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ABSTRACT

Cowpea (Vigna unguiculatan (L.) Walp.) is a grain legume cultivated worldwide in over 14
million ha but its productivity in Senegal is seriously affected by the infestation of Striga
gesnerioides (Wild.) Vatke, a parasitic weed. Striga resistance is an important trait that is
missing to most cultivated varieties in Senegal. Its negative effect on cowpea is exacerbated by
drought which is a threat to agriculture. The present dissertation describes various options taken
on the improvement of cowpea for Striga resistance and drought tolerance using microsatellite
markers and drought tolerance indices and cultivar superiority coefficients. The first breeding
activity describes methods and results obtained in identifying farmer concerns and interest on
profile of their desired ideotype in Louga, Kebemer and Tivavouane involving 109 farmers.
The second breeding activity was conducted in response to Participatory Rural Appraisal
(PRA) indication on major constraints to anticipate on pre-breeding in order to identify drought
tolerant lines that can be used as parental lines in developing new varieties. This study used
phenotypic data recorded from well-watered and water-stressed experimental fields in Bambey
(ISRA, CNRA de Bambey) and involved 112 accessions from the Senegalese cowpea breeding
programme. The third breeding activity focused on cowpea resistance to Striga gesnerioides
using Marker-assisted selection (MAS). The different options deployed involved in MAS were
the creation of bi-parental lines of hybrids, RIL populations and advanced backcross
populations using Marker-assisted backcrossing (MABC), the validation of resistance of the
developed backcross lines in field in natural infestation and the identification of loci associated
to Striga resistance in cowpea using Genome-Wide Association Analysis (GWAS) on a wide
population composed of 367 unrelated accessions from diverse origins in the word. PRA
revealed that drought was the major constraint to cowpea production and farmers were
interested in large and brown seeded cowpea grain type in Senegal. Striga was important only

in some divisions. Preliminary field and pot screening identified several lines more tolerant to



drought compared to best tolerant check Mouride, reliability of markers used in MABC were
weak, resistant BC4 lines performed unexpectedly in field in regards to SNP screening
predictions. Significant markers were identified in 2 environments out of 4. Six candidate genes
were identified in regions neighbouring identified markers and annotated. SNPs identified were
not reported before in any article to best of our knowledge. The identified genetic and genomic
resources could be used in population development for drought tolerance and S. gesnerioides

resistance in cowpea.
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CHAPTER ONE

1. GENERAL INTRODUCTION

Cowpea (Vigna unguiculata) is among the most important grain legume crops (Marcenaro and
Valkonen, 2016; Muchero et al., 2009). The crop serves as high-quality food for the world's
growing population. It is utilized for both food and animal feed (Barrett, 2006; Singh, 1997)

particularly in West and Central Africa (Boukar et al., 2018).

Cowpea is produced predominantly under rain-fed conditions in regions of sub-Saharan Africa
(SSA) with late, erratic and short rainfall (Fatokun et al., 2012). Consistently, in Senegal,
cowpea production is mainly in the rainy season, which lasts 2 to 3 months per year (Cissé,
2016). Major producing areas are where drought mostly occurs in the Senegalese Sahelian
zone. Annual rainfall since 1980 has decreased, thereby lowering yield of cowpea cultivars
despite the inherent resilience of cowpea to cope with water deficit. Compared to traditional
crops such as millet (Pennisetum glaucum L.) and sorghum (Sorghum bicolor (L.) Moench),

cowpea is the best alternative for agriculture under drought situations (Cissé, 2016).

Constraints to cowpea production are numerous including infestation by Striga gesnerioides
(Atokple et al., 1995; Dubé and Olivier, 2001; Omoigui et al., 2017a). In Senegal, Striga
gesnerioides is one of the major constraints to cowpea production (Tonessia et al., 2009).
Cowpea grain yield in heavily infested field can be nil (Omoigui, 2012; Omoigui et al., 2007,

2017Db). Best control measure is varietal resistance (Ouedraogo et al., 2001a).

Genetic and genomic resources that can be used to fast-track development of high yielding
varieties adapted to Striga prone areas have been identified (Boukar et al., 2004; Mufioz-
Amatriain et al., 2017; Ouedraogo et al., 2001b; Tignegre et al., 2013). Genetic resources
include multi-parent advanced generation inter-cross MAGIC population (> 300), the West

African Partner favourite (>100) and the Mini-core (> 360). Genomic resources include SSR



markers linked to S. gesnerioides resistance (Asare et al., 2013a,b; Ouedraogo et al., 2002),
consensus genetic map and the Illumina golden gate assay for high throughput genotyping
(Mufioz-Amatriain et al., 2017). However, there has been little success in the use of Striga
markers in Senegal. The most plausible reason seems to be the specificity of S. gesnerioides
prevalent in Senegal (Botanga and Timko, 2006; Tonessia et al., 2014). Recent attempts at
using Marker-Assisted Selection (MAS) in Senegal towards solving the Striga problem in
cowpea has shown some promise (Tonessia et al., 2009; Tonessia et al., 2014). These attempts
must be sustained to achieve the desired results to increase cowpea yields. However, as cowpea
IS grown in erratic areas in Senegal and S. gesnerioides negative effects on cowpea is

exacerbated by drought, attention on drought tolerance is as well critical.

The main objective of the project was to convert a highly elite susceptible line into a S.

gesnerioides resistant line using MAS.

The specific objectives of the study were to:

) identify constraints to cowpea production and farmers preferred grain quality traits in
the Sahelian and Sahelo-Soudanian zone in Senegal;

i) identify drought tolerant lines among 112 accessions;

iii)  validate resistance of advanced backcross lines and discover new SNP markers and

candidate genes aligned to S. gesnerioides resistance.



CHAPTER TWO
2. LITERATURE REVIEW

2.1. Cowpea

Cowpea Vigna unguiculata L. Walp., is a grain legume of great importance for resource poor
communities in sub-Saharan Africa (Timko and Singh, 2008). Large genetic diversity of the
crop exists, over 1500 cowpea cultivated accessions are conserved at the International Institute
of Tropical Agriculture (1ITA), 75 % of them are from the West Africa sub-region (Fatokun et
al., 2018). Cowpea has a narrow genetic base of 620 million base pairs; it is a diploid crop with
22 pairs of chromosomes (2n = 22) and is closely related to mung bean (Vigna radiata) (Lucas
et al., 2013). Despite the existence of several sources of resistance to Striga gesnerioides, little
progress has been made in improvement of the Senegalese germplasm which relied more on
conventional breeding. Statistics have shown a low total production of 64.0 tons obtained from
over 150 000 ha and an average productivity of 400 kg/ha (Boukar et al., 2018). This gives
room for crop improvement because genomic resources are now available that one can use to

fast-track selection (Mufioz-Amatriain et al., 2017).

2.2. Origin, domestication, taxonomy and genetic diversity

Cowpea also called niebe in Francophone Africa is a herbaceous annual legume mostly grown
in the dry agro-ecologies of the tropics in Latin America, Africa and south Asia (Boukar et al.,
2018). Cowpea origin has been discussed for many years and remains to be fully elucidated
(D’Andrea, et al., 2007). It has been described by Linne as Dolichos unguiculata, Vigna
sinensis and then Vigna unguiculata (Faris, 1963; Pasquet and Baudoin, 1997). Baet al., (2004)
reported different centres of origin however, because of diversity observed in Vigna genera in
the African continent (Pernes, 1984) it has been concluded by authors that cowpea originated
from Africa (Raynal-Roques, 1993). Also, it has been reported based on linguistic evidence

and phylogenetic studies that cowpea originated in tropical West Africa precisely in Nigeria

3



(Faris 1965), with Botswana being probably a second centre of origin (Panella et al. 1993).
Rawal (1975) and Vaillancourt et al. (1993) reported that Africa region around the equator and
South Africa were cowpea centres of origin. Cisse (2016) supported cowpea originated from

South East Africa.

Huynh et al., (2013a) have reported the lack of knowledge about cowpea domestication origins
and patterns of genetic variation compared to other crops. In a study where Coulibaly et al.,
(2002) cited by D’ Andrea et al., (2007) used amplified fragment length polymorphism analysis
(AFLP), indicated West or north-eastern Africa as the area of domestication. Ba et al., (2004)
have demonstrated the ambiguity of possible domestication of cowpea in Southern and Eastern
Africa. Considering these statements, cowpea domestication occurred in Africa based on the
noticeable absence of wild progenitor outside this continent (Murdock 1959; Faris 1965;
Vaillancourt and Weeden 1992 and Padulosil and Ng, 1997). Cowpea may have been
domesticated alongside sorghum and pearl millet (Steele, 1976) from eastern Africa to the
Arabian Peninsula, the Asian subcontinent (Faris, 1965) and to East Asia. Evidence of two
major gene pools in cultivated cowpea in Africa have been reported (Huynh et al., 2013a).
Landraces from gene pool 1 are more located in western Africa while landraces of gene pool 2
are mostly located in eastern Africa. In the same study of Huynh et al., (2013a), it has been
reported that accessions from Asia and Europe were closer (related) to those belonging to gene

pool 1 while accessions from the Americas were more related to those of gene pool 2.

Cowpea belongs to the tribe Phaseoleae of the Fabaceae family, the genus Vigna, the species
unguiculata and the subspecies unguiculata (Timko et al., 2007). According to Ng and
Marechal (1985), Vigna unguiculata is divided into 5 subspecies namely Vigna unguiculata,
V. cylindrica, V. sesquipedalis, V. dekindtiana, and V. mensensis. According to Pasquet (1999),
variable forms within cowpea species include cultivated species, wild annual and wild
perennial species. Wild types are named V. unguiculata ssp dekindtiana or V. unguiculata ssp
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spontanea. Vigna unguiculata unguiculata is divided into 5 groups of cultivars: Unguiculata,
Biflora, Sesquipedalis, Textilis and Melanophthalmus (Padulosil et al., 1997; Boukar et al.,
2018). West and Central Africa are the area where maximum diversity and cultivated cowpeas

are found (Boukar et al., 2018).

2.3. Production and major constraints

On the African continent, cowpea is the most widely grown grain legumes (Timko et al., 2012)
and also widely grown in Asia, Latin America, the south-eastern United States and California
(Dadson et al., 2005). FAO estimates that the annual production of cowpea is around 4 million
tons on about 10 million hectares of which two thirds come from Africa (FAO, 2008). Most of
the production occurs in West Africa (68%), Brazil (17 %), Asia (3%) and USA (2%) while
the remaining 10 % is produced by the rest of the world. Important producers are Nigeria,
Niger, Burkina Faso, Senegal, Ghana, Cameroon and Mali. Nigeria is the largest cowpea

producer and consumer, the country produces 56% of the world production (FAO, 2008).

Major constraints of production are drought, parasitic weeds, insect pests, diseases and
nematodes attacking cowpea during every stage of its life cycle. The difficulty of production

input procurement is also a major constraint (Singh and Tarawali, 1997).

2.3.1. Breeding for drought tolerance
Crop plants at one stage or another in their life cycle are exposed to drought (Boyer and
McPherson, 1975). Drought is among the most important environmental stress in agriculture

affecting crop growth and development (Basu et al., 2016).

2.3.1.1. Plant and trait response to water stress
Plant when subjected to drought stress react in different ways depending on species, varieties

and the type of economic product (Kramer, 1980). Leafy crops such as lettuce are very sensitive



to drought while hay crops such as alfalfa are more drought resistant due to their deeper roots
allowing them to get access to deep soil moisture. Drought is more severe at early flowering or
fruit filling than at vegetative time. Indeterminate plants such as cowpea are more tolerant to
mid drought than determinate plants such as sorghum, pearl millet and rice. This can be
explained by the fact that indeterminate plants have the ability when first flowers have dropped
due to water stress effect, to compensate by producing other flushes of flowers and pods after
drought is experienced (Hall, 2012) while determinate plants are unable to produce any more
fruits (Gwathmey et al., 1992). This shows that mechanisms of drought sensitivity differ from
species to species. An apposite example is responses to drought at the early flowering stage in
wheat and maize. According to Wilson et al. (1980), drought happening 7 days prior to anthesis
might reduce number of seeds per spike in wheat and number of kernels per ear in maize. In
terms of drought sensitivity, there is a major difference between the two crops. In wheat floret
sterility is associated to pollen sterility (Jones, 1993) while in maize pollen will be still viable
when plant undergo drought during flowering (Hall et al., 1982). Likewise, seed number and
seed size is also affected in different ways depending on if an indeterminate or determinate
crop is involved. Also seed size injuries from drought depends on the type of drought involved,
whether late or mid-season. Usually, mid-season coincides with anthesis while late drought
occurs after or during late stages of fruit formation. Viewed in this aspect, late drought only
affects seed size. The selective effect can be explained further by an asynchronous occurrence
of drought and drought sensitive stage defined in this example as flowering time. Obviously,
damaging effect of drought on leaves leads to a reduction of photosynthetic sources (Wang et
al., 2016) due to leaf senescence. In sorghum, low seed size has been observed in modern
cultivars subjected to late season drought, definitely, determinate crops are more sensitive than

indeterminate crops to terminal water stress. The size of photosynthetic source affected by late



season drought leads to non-vigorous seeds then an ample reduction of seed size (Turk et al.,

1980).

2.3.1.2.  Drought induced morphological and physiological changes in plants
Plant responses to drought stress can be classified as morphological and physiological aiming
at reducing water losses through transpiration (Basu et al., 2016). Various physiological
responses to drought are deployed via molecular, cellular and whole plant pathways (Farooq et

al., 2009).

Modifications in plants constitute a way of preventing damages from drought stress. This
include reduction of leaf area, leaf angle changes, tillering, root growth (Farooq et al., 2009).
It has been reported in tepary bean (Phaseolus acutifolius) and common bean (P. vulgaris), that
when stressed, plants rotated their leaflets and reduced their sizes in order to make them parallel
to incoming radiation. This modification allows leaves to cool down temperature. (Farooq et
al., 2009) have reported drought escape (DE) where the plant matches its phenological
development to duration of water available in the soil; avoidance where plant shapes root
system and leaves to respectively improve water uptake and stomatal control of transpiration
and phenotypic flexibility; where plant produces smaller or shedding leaves, enhance roots
quality such as distribution and structure or root quantity such as density at the expense of up-

ground growth and biomass.

Physiological modifications concern leaf enlargement, osmotic adjustment (I), stomatal
behaviour (11), photosynthesis (l11), leaf cuticular wax (IV), translocation (V) and proline
accumulation (VI). I) Osmotic adjustment (AQ) has been referred to as a biochemical process
where various osmotically active substances are accumulated in the cell aiming at helping
plants to acclimatize to drought stress (DS) and maintain metabolic processes (Turner, 1978),

Accumulated solutes are for protective purposes, they prevent dehydration in cellular proteins,



enzymes, and cellular membranes. Substances contributing to AO include amino acids,
organic acids, inorganic cations and anions (lljin, 1957; Hsiao and Acevedo, 1974, Begg and
Turner, 1974). This mechanism is important in the sense that it promotes the potential of solute
to move from a hypotonic to a hypertonic solution, hence a more negative osmotic potential
creating favourable condition into the cell (cell hydration) and maintaining turgor (Sanders and
Arndt, 2012). Turgor is critical for cell enlargement and growth. In stressed cotton, Cutler et
al., (1977) reported maintenance of turgor happened because of involvement of sugar and
malate accumulated and high cell wall elasticity. OA was reported to happen in sorghum more
after flowering than before (Brevedon and Hodges, 1973). Plants when undergoing drought
stress suffer less when maintenance is granted by thicker cell walls and smaller cell. This allows
more water in the cell wall and less solvent in the protoplast. A suggestion of Morgan (1977)
to plant breeders was to breed for OA to improve water stress tolerance of wheat (Jones and
Turner, 1978). 1) There is no constant threshold water potential at which plant stomatal
comportment is triggered when plants are subjected to drought (Blum, 1996; Jordan et al.,
1975). However, a strong relationship between stomatal closer and water potential has been
reported (Turner, 1974) (Wang et al., 2016). Stomatal behaviour changes with water potential
which is dependent on factors including stress history, growing conditions and age of the plant
(Begg and Turner, 1976, Saranga et al., 1991). In a comparative study where cotton plants were
preconditioned and not, it was observed that in preconditioned plants, abaxial stomata closing
occurred at a lower water potential than non-preconditioned plants. Klar et al., (1978)
illustrated this with guinea grass. Growing condition has been shown to affect stomatal
behaviour. Threshold triggering closing of stomata were different in sorghum genotypes grown
in condition of water stress and in unfavourable condition for root development. In watered-
stressed condition, sorghum genotypes had their stomata still open at -20 bars while genotypes

grown in unfavourable condition for root growth closed their stomata at -16 bars (Fereres et



al., 1978). It has been observed in aged plants a drop of CO2 exchange rate and leaf
photosynthetic capacity (Davis and McCree, 1878). In wheat flag, leaf potential at which plant
closes its stomata (-13 bars at tillering) decline gradually with age (-31 bars at grain filling)
(Frank et al., 1973). 111) Efficiency of photosynthesis rely on total leaf area and photochemical
activity of various leaves (Boggess and Stewart, 1976). When plants are subjected to drought,
in response they close their stomata in order to minimize water losses however, that defensive
reaction reduce transpiration and photosynthesis as well (Farooq et al., 2009). The latter is also
reduced in prolonged drought stress by depression of chloroplast and enzyme activity and non-
stomatal factors (Begg and Turner, 1974; Toole et al., 1976; O’ Toole, 1977). Leaf areca index
(LATI) is reduced by water stress. 1V) Mild water stress is of significant effect on leaf
enlargement but does not affect plants as prolonged drought does, this refer to recovery. Plants
subjected to mild water stress have reduced leaf elongation rate. This phenomenon has been
observed in corn genotypes that reacted favourably for leaf elongation at -1.5 to -.2.5 bars leaf
water potential, while at -4 bars leaf elongation rate dropped by 25%. A threshold has been
assigned as -2 bars for this species, in other words, corn plants subjected to mild drought will
grow slowly (Acevedo et al., 1979) and recover when water becomes available if their leaf
potential does not exceed -2 bars. In fact, cell division is less sensitive to drought compared to
cell enlargement, cells that were developed during mild drought period, when water becomes
available tend to expand and stimulate re-growth. In opposite, plant subjected to long period
drought may not totally recover when re-watered (Boyer, 1970). V) Plants have vascular
network comprising of two separated cellular translocation pathways namely xylem and
phloem. Water and nutrients taken by roots are transported to shoot by xylem. Xylem delivered
solutes are redistributed to heterotrophic organs such as roots, seeds and flowers. By the same
way assimilates move in these pathways, plant hormones and signalling molecules moves with

them by mass flow. Among other roles, phloem provides a conduit for trafficking



macromolecules (nucleic acids and proteins), some of which may regulate gene expression as
a consequence of their translocation. Xylem is believed to be the conduit in which root
signalling elements move (Atkins and Smith, 2007). When drought occurs, translocation shows
less sensitivity compared to photosynthesis (Boyer, 1970, McPherson and Boyer, 1977, Sung
and Krieg, 1979). In such condition of drought tolerance (DT), it is understood that assimilates
movement from the photosynthetic cells into the conducting system is reduced, however,
translocation pathways may not be affected by drought (Wardlaw, 1969). This means the
conducting system still operate efficiently when the plant is grown under water stress but sink
is altered (Begg and Turner, 1974). It has been suggested that plants can mobilize photosynthate
produced prior to grain filling period and use it in grain filling (Boyer, 1970). VI) It has been
indicated that proline accumulate during severe drought stress in water stress tissues
(McMichael and Elmore, 1977). Correlation between proline accumulated and yield stability
of barley under drought stress were found (Singh et al., 1973). However, Blum and Ebercon
(1976) found in sorghum that proline used as a marker was indication of ability to recover after
drought period (DP). In fact, it was noticed that proline accumulated in wilted leaf tip were
reduced after plant recovered from drought stress. Breeding for high proline were reported to
lead on stress susceptible cultivars. This means proline will not be of practical value to

specifically address drought tolerance (Hanson et al., 1977, Hanson et al., 1979).

2.3.1.3.  Measurement of drought tolerance among genotypes
Phenotyping of assembled lines with different genomic background and their utilization in
breeding is limited by the identification of stress responsive traits allowing quick discernment
of tolerant / resistant to susceptible lines (Fatokun et al., 2012). Various methods of
measurements have been proposed to quantify drought tolerance in crops including C isotope
discrimination, root phenotyping, wooden boxes screening using morphological markers (Hall

et al., 2003) or screening in rain out shelter. However, such methods are very complex,
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sophisticated or laborious and thus might not be most suited for highly skilled plant breeders
with limited resources. A consistent and efficient way to address drought tolerance would be
the consideration of traits correlated with grain yield in contrasting environments, associated
with high heritability and suitable genetic variability easy to record at a reasonable budget
(Araus, 2002; Beebe et al., 2013; Jackson et al., 1996; Polania et al., 2016). This presupposes
high skills in stability and adaptation analysis to allow reliable prediction of cultivars’

performances (Malosetti et al., 2013).

Several models have been used to predict response of crop species in contrasting environments.
Among others are the regression on the mean model (Finlay and Wilkinson, 1963; Eberhart
and Russel 1966), the additive main effects and multiplicative interactions (AMMI) (Gauch,
1988) and GGE analysis (Yan et al., 2000). Additionally, stability coefficients including
Superiority performance (Linn and Binns, 1988), Static stability coefficient, Wricke’s
ecovalence (Wricke, 1962) and several quantitative indices of stress tolerance such as Mean
Productivity (MP) and Stress Tolerance index (TOL) (Rossielle and Hamblin, 1981), Drought
Resistance index (DRI) (Bidinger et al., 1987), Geometric mean productivity (GMP)
(Fernandez, 1992), Stress Susceptibility index (SSI) (Fischer and Maurer, 1978) have been
used in plant breeding for drought tolerance assessment (Mohammadi, 2010; 2011). In cowpea,
few studies such as (Yasir et al., 2013) have used stability coefficients and quantitative indices
of tolerance to drought. Most of these although are straightforward methods that allow breeders

to make reliable inferences.
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2.3.2. Breeding for resistance to Striga
From an agricultural point of view, drought-prone areas of Africa are the stronghold of most
economically important Striga species (Mohamed et al., 2003). In 25 countries, occurrence of
Striga in 2005 led to economic damages estimated to 1 billion $US per year (Spallek et al.,
2013). Striga species are holoparasitic or hemiparasitic with regards to their capacity to perform
photosynthesis activities once they have emerged from the soil (Wolfe and Pamphilis, 1998;
Matusova et al., 2005). Plants with adequate irrigation suffer less from Striga parasitism
(Dembélé, 1988). Control measures include the use of stimulants, bacterium Pseudomonas
seryngae and trap crops to allow suicidal germination of Striga (Berner and Williams, 1998;
Berner et al., 1997). Farming system can be improved by crop rotation involving cultivation of
cereals and legume but also by mixed cropping agriculture. These techniques have been found
to reduce at least three times the stock of Striga seeds present in the soil (Cardwell and Lane,
1995). Most of these approaches are however, expensive for farmers or non-relevant, the use
of resistant genotypes is the best way of controlling Striga (Alonge et al., 2005). Some useful
pieces of information for breeding cowpea for Striga resistance are presented in the following

subsections.

2.3.2.1. Taxonomy and geographical distribution
The word Striga comes from Latin which mean is witch. The term witchweed is appropriate
for Striga in the sense that before emerging, the parasite feed entirely from nutrients and water
from the host plant (Thalouarn et al., 1991). The monophyletic group including Striga genus
were earlier grouped in Scrophulariaceae family (Botanga and Timko, 2005). Later, studies
placed Striga in the family Orobanchaceae (Spallek et al., 2013), the family that contains

majority of parasitic weeds (Bennett and Mathews, 2006).
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In the genus Striga, some species are serious threat to crop production namely Striga
gesnerioides, S. hermonthica and S. asiatica. S. gesnerioides is found in West and Southern
Africa, USA and India. Many articles have investigated the pathogenicity of S. gesnerioides in
West Africa. It is prevalent in Nigeria, Benin, Niger, Togo, Senegal, Burkina Faso and
Cameroon (Dembélé, 1988; Botanga and Timko, 2006; Tonessia et al., 2014). S. hermonthica
and S. asiatica have similar host range and are found in East, West and Southern Africa and
USA. It has been reported that majority (80%) of described Striga are prevalent in Africa. The
rest is distributed across other parts of the word including Australia continent namely S.
curvilflora Benth., S. multiflora Benth. and S. parviflora Benth (Spallek et al., 2013). Striga

species are found in the semi-arid tropical regions on open grass lands and savannahs.

2.3.2.2.  Races of Striga gesnerioides and cowpea differential set of lines
Five races of Striga gesnerioides have been well characterized across Africa (Timko et al.,
2012; Timko and Singh, 2008) using molecular tools and differential host response. To date,
at least 7 races exist namely SG1 (Burkina Faso), SG2 (Mali), SG3 (Nigeria and Niger), SG4
(Benin), SG4z (localized to the Zakpota region of Benin), SG5 (Cameroon), and SG6
(Senegal). Most divergence have been found between SG3 and SG4, relatedness have been
reported to be higher between SG1 and SG5 (Timko et al., 2007). Evidence of existence of
different races is based on non-consistent reaction of cultivars to different biotypes of Striga
collected. For instance, Suvita 2 was reported to be resistant to all races except SG3 (Nigeria)
and SG5 (Cameroon), IT97K-499-35 is resistant to SG1 (Burkina Faso, SG2 (Mali) and SG3
(Nigeria). An exhaustive list of these germplasm can be found in the literature (Ouedraogo et

al., 2001a; Salifou et al., 2017).
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2.3.2.3.  Host, non-host and cowpea cultivar mechanism of resistance

Unfortunately, most parasitized plants in Africa are crops that are the most importantly
produced in subsistence agriculture (Spallek et al., 2013). Striga gesnerioides parasitize genera
within Leguminosae and Convolvulaceae (Mohamed et al., 2003) and is strictly dependent of
its host due to the fact that it has an inefficient photosynthesis system (Berner and Williams,
1998; Alonge et al., 2005). Most important hosts comprise Vigna Alysicarpus, Indigofera, and
Tephrosia, and non-legumes such as Ipomea, Jaquemontia, Merremia, Euphorbia, and
Nicotiana, (Berner and Williams, 1998; Botanga and Timko, 2005, Timko and Singh 2008). S.
Asiatic and S. hermonthica host range are similar and comprises cereals such as sorghum,
sugarcane, maize, finger and pearl millets. Preference of host by S. gesnerioides is highly
variable, Timko et al. (2007) reported that strains collected from Indigofera spp., Tephrosia
spp. and Jacquemontia spp attacked only the hosts from which they were collected. Similarly,
strains from tabaco from Zimbabwe are only able to complete their life cycle on tabaco,
although, their germination can be stimulated by other crops.

Resistance of cowpea cultivars to S. gesnerioides exists in two forms: the first is called
hypersensitive response and the second describe a situation where Striga tubercles do not
exceed 0.5 mm in diameter or expansion of Striga cotyledons fails. A landrace from Senegal
(58-57) showed hypersensitive response to Striga by killing all cells that were around the region
of infection. Cultivars from Botswana (B301) and IITA (IT81D-994) exhibited failure of
expansion of parasite’s tubercle and cotyledons. It is important to highlight that resistance can
occur at different development stages since underground to upground life cycle of Striga.
Parasite life cycle involves germination, haustorial induction, host root attachment and vascular
connection. Host plants induce germination of Striga by producing germination stimulants

particularly strigolactones (Cardoso et al., 2011).
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There is a lack of knowledge about the factors controlling association of parasites and plant
hosts. Non-host plants are adverse or incapable to support parasitic weed growth (Press and
Graves 1995) while in host plants, parasite have adapted their life cycle hence can grow and
reproduce. Non-host plant is a theatrical concept in the sense that in case of strong selective
pressure to survive, plant parasite always finds ways to destroy complex multifactorial barriers
to resistance. Besides, resistant genotypes exist in variety of parasite host species. Resistance
can occur in two levels: before attachment or after attachment. The latter is defined as
successfulness of establishment of vascular connection linking the two species. Resistance
occurring before attachment involve mechanical barriers such as thickened cell-walls in point
of attachment, reduction of signals stimulating development of a specialized invasive organ
called haustorium and programmed cell death so called hypersensitive reaction. In cellular
level, many articles have reported that parasite evolve protein effectors to enter host cells.
Effectors are detected either directly or indirectly (Greenshield and Jones 2008; van der Hoorn
and Kamoun 2008) by anti-virulence genes involving complex signalling scenarios resulting

to inhibition of parasite growth (Timko et al., 2012).

2.3.2.4. Inheritance of Striga resistance
Knowledge on inheritance of a trait resistance is very important in breeding. In the case of
prevalence of multiple races, inheritance study should define clearly regions where study was
conducted and source of the strain used in inoculation, in addition to the description of the
vegetal material used. Numerous studies have given valuable indications on the genetic of
Striga resistance. Genotypes Suvita 2 and B301 were reported to confer monogenic dominant
inheritance to SG1, SG2 and SG3. All breeders accepted that resistance to S. gesnerioides is
governed by single genes with major effects (Boukar et al., 2004; Ouedraogo et al., 2002;

Timko et al., 2007).
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2.3.3. Evidence of molecular breeding gaps in cowpea
Cowpea is a diploid species with 2n = 22 chromosomes and a genome size of about 620 million
base pairs (Boukar et al., 2018). Unlike in other crops, the development of genomic resources
has been very slow (Mufioz-Amatriain et al., 2017). Majority of studies involving marker
technologies are oriented in QTL mapping or taxonomic relationships (Boukaret al., 2013).
Several QTLs have been identified however, their validation never succeeded due to multiple
reasons among which are lack of population purity and reliability of phenotypic data recorded
during phenotyping. Very few studies have used genomic resources to conduct an effective
marker assisted selection program. Marker-assisted backcrossing (MABC) was used by plant
breeders in various crop improvement programmes (Ribaut and Ragot, 2006). Identification of
markers is a primary step prior to MABC. Markers exist for cowpea resistance to S.
gesnerioides (Ouedraogo et al., 2002; Timko et al., 2007) but were not effective for races
prevalent in Senegal. No study to date has been conducted using high throughput genotyping
on a diverse population likely to have abundant resistant alleles. Such study is necessary to
generate genomic resources that breeder can use directly to undergo limitations during

phenotyping and linkage drag when developing populations.
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CHAPTER THREE

3. CONSTRAINTS TO COWPEA PRODUCTION AND FARMER
PREFERRED GRAIN QUALITY TRAITS IN THE SAHELIAN
AND SAHELO-SUDANIAN ZONE IN SENEGAL

3.1. Introduction

Cowpeal is a staple crop cultivated for its leaves, fresh and dry grains, fresh pods, fodder, protein
and vitamin content and its adaptation to stressful environments. Cowpea admirably generates
additional revenues and fresh pods over a long period of time during the hunger period called
“soudure” for resource-poor communities in sub-Saharan Africa (Cissé, 2016; Ehlers and Hall,
1997). Cowpea is grown in almost all ecologies in Senegal. The main cowpea production areas
are Louga, Thies and Diourbel. Louga in the northern part of the country is the largest

producing area (Cissé, 2016).

In the interest of cowpea growers, great deal of efforts, in this case the funding of United States
Agency for International Development (USAID) under the Bean/Cowpea Collaborative
Research Support Program (CRSP), have enabled the development of several improved lines
based on farmers’ need which were at that time earliness and photo sensitivity (Cissé et al.,
2005). More recently in 2015, five large seeded varieties were released. All these varieties
when grown under well-watered fertile conditions and appropriate agronomic practices
produce at least 3 tons per hectare. However, despite all efforts made in the creation of varieties,
the development and popularization of techniques of good agricultural practices and the
conservation of harvested grains, yields in farmers’ field reach barely 350 kg.ha.” (Kamara et
al., 2018; Magen et al., 2012). Causes of the considerable yield reduction can be attributed to
many biotic and abiotic stresses as well as breeding objectives being out of sync with farmers’

real concerns.
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In many breeding programmes, farmers are only involved at later stages (Egbadzor et al.,
2015), as a result, released varieties tend to lack farmers’ preferred traits while many of the
eliminated lines including parental and bi-parental lines during filtering might have been of
interest to end-users. Studies have reported low adoption of improved varieties when compared
to traditional and unknown varieties in Senegal (Magen et al., 2012). It is urgent that breeders
prior to population development identify farmers’ needs for reasonable demand-led breeding

programs (PAEPARD, 2018).

The objectives of this study were to identify constraints affecting cowpea production and to
investigate grain traits preferred by farmers in order to take them into account in future breeding

activities.

3.2. Materials and Methods

3.2.1. Study sites

The study was carried out in May, July and September 2017 in the Sahelian and Sahelo-
Sudanian zone of Senegal which is the major area for cowpea production. The two main
cowpea growing regions, namely Louga and Thiés were selected. A distance of 124.9 km
separates the two localities. Average yearly precipitation from July to October is less than 500
mm starting. Two districts in the region of Louga namely Louga and Kebemer and one in the

region of Thiés called Tivavouane were used for this study.

3.2.2. Sampling procedures

Stratified sampling method was used to allow random sampling of participants in each of the
two main cowpea growing sites selected. Population sampled for the focus group discussion
(FGD) involved 30 individuals including 16 women and 14 men. In Semi-structured survey
(SSS), 109 participants were questioned including 54 females and 55 males. Assistance of

development agents facilitated linkage with contact persons at each village. Interviews were
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done with experienced farmers known to have grown cowpea the previous five rainy seasons

(years).

3.2.3. Data collection

Data were recorded on famers’ background information to allow possibility to go back to
information easily in case of need. During FGD session, issues discussed were related to the
importance of feedback from farmers to breeders about cowpea production, the importance of
involving farmer’s varietal development and the constraints to cowpea production. Farmers
were also asked about their preferred traits and willingness to participate in semi-structured
survey (SSS). In the SSS, questionnaire included farmers background information, the
importance of cowpea, factors that affect cowpea production, the knowledge of farmers about

S. gesnerioides and farmers’ preferred traits with regard to grain quality.

3.2.4. Data analysis

Quantitative data collected in FGD and SSS were arranged to fit in meaningful class intervals.
All data including binary data were analysed by calculating their frequencies and cumulative
contribution in row (designations) and column (districts and gender). Further analysis of the
SSS involved Fisher exact test and t-test respectively for binary data and count data to allow
assessment of significance in regard to districts and gender. Data regarding constraints to
cowpea production and farmers’ preferred traits were ranked based on yes rating (total yes of
a variable divided by total yes of all variables times 100). The R. software was used to compute
table contingency and calculate p-value of variables according to division and gender using

appropriate test of statistical significance.

19



3.3. Results

3.3.1. Demographic characteristics of respondents

Of the 30 individuals in the FGD session 27 % were illiterate, 43 % attended primary school
and 30 % attended secondary school. Respondents in the FGD who were more than 40 years
constituted 83% and the rest of the respondents were between 30 and 39 years old. The SSS
involved 54 females and 55 males. Among the SSS sample, 20 % were illiterate, 60 % attended
primary school, and 20 % attended secondary school. Majority (61 %) of respondents were
between 40 and 61 years old, 16 % were between 18 and 39 years old, 19 % had between 62

to 83 years old and 4 % were not able to communicate their age.

3.3.2. Importance of cowpea

Variables studied in SSS for importance of cowpea were all significantly different in respect
to divisions however, only plot size for cowpea production were significantly affected by
gender (Table 3.1). Majority of women had plot size between 1 and 3 ha while plot size greater
than 4 ha were reserved to men (Figure 3.1). More than 90 % of respondents in Louga and

Tivavouane declared utilizing cowpea for multi-purposes.
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Figure 3. 1: Plot sizes assigned to gender and geographic division

At Kebemer, 84.38 % of respondents utilized cowpea only for human food and livestock feed
(Table 3.1). About 60 to 94 % of the farmers indicated that cowpea was grown as a main crop
in the three divisions of Senegal, with 94% of respondents from Louga. Very few respondents
in Louga (5.77 %) grew cowpea in association cropping while in Kebemer and Tivavouane
40.63 % and 24 % respectively grew cowpea in association with other crops. In all three

divisions cowpea production provided a lucrative business opportunity (Figure 3.2).

Table 3. 1: Importance of cowpea in Louga, Kebemer and Tivavouane

Fisher Exact [/

Variable Geographic division

Students’ t.test
Importance of cowpea  Louga Kebemer Tivavouane Division  Gender
Size of cowpea plots (ha)  2.29 1.66 1.36 1.6713%*  2.6805%*
Human and livestock % 3.85 84.38 8.00 2.206%x 014
Multiple purposes % 96.15  15.63 92.00 2.881* 014
As main crop % 94.23 59.38 76.00 3.05%* 0.8
Intercrop % 5.77 40.63 24.00 3.39%%* 012
A lucrative business % 100.00 90.63 88.00 0.07 0.36

Figures with ** indicates high significance at p < 0.01; * indicates significance at p < 0.05
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Figure 3. 2: Frequency of counted yes-no of cowpea cropping as a main crop

and a lucrative business in Louga, Kebemer and Tivavouane.

3.3.3. Constraints to cowpea production

In division level, farmers’ perception of constraints limiting cowpea production were consistent
for all variables except for aphid, Maruca, Bruchid, soil fertility and cultural practices. No
significant differences were observed in gender level for all variables. In general, the five most
important constraints to cowpea production were drought, aphid, Macrophomina, maruca and

Striga (Table 3.2). The relative rankings of these five constraints differed among the divisions.
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Table 3. 2: Main constraints to cowpea production in the Sahelian and Sahelo-Sudanian zone in Senegal

Division respondents % Gender respondents % Fisher's Exact Test

Constraint Louga Kebemer Tivavouane Female Male - p- value Rank

Divsion Gender
Drought 11.03 9.70 9.13 9.80 10.35 0.43290 0.74250 1
Aphid 8.58 6.02 9.13 8.16 6.61 0.00311 0.10410 2
Macrophomina 7.84 9.70 9.57 10.20 9.69 0.01913 1.00000 3
Maruca 6.86 10.37 5.65 6.73 8.59 0.00003 0.09819 4
Striga 10.05 9.70 8.70 9.18 9.91 0.52350 0.58100 5
Bruchid 6.62 8.70 10.87 8.78 7.71 0.00004 0.26450 6
Pod sucking bug 8.58 8.36 7.39 7.96 8.37 0.71920 0.82830 7
Seed quality 0.98 0.00 0.87 1.02 0.22 0.26640 0.20630 8
Soil ferlility 9.80 10.37 5.22 8.37 9.25 0.00003 0.47750 9
Amsacta 8.33 7.02 9.57 8.16 8.15 0.13070 1.00000 10
Weeds 0.25 0.33 0.43 0.20 0.44 1.00000 0.61070 11
Nematode 0.00 0.33 0.00 0.00 0.22 0.54290 0.48570 12
Thrips 9.56 9.70 10.87 10.61 9.03 0.04150 0.01345 13
Cultural practicies 8.33 9.03 10.87 8.57 9.69 0.00296 0.31520 14
Shattering 0.49 0.00 0.00 0.41 0.00 0.49890 0.49560 15
Heat 0.25 0.33 0.00 0.20 0.22 1.00000 1.00000 16
Market 0.00 0.00 0.43 0.00 0.22 0.23810 0.48570 17
Sowing dates 2.21 0.33 1.30 1.63 1.10 0.09739 0.55740 18
Pesticides 0.25 0.00 0.00 0.00 0.22 1.00000 0.48570 19
Total 100 100 100 100 100

Figures in bold indicate high significance at p < 0.01
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3.3.4. Knowledge of farmers on Striga gesnerioides

Majority of farmers in Louga, Kebemer and Tivavouane (Table 3.3) were able to describe
Striga as a parasitic weed affecting crops productivity. In Louga 50 % of the people sampled
were able to make clear differentiation between S. gesnerioides and S. hermonthica while very
few were able to differentiate the two parasitic species in Kebemer (18.75%) and Tivavouane
(18.75%). Striga was not considered as a major stress across divisions, only 42.15% considered
it as a major constraint to cowpea production. However, 57.69 % of respondents in Louga
considered it as a major stress factor. Overall, few farmers declared the existence or availability
of resistance cultivars (Table 3.3)., In Tivavouane however, farmers indicated resistant
cultivars among the local germplasm. Farmers indicated that S. gesnerioides was visible in
infested fields at 44 days after sowing. Farmers in Louga indicted S. gesnerioides emergence
at 40 days after sowing. To verify famers answers relating to their knowledge on S.
gesnerioides a picture of S. gesnerioides was presented to them. Test indicated that most of
them had come across a plant of S. gesnerioides. Louga (94.23 %) had the highest number of
farmers who correctly recognized the parasitic weed, while Kebemer and Tivavouane recorded
84.38 % and 64 % respectively.

Table 3. 3: Knowledge of farmers about S. gesnerioides in the Sahelian and Sahelo-Sudanian

zone in Senegal

Fisher Exact / Students'

Variable Geographic division
t.test

Knowledge on Striga gesnerioides  Louga Kebem  Tivav Division Gender
Ability to describe S. gesnerioides ~ 92.31 68.75 76.00 0.02* 0.63
Ability to differentiate Striga spp 50.00 18.75 18.75 0.01* 0.84

S. gesnerioides as a major stress 57.69 46.88 21.88 0.05 0.57
Existence of resistant cultivars 32.69 3.13 68.00 3.31E-07** 0.68
Days to S. gesnerioides emergence  40.21 47.05 46.11 1.34E-05 2.92E-06
Picture recognition 94.23 84.38 64.00 4.22E-03* 0.29

Figures with ** indicates high significance at p < 0.01; * indicates significance at p < 0.05.
Kebem= Kebemer; Tivav= Tivavouane.
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Figure 3.3 presents opinions of farmers on yield losses due to S. gesnerioides. Majority of
farmers in Louga and Kebemer have declared high yield losses in cowpea fields infested with
S. gesnerioides whereas, very few people in Tivavouane considered high yield due to S.
gesnerioides. The farmers in Louga and Tivavouane however, indicated that the negative effect

of S. gesnerioides infestation on yield were not of major importance.
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Figure 3. 3: Yield losses due to S. gesnerioides (a) and ability of farmers to differentiate S.

gesnerioides and S. hermonthica (b)

3.3.5. Farmers’ preferred grain quality traits

Division and gender had a significant effect on preferences for all grain quality traits. In other
words, farmers’ answers were not consistent across locations and gender indicating grain trait

preferences were specific (Table 3.4, Figure 3.4). However, large seed size and brown seed
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coat colour were ranked first in all the three divisions based on frequency counts. Variation in
seed testa colour is presented in Table 3.5. In Louga, prostrate and climbing cultivars (prostrate-
climbing) were ranked first while strictly climbing and strictly prostrate were ranked first
respectively in Kebemer and Tivavouane. Extra early cultivars were ranked first in Louga and
Tivavouane while early cultivars were ranked first in Kebemer.

Table 3. 4: Preferences of farmers for cowpea grain size, growth habit and maturity rating in
the Sahelian and Sahelo-Sudanian zone of Senegal

Geographic division
Students' t.test

Grain quality traits Louga Kebemer Tivavouane
Contrib Ran Contrib Ran Contrib Ran Divisio Gende
k : k . k n r
Seed size
Large 86.54 1 50.00 1 96.00 1
Medium 0.00 4 9.38 3 0.00 3.5
Small 1.92 3 0.00 4 4.00 2 0.043 0.078
Irrelevant 11.54 2 40.63 2 0.00 3.5
Seed coat colour
Black 1.92 55 0.00 55 8.00 35
Brown 59.62 1 93.75 1 52.00 1
Red 11.54 3 3.13 2.66  24.00 2
White 15.38 2 3.13 2.66 8.00 35 0.015 0.040
White-brown 9.62 4 0.00 55 4.00 55
Irrelevant 1.92 55 3.13 2.66 4.00 55
Growth habit
Climbing 23.08 3 81.25 1 4.00 5
Erect 25.00 2 15.63 4 24.00 2
Prostrate 13.46 4 21.88 3 44.00 1 0.002 0.001
Prostrate-climbing 36.54 1 59.38 2 20.00 3
Semi-erect 1.92 5 3.13 5 8.00 4
Maturity rating
Early 9.62 2 87.50 1 32.00 2
Extra early 88.46 1 12.50 2 56.00 1 0.046 0.026
Late 1.92 3 0.00 3 12.00 3

Contrib.: Contribution; figures in bold indicate significance at p < 0.05
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Table 3. 5: Variability for cowpea seed testa colour according to famers in the Sahelian and

Sahelo-Sudanian zone of Senegal

Sample Seed colour Example
Brown seed testa color Suvita 2
Red seed testa color TVu-8673
White seed testa color Melakh
White.brown seed testa color TVu-7362
Black seed testa color TVu-3552
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Figure 3. 4: Preferences of seed size and colour by farmers in the Sahelian and Sahelo-Sudanian

zone of Senegal as affected by gender
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3.4. Discussion

Farmers participated massively in Semi-Structure Surveys as committed during focus group
discussion. Majority of them attended school, only 20 % were illiterate. A clear distinction
between Koranic education and formal school enrolment was not assessed in this survey.
However, a study in Senegal (André and Demonsant, 2009) on a dataset covering 1,800
households has shown that there was a relationship between Koranic and formal education
because people who attended Koranic education were more likely to attend formal education
than people who did not. Additionally, the paper stated that competition between the two
instances in favour of Koranic education were mainly due to the poor quality of formal schools

in rural area.

Sampled farmers were higher in Louga (47.70 %). Tivavouane recorded the lowest number of
participants (22.93 %). All divisions where surveys were conducted belonged to the same agro-
ecological domain however Louga is the major area where cowpea production occurs hence
justifying its superiority in terms of participants compared to other localities. Additionally, it
is a strategic division in Senegal attractive to various projects and NGOs promoting
investments on the use of technologies generated by ISRA. Very few youths contributed to the
study with a participation rate of 16.51%. The low participation is explained by adaptation
strategies implemented by populations allowing young people to migrate to the regions of
Dakar in order to increase the income by participating in non-agricultural activities not
requiring professional qualifications. This is the consequence of traditional agriculture that can

no longer feed households because of the joint occurrence of several biotic and abiotic factors.

Men were more concerned in cultivating cowpea in large plots than women. Household tasks,
such as buying market condiments, preparing meals, cleaning the house and caring for children,

are entrusted to women. Hence, they do not have much time to devote to field work. However
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as indicated in this study, they cultivate cowpea on about 2 ha farms. More profound reasons
have been raised that could explain why female farmers do not cultivate large plots such as
pregnancy which reduces their productivity and that of other fellow female workers (Mianda,
1998). Men in rural areas generally have more responsibilities than women in terms of feeding
people primarily because of polygamy, but also because of the extended family typical of
Senegalese in particular or African in general, a family that is not limited to the man, his own
wives and children. In most cases, distant relatives tend to be included in the family thus,

making its composition extremely large.

It was found in this study that cowpea was utilized for dual or multiple purposes. In fact in
Senegal, as in many African countries, consumers utilize cowpea leaves, fresh pods and dry
grains (Cissé, 2016). Dual purpose is defined here as food and feed. This indicates that grain
yield alone does not appeal to farmers in rural areas; they prefer grain yield and additional traits
such as fodder. Obviously, grain yield alone does not mean much in plant breeding because it
is underlined by many factors (Plant et al., 1999) that interact resulting in stability and or higher
performances of a genotype in specific environments. Our results indicated that in Kebemer,
people were using cowpea as human food and animal feed while in Louga and Tivavouane
cowpea in addition to the dual-purpose was also used in trading during “the hanger period” as
an alternative to have available food for the family (Cissé, 2016; Ehlers and Hall, 1997). In
fact, during that period, cultivar with fresh long pods are very valuable in the market and along
roads sides where travellers stop to bye. Farmers informed informally that cowpea was being
sold in the market in order to generate cash to buy new seeds from seed companies when
cropping season were approaching (Hallensleben et al., 2009). Majority of the people in
Senegal grow cowpea as a main crop. Respondents also recorded that cowpea trading was a

very lucrative business. This is in agreement with the statement of Cisse (2016).
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Across divisions, drought, aphid, Macrophomina, maruca and Striga were the most important
threat to cowpea production. Among the constraints which famers considered as of great
importance, drought was rated first. Farmers clearly stated that water availability was the first
most necessary input for plants to develop. Unambiguously, insufficient water is the most
precarious threat to world food production (Farooq et al., 2009). Some pre-breeding studies in
Senegal at ISRA identified sources of tolerance to drought (Belko et al., 2012; Halime, et al.,
2014) but to date, except Mouride having adaptation to terminal drought, no variety has been
released. Ongoing work aiming at identifying and using genetic and genomic resources in the
filtering process will make varietal development in Senegal faster and more efficient. In this
study, it seemed odd that some farmers did not know about Striga gesnerioides. They were
referring to Striga hermonthica when answering questions on S. gesnerioides. Most of the
farmers claimed to be able to differentiate the two species and in general they argued that fields
were more affected by S. hermonthica than by S. gesnerioides. Controversially, when the
picture of S. gesnerioides were brought to them, they responded that they had seen the parasitic
weed in cowpea fields and specially, in their own field, too. However, 36 % against 64 % said
damages due to S. gesnerioides were not affecting cowpea grain yield in a significant way.
Various articles reported the negative effects of S. gesnerioides on cowpea grain yield (Boukar
et al., 2004; Omoigui et al., 2007; Omoigui et al., 2017a,b,c) ranging from 30% to 100 % yield
losses. Tonessia et al., (2009 and 2014) reported its prevalence in Senegal in different forms
constituting biotypes or races different to all races identified before (Botanga and Timko,
2006). Striga propagate very quickly and to date, none of the released varieties has resistance
to races in Senegal. Breeding program on S. gesnerioides resistance are ongoing. However, S.
gesnerioides does not cause economic damage in some specific areas hence, it might not be a
priority for some communities. Nevertheless, resistance to S. gesnerioides is a valuable

additional trait that must be introgressed into farmers’ preferred varieties.
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Consumers actually do not buy products per se but rather their characteristics that provide
utility. Therefore, it is imperative to identify grain quality trait perceived by growers and
consumers as of first choice. Grain quality influences not only the choice of the utilizer but also
its pricing. In this study, farmers surveyed in Louga, Kebemer and Tivavouane opted for large-
seeded cowpea varieties as first choice. The evidence was corroborated with the results in
surveys conducted previously in West Africa (Faye et al., 2004; Langyintuo et al., 2003). The
authors indicated that adoption of cowpea varieties would be easier if they were large seeded.
In Senegal, it was reported that buyers were willing to pay a premium for larger-seeded cowpea
varieties (Faye et al., 2004). Consequently, it is of great interest that cowpea breeders
emphasize on grain size, fortunately in the WAAPP program and USAID funding through

cowpea climate change ISRA has released 5 varieties for large seed size.

Other important traits were seed coat colour, growth habit and earliness. Farmers perceived
brown seed coat colour as very attractive and rated it as first choice in Louga, Kebemer and
Tivavouane. In fact, brown seed coated cultivars has more weight in the market than other seed
coat colours. Farmers during FGD mentioned that demand for Yacine, a variety developed by
Cisse (Cisse et al., 2005) was priced higher in the market. Similar grain colour preferences
were reported in south-western parts of Nigeria where farmers preferred brown-seeded grains
(Boukar et al., 2013). The same author argued that black colour is not desired in Africa whereas
in Cuba and some other Latin American communities it is preferred to other seed coat colours.
Dissimilar results were reported in Ghana where farmers were more enthusiastic to cream and
white seed coated genotypes (Egbadzor et al., 2015). Growth habit was rated differently in the
three divisions. Some farmers were able to distinguish between prostrate and climbing while
others did not but took the two as one trait. In Louga farmers opted for prostrate-climbing, in
Kebemer their first choice was strictly climbing and in Tivavouane strictly prostrate was of

interest. They argued that prostrate varieties were more suited in fields infested to weeds.
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However, women were more interested in erect genotypes probably because they are easier to
harvest. This is probably because harvesting, the most difficult task in cowpea cultivation is
handled mostly by women. Farmers were interested in extra early varieties than late maturing
genotypes. It is noted in Senegal that harvesting of traditional food crops such as peanut and
late maturing cowpea genotypes occur between October and December resulting in exhaustion
of previous year harvested product. But then if harvest of the previous year were of small
quantity, the only alternative is the extra early cowpea which is available for harvesting from
August (Cissé, 2016). Extra early varieties were most preferred. Indirectly this confirm the
occurrence of drought in these area specially in Louga and Kebemer which were reported
earlier (Hall et al., 2003). By developing extra early varieties, we simultaneously assess
drought tolerance as early varieties escape terminal drought. It were reported widely that
drought escape is an efficient mechanism of plants to cope with drought (Basu et al., 2016;

Farooq et al., 2009).

3.5.  Conclusion

Drought was the major constraint to cowpea production based on farmers’ assessment; The
farmers indicated their preference for large seeded and brown testa cowpea seeds; Striga
gesnerioides is a constraint to cowpea production in certain districts and should be considered
in breeding varieties for specific adaptations. Majority of the farmers could identify Striga

gesnerioides and even some could distinguish it from S. hermonthica.
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CHAPTER FOUR

4. COMPARATIVE AGRONOMIC AND MORPHO-
PHYSIOLOGICAL RESPONSES OF COWPEA CULTIVARS TO
TERMINAL DROUGHT

4.1. Introduction

Cowpea is of valuable importance in arid and semi-arid regions for its seeds, leaves and fodder
(Ehlers and Hall, 1997). It has broad adaptation to harsh environments and is widely grown by
poor communities in the semi-arid tropics where adverse heat and drought effects are of major
significance (Singh, 1997). Cowpea is produced predominantly under rain-fed conditions in
regions of sub-Saharan Africa (SSA) where rainfall comes late, is erratic and of short duration
(Fatokun et al., 2012). Despite its inherent resilience ability to survive under stress conditions,
when cultivated under rain fed conditions, cowpeas suffer the negative effects of heat and the
scarcity of rains that result in high seedling mortality, flower abortion and weak pod and grain
filling substantially reducing number of pods per plant, 100 seed weight and thus grain yield.
In a survey conducted in Senegal in major cowpea producing regions, drought came out as the
major constraint in cowpea production. Unfortunately, few pre-breeding studies have been
conducted on the improvement of cowpea for its tolerance to water stress in Senegal (Belko et
al., 2012; Halime et al., 2014).The need for better adaptation of cowpea released lines is an

increasingly urgent issue.

Large variations in cowpea yield under severe drought stress ranging from 30 % to 100 % have
been reported (Mai-Kodomi et al., 1999). Nevertheless, phenotyping of assembled lines with
different genomic background and their utilization in breeding is limited by the identification
of stress responsive traits allowing quick discernment of tolerant / resistant to susceptible lines
(Fatokun et al., 2012). Various methods of measurements have been proposed to address

drought tolerance of crops such as C isotope discrimination, root phenotyping, wooden boxes
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screening using morphological markers (Hall et al., 2003) or screening under rain out shelter.
However, such methods are very complex, sophisticated or laborious and thus might not be
most suited methods for highly skilled plant breeders with limited resources. In the meantime,
ISRA's breeding activities focused on cowpea's resistance to biotic stresses, with great interest
in extra-earliness as an alternative for drought tolerance (Hall et al., 2003). However, the use
of early or extra early varieties may not be the appropriate solution to mitigate terminal drought,
as these varieties may lack farmers’ preferred traits and be very sensitive to intermittent

drought.

A consistent and efficient way to address drought tolerance would be the consideration of traits
correlated with grain yield in contrasting environments, associated with high heritability and
suitable genetic variability and easy to record at a reasonable budget (Araus, 2002; Beebe et
al., 2013; Jackson et al., 1996; Polania et al., 2016). This presupposes high skills on stability
and adaptation analysis to allow reliable prediction of cultivars’ performances (Malosetti et al.,

2013).

The objective of this study was to determine terminal drought tolerance of cowpea genotypes
by means of morpho-physiological markers and indices involving stability coefficients and

drought tolerance indices.

4.2. Materials and methods

4.2.1. Experimental site
Screening cowpea for drought tolerance was done at ISRA research station in Bambey in the
offseason from 7 February (sowing) to 22 April (harvest) 2018. Bambey is located in the peanut
belt of the Sahelo-Sudan zone. This area is characterized by a 3-month rainy season with mean
annual rainfall ranging from 500 to 700 mm during late July, August, September and early

October and 9 months of dry season. The soil is characterized by a low clay content, a
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deficiency in phosphorus (P205 < 2%o), a low organic matter content (<1%) and is sandy
(Badiane, 1993; Badiane et al., 2000). Soil pH is between 6.18 and 6.6 at 0-20 and 20-40 cm
horizon. Between February and April, minimum temperature of 13.5 C° were recorded

February 2" 2018 and maximum temperature of 42.6 C° recorded on March 14" 2018.

4.2.2. Plant material and field management

A set of 112 cowpea genotypes from the collection of ISRA cowpea breeding program were
tested in the field for their responses to two different water regimes. Of the germplasm 7
originated from UCR, 48 from ISRA and 57 from IITA. In addition, three checks included
drought tolerant genotypes namely Suvita 2, Mouride and IT93K-503-1 and three drought
susceptible genotypes Bambey 21, CB46, KVx525 and 1T97K-556-6 were included in the
study as checks. The population derived from a collection of the ISRA breeding program

composed of initially 800 lines on which selfing was done to obtain a core pure collection.

Before sowing, field was ploughed, fertilized with 150 kg / ha of NPK 6:20:10 and watered to
the field capacity. Two days after pre-sowing irrigation, genotypes were planted and cultivated
under sprinkler irrigation until the initiation of flower buds. Forty-two days after planting (42
DAP), water supply was withheld up to maturity in the water stress condition (WSC) while
irrigation was continued regularly in the second condition called well-watered condition
(WWC). The fields were kept free of weeds and insects throughout the experiment. Water

treatments or environments were separated by 15 meters to avoid undesired runoff.

4.2.3. Experimental design and data collection

Genotypes were planted in plots of 2 rows of 3 m long where observations were taken. Plants
intra-row spacing was 0.25 m. Plots were separated by 0.75 m. Accessions were arranged in a

resolvable incomplete block design with 3 replications of 14 blocks composed of 8 plots each.
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Data collected included grain yield, 100 seed weight, number of pods per plant, days to
flowering and days to maturity, Stem greenness, wilting, SPAD and leaf area index LAI. Stem
greenness and wilting were scored as suggested by (Muchero et al., 2008) with slight
modification in scoring scale. In this study, we used a scale of 0 to 4 for the two morphological
markers. Scoring of 0 was given to plants with no stem greenness and no sign of wilting while
a score of 4 was given to plants completely green (stem) and wilted. Scoring observations for
stem greenness was taken at 56 DAP while wilting scores were taken at 59 DAP. SPAD
observations were recorded from April 3 to 8" coinciding at 56-61 DAP. LAI observations
were taken from April 10" to April 13" which coincided at 63-66 DAP. Canopy density was
measured using a ceptometer Decagon Device referenced as AcCuPAR LP-80. Two measures
were taken in each plot under the canopy to optimize quality of measurements. LAI
measurements were made on clear sunny days between 11am to 3pm. Greenness of plants were
measured using a chlorophyll meter referenced as SPAD 502. Before measuring, 3 healthy

representative plants were fixed as samples in order to allow consistency.

4.2.4. Data analysis

Residual maximum likelihood (REML) procedure was used to analyse data with GenStat 12.0
software (Payne et al., 2009) following the linear mixed model Y = y + Gi + Wj + (GxW)ij +
e where Y is the variable effects, p the overall mean, Gi the genotypic main effects, Wthe water
regime effect, (GW)ij the interaction effect and e the experimental error. Terms considered as
fixed were p and W while Gi, GWij and e were random. Significance test in fixed effects were
done using Wald Statistics. Post hoc analysis was done using R Version 1.1.442 — © 2009-
2018 RStudio, Inc. Various way used for the ranking of genotypes were: based on drought
tolerance indices combining stability and performance, based on stability of genotypes

accounting for performance of the best line in each environment and based on the overall mean.
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4.3. Results

4.3.1. Summary of results and combined ANOVA on agro-morpho-
physiological traits

Evidence of intense stress on plants was the level of reduction observed on agronomic and
morpho-physiological traits. Traits with high rate of reduction were grain yield, number of pods
per plant, wilting and leaf area index. Flowering and maturity parameters had very low
reduction rate. For maturity, wilting and SPAD, negative mean reduction % were observed
during the trial indicating higher mean values obtained under water stress condition (WSC)
than under well-watered condition (WWC) (Table 4.1).

Table 4. 1: Relative mean performance of agronomic traits of 112 cowpea genotypes

evaluated under well-watered (WWC) and water stress (WSC) conditions at ISRA CNRA de
Bambey, 2018

Mean

) Mean in Mean in ) Reduction range
Trait Reduction
WWwC WSC (%)
(%)
Grain yield (Kg/ha) 1127.83 131.70 87.74 71.09 —98.32
Seed weight (g) 15.01 13.72 3.44 -79.19 - 43.70
Pods per plant 19.65 8.72 55.01 22.56 - 77.79
Flowering 51.65 51.46 0.28 -15.44 — 21.04
First pod mature 63.98 63.05 1.41 -10.71-9.33
Maturity 77.89 78.41 -0.68 -5.27-12.16
Stem greenness 3.64 3.23 12.17 -9.57-77.10
Wilting 2.114 2.81 -43.85 -319.46 — 31.51
Chlorophyll content
69.20 69.89 -1.12 -16.32 - 8.19
(SPAD)
Leaf area index (LAI) 2.23 0.65 69.05 45.09 - 86.48

WWC= well-watered condition; WSC= water stress condition

Grain yield, Wilting and Leaf area index (LAI): Results of the combined ANOVA (Table
4.2) showed evidence of a statistically significant interaction effect between main factors

Genotype and Environment over Genotype (based on magnitude of components) on grain yield,
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wilting and leaf area index (LAI). This implies inferences on differences in mean treatment
responses for genotypes should be made separately for WWC and WSC. Low correlation
between environments were observed for grain yield (r = 0.2591), wilting (r = 0.3516) and LAI
(r = 0.2544). Grain yield, wilting and LAI were highly heritable under WWC (respectively
0.7091, 0.6986, 0.6754) while under WSC heritability was 0.5586, 0.8650, 0.3377 for the traits,
respectively. The results indicated an improvement of wilting scoring under WSC.

Table 4. 2: Combined ANOVA for grain yield, wilting and leaf area index of 112 cowpea

genotypes evaluated under well-watered and water stress conditions at ISRA, 2018.

Source of

Jariation Grain yield Wilting Leaf area index
Random d.f. Variance s.e. Variance s.e. Variance s.e.
Genotype 111 9068 8899 0.1739 0.0512 0.0492 0.0378
Interaction 111 56657 11494 0.2145 0.0458 0.2091 0.0475
Fixed d.f. Wald (DF) Pvalue Wald (DF) Pvalue Wald (DF) Pvalue
Environment 1 295.2 <0.001 55.25 <0.001 200.97 <0.001
Replication 2 10.8 0.038 3.34 0.508 341 0.496

d.f= degree of freedom; s.e= standard error

Seed weight, number of pods per plant and stem greenness: There was no evidence of a
statistically significant interaction effect between main factors Genotype and Watering regime
over Genotype (based on magnitude of components) on seed weight, number of pods per plant
and stem greenness. Watering regime main effect was highly significant (P < 0.001) for the
three traits. Results suggest a post-hoc analysis to determine either an inference based on
genotype mean in environments, or an inference based on genotype average in each
environment separately. High correlation between water conditions was observed for seed
weight (r = 0.6974) and stem greenness (r = 0.7438) while number of pods per plant under
WWC and WSC were moderately correlated (r = 0.4248). Seed weight, number of pods per

plant and stem greenness were highly heritable under WWC (respectively 0.9386, 0.5485and
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0.659) while under WSC respective trait’s heritability was 0.6911, 0.6337, 0.8376. Data

indicated an improvement of stem greenness scoring under WSC.

Table 4. 3: Combined ANOVA for seed weight, number of pods per plant and stem greenness
of 112 cowpea genotypes evaluated under well-watered and water stress conditions at ISRA
CNRA de Bambey, 2018.

Source of ) Number of pods per

Variation Seed weight olant Stem greenness
Random d.f. Variance S.e. Variance S.e. Variance s.e.
Genotype 111 14.035 2338 11.34 3.17 0.3292 0.0598
Interaction 111 3.121 0.857 6.57 2.84 0.1003 0.0288
Fixed d.f. Wald (DF) Pvalue Wald (DF) Pvalue Wald (DF) Pvalue
Environment 1 13.41 <0.001 159.35 <0.001 38.68 <0.001
Replication 2 1.12 0.89 4.74 0.325 13.98 0.013

d.f = degree of freedom; s.e. = standard error

Days to flowering, days to first pod mature and days to maturity: Interaction effect between
main factors Genotype and Environment over Genotype (based on magnitude of components)
on days to flowering, days to first pod mature and days to maturity were not significant.
Environment main effect on each of the three parameters was also not significant (Table 4.4).
Results suggest a single inference based on average of genotype mean across environments.
High correlation between environments were observed for days to flowering (r = 0.6888) and
days to first pod maturity (r = 0.7738) while low correlation were observed for days to maturity
(r = 0.4446). Seed weight, number of pods per plant and stem greenness were highly heritable
under WWC (respectively 0.8218, 0.5485, 0.659) and under WSC. Respective trait’s

heritability was 0.8189, 0.792, 0.6947.
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Table 4. 4: Combined ANOVA for Days to flowering, days to first pod mature and days to
maturity of 112 cowpea genotypes evaluated under well-watered and water stress conditions
at ISRA CNRA de Bambey, 2018.

Source of

variation Days to flowering Days to first pod mature  Days to maturity
Random d.f. Variance s.e. Variance s.e. Variance s.e.
Genotype 111 10.665 1.635 11.87 1862 5.32 1.11
Interaction 111 0.338 0.401 0.547 0478 0.48 0.69
Fixed d.f. Wald (DF) Pvalue Wald (DF) Pvalue Wald (DF) Pvalue
Environment 1 0.06 0.809 9.2 0.004 2.63 0.11
Replication 2 7.7 0.117 272 0.608 7.2 0.139

d.f= degree of freedom; s.e = standard error

Chlorophyll content: Interaction effect between main factors Genotype and Environment over
Genotype (based on magnitude of components) on chlorophyll content (SPAD) were not
significant. Environment main effect was not significant (Table 4.5) suggesting poling average
of each genotype to make inferences. Low correlation between environments was observed (r

=0.3590). High heritable under WWC (0.5819) and WSC (0.4961).

Table 4. 5: Combined ANOVA for chlorophyll content (SPAD) and leaf area index (LAI) of
112 cowpea genotypes evaluated under well-watered and water stress conditions at ISRA
CNRA de Bambey, 2018.

Source of variation SPAD 3

Random d.f. Variance s.e.
Genotype 111 11.11 3.11
Interaction 111 5.55 2.81
Fixed d.f. Wald (DF) Pvalue
Environment 1 1.08 0.303
Replication 2 1.19 0.879

d.f= degree of freedom; s.e = standard error
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4.3.2. Performance of genotypes in water regimes

Grain yield: Stress intensity based on grain yields in the two environments was 88.32 % with
a minimum and maximum yield reduction of 71.09 % and 98.32 % respectively. All genotypes
had greater yield under well-watered condition (1127.83 kg/ha) than in stressed environment
(131.70 kg/ha). Grain yield of genotypes grown under WWC ranged from 446.11 to 1956.81
kg/ha. Top highest grain yield predicted means were obtained with 78-8 (1956.81 kg/ha), TVu
4622 (1914.24 kg/ha), 59-13 (1771.45 kg/ha), BC4str-11 (1727.97 kg/ha) and 58-162 (1674.23
kg/ha). In stressed plants grain yield ranged from 12 to 262.74 kg/ha. Genotypes 59-39, 67-
219, TVu 9556, TVu 1391 and 1T93K-693-2 were the highest performing lines under WSC
with 262.74 kg/ha, 259.69 kg/ha, 248.48 kg/ha, 244.03 kg/ha and 239.50 kg/ha respectively.
Twenty-two genotypes recorded better yield compared to the best performing check Suvita 2
which yielded 157.53 kg/ha under WSC. Forty-eight genotypes outperformed the lowest
performing check CB 46 which recorded 114.04 kg/ha. In general, genotypes performed better

under well-watered condition (1127.8 kg/ha) than in water-stressed (131.7 kg/ha).

Wilting: Wilting average scores across environments was 2.46 with a range of 0.49 and 3.89.
Genotypes under WWC recorded a mean wilting score of 2.11 with a range between 0.49 and
3.48 while genotypes under WSC recorded a mean wilting score of 2.81 with a range between
1.53 to 3.89. Under WWC, best performing genotype scores for wilting were obtained with 58-
57 (0.49), ACC-006-1 (0.84), IT97K-499-39 (0.63), Mouride (10.0) and N’diambour (0.89)
while highest scores synonymous of wilted plants were obtained with genotypes TVx 3236
(3.01), TVu 1037 (2.99), BC4str-5 (3.04), 66.64 (3.48) and 3301 (2.96). Under WSC, best
performing genotype scores for wilting were obtained with 58-74 (1.81), 78-39 (1.80), IT95K-
1095-4 (1.53), IT97K-499-39 (1.80) and TVu 10100 (1.79) while highest scores synonymous
of wilted plants were obtained with genotypes TVu 9556 (3.89), TVu 15220 (3.81), Marfo

Tuya (3.86), 60.6 (3.83) and 524B (3.81). Drought sensitive checks namely Bambey 21, CB
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46, KVx 525 and 1T97K-556-6 respectively had wilting mean score of 3.55, 3.54, 3.29 and
2.69 under WSC. Eighteen (18) genotypes outperformed Mouride which was the check with
the lowest wilting score while twelve (12) genotypes underperformed the check with the

highest wilting score namely Bambey 21.

Leaf area index (LAI): Leaf area index (LAI) average value were 1.44 across environments
with a range between 1.04 and 3.88. Mean LAI value for genotypes under WWC were 2.23
and ranged between recorded 1.04 and 3.88 while mean of 0.65 ranging between 0.51 to 0.90
were observed under WSC. Under WWC, best performing genotypes were UCR 707 (3.88),
TVu 4984 (3.49), TVu 1536 (3.41), 78-8 (3.37) and TVu 1036 (3.33) while lowest LAI were
recorded for TVu 15639 (1.04), SH50 (1.07), IT98K-555-1 (1.25), ITOOK-1263 (1.27) and
Marfo Tuya (1.35). Under WSC, highest LAl mean scores recorded were for genotypes
N’diambour (0.90), TVu 4622 (0.87), IT83D-442 (0.83), 60-3 (0.81) and 78-40 (0.80) while
lowest LAI scores were recorded for 1T97K-819-132 (0.510), TVu 2736 (0.515), 58-55
(0.524), UCR 707 (0.524) and IT82E-18 (0.527). Drought sensitive checks namely Bambey
21, CB 46, KVx 525 and IT97K-556-6 respectively had LAl mean score of 0.544, 0.611, 0.599
and 0.614 under WSC. Thirty (30) genotypes outperformed Suvita 2 (0.68) which were the
check with the highest LAI score while seven (7) genotypes underperformed the check with

the smallest LAI value namely Bambey 21 (0.54).

Seed weight: Weight of 14.36 g and a range between 5.34 g and 25.90 g were recorded for 100
seeds across water conditions. Best 100 seed weight were recorded for genotypes 3178 (25.90
0), 3211 (25.37 g), 524B (24.64 g), SH50 (23.79 g) and Diongoma (17.70 g). Drought sensitive
checks namely Bambey 21, CB 46, KVVx 525 and IT97K-556-6 recorded respectively 16.35 g,
19.55 g, 17.56 g and 16.62 g. Genotypes in well irrigated condition showed greater 100 seed
weight (15.01 g) than those grown under water stress (13.73 g). Average weight of 100 seeds
varied between 5.34 to 25.90 g. Genotypes with smallest (<10 g), small (10-15 g), medium
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(>15<20 g) and large seed size (>20) were respectively 3.6 %, 60.7 %, 27.7 % and 8 % of the

total assembled germplasm.

Stem greenness: Overall stem greenness score across environments was 3.44 ranging between
1.44 to 3.91. Genotypes with lowest stem greenness were 60-6 (1.44), TVu 15220 (1.90), 67-
30 (1.93), TVu 12710 (2.00) and 524B (2.18). Drought sensitive checks namely Bambey 21,
CB 46, KVx 525 and IT97K-556-6 respectively recorded stem greenness scores of 3.74, 2.94,
3.47 and 3.86. Mean scores were 3.86 in irrigated condition and 3.24 under water-stressed
plants. In non-stressed environment, best performing scores were recorded with genotypes
BC4str-11 (3.94), 58-74F (3.92), TVu 1536 (3.92), N’diambour (3.92), and IT97K-499-35
(3.92) while genotypes 60-6 (2.34), TVu 15220 (2.72), 67-30 (2.79), TVu 9556 (2.94) and
524B (2.99). In stressed environment, best genotypes recorded highest stem greenness :78-43
(3.90), IT97K-499-39 (3.89), 58-74F (3.89), IT83D-442 (3.89), 1T97K-499-35 (3.89), and
genotypes with lowest stem greenness were 60.6 (0.53), TVu 12710 (0.80), 67-30 (1.07), TVu

15220 (1.08), TVu 15114 (1.35).

Number of pods per plant: Number of pods per plant across environments was 14.19 with a
range between 9.08 and 23.80. Genotypes under WWC recorded a mean of 19.65 with a range
between 12.30 and 33.01 while genotypes under WSC recorded a mean of 8.72 with a range
between 4.73 and 20.77. Under WWC, best performing genotype scores were obtained with
60-6 (26.83), 67-30 (26.79), KVVx525 (33.01), TVu 1036 (30.09) and TVu 3236 (27.11) while
lowest scores were obtained with genotypes 3217 (14.17), 58-86 (13.74), IT93K-693-2 (14.37),
IT93K-93-10 (12.30) and UCR707 (14.34). Under WSC, best performing genotypes were
524B (14.47), 60-6 (20.77), TVu15220 (17.17), TVu 3236 (15.78) and UCR 162 (14.89) while
lowest performing genotypes were 58-1 (5.44), TVu 4535 (5.49), TVu 6641 (5.62), UCR707
(5.06) and Yacine (4.73). Drought sensitive checks namely Bambey 21, CB 46, KVx 525 and
IT97K-556-6 respectively had number of pods per plant of, respectively, 8.85, 8.85, 7.17 and
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9.49 under WSC. Twenty-nine (29) genotypes outperformed KV X525 which were the check
with the highest number of pods per plant while twenty-four (24) genotypes underperformed

IT97K-556-6 the check with the lowest number of pods per plant.

Days to flowering: Genotype flowered at 51.56 days with a range between 46.33 and 62.75.
Genotypes under WWC recorded a mean of 51.65 days with a range between 46.38 and 65.18
while genotypes under WSC recorded a mean of 51.46 days with a range between 45.56 and
67.25. Under WWC, best performing genotype scores were obtained with 524B (46.85), 60-6
(47.46), 67-30 (46.44), TVu 3346 (47.07) and UCR707 (46.38) while latest flowering
genotypes were 58-57 (58.25), ACC-006-1 (65.18), IT97K-499-35 (57.1), IT97K-499-39
(57.44) and N’diambour (57.07). Under WSC, best performing genotype were 524B (46.21),
60-6 (45.90), 78-8 (53.22), CB5 (47.67) and TVu 3346 (47.07) while lowest performing
genotypes were 58-57 (58.25), Diongoma (56.02), TVu 10100 (54.02), TVu 4535 (54.67) and

Yacine (54.51).

Days to first pod maturuty: Mean of genotypes across environment was 63.52 days with a
range between 56.67 and 77.13 days. Mean of genotypes under WWC and WSC were 63.98
and 63.05 days. Ranges were respectively [56.68-77.70] and [56.47-76.45]. Best genotypes
under WWC were 60-6 (56.68), 67-30 (57.21), TVu 12710 (57.73), TVu 15220 (57.15) and
TVu 1656 (57.68). Under WSC best genotypes were 60-6 (58-68), 67-30 (57.21), TVu 15220

(57.15), TVu 1656 (57.68) and TVu 2736 (58.37).

SPAD: Chlorophyll content of genotypes across environments was 69.55 with a range of
[63.35-76.52]. best genotypes under WWC were CB46 (77.66), IT81D-994 (77.33), IT84S-
2246 (78.91), IT93K-693-2 (75.83) and TVu 15114 (75.01). Among all checks, CB46 was the
best one under WWC with SPAD value of 77.66 and outperformed 109 genotypes. Best SPAD

values under WSC were obtained with 58-57 (77.51), IT93K-693-2 (77.21), Bambey 21
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(76.49), TVu 14190 (75.31) and TVu 1656 (75.22). Only 2 genotypes outperformed Bambey

21.

Days to maturity: Mean phenotypic value across environments was 78 days. Days to maturity
ranged between 71 to 81 DAP. Mean of genotypes was 77.90 days with a range between 74
and 85 days while under water stress environment, their mean were 78.41 days with a range
between 66 and 82 days. Late maturing genotypes were 1T93K-503-1, ACC-006-1, Yacine,
58-4 and N’diambour with recorded days to maturity between 81 and 82 DAP. Genotypes 60-

6, 67-30, 524B, TVu 12710 and TVu 15720 were the earliest matured lines at 71 to 75 DAP.

Below is presented normality and homoscedasticity test for traits for which no interaction effect
was observed while main factors were of significant effects hence suggesting post-hoc tests. In
normality test, Ho were rejected for all the three traits namely stem greenness, seed weight and
pods per plant. This is a clear indication that the data were not normally distributed. In
homoscedasticity test ratio of variances below the critical value of the standard deviation except
for seed weight however, kurtosis confirmed leptokurtic, mesokurtic and platikurtic
distribution of estimate of variances. Normal distribution is assumed for seed weight pods per

plant.

Table 4. 6: Normality and homoscedasticity tests for stem greenness, seed weight and pods
per plant of 112 cowpea genotypes evaluated under well-watered and water stress conditions
at ISRA CNRA de Bambey, 2018.

Trait Shapiro-Wilk Test Significance of variances
Calculated W p-value Critical W sd”™2 sd”™2 sd Ratio  Kurtosis
1 0.726347 2.68E-11 0.98764 0.408 1.112 1.6509059 5.573
2 0.964646 2.28E-05 0.98764 23.74 26.08 1.0481259 0.333
3 0.928691 5.98E-09 0.98764 87.38 28.61 1.7476203 -0.935

1: stem greenness; 2: seed weight; 3: pods per plant
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Results of Welch’s t-test showed that only seed weight confirmed its consistence across

environments. Ranking of data as a consequent will be done separately according to table.

Table 4. 7: Welch’s t-test of statistical significance for stem greenness, seed weight and pods
per plant of 112 cowpea genotypes evaluated under well-watered and water stress conditions
at ISRA CNRA de Bambey, 2018.

Trait Welch's t-test Implication

Stem greenness < 2.52E-09*** Ranking of genotypes for each environment
Seed weight 0.1223 ns Ranking of genotypes across environments
Pods per plant <2.2e-16 *** Ranking of genotypes for each environment

Figures with *** indicates high significance at p < 0.01; ns indicates no significance at p < 0.05

4.3.3. Relationship among plant traits using correlation and principal
component analyses

Tables 4.8 and 4.9 indicate respectively correlation between traits observed under WWC and
WSC. Under WWC, grain yield was moderately correlated to SPAD_3 (r = -0.30), an
indication that high chlorophyll content adversely affected grain yield. On the other hand,
LAI_4 had a positive correlation with grain yield (r = 0.59) indicating that higher yield resulted
from higher LAI values. High correlations were also found between days to flowering and first
pod maturity (r= 0.67), days to flowering and days to maturity (r=0.54), days to flowering and
stem greenness (r=0.50), days to flowering and wilting] (r=-0.54) and stem greenness and

wilting (r=-0.60).
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Table 4. 8: Correlation coefficients among traits of 112 cowpea genotypes evaluated under
well-watered conditions at ISRA CNRA de Bambey, 2018.

Codes Variables 1 2 3 4 5 6 7 8 9
1 GrainYield 1
2  SeedWeight -0.20 1
3 PodsPlant 0.18 -0.43 1
4 Flowering 021 -0.08 0.07 1
5 FirstPodMat 0.11 027 -0.02 0.67 1
6 Maturity 0.04 009 000 054 0.36 1
7 Stemgreeness 011 0.16 -0.14 050 052 045 1
8 Wiltering 0.10 -0.12 018 -054 -043 -0.53 -0.60 1
9 SPAD_3 -0.30 035 -031 -021 -0.04 -010 -0.18 0.02 1
10 LAI 4 059 -025 017 043 023 032 037 -032 -052

Figures highlighted in yellow are significant correlations at p < 0.05

Grain yield of plants grown under water stress was also moderately correlated to LAI_4 (r =

0.35) (Table 4.9). Higher correlations coefficients were found for days to flowering and first

pod matured (r= 0.67), days to maturity and stem greenness (r= 0.75) and stem greenness and

wilting (r=-0.74), number of pods per plant and maturity (r = -0.52), number of pods per plant

and stem greenness (r = -0.54), days to flowering and stem greenness (r = 0.58), days to

flowering and wilting (r = -0.58) and maturity and wilting (r = -0.52).
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Table 4. 9: Correlation coefficients among traits of 112 cowpea genotypes evaluated under
water stress conditions at ISRA CNRA de Bambey, 2018.

Codes  Variables 1 2 3 4 5 6 7 8 9
1 GrainYield 1
2 SeedWeight -0.02 1
3 PodsPlant 0.29 -0.04 1
4 Flowering -0.19 -0.07 -0.26 1
5 FirstPodMat -0.17 0.19 -0.24 0.67 1
6 Maturity -0.20 0.07 -052 046 043 1
7 Stemgreeness -0.25 -0.04 -054 058 049 0.75 1
8 Wiltering 030 017 041 -058 -043 -0.52 -0.74 1
9 SPAD 3 020 014 014 0.06 0.08 -0.14 -0.14 0.23 1
10 LAIL 4 035 -010 -006 033 016 028 026 -0.26 -0.02

Figures highlighted in yellow are significant correlations at p < 0.05

First two axes of the principal component biplot explained 98.51 % of the variation observed

in the dataset composed of yield under irrigated and water stress conditions and drought

tolerance indices. The biplot displays a first cluster composed of correlated variables namely

geometric mean productivity, drought tolerant index, grain yield under stressed condition, grain

yield under well-watered condition and mean productivity and a second cluster composed of

stress susceptibility index and reduction rate. Prior to trait contribution, very high correlations

were observed with reduction rate and stress susceptibility index (r = 1) and geometric mean

productivity and drought tolerance index (r = 0.983) indicating redundancy of variables (Table

4.10).
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Table 4. 10: Correlation coefficients between grain yield stress tolerant indices for 112
cowpea genotypes evaluated under well-watered and water stress conditions at ISRA CNRA
de Bambey, 2018.

Variables  Gyield_ETM Gyield _STR Reduction MP SSI GMP DTI

Gyield_ETM 1

Gyield STR 0.254 1

Reduction 0.446 -0.703 1

MP 0.989 0.392 0.318 1

SSI 0.446 -0.703 1.000 0.318 1

GMP 0.714 0.851 -0.252 0.807  -0.252 1

DTI 0.699 0.844 -0.242 0.792  -0.242  0.983 1

MP= Mean productivity; SSI= Stress Susceptibility Index; GMP= Geometric Mean
Productivity; DTI= Drought tolerance Index. Figures highlighted in yellow and blue are the
highest correlations observed; Gyield ETM= Grain vyield in Well water Condition and
Gyield_STR= Grain yield in Well stress Condition.

In the first dimension, GMP and DTI contributed to 24.697 % and 24.286 % respectively while
the residual contribution was accounted for by grain yield under water stress (17.624), mean
productivity (16.980), grain yield under water stress (13.445). Reduction rate and stress
susceptible index were the least contributing traits with 1.484 % and 1.484 % respectively.
Rationally, drought tolerance index (DTI) can be substituted for GMP to allow for reduction
of duplicated variables. In the second cluster reduction rate and stress susceptibility index
contributed more than other traits with respectively 32.213% and 32.213 %. These variables
were earlier identified as redundant variables and thus emphasis was put on SSI to the detriment
of reduction rate for the rest of the analysis. Other minor contribution in the second dimension
included grain yield of irrigated plants (15.310), mean productivity (10.569), grain yield under
water stress plants (9.680), geometric mean productivity (0.008) and drought tolerance index
(0.007). Additionally, negative correlation was observed in susceptibility parameters
(reduction rate and stress susceptibility index) and stability and drought tolerance parameters

(drought tolerance index and geometric mean productivity). Based on these results, first
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dimension can be associated to stability and performance or tolerance of genotypes to terminal
water deficit defined by geometric mean productivity while the second dimension is associated

with cultivar sensitivity defined as stress susceptibility index.

Biplot (axes F1 and F2: 93.51 %)

4

EC-!-nr-i 11]
1§22

qoay-158s152 l_-_-

Twu 4984 L]

i 15220
A
o 1

67-218

-B -4 -2 a z 4 [ E
F1(57.33 %)

« Active variables  « Active ocbservations

Figure 4. 1: Biplot display of drought tolerance indices and yields

Stress susceptibility index (SSI), grain yield under well-watered condition (Gyield_ETM),
mean productivity (MP), geometric mean productivity (GMP), grain yield under water stress

condition (Gyield_STR) and active observations.

According to information obtained from the biplot, genotypes can be grouped into 4 groups:
A, B, C and D. Group A is high yielding genotypes expressing higher superiority in the two
contrasting environments, Group B is high yielding genotypes favoured by the WWC, Group
C is high yielding genotypes favoured under WSC and Group D low yielding genotypes under

both well-watered and water stress conditions.

4.3.4. Ranking of genotypes based on stability and high performance

Based on GMP which has been shown as an indicator of most stable and high yielding

genotypes across environments, the best 15 genotypes are listed in Table 4.11. Genotypes
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having the highest score were ranked as most stable and high yielding. Table 4.11 also includes
additional information on grain yield under water stress and well-watered condition of best

genotypes using GMP-based ranking.

Table 4. 11: Ranking of genotypes based on geometric mean productivity

Genotype GMP Grain yield in Grain yield in
WWC WSsC
TVu 4622 679.085 1925.852 239.456
67-219 639.632 1575.410 259.697
TVu 1391 623.448 1592.782 244.031
TVu 4984 578.653 1625.040 206.050
TVu 15220 557.125 1496.630 207.392
TVu 9556 553.918 1234774 248.487
59-39 549.238 1148.118 262.745
N’diambour 531.380 1348.010 209.468
IT93K-693-2 508.944 1081.513 239.502
78-8 506.695 1963.260 130.772
66-64 503.299 1313.140 192.904
3301 503.127 1444.107 175.289
IT83D-442 502.895 1624.803 155.652
59-13 502.815 1781.447 141.920
BC4str-2 490.146 1007.218 238.521

GMP= Geometric mean Productivity; WWC= Well-watered Condition; WSC= Water-stressed
Condition

4.3.5. Phenotypic stability and adaptation analysis on grain yield

4.3.5.1.Ranking of genotypes based on cultivar Superiority performance
Genotypes were ranked in figure 4.2. Based on stability superiority measures (Lin and Binns
(1988), Figure 4.2 is a visual representation of the most stable and high yielding along with

least stable genotypes compared with the performance of the check genotypes.
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Figure 4. 2: Stability superiority ranking of the most stable and high yielding cowpea
varieties, along with least stable genotypes compared with the performance of the check
genotypes.
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Table 4. 12: Rank of genotypes based on cultivar superiority index.

Attribute Genotypes Cultivar Superiority Ranking
TVu4622 589 1
78-8 4354 2
Best stable 59-13 12240 3
BC4str-11 20991 4
58-145 24583 5
67-30 405750 108
3211 419505 109
Worse Stable TVul5639 452453 110
SH50 510770 111
Diongoma 576896 112
Bambey21A 180558 52
Susceptible Checks CBa0 2O0LID 0
IT97K-556-6 156953 43
KVx525 48058 14
Suvita2 401920 107
Tolerant Check  1T93K-503-1 154307 42
Mouride 102471 26

4.3.5.2.Specific adaptation of cultivars for grain yield
Genotypes tested in the contrasting environments were well ranked according to their specific
performance under both well-watered and water stress conditions. Some genotypes were high
yielding such as 78-8 and BC4strll while Suvita 2 yield was low under irrigated condition.
Under WSC, the best genotypes were 58-39, 67.219, TVu9556, TVu1391, IT93K-693-2. The
five best and lowest performing genotypes under each of WWC and WSC are presented in

Figure 4.3.
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Figure 4. 3: Grain yield of highest and lowest performing genotypes under well-watered

and water-stressed conditions at ISRA CNRA de Bambey, 2018.

4.3.6. Covariance and correlation between stability indices

Tvin 16674 |

Evident covariance was between Wricke's Ecovalence and Static Stability (cov =5.25) (Table

4.13). A weaker linear relationship between Wricke's Ecovalence and Cultivar Superiority were

observed. It was found that Geometric mean productivity do not covariate with cultivar

superiority and, Static stability and Wricke's Ecovalence.

Table 4. 13: Similarity between indices for ranking of genotypes

Cultivar Static Wricke's
. . GMP
Superiority Stability Ecovalence
Cultivar Superiority 1054.666667 -1031.540541  -20.91891892 778.801802
Static Stability -0.97807257 1054.666667 5.252252252 )
632.594595
Wricke's -
-0.01983463 0.0049800 1054.666667
Ecovalence 89.4954955
GMP 0.73843407 -0.59980524 -0.08485666 1054.66667
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4.4. Discussion

Water stress intensity highly affected grain yield, LAI, wilting and number of pods per plant
of the cowpea genotypes evaluated in this study. Similar inferences were made by (Souza et
al., 2017) in whose study drought reduced yield by 72% and LAI by 42%. Our results were
also in agreement with (Singh and Malik, 1983) who reported that seed weight decreased as
stress intensity increased. Insensitivity of grain yield to changes in environment can only be
predicted from very low-performing genotypes that do not take advantage of favourable
environments. This phenomenon can be understood easily by considering resurrection plants
that had been exposed to long term drought periods (years) forcing them to optimize their
growth to survive at the expense of seed production. Consequently, plants with similar
responses when grown under water stress environments produce subsistence grain yield which
is way far lower than that obtained under normal watering (Basu et al., 2016). The observed

genetic variation indicates that the population used is suitable to address drought tolerance.

There were minor reductions in seed weight, flowering, first pod maturity, maturity and
chlorophyll content (SPAD), with no statistically significant genotype X water regime
interaction effects. Therefore, differences among the genotypes for these traits were
independent of water availability, unlike stem greenness and number of pods per plant for
which water regime effect was highly significant. In lentil plants where it was found that
flowering, podding and maturity in stressed treatment occurred much earlier than plant in the
control treatment (Sehgal et al., 2017). Some earlier studies have reported an escape strategy
which allow plants to fit their cycle to available water (Farooq et al., 2009). Similarly, it was
reported that drought tolerance capacity of transgenic crops depended on developmental stage
and intensity of the stress (Fahad et al., 2017). In this study, water withholding was initially
planned when flowering was observed at least on 15% of the plants screened. However,

abortion can occur due to sprinkler water pressure on plants. We might not notice presence of
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a flowers on the grown indicating occurrence of flowering. As it appeared that plants delayed
to show flowers, consequently drought stress was imposed at 44 days after sowing.
Nevertheless, this population were initially 800 lines and underwent selfing activity to ensure
purity of lines. 400 lines resulted from filtering and among them 112 accessions were chosen
for the trial based on similar maturity time. Population used might not segregate for
phenological traits such as maturity. All differences found will be environmental injuries. In
fact, Number of days to maturity of genotypes grown under water-stress condition is expected
to be accelerated. Counter to what has been observed in the present study, several reviews have
also reported speed up of flowering and maturity of plants under environmental stress.
(Samarah, 2005) indicated that drought stress intensity in soybean were negatively correlated
with duration of grain filling. (Agbicodo et al., 2009) reported escape strategy of plants to
drought by modification of its phenological development. Also, changes in phenology have
been observed in sorghum genotypes exposed to low temperature which speeded up their
flower initiation (Tarumoto et al., 2003). In this study no difference was observed between
environments regarding plant cycle parameters. In addition to earlier hypothesis given,
genotypes would have suffered as well rather from the effect of temperature than the effect of
water stress regarding maturity parameters. Vernalisation has been reported in wheat consisting
in postponing time to flowering when cold occurs for a period of 4 to 8 weeks (Zikhali et al.,
2014). That epigenic silencing action has been observed in Arabidopsis and said to involve the
suppression of genes expression that encode repressors of flowering (Amasino, 2005). The trial
was established in early February coinciding with lower temperatures in Senegal. The delay of
maturity parameters can be as well attributed to a similar phenomenon to vernalisation or the
thermosensitivity of cowpea causing prolonging genotype cycle despite water stress.

Susceptible checks flowered and matured before tolerant checks, Bambey 21 and CB46
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flowered earlier compared to Mouride and IT93K-503. (Halime et al., 2014) et al., reported as

well susceptible genotypes matured earlier compared to tolerant genotypes.

Higher correlations under well-watered condition were obtained between flowering and days
to first pod maturity (r= 0.67) and wilting and stem greenness (r = -0.6). Higher correlations in
water-stressed condition were obtained between stem greenness and maturity (r = 0.75) and
stem greenness and wilting (r = - 0.74). Relationship between flowering and maturity
parameters was not affected by drought in this study (Tables 2 and 3). However, a difference
of 1 day was observed between water conditions, non-stressed genotypes flowered at 52 while

stressed genotyped flowered at 51 DAP.

In a study conducted by (Muchero et al., 2008), it was reported that delayed leaf senescence
and stem greenness are important traits in the improvement of cowpea response to water stress.
However, highest correlation was observed between grain and leaf area index, r = 0.59 and
0.35 under WWC and WSC respectively. It was reported that secondary traits were often not
correlated to grain yield (Basu et al., 2016). For breeder to consider indirect selection,
substitution parameter should be highly correlated to grain yield, easier to record compared to

substituted parameter with a high heritability in optionally morphologically distinct.

Genotypes SPAD values were insensitive to GEI and were not significantly different from
environment to environment. SPAD mean value of genotypes in irrigated conditions were
lower compared to watered-stressed SPAD values. The increase of SPAD mean value under
water stress condition is consistent with results reported by (Hirut et al., 2017) who obtained a
significant increase of chlorophyll content from well-watered to water stress genotypes of
potato. Other studies in potato have shown similar results (Ramirez et al., 2014; Rolando et al.,
2015). According to Hirut et al., (2017), the increase in chlorophyll content results from loss

of turgor hence more concentration on leaf chlorophyll. Turgor maintenance can result from
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osmotic adjustment. It has happened in sorghum genotypes grown under stress and non-stress
condition to maintain their turgor resulting in no difference in leaves. This is in contradiction
with work carried out on the chlorophyll concentration response of plants under water deficit
conditions. In a study carried out by Ings et al. (2013) on a mutant of Miscanthus, it has been
reported that by withholding water, stomatal conductance decreased first, followed by
decreases in chlorophyll fluorescence and chlorophyll content. They have clearly stated that
SPAD value declines under water stress (Ings et al., 2013). In a different angle, it has been
shown that photosynthesis can be limited by other factors such as the canopy of leaves. In fact,
a canopy of light green leaves could have a more uniform distribution of light compared to a
canopy of dark leaves. Uniformity is determinant in the sense that intra plot variability can

affect SPAD measurements and leads to outliers or false predictions.

In this study, parameters considered as secondary traits were drought related morphological
markers namely wilting, stem greenness, LAl and SPAD at a certain level. Traits can be
relevant when researchers are interested most to survival of plants under WSC. However,
survival of plant under WSC is not necessarily correlated to grain yield as mentioned in

previous sentences.

4.5. Conclusion

In this study, most emphasis was put on grain yield, however it was interesting to investigate
as well the relationship between yield and yield traits. The population segregated for grain
yield. Four cultivars outperformed yield of the positive control Mouride by more than 30%.
Candidates that have outperformed the best check were identified for future bi-parental

population development.
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CHAPTER FIVE

5. MARKER ASSISTED SELECTION AND GENOME-WIDE
ASSOCIATION FOR COWPEA RESISTANCE TO STRIGA
GESNERIOIDES PREVALENT IN SENEGAL

5.1. Introduction

Cowpea (Vigna unguiculata (L.) Walp.) is a grain legume cultivated worldwide over 14 million
ha (Fatokun et al., 2018; Timko and Singh, 2008). Three-thirds of the grown area (10.5 ha)
being in Africa produce 1, 710 thousand tons out of an estimated world production of 2,565,000
(Ehlers and Hall, 1997). It is a highly appreciated staple food (Omoigui et al., 2015) because
of its adaptation to low soil fertility and low rainfall environments and its significant economic
importance to the livelihood of millions of poor people (Baudoin, 2001; Bressani, 1985) in sub-
Saharan African (SSA) countries. In addition to providing food for human and fodder for
livestock, cowpea has a smart ability to tolerate drought and contribute to soil fertility by fixing

300 kg nitrogen per ha (Fatokun et al., 2018) that can be used by other crops such as cereals.

Because cowpea production is constrained by various factors, yield in developing countries has
drastically lessened way far below its known yield potential (Mufioz-Amatriain et al., 2017).
Major reasons are the use of low yielding or unimproved cultivars, harsh and erratic conditions
characterized by irregularly distributed rainfall and high parasitic pressure including infestation
by Striga gesnerioides, an obligate root hemiparasitic (Botanga and Timko, 2005; Hibberd et
al., 1996) flowering plant belonging to the family Orobanchaceae that is parasitic on Cs
dicotyledonous hosts from (Hibberd et al., 1996) Leguminosea, Convolvulaceae,
Euphorbiaceae and Solanaceae families (Dubé and Olivier, 2001). It has become a serious
threat to cowpea production because of its pathogenicity causing yield losses exceeding 15 %
in infected fields (Boukar et al., 2004) and even more, Emechebe et al. (1991) for example

reported 100 % on susceptible cultivars in the northern Guinea Savannah of Nigeria.

59



Suggested control measures including biological methods, chemical control and cultural
practices (Dubé and Olivier, 2001) are inefficient or expensive (Omoigui et al., 2017a) or
complex and hard to put into practice in developing countries. Actually, none of these means
taken individually is capable of controlling the parasitic plant. A successful means of control
to mitigate the effects of Striga on yield is host plant resistance (Omoigui et al., 2007).
Unambiguously, the use of improved resistant cultivars is the most effective (Jeremy T.
Ouedraogo et al., 2001b), suitable and affordable alternative (Lane et al., 1996) for resource-

poor communities.

Several sources of resistance to Striga have been identified including 58-57 and Melakh
(Senegal), Suvita-2 (Burkina Faso), B301 (Botswana), 1T82D-849 (Nigeria) and TN121-80
(Niger) (Atokple et al., 1995; Lane et al., 1996; Ouedraogo et al., 2001a,b; Tignegre et al.,
2013). But actually, these genotypes lack mostly farmer preferred traits such as yield and

earliness or race specific resistance to a particular Striga biotype.

In Senegal released varieties for resistance to insects or diseases have been widely adopted by
farmers. However, all of them are sensitive to the prevalent Striga which limits their use in
Striga prone areas. Recent studies conducted by Tonessia et al. (2009) have identified sources
of resistance to Striga prevailing in Senegal. This significant development has yielded to the
initiation of improvement of Melakh using 1T97K-499-39 as donor to create a fourth filial
generation backcross population by conventional breeding (Boukar et al., 2016) by
conventional breeding. Although this method has been used for a long time by breeders, it
remains obsolescent, time-consuming, laborius and requires more phenotypic evaluations,
more crosses and creates more undesirable genotypes. Fortunately, over the last decade, rapid
progress has been made in the field of genomics-assisted breeding (Varshney et al., 2014)
giving rise to approaches combining conventional breeding and genomic tools to effectively
fast-track crop plant improvement in selecting for multifactorial and monogenic traits (Ribaut
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and Ragot, 2006). Marker-assisted selection (MAS), the most widely used type of genomic-
assisted crop improvement has allowed to identify genes and genomic segments responsible
for expression of quantitative trait loci (Ribaut et al., 1996). The usefulness of marker-assisted
backcrossing is no longer just to be demonstrated, evidence of its effectiveness has been
reported in many studies including resistance of cowpea to Striga gesnerioides (Ouedraogo et
al., 2001b; Boukar et al., 2004; Omoigui et al., 2017b). However, some advance lines
developed using the resulting markers showed susceptibility in field and therefore, failed to
validate effectiveness of such markers in regards to S. gesnerioides prevailing in Senegal. A
smart approach that takes advantage of allele variation in unrelated lines is Genome-Wide
Association Study. This approach has been used to identify many genomic elements publicly
available to breeders to use in their breeding programs (Fatokun et al., 2018; Huynh et al.,

2013b; Lo et al., 2017; Mufioz-Amatriain et al., 2017).

The present study presents major results of four years of research on various populations with
emphasis on marker identification and its use in molecular breeding. Objectives of the research
were to: 1) assess conversion of a highly desired Striga susceptible line Melakh for Striga
resistance using microsatellite markers, 2) validate field resistance of developed Melakh lines
in Striga-prone areas in Senegal and 3) identify significant SNP markers and candidate genes
associated to S. gesnerioides resistance prevailing in Senegal using high throughput data

recorded at ISRA in CNRA de Bambey, Senegal.

5.2. Materials and Methods

5.2.1. Plants, inoculum DNA markers materials
Cowpea genotypes used in this study were obtained from the breeding collection of ISRA,

CNRA de Bambey, Senegal and from the University of California Riverside (mini-core).
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5.2.1.1. Marker-assisted backcrossing
Progenies of the different filial generations used in this study to develop current B4F8 lines
were generated from IT97K-499-39 *1 / Melakh. As indicated in background information, until
BC1F4, lines development relied entirely on conventional breeding. The female parent Melakh
is a Striga susceptible breeding line popularly grown and very much appreciated by farmers for
notably its extra earliness and resistance to aphids (Cisse et al., 1997) while donor parent
IT97K-499-39 is resistant to Striga in Senegal. The reaction of the resistant and susceptible

lines was determined from previous studies in pot trials.

Seventy-five BC1F7 lines were used to perform background selection prior to backcrossing-
based markers. Resulting 6 BC4F3 lines from marker-assisted backcrossing were used for SNP
screening to validate their resistance. The lines were named STR-1. STR-2, STR-5, STR-8,

STR-11, and OFF.

One hundred and twenty-eight SNP from KASP assay were used in the background selection.
Microsatellite markers used in foreground selection were named C42-2B, SSR1 and
7548 1327 which corresponds to SNP 1_0958 (Huynh, Ehlers, et al., 2013). SNP 1_0958 co-
localize with previous identified markers for Striga resistance (Tim close, personal
communication). Marker SSR1 was reported to be linked to resistance of S. gesnerioides race

1 (SG1), SG2, SG3 and SG5 (Asare, et al., 2013a; Asare, et al., 2013Db).

Striga seeds used in breeding involving conventional techniques were collected from Bambey
Serere, Senegal in 2012 which is not part of this dissertation. Striga inoculum used from BC>
lines to BC4 lines were collected from Louga in November 2014, 2015 and 2016 in the same

locality in farmers’ fields that were distant to less than 10 km.
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5.2.1.2. Multi-environment Striga resistance and grain yield trials
BCsFs lines namely STR-1, STR-2, STR-5, STR-8 and STR-11 were used in multi-
environmental Striga trials in Louga and Bambey. The trials were conducted in 4 localities
namely Ndatt Fall, Ndagour Ndiaye, Nderep and CNRA de Bambey. For simplicity, the trials

are referred to as METstr in this report.

Grain vyield trials were conducted in 6 localities namely Malicounda, Sine Dieng, Maka Bira
Gueye, Ndangour Ndiaye, Cherif Ka and CNRA de Bambey. The trials are referred to as

METyId hereinafter.

5.2.1.3. Striga resistance SNP linked markers using wide scanning
A set of 367 worldwide diverse accessions were used in pot phenotyping to assess genome-
wide association with the aim to identifying significant SNPs that could be used in Marker-

Assisted Selection and candidate genes identification.

The Cowpea iSelect Consortium array containing 51,128 SNPs (Mufioz-Amatriain et al., 2017)
were used to genotype the 367 accessions. Genotyping was performed and genotypic data were

formatted for TASSEL.

5.2.2. Methods
5.2.2.1. Method used in Marker-assisted backcrossing
Activities started in 2014 in background selection until where multi-locational trials were
conducted in the rainy season 2017. The multiplication trials continued in 2018 off-season and
purity test were assessed to ensure purity of candidate lines for release in November 2018.
Backcross (BC1) lines were developed prior to this work (not presented here) using Pedigree
breeding method and pot test until the BC1Fs lines were produced. Background selection was
performed once on BC:F7 plants to allow selection against the donor genome 1T97K-499-39
using 128 markers from the KASP assay in 2014. The identified candidate was crossed to the
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recurrent parent Melakh to obtain BCzF: plants in 2014. Hybrids were field planted and
screened with marker SSR1 to obtain BCsF1 plants in 2015. The resulting 10 individual plants
were raised in pots and phenotyped. The remnant seeds were sown at the same time in the field
where their development was optimal to allow early leaf sampling for SSR1 screening at 21
days after sowing. Among the 9, four plants were chosen to cross back to Melakh in 2016 to
obtain BC4F: plants. The few seeds obtained from the BCsF1 were bulked for field
multiplication. The BCsF3 plants obtained were screened using 1_0958 in 2016. Resulting
homozygous resistant lines were tested in pots in Bambey in 2016. The remnant seeds were
planted in the field for multiplication in the off-season of 2017. Flapjack software was used to

compute percentage of recovery of lines in reference to the recurrent parent Melakh.

All genotypes involving pot screening experiments were grown in 10 litre plastic pots filled
with soil at CNRA, Senegal. Pots were 45 cm deep with 25 cm diameter. Pots were filled using
soil collected at horizon 0-15 cm as described by Tonessia et al. (2009). To make sure that no
Striga infestation occurred on the soil prior to testing, susceptible variety Melakh was grown
in 12 pots filled with the same soil used in inoculation and no Striga presence was observed at
50 days after removal of cowpea plants. Screening tests were conducted according to the
method of phenotyping used by Musselman and Ayensu (1984) with slight differences in
inoculum dosage. About the triple of 5000 Striga seeds (Omoigui et al., 2017a) equivalent to
0.3 g (Tonessia et al., 2009) of the inoculum was used to infested the soil in pots 2 days before
sowing cowpea lines. Except the parental lines replicated 2 times in each new experiment as a
control measure, each genotype was sown without replication because a susceptible genotype
remained susceptible and diagnostic markers added values to accuracy of results. Pots were
thinned to 1 plant 10 days after cowpea emergence. Water supply started 2 days before

inoculation and continued on a daily basis until pod formation when the plants were irrigated
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with 300 ml of water every 3 days. Phenotypic data were collected by visual scoring, R= no

Striga attachment, S= Striga emergence and attachment.

Total genomic DNA was extracted from fresh leaves of each genotype, the bi-parental
population and separately the 12 accessions following a modified MATAB protocol described
by Fonceka et al. (2009). Quality of DNA was assessed using 0.8% (w/v) agarose gel, and the
concentrations were estimated by comparing the fluorescent-band-intensities to the
fluorescent-band intensities of known concentrations of the standard Smart ladder (Eurogentec,
Seraing, Belgium). PCR amplification was performed in an Eppendorf Mastercycler in 10 pl
reaction mixture containing 5 pl of 5 ng/pl of the DNA template and 0.1 uM of each primer,
0.2 mM of each dNTP, 1X PCR buffer, 2.5 mM MgCI2, 0.1U/ul of Taqg polymerase and 0.1
mM of IR700 or IR800-labeled M13 primer (MWG Germany) for fluorescence detection of
the amplicons. The labelled PCR products were separated on 6% polyacrylamide gel by
electrophoresis run for 1.5h at 1500V using a DNA Sequencer (LI-COR 4300 DNA Analyzer,
Lincoln, NE, USA). The laboratory experimental design used for screening BCsF3 plants
involved all the 6 BC4F3 genotypes replicated thrice (three sample collected in a same row
representing a single genotype). The checks Melakh and IT97K-499-39 were replicated twice.
During field sampling, one genotype had 2 different phenotypes thus were collected by the
name OFF in case it be an off-type. Genotyping involving background selection, done at LGC
and data formatted to flapjack genotyping input were performed in UCR and sent to us.
Genotyping involving foreground selection was done at CERAAS, Senegal and output data

were sent to us for analysis and interpretation.

Trials in MABC did not follow a specific experimental design as in multi-environmental trials
or as in Chapter 4 where drought tolerance was addressed using a different panel. Main goal
was more of discarding susceptible lines along the process rather than using the population as
a mapping population to performing QTL analysis.
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5.2.2.2. Method used in multi-environment field trials
Resulting genotypes from MABC and their parents were tested in 4 localities (for Striga
resistance) and in 6 localities (for grain yield) to assess their validation for being resistant to
Striga and their yield performance. The parental lines described earlier were used as checks
namely Melakh and IT97K-499-39. The BC4F7 lines were STR-1, STR-2, STR-5, STR-8 and
STR-11. Experiments were conducted at the same time. Line OFF was not used in field

performance because resembled as an off-type.

On Striga experiment, data collected were presence of Striga emergence and number of days
to first Striga emergence. On yield experiment, only grain yield was taken. Genotypes were
replicated 3 times. Data were analysed using following bilinear models Yij = p + Gi +
Ej+ Yk  Myucdr and Yij = u + Ej + YF_; A,y to respectively assess i) genotype
by environment (GXE) and ii) genotype by environment and performance. The following is an
explanation of terms in the models: Y is the variable observed, u is the mean effect, Gj is the
deviation of the genotype i from the overall mean, ejis the deviation of environment term from
the overall mean, A is the singular value in the interaction principal component (IPC) axis, k,
yik and &k are IPC scores of genotype and environment. Ranking of genotypes were assessed at
mega-environment level identified using indications from the GGE biplot. An additional

ranking on grain yield were performed using Cultivar Superiority coefficients.

5.2.2.3. Method used in Genome-wide association
Genome-Wide Association analysis (GWAS) was conducted to identify significant SNPs and
potential candidate genes. Two phenotypes were observed: absence of Striga or presence of
Striga. Absence was free of Striga - root attachment while presence meant the opposite.

Phenotypic data associated with genotypic data were obtained from pot screening in Bambey
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at the end of July 2018 in an experiment involving 4 locations. The same design used in

previous pot test was used.

Raw genotypic data were filtered using SNPs with MAF > 0.05. GWAS was performed using
the Q + K method implemented in TASSEL v.5.2 as a mixed linear model (MLM) function
(Zhang et al., 2010). Population structure (Q matrix) was accounted for using the result of a
Principal Component Analysis (5 PCs) while a kinship matrix (K) was used to correct for the
relationships between accessions. Manhattan plots were generated using p-values obtained
from the association analysis. Significance thresholds were assessed using False Discovery
Rate (FDR) correction method in R at a = 0.05. No specific package was needed for FDR
computation. SNPs over the threshold were identified as significant. The significant SNPs were

localized on the cowpea reference genome (Lonardi et al. submitted; www.phytozome.net) to

assess their physical positions and determine the underlying candidate genes (Lonardi, 2019).

5.3. Results

5.3.1. Marker-assisted backcrossing
Marker C42-2B was 15 cM far apart from resistance to S. gesnerioides (background
information). Thirty-two lines carrying the allele from the resistant parent namely IT97K-499-
39 identified using C42-2B were screened using SSR1 for comparison. The screening resulted
to 20 out of 32 lines with the allele coming from the donor parent (Figure 5.1). As SSR1 was
able to show susceptible lines that C42-2B did not show, it was used in the development of

subsequent backcross lines.
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Figure 5. 1: Gel image of resistant lines using C42-2B against SSR1

Background selection: Percentage of recovered Melakh background among the BC1Fs lines
ranged from 0 % (IT97K-499-39) to 100 % (Melakh). After the donor parent, line L114 was
mostly distant to Melakh background (36 %) while line L21 was the closest to Melakh by (96
%). Among the resistant BC1Fe lines, 5 genotypes that recovered higher percentage were L127

(84 %), L137 (83 %), L1309 (81 %), L60 (80 %) and L134 (79 %) (Figure 5.2).
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Figure 5. 2: Cowpea genotype similarities based on Melakh background

The first column in the left side of the plot represent the names of BC1Fs line from the cross IT97K-499-39 *1 / Melakh. Figures in the right
side of genotype designation are percentage recovery in reference to Melakh. A second version of the parental lines was added to the panel to
check how distant they were from the parents used in developing the BC1Fg lines. Those two lines namely MELAKH and 499-39 were obtained

from UC Riverside.
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Figure 5. 3: Clustering dendrogram of cowpea BC1Fs lines and their parents

The vertical line represents the dissimilarities between clusters. The horizontal line represents the genotypes and clusters. Three clusters were
found between levels 1 and 2. In the cluster in the left are lines with high similarity to Melakh, in the middle cluster are lines between the 2

parents and the third cluster in the right are lines with high similarity to 1T97K-499-39.
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Three of the lines namely L127, L137 and L139 were sown in the field to be backcrossed to
the recurrent parent. Succeeded cross involved L137 in IT97K-499-39 *2 / Melakh. The few
seeds obtained allowed to grow 3 BC2F; plants namely L134-1, L134-2 and L134-3. Plants
were genotyped using SSR1 to identify resistant allele in L134-1 and in L134-3, we failed to
harvest seeds from L134-2. In IT97K-499-39 *3 / Melakh, 10 plants were obtained in crosses
involving L134-1 and L134-3. Pot screening revealed in the first cross that all lines were
resistant to S. gesnerioides while in the second cross 1 out of 10 allowed attachment of S.
gesnerioides. Simultaneously, backcross lines BCsF1 plants were also genotyped to allow
premature identification of a donor. From the genotyping using SSR1, out of 9, four had the
resistant allele and crosses were made using 3 donors in IT97K-499-39 *4 / Melakh. BC4F1
plants were advanced in heavily infested pots to get rid of plants allowing S. gesnerioides
attachment. The resistant plants were harvested and the same screening method was repeated
for the BC4F2 plants. Five BCsF3 plants were harvested and planted on field for marker
genotyping using SSR1 and C42-2B. For each of the BC4F3 plants, 3 individuals were screened.

All plants carried the positive allele. Marker SSR1 and C42-2B were consistent.
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Table 5. 1: Reaction of BC4F4 and their parents to markers SSR-1 and C42-2B

Genotype Marker SSR-1 = Marker C42-2B

BC4F3_1
BC4F3_2
BC4F3 5
BC4F3 8

BC4F3 11

W NDNEFEP, WO NN EFP WDNPEPE ODN PP DN
+ + + + + + + + + + + + + o+ o+
+ + + + + + 4+ + + + + + + + o+

Results of lines advanced in BC4F4 using SNP 1_0958 were not consistent with the previous
results obtained using marker SSR1 and C42-2B. Genotypes STR-1, STR-8 were susceptible
while STR-2, STR-5, STR-11 and OFF were resistant. Parents were the same as in screening
with SSR1 and CB42-2B, Melakh was susceptible and 1T97K-499-39 was resistant as
expected. Markers indicated different results however, further analysis in field in different
Striga prone locations and as well using a wider population with unrelated individuals (small
co-ancestry) to take advantage of historical allelic variations accumulated in order to find SNP
markers associated to S. gesnerioides resistance that can be deployed in selection using markers

as an alternative to phenotyping.
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Table 5. 2: Reaction of BC4F4 and their parents to SNP 1_0958

STR_1 S

STR 2 R

STR 5 R

STR_8 S

STR 11 R

OFF R

Melakh S

IT97K-499-39 R

5.3.2. Multi-environment trials

Striga resistance: Results of combined analysis of variance for presence / absence of Striga
showed that environment effect was highly significant (p <0.001) while no significant effect
occurred for genotype source of variation (Table 5.3). Environments explained 86.04 % of the
variation observed while interaction effect accounted for only 9.89 %. This is an indication that

genotypes did not segregate differentially for Striga resistance, but there was distinctiveness of

locations used for evaluation.
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Table 5. 3: Striga presence / absence analysis of variance for AMMI model

Source d.f. S.S. % m.s. V.I. F pr
Genotypes 6 1037 4.07 173 1.23E+00 0.3352
Environments 3 21936 86.04 7312 5.22E+01 <0.001
Interactions 18 2521 9.89 140

IPCA 1 8 1727 68.50 216 3.34E+11 <0.001
IPCA 2 6 794 31.50 132 2.04E+11 <0.001
Residuals 4 0 0

d.f = degree of freedom; s.s. = sum of squares; m.s. = mean squares; v.r. = variance. Figure
highlighted in yellow are significant P < 0.001

Presence of Striga was observed in all sites studied. Mean scores ranged from 24.57 to 95.28.

Environments namely Sine Dieng, Ndagour Ndiaye, Nderep and Ndatt Fall recorded 95.28,

90.57, 67 and 24.57. Figures indicated that Ndatt Fall was the most parasitized site. Best

performing genotypes were STR-11 and IT97K-499-39 with a score of 76.05 based on BLUPs

overall means. Two genotypes underperformed the susceptible parent Melakh which scored

65.63.

Table 5. 4: Ranking of genotypes based on BLUPs performance for resistance to Striga

Genotypes Resistance Ndangour Ndiaye  Ndatt Fall Rank  Nderepp
STR-11 76.05 90.57 51.36 1 67
IT97K-499-39  76.05 90.57 51.36 2 67
STR-5 74.38 90.57 30.52 3 81.14
STR-2 69.17 90.57 9.68 4 81.14
Melakh 65.63 90.57 9.68 5 67
STR-8 65.63 90.57 9.68 6 67
STR-1 58.56 90.57 9.68 7 38.71

In the AMMI model, interaction accounted for 9.89 % of the variation observed among the

genotypes in environments. The first principal component in AMMI and GGE biplot explained

68.50 % and 68.26 % respectively (Figure 5.4). According to AMMI the 4 sites can be reduced
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to 3. Similar results were obtained when the data were subjected to GGE biplot. On the right
side of the GGE biplot are environments free of Striga infestation while those on the left side
were more infested environments. Environment effects were -45.1 %, -1.5 %, 25.53 %, 21.12
% for respectively Ndatt Fall, Nderepp, Ndangour Ndiaye and Sine Dieng, respectively.
Despite Striga presence in Ndatt Fall, it had a good adaptation of genotypes STR-11 and
IT97K-499-39. Based on GGE information, validation of the resistance of BC4F- lines should
be oriented to sites with higher Striga prevalence to avoid misleading inferences. Presence —
absence scoring is reliable for a trait characterized by Mendelian inheritance. However, ranking
is tricky in the sense that genotypes that have same scores are ranked differently as seen in
Ndangour Ndiaye. At this step, breeders should be careful in order to take profit of the

simplicity of method in identifying site adapted genotypes.

Emergence_Means_BLUPs: AMMI biplot (symmetric scaling) GGE biplot for Emergence_Means_BLUPs (environment scaling)
( +Nderepp
<
° /*Bmu@mngﬂdlaye § |
3 A < N
e 2 / - e o 4 aye
P T & — AT
~ = - —— 8 +N(>alte Fall
Q FNdatterFa a0 a0 X a s
\
\Nderepp
PC1 - 68.26%
PC1 - 68.50%
Genotype scores
Genotype scores + Environment scores
Environment scores Sectors of convex hull
Vectors ——— Mega-Environments

Figure 5. 4. (A) Performances in relation with test environments and (B) genotype-by-

environment interaction
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Plot displays levels of correlations using colours (Figure 5.5). High correlations were dark blue
or dark red representing respectively a negative correlation of -1 and a positive correlation of
+1. High correlations were found between Sine Dieng and Ndangour Ndiaye and Sine Dieng

and Nderepp (Figure 5.5).

Correlation between environment means for Emergence_Means_BLUPs

1 Ndangour Ndiaye
2 Ndatte Fall

3 Nderepp

4 Sine Dieng

Figure 5. 5: Correlation of environments for Striga prevalence

Grain yield: Here also, there were highly significant differences among environments but not
among genotype. Most variation was found in environment (98.69 %) while genotype and GXE

accounted respectively for only 0.28 % and 1.03 % respectively (Table 5.5).
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Table 5. 5: Grain yield analysis of variance for AMMI model

Source d.f. S.S. % m.s. V.I. F pr
Genotypes 6 4289 0.28 715 1.35 0.2647
Environments 5 1514819 98.69 302964 574.1 <0.001
Interactions 30 15832 1.03 528

IPCA 1 10 14889 94.04 1489 2375.67 <0.001
IPCA 2 8 935 591 117 186.43  <0.001
Residuals 12 8 0.05 1

d.f = degree of freedom; s.s. = sum of squares; m.s. = mean squares; v.r. = variance. Figure
highlighted in yellow are significant P < 0.001

Mean scores ranged from 10.78 kg/ha to 531.89 Kg/ ha. Environments namely CNRA,
Malicounda, Cherif Ka, Ndangour Ndiaye, Maka Bira Gueye and Sine Dieng recorded
respectively 531.89 kg / ha, 239.05 kg / ha, 46.10 kg / ha, 30.03 kg / ha, 15.13 kg / haand 10.78
kg / ha (Table 5.6). This indicated that best yield was obtained in CNRA de Bambey and
Malicounda. Best genotypes that outperformed the best check 1T97K-499-39 were genotypes
STR-1 (592.63 kg/ha), STR-8 (580.52 kg/ha) and STR-2 (578.35 kg/ha) by respectively 9.09
%, 6.86 % and 6.46 %. In reference to Melakh the recurrent parent, these genotypes were higher
by 17.90 %, 15.49 %, 15.06 %. The genotype IT97K-499-39 outperformed Melakh by 8.08 %.
with a score of 76.05 based on BLUPs overall means. Two genotypes underperformed the

susceptible parent Melakh whose yield was 502.65 Kg/ha.
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Table 5. 6: Ranking of genotypes based on BLUPs performance for grain yield

CNRA Malicounda Ndangour Ndiaye
Genotypes
Yield Rank Yield Rank Yield Rank

STR-1 592.6331198 1 242.723011 1 33.74253828 2
STR-8 580.5283181 2 238.4982929 4 31.03528305 4
STR-2 578.3564039 3 239.5016316 3 18.58190898 6
IT97K-499-39 543.2582707 4  240.5177031 2 60.16534934 1
Melakh 502.6579548 5 238.4931998 5 16.55949729 7
STR-5 463.4476641 6 238.218173 6 18.63605409 5
STR-11 462.3182687 7 235.3813219 7 31.52258899 3
Mean 531.8857143 239.047619 30.03474572

Three homogeneous groups of locations were observed (Figure 5.3). Group 1 (G1) was CNRA,

Group 2 (G2) was Ndagour Ndiaye and Group 3 (G3) was Malicounda, Cherif Ka, Maka Bira

Gueye and Sine Dieng. Two highest recommended genotypes for G1 were STR-1 and STR-8.

In G2 the best genotypes for recommendation were STR-8 and STR-1. In G3 the best genotypes

to recommend were STR-1 and STR-2. Environment effects were ranked as follow: CNRA

(387.0), Malicounda (92.1), Cherif Ka (-99.5), Ndangour Ndiaye (-114.9), Maka Bira Gueye

(-130.2) and Sine Dieng (-134.5). CNRA de Bambey, which had the longest vector along the

first axis, accounted for most of the environmental variation (Figure 5.3).
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PC2 - 5.90%
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PC1 - 94.05%

Genotype scores
-+ Environment scores
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Figure 5. 6: Performances in relationship among test environments

Similar results were obtained also in the GGE biplot (Figure 5.7). The 4 sites were grouped
into 3: Group 1 (CNRA), Group 2 (Ndangour Ndiaye) and Group 3 (Malicounda, Cherif Ka,
Maka Bira Gueye and Sine Dieng). The largest mean was recorded for Cluster 1 (CNRA) with
531.88 kg/ha. Cluster 2 and 3 recorded respectively 30.03 kg/ha and 77.76 kg/ha. Genotype

recommendation for mega-environment are presented in Table 5.6.
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Figure 5. 7: Genotype-by-environment interaction for grain yield

High correlation coefficients were observed (Figure 5.8) between Sine Dieng and CNRA (0.86)
and Sine Dieng and Malicounda (0.79). Malicounda was highly correlated with CNRA (0.74)

and Maka Bira Gueye (0.74).
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Correlation between environment means for Rendement_Means_BLUPs

1 Cherif Ka

2 CNRA

3 Maka Bra Gaye
4 Malicounda

5 Ndangour Ndiaye
6 Sine Dieng

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Figure 5. 8: Correlation between environment means for grain yield

5.3.3. Genome-wide association study (GWAS)
After removing SNPs with minor allele frequency <0.05, 41658 SNP marker were used to
perform GWAS. No significant SNP were found for days to emergence of S. gesnerioides on
pots for environments 1, 2 and 3. No significant SNP marker for Striga fixation were found in
environments 2 and 3. However, 3 significant SNPs (Figure 5.9) were found: 2_10935 for days
to Striga emergence and 2_44813 and 2_21670 for Striga fixation. The significant threshold
for Striga emergence calculated based on False Discovery Rate were: 3.901 for environment
1; 3.902 for environment 2; 3.899 for environment 3; and 3.903 for environment 4 (Table 5.7).
For Striga fixation FDR thresholds were: 3.898 for environment 1; 3.895 for environment 2;

3.897 for environment 3; and 3.881 for environment 4.

81



Table 5. 7: Significant SNPs resulting from high throughput data analysis for resistance to Striga gesnerioides

Allele Chromosome Position (bp) —log10(p) Threshold
Days to emergence 1 none 3.90
Days to emergence 2 none 3.90
Days to emergence 3 none 3.90
Days to emergence 4 2 10935 G Vul0 39,307,602 5.30 58.26 3.90
Fixation Striga 1 2 44813 A Vu01 7,025,288 4.95 0.39 3.90
Fixation Striga 2 none 3.89
Fixation Striga 3 none 3.90
Fixation Striga 4 2 21670 C Vul0 851,864 4.14 -0.30 3.88

The position of the three markers identified in Genome-wide Association were used for identification of candidate genes. SNPs marker position
were 851,864.00, 7,025,288.00 and 39,307,602.00. Considering those positions, 6 proteins or candidate genes involved in plant defence were
identified. In reference to candidate gene positions in the physical map, 3 candidate genes were very close to SNP 2_44813 whose position is

7,025,288.00 (Table 5.8).
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Table 5. 8: Candidate gene annotation using the new chromosome numbering

Locus Name

chromosome

Start (bp)

End (bp)

Human-Readable-Description

Vigun01g010700 1,215,524 1,223,327 PREDICTED: E3 ubiquitin protein ligase RIN2-like isoform X3 [Glycine max]
Vigun01g013300 | VuO01 1,479,417 1,482,363 Protein kinase superfamily protein LENGTH=669

Vigun01g015700 | Vu01 1,682,331 1,686,584 disease resistance family protein / LRR family protein LENGTH=905

Vigun01g016500 | Vu01 1,801,653 1,806,619 Disease resistance protein (TIR-NBS-LRR class) family LENGTH=1191

Vigun01g041400 | Vu01 5,772,383 5,777,283 Disease resistance protein (TIR-NBS-LRR class) family LENGTH=1188

Vigun01g224500 | Vu01 39,748,885 39,753,594 | PREDICTED: protein TRANSPORT INHIBITOR RESPONSE 1-like isoform X1 [Glycine max]

83



P-Values by Chromosome for StrigaEmerg2

Er8'042'8Z

£$8'022'8T

Position

P-Values by Chromosome for StrigaEmerg1

i H £v8'022'8
i "y
eeece i » L  6cb'os0'08
et i j 62t'980°01
st i S04'GEB'EE
u H
| cozseaee 3 ; o
= i | S0L'GEG'EL
| sozsesel =) < ;
4 ‘esL'EzT'TE
: P ,.
> H .
‘esiezzze v ] | i
o £ ; i Le8LEZTTH
o =} 1 P A
‘98L'EZZ'TY =} ['T] § i
2> [ ; ov0'ra0'eE
| oba'bOD'EE o 2 H
3 = i |obepa0el
= H
LoravenEl = (0] |
A —0- i | 188001 LT
5
186'001'22 g - ;
| e o i 286'00t'2
sgEoob’s S m n
3 (g =] ; 828'E51 08
a |3 7]
8Z8'ESL'eE = o
£ .. szg'est'al
- sza'Est'al o m
= = Lsszovase
|15z 0pE'BE [ o
3 > sTorEsl
| LT 0pE'8L =] =
% -~ | 22228070
| LzrEeobe m
o =
=] - -
rzrzE0te = 1 X | 1z22B0
g a L2rT80mT
| 1z22801T S !
>
280" L ‘lzLT80t
|| szrzs0t 3
i Q
R = 1029'866'2L
10.0'856'21 2
L]
N I T T S S 0000000t
000'000°0F S S T
000'000°02 000'000'02
= o o o o @ 8 2 8 o &g o g8
2 & & © & ®©® & @ © © § & &
® © 0 + < @ @ o o - - o o
(anieA-d)o 6o
£p80LL'8T
epe'0LL'8T
£p8'02L'8
ep8'0LL'8
) 62t'580'0E
b 62v'ss0'0E
| Beb's80'0k
625'580'04
= S0L'GEB'EE
| sossesee 2
d - 1 S0L'GEB'EL
| c0'cEB'EL 9 0
= 081'E2T'TE
= 2
8L 'ezT'ZE v 5
2 £ 981'ETZ T
98L'EZT'TL >
I > w
- [] | 8va'beDEE
9b'ba0'EE o =)
=] =
= i orobon'el
|obe'ban'El = 0
A
186'001' 2T 5 —0- B RLT
= - =
Cr 2 ge'00r's S
L £ @
o 8 o
8 ] s
e |8 8Z8'EsL'0E
8Z8'EGL'0E > M
sza'est ol
sze'est ol il £
S =
= 292'0p8'8E
Loz opE'sE [ -rnw
b=y > o
| sszoveas 3 2 25z0p8'8L
0 Sy
1 4TL280%9 0 (] 222'280'v0
S =
> M | L2L'T80tt
1zLT80Y s
g \ : | Lzrze0 e
12L280%T S -8 i
S i
. i . .
1zrz80Y % ; 122280
z P
loessn | T e ! o W 0’85621
B i ¢
000'000°0F 000'000°0
{ooimm H
e Pl ] = 000'000'02
s o g o9 8 29 8 8 8 2 8 8 8 8 g
8 88 88 588 58 88 8 8 8§ 8
~ © © w o T < ®m ™ o oo - - o o
(aniea-d)oLboT-

VUO7 » VUOS B VUO9 <« VU0 ® VU11|

VuU04 = VUOS VU06

Vuo3

iga emergence

t Stri

Irs

[= vuo1 e vuo2

84

Manhattan plot for number of days to f

VUD4 = VUOS VU0 VUO7 » VUOS ® VUD9 <« YU10 = VU11|
Figure 5.9

VU3

[= vuor e vuo2



P-Values by Chromosome for Fixation2

Position

P-Values by Chromosome for Fixation1

£v8'042'82 evs0LLE
er8'0LL'8 62'580'0E
f ek annE f ocb'se0oL
] o {
szr'oso0L i s
g
| cossesee 2 ‘sos'sesel
"
§ cozsesel Ay
m 081'E2T'TE
' > <+
08162228
i M leslezzT
2 = !
981'ezT'Th S L=
= ﬂ ‘erabonee
- -
‘ovavonee
8 _._-“ oraba0'El
| evavanet > =]
A (= 86'00p'22
~
| Lamoer'sT g m
== 5 1880002
lgE00r'L 2 7]
2 8 -] szg'est'oe
szg'est oe s £ i
m aza'est ol
|szE'Esl'ol n =
= o 25T'0v8'8E
| Lez'opE'8E ' >
& = o
g = 1sz'0pE'sL
LA kT =) O
. = | zerezsove
Lzrzenve o ©
o = v. L LzLTE0tE
L o [ L2L280'PT
LzrzEYe S
=
rzrzsot & 2EEY
1 3
02085621 = s @ fozdierat
L]
S — : 000'000'0
000'000'0F R
000'000'0Z 000'000'02
e
8898 88B8%R888FRE888RKSE g 2 8 2 8 2 8 2 8
M M M M M N 0N NNN™- - 000 OO0 T ™ ™ o o~ - - o o
(aniep-d)o 6o (anjea-d)o 6o

levg'0LL'8E Sty
eealces | 62t'G80'0E
|t | 8Z6'580'0L
i ecv ssact = ) cozces'ee
pai
S0L'GEBEE 2 o
2 | S0L'SEB'EL
©
| c0z'cEs'EL o ]
5 | os1ezzze
J = m !
‘eBL'EzTZE
4 M Le8L'EZZTH
@ 1 )
98L'E2TTL g L=
2 ﬂ obO'PO0'EE
-
| 9pO'PO0'EE ir
8 s | opOPO0EL
=2 -
| opa'bo0'El = =)
» = 288'00Y' LT
L86'00b' 22 5 9
2 £
= H 86'00p'L
smoRrs = @
m m e STE'EGH'OE
|Bea'EsL'oE = m
| szE'ESH'al
i ' o wn
i anb sze'estal 8 %
= | Loz'0p8'8E
1 '
| z9z'0ba'8E ' >
< = s
e S » | LeTopE'BL
| 15T opE'BL =} i}
o = | 222280YD
| LzrEeoe @ "
S >
122280 = . | L2LT0PR
a
8 | 2z2ze0we
122280 S
=
. 122280
122280 =
o
|020'856'2L 2 0£0'8G8'2L
-
1 000'000°0F 000'000'0
. ki b . , .
000'000'02 1 i i ) 000'000'02
P -
s g e g @ g 8 8 & g
e @& & © & @ § @ § @& &
w < < © © o o - - o o
(anieA-d)o 1607

VU07 » vUOS B VUO9 <« VU0 ® VU11|

VU06

iga)

Vo3 VU04 = VU0S
ion of Str

IXat

[= wuo1 e vuo2

Manhattan plot for presence / absence (f
85

VU07 » vU03 B VUD9 < VU0 = \/U11|

Position
Vuoe

Figure 5. 10

VU04 = VUOS

Vuo3

2

[= vuo1 e vuo



5.4. Discussions

Genomic resources have been developed to include molecular markers in the breeding pipeline
(Munoz-Amatriain et al., 2017), to shorten the selection duration for a trait and increase
precision on records (Ribaut and Ragot, 2006). We took advantage of these resources to
develop backcross lines in order to convert a highly desirable line Melakh to a Striga resistant
line. Marker-Assisted Backcrossing started with background selection. The highest
background recovered by an R line was 84%. Our results corroborate the results of a study
involving rice which aimed at analysis of recurrent parent genome recovery. In the elater study,
recovery of BC1F1 plants ranged from 75.40% to 91.3% (Miah et al., 2015). Theoretically, at
the first backcross cycle, progenies are expected to recover 75 % of the recurrent genome

(Collard et al., 2005).

By comparing SSR1 and C42-2B, it was found that SSR1 was more robust in the sense that it
identified the same lines as C42-2B but in addition, identified some susceptible lines that were
classified as resistance using C42-2B. Similar results were obtained in Ghana where SSR1 was
8 cM far apart from the resistance locus while C42-2B was 15 cM far away (Asare et al.,
2013a). Previous studies in Senegal also resulted in about the same efficiency of C42-2B as
found in Ghana using bulked-segregant analysis (not published). Subsequent backcross
population until the attainment of 1T97K-499-39 *4 / Melakh lines were assessed using the
presence or absence marker SSR1. Contradictory results were obtained in IT97K-499-39 *4 /
Melakh population when screened with SSR1 and Marker C42-2B. Strangely, both markers
gave the same results. In fact, conventional breeding cannot ensure purity of lines hence leading
to type 2 error in F1 hybrids. To the best of our knowledge, the use of SNP 1 0958 has not
been reported for such studies. If marker linkage with the desirable locus is loose,
recombination can occur leading to type 1 error (Zhang et al., 2012). These findings were
confirmed by the results obtained in the field trials conducted in 4 Striga prone environment.
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It was recorded that STR-11 and STR-5 were more adapted to those environments while

screening using markers did not reveal any susceptible lines.

Surprisingly, field validation indicated that among lines that were inferenced as resistant some
allowed Striga emergence. Results indicated that all markers used so far were not reliable for
resistance screening of Striga prevailing in Senegal. However, among developed lines, STR-
11 had greater resistance to the resistant line 1T97K-499-39 used as donor in the creation of
backcross populations. Another aspect is race septicity, if not taken into account can lead to
controversial results. At least 7 races of Striga gesnerioides are known (Botanga and Timko,
2006; Li et al.,, 2009). Additionally, it has been reported that two different clusters of Striga
gesnerioides populations prevalent in Senegal based on Nei’s unbiased genetic distance
(Tonessia et al., 2014). It becomes obvious that markers used were not unlinked to loci for
resistance of cowpea to S. gesnerioides but probably were linked to resistance for a specific
race in Senegal. In this study, we also found that susceptible lines had higher grain yield

performance than the resistant. In fact, grain yield trial was carried out in field free of Striga.

Consequently, a wider population hypothesized to have less co-ancestry history was used in
order to identify SNP markers linked to R phenotype and find candidate genes around that
region. The population size was suitable for genome wide association study compared to other
where fewer size were used (Raman et al., 2016; Varshney et al., 2012; Xu et al., 2012). GWAS
revealed 3 SNP markers located on VuO1 and Vul0 in reference genome (new chromosome
numbering). Resistant loci were reported on chromosomes 1 and 6 in reference to the old
chromosome numbering (Li et al., 2009). This is probably an indication that SNPs found in the

current study have not been reported so far in any study.

Manhattan plots indicated some pics in Vu01l, Vu06 and VuO3 for days to emergence

respectively for environment 1, 2 and 3. Other pics were obtained on VVu02 and Vu06 for Striga
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fixation respectively in environment 2 and 3. However, only three markers were over the
threshold computed. GWAS can be run using different approach including the full optimization
method and the ‘population parameters previously determined’ (P3D). In this experiment, the
p-values used to compute the FDR that allowed the calculation of the threshold for each trait
in each environment resulted from the algorithm of P3D in which re-computation of variance
components are eliminated. This method is faster and suitable for computers with limited
features. Resulting SNP markers are not expected to deviate significantly from P3D to
‘compressed Linear Mixed Model’ (Zhang et al., 2010) hence markers identified are significant
markers and can be validated in well characterized lines in regards to their resistance to known

S. gesnerioides races.

In addition to identification of significant SNP markers, 6 candidate genes nearby to the SNPs
positions were identified. The distance between candidate genes and SNPs varied among traits.
There is no clear indication of the range to look for candidate genes based on the best of our
knowledge. In this study, we focused on candidate genes that are known to be involved in gene-
for-gene hypothesis. The following is a general explanation of how these candidate gene
expression fits in plant-pathogen interaction including S. gesnerioides and host plant cowpea.
In fact, most abnormal peptides and also short-lived cellular regulators are under control of
ubiquitin—proteasome system (UPS) whose role is to delete or reshape them. This system is
found in yeast and in animals. Recently in plants, stress responsive defense was found to be
influenced by the UPS. Because of parasite aggressions, plant have developed a bundle of
defense mechanisms in order to counter infection. The bundle includes basal responses,
triggered by recognition of conserved pathogen-associated molecular patterns, and pathogen-
specific responses, mediated via pathogen- and plant-specific gene-for-gene recognition events
(Craig et al., 2009). Most accepted model describing how plants interact with pathogens is the

zig-zag model (Jones and Dangl, 2006) describing innate immune responses pathways
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deployed by host plants to allow an unsuccessful parasitizing. In zig-zag model, resistance is
at two levels where pathogen-associated molecular patterns (PAMPSs) or microbe-associated
molecular patterns (MAMPs) (Boller and He 2009) developed gradually by the parasite are
recognized by receptors proteins from the host (kinases) which allow deployment of defensive
responses known as pathogen triggered immunity (PTI). To overcome this first barrier,
phytopathogens develop virulence factors that will destroy the first shield of protection at plant
cellular level. As parasite effectors were able to overcome PTI, plants evolve a second shield
of protection known as effector triggered immunity (ETI). In ETI, new receptors with NBS and
LRR domain are evolved, those proteins are referred as resistant (R) proteins (Timko et al.,
2012). The six candidate genes identified and annotated fits perfectly in this model where
effectors from parasites and receptors from plants are involved. In Arabidopsis, defense is
evolved when mutations occur in the ubiquitin—proteasome pathway. These changes block

hormone responses, senescence, and pathogen invasion (Craig et al., 2009).

In conclusion, pathogen-delivered effectors evolved by parasites are recognized by disease
resistance (R) proteins which evolve a protein-mediated reaction called gene-for-gene

resistance. The latter were reported to be involved in S. gesnerioides and cowpea interaction.

5.5. Conclusion

In MABC, 3 lines were adapted to Striga prone area. In field validation we succeeded partially
in the conversion of Melakh to a Striga resistant line. Novel SNPs were identified and candidate
genes surrounding identified SNPs regions were identified. These SNPs will be designed to

PCR markers to allow their validation in Bulked Segregant Analysis.
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CHAPTER SIX

6. GENERAL CONCLUSIONS AND RECOMMENDATIONS

6.1. General conclusions

Main results in the PRA were that farmers ranked drought as the most limiting factor to cowpea
production in Senegal. This was not expected because ISRA most breeding effort were focused
on earliness to indirectly breed for drought tolerant lines. Feedback from farmers exhibited that
mid-season drought was also a major constraint in which early varieties are very susceptible.
The survey revealed also that Striga gesnerioides was of importance but not to the point of
being the major limiting factor to cowpea production in Senegal. In addition, farmers informed

that S. hermonthica was very abundant in the localities surveyed.

It was found in this study that farmers were interested in large seeds and brown seed colour as
in Yacine a variety developed by Dr. Ndiaga Cisse. The PRA conducted increased the chances
that our varieties could be widely adopted by producers. Another important aspect was that
farmers showed enthusiasm in participating in breeder-farmer activities. As a matter of fact,
the pet peeve of all breeders is adoption of released varieties. Time required for adoption can
be effectively reduced if development of varieties is based on farmers’ needs and their
involvement in early stages of breeding such as during parent selection. Smallholder farmers

expect drought tolerant lines with specific grain quality traits.

Suitable genotypic variation for drought tolerance was found in the 112 accessions from
Senegalese cowpea breeding programme which can be used for improvement of cowpea
tolerance to drought in low rainfall environments. Among the varieties released by ISRA,
Mouride showed good adaptability when drought occurred. In water-stressed conditions, 17

cultivars produced more than 30% higher grain yield than Mouride.
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Among the 5 lines identified as having the allele for resistance to Striga using SSR markers,
only 3 lines were confirmed to be resistant under natural Striga infestation in the field.
Therefore, this study showed that DNA markers were partially effective in developing Striga

resistant lines.

GWAS for Striga resistance in the mini core resulted in identification of 3 SNP markers namely
2 10935, 2 44813 and 2_21670 not previously reported to be associated with resistance to
Striga. In addition, 6 candidate genes formerly reported to be involved in gene-for-gene

interaction were identified.

6.2. Recommendations
More profit from this work could be made if further studies could be carried out. Those studies

include:

Q) Characterization of Striga gesnerioides biotypes in Senegal using genetic resources;
(i) Revalidation of markers used in MABC in a different population;

(iii)  Validation of markers identified in GWAS using a different population;

(iv)  Development of Striga resistant lines and drought tolerant lines using new identified

SNPs.
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APPENDICES

Appendix 1: Heritability of traits in chapter 4

Trait Heritability Heritability
Well-Watered Water-stressed

GrainYeld 0.7950 0.5586
SeedWeight 0.9386 0.6911
PodsPlant 0.5526 0.6337
Flowering 0.8226 0.8189
FirstPodMature 0.8009 0.7920
Maturity 0.4848 0.6947
Stemgreeness 0.6590 0.8376
Wiltering 0.6764 0.8789
Chlorophyll content (SPAD_3) 0.5758 0.4961
Canopy density (LAI_4) 0.6676 0.3377
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Appendix 2: Guide to asking questions in Focus Group Discussion and Participatory

Rural Appraisal

Focus Group Discussion (FGD):

1. Presentation of investigators running the Focus Group Discussion

a. Bineta Samba Keita, cowpea breeding
b. Mamadou Diop, cowpea breeding
c. Assane Sene, cowpea breeding
d. Ousseynou Fall, cowpea breeding
e. Mouhamadou Moussa Diangar, cowpea breeder

2. Goal of the meeting
3. What is focus group discussion and its importance
4. Benefits from focus group discussion for farmers’ and researchers
5. Questions on willingness of farmers to participate on surveys
a. Are you willing to participate on FGD and PRA?
b. Will you inform and encourage your neighbors to participate?
6. Questions on interest that farmers have on growing cowpea
a. Did you grow cowpea last two years?
b. What is the purpose of growing cowpea?
c. Isita lucrative activity?
7. Questions on constraints to cowpea production
a. What are the constraints to cowpea production?
8. Questions on cowpea cultivars that farmers’ grow

a. What are the cowpea cultivars that farmers grow?

Participatory Rural Appraisal
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Name of the researcher asking questions and date of interview:

Location:
Region Departement
Commune Village
Latitude Longitude

Farmer’s background information:

Name ID or mobile

Gender Age

Marital status Highest school attended
#Household members #Involved in agricultural activities
Primary occupation Group affiliated

Own arable surface (m?) Cowpea plots (m?)

Do you own livestock?

How many of each?

Do you have machine?

Who take care of labors? [1] Employee [2] Family [3] Others

How many years have you been growing cowpeas?

When do you plant?

Did you grow cowpea last 2 years?

How many crop cycle per year did you have?

Importance of Cowpea:

Purpose of growing cowpea? [1] Household consumption [2] Animal feeding [3]
Trade
Is it lucrative to grow cowpea? [1] yes [2] no

Cropping system? [1] Major crop [2] Association (specify) [3] Rotation (specify)

Utilization? [1] leaves [2] seeds [3] pod residus [4] fresh pods [5] medical
purposes?
Classify them in order of importance?

Cultural practices:

Fertilizer before sowing [1] yes [2]
Clearing before sowing [1] yes [2] no no
Certified seeds [1] yes [2] no Whatever Seeds [1] yes [2] no
Seed treatment chemical [1] yes [2]
no Specify chemicals and dosage
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Deep ploughing [1] yes [2] no Surface ploughing [1] yes [2] no
Weeding frequency 1 2
Weeding [1] Hiler [2] Houe Sine 3
Synthetic fertilizer [1] yes [2] no Biological fertilizer [1] yes [2] no
Manure before sowing [1] yes [2] no Type and dosage
Pesticide [1] yes [2] no Specify used pesticide
Cultivated varieties:
Name varieties you know:
Name your favorites:
Why are they favorite?
What do they have that lacks on others?
Name most cultivated in your area:
Do you grow local cultivars?
Why?
Are you aware of new improved varieties? [1] yes [2] no
How? [1] Media [2] Extension officers [3]ISRA  [4] Training [5] NGOs [6] Neighbors
Have you ever tried to cultivate new improved varieties? [1] yes [2] no
Buy seeds? [1] yes [2] no Source?
Expensive? [1] yes [2] no Price?
Do you keep seeds for next? [1]yes [2] no How do you stock?
Constraints to cowpea production:
What are the major constraints?
List some minor constraints:
What stress affect most cowpea production?
Is drought a major stress?
Have you ever faced water deficit during cowpea production?
Can you estimate yield losses due to drought?
Any strategies against drought?
Sowing period? [1] yes [2] no Climate? [1] yes [2] no
Water deficit? [1] yes [2] no Days to maturity? [1] yes [2] no
Diseases and Insectes? [1] yes [2] no Improved lines? [1] yes [2] no
Soil fertility [1] yes [2] no Monoculture [1] yes [2] no
Market to sell [1] yes [2] no Credit [1] yes [2] no
Educational level [1] yes [2] no Lack of training? [1] yes [2] no
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Constraints to production Rank Constraints to production Rank

NOUu|h|W|IN |-
NOU|h|W|IN |-

Knowledge on Striga gesnerioides:

Is Striga a major stress?

How do you describe a plant of S. gesnerioides?

When does it attack cowpea?

Where does it attack cowpea?

Can you differentiate a plant of Striga gesnerioides and Striga hermonthica?

Do you know any infested field?

Do you know how S. gesnerioides seeds multiply?

Can you estimate losses due to Striga?

Do you know some S. gesnerioides susceptible varieties?

Do you know some S. gesnerioides resistant varieties?

How do you fight against S. gesnerioides

Farmers’ preferred traits:

Traits Rank Traits Rank
Maruca resistance Bruchid resistance

Aphid resistance (cotoote) High yielding

Fodder Dual purpose

Pod length Drought tolerant

Thrips resistance Striga resistance

Taste Nutrition qualities

Cooking time Macrophomina

What is your preferred seed size? [1] Large [2] Medium [3] Small [4] Not
determinant

What is your preferred seed color? [1] Black [2] Red [3] White [4] Brown
Others

(5]

Best growth habit trait? [1] Erect [2] Semi erect [3] Prostrate [4] Climbing

Best phenological trait? [1] Extra early [2] Early [3] Late [4] Others
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