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Abstract:
Parasitic plants of the genus Striga are obligate, hemiparasitic weeds that infect the roots of their host plants in order to access nutrients. Striga hermonthica infects staple cereal crops such as maize, sorghum, millet and rice and is considered to be the major biotic factor limiting cereal production in sub-Saharan Africa (SSA). Infection leads to a rapid onset of severe morphological alterations in the host, such as a stunting and thinning of the main stem, a suppression of secondary branching, stomatal closure and a reduction in the rate of photosynthesis. These changes, in combination with a loss of carbon, nitrogen and inorganic nutrients, from the host to the parasite lead to reductions in yield of between 40 - 100%. Whilst multiple hypotheses have been proposed to explain the early onset of morphological changes in the host including, exchange of mRNA between host and parasite, movement of a phytotoxin from parasite to host and Striga-induced alterations in the amounts of plant growth regulators (PGRs), none have been conclusively proven. The aim of this thesis was to test the hypothesis that alterations in above ground morphology, particularly the suppression of stem growth and tillering in rice are due to changes in amounts of PGRs. 
In order to test this hypothesis a detailed analysis of alterations in the morphology of the rice cultivar IAC 165 was carried out over the time course of infection by S. hermonthica. This was combined, for the first time, with measurements of the amounts of auxins, gibberellins, cytokinins (CKs) and abscisic acid (ABA) in the roots, stems and leaves of uninfected and S. hermonthica-infected plants. These analyses revealed that S. hermonthica-infected rice plants had greatly altered profiles of PGRs and importantly there were reductions in the amounts of bioactive gibberellins and CKs within the stem/stem base, two PGRs that are crucial in promoting stem growth and tillering in rice respectively. 
A genetic approach, utilising the strigolactone (SL) biosynthetic and signalling dwarf mutants of rice, was taken to further test the hypothesis that alterations in PGRs lead to the S. hermonthica-induced stunting of the main stem and suppression of tillering in rice. As many PGRs regulate stem growth I hypothesised that these mutants would still show a S. hermonthica-induced stunting of the main stem. Data were consistent with this hypothesis. As SLs suppress tiller bud outgrowth I also hypothesised that these mutants would not show a S. hermonthica-induced suppression of tillering. This analysis revealed that S. hermonthica still caused a suppression of tillering in all the SL mutants suggesting that alterations in SL biosynthesis or signalling are not the main, or only, factor suppressing tillering in S. hermonthica-infected rice. An analysis of the expression of genes known to be involved in tiller bud outgrowth in wildtype cultivars IAC-165 and Shiokari suggested that a suppression in the biosynthesis of cytokinins in the stem bases repressed tiller bud outgrowth.
The analysis of the SL mutants unexpectedly showed that they exhibited a clear increase in susceptibility to S. hermonthica compared to the wildtype. The hypothesis that alterations in PGRs in the roots of these mutants altered the structure of the cell wall and/or the expression of genes involved in cell wall remodelling allowed the parasite to penetrate into the root more easily than wildtype roots was tested by (a) measuring the rate of progress of the parasite endophyte through the root cortex (b) determining whether the cell walls exhibited differential amounts of pectins and hemicelluloses using fluorescent labelled antibodies, (c) profiling the expression of genes involved in cell wall remodelling and (d) by growing rice in the presence of exogenously applied IAA and GR24. These studies showed that there was a faster rate of infection by S. hermonthica through the root cortex of the dwarf mutants compared to the wildtype. Profiling of the expression of cell wall remodelling genes revealed that their expression was higher in the dwarf mutants compared to the wildtype (in the absence of Striga) consistent with the hypothesis that loosening of the cells walls increased susceptibility to the parasite. In addition plants grown with an exogenous supply of IAA or GR24 also led to an increase in susceptibility to S. hermonthica. Infection of the rice cultivar IAC 165, led to an alteration in the composition of the host primary cell wall.
In conclusion this study has shown for the first time that PGRs are involved in regulating the S. hermonthica-induced changes in above ground morphology and that they can modulate the susceptibility of rice roots to S. hermonthica. Further investigation into these mechanisms will provide an avenue for the production of new rice varieties, which show lower yield losses upon infection with S. hermonthica. This will significantly impact the lives of people within SSA.
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[bookmark: _Toc461444863][bookmark: _Toc346731089]1.1 The importance of cereals and the Striga constraint in African agriculture:
Cereal crops are a crucial component of modern day life, with the African continent especially dependant as they provide, on average, 46% of a person’s daily energy requirements (Sasson, 2012). The most rapidly expanding cereal crop in Africa in terms of cultivation area is rice, due increased demand from urban areas and its use as a cash crop (Somado et al. 2007). This has led to rice becoming the second most important source of food energy in sub-Saharan Africa and the largest in West Africa and Madagascar (Seck et al. 2013). However, due to abiotic and biotic stresses, rice production in Africa is severely constrained. Examples of abiotic stresses include drought, soil quality and heat stress, whilst the major biotic stresses are weeds, insect pests and pathogens such rice blast, stem borer moths and species of parasitic weeds belonging to the genus Striga (Khan et al. 2014; Khan et al. 2006). Seeds of Striga species infest the soils across vast areas of Africa with heavy infestations seen in East Africa and also from Guinea and Senegal on the West coast to Chad in central Africa (Fig 1.1) (Ejeta & Gressel 2007). 
The most economically damaging species are Striga hermonthica (Del.) Benth, Striga asiatica (L.) Kuntze and Striga gesnerioides (Willd.) Vatke (Parker 2009) which are estimated to cause losses of $1 billion per annum to the African economy and affect over 100 million people (Labrada 2008; Wararu 2013). It is the combination of the large area of infested soils and the devastating effects that Striga species have on host yields that makes them such a large threat to food security. 
	[image: ]

	Figure 1.1. The distributions of Striga species across Africa. Adapted from (Ejeta & Gressel 2007). 


[bookmark: _Toc461444864][bookmark: _Toc346731090]1.2 The evolution of parasitism in plants
The genus Striga is grouped within the Orobanchaceae, along with many other parasitic genera such as the Orobanche and Phelipanche, whose members are also highly economically damaging (Parker 2009; Bennett & Mathews 2006). Parasitism is a highly successful lifestyle, which involves the acquisition of resources from a host in order to survive and produce offspring. In the largest plant group, the angiosperms, parasitism is believed to have evolved on at least 12 separate occasions with an estimated 1% of all angiosperms predicted to be parasitic (Westwood et al. 2010; Barkman et al. 2007). Parasitic plants evolved from non-parasitic species due to a gene duplication event, which allowed a co-option of various genes originally utilised in root and floral tissue (Yang et al. 2015). This led to the production of the first haustorium, a key feature of all parasitic plants that is required to obtain nutrients from its host (Těšitel 2016; Joel et al. 2013). This structure attaches to and penetrates host tissue allowing connections to be made between the parasite and host vascular systems. Connections may be made between parasite and host xylem or both the xylem and phloem (depending upon the species) in order to obtain nutrients and photo-assimilates (Joel et al. 2013; Těšitel 2016). In addition to the gene duplication event, a recent study has identified that a general feature of parasitic plants is an increased rate of nucleotide substitutions in chloroplast, mitochondrial and nuclear genomes (Bromham et al. 2013). This is due to an increased absolute mutation rate in comparison to their close non-parasitic relatives and appears unrelated to relaxed selection pressures that may be associated with a parasitic lifestyle (Bromham et al. 2013). This increased rate of substitutions likely allows these plants to adapt much more quickly than their hosts, overcoming bottlenecks such as resistance. Studies such as these are now increasing in number due to recent efforts to produce the transcriptomes of various parasitic plants at multiple developmental stages, such as those produced by the parasitic plant genome project (Westwood et al. 2012). 	Comment by Richard Louden: Added info on mutation rate
In order to compare the many species of parasitic plants they are classified based on their lifestyle, with a clear division between obligate and facultative parasites (Yoder 1997; Hood et al. 1998; Irving & Cameron 2009). Parasites are further divided into plants that do or do not possess photosynthetic capability and are known as hemi and holoparasites respectively, and those that either attach to host roots or shoots (Hibberd et al. 1999; Cameron et al. 2008; Irving & Cameron 2009; Cissoko et al. 2011; Kaiser et al. 2015). Striga species are classified as obligate, root hemiparasites. 
[bookmark: _Toc461444865]
[bookmark: _Toc346731091]1.3 How does Striga infect its host?
Striga plants begin their life cycle as seeds which are usually located within the top 10 - 15 cm of the soil (Van Delft et al. 2000), where they can remain viable for over 20 years (Bebawi, 1984). This presents the first of many problems related to the control of Striga species, as this longevity allows older seeds to remain viable in the soil whilst new seeds are added each year, contributing to the size and high genetic diversity of the soil seed bank. In order to germinate seeds require a period of 7-14 days of high moisture and temperature, a process known as conditioning (Mohamed et al. 1998; Reid & Parker 1979) (Fig 1.2 A). The seeds are then able to germinate when exposed to chemicals present in host (and non-host) root exudates (Fig 1.2 B) (Netzly et al. 1988; Khan et al. 2002). The most characterised group of compounds eliciting seed germination are the strigolactones (SLs) (Sato et al. 2005; Matusova et al. 2005; Cardoso, Charnikhova, et al. 2014). 
SLs are carotenoid derived sesquiterpene lactone molecules that all share a common four ring structure (Fig 1.3), known as the A-B-C-D rings, with the C-D ring component being required for the germination of Striga species (Zwanenburg et al. 2016; Ruyter-Spira et al. 2013). More recently SLs have been identified as endogenous plant growth regulators involved in controlling aspects of above and below ground architecture including stem growth, lateral root development and shoot branching (Umehara et al. 2008; Jiang et al. 2016; Crawford et al. 2010; Soundappan et al. 2015). SLs were originally discovered due to their role as germination stimulants of parasitic weeds, but are now also known to have a critical role in promoting the germination and branching of arbuscular mycorrhizal fungi, which aids the formation of this mutualistic symbiosis (Besserer et al. 2006; Brewer et al. 2013; Umehara et al. 2008; Cardoso, Charnikhova, et al. 2014). 
Striga seeds detect minute concentrations of exuded SLs in the soil due to a series of 11 receptors which have each been shown to be active to a range of different SLs (Toh et al. 2015). Toh et al. (2015) have performed further analyses on these receptors and found that of the 11, 6 are able to detect nanomolar concentrations of SLs due to mutations within the amino acid sequence that encodes the receptor’s binding pocket (Toh et al. 2015). These mutations lead to an increased size of the binding pocket, causing it to be around twice the size of the same pocket seen in the same receptor in Arabidopsis thaliana. This increase produces a deepening of the active site cleft, causing it to be more complementary to the D ring of SL molecules heightening sensitivity and also allowing the receptor to accommodate an increased number of SLs (Toh et al. 2015).	Comment by Richard Louden: Added better explanation regarding D14 binding pocket
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	Figure 1.2. The Striga life cycle. A) Striga seeds are conditioned in warm, damp soil. B) These seeds then germinate when exposed to specific compounds within host exudates and produce radicles which attach to the host roots, exposing them to haustorial induction factors (HIFs). C) Upon exposure to HIFS the tip of the radicle undergoes differentiation to form a haustorium. D) This structure then penetrates the host root tissue and E) fuses with the xylem to obtain water and nutrients. F) The parasite then begins to grow underground; producing a shoot which G) later emerges from the soil, eventually producing seed. Adapted from (Scholes & Press 2008).
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	Figure 1.3 The structural diversity of strigolactone molecules, also showing their characteristic A-B-C-D rings. (Al-Babili & Bouwmeester 2015)




After germination, which is also driven by SLs, the parasite ‘root’, known as a radicle grows towards the host, by sensing the SLs in the soil via the exquisitely sensitive receptors (Toh et al. 2015) (Fig 1.2 B). Upon the recognition of the host specific chemicals, termed haustorium-inducing factors (HIFs), the tip of the radicle undergoes differentiation to form the attachment and infection organ, termed the haustorium (Fig 1.2 C) (Satoko Yoshida et al. 2016; Scholes & Press 2008). This process includes a swelling of the radicle tip, radial enlargement of the cortical cells, anticlinal cell division in a subset of the epidermal cells and the production of haustorial hairs which function to attach the parasite to the host root (Baird & Riopel 1984; Satoko Yoshida et al. 2016; O’Malley & Lynn 2000; Wolf & Timko 1992).
Currently only one HIF has been isolated from the roots of host plants, 2, 4-dimethoxy-benzoquinone (DMBQ) which has been isolated from maize and rice, although many other compounds have been discovered in vitro (Chang & Lynn 1986; Albrecht 1999; Fernández-Aparicio et al. 2016; Ueno & Yoshikiyo 2014). DMBQ is produced upon the oxidative breakdown of host lignin and the decarboxylation of phenolic acids via host peroxidases, which are activated due to the release of hydrogen peroxide by the Striga radicle (Bandaranayake et al. 2010; Keyes et al. 2007; Kim et al. 1998). This sequence allows the Striga seedling to effectively induce the formation of its own haustorium upon reaching a host plant (Keyes et al. 2007), which may to prevent the pre-emptive formation of a haustorium when a host is not present.	Comment by Richard Louden: DMBQ clairifcation
Whilst HIFs are required for the induction of a haustorium, other evidence has shown a critical role for auxin in its development. The majority of this work comes from transcriptional analyses in the parasites Phtheirospermum japonicum, Cuscuta pentagona (dodder) and Santalum album (sandalwood) (Ishida et al. 2016; A. Ranjan et al. 2014; Zhang et al. 2015). These studies compared pre-haustorial tissue to that of developing haustoria, with haustorial tissue showing an upregulation in genes relating to auxin biosynthesis, signalling and transport. Other histological based work involving transgenic plants have also shown that auxin is important for development. Through transforming the facultative parasite Triphysaria versicolor with an IAA2: GUS construct Tomilov et al. (2005) observed a high amount of GUS staining at the tip of the radicle, when the plant was exposed to HIFs, thus associating auxin signalling with haustorial development. In addition these authors demonstrated that inhibition of auxin transport inhibits haustorial development and that the application of ethylene can promote haustorial formation (Tomilov et al. 2005). More recently Ishida et al. (2016) isolated an auxin biosynthesis gene in the facultative parasite P. japonicum, which is upregulated during haustorial development (Ishida et al. 2016). Histological analysis of P. japonicum transformed with the PjYUCCA 3 promoter fused to the VENUS-N7 fluorescent protein (which produces a fluorescent signal at the site of PjYUCCA 3 expression) showed a strong signal at the epidermal cells that undergo differentiation to form a haustorium. In addition to this, the authors transformed P. japonicum with one of two pHG8 RNAi vectors containing cDNA sections from either exons 1-3 or 3 of PJYUCCA 3 to reduce the expression of the gene. In transgenic lines a reduced number of haustoria were observed compared to empty vector controls (Ishida et al. 2016).
It is currently believed that the increases in auxin concentration and signalling are required to aid in cell proliferation within the haustorium. Two cell cycle regulating components, PUCHI and LOD DOMAIN-CONTAINING PROTEIN 18 (LBD18), are known to be regulated by the SLR/IAA14-ARF19-LAX3 pathway in Arabidopsis thaliana during lateral root initiation (Okushima et al. 2005; Fukaki et al. 2005; Fukaki et al. 2002; Lavenus et al. 2013). Components of this pathway, including SLR/IAA14, ARF19 and LAX3 have been found to be upregulated in the germinating seeds of S. hermonthica, highlighting a potential role for this pathway in regulating the formation of the haustorium (Yoshida et al. 2016). 
Once the haustorium has formed and is attached to the host root through the use of haustorial hairs (Fig 1.2 D) (Baird & Riopel 1984; Cui et al. 2015) a file of cells within the haustorium undergoes division in order to penetrate the root cortex and endodermis and fuse its xylem vessels with those of the host. These parasite cells within the host root are collectively termed the ‘endophyte’ and contain increased numbers of mitochondria and have enlarged nuclei (Dorr 1997; Hood et al. 1998). Once established, the ‘endophyte’ begins to progress into the root through the intercellular spaces, causing little cellular damage to the host (Joel et al. 2013; Olivier et al. 1991; Hood et al. 1998). Once the cells have reached the xylem they ‘merge’ with the lignified xylem cells of the host in order to gain access to the water, nutrients and amino acids within the host xylem (Fig 1.2 E) (Dorr 1997; Neumann et al. 1999; Pageau et al. 2003; Press et al. 1987). Whilst the formation of xylem: xylem continuity allows the parasite to obtain water, nutrients and amino acids there is no direct connection to the phloem (Pageau et al. 2003; Press et al. 1987; Graves et al. 1989). Thus Striga obtains much of its carbon requirements in the form of amino acids or by symplastic transport via the host parasite interface (Stewart & Press 1990). As soon as the parasite and host xylem vessels are connected, the shoot of the parasite begins to develop underground. The shoot then emerges above ground after 5-6 weeks (Fig 1.2 F), at which point it begins to photosynthesise at a low rate (Press, Tuohy, et al. 1987; Berner et al. 1995). After further growth the parasite produces flowers within 4 weeks of emergence (Fig 1.2 G) (Berner et al. 1995). In order to produce viable offspring, S. hermonthica must outcross with another individual (Safa et al. 1983). Once pollinated, the mature fruit pods can form thousands of dust-like seeds (Bebawi, 1984) in as little as 2 weeks, which are then dispersed by the wind and by the transfer of crop seeds contaminated with Striga seeds (Ejeta & Gressel 2007). 

[bookmark: _Toc461444866][bookmark: _Toc346731092]1.4 How does Striga alter the growth, physiology and yield of its host
After the xylem: xylem continuity is established between parasite and host, above ground changes in the morphology of the host, including stunting of the stems and a reduction in secondary thickening of the stems, are often visible within four days of parasite attachment in susceptible maize, rice and sorghum plants (Watling & Press 2000; Taylor et al. 1996; Frost et al. 1997). The leaves of infected plants also show rapid stomatal closure leading to a reduction in photosynthetic rate (Frost et al. 1997; Taylor et al. 1996; Watling & Press 2000). In addition, leaves of some host species and cultivars, including maize, sorghum and millet, exhibit browning of the leaves of infected plants (Sinebo & Drennan 2001; Adetimirin et al. 2000; Tenebe & Kamara 2002) which is often referred to as a ‘phytotoxic’ effect of Striga. Finally, S. hermonthica and S. asiatica suppress the production of tillers in high tillering cultivars of rice (Cissoko et al. 2011) as illustrated in Figure 1.4. 
Orobanche and Phelipanche species largely reduce crop yields by acting as a sink for host carbon, nitrogen and inorganic solutes (Barker et al. 1996; Hibberd et al. 1998). Hibberd et al. (1998) showed that when tobacco plants were infected with O. cernua, the biomass of the host was severely reduced in comparison to the uninfected plant. However, if the biomass of the parasite was added to the biomass of the infected plant, the combined biomass was equivalent to the biomass of the uninfected host. Thus the difference in biomass of uninfected and infected plants could be attributed to diversion of dry matter to the parasite and the overall productivity of the two systems was similar. This relationship is not often seen when Striga infects cereal hosts. Gurney et al. (1999) showed that a disproportionately large reduction in the grain yield of sorghum occurs with a small amount of parasite biomass on the roots; this could not be attributed to a source sink effect (Fig 1.5) (Gurney et al. 1999). However when parasite biomass increases, for example in the later stages of the life cycle of the parasite or at very high infection rates, there is a smaller and more linear reduction in yield which is likely due to source sink effects (Fig 1.5). The rapid onset of morphological and physiological changes in cereals following infection by Striga and the loss of carbon, nitrogen and inorganic solutes to the parasite, contribute to yield reductions of between 80-100% (Kim et al. 2002; Atera et al. 2011). 
	uninfected
S. hermonthica- infected


	Figure 1.4. The effects of Striga hermonthica on the above ground morphology of the susceptible rice cultivar IAC-165 at 10 days after inoculation. Infected plants show a stunting of the main stem, a suppression of tillering and an increased rate of leaf senescence.
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	Figure 1.5. The effect of Striga hermonthica prevalence (shown as dry weight) upon the dry grain weight of the sorghum cultivar CSH-1. Closed circles represent uninfected plants, open circles represent infected plants, open triangles represent infected plants inoculated with Striga hermonthica 28 days after planting.



A lot of research has been carried out into the effect of Striga on both carbon production and partitioning of resources within infected plants. Studies conducted by both Graves et al. (1989) and Press et al. (1987) have shown that adult parasites obtain around a third of their carbon from the host, once they emerge above ground as rates of photosynthesis are low and rates of respiration are high (Press, Shah, et al. 1987; Graves et al. 1989). The parasites also act as a sink for host carbon and other nutrients such as nitrate and amino acids in order to support the growth of the parasite (Aflakpui et al. 2005; Pageau et al. 2003). 
At present the mechanisms underlying the early and very damaging effects of Striga on host growth, development and ultimately yield, are not well understood. However such information is critical because in order to improve crop yields Striga must be controlled at an early stage of the life cycle, either before attachment to the host or immediately afterwards by the use of resistant cultivars (Scholes and Press 2008).

A number of hypotheses have been put forward to try to explain the how Striga affects host growth so quickly after attachment including (1) the production and transfer of phytotoxins from parasite to host, (2) transfer of mRNA from parasite to host and (3) Striga-induced alterations in the biosynthesis, transport and regulation of plant growth regulator pathways.
The Striga-derived ‘toxin’ hypothesis was proposed due to the browning of leaves seen in infected sorghum and maize plants, which gives them a scorched like appearance ( Musselman 1980; Ejeta & Butler 1993; Sinebo & Drennan 2001; Adetimirin et al. 2000; Tenebe & Kamara 2002). Early work conducted by Ejeta and Butler. (1993) attempted to provide some evidence for this hypothesis by injecting crude S. hermonthica extracts into the stems of maize seedlings, which induced necrotic symptoms (Ejeta & Butler 1993). This has been advanced more recently by Rank et al. (2004) who extracted a variety of cytotoxic compounds, including iridoid glucosides, from S. hermonthica (Rank et al. 2004). Whilst the presence of potential phytotoxins within the parasite is undeniable, there is no evidence of movement of these compounds from parasite to host, which would be required to induce any effects. As such it may be that these chemicals are a means of the parasite preventing herbivory once it emerges above ground, but more research is needed to further test this hypothesis.
A second hypothesis relates to the movement of mRNA between the parasite and the host, although movement in both directions has been shown to occur. 
Firstly, the transfer of mRNA from host to parasite has been shown by Aly et al. (2009) who transformed tomato plants with an RNAi construct targeting a parasite mannose-6-phosphate reductase (M6PR) gene, which is crucial in mannitol biosynthesis (Aly et al. 2009; Delavault et al. 2002). Mannitol accumulates to high levels in the tubercules of Orobanche aegyptiaca and is believed to be highly important for development of the parasite (Delavault et al. 2002). As such infection of these transgenic tomato plants led to a 60 - 80% reduction in the amount of M6PR mRNA in the tubercules of the parasite, along with a significantly reduced amount of mannitol and an increased number of dead tubercules (Aly et al. 2009). A similar study by Tomilov et al. (2008) showed that a transgenic lettuce host containing an RNAi hairpin construct for the β-glucuronidase (GUS) gene could silence GUS expression in a transgenic T. versicolor parasite (Tomilov et al. 2008). 
In comparison to this host to parasite movement, further studies by Tomilov et al. (2008) also demonstrated a parasite to host movement using T. versicolor. These expermints involved attaching T. versicolor to two lettuce hosts, one of which was transformed to express the GUS gene, the other with a GUS RNAi hairpin. When attached to both plants a reduction in GUS staining was observed in the transgenic lettuce near to the attachment site. This demonstrated the movement, if only a short distance, of mRNA from parasite to host (Tomilov et al. 2008). 
In addition to this experiment, recently evidence provided by Gunjune et al. (2014) has further demonstrated this parasite to host movement (Gunjune et al. 2014), which is believed to occur through the phloem connections of parasite and host (David-Schwartz et al. 2008). For these experiments two interactions, the Cuscuta pentagona parasite infecting the stem tissue of either A. thaliana or tomato plants, were used to study movement of mobile RNAs. A transcriptome analysis was conducted in three tissues for each interaction. These included the host stem above the attachment site, the interface where both host stem and parasite stem are connected and the parasite stem away from the connection site. Importantly, in both interactions the tissue from above the infection site contained C. pentagona mRNA, clearly showing a transfer of mRNA from parasite to host. Whilst the impacts of this type of transfer are unknown there is the possibility that this transfer of mRNA into the host is impacting gene expression. Therefore it may be through this import of genetic material that the parasite induces these changes in the host, through altering the transcriptome of its host in regards to developmental processes. However, an important caveat of these experiments is that Striga parasites solely attach to the xylem vessels of their host, which have yet to be shown to transfer RNA. As such the movement of mRNA in this interaction would have to occur in a cell-to-cell manner, which may explain the delay between infection and the onset of morphological changes.	Comment by Richard Louden: mRNA import clarification1	Comment by Richard Louden: mRNA import clarification 2
The final hypothesis to explain the rapid onset of morphological changes in the host is that Striga induces changes in the amounts and distribution of plant growth regulators (PGRs) within the host plant. PGRs are a diverse group of molecules, which are crucial to the correct development of plant species (Santner et al. 2009). Evidence for this hypothesis originally comes from work by Drennan and Hiweris (1979) who showed that S. hermonthica infection led to a decrease in cytokinins and gibberellins within the xylem sap of sorghum plants (Drennan & El Hiweris 1979). More recently Taylor et al. (1996) and Frost et al. (1997) showed that infection with S. hermonthica on maize and sorghum led to an increase in abscisic acid (ABA) within the leaves and xylem sap of host plant (Taylor et al. 1996; Frost et al. 1997). This increase also correlated with a decrease in stomatal conductance, a process known to be regulated by ABA, which subsequently led to a lowering of photosynthetic rate (Liang et al. 1997; Tardieu et al. 1992; Tardieu et al. 1991; Frost et al. 1997; Taylor et al. 1996). However since these studies little work has been conducted to examine the possible roles of PGRs in the morphological changes that are seen in host plants. 
In this thesis I explore the hypothesis that Striga-induced alterations in PGRs specifically cause the stunting of the stem and the suppression of tillering in rice plants infected with S. hermonthica. In order to understand the mechanisms by which these changes might occur in a Striga-infected plant it is necessary to review the current state of knowledge about how different PGRs, both singly or in combination, control stem growth and tillering in healthy plants.

[bookmark: _Toc461444867][bookmark: _Toc346731093]1.5 How do PGRs regulate stem growth and tillering?
1.51 Stem growth
Stem growth is important in higher plants as, amongst other things, a mechanism of avoiding shade and competition from neighbouring plants, as due to their sessile nature they are unable to relocate (Maddonni 2002; Casal 2012). The main regulator of stem growth has long been known to be gibberellins, due to the discovery of rice plants infected with the Gibberella fujikuroi fungus, which exuded this chemical leading to significantly taller plants (Stowe & Amak 1957).
Gibberellins are a large group of tetracyclic diterpenoid acids with over 130 identified variants, although only a handful (GA1, GA3, GA4 and GA7) are known to be bioactive, with GA1, GA3 and GA4 having the most activity in higher plants (Yamaguchi 2008; Hedden & Thomas 2012). Unlike many other PGRs, gibberellins are biosynthesised at the site of action, rather than in a specific tissue type and then transported elsewhere (Itoh et al. 1999; Kaneko et al. 2003; Silverstone et al. 1997). Biosynthesis occurs through enzymatic cleavage/reorganisation of the C-20 precursor geranylgeranyl diphosphate (GGDP) via three classes of enzymes (Fig. 1.6). Firstly, two terpene synthases (TPSs), ent-copalyl diphosphate synthase (CPS) and ent-kaurene synthase (KS), convert GGDP to a tetracyclic hydrocarbon intermediate, ent-kaurene. GA12 is then produced from ent-kaurene by two cytochrome P450 monoxygenases. ent-Kaurene oxidase (KO), designated CYP701A, catalyses the sequential oxidation on C-19 of ent-kaurene to produce ent-kaurenoic acid, which is subsequently converted to GA12 by ent-kaurenoic acid oxidase (KAO), designated CYP88A. GA12 can then either be converted to the bioactive GA4 through oxidations on C-20 and C-3 via GA 20-oxidases and GA 3-oxidases, or converted to GA53 via a GA 13-oxidase. GA53 is also acted on by both GA 20- and GA 3-oxidases to produce the bioactive GA1 (Fig 1.6). These two pathways that produce GA4 and GA1 are referred to as the non-13 hydroxylation pathway and the early 13-hydroxlation pathway respectively. In addition to their role in producing GA1 and GA4, some GA 3-oxidases also possess minor catalytic ability to produce the bioactive GA3 and GA7 from intermediates within the 13-hydroxlated pathway (Fig 1.6). The formation of GA3 requires a conversion of GA20 to GA5 which is then used to produce GA3 (Fig 1.6) (Yamaguchi 2008; Hedden & Thomas 2012).
	[image: http://d2q6k56aomjvqy.cloudfront.net/content/ppbiochemj/444/1/11/F2.large.jpg?width=800&height=600&carousel=1]

	Figure 1.6. The biosynthesis pathways for the three most active gibberellins in higher plants, GA1, 3, and 4 from GA12. GA12 can be modified by the action of GA 20- and GA 3-oxidases to produce GA4, or it can be converted by a GA 13-oxidase into GA53 which is then acted on by GA 20- and GA 3-oxidases to produce GA1. During the reactions of the 13-hydroxyation pathway, GA5 can be produced from GA20 which can be converted into GA3, via GA 3-oxidases. Adapted from (Hedden & Thomas 2012).




Whilst the gibberellin biosynthesis pathways have been studied in detail for many decades, it is only recently that components of gibberellin signalling have been elucidated. GIBBERELLIN INSENSITIVE DWARF1 (GID1), the gibberellin receptor, was isolated from a loss of function mutant in rice, which showed a dwarfed phenotype and gibberellin insensitivity (Ueguchi-tanaka et al. 2005). Furthermore GID1 was found to bind to a repressive DELLA protein, SLENDER RICE 1 (SLR1) in the presence of gibberellin (Ueguchi-Tanaka et al. 2007; Ueguchi-tanaka et al. 2005). Whilst it was known previous to this discovery that gibberellins stimulate the inactivation of DELLA proteins via degradation by the 26S proteasome, the exact mechanism was not confirmed (Sasaki et al. 2003; Fu et al. 2002). As such, further molecular analysis with GID1 allowed a significant gain in knowledge in relation to gibberellin signalling. This revealed that when a gibberellin molecule binds to GID1, a conformational change is induced in its amino-terminal extension domain (N-Ex), exposing a hydrophobic DELLA binding site (Murase et al. 2008; Shimada et al. 2008). Once the DELLA protein is bound an SKP-CULLIN-FBOX (SCF) protein complex is recruited, which contains the GIBBERELLIN INSENSITIVE DWARF 2 (GID2) F BOX protein, SCFGID2, polyubiquitinylating the target protein and labelling it for degradation via the 26S proteasome (Fig 1.7) (Ueguchi-Tanaka et al. 2007; Griffiths et al. 2006; Murase et al. 2008; Shimada et al. 2008; Sasaki et al. 2003; Fu et al. 2002).
The role of this complex is to degrade DELLA proteins, preventing them from altering gene expression. One such DELLA protein that is known to interact with GID1 and induces change to stem morphology is SLR1. slr1-1 mutants show an increased stem height, whilst overexpression of the gene leads to a severe stunting effect (Itoh et al. 2002; Ikeda et al. 2001). SLR1 is currently believed to induce this stunting through the upregulation of unknown genes, as its N terminal domain is able to act as a transcriptional activator and mutations in this domain lead to reductions in the stunting effect (Hirano et al. 2012). 
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	Fig 1.7. The gibberellin signalling network. When a gibberellin binds to the GID1 receptor a conformational switch is induced in the amino-terminal extension domain (N-EX), this provides a hydrophobic binding domain, allowing it to bind to a DELLA protein. An SCF complex bound to the GID2 F BOX protein SCFGID2, then polubiquitinylates the DELLA protein targeting it for degradation via the 26S proteasome. Adapted from (Sun 2010)
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It is through this biosynthesis and signalling network that gibberellins are able to regulate the height of the plant stem. This occurs through two known mechanisms driven by changes in gene expression, the elongation of existing cells within the stem and the formation of new cells via cell division. Chapter 1-Introduction
Chapter 1-Introduction
Chapter 1-General introduction
Chapter 1-General introduction

Cell elongation is a complex process that occurs across the entire plant to facilitate growth. In stem tissue the main drivers of elongation are gibberellins and auxins, both of which induce cell wall remodelling to allow for cell expansion. This occurs through the upregulation and activation of cell wall remodelling proteins, such as expansins, endoglucanses and xyloglucan endotransglucosylase/hydrolases, which when activated by a low pH are able to disrupt the bonds between cellulose microfibrils and also components of the cell wall matrix, increasing flexibility and allowing cell expansion (McQueen-Mason et al. 1992; McQueen-Mason & Cosgrove 1994; Kotake et al. 2000; Matsumoto et al. 1997; Cosgrove 2005; Whitney et al. 2000; Van Sandt et al. 2007; Liu et al. 2007; Xu et al. 1996; Yokoyama et al. 2004). The application of gibberellins and auxins to plant stems has been shown to induce expression of such proteins (Fig 1.8), with auxin also acting to reduce the pH of the cell wall through activating plasma membrane H+-ATPases, allowing the proteins to function efficiently (known as acid induced cell wall remodelling) (Cho & Kende 1997; Spartz et al. 2012; Mcqueen-mason et al. 1992; Takahashi et al. 2012; Catala et al. 2000; Matsumoto et al. 1997; Cosgrove 2005; Durachko & Cosgrove 2009). This increase in apoplastic pH also hyperpolarises the plasma membrane of surrounding cells, activating inward K+ channels which likely leads to an increase in water uptake, increasing the turgor pressure of cells causing elongation (Philippar et al. 1999; Perrot-Rechenmann 2010; Philippar et al. 2004). In addition to the direct role of gibberellins and auxins, ethylene and ABA can both regulate the growth of the stem through interacting with gibberellins. ABA is a known agonist of gibberellins, and as such reduces the effect that gibberellins have on cell wall remodelling in the stem (Fig 1.8) (Hoffmann-Benning & Kende 1992). In turn ethylene is able to both decrease the biosynthesis of ABA whilst also upregulating gibberellin biosynthesis and increasing the sensitivity of cells to bioactive gibberellins (Fig 1.8) (Raskin & Kende 1984; Suge 1985; Saika et al. 2007). Through this network all of these PGRs are able to interact to both suppress and induce cell elongation, which leads to the growth of the main stem.Chapter 1-Introduction

The second mechanism by which the main stem of plants can increase in length is through cell division. This process, as with cell elongation, is also regulated by gibberellins, which have been shown in rice to induce a transition from the G2 phase of the cell cycle into mitosis, thus leading to cell division (Fig 1.8) (Sauter et al. 1995; Lorbiecke & Sauter 1998; Sauter & Kende 1992). In A. thaliana this induction is due to a degradation of repressive DELLA proteins, which have been shown to promote the activity of cell cycle inhibitors. As such their degradation, induced by gibberellins, leads to a progression of the cell cycle (Achard et al. 2009). Whilst this has not been shown directly in rice, there is a clear role for the known DELLA protein, SLR1, in stem elongation, which suppresses stem growth through the activation of unknown genes, potentially cell cycle repressors (Ikeda et al. 2001; Hirano et al. 2012). As for cell elongation, both ABA and ethylene can interact with this pathway in either an inhibitory or promotional role, respectively. However, auxins have been shown to play little direct role in the gibberellin induced progression of the cell cycle, as shown by the fact that IAA application has no impact on cell division within rice stems (Yang et al. 1996).
More recently strigolactones (SLs) have also been shown to function in stem growth through inducing cell division, though in a separate pathway to gibberellins (Germain et al. 2013). Although little is known about the downstream SL signalling that induces cell division a hypothetical mechanism is through the repression of ethylene-responsive element binding factor-associated amphiphilic repression (EAR) domain containing proteins, designated SUPPRESSORS OF MAX LIKE (SMXL) in Arabidopsis thaliana and D53 in rice (Fig 1.8) (Liang et al. 2016; Soundappan et al. 2015; Zhou et al. 2013; L. Jiang et al. 2013). These proteins have been shown to interact with TOPLESS (TPL) and TPL-related proteins, which are known transcriptional repressors that interact with EAR domain containing proteins to facilitate transcriptional repression (Soundappan et al. 2015; L. Jiang et al. 2013; Pauwels et al. 2010; Szemenyei et al. 2008). It is possible that the SMXL/D53 proteins are repressing the transcription of cell cycle promoters, leading to a suppression of cell division. SMXL/D53 proteins are degraded in the presence of SLs via the 26S proteasome (Zhou et al. 2013; Soundappan et al. 2015). Thus an increase in strigolactone concentration would hypothetically lead to a reduction in the repression of cell cycle promoting proteins, leading to cell division and subsequent stem growth.
Due to the large hormonal network that both directly and indirectly regulates the growth of the main stem, it is likely that upon infection with S. hermonthica the amounts of one or more of these PGRs are altered within the stem. This could either occur through reductions in gibberellin, SLs or IAA, which would prevent the induction of either cell elongation of cell division directly, or it may be through decreasing the amount of ethylene or increasing ABA to which then knock on effects upon gibberellins. It is already known that upon infection of sorghum the amount of ABA is increased in infected plants, consistent with the closure of stomata, increasing the likelihood that changes in ABA amounts in part drive the stunting of the main stem (Taylor et al. 1996; Frost et al. 1997). 
	[image: ]

	Figure 1.8. A synthesis of the role of gibberellins (GAs,) auxins (IAA), ethylene and abscisic acid (ABA) in the elongation and division of cells within the stem. GAs promote both cell expansion and division, with individual plant cells shown as green squares/ rectangles, but is negatively regulated by abscisic acid (ABA), which is in turn negatively regulated by ethylene (ETH) whilst also upregulating gibberellin biosynthesis. GAs promote cell division by promoting a movement to the M phase of the cell cycle from the G2, increasing cell number. Strigolactones (SLs) also regulate cell division by degrading repressive SMXL/D53 proteins which block cell division through an unknown mechanism. Gibberellins also induce cell elongation, in conjunction with auxins (IAA), by upregulating cell wall remodelling genes (CWR) which work in conjunction with the decreased apoplastic pH due to the movement of H+ ions from inside the cell and increased turgor pressure due to K+ ions and H2O moving inside the cell, causing cells to expand. Produced from (Kende et al. 1998; Perrot-Rechenmann 2010; Spartz et al. 2012; Liang et al. 2016).


1.5.2 Shoot bud outgrowth (tillering) and branching
In rice, tillers are secondary stem structures that grow out from the stem base. The greater number of tillers a rice plant can produce early in its life cycle, the higher its yield will be up to a certain number (Sakamoto & Matsuoka 2008). In S. hermonthica-infected rice plants there is often a reduction in tiller number, with some infected genotypes showing a complete suppression in their outgrowth (Cissoko et al. 2011). This reduction is a major contributory factor in the yield losses that are seen in infected plants. 

Recently advances have been made in understanding the control of tiller bud outgrowth in rice (and branching in dicot plants such as A. thaliana). Currently there are two main hypotheses relating to the control of shoot branching via PGRs, both of which involve the regulation of cytokinins (CK) biosynthesis by interactions between strigolactones (SLs) and auxins. To understand these hypotheses the current literature relating to the biosynthesis and signalling of SLs and auxins, and the biosynthesis of CKs, must be reviewed. 

SLs are carotenoid derived sesquiterpene lactones, which as well as triggering germination of parasitic weed seeds and of hyphal branching in mycorrhizal fungi, have been shown to play a critical role in shoot branching in plants (Jiang et al. 2016; Umehara et al. 2008; Cardoso, Charnikhova, et al. 2014). Fig 1.9 illustrates the biosynthetic pathway leading to the production of SLs, which has been produced using data from a variety of species including rice, A. thaliana, petunia and pea (Alder et al. 2012; Al-Babili & Bouwmeester 2015; Ruyter-Spira et al. 2013). 

In rice the initial reaction is catalysed by the iron containing protein DWARF 27, acting as an isomerase to convert all-trans-β-carotene to 9-cis-β-carotene (Fig 1.9 A) which can be enzymatically cleaved by the carotenoid cleavage dioxygenase (CCD) enzyme CCD7 (Fig 1.9 B), encoded by the DWARF 17 (D17) gene (Alder et al. 2012; Bruno et al. 2014; Al-Babili & Bouwmeester 2015). This reaction produces 9-cis-β-apo-10’-carotenal, which is enzymatically rearranged to form the characteristic A and D rings as well as the enol ether bridge which connects the ABC ring complex to the D ring. This rearrangement is carried out by the CCD8 enzyme, encoded by DWARF 10 (D10) and produces carlactone (Fig 1.9 C) (Alder et al. 2012). Carlactone can then be converted into a variety of different SL molecules (Fig 1.9 D), giving the large diversity of compounds shown in Figure 1.3 (Zhang et al. 2014; Al-Babili & Bouwmeester 2015). Recently this has been found to be catalysed in rice through the action of a series of proteins orthologous to the A. thaliana CYTOCHROME P450, MAX1 (Zhang et al. 2014). The first reaction is catalysed by Os900 which acts as a carlactone oxidase, producing 4-deoxyorobanchol (Fig 1.9 D), which can then be converted into orobanchol by the action of the orobanchol synthase Os1400 (Fig 1.9 E) (Zhang et al. 2014). It is also believed that the biosynthesis of 5-deoxystrigol occurs through the same mechanism via homologues of these proteins (Fig 1.9 F) (Zhang et al. 2014; Al-Babili & Bouwmeester 2015). 

Auxins, in contrast, are indole derived molecules with the predominant, naturally occurring auxin, indole-3-actic acid (IAA), being formed from a variety of different intermediates (Kasahara 2015; Tivendale et al. 2014). However, in rice only two pathways have been shown to be active. The first is the production of IAA through the conversion of tryptophan to indole-3-pyruvic acid (IPA). This occurs via the tryptophan aminotransferase FISHBONE converting tryptophan to IPA which is sequentially converted to IAA via the action of the YUCCA Flavin monoxygenase enzymes (Yoshikawa et al. 2014; Yamamoto et al. 2007; Tivendale et al. 2014; Kasahara 2015). The second involves the conversion of tryptophan to indole-acetamide (IAM) via a tryptophan monooxygenase, with IAM then being converted to IAA via an IAM hydrolase (Tivendale et al. 2014; Kasahara 2015). Both high amounts of IAM and an IAM hydrolase have been isolated in rice, providing evidence that this is also a likely auxin pathway in this species (Sugawara et al. 2009; Arai et al. 2004). 
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	Figure 1.9. The currently characterised pathway for Strigolactone biosynthesis. A) DWARF27 converts all-trans-β-carotene to 9-cis-β-carotene, which is B) enzymatically cleaved by CAROTENOID CLEAVAGE DIOXYGENASE 7 (CCD7), producing 9-cis-β-apo-10’-carotenal. This compound is then C) converted to carloctone by CAROTENOID CLEAVAGE DIOXYGENASE 8 (CCD8). D) The conversion of carlactone into 4-Deoxyorobanchol is then performed by a carlactone oxidase, with the molecule then being converted in E) though an orobanchol synthase to orobanchol. F) similar unknown reactions are hypothesised to occur to produce strigol. Adapted from (Al-Babili & Bouwmeester 2015)



In order to impact plant morphology both PGRs are involved in downstream signalling to regulate gene expression. For both SLs and auxins this involves the degradation of transcriptional repressors, through the polyubiquitinylation of target proteins, which leads to their subsequent degradation via the 26S proteasome (Gray et al. 1999; Zhou et al. 2013). In the auxin based system this occurs through binding of a repressive AUX/IAA protein to a leucine rich repeat (LRR) domain of the TRANSPORT INHIBITOR RESPONSE 1 (TIR1) F BOX protein, which is stabilised via auxin. TIR1 forms part of a SKP1-CULLIN-F BOX complex (SCFTIR1) which acts as a ubiquitin ligase, polyubiquitnylating the AUX/IAA, labelling it for degradation (Fig 1.10) (Gray et al. 1999; Gray & Estelle 2000; Gray et al. 2001; Kepinski & Leyser 2005). This allows auxin response factor (ARF) proteins that are normally repressed via an interaction between AUX/IAAs and the TOPLESS (TPL) family of corepressors to function (Fig 1.10) (Szemenyei et al. 2008; Ulmasov et al. 1997; Weijers et al. 2005). ARF proteins can directly bind to segments of DNA containing and auxin responsive element (AuxRE), leading to transcriptional activation or repression (Ulmasov et al. 1997; Tiwari et al. 2003). This in turn alters the transcriptome of the developing plant, modifying plant architecture. 

The SL system functions in a similar manner, though there is a separate receptor that binds to SLs which is not initially a part of the SCF complex. In this system SLs bind to the α/β fold hydrolase receptor DWARF 14, allowing binding to target transcriptional repressors (Fig 1.11), though only one has been isolated in rice so far (Yao et al. 2016; Zhao et al. 2014). This complex then binds to the F BOX protein DWARF 3, which is part of an SCF complex, SCFD3 (Fig 1.11). This interaction leads to polyubiquitinylation of the target repressor via ubiquitin ligase activity and subsequent degradation (Fig 1.11) (Zhou et al. 2013; Liang et al. 2016; Hamiaux et al. 2012; Stirnberg et al. 2007; Marzec 2016; Yao et al. 2016). Unlike with auxins, little work has been conducted in regards to the transcriptional repressors, due to their very recent discovery. In rice only one, DWARF 53, has been isolated however orthologs have been identified in A. thaliana (L. Jiang et al. 2013; Soundappan et al. 2015; Stanga et al. 2013). These proteins have recently been shown to be able to interact with TPL and TPL-related like proteins through an EAR domain, however as of yet no downstream targets have been confirmed (Soundappan et al. 2015; L. Jiang et al. 2013).
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	Figure 1.10. The auxin signalling network. A) Under low auxin conditions repressive AUX/IAA proteins are able to bind to the auxin response factor (ARF) transcriptional regulators, via members of the TOPLESS family of transcriptional repressors, preventing them binding to DNA and altering gene expression. B) Under high auxin conditions the AUX/IAA proteins are polybuquintylated via the SCFTIR1 complex, as auxin is available to strengthen the TIR1-AUX/IAA binding, leading to their degradation via the 26S proteasome. Adapted from (Guilfoyle & Janvier 2007)
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	Figure 1.11. The current proposed mechanism for strigolactone regulated gene expression. Strigolactones bind to the hypothesised receptor, DWARF14 (D14), allowing the formation of a complex with both the target protein and the SCF-DWARF3 (D3) complex. This leads to poly ubiquitinylation of the target protein and subsequent degradation via the 26S proteasome. This then prevents repression of downstream targets, which may aid in controlling shoot branching. When no strigolactones are present the target is not degraded potential downstream targets would be repressed, leading to an opposite phenotype. Adapted from (Zhou et al. 2013) and supported by (Liang et al. 2016)
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CKs are a highly diverse group of adenosine-derived compounds, with their current biosynthetic pathway being elucidated through the isolation of mutants and metabolomic analyses in a variety of species including rice and A. thaliana (Fig 1.12) (El-Showk et al. 2013; Frébort et al. 2011). The four known CKs are N6-(D2-isopentenyl) adenine (iP), trans-Zeatin (tZ), dihydrozeatin (DHZ) and cis-Zeatin (cZ). iP, tZ and DHZ are formed from the addition of adenosine molecules, in the form of AMP/ADP/ATP, to dimethylallyl pyrophosphate (DMAPP) via ADENOSINE ISOPENTENYL TRANSFERASEs (IPTs) (Fig 1.12) (El-Showk et al. 2013; Frébort et al. 2011; Takei et al. 2001). This reaction produces one of isopentenyl riboside adenine mono, di or tri phosphate that can be utilised in two pathways. The first is to produce iP, which occurs by these molecules being acted on by phosphatases to produce isopentenyl riboside adenine mono phosphate, which is then converted to iP via the cytokinins activating enzyme LONELY GUY (LOG) (Fig 1.12) (Kurakawa et al. 2007). Additionally the original isopentenyl riboside adenine mono, di or tri phosphate compounds may be converted into transzeatin riboside mono, di or tri phosphate molecules (Fig 1.12) (Frébort et al. 2011; El-Showk et al. 2013). These can then be acted on by a phosphatase until the mono phosphate form is produced, which is the converted to tZ by LOG (Fig 1.12). A further use for the transzeatin riboside mono phosphate is the conversion into dihydrozeatin mono phosphate by a zeatin reductase, which can then be converted by LOG into DHZ (Fig 1.12) (Frébort et al. 2011; El-Showk et al. 2013). The production of cZ is somewhat different, being formed from an addition of DMAPP to t-RNAs via a t-RNA IPT, producing a prenyl-tRNA which is acted on via a CK cis-hydroxylase producing a cis-prenyl tRNA. cZ riboside mono phosphate is then synthesised from this molecule, which can then be converted to cZ via LOG (Fig 1.12). Additionally cZ or tZ can be converted into the opposite form via the action of a zeatin cis-trans isomerase. Further to the direct conversion into either iP, tZ, DHZ or cZ the mono phosphate precursors of these molecules can also be converted into riboside forms via the action of a 5′-ribonucleotide phosphohydrolase, which can then be converted into the final form via a purine nucleoside phosphorylase (Fig 1.12) (Frébort et al. 2011; El-Showk et al. 2013). In addition to their biosynthesis, like most PGRs, some CKs, tZ, cZ or DHZ, can be inactivated as a storage form via O-glucosylation through a zeatin O-glucosyltransferases or permanently inactivated via N-glucosylation which occurs via CK-N-glucosyltransfereases (Fig 1.12) (Frébort et al. 2011; El-Showk et al. 2013; Wang et al. 2011; Hou et al. 2004; Rodo et al. 2008). Finally, in addition to N-glucosylation, CKs can be inactivated through oxidative cleavage of their side chain, separating the adenine molecule (Frébort et al. 2011). These reactions occur via a CK dehydrogenase, which have been isolated from multiple plant species (Frébort et al. 2011; Yeh et al. 2015). 	Comment by Richard Louden: Further refeences and detail ( for example cytokinin oxidation pathway)
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	Figure 1.12 The current cytokinins (CK) biosynthesis pathway. The four known CKs are N6-(D2-isopentenyl) adenine (iP), trans-Zeatin (tZ), dihydrozeatin (DHZ) and cis-Zeatin (cZ). iP, tZ and DHZ are all formed from the same precursor, DMAPP, which is converted to IPT riboside adenosine mono/di/tri phosphate (R A M/D/T P) by an isopentenyl transferases (IPT). These molecules can then either be converted to tZ R A M/D/T P by cytochrome P735A enzymes or fully converted to the RAMP form via phosphotases (this also occurs for tZ A M/D/T P). The AMP forms of iP and tZ can then be either converted to their riboside forms (iPR or tZR) or directly to the active iP/ tZ forms via a ribonucleotide phosphohydrolase or the lonely guy (LOG) enzymes respectively. In addition, the RAMP form of tZ can be converted to DHZRAMP via a zeatin reductase, which can also be acted upon by phosphatases and LOG to produce DHZR or DHZ respectively. All three of these CKs also show conversions between the active and riboside forms, which is conducted by an adenosine nucleosidase from active to riboside and an unknown enzyme for the reverse.
cZ is formed from the conjugation of a t-RNA to DMAPP, which eventually leads to the production of cZ riboside mono phosphate, which can be converted to cZR via a ribonucleotide phosphohydrolase or cZ via LOG. As with the other CKs, a conversion from cZ to cZR and vice versa can occur utilising the same enzymes as the other CKs. In addition to their normal biosynthesis pathways, cZ/cZR and tZ/tZR can be formed from each other via an enzymatic conversion facilitated by a zeatin cis-trans isomerase. Further to biosynthesis tZ, DHZ and cZ molecules are able to be O-glucosylated, via an O-glucosylase, to form an O-glucoside storage product, whilst all CKs can be degraded via the glucosylation of the N6 residue, via an N-glucosylase. Adapted from (Sakakibara 2006). 1) phosphotase, 2) ribonucleotide phosphohydrolase , 3) adenosine nucleosidase , 4) purine nucleoside phosphorylase , 5) zeatin cis-trans isomerase , 6) zeatin reductase , 7) CK cis-hydroxylase. 	Comment by Richard Louden: Further detail added and numbers added from the diagram


It is currently believed that SLs and auxins interact, leading to a decrease in CK biosynthesis at the point where shoot meristems exist, thus suppressing their outgrowth (Liu, Gu, et al. 2011; Liu, Xu, et al. 2011; Muller & Leyser 2011). There is currently no consensus on the exact mechanism involved, and as such two different hypotheses have emerged in an attempt to explain the experimental evidence surrounding shoot branching. 

The first of the two hypotheses relating to shoot bud outgrowth is referred to as the secondary messenger hypothesis. The crux of this hypothesis is a mobile signal that is regulated by auxin, which suppresses shoot branching (Rameau et al. 2015). This signal is currently predicted to be SLs due to their known movement, ability to repress shoot bud outgrowth and as their biosynthesis genes are up regulated in the presence of auxin (Arite et al. 2007; Sorefan et al. 2003; Liang et al. 2010; Kretzschmar et al. 2012; Napoli 1996). Evidence for this hypothesis comes from experiments involving the ectopic application of SLs, which suppress shoot branching (Gomez-roldan et al. 2008; Umehara et al. 2008), and removal of the endogenous auxin source (shoot tip) which leads to shoot branching via increased CK biosynthesis (Liu, Xu, et al. 2011; Li et al. 1995).Chapter 1-General introduction
Chapter 1-General introduction
Chapter 3-Introduction


The second hypothesis relates to the polar auxin transport stream (PATS) of the stem and is referred to as the auxin canalisation hypothesis (Fig 1.13) (Rameau et al. 2015; Bennett et al. 2014). In this hypothesis the transport of auxin down the stem prevents bud outgrowth by reducing stem sink strength, preventing auxin from escaping the shoot buds. This hypothesis arose from data correlating increased levels of shoot PAT to increased shoot branching, which is seen in the A. thaliana SL max mutants and also the rice SL biosynthesis mutant dwarf27-1 (Bennett et al. 2006; Lin et al. 2009). In these plants the increased PAT is due to a greater number of PINOID 1 (PIN1) auxin efflux transporters at the plasma membrane (Fig 1.13) (Shinohara et al. 2013; Crawford et al. 2010; Bennett & Leyser 2014; Bennett et al. 2014; Soundappan et al. 2015). This is due to a lack of degradation of SMXLs in A. thaliana and potentially D53 in rice, which, through an unknown mechanism, increases PIN1 localisation to the plasma membrane (Soundappan et al. 2015; Liang et al. 2016). However a more recent analysis by Bennett et al. (2016) has shown that another form of auxin transport, termed the connective auxin transport stream (CATS) is also important for the movement of auxin away from the buds and into the PATS, which is conducted via the PIN3, PIN4 and PIN7 proteins (Bennett et al. 2016). Currently the CATS is believed to act as a slow speed transport route that can connect tissues, with auxin being able to move both downwards and across, in comparison to the rapid downward movement of the PATS. As such it would appear that the PATS in the stem is defined as the rapid transport stream, closer to the vasculature system, whilst the CATS surrounds this stream and encompasses a larger portion of the stem, allowing auxin to flow in and out of the PATS from various cells and tissue (ie the shoot buds) (Bennett et al. 2016).  The importance of the CATS was highlighted by the triple pin3pin4pin7 mutant showing a reduced number of shoot branches after decapitation compared to the wildtype and a reduced level of auxin transport, indicating that these proteins are important in moving auxin from the buds into the stem when the PATS stream is reduced (Bennett et al. 2016). Interestingly the effect of SLs on PINs 3, 4 or 7 is unknown, but is likely to be similar due to the increased auxin transport and branching seen in SL mutants (Bennett et al. 2006; Shinohara et al. 2013; Lin et al. 2009; Ishikawa 2005). Therefore both the PATS and CATS are important in the auxin canalisation hypothesis.	Comment by Richard Louden: Improved CATS definition discussing difference with PATS
This prevention of auxin efflux, due to high PATS and low CATS, is believed to lead to a pooling of auxin at the stem bud and is hypothesised to upregulate SL biosynthesis genes in the buds, further preventing auxin efflux by reducing PIN1 accumulation at the plasma membrane of the cells of the shoot bud. Due to the role of PIN3, 4 and 7 in the CATS it is also likely that they are also regulated via SLs (Bennett et al. 2016). Therefore increases in SLs will lead to further decreases in auxin efflux from the shoot bud (Fig 1.13). This increased accumulation of auxin then downregulates the expression of CK biosynthesis genes at the site of the tiller buds, repressing CK accumulation required for their outgrowth (Liu, Gu, et al. 2011; Liu, Xu, et al. 2011; Tanaka et al. 2006; Muller et al. 2015). 
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	Figure 1.13. A model of the auxin canalisation hypothesis for the regulation of shoot branching by strigolactones and auxins. Where PIN1 recruitment = Removal, a steady state of auxin flow occurs, such as in the stem tissue. If PIN1 removal > recruitment auxin flow is prevented, such as in a newly formed shoot bud, preventing its outgrowth. When PIN1 recruitment > removal auxin can flow, such as in a bud developed soon after germination, allowing bud outgrowth. Adapted from (Shinohara et al. 2013).




In addition to site specific increases in CK biosynthesis, CKs synthesised in the roots and transported into the stem base have also been shown to play a role in the outgrowth of buds, although how this relates to the PAT stream is unknown (Muller et al. 2015). This change leads to a more CK weighted ratio of CK: auxin in the tiller buds and allows for the release of buds from dormancy (Muller et al. 2015; Smigocki & Owens 1989). This would occur through increased cellular division, likely induced by components of the CK signalling network (Muller et al. 2015; Shimizu & Mori 1998; Riou-Khamlichi et al. 1999). This ultimately leads to bud outgrowth and the production of a new shoot branches (Smigocki & Owens 1989; Pillay & Railton 1983). 
Both of the above hypotheses rely on auxin and SL regulated gene expression to suppress tiller bud outgrowth, with a key set of genes now characterised for regulating bud outgrowth (Fig 1.14). The most recent have been discovered due to new SL mutants isolated in rice and A. thaliana (Zhou et al. 2013; L. Jiang et al. 2013; Stanga et al. 2013). As mentioned previously, SMXL or D53 genes encode transcriptional repressors which promote shoot branching through the recruitment of the TPL and TPL-related (TPLR) proteins to suppress gene expression (L. Jiang et al. 2013; Soundappan et al. 2015).This has been established in a recent study by Liang et al. (2016) which showed that the removal of the EAR domain, which is required to bind to TPL and TPLR proteins, within SMXL 7 suppresses the increased branching observed in the SL mutant max2-1 (Liang et al. 2016). Evidence so far has suggested that likely targets are those that negatively regulate the outgrowth of tiller buds, such as OS TEOSINTE BRANCHED 1 (OS TB1) (Fig 1.14) (Takeda et al. 2003; Minakuchi et al. 2010; Zhou et al. 2013; Soundappan et al. 2015), and also those that prevent the recycling of PIN1 to the plasma membrane, as more stable variants of these proteins show increased PIN1 localisation and bud outgrowth (Liang et al. 2016; Soundappan et al. 2015).
Os TB1, the rice ortholog of the maize TEOSINTE BRANCHED 1 gene, is a member of the class II clade of TCP (TEOSINTE, CYCLOIDEA and PCF) transcription factors. Class II members are believed to be negative regulators of growth, which may be accomplished through binding to class I TCPs and preventing their upregulation of known cell cycle regulators and/ or the direct regulation of these regulators (Martin-Trillo & Cubas 2010; Kosugi & Ohashi 1997; Gaudin et al. 2000). Multiple studies have shown Os TB1 to be a negative regulator of tiller bud outgrowth that is negatively regulated by CKs and the D53 protein/SMXLs (Fig 1.14) (Guo et al. 2013; Takeda et al. 2003; Minakuchi et al. 2010; Soundappan et al. 2015). 
In addition to a potential role in either directly or indirectly suppressing the expression of cell cycle promoting genes, Os TB1 can suppress bud outgrowth by inactivating the MADS BOX transcription factor Os MADS57, in conjunction with miR444 (Fig 1.5) (Guo et al. 2013). This inactivation of Os MADS57 allows for the up regulation of SL regulated genes via D14, which is normally downregulated by Os MADS57 (Fig 1.14) (Guo et al. 2013). Interference of Os MADS57 would lead to an increase in SL signalling and as such the SL induced reduction in auxin flux, causing a pooling of auxin. This would lead to a down regulation in CK biosynthesis genes, such as those belonging to the ADENOSINE ISOPENTENYL TRANSFERASE family that catalyse the first step of CK biosynthesis and are upregulated in bud outgrowth (Fig 1.14) (Liu, Gu, et al. 2011; Frébort et al. 2011); however under high CK conditions the expression of Os TB1 is limited, likely reducing the downregulation of IPT genes (Fig 1.14) (Minakuchi et al. 2010). This allows CKs to upregulate their own biosynthesis in the tiller buds, likely stimulating cell differentiation through the upregulation of CK responsive cell cycle promoters such as CyclinD3 (Dewitte et al. 2007; Riou-Khamlichi et al. 1999). This in turn will lead to the outgrowth of the tiller buds through an increase in cell number via increased cell division (Shimizu & Mori 1998; Riou-Khamlichi et al. 1999; Dewitte et al. 2007).
Due to the suppression of tiller bud outgrowth seen in S. hermonthica-infected plants I hypothesise that under infection host plants show changes in the amounts and regulation of SLs, auxins and CKs, as well as changes in auxin transport. These changes would then lead to a repression of shoot bud outgrowth, which is observed in infected plants. 
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	Figure 1.14. A synthesis of the current information, based on the auxin canalisation hypothesis, for tiller bud outgrowth in rice. Cytokinins (CK) induce tiller bud outgrowth, aided by increases in CK concentration via the ADENOSINE ISOPENTYL TRANSFERASE (IPT) genes. IAA represses the expression of IPT genes, thus its efflux increases expression and subsequently bud outgrowth. The efflux of IAA is blocked by stem polar auxin transport and Strigolactones (SLs). Subsequently, the action of SLs is inhibited by the MCM1-AG-DEFA-SRF (MADS-BOX) TF Os MADS57, which is itself repressed through the action of miR444 and Os TEOSINTE BRANCHED1 (Os TB1), which acts downstream of SLs. The expression of Os TB1 is repressed by both CKs and DWARF53 (D53), which is repressed via SLs whilst simultaneously upregulating their biosynthesis. Further to this D53 may play a role in increased IAA efflux through increasing recycling of the IAA efflux transporter PINOID 1. Thus the concentrations of IAA, CK and SLs regulate tiller bud outgrowth. Adapted from information in (Bennett et al. 2014; Guo et al. 2013; Zhou et al. 2013; Takeda et al. 2003; Minakuchi et al. 2010; Liu, Xu, et al. 2011; Shinohara et al. 2013; Soundappan et al. 2015)
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[bookmark: _Toc346731094]1.6 Rice, a model monocot and suitable host for Striga hermonthica:
In this thesis rice (Oryza sativa L) was chosen as the host to study how S. hermonthica-induced changes in the amounts of PGRs, impact host morphology, for a variety of reasons. Firstly, rice is a natural host for S. hermonthica. Secondly, rice cultivation is rapidly expanding across sub-Saharan Africa, due its use as a cash crop and a change in personal preference towards the grain (Somado et al. 2007). Finally, rice is now firmly established as a model monocot plant; the genomes of many rice accessions have been sequenced and high quality reference genomes are available online facilitating studies of gene expression (Sakai et al. 2013). This is a specific requirement for this investigation as it allows suitable primers to be designed for transcriptional analyses. In addition rice can now be routinely transformed, allowing genes to be over-expressed or down regulated to test the function of specific genes (Saika & Toki 2010; Sahoo et al. 2011).

[bookmark: _Toc461444869][bookmark: _Toc346731095]1.7 Aims and objectives:
The aim of this thesis was to test the hypothesis that changes in the amounts and distributions of plant growth regulators, and their downstream signalling pathways, are involved in the S. hermonthica-induced stunting of the main stem and suppression of tillering observed in infected rice plants. 
In chapter 2 the main aim was to determine, for the first time, how and when changes in the amounts and distribution of plant growth regulators occur in the leaves, stems and roots of a susceptible rice cultivar, IAC 165, following infection with S. hermonthica. To achieve this, a detailed morphological analysis of the susceptible cultivar IAC-165 was performed in conjunction with the measurement of a range of plant growth regulators including gibberellins, auxins, cytokinins and ABA. This was carried out to test the hypothesis that S. hermonthica-induced changes in the amounts and distributions of PGRs in rice are consistent with observed changes in host morphology of infected rice plants.
The aim of chapter 3 was to expand upon chapter 2 by investigating whether Striga-induced alterations in strigolactones, auxins, cytokinins and gibberellins underpin the stunting of the main stem and suppression of tiller bud outgrowth. To achieve this, a genetic approach was utilised, which involved using the SL dwarf mutants, which contain lesions in SL biosynthesis and signalling genes. These mutants were analysed under S. hermonthica infection for changes in morphology, the amounts of IAA within the stem and the expression of genes associated with SLs, auxins, CKs and gibberellins.
 This was performed to test two hypotheses:
1) S. hermonthica-infected SL dwarf mutants will not show a suppression of tillering, compared to infected wildtype plants. This was proposed due to the key role of SLs in suppressing tiller bud outgrowth in rice, therefore perturbations in SL biosynthesis or signalling will prevent such repression. 
2) S. hermonthica-infected SL dwarf mutants will still show a stunting of the main stem, due to the presence of other key pathways that promote stem growth, such as those regulated by auxins and gibberellins, which could be perturbed.
In Chapter 4 the main aim was to test two hypotheses, which were proposed due to an interesting result arising from earlier work in this thesis:
(1) Increases in the susceptibility of rice plants, observed in experiments within this thesis, to S. hermonthica, is due to PGR-induced cell wall remodelling.
(2) During a susceptible interaction S. hermonthica induces alterations in the composition of host cell walls to facilitate infection. 
To test these hypotheses a range of techniques were employed such as histological analyses, immunolabelling, transcriptional profiling and growing plants in PGRs in an attempt to modulate susceptibility. This allowed changes in susceptibility and cell wall composition to be investigated along with how the expression of cell wall remodelling, auxin and SL associated genes is altered during the infection of susceptible and semi-resistant genotypes. 
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[bookmark: _Toc461444870][bookmark: _Toc346731096]Chapter 2


[bookmark: _Toc346731097]Are Striga hermonthica-induced changes in the amounts of plant growth regulators consistent with changes in above ground morphology?
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[bookmark: _Toc461444871][bookmark: _Toc346731098]2.1 Introduction:
Striga hermonthica is an obligate, root hemi-parasitic weed whose seeds infest the soil of sub-Saharan Africa. Seeds only germinate when exposed to specific compounds present in plant root exudates, most notably strigolactones (SLs) (Ejeta & Gressel 2007; Cardoso, Zhang, et al. 2014; Matusova et al. 2005). Post germination the parasite attaches to a host root and connects its xylem vessels with those of the host in order to access nutrients to survive (Joel et al. 2013). Rapidly after the host-parasite xylem: xylem continuity has formed, the parasite-induced alterations in the morphology of the shoot start to become visible and are associated with measureable changes in host physiology. These changes include stunting and thinning of the main stem, a suppression of shoot branching (tillering in rice), stomatal closure, a reduction in photosynthetic rate and an enhanced rate of leaf senescence (Adetimirin et al. 2000; Cissoko et al. 2011; Taylor et al. 1996). Early work relating to the carbon relations of the host-parasite interaction revealed that some of these changes are due to the acquisition of carbon, nitrogen and inorganic nutrients from the host to the parasite (Graves et al. 1989; Press, Shah, et al. 1987). However whist carbon loss is high when the parasite is mature, changes in the morphology of the host are induced a long time before the parasite begins to acquire any significant amount of carbon (Frost et al. 1997; Gurney et al. 1999; Graves et al. 1989). Therefore further hypotheses have been put forward to explain such alterations. 
One of the current hypotheses is that S. hermonthica induces changes in the amounts and distributions of plant growth regulators (PGRs) within its host (Drennan & El Hiweris 1979; Taylor et al. 1996; Frost et al. 1997). PGRs are known to tightly regulate plant development and as such changes in the amounts and flux of PGRs will impact the plants morphology (Santner et al. 2009). Previous work supporting this hypothesis comes from studies by Taylor et al. (1996) and Frost et al. (1997) (Taylor et al. 1996; Frost et al. 1997). These two investigations found that S. hermonthica-infected maize and sorghum plants showed an increase in ABA within their xylem sap and leaves, which correlated with reductions in stomatal conductance and photosynthetic rate. As ABA is a known modulator of stomatal aperture it was hypothesised that S. hermonthica increased the amount of ABA within its host to suppress photosynthesis, leading to increased sink strength from the parasite (Liang et al. 1997; Tardieu et al. 1991; Macrobbie 1992; Frost et al. 1997). However, since these investigations little work has been conducted in regards to the role of PGRs in the S. hermonthica-induced changes to morphology. 
The stunting of the main stem is the most striking of these changes, with 30-40% reductions in height reported for infected plants (Gebremedhin et al. 2000; Taylor et al. 1996). Following this, the suppression of shoot outgrowth is the most notable, especially for rice species where the shoot branches (known as tillers) are the main yield supporting section of the plant (Xing & Zhang 2010). S. hermonthica-infected rice plants show a significant reduction in tiller number, which in combination with the reduced stem height and carbon loss severely affects their yield, with documented reductions of 80-100% (Atera et al. 2011; Kim et al. 2002; Cissoko et al. 2011; Gurney et al. 1999; Graves et al. 1989). The main PGRs controlling these processes include gibberellins, abscisic acid (ABA), auxins, strigolactones (SLs) and cytokinins (CKs), with the role of these compounds in the morphological events outlined above discussed in chapter 1, section 1.5.

[bookmark: _Toc461444872][bookmark: _Toc346731099]Aims and Hypotheses:
The aim of this chapter was to investigate the hypothesis that S. hermonthica-induced changes in the amounts and distributions of PGRs in rice are consistent with observed changes in host morphology of infected rice plants. A detailed analysis of the growth of a susceptible rice host in the presence and absence of S. hermonthica, in conjunction with the quantification of PGRs, in different regions of the host plant will provide the first dataset to show whether alterations in host morphology are associated with alterations in PGRs.
The hypothesis was tested by: 
· Infecting the susceptible rice cultivar IAC-165 with S. hermonthica and carrying out a detailed analysis of the changes in the growth and morphology of the host throughout the life cycle of the parasite. This was achieved by measuring the main stem height, width and leaf number along with tiller number, the height and width of the first primary tiller and the total number of tiller leaves. Finally destructive harvests were made to assess the parasites effect on biomass partitioning.

· Harvesting root, stem (including stem base) and leaf material from uninfected and S. hermonthica-infected IAC-165 plants to analyse the changes in amounts of auxins, CKs, gibberellins, and ABA during infection.

· Profiling changes in PGRs in the parasite (germinating seeds, haustoria and shoots) to determine how these change in relation to alterations in host PGRs.
Chapter 2-Introduction
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[bookmark: _Toc461444873][bookmark: _Toc346731100]2.2 Materials and Methods:Chapter 2-Introduction
8

[bookmark: _Toc461444874][bookmark: _Toc346731101]2.2.1 Plant material and growth
Seeds of Oryza sativa L spp. japonica, cultivar IAC-165 were germinated in Petri dishes at 30°C for 2 days. Seeds were then transferred to moistened glass-fibre filter (G/FA) paper (Whatman, Maidstone, Kent, UK) supported by 2 blocks of dampened horticultural rock wool. After 5 days, individual seedlings were transferred to rhizotrons (Gurney et al., 2006), consisting of modified perspex tissue culture dishes measuring 25 x 25 x 2 cm packed with vermiculite (Sinclair, Gainsborough, UK) and a layer of dampened rock wool at the base to avoid its dispersal. A layer of 100 μm mesh (Plastok Group, Birkenhead, Merseyside, UK) was placed on top of the vermiculite, onto which the rice seedling was placed. Openings were located at the top and bottom of the rhizotron to allow for both the emergence of the aerial sections of the plant, and drainage of the nutrient solution respectively. A lid was placed onto the rhizotrons, which were then sealed using electrical tape and wrapped in aluminium foil to prevent light from reaching the plants root system. Plants enclosed in rhizotrons were grown in a controlled environment room with an irradiance of 450 μmol m-2 s-1 at plant height, a 12 h photoperiod, a temperature of 28 / 24°C (day / night, respectively) and a relative humidity of 60%. Watering was performed via an automatic dripper system 3 times per day, delivering a total of 30 ml of 40% Long Ashton solution (Hewitt 1966), containing 2 mM ammonium nitrate. 

[bookmark: _Toc461444875][bookmark: _Toc346731102]2.2.2 S. hermonthica seed sterilisation, conditioning and germination
S. hermonthica seeds harvested in 2013 from Kibos, Kenya were used to infect the rice cultivar IAC-165. Twelve and a half mg aliquots of S. hermonthica seeds were sterilised in 10% bleach for 5 mins and rinsed with 150 ml of distilled water (DH2O). Finally the seeds were distributed homogeneously across G/FA filter paper (Whatman, Maidstone, UK) contained in a Petri dish. The Petri dish was sealed with parafilm (Bemis, Wisconsin, USA), foil wrapped and incubated at 30°C for 13 days to condition the seeds. Sixteen hours before infection, 3 ml of the artificial germination stimulant GR24 (0.1ppm) was pipetted into each Petri dish. Petri dishes were then resealed with parafilm and incubated overnight at 30°C. The following morning, before infection, Striga seeds were viewed using a stereomicroscope (Prior, Cambridge, UK) and the percentage germination was calculated. Percentage germination was always greater than 60%.

[bookmark: _Toc461444876][bookmark: _Toc346731103]2.2.3 Inoculation of rice seedlings
Seven days after transfer of rice seedlings into rhizotrons, the root system of each rice plant was inoculated with 12.5 mg of germinated S. hermonthica. Seeds were removed carefully from the filter paper and rinsed with DH2O to remove any residual GR24. A disposable plastic Pasteur pipette was used to apply the seeds close to the root system. A fine paintbrush was then used to position the seeds close to or onto the host roots. Inoculating with germinated seeds (rather than relying on the production of host root exudates) is conducted to ensure simultaneous attachment and growth of the parasites, allowing more quantitative analysis of resistance or susceptibility. Using this methodology should not alter the susceptibility of any rice cultivars used as any GR24 is washed from the parasite seeds before application to the host, furthermore it allows plants that do not produce germination stimulants to be infected, such as the SL dwarf mutants.

[bookmark: _Toc461444877][bookmark: _Toc346731104]2.2.4 Investigating the effects of S. hermonthica on the growth and morphology of IAC-165.
In order to investigate the S. hermonthica-induced changes to the growth, morphology and biomass partitioning of a susceptible rice plant, plants of the cultivar IAC-165 were grown in rhizotrons as stated in 2.2.1. Fifteen plants were established per treatment which comprised of uninfected and S. hermonthica-infected plants. Those designated within the infected treatment were then inoculated with S. hermonthica seeds as stated in 2.2.2-2.2.3. Non-destructive growth measurements were taken twice a week for 21 days from the same 5 uninfected infected plants from the day of inoculation (DAI). These measurements included the height, width, internode length and leaf number of the main stem, total primary tiller number and width and height of the first primary tiller. 
At the final timepoint, 21 DAI, destructive harvests were performed on the same 5 plants, of each treatment, used for the morphological analysis. Immediately before harvesting, plants were scanned at 4800 dpi using a CanoScan 4000F (Cannon, Tokyo, Japan) to obtain precise images of infected root systems. S. hermonthica plants were then removed from the roots of infected plants using a pair of forceps, placed in a 90 mm Petri dish and photographed using a Canon EOS 500D digital camera. S. hermonthica individuals were dried at 37°C for 1 week and weighed. Parasite length and number was analysed using Image J (National Institute of Health, Maryland, USA). After removal of S. hermonthica individuals, uninfected and infected plants were split into roots, main stem, main stem leaves, tiller stems and tiller leaves and placed into separate envelopes. Plant material was dried for 1 week at 80°C and weighed.
The same destructive harvests were also performed at 2 and 14 DAI on separate plants from the initial 15 replicates per treatment. 

[bookmark: _Toc461444878][bookmark: _Toc346731105]2.2.5 Measurement of changes in plant growth regulators in IAC-165 following infection with S. hermonthica
Sample collection: In order to measure the amounts of PGRs within uninfected and S. hermonthica-infected host tissues plants of the cultivar IAC-165 were grown in rhizotrons as stated in 2.2.1. Five biological replicates, with a biological replicate consisting of 2 individual plants bulked together, were established for each treatment, uninfected and infected, per timepoint, 2 and 14 DAI. In addition an extra 10 replicates of infected IAC-165 plants were established to collected material to analyse PGRs within S. hermonthica haustoria and shoots. Those within the infected group were inoculated with S. hermonthica seeds as stated in 2.2.2-2.2.3. At both timepoints plants were harvested in order to obtain material for the analysis of auxins, cytokinins, gibberellins and abscisic acid. For both uninfected and S. hermonthica-infected plants 150 mg of the roots, stems, including the stem base, and leaves of each biological replicate were harvested. Plant tissues were harvested using a sterile scalpel, flash frozen in liquid nitrogen in a sterile 1.5 ml microcentrifuge tube and stored at -80°C. Before freezing both uninfected and infected root tissue was washed in DH2O to remove all Striga seeds. At 14 DAI attached S. hermonthica plants were excised before washing. These practices ensure that only rice material was obtained for analysis. 
In addition to host tissues, germinating seeds, haustoria and shoot tissue of S. hermonthica were also collected for analysis of PGR content. Germinating seeds were collected 16 hours after the application of GR24 to conditioned seeds. After quantifying percentage germination of the seeds (which was >60%) they were washed from the G/FA filter paper using DH2O onto 100µm mesh and rinsed of GR24 using DH2O. Seeds were then blotted dry, weighed in a sterile, pre-weighed 1.5 ml microcentrifuge tube and frozen in liquid nitrogen and stored at -80°C. Haustorial and shoot tissue was collected from additional infected IAC-165, further to those used for harvests at 2 and 14 DAI. S. hermonthica individuals were removed at 20 DAI, separated into haustorial and shoot tissue, weighed and rapidly frozen in liquid nitrogen and stored at -80°C. Five biological replicates were produced, with each replicate comprising 100 mg fresh weight of material of either haustorial or shoot tissue that was harvested from 2 rice plants. With regards to the collection of hasutorial tissue, sections were removed near the site of infection and any rice tissue was cut away to prevent contamination of samples.	Comment by Richard Louden: Incrased collection detail regarding Striga tissue

[bookmark: _Toc346731106]2.2.6 Extraction and analysis of auxins, cytokinins, gibberellins and abscisic acid
The analysis of plant growth regulators in harvested tissues was carried out by Dr Ondrej Novak and colleagues at the Laboratory of Growth Regulators, Palacky University and Institute of Experimental Botany, Czech Republic.
Auxins: The free auxin indole-3-acetic acid (IAA), oxidised IAA and IAA conjugates were extracted and quantified as described by Novak et al. (2012) (Novák et al. 2012). Samples were extracted using 1 M cold sodium phosphate buffer (50mM, pH 7) containing 1% diethyldithiocarbamic acid sodium salt. This mixture was homogenised using a MixerMill MM 301 bead mill (Retsch GmbH) at a frequency of 25Hz for 5 mins, using 2 mm ceria-stabilised zirconium oxide beads. At this point internal standards were added to allow quantification of desired compounds. These included [13C6]-IAAla, [13C6]-IAAsp, [13C6]-IAGlu, [13C6]-IA- Leu and [13C1]-IBA (5 pmol per sample), [13C6]-ANT, [13C6]-IAA, [13C6]-IAAld, [13C6]-IAEt, [13C6]-IAM, [2H5]-IAOx, [2H4]-IPyA, [13C6]- oxIAA and [2H2]-TRA (10 pmol per sample), and [13C6]-IAN and [2H5]-Trp (100 pmol per sample). The extracts were incubated at 4°C using continuous shaking for 15 mins, and then centrifuged for a further 15 mins at 23,000 X G. The samples were then adjusted to pH 2.7 using 1 M hydrochloric acid and purified using Oasis™ HLB columns (1 ml/30mg, Waters) which were conditioned with 1ml of both methanol (MeOH) and water, and equilibrated with 0.5 ml sodium phosphate buffer (adjusted to pH 2.7 using 1M HCl). The column was washed with 2 ml 5% methanol and the sample eluted using 2 ml 80% MeOH. Once eluted, samples were evaporated to dryness in vacuo and stored at -20°C until analysis. All samples were analysed using liquid chromatography-multiple reaction monitoring-mass spectrometry (LC-MRM-MS) via the addition of evaporated samples to 20µl 10% methanol. 10µl of this mobile phase was injected onto a reversed phase column (Kinetex C18 100A, length 50 mm X diameter 2.1 mm, Phenomenex) and analysed using a 1290 Infinity LC system and 6460 triple quadrupole (TQ) LC/MS system (Agilent). All compounds were analysed in positive ion mode. 	Comment by Richard Louden: List of standards added also done for CK
Abscisic acid (ABA): ABA was extracted and measured as detailed in Tureckova et al. (2009) (Tureckova et al. 2009). Fresh tissue was powdered using a MM 301 vibration mill and 3 mm tungsten carbide beads, at a frequency of 30 Hz for 3 mins. Samples were then incubated in 750 µl of ice-cold MeOH/water/acetic acid (10/89/1. v/v) containing sodium diethyldithiocarbamate (400 µg d.w) for 1 hour, at this point internal standards were added for quantification. The homogenates were centrifuged at 21,000 X g for 10 mins and the pellet then re-extracted in the same way, using a 30 min incubation. Combined extracts were then transferred onto 3 ml Oasis HLB cartridges, conditioned using 2 ml MeOH and equilibrated with 2 ml MeOH/water/acetic acid (10/89/1 v.v). The wash step was performed using 3 ml MeOH/water/acetic acid (10/89/1 v.v) and elution was carried out with 3 ml MeOH/water/acetic acid (80/19/1 v.v) and elutes were then dried under vacuum. For analysis the dried samples were reconstituted in 30 µl MeOH:10 mM Formic acid (FA) (30/70. v/v) and 15 µl was injected onto a reversed phase column (BEH C18, 2.1 mm x 150 mm, 1.7um; Waters, Milford, MA, USA) coupled to an electrospray ionisation-tandem mass spectrometry (ESI-MS/MS) system; Acquity UPLC System (Waters, Molford, MA, USA), combined with a TQ Micromass Quattro micro API mass spectrometer (Waters MS Technologies, Manchester, UK) ABA ions were analysed in negative ion mode. 
Cytokinins (CKs): CK ribosides, free bases and glucosides were extracted and analysed as specified in Svacinova et al. (2012) (Svacinova et al. 2012). Bieleski buffer (60% MeOH, 25% CHCl3, 10% HCOOH and 5% H2O) was added to sample tubes along with the following internal standards: [13C5]cZ, [13C5]tZ, [2H5]tZR, [2H5]tZ7G, [2H5]tZ9G, [2H5]tZOG, [2H5]tZROG, [2H5]tZMP, [2H3] DHZ, [2H3]DHZR, [2H3]DHZ9G, [2H7]DHZOG, [2H3] DHZMP, [2H6]iP, [2H6]iPR, [2H6]iP7G, [2H6]iP9G, [2H6] iPMP. with 0.5 pmol of each compound per 50 μl of Bieleski buffer. Samples were subsequently homogenised using a MM 301 vibration mill (Retsch GmbH) at a frequency of 27 Hz for 3 mins, in combination with 3 mm tungsten carbide beads. The tube content was then ultrasonicated for 3 mins and stirred for a further 30 mins at 4°C. Tubes were then centrifuged at 15,000 rpm for 10 mins at 4°C and the supernatants (50µl) were applied to modified pipette tips, implanted in 1.5 ml micro centrifuge tubes. Tips contained three sorbents, C18, SDB-RPS and Cation-SR (3M Empore™) which were activated by the individual additions of 50µl of acetone, water, MeOH and water and centrifuging the tube after each addition for 15 mins at 15,000 rpm, 4°C. Equilibration was carried out with subsequent additions of 50 µl 50% (v/v) nitric acid, 50 µl water and 50 µl bieleski solvent, centrifuging at 1,000 rpm for 20 mins, 4⁰C for nitric acid and 1,500 rpm for 15 mins at 4°C for all other solutions. Samples were then loaded in extraction buffer via centrifugation at 500rpm for 45 mins at 4°C and the tips were washed using 50 µl MeOH, centrifuging at 15,000 rpm for 15 mins, 4°C. Elution of CK compounds was carried out using 0.5 M ammonium hydroxide (NH4OH) in 60% MeOH and centrifuging into a fresh tube at 500 rpm for 45 mins at 4°C. Elutions were then evaporated to dryness in a speed-Vac concentrator RC1010 (Jouan, Winchester, UK) prior to dissolution in 20 µl 10% MeOH for analysis via an ultra-high performance liquid chromatography-electrospray interface-tandem mass spectrometry (UHPLC-ESI-MS-MS) system, using multiple reaction monitoring. 10µl sample was injected onto a reversed phase column (Acquity UPLC® BEH C18, 1.7 µm, 2.1 x 150 mm, Waters, Milford, MA, USA) and analysed using a linked 2996 PDA detector (Waters) and triple quadrupole mass spectrometer Xevo TQ MS (Waters MS Technologies, Manchester, UK). All CK compounds were analysed in positive ion mode.
Gibberellins: Gibberellins were extracted and analysed as free acids following the protocol used in Urbanova et al. (2013) (Urbanová et al. 2013). Frozen tissue was ground using 3 mm tungsten carbide beads in a MM 301 vibration mill (Retsch GmbH) with 1 ml ice cold 80% Acetonitrile (AcCN), containing 5% formic acid (FA) used as an extraction buffer, after which an internal standard mixture was added. This solution was then mixed for 12 hours at 4°C using a benchtop rotator. Homogenates were then centrifuged at 14,000 rpm for 10 mins at 4°C. The supernatant was removed and pellets re-extracted in the same manner, using a 60 min rotation at 4°C. After combining, supernatants were evaporated to water phase in vacuo (CentriVap®, Labconco, MO, USA) and dissolved in 3 ml 5% aqueous MeOH and loaded onto joint Oasis MCX and HLB columns (150 mg and 60 mg, respectively, Waters, Miliford, MA, USA) for purification. Cartridges were activated via the addition of MeOH and pre-equilibrated with 5% aqueous MeOH (v/v). Samples were loaded onto the cartridges and washed using 5.75 mM FA (pH 3.0) and 5% aqueous MeOH (9 ml per cartridge). Columns were ran to dryness and separated, gibberellins were eluted from the HLB cartridge using MeOH/diethyl ether (20:80 v/v) and the elution was evaporated to dryness under a stream of nitrogen using a TurboVap® LV (Caliper Life Sciences, MA, USA). Samples were dissolved in 50 µl MeOH via voretexing and sonification for 5 mins, at which point the volume was made up to 3 ml using 25 mM ammonium bicarbonate (NH4HCO3), before being loaded onto Oasis MAX polymer-based mixed mode columns; activation was induced via addition of 3 ml MeOH and equilibrated using 6 ml 25 mM NH4HCO3 before loading. Washing was carried out using 3 M acetonitrile (AcCN) and elution was carried out with 3 ml AcCN containing 0.2 M FA, at which point elutes were evaporated to dryness using a Visiprep™ Solid Phase Extraction Manifold (Supelco®, PA, USA). For analysis, samples were reconstituted in 50 µl 10 mM FA (aq)/MeOH (90/10 v/v), of which 15 µl was injected onto a reversed-phase UPLC column (Acquity CSH, 2.1mm x 50 m, 1.7 µm; Waters, Milford, MA, USA). This was coupled to an electrospray interface-tandem mass spectrometry (ESI-MS-MS) system, Xevo TQ MS (Waters MS Technologies, Manchester, UK) . All gibberellins were analysed in negative ion mode.

[bookmark: _Toc461444880][bookmark: _Toc346731107]2.2.7 Analysis of the extent of infection of S. hermonthica into the root of IAC-165
In order to determine the extent of the penetration of the parasite into the host root, IAC-165 plants were grown in rhizotrons and infected with S. hermonthica as stated in 2.1.1-2.2.3. Five plants were established per time point, 2 and 14 DAI. Small sections of root with attached parasite were then excised from the plants at these time points. Tissue was fixed in 4% formaldehyde in PEM buffer (50mM Pipes, 5mM EGTA, 5mM MGSO4. Solution adjusted to pH 7.0 with KOH) using three vacuum infiltrations lasting 10 mins each, with the formaldehyde mixture being replaced with PEM after 4 hours. After fixation tissues were dehydrated at 4°C using a series of ethanol concentrations (20%, 30%, 50%, 70%, 90%, and 100%). Samples were left in each solution for 1 hour followed by incubation in 100% ethanol overnight. Samples were then incubated in a series of solutions of London Resin (LR) (Agar Scientific): ethanol at the following concentrations: 10:90, 20:80, 30:70, 50:50, 70:30, 90:10, 100:0 for 1 hour each at 4°C. Samples were then incubated overnight at 4 °C in 100% LR. The following day the solution was replaced with fresh 100% LR 2 times at 8 hour intervals. The following day roots were orientated horizontally into size 2 gelatine capsules (Agar Scientific, Essex, UK) with 100% LR. The LR resin was then polymerised for 7 days at 37°C.
The gelatin capsule encasing the hardened samples was removed using a pair of forceps and the block was trimmed with a razor blade to an appropriate location for sectioning. The block was then mounted on a Reichert-Jung Ultracut E ultra-microtome (Reichert Inc, New York, USA) and sections were cut at a thickness of 2 µm. Sections were then placed onto water droplets contained on 8 well multi-test slides (MP Biomedical, California, USA) coated in Vectabond (Vector Labs, Peterborough, UK). The sections were then left to dry. A minimum of 3 biological replicates, (each comprising an individual S. hermonthica attachment) were sectioned for each treatment and time point.
In order to differentiate between host and parasite tissue the histological stain toluidine blue was applied to the sections and slides were incubated at 65°C for 1 min. Slides were then rinsed 4 times to remove excess stain and left at 65°C to dry. Sections were visualised using a BX51 Olympus microscope (Olympus, Tokyo, Japan) under bright field settings. Images were taken using an Olympus DP71 camera and the imaging programme Cell B (Olympus, Tokyo, Japan).

[bookmark: _Toc461444881][bookmark: _Toc346731108]2.2.8 Statistical analysis of data
All data were statistically analysed using a combination of the programmes SPSS 21 (IBM, New York, USA) and Graphpad Prism 6 (GraphPad Software, San Diego, California). Statistical tests used included Students t-tests (including a Bonferroni correction where mentioned in the figure legend), one-way ANOVAs followed by a Tukey multiple comparison test and and two-way ANOVAs followed by a Bonferroni multiple comparison test (including corrections for multiple comparisons). 


Chapter 2-Materials and Methods


[bookmark: _Toc461444882][bookmark: _Toc346731109]2.3 Results
[bookmark: _Toc461444883][bookmark: _Toc346731110]2.3.1 IAC-165 is susceptible to the S. hermonthica isolate Kibos 13
IAC 165 was highly susceptible to the S. hermonthica ecotype from Kibos in Kenya. By 2 days after inoculation (DAI) the parasite had formed a haustorium, attached to the root and traversed the host root cortex (Fig 2.1 A). The parasite cells were just beginning to penetrate between the cells of the endodermal layer surrounding the vascular system. By 14 DAI the parasites had successfully penetrated the endodermal layer and linked their xylem vessels to those of the host (Fig 2.1 B). At this stage the parasite haustorium was fully developed showing clear differentiation of a hyaline body (Fig 2.1 B). 
S. hermonthica individuals were harvested from the roots at 14 and 21 DAI. Parasite dry biomass, number and length significantly increased between the 14 and 21 DAI harvests (Fig 2.2). At 21 DAI there was 19 ± 0.85 mg dry weight of Striga per rice plant, with each plant supporting 42 ± 0.73 S. hermonthica individuals, which were on average 1.04 ± 0.04 cm in length (Fig 2.1 C and Fig 2.2). 

[bookmark: _Toc461444884][bookmark: _Toc346731111]2.3.2 S. hermonthica causes alterations to the above ground morphology of the rice cultivar IAC-165
S. hermonthica reduced the height and width of the main stem of IAC-165 from 7 DAI. By 21 DAI S. hermonthica-infected plants were 45% shorter and stems 40% thinner than uninfected plants (Fig 2.3 and 2.4 A and B). However, there was no significant difference in the number of leaves on uninfected and S. hermonthica-infected plants, though infected plants did show a browning at the leaf tips (Fig 2.3 and 2.4 C). The difference in the height of the main stem of S. hermonthica-infected plants was due to a reduction in internode length and a suppression or delay in the production of further internodes from the third internode onwards (Fig 2.5). The length of internode 4 was significantly shorter (P < 0.05) in S. hermonthica-infected plants compared to uninfected plants at all time points. By 21 DAI uninfected plants had produced 6 internodes compared to 4 internodes in S. hermonthica-infected plants (Fig 2.5). 
By 21 DAI uninfected plants had produced an average of 2.2 ± 0.2 tillers with a total of 4.4 ± 0.24 leaves, with the average height and width of the first primary tiller of uninfected plants being 14.82 ± 0.74 cm and 4.58 ± 0.17 mm respectively (Fig 2.3 and 2.6 A, B, C, D). In comparison tiller production was completely suppressed in S. hermonthica-infected plants (Fig 2.3 and 2.6 A). 

[bookmark: _Toc461444885][bookmark: _Toc346731112]2.3.3 S. hermonthica infection changes plant biomass and partitioning in the rice cultivar IAC-165
Infection of IAC-165 by S. hermonthica severely affected the biomass of the shoots. There was a significant reduction in stem biomass of S. hermonthica-infected plants compared to uninfected plants from 14 DAI and in leaves at 21 DAI (Fig 2.7 B, C). The biomass of the roots was also reduced in S. hermonthica-infected plants compared to uninfected plants (Fig 2.7 A), though to a lesser extent than above-ground biomass leading to an increase in the root: shoot ratio in infected plants (Fig 2.7 D). 





	[image: ]

	Figure 2.1. Transverse sections through the roots of the rice cultivar IAC-165 at A) 2 and B) 14 days after inoculation (DAI) with Striga hermonthica. C) S. hermonthica growing on the roots of IAC-165 at 21 DAI. Scale bars A and B = 100 µm, C = 1 cm. PH = Parasite haustorium, PE = Parasite endophyte, CX = Host cortex, XY = Host xylem, HB = Parasite hyaline body.
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	Figure 2.2. The A) dry biomass, B) number and C) mean length of Striga hermonthica individuals harvested from the roots of IAC-165 plants at 14 and 21 days after inoculation. Data presented are means ± S.E. Bars with different letters are significantly different, P < 0.05, Students t-test, N=5.
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	Figure 2.3. Photographic comparison of a representative uninfected and Striga hermonthica-infected IAC-165 plant at 21 days after inoculation.
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	Figure 2.4. The effect of Striga hermonthica on main stem A) height, B) width, and C) leaf number of the rice cultivar IAC-165. Data presented are means ± S.E. An asterisks represents a significant difference between uninfected and S. hermonthica-infected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test using a Bonferroni correction for multiple comparisons, N=5.	Comment by Richard Louden: T tests corrected for multiple comaprions



	

	Figure 2.5. The effect of Striga hermonthica on the length of the main stem internodes of the rice cultivar IAC-165, 0 to 21 days after inoculation. Significant differences were calculated between uninfected and S. hermonthica-infected plants for each internode at each time point using a Students t-test with a Bonferroni correction for multiple comparisons, P < 0.05, N= 5. Significant reductions in height are observed in internode 4 between uninfected and S. hermonthica-infected plants from 10 DAI. I = internode.	Comment by Richard Louden: T tests corrected for using bonferronis





	[image: ]

	Figure 2.6. The effect of Striga hermonthica on the A) number of primary tillers, B) number of tiller leaves, C) height of the first primary tiller and D) width of the first primary tiller of the rice cultivar IAC-165. Data presented are means ± S.E.  An asterisks represents a significant difference between uninfected and S. hermonthica-infected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test using a Bonferroni correction for multiple comparisons, N=5.
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Figure 2.7. The effect of Striga hermonthica on the dry biomass of A) roots, B) stems and C) leaves and D) the root: shoot ratio in the rice cultivar IAC-165. Data presented are means ± S.E. An asterisks represents a significant difference between uninfected and S. hermonthica-infected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test using a Bonferroni correction for multiple comparisons, N=5.



[bookmark: _Toc461444886][bookmark: _Toc346731113]2.3.4 The amounts of auxins, abscisic acid, cytokinins and gibberellins are altered in host roots, stems and leaves following infection with S. hermonthica
IAA and IAA metabolites: Within this investigation four different forms of IAA were analysed, these included the major active form, indole-3-acetic acid (IAA), IAA conjugated to either amino acids (IAA-SP) or glucose (IAA-GLU) which are IAA storage forms, or oxidised IAA (Ox-IAA) which is a product of IAA degradation.
At 2 DAI the roots of S. hermonthica-infected plants showed no change in the amount of IAA in comparison to uninfected plants whilst significant decreases were observed for IAA-SP and IAA-GLU (Fig 2.8 A). No changes in any form of IAA were detected in the roots of S. hermonthica-infected compared to uninfected plants at 14 DAI (Fig 2.8 B). Significant increases in both IAA and IAA-SP were however observed in the stems of S. hermonthica-infected plants at 2 DAI but by 14 DAI the amount of IAA-SP was reduced in S. hermonthica-infected compared to uninfected tissues (Fig 2.8 C, D). In the leaves of S. hermonthica-infected plants there was a decrease in IAA at 2 DAI (Fig 2.8 E). There were no S. hermonthica-induced alterations in the amounts of any IAA metabolite in leaves at 14 DAI (Fig 2.8 C – F). 
ABA: There was a significant increase in ABA in the roots of S. hermonthica-infected plants compared to uninfected roots at both 2 and 14 DAI (2.9 A). At 2 DAI, infection with S. hermonthica significantly increased the amount of ABA in the stems but this difference had disappeared by 14 DAI (Fig 2.9 B). At 2 DAI there was no difference in amount of ABA in the leaves of uninfected and S. hermonthica-infected plants. However, by 14 DAI there was a significant increase in ABA (> 3 fold) in the leaves of S. hermonthica-infected compared to uninfected plants (Fig 2.9 C). 
Cytokinins: To give an overall view of the effect of S. hermonthica on CK distribution the total active and inactive CK values were calculated for both uninfected and S. hermonthica-infected plants. Active forms included the free bases and ribosides and inactive forms were classified as the O-Glucosides and riboside-O-Glucoside storage forms. At 2 DAI a decrease in active and CKs was observed in the roots of S. hermonthica-infected compared to uninfected plants, with an increase in inactive CKs observed at 14 DAI (Fig 2.10 A, B). In the stems of infected plants active CKs were increased at 2 DAI, whilst active CKs were reduced at 14 DAI and inactive increased (Fig 2.10 C, D). Finally, in the leaves no changes were observed for S. hermonthica-infected plants at 2 DAI, whilst a decrease in active CKs was observed at 14 DAI in comparison to uninfected plants (Fig 2.10 E, F).
In addition to the total amounts of active and inactive cytokinins, the profiles of a range of different CK species and their metabolites are also shown as many showed significant differences between S. hermonthica-infected and uninfected plants. 
At 2 DAI the roots of S. hermonthica-infected plants showed no changes in the amounts of trans-Zeatin (tZ), tZ-Riboside (tZR), tZ-O-Glucoside (tZOG), or tZR-O-Glucoside (tZROG) whilst at 14 DAI all forms were significantly upregulated (Fig 2.11 A, B). The stems of infected plants also showed a significant increase in tZR at 2 DAI, with no other detected changes (Fig 2.11 C). By 14 DAI the majority of tZ forms analysed showed significant reductions in the stems of infected plants, including tZ, tZR, and tZROG, though no change was observed in tZOG (Fig 2.11 D). Finally a significant decrease in tZ was observed in the leaves of infected plants at 2 DAI, with forms showing a reduction in leaves of infected plants at 14 DAI (Fig 2.11 E, F).
At 2 DAI the amount of cZOG in the roots of S. hermonthica-infected plants was lower than in roots of uninfected plants (Fig 2.12 A and B). In contrast, increased amounts of cZ, cZ Riboside (cZR) and cZ-O-Glucoside (cZOG) were seen stems of S. hermonthica-infected plants at 2 DAI, and for cZ and cZOG at 14 DAI when compared to uninfected plants (Fig 2.12 A, B, C, D). In the leaves of S. hermonthica-infected plants no changes were seen at 2 DAI, whilst a reduction in cZR was observed at 14 DAI when compared to uninfected tissue, but no other changes were detected (Fig 2.12 E, F). 
As observed with tZ and cZ, the amounts of isopentenyladenine (iP) and its riboside form, (iPR) were altered in S. hermonthica-infected plants. At 2 and 14 DAI the roots of infected plants showed a significant decrease in iP, and an increase in iPR at 14 DAI (Fig 2.13 A, B). There was an increase in the amount of iPR in the stems of S. hermonthica-infected plants at 2 DAI but by 14 DAI both iP and iPR were lower compared to uninfected plants (Fig 2.13 C, D). At 2 DAI the amount of iP was similar in leaves of S. hermonthica-infected and uninfected plants but this had increased in leaves on infected plants by 14 DAI (Fig 2.13 E, F). However at both 2 and 14 DAI the amount of iPR was greatly reduced in leaves of S. hermonthica-infected plants compared to control tissue (Fig 2.13 E, F). 
The final CK species measured in this investigation was dihydrozeatin (DHZ), with the riboside (DHZR), O-Glucoside (DHZOG) and riboside-O-Glucoside (DHZROG) forms being detected. No form of DHZ that was measured showed any change in any infected material at 2 DAI (Fig 2.14 A, C, E), whilst all forms were greatly increased in the roots and leaves of infected plants at 14 DAI, with no changes observed in the stems of infected plants compared to control tissue (Fig 2.14 B, D, F). 
Gibberellins: In this investigation both the bioactive gibberellins and non-bioactive intermediates that are involved in their biosynthesis were measured, including members from both the early 13-hydroxylation and 13-non-hydroxylation pathways. 
At 2 and 14 DAI one intermediate of the early 13-hydroxlation pathway, GA20, was increased in S. hermonthica-infected roots compared to uninfected (Fig 2.15 A, B). There was no change in the amounts of GA19, GA20, GA44 or GA53 in stems of S. hermonthica-infected compared to uninfected plants at 2 DAI whilst all were significantly reduced in S. hermonthica-infected plants by 14 DAI (Fig 2.15 C, D). Finally no changes were observed in the leaves at either 2 or 14 DAI (Fig 2.15 E, F). With respect to the two bioactive gibberellins formed from this pathway (GA1 and GA3), GA3 showed a significant increase in the roots of S. hermonthica-infected plants at 2 DAI whilst GA1 was decreased in S. hermonthica-infected roots compared to uninfected plants at 14 DAI (Fig 2.16 A, B). In addition, there was large reduction in the amount of GA3 in the stems of S. hermonthica-infected plants compared to the control at 14 DAI (Fig 2.16 D)
For the gibberellins of the non-13-hydroxylation pathway an increase in GA24 was seen in the roots of S. hermonthica-infected plants at 2 DAI, but the amount of this gibberellin had decreased in infected compared to uninfected root tissue at 14 DAI (Fig 2.17 A, B). In the stems of S. hermonthica-infected plants there was an increase in GA24 and a decrease in GA9, in comparison to uninfected tissue at 2 DAI but amounts of these gibberellins were similar in both tissues at 14 DAI (Fig 2.17 C, D). Finally in the leaves of infected plants an increase in both GA15 and GA24 were seen at 2 DAI, with an increase in GA15 also observed at 14 DAI (Fig 2.17 E, F). Of the bioactive gibberellins, GA4 and GA7, only GA4 was altered in S. hermonthica-infected rice plants. GA4 was severely decreased in the roots of S. hermonthica-infected plants at 2 DAI and in the stems at 14 DAI compared to uninfected tissues (Fig 2.18 A and D). However, there was a large amount of GA4 in the leaves of S. hermonthica-infected plants at 2 DAI whilst this gibberellin was not detectable in the leaves of uninfected plants (Fig 2.18 E).

[bookmark: _Toc461444887]

[bookmark: _Toc346731114]2.3.5 The amounts of plant growth regulators in the germinating seeds, haustoria and shoots of S. hermonthica
IAA and IAA metabolites: Germinating S. hermonthica seeds showed significantly increased amounts of IAA in comparison to IAA-Sp, IAA-GLU and Ox-IAA (Fig 2.19 A). In contrast haustoria contained similar amounts of IAA, IAA-Sp, IAA-GLU and Ox-IAA. Striga shoots contained similar amounts of IAA, IAA-GLU and Ox-IAA whist IAA-SP were significantly lower (Fig 2.19 A). 
ABA: All three Striga tissues contained ABA although amounts (per unit fresh weight) differed significantly between tissue types (Fig 2.19). The highest concentration of ABA was seen in S. hermonthica haustoria then shoots and germinating seeds (Fig 2.19 B). 
Cytokinins: All three tissue types showed significantly lower amounts of active CKs compared to inactive CKs, with haustorium tissue showing the highest amounts of both when compared to germinating Striga seeds and shoots (Fig 2.19 C).
Gibberellins: Germinating seeds contained all analysed gibberellins from both the non-13-hydroxylation and early 13-hydroxylation pathways, with the exception of the bioactive GA4, which was below detection limits (Fig 2.20 A, B). The most prevalent compound of the 13 non-hydroxylation pathway was the intermediate GA9 (Fig 2.20 A) whilst the GA53, GA44 and GA19 intermediates were the most present compounds of the early 13-hydroxylation pathway (Fig 2.20 B).
All gibberellin compounds analysed, with the exception of the GA24 intermediate and bioactive GA4, were detected in haustorial tissue (Fig 2.20 A, B). GA9 was again the most prevalent for the non-13-hydroxylation pathway (Fig 2.20 A), as were the GA53, GA44 and GA19 intermediates for the early 13-hydroxylation pathway (Fig 2.20 B).
Finally in the shoots of S. hermonthica there was an absence of GA24, an intermediate of the non-hydroxylated pathway, though all other compounds were detected (Fig 2.20 A, B). GA15, GA9 and the bioactive GA4 were the most prevalent gibberellins within the non-13-hydroxylation pathway (Fig 2.20 A), whilst GA20 was most prevalent for the early 13-hydroxylation pathway (Fig 2.20 B). 
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	Figure 2.8. The effect of Striga hermonthica on the amounts of indole-3-acectic-acid (IAA), IAA conjugated to amino acids (IAA-SP), oxidised IAA (Ox-IAA) and IAA-glucose (IAA-GLU) in the roots, stems and leaves at 2 (A, C, E) and 14 (B, D, F) days after inoculation (DAI) in the rice cultivar IAC-165. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants, * P < 0.05, **P < 0.01, two-way ANOVA and Bonferroni multiple comparison test (including corrections for multiple comparisons). N = 5.

	[image: ]

	Figure 2.9. The effect of Striga hermonthica on the amount of abscisic acid (ABA) in the A) roots, B) stems and C) leaves of the rice cultivar IAC-165 at 2 and 14 days after inoculation. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants, * P < 0.05, **P < 0.01, Students t-test. N = 5.
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	Figure 2.10. The effect of Striga hermonthica on the amounts of total active and inactive cytokinins in the roots, stems and leaves at 2 (A, C, E) and 14 (B, D, F) days after inoculation (DAI) in the susceptible rice cultivar IAC-165. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants, * P < 0.05, **P < 0.01, two-way ANOVA and Bonferroni multiple comparison test (including corrections for multiple comparisons). N = 5.
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Figure 2.11. The effect of Striga hermonthica on the amount of trans-Zeatin (tZ), tZ Riboside (tZR), tZ-O-Glucoside (tZOG), and tZR-O-Glucoside (tZROG) in the roots, stems and leaves at 2 (A, C, E) and 14 (B, D, F) days after inoculation (DAI) in the rice cultivar IAC-165. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants, * P < 0.05, **P < 0.01, two-way ANOVA and Bonferroni multiple comparison test (including corrections for multiple comparisons). N = 5.
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Figure 2.12. The effect of Striga hermonthica on the amount of cis-Zeatin (cZ), cZ Riboside (cZR), cZ-O-Glucoside (cZOG) and cZR-O-Glucoside (cZROG) in the roots, stems and leaves at 2 (A, C, E) and 14 (B, D, F) days after inoculation (DAI) in the rice cultivar IAC-165. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants, * P < 0.05, **P < 0.01, two-way ANOVA and Bonferroni multiple comparison test (including corrections for multiple comparisons). N = 5.
[image: ]
Figure 2.13 The effect of Striga hermonthica on the amount of isopentenyladenine (iP) and iP Riboside in the roots, stems and leaves at 2 (A, C, E) and 14 (B, D, F) days after inoculation (DAI) in the rice cultivar IAC-165. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants, * P < 0.05, **P < 0.01, two-way ANOVA and Bonferroni multiple comparison test (including corrections for multiple comparisons). N = 5.
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Figure 2.14. The effect of Striga hermonthica on the amount of Di Hydro Zeatin (DHZ), DHZ Riboside (DHZR), DHZ-O-Glucoside (DHZOG) and DHZR-O-Glucoside (DHZROG) in the roots, stems and leaves at 2 (A, C, E) and 14 (B, D, F) days after inoculation (DAI) in the rice cultivar IAC-165. Data presented are means ± S.E. Asterisks represent a significant difference between uninfected and S. hermonthica-infected plants at specific time-points, * P < 0.05, **P < 0.01, two-way ANOVA and Bonferroni multiple comparison test (including corrections for multiple comparisons). N=5.
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[bookmark: OLE_LINK2]Figure 2.15. The effect of Striga hermonthica on the amount of the inactive gibberellin intermediates of the early 13-hydroxylation pathway GA19, GA20, GA44 and GA53 in the roots, stems and leaves at 2 (A, C, E) and 14 (B, D, F) days after inoculation (DAI) in the rice cultivar IAC-165. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants, * P < 0.05, **P < 0.01, two-way ANOVA and Bonferroni multiple comparison test (including corrections for multiple comparisons). N = 5.
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Figure 2.16. The effect of Striga hermonthica on the amount of the bioactive gibberellins GA1 and GA3, which are produced from the early 13-hydrocylation pathway, in the roots, stems and leaves at 2 (A, C, E) and 14 (B, D, F) days after inoculation (DAI) in the rice cultivar IAC-165. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants, * P < 0.05, **P < 0.01, two-way ANOVA and Bonferroni multiple comparison test (including corrections for multiple comparisons). N = 5.
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Figure 2.17. The effect of Striga hermonthica on the amount of the inactive gibberellin intermediates from the non-13-hydroxylation pathway, GA15, GA24 and GA9 in the roots, stems and leaves at 2 (A, C, E) and 14 (B, D, F) days after inoculation (DAI) in the rice cultivar IAC-165. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants, * P < 0.05, **P < 0.01, two-way ANOVA and Bonferroni multiple comparison test (including corrections for multiple comparisons). N = 5.
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Figure 2.18. The effect of Striga hermonthica on the amount of the bioactive GA4 and GA7, which are biosynthesised from the non-13-hydroxylation pathway, in the roots, stems and leaves at 2 (A, C, E) and 14 (B, D, F) days after inoculation (DAI) in the rice cultivar IAC-165. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants, * P < 0.05, **P < 0.01, two-way ANOVA and Bonferroni multiple comparison test (including corrections for multiple comparisons). N = 5.
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Figure 2.19 The amount of A) indole-3-acetic acid (IAA), oxidised IAA (Ox-IAA), IAA conjugated to amino acids (IAA-SP) and IAA conjugated to glucose (IAA-GLU), B) abscisic acid and C) total active and inactive cytokinins in the germinating seeds, haustoria and shoots of Striga hermonthica. Data presented are means ± S.E. Bars with different letters are significantly different, P < 0.05, two-way ANOVA and Bonferroni multiple comparison test (including corrections for multiple comparisons). (A and C), one-way ANOVA and Tukey multiple comparisons test (B). N=5.
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Figure 2.20 The amount of A) 13 non-hydroxylated gibberellin intermediates and the bioactive GA4 and GA7 and B) 13 hydroxylated gibberellin intermediates and the bioactive GA1 and GA3 in the germinating seeds, haustoria and shoots of Striga hermonthica. Data presented are means ± S.E. Bars with different letters are significantly different, P < 0.05, two-way ANOVA and Tukey multiple comparison test (including a Bonferroni correction for multiple comparisons). N=5.
Chapter 2-Results


[bookmark: _Toc461444888][bookmark: _Toc346731115]2.4 Discussion:
[bookmark: _Toc461444889][bookmark: _Toc346731116]2.4.1 S. hermonthica infection alters the morphology of the rice cultivar IAC-165
The parasitic weed S. hermonthica has been shown to rapidly induce changes in the above-ground morphology of its host, ultimately leading to severe reductions in yield (Gurney et al. 1999; Adetimirin et al. 2000; Atera et al. 2011). However, whilst multiple hypotheses have been put forward to explain these changes, including alterations in the amounts and distributions of PGRs (Taylor et al. 1996; Drennan & El Hiweris 1979), acquisition of host carbon (Press, Shah, et al. 1987; Graves et al. 1989), a phytotoxic effect (Ejeta & Butler 1993; Musselman 1980) and more recently mRNA transfer (Gunjune et al. 2014) none have been conclusively proven. The aim of this study was to determine, for the fist time, how infection of rice with S. hermonthica alters the amounts and distribution of PGRs at an early and late stage of infection and whether any changes are consistent with a role in the Striga-induced alterations in host morphology. 
In this study S. hermonthica reduced the height of the main stem of IAC-165 plants from 7 DAI in comparison to uninfected plants. This was due to a decrease in the expansion of internode 4, which was at an early stage of development when the parasite attached to the host roots, and a suppression/ delay in the production of internodes 5 and 6. By 10 DAI S. hermonthica-infected plants also had thinner stems and fewer tillers in comparison to uninfected plants. In fact, tillering was completely suppressed in S. hermonthica-infected plants in cultivar IAC 165. These changes are consistent with previous analyses of S. hermonthica-infected rice, sorghum, maize, millet and wheat in regards to the reductions in stem height and width and the suppression of tillering (Frost et al. 1997; Taylor et al. 1996; Noubissie et al. 2012; Adetimirin et al. 2000; Cissoko et al. 2011). Although there was no change in the number of leaves on the main stem of S. hermonthica-infected plants, leaves were often brown in colour and they senesced more quickly than on uninfected plants. This discolouration of the leaves has been most commonly been reported for infected sorghum and maize plants (Tenebe & Kamara 2002; Adetimirin et al. 2000). It is this phenotype that originally led to the formation of the phytotoxin hypothesis due to its rapid onset and appearance (Rank et al. 2004; Ejeta & Butler 1993; Musselman 1980). The increased rate of leaf senescence seen in this study has been seen in Striga gesneriodes-infected cowpea plants (Hibberd et al. 1996) but is not often reported in cereals infected with S. hermonthica. 
In addition to changes in morphology, data from destructive harvests showed significant changes in the biomass partitioning of the host. At 21 DAI reductions in the dry weight biomass of roots, stems and leaves from infected plants were observed, with the largest changes being seen in the above ground sections of the plant. These changes led to an increase in the root: shoot ratio of the plant, showing a significant reduction in biomass partitioning to the above ground section of the plant compared to belowground. Changes in biomass partitioning and an increased root: shoot ratio are well known effects of S. hermonthica infection, having been reported in maize, sorghum and rice (Gurney et al. 1999; Taylor et al. 1996; Cissoko et al. 2011). Original evidence indicated an importance for loss of carbon and reductions in photosynthetic rate for these changes (Press, Shah, et al. 1987; Press, Tuohy, et al. 1987; Graves et al. 1989). However due to their rapid onset, when little carbon is obtained by the parasite, a more likely explanation for the early changes in host development are alterations in PGRs, or one of the other discussed mechanisms including transfer of mRNA or a phytotoxin (Graves et al. 1989; Ejeta & Butler 1993; Gunjune et al. 2014, chapter 1, section 1.4).

[bookmark: _Toc461444890][bookmark: _Toc346731117]2.4.2 Are changes in the amounts plant growth regulators associated with the reduction in stem growth seen under S. hermonthica infection of IAC-165?
Plants growing under favourable conditions show an increase in the height of the stem, facilitating reduced shading and competition from neighbours; this is driven by both expansion and division of cells within the stem (Yang et al. 1996; Kende et al. 1998). As discussed in chapter 1, section 1.5.1, stem growth is known to be regulated by auxins, gibberellins, SLs, ABA and ethylene, which interact to tightly promote and suppress both cell division and elongation, allowing for controlled stem growth. It is currently unknown if these pathways are altered in S. hermonthica-infected plants. However due to critical roles of auxins and gibberellins, we hypothesised that these pathways would be perturbed under S. hermonthica infection, reducing stem growth as is observed in infected plants. Such perturbations would include reductions in the amounts of gibberellins and IAA within the stems, along with potential increases in ABA. 	Comment by Richard Louden: Altered discussion to prevent implying causation from correlative data, aware that bulk measurements are not enough to prove something occurs because of it
This analysis has shown that there were significant changes in the amounts of gibberellins, ABA and auxins in plants infected with S. hermonthica, some of which are accordant with the observed stunting of the main stem. The potential involvement of each of the PGRs in stem stunting will now be discussed in turn.
With regards to the amounts of gibberellins in the stems, including the stem bases, of S. hermonthica-infected plants, significant reductions were seen in the bioactive GA3 and GA4 at 14 DAI. Lower amounts of the inactive GA19, GA20, GA44 and GA53, which are intermediates of the early 13-hydroxylation pathway involved in the biosynthesis of GA3 and GA1, were also detected at 14 DAI in the stems of S. hermonthica-infected plants compared to uninfected.
Decreases in the amounts of both bioactive gibberellins and intermediates of the early 13-hydroxylation pathway are consistent with reduced stem growth, as is observed in S.hermonthica-infected plants. This is due to data arising from stunted gibberellin biosynthesis mutants. Multiple studies on such mutants, including the work of Sakamoto et al. (2003), Magome et al. (2013), Talon et al. (1990) and Magome et al. (2004) have shown that they contain lower amounts of GA4 and the intermediates of the early 13-hydroxylation pathway (Sakamoto et al. 2004; Magome et al. 2013; Talon et al. 1990; Magome et al. 2004). Unfortunately GA3 was not analysed in these experiments, however it is believed to have an equal role in promoting stem growth (Hedden & Thomas 2012; Yamaguchi 2008). Further to this, the intermediates analysed in these studies, which were reduced, are also involved in the biosynthesis of GA3, as such GA3 was also likely decreased in these mutants, although this was not measured (Hedden & Thomas 2012; Yamaguchi 2008).
The equal bioactivity of GA3 and GA4 has been shown through multiple experiments involving the application of these compounds to growing plants, which leads to an increase in plant height. Examples of these studies include work by Hoffman-Benning and Kende (1992) and Xu et al. (1997) who respectively applied GA3 and GA4 to deepwater rice and Arabidopsis thaliana, which induced stem growth (Hoffmann-Benning & Kende 1992; Xu et al. 1997). 
Further to the reductions in bioactive gibberellins, a transcriptional analysis has shown that stems of S. hermonthica-infected plants also have a reduced expression of a GA-20 oxidase gene at 6 DAI (Echegoyen-Nava 2012). These genes are involved in the conversion of the inactive intermediates into the bioactive compounds. Therefore this may explain the reductions observed in GA3 and GA4 (Yamaguchi 2008; Hedden & Thomas 2012). 
As discussed in chapter 1, section 1.5.1, gibberellins are believed to promote stem growth through a loosening of the cell walls, allowing cell expansion, and also inducing cell division (Cho & Kende 1997; Whitney et al. 2000; McQueen-Mason & Cosgrove 1994; Sauter et al. 1995; Hou et al. 2008). Both of these processes are believed to be limited by DELLA proteins, which are degraded in the presence of gibberellins (Huang et al. 2015; Ueguchi-Tanaka et al. 2007; Achard et al. 2009). As such in S. hermonthica-infected plants this decrease in the amount of bioactive gibberellins likely prevents the degradation of DELLA proteins, reducing stem growth. This is especially relevant due to the significant reductions seen in GA4, which has the highest binding affinity for the gibberellin receptor GID1, an essential component for DELLA protein degradation (Griffiths et al. 2006; Ueguchi-tanaka et al. 2005; Ueguchi-Tanaka et al. 2007).
Auxins, like gibberellins, stimulate stem growth by upregulating cell wall remodelling proteins and subsequently activating them through acidification of the apoplast via increased H+ import, as discussed in chapter 1 section 1.5.1 (Spartz et al. 2012; Takahashi et al. 2012; Kotake et al. 2000; Catala et al. 2000; Catala et al. 1997). As such, if auxins are involved in the Striga-induced stunting of rice I would hypothesis that there would be a decrease in IAA in the stems of these plants. However, at 2 DAI the stems of S. hermonthica-infected plants contained a significantly increased amount of IAA compared to uninfected plants, which had disappeared by 14 DAI. These data are therefore not consistent with a role of auxins in the Striga-induced stunting of the stem.
In addition to these changes in auxins, a significant increase in ABA is seen at 2 DAI, which has diminished by 14 DAI. ABA is a known antagonist of gibberellins, leading to a suppression of main stem growth (Son et al. 2010; Hoffmann-Benning & Kende 1992). Therefore this increase may play some role in the reduction in stem growth seen in infected plants, although this is not confirmed through these data. 
From these data there appears to be a clear role for changes in gibberellins in the stunting of plants infected with S. hermonthica. Further detailed experiments are required to investigate this change further including an analysis of changes in PGRs with a greater number of time-points and tissues or a targeted transcriptional analysis of the gene expression changes which occur in this interaction. Unfortunately, due to technical and tissue limitations at the time of this investigation the role of SLs, as a known promoter of stem elongation, could not be explored within this interaction. However through the use of the SL biosynthetic and signalling dwarf mutants, the involvement of SLs, along with gibberellins and auxins, was further investigated in chapter 3. 
[bookmark: _Toc461444891]

[bookmark: _Toc346731118]2.4.3 Do changes in host PGRs suppress tiller bud outgrowth in S. hermonthica-infected rice plants?
In uninfected rice plants the outgrowth of tiller buds is linked to increases in the amount of CKs within the tiller bud, which is controlled by auxin via transcriptional regulation of CK biosynthesis genes (Liu, Gu, et al. 2011; Liu, Xu, et al. 2011). The full mechanism of tiller bud outgrowth is discussed in detail in chapter 1, section 1.5.2, but is known to be regulated by auxins, SLs and CKs, thus changes in the amounts of these hormones are likely responsible for the suppression of bud outgrowth. During S. hermonthica infection it would be expected that increases in both SLs and IAA would occur in the tiller buds, as increases in SLs lead to reductions in auxin transport (Shinohara et al. 2013; Crawford et al. 2010), potentially concentrating IAA at the tiller buds, leading to decreases in tZ and iP species of CKs (Liu, Xu, et al. 2011; Liu, Gu, et al. 2011; Minakuchi et al. 2010). 
Stems, including the stem base which contains the tiller buds, of S. hermonthica-infected plants showed a significant increase in the amount IAA at 2 DAI, although no changes were detected at 14 DAI. However, the most important change observed was the significant reductions in the amounts of the CK species tZ, tZR, iP and iPR in infected stems at 14 DAI. This is because the latter is highly consistent with a suppression of tiller bud outgrowth, as is observed in S. hermonthica-infected plants (Muller et al. 2015; Liu, Xu, et al. 2011). 
Firstly with regards to the change in IAA, it is unknown whether this leads to the reduction in the amounts of tZ, tZR, iP and iPR as the two changes to not overlap. However it is well known that increases in IAA can downregulate the expression of CK biosynthesis genes (Liu, Xu, et al. 2011; Frébort et al. 2011; Minakuchi et al. 2010).
Despite this, CKs are a known promoter of shoot bud outgrowth, with plants containing lesions in CK biosynthesis genes showing decreased branching (Muller et al. 2015), plants overexpressing CK biosynthesis genes and mutants with decreased CK catabolism capacity showing increased branching (Yeh et al. 2015; Sakamoto 2006) and increased amounts of tZ and iP species are observed in outgrowing buds (Liu, Gu, et al. 2011; Liu, Xu, et al. 2011). They are hypothesised to act through upregulating genes involved in cell cycle progression, such as CylinD3, leading to cell division and bud outgrowth (Dewitte et al. 2007; Zhang et al. 1996; Shimizu & Mori 1998; Riou-Khamlichi et al. 1999). As such the observed reductions in these CK species in S. hermonthica-infected plants implies that within the tiller bud there is a lack of cell division, suppressing the outgrowth of the tiller bud. 
Interestingly, a reversal of this interaction has been observed for the bacterial phytopathogen Rhodococcus fascians, which produces a CK cocktail, including tZ and iP, that is then injected into the host tissue (Pertry et al. 2010; Stes et al. 2011). This leads to an accelerated cell cycle progression in infected tissue, which can include the stem, through the upregulation of cyclin genes, leading to the production of new shoot branches (de O Manes et al. 2001; Vandeputte et al. 2007; Depuydt et al. 2009). This interaction provides some evidence to further support the hypothesis that the reductions in CK species within the stem base of infected plants leads to a lack of cell division, ultimately suppressing tiller bud outgrowth.
In addition to a role in bud outgrowth, CKs have been shown to play a role in the development of shoot buds in A. thaliana (Muller et al. 2015), and as such this reduction may impact the creation of new buds, again as has been observed previously in S. hermonthica-infected plants. 
Clearly there is evidence that alterations in the amounts of PGRs are seen in S. hermonthica-infected plants, which could impact the development and/ or outgrowth of tiller buds, leading to the suppression of tillering observed in this investigation. A key regulator of tiller bud outgrowth, strigolactones (Arite et al. 2009; Arite et al. 2007; Umehara et al. 2008), is however missing from this analysis, which could not be measured due to technical and tissue limitations at the time. It would be of high interest to see what role SLs play in this interaction, due to their role as a key suppressor of shoot branching. Whilst measuring the amounts of SLs was still not possible within the time frame of this study, the use of SL biosynthesis and signalling mutants was employed in chapter 3. This was performed to further investigate how changes in the amounts of PGRs impacts tiller bud outgrowth in S. hermonthica-infected rice plants. 

[bookmark: _Toc461444892][bookmark: _Toc346731119]2.4.4 Increases in ABA and reductions in CKs within infected leaves likely impact the photosynthetic machinery and rate of leaf senescence in infected plants
In the leaves of infected plants a significant increase in the amount of ABA was seen at 14 DAI. A well-documented change in S. hermonthica-infected plants, which initially showed the key role changes in the amounts of PGRs can play during infection, is an increase in ABA within the xylem sap and leaves of infected plants (Frost et al. 1997; Taylor et al. 1996). ABA is a well-known regulator of drought tolerance, due to its ability to reduce stomatal aperture through decreasing the turgor pressure of the guard cells (Macrobbie 1998). This is caused through ABA induced activation of outward anion and K+ channels, facilitating a movement of water out of the guard cells to balance osmotic potential (Macrobbie 1998; Iuchi et al. 2001; You et al. 2013). This effect occurs upon an accumulation of ABA within the leaf tissue, which has been observed in S. hermonthica-infected maize, along with reductions in stomatal conductance and photosynthetic rate (Taylor et al. 1996). As such, the increases in ABA seen in the leaves of S. hermonthica-infected rice plants indicates a reduction in stomatal aperture and a lowering of the photosynthetic rate. 
In combination with the increase in ABA, reductions in both tZ and iP CKs were seen in S. hermonthica-infected leaves at 14 DAI. Both ABA and CKs are known to regulate the onset of senescence, which is increased in the leaves of S. hermonthica-infected plants. (Jordi et al. 2000; Liu et al. 2015; Weaver et al. 1998; Lee et al. 2011; Breeze et al. 2011;Adetimirin et al. 2000; Gebremedhin et al. 2000). ABA and CKs are known to be antagonistic within this interaction, with ABAs enhancing the rate of senescence and CKs delaying it (He et al. 2005). As such, the changes in ABA and CKs likely play a role in the browning seen in the leaves of infected plants. It is unknown how exactly this may occur, but is likely through changes in gene expression driven by the changes in amounts of these two PGRs. Under a high ABA: CK ratio the expression of genes associated with senescence will be upregulated (Weaver et al. 1998; Breeze et al. 2011; C.-J. Jiang et al. 2013), driving downstream changes that ultimately decrease the time until the onset of senescence. 

[bookmark: _Toc461444893][bookmark: _Toc346731120]2.4.5 S. hermonthica tissue displays varying amounts of PGRs, which is likely to aid in carrying out individual roles in parasitism and growth.
S. hermonthica is a parasitic dicotyledenous plant and as such requires its own suit of PGRs in order to develop correctly. During this investigation tissue was harvested from three tissues: germinating seeds undergoing radicle production, parasite haustoria and shoot tissue. This analysis is the first known comprehensive profiling of PGRs within S. hermonthica tissues from varying developmental stages.
The germinating seeds analysed in this study were found to contain amounts of all PGRs measured in this investigation. At the time of harvest these seeds had been treated over night with the synthetic SL GR24 to induce germination and radicle production. As such, at the time they were harvested the seeds were post germination and in a period of radicle elongation in order to detect a host and produce a haustorium. Therefore the most interesting result is the increased presence of IAA within these samples, due tot the hypothesised role of IAA in haustorial development, as discussed in chapter 1, section 1.3. 
Several investigations involving transcriptomic and histological analyses have shown a clear role for auxins in the formation of parasitic haustoria (Zhang et al. 2015; Tomilov et al. 2005; Ishida et al. 2016; Aashish Ranjan et al. 2014). Histological evidence comes from the transformation of the facultative parasite Tryphysaria versicolor transformed with an IAA2: GUS construct, which shows high staining at the tip of the radicle upon treatment with haustorial initiation factors (Tomilov et al. 2005). In addition to this, excised tips of the radicle were unable to form haustoria even in the presences of HIFs, unless IAA was also applied (Tomilov et al. 2005). The transcriptomics evidence currently surrounding haustorial development is much more recent and is based around the parasites Phtheirospermum japonicum, Santalum album and Cuscuta pentagona. An analysis of upregulated genes in the developing haustoria of these parasites have all showed enrichment of genes related to auxin biosynthesis, signalling and transport (Zhang et al. 2015; A. Ranjan et al. 2014; Ishida et al. 2016). This was taken further in the study by Ishida et al. (2016) where an auxin biosynthesis gene isolated from the transcriptional analysis, PjYUCCA3, was knocked down. Transformed lines were found to produce a lower number of haustoria compared to empty vector controls upon contact with a host plant or treatment with known haustorial inducing exudates (Ishida et al. 2016). 
The current mechanism by which auxin triggers the differentiation of the haustorium is unknown however it is likely to be through stimulating cell cycle progression. During A. thaliana lateral root (LR) development LR founder cells undergo several round of anticlinal divisions, similar to the cortical cells of haustoria (Satoko Yoshida et al. 2016; Baird & Riopel 1984). Three key genes, SLR, ARF19 and LAX3, have been isolated which regulate the activity of the cell cycle promoting genes PUCHI and LBD16, leading to these divisions (Lavenus et al. 2013; Fukaki et al. 2002; Fukaki et al. 2005). A recent transcriptome analysis of germinating S. hermonthica seed showed an upregulation of all three of these genes, indicating the same process may be occurring during haustorium development (S Yoshida et al. 2016). Further to IAA, our samples also showed amounts of CKs and gibberellins within germinated seeds. In the transcriptome analysis conducted by Zhang et al. (2015) an enrichment of gibberellin and CK metabolism and signalling genes were seen during haustorial development, also indicating a role for these two PGRs in haustorial development (Zhang et al. 2015).
The haustoria and shoots of S. hermonthica were also analysed at 20 DAI, giving the parasites time to grow and produce enough material for a viable analysis. Haustorial tissue was found to contain all of the PGRs analysed in this investigation. Interestingly, this included high amounts of IAA which as discussed previously is believed to be important in haustorial development. In addition there is also the potential for PGRs to be transferred across the haustoria from parasite to host, potentially to induce changes in host morphology. Therefore the high amounts of IAA within the haustoria may be at some stage transferred to the host. 
A further role for the IAA present in the haustoria, in combination with the active CKs detected in this tissue, is likely in the growth of the haustorium. Over time the haustoria undergoes high amounts of cell division in order to produce a hyaline body, which acts as a metabolic centre for the parasite (Satoko Yoshida et al. 2016; Visser et al. 1984). Therefore these two PGRs, which are well known to be involved in regulating cell division (Su et al. 2011; Perrot-Rechenmann 2010), likely play a role in haustorial development after the xylem: xylem continuity has formed, aiding the parasite in its metabolic activities. 
The final S. hermonthica tissue that was analysed was the shoots of the parasite. This tissue contained varying levels of all the PGRs measured during this investigation, which is not surprising as they are required for the normal growth of plants (Depuydt & Hardtke 2011; Santner et al. 2009). The shoot is similar to that of another dicot species, for example A. thaliana, and as such requires a plethora of PGRs in order to develop. The presence of IAA and gibberellins is likely to enable the cells of the shoot to elongate and also divide, causing stem growth which will eventually bring the parasite above the soil (Yang et al. 1996; Sauter & Kende 1992). IAA will also be required to produce leaves and respond to gravitropism (Sato et al. 2015; Scarpella et al. 2010). What is unknown and highly interesting is how the amounts of PGRs change across the parasites lifetime, which would be interesting to compare to its host. This could be obtained through a much larger study, which would also encompass the increased time-points discussed earlier in relation to gathering data regarding the stunting of the main stem or suppression of tillering.
In conclusion this study has provided evidence to support the hypothesis that S. hermonthica-induced changes in PGRs are at least consistent with the changes observed in host morphology. The most interesting results are the reductions in gibberellins and CKs observed in stem tissue of infected plants, which correlates with the stunting of the main stem and suppression of tiller bud outgrowth. However, these changes require further investigation. In addition this is the first study to perform an analysis of multiple PGRs in various S. hermonthica tissues. Again, this also requires much more investigation in order to further understand the role of these PGRs within the parasite. 
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[bookmark: _Toc346731123]3.1 Introduction

As shown in chapter 2, rice plants infected with S. hermonthica show significant changes to their above ground morphology, including a suppression of tillering and stunting of the main stem. These features are of high agricultural importance as they greatly influence the yield of the plant (Sakamoto & Matsuoka 2008; Xing & Zhang 2010; Wu et al. 1998). Further to the changes in morphology, stems, including the stem bases, of infected plants showed significant reductions in the amounts of cytokinins (CKs) and gibberellins at 14 days after inoculation (DAI) (Chapter 2 section 2.3.4). As discussed in chapter 1 (section 1.5) the amount of CKs is important in the regulation of tiller bud outgrowth and gibberellins in promoting stem growth. This is due to their respective impacts on cell cycle progression and the induction of cell wall remodelling and cell division (Liu, Xu, et al. 2011; Muller et al. 2015; Riou-Khamlichi et al. 1999; Dewitte et al. 2007; Cho & Kende 1997; Kende et al. 1998; Sauter et al. 1995; Yang et al. 1996).

In addition to CKs and gibberellins, strigolactones (SLs) have a key role in both suppressing tiller bud outgrowth in rice and promoting stem growth (Al-Babili & Bouwmeester 2015; Ishikawa 2005; Germain et al. 2013; Umehara et al. 2008). As such, changes in the amounts of SLs, and their downstream pathways, are also likely to be involved in the alterations to aboveground morphology observed in S. hermonthica infected rice plants. With regards to tiller bud outgrowth, evidence suggests that SLs are a key regulator of a gene network that suppresses tiller bud outgrowth through limiting auxin efflux, leading to a downregulation of CK biosynthesis genes (Muller & Leyser 2011; Liu, Xu, et al. 2011; Liu, Gu, et al. 2011; Bennett et al. 2014). This network was discussed in chapter 1, section 1.4.2.

In addition to regulating tiller bud outgrowth, SLs are also involved in the regulation of stem growth through promoting cell division (Germain et al. 2013). The current mechanism for this process in rice is unknown, but may involve the degradation of D53, which potentially represses the expression of cell cycle promoters. This is based on a recent study in Arabidopsis thaliana by Liang et al. (2016) who transformed suppressor of max like 6,7,8 (smlx678) triple mutants with a construct causing overexpression of a modified version of the SMXL7 protein, an ortholog of D53, lacking the EAR domain (Liang et al. 2016). This domain is required to form an association with transcriptional co-repressors of the TOPLESS and TOPLESS-related families (Szemenyei et al. 2008; Pauwels et al. 2010). Transformed plants showed the same main stem height as the wildtype, Columbia 0, and a significantly increased stem height compared to smlx678 mutants transformed with the SMXL7 protein containing an EAR domain (Liang et al. 2016). This highlights a key role for interactions between these proteins and transcriptional co-repressors in regulating stem growth. Unfortunately, when D53 expression was reduced in either the d3-1 or d14-1 background via RNAi there was no impact upon height, though the effect on height may still be induced at very low expression levels (Zhou et al. 2013). 	Comment by Richard Louden: Removed repetition from chapter 1, including diagram, adjusted so that writing still flows

In addition to SLs other PGRs are also involved in promoting stem growth, particularly gibberellins and auxins (Fleet & Sun 2005; Gallavotti 2013). Importantly gibberellins don’t interact directly with the SL pathway to regulate stem elongation. This was discovered through the crossing of gibberellin and SL biosynthesis pea mutants, as progeny showed an additive effect in terms of a reduction in stem height (Germain et al. 2013). This is of particular relevance as there was an observed decrease in the amounts of gibberellins in the stems of S. hermonthica-infected IAC-165 rice plants (Chapter 2). Gibberellins are well known promoters of stem growth as mutations in gibberellin biosynthesis genes lead to a semi-dwarf phenotype (Ashikari et al. 2002; Magome et al. 2013). They are believed to induce stem growth through repressing DELLA proteins as discussed in chapter 1, section 1, 5. This leads to the upregulation of genes involved in cell wall extension, such as those belonging to the cellulose synthase (CESA) family (Huang et al. 2015), and cell division (Achard et al. 2009; Hirano et al. 2012). Interestingly, a further gibberellin responsive gene, GROWTH REGULATING FACTOR 1, has been shown to suppress stem growth whilst promoting flower production (van der Knaap et al. 2000). As such, gibberellins appear to act both as promoters and suppressors of stem growth at different stages of the plant life cycle.

In addition to gibberellins, auxins are well known promoters of stem elongation (Gallavotti 2013). Previous studies analysing the effect of applying IAA to the stems of rice plants induced cell extension (Yang et al. 1996), and the characterisation of genetic mutants and overexpression lines produced changes in stem height (Du et al. 2012; Kant et al. 2009; Yamamoto et al. 2007). With regards to the latter, the majority of the genes isolated from these mutants or over expressed in transgenic lines have been shown to play a role in either auxin biosynthesis or conjugation. This includes the YUCCA and GRETCHEN HAGEN 3 genes, which when overexpressed lead to an increased and decreased stem height respectively, due to increased and decreased amounts of IAA (Yamamoto et al. 2007; Du et al. 2012). IAA responsive genes have also been shown to play a key role, such as SMALL AUXIN UPREGULATED 39 (SAUR 39) and INDOLE ACETIC ACID INDUCED 4 (IAA4), which when overexpressed cause a severe stunting of the main stem (Kant et al. 2009; Song & Xu 2013). This is due to a reduction of auxin concentration and transport in the former and a believed suppression of downstream genes in the latter.

As such, due to multiple other PGRs which regulate stem growth, one of which has already been shown to be perturbed during S. hermonthica infection, it unlikely that SLs play a major role in the S. hermonthica-induced stunting of the main stem. However, experimental evidence is still required to confirm this. 

To further understand the role of SLs, in addition to gibberellins, auxins and CKs, in these interactions a genetic approach was taken. This involved infecting the SL biosynthesis and signalling dwarf mutants with S. hermonthica. At the current time six SL mutants have been isolated in rice, five are loss-of-function mutants and one is a gain of function mutant, all of which share a stunted, highly branched phenotype in addition to increased amounts of IAA and auxin transport (Fig 3.2) (Ishikawa 2005; L. Jiang et al. 2013; Arite et al. 2007; Lin et al. 2009). Three of these mutants, dwarf10-1 (d10-1), dwarf17-1 (d17-1) and dwarf27-1 (d27-1), contain lesions in SL biosynthesis genes. Respectively they encode two CARETENOID CLEAVAGE DIOXYGENASES (CCD8 and CCD7) and an iron containing protein which acts as an isomerase (Arite et al. 2007; Lin et al. 2009; Zou et al. 2006). The other three mutants, dwarf3-1 (d3-1), dwarf14-1 (d14-1) and dwarf 53-1 (d53-1), contain lesions in SL perception and signalling genes. Respectively these genes encode an FBOX protein and an α/β hydrolase which interact in the presence of SLs to function in SL signalling and an EAR domain containing protein which is believed to be a transcriptional repressor (Arite et al. 2009; Ishikawa 2005; L. Jiang et al. 2013; Hamiaux et al. 2012; Bennett & Leyser 2014; Yao et al. 2016). Interestingly the d53-1 mutant is the only isolated gain of function mutant with regards to SLs and bears a high similarity to the gain of function mutants observed in the AUX/IAA genes (Zhou et al. 2013; L. Jiang et al. 2013; Tiwari et al. 2001). This is due to a mutation within the domain required for binding to the SCFD3 complex, preventing degradation through the SL signalling complex. By utilising these mutants it is possible to investigate the role of SLs in the S. hermonthica-induced suppression of tiller and main stem growth, providing further data on the mechanisms underpinning these changes.Chapter 3-Introduction
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	Figure 3.2. A photographic comparison of the dwarf3-1 and dwarf14-1 strigolactone signalling mutants compared to their wildtype genotype, Shiokari. Scale bar = 10 cm.




[bookmark: _Toc346731124]Aims, objectives and hypotheses:

The aim of this study was to investigate the role of strigolactones, in combination with gibberellins, auxin and cytokinins, in the suppression of tiller bud outgrowth and stunting of the main stem observed in S. hermonthica-infected rice plants. 
Specifically, I hypothesised that the SL dwarf mutants would not show a suppression of tillering under S. hermonthica infection. This is because SLs are the main suppressor of tiller bud outgrowth and lesions in their biosynthesis or signalling pathways will prevent a Striga-induced suppression of tiller bud outgrowth. Further to this, I also hypothesised that the dwarf mutants would still show a stunting of the main stem under S. hermonthica infection as other pathways regulate stem height. This includes those controlled by gibberellins and auxins, which could be perturbed to limit stem growth. These hypotheses were tested by:

· Analysing the morphological changes that occur in the SL dwarf mutants when infected with S. hermonthica, to determine how lesions in SL biosynthesis and signalling genes impact the S. hermonthica-induced suppression of tiller bud outgrowth and stem growth.

· Investigating changes in the expression of PGR responsive genes associated with tiller bud outgrowth and main stem growth, in S. hermonthica-infected IAC-165 and Shiokari wildtypes and the d10-1, d14-1 and d17-1 mutants. 

· Analysing changes in the amounts of IAA and IAA-amino acid conjugates in the stems, including the stem bases, of the dwarf mutants when infected with S. hermonthica.

Chapter 3-Introduction

· 
[bookmark: _Toc328296310][bookmark: _Toc346731125]3.2 Materials and methods:

[bookmark: _Toc328296311][bookmark: _Toc346731126]3.2.1. Plant material
Seeds of the rice strigolactone biosynthesis and signalling dwarf mutants (d3-1, d10-1, d14-1, d17-1, d27-1) (Table 3.1) and the wild-type cultivar, Shiokari, were obtained from Junko Kyozuka, University of Tokyo, Japan. S. hermonthica seeds obtained from Kibos, Kenya in 2013 were used to infect IAC-165, whilst seeds obtained from Korhogo Kuoto, Ivory Coast were used to infect all dwarf mutants and Shiokari plants. 


	Table 3.1. List of the strigolactone mutants used in this study, their mutations and how they will affect the transcriptional analysis being conducted.

	Mutant line
	Biosynthesis or signalling
	Mutation type
	Expected transcriptional analysis result

	d3-1
	Signalling
	Transposon insertion causing an immature stop codon	Comment by Richard Louden: Added table of the dwarf mutants, mutation sites and impact on qPCR
	Gene is still translated and primers attach before transposon, therefore can be amplified in the mutant through qPCR

	d10-1
	Biosynthesis
	Point mutation in intron 2, changing Leucine to Proline, prevents function
	Gene is still translated, therefore can be amplified in the mutant through qPCR

	d14-1
	Signalling
	Transposon insertion in intron 1
	Gene is still translated, and primers attach before transposon therefore can be amplified in the mutant through qPCR

	d17-1
	Biosynthesis
	Point mutation changing Proline to Leucine, preventing function
	Gene is still translated, therefore can be amplified in the mutant through qPCR

	d27-1
	Biosynthesis
	Deletion event, produces an immature stop codon on the fourth exon
	Gene is still translated, therefore can be amplified in the mutant through qPCR

	



[bookmark: _Toc346731127]3.2.2 Investigating susceptibility, growth alterations and changes in plant growth regulator amounts in strigolactone mutants and their wild-type Shiokari, when infected with S. hermonthica
In order to compare the growth and analyse changes in IAA and IAA conjugates between the wildtype genotype Shiokari and the strigolactone mutants (d3-1, d10-1, d14-1, d17-1 and d27-1), in the presence and absence of S. hermonthica, plants were grown in rhizotrons as stated in 2.2.1. Twenty biological replicates were established for each treatment, uninfected and infected, per genotype. Those designated within the infected treatment were inoculated with the Korhogo Kuoto, Ivory Coast ecotype of S. hermonthica as stated in 2.2.2-2.2.3. A series of non-destructive measurements were made on the same 5 uninfected and S. hermonthica-infected plants per genotype at 7, 14, 21 and 28 days after inoculation (DAI). These included the height and width of the main stem, the number of leaves on the main stem, the height of the primary tiller, the total tiller number and the number of tiller leaves. The root system of an infected plant for each genotype was also scanned at 4800 dpi using a CanoScan 9000F in order to examine the S. hermonthica attachments in detail. At the final time point, S. hermonthica individuals were harvested from each plant and the biomass of the host roots, stems and leaves calculated as described in 2.2.4.

Further to this growth analysis, at 7, 14 and 21 DAI a destructive harvest was also carried out on 5 uninfected and infected plants of each genotype as follows. Approximately 3 cms of shoot material, including the base of the stem, was harvested for plant growth regulator analysis, with 100 mg of tissue harvested as described in 2.2.5. Amounts of the free auxin IAA and its conjugates were measured from stem tissue taken at 14 DAI by Dr. Ondrej Novak and his colleagues at Palacky University & Institute of Experimental Botany, Czech Republic, as detailed in 2.2.6.

[bookmark: _Toc328296313][bookmark: _Toc346731128]3.2.3 Measuring changes in the expression of genes relating to tiller bud outgrowth, main stem elongation and Strigolactone biosynthesis and signalling in IAC-165, Shiokari, d10-1, d14-1 and d17-1.

Sample collection: In order to quantify the changes in gene expression in IAC-165, Shiokari, d10-1, d14-1 and d17-1 plants of these genotypes were grown in rhizotrons as stated 2.2.1. Five biological replicates, each comprising of 2 plants bulked together, were grown for each treatment, uninfected and S. hermonthica-infected, per time point. This included 2 and 14 DAI for IAC-165 and 2, 7 and 14 DAI for all other genotypes. Plants designated within the infected treatment were inoculated with either S. hermonthica obtained from Kibos, Kenya or Korhogo Kuoto, Ivory Coast as stated in 2.2.2-2.2.3. A 2 cm section of the stem, including the stem bases, was harvested from all plants according to 2.1.5.

RNA extraction: RNA extractions were performed on 3 biological replicates of uninfected and S.hermonthica-infected stems at 2 and 14 DAI for IAC-165 and 2, 7 and 14 DAI for Shiokari, d10-1, d14-1 and d17-1, using an RNeasy plant RNA extraction kit (Qiagen, West Sussex, UK). Samples were placed in liquid nitrogen and ground using an autoclaved micropestle in the sample tube. Six hundred and fifty µl of lysis buffer was added and 1 5 mm stainless steel ball bearing placed in the tube, which was then shaken at 25 Hz for 1 min using a Qiagen Tissuelyser II (Qiagen, West Sussex, UK). The remaining steps of the RNeasy protocol were then followed, with the exception of a 40µl elution in supplied RNAse free water. RNA was quantified using a microvolume UV-Vis spectrophotometer (Nanodrop ND8000, Thermo Scientific, Surrey, UK) and assessed for degradation by running 500ng of sample on a 1.5% agarose gel at 100V for 40 mins. All gels were stained with ethidium bromide and visualised using an enclosed UV lightbox (UVP Laboratory Products, Cambridge, UK)

cDNA synthesis: cDNA was synthesised from 1µg extracted RNA using a Maxima First Strand cDNA Synthesis Kit (Thermo-Fisher). RNA was first treated with 1µl DNAse for 10 mins at 37°C, after which it was cooled on ice and mixed with 10µl cDNA reaction mix (2µl RT enzyme, 4µl RNAse free H2O and 4µl enzyme buffer (containing both oligo dT and random hexameric primers). The samples were then incubated at 25°C for 10 mins, followed by 30 mins at 50°C and 5 mins at 80°C. This reaction produced 20µl concentrated cDNA. In order to assess the best dilution of cDNA and reference gene to use in subsequent analyses, cDNA was aliquoted and diluted to 1/12, 1/14 and 1/16. These dilutions were analysed using qPCR, using the reference genes REGULATOR OF RIBONUCLEASE (Os01g52460) and PRESENILIN (Os01g16930). qPCR reactions were carried out using a RotorGene 6000 (Corbett Biosciences) qPCR machine and the SensiMix™ SYBR® No-Rox (2X) qPCR polymerase mixture (Bioline, London, UK). Each reaction contained 5 µl polymerase mix, 1 µl of 1 µM forward and reverse mixed primer and 4 µl diluted cDNA. The run consisted of a 10 min polymerase activation at 95°C, followed by 40 cycles of 95°C for 15 s, 58-60°C for 15 s and finally 72°C for 15 s. This programme was followed by a melt programme extending from 61°-95°C. These tests concluded that all dilutions of CDNA showed equal expression of REGULATOR OF RIBONUCLEASE in uninfected and Striga-infected tissue, with a 1/16 dilution giving the lowest variability between samples (data not shown). 

Analysis of changes in gene expression in uninfected and Striga-infected Stem bases using qPCR: Measurements of gene expression were carried out using a RotorGene 6000 (Corbett Biosciences) qPCR machine and the SensiMix™ SYBR® No-Rox (2X) qPCR polymerase mixture (Bioline, London, UK). Each reaction contained 5 µl polymerase mix, 1 µl of 1 µM forward and reverse mixed primer and 4 µl diluted cDNA. Each run for IAC-165 was conducted using 2 genes of interest and the reference gene REGULATOR OF RIBONUCLEASE (Os01g52460), using technical replicates for each sample and a water control for each gene. For runs using cDNA from Shiokari, d10-1, d14-1 and d17-1 1 gene of interest and the reference gene REGULATOR OF RIBONUCLEASE (Os01g52460), was used, including technical replicates and a water control for each gene. qPCR reactions were carried out using a 10 min polymerase activation at 95°C, followed by 40 cycles of 95°C for 15 s, 58-60°C for 15 s and finally 72°C for 15 s. This programme was followed by a melt programme extending from 61°-95°C. All primers used are outlined in Table 3.2. Analysis was conducted using the ΔΔCT method (Equation 1) as outlined in Pfaffl, 2001, (Figure 3.3) (Pfaffl 2001). 



[bookmark: _Toc328296312]E= amplification efficiency, CP= crossing point, Ref=reference gene


Figure 3.3. Equation 1 as designated in (Pfaffl 2001). This equation was used for all quantitative Polymerase Chain Reaction analyses, allowing the comparison of the target gene in either uninfected or infected material to be compared to the reference gene for the same material. This equation includes the use of amplification efficiency due to a likelihood of reactions not achieving a perfect amplification, which was relied upon in previous gene expression analysis formulae. 

Further to comparing infected and uninfected tissue, comparisons were made between infected strigolactone dwarf mutants and their Shiokari wildtype. This was carried out the biosynthesis mutants d10-1 and d17-1 and the signalling mutant d14-1. To perform this analysis a relative change in expression was calculated, which involved normalising the data as per Figure 3.3 and then dividing the infected value by the uninfected value. Following this, the relative expression data of the wildtype and mutant lines were plotted together and compared using a students t-test. This allowed me to understand if the changes seen in the dwarf mutants were significantly different from those observed in Shiokari, whilst taking into account their likely differing baseline expression values, which may cloud an analysis.	Comment by Richard Louden: Clarification of mutant vs wildtype expression comparison

	Table 3.2 List of qPCR primers used to detect changes in the expression of genes involved in strigolactone biosynthesis and signalling, main stem elongation and tiller bud outgrowth.

	Gene
	Forward primer (5’-3’)
	Reverse primer (5’-3’)

	DWARF 3
	AGCCAAGATGAAATTGGACC
	ACAAAGTCTGCAGTGATTCG

	DWARF 10
	TGTACAAGTTCGAGTGGCACCT
	TCGTACGCGTTGATGAAGTGGA

	DWARF 10 LIKE
	GCGATCCACTTCATCAACGCAT
	TAGTGCTCACAGCAGTCGACAA

	DWARF 14
	TCTTCGCCAAGCTTGTCCTCAT
	ATCGCGTCGAACACCTGCTGTAT

	DWARF 14 LIKE
	CTCAATCGTCGAGGTAATGC
	AGCTAAGTTGGGGTAGATGG

	DWARF 17
	CGATAAACCCAAGCTACGC
	GAAGTACGGGAGGAATCTGC

	DWARF 27
	GCATGCAATGTAATGCAGGGCT
	AGCTTGGGTCACAATCTCGCTT

	DWARF 53
	TCAGAGGAGGATAGGAAACC
	GAGCTACTCACATGCTTACG

	Os TEOSINTE BRANCHED 1
	CGCGAGCAGGTAGATATGC
	TCCAACTTTTGCAAACTATAAACC

	SLENDER RICE 1
	CACAACTCCGGCTCATTCC
	AACATGGTGGAGTAGTAGTGC

	ISOPENTENYL TRANSFERASE 7
	GAAGACCAAGCTGTCCATC
	CCGTCATAGAGCTGAATCTTG

	ISOPENTENYL TRANSFERASE 8
	GGAAGGGATGGTAGCTTCG
	TCCATTCTCACACTAACCCG

	Os MADS 57
	TCATGTCGCAACAAAAATTGG
	TTCAAGACTAGGAGGCATATTAGC

	GIBBERELLIN INSENSETIVE DWARF 1
	CATCCTTGAGTTCCTGACGG
	GGAAGAATATGATCACCGGG

	GROWTH REGULATING FACTOR 1
	CATGAGAAGAACAGCAAGGG
	ATTCATCATTGTGGTAGCGG

	CELLULOSE SYNTHASE 4
	GGTGGTAAAGATTGGGACGG
	TGACCAGGCTTGAAGAAATCG

	CELLULOSE SYNTHASE 6
	AGTGGCTTCCCATAGAGAGG
	GTTGAGATGGCTGACCTTCC

	SMALL AUXIN UPREGULATED 39
	TCCTAAGAGGCTAGTTCACC
	TTGCCTTCTTTAGTTGCTCC

	INDOLE ACETIC ACID INDUCED 4
	CCAAGGAACAGCCAAGTGC
	ATGTACACCTTCACGAACAGC

	YUCCA1
	GAGCAGTGAAGGAGATGACG
	ACACTCTGCTTTACCTTGAGC

	PRESENILLIN
	AAAATCACCAAGTCCCAG
	AAAATCACCAAGTCCCAG

	REGULATOR OF RIBONUCLEASE ACTIVITY
	GGCAAACAAGAAGGGAATAGG
	AGTCCTCGAGATGAGAATGC


[bookmark: _Toc328296315]

3.2.4 Statistical analysis of data
Chapter 3-Materials and Methods

All data were statistically analysed using a combination of the programmes SPSS 21 (IBM, New York, USA) and Graphpad Prism 6 (GraphPad Software, San Diego, California). Statistical tests used included Students t-tests (including a Bonferroni correction for multiple comparisons) and one-way ANOVAs using a Tukey multiple comparison test where appropriate.
[bookmark: _Toc346731129]3.3 Results

[bookmark: _Toc346731130]3.3.1 The SL dwarf mutants and their wildtype cultivar Shiokari are susceptible to the S. hermonthica ecotype from Korhogo Kuoto, Ivory coast.

All genotypes showed clear infection with this isolate of S. hermonthica, with Shiokari supporting a mean of 9 ± 1 S. hermonthica individuals, with a dry biomass of 5.02 ± 0.63 mg and a mean length of 1.5 ± 0.19 cm (Fig 3.4 A, B, C). Compared to Shiokari, the mutant genotypes d3-1, d14-1 and d17-1 all showed a significant increase in the dry biomass of harvested S. hermonthica individuals (Fig 3.4 A) and d3-1, d14-1, d17-1 and d27-1 showed a significant increase in the number of parasites harvested (Fig 3.5 B). In contrast there were no significant differences in the mean length of S. hermonthica harvested from Shiokari or any of the mutant genotypes (Fig 3.4 C). Further to the increased biomass and number of parasites obtained from the majority of the mutants, the biosynthesis mutant d10-1 showed no change in any of the aspects measured.	Comment by Richard Louden: Added that d10-1 was not significantly different to shiokari

[bookmark: _Toc328296317][bookmark: OLE_LINK1][bookmark: _Toc346731131]3.3.2 S. hermonthica infection alters the above ground morphology of SL biosynthetic and signalling mutants and their wild-type Shiokari:

At 28 DAI uninfected Shiokari plants were on average 23.7 ± 1.28 cm tall with a width of 4.98 ± 0.04 mm and 4.4 ± 0.4 main stem leaves, in comparison S. hermonthica-infected plants showed significant 52% and 21% reductions in main stem height and width, with no change observed in main stem leaf number (Fig 3.5, Fig 6 A, Fig 7 A, Fig 8 A and Table 3.3). 
This phenotype was mirrored for the d3-1, d10-1, d14-1 and d17-1 mutants, which all showed significant differences in main stem morphology compared to uninfected counterparts by 21 DAI. At 28 DAI infected counterparts of these mutant lines showed on average at least a 37% reduction in main stem height, 23% reduction in main stem width and no change in main stem leaf number (Fig 3.5 and Fig 3.6 B, C, E, F, Fig 7 B, C, E, F , Fig 8 B, C, E, F and Table 3.3). As with all other SL mutants tested, the d27-1 mutant showed a significant difference in main stem height between uninfected and infected plants at 21 DAI, with a 50% reduction seen at 28 DAI (Fig 3.5, Fig 3.6 D and Table 3.3). However, this mutant showed no difference in main stem width or leaf number between uninfected and infected plants at any time point (Fig 3.5 and Fig 3.7 D and Fig 8 D).

At 28 DAI uninfected Shiokari plants had produced an average of 1.8 ± 0.2 tillers, and 4 ± 0 tiller leaves, with the first primary tiller reaching an average height of 12.3 ± 1.13 cm (Fig 3.5, Fig 3.9 A, Fig 10 A, Fig 11 A and Table 3). In contrast, infected Shiokari plants showed a significant 70% decrease in both tiller number and tiller leaf number and an 80% reduction in the height of the first primary tiller (Fig 3.5 and Fig 3.9 A, Fig 10 A, Fig 11 A and Table 3.3). As with Shiokari, all infected dwarf mutants showed significant decreases in the number of tillers, the number of tiller leaves and the height of the first primary by 21 DAI, with these decreases being a minimum of 40%, 38% and 36% respectively by 28 DAI (Fig 3.5, Fig 3.9 B, C, D, E, F, Fig 10 B, C, D, E, F, Fig 11 B, C, D, E, F and Table 3.3). 

3.3.3 S. hermonthica-infected SL mutants show a decrease in the amount of IAA within their stem

The amounts of IAA and IAA-conjugates were measured for all SL mutants used in the morphological analysis and the Shiokari wildtype. This analysis highlighted significant reductions in free IAA in the stems, including the stem bases, of infected d3-1, d14-1, d17-1 and d27-1 plants in comparison to uninfected plants, with no difference observed in the d10-1 mutant or the wildtype Shiokari (Fig 3.12 A). No significant difference in IAA-conjugates was detected between the stems of uninfected and infected plants for any genotype (Fig 3.12 B). 
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Figure 3.4. The A) dry biomass, B) number and C) mean length of Striga hermonthica individuals harvested from Shiokari, dwarf10-1, dwarf17-1, dwarf27-1, dwarf3-1 and dwarf14-1 at 28 days after inoculation (DAI). Data presented are means ± S.E. Bars with different letters are significantly different, P < 0.05, one-way ANOVA and Tukey multiple comparison test, N=5.
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Figure 3.5 Photographic comparison of uninfected and Striga hermonthica infected Shiokari and strigolactone dwarf mutants, including the biosynthetic mutants dwarf10-1, dwarf17-1 and dwarf27-1 and signalling mutants dwarf3-1 and dwarf14-1. Scale bar represents 15 cm. - = uninfected, + = S. hermonthica-infected. d= dwarf.106







	Comment by Richard Louden: Reanalysed data to include bonferroni correction for multiple comparisons, data was regraphed tp address any changes, nothing at 21 or 28 DAI was altered, final outcome still same



Figure 3.6. The effect of Striga hermonthica on the main stem height of wildtype Shiokari and the dwarf mutants. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test (including Bonferroni correction for multiple comparisons), N = 5. d= dwarf.
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Figure 3.7. The effect of Striga hermonthica on the main stem width of wildtype Shiokari and the dwarf mutants. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test (including Bonferroni correction for multiple comparisons), N = 5. d= dwarf.
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Figure 3.8. The effect of Striga hermonthica on the total number of main stem leaves in wildtype Shiokari and the dwarf mutants. Data presented are means ± S.E Asterisks represent significant differences between uninfected and S. hermonthica-infected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test (including Bonferroni correction for multiple comparisons), N = 5. d= dwarf. 
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Figure 3.9. The effect of Striga hermonthica on the total number of primary tillers in wildtype Shiokari and the dwarf mutants. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test (including Bonferroni correction for multiple comparisons), N = 5. d= dwarf.
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Figure 3.10. The effect of Striga hermonthica on the total number of primary tiller stem leaves in wildtype Shiokari and the dwarf mutants. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test (including Bonferroni correction for multiple comparisons), N = 5. d= dwarf.
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Figure 3.11. The effect of Striga hermonthica on the height of the first primary tiller stem in wildtype Shiokari and the dwarf mutants. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test (including Bonferroni correction for multiple comparisons), N = 5. d= dwarf.



	Genotype
	Stem height reduction
	Stem width reduction
	Tiller number reduction
	Tiller height reduction

	Shiokari
	29%
	19%
	36%
	45%

	d3-1
	27%
	23%
	44%
	37%

	d10-1
	34%	Comment by Richard Louden: Added tabulated form of morphology changes at 28 DAI
	14%
	38%
	28%

	d14-1
	30%
	27%
	41%
	40%

	d17-1
	50%
	29%
	70%
	43%

	d27-1
	50%
	8%
	54%
	53%

	
Table 3.3. Percentage reductions of certain morphological traits in Striga hermonthica infected strigolactone dwarf mutants and their wildtype Shiokari compared to uninfected plants. Calculated at 28 days after inoculation.
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	Figure 3.12. The effect of Striga hermonthica on the amounts of A) indole-3-acetic acid (IAA) and B) IAA-amino acid conjugates in the stems of wildtype Shiokari and dwarf10-1, dwarf17-1, dwarf27-1, dwarf3-1 and dwarf14-1 at 14 days after inoculation (DAI). Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test (including Bonferroni correction for multiple comparisons), N = 5.


[bookmark: _Toc346731132]3.3.4 S.hermonthica infection induces changes in the expression of genes associated with tiller bud development in the stems of IAC-165, Shiokari and SL mutants:

A variety of significant changes were detected for IAC-165 and Shiokari, in regards to the expression of SL biosynthesis and signalling genes, between stem tissue, including the stem bases, of uninfected and S. hermonthica-infected plants. Analysing tissue that contained the stem base was essential, due to this being the location of the tiller buds in rice plants. At 2 DAI stems of infected plants of both genotypes showed a 1.7 fold upregulation of DWARF 10 (D10), which had reduced to a 2 fold downregulation at 14 DAI for IAC-165 and at both 7 and 14 DAI for Shiokari (Fig 3.13 A). D10-LIKE (D10-L) showed 5 and 2 fold upregulations in expression in the stems of S. hermonthica-infected Shiokari plants at 7 and 14 DAI respectively, whilst IAC-165 only showed a 6 fold increase at 14 DAI (Fig 3.13 B). For both DWARF 17 (D27) and DWARF 27 (D27) however no changes were observed at any time point (Fig 3.13 C, D).
With regards to the expression of SL signalling genes, there was no change in DWARF 3 (D3) expression at any time point, whilst DWARF 14 (D14) showed a 3 fold upregulation in infected IAC-165 tissue at 14 DAI (Fig 3.14 A, B). The expression of DWARF 14 LIKE (D14-L) was reduced in stems of infected plants of both genotypes at 2 DAI with around 2 fold reductions in expression, whilst no other changes were observed at 7 or 14 DAI (Fig 3.14 C). At 2 DAI stems of infected IAC-165 plants showed a 2 fold reduction in the expression of D53, which was observed for Shiokari at both 7 and 14 DAI (Fig 3.14 D). Of these changes listed, there are two that should be highlighted due to their importance, the respective increase and decrease in the expression of D10 and D53 in both IAC-165 and Shiokari. 	Comment by Richard Louden: Added summaries to highlight the important changes within each paragraph,

Under S. hermonthica infection the relative expression of multiple SL biosynthesis and signalling genes were also significantly altered in the stems, which included the stem base, of d10-1, d14-1 and d17-1 mutants, compared to their wildtype genotype, Shiokari. At 2 DAI the stems of infected d14-1 plants showed an 11 fold upregulation of D10 compared to the 3 and 2 fold downregulations observed in d17-1 and d10-1 (Fig 3.15 A). By 7 DAI, d17-1 showed a 6 fold upregulation, with all mutant genotypes matching the expression observed in Shiokari at 14 DAI (Fig 3.15 A). For D10-L only d14-1 showed any deviation at 2 DAI, with a 2 fold upregulation, however by 7 DAI all mutant genotypes showed a 5 fold reduction in expression, compared to infected Shiokari tissue (Fig 3.15 B). By 14 DAI both d14-1 and d17-1 expression levels matched those seen in Shiokari, with d10-1 showing a 2 fold reduction (Fig 3.15 B). The expression of DWARF 17 (D17) was only altered at 2 DAI for the d14-1 mutant, showing a 2 fold increase compared to Shiokari. At both 7 and 14 DAI however all mutant genotypes showed 2 and 3 fold decreases respectively, compared to Shiokari (Fig 3.15 C). The expression of the final characterised SL biosynthesis gene, DWARF 27 (D27) was increased at 7 DAI in both d14-1 and d17-1 which both showed a 1.3 fold upregulation, with a 1.5 fold downregulation seen in d10-1 at 14 DAI (Fig 3.15 D). 

SL signalling genes were also profiled in the stems of infected d10-1, d14-1 and d17-1 mutants, which showed a variety of significant changes in expression compared to S. hermonthica-infected Shiokari plants. The expression of the first gene analysed, D3, was only altered in the d10-1 mutant, which showed a 2 fold upregulation at 2 DAI (Fig 3.16 A). In comparison the expression of D14 showed changes across all time-points, compared to Shiokari, with the d14-1 mutant showing a 2 fold decrease at 2 DAI followed by 1.5 fold increases at both 7 and 14 DAI, whilst a 1.5 fold increase was also seen in d17-1 at 7 DAI (Fig 3.16 B). Changes in D14-L were seen at 2, 7 and 14 DAI, with all genotypes showing 1.5 fold increases at 2 DAI followed by 1.3 fold decreases in expression at 7 DAI, with d14-1 also showing a 1.2 fold decrease at 14 DAI (Fig 3.16 C). The expression of the final gene profiled, D53, was only altered at 14 DAI, where d14-1 and d17-1 showed 1.5 fold increases compared to stems of S. hermonthica-infected Shiokari (Fig 3.16 D). 

Further to assessing the SL biosynthesis and signalling genes, the expression of downstream genes involved in tiller bud outgrowth were also profiled in stems of uninfected and S. hermonthica-infected IAC-165 and Shiokari plants. At 2 DAI stem tissue from infected IAC-165 plants showed a significant 2 fold increase in the expression of OsTB1, which changed to a significant 4 fold reduction at 14 DAI (Fig 3.17 A). In comparison stems of infected Shiokari plants showed significant 6 fold and 2 fold upregulations at both 7 and 14 DAI (Fig 3.17 A). At 2 DAI stems of infected IAC-165 also showed a significant 2 fold reduction in the expression of OS MADS57, with a 4 fold decrease seen in infected Shiokari tissue at 7 and 14 DAI (Fig 3.17 A, B). With regards to the two ADENOSINE ISOPENTENYL TRANSFERASE (IPT) genes analysed, in infected IAC-165 tissue only IPT8 showed a change in expression, with 3 and 1.5 fold decreases respectively at 2 and 14 DAI (Fig 3.17 D). Only the expression of IPT7 was measured for Shiokari, which showed a significant 2 fold reduction in infected tissue at both 7 and 14 DAI (Fig 3.17 C). Similarly as with the SL gene expression data, there are some key changes that should be highlighted. These being the increased expression of OsTB1 and the reduced expression of OsMADS57 and one of the IPT genes in both wildtype cultivars. 

S. hermonthica-infected SL mutants also showed significant alterations in the relative expression of genes relating to tiller bud outgrowth in stems, compared to the stems of infected Shiokari plants. At 2 DAI, d10-1 showed a 2 fold upregulation of OS TB1, with all mutant genotypes subsequently showing 6 and 2 fold reductions in expression compared to Shiokari tissue from infected plants at 7 and 14 DAI (Fig 3.18 A). The expression of Os MADS57 was also altered, though only in the d10-1 mutant. This was observed across all time points with significant 1.4, 2 and 3 fold increases in expression at 2, 7 and 14 DAI respectively, compared to infected Shiokari tissue, though all genotypes still show reductions in expression compared to stems of uninfected plants (Fig 3.18 B). The expression of the final gene analysed, IPT7, only showed a deviation at 2 DAI for d10-1, with a 1.8 fold upregulation in expression, and at 14 DAI for d14-1, showing a 2.5 fold upregulation, however at 7 DAI all genotypes showed a reduced expression compared to uninfected tissue (Fig 3.18 C).  Interestingly, it should be noted that reductions were observed in the expression of IPT7 and OSMADS57, consistent with the Shiokari wildtype.

[bookmark: _Toc328296319][bookmark: _Toc346731133]3.3.5 S.hermonthica infection causes changes in the expression of genes linked with stem elongation in IAC-165, Shiokari and SL mutants 

A number of auxin and gibberellin responsive genes relating to main stem growth were also profiled in uninfected and S. hermonthica-infected IAC-165 and Shiokari stems, including the stem bases. At 2 DAI in the stems of infected IAC-165 plants, four of the genes profiled, YUCCA1, INDOLE ACETIC ACID INDUCED 4 (IAA4), GIBBERELLIN INSENSETIVE DWARF 1 (GID1) and CELLULOSE SYNTHASE 4 (CESA4) showed a 2 fold or greater downregulation in expression, whilst GROWTH REGULATING FACTOR 1 (GRF1) showed a 2.6 fold upregulation (Fig 3.19 A, C and Fig 3.20 A, B, C). At the same time point in the stems of S.hermonthica-infected Shiokari plants, 1.5 fold reductions in the expression of IAA4 and GID1 were detected along with a 1.5 fold increase and decrease in the expression of GRF1 and CELLULOSE SYNTHASE 6 (CESA6) respectively (Fig 3.19 A and Fig 3.20 A, D). At 7 DAI stems of infected Shiokari showed 2 and 1.5 fold decreases in the expression of CESA4 and CESA6 (Fig 2.20 C, D). 
At 14 DAI increases in the expression of GRETCHEN HAGEN 3.2 (GH3.2), IAA4 and SMALL AUXIN UPREGULATED 39 (SAUR39) were detected in IAC-165 stem tissue from infected plants, showing 3.5, 2 and 4 fold increases respectively, whilst a 1.8 fold decrease is seen in the expression of YUCCA1 (Fig 3.19 A, B, C, D). A 4 and 2 fold increase and decrease in the expression of SAUR39 and GID1 were also observed in stem material from infected Shiokari plants at 14 DAI (Fig 3.19 D and Fig 3.20 A). In contrast, at 14 DAI 2 and 1.5 fold reductions in the expression of CESA4 and CESA6 were observed in stems from infected Shiokari plants (Fig 2.20 C, D). Finally, the expression of SLENDER RICE 1 (SLR1) showed no change between uninfected and S. hermonthica-infected stems of IAC-165 at any time point (Fig 3.20 E).  As a final point, as with the other gene expression data for IAC-165 and Shiokari it is useful to provide a summary of key changes due to the volume of expression data. With regards to genes that showed an upregulation under infection, SAUR39, GH3.2 and IAA4 should be regarded as the key takeaway changes. In contrast, the decreases in the expression of YUCCA1, GID1 and both CESA genes should be regarded as the key changes in this respect. 

The relative expression of genes associated with main stem growth were also investigated in the stems, including the stem bases, of S. hermonthica-infected SL mutant lines and the wild-type Shiokari, with the dwarf mutants showing a variety of significant deviations from their wildtype under infection. At 2 DAI the expression of GID1 showed 2 to 4 fold increases in infected d10-1, d14-1 and d17-1. By 7 DAI this had changed to all mutants showing a 2 fold decrease in expression, with all lines showing the same relative expression as Shiokari at 14 DAI, which is reduced in comparison to uninfected tissue (Fig 3.21 A). The expression of Os GRF1 was altered at 2 DAI in both d14-1 and d17-1, which both showed a 1.5 fold downregulation that was also detected at 7 DAI for d10-1 and d17-1. By 14 DAI both d10-1 and d17-1 showed 1.7 fold reductions in the expression of GRF1 in comparison to infected Shiokari stem tissue (Fig 3.21 B).

As seen for GID1, the relative expression of IAA4 at 2 DAI was altered within stems of infected d10-1, d14-1 and d17-1 plants, in comparison to Shiokari, showing around 2.5 to 3 fold increases in expression. By 7 DAI only d10-1 showed any deviation in relative expression from Shiokari, with a 1.5 fold decrease. This was then also observed at 14 DAI for both d10-1 and d14-1, with d17-1 now showing a 2 fold increase in expression (Fig 3.21 C). A further auxin responsive gene, SAUR39, was upregulated 2 fold in d10-1 and d17-1 at 2 DAI, compared to infected Shiokari tissue. At 7 DAI, d10-1 still showed a 1.5 fold increase in expression, whilst d17-1 showed a 1.5 fold reduction. By 14 DAI d10-1, d14-1 and d17-1 all showed reductions in the relative expression of SAUR39, with decreases of 1.5, 1.5 and 3 fold respectively (Fig 3.21 D). 

The final pair of genes analysed, CESA4 and CESA6, were upregulated in the stems of d10-1, d14-1 and d17-1 at both 2 DAI and 14 DAI, with no change between mutant lines and Shiokari found at 7 DAI. At both time-points all mutant genotypes showed a 1.5 fold increase in the relative expression of CESA4 compared to Shiokari, however all genotypes still showed a reduced expression of CESA4 under infection, compared to uninfected tissue, at both 7 and 14 DAI (Fig 3.21 E). As with CESA4, the relative expression of CESA6 was increased in the stems of infected d10-1 and d14-1 mutants at 2 DAI, in comparison to infected Shiokari, showing 1.3 and 2 fold increases. By 7 DAI the same mutant lines both showed 1.3 fold reductions in expression compared to Shiokari, with no changes observed at 14 DAI (Fig 3.21 F). As with CESA4, from 7 DAI all genotypes showed a reduction in the expression of CESA6 in infected stem tissue compared to uninfected (Fig 3.21 F).

Again, as for wildtypes it is useful to summarise the key changes in expression that occurred within the dwarf mutants under infection, with again somewhat overlap with those observed in IAC-165 and Shiokari. These included the downregulation of the CESA genes and GID1 and the upregulation in SAUR39.
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	Figure 3.13. The relative expression of strigolactone biosynthesis genes in S. hermonthica-infected IAC-165 and Shiokari stems, including the stem bases, compared to uninfected at 2 and 14 days after inoculation (DAI) for IAC-165 and 2, 7 and 14 DAI for Shiokari. Expression data was normalised using REGULATOR OF RIBONUCLEASE (Os01g52460). Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test, N= 3. 
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Figure 3.14. The relative expression of strigolactone signalling genes in S. hermonthica-infected IAC-165 and Shiokari stems, including the stem bases, compared to uninfected at 2 and 14 days after inoculation (DAI) for IAC-165 and 2, 7 and 14 DAI for Shiokari. Expression data was normalised using REGULATOR OF RIBONUCLEASE (Os01g52460). Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test, N= 3.
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	Figure 3.15. The relative expression of strigolactone biosynthesis genes in S. hermonthica-infected stem bases of wildtype Shiokari, dwarf10-1, dwarf14-1 and dwarf17-1 compared to uninfected at 2, 7 and 14 days after inoculation (DAI). Expression data was normalised using REGULATOR OF RIBONUCLEASE (Os01g52460). D = DWARF. Data presented are means ± S.E.  Asterisks represent significant differences in the relative expression of that gene between wild type Shiokari and dwarf mutant plants for that time point, * P < 0.05, **P < 0.01, Students t-test, N =3. d= dwarf. 
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	Figure 3.16. The relative expression of strigolactone signalling genes in S. hermonthica-infected stem bases of wildtype Shiokari, dwarf10-1, dwarf14-1 and dwarf17-1 compared to uninfected at 2, 7 and 14 days after inoculation (DAI). Expression data was normalised using REGULATOR OF RIBONUCLEASE (Os01g52460). D = DWARF. Data presented are means ± S.E. Asterisks represent significant differences in the relative expression of that gene between wild type Shiokari and dwarf mutant plants for that time point, * P < 0.05, **P < 0.01, Students t-test, N =3. d= dwarf. 
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	Figure 3.17. The relative expression of genes involved in tiller bud outgrowth and cytokinin biosynthesis in S. hermonthica-infected IAC-165 and Shiokari stems, including the stem bases, compared to uninfected at 2 and 14 days after inoculation (DAI) for IAC-165 and 2, 7 and 14 DAI for Shiokari. Expression data was normalised using REGULATOR OF RIBONUCLEASE (Os01g52460). OsTB1= Oryza sativa TEOSINTE BRANCHED 1, IPT= ADENOSINE ISOPENTYL TRANSFERASE. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test, N = 3. 
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	Figure 3.18. The relative expression of genes involved in tiller bud outgrowth in S. hermonthica-infected stem bases of wildtype Shiokari, dwarf10-1, dwarf14-1 and dwarf17-1 compared to uninfected at 2, 7 and 14 days after inoculation (DAI). Expression data was normalised using REGULATOR OF RIBONUCLEASE (Os01g52460). OsTB1= Oryza sativa TEOSINTE BRANCHED 1, IPT7= ADENOSINE ISOPENTYL TRANSFERASE 7. Data presented are means ± S.E. Asterisks represent significant differences in the relative expression of that gene between wild type Shiokari and dwarf mutant plants for that time point, * P < 0.05, **P < 0.01, Students t-test, N =3. d= dwarf. 
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Figure 3.19. The relative expression of genes involved in indole-3-acetic acid induced stem growth in S. hermonthica-infected IAC-165 and Shiokari stems, including the stem bases, compared to uninfected at 2 and 14 days after inoculation (DAI) for IAC-165 and 2, 7 and 14 DAI for Shiokari. Expression data was normalised using REGULATOR OF RIBONUCLEASE (Os01g52460). GH3.2= GRETCHEN HAGEN 3.2, IAA4= INDOLE ACETIC ACID INDUCED 4, SAUR39= SMALL AUXIN UPREGULATED 39, GRF1= GROWTH REGULATING FACTOR 1, GID1= GIBBERELLIN INSENSETIVE DWARF 1 and CESA4= CELLULOSE SYNTHASE 4. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test, N = 3. 
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Figure 3.20. The relative expression of genes involved in gibberellin induced stem growth in S. hermonthica-infected IAC-165 and Shiokari stems, including the stem bases, compared to uninfected at 2 and 14 days after inoculation (DAI) for IAC-165 and 2, 7 and 14 DAI for Shiokari. Expression data was normalised using REGULATOR OF RIBONUCLEASE (Os01g52460). GID1= GIBBERELLIN INSENSETIVE DWARF 1, GRF1= GROWTH REGULATING FACTOR 1, CESA= CELLULOSE SYNTHASE and SLR1= SLENDER RICE 1. Data presented are means ± S.E. Asterisks represent significant differences between uninfected and S. hermonthica-infected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test, N = 3.
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	Figure 3.21. The relative expression of genes involved in stem growth in S. hermonthica-infected stem bases of wildtype Shiokari, dwarf10-1, dwarf14-1 and dwarf17-1 compared to uninfected at 2, 7 and 14 days after inoculation (DAI). Expression data was normalised using REGULATOR OF RIBONUCLEASE (Os01g52460). GID1= GIBBERELLIN INSENSETIVE DWARF 1, GRF1= GROWTH REGULATING FACTOR 1, IAA4= INDOLEACETIC ACID INDUCED 4, SAUR39= SMALL AUXIN UPREGULATED 39, CESA4= CELLULOSE SYNTHASE 4 and CESA6= CELLULOSE SYNTHASE 6. Data presented are means ± S.E. Asterisks represent significant differences in the relative expression of that gene between wild type Shiokari and dwarf mutant plants for that time point, * P < 0.05, **P < 0.01, Students t-test, N =3. d= dwarf. 
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[bookmark: _Toc346731134]3.4 Discussion:

[bookmark: _Toc346731135]3.4.1 Are SL biosynthesis and signalling pathways involved in the suppression of tiller bud outgrowth observed in S. hermonthica-infected rice plants?

In addition to CKs and auxins, SLs all well-known regulators of tiller bud outgrowth. Therefore the role of SLs in the S. hermonthica-induced suppression of tiller bud outgrowth was investigated by infecting the dwarf mutants of rice, which contain lesions in biosynthesis or signalling components of the SL pathway. Due to the loss of SL biosynthesis or signalling in these mutants, it was hypothesised that they would not show a Striga-induced suppression of tillering. Unexpectedly, all mutant lines showed a significant reduction in tiller number by 21 DAI compared to uninfected plants, which is not consistent with the initial hypothesis. Interestingly, the extent of the reduction in tiller number observed in the dwarf mutants varied in comparison to the Shiokari wild-type. However, this is likely due to the low tillering nature of Shiokari plants, limiting this comparison. As such, it appears that SLs are not the main factor regulating the S. hermonthica-induced suppression of tillering observed in infected rice plants. 

However, a reduction in shoot branching has also recently been documented in Arabidopsis thaliana max2-1 mutants (Soundappan et al. 2015; L. Jiang et al. 2013), which contain lesions in a SL signalling gene. The decreased branching in these plants was caused by inducing lesions in a variety of recently discovered SMXL genes in A. thaliana, which are orthologs of the D53 gene in rice (Soundappan et al. 2015; L. Jiang et al. 2013). As such there is a likely role for D53 in the S. hermonthica-induced suppression of tillering, as well as other non-SL regulated genes, such as those responsive to auxins or CKs, which promote tiller bud outgrowth.

In order to further investigate the mechanisms by which the reduction in tiller number occurred in the SL mutants and wildtype genotypes, a transcriptional analysis of genes involved in tiller bud outgrowth was conducted on the stems (including the stem bases) of IAC-165 and Shiokari. In infected IAC-165 plants the suppression of tiller bud outgrowth is induced rapidly after the formation of a xylem: xylem connection, with infected plants showing a significant reduction in tiller number by 10 DAI. However, as Shiokari is a semi-resistant genotype these changes were induced later, with significant differences in tiller number seen at 14 DAI. Therefore changes in gene expression observed at 2 DAI in IAC-165 and 7 DAI in Shiokari are discussed. At 2 DAI infected IAC-165 stems showed significant increases in the expression of the SL biosynthesis gene D10 and the TCP transcription factor OS TB1 (Arite et al. 2007; Takeda et al. 2003). Significant reductions in expression were also seen in the EAR domain containing, transcriptional repressor D53, the MADS BOX transcription factor Os MADS57 and the CK biosynthesis gene IPT8 (Zhou et al. 2013; L. Jiang et al. 2013; Guo et al. 2013; Takei et al. 2001). These changes were also observed in S. hermonthica-infected stems of Shiokari at 7 DAI, except that IPT7 was profiled rather than IPT8 due to technical limitations but the gene was still down regulated. However, no change in expression of D10 was observed in Shiokari. As would be expected, these changes in gene expression observed in both IAC-165 and Shiokari are consistent with a suppression of tiller bud outgrowth. These data have allowed me to develop a model of the mechanism underlying the S. hermonthica-induced suppression of tiller bud outgrowth. This is illustrated in Fig 3.22, which compares a bud undergoing outgrowth to one suppressed under S. hermonthica infection. 

This model begins with increases in SLs, with an increase in the expression of D10 observed in the stem bases of infected IAC-165 plants. Whilst this was not observed in Shiokari within this investigation it has been previously documented to occur within the tiller buds of Shioakri plants. This was shown in an investigation by Echegoyen (2012) who infected transgenic Shiokari rice plants containing a D10: GUS promoter reporter fusion with S. hermonthica. These plants showed highly specific upregulation of D10 at the tiller buds, implying an increase in SL biosynthesis (Echegoyen-Nava 2012). 
An upregulation of SL biosynthesis should repress the action of D53 protein, as D53 is degraded through the D14-D3 pathway in an SL dependant manner (Soundappan et al. 2015; Zhou et al. 2013). However, in this study only the expression of D53 could be assessed, although it was downregulated in both genotypes implying that it is less present. Further evidence for this is provided by the upregulation of Os TB1 in both IAC-165 and Shiokari, which is transcriptionally downregulated by D53 (Zhou et al. 2013). 

This is a key finding as Os TB1 is a known suppressor of tiller bud outgrowth, shown through the phenotyping of overexpression lines and genetic mutants which show a significantly decreased and increased number of tillers respectively (Minakuchi et al. 2010; Takeda et al. 2003). Currently, Os TB1 has only been shown to suppress tillering through an interaction with Os MADS57, which prevents Os MADS57 repressing the expression of D14 (Guo et al. 2013). Under normal conditions D14 is crucial for the suppression of bud outgrowth, which is believed to occur by marking proteins such as D53 for degradation (Soundappan et al. 2015; Zhou et al. 2013). This is shown by the significantly increased number of tillers in the d14-1 mutant (Arite et al. 2009). Expression of Os MADS57 was found to be down regulated in the stem bases of S. hermonthica-infected rice consistent with this hypothesis. It is important to note that Os TB1 may also suppress tillering via other mechanisms such as binding to and repressing the expression of cell cycle promoters (Martin-Trillo & Cubas 2010; Kosugi & Ohashi 1997; Gaudin et al. 2000). 

As shown in figure 3.22 B, these changes should act in a loop to increase SL signalling and repress D53, leading to a suppression of auxin efflux and subsequently increases in auxin concentration. This has been shown to limit CK biosynthesis through the downregulation of the IPT CK biosynthesis genes (Tanaka et al. 2006; Liu, Xu, et al. 2011; Minakuchi et al. 2010). In this investigation the expression of an IPT gene was found to significantly downregulated in each genotype, as would be expected. Whilst this result does fit with the expected pattern it must be noted that due to technical difficulties only two IPT genes could be analysed in IAC-165 and only one in Shiokari. This is of importance as it has been demonstrated in both A. thaliana and rice that multiple IPT genes are upregulated during bud outgrowth, implying a level of redundancy between the genes (Muller et al. 2015; Liu, Xu, et al. 2011). Therefore further work should be conducted to analyse the expression of the full range of IPT genes under S. hermonthica infection. However, for now we can use this reduced expression of IPT7 and IPT8 as an indicator of at least some level of reduced CK biosynthesis, which matches the lowered CK content found in the stems of infected IAC-165 plants (chapter 1). 	Comment by Richard Louden: Added point about IPT redundancy 

As such it appears as though S. hermonthica induces changes in the expression of SL responsive genes, potentially though an upregulation in SLs, to suppress CK biosynthesis. However, there is a caveat in this conclusion in that no increase in the amounts of auxins was detected within stem bases of infected IAC-165 plants. However, this is most likely due to the increases in auxin being highly cell specific, and as such undetectable in the measurement of bulk tissues. However, further investigation is required to provide more evidence relating to this pathway, with the use of genetic mutants and overexpression lines likely yielding significant data. Further to this the role of auxin efflux should be analysed within this interaction, as it is a key part of this network, which could not be assessed during this investigation. 
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Figure 3.22. A comparison of tiller buds between uninfected and Striga hermonthica-infected plants, showing how gene expression changes may suppress tiller bud outgrowth in infected plants. In uninfected plants Os MADS57 blocks SL signalling, allowing DWARF 53 (D53) to repress negative regulators of tillering such as Os TEOSINTE BRANCHED 1 (Os TB1) and also increase auxin efflux through increased PIN1 accumulation. This leads to an upregulation of ADENOSINE ISOPENTENYL TRANSFERASE (IPT) genes leading to increases in the amounts of cytokinins (CKs) and bud outgrowth. In S. hermonthica-infected plants a potential increase in SLs blocks the action of D53, increasing the expression of Os TB1. This leads to a reduction in the action of Os MADS57, increasing SL signalling, blocking auxin efflux, which suppresses CK biosynthesis though a downregulation in IPT genes. Also due to the repression of D53 by SLs this pathway likely acts in a loop to suppress CK accumulation. 131








[bookmark: _Toc346731136]3.4.2 How do the gene expression changes, relating to tiller bud outgrowth, observed in strigolactone mutants compare to wildtype plants? 

As discussed, in wild type plants it appears likely that S. hermonthica-induced changes in SLs and downstream genes are a likely cause of the suppression of tillering, through an impact on CK biosynthesis. However the dwarf mutants clearly still show a suppression of tillering upon infection with S. hermonthica. To further understand this interesting finding a gene expression analysis was carried out on the stems, including the stem bases, of two of the SL biosynthetic mutants and one signalling mutant. This included the same genes analysed in both Shiokari and IAC-165 in order to compare these interactions and find any similarities that may be inducing this change.

Firstly, the expression of the SL biosynthesis and signalling genes measured in the dwarf mutants were not consistent with the model proposed for the wildtype plants. However, this result is somewhat expected due to the perturbation in SL biosynthesis and signalling that is found within these mutants. Despite this, the lack of consistency with regards to the SL biosynthesis and signalling genes make it unlikely that they form a part of the interaction in these mutants, which is the first component of the model developed for the wildtype genotypes. 
A key result within this analysis however, which does prove a constant through both the transcriptional and PGR profiling conducted in this and the previous investigation, is the significant reductions in the expression of IPT7 and Os MADS57. These changes were observed in all mutant genotypes and Shiokari at 7 DAI for IPT7, though by 14 DAI the expression in d14-1 was significantly increased compared to Shiokari. The expression of Os MADS57 however was significantly reduced in all genotypes at both 7 and 14 DAI. 

This reduction in IPT7 expression adds further evidence for a role in the suppression of CK biosynthesis in S. hermonthica-induced tiller suppression, with reductions in the expression of an IPT gene seen in all genotypes. This is in conjunction with the observed decreases in CKs in infected IAC-165 stems. 
With regards to the reduction in Os MADS57 expression, in both d10-1 and d17-1 there is some relevance for this change, as Os MADS57 suppresses the expression of D14, limiting SL signalling (Guo et al. 2013). Therefore in these mutants the reduction is likely to increase SL signalling and degrade transcriptional repressors such as D53 and its homologs, with a reduction the expression of D53 observed in d10-1. However, this change would likely have no impact in d14-1 due to its lack of a functional D14 protein (Arite et al. 2009), though it is likely this reduction is induced as a series of blanket changes that are seen in all infected plants, potentially through the upregulation of Os MIR444a which downregulates the expression of Os MADS57 (Guo et al. 2013). 

In conclusion, the main similarity observed between stem bases of the infected wildtypes and dwarf mutants is the reduced expression of an IPT gene. This change likely aids in reducing amounts of isopentenyladenine and trans-Zeatin species within the stem base, as observed in IAC-165, due to their known role in CK biosynthesis (Frébort et al. 2011; Liu, Xu, et al. 2011; Miyawaki et al. 2004). This was observed when measured in infected IAC-165 stem bases and is likely the main cause of the suppression of tillering seen in these plants, as CKs are an important for bud outgrowth (Tanaka et al. 2006; Liu, Gu, et al. 2011; Liu, Xu, et al. 2011; Muller et al. 2015). However, further work could provide more data relating to the mechanism by which this occurs. This could include further transcriptional work, including assessing D53 homologs and other CK biosynthesis genes, and a PGR profile of the changes in auxins, SLs and CKs across multiple time points. An analysis of auxin efflux using non-active, with regards to auxin signalling, fluorescent versions of IAA or radiolabelling would also provide key data on the role of auxin flux during this process, which is hypothesised to be crucial in the suppression of shoot branching (Hayashi et al. 2014; Bennett et al. 2014).

[bookmark: _Toc346731137]3.4.3 What role do SLs play in the S. hermonthica-induced suppression of main stem growth?

Further to a role in tiller bud outgrowth, SLs have been shown to promote stem elongation through increased cell division (Germain et al. 2013). Therefore the role of SLs was also investigated in regards to the S. hermonthica-induced stunting of the main stem, using the SL dwarf mutants. This was conducted in order to supply further data on how this stunting is induced, in addition to the recorded reductions in gibberellins observed in IAC-165 stems. 

As originally hypothesised, dwarf mutants still showed a significant stunting of the main stem, likely due to intact auxin and gibberellin biosynthesis and signalling pathways, which could be perturbed to limit growth. In addition to the morphological data, the amounts of IAA and IAA conjugates within the stem tissue of uninfected and S. hermonthica-infected dwarf mutants were analysed. This showed that mutant lines infected with S. hermonthica had a significant reduction in IAA in the main stem, although this was not observed in the wild type for unknown reasons. This is indicative of a reduction in cell elongation, as auxins both upregulate the expression of cell wall remodelling genes and decrease the pH of the apoplast allowing the proteins to function efficiently (McQueen-Mason & Cosgrove 1994; Kotake et al. 2000; Spartz et al. 2014; Catala et al. 1997). The latter also leads to increased K+ and water intake into the cell increasing the turgor pressure required for cell extension (Philippar et al. 1999; Perrot-Rechenmann 2010; Philippar et al. 2004). As such the reduction of IAA seen in the stems of the dwarf mutants further implicates auxins in the stunting of the main stem, despite a lack of a detected reduction in IAA in the stems of infected IAC-165.

A gene expression analysis was also carried out in the stems of the wildtypes cultivars IAC-165 and Shiokari to further investigate the roles of gibberellin and auxin responsive genes in this process. From this analysis there was a clear change in the expression of genes relating to auxin biosynthesis and signalling at 14 DAI and gibberellins at 2 DAI in the stems of infected IAC-165 plants, which correlated with a suppression of stem growth. In addition, a number of these changes were also observed in the stems of infected Shiokari plants. Changes in the expression of auxin related genes included significant upregulations in IAA4, GH3.2 and SAUR39 at 14 DAI and a significant downregulation of YUCCA1 at 2 and 14 DAI in IAC-165. In Shiokari only one auxin gene showed a change in expression, which was an upregulation of SAUR39 at 14 DAI matching IAC-165. All of these genes have been linked with stem growth through the phenotyping of overexpression lines and mutants. When over expressed, with the exception of YUCCA1, rice plants showed a stunting of the main stem; a morphological change also observed in Striga-infected plants (Du et al. 2012; Song & Xu 2013; Kant et al. 2009; Frost et al. 1997). In SAUR39 and GH3.2 overexpression lines this is due to reductions in auxin concentration and in IAA4 overexpression lines it is likely though repression of stimulatory ARF proteins (Kant et al. 2009; Du et al. 2012; Song & Xu 2013). In comparison, overexpression of YUCCA1 leads to a significantly taller plant due an increased accumulation of auxin (Zhao et al. 2001; Kim et al. 2007; Yamamoto et al. 2007). As such the S. hermonthica-induced changes observed here indicate a reduced amount of auxin and changes in auxin signalling, which would reduce stem growth. Importantly these changes correlate with the reduced amount of IAA found in the stems of infected dwarf mutants, providing further evidence for the role of auxins in the S. hermonthica-induced stunting of the main stem. 

Changes in the expression of gibberellin responsive genes involved in stem growth were also observed. At 2 DAI the expression of GRF1 showed a significant upregulation, whilst GID1 and CESA4 were significantly downregulation in IAC-165. Stems of S. hermonthica-infected Shiokari however showed a decrease in the expression of GID1 at 2 and 14 DAI with the opposite observed for GRF1, whilst downregulations in both CESA4 and CESA6 were observed at 7 and 14 DAI. Therefore, whilst these changes occur at a variety of timepoints the overall pattern matches that observed in IAC-165. All of these genes are known to function within gibberellin pathways, with GID1 being the gibberellin receptor, thus acting with bioactive gibberellins to degrade repressive DELLA proteins (Ueguchi-tanaka et al. 2005; Ueguchi-Tanaka et al. 2007). When GID1 is downregulated, as is seen in the stems of infected IAC-165 and Shioakri, plants show large reductions in stem height compared to wildtypes plants (Ueguchi-tanaka et al. 2005). GRF1 is a transcription factor that was isolated from a study analysing gibberellin regulated genes in the stems of deep-water rice plants (van der Knaap et al. 2000). It has been shown to have a suppressive role in stem elongation through the analysis of overexpression lines in rice, which showed a highly stunted phenotype compared to wild type plants (van der Knaap et al. 2000). 
CESA4 and CESA6, which are transcriptionally regulated by gibberellins (Huang et al. 2015), belong to the cellulose synthase gene family and form key components of the cellulose synthesis complex (Hill et al. 2014; Lei et al. 2012; Wang et al. 2010). This complex produces cellulose microfibrils, which are required to provide the increase in cell wall material needed for cell elongation (Refrégier et al. 2004; Fagard et al. 2000; Huang et al. 2015). Both genes have also been shown to be downregulated upon infection of rice with a virus that induces stunting (Budot et al. 2014), and are also downregulated in the stems of infected IAC-165 and Shiokari plants. Interestingly the expression of SLR1 was also analysed in IAC-165, which showed no changes in expression at either time-point. SLR1 encodes a DELLA protein that suppresses stem growth through the upregulation of unknown genes, which may be suppressers of the cell cycle, as is seen in A. thaliana (Achard et al. 2009; Ikeda et al. 2001; Hirano et al. 2012). It is unknown why increases in SLR1 expression were not seen during infection, as this would induce a stunting of the main stem, especially with the reduced expression of GID1 which regulates SLR1 (Ueguchi-tanaka et al. 2005; Shimada et al. 2008; Ueguchi-Tanaka et al. 2007).

The final gene analysed in this investigation was D53. In stems of both S. hermonthica-infected IAC-165 and Shiokari a decrease in the expression of D53 was observed, which does correlate with the stunting observed in these plants, as a reduction in the expression of D53 should lead to an increase in stem height (L. Jiang et al. 2013; Liang et al. 2016). In conjunction with the results from the dwarf mutants this implies SLs have little role in the S. hermonthica-induced stunting of the main stem.

Finally, as with IAC-165 and Shiokari, a gene expression analysis was conducted on two SL biosynthetic mutants and one SL signalling mutant in comparison to Shiokari. This was performed to detail any similarities between the mutants and the wildtype genotype, in regards to changes in the expression of gibberellin and auxin associated genes. For the majority of analysed genes mutant lines showed high amounts of variability between themselves and with Shiokari. Despite this, there were three changes that matched the transcriptional data gathered from infected IAC-165 plants and Shiokari. These included a downregulation in the expression of GID1, CESA4 and CESA6. As discussed in relation to IAC-165 and Shiokari, these genes are involved in promoting the growth of the main stem (Hill et al. 2014; Lei et al. 2012; Wang et al. 2010; Ueguchi-tanaka et al. 2005). As such, decreases in their expression provide further evidence that the S. hermonthica-induced stunting is due to changes in gibberellins and downstream pathways. 

In conclusion, the changes documented here implicate a role for gibberellins and auxins and associated downstream pathways in the stunting of the main stem observed in S. hermonthica-infected plants. However, this interaction should be further explored through the use of genetic mutants in the majority of the genes discussed in this section, such as SAUR39, GH3.2 and GRF1 along with lines overexpressing gibberellin and auxin biosynthesis genes. Analysis of these lines will provide more substantial data of their involvement in this process, along with the requirement for gibberellins and auxins. Further to this, there appears to be little involvement of SLs in this process, though this should be investigated further to confirm.

[bookmark: _Toc346731138]3.4.4 SL mutants show an increase in susceptibility to S. hermonthica

In addition to the morphological aspects of this investigation, a surprising discovery was that an increased number of S. hermonthica individuals were harvested from the majority of dwarf mutants, indicating an increase in susceptibility. The reasons behind this are unknown, but may relate to cell wall remodelling, which is a key part of the infection process for many parasitic plants. This has been shown through transcriptional analyses such as those conducted in Triphysaria versicolor and sandalwood, where host tissue showed an upregulation of cell wall remodelling genes during infection (Honaas et al. 2013; Zhang et al. 2015). Interestingly, SL mutants show an increased lateral root density, due to an increase in LR emergence, a process which is well known to be regulated by auxin induced cell wall remodelling (Swarup et al. 2008; Jiang et al. 2016). Therefore these mutants, which have been shown to have both increased auxin transport and amounts of IAA (Arite et al. 2007; Lin et al. 2009), may have alterations in cell wall composition which makes them more susceptible. This increased susceptibility has been further investigated in chapter 4, which aimed to asses why these mutants are more susceptible and show a role for auxin induced cell wall remodelling in the infection process. This was conducted using a variety of techniques including immunolabeling and gene expression profiling. 
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[bookmark: _Toc346731140]Can alterations in the amounts and / or regulation of strigolactones and auxins in rice roots alter susceptibility to Striga hermonthica?














Chapter 4


137

[bookmark: _Toc346731141]4.1 Introduction:

[bookmark: _Toc346731142]4.1.1 The role of cell wall remodelling in plant-pathogen interactions
As discussed in chapter 3, the strigolactone (SL) dwarf mutants show an increased number of Striga hermonthica individuals that successfully attach to and develop on their root systems. The increased number indicates that it was easier for the parasites to reach the xylem in these plants compared to the Shiokari wildtype, implying that they can either progress through the cortex or the endodermis, or both, more easily. This is likely to be related to a change in cell wall structure or parasite induced cell wall remodelling, because S. hermonthica does not penetrate into host cells during infection, but weaves between the intercellular spaces, preventing damage to the host (Joel et al. 2013). This has been shown in a variety of studies, including the work of Dorr, (1997), Hood et al. (1998) and Gurney et al. (2006) who provided clear histological data that S. hermonthica/asiatica cause little cellular damage, instead moving between the cells and causing them to part in order to gain access to the xylem (Dorr 1997; Hood et al. 1998; Gurney et al. 2006).
The likelihood of one of these mechanisms leading to the increased susceptibility of the dwarf mutants is especially relevant due to their increased amount of auxins and heightened auxin transport (Arite et al. 2007; Lin et al. 2009). This is because auxins are known to regulate cell wall remodelling and extensibility through the upregulation of cell wall remodelling proteins and activating them through acidifying the apoplast, due to their increased activity in a low pH (Perrot-Rechenmann 2010; Catala et al. 2000; Matsumoto et al. 1997; Spartz et al. 2012). 
Whilst histological studies have shown that S. hermonthica pushes through intercellular spaces during the infection process little is known about the underlying mechanisms. The first work relating to Striga was conducted by Olivier et al. (1991), who performed a cellulose immunolabelling experiment within Striga-infected sorghum roots, showing a reduction in cellulose at the interface between the haustoria and the host cells, indicating cell wall remodelling was occurring (Olivier et al. 1991). More recently, O’Malley and Lynn. (2000) demonstrated the presence of expansin genes in haustorial tissue of Striga asiatica and Swarbrick et al. (2008) found that cell wall remodelling genes were down regulated during a resistant interaction in the rice cultivar Nipponbare following infection by S. hermonthica (O’Malley & Lynn 2000; Swarbrick et al. 2008). From this body of the work the study relating to Nipponbare appears most important, due to the type of resistance reaction that occurs during infection. Currently it is believed that upon infection Nipponbare plants deposit material around the endodermis, preventing the parasite gaining entry (Gurney et al. 2006). It is unknown what this material is, but is hypothesised to be caused through the activation of a set of resistance genes found within Nipponbare through a quantitative loci analysis (Swarbrick et al. 2009). 	Comment by Richard Louden: Description of nipponbares resiatnce, to help explain its use in chapter 5
Whilst these studies do provide some evidence for a role of cell wall remodelling during the infection of plants by S. hermonthica, it is in no way conclusive and has yet to be shown to be connected to the susceptibility of plants to the parasite. 
However, the role of cell wall remodelling and its regulation has been explored to a much greater extent in other parasitic plant-host interactions, and interactions between bacteria or nematodes and plant host. Honaas et al. (2013) performed a targeted transcriptional analysis of the facultative plant parasite Triphysaia versicolor infecting Zea mays. These data were collected using laser micro dissection allowing for specific cells to be captured, which showed an upregulation of cell wall remodelling genes, including expansins, within the cells directly in front of the parasites infection organ (Honaas et al. 2013). Further, less specific, transcriptomic data has also been collected from other susceptible interactions such as Santalum album (sandalwood) infecting Kuhnia rosmarnifolia by Zhang et al. (2015) and from Cuscuta pentagona infecting tomato plants by Ranjan et al. (2014). As with the work from T. versicolor, these datasets showed an upregulation in genes involved in cell wall remodelling, such as xyloglucan endotransglucosylase/hydrolases, polygalacturonases, expansins and cellulases in infected host tissue (Zhang et al. 2015; A. Ranjan et al. 2014). Finally, older studies on parasitic plants such as those conducted by Losner-Goshen et al. (1998) and Srivastava et al. (1994), have shown a presence of pectin methylesterases at the site of haustorial contact with host (Srivastava et al. 1994; Losner-Goshen et al. 1998). These enzymes are involved in removing methyl residues from the pectic components of the primary cell wall, which can lead to the release of methanol and protons, acidifying the apoplast to induce cell wall remodelling (Anthon & Barrett 2012; Frenkel et al. 1998; Moustacas et al. 1991; Cosgrove 2005; Durachko & Cosgrove 2009).
Further to parasitic weeds, other pathogens have been shown to require cell wall remodelling pathways during the infection of a host plants root system, with investigations also revealing some of the underpinning mechanisms. Parasitic nematodes upregulate auxin transport in roots of their host in order to induce the expression of cell wall remodelling genes to form enlarged feeding sites known as syncytia (Kyndt et al. 2014; Kyndt et al. 2016; C. Lee et al. 2011; Wieczorek et al. 2006). These sites are originally formed from one cell, which is then merged with others around it through auxin induced cell wall remodelling (Kyndt et al. 2014). Loss of auxin transport leads to significant reductions in the size of these feeding sites, showing a key role for plant growth regulator (PGR)-induced cell wall remodelling during infection of the host (C. Lee et al. 2011; Kyndt et al. 2016).
A further example is the bacterial pathogen Xanthomonas oryzae pv oryzae which can infect rice in paddy fields through wounds in the root system (Niño-Liu et al. 2006). Studies by both Ding et al. (2008) and Fu et al. (2011) have shown that rice plants containing lower amounts of auxin have an increased resistance to this pathogen. This was conducted by overexpressing the GRETCHEN HAGEN 3.2 (GH3.2) and GH3.8 genes, which conjugate indole-3-acetic acid (IAA) to amino acids, thus reducing the free auxin pool. This subsequently prevented the bacteria from inducing the expression of expansin genes required for infection (Ding et al. 2008; Fu et al. 2011). The reverse has also been described by Zhang et al. (2007) who showed that a gh3.5 knockdown line, which showed an increased amount of auxin, was more susceptible to the bacterial pathogen Pseudomonas syringae (Zhang et al. 2007). Further to this, mutants showed an increased expression of IAA-LEUCINE RESISTANT 1 (ILR1), an amidohydrolase which cleaves the bond between IAA and Leucine in IAA-Leucine conjugates (LeClere et al. 2002; Bartel & Fink 1995). As such the increase in the expression of this gene likely aided in causing the elevated amount of free IAA in these plants. As with nematodes, these data show a clear involvement for PGR-induced cell wall remodelling during infection of host plants.

[bookmark: _Toc346731143]4.1.2 Plant cell walls- biosynthesis and regulation
As discussed above, cell wall remodelling is crucial to the invasion process of most pathogens. However, cell walls are complex structures made up of a variety of compounds which must be remodelled in order to fully infect the host. In order to determine how invading organisms modify the host cell walls it is important to understand their structural composition.
The major component of cell walls, cellulose, is synthesised from glucose subunits into long micro fibrils by proteins encoded by the cellulose synthase gene family (CESA) (Lei et al. 2012; Li et al. 2014). The original members of this family were isolated by Pear et al. (1996) who discovered orthologs to two bacterial cellulose synthase genes in cotton, which were highly expressed during cellulose synthesis in secondary cell wall production (Pear et al. 1996). Further studies have since isolated the majority of these genes in a number of species, including rice (Wang et al. 2010). Once synthesised, cellulose micro fibrils are not coiled or branched but remain as straight chain polymers, allowing them to provide the most structural support possible (Taylor 2008; Li et al. 2014). These micro fibrils are then embedded into the primary cell wall matrix in order to provide increased structural support (Fig 4.1).
Pectins are a key member of this cell wall matrix (Fig 4.1), and at current time five domains of pectic polysaccharides have been classified including, homogalacturonan (HG), xylogalacturonan, apiogalacturonan, rhamnogalacturonan-I (RG-I), and rhamnogalacturonan-II (RG-II) (Wolf et al. 2009; Anderson 2016). HG is made up of repeating unbranched α-1,4- linked galacturonic acid (GalA) residues, which form linear chains where some carboxyl groups along the chain can be methyl esterified after synthesis at the Golgi. HG can also be modified at either the second or third oxygen within the GalA monomers, via the addition of xylose or apiose to form either xylogalacturonan or apiogalacturonan (Harholt et al. 2010; Anderson 2016). RG-I is formed from a repeating backbone of alternating rhamnose and GalA residue and is also able to form side chains made up of galactan, arabinan and arabinogalactan (Harholt et al. 2010; Anderson 2016). Finally, RG-II is made up of a GalA backbone, like HG, which can be altered through the addition of four different side chains which are made up of twelve monosaccharide constituents (Harholt et al. 2010; Anderson 2016). 
	[image: Plant cell division: building walls in the right places]

	Figure 4.1. The structure of the primary cell wall, showing the crosslinking between cellulose microfibrils, pectins and hemicelluloses in the cell wall matrix. Adapted from (Smith 2001)






All pectins are believed to be synthesised at the Golgi complex due to the extraction and characterisation of biosynthetic enzymes from Golgi vesicles (Mouille et al. 2007; Sterling et al. 2001). Completed molecules are then inserted into the cell wall complex, which is predicted to occur through vesicle based transport due to the isolation of pectin from such vesicles (Toyooka et al. 2009; Anderson 2016). All HG molecules are transported from the Golgi in a fully methyl esterified state to the cell wall, at which point they can be altered in order to modify the cell wall properties as required (Zhang & Staehelin 1992). The most documented change is the removal of methyl residues, via pectin methyl esterases (PMEs) (Anthon & Barrett 2012; Willats et al. 2001; Pelloux et al. 2007). The removal of methyl groups from HGs can lead to various changes in the cell wall although these can be divided based on the final outcome, either a loosening or stiffening (Pelloux et al. 2007; Wolf et al. 2009; Mouille et al. 2007). In terms of cell wall loosening, which is of greater interest here, the removal of methyl residues can alter the cell wall pH via the release of methanol and protons (Anthon & Barrett 2012; Frenkel et al. 1998; Moustacas et al. 1991), potentially leading to acid induced cell wall remodelling, a process facilitated via cell wall remodelling proteins (Pelloux et al. 2007; McQueen-Mason et al. 1992; Cosgrove 2000; Matsumoto et al. 1997; Catala et al. 1997; Cosgrove 2005; Durachko & Cosgrove 2009).
The final components of the cell wall matrix, which are found in greater amounts in monocots, are hemicelluloses, a heterogeneous group that traditionally comprises of the remaining polysaccharides that can only be extracted from cell walls through strong alkali treatment (Scheller & Ulvskov 2010; Pauly et al. 2013). They are composed of a backbone of linked β-(1→4) glucose, mannose or xylose and show high structural similarity (Scheller & Ulvskov 2010; Pauly et al. 2013). Individual hemicelluloses fall into one of three groupings based on the constituent product of their backbone: xyloglucans, xylans and manans and glucomannans. Like pectins, hemicelluloses are synthesised at the Golgi apparatus and transported to the plasma membrane (Pauly et al. 2013; Scheller & Ulvskov 2010). Once they have formed part of the extracellular matrix their main role is to provide structural support to the cellulose micro fibrils, through binding to each other, pectins and cellulose (Fig 4.1) (Scheller & Ulvskov 2010; Caffall & Mohnen 2009). 
Under normal conditions the components described above must be loosened and remodelled to allow for certain developmental events. These processes are known to be regulated by PGRs, with the most involvement associated with auxins. This is due to the role auxin plays in both upregulating cell wall remodelling proteins, such as expansins, xyloglucan endotransglucosylase/hydrolases and endoglucanases, and also inducing the acidification of the apoplast allowing them to function (Catala et al. 1997; Matsumoto et al. 1997; Catala et al. 2000; Cosgrove 2005; Perrot-Rechenmann 2010; Spartz et al. 2012; Yokoyama et al. 2004; Xu et al. 1996). The former is believed to occur due to the degradation of repressive AUX/IAA proteins, which repress the expression of cell wall remodelling proteins. This has been documented by Swarup et al. (2008) who demonstrated an increased expression of cell wall remodelling genes in the cortical cells of the indole acetic acid-induced 3-1 (iaa3-1) mutant (Swarup et al. 2008). The latter, acidification, occurs due to the activation of H+ATP channels, which has recently been shown by Spartz et al. (2012) to be induced by members of the SMALL AUXIN UPREGULATED gene family. As such, an increased auxin concentration leads to the activation of these channels, increasing the H+ ions in the apoplast and lowering the pH (Perrot-Rechenmann 2010; Spartz et al. 2014). This allows the proteins which have been upregulated by the increased auxin concentration to function, leading to the breaking of bonds between cell wall components and increased flexibility (Mcqueen-mason et al. 1992; Catala et al. 1997; Matsumoto et al. 1997; Catala et al. 2000; McQueen-Mason & Cosgrove 1994; Whitney et al. 2000; Cosgrove 2005; Durachko & Cosgrove 2009). 
The emergence of lateral roots is such an event that requires auxin-induced cell wall remodelling (Swarup et al. 2008; Péret, Larrieu, et al. 2009). This has been demonstrated in Arbidopsis thaliana through an investigation conducted by Swarup et al. (2008). The major finding of this was that the auxin efflux transporter LIKE AUX1 3 (LAX3) is crucial to lateral root emergence. The transporter is needed to move auxin into the cells in front of the emerging lateral root primordium (LRP) to induce cell wall remodelling. This occurs through the degradation of the repressive AUX/IAA protein INDOLE ACETIC ACID-INDUCED 3 (IAA3) which suppresses the expression of cell wall remodelling proteins such as a polygalacturonase, a xyloglucan: xyloglucosyl transferase and an expansin. In conjunction the increased auxin concentration also leads to the degradation of a further AUX/IAA protein, INDOLE ACETIC ACID-INDUCED 14 (IAA14), which blocks LAX3 expression, therefore this allows auxin to move into further cells to induce cell wall remodelling (Swarup et al. 2008). These processes allow the LRP to move through the cells of the primary root and emerge into the surrounding soil (Fig 4.2 A). 
The emergence of LRP is strikingly similar to that of an invading S. hermonthica parasite, which causes no damage, instead moving between the intercellular space to eventually emerge from the root (Fig 4.2 B) (Joel et al. 2013). Due to the similarity of ‘endophyte’ progression and LRP emergence, it is possible that S. hermonthica also requires a movement of auxin to induce remodelling of host cell walls, facilitating endophyte progression. This latter point is backed by work by both Tomilov et al. (2005) and Ishida et al. (2016) who have shown that the facultative parasites Triphysaria versicolor and Phtheirospermum japonicum both show an accumulation of auxin within the infecting haustorium. This was shown through the use of IAA2: GUS and PjYUCCA3: VENUS-YFP reporter lines respectively, which allowed visualisation of the site of expression of these genes (Tomilov et al. 2005; Ishida et al. 2016). Signals were observed at the tip of the haustorium after induction, indicating the presence of an auxin maxima within the infection organ, which may lead to auxin induced cell wall remodelling (Péret, De Rybel, et al. 2009; Swarup et al. 2008). 
Due to the previously established role of auxin induced cell wall remodelling in the infection of rice by other pathogens, it is likely that this mechanism is also used to allow S. hermonthica to reach the host xylem. As such in order to further understand the parasite-host interaction there is a need to conduct further analyses in relation to this pathway, including the changes that occur to the composition of the host cell wall. This is especially important in regards to the dwarf mutants, due to their increased susceptibility compared to the wildtype Shiokari.Se
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	Figure 4.2. A comparison between A) an emerging rice lateral root and B) a Striga hermonthica endophyte penetrating the root tissue of its host and fusing with the xylem LRP= lateral root primordium, P= parasite, Se= Striga endophyte, En= Endodermis, Cx= rice cortex, EP=rice epidermis, Xy= rice xylem cells. Adapted from (Ni et al. 2014) and (Yoshida & Shirasu 2009)


[bookmark: _Toc346731144]Aims, objectives and hypotheses:
The aim of this chapter was to test the hypothesis that the increased susceptibility of the rice SL dwarf mutants is due to PGR-induced cell wall remodelling. A further hypothesis, that during a susceptible interaction S. hermonthica induces alterations in the composition of host cell walls to facilitate infection, was also tested.
These hypotheses were tested by:
· Quantifying the rate at which S. hermonthica grows through the host cortex, crosses the endodermis and forms a xylem: xylem connection in Shiokari and the SL signalling and biosynthesis mutants dwarf14-1 (d14-1) and dwarf17-1 (d17-1). This was achieved by carrying out a detailed histological analysis of the progress of infection in these interactions. 

· Quantifying changes in the expression of genes involved in auxin homeostasis, cell wall remodelling and SL biosynthesis and signalling, in uninfected and infected roots of IAC-165, Shiokari, d14-1 and d17-1. Changes were analysed using qPCR.


· Investigating the composition of the cell walls in uninfected and infected IAC-165 roots and infected roots of Shiokari, d14-1 and d17-1 using immunolabelling

· By manipulating the auxin and SL content of the roots of IAC-165, Shiokari and Koshihikari, through the exogenous application of IAA and GR24, and analysing the impact upon susceptibility and the expression of genes involved in auxin homeostasis and cell wall remodelling. 
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[bookmark: _Toc346731145]4.2 Materials and methods:

[bookmark: _Toc346731146]4.2.1. Plant material
Seeds of the rice strigolactone biosynthesis and signalling dwarf mutants (d17-1 and d14-1) and their wild-type cultivar, Shiokari, were obtained from Junko Kyozuka, University of Tokyo, Japan. S. hermonthica seeds obtained from Korhogo Kuoto, Ivory Coast were used to infect all genotypes in this study, which included IAC-165, Shiokari, Koshihikari, d14-1 and d17-1.

[bookmark: _Toc346731147]4.2.2 Measuring the rate of S. hermonthica endophyte progression through the root cortex of strigolactone mutants compared to their Shiokari wildtype?
Material collection, fixation, sectioning and analysis: In order to measure the progression of the S. hermonthica endophyte into the roots of Shiokari, d14-1 and d17-1, plants of these genotypes were grown in rhizotrons as stated in 2.2.1. Five biological replicates were established for each genotype for the time points, 2, 3 and 5 days after inoculation (DAI) and inoculated with the Korhogo Kuoto ecotype of S. hermonthica, according to 2.2.2-2.2.3. At each time point 2-3 mm of infected roots were harvested, fixed and embedded in London resin (LR) according to 2.2.7. Five individual sections of root per genotype, taken from the total pool collected from the 5 biological replicates, were sectioned, at a thickness of 2µm, per time point according to 2.2.7. For each root, which was encased in a block of LR, the entire block was sectioned and viewed using a light microscope (Nikon, Japan). Four sections from the centre of each block were then chosen to be quantitatively analysed. 
The 4 sections from each block were stained with 0.25% (v/w) Calcofluor-white solution (Sigma-Aldrich, USA) diluted 1/10 in 1 X phosphate-buffered saline solution (PBS, pH 7.2, Sigma-Aldrich, USA) for 5 mins and then rinsed 3 times using sterile distilled water (DH2O) (a 0.25% solution of Calcofluor-white was made from the addition of Calcofluor-white powder to sterile DH2O). Sections were observed on a BX51 Olympus microscope using epifluorescent optics and images were taken using an Olympus DP71 camera. An excitation of 400-410 nm and an emission of 420-460 nm were used in order to visualise the Calcofluor-white stain. The extent of the parasite infection was then measured using the programme image J (National Institute of Health, Maryland, USA). The distance for each biological replicate was calculated as the average of the 4 sections. 

[bookmark: _Toc346731148]4.2.3 Measurement of changes in the expression of genes involved in SL biosynthesis and signalling, cell wall remodelling and indole-3-acetic acid homeostasis in the susceptible cultivars IAC-165, d14-1 and d17-1 and Shiokari.

Material collection, RNA extraction, cDNA synthesis and qPCR analysis: To conduct targeted gene expression analysis plants of the genotypes IAC-165, Shiokari, d14-1 and d17-1 were grown in rhizotrons as stated in 2.2.1. Five biological replicates, with 2 plants bulked together encompassing a biological replicate, were established for each genotype per treatment, uninfected and infected, for the time points 2 and 14 DAI. Plants designated to the infected treatment were inoculated with the Korhogo Kuoto ecotype of S. hermonthica, according to 2.2.2-2.2.3. Root material for all genotypes was collected at these time points as described in section 2.1.5. RNA extraction, cDNA synthesis and qPCR analysis, using the primers shown in Table 4.1, were carried out according to section 3.2.3. Prior to qPCR analysis all primers to be used were tested against S. hermonthica/rice genomic DNA via PCR, in case of non-specific binding within the Striga genome. PCR reactions were carried out as follows: 10 µl Qiagen PCR Mastermix (Qiagen, Hilden, Germany), 7 µl H2O, 1.5 µl Striga hermonthica/rice genomic DNA, 1.5 µl 2 µM mixed forward and reverse primer were mixed in PCR strip tubes. Tubes were then placed in a LifeEco thermocycler (BIOER, Hangzhou, China) and the following programme was used: 3 mins at 94°C, (30 s at 94°C, 30 s at 58°C, 1 min at 72°C) for 40 cycles and finally 10 mins at 72°C. PCR products were run on a 2% agarose gel for 40 mins at 110V, along with hyperladder V (Bioline, London). The gel was then viewed using a UV lightbox and the on board macro camera (UVP Laboratory Products, Cambridge, UK). PCR analysis of primers showed no amplification in S. hermonthica DNA (Fig 4.3).
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	Figure 4.3. Ethidium bromide stained agarose gel of the PCR reaction performed to test that all primers used in root material do not show non-specific binding within the Striga hermonthica genome. Reactions contained the following: 1) Rice genomic DNA, 2) S. hermonthica genomic DNA (extracted from a pool of individuals) 3) water. The genes used are as follows: A) αEXPANSIN 1, B) αEXPANSIN 10, C) βEXPANSIN 3, D) GRETCHEN HAGEN 3.2, E) GRETCHEN HAGEN 3.8, F) IAA-LEUCINE RESISTANT 1, G) DWARF 3, H) DWARF 10, I) DWARF 10 LIKE, J) DWARF 14, K) DWARF 14 LIKE, L) DWARF 17, M) DWARF 27, N) DWARF 53. The first well of each line contains hyperladder V.






	Table 4.1. Table of primers used to investigate changes in the expression of cell wall remodelling, strigolactones biosynthesis and signalling and indole-3-acetic acid homeostasis genes

	Gene
	Forward primer (5’-3’)
	Reverse primer (5’-3’)

	GRETCHEN HAGEN 3.2
	AAGAGCGATCACTTCAAGC
	CGTACATGGACTGGAACG

	GRETCHEN HAGEN 3.8
	TGGAGTACACCAGCCAAG
	TCCCAGTAGATGACGTAGTG

	αEXPANSIN 1
	AGAGCCTGTCGTTCAAGG
	TTAAGAGAACTGCTGTGAGG

	αEXPANSIN 10
	CAGTCCTTCGAGAAGATTGC
	TAGGACTGTCAGGAAGAAGC

	βEXPANSIN 3
	CCAGATAAGATGCGTCAACC
	GAAGTGGTACTTGGAAACGG

	IAA-LEUCINE RESISTANT 1
	ATTTCAATGGGAAGGTGAAGC
	CGGCAAACCCGCATCG

	DWARF 3
	AGCCAAGATGAAATTGGACC
	ACAAAGTCTGCAGTGATTCG

	DWARF 10
	TGTACAAGTTCGAGTGGCACCT
	TCGTACGCGTTGATGAAGTGGA

	DWARF 10 LIKE
	CTTCATCAACGCATACGAGG
	CCTGGCGTTAGGTAAAACG

	DWARF 14
	TCTTCGCCAAGCTTGTCCTCAT
	ATCGCGTCGAACACCTGCTGTAT

	DWARF 14 LIKE
	CTCAATCGTCGAGGTAATGC
	AGCTAAGTTGGGGTAGATGG

	DWARF 17
	CGATAAACCCAAGCTACGC
	GAAGTACGGGAGGAATCTGC

	DWARF 27
	GCATGCAATGTAATGCAGGGCT
	AGCTTGGGTCACAATCTCGCTT

	DWARF 53
	TCAGAGGAGGATAGGAAACC
	GAGCTACTCACATGCTTACG

	REGULATOR OF RIBONUCLEASE
	GGCAAACAAGAAGGGAATAGG
	AGTCCTCGAGATGAGAATGC




[bookmark: _Toc346731149]4.2.4 Measuring changes in cell wall composition of IAC-165, the strigolactone dwarf mutants and their wildtype Shiokari? 

Material collection, fixation, embedding and sectioning: In order to analyse how S. hermonthica alters the cell wall composition of infected rice roots, sections of uninfected and infected roots were treated with antibodies that bind to specific cell wall components. These antibodies were then labelled using a secondary antibody bound to GFP, to allow visualisation of the binding site. The primary antibodies, provided as a generous gift by Professor A. Fleming, and their binding partners are listed in Table 4.2. To conduct these analyses IAC-165 plants were grown in rhizotrons as stated in 2.2.1. Five biological replicates were grown for both uninfected and infected treatments per timepoint, which included 2, 3, 5 and 7 DAI. Plants designated within the infected treatment were inoculated with the Korhogo Kuoto, Ivory Coast ecotype of S. hermonthica as stated in 2.2.1-2.2.3. At each time point, control and infected plants were removed from the growth chamber and viewed under a dissecting microscope (Prior, Cambridge, UK). Root sections were then cut from the plant, fixed, embedded in LR and sectioned, at a width of 2 µm, with 3 blocks of embedded root sectioned per time point, as detailed in 2.1.7. For the analysis of Shiokari, d14-1 and d17-1 embedded root sections were used that were collected in 4.2.2 and sectioned at a width of 2 µm as detailed in 2.1.7.
Antibody labelling and visualisation: Root sections, with each section contained in a single well of a multi well slide, were treated with blocking buffer (1 X PBS containing 3% milk protein (Marvel, Premier Beverages, UK)) for 30 mins. The wells were then washed using a 5 min incubation with 1 X PBS after which the primary antibodies, diluted 1/10 in blocking buffer, were pipetted onto the appropriate sections and left for 1 hour. Root sections were then washed for 5 mins, 3 times using 1 X PBS. The secondary antibody (Anti Rat-FITC whole molecule), which was bound to GFP, was then applied in a 1/100 dilution in blocking buffer and incubated for 1 hour in darkness. After this stage all washes and incubations were carried out in darkness to prevent loss of the GFP signal. Sections were then washed again 3 times with 1 X PBS and incubated for 5 mins with 0.25% (v/w) Calcofluor-white solution (Sigma-Aldrich, USA) diluted 1/10 in 1 X PBS. Wells were then washed a further 3 times after which Citifluor AF1 anti-fade solution (Agar Scientific, Stanstead, UK), which prevents the deterioration of GFP signal from the sections, was added to each section and a coverslip placed over the slide. 
Root sections were visualised using a BX51 Olympus microscope using epifluorescent optics. The Calcofluor-white stain was observed using an excitation of 400-410 nm and an emission of 420-460 nm. Antibody binding was observed using an excitation of 460-490 nm and an emission of 510-550 nm, which allowed the detection of the GFP signal produced by the secondary antibody. Images of Calcofluor-white and antibody stained roots were taken using an Olympus DP71 camera and the programme Cell^B (Olympus, Japan). Images of the same antibody, and the no antibody control, were taken at the same exposure for both uninfected and infected tissue across all time points. Exposures ranged between 200 ms and 500 ms. Images were produced by overlaying Calcofluor-white and antibody images in Photoshop (Adobe systems, California, USA), levels of antibody images were adjusted across the entire image to allow better visualisation of the GFP signal with no alterations to binding patterns.
	Table 4.2. Table of all primary antibodies used to detect changes in cell wall composition and their binding targets.

	Antibody
	Target

	LM8
	Xylogalacturonan (Willats et al. 2004)

	LM11
	Arabinoxylan (McCartney et al. 2005)

	LM19
	Un-esterified homogalacturonan (Verhertbruggen et al. 2009)

	LM20
	Esterified homogalacturonan (Verhertbruggen et al. 2009)

	LM21
	Heteromannan (Marcus et al. 2010)

	LM24
	Xyloglucan (preferentially binds to galactosylated XLLG motif) (Pedersen et al. 2012)

	LM25
	Xyloglucan (Pedersen et al. 2012)




[bookmark: _Toc346731150]4.2.5 Does the addition of IAA or GR24 impact the susceptibility of the rice cultivars IAC-165, Shiokari and Koshihikari:

Seeds of the cultivars IAC-165, Shiokari and Koshihikari, which was used as a further semi-resistant genotype, were germinated overnight at 30°C on damp filter paper (Whatman, Maidstone, Kent, UK) contained within parafilmed petri dishes. The germinating seeds were then placed between fresh damp filter paper (Whatman, Maidstone, Kent, UK) and enclosed within rockwool blocks and grown in the conditions stated in 2.2.1 for 2 days, allowing growth of the root system. The seedlings were then transferred into new filter paper, saturated in DH2O, 10 µM or 50 µM indole-3-acetic acid (IAA) or 0.1 µM or 1 µM GR24, a synthetic SL, and left to grow for 5 days in the same conditions as previous. IAA powder (Sigma-Aldrich, USA) was dissolved in 70% ethanol and liquid GR24 diluted in DH2O. Ethanol was added to DH2O and GR24 solutions, meaning all final solutions contained 0.046% ethanol. After this growth period the roots of 5 plants per treatment were washed in DH2O and transferred to rhizotrons, as outlined in 2.1.1, and left to grow for a further 3 days in the same conditions as previous. After which they were inoculated with the Korhogo Kuoto, Ivory Coast S. hermonthica ecotype according to 2.2.2-2.2.3. Plants were left to grow for 28 days, after which parasites were removed, imaged using a Canon EOS 500D digital camera and dried at 37°C. From these data biomass, length and number was calculated. Length and number was analysed using the programme Image J (National Institute of Health, Maryland, USA). It is important to note that these experiments were conducted due to the inability to obtain or produce auxin or SL overexpression lines, which would provide a more realistic increase in amounts of the PGRs. As this was not possible increased concentrations of IAA and GR24 were used in an attempt to elicit a response. Furthermore, it is known that the concentrations used in this study would never been seen in a natural interaction and potentially alter the plant in a way that increases susceptibility. 	Comment by Richard Louden: Clarification on the use of 50 um IAA

[bookmark: _Toc346731151]4.2.6 Measuring the expression of genes involved with cell wall remodelling and indole-3-acetic acid homeostasis in infected Shiokari roots pre treated with IAA or GR24
Material Collection: To investigate how the addition of IAA and GR24 increased the susceptibility rice to S. hermonthica, plants of the cultivar Shiokari were grown in varying concentrations of the PGRs and transferred to rhizotrons as stated in 4.2.5. Three biological replicates, with 2 plants being bulked to form a single replicate, were produced for each treatment, DH2O, 10 µM IAA, 50 µM IAA, 0.1 µM GR24 and 1 µM GR24. Plants of all treatments were inoculated with the Korhogo Kuoto, Ivory Coast S. hermonthica ecotype, according to 2.2.2-2.2.3, and at 2 DAI root material was harvested from all replicates according to 2.1.5. 
RNA extraction, cDNA synthesis and qPCR analysis: RNA extraction, cDNA synthesis and qPCR analysis was all carried out according to section 3.2.3, using the primers outlined in Table 4.1.

[bookmark: _Toc346731152]4.2.6 Statistical analysis of data
All data was assessed and statistically analysed using a combination of the programmes SPSS 21 (IBM, New York, USA) and Graphpad Prism 6 (GraphPad Software, San Diego, California). Statistical analysis included Students t-tests and both one-way and two-way ANOVA followed by a Tukey multiple comparison test, used where appropriate.
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[bookmark: _Toc346731153]4.3 Results:

[bookmark: _Toc346731154]4.3.1 The strigolactone mutants d14-1 and d17-1 show a faster progression of the S. hermonthica endophyte into their roots compared to wild-type plants.
The heightened susceptibility seen in the majority of the dwarf mutants, compared to the wildtype Shiokari, was hypothesised to be due to an increased loosening of the cell walls, which would enable a more rapid progression of the ‘endophyte’. Both of the selected SL mutants showed a significantly increased speed of infection when compared to equal sized roots of the wildtype cultivar Shiokari (Fig 4.4 A, B). At 2 and 3 days after inoculation (DAI) the average progression into the roots of the wildtype Shiokari was 45 µm and 62 µm. At the same time points S. hermonthica had penetrated significantly further into the roots of both dwarf 14-1 (d14-1) and dwarf 17-1 (d17-1), with average progressions of 87.5 µm and 97.5 µm for d14-1 and 83 µm and 91 µm for d17-1. By 5 DAI only d17-1 showed a significant increase in comparison to Shiokari, with a progression of 102 µm compared to 93 µm. 
The increased rate of infection is also shown in figure 4.5, where by 3 DAI the Striga ‘endophyte’ has breached the endodermis of the both the SL mutants, whereas for Shiokari the ‘endophyte’ has yet to even reach it. By 5 DAI both mutant sections show a clear attachment to the xylem, whilst in Shiokari the parasite has now penetrated the cortex, though connections to the xylem are not as advanced (Fig 4.5)
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	Figure 4.4. A) The diameter of roots measured from transverse sections of Striga hermonthica-infected wildtype rice, cultivar Shiokari, and the SL signalling and biosynthesis dwarf mutants, dwarf14-1 and dwarf17-1 at 2, 3 and 5 days after infection (DAI). B) The average distance that the S. hermonthica endophyte had progressed into the roots of Shiokari, dwarf14-1 and dwarf17-1 at 2, 3 and 5 DAI, measured from 4 transverse sections per biological replicate. Data presented are means ± S.E. Bars with different letters are significantly different, P < 0.05, one-way ANOVA and Tukey multiple comparison test. N=5.	Comment by Richard Louden: Added lines to show the comparisons made with one-way ANOVA
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	Figure 4.5. Transverse sections through roots of wildtype Shiokari, and the SL signalling and biosynthesis dwarf mutants dwarf14-1 and dwarf17-1 at 2, 3 and 5 days after inoculation (DAI) with Striga hermonthica. Sections were stained with Calcofluor-white. Scale bar represents 100 µm. Structures are only labelled in the first set of images for clarity. HC= host cortex, HE= host endodermis, HX= host xylem, PE= parasite endophyte, PH= parasite haustorium.




[bookmark: _GoBack]156



[bookmark: _Toc346731155]4.3.2 Changes in the expression of genes associated with cell wall remodelling and SL biosynthesis and signalling correlate with the susceptibility of rice genotypes to S.hermonthica 
IAC-165 is a rice genotype that is highly susceptible to S. hermonthica, thus making it a perfect starting point for ascertaining how the expression of certain genes influences susceptibility. Within infected root tissue at 2 DAI 1.8 and 1.4 fold upregulations were observed in the expression of αEXPANSIN 1 (αEXP1) and βEXPANSIN 3 (βEXP3), compared to uninfected root tissue, whilst a 1.8 fold downregulation was observed for αEXPANSIN 10 (αEXP10) (Fig 4.6 A). At the same time point the expression of IAA-LEUCINE RESISTANT 1 (ILR1), an amidohydrolase which cleaves IAA from amino acids, also showed a 1.8 fold increase in expression. In comparison, the expression of GRETCHEN HAGEN 3.2 (GH3.2), an IAA-amino acid conjugase, was reduced by 2 fold (Fig 4.6 A). By 14 DAI the expression of these genes has returned to uninfected levels with the exception of αEXP 10, which showed a 1.9 fold reduction in expression (Fig 4.6 A). 
Further to the changes in the expression of cell wall extensibility and IAA related genes, genes associated with SL biosynthesis and signalling also showed altered expression patterns in infected tissue. At 2 DAI a minimum 2 fold reduction in expression was observed for the DWARF 10 (D10), DWARF 27 (D27) and DWARF 53 (D53) genes respectively. At the same time point a 4 fold increase was also seen in the expression of DWARF 10-LIKE (D10-L) (Fig 4.6 B). By 14 DAI the expression of all genes had returned to uninfected levels, with the exception of D53, which showed a 2 fold downregulation, compared to uninfected root material (Fig 4.6 B).
To understand if the increased rate of infection seen in d14-1 and d17-1 was related to alterations in the expression of cell wall remodelling genes, as is seen in IAC-165, the expression of the same genes were assesed in the semi resistant wildtype Shiokari and the susceptible SL mutants. Initial comparisons analysed the expression of cell wall remodelling associated genes in uninfected tissue. Compared to Shiokari, uninfected d14-1 and d17-1 root tissue showed increases in the expression of αEXP1, 2.9 and 2.2 fold respectively, and βEXP3, 1.9 and 2 fold respectively (Fig 4.7). Further to this, uninfected d14-1 mutant roots showed a 2 fold increase in the expression of ILR1 compared to both Shiokari and d17-1 (Fig 4.7).
Further to analysing uninfected materials, changes in gene expression were also examined, comparing uninfected and S. hermonthica-infected root tissue. Under infection at 2 DAI wildtype Shiokari root tissue showed 2.9, 1.4 and 1.6 fold increases in the expression of βEXP3, D10 and D27 respectively (Fig 4.8 A, Fig 4.9 A). Further to these increases, infected root tissue also showed 3 and 4 fold decreases in the expression of ILR1 and D10-L (Fig 4.8 A, Fig 4.9 A). At 14 DAI the only significantly upregulated gene was βEXP3, showing a 2.5 fold increase in expression, whilst αEXP10, D10-L and D53 all showed around 2 fold decreases in expression (Fig 4.8 A, Fig 4.9 A).
Further to Shiokari, at 2 DAI infected d14-1 root tissue showed 1.5, 4, 1.6 and 2.8 fold increases in the expression of GH3.2/3.8, D10 and D10-L respectively, and a significant 1.5 fold downregulation in the expression of αEXP1 (Fig 4.8 B, Fig 4.9 B). At 14 DAI infected d14-1 root tissue still showed a 1.6 fold upregulation in the expression of GH3.8, but also 2 fold downregulations in the expression of αEXP10, ILR1, D10 and DWARF 14 (D14). A 1.5 fold increase in the expression of D53 and 3 and 4 fold increases in αEXP1 and D10-L were also observed (Fig 4.8 B, Fig 4.9 B).
At 2 DAI infected d17-1 root tissues showed 1.5 and 2.2 fold increases in the expression of βEXP3 and ILR1, similar to Shiokari, and 1.7 and 2.5 fold increases in the expression of D10 and D10-L, similar to d14-1 (Fig 4.8 C, Fig 4.9 C). At 14 DAI both D10 and D10-L were still upregulated, showing 2 and 7 fold increases in expression, as well as novel 3 and 1.5 fold upregulations in D17 and D27 (Fig 4.8 C, Fig 4.9 C). Around 2 fold reductions in the expression of βEXP3, GH3.2 and D53 were also detected (Fig 4.8 C, Fig 4.9 C).



	[image: ]	Comment by Richard Louden: Changes to log scale as suggested to better show up and downregulations. Updated in text too

	Figure 4.6. The relative expression of genes involved in A) cell wall remodelling and indole-3-acetic acid (IAA) homeostasis and B) strigolactone biosynthesis and signalling in Striga hermonthica-infected roots of the rice cultivar IAC-165, compared to uninfected roots, at 2 and 14 days after inoculation (DAI). Expression data were normalised using REGULATOR OF RIBONUCLEASE (Os01g52460). AEXP1= αEXPANSIN 1, AEXP10= αEXPANSIN 10, BEXP3= βEXPANSIN 3, GH3= GRETCHEN HAGEN 3, ILR1= IAA-LEUCINE RESISTANT 1, D = DWARF. Data presented are means ± S.E. Asterisks represent significant differences between S. hermonthica-infected and uninfected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test, N = 3. 
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	Figure 4.7. The relative expression of genes involved in cell wall remodelling and indole-3-acetic acid (IAA) homeostasis in root tissue of dwarf 14-1 and dwarf 17-1 compared to wildtype Shiokari at 2 days after inoculation (DAI). Expression data were normalised using REGULATOR OF RIBONUCLEASE (Os01g52460) AEXP1= αEXPANSIN 1, AEXP10= αEXPANSIN 10, BEXP3= β-EXPANSIN 3, GH3= GRETCHEN HAGEN 3, ILR1= IAA-LEUCINE RESISTANT 1. Data presented are means ± S.E. Bars with different letters are significantly different, P < 0.05, two-way ANOVA and Tukey multiple comparison test. N=3
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	Figure 4.8. The relative expression of genes involved in cell wall remodelling and indole-3-acetic acid (IAA) homeostasis in Striga hermonthica-infected roots of A) wildtype Shiokari, B) dwarf14-1, and C) dwarf17-1 compared to uninfected at 2 and 14 days after inoculation (DAI). Expression data was normalised using REGULATOR OF RIBONUCLEASE (Os01g52460). AEXP1= αEXPANSIN 1, AEXP10= αEXPANSIN 10, BEXP3= βEXPANSIN 3, GH3= GRETCHEN HAGEN 3, ILR1= IAA-LEUCINE RESISTANT 1. Data presented are means ± S.E. Asterisks represent significant differences between S. hermonthica-infected and uninfected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test, N = 3. 
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	Figure 4.9. The relative expression of strigolactone biosynthesis and signalling genes in Striga hermonthica-infected roots of A) wildtype Shiokari, B) dwarf14-1, and C) dwarf17-1 compared to uninfected at 2 and 14 days after inoculation (DAI). Expression data were normalised using REGULATOR OF RIBONUCLEASE (Os01g52460). D= DWARF. Data presented are means ± S.E. Asterisks represent significant differences between S. hermonthica-infected and uninfected plants at specific time-points, * P < 0.05, **P < 0.01, Students t-test, N = 3. 
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[bookmark: _Toc346731156]4.3.3 S. hermonthica alters the cell wall composition of rice root cells during a susceptible interaction:
For all time points in uninfected tissue a variety of antibodies that bind to specific cell wall components produced a similar signal within in the vasculature of the rice root. Specifically the antibodies bound to the outside of the xylem vessels, the endodermis and the medulla cells. These included the xylogalacturonan probe LM8 (Fig 4.10), the esterfied homogalacturonan probe LM20 (Fig 4.11), the heteromannan probe LM21 (Fig 4.12) and the xyloglucan probe LM24 (Fig 4.13), which preferentially binds to xyloglucans containing a galactosylated XLLG motif. In contrast, at all time points S. hermonthica-infected tissue showed no signal when treated with these antibodies, signifying a lack of these components (Fig 4.10/11/12/13). A further probe, LM11, which binds to arabinoxylan was also visualised solely in the same locations within vasculature at a much greater intensity in both uninfected and infected tissue at all time points (Fig 4.14). 	Comment by Richard Louden: Improved specificity of signal locations in the text
Further to the loss of signal for some probes, two showed an interesting pattern in S. hermonthica-infected roots, which was not observed in uninfected tissue. 
Firstly LM19, a homogalacturonan probe that binds specifically to un-esterified pectin, showed no binding within any part of uninfected roots at any time point (Fig 4.15). However, in S. hermonthica-infected roots at 2, 3 and 5 DAI, a clear signal was observed around the parasites ‘endophyte’ (Fig 4.15). At 7 DAI some signal is apparent within the S. hermonthica tissue located in the host root, though none is observed around the host-parasite interface (Fig 4.15). This signal was also observed in S. hermonthica-infected Shiokari, d14-1 and d17-1 (Fig 4.16). 
Finally, LM25, which binds to xyloglucan, produced a signal within the cortex, the outside of the endodermal cells and the outside of the xylem vessels for all time points in uninfected roots (Fig 4.17). S. hermonthica-infected tissue also showed a clear pattern of xyloglucan distribution within the cortex at 2 and 3 DAI, with a bright signal also seen surrounding the parasite ‘endophyte’ at all time points (Fig 4.17). This signal pattern is very similar to that of an emerging rice lateral root, which shows a clear pattern of xyloglucan distribution around the emerging organ (Fig 4.18 B). As with LM19, the signal observed in IAC-165 was also observed in S. hermonthica-infected Shiokari, d14-1 and d17-1 (Fig 4.19).
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	Figure 4.10. Transverse sections through uninfected and Striga hermonthica-infected roots of the rice cultivar IAC-165 at 2, 3, 5 and 7 days after innoculation (DAI). Sections were stained with Calcofluor-white and with the LM8 antibody which binds to xylogalacturonan. Images of Calcofluor-white and antibody fluorescence were taken separately then overlaid. The green signal represents Calcofluor-white staining and the magenta signal is the site of antibody binding. Scale bar represents 100 µm. N=3. Structures are only labelled in the first set of images for clarity. HC= host cortex, HE= host endodermis, HX= host xylem, PE= parasite endophyte, PH= parasite haustorium.
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	Figure 4.11. Transverse sections of uninfected and Striga hermonthica-infected IAC-165 root at 2, 3, 5 and 7 days after innoculation (DAI). Sections were stained with Calcofluor-white and with the LM20 antibody which binds to esterified homogalacturonan. Images of Calcofluor-white and antibody fluorescence were taken separately then overlaid. The green signal represents Calcofluor-white staining and the magenta signal is the site of antibody binding. Scale bar represents 100 µm. N=3. Structures are only labelled in the first set of images for clarity. HC= host cortex, HE= host endodermis, HX= host xylem, PE= parasite endophyte, PH= parasite haustorium.
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	Figure 4.12. Transverse sections of uninfected and Striga hermonthica-infected IAC-165 root at 2, 3, 5 and 7 days after innoculation (DAI). Sections were stained with Calcofluor-white and with the LM21 antibody which binds to heteromannan. Images of Calcofluor-white and antibody fluorescence were taken separately then overlaid. The green signal represents Calcofluor-white staining and the magenta signal is the site of antibody binding. Scale bar represents 100 µm. N=3. Structures are only labelled in the first set of images for clarity. HC= host cortex, HE= host endodermis, HX= host xylem, PE= parasite endophyte, PH= parasite haustorium.
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	Figure 4.13. Transverse sections of uninfected and Striga hermonthica-infected IAC-165 root at 2, 3, 5 and 7 days after innoculation (DAI). Sections were stained with Calcofluor-white and with the LM24 antibody which binds to xyloglucans (prefferentially those containing a galactosylated XLLG motif). Images of Calcofluor-white and antibody fluorescence were taken separately then overlaid. The green signal represents Calcofluor-white staining and the magenta signal is the site of antibody binding. Scale bar represents 100 µm. N=3. Structures are only labelled in the first set of images for clarity. HC= host cortex, HE= host endodermis, HX= host xylem, PE= parasite endophyte, PH= parasite haustorium.
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	Figure 4.14. Transverse sections of uninfected and Striga hermonthica-infected IAC-165 root at 2, 3, 5 and 7 days after innoculation (DAI). Sections were stained with Calcofluor-white and with the LM11 antibody which binds to arabinoxylan. Images of Calcofluor-white and antibody fluorescence were taken separately then overlaid. The green signal represents Calcofluor-white staining and the magenta signal is the site of antibody binding. Scale bar represents 100 µm. N=3. Structures are only labelled in the first set of images for clarity. HC= host cortex, HE= host endodermis, HX= host xylem, PE= parasite endophyte, PH= parasite haustorium.
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	Figure 4.15. Transverse sections of uninfected and Striga hermonthica-infected IAC-165 root at 2, 3, 5 and 7 days after innoculation (DAI). Sections were stained with Calcofluor-white and with the LM19 antibody which binds to unesterified homogalacturonan. Images of Calcofluor-white and antibody fluorescence were taken separately then overlaid. The green signal represents Calcofluor-white staining and the magenta signal is the site of antibody binding . Scale bar represents 100 µm. N=3. Structures are only labelled in the first set of images for clarity. HC= host cortex, HE= host endodermis, HX= host xylem, PE= parasite endophyte, PH= parasite haustorium.
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Figure 4.16. Transverse sections of Striga hermonthica-infected wildtype Shiokari, dwarf14-1 and dwarf17-1 root material at 2, 3 and 5 days after inoculation (DAI). Sections were stained with Calcofluor-white and with the LM19 antibody which binds to esterified homogalacturonan. Images of Calcofluor-white and antibody fluorescence were taken separately then overlaid. The green signal represents Calcofluor-white staining and the magenta signal is the site of antibody binding . Scale bar represents 100 µm. N=3. Structures are only labelled in the first set of images for clarity. HC= host cortex, HE= host endodermis, HX= host xylem, PE= parasite endophyte, PH= parasite haustorium.
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Figure 4.17. Transverse sections of uninfected and Striga hermonthica-infected IAC-165 root at 2, 3, 5 and 7 days after innoculation (DAI). Sections were stained with Calcofluor-white and with the LM25 antibody which binds to xyloglucans. Images of Calcofluor-white and antibody fluorescence were taken separately then overlaid. The green signal represents Calcofluor-white staining and the magenta signal is the site of antibody binding . Scale bar represents 100 µm. N=3. Structures are only labelled in the first set of images for clarity. HC= host cortex, HE= host endodermis, HX= host xylem, PE= parasite endophyte, PH= parasite haustorium.
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	Figure 4.18 Transverse sections of A) Striga hermonthica penetrating into the root and B) a lateral root emerging through the cortex of the rice cultivar IAC-165. Sections were stained with Calcofluor-white and with the LM25 antibody which binds to xyloglucans. Images of Calcofluor-white and antibody fluorescence were taken separately then overlaid. The green signal represents Calcofluor-white staining and the magenta signal is the site of antibody binding. Scale bar represents 100 µm. N=3. HC= host cortex, HE= host endodermis, HX= host xylem, PE= parasite endophyte, PH= parasite haustorium, LR=host lateral root. Images also used in the LM25 antibody panel in Figure 4.17 at 3 DAI.	Comment by Richard Louden: Indicated multiple use of images
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	Figure 4.19. Transverse sections of Striga hermonthica-infected wildtype Shiokari, dwarf14-1 and dwarf17-1 root material at 2, 3 and 5 days after inoculation (DAI). Sections were stained with Calcofluor-white and with the LM25 antibody which binds to xyloglucans. Images of Calcofluor-white and antibody fluorescence were taken separately then overlaid. The green signal represents Calcofluor-white staining and the magenta signal is the site of antibody binding. Scale bar represents 100 µm. N=3. Structures are only labelled in the first set of images for clarity. HC= host cortex, HE= host endodermis, HX= host xylem, PE= parasite endophyte, PH= parasite haustorium.
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[bookmark: _Toc346731157]4.3.4 Does the manipulation of auxin or SL content of rice roots alter the susceptibility of the rice cultivars IAC-165, Shiokari and Koshihikari to S. hermonthica?
In order to test the impact of auxins and SLs on susceptibility to S. hermonthica, three rice genotypes, IAC-165 (susceptible), Shiokari (semi-resistant) and Koshihikari (semi-resistant) were grown in a low or high concentration of either IAA or GR24 and infected. 
No changes were observed in the dry biomass, number or length of S. hermonthica individuals for IAC-165 under any PGR treatment (Fig 4.20). However, the addition of 50 µM IAA or 1 µM GR24 showed a trend of increased dry biomass and number of S. hermonthica individuals in both Shiokari and Koshihikari (Fig 4.21/22). Significant increases were observed in Shiokari treated with 50 µM IAA and 1 µM GR24 (Fig 4.21), whilst only Koshihikari treated with 50 µM IAA showed a significant increase (Fig 4.22). 

[bookmark: _Toc346731158]4.3.5 Do IAA and GR24 treated roots of the semi-resistant cultivar Shiokari show changes in the expression of genes involved in auxin homeostasis and cell wall remodelling, compared to those treated with DH20, under S. hermonthica infection?
In order to ascertain whether the increase in susceptibility was due to changes in the expression of genes related to cell wall modification, a selection of genes were profiled in PGR treated Shiokari root tissue infected with S. hermonthica. With the exception of GH3.8 all genes showed varying levels of upregulation in at least one of the treatments. In infected 50 µM IAA and 1 µM GR24 treated root tissue 2.1 and 2.5 fold increases in the expression of αEXP1 were observed in comparison to roots treated with DH2O. However, only the 1 µM GR24 treatment elicited any significant change upon infection for αEXP10 showing a 2.7 fold upregulation (Fig 4.23). The final expansin gene profiled, βEXP3, showed significant 2.2, 2.2 and 3.3 fold upregulations in 50 µM IAA, 0.1 µM GR24 and 1 µM GR24 respectively, compared to roots treated with DH2O (Fig 4.23). In contrast to the lack of changes observed in the expression of GH3.8, GH3.2 showed increased expression under infection for all treatments when compared to infected roots treated with only DH2O. Respectively these were calculated as 2.6, 4.7, 5.5 and 5.5 fold increases in expression (Fig 4.23). The final gene analysed, ILR1, showed significant 2, 4 and 4 fold increases in expression in roots treated with 50 µM IAA and 0.1/ 1 µM GR24, compared to roots treated with DH2O (Fig 4.23). 
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	Figure 4.20. The effect of application of IAA and the artificial strigolactone, GR24, to the roots of the rice cultivar IAC 165 from 2 days after seed germination to 5 days prior to inoculation with Striga hermonthica on the A) dry biomass, B) number and C) mean length of S. hermonthica individuals. Data presented are ± SE. N=5. Bars with different letters are significantly different, P < 0.05, one-way ANOVA. N=5.
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	Figure 4.21. The effect of application of IAA and the artificial strigolactone, GR24, to the roots of the rice cultivar Shiokari from 2 days after seed germination to 5 days prior to inoculation with Striga hermonthica on the A) dry biomass, B) number and C) mean length of S. hermonthica individuals. Data presented are ± SE. N=5. Bars with different letters are significantly different, P < 0.05, one-way ANOVA and Tukey multiple comparison test. N=5.
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	Figure 4.22. The effect of application of IAA and the artificial strigolactone, GR24, to the roots of the rice cultivar Koshihikari from 2 days after seed germination to 5 days prior to inoculation with Striga hermonthica on the A) dry biomass, B) number and C) mean length of S. hermonthica individuals. Data presented are ± SE. N=5. Bars with different letters are significantly different, P < 0.05, one-way ANOVA and Tukey multiple comparison test. N=5.
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	Figure 4.23. The relative expression of genes involved in cell wall remodelling and indole-3-acetic acid (IAA) homeostasis in Striga hermonthica-infected roots of the rice cultivar Shiokari treated with either IAA or the artificial strigolactone GR24, compared to roots treated with DH2O. Roots were treated from 2 days after germination to 5 days prior to inoculation with S. hermonthica, with roots being harvested 2 days after inoculation with the S. hermonthica seeds. Expression data was normalised using REGULATOR OF RIBONUCLEASE (Os01g52460). AEXP1= αEXPANSIN 1, AEXP10= αEXPANSIN 10, BEXP3= β-EXPANSIN 3, GH3= GRETCHEN HAGEN3, ILR1= IAA-LEUCINE RESISTANT 1. Data presented are means ± S.E. N=3. Bars with different letters are significantly different, P < 0.05, two-way ANOVA and Bonferroni multiple comparison test. N=3. 
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[bookmark: _Toc346731159]4.4 Discussion:

[bookmark: _Toc346731160]4.4.1 How do perturbations in SL biosynthesis and signalling increase the susceptibility of rice to S. hermonthica?
PGRs are intrinsically linked to the regulation of cell wall remodelling (Cho & Kende 1997; Swarup et al. 2008; Spartz et al. 2012; Laskowski et al. 2006; Rayle & Cleland 1992) and as such are likely to be crucial to the success of the S. hermonthica infection process. 
As previously reported in chapter 3 lesions in SL biosynthesis and signalling genes in the rice dwarf mutants led to an increase in susceptibility to S. hermonthica with the exception of d10-1, which showed no change in parasite biomass or number compared to the wildtype Shiokari. In contrast, other mutant lines supported a significantly increased number of S. hermonthica individuals, compared to their wildtype Shiokari. In order to investigate this increase in susceptibility two of the five dwarf mutants, d14-1 and d17-1, were selected for a detailed histological analysis. When infected, at both 2 and 3 DAI mutant plants displayed a significantly enhanced progression of the S. hermonthica ‘endophyte’ into the cortical root tissue in comparison to the wildtype Shiokari. This was especially evident at 2 DAI where S. hermonthica was almost twice as far into the roots of the dwarf mutants than Shiokari. However, by 5 DAI there appeared to be little physical difference between the mutant genotypes and their wildtype, as all three had breached the endodermis and started to form a xylem: xylem continuity. Therefore the increased progression appears to be linked to a faster rate of growth between the cortical cells rather than an easier breaching of the endodermis. This implies a key role for PGR-induced cell wall remodelling, which regulates the cell wall extensibility of these cells (Swarup et al. 2008), with an increased flexibility likely causing an increased rate of infection, as observed in the dwarf mutants.	Comment by Richard Louden: Added d10-1, stating that it was not changed in terms of susceptibility
In order to test the hypothesis that PGR-induced cell wall remodelling was responsible for this increase in susceptibility a gene expression analysis was conducted. This involved analysing the expression of genes involved in auxin homeostasis, cell wall remodelling and SL biosynthesis and signalling in the roots of uninfected and S. hermonthica-infected IAC-165, d14-1, d17-1, and Shiokari plants.
The most striking result from this analysis was that uninfected roots of both d14-1 and d17-1 showed increases in the expression of αEXP1 and βEXP3 compared to Shiokari, with d14-1 also showing an upregulation in ILR1. The upregulation of two expansin genes indicates that these mutants potentially have less rigid cell walls, due to their known role in the cleavage of cell wall components to facilitate cell extension (McQueen-Mason et al. 1992; McQueen-Mason & Cosgrove 1994; Whitney et al. 2000). In addition, the upregulation of ILR1 in d14-1 implies that at least d14-1 likely has an increased amount of free IAA, due to ILR1s function as an amidohydrolase, which cleaves the bond between auxin bound to Leucine (Bartel & Fink 1995; LeClere et al. 2002).This is further to the already heightened amounts of IAA found in these mutants (Arite et al. 2007). An increase in IAA should facilitate an increase in the expression of other cell wall remodelling proteins, whilst also allowing them to function efficiently by reducing the pH of the apoplast (Catala et al. 2000; Caderas et al. 2000; Spartz et al. 2012; Mcqueen-mason et al. 1992; Matsumoto et al. 1997; Cosgrove 2005; Perrot-Rechenmann 2010). Therefore this result highlights a role for cell wall remodelling and the increased amount of IAA in the heightened susceptibility of these mutants, which is known to be key in the infection process of many pathogens. This has been recorded using transcriptomic analyses from the parasitic plants S. album and T. versicolor, which both show an upregulation of cell wall remodelling genes in infected tissue (Honaas et al. 2013; Zhang et al. 2015). Further to this, the involvement of expansin genes and auxin has been observed during the infection of plants by parasitic nematodes and the infection of rice by the bacterial blight pathogen Xanthomonas oryzae pv oryzae (Ding et al. 2008; Fu et al. 2011; Kyndt et al. 2016; C. Lee et al. 2011; Fudali et al. 2008).

[bookmark: _Toc346731161]4.4.2 What changes are observed in the expression of genes relating to cell wall remodelling, auxin homeostasis and SL biosynthesis and signalling during S. hermonthica infection of rice roots? 
Further to investigating the changes in gene expression between uninfected material of the dwarf mutants and Shiokari, it was also of interest to explore how S. hermonthica impacts the expression of the same genes in a known susceptible cultivar, IAC-165, a semi-resistant cultivar, Shiokari and the susceptible dwarf mutants. 
In the roots of the susceptible cultivar IAC-165 a range of genes showed changes in expression under S. hermonthica infection at 2 DAI. These included upregulations in αEXP1, βEXP3 and ILR1, whilst downregulations were seen in GH3.2, D10, D27 and D53. Interestingly, part of this expression pattern matches what was observed in uninfected roots of the dwarf mutants. For d14-1 this included the increased expression of αEXP1, βEXP3 and ILR1 and for d17-1 the upregulation of αEXP1 and βEXP3. This provides further evidence that these genes are involved in both susceptibility and the infection process. 
At 2 DAI the roots of infected Shiokari plants also showed an increase in the expression of βEXP3 whilst a downregulation in ILR1 was observed compared to uninfected roots. For the dwarf mutants, an increase in the expression of ILR1 was seen in d17-1, thus matching the pattern observed in d14-1 and IAC-165, whilst an increase in the expression of GH3.2 was also observed in d14-1. However, due to the heightened expression of αEXP1 and βEXP3, compared to Shiokari pre infection, it is not surprising that few changes are observed in the dwarf mutants upon infection. 
With regards to the expression of the SL biosynthesis and signalling genes in Shiokari and the dwarf mutants, a contradictory pattern in the expression of D10 and D27 was observed, compared to IAC-165. In infected Shiokari roots upregulations were seen at 2 DAI in both D10 and D27 whilst a downregulation was seen in D10-L. The upregulation of D10 was also observed in infected roots of both d14-1 and d17-1, whilst D27 was only increased in d17-1. However, in contrast to Shiokari, both d14-1 and d17-1 also showed significant upregulations in D10-L, which was observed in IAC-165.
From this analysis there appears to be a clear role for increases in the expression of cell wall remodelling genes and the amount of auxin in determining the susceptibility of plants S. hermonthica and the parasites infection process. This is shown by the upregulation in expansin genes in the dwarf mutants pre-infection and in IAC-165 during infection, the increased expression of ILR1 and reduced expression of GH3.2 in IAC-165 and the increased IAA content observed in the more susceptible dwarf mutants (Arite et al. 2007). There is also potentially an involvement of D10 and D10-LIKE, due to the opposite expression patterns observed in IAC-165 and Shiokari. These data correlate with previous work investigating the susceptibility of a host plant to a root pathogen.
Firstly as mentioned previously the upregulation of expansins, and other cell wall remodelling proteins, has been observed in transcriptional analyses of other parasitic plants infecting their hosts (Honaas et al. 2013; Zhang et al. 2015). Secondly the work of Ding et al. (2008) and Fu et al. (2011) documented increased resistance to the pathogen Xanthomonas oryzae pv oryzae in rice plants overexpressing GH3.8 and GH3.2, which was related to a decrease in free IAA which prevented the upregulation of expansin genes, including αEXP1 and βEXP3, upon infection. This was then further investigated by overexpressing a variety of expansin genes in rice, including αEXP1, which conferred increased susceptibility (Ding et al. 2008). Further work in knockdown lines of a similar gene, GH3.5, also revealed a key role of auxin in the susceptibility to pathogens, as these plants showed an increased susceptibility to P. Syringae (Zhang et al. 2007). This was found to be related to increased auxin concentrations within the plant, which may be related to their increased expression of ILR1, as is observed in IAC-165 and the dwarf mutants (Zhang et al. 2007). 
In addition to bacterial pathogens, some parasitic nematodes form syncytia in order to acquire nutrients from their host (Kyndt et al. 2014). The development of these feeding sites has been shown to rely on auxin transport in order to induce the expression of expansins and other cell wall remodelling proteins (Fudali et al. 2008; C. Lee et al. 2011; Wieczorek et al. 2006; Kyndt et al. 2016; Qin et al. 2004). This allows the single cell that is originally infected by the parasite to be merged with those surrounding it, allowing the parasite to produce a nutrient sink (Bockenhoff et al. 1996; Kyndt et al. 2014).
Finally the role of D10 has been explored in the susceptibility of tomato plants to two fungal pathogens, Botrytis cinerea and Alternaria alternate. Lesions in Sl CCD8, the tomato ortholog of D10, led to increased susceptibility to both leaf pathogens due to decreased amounts of jasmonic acid (JA), salicylic acid (SA) and abscisic acid (ABA) (Torres-Vera et al. 2014). Mutuku et al. (2015) have also established a role for JA in the resistance of rice plants to S. hermonthica. This investigation showed that upon infection with S. hermonthica the resistant cultivar Nipponbare produced high amounts of JA and SA, which was not observed in the susceptible Koshihikari cultivar (Mutuku et al. 2015). Further to this the loss of a JA biosynthesis gene in the hebiba mutant of Nipponbare led to an increase in susceptibility to the parasite (Mutuku et al. 2015). 
As such it appears that changes in gene expression documented here correlate with what has been observed in other susceptible interactions, and is likely due to increased auxin levels facilitating cell wall remodelling and decreases in the amounts of defence related PGRs. However, some data from the dwarf mutants does appear to contradict these findings. Firstly, the expression of D10 is increased in these plants, as is observed in the semi-resistant Shiokari, secondly the expression of GH3.2 is increased in infected roots of d14-1. As outlined above, the downregulation of both of these genes appears to increase susceptibility, however in the dwarf mutants an opposite expression pattern is observed. It is unknown why the expression of these two genes down not match the other susceptible genotype, IAC-165, but clearly does not prevent their increased susceptibility. 


[bookmark: _Toc346731162]4.4.3 Does S. hermonthica alter the cell wall composition of infected rice roots, and how do these changes impact susceptibility?
In order to successfully parasitise its host, S. hermonthica must weave between the cells of the host’s root cortex, penetrate the endodermis and fuse with their xylem vessels; allowing for nutrient acquisition, facilitating growth of the parasite. As shown previously, this appears to be linked to increases in the expression of cell wall remodelling genes. Therefore the hypothesis that S. hermonthica alters the composition of the hosts cell wall to facilitate its infection process was proposed. To test this, uninfected and infected root sections of the susceptible cultivar IAC-165 were treated with a variety of GFP linked antibodies that bind to specific cell wall components. The most interesting of these antibodies were then applied to sections of S. hermonthica-infected root material taken from the wildtype Shiokari, d14-1 and d17-1, to ascertain if these changes are involved in this switch from semi-resistance to susceptibility. 
In combination with the loss of signal for many of the cell wall epitopes profiled, a strong signal was produced during the progression of the ‘endophyte’ in sections labelled with the antibodies LM19 and LM25. LM19 binds to un-esterified pectin, a major component of the primary cell wall matrix, though less present in monocots (Verhertbruggen et al. 2009; Palin & Geitmann 2012; Jarvis et al. 1988). It is likely that the strong signal produced around the invading parasitic organ, until 7 DAI when it disappears, is due to an enzymatic removal of methyl residues, via potential host or parasite pectin methyl esterases (PMEs). This action would release methanol and protons (Moustacas et al. 1991; Nemecek-Marshall et al. 1995), lowering the pH around the cell wall and allowing acid induced cell wall remodelling to take place, facilitated by expansins (McQueen-Mason & Cosgrove 1994; Whitney et al. 2000; McQueen-Mason et al. 1992; Rayle & Cleland 1992; Cosgrove 2005; Durachko & Cosgrove 2009); which have been shown to be up regulated during infection. Interestingly PMEs have been isolated from host tissue infected with other parasitic plants in previous experiments, providing some evidence to back this idea (Losner-Goshen et al. 1998; Srivastava et al. 1994). A further explanation for the increase in LM19 signal upon infection is a defence mechanism elicited by the host, as the removal of methyl groups allows for cross linking with calcium, greatly increasing cell wall rigidity (Willats et al. 2001; Derbyshire et al. 2007). However, a major issue with this hypothesis is that it is being observed in a highly susceptible host (Gurney et al. 2006), as such greatly reducing the plausibility of any kind of defence response to the pathogen.
The LM25 antibody binds to xyloglucans (Pedersen et al. 2012), which fall within the hemicellulose classification and are of much greater presence in rice cell walls (Scheller & Ulvskov 2010). Infected roots treated with LM25 show a similar pattern to that of those treated with LM19, a high signal strength located around the parasitic ‘endophyte’, however the signal remains at 7 DAI for LM25. An interesting point is that the same signal is seen in sections treated with LM25 that show an emerging lateral root, with the signal located around the emerging structure. It is likely that in both cases this signal is due to high amounts of deposited xyloglucan, which has been shown to induce a loosening of cell to cell adhesion through the recruitment of a xyloglucan endotransglucosylase and expansins, with the latter shown to be upregulated within infected roots of IAC-165 (Kaku et al. 2004; Van Sandt et al. 2007; Kaida et al. 2010; Whitney et al. 2000). This would imply that the composition of the cell wall is being altered by similar mechanisms in both events, to facilitate the entrance/exit of a structure.
Due to the interesting results obtained from these antibody studies, infected root tissue of the dwarf mutants and Shiokari was compared using both LM19 and LM25. The overall finding of this work showed very little difference between the mutant genotypes and Shiokari in terms of antibody signal and localisation. This result rules out an inability of S. hermonthica to alter cell wall components in this manner in Shiokari. Furthermore, the presence of an LM19 signal in both highly susceptible mutants reduces the likelihood of it being part of a resistance reaction, rather than in aiding cell wall relaxation.
As with the previous data, comparisons can be drawn between S. hermonthica and other parasitic species including nematodes and the facultative parasitic weed Cuscuta reflexa. A recent immuno-histological examination of nematode syncytia found a high deposition of methyl esterified pectin and cellulose, likely to increase resistance to turgor pressure (Davies & Urwin 2012; Bockenhoff et al. 1996). This is a completely opposite phenotype to what was observed in S. hermonthica, as infected roots showed a high signal for both xyloglucan and un-esterified homogalacturonan, which likely aids in cell wall remodelling rather than for resistance of internal forces. This is due to depositions of xyloglucan providing a mechanism by which cell wall remodelling proteins can loosen the cell wall and the removal of methyl groups from pectin leading to a decrease in apoplastic pH, allowing the proteins to function efficiently (Moustacas et al. 1991; Whitney et al. 2000; McQueen-Mason et al. 1992; Nemecek-Marshall et al. 1995; Catala et al. 1997; Matsumoto et al. 1997). This removal of methyl esters from pectin molecules during the infection process is further supported by a recent immuno-histological study by Johnsen et al. (2015) which analysed the infection site of C. reflexa on the susceptible host Pelargonium zonale. This analysis showed a strong signal for the LM19 antibody, but a lack of LM20 binding, which binds to esterified pectin, at the point where haustorial and host tissue met during the infection process (Johnsen et al. 2015). This provides further data for the removal of methyl esters from pectins during infection, likely aiding in the cell wall remodelling process.

[bookmark: _Toc346731163]4.4.4 How does incubation of host roots with PGRs during growth impact susceptibility of IAC-165, Shiokari and Koshihikari to S. hermonthica?
Treatment with IAA or GR24 was hypothesised to respectively increase and decrease susceptibility. This was due to previous data correlating decreases in SL biosynthesis (d17-1 and d27-1 mutants) and increases in auxin related gene expression with increased susceptibility (Chapter 3, section 3.3.3). The results of this experiment however did not match this hypothesis, as both the high concentration IAA and GR24 treatments increased the susceptibility of Shiokari plants, though only IAA elicited this response in the rice cultivar Koshihikari. Whilst treating plants with high concentrations of growth regulating substances is not ideal, it did provide a method to further assess how PGRs alter susceptibility. The Shiokari cultivar normally shows an intermediate level of resistance, however when treated with high concentrations of IAA or GR24 showed a doubling of both S. hermonthica number and dry biomass. 
Further to showing that the addition of PGRs can impact susceptibility, this experiment also highlighted a potential reason as to why there is such a large spectrum of resistance to S. hermonthica (Gurney et al. 2006; Cissoko et al. 2011). Different cultivars of rice show a large variety in morphology, which is regulated by PGRs, therefore it is likely these plants contain differing amounts of PGRs under normal conditions. This potentially impacts susceptibility to S. hermonthica, as shown here by increasing the amounts of IAA or SLs. This has been partially investigated with regards to a cultivar used in this study, IAC-165. A study by Jamil et al 2011, showed that IAC-165 produces a high amount of strigolactones (100 X greater amounts of 2’-epi-5-deoxystrigol and orobanchol than the TN1 cultivar also used in the Jamil et al. (2011) study) (Jamil et al. 2011). As shown in this and previous studies IAC-165 is highly susceptible to S. hermonthica, as such it may be that its increased SL content causes this, which is backed by our findings in Shiokari (Gurney et al. 2006; Cissoko et al. 2011). This has large implications for the production of resistant crops, as altering the PGR profiles of a plant may increase its basal resistance to parasites such as S. hermonthica. From the previous evidence produced in this study this is likely through preventing the parasite from upregulating cell wall remodelling enzymes. 
To understand this interaction more thoroughly, and allow some comparison to previous work, a gene analysis was performed on infected roots of the semi-resistant genotype Shiokari, which had been grown, pre infection, in either IAA or GR24. The results of this experiment concluded that only the two high treatments showed significant upregulations in αEXP1, βEXP3 and ILR1, which were also upregulated during the infection of the susceptible genotypes, but not the semi-resistant Shiokari. Whilst a more crude methodology was utilised for these experiments, the data provides some further evidence that these three genes are important for the infection process of S. hermonthica and are liked to susceptibility of rice to this parasite. Further to this it backs the involvement of auxins and SLs in the susceptibility of plants to S. hermonthica, providing more evidence that the amounts of these PGRs influences cell wall remodelling upon infection, increasing susceptibility. Thus a potential target for the production of resistant crops is cultivars with altered PGR profiles. 
In conclusion, this study is the first to provide a range of data to show that PGRs and PGR-induced cell wall remodelling are important in determining the susceptibility of plants to S. hermonthica, and also at least partly involved in the parasites infection process. These findings corroborate work conducted in other root infecting pathogens, such as parasitic nematodes and the bacterial pathogen Xanthomonas oryzae pv oryzae that utilise PGR pathways in order to induce the remodelling of host cell walls (Fudali et al. 2008; Goverse et al. 2000; Kyndt et al. 2016; C. Lee et al. 2011; Ding et al. 2008; Fu et al. 2011). With regards to S. hermonthica this is crucial, as it allows the parasite to reach the xylem vessels of its host, whereby it can acquire nutrients for survival and growth. Therefore further investigation into these mechanisms may yield data that can be utilised in the production of S. hermonthica resistant crops.
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Chapter 5- General discussion


[bookmark: _Toc346731166]5.1 The role of plant growth regulators in the S. hermonthica-induced stunting of the main stem and suppression of tiller bud outgrowth
As discussed in chapter 1, Striga hermonthica is a parasitic weed that, through currently unknown mechanisms, induces early onset developmental changes in its host rapidly after infection, severely limiting host yield. Therefore the main aims of this study were to investigate how S. hermonthica induces the stunting of the main stem and the suppression of tiller bud outgrowth observed in S. hermonthica-infected rice plants. Specifically this focussed upon changes in the amounts and distributions of cytokinins, gibberellins, auxins and strigolactones and changes in the regulation of their downstream gene networks. This was conducted to provide data that could be utilised for further studies into these mechanisms, in the hope of producing tolerant rice varieties. 
The work described in chapters 2 and 3 are the first known studies utilising morphological analyses, together with measurements of plant growth regulators, genetic mutants and transcriptional data in order to examine the mechanisms by which S. hermonthica reduces main stem growth and suppresses tiller bud outgrowth. Through these analyses I have developed a mechanistic model involving changes in PGR amounts, transport and their downstream signalling pathways to explain how S. hermonthica induces these changes to the above ground morphology of its host.
Upon infection with S. hermonthica the susceptible rice cultivar IAC-165 showed a reduction in stem height and tiller number compared to uninfected plants. Once it was established that this cultivar showed the normal phenotype of S. hermonthica infection it was possible to profile plant growth regulators, including auxins, cytokinins (CKs), gibberellins and abscisic acid (ABA) in different parts of the host plant and parasite. 
The profile produced from S. hermonthica-infected rice plants showed several key results that correlated with the observed changes in morphology. These included a reduction in bioactive gibberellins and CKs within the stem base. Stem growth is a process which has long been known to be controlled by gibberellins (Cosgrove & Sovonick-Dunford 1989; Kende et al. 1998), and as such the reduction seen in infected plants indicates a mechanism for suppressing main stem growth. The role of CKs in promoting tillering is equally well known, and as such the reductions seen in two forms of CKs, trans-Zeatin and isopentenyladenine, indicates that tiller bud outgrowth is likely suppressed by reducing CKs (Liu, Xu, et al. 2011; Liu, Gu, et al. 2011). 
Whilst these data established a clear correlation between reductions in gibberellins and CKs and the stunting of the main stem and suppression of tiller bud outgrowth, a key PGR involved in both of these processes, strigolactones (SLs) could not be analysed due to technical limitations. Therefore the role of SLs in the stunting of the main stem and suppression of tiller bud outgrowth was investigated, using the rice dwarf mutants containing lesions in genes which encode components of the SL biosynthesis and signalling pathways. I hypothesised that the mutants would still show a stunting of the main stem following infection with S. hermonthica because SLs are not the primary driver of stem growth. Data were consistent with this hypothesis. In contrast I predicted that the Striga-induced suppression of tillering seen in wildtype plants would not occur in the SL mutants due to the fact that either SL biosynthesis or signalling were inhibited. This is because SLs are the main suppressor of tiller bud outgrowth and by perturbing these pathways this suppression should not occur. In this case the data were not consistent with the hypothesis. 
To further investigate the potential role of PGRs in the stunting phenotype the amount of IAA was also quantified in the stems of the dwarf mutants and a transcriptional analysis was carried out upon two wildtype genotypes, IAC-165 and Shiokari, and the dwarf mutants. With regards to the stunting of the main stem this analysis revealed that S. hermonthica-infected mutant plants showed significantly lower amounts of IAA within the stems compared to uninfected plants. This indicated a role for auxins in the stunting of the main stem along with the reduction in bioactive gibberellins observed in IAC-165. Therefore genes responsive to gibberellins and auxins that have been shown to impact stem growth were profiled. In both the wildtypes there was a clear change in a variety of genes which controlled auxin levels, gibberellin signalling and downstream processes involved in stem elongation, such as cellulose biosynthesis. However, in the mutant lines only changes in gibberellin signalling and cellulose biosynthesis were observed. Despite this finding, the evidence from all of the genotypes analysed in this investigation does indicate a key role for reducing the amounts of gibberellins and auxins, and altering downstream gene pathways, in the S. hermonthica-induced stunting of the main stem. 
In addition to this, the transcriptional analyses performed in IAC-165 and Shiokari revealed changes involved in tiller bud outgrowth. These genes (the transcription factors Os TEOSINTE BRANCHED 1 and Os MADS57, the hypothesised transcriptional repressor DWARF 53 and the CK biosynthesis genes ADENONINE ISOPENTENYL TRANSFERASE 7 and 8 are all involved within the network that was detailed in chapters 1 and 3, which is believed to be regulated by SLs, although only two SL genes were found to have different expression under S. hermonthica infection. 
However, the crux of these changes is that a pooling of auxin likely occurs within the cells of the tiller bud, reducing the expression of CK biosynthesis genes, as observed in both IAC-165 and Shiokari, with reductions in CKs also observed in IAC-165. Whilst this increased amount of auxin was not detected in IAC-165 or the dwarf mutants, this is a likely a feature of its cell specific nature preventing its detection in large amounts of tissue. When the same transcriptional analysis was performed in the dwarf mutants there were also key changes in gene expression that matched what was observed in the two wildtypes. Importantly this included a reduction in the expression of a CK biosynthesis gene. As such it appears as though the S. hermonthica limits tiller bud outgrowth through reductions in CK biosynthesis, with also a likely role for auxins.
Whilst this work has provided evidence for a mechanistic basis of how these changes are induced there is a need for further work to both support these changes and also to investigate how changes in PGRs are induced. 
In regards to the stunting of the main stem, the infection of mutant lines would provide crucial data supporting the involvement of gibberellins and auxins. Key mutants to analyse would include lines with both increased and reduced expression of gibberellin and auxin biosynthesis genes (Sakamoto et al. 2001; Sakamoto et al. 2003; Yuanxin et al. 2003; Yamamoto et al. 2007; Yoshikawa et al. 2014). This would highlight how important changes in the amounts of these PGRS are to the stunting of the main stem. A histological analysis of infected stem tissue is also of importance, in order to understand whether the reductions in stem height are driven by a prevention of cell elongation, division or both. In addition, a further analysis of the changes in plant growth regulators at an increased number of time points and tissue types whilst not essential would be of use. This would allow a better measurement of how gibberellins, auxins and SLs are changing at the exact location that growth is suppressed, likely providing more significant data. 
Further to these experiments, in order to support the data produced regarding the suppression of tillering observed in S. hermonthica-infected plants there are a few key experiments that would substantially aid the understanding of this interaction. Most importantly, more substantial genetic evidence, to support the changes in gene expression documented here, should be collected. Ideally this would involve infecting rice plants over-expressing the IPT genes, the fine culm 1 mutant which contains a lesion in OS TB1 (Takeda et al. 2003), the Os MADS57 RNAi and over-expression lines (Guo et al. 2013) and the dwarf53-1 mutant (Zhou et al. 2013; L. Jiang et al. 2013). Further to this, an analysis of auxin flux within the stem base is crucial, as little information regarding auxins could be gathered during this investigation. This could be performed through radiolabelling techniques and monitoring fluorescent auxins which do not interact with signalling components (Hayashi et al. 2014). Also, as mentioned in relation to the stunting of the main stem an increased PGR profile, whilst not essential, would be use if it included increased time points, tissue types and a measurement of SLs. 	Comment by Richard Louden: Altered the text to remove the over use of firstly, secondly, lastly etc and make it it makes logical sense
With regards to further understanding how PGRs are altered within the infected plants there are three key approaches that should be taken. The first is through the use of promoter: reporter lines for gibberellin, auxin, CK and SL biosynthesis genes. The use of GUS or GFP fused to the promoter regions of such genes would allow a visualisation of both whether the expression of such genes are increased and where, which could be accompanied by transcriptional profiling, using material harvested by laser microdissection, to provide quantitative evidence from specific tissues. 
In addition to potential work that could be conducted on the host plant, as shown in this investigation, chapter 2, section 2.3.5, S. hermonthica contains a range of endogenous PGRs which may be transferred to the host via the haustorium to induce changes in morphology. There is the potential to further investigate this using non-active fluorescent analogues of PGRs to allow tracking from parasite to host (Hayashi et al. 2014; Prandi et al. 2014; Shani et al. 2013). This may potentially reveal that some of the changes in the amounts of PGRs are induced by direct influx from the parasite. 
Finally, as discussed in chapter 1, section 1.4, a potential mechanism by which the amounts and distributions of PGRs are changed is through the exchange of small, mobile RNAs. This would include short interfering RNAs and microRNAs which are known to suppress gene expression through binding to, and preventing the translation of, target messenger RNA (Wilson & Doudna 2013; Carthew & Sontheimer 2009). The movement of such molecules has been shown previously in the Cuscuta pentagona parasite infecting either Arabidopsis thaliana or tomato plants (Gunjune et al. 2014). Therefore a transcriptome analysis may reveal insights into whether S. hermonthica transfers mobile RNAs into its host to induce changes in gene regulation, altering PGR biosynthesis and signalling pathways. As both a large number of rice genomes and transcriptomes have been sequenced and annotated along with a S. hermonthica transcriptome the separation of mRNA reads should be possible, though transcriptome analysis can be highly challenging. However, through a mixture of these three approaches it may be possible to further understand how the changes observed in this investigation, and potential further investigations, are induced. 

[bookmark: _Toc346731167]5.2 The role of plant growth regulators in the S. hermonthica infection process
Further to the main aims of investigating the mechanisms by which S. hermonthica stunts the main stem and suppresses tiller bud outgrowth, this work sought to further understand the role of PGRs within the infection process and the susceptibility of plants to S. hermonthica. This was due to the increased susceptibility observed in the SL dwarf mutants, compared to their wildtype Shiokari, clearly indicating a role for PGRs within the infection process. To carry this out two hypotheses were tested within this investigation. The first was that the increased susceptibility of the SL dwarf mutants was related to increases in PGR-induced cell wall remodelling. The second was that within a susceptible interaction S. hermonthica induces changes to the composition of host cell walls to facilitate infection. Through testing these hypotheses, this work has provided a body of evidence, including histological and transcriptomic, showing a role for PGR induced cell wall remodelling and changes to cell wall composition in both determining susceptibility to S. hermonthica and the parasites infection process. This is a novel finding.
A histological analysis of infected Shiokari, dwarf14-1 and dwarf17-1 showed a clear impact of PGRs upon the susceptibility of rice to S. hermonthica, as both dwarf mutants showed an increase in the rate of infection. Cell wall remodelling has been hypothesised to be involved in the S. hermonthica infection process, as it has recently been observed in other parasitic plants (Honaas et al. 2013; Yang et al. 2015). As two recent studies had shown a clear role for auxins and the auxin regulated cell wall remodelling proteins expansins in the susceptibility of rice to a bacterial root pathogen these genes were analysed in infected rice tissue (Ding et al. 2008; Fu et al. 2011). This was conducted alongside profiling changes in the expression of the SL biosynthesis and signalling genes due to the increased susceptibility of the majority of the dwarf mutants. This analysis on the susceptible cultivar IAC-165, the semi resistant Shiokari and the susceptible dwarf mutants indicated a key role for expansins and increased auxin levels in the infection of rice. Furthermore, a comparison between the dwarf mutants and Shiokari highlighted that increased expression of the same genes under normal conditions may be the cause of the increased susceptibility. A histological analysis confirmed that the composition of the host cell walls was altered during S. hermonthica infection, with two results indicative of increased cell wall remodelling activity, which was also observed in Shiokari and the dwarf mutants. Finally, due to a lack of transgenic lines overexpressing either auxin or SL biosynthesis genes, rice plants were grown in either IAA or GR24 in an attempt to alter the susceptibility of semi-resistant genotypes. As expected, semi-resistant plants grown in the high IAA concentration showed increased susceptibility with one genotype also showing this when grown in the higher concentration of GR24. Transcriptional analysis of IAA and GR24 treated plants showed an increased expression of the same expansin and auxin regulating genes that were altered in IAC-165 and the dwarf mutants.
This work has provided clear evidence that auxin regulated cell wall remodelling is important in the infection of rice roots by S. hermonthica and determining susceptibility to the parasite. As such a furthering of this work may aid in elucidating the exact mechanisms that are used by S. hermonthica to remodel the cell walls of its host. There is then potential to alter these networks, producing a plant which S. hermonthica cannot progress into, preventing any attachment to the xylem, as is observed in Nipponbare plants (Gurney et al. 2006). 
Whilst a role for both expansins and genes involved in auxin homeostasis has been shown, further work is essential to back up this transcriptional data. The most important is infecting a range of rice plants which have either increased or reduced expression of these genes, such as GRETCHEN HAGEN 3.2/8, αEXPANSIN 1, βEXPANSIN 3 and other cell wall remodelling genes, and also further genes involved in the emergence of lateral roots in rice. This is due to the role that auxin induced cell wall remodelling plays in lateral root emergence (Laskowski et al. 2006; Swarup et al. 2008). As such mutants impaired in lateral root emergence should be more resistant to S. hermonthica infection. Through infecting these mutant lines and assessing their susceptibility a more conclusive mechanism can be produced for how S. hermonthica induces changes in cell wall composition. 
In addition to mutant analysis, a modified version of the transcriptional analysis conducted in this work should be performed. This should compare the expression of auxin homeostasis, cell wall remodelling and SL genes in wildtype susceptible, semi-resistant and resistant genotypes from the point of attachment to the formation of the xylem: xylem continuity. In order to improve the accuracy of this analysis material should be collected via laser microdissection, taking the host cells which surround the ‘endophyte’. Through this type of analysis it would be possible to identify the cell specific changes that occur during infection, which will be critical to the progression of the parasite. 
Finally, further work should also be conducted to improve the knowledge surrounding the changes in cell wall composition. This should be conducted on the same genotypes as the transcriptional analysis using Fourier transform infrared spectroscopy as it allows a more accurate, quantitative measure of changes in cell wall composition. By combining these three experimental approaches a more definitive mechanism can be produced in regards to the temporal changes that are induced in the host and how these changes impact susceptibility. 
In conclusion, the work presented within this thesis has advanced our understanding of how S. hermonthica induces changes in the above ground morphology of its host, and shown a key role for PGRs within this process. It has highlighted a selection of changes in gene expression which correlate with both the observed morphological changes that are seen and the measured changes in the amounts of PGRs. In addition to the work relating to above ground morphology, a link between auxin induced cell wall remodelling and changes in susceptibility to S. hermonthica has been established. 




Chapter 5- General discussion
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