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Abstract 

Parasitic weeds of the genus Striga are a major constraint to an efficient and profitable agricultural system in Sub-

Saharan Africa, causing up to 100% losses in crop yields which disproportionately affect the poorest subsistence farmers. 

The mode of action for root parasitic plants such as Striga is in penetration of the host root cortex to form a xylem-xylem 

connection through which water and nutrients can be derived, while evading or suppressing the host immune system. A 

promising strategy for control of Striga spp. is the use of resistant crop varieties, but to develop a durable and broad 

resistance to Striga ƛǘ ƛǎ ŀƭǎƻ ƴŜŎŜǎǎŀǊȅ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ƎŜƴŜǘƛŎ ōŀǎƛǎ ƻŦ ǘƘŜ ǇŀǊŀǎƛǘŜΩǎ ǾƛǊǳƭŜƴŎŜ ŀƴŘ Ƙƻǿ ǾƛǊǳƭŜƴŎŜ Ŏŀƴ 

vary between and within populations.  

The species Striga asiatica is particularly devastating in Madagascar, one of the major rice growing countries in Africa 

and a major focus for agricultural research. Striga asiatica is preferentially autogamous, and it is known that naturally 

selfing species tend to show a greater level of host adaptation to their sympatric hosts. Therefore, gene-for-gene 

interactions between virulence factors of S. asiatica and resistance genes in rice hosts in this evolutionary arms race 

were considered to be likely. In this study, S. asiatica accessions, based on field site location, were sampled across Africa 

with a focus on Madagascar. Rhizotron-based virulence screens showed that variation in Striga virulence was influenced 

by spatial separation of S. asiatica accessions and, to a greater extent, by host variety. However, this variation in virulence 

did not appear to reflect a race-like structure across the sampled S. asiatica accessions, as is seen with the autogamous 

species, S. gesnerioides.  

Whole genome resequencing was performed on 47 individuals. Genotyping revealed well defined phylogenetic lineages 

between countries. Accessions within Madagascar contained multiple selfing lineages suggesting gene flow between 

sites. Selfing rates across the species within Madagascar were estimated to be at least 95%. A novel genotype-

environment association study using redundancy analysis was employed to test associations of 400,000 genic SNPs with 

virulence phenotypes across rice hosts. A large number of candidate adaptive loci were discovered. Utilising homologous 

Arabidopsis annotations, highly enriched gene ontology terms for S. asiatica virulence candidates included several 

commonly found cell wall degrading enzymes such as pectin acetylesterases and glycosyl hydrolases. 

Overall, this thesis has combined phenotypic and genotypic techniques to more clearly characterise the variation in S. 

asiatica. The major findings concluded that virulence is influenced by both spatial and host variety factors, suggesting 

that in the host-parasite relationship the virulence of S. asiatica accessions is not determined in a race-like manner. 

Whole genome resequencing identified distinct phylogenetic lineages among S. asiatica accessions with multiple selfing 

lineages, and candidate adaptive loci related to virulence, including cell wall degrading enzymes. This study effectively 

utilised the recent S. asiatica reference genome and redundancy analysis as tools for prediction of virulence-associated 

genes all of which can be built upon for future resistance breeding efforts. 
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Chapter 1 
General introduction 

 

1.1 Parasitism and parasitic plants 

It is thought that the lifestyle of parasitism within plants has evolved independently at least 12 times in the 

9ŀǊǘƘΩǎ ƘƛǎǘƻǊȅ (Kujit, 1969, Westwood et al., 2010) with approximately 4,500 parasitic species of plants, which 

represent 1% of the dicotyledonous angiosperm species on the planet (Heide-Jorgensen, 2013). This lifestyle 

of parasitism has developed for many plant species to live, not merely alongside others, but through direct 

ǊŜƭƛŀƴŎŜ ƻƴ ƻǘƘŜǊǎΣ ŜȄǘǊŀŎǘƛƴƎ ŀƭƭ ƻǊ ǇŀǊǘ ƻŦ ǘƘŜƛǊ ƴǳǘǊƛŜƴǘǎ ŦǊƻƳ ŀ ΨƘƻǎǘΩ ǇƭŀƴǘΦ ¢ƘŜ ǇŀǊŀǎƛtic plants can be split 

into several categories based on their approach to parasitism, those are holoparasites such as Orobanche 

aegyptiaca, deriving all nutrition from their host plant or hemiparasites, which still retain some 

photosynthetic capability. Hemiparasitic species can be further subdivided based on their ability to complete 

their life cycle without the presence of a host, examples being the obligate hemiparasitic Striga spp. and the 

facultative hemiparasite Triphysaria versicolor (Figure 1.1) (Westwood et al., 2010). Often these facultative 

plants are almost indistinguishable from their autotrophic relatives, unlike the obligate parasites which have 

often lost many of the fundamental structures needed to exist as a free-living organism, including leaves for 

photosynthesis or roots for water absorption from the soil (Yoshida et al., 2016). However, while these plants 

may lose the capacity to photosynthesise they often still retain the genetic components with many 

photosynthetic proteins able to facilitate alternative signalling processes (Gu et al., 2021). 

One common feature that is shared by all parasitic plants is the haustorium; a specialised organ which is used 

for invasion of host cells and enables subsequent connection between the vasculatures, allowing for 

multidirectional transfer of nutrients, genetic material and metabolites (Bouwmeester et al., 2021). While 

these parasitic plant structures have some functional analogy to fungal haustoria, since they are used for host 

invasion, they in fact are rather different organs. In the case of fungal (and oomycete) haustoria, these 

unicellular protrusions from hyphae or spores infect hosts intracellularly, invaginating cell walls and forming 

an extrahaustorial membrane through which small molecule transfer can occur (Koh et al., 2005). Parasitic 

plant haustoria on the other hand are larger, multicellular organs which persist intercellularly and attempt to 

grow inwards through host tissues in order to form a connection with host vasculature, unless an incompatible 

interaction is encountered. 
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Figure 1.1 ► Comparison of four different species of plant all from the Order Lamiales , which shows the changes seen 
from a non -parasitic lifestyle for Mimulus guttatus  to an obligate holoparasitic lifestyle of Orobanche aegyptiaca . Figure 
taken from Westwood et al., (2010). 

 

1.2  The Striga problem 

Agriculture is one of the largest and most important industries in the world. Nowhere is it more essential than 

in sub-Saharan Africa, where around 57%  of the population work in agriculture (The  World Bank, 2017), 

relying on crop production for either subsistence or commercial farming. However, with a growing population 

and changing environmental conditions, crop production has not been optimal and many rural populations 

have struggled to overcome poverty and food shortage (Chauvin et al., 2012). In particular, agricultural 

productivity losses attributable to biotic factors such as pests, weeds and infection pose a highly significant 

opposition to food security (Savary et al., 2012).  The population of this region is projected to almost double 

by 2050 (United Nations, 2022) and despite the percentage of malnourished individuals decreasing, the 

absolute number of people suffering with the consequences of famine has increased in the same period. This 

has led to food security being a continued concern due to low agricultural productivity (OECD and FAO, 2016). 
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Figure 1.2 ► Images of the red -flowered Striga  asiatica  amongst fields of rice in Madagascar. Photos provided by Prof. 
Julie Scholes, University of Sheffield.  

 

The plant family Orobanchaceae consist almost entirely of parasitic plants and many of which are particularly 

economically important due to their negative impacts on agriculture. These include the Broomrapes 

(Orobanche spp.), witchweeds (Striga spp.) and dodders (Cuscuta spp.). While Striga spp. are more prevalent 

in hot and dry climates, the greatest species diversity of Cuscuta are in more tropical, humid climates and 

Orobanche have a preference for dry temperate climates (Joel et al., 2007). The main focus of this study is 

Striga; itΩǎ ŘŜǾŀǎǘŀǘƛƴƎ ŜŦŦŜŎǘǎ ŀǊŜ ƻŦǘŜƴ ŘŜǎŎǊƛōŜŘ ŀǎ άǘƘŜ ŎǳǊǎŜ ƻŦ ǇƻƻǊ ŦŀǊƳŜǊǎ ƻƴ ǇƻƻǊ ƭŀƴŘέ όwŀŘŦƻǊŘΣ нллоύ 

due to the ǇŀǊŀǎƛǘŜΩǎ ǇǊŜŦŜǊŜƴŎŜ ŦƻǊ ǎƻƛƭ ǿƛǘƘ ƭƻǿ ŦŜǊǘƛƭƛǘȅ ƛƴ {ǳō-Saharan Africa (Bekunda et al., 2010). 

The distribution of Striga species is particularly widespread across the African continent and beyond, and has 

been reported in more than 50 Countries, the three species causing the foremost threat to agriculture being 

Striga hermonthica (Del.) Benth, Striga asiatica (L.) Kuntze and Striga gesnerioides (Willd.) Vatke. Both the 

pink flowered S. hermonthica and red flowered S. asiatica (Figure 1.2) are parasites of monocots, both cereal 

crops and wild grasses, while S. gesnerioides infects only dicots including crops such as cowpea (Vigna 

unguiculata). Geographic ranges for the three species overlap across Africa with S. hermonthica infecting 

crops in East Africa and West Africa. S. gesnerioides has a similar but more extensive distribution down to 

South Africa. S. asiatica, the most internationally spreading, infects crops in East Africa, West Africa and 
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Madagascar (Figure 1.3) as well as in the Arabian peninsula, India, Pakistan and a now-controlled outbreak 

(due to importation of contaminated maize seeds) seen in the USA (Kebede et al, 2018).  

The origin of Striga, is theorised to be in the tropical savannah between the Semien Mountains of Ethiopia 

and Nubian Hills of Sudan; coincidentally this area is also known to be the same region in which sorghum and 

pearl millet were domesticated (Ejeta, 2007, Atera, 2011), two of the major host plants. The speciesΩ went on 

to proliferate throughout Africa and emerged into Asia as well as arising in the USA in the mid 20th century 

(Parker et al., 1993; Parker, 2012). As a consequence of introduction into the USA, an immense multimillion 

dollar effort was implemented to confine the parasites to one area and despite recurrences, it is no longer a 

threat to modern agricultural systems there. Studies have shown strong genetic uniformity within the USA 

population of S. asiatica, which is highly suggestive of a single introduction event (Werth et al., 1984).  

In Africa, while Striga is regularly found in savannahs, parasitizing wild grasses (Mohamed et al., 2001), three 

of the key species (S. hermonthica, S. asiatica and to a lesser extent Striga aspera (Willd.) Benth.) also play a 

big role in decimation of agricultural cereal crop yields and have been estimated to cause around $7 billion in 

crop losses annually, causing up to 100% of the total crop yield to be lost for the most susceptible varieties 

(Jamil et al., 2012). The worst affected individuals are primarily small-holder farmers due to limited affordable 

treatment methods being available to them. In most arid or semi-arid areas across SSA there is erratic rainfall, 

which up to 90% of farmers rely on to water their crops (Araya et al., 2010; Sibhatu, 2016), as well as low 

organic matter levels, intensified land use and expansion of cereal production. This has led to higher 

competition with weeds such as Striga spp. for the scarce nutrients and an increase in the incidence of Striga 

infestation (Gethi et al. 2004; Parker, 2009). Soil fertilisation, land irrigation, and the utilisation of annually-

acquired seed varieties of resilient cereal crops stand out as highly effective strategies. However, numerous 

farmers still depend on manual weed removal, which has minimal impact on reducing the soil seed bank. 

Furthermore, a significant portion of the harm to the host plants is irreparable and occurs prior to the 

emergence of striga from its subterranean phase. 
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Figure 1.3 ► Distribution of three of the most devastating species of Striga throughout Africa, S. hermonthica, S. asiatica 
which parasitise cereal crops and S. gesnerioides which parasitizes dicotyledonous crops . Adapted from Spallek et al. 

(2013) 

 

1.2 The Striga life cycle  

The life cycle of Striga species is wholly dependent on the host, to which the Striga must attach and form a 

vascular connection, in order to gain vital nutrients and water. The process can be divided into two phases: 

pre-attachment and post-attachment (Samejima and Sugimoto, 2022) as detailed in Figure 1.4. The seeds of 

Striga species are incredibly small, measuring around 200 micron in diameter (Spallek et al., 2013); an 

ƛƳǇƻǊǘŀƴǘ ŦŀŎǘƻǊ ƛƴ ǘƘŜ ǇŀǊŀǎƛǘŜΩǎ ǎǳŎŎŜǎǎ ƛǎ ŘǳŜ ǘƻ ǘƘŜ ƭŀǊƎŜ ƴǳƳōŜǊǎ ƻŦ ƳƛƴƛǎŎǳƭŜ ǎŜŜŘǎ ǇǊƻŘǳŎŜŘ from every 

plant, leading to a rapid increase in parasite population density after a single generation (van Delft et al., 

1997). Up to 500,000 seeds are released from the dried seed pods of each individual plant and lie dormant in 

the soil bank (Berner et al., 1995).  

Seeds must overcome a first dormancy period where the embryo matures and seed coat becomes more 

ǇŜǊƳŜŀōƭŜ ƻǾŜǊ ǘƛƳŜ όhƪƻƴƪǿƻ ŀƴŘ wŀƎƘŀǾŀƴΣ мфунύΦ bŜȄǘΣ ǎŜŜŘǎ Ǝƻ ǘƘǊƻǳƎƘ ΨǿŜǘ ŘƻǊƳŀƴŎȅΩ ǿƘƛŎƘ ƛǎ 
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overcome through a conditioning period of moisture and heat; they can cycle through this rehydration and 

dehydration for a number of years and then it is only upon contact with germination stimulants (usually 

strigolactones) produced by a nearby host that some fully mature individuals will begin to germinate 

(Mohamed et al., 1998). This ensures that suicidal germination does not happen and a host is available to 

infect immediately as well as rendering the seed resistant to a number of herbicides that are effective post-

germination (Runo and Kuria, 2018). The seed dispersal mechanism is varied, with such fecundity and their 

small size, Striga seeds can be spread by wind, water, farming machinery or animals, as well as being 

concealed amongst harvested grains (Csurhes et al., 2016). Unconditioned seeds may also remain in the soil 

seed bank for 20 years or longer; Studies by Bebabwi et al. (1984) found at least 10% germination of S. asiatica 

seed that had been buried for 14 years, deeper than 30 cm. 

Following exposure to consistent moisture and warmth, seed become receptive to germination stimulants 

(Gbehounou, 2003). These stimulants are secreted as part of the root exudate of many host (and non-host) 

plants, delivered as complex communication signals out into the rhizosphere (Steinkellner et al., 2007), the 

best studied of which are the carotenoid-derived strigolactones. While the presence of strigolactones is 

thought to be rather ubiquitous across plant species, these compounds are thought to have two intended 

functions, as endogenous hormones controlling plant development and secondly as root exudates to promote 

branching of fungal hyphae in symbiotic interactions between the plants and soil microbes (Mishra et al., 

2017). 

Sensing of strigolactones by the seeds of parasitic Striga happens through receptors such as the S. 

hermonthica hyposensitive to light receptor proteins (ShHTL) identified by Tsuchiya et al. (2015) which have 

been seen to have a broad spectrum response to these stimulants (Wang et al., 2021a). Throughout their 

evolution, Striga species have had to adapt their signalling and perception apparatus for detection of potential 

hosts, dependent on their environment due to the wide range of strigolactones in the rhizosphere, often 

arising from different genotypes of the same host species (Mazaka et al., 2023). The presence of a suitable 

host and directional growth towards that host is coupled through this sensing, as a radicle grows towards the 

host root before tissues differentiate into the haustorium in response to host-derived haustorial-inducing 

factors (HIFs) (Runo and Kuria, 2018). Unlike the strigolactones, perception of HIFs is not a passive 

undertaking, instead Striga accumulate reactive oxygen species (ROS) to act as a partner in peroxidase action 

at the host cell-wall leading to production of HIFs such as 2,6-dimethoxy-p-benzoquinone (DMBQ) (Palmer et 

al., 2008; Wada et al., 2019). Suggestions have been made that lignin depolymerisation or degradation at the 

host cell wall by laccase is able to produce compounds that function as HIFs leading to parasite haustoria 

induction (Kamaya et al., 1981; Cui et al., 2018), despite it being well recognised that parasitic plants generally 

have weak lignin-degrading capabilities. 
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For the Striga haustorium, the primary objective is to penetrate successfully into the host root, overcoming 

host immune defences to reach the vasculature and form a bridge between parasite xylem and host xylem 

(Yoshida et al., 2016). The invasive phase of haustorium development begins following perception of HIFs, the 

parasitic radicle starts to show morphological changes including cell expansion and division and 

differentiation of haustorial hairs at the tip (Riopel and Musselman, 1979; Yoshida et al., 2016; Cui et al, 2018).  

Secretion of a prominent surface adhesive from the parasite allows haustorial hairs to act as anchor points 

and attach to the host root (Baird and Riopel, 1985; Yoshida et al., 2016; Kokla and Melnyk, 2018). Following 

this, swollen protoplasmic cells at the apex of the radicle (pre-haustorium) will elongate becoming a column 

of intrusive cells and attempt to grow inwards through the root epidermis, cortex and endodermis layers 

before reaching the vasculature (Figure 1.5), dependent on host immune defences. A continuous xylem 

connection is made from host to parasite through further differentiation of certain contact cells (termed the 

osculum) which lose their cytoplasmic contents to become the water-conducting vessel elements (Ekawa and 

Aoki, 201тύΣ ōǳƛƭŘƛƴƎ ŀ ōǊƛŘƎŜ ŦƻǊ ƴǳǘǊƛŜƴǘǎ ŀƴŘ ǿŀǘŜǊ ǘƻ ōŜ ǎƛǇƘƻƴŜŘ ŀǿŀȅ ǘƻ ŦǳǊǘƘŜǊ ǘƘŜ ǇŀǊŀǎƛǘŜΩǎ 

subterranean growth stage (Yoshida et al., 2016).  

In contrast to the hemiparasitic Striga, parasites such as Cuscuta and certain Orobanche achieve a connection 

with both xylem and phloem because they are not photosynthetically active and must also harvest carbon 

from their host (Ekawa and Aoki, 2017). One incredible facet of this invasion and the connection made with 

the host plant is that the parasite and host may often be distantly related, in stark contrast to traditional 

grafting techniques which will only be successful with closely related graft and host, or else be subject to 

rejection (Melnyk et al., 2015). 

What is particularly devastating in Striga infection is that once a connection has been made with the host, the 

damage caused is usually irreversible (Jamil et al., 2010); it is also interesting to note that the biomass gained 

by the parasite is not proportional to the far greater losses suffered by the host which may be suggestive of 

strong toxicity or at least major negative metabolic influence of compounds reciprocally delivered into the 

host by the Striga (Gurney et al, 1999). Symptoms exhibited by the host can depend on the level of tolerance 

and resistance but in general hosts will suffer from chlorosis and stunting within days and eventually with loss 

of potential yield. While host varieties may exhibit similar levels of infestation, signifying their susceptibility, 

a strong level of tolerance can lessen the negative effects of the Striga and the impairment felt by the host 

(Rodenburg et al., 2006a). A tolerant host variety is defined as being able to achieve a higher grain yield in the 

presence of Striga when compared to another variety with the same level of Striga infection (in both cases as 

a % of the yield achieved in an uninfected plant) (Rodenburg et al., 2006b; 2017). Tolerance has been 

emphasized as a highly important area of Striga research which should be combined with resistance in 

breeding programs (Shaibu et al., 2021). Subterranean growth of the parasite continues until it emerges above 
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the soil and begins to photosynthesise and leafy growth shoots up before flowering. After 16 weeks Striga 

plants have matured, dried and set seed completing their life cycle (Musselman, 1980). 

 
 
Figure 1.4 ► The life cycle of Striga  species can be split into two main categories ► pre-attachment to a host and post -
attachment. As obligate hemiparasitic root parasites, Striga spp. infect their host through penetration of host root tissue 
before establishment of a vascular connection bet ween the two organisms and subsequent sequestering of nutrients 
to aid growth. Germination of the seeds occurs after perception of a nearby host germination stimulants , including 
strigolactones and haustorial inducing factors, when the tissue differentiates into the penetration organ, the 
Ȟƒ˞ʻˉɴʫȩ˞ɝ╖ ß˞ǁȞ ɴȇ ˉȞǟ ʠƒʫƒʻȩˉǟ☼ʻ Ȋʫɴ˿ˉȞ ˉƒɅȩɣȊ ʠɋƒǁǟ Ʒǟɋɴ˿ ˉȞǟ ʻɴȩɋ┼ ˿ȩˉȞ ǌǟˉʫȩɝǟɣˉƒɋ ǟȇȇǟǁˉʻ ɴɣ ˉȞǟ Ȟɴʻˉ ƷǟȩɣȊ ʻǟǟɣ
before the Striga has emerged above surface level.  Figure taken from Schol es and Press (2008). Copyright 2008 by 
Elsevier, reproduced with permission of the copyright holder via copyright clearance centr e. 
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Figure 1.5 ► A cross section of a monocot host root and a germinated Striga seed. Newly germinated Striga seeds will 

form a host -penetrating haustorium on the tip of a root -like radicle before a portion of which will attempt to breach 

the many layers of host tissue to form a vascular connection.  Diagram not to scale.  

1.4  Population structure 

The flower morphology of S. asiatica is highly indicative of its self-pollinating nature in which fertilisation 

occurs before the corolla is open (Nickrent and Musselman, 1979), whereas S. hermonthica morphology has 

been shown to favour outcrossing as well as exhibiting strong self-incompatibility and floral adaptations which 

visibly favour long-tongued insects (Safa et al., 1984). While one advantage of a selfing lifestyle lies in the 

short-term reproductive assurance, particularly in less auspicious environmental conditions, other 

advantages may include reduced outbreeding depression - as seen for less favourable hybrid crosses of 

Arenaria uniflora and Arenaria glabra in certain areas with overlapping pollinator ranges (Fishman and Wyatt, 

1999). 

One of the major impacts of self-fertilisation on genetic diversity is the increase in homozygous alleles which 

can lead to inbreeding depression (a decrease in fitness in offspring of related parents), however this is often 

temporary and any deleterious recessive alleles can be rapidly removed from populations (Garcia-Dorado, 

2012). In addition, inbreeding causes a weakening of effective recombination due to more closely linked loci, 

influencing selection patterns (Raffoux et al., 2018). This leads to a reduction in effective population size and 
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so genetic drift  (the frequency of an allele within a population no longer being independent or owing to 

chance) increases. 

The mating system of a species is a major determinant of the neutral genetic structure of populations, with 

predominantly selfing biological systems exhibiting low intra-population and high inter-population variation 

(Charlesworth et al., 2003). Owing to these low levels of genetic diversity within populations, the effect of 

local adaptation can be very strong leading to high population subdivision (Loveless and Hamrick, 1984). For 

some selfing parasitic plant species this has led to the categorisation of genetically distinct races, such as the 

seven distinct races of S. gesnerioides on cowpea (Botanga and Timko, 2006; Ohlsen and Timko 2020), and six 

races of Orobanche known to exist on sunflower (Velasco et al., 2007; Chabaud et al., 2022). This is in stark 

contrast to S. hermonthica which has been seen to be highly genetically variable across a number of study 

populations with far less population structure seen with respect to S. asiatica and S. gesnerioides (Gethi  et 

al., 2005; Unachuksonahwu et al., 2017; Welsh and Mohamed, 2011). Studies of population variability are 

important facets to resistance breeding programs in order to determine patterns of local adaptation or host 

specificity in order to find the best targets for appropriate sources of resistance.  

1.5 Control strategies 

A range of control methods have been used for dealing with Striga for a number of years, focusing on three 

separate aspects: (1) prevention of initial infestation (2) reduction of the Striga soil seed bank and (3) 

containment of infested fields. Many of these control methods are traditional cultural practices that have 

been undertaken for many years by farmers in developing countries, including crop rotation, labour intensive 

hand weeding and the use of trap crops (Kanampiu et al, 2007), though farmer acceptance is low for some 

newer methods, with research identifying information dissemination as a key area to improve (Murage et al, 

2011). Simple solutions such as introduction of fallow years and crop rotation have been consistently shown 

to improve soil fertility as well as lower Striga infestation, as described in Cameroon (Ayongwa et al, 2009) 

and Madagascar (Scott and Freckleton, 2022), with the use of multiple crops in the rotation having a 

consistently negative effect on Striga weed density. Lƴ ŀŘŘƛǘƛƻƴΣ ΨǇǳǎƘ-ǇǳƭƭΩ ǘŜŎƘƴƻƭƻƎƛŜǎ - the utilisation of 

trap crops such as Desmodium spp. (Hailu et al., 2018) ς have been shown to restore soil fertility and moisture 

content, while decreasing Striga soil seed bank through germination and subsequent stalling of growth 

through release of allelochemicals. This method is also successful at controlling other pests such as stem borer 

and fall army worm (Midega et al., 2010). While these methods tend to allow germination of Striga before 

lessening its effect, one strategy employed to avoid initial germination is through application of fertilisers. 

High levels of nitrogen fertiliser or chicken manure have equally shown a suppressive effect on Striga 

emergence (Woldemariam et al., 2020), while high levels of soil nitrogen may lead to seedling scorching or 
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toxicity, an abundance of rich soil around the host also leads to a reduction in strigolactone production by 

hosts due to the more optimal environmental conditions.  

The use of herbicides is challenging, primarily due to complications in differential targeting of parasitic plant 

over host plant. Treatment of herbicide-resistant cereal seeds with the acetolactate synthase inhibiting 

herbicide, imazapyr, prior to sowing was initially introduced in the 1990s with reduction of Striga infestation 

seen frequently (Menkir et al., 2010; Chikoye et al., 2011). Despite the success, results are not consistent with 

seasonal effects such as increased rainfall being a limiting factor in efficacy (Kamara et al, 2020). Biocontrol 

has been another interesting topic in control. The fungal pathogen Fusarium oxysporum f.sp. Strigae (Fos) has 

been the subject of trials that have seen incidence of Striga infestation decrease in small scale trials (Marley 

et al., 1999; Yonli et al., 2010; Oula et al., 2020;Anteyi and Rashe, 2021), but is not yet widely adopted. The 

method by which Fos attacks its host is through hyphal colonisation and subsequent occlusion of vasculature. 

Biocontrol is a most promising and widely accepted treatment for Striga as shown in trials by Nzioki et al. 

(2016) where inoculation with Fos increased maize yields by up to 50% compared to non-inoculated fields 

across the fields of 500 smallholder farmers. 

Despite the challenges in complexity, by far the most effective and sustainable control seems to be an 

integrated approach with a strong focus on the use of resistant and/or tolerant varieties alongside many of 

the other management practices previously mentioned (Rodenburg et al., 2010; Jamil et al., 2021). Resistance 

to Striga is defined here as the prevention of Striga infection of a potential host, with few or no attachments, 

as opposed to tolerance where hosts can still be susceptible to attack but are able to endure and still produce 

a smaller, yet viable yield (Rodenburg et al., 2006b). Development of resistant lines has been ongoing for 

many years, the major constraints being detection of genetic sources of both durable and broad spectrum 

resistance to the continuously evolving and geographically diverse S. asiatica and S. hermonthica (Mandumbu 

et al., 2019). Particularly in the case of S. hermonthica, this ability to overcome resistance within only a few 

generations is well known (Runo, 2019) due to the strongly diverse gene bank, and as such stacking of multiple 

resistance genes would be only essential for a successful breeding program (Rich and Ejeta, 2008).  

Research on Striga resistance has differed in its focus on resistance type, from identification of crop varieties 

associated with reduced germination stimulant production (pre-attachment resistance) to those which 

display clear physiological barriers to parasite penetration (post-attachment resistance). While traditional 

breeding programs introduce new potentially favourable phenotypic variation into crop varieties through 

often empirical selection, marker assisted selection (MAS) determines resistance independent of 

environment and in an accelerated time frame (Badu-Apraku et al., 2021; Kushanov et al, 2021). With the 

advent and ever reducing-cost of genome sequencing and DNA marker technology, new opportunities to 

dissect the complexities of Striga polygenic resistance are constantly evolving (Timko et al., 2007), approaches 
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such as Genome-Wide Association Studies (GWAS) and Quantitative Trait Loci (QTL) analyses are becoming 

more widely used for gene discovery (Uffelmann et al., 2021). Using marker assisted breeding allows for the 

transfer and pyramiding of resistance-associated DNA alleles into locally adapted cultivars (Desphande et al., 

2013).  

The types of resistance to Striga can be split into two broad categories: pre-attachment and post-attachment 

and different suites of genes likely contribute to each. This phenotypic diversity of resistance was exemplified 

recently in an extensive study by Samejima and Sugimoto (2023) following pre- and post-attachment 

screening of 69 different World Rice Core collection cultivars where varying levels of resistance were seen to 

S. hermonthica. Successful germination of Striga from host root exudates was not correlated with successful 

parasitism. Physical characteristics associated with resistance to Striga infection and as such, targets for 

breeding programs include low production of germination stimulant (mechanistically the leading cause of pre-

attachment resistance), physical barriers such as lignified cell walls, phyto-alexine synthesis, post-attachment 

hypersensitive reactions, necrosis, incompatibility and insensitivity to Striga toxins like iridoid glycosides 

(Makaza et al., 2023). Potential sources of variation for these traits may come from Landraces, inbred lines, 

wild relatives or species hybrids (Yacoubou et al., 2020). 

Several crop varieties have been developed with good pre-ŀǘǘŀŎƘƳŜƴǘ ǊŜǎƛǎǘŀƴŎŜ ό5ŜƭƭΩhǎǘŜ Ŝǘ ŀƭΦΣ 2021); 

These include sorghum species with a mutated Low Germination Stimulant 1 (LGS1) locus which alters the 

stereochemistry of 5-deoxystrigol, producing instead the weak germination-inducing  orobanchol (Gobena et 

al., 2017), as well as being replicated in rice (Jamil et al., 2011) and maize (Yoneyama et al., 2015). Elucidation 

of the mechanisms and genic apparatus of post-attachment resistance in hosts have been less well 

characterised due to their complex nature. However, in S. gesnerioides one such gene, termed RACE-SPECIFIC-

STRIGA-GESNERIOIDES-3 (RSG3-301), has confirmed the presence of leucine-rich-repeat (LRR) immune 

receptors to Striga species (Li and Timko, 2009). This forms a monogenic resistance complex with an as yet-

unidentified complementary S. gesnerioides gene product (effector) in a gene-for-gene response triggering a 

signal transduction cascade (Kaloshian, 2004), as seen in many pathogen-host interactions such as the widely 

studied Arabidopsis EFR pattern recognition receptor which binds to EF-Tu, a highly conserved protein 

amongst bacterial species (Piazza et al., 2021).  

While S. gesnerioides resistance responses are expected to be highly qualitative and race-dependent (as S. 

gesnerioides is a predominately self-pollinating species),  for S. hermonthica and likely also for S. asiatica 

resistance is more likely to be quantitative, complex and polygenic. Although polygenic resistance is often 

more long-lasting than monogenic resistance, with the additive impact of many genes, resistance is usually 

not as complete as it is in a monogenic gene-for-gene interaction between host and parasite. This monogenic 

gene-for-gene resistance model explains how new pathogenic races are able to form; as the avirulence gene 
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mutates to the point where it is no longer recognised by the host, the gene product becomes virulent in its 

actions against the host and resistance is no longer effective until a new mutation of a gene has arisen in the 

host (Sacristan et al., 2021). In both maize and sorghum, QTL analyses have identified a number of loci 

associated with resistance and tolerance traits such as decreased S. hermonthica emergence and increased 

grain yield (Haussmann et al, 2004; Yacoubou et al., 2020; Badu-Apraku et al., 2020). A similar picture was 

seen in GWAS studies on S. asiatica by Pfunye et al., (2021) who again identified 3 prospective loci on 

chromosomes 5, 6 and 7 associated with decreased S. asiatica emergence. 

1.6  Striga virulence  

Just as it is imporǘŀƴǘ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ƳŜŎƘŀƴƛǎƳǎ ōŜƘƛƴŘ ǘƘŜ ƘƻǎǘΩǎ ǊŜǎƛǎǘŀƴŎŜΣ ǿŜ Ƴǳǎǘ ŀƭǎƻ ŘŜǘŜǊƳƛƴŜ 

the mechanisms underlying the parasiteΩǎ virulence as these are so closely intertwined. In general, for many 

phytopathogens the most general definition of virulence would be the reduction in host fitness caused by 

infection (Read, 1994), though fitness is difficult to measure empirically so in experimental terms is often 

quantified by measuring extent of colonisation (Cressler et al., 2016).  

Therefore, in this study virulence is described as the success of the parasite, measured through the magnitude 

of infection. In field trials and pot experiments this has been determined by the number of Striga that emerge 

above the soil surface. In rhizotron experiments, parasite virulence is measured by either total biomass (dry 

weight) per host root system, cumulative length per host plant, or number of S. asiatica individuals per host 

plant (Gurney et al., 2006; Runo et al., 2012; Rodenburg et al., 2015; Rodenburg et al., 2017). 

Variation in virulence is seen across many Striga spp., with regards to variation between crop species, 

between cultivars within a crop species as well as average virulence across hosts and specificity to certain 

host varieties. While this has been described, the mechanisms are not fully understood and a key question in 

Striga biology is to what extent genetic variability of the parasite plays a role in determining host range and 

virulence. Currently this is less clear for S. asiatica than it is for S. hermonthica. 

For susceptible plants, a strong defence is vital for long term species survival and as such, plants have evolved 

a multitude of ways to combat both biotic and abiotic stresses that they may encounter. Host defence 

mechanisms exist alongside a range of parasite counter-adaptations that have co-evolved to evade or 

overcome host defences (Buckingham and Ashby, 2022). The parasitic component of these 

virulence/resistance complexes can be broadly referred to as either Pathogen Associated Molecular Patterns 

(PAMPs) or effectors, forming the first and second layer of host defence, a simplified model of which is shown 

in Figure 1.6.  

PAMPs are considered to be highly conserved components of the parasite which can not be recognised as 

self-derived by the host. Commonly occurring PAMPs identified in other pathogenic species include bacterial 
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lipopolysaccharide (LPS), flagellin, peptidoglycan, oomycete glucans and fungal chitin, these are components 

of the parasite itself and not actively delivered into the host (Felix et al., 1993; Dow et al., 2000; Thomma et 

al., 2011). Recognition of PAMPS by host surveillance systems forms the first line of defence in plant immunity. 

Recognition follows binding of the PAMP ligand to a cell surface host Pattern Recognition Receptor (PRR) 

proteins (Block et al., 2008) such as a receptor-like-protein (RLP) or receptor-like-kinase (RLK) which leads to 

a PAMP triggered immunity (PTI) response.  

 
 
Figure 1.6 ► Simplified model showing defence and resistance of Striga  spp. infection. The Striga is first recognised by 
conserved pathogen associated molecular patterns (PAMPs), conserved parasitic signatures on the cell, by host pattern 
recognition receptors, eliciting a PAMP triggered immunity (PTI) response which is thought to confer partial  resistance 
through signalling cascade responses. The next step in parasite -host interaction is the secretion of parasite effector 
molecules from the haustorium which can localise apopplastically or cytoplasmically into the host to facilitate 
colonisation.  Depending on suitability of the host, these effectors will either be detected by nucleotide binding leucine 
rich repeat receptors (NB -LRRs) and activate the next level of host immunity called effector -triggered immunity (ETI), 
far stronger than PTI, or al ternatively, evade the immune system in a process termed effector -triggered susceptibility 
(ETS). With ETS, effector molecules can travel intracellularly, disrupting cellular processes by further suppressing 
immunity or facilitating enhanced parasite growt h. 

 

One well-studied PTI response is triggered by the bacterial flagellin peptide, flg22 which elicits a significant 

immune response in Arabidopsis upon binding to the leucine rich repeat (LRR) PRR, FLS2 followed by 

formation of a physical barrier through callose deposition at the host cell wall (Sun et al., 2012). Such a 

response confers partial immunity. This has also been highlighted by a recently identified RLP receptor in 

tomato, CuRe1, which detects a PAMP from the shoot parasitic plant Cuscuta reflexa Roxb. (Hegenauer et al., 
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2016; Hegenauer et al., 2020). The PAMP itself was found to be a short peptide motif called Crip21, a fragment 

of the larger glycine-rich protein, CrGRP. Recognition of Crip21 was found to lead to an upregulation in 

ethylene biosynthesis and cell death, a traditional PTI response.  

The second group of parasitic elicitors of immune response are the effectors. Effectors are primarily 

proteinaceous biological molecules but small RNAs and toxic metabolites also play key roles in facilitating 

infection as well as manipulation of host metabolism (Collemare et al., 2019). Following secretion from cells 

of the parasitic haustorium, some effectors will localise to the apoplast while others will be translocated to 

the host cytoplasm. For the host, detection of apoplastic effectors is achieved at the cell surface by immune 

receptors such as RLPs whereas cytoplasmic effectors are detected by intracellular nucleotide-binding Leucine 

rich repeat (NB-LRR) proteins (Yuan et al., 2021).  

Those effectors which are specifically recognised by the NB-LRR receptors go on to activate immune signalling 

cascades in the host and resulting in Effector Triggered Immunity (ETI) in a similar way to PTI, but instead with 

a stronger, quicker and more amplified immune response. Resistance may then be enacted through a 

hypersensitive response at the site of haustorial penetration or other acute reaction  (Jones and Dangl, 2006). 

The gene-for-gene model predicts that these effectors, produced by a so-termed, avirulence gene (Avr) share 

a one-to-one correspondence with a matching host resistance (R) gene (Flor, 1971).  

Success for the parasite is in evasion or disruption of host receptors by these effectors in an effector triggered 

susceptibility (ETS) interaction (Jones and Dangl, 2006). Effectors are highly varied in the roles they play in 

establishment of infection and much is still to be determined, with much of what is known, described in fungal 

or bacterial pathogens. Functions are thought to include suppression of reactive oxygen species (ROS), 

inhibition or induction of hormone signalling, inactivation of PRRs, inhibition of host enzyme activity and 

secretion of cell wall degrading enzymes (Tian et al., 2005; Chini et al., 2007; Gimenez-Ibanez et al., 2009; 

Hemetsberger et al., 2012 ;Albert et al., 2015; Gimenez-Ibanez et al., 2014). One such example is the corn 

smut (Ustilago maydis) effector Pep1 which acts upon its host to suppress immunity, in part through targeting 

peroxidase activity (Hemetsberger et al., 2012). The main function of peroxidases in the host is to facilitate 

dehydrogenation of substrates through ROS activity in order to synthesise protective cell wall components 

such as lignin, suberin and auxins (Lamb and Dixon, 1997). 

Within parasitic plants, research of virulence effectors has predominantly, thus far, been limited to genomic 

prediction, with research many years behind other phytopathogens (Timko and Scholes, 2013). There has, 

however, been a strong focus on the actions of plant cell wall degrading enzymes (PCWDE) and their role as 

putative virulence effectors in facilitating cell wall modifications. These have included pectinesterase, 

polygalacturonase and glycosyl hydrolases, among others found in numerous transcriptomic studies (Zhang 

et al., 2015; Jhu et al., 2021; Lopez et al., 2019). Comparative transcriptome analyses by Yang et al. (2015) 
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revealed a core set of so-called parasitism genes across the parasitic species of S. hermonthica, P. aegyptiaca 

and T. versicolor. The most highly enriched GO-terms found from this study were Serine-type or Aspartic-type 

endopeptidase activity molecular functions and cellular responses to ROS biological processes. Similarly Lopez 

et al. (2019) identified oxidoreductases and lyases as the most common categories.  

While functional validation studies of these effectors amongst plant parasites are scarce, two recent findings 

have given more detail to these aspects of virulence. Firstly a small secreted effector protein from S. 

gesnerioides race 4z causes ubiquitination and degradation of Cowpea VuPOB1 protein, which then 

suppresses immunity by facilitating the loss of hypersensitive response (HR) and programmed cell death (Su 

et al., 2019). In addition, a cysteine protease from C. reflexa, cuscutain, is assumed to play a role in weakening 

host structures through protein degradation (Bleischwitz et al., 2010). Expression of cuscutain has been 

identified as mainly haustorial, emphasising the association of the proteins with parasite invasion (Amini et 

al., 2018). These functional studies point to significant roles of effectors in parasitism in general but are still 

to be elucidated further in Striga spp.  

1.7  Genomic and population genomics approaches to understanding virulence 

With the relative affordability of genomic sequencing, we can now study more species using comparative 

genomics than ever before. Genomic studies provide diverse insights into populations by employing various 

approaches. Genome-wide association studies identify genetic variations and markers associated with 

virulence traits, evolutionary analyses enable the construction of phylogenetic trees and lineage comparisons, 

population genetic studies model gene flow and assess selection pressures, and functional genomics shed 

light on gene expression, protein function, and pathways contributing to virulence. 

With that in mind, the recently published reference genome of S. asiatica has opened the door for new 

analyses, to identify different mechanisms across populations within the species and enable identification of 

novel virulence effector candidates (Yoshida et al., 2019). The high quality genome produced by Yoshida et 

al. was generated from a single individual of S. asiatica collected in North Carolina, USA, the genome was 600 

Mbp in size with an N50 scaffold size of >1.3 Mbp, from which a total of 34,577 genes were predicted. This 

individual being from an introduced population of S. asiatica to USA in the 1950s.While the genome provides 

essential background to understand the origin of parasitism in Striga, with rapid evolution seen, it also allows 

for further analysis to assist in effector candidate discovery and eventual functional validation of those 

candidates. 

The first step in identification of virulence related genes is in-silico prediction following genome sequencing. 

While other types are known to exist, broadly speaking virulence-associated effectors will be secreted 

proteins which translocate through secretory pathways into the extracellular space (Agrawal et al., 2010). The 

classical plant protein secretion pathway is highly conserved and utilises N-terminal signal peptides for 
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transportation of proteins from the golgi apparatus (Alexandersson et al., 2013). However, unconventional 

protein secretion does exist and in fact, a significant proportion of secretome proteins lack these signatures 

as seen for the well-studied Arabidopsis genome (The Arabidopsis Genome Initiative, 2000). Computational 

prediction tools rely on identification of positively charged signal peptides, often 20-30 AA in length, which 

are closely linked to a hydrophobic region and cleavage site at the C-terminus (Sonah et al., 2016). Effectors 

are also consistently small, to accelerate ease of movement as well as being rich in cysteine content, for 

example, in the effector protein SnTox1 from Stagonospora nodorum, which contains almost 20% cysteine 

content of the 100 amino acids, not including signal peptide (Liu et al., 2012). Genomic and transcriptomic 

sequencing can elucidate these features with a parasite genome, then alongside BLAST searches for 

homologous effector proteins ς particularly to a well characterised and annotated genomes like Arabidopsis, 

complex models are used to predict the secretome using tools such as SignalP (Peterson et al., 2011).  

The availability of parasitic plant genomes also opens the way to the identification of VFs using a population 

genomics approach. Qiu et al. (2022) recently identified suites of VFs associated with the ability of S. 

hermonthica (collected from Kibos, Kenya) to overcome resistance in a normally resistant rice variety 

(NERICA-17), by combining a genomics and population genomics approach. 

Prior to embarking on the research described in this thesis, considerable effort was dedicated to overcoming 

the dormancy of S. asiatica seeds. Various experimental mechanical and chemical methods were employed, 

including techniques such as sonication and the use of different stimulants. However, despite these efforts, 

none of the attempted methods significantly accelerated the time required for the seeds to become receptive 

to germination. Consequently, the only Striga accessions available for use in this study were those that had 

naturally reached approximately one year post-harvest. Compounding the challenges, the accessibility of 

additional seed samples was hampered by the COVID-19 restrictions in place during the research period. As 

a result, the seed samples already in possession were the sole viable option for analysis in this project. 

Furthermore, it is important to note that while the S. asiatica accessions collected from regions outside of 

Madagascar were not sampled in the same manner of field collection, their inclusion in this study provides 

some insight into the extent of virulence variation. However, it is crucial to exercise caution when interpreting 

the spatial significance of these findings. The populations in these regions were not necessarily natural 

populations in their respective habitats. For instance, the S. asiatica samples from the USA were introduced 

and quarantined, while the Ethiopian samples may have undergone outcrossing under controlled laboratory 

conditions. Moreover, the introduction of S. asiatica from mainland Africa to Madagascar may have occurred 

on multiple occasions, potentially leading to genetic exchanges between different lineages. Additionally, the 

presence of dormant seeds in the soil could have influenced the life cycle timings and overall dynamics of the 
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populations. These factors highlight the need to consider the limitations and potential complexities associated 

with the interpretation of spatial relationships in this study. 

1.8  Aims and objectives of this thesis 

The overarching objective of this thesis was to better understand the molecular genetic basis of virulence 

variation in S. asiatica, exploring the effects of population structure, genetic diversity and patterns of 

virulence to facilitate prediction of virulence-related genes. The specific aims for each chapter  were: 

I. Chapter 2: to determine the patterns of variation in virulence of S. asiatica accessions on a range 

of rice genotypes with varying levels of susceptibility and determine whether host variety or S. 

asiatica accession is the most important factor in explaining the variation in virulence.  

II. Chapter 3: to determine the neutral population structure of S. asiatica accessions and assess the 

genetic variability and extent of selfing between groups based on SNP marker analysis. 

III. Chapter 4: to take an experimental population genomics approach, utilising virulence data from 

chapter 2 to identify candidate virulence-related genes from the S. asiatica genome. 
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Chapter 2 
Evaluating the extent of variation in virulence between 

Striga asiatica accessions on different rice hosts in 
Madagascar and determining whether host adaptation 

plays a significant role 
 

2.1  Introduction 

2.1.1  Background to Striga spp. 

Parasitism is the relationship between two organisms, within which one party benefits to the detriment of 

the other. It is a widespread lifestyle across the Eukaryotes from animals to plants and fungi. The main 

commonality between these very different parasites is that they must maintain a great enough level of 

virulence to persist within their hosts but also ensure the host survives long enough for them spread 

effectively to others (Cressler et al. 2016).  

Among the most notorious and widely studied parasitic plants are members of the Orobanchaceae family, 

due to the constraints they put on crop productivity in different parts of the world (Parker, 2009). Within this 

group, lies the noxious, parasitic weed species of the genus Striga, which are currently some of the most 

serious biotic constraints to cereal production in Sub-Saharan Africa (SSA) (Rodenberg et al., 2017; Runo and 

Kuria, 2018; Jamil et al., 2021). The preference of Striga spp. for arid and semi-arid conditions, along with low 

fertility, well-drained soils demonstrate just one aspect of their high level of adaptability. As obligate root 

hemi-parasites Striga spp. require a host to fulfil their life cycle but are also able to achieve low rates of 

photosynthesis in their above-ground developmental stages (Press & Stewart, 1987; Frost et al., 1997; 

Hegenauer et al., 2017; Jhu et al., 2022). Effects on hosts involve severe chlorosis, wilting and stunting (Spallek 

et al., 2013), all of which can happen before the parasite emerges above the soil surface, this reduction in 

host biomass is reflected in biomass increase in the parasite (Gurney et al., 1999). Other attributes to the 

severity of the Striga issue include high fecundity and long seed dormancy (Parker and Riches, 1993) in the 

soil seed bank; this can lead to many farmers to abandon fields once infested (Butler, 1994; Nambafu et al., 

2014). These farmers are commonly growing for subsistence and lack significant resources to implement any 

effective control measures (Mohamed et al., 2001; Atera et al., 2012; Yohannes et al., 2015). 

The three most devastating cereal-infecting spp. of Striga are, Striga hermonthica, Striga asiatica and to a 
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lesser extent Striga aspera (Runo and Kuria, 2018). Monocot hosts of these include maize, millet, sorghum 

and upland rice with recent estimates suggesting that up to 50 million hectares of land in SSA are infested 

with Striga spp. (Parker and Riches, 1993; Spallek et al., 2013). Each species has a somewhat different 

geographic range but there is a high level of overlap and all species are widespread across Africa. West African 

countries are normally infested by S. aspera and S. hermonthica while S. asiatica is more concentrated across 

East Africa and in Madagascar (Rodenburg et al., 2016). Another Striga species, Striga gesnerioides, causes 

similar devastating effects on agriculture through its infection of dicot crops such as cowpea (Rodenburg et 

al., 2010; Spallek et al., 2013; Fernandez-Aparicio et al., 2020; Albert et al., 2021). 

Madagascar is a region of high priority for parasitic weed research (Rodenburg et al., 2016), with agriculture 

as a backbone of the national economy, accounting for approximately 30% of GDP (IFAD, 2021). The Striga 

species, S. asiatica, the focus of this thesis, is the only extensively observed Striga spp. in Madagascar. In 

contrast to many other S. asiatica infecting countries such as Tanzania and Ethiopia, Madagascar is unique in 

that rice is the principal crop grown by farmers (FAO and WFP, 2019). Recent assessments have suggested 

that the total rice-growing area infected by Striga spp. in SSA is approximately 887,000 ha with annual yield 

losses of 293,000 tons of milled rice (Rodenburg et al., 2016).  

2.1.2  Striga virulence and host immunity 

Gaining a deeper understanding of the mechanisms underlying Striga virulence is crucial for effectively 

addressing the Striga emergency and enhancing resistance in crop species. 

While some Striga spp. are particularly virulent parasites on crop plantsΣ ǘƘŜ ƘƻǎǘΩǎ ƛƳƳǳƴŜ ŘŜŦŜƴŎŜ Ǉƭŀȅǎ ŀ 

vital role in determining the outcome of the interaction between host and parasite. A reciprocal adaptation 

phenomenon, ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ŀƴ ŜǾƻƭǳǘƛƻƴŀǊȅ ΨŀǊƳǎ ǊŀŎŜΩ ŘŜǾŜƭƻǇǎ ƻǾŜǊ Ƴŀƴȅ ƎŜƴŜǊŀǘƛƻƴǎ ǿƘŜǊŜ ǘƘŜ 

ƛƴǾŀŘƛƴƎ ƻǊƎŀƴƛǎƳ ƻǾŜǊŎƻƳŜǎ ǘƘŜ ƘƻǎǘΩǎ ŘŜŦŜƴŎŜǎ ǘƘǊƻǳƎƘ ŀŘǾŀƴǘŀƎŜƻǳs evolutionary changes but at the 

same time the host develops counter defences. This has been identified to exist for many parasites and their 

hosts including Striga hermonthica on sorghum, maize and pearl millet (Bellis et al., 2021), Globodera pallida 

on wild potato (Gautier et al., 2020) and Cuscuta europea L. on common nettle (Koskela et al, 2001). This can 

be observed indirectly where there are patterns of local adaptation evident (Schulte et al., 2011); In this 

scenario intra-regional genotypes would have a far higher fitness than exotic genotypes (Kawecki et al., 2004). 

Incompatible reactions between Striga and its host can happen at different points in the infection process, 

both pre- and post-attachment. Pre-attachment defence mechanisms include low germination stimulant 

producing cultivars (see section 1.5) or the inability to form haustoria, a common occurrence for non-hosts as 

seen for S. hermonthica on Arabidopsis and cowpea (Yoshida & Shirasu, 2009). The induction of haustorial 

development is initiated by host exuded substances called Haustorial-Inducing Factors (HIFs). In S. asiatica 

one of these HIF constituents was initially identified as 2,6-DMBQ (Smith et al., 1996) but many other phenolic 
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and flavonoid substances have since been discovered as triggers for haustorial development (Riopel and 

Timko, 1995). Low production of haustorial producing factors may therefore be seen an advantageous genetic 

trait for potential hosts and one which can be bred into resistant crops (Mandumbu et al., 2019). However, 

this may not always be beneficial; many phenolic HIFs are precursors for lignin and in certain hosts phenolic 

HIFs can be incorporated into lignin polymers, to be used as a physical barrier deposited at Striga infection 

sites (Mutuku et al., 2019; Goyet et al., 2019).  

A post-attachment resistance reaction which has been extensively studied within plant-pathogen systems is 

the Hypersensitive Response (HR), typically characterized by a necrotic lesion on the host tissue around the 

infection site, followed closely by a localised cell death (Balint-Kurti, 2019). This host response has been 

observed in sorghum infected by S. asiatica (Mohamed et al, 2003; Ejeta et al., 2007; Mohamed et al., 2010). 

Additionally, an HR response was observed on resistant cowpea cultivar B301 in response to S. gesnerioides 

infection, and ascertained to be mediated by an R gene, commonly found in other species subject to pathogen 

attack (Li and Timko, 2009). The presence of these R genes is highly indicative of the existence of opposing 

Striga effectors/virulence factors in S. gesnerioides, forming an evolutionary arms race. 

Another related defence mechanism seen is the incompatibility response of resistant hosts where the host 

prevents further Striga tissue development, but does not itself suffer tissue necrosis. This has been reported 

in a range of hosts in a number of studies (Ejeta et al., 2007; Cissoko et al., 2011; Mutinda et al., 2018) where 

Striga showed stunted growth or development which did not reach further than primordial leaf, due to their 

inability to form a vascular connection with the host. In Orobanche species, callose deposition and lignification 

of cell walls are thought to form a barrier to entry of the parasite into the host xylem. (Fernandez-Aparicio et 

al., 2008). 

2.1.3  Variation in Striga virulence and host adaptation 

The outcome between many host-parasite interactions would usually be subject to the success of either the 

resistance genotype of the host or the virulence genotype of the parasite, but an interaction between the two 

opposing genotypes is also common (Hu et al, 2020). In this situation the so-called interaction between 

genotypes would mean the fitness or virulence of the parasite was subject to the host, and thus be associated 

with host specificity (Little et al., 2006). Nevertheless, this host specificity can break down when patterns of 

dispersal are disrupted (Okubamichael et al. 2016); for example if Striga seed was introduced into a new area 

with a new host, eventually selection would mean that over a number of generations a more virulent parasite 

genotype would be selected for. Generally the more inbreeding a species is, the less variation to exist naturally 

within populations and the longer it would take to establish a virulent population (Dick and Patterson, 2007). 

With parasites becoming host-specific they have become so morphologically, behaviourally, or physiologically 
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adapted to a particular host that being able to colonise new hosts successfully would simply be untenable 

(Tompkins and Clayton, 1999). 

The common natural means of dispersal of S. asiatica seed is, within local areas, by wind, but is also subject 

to human-aided dispersal on a greater geographical scale through contaminated crop seeds, by farming 

machinery and by animals (Csurhes et al., 2016). For Striga species, variation in virulence has frequently been 

noted across different hosts, at both an inter- and intra-species levels. For example: S. gesnerioides on 

cowpea, where physiological groups were determined based on virulence profiles (Parker & Polniaszek, 1989) 

and S. hermonthica infecting 274 pearl millet accessions, where only 9 accessions were identified as resistant 

(Wilson et al., 2004). Parker and Polniaszek were able to show that in pot experiments of populations of S. 

gesnerioides across West Africa from Mali to Cameroon, the Striga accessions could be ranked on their 

virulence and showed distinct patterns of local adaptation. Early studies by Ramaiah and Werder (1987) also 

observed both S. asiatica and S. hermonthica parasites locally adapted to hosts. More recently, host-specific 

selection on parasitic genes has been identified in S. hermonthica populations from Western Kenya growing 

on maize and finger millet. Little evidence was found for variation in strigolactone perception but there was 

evidence of host selection on haustorial loci, particularly a locus encoding a chemocyanin precursor important 

for haustorial development (Bellis et al., 2022). 

Previous research specifically on S. asiatica has shown variation in virulence among geographically separated 

populations. Botanga et al. (2002) ran cross-infestation experiments based in Benin that showed growth of 

Striga was only established when host and parasite had been collected from the same field location. This 

population-based differential virulence was supported by Spallek et al. (2013), who found that S. asiatica 

isolated from wild grasses were not able to parasitise common hosts such as sorghum and maize. Similarly, 

Mandumbu et al. (2016) identified differing virulence-associated effects of S. asiatica strains on sorghum 

hosts. However this has not been the same finding for all studies; Gethi et al. (2005) found little evidence for 

any significant population structure and suggested high gene flow between infested areas.  

It is thought that S. asiatica entered the Island of Madagascar through multiple introductions at ports, likely 

from nearby African countries, with contaminated rice seed (Ejeta, 2007) and potentially originated from a 

variety of countries. Herbarium records suggest introductions into the Country began at the start of the 20th 

century around these coastline ports, and gradually spread further into the centre (Rodenburg et al., 2016; 

Scott et al., 2019).  Being an island country has limited the introduction sites of Striga, the tiny seeds being 

unable to easily cross the ocean but also as crops are generally intra-regionally traded within Madagascar and 

a high level of subsistence farmers (Ralandison et al., 2018), there is likely less gene flow from outside of the 

country and to what extent Striga populations can be split within the country is undetermined.  
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One species of Striga, S. gesnerioides, endemic to West Africa and a parasite of dicots does exist within 

geographically separate populations, referred to as races. It was reported that the geographical isolation of 

these populations led to a host driven selection and formation of seven differentially infecting races of S. 

gesnerioides (Botanga and Timko 2006; Li & Timko. 2009). As another preferentially inbreeding species, this 

may also be the case for S. asiatica, but is still to be determined. 

Previous studies using molecular marker analyses and field or laboratory screening have provided an unclear 

understanding of the connection between genetic and geographic distance, leaving the extent of virulence 

variation over larger geographic distances unknown. As seen with the different races of S. gesnerioides, 

geographic separation plays a key role in genetic differentiation, particularly in the case of inbreeding 

populations where gene flow is already limited and new virulence genes are infrequently occurring.  

2.1.4  Aims and Objectives 

This chapter aimed to investigate variation in virulence of S. asiatica accessions collected in different regions 

of Madagascar and East Africa against different rice genotypes. Specific objectives include: 

I. Identify how the outcome of interactions between different rice hosts and Striga accessions vary. 

II. Determine whether host variety or S. asiatica accession is the most important factor in explaining the 

variation in virulence.  

III. Establish if there is a correlation between phenotypic variation in virulence of S. asiatica accessions 

on rice hosts compared with the geographic distance between the collection sites of the S. asiatica 

accessions. 
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2.2 Materials and Methods 

2.2.1  Plant materials 

The S. asiatica seed accessions used in this study were collected from 9 separate sites in Madagascar, 1 site 

in both Kyela and Tanzania, 2 sites in Ethiopia and 1 site in North Carolina, USA (Table 2.1). Each collection 

site was used for subsistence cultivation of cereal crops, including upland rice varieties.  

Table 2.1 ► Striga asiatica  sampling site locations where seeds of the different accessions were collected.  

Code Site No Commune Location Host Crop collected from  Field coordinates (lat/lon)  

Amb1 1 Ambalamiadana, Madagscar Rice var. B22 -18.4349, 46.0118 

Amb2 2 Ambalamiadana, Madagascar Rice var. FOFIFA 3737 -18.4350, 46.0117 

Anz 4 Anteza, Madagascar Rice var. NERICA4 -18.9770, 46.4774 

And 5 Androvasoa, Madagascar Rice var. Chromrongdhan -19.0246, 46.4377 

Bel 8 Belanitra, Madagascar Rice var. NERICA4 -19.7198, 46.6125 

Eth1 9 Ethiopia (Collection1)  Unknown Unknown 

Eth2 10 Ethiopia (Collection2)  Sorghum Unknown 

Tan 11 Kyela, Tanzania Rice -9.35, 33.48 

USA 12 North Carolina, USA Maize 34.3834,-78.9460 

 

Madagascan S. asiatica samples were collected directly from a number of field locations (sites) along two 100 

km transects in the central region of the country, roughly following the course of the RN34 and RN1b roads 

(Figure 2.1). S. asiatica accessions were also collected from USA (North Carolina), Tanzania (Kyela district) and 

Ethiopia. All accession seed batches consisted of seeds from multiple S. asiatica plants collected from different 

host individuals within a specific field at the different sites.  Maps of all sampling locations are shown in Figure 

2.1.  
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Figure 2.1 ► Maps of the  S. asiatica accession sampling sites . Map A shows the location  of Striga asiatica  sampling sites used to screen for virulence . From North Carolina, 

USA to Madagascar. The scale bar shows 4200 km. Map B shows S. asiatica sampling sites within Madagascar.  The scale bar shows  50 km.  
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Sampling locations were selected across a widely spaced range of sites in order to test for patterns of local 

adaptation to host genotypes and whether variation in virulence could be seen at both smaller and larger 

spatial scales. Striga accessions from sites 1 and 2 were located in adjacent fields metres away from each 

other, whereas the distance from site 1 to site 9 was over 3000 km.  

Striga seed collection in Madagascar began once S. asiatica seed pods had matured and dried in the field. 

Plants were harvested from multiple infected hosts within the field (site) being sampled. Thus each S. asiatica 

seed accession represents the genetic diversity within a field (site). Following harvest, seeds were dried and 

sent to the UK. Upon arrival in the UK, seed pods were further dried in an incubator at 50 Cꜛ for 1 month. 

After this, pods were picked from the stems and split open to release seeds. Seeds were then filtered through 

a 200 micron sieve, followed by a 150 micron sieve to remove plant debris. Seeds were stored at 4 Cꜛ in a 

sealed glass container with silica gel beads to absorb moisture and extend the storage life of the seeds. 

Striga seeds from Ethiopia were ŎƻƭƭŜŎǘŜŘ ƛƴ ǘƘŜ мфулΩǎ ŦǊƻƳ sorghum. Precise locations were not recorded. 

The two separate accessions (Eth1 and Eth2) may have originally arisen from different field locations, however 

it is unclear for how many generations the two batches have been successively bulked in the controlled 

environment chambers at the University of Sheffield and were expected to have lower genetic diversity 

among them. Seeds from Tanzania and USA were from original batches of field collected seed, the USA 

accession seeds found growing on maize and Tanzanian accessions found growing on rice. The location of 

sampling of the Tanzanian accession was from a rice field site in the Kyela district and the USA accession 

collected from near the border between North and South Carolina. 

Nine rice varieties were used in this study (Table 2.2). This included 5 cultivars grown in Madagascar which 

have been readily adopted by farmers: B22 and Chromrongdhan (O. sativa spp. indica), Fahita (O. sativa), 

NERICA-4 and NERICA-10 (inter specific crosses of O. sativa X O. glaberrima). Seeds were supplied by Dr 

Patrice Autfray (CIRAD, Montpellier, France) and Mr Jean-Augustine Randriamampianina (FOFIFA, 

Madagascar). The four other rice varieties used in this study were: Nipponbare and Koshihikari (O. sativa spp. 

temperate japonica) obtained from Professor Masahiro Yano at the National Agriculture and Food Research 

Organization (NARO), Japan and IR64 (O. sativa spp. indica) and Azucena (O. sativa spp. tropical japonica) 

which were provided by Dr Mathias Lorieux at the International Center for Tropical Agriculture (CIAT) Cali, 

Colombia. These rice varieties were chosen to study as their susceptibility/resistance to Striga species has 

been extensively studied previously (Gurney et al., 2006; Kaewchumnong & Price., 2008; Yoshida et al., 2009; 

Cissoko et al., 2011; Huang et al., 2012; Mbuvi et al., 2017; Mutuku et al., 2019; Dayou et al., 2021; Qui et al., 

2022). 
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Table 2.2 ► Rice varieties used as hosts in the Striga asiatica  virulence phenotyping screen. Susceptibility to Striga 
species is reported.  

Variety Name Species/subspecies  Reported susceptibility  

B22 O.sativa ssp. indica Susceptible (Randrianjafizanaka et al., 2017) 

Chromrongdhan  O.sativa ssp. Indica Unknown 

Fahita O.sativa Unknown 

NERICA4 O.sativa ssp. japonica X O. glaberrima (CG14) Resistant (Cissoko et al., 2011) 

NERICA10 O.sativa ssp. japonica X O. glaberrima (CG14) Resistant (Cissoko et al., 2011) 

Nipponbare  O. sativa ssp. temperate japonica Resistant (Gurney et al., 2005) 

Koshihikari  O. sativa ssp. temperate japonica Susceptible (Mutuku et al., 2019) 

IR64 O. sativa ssp. indica Resistant (Kaewchumnong et al., 2008) 

Azucena O. sativa  ssp. tropical japonica Susceptible (Kaewchumnong et al., 2008) 

 

2.2.2  Growth of rice plants and infection with S. asiatica 

In order to determine the extent of virulence of S. asiatica populations, a panel of rice varieties were infected 

with S. asiatica seeds. Rice seeds were germinated between strips of filter paper, sandwiched between 

horticultural rockwool blocks (Aquaculture, Sheffield, UK) and incubated at 27 °C in darkness for 7 days. 

Following the incubation period, a single rice seedling was transferred into a rhizotron, a 30 cm2 X 3 cm deep, 

root observation chamber as described in Gurney et al. (2006) and Cissoko et al., (2011).  

Each rhizotron contained horticultural rockwool, covered with 100 µm mesh (Plastic Group, Birkenhead, UK). 

Germinated rice seedlings were placed on top of the mesh. A lid was placed on the rhizotron which was 

covered in foil to prevent light penetration to the root system. Plants were grown in a controlled environment 

chamber with a photon flux density of 500 µmol m-2 s-1 at plant height, a 12 h photoperiod, relative humidity 

of 60%, and a day/night temperature of 27 °C /25 °C. Rice plants were supplied with 20 ml of 40% Long Ashton 

solution containing 2 mM ammonium nitrate 4 times per day, via a hydroponic system (Figure 2.2A). 

Twelve days prior to infection, 8 mg aliquots of S. asiatica seeds (for each rice plant) were surface sterilised 

in a 10% bleach solution for 7 min and washed repeatedly with dH2O.  Sterilised seeds were then placed in 9 

cm Petri dishes containing moistened glass fibre filter paper (Whatman, Cytiva, Amersham, UK) and sealed 

with parafilm before plates were incubated at 30 °C in darkness for 12 days. 
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Figure  2.2 ► S. asiatica virulence assays were performed by infecting rice plants growing in rhizotrons. (A) shows the 
chamber where the plants were cultivated. (B) shows the rice root systems which were painted with the pre -
germinated Striga seeds before sealing inside the rhizo tron for attachments to happen.  

 

Germination of S. asiatica seeds within the Petri dishes was triggered through addition of an artificial 

germination stimulant (GR-24) at a concentration of 0.1 mg L-1 and left to incubate for between 15 to 18 h, 

depending on the germination time of the particular S. asiatica accession. Individual rice root systems were 

infected with ~8 mg of pre-germinated S. asiatica seeds using a paint brush (Cissoko et al., 2011)(figure 2.2B). 

Each batch of infections of rice plants was completed within 4 hours  to ensure that the S. asiatica radicles 

did not become so long that they were no longer able to infect the rice roots. Infected rice plants were grown 

for 28 days within the rhizotrons before quantifying S. asiatica virulence/rice resistance.  

On day 28, after infection of rice plants, a high-resolution (1200 dpi) scan of each root system was taken using 

a flatbed scanner (CanoScan 5400, Canon, Uxbridge, UK). The Striga attachments were harvested from each 

root system, place in a Petri dish and photographed using a Canon EOS 500D (Canon, Uxbridge, UK). S. asiatica 

plants were then dried in a 50 °C incubator for 3 days and before weighing S. asiatica biomass. Image J v. 146r 

software (Schneider et al., 2012) was used to measure the number and length of the S. asiatica plants.  
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2.2.3  Measures of S. asiatica virulence 

The three measures of virulence used in this study were (1) dry S. asiatica biomass per root system, (2) total 

number of S. asiatica attachments per root system and (3) cumulative length of S. asiatica attachments per 

root system. These measures have been used in a number of studies previously (e.g. Gurney et al., 2007; 

Cissoko et al., 2011). By utilising three measures of virulence data can be used to interpret different nuances 

in infection patterns. After 28 days of infection there will be variation in in the size of S. asiatica individuals 

that have attached to host root systems in terms of width and length. For example, the same number of S. 

asiatica individuals may be present in both resistant and susceptible rice hosts but on susceptible hosts S. 

asiatica are likely to be larger and have a greater biomass. In contrast, in a resistant host, S. asiatica individuals 

may attach and begin to infect but are then prevented from growing and thus have a low biomass.  

2.2.4  Determining variation in virulence of nine  S. asiatica accessions against nine rice 

varieties 

The purpose of this study was to determine the variation in virulence of S. asiatica accessions from 

Madagascar (sites 1, 2, 4, 5 and 8) and from Mainland Africa (sites 9-12) on 9 different rice varieties. To achieve 

this, virulence assays were carried out by infecting 9 rice varieties with the 9 Striga accessions, a total of 81 

different combinations.  

These virulence assays were carried out in three separate screens due to the large number of plants. Each 

screen contained a different combination of rice varieties and S. asiatica accessions, but with at least one of 

the same combinations, B22 x Eth1 (Site 9), being replicated in each of the 3 screens to act as infection 

controls. Each screen was further divided into 3 or 4 batches which comprised a maximum of 48 rhizotrons 

per batch. The germination of each batch of rice seeds was staggered by 7 days.  

Across the whole experiment, for each combination of S. asiatica accession and rice variety, at least 6 

biological replicates were established, two per batch. Infection of the plants with S. asiatica was performed 

by several people (infectors) as all the plants needed to be infected within 4 hours. The replicates for each 

combination were divided up among the infectors to ensure no one person infected all replicates within a 

combination.  

2.2.5   Modelling virulence 

A linear mixed effects model was fitted to the data during analysis to assess significance of virulence 

measures, taking into account the fixed effects of S. asiatica accession and rice variety. The random effects of 

batch, nested within screen, and fixed effect of infector were also taken into account in the model.  

Using R version 4.1.2 (R Core Team, 2022) package ggplot2 (Hadley, 2016) boxplots were used to visualise the 

differences in virulence for each of the datasets. Classical multidimesional scaling (MDS) was also performed 
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on the S. asiatica weight and number datasets using the cmdscale function in R to represent the distances 

between the rice varieties and S. asiatica accessions, separately. Due to the presence of a high number of 

zeros (resistant plants), virulence datasets were significantly different from a normal distribution. Inspection 

of residuals from initial trial analyses with various transformations, including log and gamma, showed that 

parametric analysis was not possible. Therefore, the permmodels function of the predictmeans package (Luo 

et al., 2018) was used to provide permutation t-tests for coefficients of fixed effects and permutation F-tests 

to test the terms in the linear model. Dry biomass data were not transformed but square root was taken of 

total number data to try to stabilise variance and distribution. The p values of the permutation t-tests and F 

tests were obtained using 4999 permutations. 

The central question for this study was to determine how rice variety, S. asiatica accession, and their 

interaction impacted the virulence of S. asiatica. To assess the variance of each virulence phenotype, using 

the R package lme4 (Bates et al, 2015), each dataset was fitted to a mixed effects linear model. The R package 

predictmeans (Welham, 2004) was used for comparing the best fit of different models, taking into account 

ǿƘŜǘƘŜǊ ǘƘŜ ǊŀƴŘƻƳ ǘŜǊƳǎ ƻŦ ά{ŎǊŜŜƴέΣ ά.ŀǘŎƘέ ŀƴŘ άLƴŦŜŎǘƻǊέ ǿŜǊŜ ƛƳǇƻǊǘŀƴǘ ƛƴ ŜȄǇƭŀƛƴƛƴƎ ǾŀǊƛŀǘƛƻƴ ŀƴŘ 

determining the simplest acceptable model through comparison of AIC values. The different models tested 

were: 

Model 1 - Virulence phenotype ~ Rice variety + S. asiatica accession + infector + (1|Screen/Batch) 

Model 2 - Virulence phenotype ~ Rice variety * S. asiatica accession + infector + (1|Screen/Batch)       

Model 3 - Virulence phenotype ~ Rice variety * S. asiatica accession + (1|Screen/Batch) 

Model 4 - Virulence phenotype ~ Rice variety * S. asiatica accession + infector + (1|Screen)       

Model 5 - Virulence phenotype ~ Rice variety * S. asiatica accession + (1|Screen)       

Boxplots comparing all virulence measurements by rice variety and Striga accession were plotted using R 

package ggplot2. To assess the impact of spatial separation of accessions on overall variation in virulence, a 

Euclidean distance matrix was produced in R for both coordinate data and median virulence per host for each 

Striga accession and plot using package ggplot2. 
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2.3 Results 
 

2.3.1  How do the interactions vary between different rice hosts and S. asiatica accessions? 
 

The classification of the interactions, whether resistant or susceptible was determined after 28 days, at which 

point the most successful (virulent) S. asiatica individuals would have grown to a height of several 

centimetres. Very small S. asiatica individuals, regardless, of whether host parasite xylem connection had 

been made, would not be compatible with further growth leading to reproductive success, thus indicating a 

resistant host- avirulent S. asiatica combination. In a resistant interaction host roots often exhibited dark 

brown areas, indicative of necrosis, around the sites of infection, while new roots remained white. This is 

particularly evident in Fig. 2.4 F, as S. asiatica (Bel) attachments were frequently surrounded by a dark necrotic 

ring of host tissue. The dark brown regions may indicate a hypersensitive response by the host, causing 

localised cell death. 

A range of virulence/resistance phenotypes were seen across the 81 combinations of rice varieties and S. 

asiatica accessions in the virulence phenotype screening. These interactions could be broadly categorised into 

4 groups as shown in Fig. 2.4.  Fig. 2.4 A & B  illustrate a susceptible interaction between the S. asiatica USA 

accession grown on rice host Azucena (A) and B22 (B), with many large S. asiatica plants visible. Fig. 2.4 C & 

D show a mostly resistant interaction of S. asiatica (Anz) on IR64 (C) and S. asiatica Eth1 on Chromrongdhan 

(D), with just a few small S. asiatica indivdiuals growing on the host roots. Fig. 2.4 E & F  show host root 

systems with a small number of blackened, dead S. asiatica individuals indicative of a resistant interaction, 

commonly seen for S. asiatica (Bel) on Chromrongdhan (E) or NERICA-10 (F). Finally, Fig. 2.4 G & H illustrate 

highly resistant interactions with S. asiatica (Amb) (G) and (Anz) (H) on rice variety NERICA-4. 

While the majority of S. asiatica accessions showed variable levels of attachments across the panel of rice 

varieties, one S. asiatica accession ς S. asiatica (Bel) showed very low levels of attachments to any rice host. 

In addition, attachments that were made tended to blacken and die before reaching more than ~ 2 cm in 

height. This was despite the average percentage germination of the S. asiatica (Bel) accession being 65.2% 

across the screens, well within the range of percentage germination of the other Madagascan S. asiatica 

accessions (52.4-67.25%), none of which showed this avirulence phenotype. This phenotype was also found 

when S. asiatica (Bel) accession was grown in pots, as shown in Figure 2.4. Again some S. asiatica attachments 

grew on the host, albeit to a lesser extent compared to other S. asiatica accessions, but they then died long 

before reaching reproductive maturity. Figure 2.4 shows S. asiatica (Bel) within the pots at the different stages 

of growth, from (1) relatively healthy with some chlorosis, (2) to wilting and then (3) to finally blackening and 

dying before reaching maturity. 
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Figure 2.3 -  Root scans of infected rice root systems taken 28 days after infection with S. asiatica seeds. A & B illustrate 
highly susceptible interactions with many large S. asiatica present, C & D are mostly resistant interactions with few 
smaller S. asiatica present, E & F are resistant interactions with few S. asiatica present and showing a blackened S. 
asiatica  phenotype. G & H are very resistant interactions with zero successful S. asiatica attachments.  A shows S. 
asiatica  (USA) on Azucena, B shows S. asiatica (USA) on B22, C shows S. asiatica (Anteza) on IR64, D shows S. asiatica 
(Ethiopia 1) on Chromrongdhan, E shows S. asiatica  (Belanitra) on NERICA10, F shows S. asiatica (Belanitra) on 
Chromrongdhan. Scale bar represents 2 cm. G shows S. asiatica (Ambalamiadana) on NERICA4 and H shows S. asiatica 
(Anteza) on NERICA4. Scale bar represents 2 cm. 
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Figure 2.4 ► Striga  asiatica  accession (Bel) growing on rice variety B22 . The rice host, signified by the green arrow, 
surrounded by emerged S. asiatica plants at various stages of development  from healthy (pink arrow), wilting (yellow 
arrow) to dead (blue arrow). This phenotype of S. asiatica accession from Belanitra  (Bel) was seen across all rice varieties 
tested and in both pot and rhizotron experiments.  

 

2.3.2  Is host variety or Striga accession the most important factor underpinning variation in 
Striga virulence? 

Quantitative data for S. asiatica virulence were collated from the measurement of S. asiatica seedlings 

harvested from individual hosts, with 6 replicates per combination of different rice host varieties and S. 

asiatica accessions across all screens. Three screens were performed overall which were further subdivided 

into batches to facilitate effective experimental analyses. Substantial variation in virulence phenotype, 

exhibited by a wide distribution of S. asiatica growth was seen across the hosts (Fig. 2.5 ς Fig. 2.7). Data were 

fitted to a mixed effects linear model to test which factors contributed to the observed variation in virulence. 

A number of different models were tested to see which of the terms were significant and model 5 (Virulence 

phenotype ~ Rice variety * Striga accession + (1|Screen)) was determined as the best fit for all virulence 
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datasets. The random effects of infector and the fixed effect of batch were not found to significantly affect 

the variation in virulence, while screen was found to be important. 

For all three measures of virulence, virulence was significantly affected by rice variety, S. asiatica accession 

and the interaction between the two terms (Supplementary Tables 2.1, 2.3 and 2.5). The effect of rice variety 

did explain most of the variance for S. asiatica dry biomass (F = 53.93, p<0.0002, df = 8, 511) and cumulative 

length (F=73.46, p<0.0002, df = 8, 511). In comparison, the variance explained by S. asiatica accession was 

less than half that of rice variety, looking at both S. asiatica dry biomass (F = 17.77, p<0.0002, df = 8, 511) and 

cumulative length (F=37.15, p<0.0002, df = 8, 511). However, for the variance measure, total number of S. 

asiatica, S. asiatica accession (F = 82.49, p<0.0002, df=8, 511) explained more variance than rice variety 

(F=70.17, p<0.0002, df = 8, 511).  

Fig. 2.5 illustrates the effect of the interaction between S. asiatica accession and rice variety on S. asiatica dry 

biomass, with S. asiatica (Amb1) far more virulent on rice varieties Azucena or B22 than on NERICA-4 or 

NERICA-10. A similar picture was seen for S. asiatica cumulative length with S. asiatica (USA) being highly 

virulent on Azucena compared with very low virulence on IR64 (Fig. 2.6). Overall the host varieties most 

commonly grown in Madagascar, NERICA-4, NERICA-10, Fahita and to a lesser extent, Chromrongdhan were 

particularly resistant to all S. asiatica accessions, not only those from Madagascar but also those from 

Ethiopia, Tanzania and the USA. Azucena, Koshihikari and B22 were the most susceptible rice varieties to the 

S. asiatica accessions. 

The most striking difference in virulence of S. asiatica accessions was S. asiatica (Bel), which consistently 

showed low levels of S. asiatica biomass, total number and cumulative length per host (Supplementary 

Figures 2.7-2.9). To determine whether the variation in virulence among S. asiatica accessions was influenced 

by the differences between other accessions, rather than just the avirulent accession (S. asiatica (Bel)), 

datasets excluding this accession were fitted to a mixed effects linear model (supplementary Tables 2.2, 2.4 

and 2.6). While the effect of rice variety remained relatively consistent, the effect of S. asiatica accession on 

S. asiatica virulence was greatly reduced for each virulence measure: S. asiatica dry biomass (F = 4.47, 

p<0.0002, df = 7, 436), cumulative length of S. asiatica (F=19.57, p<0.0002, df = 7, 436) and total number of 

S. asiatica (F = 39.25, p<0.0002, df = 7, 436). Despite this, effects of S. asiatica accession, rice variety and an 

interaction between both, remained significant even after the Bel accession was removed from the datasets.
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Figure 2.5 - Comparison of S. asiatica virulence profiles on a panel of rice varieties using S. asiatica dry biomass  collected from the host root systems as a measure of 
virulence.   S. asiatica sampling sites are given in the figure legend. Sites 1,  2, 4, 5 and 8 are from Madagascar, sites 9 and 10 are from Ethiopia and site 11 and site 12 are from 
Tanzania and USA, respectively. The plot shows a wide variation in S. asiatica virulence by host variety.  
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Figure 2.6 - Comparison of S. asiatica virulence profiles on a panel of rice varieties using cumulative length of S. asiatica collected from the host root systems as a measure 
of virulence.   S. asiatica sampling sites are given in the figure legend. Sites 1,  2, 4, 5 and 8 are from Madagascar, sites 9 and 10 are from Ethiopia and site 11 and site 12 are 
from Tanzania and USA, respectively. The plot shows a wide variation in S. asiatica virulence by host variety . 
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Figure 2.7 - Comparison of S. asiatica virulence profiles on a panel of rice varieties using total number of S. asiatica collected from the host root systems as a measure of 
virulence.   S. asiatica sampling sites are given in the figure legend. Sites 1,  2, 4, 5 and 8 are from Madagascar, sites 9 and 10 are from Ethiopia and site 11 and site 12 are from 
Tanzania and USA, respectively. The plot shows a wide variation in S. asiatica virulence by host variety
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2.3.3  What correlations can be seen in overall patterns of virulence? 

The S. asiatica accessions that were investigated were from Madagascar, USA, Tanzania and Ethiopia. In order 

to identify patterns of virulence amongst the S. asiatica accessions with respect to host variety, 

multidimensional scaling (MDS) was carried out. The overall virulence of S. asiatica accessions across the 

panel of hosts differed depending on virulence measurement (S. asiatica dry biomass, total number of S. 

asiatica or cumulative length of S. asiatica,  per host root system) (Figure 2.8), as did the overall susceptibility 

of the host varieties (Figure 2.9), though the pattern of host susceptibility to S. asiatica was more consistent 

between virulence measures which reflects the ANOVA results for the larger effect of host variety on S. 

asiatica virulence (Supplementary Tables 2.1 - 2.6). For these rice hosts, multidimensional scaling (MDS) 

clustered the rice varieties into groups, loosely based on susceptibility ς the largely susceptible B22 and 

Azucena consistently clustering separately from the highly resistant NERICA-4 and NERICA-10 etc. and the 

intermediately susceptible Chromrongdhan and Koshihikari (Fig. 2.9). This was relatively consistent across all 

virulence measures. 

A slightly different pattern was seen for S. asiatica virulence across the S. asiatica accessions depending on 

the measure of virulence. From observing the MDS plots (Fig. 2.8), the S. asiatica (USA) accession reliably 

clustered alone across all virulence measures showing a distinctly individual  virulence profile across the hosts. 

This unique virulence profile can be seen in Supplementary Fig. 2.1, 2.2 and 2.3 as the USA accession showed 

a greater than average virulence on hosts such as Azucena and B22. However, this increased virulence was 

not universal across rice hosts, having lower than average virulence on rice variety IR64.  

According to general patterns of virulence seen in the MDS plots (Fig. 2.8), the majority of S. asiatica 

accessions clustered relatively closely, though S. asiatica (Bel) clustered with S. asiatica (Tan) by cumulative 

length and number of S. asiatica, both appearing mostly avirulent when looking at these measures (Figs. 2.8B 

and 2.8C). However, when comparing biomass measures (Fig. 2.8A), the virulence of these Striga were very 

different: S. asiatica (Bel) producing a number of small non-viable Striga and S. asiatica (Tan) accessions 

producing few large viable attachments. 
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Figure 2.8 ► Multidimensional scaling (MDS) plots show how S. asiatica accessions can be split into multiple phenotypic 
clusters by K -means based on median values of S. asiatica virulence across 9 rice hosts. Plots show distribution of S. 
asiatica  accessions according to these general S. asiatica virulence patterns by (A) Biomass data (B) number data and 
(C) cumulative length data.  
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Figure 2.9 ► Multidimensional scaling (MDS) pl ots show how rice varieties can be split into multiple phenotypic 
clusters by K -means based on median values of S. asiatica virulence across 9 rice hosts. Plots show distribution of 
rice varieties according to these general S. asiatica virulence patterns b y (A) Biomass data (B) number data and (C) 
cumulative length data.  



Results                Chapter 2 

42 
 

To identify whether geographically closer S. asiatica accessions shared a similar virulence profile across the 

hosts, the phenotypic distance between S. asiatica accessions was plotted against the spatial distance 

between them. The hypothesis was S. asiatica accessions closer together would share similar virulence 

profiles. Results indicated a very weak link between distance and S. asiatica accessions, with high variability 

of phenotype (phenotypic distance) amongst those S. asiatica accessions geographically closer (R2 = 0.074, n 

= 72)(Figure 2.10). Following the exclusion of the atypical S. asiatica accession from Belanitra, the correlation 

in virulence variation became stronger (R2 = 0.28, n = 56) as depicted in Figure 2.11. Conversely, after 

removing all but the four virulent S. asiatica accessions (from Anteza, Androvasoa and Ambalamiadana), the 

correlation weakened, indicating a reduced spatial separation between accessions (R2 = 0.059, n = 43) as 

shown in Figure 2.12.  Overall this suggested that virulence did vary by geographic distance, but to a greater 

extent when examining at a wider spatial scale, with clear differences in virulence between Madagascan and 

Ethiopian, Tanzanian and USA accessions, as opposed to a within-Madagascar scale. 

 

 

Figure 2.10 ► Plot showing the correlation between differences in virulence of 9 different S. asiatica accessions on all 9 
hosts compared with the spatial separation between the collection sites of the S. asiatica accessions. Phenotypic 
distance is shown as the difference between median S. asiatica dry biomass values between accessions, as a measure 
of var iation in virulence. Distance is generated from the distances between S. asiatica accession sampling site 
coordinates and log transformed. The plot shows a weak positive correlation with greater differences in virulence with 
increasing distance between sam pling locations.  
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Figure 2.11 ► Plot showing the correlation between differences in virulence of 8 different S. asiatica accessions on all 9 
hosts compared with the spatial separation between the collection sites of the S. asiatica accessions, excluding t he 
atypical, highly avirulent S. asiatica (Bel) accession. Phenotypic distance is shown as the difference between median S. 
asiatica  dry biomass values between accessions, as a measure of variation in virulence. Distance is generated from the 
distances between S. asiatica accession sampling site coordinates and log transformed. The plot shows a weak positive 
correlation with greater di fferences in virulence with increasing distance between sampling locations.  
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Figure 2.12 ► Plot showing the correlation between differences in virulence of the 4 virulent Madagascan S. asiatica 
accessions on all 9 hosts compared with the spatial separation between the collection sites of the S. asiatica 
accessions, excluding the atypical, highly avirulent S. asiatica (Bel) accession, the introduced population of USA  as well 
as the Tanzanian and Ethiopian accessions.  Phenotypic distance is shown as the difference between median S. asiatica 
dry biomass values between accessions, as a measure of variation in virulence. Distance is generated from the distances 
between S. asiatica accession sampling site coordinates and log transformed. The plot shows a weak positive correlation 
with greater di fferences in virulence with increasing distance between sampling locations.  

 

 

2.3.4  Does the choice of virulence metric affect the study conclusions? 

The three measures of virulence used in this study were (1) dry S. asiatica biomass per root system, (2) total 

number of S. asiatica attachments per root system and (3) cumulative length of S. asiatica attachments per 

root system. S. asiatica biomass and total number have been used in a number of studies previously to study 

host resistance (Cissoko, 2011; Beardon, 2018). The correlations between these measures are shown in Fig. 

2.13. The correlation between biomass and cumulative length (R2 = 0.73, n = 594) and cumulative length and 

number of individuals (R2 = 0.72, n = 594) were particularly strong, compared to a slightly weaker correlation 

between the biomass and number of individuals (R2 = 0.4, n = 594). 
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Figure 2.13 -  The relationships between the different traits of S. asiatica virulence on rice. Correlation coefficients (R 2) 
are shown within the plots and show a strong relationship between biomass and length (B) as well as total number of 
individuals and length (C). T here is a relationship between dry biomass and number of individuals (A), however this is 
not as strong.  
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2.4 Discussion 

The interaction between S. asiatica and ƛǘΩǎ Ƙƻǎǘǎ is a longstanding one, though the dynamics are ever 

changing and evolving. It has long been known through research and development into resistant hosts, that 

no two Striga accessions behave exactly the same way, but the extent to which geographically separate 

populations differ with respect to virulence on a range of hosts is not well researched. It has been previously 

suggested that both host variety and geographic isolation are important factors in race formation (Botanga 

and Timko, 2006), but previous studies have generally focused on smaller geographical scales.  

In this study we have confirmed that both rice host variety and S. asiatica accession have a significant impact 

on the virulence profile of S. asiatica by comparison of wide spatial ranges, though rice variety had the most 

significant effect. Distance between sampling sites of S. asiatica accessions was shown to influence the overall 

difference in virulence on a panel of hosts, likely due to differences in host adaptation between those sites 

which may have had different previous exposures to certain hosts. S. asiatica can infect many cereal species 

and many varieties of those species (Cochrane and Press, 1997; Rodenburg et al., 2017). This has a significant 

impact on virulence, with different hosts available in different areas and with virulence on each of those hosts 

varying. Despite this S. asiatica thrives as a species and is able to persist successfully in its wide environmental 

setting. This generalist lifestyle, infecting multiple different hosts, as opposed to a single host has been noted 

in pathogens to lead to a trade off for virulence, with varying levels of virulence seen for different hosts unless 

selective pressure necessitates it (Woolhouse et al., 2001). 

From this study, the two S. asiatica accessions that differed most in virulence were those from Belanitra 

(Madagascar) and USA (Figure 2.7). The USA accession was derived from seed collected in North Carolina in 

the 1950s, which is thought to have originated from a single introduction into the USA on contaminated maize 

seeds which then spread 1750,000 ha (Eplee, 1983; Eplee 1992). This S. asiatica accession  is highly 

monomorphic in nature (Werth et al., 1984) with no conclusions regarding the country of origin. In the current 

study, the USA accession was the most virulent accession on a number of hosts including Azucena and B22 

(Figure 2.6), which are both highly susceptible cultivars to many accessions of S. asiatica. The geographic 

isolation of USA and in particular, lack of gene flow from other populations may be the reason for the 

differences in phenotype.   

The Belanitra accession from Madagascar was similarly interesting, despite a very different pattern of 

virulence. S. asiatica (Bel) routinely showed a mostly avirulent phenotype on the panel of hosts and has lacked 

the possible virulence factors necessary to reach reproductive age in any pot experiment so far. The 

hypersensitive response consistently found on the hosts of S. asiatica (Bel) and the small size of the 

attachments that were grown suggest a post-attachment resistance mechanism. Due to the late-stage in 
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which the rice resistance/S. asiatica avirulence mechanism takes place, this could be thought to be the result 

of limitation in parasite ingress following an initial vascular connection. This same later-stage response was 

identified in S. hermonthica, where death of the S. hermonthica attachments happened after reaching at least 

4 leaf pairs and was attributed to disruption of the flux of water, nutrients and carbohydrates (Amusan et al., 

2007; Samejima et al., 2016). In the study by Amusan et al. (2007), a microscopy comparison of S. hermonthica 

attachments at 22 days after infection (DAI) on resistant maize genotype ZD05 and susceptible maize 

genotype 5057 identified clear differences. While at least four pairs of leaves of the newly emerged S. 

hermonthica were present on both host genotypes, those on the resistant line were more stunted and shoot 

tissue was purpling. Additionally, only a few lines of tracheids were identified connecting the two xylem, 

insufficient for growth of S. hermonthica at full potential. One reason for this S. asiatica avirulence/rice 

resistance being seen for most replicates of S. asiatica (Bel) across the trials may be due to different reasons. 

Firstly, a lack of sufficient variation in host species tested to properly screen for a full panel of responses which 

would exist in a natural environment, or alternatively, the particular environmental conditions used in this 

study did not favour growth for this S. asiatica accession.Ordinarily in a species with differentially infecting 

races, one would expect those with a history of adaptation to one host to have lost some virulence capability 

to others, such as is seen in S. gesnerioides (Botanga and Timko, 2006). So, given that it appears a more 

generalist species, S. asiatica may therefore possess virulence mechanisms which are general used to 

suppress host basal defences (Chen et al., 2012). 

Within Madagascar accessions, Amb1, Amb2, Anz and And behaved in a similar manner to each other in this 

study on each rice host, though some variation was seen. S. asiatica (Amb1) and S. asiatica (Amb2), collected 

from fields metres away from each other generally showed very similar virulence profiles as did sites S. 

asiatica (And) and S. asiatica (Anz). This was particularly evident looking at the values of S. asiatica biomass 

and number for the most resistant host varieties (Figures 2.5, 2.6 and 2.7), though not a significant effect. This 

smaller variation in virulence of S. asiatica accession with closer geographic sampling sites was also seen in 

the correlation plots (Figure 2.10, Figure 2.11 and Figure 2.12). Figure 2.12 includes only the four virulent 

Madagascan accessions, providing the most reliable estimate of the correlation between virulence variation 

and distance. This exclusion to only field collected samples is justified because the USA accession originated 

from a small, introduced population, which may not accurately reflect natural geographic relationships and 

the Ethiopian accessions were derived from a seed batch of unknown history which may have included crosses 

with other accessions within the lab. Consequently, the geographic distance in Figure 2.12 is naturally lower 

compared to Figures 2.10 and 2.11, which include the USA accession. As a result, the correlation depicted in 

Figure 2.12 is expected to be weaker due to the reduced geographic range and variation. 
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Overall this suggests that the initial prediction of similarity between virulence profiles of S. asiatica accessions 

collected on a smaller geographic scale was confirmed. This similarity between individuals within an accession 

was seen at a genetic level by  Botanga et al., (2002) using AFLP genetic variability analysis of S. asiatica 

accessions from Benin who saw  strong genetic similarities and phylogenetic clustering of individuals within 

one of 2 lineages based on collection area. 

In other Striga species the effect of geographic separation on virulence profile has been seen to play a greater 

role in S. hermonthica virulence (Bharathalakshmi et al., 1990; Koyama et al., 2000; Welsh and Mohamed, 

2011) than  for S. gesnerioides, for which virulence is very much influenced by host genotype driven selection 

(Botanga and Timko, 2005). The effect of host and geography is largely attributable to the neutral population 

structure and component of outbreeding, as discussed in later chapters. S. asiatica (Bel), also from 

Madagascar is the furthest from all other accessions however, taking into account virulence profiles for those 

accessions outside of Madagascar, it does not appear that this larger geographic distance between 

Madagascan accessions would lead to a highly isolated population with such a wildly different virulence 

profile. The lack of any statistically significant differences between the 4 Madagascan sites excluding site 8 

suggests that separate populations within-country may not exist and gene flow between regions in 

Madagascar is continuous.  

This study identified multiple levels of resistance/susceptibility of hosts to S. asiatica accessions (Figures 2.9 

and 2.7). The two NERICA varieties used in this study NERICA-10 and NERICA-4 still showed good, broad 

spectrum resistance to S. asiatica, despite some growth of the S. asiatica (Tan) accession. The New rice for 

Africa (NERICA) rice varieties, developed by the Africa Rice Center through crossing of African locally adapted 

Oryza glabberrima and high yielding Asian rice Oryza sativa, were highly resistant crops and widely adopted 

for their different desirable productivity properties as well as Striga broad spectrum resistance (Rodenburg et 

al.,2015).  

An intermediate level of resistance among varieties Chromrongdhan and IR64 show two different patterns. 

On IR64, Ethiopian varieties S. asiatica (Eth1) and S. asiatica (Eth2) showed higher virulence than others. While 

this would suggest some level of host adaptation in Ethiopia to IR64, where it is more commonly grown, 

Chromrongdhan, grown predominantly in Madagascar showed similar values of S. asiatica virulence across 

the accessions, whether Madagascar-based or not. One reason we may not see any higher virulence of 

Madagascan S. asiatica accessions on Madagascan rice varieties could be due to the excellent practices used 

in farming in Madagascar as well as it being a region predominantly focused on rice growing. 
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2.5 Conclusions 

This study showed that both rice host variety and genotype of S. asiatica accession have a significant impact 

on the virulence profile of S. asiatica. While host variety had the most significant effect in determining S. 

asiatica virulence, this variation in virulence did not appear to reflect a race-like structure across the sampled 

S. asiatica accessions, as is seen with the autogamous species, S. gesnerioides. Some similarities were seen in 

virulence profiles between those S. asiatica accessions which were geographically closer to each other which 

is a common feature for the obligately allogamous S. hermonthica, however a wider spatial scale for future 

screening would be able to elucidate this effect further. The differential virulence profiles generated here will 

go on to form the basis of statistical correlation analysis between genotype and phenotype in Chapter 4, to 

elucidate potential virulence-associated gene candidates. 
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Chapter 3 
Genetic diversity and population structure of Striga 

asiatica in Madagascar and mainland Africa 
 

3.1  Introduction 

As a devastating agricultural weed that parasitizes a multitude of the major staple food crops in sub-Saharan 

Africa, Striga asiatica is an important focus in recent food sustainability research. Not unlike the related 

species of Striga hermonthica and Striga gesnerioides, {Φ ŀǎƛŀǘƛŎŀΩǎ mode of action in parasitism is to penetrate 

ǘƘǊƻǳƎƘ ŀ Ƙƻǎǘ ǇƭŀƴǘΩǎ Ǌƻƻǘ ŎƻǊǘŜȄ ǳǎƛƴƎ ŀ ǎǇŜŎƛŀƭƛǎŜŘ ƻǊƎŀƴ ŎŀƭƭŜŘ ŀ ƘŀǳǎǘƻǊƛǳƳ ŀƴŘ ǎǳōǎŜǉǳŜƴǘƭȅ ǎŜǉǳŜǎǘŜǊ 

water and nutrients. While the end goal is to derive these nutrients to ŦǳǊǘƘŜǊ ǘƘŜ ǇŀǊŀǎƛǘŜΩǎ ƻǿƴ ƎǊƻǿǘƘΣ 

there is thought to be much diversity in virulence mechanisms, how the parasite is able to overcome the host 

defences (Rodenburg, 2017), particularly when {Φ ŀǎƛŀǘƛŎŀΩǎ hosts are wide ranging from maize, sorghum and 

rice to wild grasses and sugarcane (USDA,1957; King, 1966; Hosamani, 1978; Musselman, 1982). 

3.1.1  Genetic diversity and inbreeding 

In general, maintaining a high level of genetic diversity within a population remains central to allowing for 

adaptation to changing environments. For obligately parasitic plants such as S. asiatica, this is particularly 

important, as there is a constant need to evolve with the hosts, along with ever changing environmental 

factors. Neutral genetic variants make up the majority of genetic diversity within a genome, being the 

product of mutation, migration, genetic drift or mating systems as opposed to natural selection. Therefore, 

indirectly allows interpretation of adaptive genetic variation. Nevertheless, interpretation of the level and 

pattern of neutral diversity is not perfect and assumes a constant population size, which is often not the 

case in the history of populations with bottlenecks and large migration events (Teixeira and Huber, 2021). 

Conversely, selection is the process by which certain genotypes become more prevalent due to the 

advantageous effect on the organism that carries it. The evolutionary response to this selection can happen 

very quickly. In this case, differences in genotype can reflect differences in phenotype leading to ecological 

consequences such as increased virulence of Striga on a particular host. It is beneficial to identify both the 

neutral and adaptive diversity of a species as they do eventually become interlinked, with their effects on 

structure due to genetic drift or migration (Vellend & Geber, 2005).   

A key aspect of Striga diversity in adaptive loci is linked to its hosts. A reciprocal adaptation phenomenon has 

been identified to exist for many parasites and their hosts including Striga hermonthica on sorghum, maize 
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and pearl millet (Bellis et al., 2021), Globodera pallida on wild potato (Gautier et al., 2020) and C. europaea 

on common nettle (Koskela et al, 2001). This specificity for particular hosts develops over many generations 

ǿƘŜǊŜ ǘƘŜ ƛƴǾŀŘƛƴƎ ƻǊƎŀƴƛǎƳ ƻǾŜǊŎƻƳŜǎ ǘƘŜ ƘƻǎǘΩǎ ŘŜŦŜƴŎŜǎ ǘƘǊƻǳƎƘ ŀŘǾŀƴǘŀƎŜƻǳǎ ŜǾƻƭǳǘƛƻƴŀǊȅ ŎƘŀƴƎŜǎ ōǳǘ 

at the same time the host develops counter defences, creating an evolutionary arms race. 

A plant breeding strategy known to reduce effective population sizes and recombination rates and which 

therefore has a marked impact in decreasing genetic diversity is selfing (Burgarella and Glemin 2017). Self-

pollination is the process by which plants fertilise themselves, transferring the indƛǾƛŘǳŀƭΩǎ ƻǿƴ ǇƻƭƭŜƴ ǘƻ ǘƘŜ 

stigma. With selfing species, studies have found that within population diversity is generally decreased, while 

homozygosity exceeds the hardy-weinberg constant genotype frequency expectations, but among 

populations the genetic differentiation becomes greater, when compared to outcrossing species (Huang, 

2019). The effective size of populations decreases and diversity within those populations is reduced. 

While inbreeding may decrease genetic diversity, therefore leading to the widely-acknowledged theory that 

outcrossing is far more advantageous, inbreeding is actually very common and can be a successful short-term 

reproductive strategy in usually outcrossing plants, particularly when pollination by other organisms is scarce 

(Keller and Waller, 2002; Aguilar et al., 2006). For those long-term selfers, having quickly purged deleterious 

alleles, more energy begins to be directed towards seed production than investment into male function or 

floral attractants, in a type of reproductive assurance (Lloyd, 1979).  

For many plant species, seeds naturally disperse over short distances from the mother plant, leading to many 

siblings in one area, and even if they do outcross, will be genetically similar due to the sharing of pollen 

between closely related individuals (Teixeira et al, 2008). There are however, many factors influencing seed 

spread. For S. asiatica, it is known that the ǇŀǊŀǎƛǘŜΩǎ miniscule seeds can adhere to crop seed such as rice 

which will be traded at markets, and further influenced by human behaviour through collection in farming 

machinery gear (Plantwise, 2016). While tackling the spread of S. asiatica is already a challenge, current 

estimates of the present climatically suitable areas for S. asiatica are around 14.53 million km2 in Africa alone 

(David et al., 2022). This holds research into understanding the parasite in high regard in an ever changing 

climate. 

While allogamous (used interchangeably with selfing) species tend to be more rapidly evolving in response to 

environments, though infrequently arising, virulent/pathogenic features can be more easily fixed into 

populations of autogamous species leading to periods of rapid parasite expansion (Pekkala et al., 2014). 

Nevertheless, as speculated by Stebbins (1957), the current absence of any large, long-lived clades of solely 

selfing species, ally to the now universal theory that these selfing lineages will eventually suffer from 

extinction, unable to adapt and becoming evolutionary dead-ends, unless this autogamy were incomplete.  
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3.1.2  Outcrossing, inbreeding and gene flow in Striga species 

S. asiatica is one example of a predominantly selfing organism. These phytoparasites do have occurrences of 

outcrossing but are commonly self pollinating; this is in part due to the maturation of pollen before flowers 

open, with the style collecting the sticky pollen as it elongates (Musselman, 1982). Nevertheless, accurate 

estimates of selfing rate have yet to be obtained. Curiously, the two other most devastating Striga species, S. 

hermonthica and S. gesnerioides occupy opposite ends of the reproductive spectrum; The former, highly 

outcrossing and the latter highly autogamous (Musselman, 1980; Safa, 1984). One disadvantage of 

outcrossing and reason for development of this breeding strategy in many plants is that they are poor 

colonisers, being far more vulnerable to random extinctions (Jordal et al, 2001). Rapid expansion of Striga 

species into new regions and on new hosts as human-mediated agriculture has boomed, may have led to this 

adaptation from outcrossing. This rapid expansion of S. asiatica was seen by Yoshida et al. (2019) in 

comparison to Mimulus, which has a shared Lamiales ancestor. Through analysis of divergence patterns of 

synonymous substitutions (Ks) Yoshida et al. (2019) identified two significant whole genome duplication 

(WGD) events in the genome of S. asiatica, one of that was shared with Mimulus. The study identified many 

genes in S. asiatica which were likely acquired through horizontal gene transfer from hosts, promoting 

importance of haustorial formation through beneficial root development genes. This was seen as a very 

similar evolution pattern to parasitic Cuscuta spp.  (Vogel et al., 2018), although S. asiatica retains more 

independence through photosynthetic capability.  

For the highly inbreeding S. gesnerioides, the most widespread of the Striga species (Mohamed, 2001), the 

low but strongly structured genetic variability has led to the characterisation of a number of distinct races, all 

of which infect host varieties of cowpea differentially (Botanga, 2006). A study by Botanga (2006) identified 

molecular genetic markers which correlated the race-specific virulence with the accession groupings and 

while many studies have suggested that host driven selection had led to this race-formation, Botanga also 

proposed that geographic isolation may be a key factor for selfers.  

Genetic variation is measured as the tendency of genotypes to differ from population to population and 

between individuals of the same population. A large component of this variation is down to spatial structuring, 

but how gene flow in space is structured can be dependent on the species (Fortuna et al, 2009). The term 

isolation by distance (IBD) refers to an increase in genetic variation between connected populations across a 

distance where those at opposite ends would be subject to more spatially restricted gene flow (Wright, 1978). 

These separated populations lack pollen flow between them but produce the same numbers of seed. In 

addition, selfing reduces effective population sizes by decreasing genetic diversity and limiting gene flow 

between populations as the contributions of unique genetic material from external populations is reduced. 

In this sense, selfing organisms would be subject to greater isolation by distance than outcrossing species. 

Concerning the population structure of autogamous species such as S. gesnerioides, they are often attributed 
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to host specificity, as with strong selfing, the whole genome will be shaped by selection on virulence loci, 

ǿƘŜǊŜŀǎ ǘƘŜ ǎƘŀǇƛƴƎ ƻŦ ŀƭƭƻƎŀƳƻǳǎ ǎǇŜŎƛŜǎΩ ǇƻǇǳƭŀǘƛƻƴ ǎǘǊǳŎǘǳǊŜǎΣ ŦƻǊ ŜȄŀƳǇƭŜ S. hermonthica, are more 

consistently credited to geographical separation (Musselman, 2001;Koyama, 2000;Welsh and Mohamed, 

2011).  

There is much information unknown about the genetic structure of S. hermonthica populations, primarily due 

to the great diversity in genetic material, hence increasing effective population sizes. This is seen in a study 

by Unachukwu (2017) which showed little to no population structure within the 254 Kenyan S. hermonthica 

sampling sites, approximately 70 km apart, but more structure across the 775 samples from Nigeria which 

had morŜ Ƙƻǎǘ ǎǇŜŎƛŜǎΩ ŀƴŘ ŀ ƳŀȄƛƳǳƳ ƻŦ ŀǇǇǊƻȄƛƳŀǘŜƭȅ мллл ƪƳ ŀǇŀǊǘ ǳǎƛƴƎ мртс {bt ƳŀǊƪŜǊǎΦ ! ǎƛƳƛƭŀǊ 

picture of a lack of structure and high genetic diversity is seen in other studies, particularly those that focus 

on within-country scales (Koyama, 2000; Welsh and Mohamed, 2011; Joel, 2018). However, the use of AFLP 

markers in many studies limits our understanding primarily due to their dominant nature and the fact that 

they cannot distinguish homozygous from heterozygous individuals (Savelkoul et al., 1999). 

For S. asiatica, the studies that have been carried out thus far have shown mixed results. Gethi et al (2005) 

found no evidence of genetic diversification of Kenyan populations of S. asiatica while Botanga et al (2002) 

suggested that there was enough genetic differentiation to categorise S. asiatica from Benin into ecotypes 

(distinct geographic and phenotypic forms of Striga). Botanga also suggested a strong need for a large 

continent scale study of S. asiatica diversity to generate a more detailed map of accessions. However, both 

studies are early studies and used AFLP markers in genotyping, which are notoriously difficult to accurately 

infer population genetics parameters from due to an inability to easily distinguish between heterozygous and 

homozygous genotypes (Foll et al, 2010). 

While the materials used for this study were sub-optimal, consisting of seed batches from a single inbred line 

sourced from Tanzania, Ethiopia, and a non-native population in the USA, the most important focus of this 

work was on multiple accessions from sampling locations across Madagascar. It is important to consider that 

the accessions analysed in the population genetic analyses do not represent a natural population and have 

likely been influenced to some extent by human activities. Nevertheless, this study provides a novel insight 

into the species, which has not been previously studied on a broader spatial scale, particularly in relation to 

Madagascar which is the rice-growing centre of Africa, and serves as a valuable starting point for future 

research. 
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3.1.3  Aims and Objectives 

The use of high throughput single nucleotide polymorphism (SNP) genotyping by whole genome resequencing 

enables a unique insight into the genetic diversity of S. asiatica to achieve specific objectives: 

i. Determine how genetic variation of S. asiatica populations is structured within Madagascar and 

within the wider context of the species. 

ii. Establish how genetically variable different S. asiatica populations are within Madagascar 

iii. Determine the selfing rate of S. asiatica in Madagascan and Ethiopian populations 

iv. Confirm whether isolation by distance is acting in S. asiatica populations and over what scale. 
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3.1.4  Justification of methods 

Whole genome sequencing (WGS) is a highly useful technique for studying populations and over the past 

decade or so has been used extensively as an unbiased alternative to probe into genetic variation and 

measurements of selfing rate and structure. The use of WGS also allowed for separation of neutral loci and 

loci under selection for use in later chapters in identifying virulence-associated loci. Being able to use these 

techniques to understand the extent of autogamy and genetic structure is incredibly important for breeding 

programs of resistant host crops as we can learn both how evolutionary processes have shaped the way in 

ǿƘƛŎƘ ǘƘŜ ǇŀǊŀǎƛǘƛŎ ǎǇŜŎƛŜǎΩ ƘŀǾŜ ǎƻ ŦŀǊ ŀŘŀǇǘŜŘ ōǳǘ ŀƭǎƻ Ƙƻǿ ǘƘŜȅ Ƴŀȅ ǊŜǎǇƻƴŘ ƛƴ ǘƘŜ ŦǳǘǳǊŜΦ DŜƴŜǘƛŎ 

variability among and within populations has a direct impact on how effective resistance expression can be  

(Kover et al., 2002) and just emphasises the need for an integrated control strategy, focusing on both post- 

and pre-attachment resistance, as well as good farming practices for the susceptible areas, such as trap 

cropping (Hussaini et al, 2003). 

As previously mentioned in section 2.1, Madagascar is a unique environment for studying S. asiatica. Not only 

is it an agronomically crucial site for growing  rice, an important subsistence crop in Africa, but also an 

interesting geographical location due to the lack of physical land borders. By comparing S. asiatica accessions 

at different spatial scales, both within accession and among accession, across several countries, identification 

of population structure may be more easily understood.  

 

3.2  Materials and Methods 
 

3.2.1  Sample collection and DNA isolation  

The S. asiatica accessions used in this study were collected as seeds from the same areas as in section 2.2.1. 

This included field sites along two 100 km transects in Madagascar, as well as USA (North Carolina), Tanzania 

(Kyela district) and Ethiopia. All accession groups consisted of seeds from multiple S. asiatica plants growing 

on a number of individual host plants within a field at the different sites. For this study, the sample set was 

expanded upon from those used in chapter 2 to include three more accessions from Madagascar; the seeds 

of which were collected from along the same transect regions. The additional Madagascan samples were 

included to expand the spatial scales on which genetic and geographic diversity were able to be studied. 

Coordinate data and site codes are shown in table 3.1 and a map of the sampling locations can be seen in 

Figure 3.1. Further Madagascan seed collection information is detailed in chapter 2, section 2.2.1. 

For generation of tissue for sequencing, Striga plants were grown in pots in a controlled environment chamber 

with a photon flux density of 500 µmol m-2 s-1 at plant height, a 12 h photoperiod, relative humidity of 60% 
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and a day/night temperature of 27 °C/25 °C. Striga seeds of the Madagascan accessions were directly 

collected from the field, whereas those from Ethiopia, Tanzania and USA had been grown for at least one 

generation in the lab to procure a greater abundance of seeds. 

 

 

For each S. asiatica accession, two replicate 5 L pots filled with sand were impregnated with 50 mg of Striga 

seeds at a depth of 7 cm from the soil surface and kept moist and warm to stimulate seed conditioning (Figure 

3.2). Pre-germinated rice seeds were planted into pots after 5 days to ensure roots reached the Striga layer 

around day 12 of the Striga seed conditioning period, at which point, the root exudates produced by the 

nutrient deprived rice seedlings would be perceptible to the Striga. A total of 3 rice seeds was used, of varieties 

B22 (Oryza sativa ssp. Indica) for Madagascan & USA accessions, and Supa-India for Tanzanian accessions. 

Table 3.1 ► Striga asiatica  sampling site locations where seeds of the di fferent accessions were collected. These seed 
batches were sown into pots and grown -on in controlled -environment chamber s to produce tissu e for genome 
resequencing. 

Code Site No Commune Location Host Crop grown in field  Field coordinates (lat/lon)  

Amb1 1 Ambalamiadana, Madagscar Rice var. B22 -18.4349, 46.0118 

Amb2 2 Ambalamiadana, Madagascar Rice var. FOFIFA 3737 -18.4350, 46.0117 

Ima 3 Imanga, Madagascar Rice var. Chromrongdhan -18.9389, 46.2964 

Anz 4 Anteza, Madagascar Rice var. NERICA4 -18.9770, 46.4774 

And 5 Androvasoa, Madagascar Rice var. Chromrongdhan -19.0246, 46.4377 

Ivo 6 Ivory, Madgascar Rice var. SCRID -19.5527, 46.41156 

Ant 7 Antsakarivo, Madagascar Rice var. Voanjolava -19.6815, 46.5889 

Bel 8 Belanitra, Madagascar Rice var. NERICA4 -19.7198, 46.6125 

Eth1 9 Ethiopia (Collection 1)  Unknown Unknown 

Eth2 10 Ethiopia (Collection 2)  Sorghum Unknown 

Tan 11 Kyela, Tanzania Maize -9.35, 33.48 

USA 12 North Carolina, USA Maize 34.3834,-78.9460 
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Ethiopian accessions were grown on a number of different hosts including CT, IR64 and IAC165 (O. sativa ssp. 

Japonica). 

At 21 days, from Striga seed sowing, a 40% Long Ashton nutrient solution containing 2mM ammonium nitrate 

was provided to the host plants to support Striga growth; 30 ml was supplied 4 times per day delivered via 

hydroponic system. Striga leaf tissue was harvested from 43 individual Striga plants that emerged from pots 

and were immediately flash frozen in liquid nitrogen. Younger leaves were preferentially collected due to 

their lower levels of phenolic compounds. Genomic DNA was extracted from the frozen S. asiatica leaves 

using the Qiagen DNeasy Plant mini kit (QIAGEN, Hilden, Germany) following manufacturers instructions. 

Approximately 400 mg tissue was needed per individual. In total, 43 high quality DNA samples across 12 

different accessions were sent to BGI Tech solutions (Shenzhen, China) for DNBseqϰ NGS whole genome re-

sequencing on paired end libraries with target 15X genome coverage using 150 bp reads with 300 bp insert 

sizes. 

 In addition to the 43 DNA samples sequenced using DNBseqϰ, another 4 individual samples of S. asiatica 

DNA were sequenced using an Illumina HiSeq sequencer at BGI Tech solutions (Shenzhen, China). Genomic 

DNA from these samples was collected using an optimised CTAB method (Stewart and Via, 1993) 

 

 

Figure 3.2 - S. asiatica seeds collected from field sites in Madagascar, Tanzania, Ethiopia and USA were grown in pots in 
controlled environment chambers to generate tissue for whole genome resequencing.  
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Figure 3.1 ► Map of S. asiatica sampling sites used in this study. Map (A) shows the 8 Madagascan sampling sites. Sites 1 and 2 were located in adjacent fiel ds in the region 
of Ambalamiadana  (Amb1 and Amb2), not both visible at this scale. (B) shows all sampling sites including the introduced, non -native accession in USA. Terrain elevation and 
topography is  detailed on the maps.
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In brief, removal of polyphenolic compounds and polysaccharides was achieved through washing of ground 

plant tissue with a CTAB-free buffer (2% polyvinylpyrrolidone (PVP), 0.25M NaCl, 0.2M Tris-HCl, 50 mM EDTA), 

then following the protocol as described by Stewart and Via (1993). These were again sent for whole genome 

resequencing on paired end libraries using  150bp reads with 300bp insert sizes but with a target coverage of 

30X. Raw sequence data from these four individuals was provided by Dr. James Bradley. 

DNA integrity had been evaluated with agarose gel electrophoresis and quantity and quality measured using 

260/230 and 260/280 ratios from Nanodrop ND8000 (NanoDrop Technologies, Wilmington, DE, USA) and the 

Qubit 2.0 flurometer (Thermo Fisher Scientific, Waltham, MA, USA). The S. asiatica reference genome 

(Yoshida et al., 2019) was downloaded from the datadryad repository 

(https://datadryad.org/stash/dataset/doi:10.5061/dryad.53t3574). 

3.2.2  Alignment and sequence analysis 

The 43 raw individual sequence sets from across 9 different accessions sequenced with DNBSeq are shown in 

table 3.2 along with sets of sequence data for 4 individuals sequenced with Illumina, the latter performed by 

Dr. James Bradley. The raw data from the 43 DNBSeq sequence sets were processed by the supplier, BGI using 

SOAPnuke (Chen et al., 2018) software. This processing discarded reads which (1) contained over 28% adapter 

sequence,  (2) had a quality score lower than 20 for over 50% ƻŦ ōŀǎŜǎ ŀƴŘ όоύ ƘŀŘ н҈ ƻǊ ƘƛƎƘŜǊ ΨbΩ ōŀǎŜǎΦ 

These clean, processed reads were then each mapped to the reference genome of S. asiatica (Yoshida et al., 

2019) using the Burrows-Wheeler Alignment (BWA-MEM 0.7.17). The raw reads from four other individual 

sequence sets, which had been sequenced with Illumina, also went through quality control, but using FASTQC 

v. 0.11.9 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and CUTADAPT v. 4.4 (Martin, 2011) 

programs to visualise, filter and trim reads. All further filtering and alignment steps were performed in the 

same way across all 47 individuals. Unfiltered data accounted for around ~400Mb, coverage of approximately 

70% of the S. asiatica genome. 

GATK v. 4.14 MarkDuplicates (Poplin et al., 2018) was used for removal of PCR duplicates then Samtools v. 

1.7 (Danecek et al., 2021) was used for selection of only properly paired reads with a MAPQ >=20 before GATK 

v. 4.1.4 HaplotypeCaller (Poplin et al., 2018) generated a number of potential variant sites for each sample 

against the reference. Coverage statistics for breadth and depth were generated by BEDtools v. 2.30.0 

genomecov (Quinlan and Hall, 2010). To ensure all DNA sequences could be filtered along the same pipeline, 

only a subsample of reads was taken from the 4 extra higher-coverage individuals, to an average depth of 15X 

coverage. Summaries of coverage statistics are shown in figure 3.3. 

 

 

https://datadryad.org/stash/dataset/doi:10.5061/dryad.53t3574
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Table 3.2 ► Table showing the number of S. asiatica individuals used for whole genome sequencing . These individuals 
were clustered into the groups of Ethiopia and Madagascar with USA and Tan forming their own one sample groups 
ɴʫ ƷǟȩɣȊ ǁɴɝƷȩɣǟǌ ȩɣ ƒɣ ☻ɴˉȞǟʫ☼ Ȋʫɴ˞ʠ╖  

Code Site No Analysis Population/Group  Number of individuals 

sequenced 

Amb1 1 Madagascar 4 

Amb2 2 Madagascar 4 

Ima 3 Madagascar 3 

Anz 4 Madagascar 4 

And 5 Madagascar 4 

Ivo 6 Madagascar 4 

Ant 7 Madagascar 4 

Bel 8 Madagascar 5 

Eth1 9 Ethiopia  12* 

Eth2 10 Ethiopia  1* 

Tan 11 Tanzania/Other  1* 

USA 12 USA/Other 1* 

*One sample from each of these accessions had previously been sequenced by illumina at 30X coverage  but reads were subsampled 

to ensure coverage was comparable across all individuals.  
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Figure 3.3 ► Coverage statistics generated following alignment of resequenced individuals independently to the USA 
reference genome (Yoshida et al.,  2019).  (A) shows the mean depth of coverage of reads against the reference for each 
individual and (B) shows the br eadth of the coverage and percentage of reference genome covered by reads per 
individual.  
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Following GATK best practice, GATK CombineGVCFs (Poplin et al., 2018) was utilised to combine all individuals 

within one file then GATK genotypeGVCF (Poplin et al., 2018) confirmed that each potential SNP site had at 

least one variant allele across the individuals. For further analysis, only biallelic SNP polymorphisms were 

selected with GATK SelectVariants (Poplin et al., 2018). Figure 3.4 details the bioinformatic filtering pipeline 

from this point and the numbers of variants retained after each step are shown in Table 3.3. 

The re-genotyped files were then filtered with bcftools (Danecek et al., 2021) by mapping quality (FS>60.0, 

SOR>3, MQ<30, MQRankSum<-5.0, QD<2.0, ReadPosRankSum<-5.0, INFO/DP>2940), genotype quality & 

depth (FMT/DP<3, FMT/GQ<20), missingness and minor allele frequency (F_MISSING>0.1, MAF<=0.015). Due 

to a high proportion of missing data (around 10% per individual), as shown in figure 3.5, Beagle (Browning et 

al., 2021) was used to impute missing values across the dataset using default options. 

An excess of heterozygosity, likely resulting from merged paralogs from sequencing was also removed from 

the files. This excess observed heterozygosity is shown as peaks at 1.0 in density plot for loci in figure 3.6. 

.ŎŦǘƻƻƭǎ ό5ŀƴŜŎŜƪ Ŝǘ ŀƭΦΣ нлнмύ ǿŀǎ ǳǘƛƭƛǎŜŘ ǘƻ ǎǇƭƛǘ ŎƻƳōƛƴŜŘ ƎŜƴƻǘȅǇŜ ŦƛƭŜ ƛƴǘƻ ΨǇƻǇǳƭŀǘƛƻƴǎΩ ƻŦ 9ǘƘƛƻǇƛŀΣ 

Madagascar and Other (Tanzania and USA) before removing any loci with over 60% heterozygosity and 

remerging the files and intersecting only overlapping loci with full genotypes across samples. The total 

number of SNPs before bcftools filtering was 15.9 million and after filtering was 3.1 million biallelic SNPs. All 

further analyses were performed on this final, clean genotype data file. 

Table 3.3 ►  Table detailing the number of SNPs retained following the filtering procedures for SNPs used in 
population analysis.  

Step number Filtering parameter  Number of variants  retained  

1 Re-genotyped variant file  15,852,928 

2 Selection of SNPs only 13,434,266 

3 SNPs filtered by quality scores (INFO) 10,820,200 

4 SNPs filtered by quality scores (FMT) 10,820,200 

5 SNPs filtered by MAF and missingness 3,358,874 

6 Excessively heterozygous SNPs removed 3,161,981 

7 Complex SNPs removed 3,081,731 
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Figure 3.4 ► Flowchart showing the bioinformatic pipeline for population and diversity analysis of S. asiatica accessions 
following SNP discovery with HaplotypeCaller, for all 47 sequenced S. asiatica individuals, separately.  
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Figure 3.5 ► Plot of missing data per S. asiatica  individual following all filtering steps using bcftools. Due to the presence 
of over 10% missing genotypes for some individuals, Beagle was used for imputation of these values to complete the 
dataset. 

 

 
Figure 3.6 - Density plots of SNP loci observed heterozygosity (OHet ) showed the prevalence of some excess 
heterozygosity - A peak at an OHet of 1.0 was present for (A) All individuals and could be seen in both (B) Ethiopian and 
(C) Madagascan subgroups. Y axes are different for each of the 4 plots.  

 



Results          Chapter 3 

65 
 

3.2.3  Phylogenetic and principal component analyses 

Phylogenetic trees were built in IQtree (Hoang et al., 2018) with model GTR+G and 1000 ultrafast bootstrap 

replicates to generate branch support values. The branch lengths shown do not take into account invariant 

positions or substitutions removed during filtering, but only within the filtered variable site dataset. PCA plots 

were built in R v4.2.2 (R core team, 2022) with package ggplot2 (Wickham, H., 2016) using eigenvalues 

produced by PLINK using -- pca function (Purcell et al., 2007).  

3.2.4  Genetic diversity and population structure 

Heterozygosity, Inbreeding and population structure and diversity statistics including FIS, the proportion of 

inbreeding within populations, ,̄ the average pairwise difference of individuals to measure variability and 

¢ŀƧƛƳŀΩǎ 5, a signifier of selective sweeps, were calculated with vcftools across the loci and also across the 

individuals. R package ggplot (Wickham, H., 2016) was used to produce summaries of heterozygosity statistics. 

SPaGeDi (Hardy and Vekemans, 2002) was used to produce allelic richness and effective allele summaries for 

the groups. 

3.2.5  Isolation by distance (IBD) 

A subset of 15,000 SNPs were randomly selected with bcftools vcfrandomsample. Spatial distances between 

the field sites of accessions in this study were calculated in R using distm from the geosphere package 

(Hijmans et al, 2022). To ensure differentiation between individuals in the analysis, coordinate sampling site 

data for all individuals from the same accession was randomly generated around the actual recorded latitude 

and longitude values using rnorm with sd of 0.0001, correlating to roughly 10 m distance. Spatial distance and 

genetic distance matrices were generated in SPAGeDi (Hardy and Vekemans, 2002) with 999 permutations 

using Loiselle pairwise kinship as the statistic. R program ggplot (Wickham, H., 2016) was used for production 

of regression plots of genetic/spatial distances. 

3.3  Results 
 

3.3.1  How is genetic variation structured in S. asiatica?  

To assess the evolutionary relationships between individual S. asiatica plants within different accessions 

across a number of African countries and determine how populations were structured, genotypic 

comparisons were made using SNPs. These polymorphisms for each individual were utilised to produce 

principal component analysis (PCA) plots and phylogenetic trees to display relatedness of individuals.  

At a broad level, at least 4 selfing lineages (SL), containing several highly genetically similar individuals from a 

mixture of accessions, were identified from the S. asiatica dataset, as well as 3 separate outgroups containing 

individuals from single accessions (Figure 3.8). These outgroups consisted of all individuals of the Madagascan 
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S. asiatica (Ivo) accession, the single S. asiatica (USA) individual and the single S. asiatica (Tan) individual. The 

four selfing lineages SL1, SL2, SL3 and SL4 are likely old lineages, with individuals within these groups subject 

to little crossing outside of their lineage for many generations.   

Branches separating the S. asiatica accession individuals within countries are relatively short. While the 

longest branches and likely the oldest, most distant divergences are those between the selfing lineages and 

from S. asiatica (Tan) and S. asiatica (USA). S. asiatica (Ivo) also appeared to have a rather long branch, distant 

and the other Madagascan accessions but with individuals within that accession each separated with 

relatively long branches from additional nodes, when compared to most individuals within an accession. 

Nevertheless it is worth emphasising that the phylogenetic tree is midpoint rooted and therefore distance 

between accessions cannot be too accurately described without a sequence of a distantly related individual 

which everything can be compared to, in respect to evolutionary timelines. In addition, in terms of true 

evolutionary distances, the scale for the phylogenetic tree shown in Figures 3.8 and 3.9 takes into account 

only polymorphic sites across the genome. In actuality the scale for Figure 3.8, if accounting for the whole 

genome would be roughly 0.004 as opposed to the 0.1 shown due to the presence of only 16 million variable 

sites out of 400 million mapped positions originally identified. 

The four SLs of mixed individuals shown in Figure 3.8 are shown at a greater scale in Figure 3.9; These within 

SL views exhibit how individuals from accessions such as S. asiatica (Amb1) and S. asiatica (Ima), on a fine 

scale can be differentiated by accession, but genetic distances are very small with branch lengths between 

Ethiopian S. asiatica individuals at less than 0.02% of variable sites(only those identified as polymorphic), of 

which 16 million were identified (Figure 3.9D).  

On a wide spatial scale any individual(s) within the Madagascan, Ethiopian, USA and Tanzanian accessions 

ŎƭǳǎǘŜǊŜŘ ŎƭƻǎŜƭȅ ƻƴ ŀ Ψ/ƻǳƴǘǊȅΩ ƭŜǾŜƭΦ ²ƛǘƘƛƴ ǘƘŜ 9ǘƘƛƻǇƛŀƴ ŀƴŘ aŀŘŀƎŀǎŎŀƴ ŀŎŎŜǎǎƛƻƴǎΣ Ƴŀƴȅ ƛƴŘƛǾƛŘǳŀƭǎ ŦǊƻƳ 

within one accession such as S. asiatica (Amb2) and S. asiatica (And) clustered tightly together, indicating 

more genetic similarities for these individuals within an accession. However some accessions contained 

multiple lineages such as S. asiatica (Anz) and S. asiatica (Bel), within these lineages the distance between 

sampling locations of the mixed accessions was up to 150 km, as seen in SL3 (figure 3.8B) 

The most striking exceptions across the samples were the individuals within the S. asiatica (Ivo) accession 

which formed an outgroup away from the other Madagascan accessions and the four individuals within this 

group were far more genetically variable than any other group of individuals within an accession. The long 

branch suggests an old selfing lineage but the comparative dissimilarity of individuals within the accession 

suggests there has been a recent cross. 
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A similar picture of the population structure is seen with PCA analysis (Figure 3.9), where all Madagascan 

individuals, except those from S. asiatica (Ivo), cluster together while USA, Ethiopia and Tanzania all clustered 

independently. The Madagascan Ivory accessions appear as a loose cluster on the PCA plots and on the 

phylogenetic tree show long branch lengths indicating a greater level of diversity within the accession than 

for any other Madagascan accessions. The relatively tight clusters and short branch lengths within accessions 

show a high degree of genetic similarity for all other sites. This is again seen in the PCA plot for only 

Madagascan individuals (Figure 3.10). Here several clusters are formed which show the same split of 

accessions with S. asiatica (Bel) and S. asiatica (Anz) spread across two groups. 



Results                    Chapter 3 

68 
 

 
Figure 3.8 -  Phylogenetic relationships between individuals of S. asiatica from 12 different accessions inferred from polymorphic SNPs. Tree is midpoint rooted and GTR+G 
substitution model used to calculate maximum likelihood . Branch lengths are shown and scale bar re presents 10% genetic distance taken from polymorphic SNPs for these 
accessions, taken from across the genome . Node support values are not shown but were consistently high . Four selfing  lineage (SL) groups are shown along with  the 
independent outgroups of USA, Tanzanian and Ivory, Madagascar accessions 
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Figure 3.9 ► Enhanced look at phylogenetic relationships between individuals of S. asiatica within the 4 closely grouping clades . Tree is midpoint rooted and GTR+G 
substitution model used to calculate maximum likelihood . Branch lengths are not shown but scale bar represents 0.001% genetic distance, taken from polymorphic SNPs 
for these sites, t aken from across the genome.












































































































































