created in close
proximity to the original. A clusters of DNA fragments are formed on the flow cell
creating a “lawn” of bound single strand DNA molecules which are sequenced by
flooding the flow cell with new class of cleavage fluorescent nucleotides and reagents
necessary for DNA polymerization (Turcatti et al., 2008). A complementary strand of
each template is synthesized one base at a time using fluorescently labeled nucleotides.
The fluorescent molecule is excited by a laser and emits light, the colour of which is
different for each of the four different bases (Appendices XXV and XXVI). The
fluorescent label is then cleared off and a new round of polymerization occurs. Unlike
454 sequencing, all four bases are present for polymerization step and only a single

molecule is incorporated per cycle.
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The flagship Hiseq 2500 sequencing instrument from Illumina can generate up to 600 GB
per run with read length of 100nt and 0.1% error rate. The Illumina technique can
generate sequence from opposite ends of DNA fragment so called paired-end (PE) reads.
The choice of a sequencing strategy takes into account the research goals, ability to store
and analyze data, the ongoing changes in performance parameters, and the cost of
NGS/TGS platforms. Some key considerations are cost per raw base, cost per consensus
base, raw and consensus accuracy of bases, read length, cost per read, and availability of
PE or single end reads (Glenn, 2011). The pre- and post-processing protocols such as
library construction and pipeline development and implementation for data analysis are
also important (McPherson, 2000; Kothiyal et al., 2009). In order to efficiently store and
retrieve data from a matrix of this size (3.2 TB of uncompressed, raw data), the HDF5
storage format is used (http://www.hdfgroup.org) as well as implementation of a rapid
and efficient run length compression algorithm to further decrease the storage size. At
low depth and with high genetic diversity (numerous sequence tags per locus), the TBT is
a sparse data matrix consisting mostly of zeros; where run length compression algorithm

takes advantage of this.

2.4.5 Software for Sequence Analysis

Both commercial and noncommercial sequence analysis software are available for
Windows, Macintosh, and Linux operating systems. Commercial software such as CLC-
Bio (http://www.clcbio.com/) and SegMan NGen (http://www.dnastar.com/t-sub-
products-genomics-segman-ngen.aspx) provide a friendly user interface, and are
compatible with different operating systems. They require minimal computing knowledge
and being capable of performing multiple downstream analyses. However, they are fairly
expensive, with narrow customizability, and requiring locally high computing power.
Linux-based programs have been recommended because they are often free, not specific
to any sequencing platform, and less computing power hungry and, as a consequence,
tend to perform faster (Wang et al., 2009). Flexibility in the parameter’s choice for read
assembly is another major advantage. However, most biologists are unfamiliar with
Linux operating systems, its structure and command lines, thereby imposing a steep
learning curve for adoption. Linux-based software such as Bowtie (Langmead et al.,
2009), BWA (Li and Durbin 2009), and SOAP2/3 (Li et al., 2009 have been used widely
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for the analysis of NGS data. Currently, SAM format (Li et al., 2009) output alignment
files produced by the free software programs Bowtie2 (Langmead and Salzberg, 2012 or
BWA (Li et al., 2009) can be read by the Tassel-GBS pipeline and converted into a “Tags
On Physical Map” (TOPM) file that can be used for SNP calling. The TOPM contains all
of the tags present in the master Tag Count-file and genomic positions for the subset of

tags that align to a unique best position in the genome.

2.4.6 SNP Discovery and initial filtering

In theory, a SNP is identified when a nucleotide from an accession read different from the
reference genome at the same nucleotide position while in the absence of reference
genome, this is achieved by comparing reads at different genotypes using de novo
assembly strategy (You et al., 2011). The most common application of NGS is SNP
discovery, whose downstream usefulness in linkage map construction, genetic diversity
analyses, association mapping, and marker-assisted selection has been demonstrated in
several species beans (Cortes’ et al., 2011); wheat (Allen et al., 2011; Trebbi et al., 2011);
eggplant (Barch et al., 2011); Arabidopsis (Zhang and Borevitz, 2009), barley (Close et
al., 2009); sorghum (Nelson et al., 2011). SNP discovery is performed for each set of tags
that align to the exact same starting genomic position and strand, where the starting
genomic position of a tag is defined by the cut site remnant at the beginning of the tag.
Such tags, originating from the same restriction enzyme cut site and with the same
orientation (but not necessarily of the same length), collectively comprise a “Tag Locus”
(Appendix XXVII). To call SNPs and ensure that indels are handled consistently, a de
novo multiple sequence alignment of all the tags in each Tag Locus is performed using
the BioJava 3.0 API (Prlic et al., 2012), which implements the CLUSTAL W algorithm
(Thompson et al., 1994). For each SNP in the resulting “Tag Locus Alignment”, the allele
represented by each tag is determined and the TBT file is consulted to tally the observed
depths of each allele in each taxon. The genotype of the SNP in each taxon is then
determined either by a binomial likelihood ratio method of quantitative SNP calling or,
optionally, following the method of Hohenlohe et al., (2010). Putative SNPs from GBS
may be of low quality for multiple reasons. The sequencing error rate for a SNP may be
high because of its distance from the read start and/or its immediate sequence context

(McElroy et al., 2010; Allhoff et al., 2013). Alternatively, paralogous sequence tags from



28

different loci may be mistakenly aligned to a single Tag Locus, resulting in spurious
SNPs. To detect and filter out error-prone SNPs, the tassel-GBS pipeline relies on
population-genetic parameters such as the minor allele frequency (MAF) and, in
particular, the inbreeding coefficient (or “index of panmixia”), Fir. Filtering based upon

minimum MAF can remove spurious SNPs arising solely from sequencing error.

2.5 SNP Validation

Prior to any SNP applications, the discovered SNPs must be validated to identify the true
SNPs to get an idea of the percentage of potentially false SNPs resulting from SNP
discovery exercise which is accomplished using a variety of material such as a bi-parental
segregating population or a diverse panel of genotypes. Usually a small subset of the
SNPs is used for validation through assays such as the Illumina Golden gate (Fan et al.,
2006), K Biosciences Competitive Allele Specific-PCR SNP genotyping system
(KASPar) (http://www.lgcgenomics.com/) or the High Resolution Melting (HRM) curve
analysis. SNP validation rates can be improved using RRL for SNP discovery and
choosing SNPs within the non-repetitive sequences including predicted single copy genes
and single copy repeat functions show to have high validation rates (You et al., 2011).
Validation serves as an iterative and informative process to modify and optimize the SNP
filtering criteria to improve SNP calling. For example, a subset of 144 SNPs from a total
of 2,113,120 SNPs were validated using the Goldengate assay on 160 accessions in apple
(Chagne’ et al., 2012).

2.5.1 Copy number Variation

Randon et al. (2006) defined Copy number Variation (CNV) as a DNA segment of one
kilo base (kb) or larger that is present at a variable copy number in comparison with a
reference genome. CNVs correspond to relatively large regions of the genome that have
been deleted (fewer than the normal number) or duplicated (more than the normal
number) on certain chromosomes. CNVs have effects on phenotypes by altering
transcription levels of genes and may have major impacts on protein sequence, structure
and function. CNVs can be detected and analyzed by various methodologies at the

genome-wide and locus-specific levels.
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2.5.2 Genome wide association studies (GWAS)

GWAS also called whole genome association study, an examination of a genome-wide
set of genetic variants in different individuals to see if any variant is associated with a
trait. It provides a better resolution and considers numerous alleles which also provide
faster marker-trait association than biparental population (Flint et al., 2003). GWAS
requires 10000 — 100000 markers applied to a collection of genotypes representing broad
genetic basis and relies on the nonrandom association between markers and traits (Gupta
et al., 2005). It typically identifies common variants with small effect sizes as reported by
Bush and Moore, (2012). In practice, various empirical and statistical criteria are used to
call SNPs, such as a minimum and maximum number of reads considering the read depth,
the quality score and the consensus base ratio for examples (You and Huo, 2011).
Thresholds for these criteria are adjusted based on the read length and the genome
coverage achieved by the NGS data. In assemblies generated allowing single nucleotide
variants (CNV) and insertions/deletions (indels) a list of SNP and indel coordinates is
generated, and the read mapping results is visualized using graphical user interface
programs such as Tablet (Milne et al., 2009), SNP-VISTA (Shah et al., 2005) or Savant
(Fiume et al., 2010). It typically focuses on association between single-nucleotide
polymorphisms and traits like major human diseases, but can equally be applied to any
other organism. In plants GWAS was first reported in Arabidopsis for flowering time and
pathogen resistance genes (Aranzana et al., 2005). It was performed in rice using ~3.6
million SNPs identified genome regions associated with 14 agronomic traits (Huang et
al., 2010) and on barley that has no reference genome (Pasam et al., 2012). Genome-wide
analysis of CNVs has been enhanced by a comparative genome analysis using
bioinformatics tools with long-range sequences (She et al., 2006). Once a CNV of interest
is identified at the genome level, it needs to be analyzed more precisely at the locus level,
and ultimately, the genotype and haplotype must be determined to elucidate its
relationship with a particular genetic alteration (Seo et al., 2007). Locus specific CNVs
are identified in conjunction with genome wide screening (lafrate et al., 2004; Sharp et
al., 2005; Wong et al., 2007) and independently through gene family studies (Ghanem et
al., 1988; Trask et al., 1998) or functional analysis of genes associated with a certain

phenotype (Johanson Moller et al., 1996).
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CHAPTER THREE
MATERIALS AND METHODS
3.1 Field Assay

3.1.1 Study Site

The experiments were conducted in two separate locations of the Kenya Agricultural
Livestock Research Organisations (KALRO); Alupe (Busia, Kenya) and Kibos (Kisumu).
Alupe lies at an altitude of 1189 m above sea level, latitude of 0° 29° N and longitude of
34° 08" E. The soil is Ferralo-orthic Acrisol with pH of 5.0 (FURP, 1987). Kibos lies at
an altitude of 1135 m above sea level latitude 0° S and longitude 34°49 E. The soil is
black cotton with clay loam with pH of 6.55. The two sites are located in regions that are

severely infested by Striga which poses a serious threat to cereals crops.

3.1.2 Accessions Selection and Land Preparation

Seeds of one hundred finger millet genotypes (Appendix 1) of unknown genetic
background and Striga resistance including local and international varieties were sourced
from gene bank at Kenya Agricultural and Livestock Research Organisation (KALRO)
Kakamega and Alupe, for this research. Striga seeds that were collected from the
experimental localities were used for artificial inoculation of finger millet germplasm.
The experimental field was ploughed, harrowed and ridged two weeks to planting and
Diammonium Phosphate (D.A.P) fertilizer applied at planting time at the rate of 170 Kg
hat in every plot after demarcation.

3.1.3 Striga innoculation

The field screening for Striga resistance was done in long and short rain seasons. The
seeds of finger millet wereplanted in long rain season on 10" June, 2012 at Alupe and on
20" June, 2012 at Kibos. After harvesting, the collected seeds of finger millet were
planted at KALRO Alupe on 19" September 2012 and at Kibos on 23 for the second

rain season during short rain season.

3.1.4 Experimental design for Field Screening
The experimental design was a 10 x 10 triple lattice (Appendices | and I1). A plot was
made of three rows of 2 m length spaced 30 cm apart between rows and later thinned to

intra-row spacing of 15 cm. Plots were spaced 50 cm apart reps separated by 1 m paths



31

(Plate 3.2 appendix 3). Planting was in shallow furrows where Diammonium phosphate
(DAP) basal fertilizer was applied followed by seed by drill before being loosely covered.
For the inoculated plots, a Striga seed/sand mixture was applied by drill before fertilizer
and seed application. Because Striga seeds are tiny (200 to 400pum), 10 grams of it was
mixed with Y2 kg of sterilized sand to serve as the carrier before being drilled into furrows
of per plot for the purpose of providing adequate volume for rapid and uniform Striga
infestation (Doggett, 1970). Three weeks after germination of finger millet, the rows
were thinned to an intra-row spacing of 15 cm (Plate 3.3 appendix I11). Weeding was
done three times throughout the crop season. However, the removal of weeds from finger
millet plots inoculated with Striga was by hand pulling with effect from second weeding.
Duduthrin pesticide was applied at two weeks interval to prevent crop attack by shoot fly
and the stalk borer. C.A.N fertilizer (27:0:0) was used to top dress the crop three weeks

after thinning.

3.1.5 Field data collection

The data collected were for: the seedling vigor, Striga count at vegetative stage per plot
of respective genotypes, days to 50% flowering, Striga count at 50% crop flowering and
at maturity, plant height, ear exertion, ear shape, lodging percentage, ear length and ear
width on the main stalk, number of fingers on the main stalk, stand count, and grain yield.
Seedling vigor was taken at three week after emergence on a scale of 1 to 3 where 1 =
highly vigorous, 2 = vigorous and 3 = less vigorous. Ear shape was also rated on a scale
of 1 = open, 2 = curved and 3 = fist. Striga count at vegetative stage was done up to but
before the crop began to flower. The days to 50% flowering was done on the day when
half of the plants in each plot had flowered and finally Striga counting was done when
the crop had reached physiological maturity. Lodging percentage was determined by the
number of lodged plants in a plot expressed as a percentage of plant stand. Ear length was
take as distance from receptacle to the tip of head while ear width was taken as distance
across and near the tip of mature head. Plant height was the measured length in cm from
the base of the plant at soil level to tip of the main stalk head at physiological maturity.
This was done on five representative plants in each plot and average recorded. The ear
exertion was taken as the distance between ligule of the flag leaf and the base of the head.
The number of fingers was obtained from the average of total number of fingers of five
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plants plants per plot. Plant stand was a count of the number of plants per plot at
physiological maturity. Yield per plot was the weight of clean grain resulting from
threshed and winnowed plot harvest. Yield in kg ha® was extrapolated from yield per
plot.The data collected were for: the seedling vigor, Striga count at vegetative stage, days
to 50% flowering, Striga count at 50% crop flowering and at maturity, plant height, ear
exertion, ear shape, lodging percentage, ear length and ear width on the main stalk,
number of fingers on the main stalk, stand count, and grain yield. Seedling vigor was
taken at three week after emergence on a scale of 1 to 3 where 1 = highly vigorous, 2 =
vigorous and 3 = less vigorous. Ear shape was also rated on a scale of 1 = open, 2 =
curved and 3 = fist. Striga count at vegetative stage was done up to but before the crop
began to flower. The days to 50% flowering was done on the day when half of the plants
in each plot had flowered and finally Striga counting was done when the crop had
reached physiological maturity. Lodging percentage was the number of lodged plants in a
plot expressed as a percentage of plant stand. Ear length was take as distance from
receptacle to the tip of head while ear width was taken as distance across and near the tip
of mature head. Plant height was the length in cm from the base of the plant at soil level
to tip of the main stalk head at physiological maturity. This was done on five
representative plants in each plot and average recorded. The ear exertion was taken as the
distance between ligule of the flag leaf and the base of the head. The number of fingers
was obtained by dividing the total number of fingers from five plants by five plants
measured. Plant stand was a count of the number of plants per plot at physiological
maturity. Yield per plot was the weight of clean grain resulting from threshed and
winnowed plot harvest. Yield in kg ha was extrapolated from yield per plot using the

following formula:
v = 10000% (2=)| /4
Where Y = yield in kgha'
X =plotyielding

A = plot area = no. of rows x row spacing x row length (3x0.3mx2m)
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3.1.6 Field Data Statistical Analysis

Data on morphological traits and Striga effect were subjected to analysis of variance
(ANOVA) procedure using Statistical Analysis System (SAS) software version 2003.
Means were separated using Fischer’s least significant (LSD) test at P < 0.05).

3.2 Molecular Assay
3.2.1 DNA Extraction

Reagents and apparatus for purification of Plant Genomic DNA were:
Lysis Buffer PA1, RNase A, Elution Buffer PG, Binding Buffer PB
Wash Buffer PAW, Wash Buffer PAW2, Tissue lyser |1, Steel beads

Collecting tubes 2ml self-lock, Micro-centrifuge tubes (1.5ml and 2ml), Centrifuge,
ISOLATE Il Filter (violet), ISOLATE Il Plant DNA Spin Column, Incubator, Eppendorf

pipette and Eppendorf tubes, Vortex machine, Medical hand gloves, Tips

The procedure followed is outlined in the ISOLATE Il Plant DNA Kit (Bioline) and is as

follows:

150mg of fresh weight of plant material of each sample was homogenized in 2ml

collecting tube containing two steel beads.

400ul of Lysis Buffer PA1 was added before fitting on the Lyser Il machine for cell
disruption for 3mins. This was followed by addition of 10ul of RNase A to the lysate
mixed thoroughly and incubated at 65°Cfor 10 min.

Isolate Il Filter (violet) was placed into new 2ml collection tube and loaded lysate onto
the columns of respective samples, followed by centrifugation for 2min at 11,000rpm.
Clear flow- through was collected and discarded the Isolate 11 Filter. Where not all liquid
passed through the filter, centrifugation was repeated. Where a pellet was visible in the
flow-through, the clear supernatant was transferred without disturbing the pellet to a

1.5ml micro-centrifuge tube.

450ul of Binding Buffer PB was added and mixed thoroughly by pipetting up and down 5

times or by vortexing.
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ISOLATE Il Plant DNA spin column (green) was placed into a new collection column
Tube (2ml) and sample loaded (max. 700ul). This was followed by centrifugation for 1
min at 11,000rpm and the-flow through discarded. For higher volumes the loading and
centrifugation steps was repeated.

Added 400ul of Wash Buffer PAW1 to the ISOLATE Il Plant DNA spin column and
centrifuge for 1 min at 11,000rpm and discarded flow-through.

Added 700ul of Wash Buffer PAW?2 to the ISOLATE Il Plant Spin Column, centrifuge
for 1 min at 11,000 rpm and discarded the flow-through.

Added another 200ul of Wash Buffer PAW?2 to the ISOLATE Il Plant Spin Column,
centrifuged for 2 min at 11,000rpm in order to remove the wash buffer and to dry the

silica membrane completely.

Placed ISOLATE Il Plant Spin Column into new 1.5 ml micro-centrifuge tube. Pipetted
50l of Elution Buffer PG (65°C) onto the membrane.

Incubated the ISOLATE Il Plant DNA Spin Column for 5 min at 65°C. Centrifuged for 1
min at 11,000rpm to the elute DNA.

Repeated this step with another 50ul Elution Buffer PG (65°C) and eluted into the same
tube.

3.2.2: Agarose gel preparation and Electrophoresis
Gel casting frame was prepared and the desired number of combs placed depending on

DNA samples made.

0.8 g of Agarose powder was dissolved in 100 ml of 1 X TBE (0.1M Tris base, 0.1M
boric acid and 0.02M EDTA; pH 8.0) buffer in a conical flask microwave on high for 2
minutes. The mixture was heated in a microwave for 3 minutes for agarose to dissolve.
The gel was left to cool for five minutes on the bench at 25°C before adding 5 ul gel red
(Biotium, USA) which is less mutagenic, then poured in a horizontal gel tray fitted with
appropriate gel combs. The gel was left to set for 40 minutes then combs removed
carefully and the tray immersed in an electrophoresis tank that contained 1 x TBE buffer.

2 ul of extracted of DNA for each genotype was mixed with 1 pl of 3x loading dye that
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contains bromophenol blue, xylene cyanol FF, a high density glycerol reagent and
deionized water. Lambda () DNA IEcoRIl + Hind 111 500ug/ml, 100ug Promega
MADISON, WI U.S.A. was loaded alongside the DNA samples in order to check the
integrity of the DNA. The DNA was then subjected to electrophoresis at 80v for 45
minutes. The DNA was visualized under UV light using a UV documentation system
(Bio-1T™ Ultra-Viole Products, Cambridge, (UK).

3.2.3 Quantification of DNA
Quantification of DNA was done using Quibit® 2.0 Fluorometer (Invitrogen by Life

technologies corporation, USA) as outlined below:
Requirements

Standards #1 and #2

Qubit™ Reagent (Broad range)

Qubit™ Buffer

Quibit® 2.0 Fluorometer

Ix n pl Qubit™ Reagent (Broad range)was mixed with 199 x n pl Qubit™ Buffer to
make Qubit™ Working solution.( Note that n was=number of standards plus number of

samples).

The standards #1 and #2 were prepared by mixing 190 pl of working solution with 10 pul

of respective standards from kit making final volumes of 200pl each.

The user samples were also prepared by mixing 180-199ul of working solution with 1-

20ul of genomic DNA samples making final volumes of each sample at 200pl.

After all samples were prepared, all assay tubes were vortex for 2-3 seconds and

incubated at room temperature for 2 min.

The tubes were then read in Qubit® 2.0 Fluorometer on broad range scale. The respective
sample DNA quantity was recorded as shown in appendix XXII column eight of the
table.
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3.2.4 Library Preparation

The quantified DNA of the 95 genotypes was packed into the 96-plex/wells together with
one blank to act as a control (Appendix XX). The DNA samples that were sent for GBS
had quantity ranging from 30 to 100ng/pul (Appendix XXII). The DNA was then
submitted to Institute of Genomic diversity (Cornell University, Ithaca, New York, USA)
for genotyping by sequencing. Library preparation and sequencing followed the protocol
described in Elshire et al., (2011a, b). Restriction enzyme ApeKI was used for genomic
digestion because of its methylation sensitivity and uniform distribution of cut sites
across finger millet genome. The barcoded samples were then pooled in 96-plex and
sequenced in 1 lane of Illumina Hiseq 2500 (Illumina, San Diego, CA, USA) (Plate 2
Appendix XXIII). Six microliter of DNA was taken from eight of the 95 samples at
random loaded in each well and run for 2 hours at 80 volts. The eight samples were
digested using restriction enzyme HIND-III to check for quality and quantity in library

preparation with well layout as shown in Appendix XXIV.
3.25 Molecular Data Analysis by SNP Calling

Genotyping by sequencing was performed on 95 genotypes, which comprised of a set of
77 land races from Gene bank Kenya and 18 land races from different regions of the
world. Because finger millet does not have reference genome, association between
phenotypic and traits, GBS data was determined by running on UNEAK (Universal
network enabled analysis Kit) production pipeline as explained in Lu et al., (2013). Full
description ~ of  UNEAK  protocol ~was  obtained by logging to
(http://www.maizegenetics.net/gbs-bioinformatics). Quality filtering was performed
primarily using built in function in VCF tools (Daneceke et al., 2011). All bioinformatics
and Subsequent analysis were performed on High Computing Machine Workstation with
60 GB of RAM running Ubuntu.

3.6 SNP Calling to confirm markers showing association with Striga

This was performed using general linear model (GLM) and mixed linear model (MLM).
GLM performs association analysis using a least squares fixed effects where TASSEL

utilizes a fixed effect linear model to test for association between segregating sites and


http://www.maizegenetics.net/gbs-bioinformatics
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phenotypes. It accounts for population structure using covariates that indicate degree of
membership in underlying population. A MLM is one which conducts analysis using both
fixed and random effects giving it the ability to incorporate information about
relationship among individuals. Raw SNPs were filtered to include only sites with 80%
coverage across sample and minor allele frequencies > 0.05, and only samples with >
25% coverage across the remaining sites. After assigning reads, Single-nucleotide
polymorphisms (SNPs) were called using the TASSEL GBS pipeline (Glaubitz et al.,
2014). UNEAK commands were run as TASSEL plugins via the commands in the

following format (Linux or Mac operating system).

3.6.1 Population Structure Analysis

Population structure was determined using the program fast STRUCTURE (Raj et al.,
2014) an updated version of the program STRUCTURE (Pritchard et al., 2000) designed
to handle large SNP data set rapidly.
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The field data was based on the following variables whose means were calculated for
significance (p < 0.05) as shown in Table 4.1

Table 4.1: Overall statistical summary of means for Striga inoculated and un-
inoculated finger millet genotypes.

Variable

Striga inoculated mean

Striga un-inoculated

Seedling vigour

Striga count at vegetative

Striga count at 50% flowering

Days to 50% flowering
Plant height

Ear shape

Lodging %

Ear exertion

Stand count

Ear length

Ear width

Number of fingers
Striga count at maturity
Yield in kg ha*

2.13 **
5.27 **
13.80**
88.80**
53.64**
230"™
12.74 ™
11.08**
23.76 "
5.67**
2.47**
522"
25.75**
609.94**

1.97
0

0
93.47
68.72
2.28
11.76
12.97
24.43
7.32
5.99
5.37

1074.4

Key: ns = not significant

** = Statistical significant at P <0.05



Table 4.2 Analysis of variance for the thirteen agro-morphological traits of one
hundred genotypes inoculated with Striga

Mean squares
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Source Df Seedlin Striga Striga Strigactat  D50%F Plant ht Ear shp

g countat countat  maturity (cm)

vigour  vegetativ  50% F
Rep 2 6.05*%* 282.9**  1158.2** 22559.5**  301.91"™ 5188.96**  4.19**
Stg 1 3.14**  47455** 33307** 148754.6** 6078.31** 41735.2**  0.10™
Rep*Stg 2 2.37**  282.9**  1381.6** 22559.5* 130.19™ 1659.76**  0.37™
entNO 99 1.05** 63.95™ 231.8™ 1732.32" 307.71**  287.84** 2.74%*
Stg*entNo 99  0.50™  65.83™ 131.1™ 1732.32" 97.70ns 145.14** 0.65™
LSD(0.05) 0.10 8.64 16.39 34.55 11.23 11.71 0.1
CV% 38.06  304.23 220.2 312.22 1.26 17.39 34.15
Cont’d Mean squares
Source Df Earlt Ear wd Lodging Ear Ex(cm) Stand Number of  Yield

(cm) (cm) % count Fingers Kghat
Rep 2 47.7%*  11.59™ 4320.9** 57.26** 1367.21** 12.61** 12806883**
Stg 1 496**  2166.6** 9.53™ 713.33** 15.03™ 1.06™ 33959189**
Rep*Stg 2 20.2**  20.1** 1582.4**  61.14** 378.29**  13.12** 6800424**
entNO 99 10.2** 3.97™ 514.06** 21.44** 325.97**  2.00™ 1015596**
Stg*entNo 99  0.90™  3.19™ 263.07"  4.84™ 75.37™ 1.96™ 265332.2™
Mean inoc 5.67 2.47 11.76 11.07 23.76 5.22 609.94
LSD(0.05) 1.10 2.57 16.52 2.26 12.40 1.15 79.91
CV% 122.9 17.1 46.89 24.94 77.27

Key: ** = Statistical significant (p = < 0.05), ns = not significant, df = degree of freedom,
ct = count, D50%F = days to 50% flowering, ht = height, shp = shape, It = length, wd =
width, Ex = exertion, stg = Striga, entNo = entry number. Of these eleven parameters
showed high mean significance difference, and 4 did not show mean significant
difference at p < 0.05. The 100 genotypes of finger millet infected with Striga had
significantly higher reaction syndrome compared with their respective Striga free control.

Table 4.1 shows the following:

4.1.1. Seedling vigour

There was significant difference between the plots of finger millet that were inoculated
and those that were not inoculated with Striga amongst the replicas at p < 0.05, where by
inoculated seedling were more vigorous (Tables 4.1 and 4.2). The genotypes that were
highly vigorous included 1.E 4491, I.E 6165, KACIMI 15, GBK 029661, KACIMI 11,
I.E 2957, I.LE 4795, PR 202, GBK 000463, VL 149 and GBK 043081. The vigor score of
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the inoculated plots were significantly higher than the non-inoculated Striga controls at

early vegetative stage (Appendix 4).

4.1.2 Striga count
Striga count was done at vegetative stage, 50% of crop flowering and crop maturity and
showed the following results:

(a) Striga count at vegetative stage
The mean Striga count for inoculated plots was 5.27 while in the un-inoculated plots was
0 giving a high significant difference (Table 4.1). The mean Striga count ranged from 0
to 13.4 plants in respective genotypes (Appendix VI1II). The following genotypes showed
immunity to Striga at vegetative stage, |.E 4497, I.E 4795, VL 149, GBK 000516, I.E
2217, GBK 027199, KACIMI 24, GBK 026992, GBK 008339, GBK 029724, KACIMI
36 and KACIMI 7 (Appendix VIII). The only genotype that was recorded to have the
highest mean significant difference at this stage was GBK 000409 and had mean Striga
count of 13.4 (Appendix 8).

(b) Striga count at 50% flowering
The mean Striga count at this stage in the inoculated plots was 13.80 giving a high
significance difference at p < 0.05. (Table 4.1 and 4.2). Nine genotypes were immune to
Striga, having mean Striga count of 0 while the genotype that had the highest mean
Striga count at this stage was I.E 4816 (Appendix VIII). This same genotype was the
only one that showed high mean significance difference among the one hundred
genotypes that were screened on the field for Striga susceptibility. The genotypes that
showed immunity to Striga included; I.E 4497, |I.E 6165, I.E 2957, |.E 2440, L.E 4795,
PR 202, I.E 2217, GBK 043081 and GBK000463 (Appendix VIII).

(c) Striga count at crop maturity
The mean Striga count among the inoculated genotypes was 25.75 (Table 3, Appendices
VIl and VIII). The mean Striga count obtained as per respective genotypes ranged from 0
to 69.2 plants (Appendix VIII). The genotypes that had highest mean Striga at maturity
were the checks which included GBK000900, GBK027300, GBK011113, GBK029744,
GBK029715, GBK008292, GBK000369 and GBKO000549. The mean of 69.2 was
obtained for genotype I.E 5306 (Appendix VIII). The genotypes that were immune /or
had lowest mean Striga count at 50% flowering displayed the same property at crop
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maturity.

4.1.3 Days to 50% flowering

The first genotype flowered in 53 days and was GBK036821. It was also a high yielding
type (Appendix 8). None among the highly resistant and highly susceptible genotypes
were in the early maturing bracket. The mean for days to 50% flowering in the Striga free
plots of finger millet was 93.5 days while the Striga inoculated plots was 88.8 days. Thus
the finger millet in the plots inoculated with Striga matured earlier unlike the Striga free
plots. The days to 50% flowering ranged from 53 to 101 (Appendix VIII). Thus there was
high significance difference between the Striga inoculated plots of finger millet and the
ones that were Striga free at p < 0.05.

4.1.4 Plant height

The mean height for Striga inoculated plants was 53.64 cm while the Striga free plants
was 68.72 cm (Table 4.1 and Appendix XI). Thus the finger millet in plots inoculated
with Striga had the shortest height compared to Striga free plots showing high mean
significant difference between replications in the inoculated and Striga free plots. Among
the high yielding variety was GBK 036821 which is also resistant to Striga and had no
effect on its growth. Other high vyielders that were affected by Striga included
GBK029722, GBKO029793, KACIMI 72, KACIMI 22, KACIMI 20, GBK 000802,
KACIMI 77 and KACIMI 42. KACIMI 17 had low variation in their mean height and
their yield were drastically affected. Among the medium vyielders that had high Striga
count at maturity included GBK 027300. The low yielders with high Striga count at
maturity were; GBK 000900, GBK 011082, GBK 029744 and GBK 011113.

4.1.5. Ear shape
The mean of ear shape for Striga free plots was 2.30 while the Striga inoculated plots
was 2.28 (Table 4.1 and appendix XII). There was therefore no significant difference

between the Striga inoculated plots of finger millet and the Striga free plots.

4.1.6 Ear length

The mean for Striga free plots was 7.32 cm while the Striga inoculated plots had mean of
5.67 cm (Table 4.1 and appendix XIII). The results therefore showed high significant
difference at p < 0.05 between the Striga inoculated plots and the Striga free plots. The
mean ear length was in the range of 4 cm to 9.05 cm (Appendix VIII). Among the top
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resistant genotypes the one that had highest ear length was KACIMI 47 that gave 8.4 cm.
Among the least resistant genotypes with long ear was GBK 029715 which was 8.12 cm.
Of the top resistant genotypes with least ear length were |.E 2440 and GBK 029661.

None among the least resistant genotypes had lowest ear length.

4.1.7. Ear width

The Striga free plots had a mean width of 5.99 while the Striga inoculated had a mean
width of 2.47 (Table 4.1 and appendix XIV). There was mean significant difference in
ear width between Striga inoculated plots and Striga free plots. The mean ear width
ranged from 1.5 to 6.82 cm (Appendix VIII). There were two genotypes resistant to
Striga but had low ear width and included; 1.E 4491 and GBK 029661. Among the
resistant genotypes to Striga that had highest width was KACIMI 47. The genotype that
was highly susceptible to Striga but among those with highest ear width was GBK
008292.

4.1.8. Lodging percentage

There was no significant difference between the Striga inoculated plots and the Striga
free plots as shown in Table 4.1 and Appendix XV. The Striga weed therefore has no
effect on lodging of the respective finger millet genotypes. The genotype with lowest
lodging percentage in the resistant category was |.E 2217. The mean lodging percentage
ranged from 0 to 43 (Appendix VIII). None of the resistant genotypes was in the highly
lodged panel of finger millets. Among the highly susceptible to Striga and highly lodged
was GBK 000369 (Appendix VIII).

4.1.9. Ear exertion

There was significant difference on ear exertion between the Striga inoculated plots of
finger millet and the Striga free plots. The ear exertion mean for Striga free plots was
13cm while the Striga inoculated plots was 11.1cm (Table 4.1 and 4.2). The mean for ear
exertion ranged from 7.5 cm to 16 cm among respective genotypes (Appendix VIII). In
the resistant panel of finger millet to Striga KACIMI 36 had the highest ear exertion
value of 14.1cm (Appendix VIII). Genotype |.E 4497 was extremely susceptible to Striga

while the rest were moderately resistant.

4.1.10. Stand count.
The mean stand count for Striga free plots was 24.4 while the Striga inoculated plots was
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23.8 (Table 4.1 and appendix XVII) implying lack of significant difference between the
two categories as far as treatment was concerned. The highest mean stand count was
exhibited by KACIMI 17 that had a mean of 31.58 plants. Only one genotype |.E 4115
among the resistant to Striga had high plant stand (Appendix VII1).

4.1.11. Number of fingers

The mean number of fingers for Striga free plots was 5.37cm while that for Striga
inoculated plots was 5.22cm (Table 4.1 and 4.2), hence no significant difference between
the Striga inoculated plots and Striga free plots. The mean number of fingers among
finger millet genotypes ranged from 3.7 to 7 (Appendix VIII). Among the resistant
genotypes with high number of fingers was I.LE 4115 while in the highly susceptible
group to Striga was GBK 008292. The ones with least number of fingers in the resistant
category were GBK 029661, L.E 2440 and KACIMI 7. None among the highly
susceptible genotypes had lowest number of fingers (Appendix VIII).

4.1.12. Grain yield

The mean grain yield ranged from 35.5kgha™ to 1573 kg ha?* (Appendix 8). The mean
grain yield for Striga free plots was 1074.4kgha® and the Striga inoculated mean grain
was 609.94kgha! (Table 4.1 and Appendix 8). There was significant difference between
Striga inoculated plots and non-inoculated plots (Table 4.2). Among highest yielders was
KACIMI 47 that is also resistant to Striga. None among the highly susceptible genotypes
was a high yielder. Two of the resistant genotypes had very low yield and included GBK
029661 and I.E 2440. Among the low yielders in the susceptible panel was GBK 000900.
4.2.1 Selection for Striga resistance

This was based on the population of Striga that emerged from each plot per respective
genotype monitored from early stage of growth to physiologal maturity of the crop. Table
4.3 below indicates the genotypes that had none to the lowest number of Striga
population out of the one hundred genotypes that were screened for resistance.

Table 4.3: Finger millet genotypes selected for high resistance to Striga.

Serial Number Variety Entry Number
1 I.E 2217 24
2 I.E 4491 5




KACIMI 47
|.E 6537
KACIMI 30
I.E 4115
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4.2.2 Selection for low resistance

This was similarly based on the population of Striga that emerged in the respective plots

per genotype. Table 4.4 below shows the panel of genotypes that had highest Striga

number out of the one hundred genotypes.

Table 4.4: Genotypes selected for low resistance to Striga.

Serial Number Variety Entry Number
1 I.E 5306 11
2 GBKO000900 97
3 GBKO027300 22
4 GBK029744 80
5 GBK029715 67
6 GBKO011113 78
7 GBK008292 62
8 GBKO011126 79
9 GBK000369 87
10 GBKO000549 98

4.3 Molecular Results

4.3.1 Genetic diversity of finger millet for Striga resistance using molecular markers

A total of 17 GB Fastq.gz (~ 60 GB fastg.txt) raw sequence data was obtained from
Cornell University laboratories Ithaca New York, USA from which 117,542 SNPs single-

end 64-bp reads were obtained from raw GBS dataset that was used for genome wide
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association studies (GWAS) analysis for Striga resistance (Figure 1, Appendices XXV,
XXVI1and XXVII).

Obtained Raw GBS sequence data 17GB Fastq.gz = 70GB _fastq.txt
from Cornell University, Ithaca, New York

UNEAK (Universal Network Enabled Analysis Kit ) GBS
pipeline used for non-referenced FM genome

SMPs found = 117542
Tassel 5.0 used for GWAS analysis and Filtering SNPs
Filter _ Sites_minimum Count 80 _Minimum Freq-0.05
SNPs found = 22350

Figure 1: Summary of the GBS result of the HapMap file

The HapMap file was obtained from Cornell University laboratory Ithaca, New York.

After filtering, the complete dataset resulted in the selection of 22,350 sites across the 95
genotypes. Table 4.5 below shows the HapMap genotype files generated using single
letters to represent phase unknown, and diploid genotypes. Heterozygotes and
monozygotes were represented by IUPAC nucleotide codes namely: A = A/A; C = C/C;
G=G/G; T=TI/T; M=AIC; R=AIG,W=A/T; S=CIG; Y=CIT; K=G/T and N =
missing data

Table 4.5: The HapMap files of the 63 entries of finger millet among the 95

genotypes.

Taxa PC1 PC2 PC3 Haplotype

FM_GP10 -4.39775  3.154309 1.938215 T;YY;YY;Y;W;K;N;T...
FM_GP11 -7.89314 2.061789 8.150765 K;C;Y;Y;Y;CW;K;AK...
FM_GP12 -9.31874 12.32787 -13.4802 K:Y:N;Y:T:N:N:T:A:K...
FM_GP13 18.25793  -25.5499 2.586355 N;Y;N;Y;T;C;N;K;G;N...
FM_GP14 30.1367  8.46259 -1.64855 T;Y;C;Y;Y.C;W;G;G;G...
FM_GP15 -11.6071 11.96489  -1.7462 N;Y;N;C;T;C;N;T;A;T...

FM_GP17 15.62622 -19.098 -6.81512 T;T;N;N:C:T:W:K:R;G...
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FM_GP1

FM_GP21
FM_GP22
FM_GP23
FM_GP24
FM_GP25
FM_GP26
FM_GP27
FM_GP28
FM_GP29
FM_GP30
FM_GP32
FM_GP33
FM_GP34
FM_GP35
FM_GP3

FM_GP44
FM_GP45
FM_GP46
FM_GP48
FM_GP50
FM_GP52
FM_GP53
FM_GP55
FM_GP57
FM_GP58
FM_GP60
FM_GP61
FM_GP63
FM_GP65
FM_GP67
FM_GP70
FM_GP71
FM_GP72

-11.6365
19.27961
-5.84832
-19.3515
-3.65163
35.06066
-17.0025
-9.55533
-12.2951
-2.92913
-11.8522
-8.47744
-15.9839

24.0056
-19.5758
-11.9976
-16.1051
31.42922
-19.2779
-19.5068
0.116288

35.8667
23.23557
32.59412
-11.0992
1.516685
-6.86787
-12.1924
31.70574
-8.73097
13.18953
-14.1475
-8.37954
20.40855

-7.15388
-32.9381
5.383294
5.340974
13.91614
6.135511
2.881768
-3.28729
6.558644
-11.2873
8.224259
16.25641
-10.1681
8.287489
0.389689
-7.70413
6.891485
7.031455
-1.73684
0.895896
13.75498
9.840527
2.873849
10.25578
4.061519
11.70126
-29.6789
13.83638

9.07898
13.32335
-1.28891
-9.39725
8.231428
-12.8009

-11.3562
-1.75989
-3.80779
24.06419

-10.425
4.811163

22,7412
-10.7591
-9.20099
15.11956
7.368297
-0.54788
18.80095
-0.93963
27.38488

-15.447
20.51329
12.56948
22.09652
22.71134
-1.75568
8.208302

-0.9229
1.891272
-2.68313
9.542977
-13.6574

2.26358
-1.30607
-13.0094
5.890087
-14.3427
-6.91852
2.376856

N:C:Y:Y:Y:Y:AK.G.T..
T;Y:N:T:N;T;:W:G;N:K...
N:T;T:Y;N.C.T:G;G;T...

T.CT.CY:T:N.T:A;T...

T;T,C;C,CY;T;K;G;G...
K;GY;Y;N;Y;WK;AT...
G;N;T,Y;C;C;N; KGN K.
T;Y;C;N;C,Y;W;G;N;T...
T;Y;Y;C;CY;N;N;G;G...
G;N;Y;Y;Y;Y;N;T;G;N...
N;Y;Y ;T YW TR K.
T,T,T;C,CY;T;K;N;K...
T, T,;T;CT;N;N; KA K.
N;Y;Y;Y;C T, ;KA N...
T,T,Y;Y; Y)Y, T, KR K...
T, T;T;Y;N;Y;W;N;G; T...
T.Y;Y Y N Y A KAG..
N;N;T;C;T;Y;N;KR;G...
K;Y:C:C.C.:C:A:K:G;T...
T.Y; Y Y Y Y T KGN K.
N;T;CY;N;Y;W;T;G,G...
T;Y;C;T;C;Y;N;K;G;K...
T;T;T;Y;N; Y, W;K;A;N...
T;Y;Y;N;C;Y;T;K;N;K...
T,Y;T,Y;T;C;W;N;N;T...
K;C,CY;T;Y;T;K;G;K...
T;N;C;N;N; YA T, AK...
N:Y:T:Y:N:Y:N:K:N:N...
K;T;C,T;N;Y;W;K;G;T...
KT;Y;Y T Y;N;G;N;K...
G;N;T;Y;N;C;W;G;N;N...
N;C;N;Y;N;Y;A;G;G;T...
T;CY;T;C;,C,W;N;G;T...
T;N;C;N; YNNG TS AT
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FM_GP73
FM_GP75
FM_GP76
FM_GP77
FM_GP78
FM_GP7

FM_GP80
FM_GPS81
FM_GP82
FM_GP83
FM_GP84
FM_GP86
FM_GP87
FM_GP89
FM_GP90
FM_GP91
FM_GP93
FM_GP94
FM_GP95
FM_GP96
FM_GP98
FM_GP99

-12.64
19.37384
-6.82491
-13.1285
-6.10135

-17.471
36.01646

-8.1337
-7.59208
-14.4484
0.515264

-6.3745
-7.89306

-8.3707
-11.9694

12.0451
-7.55681
-9.10023
-11.8788
-3.35357
34.46874
17.66963

-1.51211
-31.0883
10.08528
1.297694
16.34464
0.232483
7.371938
15.55246
-29.1877
-11.5402

-22.405
-15.5748
-13.7149
-2.19941
-4.74803
3.818151
17.01001
17.03901
-12.5563
-6.60551
9.743627
1.604101

-10.9068
-0.33938

-9.3035
-5.69489
-11.9782
24.82886
5.699596
-18.6926
-13.3588
-0.00703
-8.82829
-4.46295
0.072567

-11.364
-15.0476
-3.36709
-22.1882
-8.41556

11.8429
4.423523
7.220517

0.36699

N;T;N;C,Y;T;A;N;R; T...
T:N;Y:Y:Y:Y:AK;R;N...
K:T;T:Y:N;Y:N;G:R:K...
N;C;T;N;N;T;T;T;N;G...

N;T;N;Y;C;Y;W;K;A;N...
KY;Y;Y.C.TWK:R:K...

T.T.Y.CT.YW.T:G;T...

T:Y:Y:N:N:N:W:G:A:G...

T:Y:C:C.C.C:W;T;N;G...
N:C:Y:C.Y:Y:T.T:AK...
T:T:.C:Y:C:Y:N:K:R;G...

N:;Y:C.Y;Y:Y;N;K;N:K...

N;Y:Y:Y:Y.Y:T:K;R;N...
G,C.C.Y:N)Y:A.G.G;T...

T.Y:C.Y;T;Y;W;G;A;N...

TT.T.Y.Y;T;AK;N;T...

N;T;T;C:N;Y;W.G;A;G...

T;Y;N;T:N;C;N;G;N;N...
N;T;C:N;N;T;:A;G;A;N...
K:CY;C.T;Y;N.T:G;T...
T.Y:N;C:N;T;W;K;N;T...
T;N;N;T;C; Y;N;KGAT...

Key: FM = Finger millet; GP = Genotypes; PC1 = Principal component 1; PC2 =

Principal component 2; PC3 = Principal component 3.

4.3.2 Phylogenetic analysis

Genetic diversity analysis was done on the same 95 finger millet genotypes. The

dendrogram was generated through neighbor-joining method of TASSEL software. The

genotypes were grouped into three major clusters (A, B and C) based on reaction to

Striga (Figure 2). Cluster A comprised of 32 genotypes of which were 27 Kenyan

genotypes and 5 were exotic genotypes from India 1, Uganda (2), Malawi (1), and 1 from

Zambia (1). Cluster B comprised of 56 genotypes of finger millet. Cluster B was further

divided into two sub clusters: B1 and B2. Of the thirty four accessions grouped into sub-
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cluster B1, 28 were from eastern Africa (Kenya 27 and Uganda 1), two from southern

Africa (Zimbabwe), one from western Africa (Nigeria), two from Asia (India and Nepal)

and one from Europe (Germany). Cluster B2 had 22 genotypes of which 21 were from

eastern Africa (Kenyan 20 and Uganda 1) and India (1). Cluster C had seven genotypes in

total, out of which 4 genotypes were from southern Africa (Zimbabwe) and 3 from

Kenya.
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Figure 2: Phylogenetic analysis of 95 finger millet genotypes

PGPS0 rmargad_X}
FM_GPSE_marged X3
P_GPO3_mrgad 33
PM_GPE1_margad_x3
PA_G#E2_margad 3
FM_GPES_margad_x3
PA_GP32_rmargad i3
F_GPEE_margad_¥3
B_GPa_marged X3
AM_0PAT_margad_x3
A_GP22_margad i3
FM_GPE1_margad_x3
PGP 14 _argad_x3
FM_GPED_rmargud_X3
FA_GPE3_margad_s3
AM_OP01_margad_x3
BM_G90_rmargad_X3
FM_GPTL_margud X3
F_GPET_margad_¥3
A_GPE7_rmargad_K3
AM_0PET_margad_x3
FA_GPTT _margad_v3
FM_GPI3_margad_x3
FA_GP73_margad_s3
FM_GPI0_rmarged X3
FM_GPE0_marged_x3
PA_GBT0_margad i3
BM_GP4_margad_X3
A_GP47_rmargad 3
PA_GP23_rmargad_x3
AM_GP0_margad_xE
BM_aP26_margad_x3
AM_GPI0_margad_X

F_GPSE_marged_x3
F_GP20_reargad_X1

argad X3
ac i3

The genotypes were generated through neighbor-joining method of TASSEL software in

response to Striga in two environments in Kenya. Three major clusters are shown with a
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further sub-cluster within the biggest pool (blue and Green). The same genotypes were
further used to perform genome-wide association studies (GWAS) for Striga resistance.

The genotypes are represented by entry numbers.

4.3.3 Cluster analysis for the 95 inbred lines

From Table 4.6, the genotypes that showed susceptibility to Striga were mostly
fromcluster A and included; GBK000549, GBK000462, GBK029715 and GBK029744.
At least two of the susceptible genotypes were also found in cluster B1 i.e. GBK027300,
GBKO011113, GBK040568 and one of them I.E 5306 was found in cluster C. Cluster B
was further split into two sub-clusters that had fifty six genotypes in total out of the 95.
All the genotypes that showed high resistance to Striga belonged to cluster B. Thus
Genotypes L.E 2217, 1.E 6537 were from sub-cluster B1 while genotypes L.E 4115, |L.E
4491, KACIMMI 24, KACIMMI 30, KACIMMI 47, were from sub-cluster B2 (Table
4.6). Similarly the genotypes that were tolerant belonged to cluster B and included;
KACIMI 16, KACIMMI 36, KACIMMI 49, KACIMMI 73, BUSIBWABO-1, OMUGA-
G, GBKO029793, GBKO000516. They were high vyielders despite supporting high
population of Striga at maturity (Appendix VIII). The clustering pattern revealed highly
diverse nature of composite collection based on racial and regional diversity.

Table 4.6: Membership cluster for the 95 inbred lines from phylogeny tree.

Cluster A (Red) Cluster B1 (green)  Cluster B2 (blue) ClusterC (Dark blue)

KACIMMI 77 GBKO000568 KACIMI 17 |.E 4497
P4C3 |.E 6165 KACIMI 49 GBKO039217
GBKO000520 GBKO011113 I.E4816 GBKO043268
GBK000451 GBKO008292 KACIMI 73 I.E 4491
GBKO008299 I.E 5873 KACIMI 47 I.E 5306
GBKO029805 GBKO000784 BUSIBWABO-1 KACIMI 11
GBK000549 I.E 2217 KACIMI 36 I.E 5870
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GBK029661 GBKO043081

NANJALA- GBK000449

BROWN GBKO000909

GBKO029807 GBK000482
GBK003821

32 34 22

4.3.4 SNP markers showing association with Striga resistance

Some markers that were detected using mixed linear model (MLM) analysis were

similarly detected in general linear model (GLM) analysis (Table 4.7). This confirmed

the reliability of GLM in genome wide association studies (GWAS). The markers
identified were TP85424 and TP88244 (Table 4.7).
Table 4.7: Presentation of SNP markers showing significant association with Striga
resistance using GLM and MLM.

GLM 609 filter 0.05

Locus_pos

Trait Marker marker_F  marker_p perm_p markerR2

AlupSfree TP11346 11346  11.77614 8.71E-05 0.966 0.2876
AlupSfree TP16436 16436  13.46379 1.87E-05 0.54 0.28372
AlupSfree TP25285 25285 11.43916 9.62E-05 0.973 0.28983
AlupSfree TP53302 53302 12.4427 5.71E-05 0.885 0.34173
AlupSfree TP68225 68225  15.04937 6.97E-06 0.271 0.30923
Alupinoc TP68225 68225 14.36346 1.08E-05 0.343 0.30987
Alupinoc TP86696 86696  18.17384 7.98E-05 0.93 0.21652
kibosSfre TP7986 7986  12.58671 6.76E-05 0.864 0.33936
kibosSfre TP53302 53302 22.36557 2.44E-07 0.006 0.40889
KibosIno TP14093 14093  14.49574 1.25E-05 0.384 0.33984
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KiboslIno TP85424 85424  14.12507 1.26E-05 0.388 0.31724
KiboslIno TP88244 88244  11.76539 5.74E-05 0.871 0.27191
MLM 60% filter 0.05
kibosIno TP70567 70567 8.0447 9.04E-04 0.26291 1.19121
KibosIno TP78789 78789 8.03945 9.93E-04 0.27239 1.19121
Kiboslno TP85424 85425 0.72326 2.59E-04 0.31777 1.19121
Kiboslno TP88244 88244 8.51908 6.09E-04 0.27301 1.19121

Alupsffree = Alupe Striga free, Alupinoc = Alupe inoculated with Striga, Kibosfree =
Kibos Striga free, KibosInoc = Kibos inoculated with Striga

4.3.5 Population structure of the 95 inbred lines

Based on analysis of the first three Principal component analysis (PCA) of the fourteen
components there was a cumulative proportion of 8% (Fig.3, appendix XXIX). The
results also provide evidence for genetic variation for response to Striga in finger millet
which is the first study reported so far. Although only 95 accessions were used, there is
likelihood that there are more novel sources for resistance to Striga within cultivated and

wild germplasm.

INDIVIDUAL PROPORTION Cumulative Proportion

0.3
0.25
0.2
0.15
0.1
0.05

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 3: PCA presentation graphically on individual and cumulative proportion.
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4.3.6 Multidimensional scaling: A confirmation of population structure

The purpose of multidimensional scaling (MDS) in this case was to provide a visual
representation of the pattern of proximities (i.e. similarities or distances) among a set of
objects or the meaning of the MDS is to visualize the level of similarity of individual
cases of the dataset. It was performed on the data set to validate the population structure.
It is among the many multivariate techniques that aim to reveal the structure of data set
by plotting points in one or two dimensions. The 95 genotypes were not clearly classified
into three broad groups as there was overlapping of sub-populations (Figure 4). The
clusters were collinear with the population structure. It is extremely similar to principal
component analysis (PCA), with the main difference being that for MDS the raw SNP
scores are first converted into matrix of distances between all samples (Figure 4 and
appendices XXVII and XXVIII). The conversion is necessary because PCA does not
function on datasets where some elements are missing and the stochastic nature of GBS
ensures that essentially every data set will have at least some missing data and frequently
quite a bit (Wallance et al., 2015). The MDS plot provides a bit of some separation of the
accessions into two sub-populations that are overlapping, a confirmation of population
structure and the clustering pattern that was observed in phylogenetic analysis. The over-
lapping is in conformity where by the resistant and tolerant genotypes were put in the

cluster B.
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Figure 4: Multiple dimensional scaling for the entire collection with Colours

depicting corresponding subpopulations.

4.3.7 Genome wide association studies

GWAS also called association mapping studies focuses on polymorphism in candidate
genes that are suspected to have roles in controlling phenotypic variations for one
specific trait of interest (Thornsberry et al., 2001). Using the few genotypes from the
HapMap shows that diversity within inbred lines of finger millet was as a result of copy
number variation (CNV) in response to reaction to Striga (Fig. 5). These variations have
involved deletion, insertions and duplication as can be observed in the consensus

sequence among the eight genotypes below:

1. KACIMMI 73
CAGCAAAACGCCAAGCACAGATGGGCAACTGCTCGGGCAGAAAAAA
AAAAAAAAAAAAAAAAAA
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KACIMMI 73
CAGCAAAACGCCAAGCACGGATGGGCAACTGCTCGGGCAGAAAAAA
AAAAAAAAAAAAAAAA AA

KACIMMI 49

CAGCAAGCTACGGGAGAAAACCAACCTCGCCACTGGGGCCGAAGCA
GAAAAAAAAAAAAAAA AA

KACIMMI 49
CAGCAGGCTACGGGAGAAAACCAACCTCGCCACTGGGGCCGAAGCA
GAAAAAAAAAAAAAAA AA

. GBKO000516

CAGCAAACACGAGGTCTGATCGCTCCCTCTCACTTTIGGCTCCACTGC
TGAAAAAAAAAAAAAA
GBK000516

CAGCGAACACGAGGTCTGATCGCTCCCTCTCACTTTIGGCTCCACTGC
TGAAAAAAAAAAAAAA

. KACIMMI 36

CAGCAAGGCAGTTTTTCCATCCCGAGAAACCTCAAGCTTCCAACAGAT
GTGTCAGCTGAAAAAA

KACIMMI 36
CAGCAAGGCAGTTTTTCCATCCCGAGAAACCTCAAGCTTCCAACGGAT
GTGTCAGCTGAAAAAA

. KACIMMI 24

CAGCAAAGGGGGGAAGCAGAAGGCGTTCCCCGACGGGCGGTGGCLTG
AAAAAAAAAAAAAAAAAA
KACIMMI 24

CAGCAAAGGGGGGAAGCGGAAGGCGTTCCCCGACGGGLCGGTGGCTG
AAAAAAAAAAAAAAAAAA

. BUSIBWABO-1
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CAGCACCGTCGAGTCGIGGAGCGATGACGGCGGGAGCAGAAAAAAA
AAAAAAAAAAAAAAAA AA
BUSIBWABO-1

CAGCACCGTCGAGTCGIGGAGCGATGACGGCGGGGGCAGAAAAAAA
AAAAAAAAAAAAAAAAAA

7. KACIMMI 16
CAGCAAGCCTCGGCAGAGCGGAGAGGGATGGCGGCAAGGCAGAAAA
AAAAAAAAAAAAAAAAAA
KACIMMI 16

CAGCAAGCCTCGGCAGAGCGGAGAGGGGTGGCGGCAAGGCAGAAAA
AAAAAAAAAAAAAAAAAA

8. KACIMMI 65
CAGCAAGCTACAGCAGGAGAGATGAGCTGTGGGCGCACTGCAGAAA
AAAAAAAAAAAAAAAAAA
KACIMMI 65
CAGCAAGCTACAGCAGGAGAGATGAGCTGTIGGGCGCCCTGCAGAAA
AAAAAAAAAAAAAAAA

Figure 5: Eight paired end reads trimmed to 64 base paired arrangement of
SNPs.

The eight were among the genotypes that showed moderate resistance to Striga from the
95 genotypes.
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CHAPTER FIVE
DISCUSSION

5.1 Effects of Striga infestation on finger millet morphological traits.

The F-values for most of the quantitative traits (i.e. seedling vigour, Striga count at
vegetative stage, Striga count at 50% flowering, plant height, ear exertion, ear length, ear
width, Striga count at crop maturity and crop yield) were statistically significant except
for ear shape, lodging percentage, stand count and number of fingers in the two
environments. This was an indication that the composition of finger millet germplasm
used in screening for Striga resistance had sufficient genetic variation for the traits. Some
genotypes were observed to have low variation among the treatment and the control
despite carrying high Striga population with respect to the agro-morphological traits,
hence seemed to to tolerant to Striga. The experiment was carried out in localities that are
hot spot to Striga prevalence hence results obtained on the field are very significant.
Similar results on variance in response to Striga by genotypes has been reported by
Ramasamy et al. (1996), Sivagurunathan, (2005) and Ya Zhini, (2006) for traits such as
plant height, days to 50% flowering, ear head length and width, peduncle length, panicle

exertion and grain yield.

5.2.1 Seedling vigour

Seedling vigour is an important characteristic in many cereals for its yield and biomass
determining property and breeding programs (Botwright et al., 2002; Richards and
Lukacs, 2002; Rebetzke et al., 2004). The mean for seedling vigour was higher in the
genotypes that were infested with Striga compared to Striga free plots. Thus genotypes
that had high seedling vigor had least Striga count or none at vegetative stage, days to
50% flowering to crop maturity. According to Ransom and Odhiambo, (1995) early
maturing maize has the ability to escape the phytotoxic effects of Striga through vigorous
early growth before Striga cause serious damage to the plant. Seedling vigour had high
significant negative relationship with Striga count at both days to 50% flowering and
maturity, traits that also had negative relation with yield. The same genotypes had low
lodging percentage apart from the accession PR 202 that was highly lodged. These
similarity suggest that a genotype with high seedling vigor is likely to be resistant to
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Striga but would probably lodge, which agreed with Roozrokh et al. (2002) findings on
chicken pea. Similarly the NRC (1996) also listed robust growth, early vigour, resistance
to Striga and blast disease as important traits in finger millet breeding. Overally, effect of
Striga on plant vigor influences primary productivity, increasing ground mortality and

lowering seed production capacity particularly among the susceptible genotypes.

5.2.2 Striga count

In this study, particicular genotypes that had no Striga or low Striga number recorded
throughout physiological development, responded positively to evaluated agro-
morphological traits. It was also evident that accessions which responded negatively to
Striga infestation were poor grain yielders. For instance six poor yielding genotypes did
not support Striga suggesting they could be carrying Striga resistance genes but deficient
in yield conferring genes. Such trait could be introduced to productive genotypes that are
highly susceptible Striga through gene transfer to improve yields. The results showed
high mean Striga count among accessions at physiological maturity compared to that at
vegetative and 50% flowering. The early attachment of Striga seedlings to roots is a
function of Striga seed density, and host plant characteristic such as root architecture
(Van Delfit, 1997; Gurney et al., 1999; Kim and Ademitirin, 2001; van Ast and Bastian,
2006). Early attachments result in severe damage to the host under controlled conditions
(Cechin and Press, 1993b; Gurney et al., 1999) or in the field (Weber et al., 1995: Abayo
et al., 1996). This is in agreement with the findings in this study where by genotypes that
had high Striga count at maturity of crop had low mean yield. Striga count at flowering
and at maturity were highly positively correlated and the two were negatively correlated
to yield. This is in agreement with Haussmann et al. (2000) who reported of Striga being
deleterious parasitic weed on cereals. The positive relationship between Striga counts and
agro-morphological performance was expected as a Striga susceptible genotype would

likely show similar behaviour at all stages of plant development.

5.2.3 Days to 50% flowering

The high significant difference between Striga counts and days to 50% flowering, plant
height and crop yield all point to the fact that Striga has deleterious effect on finger millet
(Haussmann et al., 2000). This shows a high indication that infected plants struggle to
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reach maturity earlier in order to survive environmental stress (Shah et al., 1987). This is
in tandem with report by Ransom and Odhiambo, (1995) where studies done on maize
varieties in Kenya found that early maturing maize landraces were more tolerant to Striga
than late maturing land races through a mechanism termed ‘the escape mechanism’.
According to Ransom and Odhiambo, (1995), early maturing maize has the ability to
escape the phytotoxic effects of Striga through vigorous early growth before Striga cause
serious damage to the plant. The parasitic weeds keep their stomata permanently opened
because much water is withdrawn from the host inducing drought symptoms (Stewart and
Press, 1990). Early maturity is one attribute to avoid Striga infestation as was
demonstrated in resistant genotypes of finger millet. The nutrient uptake by host plant
(finger millet) was reduced by the Striga and could be a factor to affect the flowering and
reduced millet production because there is general effect on primary productivity/or
growth and development. Therefore Striga causes adverse effects on growth and
development of agro-morphological traits in host plant which justifies the first hypothesis

that Striga infestation has effect on finger millet agronomic performance.

5.2.4 Plant height

The high significant differnce between Striga counts with respect to plant heights, ear
lengths, ear widths, ear exertions and grain yields as shown in Table 4.1 were expected as
Striga infestation has the effect of competing the host plant for nutrients parasitically
through haustourial development as a bridge with host. This is in agreement with report
by Hausmann et al. (2000) that Striga retards plant growth, reducing plant height and
consequently yielding. Gebremedhin et al. (2000), made similar observation that during
sorghum flowering and grain filling periods there is significant reduction in stem height
due to Striga infestation. The greater the relative reduction, the greater the Striga
susceptibility. As explained by Musselman (1987) and Parker (1999), two species of
Striga, Striga asiatica (L) Kuntze and Striga hermonthica (Del) Benth caused economic
losses to important cereal crops such as sorghum, millet, maize, and rice in Africa of
which S. hermonthica has a marked influence in growth and allometry of its host plant.
Similar explanation was also reported by Press et al. (1999), that plants infected by Striga
show low levels of indole-3-acetic acid. Odongo and Abayo, (1999) reported that maize
varieties susceptible to Striga have reduced growth leading to short plants. Frost et al.,
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(1997) reported that the attachment of Striga on the root system affected and reduced the
plant height of host plant by taking substantial amount of nutrients from host plant.
Similarly Gurney et al. (1999) and Swabrick et al. (2009), reported that the parasite
produces phytotoxic substances that affects crop’s growth, with even low levels of
infection resulting in dehydration and loss of vigor, stunting, and biomass and grain yield
reduction. Gebremedhin et al. (2000), made similar observation that during sorghum
flowering and grain filling periods there is significant reduction in stem height due to
Striga infestation. The greater the relative reduction, the greater the Striga susceptibility.

5.2.5 Ear shape
The results obtained showed no mean significance difference for the Striga inoculated

plots and Striga free ones owing to the fact that it is a qualitative trait.

5.2.6 Ear length

The varieties that had huge mean difference in length of ears also gave large difference in
mean yields particularly highly susceptible genotypes of finger millet. Similarly, Bondale
et al. (2002) found grain yield per plant to be significantly influenced by finger length
and finger width among finger millet genotypes from diverse regions of India. Studies
done by Van Ast and Bastiaans (2006), showed that sorghum responds to Striga
parasitism through changes in dry matter allocation, in particular sorghum infested with
Striga has a reduced panicle and stem fraction while leaf and root fraction is increased.

Thus Striga weed had serious effect on growth and development of ear length.

5.2.7 Ear width

In this study there was high significant difference between ear width and Striga counts.
Thus smaller size of the ear results to smaller panicles that limit proper formation and
development of finger millet seeds. These results are clearly in agreement with Press et
al. (1999) who outlined that Striga can impose effects on the hosts even in its early and
underground stage of development, which might be attributed to the production of
phytoxins by parasite affecting growth and physiology of the hosts. He also attributed this
as due to low levels of indole-3-acetic acid. Frost et al. (1997) reported that the
attachment of Striga on the host root system affected and reduced the plant weight of host
plant by taking substantial amount of nutrients from host.
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5.2.8 Lodging percentage.

There was no significant difference between lodging and Striga infestation an indication
that Striga does not have adverse effect on center of gravity of plant because some
genotypes that had high lodging percentage among the infested plots similarly had high
grain yield. This was in agreement with report by Duke, (1978) that lodging could be due
to heavy heads associated with high yield in finger millet leading toppling plants.
However, this did not agree with results given by Sallah and Afribeh (1998) and Kim
(1994) who reported that grain yield was negatively affected by stalk lodging caused by
Striga infestation among the maize varieties. The positive relationship between lodging
and yield is in contrast to findings in wheat and barley, where lodging causes up to 40%
yield losses (Kelbert et al., 2004). The effect of lodging could be compensated through
gene transfer between highly resistant genotypes to Striga with those that are susceptible

in order to promote their stem stability.

5.2.9 Ear exertion

The mean ear exertion showed highly significant difference between inoculated
genotypes and non — inoculated genotypes an indication that Striga has an adverse effect
on its growth. This is in agreement with findings by Odongo and Abayo (1999), who
reported that maize varieties susceptible to Striga have reduced growth leading to short
plants. Study by Drewhan and EI Hiweris (1979) showed that xylem sap from infected
plants contained lower quantities of cytokinin and gibberellins and higher quantities of
ABA than sap from uninfected plants, suggesting that perturbation in the balance of
growth regulators may contribute to the changes in the host architecture. Greater
concentration of ABA in the xylem sap reported here would be expected to reduce leaf
expansion (Zang and Davies, 1990). ABA has also been shown to enhance the root: shoot

ratio and reduce stem growth (Trewavas and Jones 1991)

5.2.10 Stand count

This is a parameter determining the mean of plant populations per genotype. There was
no significant interaction between the Striga count and stand count. As explained by
Bacaltchuk and Ulrich (1983), plant stand establishment is an important characteristic in
wheat and being highly correlated to plant height. Plant stand has positive relationship
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with Striga count particularly in susceptible genotypes. Thus the more the finger millet
plants, the higher the incidence of Striga infestation reflecting increase in pest severity
with increased host density (Mundt, 2002). Plant stand has positive relationship with
yield (Steppuhn, 1997 and Holen et al., 2001).

5.2.11 Number of fingers

There was no significant difference between number of fingers and Striga count in this
study an indication that its number and formation in finger millet is solely influenced by
genes rather than by environment. As supported by Ademitrin et al. (2000), pre-flowering
stress due to Striga parasitism was higher than post flowering stress and resulted in
higher reduction for ears per plant (44%) than reduction for other yield components (12-
29%).

5.2.12 Crop yield

The mean yield for Striga inoculated genotypes was 609.9 kgha while the mean for
Striga free genotypes was 1074.4 kgha. The reduction in yield due to Striga infestation
was approximately 43%. This is in tandem with report by M’Boob, (1986) that yield
losses of maize due to Striga infestation in Nigeria was estimated at 70%, while losses in
Africa was about 40% representing an annual losses of about US $7 billion. The
infestation of crop by Striga results in chlorosis, wilting, stunting and death, with losses
ranging from slight to 100% (Agrios, 1997). It is also in agreement with Shawemimo
(2006), who reported that Striga infestation in sorghum reduced plant height, panicle
weight, 1000 grain weight and grain yield by 13.7, 35.9, 52.9, 64.5 and 52.6%
respectively. The parasitic weeds penetrate the roots of the host plants depleting them of
essential nutrients for growth resulting to stagnation and finally low yields (Watson et al.,
1998). Successful parasitic establishment creates a strong sink of nutrients to the
detriment of host, leading to drastic growth and yield reductions (Keyes et al., 2001; Joel
et al., 2007). Rodenburg et al., (2008), outlined that several photosynthetic parameters are
reduced in sorghum plants infected with S. hermonthica including electron transport rate
through the photosystem Il and photochemical quenching. Report by Frost et al. (1997),
had shown that the negative effect on photosynthesis relates with reduced conductance,
which is possibly the consequence of elevated abscisic acid (ABA) levels of sorghum
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plants infected by S. hermonthica. Not only ABA, but also other plant hormones such as
cytokinin and gibberellin levels are altered in sorghum plants infected with Striga relative
to control plants (Taylor et al., 1996). The results of this study agree with those of
Ramaiah (1991) on sorghum, and millet that Striga infestation causes substantial
reduction in yield components, increases yield loss and eventually economic loss of crops

to the farmers(s).

5.3 Variation in finger millet genotypes for Striga resistance

Genetic diversity is a basic requirement for crop improvement programmes. The genetic
variation within and between species is generated by mutation, sexual reproduction and
natural selection. Efficient use of conserved bio-diversity requires information about the
degree and distribution of genetic diversity. The variation in the genetic make up and its
interaction with environment indicates the observable pattern of diversity. Determination
of diversity using molecular markers provides opportunity to select appropriate parents
for crop improvement with higher precision. The importance of increased use of genetic
resources in enhancing genetic potential of crop alleviates biotic and abiotic stresses

thereby broadening genetic base of crop (Banks, 1976)

5.4 GBS Analysis and phenotypic association with Striga tolerant traits.
Genetic and phenotypic correlation between traits are quite important because they
indicate the association in response to other characters that could occur during selection.
The results obtained using SNP markers through GBS analysis showed high significance
and some association between some genetic loci/ or sites. As reported by Stuber et al.
(1966), some characters of economic importance like yield are complex in inheritance
and may involve several related genes. Genetic correlation for traits measured showed
that grain yield, ear length, ear width, ear exertion were affected by Striga more so by
susceptible genotypes. The clustering of the 95 genotypes with respect to reaction to
Striga is an indication that resistance is genetically controlled and occurring in particular
gene loci. According Bush and Moore (2012), genome wide association studies typically
identifies common variants with small effect sizes. Similarly the variants that were
tolerant to Striga belonged to the same cluster B an indication that susceptibility to the

weed occurs when the gene is in homozygous recessive state. Similar results were
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reported by Vogler et al. (1996), who observed that a single nuclear recessive gene

controls this mechanism in sorghum variety SRN 39.

5.5 Population structure and Phylogenetic analysis

Population structure analysis with fastSTRUCTURE (Raj et al., 2004) separated the
finger millet genotypes into three primary clusters. Phylogenetic analysis closely
corresponds with the structure analysis, whereby the inferred clusters matched major

branch points in the phylogeny.

The results also provided evidence in genetic variation for response to Striga in finger
millet which is the first study to be reported so far. This results also justifies the second
hypothesis which stated that there could be genetic diversity among the finger millet
genotypes in response to Striga. It revealed three groups depending on the germplasm
with the resistant genotypes being separated from the susceptible ones. This separation
was due to differences in the reaction of the 95 types of germplasm to Striga infestation.
This findings is consistent with results of Menkir et al., (2012b) who showed that Striga —
resistant hybrids were separated from Striga tolerant hybrids but contrary to the results of
Badu-Apraku and Lum (2007) who reported that the clustering of inbred lines was
independent of the genetic background of genotypes. Although only 95 accessions were
used, there is likelihood that more novel sources for resistance to Striga could be
available within cultivated and wild germplasm.

All the eight genotypes that were selected for moderate resistance were from same cluster
B implying the high reliability of the results obtained in field screening and verification
by molecular work. Therefore the molecular markers that were obtained through GLM
and MLM with respect to resistance to Striga confirm the same. The resistance has come

about due to copy number variation through insertion and deletion
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

1. The 100 genotypes of finger millet assessed using agronomic traits had various
levels of response to Striga infestation: (i) The resistant genotypes immune to
Striga infestation were least affected; (ii) Moderately resistant genotypes with a
limited level of Striga infestation were least affected. Genotypes susceptible to
Striga menace were highly affected in terms of productivity and morphological

traits

2. The genetic molecular markers analysis for tolerance to Striga revealed the
following: From the GBS analysis, it was observed that finger millet genotypes
inoculated with Striga at Kibos had the markers TP 85424 and TP 88244 present
in both GLM and MLM. This indicated that the two markers were stringent,
hence confirming the reliability of GBS in genome wide association studies.

3. The genetic diversity analysis, divided the genotypes into three sub-populations
(A, B and C) and all appeared to have an admixture of alleles. Thus Cluster A
consisted majorly of susceptible genotypes which  included;  GBKO000549,
GBK000542, GBK029715 and GBK029744 agreeing with results from
agronomic traits. All genotypes that showed high resistance to Striga were in
cluster B and they included IL.E 2217, I.LE 6537, L.LE 4115, KACIMMI 24,
KACIMI 30 and KACIMMI 47.

Similarly the seven tolerant genotypes equally belonged to cluster B2 and include
KACMMI 49, GBK000516, KACIMMI 65, KACIMMI 36, KACIMMI 16,
KACIMI 73 and BUSIBWABO-1. At least two of the susceptible genotypes
were also found in cluster B1 (i.e. GBK027300, GBK011113, GBK040568
and one of them L.E 5306 was found in cluster C). Cluster C also comprised of
susceptible genotypes and include 1.E 4497, GBK039217, GBK043268, |.E 4491,
KACIMMI 11 and I.E 5870.
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6.2 Recommendations

1. The molecular markers identified should be validated across a large germplasm
set so as to confirm validity/or strength of the two approaches and shared with
breeders to enhance efficient selection for resistance to Striga.

2. Further GBS work be done on the selected lines for resistance to Striga and
compare gene interaction with genotypes that are susceptible to Striga but possess
traits that will promote high overall performance of crop.

3. Probably the most important point is simply establishing working parameters for
genotyping by sequencing (GBS) in the species that open doors to many other
analysis that rely on extensive genotyping.

4. Population structure and phylogenetic analysis be prioritized in checking for
diversity among the large panel of finger millet in order to improve on genetic

base for resistant variants
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APPENDICES
APPENDIX I: The 100 Finger millet variants (test entries) used in the experiment
EN ENT
T. ENT. ENT. ENT. RY
NO | GENOTYPE NO | GENOTYPE |NO | GENOTYPE | NO | GENOTYPE NO | GENOTYPE
1| I.E 4491 21 | GBK000463 41 | KACIMMI 20 61 | GBK008278 81 | GBK029798
2 | LE6165 22 | GBK027300 42 | KACIMMI 6 62 | GBK008292 82 | GBK029820
3 | I.E 4497 23 | I.E 4816 43 | KACIMMI 65 62 | GBK008299 83 | GBK033414
4 | I.E 6537 24 | 1.E 2217 44 | KACIMMI 17 64 | KACIMMI 77 84 | GBK033416
5 | OMUGA-P 25 | KACIMMI 7 45 | KACIMMI 22 65 | GBK029199 85 | GBK039217
6 | KACIMMI 15 26 | KACIMMI 47 | 46 | KACIMMI 24 66 | GBK029678 86 | GBK043268
7 | 1.E 4115 27 | VL 149 47 | KACIMMI 49 67 | GBK029715 87 | GBK000369
8 | GBK029661 28 | GBK043081 48 | KACIMMI 72 68 | GBK029722 88 | UFM 138
9 | I.LE5870 29 | OKHALE-1 49 | KACIMMI 42 69 | GBK029724 89 | GBK000482
10 | KACIMMI 11 30 | OMUGA-G 50 | GBK000516 70 | GBK03821 90 | GBK000909
11 | 1.E 5306 31| P224 51 | GBK000692 71 | GBK040568 91 | GBK008348
12 | 1.E 2957 32 | P224 CV 52 | GBK008339 72 | GBK000409 92 | GBK033446
13 | PR 202 33 | P283 53 | GBK029701 73 | GBK000449 93 | U15XP283
14 | GBK000451 34 | P4C3 54 | GBK029793 74 | GBK000462 94 | GBK000784
15 | I.E 5873 35 | SERERE-1 55 | GBK029805 75 | GBK000493 95 | GBK000831
16 | I.E 4795 36 | U-15 56 | GBK029821 76 | GBK000568 96 | GBK026992
17 | I.E 2606 37 | N-BROWN 57 | GBK029847 77 | GBK0011082 97 | GBK000900
18 | I.E 2440 38 | GULU-E 58 | KACIMMI 36 78 | GBK011113 98 | GBK000549
19 | I.E 6337 39 | BUSIBW-1 59 | GBK000802 79 | GBK011126 99 | GBK029807
20 | KACIMMI 30 40 | KACIMMI73 | 60 | GBK000828 80 | GBK029744 100 | GBK000520

Key: L.E =International Eleusine, CVR = Chakol Variant, U = Uganda, P = urple

N = Nanjala, GBK = Gene Bank Kenya, G = Green, KACIMI = KARI African Centre

for Crop Improvement McKnight Foundation Millet




APPENDIX I1: Field experimental layout

0] Treatment combinations on each unit of the design

(i) Design = Triple Lattice with 100 entries

(iii))  Alupe 2012LR Striga Screening Nursery

102

Plots 1| 2 3 4 5 6 7 8 9 10

Replicates Blocks
APPENDDIX II contd...

1 1| 92162 8 52| 12 22 32 72| 42 2

2| 97| 47 7, 87| 27 37 17 57| 67 77

3, 10| 90| 80| 40| 50, 100 30| 20| 60 70

4| 34 44| 94| 84| 54 14 74 4| 24| 64

5| 49| 79 29 19| 39 9 59 69 89 99

6/ 33| 73| 63| 43| 93 23 53 3 13| 83

7, 76| 8| 26| 46| 16 36 6 56| 96 66

8 51| 11 61 41| 91 81 21 31 1 71

9| 25 15| 8| 35| 75 45 65 95 5 55

10| 28 78 48 18 8 58 88| 68| 38| 98

2 1| 44| 46 42| 50| 48 43 49 47 | 41 45

2, 70| 65| 68| 69| 66 61 63 64| 62 67

3/ 33,31 36| 39| 34 37 35 40| 38| 32

4, 99| 92| 98| 100 | 96 94 93 95| 91 97

5| 12| 16| 13| 19| 18 11 20 15| 14| 17

6/ 30| 25 24 21| 29 27 26 28| 23| 22

7| 56, 54| 58| 59| 55 52 60 57| 53| 51

8 84| 8| 8 82 81 87 89| 85| 90 83
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9 2| 5] 8 6| 10 7 9 4 3 1

10 721 75, 77 79| 78 73 76 71 80| 74

1 41 22| 77 13| 59 31 100, 68| 86| 45

2| 38| 29| 83| 47| 74 20 65| 51 6| 92

3 8| 17 94| 62| 26 40 71 53| 85| 49

4 43| 34 98| 80 11 89 57 25 2| 66

5| 14 23| 69| 41| 87 78 60 5/ 96| 32

6| 55| 82| 73| 10| 64 37 91 19| 28| 46

7/ 56 97| 15 1, 70 42 79 88 24 33

8 93 61| 30 84| 48 7 39 75| 52| 16

9| 54| 72| 36| 81 9 63 95| 50| 27| 18

10| 12 76| 44 99| 67 90 35| 58 3| 21
Q) Treatment combinations on each unit of the design
(i)  Design = Square Lattice = Triple Lattice (10 x10)

(i)  Kibos 2012 Striga Screening Nursery Layout
Plots 1 2| 3 4 5 6 7 8 9 10
Replicates Blocks

1, 33 11 70 56 97 15 79| 42 88|24

2| 89| 25 66 80 11 57 34| 98 43| 2

3| 26| 17 62 85 40 49 71| 53, 8|9%

4 93 30| 16 48 7 39 75| 52 84|61

5/ 18| 36 72 81 50 27 9| 54| 63|95

6| 35| 76 12 90 3 44 21| 67 58199

7 6| 38 20 83 29 47 74| 92 51|65

8 78| 14 32 5 60 23 41| 96| 87 69
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9/ 31 4| 86 45 59| 100 22 13| 77 | 68
10 10| 37 91 19 64 55 28| 82| 46 73
2 1 19| 49| 69 89 79 29 9/ 59] 99|39
2| 94| 44 14 54 74 4 64| 84| 34|24
3| 63| 33| 23 53 13 3 73| 83| 9343
4, 96| 66| 56 46 16 6 26| 86 76|36
5| 95 5| 65 55 15 25 35| 45| 75|85
6 97| 67 7 77 57 37 27 17| 47 | 87
7 92 72| 52 2 12 82 32| 42 22 62
8 50| 100| 10 70 60 40 20 30| 80|90
9| 68| 28| 18 8 58 88 98| 48| 38|78
10| 91| 51| 21 61 71 31 41 1181 11
3 1) 91, 94| 97 95 96 | 100 8 93| 99 92
2, 73| 79| 78 76 75 80 72 77| 7174
3| 26| 30| 27 29 28 25 23| 24 21|22
4, 83| 89 86 87 88 82 84| 85 90| 81
5 5 3 7 10 8 1 9 6 4| 2
6| 39| 32| 38 37 36 31 35| 33| 40|34
7 47 46| 49 42 50 44 48 | 43 45 41
8 13| 12 11 19 14 20 18 16 | 17 |15
9 67| 65| 63 62 66 70 69| 61| 6468
10| 53] 55| 51 56 60 54 59| 52| 58 57

NOTE: The field layout was triple lattice or square lattice.
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Plate 3.1
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Plate 3.4

Plate 3.5

Plate 3.10

Plate 3.8

Plate 3.11

Plate 3.9

Plate 3.12

(Source, Author, 2012)
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Key:

Plate 3.1: Section of land that had been prepared for planting finger millet in 2012 LR
season at Alupe

Plate 3.2: Plot of finger millet before thinning process at Alupe LR 2012

Plate 3.3: Plot of finger millet after thinning process

Plate 3.4: Plots of finger millet being top dressed at Alupe.

Plate 3.5: Technical staff assigned to guard and scare birds on maturing plots of finger
millet before harvesting.

Plate 3.6 Members scoring several data on each plot of finger millet at crop maturity LR
2012.

Plate 3.7: Heads of finger millet 4 weeks to harvesting

Plate 3.8: Taking data on the ear shapes on respective plots of finger millet
Plate 3.9: A single head of finger millet with curved ear shape mg X2

Plate 3.10: Elutriator machine at Kibos research station.

Photo 3.11: Part two of elutriator machine

Photo 3.12: part 3 of the elutriator machine where counting of Striga seeds are estimated
from soil samples collected from farms.



APPENDIX IV: ANOVA Table: Seedling Vigor

P>F Signific

Source DF SS MS F-value ance.
Rep 2| 12.147 6.07 9.908 | <.001 | **
Stg 1|3.147 3.14 5.17 | 0.0232 | NS
Rep*Stg 2 | 4.754 2.37 3.91 | 0.0205 | NS
EntNo 99 | 104.398 1.05 1.73 | <0.001 | *=*
Stg*entNo 93 | 46.819 0.50 0.83 | 0.8744 | NS
t -Grouping Mean N Stg

A 212 485 Inoculated

B 197 477 Sfree
KEY:

Rep = Replica, Stgct = Striga count, Rep*stgct = Replica interaction by Striga count
Ent No =entry number, Stg*entNo. = Striga interaction by entry number

*= Significant (P <0.1), **= Highly significant (P < 0.05)
NS= Not significant

APPENDIX V: ANOVA Table: Striga count at vegetative

P>F Signific
Source DF SS MS F-value ance.
Rep 2 | 568.854 | 282.92 457 1 0.0197 | NS
Stg 1| 474553 | 474553 | 76.59 | <.0001 | *=*
Rep*Stg 2 | 565.84 282.92 457 | .0107 | NS
EntNo 99 | 6331.78 63.95 1.03 | 4013 | NS
Stg*entNo 99 | 6122.74 65.83 1.06 | .3319 | NS
t Grouping Mean N Striga
A 5.26 481 Inoculated
B 0.00 498 Striga free
APPENDIX VI: ANOVA Table: Striga count at 50% flowering
F-value | P>F Signific
Source DF SS MS ance.
Rep 21276323 | 1158.2 |5.20 .0021 *%
Stg 1| 33307.4 | 33307.4 | 149.45 | <0001 | *=*
Rep*Stg 2 | 2763.23 | 1381.6 | 620 0021 | **
EntNo 99 | 22947.2 | 231.8 1.04 3820 | NS
Stg*entNo 93 | 21493.3 | 231.1 1.04 3913 | NS
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t Grouping Mean N Stg

A 1379 481
B 0.00 498 Striga free

Inoculated

APPENDIX VII: ANOVA Table: Striga count at maturity

P>F Signific
Source DF SS MS F-value ance.
Rep 2 | 45119.02 | 22559.51 | 13.79 | <.0001 | **
Stgct 1 148754.6 | 148754.6 | 90.92 | <.0001 | **
Rep*Stgct 2 | 45119.02 | 22559.51 | 13.79 | <.0001 | **
EntNo 99 | 171500 1732.32 1.06 | .3356 | NS
Stg*entNo 99 | 171500 1732.32 1.06 | .3356 | NS
t Grouping Mean N Striga
A 25.74 554 Inoculated
B 0.00 547 Striga

APPENDIX VIII: Morphological traits mean with Striga inoculated for field
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screening

Ent.No Genotype 1 2 3 4 5 6 7 8 9 10 11 12 13

1 I.E 4491 30 {08 |15 |35 84.7 | 433 |5 2 28 |83 |28 |56 |113
2 I.E 6165 30 |02 [00 |00 87 675 | 73 |57 |0 126 | 125 |7 200
3 I.E 4497 25 |00 [00 |00 82 500 |40 [ 10 |0 75 |1 55 | 222
4 I.E 6537 1.9 [00 |08 |09 87.8 | 535 |58 |3 24 134 | 7.8 |49 | 3181
5 OUGA P 23 |06 |10 |2 90 523 |65 |25 |19.2 | 127 | 116 |58 | 834
6 KACIMI15 [3.0 [03 |03 |10 937 | 486 |53 |3 0 9 1.3 | 3.7 | 66.67
7 I.E 4115 22 |04 |28 |64 844 | 496 |56 |28 [96 | 114 |29 53 | 618.9
8 GBK029661 | 3.0 |00 |05 |05 89 55.0 | 4 1 5 13 1 4 66.7
9 I.E 5870 25 |00 |15 [155 |83 50.0 |55 [ 25 |0 12 3 55 | 155
10 KACIMI11 [3.0 [10 |10 |10 90 45 4 2 0 14 1 4 83

11 I.E 5306 22 |20 [122 [692 |917 |587 |5 1.7 (97 |12 257 | 52 | 2139
12 I.E 2957 30 {00 |00 |90 87 300 | 5 2 35 105 |1 55 | 41.65
13 PR 202 30 {00 |00 |12 88 60.0 | 8 3 30 12 1 7 63.9
14 GBK000451 | 1.9 | 6.6 | 151 | 385 | 74 583 |57 |27 |7 12 282 | 54 | 861.1
15 I.E 5873 24 |02 [08 |10 915 |46.1 |45 |25 |[144 | 152 |38 |48 | 743
16 I.E 4795 30 {00 |00 |00 90 55.0 | 8 3 0 141 |13 |6 63.9
17 I.E 2606 27 | 014 {19 [199 [923 [383 |43 |2 0 117 | 22 5.4 | 358
18 I.E 2440 28 | 025 |00 [025 |[985 |395 |4 2 155 | 12 2 45 | 59.3
19 I.E 6337 28 |15 |50 [193 [91.7 |49.0 |5 23 | 145 | 121 | 225 | 62 | 859
20 KACIMI30 |18 [10 |46 |62 842 | 535 |6 2.7 | 147 | 104 | 285 |51 | 5371
21 GBK000463 | 3.0 |00 |00 |00 101.2 | 600 | 7 2 0 16 1 5 94.4
22 GBK027300 | 1.9 |11 |31 [638 |932 |613 |5 28 | 126 | 129 | 23.8 | 49 | 5102
23 I.E 4816 1.7 |62 | 181 [310 [833 |[550 [62 |28 | 125 | 113 | 234 |56 | 10195
24 I.E 2217 27 |00 |07 |083 |89 433 | 4 2 1.5 | 117 |27 |48 | 367
25 KACIMI 7 21 (03 |12 |17 943 | 404 |55 |23 |64 |117 | 171 |47 |75
26 KACIMI47 |16 |05 |23 |51 83 64.4 | 68 |3 21.3 | 134 | 279 | 55 | 1094.4
27 VL 149 30 {00 |00 |00 53 53.2 | 8 4 0 101 |2 57 | 113.9
28 GBK043081 | 3.0 |00 |00 |00 85 60.0 | 7 3 0 11 2 5 88.9
29 OKHALE-1 22 |75 | 144 [ 310 | 878 |672 |82 |28 |183 | 132 |30 57 | 774
30 OMUGAG |19 |22 |71 |107 | 90 59.9 | 63 |23 |234 | 136 | 234 |54 | 947.2
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31 P 224 23 2.0 5.1 11.3 84.2 485 | 55 2.5 157 | 11.1 | 225 | 46 577.8
32 P 224 CV 2.1 4.5 133 | 27.2 84.3 579 | 5.8 2.5 234 | 124 | 229 | 5.2 520.4
33 P 283 2.0 3.8 11.1 | 19.1 88 56.4 | 5.8 2.2 11 13.2 | 267 | 5.1 534.3
34 P4C3 23 7.8 17.8 | 313 84.3 485 | 4.8 2.3 9 139 | 25 5.3 562.0
35 SERERE-1 23 0.9 5.3 10.7 88.8 446 | 55 2 25.8 | 11.7 | 213 | 48 414
36 U-15 2.3 2.8 4.3 15.1 90 47.7 | 5.8 2.5 7.9 11.8 | 287 | 55 618.5
37 N BROWN 1.6 5.3 9.9 19.2 87 48.1 | 6 2.3 235 | 125 | 191 | 4.2 430.6
38 GULU-E 2.2 6.3 11.8 | 21.3 86.8 546 | 6 2.3 129 | 125 | 26.7 | 5.1 630.6
39 BUSIBW-1 1.4 2.8 7.8 16.9 85.3 551 | 5 2.3 436 | 129 | 28 4.7 1200
40 KACIMI 73 1.4 1.6 4.1 10.2 84 68.0 | 7.3 3.2 20.8 | 13.8 | 28.7 | 5.8 1134.2
41 KACIMI 20 1.8 3.7 8.0 40 91.7 634 | 7.8 3.7 19.3 | 12.7 | 26,5 | 5.5 916.7
42 KACIMI 16 2.3 2.3 7.8 12.8 82.7 555 | 6.5 2.5 145 | 148 | 301 |5 917.6
43 KACIMI 65 24 6.2 12.2 | 25.7 77 529 | 6 2.3 9.4 104 | 273 | 51 751.9
44 KACIMI 17 1.6 2.7 8.4 14.5 82.8 62.9 | 5.8 2.5 122 | 129 | 316 | 5.2 1165.7
45 KACIMI 22 1.8 2.4 4.2 9.2 85 613 | 6 2.5 247 | 11 273 | 5.2 994.4
46 KACIMI 24 2.1 0.1 0.8 7.58 90.3 55.8 | 7.2 2.5 3.7 112 | 254 | 53 1013
47 KACIMI 49 1.8 4.8 143 | 21 84.5 65.7 | 7.2 3.2 17.7 | 13.4 | 288 | 6.2 983.3
48 KACIMI 72 1.7 2.5 7.8 18.4 87.8 62 6.7 23 111 | 148 | 31 4.8 1040.8
49 KACIMI 42 2.2 4.3 114 | 223 87 549 | 7.8 2.7 8.8 13.2 | 285 | 5.8 926.9
50 GBKO000516 | 2.0 0.0 1.7 6.73 84.4 574 | 64 2.6 5.2 136 | 26.7 | 51 1133.3
51 GBKO000692 | 1.9 3.8 8.9 35.7 97.5 59.2 |5 2.3 147 | 141 | 248 | 5.2 563
52 GBK008339 | 1.5 0.3 1.3 8.17 84.3 59.8 | 53 2.8 104 | 13 258 | 53 775
53 GBK029701 | 2.1 24 73 18.9 96.3 534 | 5.7 2.5 16.6 | 104 | 214 | 5.2 742.2
54 GBK029793 | 1.4 2.0 11.1 | 20.1 81.2 584 | 5.2 2.6 7.5 139 | 269 | 53 1103.3
55 GBK029805 | 2.0 0.5 2.9 17.2 87.7 48.9 | 5.2 2.3 8.7 10.2 | 248 | 53 3713
56 GBK029821 | 2.2 1.1 2.8 28.8 96.3 575 | 4.8 2.3 8.3 105 | 273 | 55 413
57 GBK029847 | 2.0 0.8 23 19.1 97.2 589 | 7.2 3 3.7 12.2 | 25.7 | 53 427.8
58 KACIMI 36 2.2 0.1 1.8 5.42 83.8 52.5 | 6.2 2.3 10 142 | 241 | 5.2 748.2
59 GBK000802 | 1.8 14 2.4 30.6 88.7 521 |5 2.2 6.3 128 | 269 | 5 976,9
60 GBK000828 | 2.6 0.7 1.8 20.6 99 50.3 | 5.8 2.5 9.7 114 | 208 | 5.1 315.7
61 GBK008278 | 2.2 3.0 9.7 29.6 92.4 53.2 | 6.8 24 144 | 126 | 263 | 5.6 589.9
62 GBK008292 | 1.9 1.7 6.1 43.8 92.8 526 | 6 2.7 8.3 125 | 268 | 6 719.5
63 GBK008299 | 1.8 3.3 4.8 25.3 89.2 429 | 5.2 2.3 12.7 | 104 | 253 | 5.3 452.8
64 KACIMI 77 2.3 5.6 14.2 | 26.8 84 48.7 | 5 2.2 11.2 | 134 | 28 6.4 803.7
65 GBK029199 | 2.1 0.1 2.1 21.8 96.2 554 | 5.5 2 8.8 113 | 22 5.6 467.6
66 GBK029678 | 2.4 2.8 7.7 16.9 89 39.2 | 43 2 126 | 94 233 | 53 462.9
67 GBK029715 | 1.8 2.1 8.7 45.6 98 593 | 7.3 2.7 15.8 | 13.5 | 67.4 | 5.8 824.1
68 GBK029722 | 1.8 0.4 2.3 22.7 93.7 58.5 | 6.7 2.3 12.8 | 13.7 | 27.5 | 53 1055
69 GBK029724 | 2.2 0.3 1.1 21.8 97.8 62.8 | 4.8 2.3 7.8 12.3 | 23.1 | 5.7 608.3
70 GBK003821 | 1.4 1.0 6.7 13 72.7 733 | 8 2.7 151 | 13.8 | 30.1 | 6 1670
71 GBK040568 | 2.7 4.8 7.2 31.2 93.5 413 | 4 2.2 9.7 10 23.7 | 49 512
72 GBK000409 | 1.5 13.4 | 14.7 | 40.9 71.3 47.8 | 4.3 3.3 112 | 8 244 | 45 901.4
73 GBK000449 | 2.2 13 4.0 14 81 489 | 6.3 2 18.4 | 12 26 5.1 572.2
74 GBK000462 | 1.9 0.7 3.8 49.6 91 484 | 43 2.5 2.5 11.7 | 27.7 | 53 665.7
75 GBK000493 | 1.9 1.8 6.6 15.1 83.2 514 | 3.8 2.2 22.8 | 152 | 225 | 48 620.4
76 GBK000568 | 2.2 3.8 12.0 | 343 96.7 46 5.3 2.3 125 | 106 | 21.2 | 4.9 143.5
77 GBK011082 | 2.3 2.0 4.7 38.6 98 50.7 | 54 3 2.2 10 251 | 5.7 475
78 GBK011113 | 1.4 0.9 4.0 45.3 98.8 559 |5 2.3 12.8 | 114 | 276 | 5.2 304.7
79 GBK011126 | 1.9 3.7 7.9 43.8 91 53.8 | 5.8 2.3 8.3 113 | 27 5.2 708.3
80 GBK029744 | 2.0 3.5 6.5 59.5 90.8 63 6.2 24 16 119 | 22 4.9 706.5
81 GBK029798 | 1.7 2.3 8.5 20.3 92.2 473 | 5.2 2.5 153 | 104 | 248 | 54 408.4
82 GBK029820 | 1.7 0.8 5.8 33.4 91.8 673 | 6.5 3 5.9 13.7 | 25.7 | 5.6 575.9
83 GBK033414 | 2.2 2.2 12.1 | 25.2 90.6 539 | 74 2.8 6.8 12.7 | 206 | 4.8 442.6
84 GBK033416 | 2.7 1.3 2.8 20 83.8 55.2 | 5.8 2.5 13.8 | 11 21.8 | 5.8 557.4
85 GBK039217 | 2.4 1.5 5.3 31.7 99.7 514 | 55 2.7 2.2 9.1 27.1 | 5.8 398.2
86 GBK043268 | 1.9 2.1 7.8 28.8 92.4 62 5.4 2.2 183 | 13.1 | 26.6 | 55 464.4
87 GBK000369 | 2.0 8.5 16.0 | 42.3 84 59.2 | 53 2.5 32 119 | 22 5.1 339.8
88 UFM 138 1.9 33 9.3 154 86.2 486 | 4.8 2 6.5 125 | 264 | 5.1 638
89 GBK000482 | 2.3 1.8 9.4 34.9 90 52.1 | 5.2 2.2 14 10 252 |5 568.5
90 GBK000909 | 1.8 33 15.3 | 403 94.8 569 | 6 2.5 10.7 | 13.1 | 27.1 | 53 463.9
91 GBK008348 | 2.1 8.3 159 | 293 93.8 443 | 4.2 1.8 183 | 127 | 248 |5 620.4
92 GBK033446 | 2.2 0.7 1.8 14.8 94.4 52.2 | 55 2.7 3.9 12.1 | 23.8 | 54 447.2
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93 U-15XP283 | 19 |66 | 145 | 2658 | 848 | 499 |48 |25 |98 [129 |278 |5 708.3
94 GBK000784 | 2.2 |26 | 118 | 253 | 907 |479 |5 23 |73 |94 |236 |53 | 4009
95 GBK000831 [ 24 |05 |30 |138 |946 |425 |48 |26 |65 [109 [232 |56 | 2454
96 GBK026992 [ 22 |01 |15 |164 |84 |543 |5 2 162 [ 114 [ 179 |5 412
97 GBK000900 |21 |25 |94 |681 |928 |[542 |57 |25 |93 [127 [223 |54 | 3676
98 GBK000549 |21 |11 |56 |415 |[930 [502 [48 |18 [96 | 117 | 238 |53 | 613
99 GBK029807 [ 22 |04 |17 |138 |101 |568 |57 |22 |24 [122 [203 |56 | 8787
100 GBK000520 | 1.8 |83 |32 |203 |65 588 | 48 |33 |55 |104 |[276 |68 | 9065
Key:

1. Seedling vigor 2. Mean striga count at vegetative stage 3. Mean Striga count at 50% flowering

4. Mean Striga count at crop maturity 5. Mean days to 50% crop flowering 6. Mean plant height

7. Ear length 8. Ear width 9. Lodging percentage 10. Ear exertion 11. Stand count 12. Number of

fingers 13. Mean Yield in kgHa*
APPENDIX IX: Morphological traits mean without Striga

Ent.No Genotype 1 2 3 4 5 6 7 8 9 10 11 12 13

1 I.E 4491 3.0 0 0 0 97 58 8 3 1 7 2 4 155.6
2 I.E 6165 3.0 0 0 0 101 67.5 73 5.7 0 12.6 12.5 7 300

3 I.E 4497 3.0 0 0 0 114 65 6 4.0 0 5 10 7 61

4 I.E 6537 1.8 0 0 0 91.5 63 6.5 5.1 40.5 14.5 7 4.8 422

5 OUGA P 1.5 0 0 0 96 70.6 7.6 5.8 19.3 12.5 15.3 6.3 701

6 KACIMI 15 2.0 0 0 0 96.7 56 5.8 4 0 9 2 3.7 600

7 I.E 4115 2.2 0 0 0 88.8 61.3 7.1 5.3 8 11.9 26.2 5.2 1212
8 GBK029661 3.0 0 0 0 100 63 5 2 10 18 1 4 200

9 I.E 5870 2.5 0 0 0 88 56.0 | 6 2.5 0 12 3 5.5 750
10 KACIMI 11 3.0 0 0 0 90 54 5 2.6 0 14 4 4 650
11 I.E 5306 2.0 0 0 0 94.6 61.3 7.3 5.5 11 12.3 233 5.2 783

12 I.E 2957 3.0 0 0 0 107 45 6 2 7 14 1 6 27.8
13 PR 202 3.0 0 0 0 97 55.0 |9 2 60 13 1 3 38

14 GBK000451 23 0 0 0 88.8 64 7.7 7.6 3.2 12.8 23 5.4 1018.8
15 I.E 5873 2.7 0 0 0 100 61 7.3 3.7 233 16 2 4.7 135
16 I.E 4795 3.0 0 0 0 98 68 6.7 6.5 0 14.7 1.5 5.5 130.5
17 I.E 2606 2.0 0 0 0 97 60.5 5.8 5.1 0 13.3 21 5.8 695
18 I.E 2440 3.0 0 0 0 106.5 | 67 5 1 30 135 1.5 5 100
19 I.E 6337 3.0 0 0 0 92.3 58 7 5.9 3.7 13.8 18.3 6.7 777.8
20 KACIMI 30 1.5 0 0 0 84.7 58.2 7.7 6.2 16.7 10.6 25.7 4.8 1000
21 GBKO000463 2.1 0 0 0 107 60.0 | 7.8 4.8 0 16 4 5 300
22 GBK027300 1.8 0 0 0 98.3 76 7.3 5.1 17 13.8 23.2 4.8 1303.7
23 I.E 4816 1.0 0 0 0 78.8 70.3 9.2 9.0 8 12.8 30.5 6.3 1805
24 I.E 2217 2.7 0 0 0 103.3 | 61 7.3 5.3 2.7 14 33 43 307
25 KACIMI 7 1.8 0 0 0 89 60 7.0 5.8 4.5 14.1 225 5.3 1187.8
26 KACIMI 47 1.8 0 0 0 81.5 72.3 9.5 7.8 12.2 14.3 25.3 5.5 1453.7
27 VL 149 3.0 0 0 0 97.5 52.5 6.5 4 0 9.2 1 5.0 150
28 GBK043081 3.0 0 0 0 91 44 7 3 0 11 2 5 178
29 OKHALE-1 1.8 0 0 0 86.7 73.3 9.6 8.3 13.8 13.7 26.8 6 1641
30 OMUGA G 1.8 0 0 0 87 71.8 8.0 6.3 12.7 14.9 22.7 5.3 1321
31 P 224 2.0 0 0 0 89.7 62.3 7.4 6.8 20.3 11.3 25 4.3 840
32 P224cv 2.0 0 0 0 89.5 65.3 7.5 4.6 333 134 21.8 5.0 1011
33 P 283 1.8 0 0 0 90.2 69.3 7.7 6.1 9.7 13.6 28.6 5.3 814
34 P4c3 1.8 0 0 0 87.7 65.2 7.3 6.5 9 13.9 28.3 5.2 1627
35 SERERE-1 1.8 0 0 0 93 68.3 7.3 6.4 25.8 11.7 26 5.3 1723
36 U-15 2.0 0 0 0 87.3 59.8 7.1 6.3 7.9 11.8 29.8 5.2 1131
37 N BROWN 1.2 0 0 0 92 75 8.5 6.1 235 12.5 21 4.5 1064
38 GULU-E 23 0 0 0 87.6 63.5 7 6.3 129 12.5 28 4.8 1196.3
39 BUSIBW-1 1.5 0 0 0 84.2 70.2 5.7 6.8 18.8 13.7 27.2 4.3 1388
40 KACIMI 73 1.6 0 0 0 87.5 69.2 9.5 7.1 22.7 13 26 5.8 1354
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41 KACIMI 20 1.6 0 0 0 90.2 76.3 9.2 7 18.7 12.4 27.6 5.6 1555
42 KACIMI 16 2.2 0 0 0 88.3 69.2 8.7 7.1 12.3 16 32 4.8 1184
43 KACIMI 65 2.5 0 0 0 91 52.2 73 7 5.7 10.5 25 5.4 1104
44 KACIMI 17 1.6 0 0 0 85.5 67.3 7.8 6.4 9.2 13 31.5 5.0 1503.7
45 KACIMI 22 1.7 0 0 0 89 71.2 8 73 30.2 11.9 29 5.0 1830
46 KACIMI 24 2.2 0 0 0 88.5 66.3 6.6 7.6 4.2 11.3 26.7 55 1202
47 KACIMI 49 1.6 0 0 0 83.6 68.2 8.9 6.8 17.3 13.6 28.8 6.3 1518.5
48 KACIMI 72 1.5 0 0 0 89.2 75.6 8.4 7.4 7.7 15.6 30.8 4.5 1666.7
49 KACIMI 42 1.8 0 0 0 88.3 65.8 103 | 8.0 4.8 13.3 33.2 5.8 1638
50 GBK000516 2.2 0 0 0 86.5 62.8 8 6.9 5.5 14.5 26.3 4.7 1062.9
51 GBK000692 2.0 0 0 0 98.7 76.8 6.3 5.5 11.8 15.9 22.7 5.3 664
52 GBK008339 1.5 0 0 0 93.8 65.8 6.6 5 2.7 13.4 22.2 5.2 936
53 GBK029701 2.0 0 0 0 93 74.8 8.4 5.7 20.8 11.9 24.5 5.7 1422
54 GBK029793 1.7 0 0 0 87 64 5.8 5.2 10.3 14.4 24 5.2 1033
55 GBK029805 1.8 0 0 0 96.5 66 7 5.3 10.7 11.4 26.3 5.6 889.8
56 GBK029821 2.3 0 0 0 104 71.3 6.7 5.1 0.8 10.8 26.5 5.7 736.1
57 GBK029847 2.0 0 0 0 100.2 | 74 9 6.7 5.7 12.5 243 53 618.5
58 KACIMI 36 2.0 0 0 0 89 65.3 8 6.7 7.8 14.8 27.3 53 1228.7
59 GBK000802 1.5 0 0 0 92.2 70.3 7.2 6.9 5.7 14.4 26.3 5.2 1672
60 GBK000828 2.6 0 0 0 98.8 69.7 7.9 5.2 8.2 12.5 20.2 5.7 426.8
61 GBK008278 2.0 0 0 0 102.2 | 68.7 8.7 6.3 11.2 13.4 27.8 5.7 1224
62 GBK008292 1.8 0 0 0 100 76 7.6 5.8 4.3 13.9 28.5 6.3 607
63 GBK008299 1.7 0 0 0 97.2 72.9 6.7 5.7 2.7 11.3 26.5 5.7 1224
64 KACIMI 77 2.0 0 0 0 89.2 67.3 7 6.4 10.3 14.7 28.8 8.2 1529
65 GBK029199 2.3 0 0 0 102.3 | 76.2 7.7 5.4 12 11.7 26.5 6 807
66 GBK029678 1.8 0 0 0 91.7 73.5 6.1 6.3 15 111 26.6 5.7 853
67 GBK029715 2.0 0 0 0 99.7 80.5 8.7 7.1 26.2 14.6 25 5.8 1478.7
68 GBK029722 1.7 0 0 0 97.3 79 7.5 5.5 18.3 15.4 28.2 5.2 1722
69 GBK029724 | 2.2 0 0 0 105.5 | 74.5 6.3 4.6 12.3 12.4 20 5.5 661
70 GBK003821 15 0 0 0 92.3 73.5 9.5 9.9 15.1 14.2 25.5 6.3 1444
71 GBK040568 24 0 0 0 92 63 5.3 5.1 7.8 11.9 28.3 53 1552
72 GBK000409 2.0 0 0 0 91.2 59.8 6.1 4.2 12.8 | 8.1 24 5.5 1056
73 GBK000449 2.0 0 0 0 92.2 71 7.4 7.5 7.2 13.4 27 5.0 867
74 GBK000462 2.0 0 0 0 95.6 61.6 6.1 5.4 10.2 11.8 28.4 5.8 916
75 GBK000493 1.7 0 0 0 89.7 758 | 4.4 4.4 4.8 16.9 25.6 4.7 1046
76 GBK000568 2.0 0 0 0 97.8 65.7 6.9 5.7 18.3 12.2 25.8 53 1016.6
77 GBK011082 2.3 0 0 0 102.2 | 72.5 6.5 5.5 6.3 10.9 22.5 5.5 756
78 GBK011113 1.8 0 0 0 100 78.2 6.3 5.7 1.5 12.5 27.8 5.5 891
79 GBK011126 2.0 0 0 0 94.2 69.2 7.1 7.6 7.3 12.3 24.6 5.2 1112.9
80 GBK029744 | 2.4 0 0 0 97.5 67.5 6.8 5.4 26.5 12.2 16.7 5.0 799
81 GBK029798 1.2 0 0 0 92 74.1 7.7 6.9 11 11.2 27 5.5 1535
82 GBK029820 15 0 0 0 99.2 73.3 7.2 5.4 7.7 14.8 22,5 53 1050
83 GBK033414 | 2.2 0 0 0 95.5 76.7 10.1 | 6.6 4.7 14.1 20.2 4.7 812
84 GBK033416 3.0 0 0 0 94 64.2 7.5 6.3 6.8 11.4 22.2 53 558
85 GBK039217 2.6 0 0 0 104.5 | 62.5 7.4 5.1 19.2 9.8 27 5.7 934
86 GBK043268 1.8 0 0 0 82.8 75.9 6.6 6.7 19 3.7 25.3 53 950.9
87 GBK000369 1.8 0 0 0 82.2 69.5 6.8 4.9 35.8 121 19.5 53 405
88 UFM 138 1.8 0 0 0 97.3 63.5 6.0 5 13 13.3 28.2 5.2 1075
89 GBK000482 24 0 0 0 98.2 64.3 6.5 4.9 17 10.5 23.2 5 556
90 GBK000909 1.7 0 0 0 98.7 82.2 7.7 4.9 10.8 14.2 27.5 5.5 1498
91 GBK008348 1.5 0 0 0 88.5 73.1 5.6 5.4 17 10.6 29.2 5 1552.2
92 GBK033446 1.8 0 0 0 101 72.7 7.1 4.4 3.6 135 29.8 5.5 885
93 U-15XP283 1.8 0 0 0 88.8 62.2 7.4 6.8 4.3 13.3 28.2 5.2 1181.4
94 GBK000784 | 2.2 0 0 0 91.8 66 5.9 5.2 13 10.8 23.5 5.5 1140.7
95 GBK000831 2.3 0 0 0 101.8 | 64.2 5.3 5.4 5.7 12.5 25.5 6.0 897
96 GBK026992 2.2 0 0 0 94.6 62.4 | 6.1 5 21.4 12.3 13.4 5.2 269.4
97 GBK000900 2.0 0 0 0 100.7 | 76.8 7.3 6.2 4.8 13.3 22.2 53 799
98 GBK000549 2.0 0 0 0 101.8 | 70.7 6.8 4.7 18 12.7 25.3 5.5 737.9
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99 GBK029807 | 2.2 0 0 0 96.4 857 |74 5.8 1.4 13.7 19.6 6.2 898.9

100 GBK000520 2.0 0 0 0 92.8 56.3 5.7 5.2 13 12.3 27.3 5.5 1070

Key for appendix 9:
1. Seedling vigor 2. Mean striga count at vegetative stage 3. Mean Striga count at 50% flowering

4. Mean Striga count at crop maturity 5. Mean days to 50% crop flowering 6. Mean plant height

7. Ear length 8. Ear width 9. Lodging percentage 10. Ear exertion

fingers 13. Mean Yield in kgHa*
APPENDIX X: ANOVA Table: Days to 50% flowering

Signific
Source DF SS MS F-value | P>F ance.
Rep 2 | 603.84 301.91 2.88 | 0.0566 | NS
Stg 1| 6078.31 6078.31 | 58.01 | <0001 |**
Rep*Stg 2 | 260.39 130.19 1.24 | 0.2892 | NS
EntNo 99 | 30463.98 307.71 2.94 | <0001 | **
Stg*entNo 93 | 9086.33 97.70 0.93 | 0.6572 NS
t Grouping Mean N  Striga
A 93.46 495 Striga free
B 88.79 478 Inoculated
APPENDIX XI: ANOVA Table: Plant height
SS F- Signif
value icanc
Source DF SS P>F e
Rep 2 1 10377.91 | 5188.96 | 45.62 | <0.0001 | **
Stg 11|41735.18 | 41735.19 | 366.94 | <0.0001 | **
Rep*Stg 2 13319.52 | 1659.76 | 1459 | <0.0001 | **
EntNo 09 | 28496.11 | 287.84 2.53 <0.0001 @ **
Stg*entNo 03 | 13497.74 | 14514 | 128 | 0.0483 | *
t Grouping Mean N Stg
A 68.72 500 Sfree
B 53.64 480 Inoculated

11. Stand count 12. Number of



APPENDIX X11:

ANOVA Table: Ear shape

P>F Signific
Source DF SS MS F-value ance.
Rep 2| 8387 4.19 6.84 | 0.0011 | **
Stg 10.105 0.10 0.17 | 0.6793 | ns
Rep*Stg 2| 0.747 0.37 0.61 | 0.5440 | ns
EntNo 99 | 271.66 2.74 448 | <0001 | **
Stg*entNo 93 | 61.357 0.65 1.08 1 0.302 | ns
t Grouping Mean N Striga
A 2.30 500 Striga free
A 2.28 480 Inoculate
APPENDIX XI11I: ANOVA Table: Ear length
F-value | P>F Signific
Source DF SS MS ance.
Rep 2| 95.48 47.74 47.2 | <.0001 o
Stgct 1 | 496.26 496.26 | 490.65 | <.0001 =
Rep*Stgct 2 40.36 20.18 | 19.95 | <.0001 ok
EntNo 99 | 1009.91 10.20 10.09 <.0001 *x
Stg*entNo 93 | 83.33 0.90 0.89 0.7664 ns
t Grouping Mean N Striga
A 7.32 500 Striga free
B 5.67 479 Inoculated
APPENDIX XIV: ANOVA Table: Ear width
F P>F Signific
Source DF SS MS Value ance.
Rep 2 |23.18 11.59 2.1]0.1231 | ns
Striga count 1| 2166.60 | 2166.60  392.65  <.0001 | *=*
Rep*Stgct 2 |1 40.21 20.10 3.64 | .0266 *
Entry No 99 | 393.46 3.97 0.72 | .9795 | ns
Stg*entryNo 93 | 297.03 3.19 0.58 | .9994 | ns
t Grouping Mean N Stg

A 5.99 500 Sfree

B 2.47 479 Inoculated
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APPENDIX XV: ANOVA Table: Lodging percent

Signific
Source DF SS MS F-value | P>F ance.
Rep 2 8641.82 | 4320.91 19.07 | <0001 | **
Stgct 1 9.53 9.53 0.04 | 8375 | ns
Rep*Stgct 2 3164.78 | 1582.39 6.99 | .0010 **
EntNo 99 50891.6 = 514.06 2.27 | <0001 | **
Stg*entNo 99 24465.8 | 263.07 1.16 | .01532 | ns
t Grouping Mean N Striga
A 1274 481 Inoculated
A 1176 500 Striga free
APPENDIX XVI: ANOVA Table: Ear Exertion
F P>F Signific
Source DF SS MS Value ance.
Rep 2 | 11452 57.26 | 13.51 | <.0001 | *=
Stgct 1|713.33 | 713.33 | 168.33 | <.0001 | *=*
Rep*Stgct 2| 122.29 61.14 | 14.43 | <.0001 | **
EntNo 99 | 2122.91 | 21.44 5.06 | <0001 | **
Stg*entNo 93 | 450.16 4.84 1.14 1 0.1808 | Ns
t Grouping Mean N Striga
A 1297 500 Striga free
B  11.07 481 Inoculated
APPENDIX XVII: ANOVA Table: Stand count
P>F Signific
Source DF SS MS F-value ance.
Rep 2 | 2734.43 | 1367.21 10.7 | <.0001 | **
Stg ct 1] 15.03 15.03 0.12 | 0.7316 | ns
Rep*Stgct 2 | 756.59 378.29 2.96 | .0523 | *
EntNo 99 | 322716 | 325.97 2.55 | <.0001 | *=
Stg*entNo 93 | 7009.24 75.37 0.59 | 0.9991 | ns
t Grouping Mean N Striga

A
A

24.43 500 Striga free
23.76 481 Inoculated
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APPENDIX XVIII: ANOVA Table: Number of fingers

F P>F Signific
Source DF SS MS Value ance.
Rep 22522 12.61 7.23 1.0008 | **
Stga count 1]1.06 1.06 0.61 | .4353 ns
Rep*Stgct 2| 26.23 13.12 7.52 | .0006 | *=*
Entry No 99 | 198.16 2.00 1.15 | .1673 | ns
Stg*entNo 93 | 182.48 1.96 1.12 1.2092 | ns
t Grouping Mean N Striga
A 537 500 Striga free
A 522 479 Inoculated
APPENDIX XIX: ANOVA Table: Crop Yieldkgha-1
F P>F Signific
Source DF |sS MS Value ance.
Rep 2 | 25613766.0 | 12806883 | 30.59  <.0001 | **
Stgct 1| 33959188.5 | 33959189 | 81.12 <.0001 | *=*
Rep*Stgct 2 | 13600848.1 6800424 | 16.24 | <.0001 | **
EntNo 99 | 100543950.8 | 1015596 2.43 | <0001 | **
Stg*entNo 95 | 25206559.8 | 265332.2 0.63|.9971 | ns
t Grouping Mean N Striga

A 1074.40 495 Striga free
B 609.94 516 Inoculated

APPENDIX XX: Finger millet Striga GBS PCR layout.
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1 2 3 4 5 6 7 8 9 10 11 12
A~ | GP1 | GP9 | GP19 | GP27 | GP35 | GP45 | GP53 | GP61 | GP70 | GP78 | GP86 | GP94
B | GP2 |GPI0 | GP20 | GP28 | GP36 | GP46 | GP54 | GP62 | GP71 | GP79 | GP87 | GP95
C | GP3 | GPIl |GP2l | GP29 | GP37 | GP47 | GPS5 | GP63 | GP72 | GP80 | GP88 | GP9%6
D | GP4 |GP12 |GP22 | GP30 | GP39 | GP48 | GP56 | GP64 | GP73 | GP8L | GP89 | GP97
E | GP5 |GPI3 | GP23 | GP3L | GP40 | GP49 | GP57 | GP66 | GP74 | GP82 | GP90 | GP98
F | GP6 | GP14 | GP24 | GP32 | GP4l | GP50 | GPS8 | GP67 | GP75 | GP83 | GP9L | GP99
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G GP7 GP15 GP25 GP33 GP42 GP51 GP59 GP65 GP76 GP84 GP92 NA

H GP8 GP17 GP26 GP34 GP44 GP52 GP60 GP69 GP77 GP85 GP93 GP100

APPENDIX XXI: GBS vocabulary / Terminology

GBS Vocabulary comprise of the following:
Taxa -meaning the individual sample
Key file: This is the text file containing

e Sample information
e Barcode
e Flow cell and lane number
e Sample ID
Barcode which is the unique DNA sequence associated with each taxa

Sequence file is the text file containing DNA sequences information from Illumina
- Qseq or Fastq file

Read the DNA sequence produced in sequencing.

GBS Tag. The DNA sequence starts with cut site remnant and having additional sequence

without Barcodes

Tags by Taxa (TBT) Matrix of GBS tags (row) with taxa (columns)

A read is a single sequence in the FASTQ output file generated by the GBS assay

A good, barcoded read is a sequence read with a perfect match to one of the barcodes
provided in a barcode key file and with no N's in the sequence following the barcode up
to the trim length. Under the current implementation, reads are trimmed to 64bp (not

including the barcode).

A tag refers to a unique sequence (excluding the barcode) up to a specified length
(currently 64bp) from one or more “good, barcoded reads”. A given tag is typically

observed in numerous good, barcoded reads of identical sequence (up to the trim length).

For our purposes, a taxon refers to a nameable entity from which one or more DNA

samples can be taken.
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APPENDIX XXII: Project detail that was send to Cornell University Laboratory

Project | Source Plate | Well | Sample | Pedigree population | Sample | Sample | Sample
name lab name name DNA volume | DNA
prepared
FM ICRISAT FM A0l FM GP1 Germplasm Inbred 475 40 1900
Nairobi striga

w p “ BO1 GP2 “ “ 855 40 3420

w p “ co1 GP3 “ “ 95 40 3800

w p “ D01 GP4 “ “ 95 40 3800

w p “ EO01 GP5 “ “ 76 40 3040

w « « Fo1 GP6 « 76 40 3040

“ « « GO1 GP7 « « 475 40 1900

w « « Ho1 GP8 “ “ 57 40 2280

« “ « A2 GPY “ “ 85.5 40 3420

« “ « B02 GP10 “ “ 76 40 3040

« “ « co2 GP11 “ “ 95 40 3800

« “ « D02 GP12 “ “ 66.5 40 2660

« “ « E02 GP13 “ “ 66.5 40 2660

w « « F02 GP14 « « 57 40 2280

w « « G02 GP15 « « 57 40 2280

w « « HO2 GP17 « « 38 40 1520

w « « A03 GP19 “ « 93.8 40 3752

w « « BO3 GP20 “ « 38 40 1520

« “ « Cco3 GP21 « “ 38 40 1520

w « “ D03 GP22 « “ 38 40 1520

« « “ E03 GP23 « “ 38 40 1520

N « “ F03 GP24 « “ 38 40 1520

N « “ G03 GP25 « “ 38 40 1520

N « “ Ho3 GP26 « “ 38 40 1520

« « “ A04 GP27 « “ 38 40 1520

w « « BO4 GP28 « « 475 40 1900
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« « «“ Cco4 GP29 «“ «“ 475 40 1900
« « «“ D04 GP30 «“ «“ 66.5 40 2660
« « «“ E04 GP31 «“ «“ 66.5 40 2660
« « «“ Fo4 GP32 «“ «“ 66.5 40 2660
« “ «“ G04 GP33 «“ «“ 85.5 40 3420
« “ «“ HO4 GP34 «“ «“ 76 40 3040
« “ «“ A05 GP35 «“ «“ 57 40 2280
“ «“ «“ B05 GP36 «“ “ 38 40 1520
“ «“ «“ C05 GP37 «“ “ 38 40 1520
“ «“ «“ D05 GP39 «“ “ 57 40 2280
« « “ EO05 GP40 “ «“ 38 40 1520
« « “ F05 GP41 “ «“ 57 40 2280
« “ “ G05 GP42 « “ 38 40 1520
« « “ HO05 GP44 “ «“ 38 40 1520
« « “ A06 GP45 “ «“ 57 40 2280
« « “ B06 GP46 “ «“ 475 40 1900
« “ «“ C06 GP47 «“ «“ 57 40 2280
« “ «“ D06 GP48 «“ «“ 76 40 3040
« “ «“ E06 GP49 «“ «“ 38 40 1520
« “ «“ FO6 GP50 «“ «“ 38 40 1520
« “ «“ G06 GP51 «“ «“ 76 40 3040
“ «“ «“ HO06 GP52 «“ «“ 475 40 1900
« « “ A07 GP53 «“ «“ 85.5 40 3420
« « “ B07 GP54 «“ «“ 57 40 2280
« « «“ Cco7 GP55 “ “ 38 40 1520
« « “ D07 GP56 “ “ 475 40 1900
“ «“ «“ EO7 GP57 «“ “ 66.5 40 2660
« « “ FO7 GP58 “ “ 475 40 1900
« “ «“ Go7 GP59 «“ «“ 38 40 1520
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« « « Ho7 GP60 “ “ 76 40 3040
« « « A08 GP61 “ “ 57 40 2280
« « « B08 GP62 “ “ 475 40 1900
« . « co8 GP63 “ “ 475 40 1900
« « “ D08 GP64 «“ «“ 57 40 2280
« « “ E08 GP65 «“ «“ 38 40 1520
« « “ Fo8 GP66 «“ «“ 38 40 1520
“ «“ «“ G08 GP67 «“ «“ 475 40 1900
“ «“ «“ Ho08 GP69 «“ «“ 38 40 1520
“ «“ «“ A09 GP70 «“ «“ 76 40 3040
“ « «“ B09 GP71 «“ «“ 66.5 40 2660
« “ « Co9 GP72 « « 66.5 40 2660
« « “ D09 GP73 «“ «“ 475 40 1900
“ « «“ E09 GP74 «“ «“ 66.5 40 2660
« « “ F09 GP75 «“ «“ 475 40 1900
« « “ G09 GP76 «“ «“ 76 40 3040
« “ « HO9 GP77 “ “ 475 40 1900
« « « A010 GP78 “ “ 57 40 2280
« « « B010 GP79 “ “ 57 40 2280
“ «“ «“ C010 GP80 «“ «“ 475 40 1900
« « « D010 GP81 “ “ 57 40 2280
« « « E010 GP82 “ “ 38 40 1520
« « “ F010 GP83 «“ «“ 57 40 2280
“ « “ G010 GP84 «“ «“ 66.5 40 2660
« « «“ HO010 GP85 «“ «“ 38 40 1520
« « «“ A011 GP86 «“ «“ 66.5 40 2660
« « “ BO11 GP87 «“ «“ 97.5 40 3900
« « «“ Cco11 GP88 «“ «“ 38 40 1520
« « “ D011 GP89 “ “ 57 40 2280
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APPENDIX XXII CONTD...............

EO11 GP90 « «“ 57 40 2280
FO11 GP91 « «“ 57 40 2280
G011 GP92 « «“ 57 40 2280
HO11 GP93 « «“ 57 40 2280
A012 GP94 « “ 38 40 1520
B012 GP95 « “ 57 40 2280
C012 GP96 « “ 38 40 1520
D012 GP97 « “ 66.5 40 2660
EO012 GP98 « “ 57 40 2280
F012 GP99 « “ 38 40 1520
G012 Blank NA NA NA NA NA

H012 GP100 « “ 66.5 40 2660

APPENDIX XXI11: 95 DNA samples of Finger millet GBS plate

e e S S e e S e

rpepeapen _pasy Sy oy ey g IR - TR RS

The gel picture layout of DNA samples was as follows:

LANEL: Lambda50ng/uL GP1 GP2 GP3 GP4 GP5 GP6 GP7 GP8 GP9 GP10GP11
GP12 GP13 GPP14 GP15 GP17 GP19 GP20 GP21 GP22 GP23 GP24 GP25
GP26 GP27 GP28 GP29 GP30 GP31 GP32 GP33 GP34 Lambda50ng/pL

LANE2: Lambda50ng/pL GP35 GP36 GP37 GP39 GP40 GP41 GP42 GP44 GP45 GP46
GP47 GP48 GP49 GP50 GP51 GP52 GP53 54 GP55 GP56 GP57 GP58 GP59
GP60 GP61 GP62 GP63 GP64 GP66 GP67 GP65 GP69 Lambda50ng/uL
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ted DNA samples with RE Hind 111

iges

Plate of Di

Lambda50ng/pL GP70 GP71 GP72 GP73 GP74 GP75 GP76 GP77 GP78 GP79
GP80 GP81 GP82 GP83 GP84 GP85 GP86 GP87 GP88 GP89 GP90 GPI1

GP92 GP93 GP94 GP95 GP96 GP97 GP98 GP99 Blank GP100 Lambda50ng/pL

LANE3
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APPENDIX XXVI: Filtered HapMap genotype file
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File Data Filter Analysis Results GBS Help

 HapMap_chr0_20-134055_Collasped_22350_imputed
PC for HapMap_chr0_20-134055_Collasped_22350_in
* Eigenvectors for HapMap_chr0_20-134055_Collaspec
* Eigenvalues for HapMap_chr0_20-134055_Collasped_
PC for HapMap_chr0_20-134055_Collasped_22350_in
Sequence
" HapMap

HapMap_chro)_

Tree
Tree:HapMap_chr0_20-134055
ult

Number of sequences: 96
Number of sites: 22350

Loci: 0

FilterAlignment...

Site Filter

Base Type: CoreGenotypeTable
Point Poly.

FM GPS8 merged X3
FM_GP94_merged X3
FM_GP99_merged X3

FM GP72

merged X3

FM_GP27_merged X3
FM_CP14_merged X3

FM GP7S

merqed X3

FM_GP29_merged X3
FM_GP20_merged X3
FM GP10_merqed X3
FM_GP57_merged X3
FM_GPEB_merged X3
FM_GP87_merqed X3

FM_GPS3

merged X3

FM_GP37_merged X3

FM_GP42_

merged X3

FM_GPA0_merged X3

FM_CP35 i
FM_GPO3

merged X3
merged X3

FM GP19 merged X3

FM_GP12 |
FM_GP73

FM GPS1

FM_GP82_|

merged X3
merged X3
merged X3
merged X3

zBozBoofzozH

inollcc@o@onconaflclonncnlloznnnznnnannaiilel 6133l

APPENDIX XXVII: 27 paired end reads trimmed to 64bp arrangement of SNPs

among the 95 genotypes

1. KACIMMI 73

CAGCAAAACGCCAAGCACAGATGGGCAACTGCTCGGGCAGAAAAAA

AAAAAAAAAAAAAAAAAA

KACIMMI 73

CAGCAAAACGCCAAGCACGGATGGGCAACTGCTCGGGCAGAAAAAA
AAAAAAAAAAAAAAAA AA

2. KACIMM 42

CAGCAAGCCTCGATGCATCGATGAAAAATAGGGGCATGCCTCGATGC
AGAAAAAAAAAAAAAAA

KACIMMI 42

CAGCAAGCCTCGATGCATTGATGAAAAATAGGGGCATGCCTCGATGC
AGAAAAAAAAAAAAAAA

3. GBK000828

CAGCAATATCAGCAGGCCGGCATGAGCCATTATGCAAATAATGCTGTG
CCTGGGGAGCAGAAAA

(*) Physical Positions Site Numbers Locus Site Name |/ Alleles MajorMinorAllele & (Enter physical position)
| | | v/ | 1 |
20 14912 29804 44696 59588 74480 937, 104264 119156
I =1 R I S ] o N DD NT OO H NS S = @m0 D M= oo BN MmN T Y oW
TS FRNRD DE B8R MR R DS %05 n0 R 80NN N®R MR N NS85~ NN AT
S e e e e B B B e e e Y e e R -
e Jpa e [ ] o [ e [ iy ] [ G e e Y e
L e e e e e e Y e @ R =l = T T e R T R ) Lo e LY L e e e we © e
S AN m 8N B e S P A - I i R -1 - =] I A - T -~ AR
S onndnahendocedsdsd s RrNERRRRRR S =@ D00 60 aa oo a e
Pttt e e e o e [ ey [ o e e =
(R e e e o o] o [ e o[ v ] o o] o] o fpon] [ e o ]| ] o ][] [ [ o [ o o}
Sl sl al SlEl Sl Sl SlSl Slal Sl Slsl 315l Sl S5l SIE Slal S1el Sl Sl Sl Sl sl Sls SlE SIS S Sl 3 SIS S5
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GBKO000828
CAGCAATATCAGCAGGCCGGCATTAGCCATTATGCAAATAATGCTGTG
CCTGGGGAGCAGAAAA

. GBKO029701

CAGCAAGGGAACCAAAATGCTCGTGCCACACAGCCTCCTGATCGTGG
AAGCAGAAAAAAAAAAA

GBKO029701
CAGCAAGGGAACCAAAATGCTCGTGCCCCACAGCCTCCTGATCGTGG
AAGCAGAAAAAAAAAA A

. GBKO008278

CAGCAAGCCGCTGGTGGTCATCGTGGAAGAGCCCCAGCACGAGGCCT
TCATGCGCTGGCTGAAA

GBK008278
CAGCAAGCCGCTGGTGGTCATCGTGGAAGAGCCCCAGCACGAGGCTT
TCATGCGCTGGCTGAAA

. GBKO000692

CAGCAAGTGGGGCTGGTGCGGCAACACCCCCGACCACTGCGGCGLGG
GCTGAAAAAAAAAAAAA

GBKO000692

CAGCAAGTGGGGCTGGTGCGGCAACACCGCCGACCACTGLCGGLGLGEG
GCTGAAAAAAAAAAAAA

. KACIMMI 49
CAGCAAGCTACGGGAGAAAACCAACCTCGCCACTGGGGCCGAAGCA
GAAAAAAAAAAAAAAAAA

KACIMMI 49

CAGCAGGCTACGGGAGAAAACCAACCTCGCCACTGGGGCCGAAGCA
GAAAAAAAAAAAAAAAAA

. KACIMMI 22
CAGCAAGCCGGCGGGTCGTCCGTGTGACCTCGGACGTGGGGGCAGAA
AAAAAAAAAAAAAAAAA

KACIMMI 22
CAGCAAGCCGGCGGGTCGTCCGTGTGACCTCGGACGTGGTGGCAGAA
AAAAAAAAAAAAAAAAA

. GBK000802

CAGCAAGGAAGCTCTTTTGGATAGGTTGGGGATTTGTCTTTCGTTAGT
TTTTTTGGCTGAAAAA
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11.

12.

13.

14.

15.
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GBKO000802
CAGCGAGGAAGCTCTTTTGGATAGGTTGGGGATTTGTCTTTCGTTAGT
TTTTTTGGCTGAAAAA

GBK029847
CAGCAAAAGAAGTCGGTTGGAGCTTCTTGTGGGTCACCTTCTTCGGCC
TTGTAGCAGAAAAAAA

GBK029847
CAGCAAAAGAAGTCGGTTGGAGCTTCTTGTGGGTCATCTTCTTCGGCC
TTGTAGCAGAAAAAAA

GULU-E
CAGCAAGGCGACGCGGGGAGAACGACGTGGGTGAGCAGAAAAAAAA
AAAAAAAAAAAAAAAAAA

GULU-E
CAGCAAGGCGACGCGGGGAGAATGACGTGGGTGAGCAGAAAAAAAA
AAAAAAAAAAAAAAAAAA

KACIMMI 72
CAGCAAGCCGCGGCCGCGAGGGAGCAGGCGTCGATGATGCAGATGCA
GAAAAAAAAAAAAAAAA

KACIMMI 72
CAGCAAGCCGCGGCCGCGAGGGAGCAGGTGTCGATGATGCAGATGCA
GAAAAAAAAAAAAAAAA

GBK029793
CAGCAAGCAGGCGGGCGGGGGCGGGGCCGCCGCCGGGCAGGGGGGG
GGCCGCAGAAAAAAAAAA

GBK029793
CAGCAAGCAGGCGGGCGGGGGLGGGGCCGLCLCGCCGGGCAGGGGTGG
GGCCGCAGAAAAAA AAAA

GBKO029821
CAGCAAGCTCCATGCATACTTCTAGACAGTTTTTGATTTCTTGCCCGA
ACCTGCTGAAAAAAAA

GBKO029821
CAGCAAGCTCCATGCATACTTCTAGACAGTTTCTGATTTCTTGCCCGA
ACCTGCTGAAAAAAAA

GBK008292
CAGCAAGATCCGAGCGCGGTAGAGGCCCCTCCAGGCGTGGCGGTGGC
CAGATCCGGGCGCTGAA
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GBKO008292
CAGCAAGATCCGAGCGCGGTAGAGGCCCCTCCATGCGTGGLCGGTGGL
CAGATCCGGGCGCTAA

GBK008299
CAGCAAAAGCTTATTTGCTGATGTGCGTGTGCATCACCTTTTTTTTTGT
GTGTGATGAAGCAGA

GBK008299
CAGCAAAAGCTTATTTGCTGATGTGCGTGTGCATCACCTTTTTTTTTTI
GTGTGATGAAGCAGA

KACIMMI 77
CAGCAAAGAAATGAATGACCTCGATCCTTCCTTCCCTTTTTTTTTTTTTT
TTTTTTTTTGGGAA

KACIMM 77

CAGCAAAGAAATGAATGACCTCGATCCTTCCTTCCCTTTTTTTTTTTTTT
[TTTTTTTTTGGAA

GBKO000516
CAGCAAACACGAGGTCTGATCGCTCCCTCTCACTTTIGGCTCCACTGC
TGAAAAAAAAAAAAAA

GBKO000516
CAGCGAACACGAGGTCTGATCGCTCCCTCTCACTTTIGGCTCCACTGC
TGAAAAAAAAAAAAAA

GBK029805
CAGCAAGCGCTTGTTCATGCAGGTGATCATTCTGTGCCGAGTACATCA
TTGGCAGAAAAAAAAA

GBKO029805
CAGCAAGCGCTTGTTCATGCAGGTGATCATTTTGTGCCGAGTACATCA
TTGGCAGAAAAAAAAA

KACIMMI 36
CAGCAAGGCAGTTTTTCCATCCCGAGAAACCTCAAGCTTCCAACAGAT
GTGTCAGCTGAAAAAA

KACIMM 36
CAGCAAGGCAGTTTTTCCATCCCGAGAAACCTCAAGCTTCCAACGGAT
GTGTCAGCTGAAAAAA

KACIMM 17
CAGCAAGGGAGAGGTTGCGGACGCCATCAGGCGCGCACAGGCTGAA
AAAAAAAAAAAAAAAAAA
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KACIMMI 17
CAGCAAGGGAGAGGTTGTGGACGCCATCAGGCGCGCACAGGCTGAA
AAAAAAAAAAAAAAAAAA

KACIMM 24
CAGCAAAGGGGGGAAGCAGAAGGCGTTCCCCGACGGGLGGTIGGLTG
AAAAAAAAAAAAAAAAAA

KACIMMI 24
CAGCAAAGGGGGGAAGCGGAAGGCGTTCCCCGACGGGCGGTIGGCTG
AAAAAAAAAAAAAAAAAA

BUSIBWABO-1
CAGCACCGTCGAGTCGIGGAGCGATGACGGCGGGAGCAGAAAAAAA
AAAAAAAAAAAAAAAAAA

BUSIBWABO-1
CAGCACCGTCGAGTCGIGGAGCGATGACGGCGGGGGCAGAAAAAAA
AAAAAAAAAAAAAAAAAA

KACIMMI 20
CAGCAACAGCGACCGCATGCCAGGGGTGGCAGTGGCGGCAGAAAAA
AAAAAAAAAAAAAAAAAA

KACIMMI 20
CAGCGACAGCGACCGCATGCCAGGGGTGGCAGTGGCGGCAGAAAAA
AAAAAAAAAAAAAAAAAA

GBKO008339
CAGCAAAGAGGGACGGTGTGGTGGCGGCGATGGAGAATCCCTTCAC
TGGCTGAAAAAAAAAAAA

GBK008339
CAGCAAAGGGGGACGGTGTGGTGGCGGCGATGGAGAATCCCTTCAC
TGGCTGAAAAAAAAAAAA

KACIMMI 16
CAGCAAGCCTCGGCAGAGCGGAGAGGGATGGCGGCAAGGCAGAAAA
AAAAAAAAAAAAAAAAAA

KACIMMI 16
CAGCAAGCCTCGGCAGAGCGGAGAGGGGTGGCGGCAAGGCAGAAAA
AAAAAAAAAAAAAAAAAA

KACIMMI 65
CAGCAAGCTACAGCAGGAGAGATGAGCTGTGGGCGCACTGCAGAAA
AAAAAAAAAAAAAAAAAA



KACIMMI 65
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CAGCAAGCTACAGCAGGAGAGATGAGCTGTGGGCGCCCTGCAGAAA

AAAAAAAAAAAAAAAAA
APPENDIX XXVIII: PCA 22350 Matrix after SNP filtering.

<Use> Covariate Covariate Covariate
<Format> Num Num Num
<Trait> PC1 PC 2 PC3
FM_GP76_merged_X3 | -0.11251 -3.26812 5.913744
FM_GP3_merged_X3 | 4.547976 4.455568 12.20515
FM_GP66_merged_X3 | -0.16294 -7.00073 7.985085
FM_GP64_merged X3 | -13.4755 -4.59608 -4.19039
FM_GP21_merged_X3 | -6.43848 17.76162 -2.69943
FM_GP84_merged_X3 | -0.47843 8.510707 2.377386
FM_GP85_merged X3 | 4.113632 9.188636 13.06372
FM_GP44 merged_X3 | 8.625565 -6.26332 -3.8914
FM_GP34_merged_X3 | -10.1853 -3.58021 -1.52615
FM_GP55_merged_X3 | -13.6853 -2.43135 -4.40411
FM_GP61_merged_X3 | 2.991135 -6.46613 3.457041
FM_GP58_merged X3 | 1.191694 -5.52338 -1.6235
FM_GP94 _merged X3 | -0.27188 -8.86249 5.064355
FM_GP99_merged_X3 | -5.59471 0.769492 -0.98403
FM_GP72_merged_X3 | -5.67532 5.312348 -2.64425
FM_GP27_merged_X3 | 4.148541 2.695107 8.176304
FM_GP14_merged X3 | -12.4988 -2.78273 -2.71883
FM_GP75_merged_X3 | -6.0069 14.33631 -3.08701
FM_GP29_merged_X3 | 3.863906 4.524906 -6.47299
FM_GP20_merged X3 | 4.14508 -5.32961 -4.04642
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APPENDIX XXVIII contd

FM_GP10_merged_X3 | 1.757056 -0.11101 2.743667
FM_GP57_merged_X3 | 0.148332 -2.45907 4.373086
FM_GP88_merged_X3 | -8.05924 18.78205 -4.54386
FM_GP87_merged X3 | 2.470973 5.784499 0.42984
FM_GP53_merged_X3 | -9.29567 -0.76225 -1.25891
FM_GP37_merged_X3 | 2.898239 4.28308 0.025924
FM_GP42_merged X3 | 13.67624 -4.083 -14.3297
FM_GP40_merged_X3 | 13.23733 -5.80851 -8.81443
FM_GP35_merged_X3 | 11.70188 -1.33442 -8.72517
FM_GP93_merged_X3 | -0.01602 -7.04836 9.788218
FM_GP19_merged X3 | 5.080264 1.313512 3.253019
FM_GP12_merged_X3 | 1.431989 -5.77821 6.986494
FM_GP73_merged_X3 | 3.483314 2.627636 6.025033
FM_GP51_merged_X3 | 0.50013 -2.73269 5.864412
FM_GP82_merged X3 | 3.732189 13.57792 5.575582
FM_GP15_merged X3 | 1.803416 -5.32518 4.175092
FM_GP9_merged_X3 | -2.24175 -4.40802 5.996946
FM_GP1 _merged_X3 | 2.981254 4.059843 8.283764
FM_GP11_merged_X3 | 2.656028 -1.30411 0.360156
FM_GP67_merged X3 | -3.29947 0.840432 -4.65213
FM_GP91_merged X3 | -4.40798 -0.85462 0.229871
FM_GP65_merged_X3 | 1.877067 -3.49963 5.250661
FM_GP69_merged_X3 | -6.16939 -3.90455 3.792223
FM_GP25_merged X3 | -13.1943 -1.58685 -4.22316
FM_GP77_merged X3 | 4.056438 -0.99078 7.198134




129

APPENDIX XXVIII contd.......

FM_GP13_merged_X3 | -6.52185 15.08748 -3.9612
FM_GP78_merged_X3 | 0.112952 -5.7038 6.713561
FM_GP90_merged X3 | 3.059224 3.126281 6.667044
FM_GP54_merged_X3 | -13.4264 -0.67076 -5.54349
FM_GP26_merged X3 | 10.40242 -3.67261 -6.759

FM_GP33_merged_X3 | 9.492964 5.143408 -6.1527
FM_GP8_merged_X3 | -0.02019 19.03561 5.740463
FM_GP70_merged X3 | 4.861542 5.655438 10.80681
FM_GP46_merged_X3 | 11.57328 -0.01803 -6.2014
FM_GP80_merged_X3 | -14.3346 -2.56222 -5.70093
FM_GP30_merged_X3 | 4.020866 -5.78863 1.718999
FM_GP83_merged_X3 | 5.704094 4.822098 1.854039
FM_GP97_merged_X3 | 10.93249 14.17969 -10.7412
FM_GP28_merged_X3 | 2.095732 -2.87569 7.512148
FM_GP62_merged X3 | 3.681598 -4.88247 7.351745
FM_GP31_merged_X3 | -5.60083 -2.85239 0.948253
FM_GP79_merged_X3 | -4.30209 -1.87419 4.282535
FM_GP49 merged_X3 | 12.99436 -1.90815 -13.6283
FM_GP39_merged_X3 | 12.49646 -5.72098 -8.08453
FM_GP7_merged_X3 | 10.20513 -1.31634 -8.97185
FM_GP63_merged_X3 | -14.0984 -3.7793 -3.33418
FM_GP32_merged_X3 | 0.465538 -5.29227 5.384083
FM_GP48_merged_X3 | 10.86545 -1.38804 -6.52974
FM_GP98_merged X3 | -13.5449 -2.75236 -6.84222
FM_GP5 _merged X3 | 7.108842 -6.90615 -0.84282
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APPENDIX XXVIII contd.......

FM_GP81_merged_X3 | 0.384515 -5.66615 8.325625
FM_GP59_merged_X3 | -15.0161 -0.55778 -3.64774
FM_GP47_merged_X3 | 11.80738 -4.90418 -6.9386
FM_GP22_merged_X3 | 1.768883 -3.38906 2.463204
FM_GP17_merged_X3 | -4.59093 6.952748 3.285751
FM_GP52_merged_X3 | -15.1962 -2.69997 -8.57167
FM_GP96_merged X3 | 1.744544 3.747839 -2.18697
FM_GP2_merged X3 | 1.177626 -10.7579 8.491536
FM_GP24_merged_X3 | -1.04566 -5.94562 5.809732
FM_GP95_merged_X3 | 7.48076 8.12138 -4.57825
FM_GP89_merged X3 | 1.025098 2.599789 4.81232
FM_GP92_merged X3 | -2.67394 -2.80829 1.514809
FM_GP60_merged_X3 | 3.33605 13.42366 4.609736
FM_GP23_merged_X3 | 11.51959 -4.64256 -6.44065
FM_GP45_merged X3 | -10.9783 -2.67329 -9.12849
FM_GP50_merged X3 | -0.65471 -4.06957 3.192375
FM_GP41_merged_X3 | 13.18793 -0.23266 -12.0848
FM_GP6_merged_X3 | -9.27146 -0.10922 -4.71448
FM_GP74_merged_X3 | -14.7075 -5.10769 -3.42562
FM_GP71_merged_X3 | 2.524609 -3.51964 3.929108
FM_GP86_merged X3 | 2.475777 7.348569 4.620048
FM_GP36_merged_X3 | -18.3714 -2.92426 -8.78202




APPENDIX XXIX: Cumulative principal component values

PC Eigenvalues | Individual Proportion | Cumulative Proportion
1 5741.6 0.035188 0.035188
2 3771.7 0.023115 0.058303
3 3578.5 0.021931 0.080234
4 2753.3 0.016874 0.097108
5 2707.5 0.016593 0.1137

6 2624.5 0.016085 0.12979
7 2537.5 0.015551 0.14534
8 2456.3 0.015054 0.16039
9 2422.4 0.014846 0.17524
10 2410.3 0.014772 0.19001
11 2368 0.014512 0.20452
12 2337.3 0.014325 0.21884
13 2317.1 0.014201 0.23305
14 2293.2 0.014054 0.2471
15 2261.6 0.01386 0.26096
16 2236.7 0.013708 0.27467
17 2232.7 0.013684 0.28835
18 2201.2 0.013491 0.30184
19 2180.6 0.013364 0.31521
20 2172.1 0.013312 0.32852
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Three terms were added to the data tree after running PCA. The first are PCs (column 1),
the second Eigen values (column 2) and the last Eigen vectors. The chart function in the
result model is used to graph the first three PCs, the individual Eigen value contribution
and the cumulative Eigen contributions.



