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Abstract
The root hemi-parasitic witchweeds Striga hermonthica and S. asiatica are considered the most important biotic constraint to cereal crop production in sub-Saharan Africa (SSA). These parasites infect the staple cereal crops (rice, maize, sorghum and millet) resulting in considerable yield losses. Control of these parasites is very difficult as the Striga seed bank is widespread and damage to the crop occurs long before the parasite emerges above ground. Resistant cultivars are considered to be an effective and affordable component of an integrated Striga management strategy but very few are available to farmers as sources of resistance to Striga are relatively scarce and little is known about the molecular genetic basis of resistance to this parasite. Rice is an economically important cereal crop in SSA that is mostly cultivated by resource-poor farmers. Both cultivated rice species, Oryza sativa (L.) and Oryza glaberrima (Steud.), are grown in Africa. To take advantage of superior traits from each species, AfricaRice Center and partners developed inter-specific rice cultivars called NERICA (NEw RICe for Africa) for rain-fed upland ecosystems. Because of their high yields, even on low nutrient soils where Striga spp. are prevalent, the NERICA cultivars have been widely adopted by farmers. Despite this, very little is known about their resistance to different species and ecotypes of Striga. The aims of this study are to determine how resistant and/or tolerant the upland NERICA cultivars are to different species and ecotypes of Striga under controlled environment and Striga-infested field conditions, to identify whether resistance is broad spectrum or specific to particular ecotypes of Striga and to characterize the phenotype of the resistance at a histological level.  Finally using a Chromosome Segment Substitution Line (CSSL) population derived from a cross between an O. glaberrima cultivar MG12 (donor parent) and an O. sativa cultivar Caiapo (recurrent parent), the genetic basis of post-attachment resistance to Striga is investigated. 
The NERICA rice cultivars showed different susceptibilities to both S. hermonthica and S. asiatica species under controlled environment conditions. Some cultivars showed good broad-spectrum resistance against several Striga ecotypes and species whilst others showed intermediate resistance or were very susceptible. In addition, some cultivars showed resistance to a particular ecotype of Striga but were susceptible to others. The phenotype of a resistant interaction was often characterized by necrosis at the host parasite interface and an inability of the parasite to penetrate the host root endodermis. In general, the most resistant NERICA cultivars grew better than the very susceptible cultivars although even a small number of parasites caused a reduction in above ground host biomass. There was however, genetic variation for tolerance to Striga (the ability to grow and yield well in the presence of Striga) amongst the NERICA cultivars. The NERICA cultivars were also grown in field trials at Kyela in Tanzania (under S. asiatica infestation) and at Mbita Point in Kenya (under S. hermonthica infestation) in 2010 and 2011 to determine the impact of environment on the expression of resistance. The resistance of the NERICA cultivars against S. hermonthica and S. asiatica, in the field, was broadly similar to that observed in the laboratory although there were some exceptions. These results allow us to recommend particular cultivars for Striga-infested regions but they also illustrate the necessity of understanding the genetic basis of resistance to different ecotypes of Striga for breeding of durable resistance (and pyramiding of appropriate resistance genes) in host cultivars adapted to different rice agro-ecosystems in sub-Saharan Africa.
Sixty four lines of an inter-specific CSSL population and the parent cultivars MG12 and Caiapo were phenotyped for resistance to S. hermonthica.  MG12 showed good resistance to S. hermonthica whilst Caiapo was very susceptible. The CSSLs showed a range of susceptibility to the parasite, however, only two CSSLs showed the same strong resistance phenotype as MG12. Graphical genotyping and a Quantitative Trait Loci (QTL) analysis revealed a large QTL on chromosome 12 (designated STR12.1) which explained at least 80 % of the variation for resistance in the population and suggests that resistance to S. hermonthica (in MG12) is due to one (or a few genes) of major effect. This finding opens the way for the identification of candidate Striga resistance genes (through fine mapping approaches) and their transfer to farmer-preferred cultivars via marker assisted breeding.
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Introduction to parasitic plants
Today the world is characterized by an increasing human population (particularly in developing countries), decreasing land availability, climate change, major pests and diseases, and many constraints or stresses that affect food and specifically cereal crop production. One of these constraints is parasitic weeds known to infect cereal crops in Africa resulting in considerable yield losses. Parasitic plants are classified as hemi-parasites or holo-parasites based on the presence or the absence of chlorophyll, respectively in their tissue (Press and Graves, 1995). Hemi-parasites such as Striga species are able to acquire some of their own carbon from photosynthesis once they appear above ground whilst holo-parasites such as Orobanche species do not photosynthesize and depend on their host carbon source (Steward and Press, 1990; Cechin and Press, 1993a, 1993b; Parker and Riches, 1993; Press and Graves, 1995; Estabrook and Yoder, 1998). Both Striga and Orobanche species cannot survive in the absence of their host and are termed obligate parasites (e.g. Estabrook and Yoder, 1998). However, some hemi-parasitic plants e.g. Rhinanthus species can grow and survive without being connected (through attachment) to their hosts and are known as facultative parasites (Gibson and Watkinson, 1989; Estabrook and Yoder, 1998).
The root hemi-parasitic weed Striga causes severe damage to crops in Africa, particularly in sub-Saharan African (SSA) regions (Mohamed et al., 2006). Berner et al. (1995) estimated that Striga infestation in cereal crops causes losses in yield estimated to be worth some 7 billion US dollars annually. The parasite affects several millions of African people (Sauerborn, 1991) with the potential to devastate more than half of arable land under cereal production (Parker, 1991; Lagoke et al., 1991). Problems with parasitic Striga species are becoming more important especially in resource poor farming systems where soil fertility is very low; they have been reported in multiple cereal crops (Dugje et al., 2006) such as sorghum and maize (Gurney et al., 2003; Amusan et al., 2008) millet (Wilson et al.,  2000, 2004) and rice (Johnson et al., 1997, 2000; Rodenburg and Johnson, 2009; Rodenburg et al., 2010).
More than 40 species constitute the genus Striga which has recently been placed in the Orobanchaceae family (formerly known as the Scrophulariaceae) (Olmstead et al., 2001). Among them only 22 species are widespread. Native to Africa, Striga species are mostly found in SSA and 11 parasitize agricultural crops (Berner et al., 1995). Striga hermonthica (Del.) Benth., S. asiatica (L) Kuntze, S. aspera and S. gesnerioides (Willd) are the most economically important witch weeds in the semi-arid to sub-humid tropics (Mohamed et al., 2006). Striga hermonthica and S. asiatica infect sorghum, maize, pearl and finger millets and upland rice (Ejeta et al., 1992; Parker et Riches, 1993; Johnson et al., 1997; Haussmann et al., 2000; Ejeta, 2007; Amusan et al., 2008; Scholes and Press, 2008). Striga gesnerioides attacks crops like cowpea in West Africa and tobacco and sweet potato in India causing approximately 30% loss of yield.
Figure 1.1 shows the distribution of Striga species in Africa. Striga is extremely widespread with heavy infestations from West (e.g. Senegal, Mali, Niger and Nigeria) to East Africa (e.g. Sudan, Ethiopia, Kenya and Tanzania) and throughout SSA (Ejeta, 2007). Striga species are particularly problematic in fields where soils are poor in nutrients belonging mostly to farmers with low incomes. They infect several million hectares of cereal crops and their effects are often very severe (Fig 1.2) (Ejeta, 2007). According to the Food and Agricultural Organization of the United Nations (FAO) approximately 300 million people and 100 million hectares of farmland are affected by Striga. The yield loss in cereals due to Striga in SSA is more than 40% and the extent of its damages and losses varies with parasite species, ecotypes, infestation level and virulence (Ejeta, 2007). Striga is very difficult to control as the life cycle of the parasite is tightly coordinated with that of its host, the parasite damages the crop very shortly after attachment to the host roots and relatively little is known about host resistance to the parasite.

[bookmark: _Toc325312989]The life cycle of Striga
The life cycle of Striga is linked with that of its host and can be divided into different stages involving seed dormancy, preconditioning and seed germination, radicle growth, haustorial differentiation and attachment to the host, growth of the parasite, metabolic interactions with the host and flowering (Fig 1.3) (Scholes and Press, 2008).
Striga spp. produce a lot of very small seeds (greater than 10,000 seeds per plant) approximately 0.2 mm to 0.5 mm long and weighing 4 to 7 µg each. Seed dispersal occurs via agricultural practices, transportation by water or insect and animal activities (Kuijt, 1969). Once Striga seeds have been produced they can stay viable for at least 14 years and they constitute a very large and durable seed bank in the soil (Parker and Riches, 1993). Before seeds can germinate they need to condition i.e. to be exposed to favourable environmental conditions (wet soils in the rainy season and warm moist
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Figure 1.1 Geographic distribution and prevalence of Striga species in Africa (from Ejeta, 2007).
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Figure 1.2 Rice field in Kenya infested by Striga hermonthica.
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Figure 1.3 The life cycle of Striga. (From Scholes and Press, 2008).



conditions) (Fig 1.3a).
The germination of Striga seeds takes place in response to stimulants present in root exudates of host or some non-host plants (Keyes et al., 2001; Yoder, 2001). The stimulants produced by the host root are chemically diverse and include dihydrosorgoleone, sesquiterpene lactones and strigolactones, of which the latter are known to be the most active in inducing germination (Chang and Lynn, 1986; Fischer et al., 1989; Bouwmeester et al., 2003; Humphrey and Beale, 2006). Strigolactones have been isolated from roots of cotton (non-host), maize, millet (strigol), sorghum (sorgolactone) and red clover (orobanchol). The chemical structures of some of the germination stimulants are shown in Figure 1.4. Recently, Matusova et al. (2005) and Bouwmeester et al. (2007) reported that strigolactones are synthesised via the carotenoid biosynthetic pathway. In addition, strigolactones are not only the germination stimulants for parasitic plants but they act as a signal for mycorrhizal branching, a process necessary for infection of roots, and they also play a role in inhibiting branching in shoots (Umehara et al., 2008; Gomez-Roldan et al., 2008). In addition to the stimulants mentioned above some hormones like abscisic acid, kinetin, giberellic acid and ethylene can act as substitute germination stimulants. Products similar to strigol have been synthesized and among them, GR-24 is the most used, especially in laboratories to stimulate and assess the germination of Striga seeds (Wigchert and Zwanenburg, 1999).
Once they germinate, Striga radicles elongate (Fig 1.3b) and in response to host-derived Haustorial Initiation Factors (HIF) form the parasitic structure known as the haustorium (Fig 1.3c) (Parker and Riches, 1993; Estabrook and Yoder, 1998). HIFs differ from the germination stimulants and are usually quinones (e.g. 2,6-dimethoxy-benzoquinone (2,6-DMBQ), phenolic substances and cytokinins (Lynn and Chang, 1990). The haustorium is a parasitic organ which penetrates into the cortex and endodermis. The portion of the parasite within the root is often termed the endophyte (Fig 1.3d). Once the parasite crosses the endodermis, parasite cells fuse with the host xylem elements establishing xylem-xylem continuity (Fig 1.3e) allowing the transfer of the nutrients, some amino-acids and water from host to parasite (Press et al., 1987a, 1987b; Parker and Riches, 1993; Pageau et al., 2003). The parasite starts to grow and a few days later, cotyledon leaves are formed, followed by leaf pairs (Fig 1.3f). The Striga shoot grows up through the soil and emerges above the ground. It then flowers, sets seeds within 6 weeks and produces more than 5,000-100,000 tiny seeds per plant
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Figure 1.4 Chemical structures of representative strigolactones (from Umehara et al., 2008).





(Parker and Riches, 1993; Pageau et al., 2003; Stewart and Press, 1990; Webb and Smith, 1996) (Fig 1.3g). Finally, after 10 to 16 weeks, the parasitic weed Striga completes its life cycle (Musselman, 1980).

[bookmark: _Toc325312990]Host responses to Striga infection
Host responses to Striga infection are characterized by effects on host growth and yield which can be moderate to severe depending on host plant, genotype, nutrition, infection and attachment time (Graves et al., 1989; Frost et al., 1997; Arnaud et al., 1999; Gurney et al., 1999; Rodenburg et al., 2006a, 2006b; Cissoko et al., 2011).
The parasitic weed Striga has a severe effect on host plant growth and development within days of attachment and small parasite biomass can cause considerable stunting of the host plant (due to a reduction in internode elongation), chlorosis and brown streaks on leaves. In addition the stems of the host are very thin in comparison to infected plants. Overall there is a reduction of shoot biomass, compared to root biomass which is much less affected by the parasite (Riches et al., 1996; Gurney et al., 1999; Cissoko et al., 2011). Some of the effects, for example the stunting, are observed shortly after attachment.
The fact that some of the alterations to plant growth occur shortly after attachment when the parasite biomass is very small has led to the suggestion that Striga produces a toxin (Musselman, 1980) but as yet there is no evidence for this. It has also been hypothesised that the developmental changes occur through altered plant growth regulator signalling and metabolism (Taylor et al., 1996; Ackroyd and Graves, 1997; Frost et al., 1997).
It is clear that the early effects on host development in response to Striga infection are not just due to competition for host resources as parasites are very small. However, once the parasite begins to grow it is an effective sink for host carbon, nitrogen and inorganic compounds and this will also lower growth and yield of the plant (Frost et al., 1997; Gurney et al., 1999; Gurney et al., 2000). Many studies, on maize (Gurney et al., 1995; Taylor et al., 1996), millet (Graves et al., 1990), sorghum (Cechin and Press, 1993b; Gurney et al., 1995; Frost et al., 1997) and on rice ( Cechin and Press, 1994a; Rodenburg et al., 2008), revealed that photosynthesis is lower in infected plants compared to uninfected plants and this again contributes to host biomass reduction (Gurney et al., 2000).
When Striga is underground all of its carbon needs are supplied by the host plant (Parker and Riches, 1993), but when it grows above the ground, it is able to photosynthesize to some degree but still obtains approximately 30% of its carbon from the host and all of its nitrogen requirements (Gurney et al., 1995). The reduction of the photosynthesis rate in infected plants is a result of stomatal closure, possibly linked with the increase in absicisic acid (ABA) production or concentration in the host plants (Cechin and Press, 1994a, 1994b; Gurney et al., 1995; Taylor et al., 1996; Frost et al., 1997). It is also possible that this ABA accumulation can explain the change which appears in the distribution of biomass partitioning especially in the root and shoot ratio of infected plants but further research is needed to demonstrate this. Because Striga affects host growth and photosynthesis so soon after attachment, the best improvement in yield occurs if control methods either prevent attachment or destroy Striga soon after their attachment to the host roots.

[bookmark: _Toc325312991]Striga control strategies
To date, many control strategies against Striga have been established and used, but unfortunately they have had little effect due to their high costs, unavailability and/or inapplicability for resource-poor African farmers. These control strategies are of various types: agronomic, chemical, biological and genetic and have been summarised in detail in many reviews (Elzein and Kroschel, 2008; Hearne, 2009; Rodenburg et al., 2010).
Agronomic practices include hand weeding, crop rotation with trap and catch crops, soil fertilization, intercropping systems (Cechin and Press, 1993a, 1993b; Parker and Riches, 1993; Omanya et al., 2001;  Kanampiu et al., 2002a, 2002b; Khan et al., 2002; Showemimo et al., 2002). Some of these strategies are commonly used by farmers, but success is not notable due to continuing seed accumulation in the seed bank over the years, underground development of the parasite and unavailability of financial resources. Using hand weeding, the farmers can reduce Striga seed production when they do it before flowering, but this method is time consuming and needs to be repeated several times during many crop seasons before its value can be noticed (Parker and Riches, 1993).
One option to reduce the impact of Striga in farmer’s fields is to improve soil fertility as Striga is more prevalent in nutrient deficit areas. The increase of nitrogen concentration in the soil can decrease the number of parasite attachments on host plant roots as shown in the studies of Riches et al. (2005) and Adagba et al. (2002) for rice, of Showemimo et al. (2002) and Cechin and Press (1993b) on sorghum and of Kamara et al. (2009) and Ahonsi et al. (2002) on maize. Although this is a practical method, it remains difficult for African farmers to carry out since they have only limited finances and access to fertilizers.
To control Striga infestation and or to decrease the Striga soil seed bank, crop rotations can be used with trap and catch crops. Trap crops are non-host plants (like soybean, cotton, groundnut and pigeon pea) that induce parasite seed germination by producing root exudates but are not infected or parasitized by them. Riches et al. (2005) showed that rice which rotates with pigeon pea in fields infested with S. asiatica in Tanzania is less infected and has a good yield. Catch crops are host plants which stimulate seed germination and are infected, so additional hand pulling is needed to eliminate the parasite before its flowering time. This is not very attractive for farmers who must apply two methods or double their efforts in order to achieve a reduction of the impact of Striga. An example of a catch crop is Sorghum sudanense L. used to control S. hermonthica (Oswald et al., 1997).
Among the strategies to control Striga aimed at preventing the attachment and proliferation of the parasite seeds, intercropping remains one of the most successful. Indeed, Oswald et al. (2002) showed a significant reduction of emerged Striga when maize is intercropped with sweet potato and cowpea in Kenya. The last two crops are called false hosts as they cause Striga seeds to germinate but are unable to support their attachment. They create a suicidal germination of Striga seeds in the vicinity of intercrop roots and add also nitrogen to soil. More recently, Desmodium uncinatum is being used as an intercrop legume with maize and sorghum and also reduces Striga emergence, especially S. hermonthica (Khan et al., 2002; Khan et al., 2007). The legume root exudates stimulate parasite seed germination but can also cause inhibition of parasite development (Hooper et al., 2010). The basis of this phenomenon is an allelopathic compound which is thought to inhibit the development of the haustorium (Khan et al., 2002; Hooper et al., 2010). This method is very popular among poor African farmers in some areas, since it is very effective in reducing the level of seeds in infested fields.
Herbicides and artificial germination stimulants, which, although used as a means of control against Striga often remain out of reach for poor farmers (Ransom, 2000). Although, 2,4-Dichlorophenoxyacetic acid (2,4-D) which is used as an herbicide applied directly and repeatedly on the parasite, has shown good results (Carsky et al., 1994; Paré et al., 1996), the fact that most of the development of the parasite takes place underground, reduced its effectiveness. A more successful strategy is to use herbicide-resistant maize coated with the herbicide imazapyr which causes a considerable reduction in the attachment of Striga on roots (Kanampiu et al., 2002b). In addition, analogues of germination stimulants can be applied to soil to control Striga proliferation as they induce germination of Striga seeds that then die because of the absence of host roots. This is the case with ethylene which has been used occasionally to reduce Striga levels (reduction of soil seed bank) but is not a feasible control method for widespread use. Ethylene is very expensive and like most of the methods mentioned above, does not meet the expectations of subsistence farmers who would like a more suitable strategy which can allow them both to fight effectively against Striga species/ecotypes as well as to improve their crop production. Therefore, a suitable, durable and cheap control option for poor farmers seems to be the use of resistant and tolerant cultivars.

[bookmark: _Toc325312992]Can resistant and tolerant cultivars play a role in controlling Striga and improving crop yield?
Research obtained for some specific crops gives hope that the use of resistant and tolerant cultivars could be an effective Striga control method particularly if used in combination with other strategies. The early damage caused soon after parasite attachment and particularly the low incomes of African farmers are the most important aspects to be considered. Resistant cultivars are defined as those that support few or no Striga attachments when parasitized (Doggett, 1988; Ejeta et al., 1992; Parker and Riches, 1993). Many studies have been carried out to identify resistant crop cultivars and their reactions to Striga infection. Some host plants produce low amounts of germination stimulants in their root exudates and this reduces Striga germination resulting in decreased parasite attachment (Vogler et al., 1996). This is the case for SAR-1, a S. asiatica resistant sorghum line in the study of Lane and Bailey (1992). Low germination stimulant (lgs) gene for resistance to Striga species has been found in a population of recombinant inbred lines (RILs) derived from Striga resistant sorghum cultivar SRN39 and the susceptible cultivar Shanqui Red (SQR) (Ejeta, 2007). Recently,  Satish et al. (2012) have tagged and mapped molecular markers associated with this Striga resistance gene which will accelerate breeding activities for the development of Striga-resistant cultivars and also help the fine mapping and identification of the gene responsible. However, despite the fact that lgs production can reduced parasite germination prior to attachment to the host roots system, only few parasite attachments are needed to have a large effect on plant growth and yield as Gurney et al. (1999) point out.
Other types of resistance occur post-attachment. A study by Mohamed et al. (2003) showed that some resistant sorghum cultivars exhibit a hypersensitive response (HR), when infected by some ecotypes of S. asiatica. The HR is characterized by the development of necrotic tissue around the parasite attachment site which is thought to prevent host root cortex invasion. Among them, P47121 (a wild relative of sorghum), and Framida and Dobbs (sorghum cultivars) are resistant to one ecotype of S. asiatica. Many research studies have shown different levels of resistance to Striga species after attachment. In the case of N13, a sorghum cultivar, S. asiatica penetrates the root cortex but cannot go beyond it (Maiti et al., 1984). At Sheffield University we have screened N13 and E36-1 (both parents of a RIL (Recombinant Inbred Lines) sorghum mapping population) for post-attachment resistance against different ecotypes of S. hermonthica and S. asiatica (Fig 1.5). In our study, N13 supported less Striga dry biomass than E36-1. N13 showed high levels of resistant against all the Striga species and ecotypes tested. N13 also significantly reduced S. hermonthica seed reproduction in the field as demonstrated by the study of Rodenburg et al. (2006b).
Further fine mapping of the genes responsible for this resistance and the development of markers linked to the resistance loci are required to aid breeding efforts using N13 as the donor parent. Recombinant inbred lines derived from the resistant sorghum cultivars N13 and IS9830 as a donor parent in the genetic background of a susceptible sorghum cultivar E-36 have been used to identify 5 common Quantitative Trait Loci (QTL) responsible for field resistance to S. hermonthica in two season trials at two locations in Kenya and Mali (Haussmann et al., 2004). These QTL are thought to represent robust, durable resistance QTL as the authors validated the QTL by using 2 different mapping populations in different environments across two seasons. This study again suggests that N13 and IS9830 are suitable candidates for use in Marker Assisted Breeding (MAB) programmes.
Gurney et al. (2006) demonstrated that rice germplasm also contains important sources of post-attachment resistance to S. hermonthica and S. asiatica, after five years of laboratory screening of many rice cultivars. One O. sativa ssp. japonica cultivar
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Figure 1.5 Susceptibility of the sorghum cultivars N13 (black bars) and E36-1 (grey bars) to ecotypes of Striga hermonthica (from Kibos-Kenya and Côte d’Ivoire) and S. asiatica (from Ethiopia and USA) (Boisnard, Cissoko and Scholes, unpublished data).







Nipponbare, exhibited a higher level of post-attachment resistance to one particular ecotype of S. hermonthica from Kibos in Kenya when compared with an O. sativa ssp. indica cultivar Kasalath, but the two cultivars were both more susceptible to S. asiatica ecotypes. The cultivar IAC165 (O. sativa ssp. japonica) was very susceptible to all Striga species tested. In the resistance response of Nipponbare to the S. hermonthica ecotype from Kibos (Kenya) parasites attached and invaded the cortex normally but were unable to cross the endodermis and therefore could not make the xylem-xylem connections (Fig 1.6). By mapping post-attachment resistance in a backcross inbred line (BILs) population, derived from a cross between Nipponbare (a resistant cultivar) and Kasalath (a susceptible cultivar), the authors identified 5 major Striga resistance QTL on chromosomes 4, 5, 6, 8 and 12. One QTL was conferred by a Kasalath allele (on chromosome 4) whilst the 4 others were linked to Nipponbare alleles. Interestingly, a study by Swarbrick et al. (2009) using a BIL population derived from a cross between Koshikahari (O. sativa ssp. indica) (susceptible to S. hermonthica) and Kasalath (which contained some resistance to S. hermonthica witnessed previously by a Striga resistance QTL on chromosome 4) identified three Striga resistance QTL. In this population the QTL with greatest effect explaining more than 16% of the phenotypic variation for resistance was a QTL on chromosome 4 (Kasalath allele). The location of this QTL overlapped with that of the previous study of Gurney et al. (2006) confirming that this major resistance QTL was not dependent on the genetic background of the mapping population used. Further studies are needed to fine map this chromosomal region to identify the gene(s) involved.
Studies so far have shown different reactions or sources of resistance to Striga infection depending on host varieties, Striga species and ecotypes. These results have opened the way for exploration of the mechanisms by which this resistance response occurs at the genetic and molecular levels as described above. However, although resistance to Striga clearly exists very few cereal cultivars show complete immunity to the parasite.  One of the reasons for that is the large genetic diversity of the parasite seed banks. A recent study by Huang et al. (2012) has shown variability in loci affecting the ability of individual parasites from one ecotype of S. hermonthica to infect different rice cultivars. Individual Striga attachments were harvested from 3 different rice cultivars (with different resistance to this ecotype of Striga) and DNA extracted from each parasite. Using amplified fragment length polymorphism (AFLP) molecular markers, they identified a subset of AFLP loci that only occurred in those parasites that had the
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Figure 1.6 (A) The root systems of susceptible (IAC165 and Kasalath) and resistant
(Nipponbare) rice cultivars 25 days after infection. (B) Transverse sections of embedded
tissue of resistant cultivar (Nipponbare) (i) 3, (ii) 9 and (iii) 21 days after infection. The scale bar represents 0.1 mm. Hc, host root cortex; He, host endodermis; P, parasitehaustorium; En, endophyte (internal part of haustorium) (Adapted from Gurney et al., 2006).





ability to attach to the most resistant cultivar. These loci represented candidate ‘virulence loci’. As explained previously, even a few parasites can cause substantial loss of yield thus more knowledge about parasite genetic diversity and the genetics of host parasite specificity is required.
Many studies have shown that some cereal cultivars are more tolerant to Striga infection and grow and yield better than sensitive cultivars. By definition tolerant cultivars are those that possess the ability to display minimal impairment of growth or grain yield when infected with Striga. A sensitive cultivar is one which is affected badly (poor growth and yield) in the presence of that same amount of infection as that on the tolerant cultivar (Rodenburg et al., 2006a; Rodenburg and Bastiaans, 2011). Two sorghum lines P9405 and P9406, named Hakaki and Wahi respectively, exhibited good levels of grain yield when infected in the field by S. hermonthica and S. asiatica compared to their uninfected controls (Mbwaga et al., 2001) indicating that they were quite tolerant to infection. In maize, some varieties (inbred lines and hybrids) are tolerant and show low numbers of emerged parasites when infested by S. hermonthica (Berner et al., 1995; Kim, 1995; Gurney et al., 2002). Kaewchumnong and Price (2008) conducted a study to evaluate different rice cultivars for resistance and tolerance to S. hermonthica (collected from a sorghum host) and they also used 115 F6 rice RILs derived from a cross between Azucena and Bala to map Striga tolerance QTL. In this pot experiment they found four cultivars with a high number of emerged Striga. Among them, Bala and IR64 suffered a lot of damage due to early emergence of Striga and were very susceptible. A mapping experiment using a RIL population derived from a cross between Azucena (partially tolerant) and Bala (susceptible) revealed several QTL for tolerance/resistance distributed along the genome, of which the major QTL for Striga tolerance was on chromosome 1. In addition, Kaewchumnong and Price (2008) also noted that two Striga-tolerance QTL regions coincided with the four confirmed QTL found by Gurney et al. (2006) for post-attachment resistance to S. hermonthica in Nipponbare and Kasalath RILs population suggesting that both mechanisms of resistance and tolerance may be affected by similar quantitative gene(s). Cereal cultivars that combine both tolerance and good resistance would have a major impact on controlling Striga by reducing the Striga seed bank and would also dramatically improve yield (Rodenburg and Bastiaans, 2011). Thus from a farmers point of view both resistance and tolerance are highly desirable characteristics in cultivars. A major aim of my study is to identify post-attachment resistance and tolerance to different rice cultivars and to identify a mapping population to find QTL for post-attachment resistance to different Striga species and ecotypes in order to select the most stable QTL to be used in MAB programmes. This work will involve detailed laboratory studies but results and promising cultivars will also be tested in the field in Tanzania and Kenya.

[bookmark: _Toc325312993]Rice: A model system for molecular studies of resistance and a natural host for Striga
As well as being the most important staple food for more than half of the world’s population, rice is an excellent model cereal crop for molecular genetic studies as it has a small genome size (430 Mb) compared to that of the other cereal crops such as sorghum (818 Mb), maize (2500Mb) and wheat (16000 Mb) (Cohen, 1997). There is also good synteny between rice and other cereals (Gale and Devos, 1998; Devos, 2005) suggesting that results from rice could be applied to the other cereals. Since 2002, the complete genome sequence for both subspecies of Oryza sativa (japonica and indica) have been available (Goff et al., 2002; Shimamoto and Kyozuka, 2002; Yu et al., 2002; Garris et al.,  2005) and recently the sequence of the Africa rice species O. glaberrima has been released (Sakai et al., 2011). Rice is a good model for comparative mapping in Gramineae species with the availability of high density molecular linkage maps and mapping populations (McCouch et al., 1988; Yano and Sasaki, 1997) which facilitate the identification and characterisation of QTL for advanced rice breeding prospects. All the above mentioned benefits, together with microarray technology for transcript profiling (Rensink and Buell, 2005) and the existence of rice mutant germsplam such as Tos 17 insertion mutants (Sallaud et al., 2004), make rice a suitable model cereal for molecular genetic studies.
Rice is an economically important cereal crop for human food consumption. It supplies staple food in Africa and has started to replace more traditional crops like sorghum and maize; rice consumption is increasing faster than that of the other cereal crops (IRRI). The annual production of rice in SSA is close to 17 million metric tons according to FAO which represents 54% of population needs, and the remaining 46% is imported from Asia (WARDA, 2007, 2008). In sub-Saharan Africa, rice occupies 10% of total land under cereals (Ohnuki-Tierney, 1993). Eighty percent of rice in the world is cultivated by resource-limited farmers (IYR, 2004). Rice grows in diverse ecosystems depending on the availability of a water system. Five environments are used to characterize rice ecologies in Africa. These are irrigated rice with water control, deep-water rice, mangrove swamp rice and rain-fed upland rice and lowland rice, the last two being the most important cultivated areas (Windmeijer et al., 1994).
Asian rice (Oryza sativa L.) originated in South and Southeast Asia from O. rufipogon, is now cultivated worldwide. African rice (O. glaberrima Steud.) was domesticated in West Africa from O. barthii. These two types of rice are the two cultivated rice species in the world and are members of a group of more than 20 grass species included in the genus Oryza of the family Poaceae. The cultivated rice species are characterized by the same AA genome shared with the following wild species distributed throughout the tropics of Asia (O. rufipogon and O. nivara), Africa (O. longistaminata and O. barthii), South and Central America (O. glumaepatula), and Australia (O. meridionalis) (Morishima, 1998; Doi et al., 2008) (Fig 1.7).
In Africa, a lot of research has been carried out on the interaction between Striga and cereals including rice. As discussed previously Striga species attack rice making this crop a natural host of Striga. S. hermonthica and S. asiatica are considered the most prevalent species parasitizing rice in free-draining upland areas whilst S. aspera infects rice in hydromorphic unimproved lowlands (Rodenburg et al., 2010). In a recent study, the latter authors expose actual and future problems of parasitic weeds in general and particularly Striga in rice. They provide an overview of important different aspects of the interactions between parasite and its host by browsing the parasite biology, ecology and distribution in African rice farming systems and focus on efficiency of up to date existing control options recommended against parasitic weeds. Management, research and development issues and prospects of parasitic weeds in rice in Africa are also being explored in their study.
For example, evidence of parasitic weed Striga problems inflicting severe yield losses in rice in SSA has been reported for S. aspera in Nigeria, West Africa (Dugje et al., 2006), S. asiatica in Tanzania, East Africa (Mbwaga and Riches, 2006) and Madagascar (Elliot et al., 1993). Several studies have been conducted and shown variation in resistance responses to Striga parasitism in the cultivars of the two cultivated rice species O. sativa and O. glaberrima. Riches et al. (1996) and Johnson et al. (2000) showed that resistance to S. hermonthica and S. aspera was observed in African rice cultivars IG10, Makassa, ACC102196 and also in Asian rice cultivars IR49255-B-B-5-2 and IR47255-B-B-5-4 (Johnson et al., 2000). In addition, Nipponbare and IR64, cultivars of O. sativa ssp. japonica and indica, respectively and 
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Figure 1.7 Geographic distribution of AA genome species in the genus Oryza represented in Asia by O. sativa, O. rufipogon and O. nivara, in Africa by O. glaberrima, O. barthii  and O. longistaminata, in Australia by O. meridionalis and in South and Central America by O. glumaepatula. Wild AA genome rice species share genetic information with cultivated rice species. The top and bottom red lines represent Northern and southern limits of O. sativa cultivation. (From Ashikari and Matsuoka, 2006).







an glaberrima cultivar CG14 exhibited good levels of resistance to S. hermonthica (Johnson et al., 1997, 2000; Gurney et al., 2006; Kaewchumnong and Price, 2008). In many studies, African rice species appears to offer better sources of resistance to Striga parasitism than Asian rice species as demonstrated by Johnson et al. (1997, 2000) and, Kaewchumnong and Price (2008).
Several QTL for resistance and tolerance to Striga species and ecotypes have been identified as discussed in section 1.4 with different rice mapping populations derived from intra-specific crosses of O. sativa species (Gurney et al., 2006; Kaewchumnong and Price, 2008; Swarbrick et al., 2009). To date, no studies have been conducted to map Striga resistance/tolerance QTL in interspecific crosses between O. sativa and O. glaberrima species.

[bookmark: _Toc325312994]Development, characteristics and performance of New Rice for Africa (NERICA) cultivars
The African rice species (O. glaberrima) possesses several useful and important traits such as weed competiveness (Sarla and Swamy, 2005), drought tolerance (Dingkuhn et al., 1998), resistance to biotic  (Silue and Notteghem, 1991; Ndjiondjop et al., 1999) and abiotic stresses and have the potential to cope with poor management conditions. All these genetic attributes have been combined with the high-yield potential of Asian rice species to generate a series of new rice cultivars called the New Rice for Africa (NERICA) cultivars.
Despite the high hybrid sterility barrier and recombination restriction between O. glaberrima (tolerant to African environments but with a low yield potential) and O. sativa (not well adapted to African environments but with a high yield potential) (Ghesquière et al., 1997; Jones et al., 1997a; Lorieux et al., 2000), several hundred interspecific lines derived from the crosses between the cultivars WAB56-104, WAB56-50 and WAB181-18 (O. sativa ssp. japonica) as the recurrent parent and CG14 (O. glaberrima) as a donor parent, were developed at the Africa Rice Center (ex-WARDA) using backcrossing and doubled haploid breeding (Jones et al., 1996; Jones et al., 1997a, 1997b, 1997c). Some lines combined and demonstrated very desirable characteristics from each parent, such as early maturity (75-100 days), wide droopy leaves that confer weed competitiveness, high levels of drought tolerance, resistance to African rice gall midge, blast, and rice yellow mottle virus, adaptation to low input conditions, responsiveness to fertilizer, high yield potential associated with large panicles and a large number of grains per panicle, increased panicle branching, good protein content and grain quality (Jones et al., 1997a, 1997b, 1997c; Kroschel and Muller Stover, 2004; Somado et al., 2008).
[bookmark: _GoBack]Between 2000 and 2005, the best 18 lines were characterized and designated suitable for SSA upland rice ecologies and were named NERICA by WARDA’s Variety Nomination Committee followed by their pedigree number and were ranged as follows: NERICA 1 to 11 derived from WAB56-104 x CG14, NERICA 12 to 14 from WAB56-50 x CG14 and NERICA 15 to 18 from WAB181-18 x CG14 (Table 1.1). Furthermore NERICA rice cultivars from crosses between O. glaberrima and O. sativa ssp. indica were also produced for irrigated and rain-fed lowland environments (Sie et al., 2008). Several upland NERICA cultivars have been grown and adopted by farmers in SSA and they covered estimated upland areas of 200,000 hectares in West, Central, East and Southern Africa in 2005 (Fig 1.8). For example, among the countries under upland NERICA rice cultivars production, Côte d’Ivoire, Guinea and Uganda have more than 10,000 hectares whilst Congo (Brazzaville), Congo (RDC), Kenya, Mali, Nigeria and Togo between 5,000 and 10,000 ha and less than 5,000 for the others (Somado et al., 2008).
Because of their high yields even on low nutrient soils, resistance and tolerance to several abiotic stresses, the NERICA cultivars provide hope for resource-poor upland African farmers, even more affected by the food crisis when the price of rice increased dramatically. In addition, the introduction of the high yielding NERICA cultivars has had a good impact on rice consumption and production in SSA where both have increased by more than 6% per annum (Kormawa et al., 2005). However, with the increasing take up and growth of the NERICA cultivars in rain-fed upland areas where Striga infestation is high (Fig 1.9) problems with Striga infection is beginning to emerge and information about resistance and tolerance to Striga in these new cultivars is lacking. Thus, many upland rice farmers, after years of growing some of these new rice cultivars, are beginning to report that the parasitic weed Striga appears to be one of the major constraints that they are facing in their fields. To date, very little is known about the resistance or tolerance to different species and ecotypes of Striga of the parental lines or of the NERICA cultivars themselves. An aim of my study was to identify sources of resistance and tolerance in the NERICA rice cultivars to different species and ecotypes of Striga and to understand the molecular genetic nature of their 



Table 1.1 Pedigree of 18 NERICA rice cultivars derived from donor parent CG14 and recurrent parents WAB56-104, WAB56-50 and W181-18.

	Cultivar
	Pedigree
	Backcross

	NERICA 1
NERICA 2
NERICA 3
NERICA 4
NERICA 5
NERICA 6
NERICA 7
NERICA 8
NERICA 9
NERICA 10
NERICA 11
	WAB450-I-B-P-38-HB
WAB450-11-1-P31-1-HB
WAB450-I-B-P-28-HB
WAB450-I-B-P-91-HB
WAB450-11-1-1-P31-HB
WAB450-I-B-P-160-HB
WAB450-I-B-P-20-HB
WAB450-1-BL1-136-HB
WAB450-B-136-HB
WAB450-11-1-1-P41-HB
WAB450-16-2-BL2-DV1
	WAB56-104/CG14//WAB56-104
WAB56-104/CG14//WAB56-104
WAB56-104/CG14//WAB56-104
WAB56-104/CG14//WAB56-104
WAB56-104/CG14//WAB56-104
WAB56-104/CG14//WAB56-104
WAB56-104/CG14//WAB56-104
WAB56-104/CG14//WAB56-104
WAB56-104/CG14//WAB56-104
WAB56-104/CG14//WAB56-104
WAB56-104/CG14//WAB56-104

	NERICA 12
NERICA 13
NERICA 14
	WAB880-1-38-20-17-P1-HB
WAB880-1-38-20-28-P1-HB
WAB880-1-32-1-2-P1-HB
	WAB56-50/CG14//WAB56-50
WAB56-50/CG14//WAB56-50
WAB56-50/CG14//WAB56-50

	NERICA 15
NERICA 16
NERICA 17
NERICA 18
	WAB881-10-37-18-3-P1-HB
WAB881-10-37-18-9-P1-HB WAB881-10-37-18-13-P1-HB
WAB881-10-37-18-12-P3-HB
	CG14/WAB181-18//WAB181-18
CG14/WAB181-18//WAB181-18
CG14/WAB181-18//WAB181-18
CG14/WAB181-18//WAB181-18



NERICAs originating from different parental crosses are indicated by different colours (Adapted from Somado et al., 2008).
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Figure 1.8 Area under NERICA rice cultivation in Africa in 2005 (From Somado et al., 2008).
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Figure 1.9 Distribution of NERICA rice cultivars in 2006 (in green) and areas of Striga infestation in Africa (red symbol) (Adapted from Somado et al., 2008 and Ejeta, 2007).




defense mechanisms, as their O. glaberrima parents represent a valuable source of genetic variation that may contain novel resistance genes against Striga.

[bookmark: _Toc325312995]Aims and objectives of thesis
In sub-Saharan Africa (SSA), Striga is one of the major constraints to crop production as it severely depresses yield in areas where the majority of producers are resource-poor farmers. Striga resistance and tolerance are complex traits controlled by the interaction of many genes probably involving several physiological and morphological mechanisms. One of the approaches to overcome this constraint is to use resistant/tolerant cultivars to better control Striga.
Thus the aims of my study are to (1) determine how resistant and/or tolerant the NERICA cultivars are to different species and ecotypes of Striga in controlled environment and field studies, to determine the phenotypes of resistance reactions and (2) to investigate the molecular genetic basis of post-attachment resistance in rice to Striga species using a Chromosome Segment Substitution Line (CSSL) population derived from introgression of the O. glaberrima genome into a tropical O. sativa spp. japonica background.
The main objectives are:
1. To determine whether different rice cultivars particularly the NERICA rice cultivars and their parents show post-attachment resistance and tolerance to different ecotypes and species of Striga in laboratory conditions.
2. To characterise at a microscopic level any resistant phenotypes observed.
3. To determine the impact of environment on resistance and the performance of the NERICA rice cultivars under Striga-infested field conditions in Africa (Tanzania and Kenya).
Chapter 1		General Introduction
4. To identify QTL for post-attachment resistance to a specific ecotype of Striga hermonthica species using a rice CSSL population. This will allow the identification of QTL that are specific to individual host cultivar × ecotype interactions.




[bookmark: _Toc325312996]Chapter 2
[bookmark: _Toc325312997]New Rice for Africa (NERICA) cultivars exhibit different levels of post-attachment resistance against the parasitic weeds Striga hermonthica and Striga asiatica



Data from this chapter have been published in Cissoko et al. (2011), New Phytologist 192: 952-963.
2.1 [bookmark: _Toc325312998]Introduction
Rice is an economically important cereal crop in Sub-Saharan Africa (SSA) (Balasubramanian et al., 2007) and is mostly cultivated by resource-poor farmers (Nwanze et al., 2006). Both cultivated rice species, Oryza sativa (L.) and Oryza glaberrima (Steud), are grown in Africa. Oryza glaberrima germplasm, domesticated in West Africa, possesses useful genetic traits such as weed competitiveness and good levels of resilience against abiotic and biotic stresses (Sarla and Swamy, 2005), but generally has a low yield potential and unfavourable agronomic characteristics such as grain shattering and lodging (Koffi, 1980). Oryza sativa, originating from Asia, is most appreciated for its high yield and grain quality. To take advantage of superior traits from both species, Africa Rice Center and partners developed inter-specific rice cultivars for rain-fed upland ecosystems called NERICA (NEw RICe for Africa) using backcrossing coupled with double haploid breeding (Jones et al., 1997a, 1997b, 1997c). These cultivars are currently distributed across Africa and are popular among subsistence rice farmers (Diagne, 2006; Kijima et al., 2006). Despite the introduction of improved cultivars like the NERICAs, the average yield obtained in rain-fed upland rice in SSA is only around 1 ton per ha due to biophysical production constraints including biotic stresses and the low capacity of resource-poor rice farmers to use inputs (Balasubramanian et al., 2007). Weed-inflicted yield losses in rain-fed upland rice (despite control efforts) are estimated at 16%, equivalent to an estimated annual loss of US $ 418 M for African economies (Rodenburg and Johnson, 2009). An increasingly important group of weeds in rice are the parasitic weeds of which Striga spp. are the most prominent (Rodenburg et al., 2010).
Striga hermonthica (Del.) Benth. and Striga asiatica (L.) Kuntze are the most economically important root parasitic weeds in Africa (e.g. Mohamed et al., 2006; Parker, 2009). Infection with Striga leads to stunting and loss of grain yield in upland rice (Johnson et al., 1997). As obligate hemi-parasites, they only germinate in the presence of host-derived stimulants called strigolactones (Bouwmeester et al., 2003; Yoneyama et al., 2010). Each germinated Striga seedling forms a radicle which, in response to host-derived haustorial initiation factors, forms an organ called the haustorium. Upon contact with a host root, the haustorium develops a wedge shaped group of cells that penetrates the host root cortex and endodermis to establish parasite-host xylem-xylem connections. This allows transfer of water, carbohydrates and nutrients from host to parasite (Parker and Riches, 1993; Press and Graves, 1995). Once attached to the host root, the parasite grows towards the soil surface, emerges above ground and flowers to produce many tiny seeds which can remain viable in the soil for many years (Parker and Riches, 1993). Striga infection distorts host plant growth and development very early after parasite attachment, although the severity of these effects depend on many factors such as nitrogen availability and host genotype (tolerance), Striga species and ecotype (determining virulence) and infection time and level (Cechin and Press, 1993a; Gurney et al., 1999). Because Striga impacts the host so soon after attachment, effective control methods should either prevent Striga attachment or its development beyond attachment (Scholes and Press, 2008). Both can be achieved through the use of improved cultivars. Host genotypes producing low amounts or less effective types of germination stimulants (Jamil et al., 2011) prevent parasite attachment while genotypes with post-attachment resistance prevent parasite development (e.g. Gurney et al., 2006). The use of such resistant cultivars is commonly considered an effective and affordable component of an integrated Striga control strategy (e.g. Haussmann et al., 2000; Rodenburg et al., 2005; Yoder and Scholes, 2010).
Previous studies on rice showed that cultivars exhibiting resistance (i.e. with only a few emerged parasites), could be an effective Striga control method (Harahap et al., 1993; Johnson et al., 1997). Gurney et al. (2006) demonstrated that rice germplasm contains sources of post-attachment resistance to S. hermonthica. For instance, Nipponbare, an O. sativa japonica lowland cultivar, exhibits a high resistance response particularly to S. hermonthica where parasites failed to make xylem-xylem connections after attachment to the host. Apart from the cultivars and resistance mechanisms identified in these studies, few resistant rice cultivars have been found that are well adapted to upland ecosystems (Rodenburg et al., 2010), and a good understanding of the molecular genetic basis of host post-attachment resistance to Striga is still lacking (Yoder and Scholes, 2010).
Despite the wide distribution of NERICA cultivars in Striga-infested regions in Africa, very little is known about their susceptibility to different species and ecotypes of Striga, information which is critical to the selection of the most appropriate cultivar for particular regions or agro-ecological zones.
Thus, the aims of this chapter are to determine whether the upland NERICA rice cultivars possess post-attachment resistance to different species and ecotypes of Striga by addressing the following questions:
1. Which NERICA rice cultivars exhibit post-attachment resistance to Striga hermonthica and S. asiatica?
2. How broad spectrum or specific is the resistance to particular species or ecotypes of Striga?
3. What is the phenotype of post attachment resistance?
4. Does resistance to Striga (i.e. few attachments) substantially improve the growth of the cultivar?
5. Do the NERICA cultivars show genetic variation for tolerance to Striga?


2.2 [bookmark: _Toc325312999]Material and Methods
2.2.1 [bookmark: _Toc325313000]Plant materials
Eighteen upland NERICA cultivars were developed by AfricaRice from three series of crosses between the O. glaberrima cultivar CG14 and one of three O. sativa ssp. japonica cultivars WAB56-104 (NERICA cultivars 1 to 11), WAB56-50 (12-14) or WAB181-18 (15-18) (Jones et al., 1997a). The NERICA cultivars 1-18 and their parents were all evaluated in the present study. Rice seeds were provided by the Genetic Resources Unit of AfricaRice. The rice cultivars Nipponbare, Kasalath, Koshihikari and IAC165 (Gurney et al., 2006) were used as reference cultivars in this study. The origin and description of the different S. hermonthica and S. asiatica seed populations (ecotypes) used in this study are shown in Table 2.1.

2.2.2 [bookmark: _Toc325313001]Growth and infection of rice plants with Striga
Rice seeds were germinated between blocks of moistened horticultural rockwool (growdan®Vital, UK) for 6 days after which a single rice seedling was transferred to a root observation chamber (rhizotron) as described previously by Gurney et al. (2006). Each rhizotron consisted of a 25 × 25 × 2 cm Perspex container packed with vermiculite (Sinclair, UK) onto which a 100 µm polyester mesh was placed (Plastok Group, Birkenhead, UK). Roots of the rice seedling grew down the mesh, and openings at the top and bottom of the rhizotron allowed for shoot growth and water drainage, respectively. Rhizotrons were covered with foil to prevent light from reaching the roots. Rhizotrons were supplied with 25 ml of 40% Long Ashton nutrient solution (Hewitt, 1966) containing 2 mM ammonium nitrate four times each day via an automatic watering system.
Striga seeds were surfaced sterilised in 10% bleach, thoroughly washed and then incubated (pre-conditioned) on moistened glass-fibre filter paper (Whatman®) in Petri dishes for 12-15 days at 30 °C prior to use (Gurney et al., 2006). Eighteen hours before infection of the rice seedlings 1 ml of 0.1 ppm solution of GR24 (an artificial germination stimulant) was added to Petri dishes containing pre-conditioned Striga seeds to trigger germination. The germination percentage of each Striga ecotype was checked before infection. Sixteen days after sowing, rice plants were infected with 12 mg of pre-germinated Striga seeds by aligning them along the roots using a paint brush (Gurney et al., 2006). Infection of rice roots with pre-germinated Striga seeds is





Table 2.1 Striga species and ecotypes used to infect the NERICA cultivars.

	Striga species
	Ecotype name
	Details
	Latitude: Longitude

	S. hermonthica
	Sh-Kibos
	Collected from maize (H511) growing at the Kenyan Agricultural Research Institute (KARI), Kibos, Kisumu, Kenya in 1997.
	
0° 02’ 20” S : 34° 47’ 57” E

	S. hermonthica
	Sh-Busia
	Collected from maize growing in a farmer field near Busia, Kenya in 2009
	0° 28’ N : 34° 05’ E

	S. hermonthica
	Sh-Medani
	Collected from sorghum growing near Wad Medani, Sudan in 2006
	14° 24′ N : 33° 31′ E

	S. hermonthica
	Sh-Kouto
	Collected from rice (NERICA 1) growing in Kouto near Korhogo, Côte d’Ivoire in 2009
	09° 24' 23'' N : 05° 31' 37'' W

	S. asiatica
	Sa-USA
	Collected from maize growing in North Carolina USA in 1989. Seeds have bulked on maize (WH 505) st the University of Sheffield.
	North/South Carolina

	S. asiatica
	Sa-Kyela
	Collected from rice (cv ‘Supa India’ a.k.a. ‘Kilombero’) growing in Kyela near Mbeya, Tanzania in 2009
	9°37′ 30″ S : 33  52′ 30″ E










essential when quantifying post-attachment resistance, as it ensures synchronous attachment of the parasites to the roots and eliminates any differences that may occur due to variation in the production of germination stimulants by the different rice cultivars (Jamil et al., 2011). Control, uninfected plants were treated in a similar manner but without the infection step. In every experiment, a minimum of 4 replicates were evaluated for each cultivar × treatment combination.
The 18 NERICA cultivars, their parents and IAC165, Nipponbare, Koshihikari and Kasalath were assessed for their resistance against S. hermonthica (ecotype Sh-Kibos), and S. asiatica (ecotype Sa-USA) (Table 2.1). Plants were grown in a temperature-controlled glasshouse environment with day/night temperatures of 28 °C and 24 °C respectively and 60% relative humidity. Plants were screened during the summer months (June-August 2009) when irradiance averages were greater than 400 µmol m-2 s-1 at plant height. If irradiance fell below 200 µmol m-2 s-1, supplementary lighting switched on automatically. In order to determine whether resistance was specific to a particular ecotype or species of Striga, selected cultivars (WAB56-104, CG14, NERICAs 1, 7, 9 and 10) were also infected with 4 different ecotypes of S. hermonthica and 2 ecotypes of S. asiatica (Table 2.1).

2.2.3 [bookmark: _Toc325313002]Quantification of post-attachment resistance and the effect of Striga on host biomass
Post-attachment resistance was quantified 21 days after infection (DAI) of the roots. Prior to harvest, the root system of each rhizotron was photographed using a Canon EOS 300D digital camera. Striga seedlings growing on the roots of each infected plant were then harvested, placed in Petri dishes and photographed using a Canon EOS 300D digital camera. The number and length of Striga seedlings from each rice plant was determined from the Petri dish photographs using Image-Pro® (Media Cybernetics). Striga plants were then dried at 48 oC for 2 days and dry biomass per host plant determined. In order to assess the effect of Striga on growth and partitioning of host biomass the number of tillers on control and infected plants was recorded 21 DAI and plants were harvested and separated into roots, stem (culm and leaf sheath) and leaves. Plant material was dried for one week at 48 °C and dry biomass was determined thereafter. The effect of Striga on the host was quantified by expressing the above-ground biomass of infected plants as a percentage of uninfected control biomass.
2.2.4 [bookmark: _Toc325313003]The phenotype of resistance
The phenotype of resistance was investigated by photographing parasites developing on the root systems of each cultivar at different stages after infection using a Leica MZFLIII stereo microscope and Diagnostic Instruments camera (Model 7.4), or by cutting small sections of root (with attached parasite) and mounting on a glass slide in water. The root tissue was then observed using an Olympus BX51 microscope (Olympus Optical Ltd, London, UK) using differential interference contrast (DIC) microscopy (Nomarski) and photographed using a digital camera (Olympus DP11; Olympus Optical Ltd). In order to examine the stage of parasite development on the host root, small sections of tissue were taken at intervals after infection and fixed and embedded in Technovit solution according to the manufacturer’s instructions. Small sections of root tissue plus parasite were placed into an eppendorf tube containing Carnoy’s fixative (4:1, 100% EtOH: acetic acid) and vacuum infiltrated for 20 min. Samples were incubated in Carnoy’s fixative overnight and then washed with 2 × 100% EtOH for 2 hours each. Samples were transferred to 100% Technovit solution for 15 min and then transferred into fresh solution for 3 days. Samples were transferred into moulds and Technovit solution and hardener (1:2) added. As the Technovit resin became viscous, samples were positioned in the correct orientation for sectioning. The resin blocks were covered with foil and baked in an oven at 37 °C for 30-60 min. The resin blocks were mounted onto histoblocs, trimmed and sectioned using a microtome (Leica RM 2145). Sections (3-5 µm thick) were transferred to microscope slides (polysine slides; SLS, Nottingham, UK). Sections were stained with Toluidine Blue O in 100 mM phosphate buffer, pH 7.0, dried on a hot plate at 65 oC for 30 min and mounted with Depex (BDH). Sections were observed and photographed using the Olympus BX51 microscope and camera.

2.2.5 [bookmark: _Toc325313004]Statistical analyses
The statistical package R (version 2.8.1) was used for ANOVA and Pearson’s product-moment correlation analyses. Data for Striga dry biomass and number of Striga seedlings were log-transformed to meet assumptions of ANOVA. Tukey’s honest significant difference test was then performed to calculate the corresponding critical honest significant difference (HSD) and establish the different groups.

2.3 [bookmark: _Toc325313005]Results
2.3.1 [bookmark: _Toc325313006]How resistant are the NERICA rice cultivars to S. hermonthica and S. asiatica?
Figure 2.1 shows the mean biomass of S. hermonthica (Sh-Kibos) and S. asiatica (Sa-USA) attached to the roots of all 18 NERICA cultivars, their parents and two susceptible (IAC165 and Koshihikari) and two resistant (Nipponbare and Kasalath) cultivars, 21 days after infection (DAI). The NERICA cultivars and their parents exhibited a range of susceptibility to the two Striga species and are ranked from most susceptible to most resistant to the S. hermonthica ecotype from Kibos, Kenya. Interestingly, the cultivar ranking of resistance against this ecotype of S. hermonthica was quite similar to that of resistance against the ecotype of S. asiatica tested in this experiment (Fig 2.1).
Some NERICA cultivars, e.g. NERICAs 7, 8, 9, 11 and 14 were very susceptible to S. hermonthica supporting between 100 and 150 well developed parasites per host root system (Fig 2.1 and 2.2a). NERICAs 6, 15, 16, 18 and WAB56-104 were also susceptible, supporting between 40-100 parasites, although the parasites were, on average, smaller (Fig 2.2a). The remaining NERICA cultivars and CG14, WAB56-50 and WAB181-18 exhibited good levels of post-attachment resistance to the ecotypes of the two Striga species (Fig 2.1 and 2.2). NERICAs 1 and 10 exhibited the greatest resistance to both S. hermonthica and S. asiatica and were more resistant than their O. glaberrima parent (CG14) and Nipponbare (Fig 2.1, 2.2 and 2.3 d - f). These cultivars had very few successful attachments at 21 DAI and the parasites were very small; less than 3 mm (Sh-Kibos) and 1 mm (Sa-USA) in size (Fig 2.2a and 2.2b). In contrast, NERICAs 9 and 7 (Fig 2.3a and 2.3b) were more susceptible than their O. sativa parent WAB56-104, (Fig 2.3c) and were as susceptible as IAC165 (Fig 2.1). Striga hermonthica parasites on the most susceptible cultivars grew rapidly and were relatively large. The relationship between the increase in size of S. asiatica attachments and increasing susceptibility was not as clear (Fig 2.2.). This may have been due to the fact that there were more S. asiatica attachments on susceptible cultivars (than S. hermonthica attachments) and that the available carbon supply from the host may have limited their size.
Although the number of parasites undergoing a resistance response varied on the different NERICA cultivars, the visible phenotype of the resistance reaction to 
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Figure 2.1 Evaluation of post-attachment resistance of New Rice for Africa (NERICA) cultivars to Striga hermonthica (Sh-kibos, grey bars) and S. asiatica (Sa-USA, black bars) ecotypes. One-way ANOVA showed that the genotype effect is highly significant (P < 0.0001) for both Striga ecotypes. Tukey’s honestly significant differences (HSDs, P < 0.05) are represented for each Striga ecotype. Data are presented as means ± SE.
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Figure 2.2 The relationship between the number and length of Striga hermonthica (Sh-Kibos) (a) and S. asiatica (Sa-USA) (b) seedlings attached to the roots of the New Rice for Africa (NERICA) cultivars. Data are presented as means ± SE. The genotypes used for further analyses of Striga resistance are indicated as white symbols and are named. Pearson’s product-moment correlation probability and coefficient are indicated for each Striga ecotype.
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Figure 2.3 Striga hermonthica (Sh-Kibos) growing on the roots of selected New Rice for Africa (NERICA) cultivars (in rhizotrons) 21 days after infection. NERICAs 7 and 9 are very susceptible, showing many S. hermonthica attachments (a, b). Fewer parasites attached to WAB56-104 (c), and CG14, NERICAs 1 and 10 exhibited good levels of resistance to the parasite with only few viable attachments (d-f).
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Figure 2.4 The phenotype of resistance in the New Rice for Africa (NERICA) cultivars to Striga hermonthica (Sh-Kibos). (a, b) The phenotype of resistance against both S. hermonthica (Sh-Kibos) and S.asiatica (Sa-USA) is associated with intense necrosis at the site of attachment. (c-f) Transverse sections through the root and parasite attachment in compatible and incompatible interactions 6 days after infection with pre-germinated S. hermonthica (Sh-Kibos) seeds. (c) In the compatible interaction (NERICA 7), the parasite has penetrated the cortex and endodermis, and is beginning to form parasite-host xylem connections. (d, e) In many incompatible interactions (e.g. CG14, NERICAs 1 and 10), the parasite penetrates the cortex, but is unable to traverse the endodermis and form a connection with the xylem of vessels of the host. (f) In some interactions, the parasite is able to penetrate the endodermis and establish a few connections to the vascular system. However, this is associated with the deposition of dense staining material and the parasites remain small (e.g. NERICA 10).
S. hermonthica and S. asiatica was similar (Fig 2.4a and 2.4b). Striga hermonthica and S. asiatica attached to the root systems of the NERICA cultivars within 2-3 days of inoculation in both susceptible and resistant interactions. However by day 7 parasites that had elicited a host resistance response were clearly dying as haustoria failed to increase in size and the host root exhibited an intense necrosis at the site of attachment (Fig 2.4a and 2.4b). In susceptible interactions S. hermonthica (e.g. NERICAs 7 and 9) the parasites penetrated through the cortex and endodermis, and by day 6-7, had begun to form connections with the host xylem resulting in differentiation of the haustorium (Fig 2.4c) and emergence of the shoot. In resistant interactions (e.g. CG14, NERICAs 1 and 10), transverse sections through the rice root at the site of attachment revealed two phenotypes. In the most frequently observed phenotype, the parasite penetrated the cortex, but was unable to traverse the endodermis to form host-parasite xylem continuity. The parasites grew around the vascular cylinder and sometimes exited the root again (Fig 2.4d and 2.4e). In some cases, the parasite was able to penetrate the endodermis, although this took longer than in the more susceptible interactions. A few connections to the vascular system were visible but they were often associated with the deposition of dense staining material and resulting parasites remained small and grew slowly (Fig 2.4e).

2.3.2 [bookmark: _Toc325313007]How broad-spectrum is the resistance found in the NERICA cultivars?
The NERICA cultivars showed a wide range of resistance levels to an ecotype of S. hermonthica (Sh-Kibos) and an ecotype of S. asiatica (Sa-USA) (Fig 2.1). In order to determine whether the resistance exhibited by some of the NERICA cultivars was broad-spectrum or specific to the ecotype of Striga used, the two most resistant (NERICAs 1 and 10) and two most susceptible (NERICAs 7 and 9) cultivars (together with their parental cultivars CG14 and WAB56-104) were infected with four different ecotypes of S. hermonthica and two ecotypes of S. asiatica (Table 2.1).
Figure 2.5 shows the amount of Striga biomass, number of Striga seedlings and the average length of Striga seedlings of each Striga ecotype on the different rice cultivars. The rice cultivars showed the same pattern of resistance to three of the four S. hermonthica ecotypes (Sh-Kibos, Sh-Busia and Sh-Medani) and to the two S. asiatica ecotypes (Sa-USA and Sa-Kyela) despite the fact that they were collected from different 
	[image: ]


Figure 2.5 Evaluation of post-attachment resistance of New Rice for Africa (NERICA) 1, 7, 9 and 10 and their parents to a range of Striga hermonthica and S. asiatica ecotypes. Striga dry biomass (a), number of Striga seedlings (b) and average length of Striga seedlings (c) were measured after harvesting at 21 days after infection. Data shown for the Sh-Kibos and Sa-USA ecotypes are also shown in Figures 1 and 2. Data presented are means ± SE. For the three traits, genotype, ecotype and genotype x ecotype effects were highly significant (two-way ANOVA, P < 0.001). The significance of a genotype effect calculated by one-way ANOVA for each Striga ecotype and trait combination is shown as: *, P < 0.05; **, P < 0.01; ***, P < 0.001. The letters above each bar indicate the different significance groups after Tukey’s pairwise comparison.
host species and from different regions of Africa (Table 2.1). Essentially, NERICAs 7 and 9 were very susceptible with in excess of 100 well developed Striga seedlings per root system in the case of the S. hermonthica ecotypes (Fig 2.5b and 2.5c). WAB56-104 was also susceptible and supported between 50-70 well developed parasites. CG14, NERICAs 1 and 10 exhibited high levels of resistance to both S. hermonthica and S. asiatica ecotypes (Fig 2.5 a-c). As observed in the previous screen of all 18 NERICA cultivars, the parasites of the S. asiatica ecotypes were smaller than those of S. hermonthica, both in weight and length. However, although the pattern of resistance of the rice cultivars to the S. asiatica ecotype from Kyela was similar to that observed for all other Striga ecotypes, the total number of attachments was significantly lower when compared to the ecotype from the USA (Fig 2.5b), suggesting that the Kyela population was less virulent on the cultivars used in this study.
The interaction between the rice cultivars and S. hermonthica collected from NERICA 1 growing in Kouto, Côte d’Ivoire (Sh-Kouto) differed in several respects from the interaction observed with the other S. hermonthica ecotypes. NERICAs 7 and 9 and WAB56-104 were susceptible to Sh-Kouto. The total number of attachments on the root systems was similar to that observed for the other S. hermonthica ecotypes (Fig 2.5b) but the average size of the parasites was smaller (Fig 2.5c). NERICA 10 was slightly more susceptible to this ecotype than to the other S. hermonthica ecotypes, but CG14 remained very resistant to this ecotype. NERICA 1, which exhibited high levels of resistance to all other Striga ecotypes was as susceptible to the Sh-Kouto ecotype as NERICAs 7 and 9 and WAB56-104. 

2.3.3 [bookmark: _Toc325313008]The impact of Striga on the biomass of susceptible and resistant NERICA cultivars
The tiller number and dry biomass of the infected NERICA cultivars was compared to that of the uninfected control plants to evaluate the impact of Striga infection on the growth of the host. A large variation in the biomass dry weights of the uninfected control plants was observed among the cultivars (Table 2.2). The dry biomass of the control plants ranged from 1.57g for NERICA 4 to 3.44g for NERICA 9. Infection of the NERICA cultivars with either S. hermonthica (Sh-Kibos) or S. asiatica (Sa-USA) altered the partitioning of biomass to the roots, stems and leaves in comparison to their uninfected controls (Table 2.2). The most noticeable difference was in the above-ground 
Table 2.2 The effect of Striga on biomass and tiller production of Striga-infected
NERICA cultivars compared to uninfected controls.

	Cultivar
	Ecotype
	Total Dry 
Biomass (g)
	Biomass of Striga-infected
plants as a % of the control
	Number
of Tillers

	
	
	
	Root
	Stem
	Leaf
	

	NERICA 1
	Control
	1.77 +/- 0.21 a 
	
	-
	-
	-
	4.0 +/- 0.00  a
	

	
	Sh-Kibos
	1.30 +/- 0.07 ab
	
	-3
	-36
	-26
	3.0 +/- 0.45  a
	

	 
	Sa-USA
	0.94 +/- 0.08 b
	
	-43
	-50
	-45
	3.2 +/- 0.37  a
	

	NERICA 2
	Control
	1.67 +/- 0.10 a
	
	-
	-
	-
	4.0 +/- 0.00 a
	

	
	Sh-Kibos
	1.12 +/- 0.20 ab
	
	2
	-43
	-37
	3.0 +/- 0.32 b
	

	 
	Sa-USA
	0.71 +/- 0.14 b
	
	-55
	-61
	-56
	2.5 +/- 0.29 b
	

	NERICA 3
	Control
	1.88 +/- 0.26 a
	
	-
	-
	-
	4.3 +/- 0.33 a
	

	
	Sh-Kibos
	1.11 +/- 0.15 b
	
	-20
	-46
	-45
	2.8 +/- 0.37 b
	

	 
	Sa-USA
	0.97 +/- 0.06 b
	
	-41
	-50
	-50
	3.2 +/- 0.20 ab
	

	NERICA 4
	Control
	1.57 +/- 0.27 a 
	
	-
	-
	-
	4.3 +/- 0.25 a
	

	
	Sh-Kibos
	1.09 +/- 0.08 ab
	
	10
	-42
	-34
	2.5 +/- 0.29 b
	

	 
	Sa-USA
	0.84 +/- 0.11 b
	
	-37
	-52
	-45
	3.0 +/- 0.45 ab
	

	NERICA 5
	Control
	1.95 +/- 0.06a
	
	-
	-
	-
	4.8 +/- 0.25 a
	

	
	Sh-Kibos
	1.02 +/- 0.20b
	
	-29
	-53
	-49
	2.8 +/- 0.25 b
	

	 
	Sa-USA
	1.00 +/- 0.07b
	
	-41
	-52
	-49
	3.6 +/- 0.24 b
	

	NERICA 6
	Control
	2.16 +/- 0.11a
	
	-
	-
	-
	3.8 +/- 0.25 a
	

	
	Sh-Kibos
	0.72 +/- 0.10b
	
	-34
	-74
	-72
	2.4 +/- 0.40 b
	

	 
	Sa-USA
	0.70 +/- 0.09b
	
	-53
	-70
	-70
	1.3 +/- 0.25 b
	

	NERICA 7
	Control
	2.41 +/- 0.45a
	
	-
	-
	-
	3.3 +/- 0.33 a
	

	
	Sh-Kibos
	0.91 +/- 0.10b
	
	-38
	-74
	-60
	2.3 +/- 0.25 a
	

	 
	Sa-USA
	0.81 +/- 0.26b
	
	-52
	-73
	-66
	2.0 +/- 0.00 a
	

	NERICA 8
	Control
	3.20 +/- 0.16a
	
	-
	-
	-
	6.5 +/- 0.50 a
	

	
	Sh-Kibos
	1.03 +/- 0.11b
	
	-36
	-79
	-68
	3.4 +/- 0.24 b
	

	 
	Sa-USA
	1.15 +/- 0.21b
	
	-45
	-70
	-65
	3.3 +/- 0.33 b
	

	NERICA 9
	Control
	3.44 +/- 0.27a
	
	-
	-
	-
	7.0 +/- 0.41 a
	

	
	Sh-Kibos
	1.12 +/- 0.06b
	
	-37
	-81
	-65
	4.0 +/- 0.00 b
	

	 
	Sa-USA
	0.82 +/- 0.08b
	
	-66
	-81
	-75
	2.6 +/- 0.24 c 
	

	NERICA 10
	Control
	1.76 +/- 0.17a
	
	-
	-
	-
	4.0 +/- 0.00 a
	

	
	Sh-Kibos
	1.26 +/- 0.12ab
	
	-10
	-36
	-28
	3.0 +/- 0.00 b
	

	 
	Sa-USA
	1.08 +/- 0.11b
	
	-30
	-42
	-39
	3.2 +/- 0.37 ab
	

	NERICA 11
	Control
	3.43 +/- 0.31 a
	
	-
	-
	-
	7.0 +/- 0.32 a
	

	
	Sh-Kibos
	1.25 +/- 0.18 b
	
	-38
	-75
	-63
	3.6 +/- 0.24 b
	

	 
	Sa-USA
	1.06 +/- 0.08 b
	
	-62
	-74
	-68
	3.2 +/- 0.20 b
	

	NERICA 12
	Control
	2.45 +/- 0.12 a
	
	-
	-
	-
	5.6 +/- 0.40 a
	

	
	Sh-Kibos
	1.43 +/- 0.14 b
	
	-25
	-55
	-35
	3.2 +/- 0.20 b
	

	 
	Sa-USA
	0.78 +/- 0.12 c
	
	-60
	-73
	-66
	3.2 +/- 0.37 b
	

	NERICA 13
	Control
	2.66 +/- 0.15 a
	
	-
	-
	-
	5.5 +/- 0.29 a
	

	
	Sh-Kibos
	1.12 +/- 0.04 b
	
	-35
	-71
	-53
	2.6 +/- 0.24 c
	

	 
	Sa-USA
	1.12 +/- 0.09 b
	
	-46
	-63
	-57
	4.2 +/- 0.20 b
	

	NERICA 14
	Control
	2.63 +/- 0.14 a
	
	-
	-
	-
	4.6 +/- 0.24 a
	

	
	Sh-Kibos
	1.08 +/- 0.13 b
	
	-34
	-71
	-59
	3.0 +/- 0.00 b
	

	 
	Sa-USA
	1.04 +/- 0.22 b
	
	-46
	-68
	-60
	2.6 +/- 0.24 b
	

	NERICA 15
	Control
	1.68 +/- 0.16 a
	
	-
	-
	-
	3.3 +/- 0.25 a
	

	
	Sh-Kibos
	0.48 +/- 0.06 b
	
	-37
	-85
	-71
	1.6 +/- 0.24 b
	

	 
	Sa-USA
	0.59 +/- 0.01 b
	
	-44
	-72
	-65
	1.0 +/- 0.00 b
	

	NERICA 16
	Control
	1.89 +/- 0.21 a
	
	-
	-
	-
	3.5 +/- 0.29 a
	

	
	Sh-Kibos
	0.54 +/- 0.09 b
	
	-50
	-82
	-70
	1.5 +/- 0.29 b
	

	 
	Sa-USA
	0.58 +/- 0.03 b
	
	-60
	-75
	-68
	1.0 +/- 0.00 b
	

	NERICA 17
	Control
	2.93 +/- 0.29 a
	
	-
	-
	-
	6.4 +/- 0.60 a
	

	
	Sh-Kibos
	1.66 +/- 0.18 b
	
	-20
	-56
	-41
	3.2 +/- 0.20 b
	

	 
	Sa-USA
	1.62 +/- 0.28 b
	
	-30
	-53
	-44
	3.6 +/- 0.24 b
	

	NERICA 18
	Control
	1.78 +/- 0.20 a
	
	-
	-
	-
	3.5 +/- 0.29 a
	

	
	Sh-Kibos
	0.52 +/- 0.05 b
	
	-47
	-86
	-67
	1.6 +/- 0.24 b
	

	 
	Sa-USA
	0.62 +/- 0.04 b
	
	-48
	-72
	-65
	1.0 +/- 0.00 b
	







	Cultivar
	Ecotype
	Total Dry
Biomass (g)
	Biomass of Striga-infected
plants as a % of the control
	Number
of Tillers

	
	
	
	Root
	Stem
	Leaf
	

	CG14
	Control
	2.69 +/- 0.20 a
	
	-
	-
	-
	8.0 +/- 0.77 a
	

	
	Sh-Kibos
	1.83 +/- 0.18 b
	
	-6
	-46
	-31
	5.4 +/- 0.75 a
	

	 
	Sa-USA
	2.37 +/- 0.22 ab
	
	17
	-24
	-14
	5.6 +/- 0.75 a
	

	WAB181-18
	Control
	1.96 +/- 0.10 a
	
	-
	-
	-
	5.8 +/- 0.37 a
	

	
	Sh-Kibos
	1.17 +/- 0.05 b
	
	4
	-58
	-41
	3.8 +/- 0.20 b
	

	 
	Sa-USA
	1.58 +/- 0.17 ab
	
	27
	-32
	-23
	4.2 +/- 0.20 b
	

	WAB56-104
	Control
	1.98 +/- 0.17 a
	
	-
	-
	-
	4.0 +/- 0.00 a
	

	
	Sh-Kibos
	0.91 +/- 0.13 b
	
	-33
	-64
	-53
	2.8 +/- 0.20 b
	

	 
	Sa-USA
	1.00 +/- 0.21 b
	
	-43
	-53
	-49
	2.5 +/- 0.50 b
	

	WAB56-50
	Control
	2.37 +/- 0.15 a
	
	-
	-
	-
	4.5 +/- 0.29 a
	

	
	Sh-Kibos
	1.31 +/- 0.10 b
	
	-12
	-62
	-39
	3.0 +/- 0.00 b
	

	 
	Sa-USA
	1.11 +/- 0.14 b
	
	-40
	-62
	-49
	2.4 +/- 0.40 b
	



Data presented for total dry biomass and numbers of tillers are means ± S.E. For the two traits genotype, ecotype and genotype × ecotype effects were highly significant (two-way ANOVA, P < 0.001). The significance of a treatment effect was calculated by a one-way ANOVA for each genotype and the letters next to each mean value indicate the different significance groups after Tukey’s pairwise comparisons (P < 0.05).












biomass, where partitioning of dry matter to the stems and leaves was severely reduced by Striga infection (Table 2.2). In the two most susceptible cultivars, NERICAs 7 and 9, the stem biomass of infected plants was 74% and 81% less than the control plants, respectively (when infected with either S. hermonthica or S. asiatica) and leaf biomass was between 60 - 66% (NERICA 7) and 65 - 75% (NERICA 9) less than control plants (Table 2.2). In the two most resistant cultivars, NERICAs 1 and 10, the effect of the parasite on stem and leaf biomass was less severe but still significant (Table 2.2).
Figure 2.6 shows the relationship between the percentage reduction in total host biomass of infected plants (compared to control plants) and the amount of parasite biomass on the roots. There was a significant, linear relationship between the effect of S. hermonthica (Sh-Kibos) on host biomass and the amount of parasite biomass on the roots i.e. the most susceptible NERICA cultivars were generally the most badly affected whilst the most resistant NERICA cultivars were the least affected (Fig 2.6, Table 2.2). This negative relationship between host and parasite biomass was less obvious when plants were infected with S. asiatica (Sa-USA), as different cultivars were affected to different extents for a similar amount of parasite biomass on the roots. For example, CG14 and NERICA 12 had similar levels of infection with 1.52 mg and 1.34 mg of Striga biomass, respectively, yet the percentage reduction in host biomass (relative to their controls) was 31% and 82% respectively, suggesting a cultivar difference in tolerance to the deleterious effects of infection by S. asiatica. Infection of the NERICA cultivars with either S. hermonthica or S. asiatica also significantly suppressed tillering when compared to their uninfected controls (Table 2.2).
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Figure 2.6 Relationship between the percentage loss in total host biomass of infected plants compared with control plants and the amount of parasite biomass on the roots of Striga hermonthica (Sh-Kibos) (a) and S. asiatica (Sa-USA) (b). Data are presented as means ± SE.




2.4 [bookmark: _Toc325313009]Discussion
This study has shown, for the first time, that the 18 upland NERICA cultivars exhibit different levels of post-attachment resistance against different Striga species and ecotypes, ranging from extremely susceptible (e.g. NERICAs 7, 8, 9, 11 and 14) to highly resistant (e.g. CG14, NERICAs 1, 2, 3, 5 and 10). Interestingly, the resistance levels of the different NERICA cultivars against the ecotype of S. hermonthica (Sh-Kibos) was similar to the resistance observed against the ecotype of S. asiatica (Sa-USA), although the biomass and size of S. asiatica seedlings attached to the NERICA cultivars was lower than that observed for S. hermonthica. This likely reflects the different morphology, structure and rate of development of the two Striga species rather than an inherent difference in virulence. In addition, there were more S. asiatica parasites on the susceptible NERICA cultivars when compared to S. hermonthica, which may have led to a greater level of intra-specific competition for host nutrients, contributing to the smaller size of S. asiatica parasites. Although none of the NERICA cultivars (or their parents) exhibited complete resistance to the ecotypes of Striga used in this study, the strongest resistance was associated with very few, small Striga seedlings.  The most resistant cultivars e.g. CG14 and NERICAs 1 and 10, were more resistant than Nipponbare, which is known to exhibit very strong post-attachment resistance to S. hermonthica (Gurney et al., 2006; Kaewchumnong and Price, 2008).  
The different groups of NERICA cultivars share a large part of their genomes between themselves and their respective O. sativa recurrent parent due to their breeding history (Jones et al., 1997a). For example, the genetic background of NERICAs 1 to 7 is derived, predominately, from WAB56-104 with between 3.4 and 12.1% of loci coming from their donor parent CG14 (Semagn et al., 2007). Thus, it might be expected that only a few genetic regions would explain the difference in susceptibility to Striga observed in our screen. However, we observed a wide range in susceptibility of the NERICA cultivars to Striga infection from those that were much more susceptible than the O. sativa parent, to those that exhibited greater resistance than observed in CG14. The strong resistance in some of the NERICA cultivars is probably controlled by a few loci, with the resistant allele coming from CG14. However, the larger than expected transgressive segregation toward susceptibility may be due to the introduction of susceptibility alleles from CG14 at different loci to those present in the O. sativa parent or, to genetic introgressions (non-parental alleles) from unknown rice parent(s) during the breeding process. The presence of non-parental alleles has been detected for about 3% of loci analysed in NERICA cultivars 1 to 7 (Semagn et al., 2007).

2.4.1 [bookmark: _Toc325313010]Some of the upland NERICA cultivars exhibit strong, broad spectrum post- attachment resistance against Striga ecotypes 
Our study indicates that the resistance in some of the NERICA cultivars is relatively broad spectrum and therefore potentially of great interest to farmers in the short term as well as for longer term studies of the genetic basis of resistance for breeding programmes. The resistance ranking of the 18 upland NERICA cultivars was similar when challenged with S. hermonthica (Sh-Kibos) and S.asiatica (Sa-USA). In addition, the pattern of susceptibility/resistance of NERICAs 7 and 9 (susceptible), 1 and 10 (resistant), CG14 (resistant) and WAB56-104 (intermediate) was largely maintained when challenged with another 3 ecotypes of S. hermonthica and another ecotype of S. asiatica collected from different host species and from different regions of Africa (Table 2.1).
However, there was one exception to this general pattern of resistance and susceptibility.  The S. hermonthica ecotype Sh-Kouto was very virulent on NERICA 1, despite the fact that this cultivar exhibited strong post-attachment resistance to all other ecotypes tested and also produced low amounts of germination stimulants (Jamil et al., 2011). This S. hermonthica ecotype was collected in 2008 from NERICA 1 growing in fields in the Kouto area of northern Côte d’Ivoire. NERICA 1 had been cultivated in this area for several years in succession and was highly infested with S. hermonthica at the time seeds were collected (Rodenburg, pers. com.). This suggests that either the S. hermonthica population in this area was already highly virulent against NERICA 1 before its cultivation or, more probably, that the high genetic diversity of the Striga seedbank had led to rapid evolution/build up of virulent genotypes from a subset of the natural seed bank population over a period of time (Huang et al., 2012).
The deployment of resistant cultivars is considered to be an important and cost effective component of integrated Striga management programmes, and the fact that NERICA 10 and, particularly CG14 still showed good resistance to the Sh-Kouto ecotype suggests that the genetic basis of resistance in the NERICA cultivars is multi-layered and controlled by different loci. However, the results of this study clearly demonstrate the need to understand the genetic basis of both host resistance and the adaptation of Striga populations (parasite virulence) to new host resistance phenotypes. Such insights would facilitate the stacking of appropriate resistance loci in farmer preferred and Striga tolerant cultivars to enhance the durability and stability of defence in the long term (Scholes and Press, 2008; Rodenburg and Bastiaans, 2011).

2.4.2 [bookmark: _Toc325313011]The phenotype of Striga resistance in the NERICA cultivars
Different numbers of attached parasites developed successfully (compatible) or died (incompatible) on the different NERICA cultivars and their parents. Failure of parasites to develop after attachment was often associated with the appearance of host necrosis at the site of attachment within 4-6 days of placing pre-germinated seeds on the roots (Fig 2.4a). A similar resistance phenotype was observed in the O. sativa cultivar Nipponbare infected by S. hermonthica (Gurney et al. 2006), in some sorghum cultivars following infection by S. asiatica (Mohamed et al., 2003) and in resistant cowpea cultivars infected by S. gesnerioides (Li and Timko, 2009). In the case of cowpea resistance the necrosis reaction was associated with a gene-for-gene resistance mechanism (Li and Timko, 2009). In the NERICA cultivars, their parents and Nipponbare infected with S. hermonthica, it is not clear whether the underlying resistance mechanisms involve gene-for-gene interactions as resistance is considered to be controlled by several QTL, although there are indications that a proportion of this quantitative resistance is controlled by a few genes of major effect (Gurney et al., 2006). Analysis of changes in gene expression in the roots of Nipponbare undergoing a resistance reaction to S. hermonthica revealed that genes encoding resistance and hypersensitive response (HR) protein homologs, pathogenesis-related (PR) proteins and WRKY transcription factors were all up-regulated (Swarbrick et al., 2008). How the alterations in the expression of defence genes and pathways relates to the genetic basis of resistance, awaits fine mapping of genes underlying Striga resistance QTL.
In this study transverse sections through incompatible parasite attachments, whether on very resistant or on the more susceptible cultivars, often revealed that the parasite endophyte had penetrated the host root cortex but not the endodermis. The parasite was therefore unable to form the parasite-host xylem connections that are necessary to access host nutrients and or developmental signals within the host vascular system. This phenotype was associated with failure of the parasite haustorium to differentiate fully and initiate shoot growth and it appears to be quite common in many rice cultivars including Nipponbare (Gurney et al., 2006; Yoshida and Shirasu, 2009), Koshihikari (Yoshida and Shirasu 2009) and Kasalath (Scholes, unpublished data). On the most resistant NERICA cultivars (e.g. NERICAs 1 and 10), some parasites also took longer to penetrate the endodermis than in very susceptible interactions. This phenotype was characterised by fewer successful connections to the parasite xylem and the cells and xylem vessels associated with parasite ingress into the vascular cylinder had become occluded by dense staining material (Fig 2.4f). It is not clear whether this represents lignifications of the cell walls or the deposition of materials such as callose, as observed in some resistance responses to Orobanche species (e.g. Pérez de Luque et al., 2008; Fernández-Aparicio et al., 2008).

2.4.3 [bookmark: _Toc325313012]Does resistance and/or tolerance to Striga reduce the damaging effects of the parasite on the host plant?
Resistance lowers the number of successful attachments and consequently the reproductive output of the parasite (Rodenburg et al., 2006b). However, even highly resistant cultivars usually have some attachments which will grow successfully and many studies have shown that the deleterious effects of Striga on plant growth, morphology and yield are complex and are not always related, in a linear manner, to the number of infections or to the amount of parasite biomass on the host roots (Graves et al., 1989; Frost et al., 1997; Gurney et al., 1999; Rodenburg et al., 2006a). Some cultivars appear to perform better than others under similar parasite loads, a phenomenon known as ‘tolerance’. Recent findings regarding the physiological expression of tolerance (Gurney et al., 2002; Rodenburg et al., 2008), coupled to increased understanding of the genetic mechanisms underlying this trait, could enable plant breeders to incorporate tolerance into largely resistant cultivars to improve yields further  (Haussmann et al., 2001a; Rodenburg et al., 2005; Rodenburg and Bastiaans, 2011). In this study, partitioning of dry matter to stems and leaves (above-ground biomass) was reduced in the NERICA cultivars infected with S. hermonthica or S. asiatica compared to their uninfected controls, but the most resistant cultivars were also the least affected (Fig 2.6). The total biomass of the most resistant cultivars NERICAs 1 and 10, when infected by Striga, was approximately 30% (Sh-Kibos) or 40% (Sa-USA) lower than the uninfected controls compared with a 70% (Sh-Kibos) or 80% (Sa-USA) reduction in NERICAs 7 and 9. The fact that the relationship between the % reduction in host biomass of infected plants (compared to controls) was linearly related to the amount of parasite biomass on the host roots (particularly for S. hermonthica) suggests that the most resistant NERICA cultivars may also produce the highest grain yields in Striga-infested fields. Our data also indicate that there is some genetic variation for tolerance to Striga amongst the cultivars. For example, CG14 lost approximately 18% of above ground biomass, Nipponbare, 28%, NERICA 4, 48% and NERICA 12, 70%, (compared to uninfected plants) when parasitized by 1.2 - 1.5 mg of S. asiatica (Fig 6b), highlighting the need to further elucidate the physiological/molecular mechanisms underlying these differences in tolerance to similar amounts of Striga. At present, it is not clear whether the correlation between resistance/tolerance and % loss in above ground biomass, revealed in this study, is a good predictor of grain yield in the field. In order to test this relationship (and the expression of resistance and tolerance), the resistance performance and yield of the NERICA rice cultivars will be evaluated in field trials under S. hermonthica and S. asiatica infestation in Kenya and Tanzania, respectively (Chapter 3).

[bookmark: _Toc325313013]Conclusions
This study has shown that some of the NERICA cultivars exhibit very strong post-attachment resistance and show reduced impact on their growth to a range of S. hermonthica and S. asiatica ecotypes and that the resistance in some of the cultivars is relatively broad spectrum. Jamil et al. (2011) have also shown that the NERICA cultivars exhibit differences in the amounts and types of germination stimulants that they produce resulting in differences in pre-attachment resistance to Striga. We suggest that rice cultivars which combine low germination stimulant production and strong post-attachment resistance will perform and yield well in areas where Striga infestation is prevalent. However, in order to increase the durability of host defence, when faced with a genetically diverse Striga seed bank, it is essential to use resistant cultivars as part of an integrated control programme and further our understanding of the molecular nature of host-parasite specificity.
Chapter 2	                                                                    NERICA post-attachment resistance to Striga species
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[bookmark: _Toc325313015]Field expression of resistance against the parasitic weeds Striga asiatica (L.) Kuntze and Striga hermonthica (Del.) Benth. in NERICA rice cultivars and their O. glaberrima (Steud.) and O. sativa (L.) parents















3.1 [bookmark: _Toc325313016]
3.2 Introduction
In sub-Saharan Africa (SSA), rice is an increasingly important cereal crop (FAO, 2008). The crop is primarily grown in rain-fed agro-ecosystems. Of the total area under rice in SSA, 33% can be characterized as rain-fed lowland and 39% as rain-fed upland, with average estimated yields of around 1 ton ha-1 (Rodenburg and Demont, 2009). The extreme low productivity in these rain-fed environments is caused by a myriad of bio-physical and socio-economic factors (Balasubramanian et al., 2007). According to Waddington et al. (2010), major production constraints for smallholder farms in rain-fed agro-ecosystems in Africa are drought, poor soil fertility and weed competition. The weeds Striga, of which Striga hermonthica and S. asiatica are the most wide-spread and economically important species, are frequently observed in poorly fertile and drought-prone soils, and are among the most problematic weeds in upland rice production systems (Mohamed et al., 2001; Parker, 2009; Rodenburg et al., 2010).
Striga species negatively affect the growth and yield of the crops they infect (for a review see Parker, 2009). The extent of these negative effects is a function of the environment and the genetic make-up of the host and parasite. A number of studies have shown that genetic variation in either host resistance or parasite virulence can determine the outcome of the interaction. For example, several studies have shown that some Asian rice cultivars (e.g. IR47255-B-B-5-4, IR49255-B-B-5-2, Nipponbare and IR64) and some African rice cultivars (e.g. ACC102196, Makassa, CG14 and IG10) exhibit good resistance against some ecotypes of S. hermonthica and/or S. asiatica whilst other rice cultivars (e.g. IAC165) were susceptible to the same ecotypes (Harahap et al., 1993; Johnson et al., 1997; Gurney et al., 2006; Kaewchumnong and Price, 2008; Swarbrick et al., 2009). A number of studies have also shown that ecotypes of S. hermonthica or S. asiatica are genetically very variable (Botanga et al., 2002; Huang et al., 2012). This is particularly true for S. hermonthica which, because it is an out-breeding parasite, generates variation from season to season (Safa et al., 1984). Botanga et al. (2002) and Huang et al. (2012) used amplified fragment length polymorphism (AFLP) analysis to estimate genetic variability within and among different populations of S. hermonthica collected from different locations in Africa and revealed great genetic differentiation among sub-populations of Striga. This high genetic diversity makes Striga management more complex as the resistance found in some cultivars may be overcome by a small subset of Striga individuals within the seed bank leading to the development of a virulent population over time.
Nevertheless, the use of Striga resistant cultivars is widely considered as one of the most suitable and effective control options for resource-poor farmers (Haussmann et al., 2000; Rodenburg et al., 2005). However, very few rice cultivars are known to combine resistance to Striga with adaptability to African upland rice growing environments (Rodenburg et al., 2010). This gap can potentially be filled by the group of highly popular, inter-specific, NERICA rice cultivars which are widely distributed and adopted across Africa (Diagne et al., 2006; Kijima et al., 2006; Wopereis et al., 2008). Recently, NERICA cultivars with pre- and post-attachment resistance against Striga spp. (S. asiatica and S. hermonthica) have been identified (Cissoko et al., 2011, Chapter 2; Jamil et al., 2011). Some of the NERICA cultivars displayed an excellent degree of post-attachment resistance to both Striga species and ecotypes and exhibited a range of resistance phenotypes under standard controlled conditions (Cissoko et al., 2011, Chapter 2). However, despite our increasing knowledge of which rice cultivars show good resistance to Striga in laboratory studies, we know much less about the impact of environment on the expression of host resistance or, in other words, whether the resistance exhibited by some cultivars in the laboratory will be effective under field conditions.
The objectives of the work reported in this chapter were therefore to (1) evaluate, for the first time, the Striga resistance levels of the complete set of upland NERICA rice cultivars under Striga-infested field conditions and (2) determine if the resistance mechanisms observed in the laboratory are also expressed under field conditions. To achieve theses objectives, two seasons of field screening trials were conducted with all 18 upland NERICA cultivars and their parents, and susceptible, resistant and local cultivars (checks) in two different locations, at Kyela, Tanzania (where fields are infested with S. asiatica) and at Mbita Point, Kenya (under S. hermonthica infestation).





3.3 [bookmark: _Toc325313017]Material and Methods
3.2.1 [bookmark: _Toc325313018]Plant materials
All 18 currently available interspecific NERICA rice cultivars (NERICA 1 to 18), their O. glaberrima parent CG14, O. sativa (L.) ssp. japonica parents WAB56-104, WAB56-50 and WAB181-18, (used in Chapter 2) were grown in artificially and naturally Striga-infested plots at Kyela, Tanzania (under S. asiatica infestation) and at Mbita Point, Kenya (under S. hermonthica infestation). In addition to these 22 cultivars, for the trials in Kyela 2 traditional cultivars Supa India (synonym: Kilombero; a susceptible cultivar) and Mwangulu (a resistant cultivar) and a very susceptible cultivar IAC165 (Oryza sativa ssp. japonica) were also selected making a total of 25 cultivars. For the trials in Mbita Point, Mwangulu was replaced by IR49255-B-B-5-2 (Oryza sativa ssp. indica; identified in the studies of Harahap et al. (1993) and Johnson et al. (1997)). Seeds of all rice cultivars were obtained from Africa Rice Center (AfricaRice, ex-WARDA), Cotonou, Benin except for Supa India and Mwangulu which were supplied by the Agricultural District Office of Kyela. Seeds of S. asiatica and S. hermonthica used in this study were collected from plants parasitizing rice (at Kyela, Tanzania) and maize (at Mbita Point, Kenya) in farmer’ fields surrounding the experimental field sites in the previous season.

3.2.2 [bookmark: _Toc325313019]Experimental sites
The Striga asiatica field screening trials were conducted during the rainy seasons (January to June) of 2010 and 2011 in Mbako (9°34’54’’S - 33°47’42’’E; 500 m a.s.l.) a village approximately 15 km from Kyela, located in Kyela district, Mbeya region in southern Tanzania. The district is part of the Southern Highlands and located in the West arm of the African Rift Valley on the shores of Lake Malawi. Kyela district is a S. asiatica-infested upland rice-growing area. Cumulative rainfall measured in the field during the trials was 2275 mm in 2010 and 2474 mm in 2011 (Fig 3.1a). These data were comparable to the long-term seasonal average between 2005 and 2009 of 2275 mm (the 5-year rainfall data were obtained from the meteorological station of the Kyela District Agriculture and Livestock Development Office, 5 km from the field).
The Striga hermonthica field screening trials were conducted during the short rainy season of 2010 (September to February) and the long rainy season of 2011 (March to August) at the farm of the International Centre of Insect Physiology and Ecology 
	[image: ]


Figure 3.1 Monthly cumulative rainfall data for the two field sites (a) Kyela (Tanzania) and (b) Mbita Point (Kenya). Data recorded during the rice growing single rainy seasons in 2010 and 2011 in Kyela and during short and long rainy seasons in Mbita Point are shown as bars. Monthly cumulative rainfall data for the 5 years between 2005 and 2009 are shown by red symbols connected by a line.
(ICIPE) at Mbita Point, located on a peninsula in Lake Victoria, Suba District, Western Kenya. The trial was laid out on a heavily Striga-infested field at the west-side of the peninsula (0°42’82’’ S - 34°20’53’’ E; around 1141 m a.s.l.) that was formerly under sorghum - cassava rotation. Cumulative rainfall was 281 mm in 2010 (short rain) and 615 mm in 2011 (long rain) with 1057 mm and 1067 mm long-term average between 2005 and 2009 for short and long rain, respectively (Fig 3.1b). At Mbita Point, all rainfall data were obtained from ICIPE’s meteorological station 500 m from the field. Following the crop’s water requirement, supplementary irrigation was applied when rainfall was insufficient.

3.2.3 [bookmark: _Toc325313020]Experimental design, plot sizes and field preparation
All field trials were laid out as a split-plot design with two Striga infestations (natural vs. artificial) on the plot level and 25 rice cultivars on the sub-plot level in six replications (Fig 3.2a and 3.2b). The sub-plots were randomized following a 5 × 5 lattice design. At Kyela each sub-plot, representing one cultivar × infestation treatment, measured 1.25 × 3.75 m (4.69 m2) and contained 5 rows of 15 rice planting hills (at a plant distance: 0.25 × 0.25 m) (Fig 3.2a). At Mbita Point each sub-plot measured 1.25 × 2.75 m (3.44 m2) with 5 rows of 11 rice planting hills (Fig 3.2b). Sub-plots were separated by one open row of 0.25 m to avoid neighbour effects and to allow easy access, and plots were separated by a 1.25 m alley as illustrated in Figure 3.3. Total field size, including alleys was 23.75 × 82 m (1947.5 m2) at Kyela (Fig 3.2a) and 32 × 46.25 m (1480 m2) at Mbita Point (Fig 3.2b).
In the artificially infested plots, each sub-plot received Striga seeds mixed with white sand. An amount of 4.25 g of Striga mixed with 460 g sand at Kyela and 2.067 g of Striga in 450 g sand at Mbita Point were used, resulting in an infestation density of 0.9 g seed m-2 at Kyela (108,000 S. asiatica seeds) and 0.6 g seeds m-2 at Mbita Point (43,200 S. hermonthica seeds). The mixture was broadcast and incorporated into the upper 5-10 cm of soil using short-handled-hoes.
In all trials, rice was direct sown at approximately 6 seeds per planting hill, and thinned to 2-3 plants per hill 25 days after sowing (DAS). To arrive at the desired plant density, in some cases gap filling was carried out by using supplemental plants from a rice nursery planted at the edge of the field at the same sowing date. From sowing onwards, each trial was regularly hand weeded (at least every 2-3 weeks) to remove all
Chapter 3		          Field expression of resistance to Striga species
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	Figure 3.2.a Experimental design of the rice-Striga field trial at Kyela, Tanzania showing each replicate plot (6 in total) with natural (white) and artificial (grey) Striga infestation levels. Each plot was composed of 25 sub-plots each representing one cultivar. The 25 cultivars in each plot were randomly distributed. Numbers from 1 to 18, and 56-104, 56-50 and 181-18 represent the NERICA cultivars and their O. sativa parents WAB56-104, WAB56-50 and WAB181-18, respectively. Supa India and Mwangulu are indicated by SI and MWA, respectively.
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Figure 3.2.b Experimental design of the rice-Striga field trial at Mbita Point, Kenya showing each replicate plot (6 in total) with natural (white) and artificial (grey) Striga infestation levels. Each plot was composed of 25 sub-plots each representing one cultivar. The 25 cultivars in each plot were randomly distributed. Numbers from 1 to 18, and 56-104, 56-50 and 181-18 represent the NERICA cultivars and their O. sativa parents WAB56-104, WAB56-50 and WAB181-18, respectively. Supa India and IR49255-B-B-5-2 are indicated by SI and IR49, respectively.

	[image: ]

	[image: ]



Figure 3.3 (a) Preparation of the field sites and (b) laying-out of the plots and sub-plots at Kyela, Tanzania in 2010. The layout of plot 5 (and sub-plots) under artificial (AI) and natural (NI) Striga infestation levels are shown. 

weeds other than Striga. Fertilizer (N-P-K: 20-10-10) was applied at an equivalent rate of 50 kg ha-1 at 35 DAS to ensure reasonable rice development. Table 3.1 summarizes the experimental conditions at both field trial sites. The artificially-infested plots were maintained and re-infested in the second season in order to maintain a contrast between artificial and natural infestation levels.

3.2.4 [bookmark: _Toc325313021]Experimental measurements 
Starting when Striga emergence was observed in 50% of the total number of sub-plots, the number of Striga individuals that emerged above ground in each individual sub-plot was counted regularly (weekly in Mbita Point, five times with three-week intervals in Kyela in 2010 and three times with four-week intervals in Kyela in 2011). Measurements ended at harvest. These data enabled the assessment of the maximum number of aboveground Striga plants (NSmax) following the methodology outlined by Rodenburg et al. (2005). At harvest emerged Striga plants within each sub-plot were collected, dried and weighted for determination of Striga biomass. 

3.2.5 [bookmark: _Toc325313022]Evaluation of the resistance of selected cultivars to Striga hermonthica (Mbita ecotype) and S. asiatica (Kyela ecotype) under controlled laboratory conditions
A laboratory study was conducted with a sub-set of some of the most resistant and most susceptible NERICA cultivars and their parents in order to confirm their resistance ranking and assess their tolerance levels under standardized controlled conditions when infected by the same Striga ecotypes collected from the field sites. The cultivars tested were NERICAs 1, 7, 9, 10 and 17, CG14, WAB56-104, WAB56-50, WAB181-18, IAC165 (susceptible cultivar) and Supa India (cultivar commonly grown by farmers at Kyela). Rice plants were grown in rhizotrons and infected with 12.5 mg of germinated S. hermonthica seeds or 20 mg of germinated S. asiatica seeds as described in section 2.2.3 and in Cissoko et al. (2011). Rhizotrons were maintained in a controlled growth chamber under the conditions described in section 2.2.2 and in Cissoko et al. (2011). In this study, for each ecotype of Striga, 4 replicates of infected and uninfected control plants were established for each cultivar. The quantification of post-attachment resistance levels and the effect of Striga infection on the biomass of the selected cultivars were performed as described in section 2.2.3 and in Cissoko et al. (2011).




Table 3.1 Overview of experimental conditions of the rice-Striga field trials conducted at Kyela, Tanzania and at Mbita Point, Kenya in 2010 and 2011.

	Field
	          Kyela-Tanzania
	       Mbita Point-Kenya

	Year
	2010
	2011
	2010
	2011

	
Location
	
9°37’30’’S - 33°52’30’’E
	
0°42’82’’S - 34°20’53’’E

	Altitude
	500 m
	500 m
	1141 m
	1141 m

	Season/Period
	Single rain/Jan-Jun
	Short rain/Sep-Feb
	Long rain/Mar-Aug

	Cumulative Rainfall
	2275 mm
	2474 mm
	281 mm
	615 mm

	Cultivars
	24 + Mwangulu
	24 + IR49255-B-B-5-2

	Sub-plot size
Plot size
Field size
Fertilization
Striga/sand
Striga infestation levels (Seeds m-2)
	4.69 m2
143.19 m2
1947.5 m2
50 kg ha-1
4.25g/460g
108,000
	4.69 m2
143.19 m2
1947.5 m2
50 kg ha-1
4.25g/460g 
108,000
	3.44 m2
106.94 m2
1480 m2
50 kg ha-1
2.067 g/450g
43,200
	3.44 m2
106.94 m2
1480 m2
50 kg ha-1
2.067 g/450g
43,200









3.2.6  Statistical analyses
The statistical package Minitab (version 15) was used for ANOVA and Pearson’s product-moment correlation analyses. Prior to analyses, biomass and maximum numbers of above-ground Striga data were checked for homoscedasticity and normality following (Sokal and Rohlf, 1995) to assure that the assumptions of ANOVA were met. Tukey’s honest significant difference test was then performed to establish the different groups.




















3.4 [bookmark: _Toc325313023]Results
3.3.1 [bookmark: _Toc325313024]How resistant are the NERICA cultivars in the field?
Figures 3.4 and 3.5 show the average maximum number of above ground S. hermonthica or S. asiatica plants (NSmax) for each rice cultivar in the field trials at Mbita Point, Kenya and at Kyela, Tanzania respectively, under natural and artificial Striga infestation. The NERICA cultivars and their parents exhibited different levels of resistance to Striga in the field. In Figures 3.4 and 3.5 the cultivars are ranked from the most susceptible to the most resistant based on data collected in 2011, as for both locations this was the season with the highest infection level. In this study, a greater number of Striga individuals attached to the susceptible rice cultivars in plots that were supplemented with additional Striga seeds (AI) when compared to plots with natural levels (NI) of Striga infestation. There was also a large difference in the number of Striga individuals that attached to the rice cultivars at the different locations and in different seasons (Fig 3.4 and 3.5). Striga infection was very low both at Kyela and Mbita Point in 2010 when compared to 2011. Although infection levels were low at Mbita Point in 2010, the rice cultivars did show similar expression of resistance to S. hermonthica in naturally and artificially infested plots when compared to data from 2011 (i.e. the most resistant cultivars in 2010 were also the most resistant in 2011; Fig 3.4a and 3.4b). However, at Kyela infection levels were too low in 2010 to rank cultivars with respect to resistance to Striga and only data from 2011 were used for this purpose.
At the Mbita Point field trial in 2011 there was a significant cultivar effect on S. hermonthica infection levels in artificially (F = 6.27, df = 24, P = 0.001) and naturally (F = 4.46, df = 23, P = 0.001) infested plots (Fig 3.4). The rice cultivars IAC165, WAB56-50 and NERICAs 6, 9 and 15 were very susceptible to S. hermonthica averaging in excess of 100 emerged Striga plants per sub-plot (in artificially infested plots; Fig 3.4b). These cultivars also supported a large Striga biomass at harvest between 154 ± 48 and 204 ± 46 g per sub-plot depending on the cultivar (Fig 3.6d). NERICAs 7, 11, 14, 16 and 18 were also considered susceptible as the numbers of emerged Striga plants per sub-plot ranged between 69 ± 10 and 99 ± 43, with a biomass at harvest of between 147 ± 56 and 83 ± 19 g per sub-plot (Fig 3.6d). CG14, IR49255-B-B-5-2, NERICAs 1-5, 12, 13 and 17 exhibited a strong resistance response with less than 10 emerged Striga plants per sub-plot associated with a dry biomass of less than 15 ± 2 g. The remaining NERICA cultivars (WAB56-104, WAB181-18 and NERICA 8) 
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Figure 3.4 The maximum number of emerged Striga hermonthica plants per cultivar under (a) natural and (b) artificial Striga infestation at Mbita Point, Kenya. Data for 2010 are shown as dashed grey bars and for 2011 as light grey bars. The cultivars were ranked from the most susceptible to the most resistant based on data from 2011. Data are presented as means ± SE of 6 replicates.  For 2011 data, means with the same letter do not differ significantly from each other (Tukey multiple comparison test, P > 0.05). Means for the 2010 data do not differ significantly for either artificially or naturally infested sub-plots.
	[image: ]


Figure 3.5 The maximum number of emerged Striga asiatica plants per cultivar under (a) natural and (b) artificial Striga infestation at Kyela, Tanzania. Data for 2010 are shown as dashed grey bars and for 2011 as light grey bars.  The cultivars were ranked from the most susceptible to the most resistant based on data from 2011. Asterisks indicate missing data in 2010 due to poor rice establishment. Data are presented as means ± SE of 6 replicates.  For the 2011 data, means with the same letter do not differ significantly from each other (Tukey multiple comparison test, P > 0.05). Means for the 2010 data do not differ significantly for either artificially or naturally infested sub-plots.
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Figure 3.6 Relationship between the biomass and number of Striga hermonthica plants per cultivar at harvest in 2010 and 2011 in the Mbita Point field trials under natural (a and b) and artificial (c and d) S. hermonthica infestation levels. Data are presented as means ± SE of 4 replicates. Dashed lines represent lines of best fit (Regression analysis).


and the local cultivar Supa India from Tanzania also showed relatively good levels of resistance with between 15 and 28 emerged Striga plants per sub-plot (Fig 3.4b). Although the overall level of infection was lower in the sub-plots with natural levels of Striga infestation, the ranking of the cultivars with respect to resistance was similar (Fig 3.4a). As indicated previously the ranking of cultivars for resistance in the 2010 trial was quiet similar to that observed in 2011 (with the exception of NERICAs 6 and 8), although there was no significant cultivar effect on Striga infection levels in 2010 (P > 0.05; Fig 3.4a and 3.4b).
There was a good linear relationship between the number of emerged Striga plants and the Striga biomass dry weight at harvest, irrespective of the season and infestation level (Fig 3.6). The most susceptible cultivars exhibited a greater number of emerged Striga plants and showed high Striga biomass dry weights while the most resistant cultivars supported less emerged Striga plants and smaller parasite biomass dry weights. In general at Mbita Point the number of emerged Striga plants and the Striga biomass dry weight at harvest (of susceptible cultivars) were much higher during the long rainy season (2011) and under artificial infestation (Figures 3.6a-d).
The difference in numbers of emerged S. hermonthica plants and biomass per cultivar in each sub-plot, in artificially infested plots, is illustrated by Figures 3.7a-b. The difference in the number of Striga plants parasitizing susceptible cultivars WAB56-50 and NERICAs 8 and 6 contrast with the good resistance of NERICAs 1, 3 and 5 and the cultivar IR49255-B-B-5-2 in Figure 3.7a. Similarly in Figure 3.7b NERICAs 1 and 17 have little emerged Striga whereas NERICAs 14 and 9 are highly infected (Fig 3.7b). Most of the NERICA 9 rice plants have died because of the high infection levels (Fig 3.7b).
At the Kyela field trial in 2011 the most susceptible cultivar to S. asiatica, with an average of 85 ± 29 emerged parasites, was Supa India, the local cultivar grown in the region (Fig 3.5a and 3.5b). While very low numbers S. asiatica plants emerged on the NERICA cultivars in 2010, Supa India supported significant numbers of emerged parasites under both natural and artificial infestation (Fig 3.5a and 3,5b). In the 2011 trial there was a significant cultivar effect on S. asiatica infection levels in both artificially (F = 3.1, df = 24, P = 0.001) and naturally (F = 2.15, df = 24, P = 0.004) infested plots (Fig 3.5). With respect to resistance to S. asiatica, the NERICA cultivars showed a range of NSmax from 12 ± 6 for the most susceptible cultivar (NERICA 6) to 
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Figure 3.7 Contrasting Striga hermonthica infection levels between different rice cultivars in artificially infested plot 3 (a) and plot 6 (b) at the Mbita Point field trial in the long rainy season of 2011. Cultivars are delimited by yellow lines.


1 ± 0.4 for the most resistant cultivar (NERICA 2) under natural infestation, and 45 ± 13 for the most susceptible (NERICA 14) to 5 ± 1.8 for the most resistant (NERICA 5) cultivar under artificial infestation. Clearly, the overall numbers of emerged S. asiatica plants on the different cultivars at Kyela was less than that of emerged S. hermonthica observed at the Mbita Point field trial.
Supa India and NERICAs 6, 7, 8, 11, 12, 13, 14, 16 and 18 showed a NSmax of between 10 and 25 S. asiatica plants per sub-plot under natural infestation and between 25 to 85 S. asiatica plants under artificial infestation and are categorized as relatively susceptible (Fig 3.5a and 3.5b). By contrast NERICAs 1, 2, 5, 10, 17, WAB181-18 and WAB56-50 were among the most resistant cultivars under both infestation levels with an NSmax varying between 2 and 14 S. asiatica plants per sub-plot. Some cultivars, e.g. NERICAs 6, 11, 12, 15 and 16, WAB56-104 and CG14 showed different ranking positions under natural and artificial infestation levels (Fig 3.5a and 3.5b). Again there was a good correlation between the average maximum numbers of emerged S. asiatica plants and their biomass dry weight at harvest for the different rice cultivars under both infestation levels and across seasons (Fig 3.8).
The most resistant cultivars across sites/Striga species and seasons were NERICAs 1, 2, 3, 5, 10 and 17 and the most susceptible were NERICAs 7, 8, 11, 14 and 18. Some cultivars showed different responses to Sh-Mbita and Sa-Kyela. For example, Supa India, CG14, and NERICAs 12 and 13 showed good resistance to Sh-Mbita but were among the more susceptible cultivars to Sa-Kyela. In contrast, NERICA 15, WAB56-50 and IAC165 were susceptible to the S. hermonthica ecotype from Mbita Point but showed good resistance to the S. asiatica ecotype from Kyela.

3.3.2 [bookmark: _Toc325313025]How resistant are selected NERICA and other rice cultivars to the two field ecotypes of Striga hermonthica (Sh-Mbita) and S. asiatica (Sa-Kyela) under controlled conditions?
In order to determine whether the resistance of some of the NERICA cultivars, their parents, the local cultivar (Supa India) and the susceptible cultivar (IAC165) were altered by environmental conditions in the field, an experiment was carried out under controlled environmental conditions in the laboratory to determine their susceptibility to the ecotypes of S. hermonthica (Sh-Mbita) and S. asiatica (Sh-Kyela).
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Figure 3.8 Relationship between the biomass and number of Striga asiatica plants per cultivar at harvest in 2010 and 2011 in the Kyela field trials under natural (a and b) and artificial (c and d) S. asiatica infestation levels. Data are presented as means ± SE of 4 replicates. Dashed lines represent lines of best fit (Regression analysis).

In addition, the effect of the parasites on the host biomass (compared to uninfected plants) was also determined.
There was a significant cultivar effect on Striga hermonthica (Sh-Mbita) infection levels (F = 57.09, df = 10, P = 0.001) with WAB181-18, WAB56-50, CG14, Supa India and NERICA 1, 10 and 17 exhibiting good resistance (Fig 3.9a). The most resistant cultivars had few successful attachments resulting in low parasite biomass on the roots (Fig 3.10a). IAC165, WAB56-104 and NERICA 7 and 9 were highly susceptible with a large number of attachments and high parasite biomass (Fig 3.9a and 3.10a). The resistance response of these cultivars in the lab largely matched their response in the field. The exception was WAB56-50 that was characterised as susceptible in the field but showed good post-attachment resistance in laboratory studies.
Again there was a significant cultivar effect on infection levels of Sa-Kyela (F = 10.98, df = 10, P = 0.001). The most resistant cultivars were CG14, WAB181-18 and NERICAs 10 and 17 supporting few attachments and low Striga biomass (Fig 3.9b and 3.10b) whilst the most susceptible were NERICA 7, WAB56-104, WAB56-50 and IAC165, supporting the largest number and biomass of parasites on their roots (Fig 3.10b). Again, there was good correlation between the field and laboratory studies with respect to the resistance ranking of the cultivars to Sa-Kyela although there were also some differences. For example, IAC165 was not infected by Sa-Kyela to any great extent in the field but was one of the most susceptible cultivars in laboratory studies. In contrast, Supa India was very susceptible in the field, but did not support many attachments in the laboratory study. As observed in the field study, Sa-Kyela showed a different pattern of virulence on some of the NERICA cultivars compared to Sh-Mbita. For example, NERICA 9 was less susceptible to Sa-Kyela than to Sh-Mbita whereas NERICA 1 was more susceptible to Sa-Kyela than to Sh-Mbita (Fig 3.9, 3.10a and 3.10 b).
With both Sh-Mbita and Sa-Kyela, there was a negative linear relationship between the percentage biomass of infected host-plants compared to uninfected control plants and the amount of parasite biomass on the roots (Fig 3.11a and 3.11b). The most resistant cultivars (NERICAs 17, 10 and 1) showed only small (10 to 25%) reductions in biomass compared with the uninfected controls whereas the most susceptible cultivars (NERICAs 9, 7, WAB56-104 and IAC165) all lost 50 to 65% of their biomass compared to their respective control plants when infected with either Sh-Mbita or Sa-Kyela (Fig 3.11a and 3.11b). There was also a difference in growth performance 
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Figure 3.9 Striga biomass dry weights of selected NERICA rice cultivars and their parents to (a) Striga hermonthica (Sh-Mbita) and (b) S. asiatica (Sa-Kyela) ecotypes collected from the two field sites at Mbita Point, Kenya and Kyela, Tanzania respectively. Rice plants were grown in rhizotrons under controlled environmental conditions. Striga biomass dry weight was assessed after harvesting at 21 days after infection. Data are presented as means ± SE of 4 replicates. Means with the same letter do not differ significantly from each other (Tukey multiple comparison test, P > 0.05).
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Figure 3.10 Relationship between the number and biomass dry weight of (a) Striga hermonthica (Sh-Mbita) and (b) S. asiatica (Sa-Kyela) individuals on the NERICA rice cultivars grown in rhizotrons under controlled environmental conditions. The number of Striga seedlings and Striga biomass dry weight were assessed 21 days after infection at harvest. Data are presented as means ± SE of 4 replicates.
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Figure 3.11 Relationship between the biomass dry weight of Striga-infected plants compared to uninfected control plants and the biomass dry weight of (a) Striga hermonthica (Sh-Mbita) and (b) S. asiatica (Sa-Kyela) attached to the roots of the NERICA rice cultivars 21 days after infection. Rice plants were grown in rizhotrons under controlled environmental conditions. Data are presented as means ± SE of 4 replicates.


between cultivars subjected to the same amount of Striga infection. For example, NERICA 17 showed 10% reduction in biomass when infected by Sh-Mbita or Sa-Kyela, while Supa India showed 40 and 50% (for Sh-Mbita and Sa-Kyela, respectively) when infected with a similar number/biomass of parasites (Fig 3.11a and 3.11b).
























3.5 [bookmark: _Toc325313026]Discussion
Decades of research and breeding efforts towards developing Striga-resistant crop varieties, mainly in sorghum and maize, have resulted in an increased understanding in host resistance mechanisms but relatively few adapted cultivars with valuable levels of resistance (Rodenburg et al., 2010; Yoder and Scholes, 2010). Also in gene discovery, relatively little progress has been made when one considers the enormous efforts undertaken so far. Only for one crop, cowpea, a resistance gene to Striga (S. gesnerioides) has been found (Li and Timko, 2009) and this could very well result in the development of adapted cowpea cultivars with durable resistance, in particular because the genetic variability of S. gesnerioides appears to be relatively low (Dube and Belzile, 2010). The situation with respect to S. hermonthica and to a lesser extent S. asiatica, on cereal crops proved however more complicated. The little tangible progress made so far on sorghum and maize is partly due to the high genetic variation in the Striga species involved, in particular for out-crossing S. hermonthica (Bharathalakshmi and Musselman, 1990). This genetic variability implies a high likelihood for any resistance to be overcome by the parasite in a few cropping seasons grown with the same cultivars (e.g. Rodenburg and Bastiaans, 2011). The current study builds on recent previous achievements where pre- and post-attachment resistance mechanisms have been found in rice cultivars (Jamil et al., 2011; Cissoko et al., 2011) by putting these cultivars to trial in a realistic screening environment in order to test expression and effectiveness of these mechanisms in the field under conditions typical for African upland-ecosystems. This work is particularly interesting as these previous studies have identified some cultivars of NERICA that seem to combine at least two mechanisms of resistance (pre- and post-attachment) and are therefore likely to show an effective and durable field resistance that would be more difficult to overcome by the parasite (Pickett and Hooper, 2011). The current study focused on two research questions: 1) how resistant are the NERICA rice cultivars to Striga spp. in the field, and 2) is the Striga resistance ranking of NERICA rice cultivars in field similar to that of the laboratory. These questions are discussed below.

3.4.1 [bookmark: _Toc325313027]How resistant are the NERICA rice cultivars to S. hermonthica and S. asiatica in the field?
Among the set of 25 rice cultivars screened under field conditions in Tanzania and Kenya, significant differences were found in levels of resistance against S. asiatica and S. hermonthica. Based on our results, summarized in Table 3.2, rice cultivars can be classified into three distinct types with respect to their responses to S. hermonthica and S. asiatica parasitism:
1) Type 1 cultivars are those that exhibit consistent and superior levels of resistance to both Striga species in the field, expressed as very low numbers and biomass of above-ground Striga plants. Cultivars of this type are NERICAs 1, 2, 5, 10 and 17. 
2) Type 2 cultivars are consistently resistant to one Striga species, as evidenced by low above-ground Striga numbers and biomass, and consistently (moderately to highly) susceptible to the other species, based on observed high parasite numbers and biomass. Type 2 cultivars are NERICAs 3, 4, 12 and 13, CG14 and Super India resistant to S. hermonthica and NERICA 15, WAB56-50, WAB181-18 and IAC165 resistant to S. asiatica.
3) Type 3 cultivars are consistently susceptible to both Striga species in the field, as they supported large numbers and biomass of above-ground Striga plants in infested fields at both Kyela (S. asiatica) and Mbita Point (S. hermonthica). The Type 3 cultivars are NERICAs 7, 8, 11, 14, 16 and 18.
Cultivars of type 1 are as resistant as CG14. This O. glaberrima parent of the NERICA cultivars is known for its resistance against S. hermonthica as reported by Johnson et al. (1997) in pot and field experiments and by Kaewchumnong and Price (2008) in a pot experiment where CG14 was identified as cultivar that showed strong post-attachment resistance to S. hermonthica. Rice cultivars with consistently high resistance, such as found among cultivars of type 1, are suitable for rice production in sub-Saharan Africa where S. hermonthica and S. asiatica are prevalent. Currently 2 of these cultivars, NERICAs 1 and 10 have been released in Uganda (e.g. Kijima et al., 2007) and NERICA 1 has proved good adaptation (more than 4 t ha-1) to low input and harsh climatic conditions in Western Kenya (Atera et al., 2011).
There are a number of cultivars that exhibit different levels of susceptibility to S. hermonthica compared to their susceptibility to S. asiatica (e.g. cultivars of type 2: NERICAs 3, 4, 12, 13 and 15, CG14, Supa India and IAC165). Among them, Supa India was very susceptible to S. asiatica at Kyela and relatively resistant to S. hermonthica at Mbita Point. This cultivar has been grown for many years by the farmers at Kyela and it is likely that the virulence levels of the local parasite population against this cultivar have increased in time. Striga asiatica is an inbreeding parasite (Gethi et al., 2005) so virulence genes are likely to have built up in the population over the years.

Table 3.2 Summary of the resistance of different rice cultivars to S. hermonthica and S. asiatica ecotypes in field and laboratory studies. Classification of cultivars as either resistant (R), susceptible (S) or intermediate (I) was based on the average maximum number of emerged Striga plants for the field experiments and on the average number of Striga plants for the laboratory studies. Information on pre-attachment resistance was based on strigolactone production from root exudates of the NERICA cultivars (from Jamil et al., 2011).
	
	
	
	
	
	
	
	
	
	

	
	Field resistance
	Post-attachment
	Pre-attachment

	Rice cultivars
	Sh-Mbita
	Sa-Kyela
	Sh-Mbita
	Sa-Kyela
	Sh-Kibos
	Sa-USA
	Sh-Medani

	
	NI
	AI
	NI
	AI
	
	

	NERICA  1
	R
	R
	R
	R
	R
	R
	R
	R
	R

	NERICA  2
	R
	R
	R
	R
	-
	-
	R
	R
	I

	NERICA  3
	R
	R
	R
	I
	-
	-
	R
	R
	R

	NERICA  4
	R
	R
	I
	I
	-
	-
	R
	R
	R

	NERICA  5
	R
	R
	R
	R
	-
	-
	R
	R
	I

	NERICA  6
	R
	S
	S
	I
	-
	-
	S
	S
	I

	NERICA  7
	S
	S
	S
	S
	S
	S
	S
	S
	S

	NERICA  8
	I
	R
	S
	S
	-
	-
	S
	S
	S

	NERICA  9
	S
	S
	R
	S
	S
	I
	S
	I
	I

	NERICA 10
	R
	R
	R
	R
	R
	R
	R
	R
	I

	NERICA 11
	S
	S
	S
	I
	-
	-
	S
	S
	S

	NERICA 12
	R
	R
	S
	I
	-
	-
	R
	R
	R

	NERICA 13
	R
	R
	S
	S
	-
	-
	I
	R
	I

	NERICA 14
	S
	S
	S
	S
	-
	-
	S
	S
	S

	NERICA 15
	S
	S
	I
	R
	-
	-
	S
	S
	I

	NERICA 16
	S
	S
	S
	R
	-
	-
	S
	S
	R

	NERICA 17
	R
	R
	R
	R
	R
	R
	R
	R
	R

	NERICA 18
	S
	S
	S
	S
	-
	-
	S
	S
	I

	CG14
	R
	R
	I
	S
	R
	R
	R
	R
	R

	WAB56-104
	R
	R
	R
	S
	S
	S
	I
	I
	R

	WAB56-50
	S
	S
	R
	R
	R
	I
	I
	R
	S

	WAB181-18
	I
	I
	R
	R
	R
	R
	I
	R
	R

	IAC165
	S
	S
	R
	R
	S
	S
	S
	S
	-

	IR49255-B-B-2
	R
	R
	-
	-
	-
	-
	-
	-
	-

	Supa India
	R
	R
	S
	S
	R
	I
	-
	-
	-

	Mwangulu
	-
	-
	R
	S
	-
	-
	-
	-
	-



Sh-Mbita = Striga hermonthica from Mbita Point, Kenya; Sh-Kibos = Striga hermonthica from Kibos, Kenya; Sh-Medani = Striga hermonthica from Waz Medani, Sudan; Sa-Kyela = Striga asiatica from Kyela, Tanzania; Sa-USA = Striga asiatica from North Carolina, USA); NI = plots naturally infested; AI = plots artificially infested with Striga seeds.
Supa India has not been grown at Mbita Point prior to our screening efforts and showed good resistance to S. hermonthica. Based on insights presented by Huang et al. (2012), this would suggest that the S. hermonthica population in this field did not have the virulence genes to overcome resistance genes in the host. At present, we do not know whether Supa India is resistant to all ecotypes of S. hermonthica. Further experiments are required to assess the resistance of this cultivar against different populations of both S. hermonthica and S. asiatica. IAC165 shows differential susceptibility responses; it is susceptible to S. hermonthica at Mbita Point but supports much less S. asiatica at Kyela. However in laboratory studies using isolate of S. hermonthica (from Mbita Point) and S. asiatica (from Kyela), IAC165 is again very susceptible to both species. For some reason, probably linked to soil type and fertility, the screening environment of Kyela was not conducive enough (infection rates were generally low) to show consistent and significant differences between the cultivars, except for the locally adapted Super India.
More than half of the 18 upland NERICA cultivars, as well as their O. glaberrima parent CG14 and Supa India and IR49255-B-B-5-2, exhibited a good level of resistance to S. hermonthica. Observed superior resistance of IR49255-B-B-5-2, used as resistant check in the S. hermonthica infested field at Mbita Point (Kenya), confirms previous field and pot studies where this cultivar was highly resistant to S. hermonthica (Harahap et al., 1993; Johnson et al., 1997). While not field screened against S. asiatica, IR49255-B-B-5-2 showed a similar high resistance against this species in the laboratory and rhizotrons experiments (data not shown). Resistance to S. asiatica is strongly expressed in some NERICA cultivars (e.g. all NERICA cultivars of type 1) and moderately in Mwangulu, the local resistance check at Kyela (Tanzania). Both Mwangulu and O. glaberrima CG14 were susceptible under high level of S. asiatica infestation.
The lack of field resistance of the NERICA cultivars of type 3 to S. hermonthica and S. asiatica infestations are consistent with the pre- and post-attachment resistance ranking observed in laboratory studies (Jamil et al., 2011; Cissoko et al., 2011, Chapter 2). As these cultivars exhibited poor pre- and post-attachment resistance against both Striga species they are unsuitable for use in Striga-infested environments in these regions of Africa. It is perhaps surprising that NERICA cultivars of type 1 showed good resistance whereas some NERICA cultivars of type 3, some of which are derived from the same parental crosses, are very susceptible to S. hermonthica and S. asiatica. NERICAs 16 and 18, for instance, are susceptible while NERICA 17 showed broad resistance to both Striga species, and they are all offspring from resistant CG14 and moderately resistant WAB181-18. The lack of Striga resistance in the type 3 NERICA cultivars could be due to (a) the loss of genes involved in Striga resistance during crossing and back-crossing activities of the breeding of NERICA cultivars and/or to (b) the genetic introgressions of unknown non parental alleles which can happen during the breeding process, as Semagn et al. (2007) pointed out in a molecular profiling study on NERICA cultivars. Johnson et al. (2000) found similar discrepancies between reaction types of parents and offspring material. They examined F7 generation of rice progenies derived from crosses between O. glaberrima CG14 (as donor parent) and O. sativa WAB56-104 (as female parent) and found no Striga resistance expression in the lines when screened against S. hermonthica.

3.4.2 [bookmark: _Toc325313028]Is the Striga resistance ranking of NERICA rice cultivars in field similar to that of the laboratory?
In order to compare the resistance expressed by some NERICA rice cultivars in the field with that observed under laboratory conditions, selected NERICA rice cultivars have been screened in the laboratory against the same Striga ecotypes (Sh-Mbita and Sa-Kyela) collected from the respective field sites. The results showed similar general patterns for resistance to Striga species and ecotypes in both field and laboratory, particularly for S. hermonthica. Our laboratory and field studies identified cultivars that exhibited superior resistance responses to Sh-Mbita (CG14, NERICAs 1, 10 and 17) and Sa-Kyela (NERICAs 10 and 17) and those that were moderately to highly susceptible to Sh-Mbita (IAC165, WAB56-104, WAB56-50, NERICAs 7 and 9) and Sa-Kyela (WAB56-104, NERICAs 7 and 9). Similar reaction types were also observed under field and laboratory conditions for WAB181-18 (moderately resistant) to Sh-Mbita and Sa-Kyela as well as for the locally adapted cultivar Supa India which exhibited a strong level of resistance to Sh-Mbita and susceptibility interactions with Sa-Kyela. Striga biomass at harvest in the field, and the number of Striga seedlings attached to the host root at harvest in the laboratory, are both linearly and strongly correlated to the dry biomass of harvested Striga plants and these parameters can therefore all be used to quantify resistance against Striga, confirming previous studies (e.g. Haussmann et al., 2000; Rodenburg et al., 2005). Moreover, resistance observations obtained in the laboratory are to a large extent similar to those in the field. However, these observations cannot be used to reliably predict their resistance levels in the field as some rice cultivars exhibited different responses to parasitism in the field as compared to their response in the laboratory study when infected with Sa-Kyela or Sh-Mbita. WAB56-50 and IAC165 with their low to moderate level of post-attachment resistance against S. asiatica found in the laboratory, displayed good resistance responses in the field. The same was observed with WAB56-104 against S. hermonthica. Conversely, good levels of laboratory post-attachment resistance found with WAB56-50 and WAB181-18 against S. hermonthica and with CG14 against S. asiatica were not expressed under field conditions. This confirms earlier findings that show that resistance in the laboratory or other controlled environments do not always express the same way in the field (e.g. Haussmann et al., 2000; Omanya et al., 2004). There are a number of reasons that could explain differences between laboratory and field observations. The non-homogenous distribution of Striga seeds, variability of soil fertility and soil moisture, flora and fauna of infested fields creates a different screening environment compared to the fully controlled situations in the laboratory where the infestation or even the infection level (i.e. with pre-germinated seeds) can be completely controlled (e.g. Haussmann et al., 2000; Ejeta, 2007). Besides Striga seeds distribution in the soil, the characteristics of the host root system could play a role in the responses of cultivars to Striga infection. Again in the laboratory study, equal amounts of pre-conditioned Striga seeds were aligned along the totality of host roots even though apparent differences are observed in root morphology or architecture of rice cultivars tested. These apparent differences between cultivars with respect to their root system could help to avoid or escape Striga parasitism in the field. Some cultivars had less extensive root systems which allow them to escape the soil layer in which parasite seeds are more likely to be present resulting in fewer attachments (Ejeta et al., 1992; Berner et al., 1995). Root systems that form a smaller proportion of root length in the topsoil (e.g. Van Delft et al., 1996; Arnaud et al., 1999) or are much simpler, less branched (Cherif-Ari et al., 1990) could possibly facilitate fewer attachments. This phenomenon known as avoidance (or escape) was also reported by Amusan et al. (2008), in the study of resistance to S. hermonthica in maize inbred lines derived from Zea diploperennis and by Oswald and Ransom (2004) where some short growth-cycle maize cultivars with their rapid root development give less time to the parasite to attach.
Soil fertility could also have played an important role. The two field sites (particularly Kyela) are characterized by poor soil fertility, caused by continuous crop production without nutrient replenishment by appropriate fertilizer applications. Soil fertility depletion is a general and persistent problem in sub-Saharan Africa as observed by Smaling (1993), Stoorvogel and Smaling (1998) and more recently by Vanlauwe and Giller (2006). Mghase et al. (2010) carried out an analysis of soils in 4 locations in Tanzania including Kyela (9°34’60’’S-33°55’0’’E) near the field used for our Striga resistance trials. They showed that Kyela soils were clay loam with poor nitrogen (N = 0.16%) and available phosphorus (P = 0.5 mg kg-1) and with medium carbon contents (1.65%). Soils at Mbita Point (0°25’0’’ S - 34°13’0’’E) according to Weisskopf et al. (2009), consisted of a clay loam with also poor N (0.09-0.12%), medium available P (6.3-13.3 mg kg-1) and poor organic carbon contents (1.13-1.25%). This poor soil fertility, in particular in Kyela, has certainly negatively affected crop performance and root growth and this in turn might have lowered the expression of resistance/susceptibility of cultivars that are less adapted to local conditions. This might have influenced the extent of expression of reaction types of the newly introduced NERICA cultivars compared to the locally adapted Super India and Mwangulu.
Soil fertility levels could also affect the expression of pre-attachment resistance in rice cultivars. Root exudates from plants grown under N and P limited conditions markedly induced germination of parasite seeds via increased levels of strigolactone production as demonstrated by Yoneyama et al. (2007a) with sorghum. Others studies have reported the enhancement of strigolactone exudation to P deficiency in tomato (Lopez-Raez et al., 2008), in red clover (Yoneyama et al., 2007b) and in rice (Umehara et al., 2010; Jamil et al., 2011). Some cultivars with pre-attachment resistance (i.e. those with lower strigolactone production levels) may exhibit a weaker expression of resistance under field conditions characterized by extreme deficiencies (and/or micro-variability) in nutrient elements such as nitrogen (N) and phosphorus (P). Conversely, under conditions where N and P are not limited, the susceptible cultivars (i.e. those with higher strigolactone production levels) may show relatively low levels of Striga infection due to overall lower strigolactone production. Both conditions could reduce the contrast between resistant and susceptible cultivars in the field.
NERICAs 2, 5 and 10 were among the most S. hermonthica-resistant cultivars identified in the laboratory and field studies. These cultivars showed intermediate production rates of strigolactones (Jamil et al., 2011) indicating their moderate to low pre-attachment resistance. This highlights the risk of screening for a single resistance mechanism as it could lead to some cultivars with useful and effective post-attachment resistance being discarded. This was previously concluded by Haussmann et al. (2000) and Rodenburg et al. (2005).
The field resistance observed in the current study largely reflects the pre- and post-attachment resistance against S. hermonthica (Sh-Kibos) and S. asiatica (Sa-USA) as previously observed in the laboratory and rhizotrons studies of Jamil et al. (2011) and Cissoko et al. (2011). The reaction of the NERICA cultivars to both S. asiatica ecotypes Sa-Kyela and Sa-USA as well as to both S. hermonthica ecotypes Sh-Mbita and Sh-Kibos was identical in laboratory experiments (Cissoko et al., 2011 Chapter 2; Table 3.3). NERICA 1 and 17 showed both pre- (Jamil et al., 2011), post- (Cissoko et al., 2011) and field resistance against both Striga species. NERICAs 3, 4, 12 and NERICA parents CG14 and WAB56-104, shown by Jamil et al. (2011) to possess pre-attachment resistance against S. hermonthica, also showed good field resistance in the S. hermonthica infested fields in the current study. Likewise NERICAs 2, 3, 4, 5, 10 and 12, shown by Cissoko et al. (2011) to have post-attachment resistance against S. hermonthica, also showed good field resistance in the S. hermonthica infested fields in the current study. While against S. asiatica, the post-attachment resistance of NERICAs 2, 5 and 10 (Cissoko et al., 2011) was also expressed in the field. Conversely, NERICAs 4, 12, 13 and O. glaberrima cultivar CG14 showed good post-attachment resistance against S. asiatica in rhizotrons studies (Cissoko et al., 2011, Chapter 2) but proved moderately susceptible under field conditions.
The optimization of resistance of the NERICA rice cultivars will require a good management and application of fertilizers. Improving soil fertility will allow rice cultivars to reduce Striga infestation and increase their yield as was shown by Adagba et al. (2002). Application of 90 to 120 kg N ha-1 in upland rice helped to reduce the number of emerged Striga plants and boost yield of host plants grown in Striga infested fields. In fact NERICA cultivars are known to have higher yield potential and strong response to the use of inputs such as fertilisers (Somado et al., 2008). In addition, as a soil fertility replenishment and Striga control option, the use of a legume, as intercrop or rotation crop, could be an alternative strategic approach in this region as many resource-poor farmers cannot afford mineral fertilizers (see references in Rodenburg et al. (2010)).


Conclusions
This study showed that some NERICA cultivars display good level of resistance and tolerance to Striga species. Nevertheless, notable and sufficient genetic variability exists. A number of NERICA cultivars, notably NERICAs 1, 2, 5, 10 and 17 for S. asiatica and NERICA 1, 2, 3, 4, 5, 10 and 17 for S. hermonthica, possess superior resistance in the field. Superior field resistance against those two Striga species observed in NERICA 1, 5, and 17 was based on at least one pre- and one post-attachment resistance mechanism, as confirmed in recent previous studies. NERICAs 1 and 17 have also been identified as two of the more tolerant cultivars among the group of cultivars included in this study. They suffered less Striga-inflicted total plant biomass reduction compared to some other cultivars when subjected to similar Striga infection (biomass) levels. This study showed that the use of in-vitro methods to identify resistance based on single mechanisms are useful for the identification of superior breeding material in particular when such methods are used in succession to identify material with resistance based on multiple mechanisms.
The resistant cultivars identified in this study, in particular the ones showing resistance at the pre- and post-attachment stages, and those that are resistant against the two Striga species studied here, could be used in breeding programs aiming at the development and improvement of Striga resistance in adapted and high yielding rice cultivars. Such cultivars are also suitable for inclusion in an integrated Striga control program for resource-poor rice farmers typically working in the poorly fertile, drought-prone and Striga-infested upland ecosystems commonly found in sub-Saharan Africa.
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4.1 [bookmark: _Toc325313031]
4.2 Introduction
Rice is one of the most important cereal crops in sub-Saharan Africa but its growth and production suffers from many biotic and abiotic stresses. Among the biotic constraints, the parasitic weed Striga has been identified as one of the main limiting factors of rice production in many areas. Infection by Striga species causes losses in grain yield (Johnson et al., 1997; Ejeta, 2007) that range from 40% to complete crop failure in highly Striga-infested fields (Dugje et al., 2006). Various biological, chemical, cultural and genetic control strategies have been developed and employed to control Striga parasitism in rice (Rodenburg and Johnson, 2009) but the use of resistant and tolerant cultivars is considered to be one of the most cost-effective and sustainable control methods for African subsistence farmers (Rodenburg et al., 2006a; Scholes and Press, 2008).
The discovery of resistance to Striga species in cereal crops including rice is beginning to open the way to our understanding of the genetic basis of some resistance mechanisms. Resistance to S. hermonthica is thought polygenic and controlled by many genes of major and minor effect (Scholes and Press, 2008). A possible reason for this is that S. hermonthica is an obligate, outbreeding parasite, thus populations of Striga individuals are extremely genetically variable (e.g. Huang et al., 2012).  In addition, as Striga seeds can remain viable in the soil for 20 years or more (Parker and Riches, 1993) the seed bank is a reservoir of genetic diversity which suggests that cultivars may require many genes to defend themselves against attack. In contrast to S. hermonthica, S. gesnerioides (the latter attacks dicotyledonous crops such as cowpea) is an inbreeding parasite that exhibits less genetic variation within specific seed populations (Timko et al., 2007). Resistance to S. gesnerioides is mainly monogenic in character and there is clear evidence of race specific resistance responses (Botanga and Timko 2006; Li et al., 2009). These authors have clearly shown that particular cultivars of cowpea are resistant (or susceptible) to specific races of the parasite suggesting a gene-for-gene interaction. Li and Timko (2009) carried out a positional cloning study to identify the resistance gene(s) involved in resistance of cowpea cultivar B301 to race SG3 of S. gesnerioides.  They isolated a gene called RSG-301, a resistance (R) gene homolog that encodes a protein which has a coiled-coil (CC) protein-protein interaction domain at the N-terminus, a nucleotide binding site (NBS) and a leucine-rich repeat domain at the C-terminus. Thus, this protein is structurally similar to other CC-NBS-LRR class R proteins identified in plants (Caplan et al., 2008). Li and Timko (2009) also showed that when this gene was silenced in the resistant cultivar it became susceptible to S. gesnerioides race SG3. At present this is the only example of a Striga resistance gene that has been identified, cloned and functionally validated.
Resistance in cereals to S. hermonthica or S. asiatica has been mostly identified through quantitative trait loci (QTL) analysis of segregating populations such as advanced recombinant or backcross inbred lines (RIL or BIL), doubled haploids (DH) and self-pollinating F2 or F3 populations. For example, the low germination stimulant (lgs) gene for resistance to S. hermonthica has been identified in some sorghum F1 and F2 backcross progenies derived from the Striga resistant cultivar SRN39 and three susceptible cultivars, Shanqui Red (SQR), P-954063 and IS 4225 (Vogler et al., 1996; Ejeta, 2007). The resistant progenies possessing this gene have the ability to produce low amounts of Striga germination stimulants which reduce parasite germination prior to attachment to host roots systems (Vogler et al., 1996). Haussmann et al. (2001b, 2004) used different RIL populations of sorghum to identify many different QTL for resistance to S. hermonthica. They developed two RIL populations from crosses between a line IS9838 (a low germination stimulant producer) and a susceptible cultivar E-36, and cultivar N13 (which shows post-attachment resistance) and E-36. The two populations were grown in the field in Africa at 5 different locations in Mali and Kenya over two seasons. Many QTL were identified for resistance to Striga, some were specific to one of the populations and some were only seen in a particular environment in a particular season. However 5 QTL were common to both RIL populations and occurred independently of site and season. These QTL are very important as they are associated with broad spectrum resistance to different populations of S. hermonthica and were not affected by environment. These QTL are being transferred to other cultivars via marker assisted breeding but it would be valuable to know the identity of the genes involved to enable the design of novel control strategies.
Fewer studies have been carried out to investigate resistance to Striga in rice. However, post-attachment resistance to S. hermonthica was found in rice cultivar Nipponbare by Gurney et al. (2006). The resistance phenotype is characterised by a lack of ability of the parasite to penetrate through the endodermis thus the parasite cannot establish vascular continuity with the host. Nipponbare is a parent of two Backcross Inbred Line (BIL) populations developed by Professor Masahiro Yano at the Japanese Rice Resource Centre. Gurney et al. (2006) screened the BIL population developed from a cross between Nipponbare and Kasalath (an O. sativa spp. indica cultivar) for resistance to an ecotype of S. hermonthica from Kibos, Kenya. This study revealed seven QTL for post-attachment resistance to Striga on chromosomes 1, 4, 5, 6, 7, 8 and 12. The two largest QTL (explaining the greatest percentage phenotypic variance in the population) were on chromosome 4 (where the resistance allele came from Kasalath) and chromosome 12 where the resistance allele came from Nipponbare. In addition, two other QTLs (on chromosome 1 and 8; Nipponbare alleles) were also identified in a study by Kaewchumnong and Price (2008) using a different F6 RIL population derived from a cross between the cultivars Bala (susceptible) x Azucena (tolerant/resistant).
In chapters 2 and 3, it has been shown that some of the upland NERICA rice cultivars exhibited strong broad-spectrum resistance to Striga species. A greater understanding of the genetic basis underlying this resistance is essential for identification and characterisation of the genes that are involved. The African rice species (O. glaberrima) is known to be well adapted to biotic and abiotic stresses and clearly contains resistance genes to Striga species, particularly to S. hermonthica, as illustrated in pot and field experiments carried out by Johnson et al. (1997), Kaewchumnong and Price (2008) and Cissoko et al. (2011) (see chapters 2 and 3). In all of these studies the O. glaberrima cultivar CG14 showed good resistance to S. hermonthica ecotypes.
In order to understand the genetic basis of resistance in African rice germplasm to Striga species, a mapping population derived from a cross between an O. glaberrima and O. sativa cultivar was used in order to identify QTL for resistance to Striga. Several populations of Chromosome Segment Substitution Lines (CSSLs), have or are being developed by Dr Mathias Lorieux and colleagues at the Rice Genetics and Genomics group at the International Center of Tropical Agriculture (CIAT, Cali, Columbia) and the Institut de Recherche pour le Developpement (IRD, Montpellier, France) through a Generation Challenge Program (GCP). This GCP aimed to develop rice genetic resources relevant to African Agriculture. CSSLs are defined as inbred lines where each line carries a single or a few chromosomal segments of a donor genome within a pure genetic background of the recurrent (recipient) parent. Good CSSL populations consist of introgression lines where the whole of the donor genome is represented in the background of an adapted cultivar (Ali et al., 2010).
Three CSSL populations have been produced at CIAT by crossing three wild relative accessions, O. barthii (cv. IRGC101937), O. rufipogon (cv. IRGC105491) and O. meridionalis (OR44) with a tropical O. sativa subspecies japonica cultivar, Curinga. A further two CSSL populations have been produced by crossing the O. glaberrima cultivar TOG5681 with the tropical O. sativa (spp. indica) cultivar, IR64 (Bocco et al., 2012) and the O. glaberrima cultivar MG12 with the tropical O. sativa (spp. japonica) cultivar, Caiapo (Gutierrez et al., 2010). An aim of this chapter was to screen the MG12 x Caiapo introgression lines for resistance to S. hermonthica.
Many different studies have shown the importance of CSSL populations for trait improvement. Because the introgression lines contain small segments of the donor genome, any differences in the trait of interest must be due to QTL and genes present in the introgressed segments. Thus both QTL/genes of minor and major effect can be separated and identified. The lines that exhibit interesting phenotypes can then be used to generate Near Isogenic Lines (NILs) for fine mapping and identification of the genes involved. Bocco et al. (2012) evaluated the effects of drought on agro-morphological traits of 54 CSSLs derived from the cross between the high yielding O. sativa cultivar IR64 and the drought tolerant cultivar TOG5681. These authors identified some introgression lines (e.g SEN-Ll3-2 and MPL-15-3) that showed a much higher yield potential under drought conditions in the field than their parental cultivars. Additionally, using 64 CSSLs which carried O. glaberrima MG12 chromosomal segments in the genetic background of the O. sativa cultivar Caiapo, Gutiérrez et al. (2010) identified fourteen QTL for important agronomic traits such as plant height, tiller number per plant, grain yield and a highly significant resistance QTL to the rice stripe necrosis virus (RSNV). Other CSSL populations derived from crosses between cultivated and wild rice species have also demonstrated their usefulness for the identification of QTL and genes for many important traits such as seed shattering (Sanchez et al., 2001) and resistance to leaf hoppers (Fujita et al., 2004; Deen et al., 2010). The identification of ‘novel’ QTL in wild relatives is very valuable for breeding and crop improvement as wild relatives are often excellent sources of genes that have been lost from elite cultivars during breeding (Ali et al., 2010).
The aims of this chapter are to:
1. Evaluate the parental cultivars of several CSSL populations for resistance to S. hermonthica to determine their potential for identification of QTL for resistance.
2. Determine the effect of S. hermonthica on the growth and biomass partitioning of the cultivars.
3. Identify QTL underlying resistance to S. hermonthica (Sh-Kibos 1997) in a CSSL population derived from a cross between the O. glaberrima cultivar MG12 and the tropical O. sativa spp. japonica cultivar Caiapo.
4. Determine whether introgression lines with high levels of resistance to S. hermonthica (Sh-Kibos) also exhibit broad spectrum resistance against other ecotypes of S. hermonthica and S. asiatica.
5. Begin a crossing programme to develop Near Isogenic Lines (NILs) for fine mapping of Striga resistance genes.





















4.3 Materials and Methods
4.2.1 [bookmark: _Toc325313032]Plant materials
Selected rice cultivars CG14, MG12 and TOG5681 (Oryza glaberrima), Caiapo and Curinga (O. sativa spp. japonica), IR64 (O. sativa spp. indica) and three wild species, O. barthii (cv. IRGC101937), O. rufipogon (cv. IRGC105491) and O. meridionalis (OR44) and a CSSL population of 64 BC3DH lines (derived from cross between MG12 and Caiapo) were evaluated for resistance to Striga in the current study. All the rice materials were supplied by Dr Mathias Lorieux at the International Center for Tropical Agriculture (CIAT), Columbia, except for CG14 which was obtained from Africa Rice Center, Cotonou, Benin. The seeds of S. hermonthica and S. asiatica used in this study were the same as those shown in Chapter 2 (Table 2.1).

4.2.2 [bookmark: _Toc325313033]Evaluation of post-attachment resistance of Asian, African and wild rice species and cultivars to S. hermonthica ecotype Sh-Kibos 1997
Rice seeds were germinated, transferred to rhizotrons and plants infected with 12.5 mg of pre-germinated S. hermonthica seeds (16 days after sowing) as described in section 2.2.2. Five replicates of control and infected plants were established for each cultivar. Plants were grown in a controlled environment chamber with day/night temperatures of 28 °C and 24 °C, respectively, 60% relative humidity and a 12 hours photoperiod. Irradiance was provided by a mixture (50:50) of Sylvania Metal Halide E39 POM lamps and Philips HalogenA BTT46 CL E27 lamps. Irradiance increased gradually over the first hour of the period until it reached 500 mol m-2 s-1 at plant height. Irradiance then decreased gradually during the last hour of the photoperiod. Rhizotrons were supplied with 25 ml of 40% Long Ashton nutrient solution (Hewitt, 1966) containing 2 mM of ammonium nitrate, four times each day via an automatic watering system. Twenty one days after infection, individual Striga seedlings were removed from the roots of each host plant in order to determine their number, length and weight as described in section 2.2.3. Rice plants were harvested and separated into roots, stem and leaves and dried for one week at 48 °C. Biomass was determined 7 days later. The effect of Striga on host growth was quantified by expressing the above-ground biomass of infected plants as a percentage of uninfected control biomass.
Student t-tests or analysis of variance (ANOVA) were used to test whether differences in resistance levels of the parents of each CSSL population were statistically significant. Statistical tests were performed using Minitab version 14.

4.2.3 [bookmark: _Toc325313034][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Mapping Striga resistance QTL in 64 BC3DH lines derived from a cross between MG12 (O. glaberrima donor parent) and Caiapo (O. sativa background parent)
The development of the CSSL population from a cross between Caiapo (recurrent or background parent) and MG12 (donor parent) was carried out at CIAT, Columbia as described by Gutiérrez et al. (2010). The population consists of 312 BC3DH lines that have been genotyped with 200 polymorphic Single Sequence Repeat (SSR) markers that are well distributed across the 12 chromosomes. A computer programme, CSSL Finder version 0.9a14 (http://mapdisto.free.fr./CSSLFinder/) was used to identify a subset of 64 lines that contained donor segments (with average size of 10 cM) which spanned the entire O. glaberrima genome as described in Gutiérrez et al. (2010). Figure 4.1 shows the graphical genotypes of the 64 selected lines. 
In order to evaluate the 64 lines and the two parental cultivars (MG12 and Caiapo) for resistance to S. hermonthica (Sh-Kibos), plants were grown, infected and maintained as described in section 4.2.2. Four replicates of each CSSL and the two parental cultivars MG12 and Caiapo were established. Post-attachment resistance to Sh-Kibos 1997 was assessed 21 DAI by determining total Striga biomass on each rice plant as described in section 4.2.2. The plants were grown in four batches with replicates of each CSSL randomized within and between batches. All four batches were grown in the growth chamber at the same time but they were set up at two-day intervals to allow time for infection and harvesting of plants (Fig 4.2).
Chapter 4	                                                                                            Identification of Striga resistance QTL
Analysis of S. hermonthica resistance QTL was carried out using S. hermonthica dry biomass data as the trait variable. Molecular marker genotypes of the CSSLs were determined by Dr Mathias Lorieux’s group (IRD-CIAT). Identification of Striga resistance QTL was carried out using CSSL Finder v. 09a14 (http://mapdisto.free.fr./CSSLFinder/). This programme was used to generate and display the graphical genotypes of the 30 most contrasting phenotypes (the 15 most resistant lines and the 15 most susceptible). This way, chromosomal segments were 
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	Figure 4.1 Graphical genotyping of a sub-set of 64 BC3DH lines (out of 312) displaying contiguous introgressed segments from O. glaberrima donor parent MG12 (in brown) and O. sativa background parent Caiapo (in pink). The heterozygous and missing segments are dark green and dark grey, respectively, while genotype 3 and 4 representing non parental segments are light grey. These lines were evaluated for resistance to S. hermonthica (Sh-Kibos). The genotypes are indicated horizontally whilst the 12 chromosomes and 200 SSRs markers are displayed vertically.
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Figure 4.2 Screening of the interspecific lines of a CSSL population (Caiapo (O. sativa) x MG12 (O. glaberrima)) for resistance to S. hermonthica (Sh-Kibos 1997). (a) Controlled environment growth room used for the experiment showing different batches of plants growing in rhizotrons. (b) Close up view of rice plants growing in rhizotrons. 






analysed for their putative association with the trait by graphical genotyping, in order to determine the QTL position. Additionally, the 64 lines were analysed by ANOVA1, in order to confirm the statistical association between markers identified by graphical genotyping. Here, it is worth mentioning that, due to unbalanced sizes of the two sub-populations defined by each couple of marker alleles, the statistical properties of ANOVA1 are not optimal and may lead to identification of false positives or artefacts. Nevertheless, combining graphical genotyping and ANOVA1 allows a fairly robust QTL identification.

4.2.4 [bookmark: _Toc325313035] Development of materials for fine mapping of resistance genes
In order to confirm and fine map QTL identified in this study, CSSLs that contained a segment of the O. glaberrima genome conferring resistance to S. hermonthica were crossed (as the male parent) with Caiapo (the recurrent parent) to produce BC4F1 seeds (Fig 4.3). Some of these seeds were grown and plants allowed to self-pollinate to produce the BC4F2 generation. As panicles emerged from the sheath they were enclosed in pollen proof seed bags (prior to anthesis) to prevent cross-pollination. These crosses have been completed.  Some of the BC4F2 seeds have been grown to produce the BC4F3 generation. In order to produce seeds, plants were grown in pots using John Innes N° 3 soil and maintained in the controlled environment growth room, as described in the section 4.2.2.
In future, seeds from both the BC4F2 and BC4F3 generations will be grown and simultaneously phenotyped for resistance to S. hermonthica and genotyped with SNP markers to select informative recombinants in the QTL region. In the BC4F3 generation genotyping will allow selection of recombinants that are homozygous for the region of interest. These plants will be allowed to self-pollinate to produce families of BC4F4 homozygous lines. These plants will then be evaluated for Striga resistance allowing fine mapping of the Striga-resistance QTL.

4.2.5 [bookmark: _Toc325313036]Extraction of DNA for molecular marker analyses
DNA was extracted from a 0.5 mm disc of leaf tissue taken from all plants to be analysed using a hole punch supplied with a Phire Plant Direct PCR kit (Thermo Scientific Inc, Finland). The small leaf disk was placed in a PCR reaction tube containing 1 X Phire Plant PCR buffer (including dNTPs and MgCl2), 0.5 µM of each
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Figure 4.3 Production of Near Isogenic Lines (NILs) from lines of a CSSL population (O. glaberrima (MG12) x O. sativa (Caiapo)) for fine mapping of Striga-resistant QTL.





forward and reverse primers for the SSR marker RM101 and Phire Hot Start II DNA Polymerase (20 µl total reaction volume). PCR amplification was carried out in Flexigene TC-500 (Techne) with the following program: 98 ºC for 5 min followed by 35 cycles of 98 ºC for 5 s, 55 ºC for 5 s, 72 ºC for 20 s with a final extension of 72 ºC for 1 min. PCR products were separated on a 3 % agarose gel at 100 V for 1 hour with a DNA Hyperladder V (Bioline, London, UK). Gels were stained with ethidium bromide and visualized using an Epi Chemi II Darkroom (UVP Ltd, Laboratory Products, UK) gel documentation system. The sequences of the forward and reverse primers for marker RM101 are: Forward primer 5’-3’, GTGAATGGTCAAGTGACTTAGGTGGC; Reverse primer 5’-3’, ACACAACATGTTCCCTCCCATGC.



















4.4 [bookmark: _Toc325313037]Results
4.3.1 [bookmark: _Toc325313038]Evaluation of post-attachment resistance of Asian, African and wild rice species and cultivars to S. hermonthica ecotype Sh-Kibos 1997
In order to select a CSSL population to begin to map resistance to S. hermonthica the parents of different CSSL populations were evaluated for post-attachment resistance to Sh-Kibos. Figure 4.4 shows the biomass and number of S. hermonthica individuals (Sh-Kibos 1997) attached to each cultivar at 21 DAI. The different cultivars exhibited different susceptibilities to Sh-Kibos 1997. Some rice cultivars (e.g. Caiapo and Curinga) were very susceptible supporting large numbers of emerged Striga seedlings with more than 100 well-developed parasite plants per host root system (Fig 4.5 and 4.6). The other cultivars exhibited good levels of post-attachment resistance to Sh-Kibos 1997 although none were completely immune to the parasite. All the O. glaberrima cultivars, wild species, and the O. sativa cultivar IR64 showed good resistance and supported only a few small Striga seedlings on their root system (Fig 4.5 and 4.6). As the O. sativa cultivars Caiapo and Curinga were parents of one of the CSSL populations these populations represent excellent resources for mapping Striga resistant QTL. The only population where both parents were quite resistant to S. hermonthica (and therefore not suitable for mapping resistance QTL) was the IR64 (O. sativa) x TOG5681 (O. glaberrima) population. Thus, in order to begin to analyse the genetic basis of resistance in the O. glaberrima genome, the Caiapo (O. sativa) x MG12 (O. glaberrima) population was used in this study. Figure 4.7 illustrates the difference in susceptibility of these parental cultivars.

4.3.2 [bookmark: _Toc325313039]The impact of Striga hermonthica on the biomass of resistant and susceptible rice cultivars
In order to assess the effect of S. hermonthica on the growth of the host plants, the biomass of the roots, stems and leaves of infected plants were compared to those of the uninfected control plants (Figures 4.8 - 4.10 and Table 4.1). Infection of all cultivars by S. hermonthica significantly reduced the biomass of roots, stems and leaves. The above ground biomass (stems and leaves) was more severely affected than the roots (Fig 4.8) in all cases. Figure 4.11 shows the relationship between the total biomass of Striga-infected plants as a percentage of the biomass of their respective control plants, and the amount of Striga biomass on the roots for each of the rice cultivars. The reduction in 
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	Figure 4.4 Evaluation of post-attachment resistance of different rice species and cultivars to S. hermonthica (Sh-Kibos 1997). Striga dry biomass (a) and number of attached Striga seedlings (b). Striga plants were assessed at harvest 21 days after infection. Values represent mean ± SE of 5 replicate plants. For each trait the significance of a genotype effect was calculated using student t-test (for the O. sativa x O. glaberrima parents) or one-way ANOVA (for the O. sativa x wild relative parents). Within each set of coloured bars, bars with the same letter are not significantly different. Level of significance. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 4.5 Phenotype of resistance in rice cultivars Caiapo, MG12, IR64 and TOG5681 infected with S. hermonthica (Sh-Kibos 1997) at 21 days after infection. Scale bar represents 5 cm.
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Figure 4.6 Phenotype of resistance in rice cultivars Curinga, IRGC105491, OR44 and IRGC101937 infected with S. hermonthica (Sh-Kibos 1997) at 21 days after infection. Scale bar represents 5 cm.
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Figure 4.7 The parents of the CSSL population derived from a cross between the O. sativa cultivar Caiapo and the O. glaberrima cultivar MG12 exhibit different levels of resistance/susceptibility to S. hermonthica (Sh-Kibos, 1997). Individual S. hermonthica plants taken from the roots of an individual plant of cultivar Caiapo plant fill 3 Petri dishes whereas those taken from one plant of cultivar MG12 are shown in one Petri dish.
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	Figure 4.8 Effect of S. hermonthica (Sh-Kibos 1997) on the biomass of roots, stems, and leaves of different rice species and cultivars at 21 days after infection. The letters C and I indicate uninfected control and infected plants, respectively. Data presented are means ± SE of 5 replicate plants. Statistical analysis of differences between roots, stem and leaf biomass in control and infected plants are shown in Table 4.1.
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Figure 4.9 Representative images of different rice species grown in rhizotrons with and without S. hermonthica (Sh-Kibos 1997) for 21 days. The letters C and I indicate uninfected control and infected plants, respectively.

	[image: ]

	
Figure 4.10 Representative images of different rice species grown in rhizotrons with and without S. hermonthica (Sh-Kibos 1997) for 21 days. The letters C and I indicate uninfected control and infected plants, respectively.


Table 4.1 Summary of the results of Student t-tests for the effect of S. hermonthica on the biomass of roots, stems and leaves in infected compared to control plants for wild and cultivated rice species. Significance levels: NS, not significantly different, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P< 0.001. Data are shown in Figure 4.8.




	Genotype 
	 
	    t-value
	         df
	            p-value
	Significance

	Caiapo
	Root
	3.52
	4
	0.025
	*

	 
	Stem
	13.23
	4
	0.001
	***

	 
	Leaf
	10.55
	3
	0.002
	**

	MG12
	Root
	2.24
	4
	0.088
	NS

	 
	Stem
	5.36
	4
	0.006
	**

	 
	Leaf
	6.44
	4
	0.003
	**

	IR64
	Root
	3.55
	2
	0.071
	NS

	 
	Stem
	6.89
	2
	0.020
	*

	 
	Leaf
	9.24
	2
	0.012
	*

	TOG5681
	Root
	1.94
	2
	0.192
	NS

	 
	Stem
	5.46
	3
	0.012
	*

	 
	Leaf
	3.35
	3
	0.044
	*

	Curinga
	Root
	5.83
	3
	0.010
	**

	 
	Stem
	8.8
	3
	0.003
	**

	 
	Leaf
	8.3
	4
	0.001
	***

	IRGC105491
	Root
	0.58
	2
	0.628
	NS

	 
	Stem
	4.72
	2
	0.042
	*

	 
	Leaf
	1.8
	3
	0.169
	NS

	OR44
	Root
	2.4
	4
	0.075
	NS

	 
	Stem
	4.69
	2
	0.042
	*

	 
	Leaf
	4.59
	3
	0.019
	*

	IRGC101937
	Root
	0.28
	4
	0.790
	NS

	 
	Stem
	10.78
	4
	0.001
	***

	 
	Leaf
	3.99
	3
	0.028
	*

	CG14
	Root
	2.21
	2
	0.158
	NS

	 
	Stem
	5.1
	3
	0.015
	*

	 
	Leaf
	3.99
	3
	0.028
	*
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Figure 4.11 Relationship between total biomass of infected plants as a percentage of control plants and the amount of Sh-Kibos 1997 biomass on the root system of host plant. Rice cultivars are indicated in different colours with parents of cross in the same colour (dotted for the recurrent parent). Data presented are means ± SE of 5 replicate plants.






host biomass of infected compared to control plants at harvest was at least 40% for all rice cultivars when compared with controls despite the fact that the O. glaberrima cultivars CG14, MG12 and TOG5681 and the wild relatives all showed good levels of resistance to the parasite. The most severely affected cultivars were the very susceptible cultivars Caiapo and Curinga, which lost 72% and 78% of their biomass respectively. As observed in the experiment to determine the effect of S. hermonthica on the biomass of the NERICA cultivars (Chapter 2), not all cultivars were affected to the same extent when infected by a similar parasite biomass, i.e. they exhibited different levels of tolerance to the parasite. In this experiment IR64, CG14, MG12, IRGC105491, TOG5681 and O. meridionalis (OR44) supported similar amounts of parasite biomass on their roots but displayed reductions in host biomass of 50%, 51%, 57% 44%, 51% and 75% respectively when compared to their control plants.

4.3.3 [bookmark: _Toc325313040]Screening of 64 CSSLs and their parents, Caiapo and MG12, for resistance to S. hermonthica (Sh-Kibos 1997) and identification of QTL underlying resistance
Figure 4.12 shows the biomass of S. hermonthica (Sh-Kibos 1997) attached to the roots of Caiapo, MG12 and the 64 interspecific CSSLs at 21 DAI. The introgression lines varied widely in their post-attachment resistance to Sh-Kibos 1997 and were ranked from the most susceptible to the most resistant. Some CSSLs were very susceptible to Sh-Kibos 1997 witnessed by the high biomass of Striga seedlings on the roots (Fig 4.12). For example, some CSSLs (e.g. 86, 181 and 186) were more susceptible than the recurrent O. sativa parent Caiapo (transgressive segregation). Other CSSLs showed levels of susceptibility that were intermediate between Caiapo and MG12. However, only two CSSLs (149 and 194) showed the same very strong resistance phenotype as the donor parent MG12 as shown by CSSL 194 in Fig 4.13. These two CSSLs supported very few attached Striga seedlings and low amounts of parasite biomass (Fig 4.12 and 4.13).
Figure 4.14 shows the graphical genotypes of 30 lines that displayed extreme phenotypes for resistance to Sh-Kibos 1997 based on Striga dry biomass (15 smallest and 15 highest values) using CSSL Finder program. The graphical genotyping together with a QTL analysis identified a major QTL located on chromosome 12 with an F-test value of more than 10. The two resistant CSSLs 149 and 194, shared only one chromosomal segment of the donor parent MG12 in common on chromosome 12. This 
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	Figure 4.12 Screening of 64 CSSLs and their parents Caiapo and MG12 for resistance to S. hermonthica (Sh-Kibos 1997). Striga dry biomass was assessed at harvest 21 days after infection. Asterix indicate the most resistant CSSLs 149 and 194. Data shown are means ± SE. Genotype effect was highly significant (one-way ANOVA, P < 0.001) for Striga dry biomass.




	[image: ]

	
Figure 4.13 Phenotype of resistance to S. hermonthica (Sh-Kibos 1997) in cultivars Caiapo (susceptible) and MG12 (resistant) and CSSLs 194 at 21 days after infection (in rhizotrons).
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	Figure 4.14 Identification of the major resistance QTL to S. hermonthica (Sh-Kibos 1997) on chromosome 12 using CSSL Finder. Oryza glaberrima donor parent MG12 segments are indicating in black in O. sativa background parent Caiapo in light grey. The heterozygous and missing segments are dark grey and dark blue, respectively, while genotype 3 and 4 representing non parental segments are white. On the right, red bars indicate the 15 smaller and 15 higher values of Striga dry biomass with corresponding CSSLs named on the left. The 2 most resistant lines 149 and 194 shared the donor O. glaberrima segment in common located within the red rectangle. The F-test (ANOVA1) is considered significant when its value is superior to 10.



QTL has been designated as STR12.1 and explains at least 80% of the variation for resistance to S. hermonthica (Sk-Kibos 1997) in this CSSL population and suggests that resistance is likely to be due to a single gene or a few genes of major effect.

4.3.4 [bookmark: _Toc325313041]How broad spectrum is the resistance identified in the CSSLs and their parental lines?
In order to determine whether the resistance QTL on chromosome 12 was broad spectrum or confined to the ecotype of S. hermonthica collected in Kibos in 1997, the two most resistant CSSLs 149 and 194 and their two parent cultivars MG12 and Caiapo were evaluated for resistance to two additional ecotypes of S. hermonthica (Sh-Kouto, collected from rice in 2009 and Sh-Kibos also collected in 2009) and to two ecotypes of S. asiatica (Sa-USA and Sa-Kyela). See Table 2.1 (Chapter 2) for details.
Figure 4.15 presents the dry biomass (a), number (b) and average length (c) of attached Striga seedlings of each Striga ecotype on the two CSSLs and their parents. A similar pattern of resistance/susceptibility to all of the S. hermonthica and S. asiatica ecotypes was observed in the parental cultivars. MG12 showed good resistance to all Striga ecotypes whilst Caiapo was susceptible to all ecotypes. For example there were approximately 100 well-developed parasite seedlings per root system for both Sh-Kibos (1997) and Sh-Kibos (2009) and over 200 parasite seedlings per root system for Sa-USA (Fig 4.15b and 4.15c). The two CSSLs 194 and 149 displayed the same strong post-attachment resistance to both ecotypes of Sh-Kibos (1997 and 2009) and to Sa-USA as MG12. The two CSSLs also showed some resistance to Sh-Kouto (2009) although it was not as strong as the resistance exhibited against the Kibos ecotypes of S. hermonthica. The total biomass and size of Striga seedlings attached to CSSL194 and 149 were less than on Caiapo (Fig 4.15a and 4.15c) but the number of attached seedlings was similar (Fig 4.15b).
Interestingly, a different pattern of resistance / susceptibility of the CSSLs to the S. asiatica ecotype from Kyela, Tanzania was observed. MG12 was strongly resistant and Caiapo was susceptible to Sa-Kyela (as seen with the other ecotypes) but both CSSLs 194 and 149 were as susceptible to this ecotype of Striga as Caiapo (Fig 4.15). In this study the biomass and number of S. asiatica attachments on Caiapo was quite low. In order to determine whether this was due to a difference in virulence of the ecotype or to the lower germination of seeds (approximately 50%; data not shown), an additional 
	[image: ]

	Figure 4.15 Resistance response of Caiapo and MG12, and the most resistant CSSL149 and 194 to a range of S. hermonthica and S. asiatica ecotypes 21 days after infection. Striga dry biomass (a), number (b) and average length (c) of Striga seedlings. Striga plants were assessed 21 days after infection. Data presented are means ± SE. For the three traits, genotype effect is shown as: *, P < 0.05; **, P < 0.01; ***, P < 0.001 (One-way ANOVA for each Striga ecotype). Mean with different letter differ significantly (Tukey multiple comparisons test, P < 0.05).


experiment was carried out but 25 mg of germinated seeds were used to infect each plant (two times the normal amount used). The results of this screen are shown in Figure 4.16. The number and biomass of Striga individuals attached to the susceptible cultivar Caiapo was almost double that of the previous experiment. However the pattern of resistance on Caiapo, MG12 and the two CSSLs was the same as seen in the first study. There was no significant difference in the biomass of Striga on Caiapo and CSSLs 194 and 149; all were very susceptible. MG12 remained very resistant to Sa-Kyela. This suggests that the resistance observed in MG12 to this ecotype is likely to be controlled by different loci to those controlling resistance to the other ecotypes of S. hermonthica and the ecotype of S. asiatica from USA.

4.3.5 [bookmark: _Toc325313042]Development of Near Isogenic Lines (NILs) for fine mapping studies
In order to decrease the size of introgressed MG12 target segment involved in the Striga resistance QTL on chromosome 12, the two resistant CSSLs (194 and 149) were crossed with the O. sativa cultivar Caiapo (as the female or male in different crosses) to produce the BC4F1 generation as shown in Table 4.2. In total 600 seeds were produced from many independent crosses of CSSL149 (female) with Caiapo (male) and 300 from crosses between CSSL194 (female) and Caiapo (male). Sixty four and 4 seeds were produced from crosses between CSSLs 149 and 194 (as the male parent) and Caiapo (as the female parent), respectively (in these crosses the lower number of seeds produced was due to fewer crosses not to problems of sterility).
In order to check whether crosses had been successful, seeds of BC4F1 generation were grown and analysed with molecular marker RM101. The SSR marker RM 101 is associated with the Striga resistance QTL on chromosome 12 and is polymorphic between Caiapo and MG12 (Fig 4.17). As seen by the amplification products, MG12 and Caiapo have different alleles at this marker and CSSLs 194 and 149 have the MG12 allele (Fig 4.17). All seeds of the BC4F1 generation should be heterozygous and have both parental alleles if the cross has been successful. Figure 4.17 shows that some plants were heterozygous indicating a successful cross whilst others just have the Caiapo allele. Heterozygous individuals were selected and self-pollinated to produce the BC4F2 generation (Table 4.2).
In the BC4F2 generation most panicles were not fertile and did not produce seeds. From the 13 plants (5 from Caiapo x CSSL149 and 8 from Caiapo x CSSL194) that 
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	Figure 4.16 Dry biomass (a) and number (b) of S. asiatica (Sa-Kyela 2009) seedlings collected from parental lines Caiapo and MG12, CSSLs 194 and 149 at 21 days after infection. Data presented are means ± SE of 6 replicate plants. One-way ANOVA indicated that the genotype effect is significant (P < 0.05) for each trait. The letters above each bar indicate the different significance groups after Tukey’s pairwise comparisons.




Table 4.2 Generation of Near Isogenic lines (NILs) for fine mapping of Striga resistance QTL.
	
	
	Number of seeds produced

	Cross and self-pollination
	BC4F1
	BC4F2
	BC4F3 

	Female  ♀
	Male ♂
	
	
	

	BC3F1DHCSSL149
	Caiapo
	600 (5)
	-
	-

	BC3F1DHCSSL194
	Caiapo
	300 (8)
	-
	-

	Self-Pollination
BC4F1DHCSSL149/Caiapo
	
	
-
	
45 (45)
	
-

	BC4F1DHCSSL194/Caiapo
	
	-
	06 (6)
	-

	BC4F2DHCSSL149/Caiapo
	
	-
	-
	>2000

	BC4F2DHCSSL194/Caiapo
	
	-
	-
	>5000

	Female  ♀
	Male ♂
	
	
	

	Caiapo
	BC3F1DHCSSL149
	64 (4)
	-
	-

	Caiapo
	BC3F1DHCSSL194
	04 (4)
	-
	-

	Self-Pollination
Caiapo/BC4F1DHCSSL149
	
	
-
	
62 (0)
	
-

	Caiapo/BC4F1DHCSSL149
	
	-
	22 (0)
	-



Numbers in brackets indicate the number of plants allowed to self-pollinate to produce the next generation.
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Figure 4.17 Amplification products of SSR marker RM101 for the rice cultivars MG12 (O. glaberrima) and Caiapo (O. sativa) and for CSSL149 (interspecific introgression line). MG12 and Caiapo show different alleles at this marker. The BC4F1 progeny of crosses between Caiapo and CSSL 149 are also shown. Progeny with both alleles result from a successful cross. Hypperladder V (Bioline London UK; V) was used as size standard (number in bp). R = good resistance, S = susceptible.








were self-pollinated only 51 seeds (45 from Caiapo x CSSL149 and 6 from Caiapo x CSSL194) were produced in total. All these seeds were grown and self-pollinated to produce the BC4F3 generation. In this generation there were no fertility problems and large numbers of seeds were produced (Table 4.2).

4.3.6 [bookmark: _Toc325313043]Is the resistance found in the NERICA rice cultivars associated with the QTL on chromosome 12?
The SSR marker RM101 is located within the QTL region on chromosome 12 of the O. glaberrima cultivar MG12. As described above, MG12 and Caiapo have different alleles at this marker. In order to determine whether the O. glaberrima and O. sativa parents of the NERICA cultivars have the same alleles as MG12 and Caiapo respectively, an analysis of the parents and all 18 NERICA cultivars was carried using marker RM101. Figure 4.18 shows the amplification products of RM101 for these cultivars. CG14 has the same allele (size 275 bp) as MG12. However all the O. sativa parents have also the same allele (size 275 bp) as MG12 at RM101, i.e. the marker is monomorphic (Fig 4.18). Some of the NERICA cultivars have the same allele as the parents but some have a different allele (size 325 bp) at this marker independent of the O. sativa parent (Fig 4.18a, 4.18b and 4.18c).  Interestingly there is an exact correlation between the presence of the ‘MG12 allele’ and resistance to S. hermonthica. All NERICA cultivars that have this allele show good resistance to the parasite whereas those that have the non-parental allele are susceptible (Fig 4.18 and Fig 2.1).
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	Figure 4.18  Amplification products of SSR marker RM101 for the 18 upland NERICA rice cultivars and their parents; (a) shows the NERICA cultivars 1 – 11 which derived from cross between CG14 (O. glaberrima) and WAB56-104 (O. sativa); (b) shows the NERICA cultivars 12, 13 and 14 from cross between CG14 (O. glaberrima) and WAB56-50 (O. sativa) and (c) shows the NERICA cultivars 15-18 from cross between CG14 (O. glaberrima) and WAB181-18 (O. sativa). Hypperladder V (Bioline London UK; V) was used as size standard (number in bp). R = good resistance, I = intermediate susceptibility, S = susceptible.


4.5 [bookmark: _Toc325313044]Discussion
4.4.1 [bookmark: _Toc325313045]How resistant and/or tolerant are the parent cultivars of different inter-specific rice CSSL populations to Striga hermonthica?
In order to understand the molecular genetic basis of resistance to Striga species, the parent cultivars of several different rice CSSL populations were screened to determine their susceptibility/resistance to S. hermonthica (Sh-Kibos) and thus their suitability for mapping Striga-resistance QTL. Ideally parents of mapping populations should show clear differences in the trait of interest. In this study, the three wild relative accessions, O. rufipogon (IRGC105491), O. meridionalis (OR44) and O. barthii (all donor parents in CSSL populations developed or under development at IRD-CIAT) showed very good levels of post-attachment resistance to S. hermonthica (Sh-Kibos) whilst the recurrent O. sativa parent (Curinga) was very susceptible. The CSSL populations derived from these parental crosses therefore represent excellent resources for the identification of Striga resistance QTL in future studies. Wild species of rice contain more genetic variability for important traits such as biotic and abiotic stress resistance and yield characteristics when compared to cultivated rice which have lost alleles during domestication (Sun et al., 2001; Jena, 2010). For example, several CSSL populations and BC2F5 introgression lines using O. rufipogon IRGC105491 as donor parent and O. sativa ssp. indica Zhenshen 97B as recurrent parent have been developed with the objective of improving yield-related traits, drought tolerance and grain quality (McCouch et al., 2007). Similarly Cheema et al. (2008), and Xie et al. (2006) identified and introgressed useful alleles associated with the yield-enhancing genes from O. rufipogon (IRGC105491) into adapted cultivated rice species. Chen et al. (2010) identified QTL for white-backed plant hopper resistance from an interspecific cross (O. sativa x O. rufipogon), and Prasad and Eizenga (2008) identified rice sheath blight resistance in accessions of O. nivara, O. barthii and O. meridionalis. There are also many examples of the discovery and use of QTL/genes from wild rice species for resistance to abiotic stresses (drought, iron toxicity and salinity) (reviewed in Ali et al. (2010)).
In this study, the O. glaberimma cultivars CG14, MG12 and TOG5681 exhibited much stronger levels of resistance to S. hermonthica (Sh-Kibos) than some Asian cultivated rice species (e.g. Caiapo and Curinga). This result is consistent with the previous findings of Johnson et al. (1997) and Kaewchumnong and Price (2008), where O. glaberrima cultivars were generally much more resistant to Striga under field and laboratory conditions respectively, than O. sativa cultivars. The only O. sativa cultivar that showed good resistance to S. hermonthica (Sh-Kibos) in the current study was IR64.  However, this cultivar showed high susceptibility to an ecotype of S. hermonthica from Samanko in Mali-West Africa in the study of Kaewchumnong and Price (2008) illustrating differences in host-parasite specificity. A key aim of this current PhD study was to begin to identify the molecular basis of resistance to S. hermonthica in the inter-specific NERICA cultivars. Clearly the CSSL population derived from the cross between O. glaberrima (TOG5681) and O. sativa (IR64) was not suitable for this purpose as both parents exhibited good levels of resistance to S. hermonthica. However the CSSL population derived from the cross between O. glaberrima (MG12) and O. sativa (Caiapo) was ideal for this purpose as the O. glaberrima parent was much more resistant than the O. sativa parent.

4.4.2 [bookmark: _Toc325313046]Identification of QTL underlying resistance in the CSSL population derived from a cross MG12 x Caiapo
In this current study, a major QTL underlying post-attachment resistance to parasitic weed S. hermonthica (Sh-Kibos 1997) was identified in the mapping population of CSSLs generated from the resistant cultivar MG12 (O. glaberrima) and the susceptible cultivar Caiapo (O. sativa ssp. japonica). This significant QTL (designated STR12.1) was located on chromosome 12 and explained a large proportion (at least 80%) of the resistance in MG12 to Sh-Kibos 1997. This strongly suggests that one (or a very small number) of genes on chromosome 12 conferred the majority of the resistance to this ecotype of Striga. The fact that some of the other CSSLs were slightly more resistant to S. hermonthica than Caiapo also suggests that there are genes of minor effect in other regions of the O. glaberrima genome. However, the finding that one or a few genes are likely to be responsible for the majority of the resistance is very important from a breeding perspective. Interestingly, the location of QTL STR12.1 overlapped with a Striga-resistance QTL on chromosome 12 of Nipponbare discovered in mapping study by Gurney et al. (2006). These authors conducted a QTL analysis of post-attachment resistance to the same S. hermonthica ecotype (Sh-Kibos 1997) in a Backcross Inbred Line (BIL) population consisting of 98 BC1F14 lines derived from a cross between Nipponbare (O. sativa spp. japonica) and Kasalath (O. sativa spp. indica). At present, both QTL are too large to determine whether the gene(s) responsible for resistance are the same but fine mapping studies are underway to aid identification of candidate resistance genes. It is interesting to note that the region of chromosome 12 where QTL STR12.1 is located also contains QTL and resistance genes against other biotic stresses.  For example Boisnard et al. (2007) identified a QTL located in a very similar position on chromosome 12 for partial resistance to rice yellow mottle virus (RYMV). They showed by using in silico studies and the evaluation of Near Isogenic Lines (NILs) that genes encoding eukaryotic translation initiation factors (eIF) were good candidates for a role in the resistance to this virus.
In our current study, development of resources for fine mapping studies was carried out by crossing the 2 resistant CSSLs 149 and 194 (both BC3F1 lines) as the donor parent with Caiapo as the female parent to produce advanced backcrossed lines (BC4F1) followed by several generations of self-pollinations (3 in total) to successively generate BC4F2, BC4F3 and BC4F4 lines as indicated in Figure 4.3. During this process, reduced viability and fertility of BC4F1 hybrids was noticed at BC4F2 level (as shown by the low number of seeds obtained - Table 4.2). This is the consequence of interspecific sterility barriers that occur during crossing between cultivars of O. sativa and O. glaberrima (Sano, 1990; Li et al., 2008; Deng et al., 2010; Garavito et al., 2010).  These authors have shown that the sterility barrier is due to the interaction of several rice sterility loci, but most importantly the complex locus S1 on chromosome 6 of O. glaberrima. This barrier affects both male and female fertility. However when the seeds of the BC4F2 generation that were obtained, were self-pollinated the following generations were fertile and produced a lot of seeds as reported in studies by Ghesquiere et al. (1997) and Gutierrez et al. (2010). In the future, the BC4F3 or BC4F4 lines (developed after our backcross and self-pollination process) will be genotyped with SNP markers for the presence of target segments (Striga resistance) from the donor parent MG12 and for their Caiapo genetic background. Lines carrying STR12.1 target regions will be phenotyped to test their level of resistance to Striga and will serve as valuable source for gene detection and development of improved cultivars carrying Striga resistance for breeding programmes.
The characterisation of the genes underlying the Striga resistance QTL STR12.1 using genetic and genomic approaches (such as fine mapping, identification of candidate genes and positional cloning) will be important for our understanding of the molecular genetic basis of host defence mechanisms to Striga species in general and S. hermonthica in particular and for breeding strategies that aim to pyramid different resistance genes that are effective against different Striga ecotypes into adapted germplasm. The way in which QTL STR12.1 is used in breeding strategies depends to some extent on whether the underlying gene(s) confer resistance to many ecotypes of Striga or just to the ecotype Sh-Kibos. In order to determine this, the resistance QTL found in our study was tested to determine whether it confers resistance to other Striga ecotypes and species collected from different locations in Africa in different years.

4.4.3 [bookmark: _Toc325313047]How broad spectrum is QTL STR12.1 against different Striga ecotypes
In this current study, post-attachment resistance was quantified in MG12, Caiapo and the two resistant CSSLs 149 and 194 against three ecotypes of S. hermonthica and two of S. asiatica in order to determine whether the resistance QTL STR12.1 provided broad-spectrum resistance or was specific to one ecotype of the parasite. The result has shown that the susceptibility of the two parental cultivars MG12 and Caiapo was confirmed for all ecotypes of Striga species tested; cultivar MG12 (Oryza glaberrima) exhibited very good resistance whilst the O. sativa cultivar Caiapo was highly susceptible. Interestingly, the two CSSLs 149 and 194 showed good resistance to both of the ecotypes of S. hermonthica collected from the Kibos region of Kenya in 1997 and 2009, despite the long time difference between collections. The CSSLs also showed good resistance to the ecotype of S. asiatica from the USA indicating that the resistance is effective against a different Striga species and ecotypes and suggesting that a similar genetic basis may be involved in the resistance. However, although the CSSLs also showed some resistance to another ecotype of S. hermonthica collected in Kouto, Côte d’Ivoire (Sh-Kouto) the resistance was not as strong as that observed against the other S. hermonthica ecotypes.  It is interesting to note that this is the ecotype that was collected from NERICA 1 where the farmers had observed an increase in virulence of this ecotype against NERICA 1 over a period of several years of growing this normally quite resistant NERICA cultivar (Cissoko et al., 2011, chapter 2). The fact that the two CSSLs are also more susceptible to this ecotype of S. hermonthica may suggest that the resistance in NERICA 1 may be due in part to genes located on chromosome 12.  However, a much larger screen of different Striga ecotypes is required to identify different patterns of resistance to ecotypes of S. hermonthica.
The two CSSLs displayed a completely susceptible interaction with the ecotype of S. asiatica from Kyela-Tanzania, thus STR12.1 is not effective against this ecotype of Striga. However, the parental cultivar MG12 was still very resistant to this Striga ecotype suggesting that the resistance is governed by other genetic loci within the donor genome of O. glaberrima. The S. asiatica ecotype from Kyela is likely to be genetically very different from the other ecotypes tested in this study as it came from a region where only 2-3 cultivars of rice have been grown for many years (Rodenburg pers. comm.). It is possible therefore that the virulence genes within this population differ markedly from those of the other populations tested. This emphasizes the need to understand the population genetics of virulence in Striga in relation to host-parasite specificity as suggested by Huang et al. (2012).
These results confirm that the identification and transfer of multiple QTL/genes underlying post-attachment resistance mechanisms against different species and ecotypes of Striga in the elite cultivated rice, is likely to be necessary to insure durable host resistance over the time. They also illustrate that additional resistance QTL/genes could be identified in other defined donor segments or CSSLs of the same mapping population (MG12 x Caiapo) and confirms the powerfulness, usefulness and efficiency of these genetic resources.

4.4.4 [bookmark: _Toc325313048]Is the resistance found in the NERICA rice cultivars due, at least in part to QTL STR12.1?
The NERICA rice cultivars are O. sativa x O. glaberrima inter-specific cultivars. One of the reasons for using the CSSL population derived from a cross between MG12 and Caiapo was to maximise the chance of identifying Striga resistance QTL that may also be relevant to the resistance seen in some of the NERICA cultivars to S. hermonthica and S. asiatica ecotypes. The SSR marker RM101 is within the peak area of QTL STR12.1 and is polymorphic for MG12 and Caiapo. It was therefore used as a marker of the region of chromosome 12 associated with the resistance QTL. I aimed to test the hypothesis that CG14 and the O. sativa parents of the NERICA cultivars would be polymorphic at this marker and that the more resistant NERICA cultivars would possess the resistance allele at this marker.
The results of the analysis were unexpected. This analysis revealed that NERICA parents CG14 (O. glaberrima) and WAB56-104, WAB56-50 and WAB181-18 (O. sativa) were monomorphic for this marker that ran at the same position on the gel as the MG12 allele (Fig 4.18a, b). Thus RM101 is not a suitable marker for analysing differences in this region of chromosome 12 in the NERICA cultivars. As RM101 was monomorphic between the NERICA parents, it would be expected to be monomorphic in the NERICA cultivars. However some NERICA cultivars displayed the parental allele whilst others possessed a new non-parental allele that ran at a different position on the gel. This strongly suggests that at some point during the development of the NERICA cultivars outbreeding has occurred and is consistent with the study of Semagn et al. (2007). These authors carried out a detailed molecular profile (using 130 SSR markers) of all the breeding lines of NERICAs 1-7 to examine the relative contribution of each of the parent to the genomes of these inter-specific cultivars and to determine the extent of any outbreeding. They discovered that 83% of the lines contained non-parental alleles that contributed an average of 2.7% of the genome. It is interesting that in this study the same non-parental allele was present in some NERICA cultivars that derived from each of the three original crosses (CG14 x WAB56-104 or WAB56-50 or WAB181-18).
A very interesting observation in this study was that allele of RM101 present in all the NERICA parent cultivars and MG12 was also present in all of the NERICA rice cultivars that were identified as being most resistant to Striga and absent in those that were very susceptible. This was an exact correlation; those cultivars that possessed the non-parental allele at RM101 were very susceptible. This suggests therefore that at least some of the resistance seen in the most resistant NERICA cultivars may well be due to genes present within the QTL STR12.1 region. A much more detailed molecular marker analysis profile (or sequencing) of this region of chromosome 12 in some of these cultivars is required to understand the genetic nature of the resistance in this particular chromosomal region.
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5.1 General Discussion
Problems with parasitic weeds in rice are becoming more critical and more widespread in Africa. Parasitic weed species, particularly Striga, affect low income subsistence upland farmers in SSA and cause severe losses in yield of up to 80% in highly infested areas (Gethi et al., 2005). The most economically important and widespread species are Striga hermonthica and S. asiatica. Many of the control strategies that are used to fight against both Striga species have had limited success in terms of efficiency and affordability and do not meet the expectations of subsistence farmers who would like a sustainable control strategy which improves their crop production. Therefore, the use of resistant and tolerant cultivars as part of an integrated control strategy seems to be a promising, low cost strategy, provided that the resistance is durable and broad-spectrum. Some resistant rice cultivars have been identified previously (for a review see Scholes and Press, 2008) but were not well adapted to African upland rice growing environments and there was little understanding of the underlying resistance mechanisms at molecular genetic level.
The introduction and adoption of the high-yielding, interspecific NERICA rice cultivars developed by Africa Rice Center has boosted rice expansion and production in SSA (Diagne et al., 2006; Somado et al., 2008; Wopereis et al., 2008). Thus, farmers working in upland production environments are increasingly replacing maize, and even sorghum, with NERICA rice (Lamo et al., 2010). However, as many of these cereal producing areas are infested by the parasitic weeds S. asiatica or S. hermonthica rice production is increasingly limited by these parasites (Rodenburg et al., 2010) and there is little information available about the resistance or tolerance of the different NERICA cultivars to different ecotypes of the two major Striga species. Thus, it is not possible to advise farmers about which cultivars may be the most resistant and suitable for areas infested with these parasitic weeds.
Thus the main aims of this thesis were firstly to determine whether the NERICA cultivars showed different levels of resistance to different Striga species and ecotypes under controlled environment and field conditions and secondly to begin to identify QTL underlying post-attachment resistance to Striga using a CSSL population derived from a cross between a biotic stress-resistant African (O. glaberrima) and a high-yielding Asian (O. sativa) rice species in order to be able to select stable, durable QTL for maker-assisted breeding programmes and development of resistant cultivars.
5.2	How resistant are the NERICA cultivars to Striga ecotypes and species; implications for African rice farmers
The work presented in chapters 2 and 3 reports the first systematic study of the susceptibility of all 18 upland NERICA cultivars and their parents to different ecotypes of Striga hermonthica and S. asiatica when screened under controlled environment conditions at University of Sheffield and at two field locations in Africa (Kyela, Tanzania and Mbita Point, Kenya). This has allowed us to determine both the genetic potential for resistance to different Striga ecotypes and also the impact of variable environmental conditions on the expression of resistance.
Different NERICA cultivars exhibited different levels of post-attachment resistance and tolerance against ecotypes of Striga hermonthica and S. asiatica when screened under controlled environment conditions at University of Sheffield. Some of the cultivars showed very good levels of resistance to many ecotypes of S. hermonthica and S. asiatica (characterised by a few small parasite attachments) (e.g. NERICAs 1, 2, 5, 10) and in some cases were even more resistant than their African parent CG14 (None of the NERICA cultivars or their parents showed complete immunity to the Striga ecotypes used in the study). Other NERICA cultivars were very susceptible to all the ecotypes of Striga tested and some cultivars showed good resistance to one or two ecotypes of Striga but not to all. The latter case is similar to a study by Harahap et al. (1993) where two O. sativa ssp. indica cultivars IR38547-B-B-2-2 and IR47697-4-3-1 showed no emergence of parasites at two sites in Kenya but were heavily infested at a site in Côte d’Ivoire. This range of responses of the NERICA cultivars was expected because of the enormous genetic variation that exists within an ecotype of S. hermonthica (Huang et al., 2012) and between ecotypes from different geographical locations (Botanga et al., 2002), resulting in different degrees of parasite population virulence. Much of the genetic variation is likely to be due to the outbreeding nature of S. hermonthica (Bharathalakshmi and Musselman, 1990) and to the longevity of the Striga seed bank (greater than 30 years).
The genetic variation present in the Striga seed bank also has implications for the evolution of virulence on previously resistant cultivars as illustrated by NERICA 1. Even though NERICA 1 was resistant to all ecotypes of S. hermonthica (from Kenya and Sudan) and S. asiatica ecotypes from USA and Kyela, Tanzania it was susceptible to the ecotype of S. hermonthica from Kouto, Côte d’Ivoire (chapter 2). This ecotype was collected from NERICA 1 growing in a farmer’s field. This farmer had been growing NERICA 1 in the field continuously for more than 5 years and strongly suggests that virulence had evolved and built up in the local Striga population (seed bank) over a period of time.   Our findings highlight the necessity of understanding the genetic basis of host-parasite-specificity and of the need to identify multiple resistance genes and to pyramid them in cultivars to increase the durability of resistance, a key area for future studies.
It is very important for farmers that some of the NERICA cultivars showed good broad-spectrum resistance to a range of S. hermonthica and S. asiatica ecotypes.  It is also interesting that such cultivars also displayed different phenotypes of resistance suggesting that multiple mechanisms may contribute to the resistance observed (Cissoko et al., 2011 and chapter 2). The main phenotype of resistance observed in the incompatible interactions was similar to that of the highly resistant O. sativa cultivar Nipponbare where parasites died soon after attachment to the host plant and was characterised by necrosis and an inability to penetrate the endodermis of the host root (Gurney et al., 2006). In many of the resistant interactions it also took the parasite longer to cross the endodermal barrier and parasites remained small. This multi-form resistance in some of the NERICA cultivars is an advantage as it could improve the stability of resistance and its durability if these mechanisms of resistance are associated with different genes.
In order to determine whether the resistant ranking of the cultivars under controlled environment conditions has any predictive value for the performance of the cultivars in the field and to explore ecotype x host genotype x environment interactions, two field trials were conducted over two crop seasons at different locations in Africa. These studies revealed that the traditionally grown ‘local’ rice cultivars were severely infested with the local Striga ecotypes when compared to the NERICA cultivars. However, despite high infestation levels they showed slightly better yield compared to newly introduced NERICA cultivars (data not shown). This was particularly true at Kyela in Tanzania (hot-spot for S. asiatica) where farmers had grown the same cultivars for many years. However, the use of cultivars that support large amounts of Striga is problematic because they contribute to the Striga seed bank. Many of the resistant NERICA cultivars identified in our laboratory screens displayed good resistance in the field under both natural and artificial Striga infestation whilst the susceptible cultivars showed high number of emerged parasites and some cultivars displayed different responses to Striga ecotypes in the field. The rhizotron-screening system thus appears to be an excellent, tool for the quantification of post-attachment resistance under controlled environment conditions and also has some relevance for assessing the likely resistance of particular cultivars in the field (especially when using the same ecotype of Striga).
However, perhaps the most important outcome of these studies is that we are already able to recommend/advise farmers about which NERICA cultivars are likely to be most resistant to Striga species in areas where Striga is becoming an important limitation to rice production. In addition, good levels of resistance to Striga will be registered in the passport data of NERICA rice cultivars as a new characteristic among any others. Based on our findings, good information will be provided for the release of NERICA cultivars in different agro-ecological areas.

5.3	Identification of QTL underlying post-attachment resistance to Striga using a CSSL population derived from a cross between a biotic stress-resistant African (O. glaberrima) and a high-yielding Asian (O. sativa) rice species
Our results have clearly demonstrated that wild relatives of rice and the cultivated African rice species O. glaberrima contain valuable sources of Striga resistance genes that could be exploited for rice breeding programmes in Africa. All the cultivars/ accessions of O. glaberrima, O. rufipogon, O. barthii and O. meriodionalis investigated in this study exhibited very good resistance to Striga. This is particularly interesting as these accessions are the parents of CSSL populations thus providing excellent resources for the identification of different Striga-resistance genes in the future. Rich et al. (2004), Wilson et al. (2000) and Gurney et al. (2003) also screened accessions of wild relatives of sorghum, millet and maize respectively, and reported that many exhibited excellent resistance to Striga species.
Some studies have identified quantitative resistance for Striga in cereal crops such as sorghum (Haussmann et al., 2004; Grenier et al., 2007) and rice (Gurney et al., 2006; Swarbrick et al., 2009) using RILs and advanced BILs respectively. However, to our knowledge this is the first study that identify a QTL underlying Striga resistance defence mechanisms using an interspecific CSSL mapping population derived from a cross between MG12 (O. glaberrima) and Caiapo (O. sativa). In our study, phenotyping 64 CSSLs from this CSSL population for post-attachment resistance against Striga hermonthica from Kibos, followed by a QTL analysis, led to the identification of a highly significant QTL for resistance to S. hermonthica on chromosome 12 which was responsible for a large proportion of the resistance phenotype exhibited by MG12. This finding indicates that this S. hermonthica resistance on chromosome 12 of the O. glaberrima genome involves one or a few tightly linked-genes with strong effect. The fact that our QTL coincided with that of Gurney et al. (2006) (where the resistance allele comes from O. sativa Nipponbare) indicates that the fine mapping of the overlapping QTL will enhance our understanding of the molecular genetic nature of Striga resistance and narrow down the interval containing candidate resistance genes. The fact that the resistant CSSLs 149 and 194 were susceptible to the isolate of S. asiatica from Kyela, but that MG12 was very resistant also means that this CSSL population can be used to identify genes underlying resistance to this ecotype.
The development of near isogenic lines containing smaller segments of the QTL STR12.1 region will allow us to fine map the gene(s) involved in resistance to Sh-Kibos and other S. hermonthica ecotypes.  This process was started during this project and will be completed within the next year hopefully allowing fine mapping of the resistance QTL. Certainly fine mapping together with the availability of extensive O. glaberrima genome sequence information will aid the identification of candidate resistance genes. Some of the NILs may also provide excellent resources for breeding programmes to transfer the genes underlying resistance to Striga to other adapted cultivars even without the identification of the genes involved. An added advantage will be the fact that the NILs will not contain the O. glaberrima sterility loci which will facilitate breeding programmes.
In the future it would also be interesting to evaluate the different CSSL populations for Striga resistance (or where appropriate tolerance) in the field to identify QTL that are specific to individual host cultivar x parasite ecotype interactions, and those that are genetically stable across species and ecotypes (broad spectrum resistance to the parasite) and environment. Such QTL could provide durable and stable Striga resistance suitable for African poor-income farmers and plant breeding perspectives.
In conclusion, our future challenge is to explore and exploit the resistance found in germplasm of wild relatives of rice and O. glaberrima using available genomic technologies to understand the genetic nature of cereal resistance and tolerance to Striga. This will provide a better, more appropriate and durable control option for poor-subsistence African farmers in their fight against biotic constraints including parasitic witchweed Striga. Through the use of resistant and tolerant cultivars, with the high-yielding interspecific NERICA cultivars as the spearhead, a great contribution could be made to ensure a sustainable food security and poverty alleviation in Africa (SSA).
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