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[bookmark: _Toc154331415]Abstract
Plants must carefully integrate environmental information and plan for their future growth according to their current and predicted resource availability. Soil volume and the presence of neighbouring plants are two such environmental factors that plants must take into consideration. Soil volume has been shown to strongly inhibit plant growth independently of nutrient availability, and plants sown at high densities show similar inhibition of growth. However, the mechanisms underpinning soil volume and neighbour density detection and response have remained elusive. In this thesis I have assessed inter- and intraspecies responses to soil volume and neighbour density in the shoot and root system, characterising the responses in agronomically important crops such as wheat, barley and pea, as well as Arabidopsis. By carrying out a large phenotyping screen of barley germplasm, I have identified genotypes with elevated and reduced sensitivity to soil volume. I have shown that although plant responses to soil volume and neighbour density are similar, they are not completely interchangeable. I have proposed a two-phase root exudate-based system that plants use to detect and respond to their available soil volume and the presence of neighbouring plants. The first phase involves the recognition of available space by dilution of an exudate and this results in changes in shoot growth. The second phase involves a different signal with much lower mobility, which increases when roots are at high density and results in shoot and root growth inhibition. I have identified that the first phase root exudate is likely exuded strigolactones. This thesis demonstrates a new role for exuded strigolactones as plant-to-plant signals that inhibit the shoot growth of neighbouring plants. This thesis provides a strong basis for integrating the soil volume and neighbour density responses into breeding programs to produce larger plants within a given space without the need for elevated fertiliser inputs.
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[bookmark: _Toc154331421]The environment and plant growth
Due to their sessile growth habit, plant survival is dependent on their ability to carefully coordinate their growth in response to environmental stimuli. In higher plants, the growth and development of their shoot system architecture; the spatial organisation of aboveground organs such as branches, light harvesting tissues and reproductive structures (Wang et al., 2018), and their root system architecture; the spatial organisation of root structures and their associated branching (Morris et al., 2017) is highly plastic and strongly influenced by the environment. The plasticity of the shoot and root system allows them to modulate their phenotypic characteristics according to the environmental conditions they are experiencing, to better their success in the environment (Wheeldon and Bennett, 2021). The availability of nutrients, for example, has long since been known to influence shoot and root architecture (Forde, 2002; de Groot et al., 2003; Kudoyarova et al., 2015; Jia et al., 2022). In addition to nutrient availability, plants use a wide range of above- and belowground environmental cues to modulate their growth and development throughout life. This complex environmental information must be communicated across long distances throughout vascular plants to ensure growth is in line with current and future resource availability (Wheeldon and Bennett, 2021). The ability of plants to detect and respond to environmental cues early in life, allows forward planning of their shoot and root growth to ensure the successful production of offspring. 
Plants must be able to detect and subsequently modulate their growth according to the amount of space in which they occupy and the presence of other organisms in their vicinity. Plants are rarely found growing alone in their natural habitats, and hence there is a need for a proactive response mechanism to the presence of other plants in their environment who could pose an imminent or future threat to resource availability. How do plants do this?
The aim of this thesis is to understand plant growth in response to available space and neighbour presence and outline the mechanisms which underpin detection and response to these environmental stimuli.
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As plants work through their developmental plan, their body size increases over time, and hence the environment they occupy can become limiting. Moreover, their inherent body size could eventually exceed the amount of space (soil volume) they occupy and the accompanying resources available which they require to sustain their growth. The amount of space that a plant’s roots can occupy can be limited by a range of factors such as rocks, soil strata that are difficult to penetrate, prior occupation by other plant roots, or the presence of a pot or container (Semchenko et al., 2008). The availability of sufficient space in which to grow is an important environmental stimulus which plants must detect early in life to ensure their growth matches their available space. 
Plant responses to soil volume availability are not particularly surprising, but nevertheless cause dramatic effects on plant growth. A beautiful example of this is the bonsai, which to the eye is a perfectly formed miniature tree. Limitations on the available soil volume results in smaller plants than if a greater amount of soil was available to the plant, such that plants grown in small soil volumes generally have lower biomass, branching, decreased photosynthesis and reproductive output than those grown in large soil volumes (Carmi and Heuer, 1981; Krizek et al., 1985; Robbins and Pharr, 1988; Bar-Tal et al., 1995; Bar-Tal and Pressman, 1996; van Iersel, 1997; Poorter et al., 2012). In the case of biomass, a large meta-analysis of pot size studies documented that increasing soil volume by two-fold, generally resulted in an increase in biomass by 43% (Poorter et al., 2012). In terms of photosynthesis, some studies have found that a two-fold increase in soil volume increases photosynthetic rate by 30% or greater (Robbins and Pharr, 1988; Ronchi et al., 2006). This phenomenon has been referred to historically by different terms including root restriction, soil volume limitation and plants becoming ‘pot bound’. 
The phenotypic response to soil volume outlined above has been seen in many species from the bedding plants (Salvia splendens) to important food crops such as bean (Phaseolus vulgaris L.), cucumber (Cucumis sativus L.) and tomato (Lycopersicum esculentum Mill), cotton (Gossypium hirsutum) and trees (Northern Red Oak (Quercus rubra L.), and white spruce (Piceaglauca (Moench) Voss)) to name a few (Carlson and Endean, 1976; Carmi and Heuer, 1981; Krizek et al., 1985; Hanson et al., 1987; Bar-Tal and Pressman, 1996; van Iersel, 1997; Kharkina et al., 1999; Yong et al., 2010). Despite the clear implications of soil volume on plant growth, plant science research in other fields rarely factors soil volume into their experimental design, or fails to even define the soil volume used in published reports (Poorter et al., 2012). Hence some of their reported findings may be confounded by soil volume, such that growth changes seen may actually be the result of differences in soil volumes used rather than the factor they are testing. This could be particularly problematic if collaborators use different soil volumes in their systems. A key example of where such lack of attention to soil volume has been problematic is in plant crowding studies (Hess and De Kroon, 2007) which will be discussed in greater detail later. 
Soil volume availability has implications for industrial profit, and there are examples in horticulture (Kharkina et al., 1999; Xu et al., 2001) and forestry (Carlson and Endean, 1976) where there has been an interest in maximising plant size in the smallest volume of pot. This could be extrapolated to a much wider scale, in the context of the productivity of field-grown crops where plants are often densely sown (Postma et al., 2021), which would reduce the space each plant can colonise. This therefore poses an intriguing possibility that plant responses to soil volume could be similar to that of plants experiencing neighbour dense growth conditions.
Pots are not a natural environment for plants, nevertheless it would be expected that plants would be able to detect and respond to their available space in nature to ensure survival. But how do they do this? Despite, the large range of phenotypic studies to date, few have attempted to propose a mechanism which plants use to detect and respond to their soil volume availability. 
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Inherently, a small soil volume will contain less nutrients and water holding capacity than a large soil volume. Therefore, both nutrient and water availability have been proposed to explain limited plant growth in small soil volumes. With decreasing size of pots, this has been associated with increased rate of soil desiccation, hence this has been suggested to result in unanticipated drought stress, which has been proposed to explain soil volume effects (Tschaplinski and Blake, 1985; Ray and Sinclair, 1998). Related to soil desiccation, some studies have found that small soil volumes experience higher temperatures and elevated temperature fluctuations than larger soil volumes (Keever et al., 1986; Townend and Dickinson, 1995) and hence this has also been suggested as a possible explanation for growth differences between soil volumes. Yet, exploration into the effects of temperature and soil desiccation on plant growth in different soil volumes has been limited to these examples (Poorter et al., 2012).
Restricting the availability of nutrients such as nitrogen and phosphorus is well known to cause reduced growth in many species (Sinclair and Horie, 1989; Lynch et al., 1991; Veneklaas et al., 2012), hence this has led to suggestions that soil volume effects could be directly caused by the limitations in soil nutrients. However, it has long been established that nutrients are not the cause of soil volume effects, and this has been demonstrated in both substrate based and hydroponic studies (reviewed in Hess and De Kroon (2007) and Poorter et al., (2012))
Substrate based experiments, where nutrient availability has been carefully controlled in pots of different volumes, have highlighted that soil volume acts independently to nutrient availability to affect plant growth (Carmi and Heuer, 1981; Robbins and Pharr, 1988; McConnaughay and Bazzaz, 1991; Loh et al., 2003; Hess and De Kroon, 2007). One such example comes from the growth of several annual species in multiple volumes containing sterilised sand with varying fertiliser regimes (McConnaughay and Bazzaz, 1991). They found that shoot and root biomass was greatest when plants were grown in the largest substrate volume irrespective of the nutrient regime, however the sensitivity to soil volume varied between the species and this was reflected in differing allocation preferences in the above and belowground tissues (McConnaughay and Bazzaz, 1991). 
Hydroponics provides an environment where nutrients and indeed water availability can be carefully controlled and the physical space in which the roots can explore can be manipulated. A particular example of this comes from tomato, where plants were grown in 2 nitrate concentrations (1.0 and 9.0mmol L-1) and the root systems were either placed inside root impermeable mesh bags, which could still exchange water and nutrients (400ml and 1000ml mesh bag volume), or the root systems were able to freely explore the external container (Bar-Tal et al., 1995). The free roots and mesh bag treatments were grown within the same volume of external container, ensuring that nutrient availability and the physically accessible substrate volume (free roots or via the bags) could be carefully controlled. Nutrient availability had minimal effect on the root biomass between the nutrient treatments, instead root biomass was most strongly influenced by the amount of physical space their root systems experienced by the mesh bags (Bar-Tal et al., 1995). These results therefore suggested that the physical space available for root exploration, rather than any influence of nutrients or water availability, resulted in substrate volume responses. The results of other hydroponic studies have supported the findings of reduced root biomass in line with reduced physical volume for root exploration (Hameed et al., 1987; Ternesi et al., 1994; Kharkina et al., 1999).
Other support that nutrient availability is not the cause of soil volume responses comes from measurements of leaf nitrogen levels between plants grown in different soil volumes (assessed in a meta-analysis of many studies) (Poorter et al., 2012). As soil volume increased, the authors found a minimal increase (albeit not significant) in nitrogen levels in leaf tissues, subsequently suggesting that levels of leaf based nitrogen are unaltered by soil volume availability. In addition, a study on soybean which investigated phosphorous levels in the leaves of plants grown in different soil volumes found a similar trend (Krizek et al., 1985), to that of nitrogen. 
Together however, the nutrient and water availability in small soil volumes, whether that be in substrate based or hydroponic set ups, cannot be the only explanation for the phenotypic differences seen in both plant size and photosynthesis between soil volumes (Hess and De Kroon, 2007; Poorter et al., 2012). 



[bookmark: _Toc154331424]Soil volume responses could involve root impedance and root exuded chemicals

As plants grown in small soil volumes would have less space for their root systems to explore, it is possible that the pot itself could be impeding root growth leading to the shoot growth consequences observed. Additionally, the hydroponic experiment discussed earlier suggested that the physical space for root exploration impacted plant growth more than the availability of nutrients (Bar-Tal et al., 1995). 
Plants do not grow in pots in the wild therefore in some respects a pot could be perceived as an obstacle which a plant attempts to circumvent. Plant root avoidance to obstacles has been long since known (Darwin and Darwin, 1896) and studies have suggested this is caused by root exuded inhibitory substances that build up near an obstacle (Bopp and Klein, 1963; Sachs, 1997; Falik et al., 2005). Potassium permanganate and activated carbon have been used to eliminate organic compounds from soil environments (Mahall and Callaway, 1992; Gates-Anderson et al., 2001; Shaabani et al., 2003), and the application of these in experimental settings has resulted in increased root growth of Pisum sativum towards, rather than in avoidance, to obstacles (Falik et al., 2005). A similar root inhibitory exudate was also suggested by Semchenko et al., (2007).
In addition, this displacement of root growth has also been seen in response to belowground areas that are physically difficult to penetrate such as compacted soil (Kozlowski, 1999; Clark et al., 2003). Soil compaction is an example where the available soil volume which plant roots can explore is limited. The mechanical impedance caused by compacted soil causes several changes in root system growth such as decreased main root length, elevated root density and increased root diameter (Goss, 1977; Bengough, 2003; Clark et al., 2003). Recent research has illustrated that increased soil compaction also results in elevated exudation of root exuded chemicals in Brassica napus (oilseed) which could enable the plant to change soil properties to better their success of penetrating the soil (Duan et al., 2023). However, there could be a possibility that some exuded chemicals under soil compaction conditions could have an inhibitory function such like when plants undergo obstacle avoidance. Therefore, it is possible that such root growth and exudate responses could be seen in small soil volumes but this is understudied. 
Bringing together obstacle avoidance and mechanical impedance caused by compacted soil, in laboratory settings a pot could act as an obstacle whereby plants grown in smaller soil volumes are less able to avoid these inhibitory substances than those grown in larger soil volumes. Nuclear resonance imaging (NMR) has been used to assess root distribution of beet (Beta vulgaris) and barley (Hordeum vulgare) grown in cylindrical containers where it was found that more than 50% of the root biomass produced by these plants was located in the exterior 20% of the soil volume assessed (Poorter et al., 2012). Together with the potential role of root inhibitory substances in root avoidance this could provide an explanation for the negative effects of small soil volumes. Root impedance has also been shown to influence the shoot as one study found that increasing the degree of impedance experienced by plant roots led to a fast reduction in the rate in which leaves expand (Young et al., 1997). This suggests that such root based environmental stimuli are quickly communicated to the shoot (Wheeldon and Bennett, 2021) and therefore could provide an explanation for the corresponding small shoot systems seen in plants grown in small soil volumes. 
Root exudates could thus play a role in soil volume responses but the identity of these substances is unknown along with details surrounding how such information is communicated to the shoot system. Furthermore, evidence provided by McConnaughay and Bazzaz, (1991) has identified differences in soil volume responses between species. Could this be due to varying concentrations or identities of such root inhibitory exudates? Exploring intraspecies variation to soil volume could lead to understanding the genetic basis of the soil volume response and hence contribute to the development of plants resistant to the negative effects of being grown in small soil volumes. 

[bookmark: _Toc154331425]Neighbour density and plant growth

Plants rarely grow alone in nature, therefore detecting the presence of neighbours and modulating their growth accordingly is crucial for survival. Unlike soil volume research, which has had little interest in recent years, our understanding of how plants detect and respond to each other has dramatically increased, and has been shown to involve multiple detection mechanisms, both above and belowground (reviewed in Wang et al., (2021) and Bilas et al., (2021)). Historically, plant responses to neighbours has been suggested to be rather simplistic, in that plants would only respond to neighbours by detecting the depletion of water, light and nutrients in their environment (Schenk, 2006; Pierik et al., 2013; Bilas et al., 2021). Over the last few decades however, it has become apparent that multiple active neighbour detection mechanisms are utilised by plants. Shoot-based mechanisms can include detection of volatile organic chemicals released from  neighbouring shoots (Heil and Karban, 2010; Ninkovic et al., 2021), detection of far red light scattered off nearby leaves (Roig-Villanova and Martínez-García, 2016; Huber et al., 2021) and touch (Massa and Gilroy, 2003; Zhou et al., 2017). Whereas belowground, plants have been observed to use root exudates (Biedrzycki et al., 2010; Yang et al., 2018; Kong et al., 2018; Wang et al., 2021) to detect neighbours. However, there has been a difficulty in defining the importance of each mechanism as, one mechanism can often influence another and some mechanisms such as light and touch are unlikely to provide detailed information about the identity of the neighbour in question (Bilas et al., 2021).

[bookmark: _Toc154331426]Neighbour density studies are often confounded by soil volume

Understanding plant growth in the context of crowded scenarios in laboratory settings has often been complicated by confounding variables in the experimental design. An example of this are split root studies, which can be set up in several different ways but generally involve two plants grown in the same pot, but the root systems are separated whether that be via a solid divider or some form of root impermeable barrier, or alternatively plants are grown in different pots but their roots can span between them (Gersani et al., 2001; Maina et al., 2002; Falik et al., 2003; O’Brien et al., 2005; Hess and De Kroon, 2007). Assessing the response of the root system to the other plant in the setup is a common way of quantifying the positive or negative influence the other plant has, for example to determine if the response is competitive, passive or cooperative. These studies have led to observations where roots are seen to over-proliferate when two plants share the pot, suggesting competition for the space in which they both occupy (Gersani et al., 2001; Maina et al., 2002). Split root studies however are highly problematic as soil volume and nutrient availability are rarely controlled for which consequently brings in to question the real value of the observations (Schenk, 2006; Hess and De Kroon, 2007; Semchenko et al., 2007). Conflicting other studies have however failed to see the same root based responses to neighbouring plants, in that no over-growth of roots was seen (Semchenko et al., 2007; Nord et al., 2011; McNickle and Brown, 2014), and hence McNickle and Brown (2014) aimed to explain this by suggesting it was due to species specific responses. Nevertheless, these studies were also hindered by failing to control for soil volume in their experimental design. 
After many studies with questionable experimental designs, a study in pea carefully controlled for soil volume and nutrient availability in their split root scenarios, and uncovered that root biomass was decreased in crowded scenarios compared to singly grown plants (Chen et al., 2015). Despite the success of this experiment, no defined mechanism as to how the plants integrate soil volume and the presence of neighbouring plants was established. 


[bookmark: _Toc154331427]Neighbour density in agricultural settings

Plants are densely sown in agricultural settings (Hecht et al., 2016) and given the ever-increasing global population, the ability to produce more food per area of land is of great societal importance. In the UK for example, a benchmark of 260 wheat plants/m2 and 305 barley plants/m2 is currently recommended (AHDB Cereals & Oilseeds, 2023b; AHDB Cereals & Oilseeds, 2023a). The responses of plants to neighbour density have been studied for well over a century (Hickman, 1889) and remain highly relevant today. When the density of planting increases, this results in decreased space between the neighbouring plants. The effect of density on maize (Zea mays) had strong effects on dry biomass as when plants were sown in densities between 1.5- 18 plants/m2, total biomass increased as density increased, however, the individual biomass and the seed produced per plant decreased (Li et al., 2015). Support for these findings comes from a meta-analysis of neighbour density experiments across a wide range of species, and they identified that with increased sowing density this resulted in a reduction in tiller number (branch number), biomass and total seed mass of the individual plants (Postma et al., 2021). The role of sowing density on root system architecture in field settings has been minimally studied, but in barley, increased sowing density has been shown to result in an increase in root length density (Hecht et al., 2016) and this was caused by increased production of main roots (Hecht et al., 2019) and in a desert species of the Brassicaceae, lateral root branch number increased when grown at high density (Volis and Shani, 2000). 
Increased understanding of how plants detect each other in neighbour dense scenarios could lead to the production of varieties which remain high yielding even when subjected to dense sowing regimes. 

[bookmark: _Toc154331428]Neighbour detection using root exudates

There are a very large number of chemicals, organic molecules, primary and secondary metabolites and signals exuded by plant roots (Bais et al., 2003; Rolfe et al., 2019; Ehlers et al., 2020; Wang et al., 2021). They can be found in the soil environment directly around plant roots, which is referred to as the rhizosphere (Berendsen et al., 2012; Bakker et al., 2013). In addition to root exudates, the rhizosphere contains an array of microorganisms and together this makes the rhizosphere highly chemically complex compared to bulk soil (Berendsen et al., 2012; Bakker et al., 2013). Some root exudates promote beneficial relationships with microorganisms (Lanfranco et al., 2018; Ehlers et al., 2020) and others promote detrimental relationships with organisms such as parasitic plants and plant parasitic nematodes (PPN) (Akiyama et al., 2005; Masson-Boivin and Sachs, 2018; Zagorchev et al., 2021). Therefore, plants must carefully balance between exuding signals with the aim of attracting beneficial organisms and disclosing their location to a detrimental organism. The benefits must provide a strong enough survival reward to make their location disclosure worthwhile (Clark and Bennett, 2023). 
The chemically ‘noisy’ characteristic of the rhizosphere provides a complicated setting to explore plant-to-plant detection and response via root exudates. Several studies have shown that the application of root exudates from other plants to test plants can cause changes in plant growth, such as root biomass and root system architecture, even when the plant provider of such exudates is absent from the environment (Biedrzycki et al., 2010; Semchenko et al., 2014; Yang et al., 2018; Kong et al., 2018). This highlights the possibility that the concentration of root exudates surrounding plants may indicate the relative distance from neighbours (Fang et al., 2013). Therefore, this could act in a similar manner to obstacle avoidance described earlier (Falik et al., 2005). Additionally, it has been suggested that some of the rhizosphere components may be present for long periods of time, and hence can potentially influence the other plants and organisms which may occupy that environment at a later time point (Karlovsky, 2008; van der Putten et al., 2013; Hu et al., 2018), this could negatively affect a plants’ ability to make decisions about their future growth.
The ability to recognise neighbours is important as this allows plants to determine current and future ‘competition’ for below- and aboveground resources. There have been suggestions that some species are able to identify that other plants in their environment are different to them (not self) (Broz et al., 2010; Pierik et al., 2013; Karban, 2015), and taking this a step further, some studies have indicated that plants can determine if the neighbour is kin or non-kin (Dudley and File, 2007; Yang et al., 2018; Anten and Chen, 2021). Understanding kin recognition could be highly important in agricultural settings where plants are densely sown with others that are close relatives (Yang et al., 2018). It would be hoped to result in scenarios where plants cooperate rather than compete with their neighbours allowing for increases in yield (Chen et al., 2012; Kiers and Denison, 2014; Murphy et al., 2017; Bilas et al., 2021). Fang et al (2011) suggested that intensive breeding may have caused some crops to no longer be able to detect the identity of their neighbours in conditions where nutrients and other resources are abundant, however this is not the case for all, as some varieties of crops have been shown to respond differently to neighbours depending on how closely related they are (Fang et al., 2011; Fang et al., 2013; Yang et al., 2018). In rice for example, root based growth changes have been evident in response to closely related and more distantly related cultivars thus suggesting that kin recognition is mediated through the root system (Fang et al., 2013). 
Despite many studies identifying variations in shoot and root responses to genetically identical or distantly related species using root exuded chemicals, there have been few characterised root exudates with which to attribute plant-to-plant detection. Yang et al (2018), identified that rice (Oryza sativa) plants grown with others of the same or closely related cultivars produced less root biomass, root length and total root area than those grown with distantly related cultivars. These findings were similar when root exudate mixtures from distantly related lines were exogenously applied to the root system without the presence of the distantly related cultivar, highlighting that elements of the root exudates were responsible for this response (Yang et al., 2018). They identified that a root exudate named allantoin was present in the cultivars and varied greatly with genotype. Furthermore, allantoin was able to strongly influence root growth at low concentrations but its effects reduced with increasing concentration (Yang et al., 2018).
In the same year, two other root exudates, jasmonic acid and (-)-loliolide, were identified in wheat, and these were shown to induce the production of an allelochemical called DIMBOA (2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one) (Kong et al., 2018). Allelochemicals are suggested to cause inhibition of neighbouring plant growth to diminish their survival ability (Meiners et al., 2012; Bilas et al., 2021), and DIMBOA was previously shown to be produced in wheat roots experiencing crowded scenarios with neighbours of a variety of species including weeds (S.-Z. Zhang et al., 2016; Li et al., 2016). 
Combinations of different root exudates may be able to present enough ‘information’ about the neighbours in their environment to enable them to adjust their growth accordingly to ensure they are not too large to sustain with the future availability of resources (Bilas et al., 2021). However, this presumes that different species would have the ability to ‘understand’ what these signals mean (Bilas et al., 2021). Aside from the few root exudates identified above, there have been no other root exudates identified to be plant-to-plant signals to date. Given the high complexity of the rhizosphere, there are likely many other exudates that can influence plant growth in response to neighbours that are yet to be identified. Can some signals act as more general signposts that plants can recognise even if they are unrelated?
[bookmark: _Toc154331429]Strigolactones

Strigolactones (SLs) are small signalling molecules that were first identified in cotton (Gossypium arboretum) root exudates which were found to induce germination of parasitic plants in the Orobanchaceae family, such as witchweed (Striga lutea) and broomrape (Phelipanche and Orobanche spp) (Cook et al., 1966; Xie et al., 2010). The negative symbiosis caused by the advertisement of the host plant’s location in the soil environment to the Orobanchaceae plants was intriguing, because why would plants exude SLs if this leaves them open to parasitism? However subsequent identification of beneficial interactions of plants with arbuscular mycorrhizal fungi (AMF) stimulated by root exuded SLs (Akiyama et al., 2005; Gutjahr, 2014) have provided some explanation for this. Upregulation of SL synthesis and exudation has been seen in phosphate deprived environments (Yoneyama et al., 2012) and the symbiosis with AMF can overcome phosphate limitation (López‐Ráez et al., 2008). Phosphate limitation has subsequently been utilised in experimental settings to stimulate SL exudation allowing for easier quantification and identification of SLs (Yoneyama et al., 2008; Xie et al., 2013; Wheeldon et al., 2022). 
SLs were later identified as plant hormones which regulate shoot branching, where SL synthesis and signalling mutants possess a characteristic high level of shoot branching and semi-dwarf phenotypes (Gomez-Roldan et al., 2008; Umehara et al., 2008). Genes in the SL synthesis pathway have been identified in all land plants (Walker et al., 2019; Wheeldon and Bennett, 2021) Elements of the signalling pathways however have been limited to flowering plants (Walker et al., 2019).

[bookmark: _Toc154331430]Strigolactone biosynthesis

All strigolactones contain a butanolide moiety known as a D ring, however, canonical SLs also contain a tri-cyclic lactone moiety known as the ABC rings which are joined with an enol-ether bridge to the D-ring (Koichi Yoneyama et al., 2018; Machin et al., 2019). The biosynthesis of SLs is primarily located in the roots and begins with the conversion of β-carotene to carlactone (CL) by DWARF27 (D27) and CAROTENOID CLEAVAGE DIOXYGENASE7/8 (CCD7, CCD8) (Alder et al., 2012). Carlactone (CL) is then converted to carlactonic acid (CLA) by MAX1 homologs (Arabidopsis thaliana; CYP711A1 / AtMAX1, Pisum sativum; CYP711A2 and Oryza sativa; CYP711A1/2/3)(K. Zhang et al., 2014; Abe et al., 2014; Kaori Yoneyama et al., 2018; Wheeldon et al., 2022) (Fig. 1.1). The subsequent structures vary between species and can be segregated into canonical and non-canonical strigolactones (Fig. 1.1). The steps subsequent to CL and CLA have evolved repeatedly, and has led [image: ]to a diverse mix of SLs produced in many species (Clark and Bennett, 2023).

[bookmark: _Toc146657524][bookmark: _Toc154331525]Figure 1.1 Strigolactone biosynthesis pathway
Figure showing the biosynthesis pathway of strigolactones in Pisum sativum (pea), Oryza sativa (rice) and Arabidopsis thaliana (Arabidopsis). Pea genes are shown in green, rice in red and Arabidopsis in purple. * indicates SLs which have been found to be exuded. (Additional information on the following page)
Figure modified from Wheeldon et al, 2022 and supplemented with further detail from the companion paper Yoneyama et al 2022, and further detail from (Abe et al., 2014; Y. Zhang et al., 2014; Kaori Yoneyama et al., 2018)

[bookmark: _Toc154331431]Canonical and non-canonical strigolactones

In pea, the production of canonical strigolactones is the result of CYP711A2 and CYP711A3 genes which lead to the synthesis of orobanchol (OB), orobanchyl acetate (OA) and fabacyl acetate (FA) (Lopez-Obando et al., 2015; Yoneyama, 2020; Wheeldon et al., 2022). In rice, the same genes result in the production of and 4-deoxyorobanchol (4DO) and orobanchol (OB) (Koichi Yoneyama et al., 2018; Kaori Yoneyama et al., 2018; Wakabayashi et al., 2019; Yoneyama et al., 2022).
As mentioned earlier canonical and non-canonical strigolactones can be differentiated by their structures (Yoneyama et al., 2018; Machin et al., 2019). The structure of non-canonical SLs allows them to be much more diverse than canonical SLs and therefore likely means there will be more non-canonical SLs identified in the future (Koichi Yoneyama et al., 2018). So far, 35 SLs have been identified, with a higher proportion of these being canonical SLs (Koichi Yoneyama et al., 2018; Mashiguchi et al., 2021; Bouwmeester et al., 2021; C. Li et al., 2023; Clark and Bennett, 2023). 
The functionality of canonical and non-canonical strigolactones varies amongst species and it is not as simple as classifying one type as root exuded chemicals and the other type as hormonal signalling molecules. For example, in rice, canonical SLs have been shown to act as germination stimulants and AMF signals, whereas non-canonical SLs have been shown to act hormonally influencing shoot growth (Mashiguchi et al., 2022; Ito et al., 2022). In Arabidopsis, non-canonical SLs also act as hormones, while Arabidopsis does not synthesise canonical SLs and has limited or no exudation of SLs (Yoneyama et al., 2020). Intriguingly, a recent study in maize which assessed SL biosynthesis in many cultivars, demonstrated that SL biosynthesis is limited to non-canonical type SLs which have been shown to be exuded but these are also presumed to have a hormonal role (C. Li et al., 2023). Taken together, this illustrates that the functionality of SLs cannot be explained solely by their structural characteristics and there is still much to learn about their functions (Clark and Bennett, 2023). This diversity and the ability of some species to generate multiple different types of exuded SLs brings in to question why this might be and also if these exuded SLs may function in new ways not previously reported in the rhizosphere.

[bookmark: _Toc154331432]Strigolactone signalling

An α/β hydrolase DWARF14 (D14) is the strigolactone receptor (Waters et al., 2012; Hamiaux et al., 2012) and when bound to SL, this results in conformational change of the receptor leading to an association with an F-box protein (rice: D3, pea: RMS4 and Arabidopsis: MAX2) and members of the SMAX1-LIKE (SMXL) protein family (rice: D53, Arabidopsis: SMXL6/7/8 and pea: PsSMXL7) (Jiang et al., 2013; Soundappan et al., 2015; Waters et al., 2017; Kerr et al., 2021). This association triggers proteolysis and ubiquitination of SMXLs and subsequent degradation of SL by hydrolytic activity of the D14 receptor (Seto et al., 2019) (Fig. 1.2).
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[bookmark: _Toc146657525][bookmark: _Toc154331526]Figure 1.2 Strigolactone signalling pathway
A simplified diagram of the SL signalling pathway in Pisum sativum (pea), Oryza sativa (rice) and Arabidopsis thaliana (Arabidopsis). Pea genes are shown in green, rice in red and Arabidopsis in purple.
Modified from Wheeldon et al (2022) and supplemented with further detail from the companion paper Yoneyama et al (2022). Additional detail from Waters et al (2017).

[bookmark: _Toc154331433]Could strigolactones have other roles in the rhizosphere?

The broad spectrum of different SLs exuded by many species into the rhizosphere could mean they have other roles aside from as signals to AMF. One such possibility is that SLs could act as plant-to-plant signalling molecules. This has previously been suggested in the moss Physcomitrium patens where moss mutants in the CCD8 biosynthesis enzyme are seen to grow close and, in some cases, overlap with other ccd8 mutant colonies (Proust et al., 2011). These mutants are unable to exude SL, and conversely WT moss colonies were not seen to overlap with each other. Therefore this could suggest that SL exuded by the WT colonies has an inhibitory role on the growth of the other colonies in the growth media (Proust et al., 2011). Could rhizospheric SLs act as plant-to-plant signalling molecules in higher plants?

















[bookmark: _Toc154331434]Aims
Given the background discussed in this introduction I propose the following aims for my PhD thesis.

1. To characterise the shoot- and root growth responses of plants subjected to limited soil volume and the presence of neighbouring plants, and to determine if the shoot- based responses to soil volume and neighbour density differ in any way.
2. To identify barley germplasm with altered sensitivity to soil volume, to allow for future understanding of the genetics underlying soil volume sensitivity. 
3. To identify transcriptional changes in response to neighbouring plants and the speed in which neighbours are detected. 
4. To propose a model for how plants detect and respond to the presence of neighbouring plants. 
5. To determine if strigolactone is an important root exuded chemical involved in the recognition and response to neighbouring plants and available soil volume.
There is a large amount of research into the phenotypic characteristics of soil volume-limited plants and this thesis aims to address the lacking mechanistic elements to this plant growth response. This investigation involves further shoot based phenotyping with the addition of root-based phenotyping, mainly in economically important crops. Understanding the mechanisms of plant detection and response to the presence of neighbours and the availability of belowground space is a key element in the future development of higher yielding crops within a given area of land. 

[bookmark: _Toc154331435]Methods and Materials

[bookmark: _Toc154331436]Plant growth conditions
[bookmark: _Toc154331437]Light and temperature
All experiments were carried out under glasshouse conditions of 16-hour day and 8-hour night at 22°C, under LED lights with an average light intensity of ~250µmol m-2 s-1, with the exception of Arabidopsis thaliana plants in agar plates which were grown in controlled rooms with white fluorescent tubes at a light intensity of ~120 μmol m–2 s−1 with a 16 hour day and 8 hour night at 20°C.
[bookmark: _Toc154331438]Growth substrates
[bookmark: _Toc154331439]Soil based experiments
Petersfield No.2 compost was used for soil-based experiments. Pots, containers and rhizoboxes were filled with compost and gently pressed to level the soil at its maximum capacity. Rhizobox experiments required the removal of any large soil clumps whilst filling them with compost, and seeds were pregerminated on damp filter paper on the lab windowsill for 1-7 days as stated inline.
For section 4.3.1, 10ml Arabidopsis thaliana Salts (ATS) (Table 2.1) was applied to half of the plants in each soil volume once a week.
Experiments that were not soil based are specified inline.
[bookmark: _Toc154331440]Hydroponic experiments
All seeds used in hydroponic experiments were first germinated in 100ml pots containing either perlite (sections 4.2, 4.3.6, 5.2.1) or 50:50 sand:perlite (section 4.3.7) for 1 week, plants of equal size were selected and the perlite or sand:perlite was gently washed off the roots in water and then the plants were transferred to the hydroponic system. 1L black pots with lids were used and filled with water and ATS nutrient solution (Wilson et al., 1990) (Table 2.1). The ATS nutrient solution was made up by using 15ml of the individual stock solutions that would be ordinarily used to make 1L of ATS solution. The water level was checked and subsequently topped up every 1-2 days for the duration of the experiment. For section 4.2 all hydroponate was disposed of and replaced with fresh water and ATS solution at 3 weeks post germination and 4 weeks post germination. For section 4.3.7 all hydroponate was disposed of and replaced with fresh water and ATS solution every 2 weeks for the duration of the experiment (Wheeldon et al., 2021), the same can be said for section 4.3.6. For section 5.2.1, when the plants were 2 weeks old, the rac-GR24 (Chiralix) 10mM stock was diluted to 1µM in 1L hydroponic pots containing ATS solution (as described above), equivalent volume of the acetone was used as the mock control treatment. When the plants were 4 weeks old, the addition of 1µM GR24 was repeated (Wheeldon et al., 2022). 
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[bookmark: _Toc146657526][bookmark: _Toc154331515]Table 2.1 Arabidopsis thaliana Salts (ATS)
First described in (Wilson et al., 1990)

[bookmark: _Toc154331441]Rhizoboxes
All seeds used in rhizoboxes were pre germinated on damp paper in petri dishes for the time specified in the experiments.

[bookmark: _Toc154331442]Agar plates
Arabidopsis thaliana seeds were placed in open 1.5ml tubes, in a tube rack within a sealable plastic box placed in a fumehood. Sterilisation was achieved using chlorine gas produced by 100ml liquid bleach and 3ml 37% hydrochloric acid (HCl) in a beaker inside the plastic box. The plastic box was sealed for ~1.5-2 hours and on completion the plastic box was opened, and tubes sealed and re-opened once in a laminar flowhood before plating onto media plates.
Seeds were sown on to 120mm square petri dishes containing 60ml ATS agar medium as outlined by (Wilson et al., 1990) using 0.8% w/vol Duchefa plant agar and 1 % w/vol sucrose (Table 2.1).  rac-GR24 (Chiralix) 10mM stock dissolved in acetone was diluted to 1µM or 5µM in 60ml ATS agar plates as described above, an acetone only control equivalent to the 1µM GR24 treatment was used for control plates. Plates were sealed using micropore and stored for 48h in a 4°C cold room for seed stratification before being placed vertically in walk in growth chambers for the duration of the experiment as specified inline. 

[bookmark: _Toc154331443]Containers used for plant growth
Most soil-based experiments used standard black plastic pots of 100ml, 500ml or 2000ml volume (as stated in line) but in scenarios where this was not the case it has been stated inline, and if required described in greater detail below. 
For the barley soil volume phenotyping screen in chapter 3.3, each genotype was sown singly in 100ml and 500ml pots in manageable weekly ‘batches’ of 5 genotypes. 

[bookmark: _Toc154331444]Neighbour density experiments
Chapter 3.2, neighbour density experiments were carried out in either 100ml and 500ml or 500ml and 2000ml pots. The top perimeter of the smallest soil volume pot in the experiment was cut and used as a template for sowing distance in the larger pot.
[bookmark: _Toc154331445]Rhizoboxes
Greiner bio-one (120 mm) and Corning (245 mm) square plates were modified with 6 holes melted into the bottom edge for drainage and on the opposite edge, a 1 inch hole (uncrowded) (Fig. 2.1A), or a hole spanning the width of the plate (crowded) to allow the shoots to grow out of the plate. Cereal seeds were pre germinated on damp paper for the duration stated in the figure legends. Seeds were transferred to the plates and situated 1cm below the shoot hole. The rhizoboxes were filled with compost, being careful to not dislodge the seed(s). Rhizoboxes were sealed with autoclave tape on the unmodified sides. Plates were then placed in custom-built stainless-steel racks (built by High Peak Sheet Metal LTD), which held the plates at a 45° angle allowing for optimal root visibility (Bontpart et al., 2020) (Fig. 2.1B). The plates were submerged in 1cm of water at all times to ensure even water distribution throughout the soil. 
[image: ]
[bookmark: _Toc146657527][bookmark: _Toc154331527]Figure 2.1 Cartoons depicting rhizoboxes
A) A cartoon depicting the top (lid) and base of rhizoboxes used in Section 3.4. Circles represent drainage holes melted into the lower edge of the rhizoboxes. And a gap at the opposite edge depicts remove plastic to allow to the shoots to grow out of the plate. 
B) A cartoon depicting a rhizobox held in a stainless steel rack at a 45° angle

 
Plates were scanned twice weekly using an Epson Perfection v39 scanner (Sections 3.4.1, 3.4.3 and 3.4.4) or Epson Perfection v850 Pro (Section 3.4.2) at 3-4 day intervals at 300 dpi. Both the base and top of the plates were scanned once roots became visible. Typically, no roots were visible on the tops of the plates until ~13 days post germination. Standard settings were used on the Epson Scan software, with the preference set for photo rather than document capture.  
[bookmark: _Toc154331446]Hydroponics
The hydroponic pots were black plastic pots with matching lids with a capacity of 1L (previously described in Wheeldon et al, 2021 and Wheeldon et al, 2022). Plants were grown in either 1 plant per pot (1/pot) or 4 plants per pot (as specified in line) and the corresponding number of holes to plants was drilled into the lids. Falcon tubes were modified to 2cm in length leaving a short open-ended cylinder. For sections 5.2.1 and 4.3.7, the Falcon tube lid was also modified with a small hole to allow for the roots to be inserted and provided slight support to the shoot. The other hydroponic experiments did not require the lid (section 4.2 and 4.3.6). A foam bung was added around the root- shoot junction inside the shortened falcon tube to secure the plant in place. The modified falcon containing the plant and foam bung was then inserted into a hole made into the lid of the pots. For 4.3.7 an additional modified falcon tube type was required for the ‘enclosed’ treatment, in this case falcon tubes only had the bottom 2cm removed and then the open end was sealed using nylon mesh (described below) which was attached to the falcon using Tensol 12 adhesive. ‘Enclosed’ treatments were checked daily and if any roots forced the mesh to separate from the falcon these plants were disposed of. 
Aeration was provided by airstones connected via tubing to aquatic pumps (All Pond Solutions, AP-12-Kit pump).
[bookmark: _Toc154331447]Container shape and root density
For the experiment described in 4.2.5, containers were made by a summer student, Julia Wapenhans. Laminated laminator sheets were the main material used where outer cylinder ‘pots were made by joining edges of the sheets together using Tensol 12 adhesive and applying an additional seat to the base to seal the container. Inside the outer cylindrical container, a cone was made again using laminator sheets that were sealed together. Further detail is provided inline.
[bookmark: _Toc154331448]Nylon mesh 
35 μm,16% open area, Nylon monofilament mesh (Plastok Associates Ltd) was used for all experiments which specified the use of mesh. Tensol 12 plastic adhesive was used to seal mesh to plastic and mesh to mesh. 
For section 4.3.2, 100ml mesh pots were made by cutting a 100ml pot into a net and this was used as a template, tabs were made to allow secure sealing of the corners. The template ensured the mesh pots were of identical volume and shape as the 100ml pots. 
For section 4.2.6, mesh bags were created using a semi-circle of impermeable nylon mesh, the semicircle was folded to create a cone by overlapping the straight edge (Fig. 2.2A). The straight edge was sealed together using Tensol 12. The open end, the widest part of the cone had a series of holes made on the edge using a hole punch and string was threaded through the holes. At 4 weeks post germination, the bags were introduced into the hydroponic system as specified inline. The roots were placed inside the bag with the apex pointing down, once all the required roots were in the bag, the drawstring was carefully pulled to draw the bag close to the roots (Fig 2.2B), this produced a volume of 150ml. The string was threaded through the Falcon tube and out the same side as the shoot where the drawstring was knotted to secure it in place. The bags were checked every 2-3 days and if any unwanted roots had grown out of the top of the bag where the drawstring was, the bag was quickly undone, and the root was tucked back inside and the drawstring was pulled closed again.
[image: ]






[bookmark: _Toc146657528][bookmark: _Toc154331528]Figure 2.2 Formation of mesh bags
A) Image showing a cone shaped mesh bag formed by connecting the 2 straight edges of a semicircular piece of 35 μm,16% open area, Nylon monofilament mesh. Holes were subsequently punched on the curved top edge. Scale bar represents 2cm.
B) String was threaded through the punched holes on the curved edge and drawn together to close the bag. This example does not contain plant roots. Scale bar represents 2cm.

For section 4.3.7, this is described in the hydroponics section above. 
[bookmark: _Toc154331449]Phenotypic assessments
[bookmark: _Toc154331450]Branch and tiller counts
For wheat and barley, tiller number was counted weekly as stated inline. For pea, branches were counted at the stated timepoints when they were longer than 10mm. For Arabidopsis, all branches were counted at the specified time points.
[bookmark: _Toc154331451]Dry Biomass
Where stated, shoot, ear and root matter per plant was harvested and placed in a 60°C oven for 3 days to dry before being weighed on a balance.
[bookmark: _Toc154331452][image: ]Spikelet counts
Where stated, each individual spikelet on an ear was counted. Total spikelet number per plant was the sum of the number of spikelets per ear on that plant.



[bookmark: _Toc146657529][bookmark: _Toc154331529]Figure 2.3 Diagram indicating spikelets on a wheat ear
Image of a wheat ear, 6 arrows have been added to indicate 6 of the spikelets present on this ear. Scale bar represents 1cm.

[bookmark: _Toc154331453]Root system assessments
[bookmark: _Toc154331454]Root length and number in rhizoboxes
Assessments were taken using ImageJ. Images were scaled and the segmented line tool was used to measure the length of each root. From this data root number could be calculated. For wheat and barley; data was separated into seminal and lateral roots per plant. In these assessments I defined seminal roots as roots which have other roots connected to them; the roots which connect to the seminal roots are defined as lateral roots (Fig. 2.4). 
[image: ]





[bookmark: _Toc146657530][bookmark: _Toc154331530]Figure 2.4 Root system architecture of wheat and barley
Cartoon representing the root system architectures of wheat and barley.
A) A cartoon example of RSA in wheat and barley. Grey lines represent seminal roots which emerge from the seed (brown oval). Blue lines represent lateral roots which emerge from the thicker seminal roots (grey). 

For root length and number data presented in 3.4.1, 3.4.2, 3.4.3 roots visible on both the top and base of the plates were added together to give the root numbers and lengths. For time points before 13 days post germination, only base measurements are presented. For root length and number data presented in 3.4.4, only base measurements were assessed. 
[bookmark: _Toc154331455]Root density measurements
Rhizoboxes
After ~21 days it became too difficult to accurately measure root length and root number using the method above. Therefore, to quantitatively assess root growth over time, a method was devised to calculate the proportion of white pixels in a given area. The contrast of each image in an experiment was changed to a defined setting to allow for the contrast between dark pixels of the plate (soil) and white pixels (roots) to be more stark (increasing the signal to noise ratio) (Fig. 2.5). White pixels would produce a high number between 0 and 255, compared to the dark pixels of soil. Using ImageJ, the contrast setting used was as follows: 3.4.1: 25, 3.4.2: 25, 3.4.3: 25, 3.4.4: 22. The mean pixel intensities (mpi) were subsequently converted to a percentage (mpi/255x100) (as described in Wheeldon et al, 2021). A Root Density Score was defined as the percentage of white pixels on the base of the plate plus the percentage of white pixels on the top of the plate.
[image: ]










[bookmark: _Toc146657531][bookmark: _Toc154331531]Figure 2.5 Root density assessment
Figure showing example images of root systems assessed for root density.
A) Image of a wheat plant grown in 1100ml rhizobox
B) The same image as A, but with the contrast setting changed to 25 using ImageJ to darken the soil and brighten the roots as described in C
C) Brightness and contrast panel in ImageJ. Contrast toggle highlighted with a navy outline and the corresponding contrast setting, in this example ‘’25’’, also highlighted with a navy outline



Clear pot root density
Images were taken for all 4 sides and the base of the 100ml and 300ml clear sided pots in chapter 4 (as described in Wheeldon et al, 2021). Images were taken every 7 days for the 8 week duration of the experiment. A similar method as described above was utilised with ImageJ. For images taken on the same week, each face (not including the base) was treated the same using a defined contrast setting, but images taken on different weeks were treated differently as the lighting in the room where the photos were taken varied each week. The base however had a much higher colonisation of roots therefore this was assessed separately. The bases had different contrasts to the sides but all the base photos were treated the same within a timepoint. The percentages (as described above), for each face and the base were summed to provide the Root Density Score. Averages between treatments were carried out and this was repeated each for each week of images (as described in Wheeldon et al, 2021).
[bookmark: _Toc154331456]Arabidopsis agar plates
Images were assessed using ImageJ. Images were scaled, then primary and lateral roots were assessed for their length and number.




[bookmark: _Toc154331457]Plant materials
[bookmark: _Toc154331458]Hordeum vulgare
100 Barley genotypes were kindly provided by KWS (Klaus Oldach). Those proceeded with ** in the Accession Number column failed to germinate.
	Accession number
	Botanic name
	Accession name
	Country of origin
	Status

	HOR 17077
	Hordeum vulgare L.
	MAHABAD
	Iran, Islamic  Republic
	Traditional cultivar/landrace

	HOR 1780
	Hordeum vulgare L. convar. vulgare var. parallelum Körn.
	-----
	Iran, Islamic  Republic
	Traditional cultivar/landrace

	HOR 18300
	Hordeum vulgare L. convar. vulgare var. hybernum Viborg
	KOORIJAN
	Iran, Islamic  Republic
	Traditional cultivar/landrace

	HOR 18364
	Hordeum vulgare L.
	AHWAZ
	Iran, Islamic  Republic
	Traditional cultivar/landrace

	HOR 14342
	Hordeum vulgare L. convar. vulgare var. hybernum Viborg
	BUTSCHAK
	Afghanistan
	Traditional cultivar/landrace

	HOR 15778
	Hordeum vulgare L.
	APCEI
	Afghanistan
	Traditional cultivar/landrace

	HOR 16078
	Hordeum vulgare L.
	KUSHK-I-NAHOST
	Afghanistan
	Traditional cultivar/landrace

	HOR 18220
	Hordeum vulgare L. convar. vulgare var. asiaticum (Vavilov) Mansf.
	SEBAK
	Afghanistan
	Traditional cultivar/landrace

	HOR 1816
	Hordeum vulgare L. convar. vulgare var. violaceum Körn.
	-----
	China
	Traditional cultivar/landrace

	HOR 2369
	Hordeum vulgare L. convar. vulgare var. hybernum Viborg
	Lan-hsi-Nacktgerste Nr. 1
	China
	Advanced/improved cultivar

	HOR 2383
	Hordeum vulgare L. convar. vulgare var. himalayense (Rittig) Körn.
	-----
	China
	Traditional cultivar/landrace

	HOR 16569
	Hordeum vulgare L. convar. vulgare var. coeleste L.
	Gerste
	India
	Traditional cultivar/landrace

	HOR 19184
	Hordeum vulgare L.
	ASARCHET
	India
	Traditional cultivar/landrace

	HOR 11126
	Hordeum vulgare L. convar. distichon (L.) Alef. var. erectum (Rode) Alef.
	Ishukushirazu
	Japan
	Advanced/improved cultivar

	HOR 1251
	Hordeum vulgare L. convar. vulgare var. brevisetum Regel ex Orlov
	-----
	Japan
	Traditional cultivar/landrace

	HOR 18824
	Hordeum vulgare L.
	SANHOKO
	Japan
	Traditional cultivar/landrace

	HOR 11409
	Hordeum vulgare L. convar. vulgare var. coeleste L.
	Sarubori
	Korea
	Advanced/improved cultivar

	HOR 14876
	Hordeum vulgare L. convar. vulgare var. subparallelum (Orlov) Mansf.
	Mehrzeilige Gerste
	Nepal
	Traditional cultivar/landrace

	HOR 18913
	Hordeum vulgare L. convar. vulgare var. brevisetum Regel ex Orlov
	KATHMANDU
	Nepal
	Traditional cultivar/landrace

	HOR 7129
	Hordeum vulgare L. convar. intermedium (Körn.) Mansf. var. harlani (Vavilov & Orlov) Mansf.
	-----
	Nepal
	Traditional cultivar/landrace

	HOR 15401
	Hordeum vulgare L.
	KAMDESH
	Pakistan
	Traditional cultivar/landrace

	HOR 15860
	Hordeum vulgare L.
	ZUSUM
	Pakistan
	Traditional cultivar/landrace

	HOR 18382
	Hordeum vulgare L.
	Gerste
	Pakistan
	Traditional cultivar/landrace

	HOR 10742
	Hordeum vulgare L. convar. vulgare var. rikotense Regel
	-----
	Georgia
	Traditional cultivar/landrace

	HOR 10775
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	-----
	Georgia
	Traditional cultivar/landrace

	HOR 10886
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	-----
	Georgia
	Traditional cultivar/landrace

	HOR 12830
	Hordeum vulgare L. convar. vulgare var. densum Sér.
	-----
	Syria
	Traditional cultivar/landrace

	HOR 13836
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nigrescens Körn.
	ESKISHEHIR
	Turkey
	Traditional cultivar/landrace

	HOR 1626
	Hordeum vulgare L. convar. distichon (L.) Alef. var. medicum Körn.
	Kleinasiatische Glattgrannige
	Turkey
	Advanced/improved cultivar

	HOR 16358
	Hordeum vulgare L.
	ELMA DAGH
	Turkey
	Traditional cultivar/landrace

	HOR 473
	Hordeum vulgare L. convar. vulgare var. hybernum Viborg
	-----
	Turkey
	Traditional cultivar/landrace

	HOR 610
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	-----
	Turkey
	Traditional cultivar/landrace

	HOR 8117
	Hordeum vulgare L. convar. distichon (L.) Alef. var. medicum Körn.
	-----
	Turkey
	Traditional cultivar/landrace

	HOR 20269
	Hordeum vulgare L.
	GEMBLOUX
	Belgium
	Traditional cultivar/landrace

	HOR 2180
	Hordeum vulgare L. convar. vulgare var. hybernum Viborg
	Masovia Kleine Vierzeilige
	Czech Rep.
	Advanced/improved cultivar

	HOR 14439
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	FRANKONIA
	Germany
	Advanced/improved cultivar

	HOR 17591
	Hordeum vulgare L.
	TEUTSCHENTHAL
	Germany
	Traditional cultivar/landrace

	HOR 21687
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	DIPPES HANNA
	Germany
	Advanced/improved cultivar

	HOR 6936
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nudum (L.) Alef.
	Nackta
	Germany
	Advanced/improved cultivar

	HOR 2970
	Hordeum vulgare L. convar. vulgare var. hybernum Viborg
	Triumph (Vierzeilig)
	Germany (before 1945)
	Advanced/improved cultivar

	HOR 337
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nudum (L.) Alef.
	-----
	Germany (before 1945)
	Traditional cultivar/landrace

	HOR 10990
	Hordeum vulgare L. convar. vulgare var. hybernum Viborg
	-----
	France
	Traditional cultivar/landrace

	HOR 12070
	Hordeum vulgare L. convar. vulgare var. hybernum Viborg
	Iris
	France
	Advanced/improved cultivar

	HOR 2637
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	Ponote
	France
	Advanced/improved cultivar

	HOR 8819
	Hordeum vulgare L. convar. vulgare var. coeleste L.
	Orkisz
	Poland
	Traditional cultivar/landrace

	HOR 10702
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	Gunnar
	Sweden
	Advanced/improved cultivar

	HOR 4653
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	Midas
	UK
	Advanced/improved cultivar

	**KWS Fantex
	Hordeum vulgare L.
	KWS Fantex
	Europe
	KWS SB modern variety

	**KWS Chrissie
	Hordeum vulgare L.
	KWS Chrissie
	Europe
	KWS SB modern variety

	KWS 17/2942
	Hordeum vulgare L.
	KWS Thalis
	Europe
	KWS SB advanced breeding line

	RGT Planet
	Hordeum vulgare L.
	RGT Planet
	Europe
	RAGT SB modern variety

	Lauréate
	Hordeum vulgare L.
	Lauréate
	Europe
	Syngenta SB modern variety

	Fandaga
	Hordeum vulgare L.
	Fandaga
	Europe
	Saaten-Union SB modern variety

	LG Tosca
	Hordeum vulgare L.
	LG Tosca
	Europe
	Limagrain SB modern variety

	Concerto
	Hordeum vulgare L.
	Concerto
	Europe
	Limagrain SB modern variety

	HOR 13987
	Hordeum vulgare L. convar. vulgare var. hybernum Viborg
	Mittelgerste
	Ethiopia
	Traditional cultivar/landrace

	HOR 5020
	Hordeum vulgare L. convar. vulgare var. nigrum (Willd.) Link
	Tradak
	Ethiopia
	Advanced/improved cultivar

	HOR 5373
	Hordeum vulgare L. convar. distichon (L.) Alef. var. medicum Körn.
	-----
	Ethiopia
	Traditional cultivar/landrace

	HOR 5486
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	-----
	Ethiopia
	Traditional cultivar/landrace

	HOR 5876
	Hordeum vulgare L. convar. vulgare var. rikotense Regel
	No. 122
	Ethiopia
	Traditional cultivar/landrace

	HOR 6220
	Hordeum vulgare L. convar. labile (Schiem.) Mansf. var. hybernum-deficiens
	-----
	Ethiopia
	Traditional cultivar/landrace

	HOR 6892
	Hordeum vulgare L. convar. distichon (L.) Alef. var. viride (Vavilov & Orlov) Mansf.
	-----
	Ethiopia
	Traditional cultivar/landrace

	HOR 9043
	Hordeum vulgare L. convar. vulgare var. himalayense (Rittig) Körn.
	-----
	Ethiopia
	Traditional cultivar/landrace

	HOR 18201
	Hordeum vulgare L.
	ZONI (TIBESTI OASE)
	Chad
	Traditional cultivar/landrace

	HOR 21641
	Hordeum vulgare L. convar. vulgare var. hybernum Viborg
	DOBASSO (OASE TIBESTI)
	Chad
	Traditional cultivar/landrace

	HOR 7474
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	B. Caupin
	Argentina
	Advanced/improved cultivar

	HOR 18924
	Hordeum vulgare L.
	SANTA CRUZ
	Bolivia
	Traditional cultivar/landrace

	**HOR 18381
	Hordeum vulgare L.
	R.T.RAMAGE AP BULK 3
	Mexico
	Advanced/improved cultivar

	HOR 18385
	Hordeum vulgare L.
	R.T.RAMAGE BULK LINE 1
	Mexico
	Advanced/improved cultivar

	HOR 11431
	Hordeum vulgare L. convar. vulgare var. coeleste L.
	-----
	Peru
	Traditional cultivar/landrace

	HOR 13800
	Hordeum vulgare L. convar. vulgare var. hybernum Viborg
	ABARIK
	Soviet Union
	Traditional cultivar/landrace

	HOR 15840
	Hordeum vulgare L.
	ODESSKIJ 14
	Soviet Union
	Advanced/improved cultivar

	HOR 15857
	Hordeum vulgare L.
	BELORUSSKY 18
	Soviet Union
	Advanced/improved cultivar

	HOR 15898
	Hordeum vulgare L.
	RUSS.NR.10242
	Soviet Union
	Traditional cultivar/landrace

	HOR 15905
	Hordeum vulgare L.
	KALUGENSE
	Soviet Union
	Traditional cultivar/landrace

	HOR 19952
	Hordeum vulgare L.
	NIEPOLEGAJUSZCZIJ
	Soviet Union
	Advanced/improved cultivar

	HOR 3912
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	Cernigovskij
	Soviet Union
	Advanced/improved cultivar

	HOR 7428
	Hordeum vulgare L. convar. vulgare var. nuditonsum (Körn.) Mansf.
	-----
	Russia
	Traditional cultivar/landrace

	**HOR 14411
	Hordeum vulgare L. convar. vulgare var. hybernum Viborg
	AEGYPTISCHE VIERZEILIGE
	Egypt
	Traditional cultivar/landrace

	HOR 8659
	Hordeum vulgare L. convar. vulgare var. hybernum Viborg
	-----
	Egypt
	Traditional cultivar/landrace

	HOR 1384
	Hordeum vulgare L. convar. vulgare var. hybernum Viborg
	-----
	Greece
	Traditional cultivar/landrace

	HOR 15908
	Hordeum vulgare L.
	INSEL SIRINA
	Greece
	Traditional cultivar/landrace

	HOR 869
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	-----
	Greece
	Traditional cultivar/landrace

	HOR 10784
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	Marzuolo
	Italy
	Traditional cultivar/landrace

	HOR 12791
	Hordeum vulgare L. convar. vulgare
	-----
	Italy
	Traditional cultivar/landrace

	HOR 13462
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	-----
	Italy
	Traditional cultivar/landrace

	HOR 18681
	Hordeum vulgare L.
	PERUGIA
	Italy
	Traditional cultivar/landrace

	HOR 9724
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	-----
	Libya
	Traditional cultivar/landrace

	HOR 9927
	Hordeum vulgare L. convar. vulgare var. hybernum Viborg
	-----
	Libya
	Traditional cultivar/landrace

	HOR 16071
	Hordeum vulgare L.
	RUMAENE 4
	Romania
	Traditional cultivar/landrace

	HOR 19313
	Hordeum vulgare L.
	TONAT NOERDLICHE SAHARA
	Northern Africa
	 

	HOR 14689
	Hordeum vulgare L.
	CALIFORNIA MARIOUT
	USA
	Traditional cultivar/landrace

	**HOR 15895
	Hordeum vulgare L. convar. vulgare var. glabriparallelum (Orlov) Mansf.
	A.HIND
	USA
	Traditional cultivar/landrace

	HOR 2749
	Hordeum vulgare L. convar. vulgare var. rikotense Regel
	Custer
	USA
	Advanced/improved cultivar

	HOR 3926
	Hordeum vulgare L. convar. vulgare var. rikotense Regel
	Barbless
	USA
	Advanced/improved cultivar

	HOR 4030
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	-----
	USA
	Traditional cultivar/landrace

	HOR 9492
	Hordeum vulgare L. convar. vulgare var. hybernum Viborg
	Canadian Lake Share
	USA
	Advanced/improved cultivar

	HOR 9808
	Hordeum vulgare L. convar. vulgare var. parallelum Körn.
	-----
	USA
	Traditional cultivar/landrace

	HOR 2403
	Hordeum vulgare L. convar. vulgare var. rikotense Regel
	Titan
	Canada
	Advanced/improved cultivar

	BCC 1705
	Hordeum vulgare L. convar. distichon (L.) Alef. var. nutans (Rode) Alef.
	Clipper
	Australia
	 


[bookmark: _Toc146657532][bookmark: _Toc154331516]Table 2.2 Barley germplasm using in the soil volume phenotyping screen
All information kindly provided by Klaus Oldach, KWS.

All other barley experiments were conducted with the spring barley variety Charon (provided by ADAS).

[bookmark: _Toc154331459]Triticum aestivum
Landrace wheat line Yogi 005, Yogi 020, Yogi 343, Yogi 065, Yogi 101, Yogi 137 were provided by Andrea Harper and experiments involving these are in Section 3.4.4. All other experiments using wheat were carried out using the elite spring wheat variety Mulika, provided by ADAS.

[bookmark: _Toc154331460]Pisum sativum
	[bookmark: _Hlk123730494]Name
	Background
	Mutation
	Source

	L77 Wild-type
	L77
	N/A
	Christine Beveridge

	rms1-1
	L77
	X-rays (Symons and Murfet, 1997)
	Christine Beveridge

	Torsdag Wild-type
	Torsdag
	N/A
	Catherine Rameau

	rms1-2T
	Torsdag
	Backcross of the rms1-2 allele from Weitor background to Torsdag background (Beveridge et al., 1997)
	Christine Beveridge

	rms3-1
	Torsdag
	EMS (Rameau et al., 1997)
	Catherine Rameau

	rms5-BL298
	Torsdag
	NEU (Symons and Murfet, 1997)
	Christine Beveridge



[bookmark: _Toc146657533][bookmark: _Toc154331517]Table 2.3 Pisum sativum genotypes
Table is modified from Wheeldon et al (2022) with additional information from (Beveridge et al., 1997; Symons and Murfet, 1997; Rameau et al., 1997). Methods for inducing the mutations included N-nitroso-N-ethyl urea (NEU), X-rays and ethyl methanesulfonate (EMS) mutagenesis.




[bookmark: _Toc154331461]Arabidopsis thaliana
	Name
	Background
	Mutation
	Source

	Col-0
	Col-0
	N/A
	NASC

	SALK_046007 (pdr4-1)
	Col-0
	T-DNA
	NASC

	SALK_113678 (pdr4-2)
	Col-0
	T-DNA
	NASC

	SAIL_5_G10 (pdr6)
	Col-0
	T-DNA
	NASC

	SALK_118823C (pdr10)
	Col-0
	T-DNA
	NASC

	WiscDsLox419G06 (pdr11)
	Col-0
	T-DNA
	NASC

	SAIL_885_E09 (pdr12)
	Col-0
	T-DNA
	NASC



[bookmark: _Toc146657534][bookmark: _Toc154331518]Table 2.4 Arabidopsis thaliana genotypes
All Arabidopsis thaliana genotypes were sourced from the Nottingham Arabidopsis stock centre (NASC) 

[bookmark: _Toc154331462]Molecular Biology
[bookmark: _Toc154331463]Genotyping
DNA extraction was carried out on snap frozen (-80°C) cauline leaves of Arabidopsis thaliana pdr mutants, which had been ground using 3mm steel balls and a TissueLyserLT (Qiagen). 400µl Edwards buffer (Edwards et al., 1991) was added to the sample tube and vortexed. Samples were placed in the centrifuge at 13,000 RPM for 5 minutes, 300µl of supernatant was transferred to a new tube and 300µl isopropanol was added and briefly mixed before allowing to sit for 2 minutes. Samples were centrifuged at 13,000 RPM for 10 minutes, supernatant was disposed and 70% ethanol was added to wash the pellet and centrifuged at 13,000RPM for 5 minutes. The supernatant was discarded and pellet air dried for up to 1 hour at 37°C. The pellet was resuspended in 40µl dH20 (Fink, 2014).  
pdr lines were genotyped for homozygosity using primer sequences provided by T-DNA Express Signal SALK (Table 2.5), all ordered from IDT, using the Sample PCR listed below (Table 2.6-2.7). Samples were run on a 1.2% w/vol agarose gel, agarose was dissolved in 1x Tris-acetate-EDTA (TAE) buffer, with 1ul per 10ml of SYBR™ Safe DNA Gel Stain (Thermo Fisher Scientific). Samples were loaded with Gel Loading Dye, Purple (6X) (NEB) as per recommended protocol. A voltage between 80-100V was used and bands were visualised using a UV transilluminator. Homozygous lines were identified from all lines except pdr6. 
	Gene
	NASC code
	Left (LP) or Right (RP)
	Primer sequence

	PDR4
	SALK_046007.30.30.x
	LP
	TTCCGTTTTCGGTTTAGTTCC  

	PDR4
	SALK_046007.30.30.x
	RP
	TGAATGTTCCTCAACAAACCC  

	PDR4
	SALK_113678.15.75.x  
	LP
	TTTCCGTTCATATCCAACTGG

	PDR4
	SALK_113678.15.75.x  
	RP
	GAAGCTGCGTTTTGAGCATAC  

	PDR6
	SAIL_5_G10
	LP
	GGAGAAATGACTGTGCGAGAG  

	PDR6
	SAIL_5_G10
	RP
	GAAGCCTCATCACTGTGAAGG

	PDR10
	SALK_118823.23.95.x
	LP
	TGGCAATTATTGATGAATATCAAAC

	PDR10
	SALK_118823.23.95.x
	RP
	CTGAAACGTCGTCGAGCTATC

	PDR11
	WiscDsLox419G06
	LP
	ATCTGCCGCATTTAAACAACC  

	PDR11
	WiscDsLox419G06
	RP
	ATCTGCCGCATTTAAACAACC  

	PDR12
	SAIL_885_E09  
	LP
	TCCTGGTTTCTTGTTGGTTTG

	PDR12
	SAIL_885_E09  
	RP
	TCCTGGTTTCTTGTTGGTTTG


[bookmark: _Toc146657535][bookmark: _Toc154331519]Table 2.5 Arabidopsis thaliana PDR genotyping primers
All primer sequences sourced from Signal Salk T-DNA express, and primers ordered from IDT.
	Step
	Cycles
	Temperature (°C)
	Time

	Initial denaturation
	1
	95
	2 minutes

	Denaturation
	30
	95
	30 seconds

	Annealing
	
	Variable
	30 seconds

	Extension
	
	68
	30 seconds

	Final extension
	1
	3
	3 minutes



[bookmark: _Toc146657536]




[bookmark: _Toc154331520]Table 2.6 Example gDNA genotyping volumes for PCR

	Reagent
	Volume (µl)

	gDNA
	1

	Buffer (ThermoPol® Buffer) (NEB)
	2

	dNTP (10mM)
	0.2

	DMSO
	0.6

	Taq DNA Polymerase (NEB)
	0.1

	Primer (10mM)
	1

	dH20
	15.1









[bookmark: _Toc146657537][bookmark: _Toc154331521]Table 2.7 Example PCR for genotyping

[bookmark: _Toc154331464]RNA sequencing
Barley (var. Charon) seeds were germinated in individual 100ml pots of perlite for 1 week (Fig. 2.6). Plants were placed in the hydroponic system as described earlier in 1 plant per pot configuration. At 4 weeks post germination, all hydroponate was replaced as described above. A subsection of the plants remained in the 1/pot configuration and the remaining plants were crowded in 4/pot. At 4 and 8 hours after crowding root samples were taken (1cm root tip per root), 2 seminal roots per plant for 4/pot treatments and 4 roots per plant in 1/pot conditions. Per biological replicate per time point, 2x 1/pot plants were pooled (8 root tips: 4x root tips per plant) to provide a biological replicate but for 4/pot, 1 pot (8 root tips: 2x root tips per plant) per biological replicate was used.
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[bookmark: _Toc146657538][bookmark: _Toc154331532]Figure 2.6 Cartoon of the experimental setup used for RNAseq
A cartoon describing the set up of barley plants (cv. Charon), grown hydroponically in 1 plant per pot 1/pot and 4 plants per pot for eventual root sampling for RNA sequencing. Diagram not to scale. 100ml pots were used for perlite, 1L containers used for hydroponics.

[bookmark: _Toc154331465]RNA extraction
Root tissue was lysed using 3mm steel balls and a TissueLyserLT (Qiagen). Total RNA was extracted using RNeasy kit (Qiagen) following the manufacturers recommended protocol, samples were eluted in 30µl dH20. RNA samples were treated with TURBO DNase kit (ThermoFisher Scientific) as per manufacturers protocol. Samples were assessed for concentration and quality on the Nanodrop (spectrophotometry) and all samples were between 1.83 – 2.03 A260/A280 ratio, these were regarded as good quality. RNA integrity and quality was assessed using the Qubit 4 Fluorometer (ThermoFisher Scientific, Waltham, MA, USA) according to manufacturer guidelines, and using pre-saved standards, all samples showed high quality with RNA IQ scores of between 9.2-10.0. Due to high concentrations of RNA for all samples, all samples were diluted in dH2O to 1µg in a volume of 15µl (66.6666 µg/µl) to be sent to Genewiz. 
[bookmark: _Toc154331466]Sample information and approach taken by Genewiz for RNA sequencing
Genewiz carried out library preparation and Illumina NovaSeqTM 6000 2x150 bp paired end sequencing. Genewiz carried out sample sequencing and assessed the quality of the samples. A sample quality of greater than 30 is satisfactory. All of my samples were higher than this threshold (Table 2.8).











	Sample ID
	Barcode Sequence
	Mean Quality Score
	% Bases >= 30

	4 hours 1/pot sample 1 (A1)
	TGTCGTAG+TTAGCTTT
	35.00
	88.78

	4 hours 1/pot sample 2 (A2)
	CAATCATA+AATCTCCA
	34.87
	88.15

	4 hours 1/pot sample 3 (A3)
	GTTCTTAT+GTCTAATT
	34.86
	88.18

	4 hours 4/pot sample 1 (B1)
	GATGCGAC+CCCAAAGT
	34.93
	88.36

	4 hours 4/pot sample 2 (B2)
	GAAGAGGG+TCCGTCCG
	34.84
	87.96

	4 hours 4/pot sample 3 (B3)
	TAGTAATC+GGCTCTGC
	34.77
	87.71

	8 hours 1/pot sample 1 (C1)
	GTGTGGAG+GATCATGC
	34.54
	86.35

	8 hours 1/pot sample 2 (C2)
	ACGTTGTA+TAGGTCGA
	34.84
	87.91

	8 hours 1/pot sample 3 (C3)
	GCGCTAAT+GTCAGGGT
	34.58
	86.72

	8 hours 4/pot sample 1 (D1)
	AGAGCTGC+CCTTCAAC
	34.91
	88.26

	8 hours 4/pot sample 2 (D2)
	CATACTTA+TCCCGTGC
	34.63
	86.84

	8 hours 4/pot sample 3 (D3)
	TTGCACCG+TTTATACG
	34.54
	86.45



[bookmark: _Toc146657539][bookmark: _Toc154331522]Table 2.8 RNAseq sample sequencing
Table indicating quality score per sample and related information provided by Genewiz.

Data analysis was carried out by Genewiz according to their standard procedures. Raw reads were processed to remove any low-quality reads and adapter sequences using Trimmomatic v.0.36. High quality reads were then mapped to the barley reference genome: Hordeum_vulgare.MorexV3 reference genome (EnsemblPlants, 2021) (Table. 2.9). 
	Sample ID
	Total Reads
	Total Mapped Reads
	% Total Mapped Reads
	Unique Mapped Reads
	% Unique Mapped Reads

	4 hours 1/pot sample 1 (A1)
	27,156,425
	26,402,902
	97.23
	25,956,510
	95.58

	4 hours 1/pot sample 2 (A2)
	17,958,976
	17,412,589
	96.96
	17,053,755
	94.96

	4 hours 1/pot sample 3 (A3)
	29,675,440
	28,828,018
	97.14
	28,204,032
	95.04

	4 hours 4/pot sample 1 (B1)
	19,037,206
	18,553,173
	97.46
	18,180,085
	95.50

	4 hours 4/pot sample 2 (B2)
	21,699,616
	21,125,148
	97.35
	20,691,025
	95.35

	4 hours 4/pot sample 3 (B3)
	31,274,119
	30,453,836
	97.38
	29,854,699
	95.46

	8 hours 1/pot sample 1 (C1)
	32,168,773
	31,162,180
	96.87
	30,493,441
	94.79

	8 hours 1/pot sample 2 (C2)
	22,317,355
	21,649,918
	97.01
	21,205,387
	95.02

	8 hours 1/pot sample 3 (C3)
	27,448,877
	26,601,367
	96.91
	26,050,245
	94.90

	8 hours 4/pot sample 1 (D1)
	26,708,448
	25,947,980
	97.15
	25,444,515
	95.27

	8 hours 4/pot sample 2 (D2)
	28,755,499
	27,955,932
	97.22
	27,363,603
	95.16

	8 hours 4/pot sample 3 (D3)
	29,047,018
	27,818,246
	95.77
	27,192,839
	93.62


[bookmark: _Toc146657540][bookmark: _Toc154331523]Table 2.9 RNA seq mapping of sequence reads to the barley genome
Table indicating number of reads mapped per sample to the Hordeum_vulgare.MorexV3 reference genome (available on Ensembl plants) and related information, information provided by Genewiz.

Genewiz subsequently assessed gene hit counts that were within exon regions were determined using FeatureCounts (Subread package v.1.5.2). Differential gene expression analysis was executed by Genewiz for the comparison of 4 hours 1/pot and 4 hours 4/pot, and 8 hours 1/pot and 8 hours 4/pot using DESeq2. Log2 fold changes and P values were generated by the Wald test from this analysis and P values were corrected using the Benjamini and Hochberg’s approach (P adjusted (Padj)), P >0.05. A log2 fold change (log2 FC) cut off was administered at −1 < FC > 1 for differentially expressed genes (DEGs). 
[image: A group of graphs showing different times

Description automatically generated with medium confidence]Expression values for each comparison is presented in both raw and normalised forms (Fig. 2.7). Normalisation was done by Genewiz to adjust for variations in sequencing amount, this allows for determination of DEGs.
[bookmark: _Toc146657541][bookmark: _Toc154331533]Figure 2.7 Raw and normalised expression values
Graphs (produced by Genewiz and modified for this thesis) showing barley (cv. Charon) RNAseq data 4 and 8 hours post crowding initiation. 
A-B) Boxplots depicting raw expression values for the 2 timepoints assessed, 4 hours 1/pot vs 4/pot (A) and 8 hours 1/pot vs 4/pot (B)
C-D) Boxplots depicting normalised expression values for the 2 timepoints assessed, 4 hours 1/pot vs 4/pot (C) and 8 hours 1/pot vs 4/pot (D). Normalisation was carried out to ensure accurate determination of differentially expressed genes (DEGs).
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[bookmark: _Toc146657542][bookmark: _Toc154331534]Figure 2.8 Distance between samples
A-B) Heatmaps (produced by Genewiz) showing distance between samples within a comparison using expression values. 4 hour 1/pot vs 4/pot (A) and 8 hours 1/pot vs 4/pot (B). A short distance indicates samples which are closely related. Graphs provided by Genewiz and modified for this thesis.

[bookmark: _Toc154331467]Barley gene name assignments
Due to the barley genome having fewer genes with functional annotations than Arabidopsis thaliana, differentially expressed gene lists for 1/pot and 4/pot plants at 4- and 8-hours post crowding were assessed for their Arabidopsis orthologs using Ensembl Plants (Yates et al., 2022). If Arabidopsis orthologs were present these were recorded, if not, the barley protein sequence for that gene was blasted against the Tair10 Arabidopsis genome (Berardini et al., 2015) using Ensembl plants (Yates et al., 2022) or Phytozome (Goodstein et al., 2012). Once Arabidopsis orthologous genes were identified, TAIR (Berardini et al., 2015) was used to gain the descriptions of them. Unfortunately, due to the RNAseq taking place towards the end of my PhD, the entirety of the dataset could not be assessed. Instead, only the highest and lowest differentially expressed genes according to their log2FC were assessed (~100-150 genes for each low and high DEGs at 4 hours 1/pot vs 4/pot and 8 hours 1/pot vs 4/pot. Additionally, genes with high padj, were also screened. 

[bookmark: _Toc154331468]Statistical analysis
Where statistical tests have been performed this was described in the figure legends. In all cases, data was tested for normality in the first instance using IBM SPSS. If data was normally distributed either Independent samples t-test or One way ANOVA with Tukey HSD was applied using IBM SPSS. If the data was not normally distributed, a Mann Whitney U test or a Kruskal-Wallis test with Bonferroni correction was carried out using IBM SPSS. Asterisks were used to indicate statistically significant difference, n.s. depicted no statistical significant difference. If letters were used, groups with the same letter were not statistically different from each other. Graphs were plotted using Origin Pro and Microsoft Excel.






[bookmark: _Toc154331469]Defining plant growth responses to soil volume and neighbour density

[bookmark: _Toc154331470]Introduction

As described in chapter 1, many plant species have been assessed for their shoot responses to soil volume availability and neighbour density. When plants are subjected to small soil volumes this results in a strong inhibition of shoot growth (Carmi and Heuer, 1981; Robbins and Pharr, 1988; Bar-Tal et al., 1995; Bar-Tal and Pressman, 1996; van Iersel, 1997; Poorter et al., 2012), which cannot be attributed solely to nutrient availability, (as discussed in Section 1.2.1) despite difficulties to partition nutrient availability and soil volume in experimental design (Hess and De Kroon, 2007; Poorter et al., 2012). The mechanism that plants use to detect their available soil volume remains unknown. 
Plants subjected to high density sowing share similar shoot growth inhibition as plants experiencing small soil volumes. For instance, in field grown barley, increased sowing density results in reduced tiller production (Soleymani et al., 2011; Hecht et al., 2016) and shoot biomass per plant (Harper, 1977; Hecht et al., 2016). Plants use their shoot and root systems to detect the presence of neighbouring plants using a range of mechanisms such as root exudates, volatiles and light (Wang et al., 2021; Huber et al., 2021; Ninkovic et al., 2021). However, unpicking the roles and indeed importance of mechanisms in the shoot and the root remains unclear (Wang et al., 2021). 
Plants grown at high density effectively experience less ‘free’ soil volume for their roots to explore than if they were sown further apart. Therefore, the similarities in shoot-based changes in response to soil volume and neighbour density highlights the potential to better understand these responses together. However, this also requires being able to delineate the effects caused by neighbour detection in the root and shoot system respectively. 
In addition to shoot growth, root growth and changes in root system architecture have been assessed in crowded settings. The three- dimensional architecture of the root system is a key factor in determining the space and subsequently the water and nutrients that the plant is able to forage (Voss-Fels et al., 2018). As discussed in the introduction, understanding plant responses to neighbours has often been confounded by a failure to control soil volume and this issue has been particularly apparent in the root system responses (Gersani et al., 2001; Falik et al., 2003). In addition, how the root system responds to the presence of neighbours has been suggested to differ depending on how closely related the neighbour is and this can influence the number, biomass and length of roots (Gruntman and Novoplansky, 2004; Dudley and File, 2007; de Kroon, 2007). In field-grown wheat and barley, root numbers have been shown to decrease when neighbour density increases (Hecht et al., 2016; Fradgley et al., 2020). Despite many studies investigating root system architecture responses to neighbour density, investigations into root system architecture responses in plants experiencing differing soil volumes have been absent from the literature. This lack of root system visualisation could be hindering our understanding of the mechanisms in which plants use to detect and explore their available soil volume. 
In this chapter, I aim to understand the phenotypic relationship between soil volume and neighbour density responses in the shoot and the root systems. I also aim to identify if these shoot and root system responses to soil volume and neighbour density are the same between and within species. In addition, I aim to identify if root- or shoot-based mechanisms are most important for detection of neighbouring plants.
[bookmark: _Toc154331471]Interspecific variation in shoot response to soil volume and neighbour density

[bookmark: _Toc154331472]Wheat shoot responses to available soil volume and the density of neighbours are largely interchangeable

I hypothesised that plants grown in crowded treatments would respond similarly to plants grown in limited soil volumes, this is because by increasing the number of plants per pot would mean each plant would have access to a smaller soil volume per plant as the whole pot will need to be shared.  To test this hypothesis, wheat (cv. Mulika) plants were grown in 100ml and 500ml pots either singly (1/pot) or crowded, whereby there were 4 plants in the pot (4/pot) (Fig. 3.1A) (Wheeldon et al., 2021). I wanted to ensure that this experiment was only testing shoot growth responses to root-mediated crowding or soil volume, and hence, to control for any possible influence of shoot-mediated crowding, crowded plants were grown at the same distance apart regardless of soil volume. A square plastic template of equal size to the top of a 100ml pot was used as a guide for sowing distance in the 500ml pots. The distance between the shoots was maintained throughout life with the use of stakes (Fig. 3.1A). There would be an inherent increase in shoot mediated neighbour-detection in crowded treatments as the experiment progressed, however between 100ml and 500ml treatments this should be approximately the same. 
Using this set-up, I measured the shoot growth of plants by both their maximum (peak) tiller number, and their shoot biomass. I assessed dry shoot biomass at 12 weeks post germination and observed that 1/pot plants grown in 500ml pots were statistically different, producing 4.0-fold more shoot biomass than 1/pot 100ml plants (Fig. 3.1B-C). Similarly, 4/pot plants grown in 500ml pots produced 3.2-fold more shoot biomass per plant than 4/pot 100ml plants. Thus, increasing soil volume strongly promotes increased shoot growth in both solitary and crowded plants. Critically, the 1/pot 100ml plants and the 4/pot 500ml plants, have a similar soil volume/plant and were not statistically different as these had very similar biomasses. Thus, increasing both soil volume and neighbour density results in little overall effect on growth; increased soil volume negates increased density, and vice versa. These results suggest that soil volume and neighbour density are fundamentally interchangeable parameters (Wheeldon et al., 2021).
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[bookmark: _Toc146657543][bookmark: _Toc154331535]Figure 3.1 Shoot biomass is strongly influenced by soil volume and neighbour density
Graphs showing spring wheat (cv. Mulika) grown in 100ml (light pink) and 500ml (dark pink) pots in either 1 plant per pot (1/pot) or 4 plants per pot (4/pot).
A) Cartoon representing experimental set up. Each circle represents 1 plant. 
B) Box plot showing the mean final dry shoot biomass (g) per plant and per pot at 12 weeks post germination Statistical analysis was carried out separately for per plant and per pot. Boxes with the same letter are not significantly different (One-way ANOVA with Tukey HSD, p <0.05) n=11-12. The box indicates the interquartile range, the midline represents the median, the whiskers are the minimum and maximum values, the circle is the mean and the diamonds are outliers. 
C) Table showing shoot biomass fold changes between 100ml and 500ml soil volumes, and between 1/pot and 4/pot treatments. Fold changes in bold and with a + represent increased fold change, - represents decreased fold change.
Figure modified from Wheeldon et al, 2021

The results of Fig. 3.1 are supported by the analysis of peak tiller number. Plants grown 1/pot in 500ml pots produced ~2.6-fold more tillers per plant compared to plants grown 1/pot in 100ml pots, while similarly, plants grown 4/pot in 500ml pots produced ~2.9-fold more tillers per plant than those in grown 4/pot in 100ml pots (Fig. 3.2A). Thus, the five-fold greater soil volume available to the 4/pot plants when grown in 500ml pots alleviated much of the effect of crowding, suggesting that soil volume and crowding are interchangeable.
[image: ]
[bookmark: _Toc146657544][bookmark: _Toc154331536]Figure 3.2 Tillering is influenced by soil volume and neighbour density in wheat
Graphs showing spring wheat (cv. Mulika) grown in 100ml (light pink) and 500ml (dark pink) pots in either 1 plant per pot (1/pot) or 4 plants per pot (4/pot) as described in Figure 3.1A.
A) Line graphs showing mean tiller number per plant and per pot from week 2 to 8 post germination. Error bars represent standard error of the mean (S.E.M). n=11-12.
Figure modified from Wheeldon et al, 2021

However, a more detailed analysis of the growth of the plants suggests that the two parameters are not completely interchangeable. For instance, I measured tiller number over time to gain a more detailed view of the growth of wheat plants in these treatments. As expected, 1/pot plants produced a greater number of tillers per plant compared to 4/pot plants, in both soil volumes (Fig. 3.2A). However, the 4/pot plants, in both soil volumes, produced tillers faster, and reached their final tiller numbers earlier than the 1/pot plants. Notably, even though the 4/pot 500ml and 1/pot 100ml plants have a similar average soil volume per plant, the 4/pot 500ml plants responded more quickly to the stimulus, even though the final growth outcomes were the same (Fig. 3.2B). This suggests that crowding causes a more immediate growth response than soil volume limitation, even though the end-points are similar.
When the total growth per pot is considered, it is clear that the crowded plants also ‘over-produce’ biomass compared to solitary plants in the same soil volume. For instance, the 4/pot plants grown in 100ml pots produce 1.7-fold greater shoot biomass than 1/pot plants in the same soil volume. This is also reflected in 500ml pots where 4/pot plants produce 1.4-fold greater shoot biomass per pot than 1/pot plants in the same soil volume (Fig. 3.1B-C). This again suggests that the two parameters are not completely interchangeable, and that the effect of crowding on final biomass is somewhat weaker than the effect of soil volume. However, an alternative explanation is that in the crowded plants there is an additional stimulus promoting the additional shoot growth, for instance the effect of mutual shading between the shoot systems. This supports what is seen in the literature where branching is slightly affected by shoot based shading (Kebrom et al., 2009).  
As bread wheat is primarily grown for its grain, I also wanted to assess if yield-related traits are influenced by soil volume and neighbour density. As a proxy for grain production, I counted the number of spikelets (reproductive structures which contain the grain) produced by each ear. As with shoot biomass, the number of spikelets produced per plant was strongly influenced by soil volume and neighbour density and follows similar trends as previously discussed (Fig. 3.3A). 
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[bookmark: _Toc146657545][bookmark: _Toc154331537]Figure 3.3 Reproductive traits in wheat are influenced by soil volume and neighbour density
Graphs showing spring wheat (cv. Mulika) grown in 100ml (light pink) and 500ml (dark pink) pots in either 1 plant per pot (1/pot) or 4 plants per pot (4/pot) as described in Figure 3.1A.
A) Box plot showing the mean final spikelet number per plant and per pot at 12 weeks post germination Statistical analysis was carried out separately for per plant and per pot. Boxes with the same letter are not significantly different (Kruskal-Wallis test with Bonferroni correction, p <0.05) n=9-12. The box indicates the interquartile range, the midline represents the median, the whiskers are the minimum and maximum values, the circle is the mean and the diamonds are outliers.

Taken together, the data here show that shoot growth responses to soil volume and neighbour density are largely interchangeable in wheat, and that the average soil volume per plant (soil volume/ plant number in the pot) is a strong indicator for final shoot growth.

[bookmark: _Toc154331473]Barley shoot growth responses to soil volume and neighbour density are largely interchangeable

I next wanted to test if the shoot growth responses seen in wheat are also seen in other species. I hypothesised that there may be differences in soil volume and neighbour density responses in different species such as an increased or decreased sensitivity to the presence of neighbouring plants or available soil volume. Hence, using the same experimental design as with wheat, barley (cv. Charon) was grown in 100ml and 500ml pots, either singly (1/pot) or crowded (4/pot) (Fig. 3.4A). 
As with wheat in section 3.2.1, I measured shoot growth by their dry shoot biomass and peak tiller number. At 12 weeks post germination the dry shoot biomass showed that plants grown singly in 500ml pots were statistically different to the singly grown 100ml plants, as they produced 4.1-fold greater shoot biomass than plants grown singly in 100ml pots (Fig. 3.4 B-C). A similar trend can be seen in 4/pot grown plants as these produced 4.6-fold greater shoot biomass in 500ml pots than 100ml pots. Intriguingly, although wheat plants showed a similar trend, barley plants were able to increase their shoot growth by a greater extent when crowded than wheat. Nevertheless, again this suggests that by increasing the soil volume available to plants this allows the increase of shoot biomass in 1/pot and 4/pot plants. 
A key observation is that plants grown in 1/pot 100ml pots were not statistically different as they had a similar shoot biomass per plant to those grown in 4/pot 500ml (~3g) (Fig. 3.4 B-C). As both treatments share a similar soil volume per plant, the increase in both neighbour density and soil volume resulted in a small overall effect on shoot growth. As shown in wheat, this therefore suggested that increasing soil volume negates the increased density of plants and vice versa. Taken together, in barley like in wheat, soil volume and neighbour density are fundamentally interchangeable factors.
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[bookmark: _Toc146657546][bookmark: _Toc154331538]Figure 3.4 Shoot biomass of barley plants is influenced by soil volume and neighbour density
Graphs showing spring barley (Cv. Charon) grown in 100ml (light pink) and 500ml (burgundy) pots in either 1 plant per pot (1/pot) or 4 plants per pot (4/pot).
A) Cartoon representing experimental set up. Each circle represents 1 plant.
B) Box plots showing the mean final dry shoot biomass (g) per plant and per pot at 12 weeks post germination. Statistical analysis was carried out separately for per plant and per pot. Boxes with the same letter are not significantly different (One-way ANOVA with Tukey HSD, p <0.05) n=9-11. The box indicates the interquartile range, the midline represents the median, the whiskers are the minimum and maximum values, the circle is the mean and the diamonds are outliers.
C) Table showing shoot biomass fold changes between 100ml and 500ml pots, and between 1/pot and 4/pot treatments. Fold changes in bold and with a + represent increased fold change, - represents decreased fold change.

The results shown by shoot biomass assessments are supported by peak tiller measurements. Plants grown singly in 500ml pots produce ~2.1 fold more tillers than those grown singly in 100ml pots (Fig. 3.5A). In addition, those grown in 4/pot 500ml treatments produced ~3.0- fold more tillers than plants grown in 4/pot 100ml treatments per plant (Fig. 3.5A). This therefore suggests that increasing soil volume five-fold in 4/pot 500ml plants resulted in an alleviation of most of the effect of crowding. As with wheat this therefore suggests that neighbour density and soil volume are interchangeable. An additional observation is that barley plants are inherently larger than wheat plants, as barley produces ~2-fold greater peak tiller number per plant than wheat in all treatments, for example peak tiller number in 1/pot 500ml pots is ~11 in barley compared to ~5 in wheat (Fig. 3.5A).
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[bookmark: _Toc146657547][bookmark: _Toc154331539]Figure 3.5 Tiller number in barley is influenced by soil volume and neighbour density
Graphs showing spring barley (Cv. Charon) grown in 100ml (light pink) and 500ml (burgundy) pots in either 1 plant per pot (1/pot) or 4 plants per pot (4/pot) as described in Figure 3.4A
A) Line graph showing mean tiller number per plant and per pot over time. Error bars represent standard error of the mean. n=9-11.

However, as in wheat when analysing the tiller growth over time, the data suggests that soil volume and neighbour density are not completely interchangeable. Plants grown singly produced more tillers than those grown in 4/pot, in both soil volumes, which was as expected (Fig 3.5A). However, like in wheat, plants grown with neighbours reached their peak tillers number sooner than those grown singly. Despite those grown in the 4/pot 500ml treatment producing similar final growth outcomes as those grown in the 1/pot 100ml treatment, which ultimately have a similar soil volume per plant, the crowded plants responded sooner (Fig 3.5A). This suggests that as with wheat, neighbour density in barley triggers a more dramatic growth response sooner than a limitation in soil volume, regardless of their shoot growth ultimately reaching a similar end point. 
Analysing at the total shoot biomass per pot, as with wheat the crowded barley plants appear to ‘over-produce’ shoot biomass compared to plants grown singly in the same soil volume. In 100ml pots, 4/pot plants produce 1.0- fold more shoot biomass than singly grown plants in the same soil volume. Those grown in 500ml pots behave similarly, as 4/pot plants produce 0.9- fold more shoot biomass than 1/pot plants (Fig. 3.4B-C). These fold changes are lower than in wheat but nevertheless suggest that soil volume and neighbour density are not completely interchangeable. Additionally, the crowding effect on shoot biomass appears to be less strong than the influence of soil volume. As discussed for wheat, there could potentially be another stimulus present in the crowded plants which results in this elevated shoot growth, such as shading affects between the shoots of crowded plants for example. 
Taken together, barley responses follow the same trends as wheat responses despite being inherently larger plants, with slight variations in the degree of response to soil volume and crowding. Barley showed an elevated response to soil volume compared to wheat, most notably in crowded plants (1/pot: 4.1- fold in barley, 4.0-fold in wheat, and in 4/pot: 4.6-fold in barley and 3.2-fold in wheat per plant), however a slightly lower fold change per pot when comparing crowded and uncrowded plants in the same soil volume (100ml: 1.0-fold in barley and 1.7-fold in wheat, and in 500ml: 0.9-fold in barley and 1.4-fold in wheat). The lower fold changes in barley when crowded could indicate differences in historic breeding strategies in wheat to breed plants with high tolerance to neighbour density. Nevertheless, like wheat, barley responds to soil volume and neighbour density in a manner than is largely interchangeable and soil volume per plant strongly indicates the final shoot growth of the plant.

[bookmark: _Toc154331474]Arabidopsis shoot growth responses to soil volume and neighbour density are largely interchangeable

I have previously explored soil volume responses in the weed and model plant Arabidopsis thaliana during my MSc by Research and found that it clearly responds to soil volume (Walker et al., 2021). In addition, a small preliminary experiment during my undergraduate degree also highlighted it responds to crowding too (Wheeldon, 2018). As barley and wheat are cultivated cereal crops, I wanted to investigate if the effect of soil volume and neighbour density is seen to a similar extent in Arabidopsis thaliana (Wild type, Col-0), referred to hereafter as Arabidopsis. Therefore, this was investigated using the same experimental design and growth conditions as wheat and barley.
The growth habit of Arabidopsis means that early growth responses to soil volume cannot be as easily assessed as in cereals and that clear differences in shoot traits between soil volumes can only been seen later in life. While cereal tiller number can be tracked through the life-cycle as a proxy for shoot size, Arabidopsis only produces measurable branches after the floral transition (~4 weeks post germination). 
Using the same experimental design as wheat and barley, Arabidopsis Col-0 plants were grown in 100 and 500ml pots in 1/pot and 4/pot treatments (Fig. 3.6A). At 7 weeks post germination total branch number and total silique number were counted and shoots were harvested for shoot biomass assessments.
In wheat and barley shoot growth could be assessed using shoot biomass and peak tiller number, in the case of Arabidopsis this was by shoot biomass and peak branch number. Dry shoot biomass measurements showed that plants grown singly in 500ml pots were statistically different as they were 4.0-fold larger than those grown singly in 100ml pots (Fig. 3.6B-C). Correspondingly, crowded plants in 500ml pots produced 3.1- fold greater shoot biomass than those crowded in 100ml pots (Fig. 3.6B-C). These fold changes are almost identical to that of wheat (Fig. 3.1B-C). Hence, an increase in soil volume also strongly promotes shoot based growth in Arabidopsis plants grown singly and crowded. Most importantly when looking at the shoot biomass of 1/pot 100ml and 4/pot 500ml grown plants, there was no statistical difference, where each plant has a similar soil volume available per plant, this showed limited effects on shoot growth. Therefore, as seen in wheat and barley, soil volume and neighbour density appear to be interchangeable. 
[image: ]
[bookmark: _Toc146657548][bookmark: _Toc154331540]Figure 3.6 Shoot biomass of Arabidopsis plants is larger in uncrowded scenarios and when a larger soil volume is available
Graphs showing A. thaliana (Col-0) grown in 100ml (light blue) and 500ml (dark blue) pots in either 1 plant per pot (1/pot) or 4 plants per pot (4/pot)
A) Cartoon representing experimental set up. Each circle represents 1 plant.
B) Box plots showing mean shoot biomass (g) per plant and per pot at 7 weeks post germination. Boxes with the same letter are not significantly different (One-way ANOVA with Tukey HSD, p <0.05) n=7-12. Statistical analyses were carried out independently for per plant and per pot. The box indicates the interquartile range, the midline represents the median, the whiskers are the minimum and maximum values, the circle is the mean and the diamonds are outliers. 
C) Table showing shoot biomass fold changes in 100ml and 500ml pots and 1/pot and 4/pot treatments. + represents a positive fold change, - represents a negative fold change.

When grown singly in 500ml pots Arabidopsis plants produced ~2.9-fold (~2.6-fold in wheat) more branches per plant than those grown singly in 100ml pots (Fig. 3.7A). Whereas in the case of those grown in 4/pot treatments, the 500ml grown Arabidopsis plants are ~3.9-fold larger (~2.9-fold in wheat) than those in 100ml pots (Fig. 3.7A). This branch number data supports the biomass data. This is a stronger response than in wheat but nevertheless, this suggests that the availability of five-fold more soil volume strongly alleviates the effect of root-based crowding in Arabidopsis, indicating that soil volume and neighbour density are interchangeable. 
[bookmark: _Toc146657549][bookmark: _Toc154331541]Figure 3.7 Shoot branch number in Arabidopsis plants is elevated when plants are grown singly and in larger soil volumes[image: ]
Graphs showing A. thaliana (Col-0) grown in 100ml (light blue) and 500ml (dark blue) pots in either 1 plant per pot (1/pot) or 4 plants per pot (4/pot) as shown in Fig 3.6A.
A) Box plots showing mean final total shoot branch number per plant and per pot. Boxes with the same letter are not significantly different (One-way ANOVA with Tukey HSD, p <0.05) n=7-12. Statistical analyses were carried out independently for per plant and per pot. The box indicates the interquartile range, the midline represents the median, the whiskers are the minimum and maximum values, the circle is the mean and the diamonds are outliers. 

When assessing total shoot growth per pot, crowded Arabidopsis plants also ‘over-produce’ shoot biomass compared to those grown singly but this is only seen in 500ml pots. When crowded plants are grown in 100ml pots, there is a statistically significant reduction in shoot biomass per plant compared to those grown singly in the same soil volume. Whereas, when crowded in 500ml pots there is a ~1.3-fold increase in shoot biomass. In the case of the 500ml grown Arabidopsis plants, this suggests that neighbour density and soil volume are not completely interchangeable, with crowding effects being less of an influence on shoot biomass than soil volume. 
Due to the requirement to wait until late in the Arabidopsis lifecycle to see the effects of crowding and neighbour density on plant growth, I also assessed silique number as plants had ceased their production of siliques at this timepoint (Fig. 3.8A). Siliques contain the seed and hence would allow a proxy for seed production. Silique number response followed a similar trend as shoot biomass (Fig. 3.8A) and the equivalent reproductive architecture trend seen in wheat spikelet number (Fig. 3.3A).
[image: ]








[bookmark: _Toc146657550][bookmark: _Toc154331542]Figure 3.8 Silique number is affected by soil volume and neighbour density
Graphs showing A. thaliana (Col-0) grown in 100ml (light blue) and 500ml (dark blue) pots in either 1 plant per pot (1/pot) or 4 plants per pot (4/pot).
A) Box plots showing mean silique number per plant and per pot at 7 weeks post germination. Boxes with the same letter are not significantly different (One-way ANOVA with Tukey HSD, p <0.05) n=7-12. Statistical analyses were carried out independently for per plant and per pot. The box indicates the interquartile range, the midline represents the median, the whiskers are the minimum and maximum values, the circle depicts the mean.

Looking across all shoot traits assessed, Arabidopsis follows similar trends to wheat and barley. This suggests that soil volume per plant also indicates shoot growth in Arabidopsis. 

[bookmark: _Toc154331475]Pea shoot growth responses to soil volume and neighbour density are largely interchangeable

I next wanted to explore if legumes behave in a similar manner to wheat, barley and Arabidopsis to soil volume and neighbour density. Wild-type Pisum sativum (v. Torsdag background) (pea from herein) plants were grown using the same experimental design as the previous experiments (Fig. 3.9A), however the soil volumes used were 500ml and 2000ml (Wheeldon et al., 2022) as in a preliminary experiment pea plants grown singly in 100ml pots were very small and only produced a single shoot with no branches. Plants were grown for 7 weeks and then shoot branches were counted and shoots were harvested for dry shoot biomass.
Pea plants grown singly in 2000ml pots were statistically different to singly grown 500ml plants, as these produced ~2.2-fold more shoot biomass than those in grown singly 500ml pots. In the case of crowded plants grown in 2000ml, these plants produced ~2.1-fold more shoot biomass than in 500ml pots per plant (Fig. 3.9B-C) (Wheeldon et al., 2022). These fold changes are half that of wheat, but nevertheless show that an increase in available soil volume results in increased shoot growth in both crowded and uncrowded plants. Most notably, 1/pot 500ml and 4/pot 2000ml plants produced a similar shoot biomass per plant (~5g). Consequently, as with the other species assessed in 3.2, neighbour density and soil volume act interchangeably.  

[bookmark: _Toc146657551][bookmark: _Toc154331543][image: ]Figure 3.9 Shoot biomass in pea is influenced by root based crowding and soil volume
Graphs showing wildtype P. sativum (pea, cv Torsdag) grown in 500ml (light green) and 2000ml (dark green) pots in either 1 plant per pot (1/pot) or 4 plants per pot (4/pot) treatments.
A) Cartoon representing experimental set up. Each circle represents 1 plant, 4/pot plants were grown at the same distance apart in both soil volumes.
B) Table showing biomass fold change as a result of being subjected to different soil volume and crowding regimes. Numbers with a + indicate an increase in fold change, whereas those with – show a decrease in fold change.
C) Box plots showing mean final shoot biomass (g) per plant and per pot. Boxes with the same letter are not significantly different (One-way ANOVA with Tukey HSD, p <0.05) n=7-12. Statistical analyses were carried out independently for per plant and per pot. The box indicates the interquartile range, the midline represents the median, the whiskers are the minimum and maximum values, the circle is the mean. 
Figure modified from Wheeldon et al, 2022

Pea plants grown singly in 2000ml pots produced ~2.6- fold more branches than those grown singly in 500ml pots. When crowded, pea plants grown in 2000ml pots produced ~2.2- fold more branches than those grown 4/pot in 500ml pots (Fig. 3.10A) (Wheeldon et al., 2022). This assessment of final branch number supports that of shoot biomass. Again, this shows that increasing the soil volume available to the plants by five-fold alleviated crowding effects, suggesting soil volume and neighbour density are interchangeable. 
[image: ]




[bookmark: _Toc146657552][bookmark: _Toc154331544]Figure 3.10 Shoot branching is influenced by soil volume and root based crowding in pea
Graphs showing wild-type P. sativum (pea, cv Torsdag) grown in 500ml (light green) and 2000ml (dark green) pots in either 1 plant per pot (1/pot) or 4 plants per pot (4/pot) treatments as described in Fig 3.8A.
A) Box plots showing mean shoot branch number per plant and per pot. Boxes which share the same letter are not significantly different (One-way ANOVA with Tukey HSD, p <0.05) n=9-10. Statistical analyses were carried out independently for per plant and per pot. The box indicates the interquartile range, the midline depicts the median, the whiskers are the minimum and maximum values, the circle is the mean and the diamonds are outliers.
Figure modified from Wheeldon et al, 2022

When considering the growth of plants per pot, as with the other species assessed, pea plants are seen to ‘over-produce’ shoots in the crowded treatments. 4/pot 500ml grown pea plants produced ~1.7-fold greater shoot biomass than those grown singly in 500ml pots. The same fold change is seen when comparing 4/pot 2000ml grown plants with 1/pot 2000ml grown plants (Fig. 3.9B-C) (Wheeldon et al., 2022). Therefore, this suggests that soil volume and neighbour density are not absolutely interchangeable and crowding effects are slightly less strong than that of soil volume.

To conclude, analysis of shoot biomass and branching data in pea show that neighbour density and soil volume are interchangeable to a large extent, with soil volume per plant being a key factor affecting the extent of final shoot growth. 

[bookmark: _Toc154331476]Interspecific responses to soil volume and neighbour density are similar among species

Bringing together the data for wheat, barley, Arabidopsis and pea, all species clearly show the ability to detect and respond to soil volume and neighbour density. These data suggest that increasing the soil volume available to the plants alleviates the effect of crowding and conversely, increasing the density of plants negates the effect of increasing soil volume. As a result of this, plants which have experienced both an increase in available soil volume and neighbour density produce approximately the same shoot biomass as those which have experienced no increase in crowding and soil volume. This highlights that the shoot growth responses to soil volume and neighbour density are largely interchangeable which could suggest that they are driven by the same mechanism. However, the number of tillers produced over time in wheat and barley showed that crowded plants responded much more quickly to the presence of neighbours than to restricted soil volume, however the overall effects of neighbour density on shoot growth were less than that of soil volume. Experiments discussed later in this thesis provide further understanding of these effects, but nevertheless it is clear that neighbour density and soil volume are largely interchangeable and this is not species specific. This lack of species specificity indicates that the mechanism is general and one plausible explanation for this could be that plants perceive root density within the pot. 
There are nuanced differences between species, such as in barley where the fold change for total shoot biomass per pot is significantly less than that of wheat. This could suggest that barley plants are more sensitive of neighbour density hence have more restrained growth to prevent overproduction of shoot biomass when crowded. This reduction in sensitivity in wheat plants could be representative of the drive for high sowing densities in wheat breeding programmes. Therefore, understanding the origin of the differences in sensitivity could allow us to gain a better understanding of the mechanism underpinning these responses.













[bookmark: _Toc154331477]Barley intraspecific variation in soil volume response

[bookmark: _Toc154331478]Soil volume responses are highly variable in barley germplasm

As seen from data presented thus far in this thesis and the wider literature, all species tested respond to soil volume. However, to date there has been no detailed analysis of soil volume responses between different varieties of the same species. Section 3.2 showed that the sensitivity to neighbours appears to be reduced in wheat, likely due to historic breeding programmes for ‘density resistance’. Therefore, an exploration of differences between wild and crop varieties could lead to better understanding of these responses. For example, in crop species, I hypothesise that there will be variation in the response to soil volume in modern and landrace varieties due to different trajectories in breeding. Understanding diversity in soil volume responses within a species could allow identification of the genetic basis underlying soil volume responsiveness, and allow for the breeding of crops which are less sensitive to the amount of space they have available to them.
With the ultimate aim of uncovering the genetic basis of soil volume responses, I decided to focus on one species, barley. The decision to focus on barley was largely influenced by its shoot growth habit, as responses to soil volume could be easily tracked over time via counting tillers, and the relative simplicity of its genome compared to wheat. In cereals, ears, which contain the grain, emerge from the tillers and in barley there is a strong link between production of tillers and grain yield (Simmons et al., 1982). Tiller number therefore would be a key phenotype to assess as a proxy for ultimate yield.
I performed this work in collaboration with the seed-breeding company KWS.  KWS provided me with 100 spring barley lines to assess. These included traditional landrace cultivars, advanced/improved cultivars (of the green revolution era), and modern elite varieties from across the globe (Table 2.2). The spread of material both geographically and historically should provide a large pool of variation to screen. 
To identify the diversity in soil volume responses between cultivars, I carried out an initial phenotyping screen to identify lines of interest. This screen consisted of growing each line in 100ml and 500ml pots, in weekly batches of 5 lines. Tillers were counted weekly from week 2-8 post germination and shoots were harvested at 8 weeks post germination for dry shoot biomass. The 8-week duration marked the time when most genotypes ceased new tiller production and a time before transition to floral development. Inherent differences in growth speed were to be expected, but the 8-week duration provided a defined end point to allow for comparisons.
To first investigate if modern varieties show more plastic responses to soil volume than less intensively bred lines, I looked at peak tiller number and dry shoot biomass. For each genotype and soil volume, the week in which the highest tiller number was produced was identified and recorded, and the number of tillers at this time point was defined as the peak tiller number. There were wide variations in soil volume responsiveness among these lines. The lines can be loosely grouped in to four main categories: lines which produced high numbers of tillers in both soil volumes (high-tillering), and others which produced low numbers of tillers in both soil volumes (low-tillering), lines which produced low numbers of tillers in the small soil volume with comparatively large numbers in the large soil volume (high-response), and those which produced a large amount of tillers in small soil volumes with only a small increase in large soil volumes (low-response).
This variation led to the need for a simplification of the analysis to allow for meaningful quantification. To do this, a 500ml:100ml ratio was calculated, where the peak tiller number for the large soil volume was divided by the peak tiller number of the small soil volume (regardless of which week this occurred) for each line. This shows the fold change in tillering on the larger soil volume relative to the smaller volume, irrespective of whether the line is high tillering or low tillering. A low ratio would indicate low sensitivity to soil volume, i.e. these lines produced a similar number of tillers in both soil volumes, whereas a high ratio would indicate a high sensitivity to soil volume, i.e. plants in the large soil volumes are able to take advantage of the larger amount of space and hence grow much larger than those in small soil volumes.  
Looking across the spread of biomass and tiller ratios in all the lines, the modern / elite lines (pink) are found on the higher sensitivity end of the spectrum whereas the advanced / improved cultivars are generally found nearer the low sensitivity end of the spectrum (Fig. 3.11A-B). This could suggest a shift in breeding strategies over time. There has been no direct aim from breeders to produce lines with a focus on soil volume characteristics before, therefore this could indicate that genes involved in soil volume sensitivity could be linked to, or function in, other breeding targets such as plant density resistance. This would make sense given the largely interchangeable nature [image: A graph of different types of landforms

Description automatically generated with medium confidence]of soil volume and crowding responses shown in Section 3.2. 

[bookmark: _Toc146657553][bookmark: _Toc154331545]Figure 3.11 Modern varieties are more plastic in their response to soil volume availability than traditional and advanced lines
A-B) Bar charts showing the 500ml:100ml ratio of peak tiller number (regardless of the week it occurred) (A) and dry shoot biomass at 8 weeks post germination (B) in spring barley lines. Black bars represent traditional cultivar / landrace lines, green bars represent advanced / improved cultivars and purple bars represent modern / elite varieties. n=1-4.

Looking across the lines in more detail there was a large variation in the peak tiller number and shoot biomass in each soil volume. Peak tiller number in 100ml pots ranged from 1.6 to 6.5 tillers whereas in 500ml pots the variation was much greater, between 3-18 tillers (Fig. 3.12A-B). A similar pattern was seen in shoot biomass, with small soil volumes ranging between 0.47-2.22g [image: ]and in large soil volumes this ranged between 1.81- 9.08g (Fig. 3.13A-B).
[bookmark: _Toc146657554][bookmark: _Toc154331546]Figure 3.12 Peak tiller number varies greatly across barley lines
A-B) Mean peak tiller number (the highest number of tillers produced by each line, regardless of the week post germination in which this occurred) of 94 spring barley lines grown in 100ml (white) and 500ml (black) soil volumes. Error bars represent s.e.m, n=1-4.

[image: ]

[bookmark: _Toc146657555][bookmark: _Toc154331547]Figure 3.13 Shoot biomass varies greatly across barley lines
A-B) Mean shoot biomass (g) at 8 weeks post germination of 89 spring barley lines grown in 100ml (white) and 500ml (black) soil volumes. Error bars represent s.e.m, n=1-4.

To identify lines of interest that could be useful for uncovering the genetics underpinning this variation in responsiveness to soil volume, peak tiller number and shoot biomass 500ml:100ml ratios were assessed and compared. This aimed to identify several lines where the peak tiller number and biomass ratios were on the same end of the sensitivity spectrum, either high or low. When looking at the 500ml:100ml ratios for peak tiller number this ranged from 1.33-5.25. The 6 lines with the highest (sky blue) and lowest (peach) 500ml:100ml tiller ratio were identified (Fig. 3.14A-B). The high sensitivity lines (lowest to highest respectively) identified were: HOR 13836, HOR 18201, LG Tosca, HOR 16358, HOR 21641, KWS Thalis. The low sensitivity lines (lowest to highest respectively) identified were: HOR 12070, HOR 10990, HOR 15898, HOR 18824, HOR [image: A graph of different colored bars

Description automatically generated with medium confidence]2369, HOR 11126 (Fig. 3.14A-B).

[bookmark: _Toc146657556][bookmark: _Toc154331548]Figure 3.14 Sensitivity to soil volume is varied across spring barley lines and is reflected in tiller production
A-B) Bar charts showing the 500ml:100ml ratio of peak tiller number (regardless of the week it occurred) in 94 spring barley lines. Peach bars represent low sensitivity lines, sky blue bars represent high sensitivity lines.

The 500ml:100ml shoot biomass ratio also needed to be taken into consideration and this was seen to vary greatly across the lines, from 1.57-11.5 (Fig. 3.15A-B). The lines previously identified via their 500ml:100ml peak tiller ratio were mostly found to cluster in the same end of the sensitivity spectrum as for tiller number. Both the 500ml:100ml peak tiller number and biomass ratios were considered when shortlisting 3 high and 3 low sensitivity lines to assess further (Fig. 3.15A-B). 
Regarding the biomass ranking of the low sensitivity lines, HOR 15898 and HOR 2369 were found to cluster towards the middle of the biomass spectrum, hence were no longer regarded as low sensitivity and were not selected for further analysis (Fig. 3.15A). No biomass measurements were able to be taken for HOR 18824 due to COVID-19, hence this line was also removed from the shortlist. 
The highly-responsive lines HOR 13836 and HOR 18201 both had a higher (albeit slight) 500ml:100ml shoot biomass ratio than KWS Thalis (Fig 3.15 B). Nevertheless, KWS Thalis was selected over these due to the full genetic history of KWS Thalis being known, and hence providing the potential for better understanding of the genetics underpinning this response. 













[bookmark: _Toc146657557][bookmark: _Toc154331549]Figure 3.15 Shoot system size varies greatly across spring barley lines in response to soil volume availability[image: A graph of data showing low serous and high serous

Description automatically generated with medium confidence]
A-B) Bar charts showing the 500ml:100ml ratio of dry shoot biomass at 8 weeks post germination in 85 spring barley lines. Peach bars represent low sensitivity lines, sky blue bars represent high sensitivity lines.

LG Tosca, HOR 21641 and KWS Thalis were thus selected as representative high sensitivity lines for further analysis, and HOR 12070, HOR 10990 and HOR 11126 were selected as the low sensitivity lines. These lines mainly originated in Europe with the exception of HOR 11126 and HOR 21641 which were from Japan and Chad respectively (Table 3.1). Interestingly, the high sensitivity lines comprised of 2 modern lines with one traditional / landrace line, whereas the low sensitivity lines comprised of 2 advanced / improved lines and 1 traditional / landrace line (Table 3.1).
[image: ]






[bookmark: _Toc146657558][bookmark: _Toc154331524]Table 3.1 Information regarding the lines with the highest and lowest sensitivity to soil volume
Table showing the 6 identified spring barley lines which have low and high sensitivity to soil volume and their associated information. Information provided by Klaus Oldach, KWS.

Focussing on the selected lines for further analysis, despite the plants grown in 500ml pots having access to fivefold more soil than those in grown in 100ml pots, the low sensitivity lines only produced 2.18-, 2.24-, 2.91- fold more shoot biomass in 500ml pots (HOR 12070, HOR 10990 and HOR 11126 respectively). The high sensitivity lines were able to produce 5.00-, 5.64-, 6.14- fold more shoot biomass in 500ml pots compared to 100ml pots (KWS Thalis, HOR 21641, LG Tosca respectively) (Fig. 3.13A-B and Fig. 3.16A-B ). 

[bookmark: _Toc146657559][bookmark: _Toc154331550]Figure 3.16 Allocation of shoot biomass in response to soil volume in 6 spring barley lines[image: A comparison of different colored bars

Description automatically generated]
Low and high sensitivity spring barley lines grown in 100ml and 500ml pots for 8 weeks.
A) Bar chart showing mean dry shoot biomass (g) at 8 weeks post germination of low sensitivity and high sensitivity barley lines to soil volume. Error bars represent s.e.m, n=2-4.
B) Bar chart showing 500ml:100ml dry shoot biomass ratio of low sensitivity and high sensitivity barley lines to soil volume. Error bars represent s.e.m, n=2-4.

Tiller number appeared to be more strongly influenced by soil volume in the low sensitivity lines than shoot biomass as these only produced 1.33-, 2.00- 2.20- fold more tillers in 500ml pots compared to 100ml pots (HOR 12070, HOR 10990 and HOR 11126 respectively) (Fig. 3.17A-B). The high sensitivity lines produced 5.25-, 5.23-, 4.85- fold more tillers in 500ml pots compared to 100ml pots (KWS Thalis, HOR 21641, LG Tosca respectively) (Fig. 3.17A-B). The high sensitivity lines grown in 500ml pots were able to tiller throughout the experiment whereas the low sensitivity lines ceased tiller production early (Fig. 3.17C).





[bookmark: _Toc146657560][bookmark: _Toc154331551]Figure 3.17 Tiller number production varies in spring barley lines[image: ]
Low and high sensitivity spring barley lines grown in 100ml and 500ml soil volumes for 8 weeks.
A) Bar chart showing peak tiller number on which ever week it occurred between week 2-8 post germination of low sensitivity and high sensitivity barley lines to soil volume. Dashed bars represent plants grown in 100ml pots and solid bars represent plants grown in 500ml pots. Error bars represent s.e.m, n=2-4.
B) Bar chart showing 500ml:100ml peak tiller ratio of low sensitivity and high sensitivity barley lines to soil volume, n=2-4.
C) Line graph showing tiller number between week 2 and 8 post germination of low sensitivity and high sensitivity barley lines to soil volume. Plants grown in 100ml pots are represented as dashed lines and plants grown in 500ml pots are represented as solid lines. Error bars represent s.e.m, n=2-4.
D) Scatterplot of shoot biomass 500ml:100ml ratio and peak tiller number 500ml:100ml ratio, n=2-4. Dots represent high sensitivity lines and squares represent low sensitivity lines. R2 is the Adjusted R Square.

These findings were communicated to our collaborator Klaus Oldach at KWS and a series of crosses were carried out by KWS between the high sensitivity lines KWS Thalis and HOR 21641, with the low sensitivity lines: HOR 12070, HOR 11126 and HOR 10990. The doubled haploid technique was used to generate offspring as this produces homozygous offspring much faster than traditional line breeding programs. 
The resulting doubled haploid F2 populations from these crosses will been taken forward for phenotyping using the same experimental design as the initial screen. Once this has been completed, quantitative trait loci (QTL) can be mapped, ultimately leading to the identification of genomic regions that are responsible for soil volume sensitivity. Unfortunately, due to time constraints this screen has not yet been carried out. 
The data presented here from the initial screen has shown a large amount of variation in soil volume responsiveness amongst the lines investigated. This highlighted that lines which have undergone more intensive breeding are more sensitive to soil volume and thus can take advantage of the additional space available to them more efficiently.

[bookmark: _Toc154331479]Response of root system architecture (RSA) to soil volume and neighbour density

[bookmark: _Hlk142567780]In sections 3.2 and 3.3, I outlined the shoot growth responses of plants to soil volume and neighbour density. However, despite plants perceiving the available soil volume with their roots, it is not clear what the effects of soil volume on root system architecture are. 
By visualising the root system, I aim to investigate if the density of roots in the pot could explain all or part of the shoot-based responses to soil volume. As plants grown in large soil volumes produce greater shoot system size (biomass and tiller number) than those in small soil volumes, I hypothesised that root system size (root number and length) would also follow the same trend, as plants in large soil volumes would have more space for their root systems to explore. Similarly, I hypothesised that plants grown in crowded treatments would have smaller root systems than those grown uncrowded in the same soil volume. 
I also wanted to address how and if root system architecture differs between plants in small and large soil volumes. Do plants grown in small soil volumes have the same distribution of root types (seminal and lateral roots) but produce less of them compared to plants in large soil volumes? Or is there a preference of one root type over the other in small pots perhaps to aid resource capture? Therefore, I hypothesised that plants grown in small soil volumes would have more lateral roots to provide a larger surface area for resource capture than those in large soil volumes. 

[bookmark: _Toc154331480]Root system growth response to soil volume in barley and wheat

To explore root system architecture in different soil volumes, I first asked if barley and wheat root system architecture respond in the same way to soil volume availability. I hypothesised they would, given their strong similarities in shoot growth habit when grown in different pot sizes, albeit with barley usually producing a relatively larger shoot system than wheat (Fig. 3.1 and 3.4). In addition, I hypothesised that plants grown in small pots would produce smaller shoot systems than those in larger pots due to increased root density sooner in small pots.
To investigate root system response to soil volume, barley (cv. Charon) and wheat (cv. Mulika) seeds were pregerminated for a week then placed singly into 150ml and 1100ml rhizoboxes filled with compost (Chapter 2). Pre-germination aimed to remove the possibility of sowing seeds in the wrong orientation (i.e. shoots downwards and roots upwards) and also to ensure all rhizoboxes had successfully germinated seed. Rhizoboxes were scanned twice weekly until 64 and 72 (wheat and barley respectively) days post germination when shoots were harvested and dried for biomass measurements. 
I first wanted to establish the root system response overtime and identify if the shoot-based differences seen in different soil volumes could involve root density. To do this, I devised a method of assessing root density using a root density score as described in detail in Chapter 2. The root density score does not provide information about absolute root system size, but rather provides an insight into the relative density of roots in the given soil volume.
In the first few weeks, the root density score was highest in the 150ml grown plants in both species (Fig. 3.18A), this is not necessarily surprising given these plants are in a small soil volume.
Analysis of barley showed that, the 150ml plants consistently maintain a high density of roots in their given soil volume compared to those grown in 1100ml rhizoboxes until later on in life. The plants grown in 150ml rhizoboxes continue to increase their root density until ~55 days post germination where root production appears to cease (Fig. 3.18A). The plants in the 1100ml rhizoboxes however appear to continue to steadily produce roots for at least 10 days longer than the 150ml grown plants (Fig. 3.18A), eventually reaching the same root density. This suggests that barley root systems become inhibited in their root growth when their root density reaches a critical threshold, and this occurs earlier in the smaller rhizoboxes. The plants grown in the 1100ml rhizoboxes have more soil volume in which their roots can spread hence can continue to produce roots for longer before reaching this root density threshold and then becoming inhibited. 
The same trend can be seen in wheat, however the maximum root density score seen in both soil volumes is lower than in barley (Fig. 3.18A). This could suggest that wheat has a higher sensitivity to root density than barley, hence inhibiting root growth at an earlier time. However, this could be interlinked with inherent differences in their developmental growth speeds as wheat also ceases its tiller production before barley (Fig. 3.22A).
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[bookmark: _Toc146657561][bookmark: _Toc154331552]Figure 3.18 Root density increases faster in small soil volumes
Barley (cv. Charon) and Wheat (cv. Mulika) plants were pregerminated for 1 week before transferring into 150ml (barley: lilac, wheat: peach) and 1100ml (barley: purple, wheat: red) rhizoboxes. Rhizoboxes were imaged every 3-4 days from day 11-64 for wheat and day 11-71 for barley.  
A) Line graph showing the root density as a percentage of roots (white pixels) to soil (black pixels) (as described Chapter 2) over time as a rolling average of 4 time points each 3-4 days apart.

As plants in small rhizoboxes showed an elevated root density earlier on in plant life than those in large rhizoboxes, I explored root growth in greater detail to identify how that could be achieved. I aimed to understand how the plants allocate root types in different soil volumes and hence I needed to define and measure these. I have defined seminal roots as roots which emerge from the seed, these are generally the thickest roots and often have fine roots which emerge from them (Fig. 2.4). I have defined lateral roots as the fine roots which emerge from the seminal roots, these are often much shorter than the seminal roots (Fig. 2.4). I measured individual root length of seminal and lateral roots for each rhizobox at 11-, 14-, 18- and 21-days post germination and from this I was able to calculate total root length (as a sum of all lateral and seminal root lengths), and total root number (as a sum of the total number of seminal and lateral roots) (Fig. 3.19A-B). By assessing roots in this early time window, I aimed to identify how soon differences in root architecture could be seen between soil volumes and determine if certain features of the root system were more affected by soil volume availability than others.
At 11 days post germination, total root length in barley plants is equal in both soil volumes (Fig. 3.19A). The same can be said of wheat, however wheat plants produced ~2 fold greater total root length at this timepoint than barley plants (Fig. 3.19A). Total root number of barley plants is also equal in both soil volumes at 11 days post germination (Fig. 3.19B). This same trend is also reflected in wheat as total root number is also equal in both soil volumes at this timepoint and these plants produce a similar number of roots to barley (Fig. 3.19B). 
After 11 days post germination, a trend begins to emerge in both species where the plants grown in 150ml rhizoboxes produced a greater total number of roots and root length compared to those in 1100ml rhizoboxes. This is maintained until at least 21 days post germination (Fig. 3.19A-B).
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Description automatically generated with medium confidence]Figure 3.19 Total root number and length differs between soil volumes within the first 3 weeks post germination
Barley (cv. Charon) and Wheat (cv. Mulika) plants were pregerminated for 1 week before transferring into 150ml and 1100ml rhizoboxes. Rhizoboxes were imaged every 3-4 days from day 11-21 post germination.
A-B) Bar charts showing total root length (mm) (A) and total root number (B) at 11, 14, 18 and 21 days post germination. Statistical tests were carried out separately for each species, asterisks indicate significant difference, n.s represents no significant difference (Day 21; A) barley- Mann Whitney U p<0.05, wheat- Independent samples T-test, p<0.05, B) barley and wheat- Independent samples t-test, p<0.05) n=5.

In wheat, plants produced a similar seminal root length and number in both soil volumes at 11 days post germination (Fig. 3.20A-B). However, in barley at this time point, seminal root length is equal in both soil volumes whereas the number of seminal roots is greater in the 150ml rhizoboxes than in 1100ml rhizoboxes (Fig. 3.20A-B). After day 11 post germination however, there does not appear to be a consistent difference in seminal root length and number. At 21 days there was no statistical difference in seminal root number or length between the soil volumes in both wheat and barley (Fig. 3.20A-B).
Together, analysis of the total and seminal root length and number data suggests that at 11 days post germination, plants are unable to sense their available soil volume, perhaps through simply not colonising enough of the space yet. 
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[bookmark: _Toc146657563][bookmark: _Toc154331554]Figure 3.20 Seminal root growth in wheat and barley is not affected by soil volume
Barley (cv. Charon) and Wheat (cv. Mulika) plants were pregerminated for 1 week before transferring into 150ml and 1100ml rhizoboxes. Rhizoboxes were imaged every 3-4 days from day 11-64 for wheat and day 11-71 for barley.  
A-B) Bar charts showing mean seminal root length (mm) (A) and mean seminal root number (B) at 11-, 14-, 18- and 21-days post germination. Statistical tests were carried out separately for each species, n.s indicates no significant difference (Day 21; Independent samples t-test, p<0.05) n=5.

This trend of elevated total root number and length in small soil volumes arises from differences in lateral root number and length from 14 days post germination (Fig. 3.21A-B) as there is no clear difference in seminal root length and number before 21 days post germination (Fig. 3.20A-B). This could explain why root density in the 150ml rhizoboxes is higher early in life (Fig. 3.18A).
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Description automatically generated with medium confidence]Figure 3.21 Barley and wheat produce more and longer lateral roots in small soil volumes compared to large soil volumes
Barley (cv. Charon) and Wheat (cv. Mulika) plants were pregerminated for 1 week before transferring into 150ml and 1100ml rhizoboxes. Rhizoboxes were imaged every 3-4 days from day 11-21.  
A-B) Bar chart showing mean total lateral root length (mm) (A) and mean total lateral root number (B) at 11-, 14-, 18- and 21-days post germination. Statistical tests were carried out separately for each species, asterisks indicate significant difference (Day 21; A) barley: Mann Whitney U p<0.05, wheat: Independent samples t-test, p<0.05, B) barley and wheat: Independent samples t-test, p<0.05) n=5.

To ask if shoot growth was affected by the 2D nature of the rhizoboxes, and hence behaved similarly to that of sections 3.2.1 and 3.2.2, shoot system growth was assessed concurrently with root system growth by assessing tiller number from week 2-8 in wheat and 2-9 in barley and harvesting shoots for dry shoot biomass at the end of the experiment. Shoot growth occurred as expected, with both species produced a greater number of tillers in 1100ml rhizoboxes compared to 150ml rhizoboxes (Fig. 3.22A). 
Barley and wheat produced the same peak tiller number of ~6 in 150ml rhizoboxes whereas in 1100ml rhizoboxes, wheat produced ~19 tillers, and barley produces ~25 tillers.  Wheat reaches its peak tiller number 2 weeks earlier than barley, with the subsequent senescence of tillers following shortly after (Fig. 3.22A). Wheat plants began senescing tillers around 3 weeks earlier than barley. Root density measurements were also seen to reach the critical threshold earlier in wheat than barley (Fig. 3.18A).
When shoot biomass was assessed, there was a statistically significant difference in 150ml and 1100ml grown plants for both species. Barley plants also had a higher shoot biomass than wheat when grown in 1100ml rhizoboxes. However, both species produced a similar, lower shoot biomass when grown in 150ml rhizoboxes (Fig. 3.22B). 
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[bookmark: _Toc146657565][bookmark: _Toc154331556]Figure 3.22 Soil volume effects are present in shoot systems of plants grown in rhizoboxes
Barley (cv. Charon) and Wheat (cv. Mulika) plants were pregerminated for 1 week before transferring into 150ml and 1100ml rhizoboxes. 
A) Line graph showing tiller number over time. Error bars represent S.E.M, n=5.
B) Boxplots showing mean dry shoot biomass at 64 and 71 days post germination for wheat and barley respectively, grown in 2 rhizobox sizes. Statistical tests were carried out separately for each species, asterisks indicate significant difference (Independent samples t-test, p<0.05) n=5.

Bringing this together, both wheat and barley appear to reach a critical threshold of root density sooner in 150ml rhizoboxes than 1100ml rhizoboxes. Nevertheless, the plants grown in 1100ml rhizoboxes eventually reach the same root density, albeit later in life. Perception of root density could therefore potentially be part of a mechanism in which plants detect and respond to their soil volume (and neighbour density). In addition, the root system architecture of both species appears to respond to soil volume in a similar manner as both species produced a greater number and length of roots in small rhizoboxes compared to the large rhizoboxes early in life.

[bookmark: _Toc154331481]Barley root system architecture in response to neighbouring plants

In Section 3.2 I showed that available soil volume per plant is an important predictor of final shoot growth. This also showed that crowded plants ‘over-produced’ shoot biomass in crowded treatments, therefore I hypothesised that root growth may act in a similar way given the roots detect the availability of belowground space. To visualise how roots of the same genotype grow when crowded, the rhizobox system was used as described previously. Barley (cv. Charon) seeds were pregerminated on filter paper for 1 day and then transferred into 1100ml rhizoboxes in either 1 plant per pot (1/pot) or 4 plants per pot (4/pot). 4/pot plants were evenly spaced across the rhizobox (Fig. 3.23A). 
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[bookmark: _Toc154331557]Figure 3.23 Barley roots in crowded and uncrowded rhizoboxes
A) Images of barley (cv. Charon) roots grown either 1/pot or 4/pot at 17 days post germination. Scale bar represents 5cm.

To investigate if there is an overproduction of roots in crowded rhizoboxes, I measured root length and number at 4 time points early in life as described previously in section 3.4.1. Analysis of total root length per plant showed that this was slightly but statistically significantly greater in the 1/pot treatment than the 4/pot treatment within the first 17 days post germination (1.1-, 1.3-, 1.3-, 1.6- fold respectively) (Fig. 3.24A). Total root length per pot was statistically significantly greater in the 4/pot treatment (3.6-, 2.9-, 3.1-, 2.4- fold respectively) (Fig. 3.24B).
Despite producing longer roots in the 1/pot treatment, the total root number per plant was not significantly different between the treatments, and did increase over time, whereas total root number per pot was greater in the 4/pot treatment compared to the 1/pot treatment (4.1-, 4.0-, 3.8-, 3.5- fold respectively) (Fig. 3.24A+B). This suggested that crowded plants also over-produce roots in crowded treatments. Unfortunately, counting individual roots became too difficult after 17 days post germination but, nevertheless this data suggests that in this system the plants did not stop producing roots throughout the experiment regardless of their crowding treatment. 
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[bookmark: _Toc146657567][bookmark: _Toc154331558]Figure 3.24 Barley root production continues regardless of crowding treatment
Graphs showing spring barley (cv. Charon) grown in 1100ml rhizoboxes in either 1 plant per pot (1/pot) or 4 plants per pot (4/pot).
A-B) Bar charts showing total root length per plant and per pot (mm) (A) and total root number per plant and per pot (B) from day 6 to 17 post germination. Error bars represent S.E.M, Asterisks represent significant difference, n.s represents no significant difference (Independent samples t-test for all except day 10 total root length per plant and per pot where Mann Whitney U was used), n=6-8.

Suggestions have been made in the literature that rice plants of the same genotype appear to avoid each other (Fang et al., 2013). However, at 6 days post germination I could already observe collision and overlap between roots from different plants in the 4/pot treatment (Fig. 3.25A), suggesting that in barley, and in this system, roots of the same genotype do not avoid one and other. From the limited available knowledge on this it is not clear whether this is a species-specific difference, or a difference caused by the system in which the plants are grown. Nevertheless, direct contact with roots of neighbouring plants did not prevent root growth from continuing as shown by the root number and length data in this rhizobox system (Fig. 3.24A+B). 
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[bookmark: _Toc146657568][bookmark: _Toc154331559]Figure 3.25 Barley roots overlap when grown with other barley plants
Spring barley (cv. Charon) grown in 1100ml rhizoboxes 4 plants per pot (4/pot).
A) Image of wheat roots in a 4/pot rhizobox at 6 days post germination. White arrow heads indicate points of neighbouring plant root collision or overlap. Scale bar represents 5cm.

Again, I aimed to ask that shoot growth behaved similarly as barley plants in section 3.2.2 to ensure root growth seen in this rhizobox system would be comparable, therefore tiller number was assessed from week 2-7 post germination. As expected 1/pot plants produced a greater number of tillers per plant over time than the 4/pot treatment (Fig. 3.26A). The peak tiller number of 1/pot plants was 3.3-fold greater than that of individual plants in the 4/pot. Thus, overall, per pot 4/pot plants produced 1.2-fold more tillers than the 1/pot plants (Fig. 3.26A), again showing an ‘over production’ of shoot growth in the crowded scenario. This supports what was seen previously in pot grown barley section 3.2.2 suggesting that the shoot response to rhizoboxes and pots is the same.
Shoot biomass per plant and per pot was significantly different between the treatments (Fig. 3.26B). Shoot biomass per plant was strongly reduced (~3-fold) in the 4/pot treatment compared to the 1/pot treatment (Fig. 3.26B). Total shoot biomass per pot was 1.3-fold greater in 4/pot treatment than the 1/pot treatment (Fig. 3.26B). This also supports the ‘over-production’ of shoot biomass seen in 3.2.2.
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[bookmark: _Toc146657569][bookmark: _Toc154331560]Figure 3.26 Crowded barley plants produce fewer tillers and shoot biomass per plant than uncrowded plants
Graphs showing spring barley (cv. Charon) grown in 1100ml rhizoboxes in either 1 plant per pot (1/pot) or 4 plants per pot (4/pot). 
A) Line graph showing mean tiller number per plant and per pot from week 2-7 post germination. Error bars represent S.E.M, Asterisks represent significant difference (Independent samples t-test, p<0.05, n=6-8).
B) Box plot showing the mean final dry shoot biomass per plant and per pot at 7 weeks post germination. Asterisks represent significant difference (Independent samples t-test, p <0.05) n=6-8. The box indicates the interquartile range, the midline represents the median, the whiskers are the minimum and maximum values, the circle is the mean.

Bringing this data together, the number of roots produced per plant between the crowding treatments was equal which could display an inherent ‘minimum’ amount of roots the plants are able to produce in this soil volume. This resulted in an early increase in total number of roots per rhizobox in the case of the 4/pot treatment. Therefore, it could be hypothesised that 4/pot treatments would have higher root density sooner than those in 1/pot treatments, which could explain shoot based differences seen between the treatments. 

[bookmark: _Toc154331482]Root density and shoot system size are uncoupled in barley

In section 3.3, I showed that there is large variation in shoot growth responses (tiller number and shoot biomass) to soil volume due to genetic diversity in the barley lines I screened. I identified three low (HOR 10990, HOR 11126 and HOR 12070) and three high (HOR 21641, KWS Thalis and LG Tosca) soil volume sensitivity lines. I hypothesised that the observed shoot growth responses would also be reflected in the root system growth, i.e. if higher soil volume sensitivity was present in a line I expected to see this in the root system too and that this may be seen in the root density threshold. In addition, I aimed to identify if different lines allocated their root number and length differently which could potentially explain their shoot phenotypes. To test this, I used the same rhizobox system described previously, but the seeds were only pregerminated for 3 days to ensure minimal root growth had occurred before transplantation into the rhizoboxes. 	
As barley and wheat plants showed a different root density threshold in section 3.3.1, I hypothesised that there may be intraspecific variation in root density in the barley lines of interest. Using the same root density measurement system as in 3.3.1, I saw that the root density scores varied across the lines assessed (Fig. 3.27A). The low sensitivity line HOR 10990 produced a low density of roots compared to the others suggesting this line has a low threshold of root density tolerance before inhibiting root growth. On the converse, the high sensitivity line HOR 21641 appears to be able to tolerate a much higher root density and by the end of the experiment had not yet ceased root production as the root density score is yet to plateau. However, these differences were not seen in all the lines assessed hence root density cannot solely explain the shoot growth phenotypes seen. LG Tosca appears to tightly regulate its root density as this increases at the same rate in both soil volumes, nevertheless the plants in the large rhizoboxes will still produce proportionally more roots than in small rhizoboxes. 
This data suggests that the density of roots cannot be the only explanation for the soil volume sensitivity of the lines as this is variable within the sensitivity categories. Therefore, this suggests there is no clear link between root density and shoot growth responses to soil volume in these lines.
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[bookmark: _Toc146657570][bookmark: _Toc154331561]Figure 3.27 Root density is variable across spring barley lines
Figure showing barley lines HOR 10990, HOR 11126, HOR 12070, HOR 21641, KWS Thalis and LG Tosca selected from the soil volume phenotyping screen presented in chapter 3. Plants were pregerminated for 3 days before transferring into 150ml and 1100ml rhizoboxes. Rhizoboxes were imaged every 3-4 days from day 7-57 post germination.
A) Line charts of root density as a percentage of white pixels (roots) to black pixels (compost) in 150ml and 1100ml rhizoboxes from day 7-57 post germination (described in chapter 2). Data is presented as a rolling average of the previous 2 timepoints where each timepoint was 3-4 days apart, n=1-3.
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Description automatically generated with medium confidence]To explore the root and shoot growth responses further, tillering and shoot biomass was assessed. As expected, shoot biomass was greatest in 1100ml rhizoboxes compared to 150ml rhizoboxes, regardless of the variety (Fig. 3.28A). Low sensitivity lines produced fewer tillers in both soil volumes compared to high sensitivity lines, nevertheless, tiller number was always greater for plants in 1100ml rhizoboxes compared to 150ml rhizoboxes (Fig. 3.28B). As these tiller number trends were also seen in the standard pots used for assessments section 3.3, I can be confident that despite the 2D nature of rhizoboxes, they are not leading to the inhibition of shoot growth responses. 
[bookmark: _Toc146657571][bookmark: _Toc154331562]Figure 3.28 Low and high sensitivity spring barley lines grown in rhizoboxes tiller in a similar manner to those grown in pots
Figure showing barley lines HOR 10990, HOR 11126, HOR 12070, HOR 21641, KWS Thalis and LG Tosca selected from the soil volume phenotyping screen presented in chapter 3. Plants were pregerminated for 3 days before transferring into 150ml and 1100ml rhizoboxes. 
A) Boxplots showing mean dry shoot biomass (g) at 57 days post germination. The box indicates the interquartile range, the midline represents the median, the circle is the mean. Statistical tests were carried out separately for each genotype, asterisks indicate significant difference, n.s indicated so statistical difference (Independent samples t-test for HOR 10990, HOR 11126 and HOR 12070, Mann Whitney U for HOR 21641, p<0.05) n=1-3.
B) Line graphs showing tiller number over time from week 1-8 post germination. Error bars represent S.E.M, n=1-3.

[image: ]When shoot biomass and root density measurements at 57 days post germination were compared, the lines grown in the 150ml rhizoboxes were found to have similar shoot biomasses regardless of the maximum root density (highlighted with a box) whereas those grown in 1100ml rhizoboxes show the opposite effect; very different shoot biomasses despite similar maximum root density (Fig 3.29A). This suggests that shoot and root system size are not closely coupled in barley and therefore root density is not predictive of shoot system size in barley.






[bookmark: _Toc146657572][bookmark: _Toc154331563]Figure 3.29 Root and shoot system size are unlinked in barley
Figure showing barley lines HOR 10990, HOR 11126, HOR 12070, HOR 21641, KWS Thalis and LG Tosca selected from the soil volume phenotyping screen presented in chapter 3. Plants were pregerminated for 3 days before transferring into 150ml and 1100ml rhizoboxes. Rhizoboxes were imaged every 3-4 days from day 7-57 post germination.
A) Scatter chart with shoot biomass (g) plotted against root density score. Circles indicate 150ml rhizoboxes and squares indicate 1100ml rhizoboxes. The box within the chart surrounds the 150ml data points. HOR 10990 (blue), HOR 11126 (green), HOR 12070 (burgundy), HOR 21641 (orange), black (KWS thalis) and LG Tosca (purple). 

To investigate if there are root system architecture differences between the lines, I assessed total root length and number as described in section 3.4.1. At 18 days post germination, trends seen in total root length reflect those seen in 3.3.1 as this was generally greater (although not significantly different) in the plants grown in 150ml rhizoboxes with the exception of HOR 11126 and HOR 12070 (Fig 3.30 A). Total root number also reflects those seen in section 3.4.1, as there are more roots in 150ml rhizoboxes than in 1100ml rhizoboxes (although not statistically significant), with the exception of HOR 12070 and LG Tosca (Fig. 3.30B). 
The root system architecture of HOR 12070 was visibly different to the other lines as this had very few seminal roots but a large number of relatively long lateral roots emerging from the lower 2/3rd of the seminal roots (Fig. 3.30C). This explains why the root length and root number of HOR 12070 plants does not exhibit the same responses to the other lines. Other research has supported this finding as seminal root number has significantly increased in modern barley cultivars compared to landrace varieties (Grando and Ceccarelli, 1995), whereas HOR 12070 is not classified as a modern barley variety, instead it is an Advanced/Improved variety (Table 2.2).
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[bookmark: _Toc146657573][bookmark: _Toc154331564]Figure 3.30 Root length and root number is generally elevated in small soil volumes in barley lines
Figure showing barley lines HOR 10990, HOR 11126, HOR 12070, HOR 21641, KWS Thalis and LG Tosca selected from the soil volume phenotyping screen presented in chapter 3. Plants were pregerminated for 3 days before transferring into 150ml and 1100ml rhizoboxes. Rhizoboxes were imaged every 3-4 days from day 7-57 post germination.
A-B) Bar chart showing total mean root length (mm) (A) and total mean root number (B) at 18 days post germination. Statistical tests were carried out separately for each genotype, asterisks indicate significant difference, n.s indicated no statistical difference (Independent samples t-test for HOR 10990, HOR 11126 and HOR 12070, Mann Whitney U for HOR 21641, p<0.05) n=1-3.
C) Images of HOR 12070 and HOR 11126 root systems at 18 days post germination. For 150ml rhizoboxes scale bar represents 30mm. For 1100ml rhizoboxes the scale bar represents 60mm.

Taken together this data suggests that in barley, the growth of the root system and shoot system are uncoupled. Although root length and root number data generally suggested that there were more and longer roots in small rhizoboxes this was not statistically significant therefore there was no difference between the soil volumes. Root density assessments varied greatly across the lines and therefore root density cannot be the only explanation for the sensitivity of plants to their availably soil volume. 

[bookmark: _Toc154331483]Root system growth response in wheat landrace lines

The previous work in this chapter has outlined that there is inter and intraspecific variation in soil volume response. As with barley in section 3.4.3, I also aimed to ask whether diverse wheat lines show differences in their root growth response to soil volume. The barley lines in section 3.4.3 showed that root and shoot system growth are not closely coupled, however I hypothesised that in wheat they likely would be given the intensive breeding programs in wheat and the possibility of trade-offs between the growth of the root and shoot systems. In addition, I hypothesised that the angle of root emergence from the seed may influence plant responses to soil volume. This is because the angle of root emergence from the seed determines the direction in which the roots begin their growth. The angle of root emergence in seedlings has been shown to strongly determine root system architecture later in life (Manschadi et al., 2008). Lines with a steep root angle would likely fail to colonise the upper areas of the soil and hence may perceive they have access to a smaller space than they actually have available to them. On the converse, lines with a shallow rooting angle may allow for upper soil colonisation but these plants may be affected early by mechanical interaction with the side of the pot possibly resulting in a perceived limitation of available space in that regard.
The elite spring wheat cultivar Mulika and six spring wheat landrace lines were selected for this assessment. I used data from a previous screen of wheat lines (F. Walsh, personal communication) to identify lines with steep or shallow root system architectures, determined by their width/depth ratio. I selected 3 spring wheat lines with a steep rooting phenotype (low width/depth ratio) Yogi 005, Yogi 020, and Yogi 343, and 3 lines with a shallow rooting phenotype (high width/depth ratio) Yogi 065, Yogi 101 and Yogi 137.
To first explore if the root and shoot systems of wheat are coupled, I compared shoot biomass and the root density score (both at 56 days post germination) of the lines in both soil volumes (Fig. 3.31A). The points clustered according to their soil volumes, but each separately showed a strong linear relationship. The plants grown in the 150ml rhizoboxes were tightly clustered, whereas those in 1100ml rhizoboxes were more spread (Fig. 3.31A). There was a positive correlation between the root density score and shoot biomass. This suggests that in wheat, root density appears to be a strong predictor of final shoot system size.
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[bookmark: _Toc146657574][bookmark: _Toc154331565]Figure 3.31 Root density is predictive of shoot system size in wheat
Graphs showing spring wheat elite line (cv. Mulika) (grey) and spring wheat landrace lines with a steep angle of root emergence: Yogi 005 (burgundy), Yogi 020 (blue), Yogi 343 (orange) and a shallow angle of root emergence: Yogi 065 (lilac), Yogi 101 (green), Yogi 137 (pink), grown in 150ml and 1100ml rhizoboxes.
A) Scatterplot depicting the relationship between the Root Density Score and Shoot Biomass (g) at 56 days post germination. 150ml rhizoboxes are represented by circles and 1100ml rhizoboxes are depicted by squares. Adjusted R-Square calculated separately for each soil volume, n=2-3. 

I then wanted to explore in more detail if the angle of emergence influenced the ability of the plant to detect and respond to soil volume. All lines showed typical shoot responses to soil volume, as plants grown in 1100ml rhizoboxes produced a greater shoot biomass than 150ml plants (Fig 3.32A). Generally, the steep root emergence lines produced less shoot biomass in the 1100ml rhizoboxes compared to the shallow root emergence lines, but all lines assessed produced a similar shoot biomass in 150ml pots. The shoot biomass fold change between the 150ml and 1100ml rhizoboxes in steep root emergence lines was 2.27-, 2.72-and 2.17- fold (Yogi 005, Yogi 020 and Yogi 343 respectively) and for the shallow root emergence lines was 3.31-, 4.25- and 3.77- fold (Yogi 065, Yogi 101, Yogi 137 respectively). These shoot biomass findings are intriguing and could suggest that the steep root emergence lines are less able to take advantage of the additional volume in the 1100ml rhizoboxes than the shallow root emergence lines. However, more investigation would be required to better understand this. A possible future experiment could involve growing these shallow and steep rooting varieties in different depths and widths of pots whilst controlling the soil volumes used. I would expect that the steeper rooting varieties would produce larger shoot systems when experiencing increased depth of container, whereas I would expect that the shallower rooting varieties would produce larger shoot systems in wider pots.
The responses to tillering were varied with some lines producing a high number of tillers in both soil volumes (Yogi 101, Yogi 343), and others producing a low number of tillers in both volumes (Mulika, Yogi 005) (Fig. 3.32B). Nevertheless, tiller number was greater in 1100ml rhizoboxes compared to 150ml rhizoboxes for all lines. 
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[bookmark: _Toc146657575][bookmark: _Toc154331566]Figure 3.32 Shoot biomass and tiller number varies in wheat lines
Graphs showing spring wheat elite line (cv. Mulika) (grey) and spring wheat landrace lines with a steep angle of root emergence: Yogi 005 (burgundy), Yogi 020 (blue), Yogi 343 (orange) and a shallow angle of root emergence: Yogi 065 (lilac), Yogi 101 (green), Yogi 137 (pink), grown in 150ml and 1100ml rhizoboxes.
A) Boxplots showing dry shoot biomass (g) of lines grown in 150ml (striped) and 1100ml (solid) rhizoboxes (g) at 56 days post germination. The box indicates the interquartile range, the midline represents the median, the circle is the mean. Statistical tests were carried out separately for each genotype, asterisks indicate significant difference. Independent Samples t-test. p<0.05, n=2-3).
B) Line graphs showing tiller number overtime of wheat varieties in 150ml (dotted lines) and 1100ml (solid lines) rhizoboxes. n=2-3. Error bars represent s.e.m.

To explore if the lines differed in their root density over time, root density measurements were taken as described previously. Mulika appears to closely follow the same root density over time in both soil volumes (Fig. 3.33A). This is similar in Yogi 343 which has similar root density in both volumes until ~40 days post germination where this begins to diverge. However, these trends are not seen in other lines and there does not appear to be a similar trend across lines within their root emergence category (Fig. 3.33A).  It is important to note that root density assessments were taken for the whole rhizobox, perhaps this could mask possible root density differences between the emergence groups if for example the root density measurements had been taken in 3 vertical subsections of the rhizoboxes. 
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[bookmark: _Toc146657576][bookmark: _Toc154331567]Figure 3.33 Root density varies across wheat lines
Graphs showing spring wheat elite line (cv. Mulika) (grey) and spring wheat landrace lines with a steep angle of root emergence: Yogi 005 (burgundy), Yogi 020 (blue), Yogi 343 (orange) and a shallow angle of root emergence: Yogi 065 (lilac), Yogi 101 (green), Yogi 137 (pink), grown in 150ml and 1100ml rhizoboxes.
A) Line charts of root density shown as a percentage of white pixels (roots) to black pixels (compost) in 150ml and 1100ml rhizoboxes from day 7-56. Data is presented as a rolling average of the previous 4 timepoints where each timepoint was 3-4 days apart, n=2-3.

Finally, I explored if the angle of root emergence influences total root number and total root length. Looking first at 150ml vs 1100ml, at 18 days post germination, root number was greater in 150ml rhizoboxes compared to 1100ml rhizoboxes albeit not always significantly (Fig. 3.34A), this supports what was previously seen in barley lines (Fig. 3.30). However, there does not appear to be a difference in total root number trend between the angle of root emergence groups (Fig. 3.34A). 
For total root length, 150ml vs 1100ml differences are not apparent. For most varieties there was no statistical difference between the two soil volumes. Looking numerically, some varieties produced a greater total root length in 1100ml compared to 150ml rhizoboxes (Mulika, Yogi 005, Yogi 101 and Yogi 137), lower total root length in 1100ml rhizoboxes compared to 150ml rhizoboxes (Yogi 065), or no difference between the rhizobox volumes (Yogi 020 and Yogi 343) (Fig 3.34B). Root angle emergence does not seem to influence root length at 18 days post germination. 
Root length and root number data suggest that these parameters are not influenced by the angle of root emergence. 







[bookmark: _Toc146657577][bookmark: _Toc154331568][image: ]Figure 3.34 Root length and number are not influenced by angle of root emergence in wheat
Graphs showing spring wheat elite line (cv. Mulika) (grey) and spring wheat landrace lines with a steep angle of root emergence: Yogi 005 (burgundy), Yogi 020 (blue), Yogi 343 (orange) and a shallow angle of root emergence: Yogi 065 (lilac), Yogi 101 (green), Yogi 137 (pink), grown in 150ml and 1100ml rhizoboxes.
A) Bar chart showing total root number at 18 days post germination in wheat lines. Striped bars represent plants grown in 150ml rhizoboxes and solid bars represent plants grown in 1100ml rhizoboxes. Statistical tests were carried out separately for each genotype, asterisks indicate significant difference, n.s represents no significant difference (Yogi 343: Mann Whitney U. All other genotypes: Independent Samples t-test. p<0.05, n=2-3).
B) Bar chart showing total root length (mm) at 18 days post germination in wheat lines. Striped bars represent plants grown in 150ml rhizoboxes and solid bars represent plants grown in 1100ml rhizoboxes. Error bar represents s.e.m, n=2-3. Statistical tests were carried out separately for each genotype, asterisks indicate significant difference, n.s represents no significant difference (Yogi 137 and Yogi 343: Mann Whitney U. All other genotypes: Independent Samples t-test. p<0.05, n=2-3). Error bar represents s.e.m.

Taken together, assessment of the root and shoot system growth of wheat lines has highlighted an intriguing contrast to that of barley. In wheat, root density appears to be a strong predictor of shoot system size, suggesting that these are closely linked, whereas in barley there does not appear to be any connection between these parameters. Additionally, the angle of root emergence appears to be an indicator of final shoot system size in wheat.

[bookmark: _Toc154331484]Discussion

Root density likely plays a role in soil volume and neighbour detection
The design of the neighbour density experiments in section 3.2 (and Wheeldon et al, 2021 and Wheeldon et al, 2022) showed that a root-based mechanism is the primary cause for the resulting shoot growth phenotypes seen here. When crowded plants were grown in larger soil volumes this resulted in a reduction in the negative effects of being grown with neighbours (Section 3.2). Therefore, this points towards plant responses to soil volume and neighbour density being driven the same mechanism. One possible explanation for similar responses to soil volume and neighbour density could be that plants perceive the density of roots in their environment using root exudates (Wheeldon et al., 2021). In small soil volumes it would be expected that root density increases faster than in larger soil volumes, similarly treatments with multiple plants in the pot would also increase root density faster than those grown singly, which could potentially explain the reduction of shoot growth of each plant in small soil volumes and in crowded treatments. Other studies have also shown that root competition is not simply due to neighbours in the environment but a combination of root density and nutrient effects (Tollenaar and Wu, 1999; Schenk, 2006; Tollenaar et al., 2006; Nord et al., 2011; P. Yan et al., 2017). The role of root exudates will be discussed in greater detail in Chapter 4 and 5.
	

Root system investment early in life in small soil volumes could also explain decreased shoot system size
Investing in the root system is a careful balance between increased growth to forage for resources and the high metabolic cost of producing and sustaining larger root systems (Lynch, 2015). Increasing root system size has been shown to be of high metabolic cost to plants (Lambers et al., 2002), which subsequently reduces the overall rate of plant growth (Hunt, 1982; Poorter and Remkes, 1990). The apparent increased growth of lateral roots in small soil volumes in early life seen in section 3.4.1 could therefore have longer term consequences on overall plant growth and could also contribute directly to the reduced size of their shoot system compared to the plants grown in the larger soil volume. 

Final root density is predictive of shoot biomass in wheat but not barley 
Intriguingly, when comparing final root density with shoot biomass for the different soil volumes, root density was a very strong predictor of final shoot biomass in wheat but not in barley (Sections 3.4.3 and 3.4.4). This indicates that root density cannot fully explain shoot growth responses to soil volume, and that there must be additional factors involved. The differences between wheat and barley highlight differences in their historic breeding programmes. In wheat, selection pressures for increased yielding varieties with higher ‘harvest index’ has led to decreased root system size, with the accompanying simplification of root system architecture in Chinese wheats (Zhu et al., 2019) and also in UK wheats (Fradgley et al., 2020) suggesting this has occurred independently in many breeding programs. Additionally, breeding for altered flowering time traits in wheat has resulted in decreased root biomass of European varieties, suggesting that certain yield traits are genetically linked to root traits (Voss‐Fels et al., 2017). In barley the converse appears to have happened, as barley seminal root number in seedlings has increased greatly with breeding overtime, which appears to be associated with increases in yield (Grando and Ceccarelli, 1995). Therefore, considering the data presented in Sections 3.4.3 and 3.4.4 it seems likely that in modern wheat, root system size had become a limiting factor on shoot growth, while in modern barley, root system size is not a key limiting factor. The differences in breeding in root system architecture between modern barley and wheat help to explain why root density is predictive of shoot biomass in wheat but not in barley.

Natural variation indicates other factors controlling soil volume responses
Root density assessments in Section 3.4.1 suggested that wheat and barley elite lines initially show a higher root density in the smaller soil volume but over time this is matched by the large soil volume. This suggested that root density could play a part in how plants detect their available space and that perhaps once a critical threshold of root density is reached this inhibits further shoot growth. However, when exploring intraspecific variation in root density over time in multiple wheat and barley lines (landrace and elite) (Sections 3.4.3 and 3.4.4), I observed significant variability in the way that cultivars respond to increasing root density, and in the ‘threshold’ root densities that each line reached. Consequently, this suggests that absolute root density is unlikely to be the only factor controlling soil volume responses in the shoot, and that genetic factors controlling the sensitivity to root density likely play an important role.

In modern agriculture, producing a high amount of yield in a given space is crucial for profitable farming. Therefore, having a crop which can still produce a high yield when subjected to crowding and consequently limited soil volume in which to grow is highly important. Plant breeding has involved selecting for a set of traits which allow for high yield in a range of conditions (Weiner, 2017; Blum, 2018). Therefore it would be expected that this has resulted in cultivars which have rather different responses to neighbour density than landrace and wild relatives (Bilas et al., 2021). Data presented in this chapter supports this view, although admittedly this is mainly based on soil volume responses, rather than neighbour density responses themselves. The soil volume screen in 3.3 showed that modern barley cultivars appear to be more plastic in their ability to respond to their available space, and understanding the genetic basis of this sensitivity to soil volume (and presumably neighbour density) would be highly beneficial for future breeding programs. 






[bookmark: _Toc154331485]Defining mechanisms for plant volume and neighbour perception

[bookmark: _Toc154331486]Introduction
In chapter 3, I described the shoot and root responses of plants to soil volume and neighbour density, and how these responses likely arise from root-based crowding. It is clear from the literature that plants can detect and respond to the presence of other plants in their environment utilising a variety of different mechanisms including light, volatiles and root exudates (Heil and Adame-Álvarez, 2010; Roig-Villanova and Martínez-García, 2016; Yang et al., 2018; Kong et al., 2018) (discussed in chapter 1), however it is unknown how quickly plants can detect neighbours through their root systems. I hypothesised that this must occur within a short timeframe given the necessity of understanding the limits of available resources, and the potential need to compete for them. Therefore, I aimed to explore how soon plants detect their neighbours, specifically through their root systems. As the roles of the root system in neighbour detection have been unclear (Wang et al., 2021), I aimed to identify root transcriptional changes in response to neighbour presence, and gather new leads to explore for future research. 
There have been a few attempts to explain plant responses to soil volume at a mechanistic level, however none have been particularly detailed. Poorter et al (2012) discussed the possible role of mechanical stress associated with root systems colliding with the walls of pots as one mechanism, and also small pots being warmer than larger pots. Others have proposed plants use a root exudate-based mechanism which causes root growth inhibition when subjected to small soil volumes or obstacles in their available soil environment (Falik et al., 2005; Semchenko et al., 2007). Despite attempts to define the mechanism for soil volume detection and response, the details have remained elusive. 
A pot is not a natural environment for plants, indeed plants are rarely found growing alone in the wild. Hence, it is likely the response to limited soil volumes is an artifact of the way plants respond to sharing soil with neighbouring plants. This was seen in Chapter 3.2 where plants which had access to the same average soil volume (with or without neighbours) produced the same shoot system size. Given the general interchangeability of soil volume and neighbour density responses, I hypothesised that plants use the same mechanism to sense their soil volume and to detect the presence of neighbours in their root environment. 
In this chapter, I aimed to determine how soon plants detect the presence of neighbours and to determine the mechanisms for how plants both detect and respond to their available soil volume and the presence of neighbouring plants.
[bookmark: _Toc154331487]Detection of neighbours occurs less than 24 hours after crowding

[bookmark: _Toc154331488]Barley plants respond to crowding within 4 hours
It is clear from data presented in section 3.2 and in the wider literature that plants are able to detect and respond to other plants in their environment (Fang et al., 2013; Li et al., 2015; Roig-Villanova and Martínez-García, 2016; Yang et al., 2018). However, it is unclear how quickly root-based neighbour perception occurs, and what the earliest transcriptional changes are. As I was particularly interested in understanding how root-based sensing of soil volume/neighbour density occurs, I aimed to understand the transcriptional changes that occur in the root after neighbour detection. Initial changes seen in the root system upon the induction of crowding should open new lines of inquiry for understanding the biological response of plants to their neighbours. I hypothesised, based on the knowledge of well-defined mechanisms for plant-to-plant signalling, that transcriptional responses would likely arise quickly after exposure to neighbouring plants. Additionally, previous work by our collaborator Kaori Yoneyama has identified that there are changes in strigolactone biosynthesis gene expression 24 hours post crowding in the roots of rice plants (Yoneyama et al., 2022).
To explore this, barley plants were grown 1 plant per pot (1/pot) in perlite for 1 week. At 1 week post germination plants were transferred into hydroponic pots 1/pot and grown for 3 weeks (hydroponic system described in Chapter 2). At 3 and 4 weeks post germination, all hydroponate was replenished with fresh water and nutrients. At 4 weeks post germination, plants either remained 1/pot or were transferred into 4 plants per pot (4/pot). By replenishing the nutrients frequently, and most importantly immediately before crowding, I could be confident that any gene expression changes seen were a result of recognition of neighbours not nutrient depletion. Root tissue was harvested from both treatments at 4- and 8-hours (hrs) post crowding (3 biological replicates per crowding regime and timepoint). RNA was extracted and purified before being sent to Genewiz for RNA sequencing (RNAseq) analysis (as described in Section 2.6). I then compared gene expression between 1/pot and 4/pot plants at 4- and 8-hours (hrs) post crowding. This should allow the identification of candidate genes involved in the perception of neighbours and the initial response to crowding. 
A high number of reads were detected, with 18790 genes at 4 hours and 19110 genes at 8 hours. When only focussing on significantly differentially expressed genes (DEGs) between 1/pot and 4/pot for each timepoint (4 and 8 hours), where any genes with a log2 fold change (log2 FC) between 1 and -1 were excluded, there were a total of 3049 DEGs at 4 hours and 3165 DEGS at 8 hours (Fig. 4.1). By focussing on the DEGs, this allows identification of genes which differ in their expression level between the crowded and uncrowded treatment at the two timepoints assessed.







[image: ]
[bookmark: _Toc154331569]Figure 4.1 Volcano plots of differentially expressed genes at 4- and 8- hours post crowding
Graphs showing barley (cv. Charon) grown hydroponically in 1 plant per pot (1/pot) and 4 plants per pot (4/pot) RNAseq data, 4 and 8 hours post crowding initiation. 
A) Volcano plot for 4 hours post crowding initiation. Each dot represents 1 gene. P values were adjusted using Benjamini and Hochberg’s approach converted to -log10(P-value). Genes shown in grey fall below the p<0.05 threshold level and are hence seen below the solid black horizontal line. Genes between log2 fold change -1 and 1 are shown in black between vertical dashed lines. Genes where the log2 fold change is below -1 are shown in peach, genes where the fold change is above 1 are shown in burgundy.
B) Volcano plot for 8 hours post crowding initiation. Each dot represents 1 gene. P values were adjusted using Benjamini and Hochberg’s approach converted to -log10(P-value). Genes shown in grey fall below the p<0.05 threshold level and are hence seen below the solid black horizontal line. Genes between log2 fold change -1 and 1 are shown in black between vertical dashed lines. Genes where the log2 fold change is below -1 are shown in light blue, genes where the fold change is above 1 are shown in dark blue.

Gene Ontology (GO) analysis was carried out for all the DEGs in both timepoints separately to provide a simplified overview of biological processes that were enriched at these timepoints. At both timepoints, cellular catabolic processes were enriched (Fig. 4.2 A+B). At 4 hours post crowding, 4 of the 5 GO terms are related to oxidative stress, whereas by 8 hours oxidative stress terms were not in the top 5 terms, instead terms such as cell wall organisation or biogenesis are enriched which could suggest a shift to future [image: ]growth strategies (Fig. 4.2 A+B).

[bookmark: _Toc154331570]Figure 4.2 Biological process GO terms at 4 and 8 hours post crowding
Graphs showing barley (cv. Charon) grown hydroponically in 1 plant per pot (1/pot) and 4 plants per pot (4/pot) RNAseq data, 4 and 8 hours post crowding initiation. 
A-B) Go terms associated with biological process that are differentially expressed (−1.0 < FC > 1.0, Benjamini–Hochberg FDR-corrected, p<0.05) in 4 plant per pot (4/pot) compared to 1 plant per pot (1/pot) hydroponically grown barley (cv. Charon) at 4 hours (A) and 8 hours (B) post crowding.  Go enrichment was achieved using the gProfiler website (Raudvere et al., 2019), P value of GO terms from gprofiler was converted using -log2(pvalue) after revigo removed redundant GO terms (Supek et al., 2011). The 5 most significant categories were plotted.


[bookmark: _Toc154331489]Barley responses to crowding are partially overlapping at 4- and 8-hour timepoints

At 4 hours there were 1248 upregulated genes and 1801 downregulated genes and at 8 hours there were 1369 upregulated genes and 1796 downregulated genes. From herein, only DEGs will be discussed.
[image: A comparison of circles with text

Description automatically generated]To uncover if any genes were upregulated or downregulated across both the timepoints, gene lists were compared using Venny2.1 (Oliveros, 2007). Comparing upregulated DEGs for 4- and 8-hours post crowding initiation identified 674 (34.7%) overlapping genes (Fig. 4.3A). Whereas for the comparison of downregulated genes 4- and 8-hours post crowding initiation, there is an overlap of 1037 (40.5%) genes (Fig. 4.3B). 

[bookmark: _Toc154331571]Figure 4.3 Overlap of differentially expressed genes at 4- and 8-hours post crowding
[bookmark: _Hlk144406955]Barley (cv. Charon) were grown hydroponically in 1 plant per pot (1/pot) and 4 plants per pot (4/pot). Lists of differentially expressed genes (DEGs) at 4- and 8-hours post crowding were compared. 
A) Venn diagram of DEGs with a log2 fold change greater than +1 (upregulated in crowded treatment) for each time point 4- and 8 hours post crowding were compared. Outer numbers represent the number and percentage of genes exclusively found in 4 hours upregulated (left) and 8 hours upregulated (right). The centre of the venn diagram represents genes present at both timepoints. Venn diagram created using (Oliveros, 2007).
B) Venn diagram of DEGs with a log2 fold change less than -1 (downregulated in crowded treatment) for each time point 4- and 8 hours post crowding were compared. Outer numbers represent the number and percentage of genes exclusively found in 4 hours downregulated (left) and 8 hours downregulated (right). The centre of the diagram represents genes present at both timepoints. Venn diagram created using (Oliveros, 2007).

This data suggests that within 4 hours there is a fast and substantial number of transcriptional changes that occur in the root. The design of the experiment allowed the root systems of the other plants in the crowded treatment to interact, whether that be by the exchange of root exudates or roots touching. As only root tissue was sampled, this dataset shows responses likely driven by root-based crowding, rather than shoot based shading effects. However, in this experimental design I did not explicitly control for shoot based shading effects, therefore there is a possibility that mutual shading of the shoot systems has occurred, and such information has been communicated to the root (Gao et al., 2021) within the first 4 hours. 

[bookmark: _Toc154331490]Barley plants initiate a competitive response after neighbour detection

Each timepoint was separately investigated and DEGs lists were ordered by their log2 fold change. Unfortunately, Genewiz were unable to provide annotations for the barley transcriptome, so I hand-annotated the data set, by comparing the sequenced transcripts to the Arabidopsis genome (as discussed in section 2.6). Comparisons were made to the Arabidopsis genome as this is a well annotated genome providing a large number of genes with functional descriptions (Cheng et al., 2017). Due to the RNAseq experiment taking place in the last few months of my PhD, only ~100-150 of the highest upregulated and downregulated barley genes were annotated in this way. Nevertheless, despite this relatively small snapshot of the data, a number of interesting patterns were observed. 

NRT2 transporters are upregulated when crowded
To begin to determine which DEGs may be of biological importance for the recognition of crowding, DEGs were ordered by their log2 FC. Potential genes of interest with a high or low log2 FC were identified.  At 4 hours post crowding HORVU.MOREX.r3.6HG0543580 was upregulated by a log2 FC of 2.34 (Fig. 4.4 A), this was among the highest log2 fold changes in the data set for 4 hours. The paralogous genes in Arabidopsis are the high affinity nitrate transporters NRT2.1 (AT1G08090), NRT2.2 (AT1G08100), NRT2.4 (AT5G60770) (Cerezo et al., 2001; Li et al., 2007; Kiba et al., 2012). All of these genes function to uptake nitrate from the soil (Wang et al., 2012) but NRT2.4 has been shown to be particularly upregulated in nitrate deficient environments (Okamoto et al., 2003). At 8 hours post crowding there is a sustained upregulation of these NRT2 genes including the HORVU.MOREX.r3.6HG0543580 transcript identified at 4 hours (log2 FC 5.72), in addition to the paralogous sequences HORVU.MOREX.r3.6HG0543560, HORVU.MOREX.r3.6HG0543590, HORVU.MOREX.r3.6HG0543390 and HORVU.MOREX.r3.6HG0543380 (log2 FC 7.36, 4.88, 2.29 and 1.38 respectively) (Fig. 4.4 A). 
This is intriguing as the experimental design ensured that plants were supplied with sufficient nutrients and the hydroponic media was changed immediately before the crowding treatment, ensuring the plants were not nutrient deficient, and could not become nutrient deficient within the 4-8 hour timeframe of the experiment. Therefore, this suggests that although the plants were not experiencing nutrient limitation, they may be forecasting this as a possibility for their future given the sudden presence of neighbouring plants. Consequently, this upregulation of nitrate transporters could suggest that crowded plants initiate a competitive response on recognition of neighbours to rapidly uptake nitrate from the environment to prevent future resource limitation caused by neighbours. 

NRT1.5 and NRT1.8 transporters are downregulated when crowded
HORVU.MOREX.r3.6HG0605270 was downregulated at 4 hours post crowding by a log2 FC of -5.66 (Fig 4.4B). The paralogous genes in Arabidopsis are NRT1.5 and NRT1.8 which are low affinity nitrate transporters involved in the root to shoot translocation of nitrate (Wang et al., 2012). First, NRT1.5 in the root loads nitrate into the xylem (Lin et al., 2008) and NRT1.8 regulates the transport of nitrate to the shoot by transporting nitrate out the xylem, returning it to the root cells (Li et al., 2010). Therefore, when viewing this in the context of this experiment, as there is a downregulation of these genes, less nitrate would move shootward, hence this could result in nitrate staying within the root system potentially resulting in enhanced root growth for resource competition with neighbouring plants. This supports the upregulation of NRT2 genes as this would provide the root-based nitrate that would remain in the roots rather than being moved to the shoot. 

RHD6 and RHL1 transporters are upregulated when crowded
Root hairs dramatically increase the surface area of the root system to elevate absorption of nutrients and water from the environment (Wei and Li, 2018). The development of root hairs is highly dependent on the environment and can be modulated quickly to increase resource uptake and optimize the root system in challenging environments (Vissenberg et al., 2020). Root hair development is regulated by numerous signals including auxin, ethylene and cytokinin (S. Zhang et al., 2016). A key regulator of root hair development is  ROOT HAIR DEFECTIVE 6 (RHD6), a bHLH transcription factor and its close ortholog ROOT HAIR DEFECTIVE6 LIKE1 (RSL1) which is partially redundant (Masucci and Schiefelbein, 1994; Menand et al., 2007). RHD6 functions to control where root hairs are initiated and subsequently promotes their development (Masucci and Schiefelbein, 1994; Menand et al., 2007; Bruex et al., 2012). rhd6 mutant Arabidopsis plants have very few root hairs compared to WT plants (Masucci and Schiefelbein, 1994).
At 8 hours HORVU.MOREX.r3.6HG0608460 which is co-orthologous to RHD6 and RSL1 is upregulated by 3.53 log2 FC (Fig 4.3C). By upregulating RHD6 / RSL1 this would result in the growth of more root hairs which increases the surface area of the root system consequently allowing increased nutrient uptake from the environment. NRT2.1 has been shown to be expressed in the root hairs as well the cortex and epidermal cells (Wirth et al., 2007). Therefore, RHD6 provides the root hairs in which NRT2 transporters can be expressed. 
Taking together the upregulation of RHD6 with the upregulation of NRT2 genes, this suggests that the barley plants are initiating a competitive response to uptake as much nitrate from the environment in preparation for [image: ]nutrient depletion in the future. 
















[bookmark: _Toc154331572]Figure 4.4 Root based plant crowding affects NRT1/2 and RHD6 expression in the root
Barley (cv. Charon) were grown hydroponically in 1 plant per pot (1/pot) and 4 plants per pot (4/pot). Figures show the log2 fold change of differentially expressed genes (DEGs) of interest. 
A) Bar chart showing the positive log2 fold change of barley paralogues of the Arabidopsis genes NRT2.1, NRT2.2 and NRT2.4 at 4- (burgundy) and 8- hours post crowding, n=3.
B) Bar chart showing the negative log2 fold change of a barley gene paralogous to Arabidopsis NRT1.5 and NRT1.8 at 4- hours (burgundy) post crowding, n=3.
C) Bar chart showing the positive log2 fold change of barley co-orthologues of the Arabidopsis genes RHD6 and RSL1 at 8- hours (blue) post crowding.



[bookmark: _Toc154331491]Other DEGs of potential interest
CEP1, CEP2 and CEP3 peptides are downregulated when crowded
As other nitrate related genes were identified in this RNAseq dataset, as discussed above, I was intrigued to see CEP genes also present. HORVU.MOREX.r3.3HG0304230 and HORVU.MOREX.r3.3HG0304500 were downregulated at 4 hours (log2 FC -2.18) and 8 hours (log2 FC -3.82) respectively, both these genes are paralogous to the C-TERMINALLY ENCODED PEPTIDEs (CEPs) CEP1, CEP2 and CEP3. CEPs are produced in the roots and move from the root to the shoot to communicate nitrate deficiency in the environment (Tabata et al., 2014). These small signalling peptides are perceived by CEP RECEPTORS (CEPRs), and when in the leaves CEP-DOWNSTREAM PEPTIDES move shoot to root to influence nitrate uptake (Ohkubo et al., 2017). Bringing this together with the down regulation of NRT1.5 and NRT1.8 and a down regulation in CEPs this suggests that as more nitrate is present in the roots, CEPs are not required to signal to the shoot as there is adequate nitrate availability. 

UGT85A1 are upregulated and downregulated when crowded
At 4- hours post crowding, the 11th most highly upregulated gene with a log2 FC of 4.76 was HORVU.MOREX.r3.1HG0008140 (Fig 4.5B) which when BLASTed against the Arabidopsis genome resulted in several UDP-Glycosyltransferase superfamily protein hits. One of which was UGT85A1 (AT1G22400), which when overexpressed has been found to influence the homeostasis of the root-to-shoot cytokinin trans-zeatin (tZ). The authors suggested that this occurs as a result of the O-glycosylation of tZ (Jin et al., 2013), which is the process of attaching a glucose molecule to an isoprenoid N6-side chain hydroxyl group (Jameson, 1994). When UGT85A1 is highly expressed, it has been suggested that this results in the deactivation and storage of tZ type cytokinins (Jin et al., 2013). Therefore, in the context of crowded plants this could suggest that on the recognition of neighbours, plants rapidly store tZ type cytokinins to prevent the shoots from becoming too large to sustain. It is also possible to convert the stored cytokinin O-glycosides into active, useable forms (Brzobohatý et al., 1993; Mok and Mok, 2001). 
Other barley genes were also identified to be orthologous to UGT85A1. These however are seen to be downregulated at 4 hours (HORVU.MOREX.r3.6HG0617190, HORVU.MOREX.r3.4HG0408060: log2 FC -3.66 and -4.93 respectively) and 8 hours (HORVU.MOREX.r3.4HG0408060, HORVU.MOREX.r3.6HG0617100, HORVU.MOREX.r3.6HG0617130 and HORVU.MOREX.r3.6HG0617190: log2 FC-5.48,-3.86, -3.70 and -2.46 respectively) (Fig 4.4B). This would suggest that tZ is not being converted into its storage form and therefore is potentially being transported to the shoot system. 
This apparent up and down regulation of genes of the same function is confusing and calls into question whether this is biologically relevant. More investigation would be required to see if all these paralogues encode UGT85A1 proteins, but regardless this provides a new avenue to investigate. 
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[bookmark: _Toc154331573]Figure 4.5 Root based plant crowding affects CEP and UGT85A1 expression in the root
Barley (cv. Charon) were grown hydroponically in 1 plant per pot (1/pot) and 4 plants per pot (4/pot). Figures show the log2 fold change of differentially expressed genes (DEGs) of interest.
A) Bar chart showing the negative log2 fold change of barley orthologues of the Arabidopsis genes CEP1, CEP2 and CEP3 at 4- (burgundy) and 8- hours post crowding, n=3. 
B) Bar chart showing the log2 fold change of barley orthologues of the Arabidopsis gene UGT85A1 (or closely related genes) at 4- (burgundy) and 8- hours post crowding, n=3.

[bookmark: _Toc154331492]Resource foraging strategies are prioritised on perception of neighbours
To summarise, it appears that upon the perception of neighbouring plants a large number of transcriptional changes occur within 4 and 8 hours. Some of these DEGs appear to be evidence of a competitive strategy to acquire any resources needed for growth of the plant. Plants appear to achieve this by increasing root hair number (RHD6 / RSL1 genes) and upregulating high affinity nitrate transporters (NRT2 genes). Nitrate however appears to remain in the root system due to the downregulation of root to shoot nitrate transporters (NRT1.5 / NRT1.8 genes), which could allow increased root growth to better aid competition for belowground resources. It can only be speculated at this point, but perhaps on perceiving more about the genetic identity of their neighbours, they may tone down this ‘selfish’ response into a more cooperative response if they are closely related to their neighbours.
Given the late occurrence of this RNAseq analysis during my PhD there may be other interesting leads within the dataset that may be of importance which have not yet been identified. To provide a link between the number of DEGs for each timepoint with the genes of interest discussed sections 4.2.3 and 4.2.4, future data analysis could include filtering the GO terms by specific terms to determine the number of DEGs related to processes of interest at each time point. For example, as several of the genes of interest identified from this RNA seq so far were related to nutrients, GO terms could be filtered by nutrient related terms such as nutrient reservoir activity (GO: 0045735), nitrate transport (GO: 0015706) and response to nitrate (GO: 0010167). It could then be determined how many DEGs are related to nutrients compared to the other DEGs in the timepoint. In addition, no further experimental testing of genes discussed here has been carried out. Follow up experiments should involve qPCR to validate the expression levels of the genes of interest identified in this RNAseq study. In addition, it would be valuable to repeat this experimental design in other species to determine if this transcriptional response, and indeed the timescale of such responses, is present in other species such as wheat. Nevertheless, this is the first RNAseq to investigate the transcriptional changes caused by root-based crowding and for now this has highlighted some interesting candidates for further investigation.
[bookmark: _Toc154331493]Mechanisms of shoot and root response to soil volume

[bookmark: _Toc154331494]Shoot responses to soil volume occur early in life and are independent of nutrient and water availability
In previous literature there has been a debate about if soil volume effects are the result of limited nutrients and water availability in small soil volumes compared to large soil volumes (discussed in chapter 1). However, I hypothesised that if nutrients were responsible for these effects, differences between the shoot systems of plants grown in small and large soil volumes would only be visible at later stages in life, once nutrient depletion has occurred in the small soil volumes. Furthermore, I hypothesised that if nutrient depletion is a factor in soil volume responses, the supplementation of additional nutrients should prevent visible differences in the shoot systems between the soil volumes. To test these hypotheses, I chose to use wheat and barley as cereals are particularly useful for studying shoot responses to soil volume, as shown in chapter 3.2.1 and 3.2.2, since tillers are produced from around 3 weeks post germination to flowering, providing an easily-assessable proxy for shoot system size. The initiation and subsequent senescence of tillers results in a bell-shaped progression of tiller number over the plant’s lifetime. 
To explore shoot growth in response to soil volume availability, I grew wheat and barley in three soil volumes: 100, 500 and 2000ml (wheat data presented in Wheeldon et al, 2021). To test effects of additional nutrients, half of the plants in each soil volume were supplemented with additional nutrients weekly. I recorded many shoot parameters including tiller number, dry shoot biomass, dry ear biomass, ear number, spikelet number, grain biomass and grain number to determine shoot system size. I found that all parameters, in both nutrient regimes, exhibited a positive correlation between the soil volume in which the plants were grown and the size of the shoot system for both species (Wheeldon et al., 2021), supporting the conclusion that limitations on available soil volume directly restricts the size of the resulting shoot system.  
Focussing on wheat (cv. Mulika), I counted tiller number weekly from 3-16 weeks post germination in all soil volumes (Wheeldon et al., 2021). Counting began at 3 weeks post germination as this was the point at which all soil volumes produced their first tillers. Shortly after the first tillers were produced, there was a divergence in the number of tillers produced in each soil volume. This suggests that by 3 weeks post germination the plants have detected the amount of soil volume available to them, and consequently have made a decision regarding their future growth strategy. Despite this, tillering continued for a further 2-4 weeks in all soil volumes. The number of tillers produced within each soil volume did not differ in the plants which were supplemented with additional fertiliser (Fig. 4.6) (Wheeldon et al., 2021). 
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[bookmark: _Toc154331574]Figure 4.6 Soil volume influences tiller number in wheat
A) Line graph showing spring wheat plants (cv. Mulika), grown in 3 soil volumes: 100ml (lilac), 500ml (purple) and 2000ml (aubergine). Solid lines represent no additional fertiliser/ nutrients (NF) and dotted lines represent additional weekly fertiliser/ nutrients (F). Error bars represent s.e.m, n- 6-12.
Modified from Wheeldon et al, 2021.

As discussed in chapter 1, it is commonly assumed that the effects of small soil volumes are due to limited nutrient or water availability. However, this cannot be the explanation for these responses in this experiment due to there being no water or nutrient deficit at 3 weeks post germination. In the weeks subsequent to this, there was no difference in shoot size between the two nutrient regimes (within the same soil volume) (Fig. 4.6). In all cases, regardless of being supplemented with additional fertiliser or not the wheat plants continued to grow healthily with no visible signs of stress even once tillers stopped being produced (Wheeldon et al., 2021). This is not a surprise as such as other species have been shown to grow healthily even when subjected to small soil volumes (Poorter et al., 2012), however if these growth responses are not driven by water and nutritional limitation, how do plants detect their available soil volume and subsequently modulate their growth in response? 

[bookmark: _Toc154331495]Soil volume growth responses show two distinct phases
Since nutrient availability cannot plausibly explain the shoot growth responses to soil volume seen early in the life cycle, I developed two, non-mutually exclusive alternative hypotheses. Firstly, I hypothesised that wheat plants may use root exuded signals to determine their available space, and secondly, I hypothesised that mechanical interactions with the walls of the pots might allow plants to determine their available space. To try and distinguish between these possibilities, I performed an experiment in which wheat plants (cv. Mulika) were grown singly in 100ml standard pots or 100ml nylon mesh pots filled with compost for 4 weeks (Wheeldon et al., 2021). Importantly, this nylon mesh is impenetrable to plant roots, hence they are unable to grow through this, but any water, nutrients and substances can move through it. At 4 weeks post germination, two sets of plants remained in the same treatments; 100ml standard pots (treatment A) or 100ml mesh pots (treatment B). Three sets of plants were transferred into new treatments (treatments C-E). In one treatment, the 100ml standard pot was removed and the root ball was placed in a 2000ml pot that contained 1900ml of additional compost (treatment C). In a second treatment, plants were retained in 100ml standard pots but 1cm2 square holes were cut in the four faces of the pot and then the modified pot was placed within 1900ml of compost (treatment D). Finally, in a third treatment plants grown in 100ml mesh pots were placed within 1900ml of compost (treatment E), still within their nylon mesh pots (Fig 4.7 A) (Wheeldon et al., 2021). 
This experimental design allowed me to distinguish between the effects of ‘physical substrate volume’ (the space that roots can grow into and colonise), ‘chemical substrate volume’ (the space that roots can chemically access, even if they cannot physically grow into it) and mechanical impedance. Treatment A and B plants have the same physical and chemical substrate volume. Plants in treatment C and D have 2000ml of physical and chemical substrate volume. Treatment D however had a much higher amount of mechanical impedance, because most roots will still be impeded by the original pot walls. Treatment E has the same physical substrate volume (100ml) as treatments A and B but has the same chemical substrate volume as with treatments C and D (Wheeldon et al., 2021). 
Using this set-up, tiller number was measured from week 3-11 post germination (Fig. 4.7 B). As expected, plants with the least available soil volume produced the least number of tillers (Treatments A and B). From 4 weeks post germination, the treatments diverge into 2 groups, treatment A and B, and treatments C, D and E. Treatments A and B behaved as expected, producing a maximum of ~1-2 tillers, strongly reflecting their available soil volume. Treatments C-E had a similar increase in tiller production until 5 weeks post germination where there is a further divergence and a steep increase in tiller production in treatments C and D. Treatments C and D produced a maximum tiller number of ~14 tillers, and treatment E produced a maximum of ~9 tillers (Fig. 4.7 B). In some respects, the greater tiller number in treatments C and D is unsurprising due to having the maximum amount of physical substrate volume for their roots can occupy. Although treatment D plants experience high mechanical stress on their root systems (due to their roots navigating their way out of the holes in the small pot into the larger pot), they still grew as large as treatment C plants. Therefore, this suggests that mechanical stress on the root systems does not explain the growth differences between different soil volumes seen in other experiments. Tiller number production in Treatment E plants was fascinating as these plants had the same physical substrate volume as treatment A and B plants and yet treatment E plants were able to produce a much greater number of tillers, peaking at ~8 tillers (Fig. 4.7 B). This suggested that treatment E plants, were able to access the additional soil volume, perhaps by being able to diffuse some form of root produced signal into the larger soil volume, which allowed them to continue tillering for longer (Wheeldon et al., 2021). 
This tillering data highlights that there appears to be 2 distinct phases in which plants detect and respond to their available space. In the first few weeks all treatments produce the same number of tillers (as they are all grown in the same small volume of pot), but then following the introduction of new treatments there is a shift where shoot growth begins to reflect available chemical substrate volume (weeks 3-5), and then a second shift where growth more reflects physical substrate volume (week 5 onwards). Nevertheless, the growth of plants in treatment E was still much greater than their physical substrate volume would have suggested during this timeframe.
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[bookmark: _Toc154331575]Figure 4.7 Soil volume effects occur in 2 phases
A) Cartoon describing the experimental design. Dotted lines represent nylon mesh, solid black lines represent plastic pots. Treatment D involved 100ml plastic pots with 1x 1cm2 holes cut on each face of the pot.
B) Line graph showing mean tiller number of spring wheat plants (cv. Mulika) grown in 5 treatments until 77 days post germination. Error bars represent the s.e.m, n=7-10.
Figure modified from Wheeldon et al (2021)

All treatment E plants were checked at the end of the experiment and any plants whose roots were not completely contained within the mesh pots were discarded from all analysis, therefore 3 plants were removed from the analysis (Fig. 4.8A). The root balls of treatment E plants contained a very high density of roots with very little compost left at the end of the experiment (Fig. 4.8A). This suggests that the plants over-produced roots relative to their physical substrate volume, and more in keeping with their chemical substrate volume. 
To investigate if trends seen in tillering were reflected in dry shoot biomass, this was assessed at the end of the experiment. This was the case as treatments A and B plants led to the least shoot biomass, treatments C and D led to the greatest and treatment E had plants with intermediate shoot [image: ]biomass between these groups (Fig 4.8B).


[bookmark: _Toc154331576]Figure 4.8 Shoot biomass reflects available chemical volume
A) Images of treatment E plants. Top: plant and root ball lifted out of the 2000ml pot showing no escape of roots through the mesh pot into the outer soil volume. Bottom: photo showing the base of the soil ball when the mesh pot was removed from treatment E plant.
B) Boxplot showing dry shoot biomass of wheat plants in treatments described in Fig 4.6 harvested at 77 days post germination. The box is the interquartile range, the midline of the box is the median, the whiskers are the minimum and maximum values, the circle within the box is the mean. Boxes labelled with the same letter are not statistically different (One-way ANOVA with Tukey HSD), p<0.05, n=7-10.
Figure modified from Wheeldon et al (2021)

This experiment highlights that plants are limited by chemical substrate volume as well as physical substrate volume. Whenever wheat plants had a small physical substrate volume paired with a larger chemical substrate volume, this allowed them to grow larger than those which did not have access to additional chemical substrate volume. Therefore, this suggests that plants use root exuded signals to detect their available substrate volume and these can pass through the impermeable mesh to be diluted in the additional soil volume regardless of no physical presence of roots in this additional volume (Wheeldon et al., 2021). This experiment also gives an insight into a possible two phase mechanism of shoot growth in response to soil volume (Wheeldon et al., 2021).
In the second phase of growth, the differences in plants between treatments A and B with treatment E could be explained by two possibilities. The first possibility described above where exudates are able to be diluted into the larger soil volume in treatment E plants. However, the alternative possibility for treatment E plants being larger than treatment A and B plants is that they could simply be able to take up nutrients from the larger soil volume. Therefore, from this experimental design I cannot distinguish between the possibility of signal dilution or the role of nutrients driving the second phase of growth. Nevertheless, given the inability of nutrient addition to overcome growth limitations described earlier in this chapter, this indicates that signal dilution is more likely. 
[bookmark: _Toc154331496]Early growth responses to soil volume availability do not require mechanical impedance or increased root density
I hypothesised that several factors might explain the ability of plants to detect their available soil volume in the first phase of growth, as defined in Section 4.3.2. Firstly, as suggested in chapter 3, I hypothesised that the perception of root density could be a mechanism for the early detection of available space. However, I also hypothesised that early responses could also be due to the roots hitting the sides of the pot (this would likely occur sooner in small pots). Since chemical substrate volume seems very important in the first phase, I also hypothesised that the dilution of a root exudate within the substrate might explain these responses. 
To explore these hypotheses, I grew wheat plants (cv. Mulika) in 100 and 300ml of compost in clear plastic containers (Wheeldon et al., 2021). This allowed for root growth to be assessed through the clear walls, whilst also recording tiller number until 7 weeks post germination. Weekly images of each pot face (the four sides and the base) were captured and using a similar method to that described in Section 3.4, root density was assessed (further detail in Chapter 2). I saw that roots had already hit the sides of the pot within the first week of life. This early mechanical stimulus was the same for both soil volumes, suggesting that this is unlikely to be the cause of shoot growth differences seen later in life (Fig. 4.9A) (Wheeldon et al., 2021). As expected, plants grown in the 300ml pots produced a greater shoot biomass than those in the 100ml pots when this was assessed at 8 weeks post germination (Fig. 4.9B). 
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[bookmark: _Toc154331577]Figure 4.9 Substrate volume sensing is not due to a mechanical factor
Figures showing wheat (cv. Mulika) grown in 2 soil volumes. 
A) Images of wheat plants in 100ml (left) and 300ml (right) clear walled containers at 1 week post germination. Scale bar represents 1cm.
B) Boxplot showing dry shoot biomass (g) of wheat plants grown in 2 soil volumes harvested at 8 weeks post germination. The box indicates the interquartile range, the midline indicates the median, the whiskers are the minimum and maximum values, the circle within the box is the mean. Asterisks show significant difference between the treatments (Independent samples t-test, p<0.05), n=8.
Figures adapted from Wheeldon et al, 2021.

To investigate if root density plays a role in early shoot growth responses to substrate volume, I tracked tiller number alongside root growth. I observed that tiller number diverged between week 3 and 4 post germination with more tillers being produced in the 300ml pots. Regardless of the soil volume, tiller production stopped at 4 weeks post germination (Fig 4.10A).
However, comparing this to visible root growth of plants (quantified here by visible density of roots, described in Chapter 2), root growth clearly continued at linear rate in both treatments until 5-week post germination, with root density being elevated in the small pots (Fig. 4.10B). At this point (5 weeks post germination), the plants in the smaller pots seemed to reach their critical root density (as discussed in Chapter 3) and stopped producing new roots. Tiller production ceased (4 weeks post germination) earlier than these changes in the root system, therefore suggesting that the changes in tiller production occurring at 3-4 weeks did not correlate with changes in root growth or reaching a critical root density (Fig. 4.10). These observations suggest that the early phase of growth (up to 4-5 weeks post germination) is only dependent on soil volume, not mechanical impedance or root density. Furthermore, these data show that the early phase of soil volume response only affects shoot growth, and does not affect root growth, which only begins to change in the second response phase (Wheeldon et al., 2021). 
[image: ]

[bookmark: _Toc154331578]Figure 4.10 Root density is not involved in early responses to substrate volume
Figures showing wheat (cv. Mulika) grown in 2 soil volumes.
A) Line graph showing tiller number overtime until day 49 post germination. Error bars represent S.E.M, asterisks represent statistical significance between the 100ml and 300ml containers (Mann-Whitney U test, p<0.05), n=8.
B) Line graph showing root density visible through the clear walls of the containers in the form of a ‘Root Density Score’. Error bars represent S.E.M, asterisks represent statistical significance between the 100ml and 300ml containers at 3 time points (Independent samples t-test used for day 21 and 28, Mann-Whitney U test used for day 35 post germination, p<0.05), n=5-8.
Figure modified from Wheeldon et al (2021).

Together these data suggest that early growth responses do not involve any effects of mechanical impedance or root density. Instead, they suggest the existence of a highly mobile root exuded chemical that inhibits shoot growth unless diluted, which can diffuse into the available chemical substrate volume allowing the plants to grow larger, even if they have a very limited physical substrate volume.

[bookmark: _Toc154331497]Late growth responses are likely due to root density

The experiment described in Section 4.3.3 showed additional changes in shoot growth after 5 weeks post germination. Plants began to lose tillers, but at a much greater rate in the smaller soil volume (Fig. 4.10A). As a result, the treatments followed the expected pattern of shoot biomass allocation, where the plants in the 300ml pots produced a higher shoot biomass than those in 100ml pots (Fig. 4.9B). These data seem to indicate that a second phase of shoot growth responses to soil volume also occurred in this experiment. 
Unlike the early shoot growth responses, the changes in tiller senescence between the treatments after 5 weeks seems to be associated with changes in root growth. After 5 weeks, root growth seems to cease in the 100ml pots (Fig. 4.10B), perhaps upon reaching a critical root density, as seen in the experiments in Chapter 3.3. Root growth in plants grown in 300ml pots continued after this time which could explain the less dramatic tiller senescence in these plants (Fig. 4.10B). These data tentatively suggest that perception of root density might be responsible for the second phase of shoot growth responses to soil volume (Wheeldon et al., 2021).
Bringing together sections 4.3.3 and 4.3.4, this experiment suggests that there are 2 phases in plant responses to soil volume. The experiment in section 4.3.2 also supports this 2 phase response as this experiment showed that tiller number is influenced by chemical substrate volume in the 1st phase (3-4 weeks post germination), and following this in the 2nd phase, tiller number is influenced by physical substrate volume. Therefore, taken together both these experiments suggest a 2 phase mechanism. The early plant response to soil volume, which does not seem to be the result of mechanical impedance or root density sensing, does not cause changes in root growth but does influence shoot growth. However, the later response seems to be associated with root density, and this response influences both root and shoot growth (Wheeldon et al., 2021).

[bookmark: _Toc154331498]Late growth responses are exaggerated when roots are highly aggregated

Combining observations from Section 4.3.2 and 4.3.4, the results potentially suggest that plants may be sensing the root density in their environment, possibly through the exudation and perception of a mobile signal that can diffuse across a mesh barrier. However, any possible exudate involved in sensing high root density may not be as mobile as the first phase signal, since having access to additional chemical volume did not completely alleviate the inhibition of shoot growth in Treatment E plants, (Fig. 4.7B). Therefore, I hypothesised that, if such a signal exists, it is much less mobile than the hypothesised signal in the first phase. However, the experiment in Section 4.3.2 does not rule out nutrient availability as the cause of additional shoot growth in the treatment E plants.
To try and distinguish between these possibilities an experiment was designed where soil volume and nutrient availability would remain equal, but the effective density of roots would vary. Changes in container shape were used as a method to achieve this. As roots emerge from the wheat grain, a cone shaped architecture is produced with the seed at the apex (Fig. 4.11A). Hence, I hypothesised that containers with a similar shape to this inherent root architecture would result in the least dense root systems, and that conversely, containers of the ‘incorrect’ shape would cause root aggregation. Therefore I hypothesised that a ‘natural cone’ shape which matched the shape of the root system architecture would cause less inhibition of shoot growth as roots due to the reduced root density.
Wheat (cv. Mulika) plants were therefore grown in hand-made pots, in which the soil occupied an equal volume (320ml). However, the shape of the soil-containing area was different in each treatment (Fig. 4.10B). In treatment A the 320 ml of compost sat on top of a sealed cone sat on the base of a pot, such that roots are actively excluded from their normal growth zone. Treatment B had the same structure, except the cone was filled with 320ml of compost and the apex of the cone was cut open to allow the shoots to grow out of it; the seed was placed at the open apex of the cone. In treatment C, the cone was placed upside-down with the apex at the base of the pot and again filled with 320ml of compost; the seed is placed in the widest part of the cone. Thus, treatment C causes roots to grow in a narrowing cone, rather than the natural widening cone of their root system.
To ask if container shape, and the associating density of roots, can influence final shoot growth, I assessed shoot biomass at 12 weeks post germination. Shoot biomass was greatest in plants grown in treatment B. This suggested that shoot biomass is influenced by container shape, more specifically it is least inhibited when the root system is least condensed (Fig. 4.11C).
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[bookmark: _Toc154331579]Figure 4.11 Container shape influences shoot growth
Graph showing spring wheat (cv. Mulika) grown in different shaped containers where the accessible soil volume is 320ml in all 3 treatments (A-C). 
A) An image of a 35-day old wheat root system grown in a rhizobox which demonstrates the cone shaped architecture, scale bar represents 5cm.
B) In all three treatments the pot is a clear plastic cylinder with alternately shaped internal structures. Treatment A had a cone sat on the base of the pot and covered with compost (brown). In treatment B the cone was filled with compost (brown) and the apex of the cone was cut to allow the shoots to grow out of. In treatment C, the cone was the opposite way round with the apex at the base of the pot. In treatments B and C, the cone was stabilised by using perlite (grey dappled shading) to maintain the position. White curved lines represent roots.
C) Box plot showing the mean final dry shoot biomass (g) per plant at 12 weeks post germination of the 3 treatments described in Fig. 4.11B. Boxes with the same letter are not significantly different (One-way ANOVA with Tukey HSD, p <0.05) n=7-8. The box indicates the interquartile range, the midline represents the median, the whiskers are the minimum and maximum values, the circle is the mean and the diamonds are outliers.

To ask if the effects of root density cause shoot growth changes seen in the later phase of growth, tiller number was recorded weekly from week 4 to 12 post germination. Tiller number was similar in all treatments between 3 and 5 weeks after germination, in the early phase of growth, consistent with previous results as all treatments had access to the same soil volume (Fig. 4.12A). However, after 35 days post germination, a divergence in tiller number was seen. Tillering increased rapidly in treatment B until 49 days post germination where there was a statistically significantly higher number of tillers in plants grown in this treatment, whereas treatments A and C continued on a steady trajectory. Treatment B produced the highest number of tillers (~8) compared to treatments A and C which produced ~6 tillers (Fig. 4.12A). The delay in tillering differences between the treatments further supports that root density influences plant growth later on in life. 
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[bookmark: _Toc154331580]Figure 4.12 Container shape influences the shoot system later in life
Graphs showing spring wheat (Mulika) grown in different shaped containers where the accessible soil volume is 320ml in all 3 treatments (A-C) as described in Fig 4.11B.
A) Line graph showing mean tiller number from day 31 to 84 post germination. Error bars represent s.e.m, n=7-8. n.s represents no statistical difference between the 3 treatments at that time point. An asterisk represents statistical difference between treatments B and C at 49 days post germination however there was no significant difference between treatments A and B and treatments A and C at the same timepoint (Day 49: Kruskal Wallis with Bonferroni correction, Day 42 and 56: One way ANOVA with Tukey’s HSD, p<0.05) 
B) Box plot showing mean spikelet number per plant at 12 weeks post germination. Boxes with the same letter are not significantly different (One-way ANOVA with Tukey HSD, p <0.05) n=7-8. The box indicates the interquartile range, the midline represents the median, the whiskers are the minimum and maximum values, the circle is the mean and the diamonds are outliers. 
C) Images of soil environment at 12 weeks post germination. Images are to the same scale.

To investigate if the effects seen in shoot biomass were also reflected in reproductive traits, spikelet number per plant was counted. Indeed, these followed the same trend with treatment B plants producing a statistically different greater number of spikelets per plant than treatment C, although there was no statistical difference in spikelet number between plants in treatment B and A (Fig. 4.11B). Therefore, a similar trend was observed in spikelet number as in shoot biomass for these treatments.
Together these data suggest that the shape of the container used in treatment B was optimal, possibly allowing these plants to take greatest advantage of the total available soil volume compared to treatments A and C. This fits with the inherent cone shaped root system architecture found in wheat plants. Treatment B plants are able to grow and spread their roots in a more ‘natural’ way than treatments A and C, whereas the shapes of treatments A and C containers ‘force’ the root systems to be denser in certain areas. These data are not consistent with nutrient availability as an explanation for the second phase of growth due to all the treatments being grown in the same soil volume, but are consistent with the idea that the inhibition of shoot growth in the later phase is caused by a root exuded chemical with relatively low mobility that increases with root density. In plants grown in treatments A and C, the concentration of this later phase signal builds up more quickly than in treatment B plants, as the roots of treatment A and C plants remain highly aggregated, consequently resulting in the shoot growth phenotypes seen. The high aggregation in treatments A and C and the resulting shoot growth inhibition suggests that this later phase signal cannot be efficiently diffused into the rest of the soil volume and instead stays close to the roots. This could suggest that this later phase signal is found in the rhizosheath directly around the roots.

[bookmark: _Toc154331499]Root density responses are perceived locally and affect root growth allocation

To further explore the properties of the hypothesised second phase signal, I used hydroponics as this allows easy access to the root system throughout life. This allowed me to alter the amount of physical substrate volume and hence create treatments where root density varied, but chemical substrate volume remained equal. I hypothesised that the root density signal has limited mobility based on previous findings in section 4.3, and that this in turn could mean that the signal acts locally on the root system. I therefore wanted an experimental design in which the transfer of these substances was less limited than in soil. This would allow me to test the mobility of the root density associated signal. 
I pregerminated wheat (cv. Mulika) seeds 1 plant per pot (1/pot) for 1 week in perlite then transferred plants of equal size to the hydroponic system, 1/pot. Once in the hydroponic system, the plants were allowed to grow for 3 weeks (Fig. 4.13A and Fig. 4.14B). At 4 weeks post germination, plants were separated into 3 treatments (Fig. 4.13A and Fig. 4.14C). Treatment A consisted of no change to the set-up, the roots were free and able to explore the whole hydroponic pot. Treatment B plants had their roots carefully separated, half the root system remaining free, and the other half were carefully placed within an impermeable nylon mesh bag of 150ml volume, with the top of the bag as close to the root-shoot junction as possible. The bag was secured to the pot lid for the duration of the experiment. In treatment C, all the roots were placed within the mesh bag and if any roots grew over the top of the bag were gently pushed back into the bag (Fig. 4.13A and Fig. 4.14C).
To assess how these treatments influenced shoot growth, tiller number was counted weekly from 3-7 weeks post germination. Tiller number was equal in all treatments for the first 5 weeks due to all treatments sharing the same chemical substrate volume. This was as expected as previous experiments such as Section 4.3.2 and 4.3.5 when there were instances of treatments sharing the same chemical substrate volume as others in the experiment. After 5 weeks post germination however, treatment A plants diverged from that of treatment B and C plants, 1 week after the introduction of the mesh bags (Fig. 4.13B). Tiller number was greatest in treatment A with treatments B and C producing a similar number of tillers throughout the 7 weeks. This is consistent with root density as an explanation for shoot growth responses to substrate volume in the second phase. Again, nutrients do not appear a likely explanation, since nutrients were freely and equally available to all treatments here. Furthermore, these data suggest that any amount of increase in root density results in shoot growth inhibition, even if not perceived equally across the root system.
To determine how the different levels of root density affected shoot system size, shoot biomass was assessed at 7 weeks post germination. There was no statistical difference between the treatments therefore this indicated that there was no difference in shoot biomass between the treatments. Although numerically, shoot biomass was greatest in treatment A plants with treatment C producing the least shoot biomass, and treatment B an intermediate shoot biomass, this was not statistically significantly different between treatments (Fig 4.13C). 
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[bookmark: _Toc154331581]Figure 4.13 Root density results in shoot growth inhibition
Wheat (cv. Mulika) plants were pregerminated for 1 week in perlite before transferring into the hydroponic system and grown for 3 weeks. At 4 weeks post germination, plants were transferred into 3 treatments. 
A) A cartoon depicting the experimental design. After all plants had been grown in 100ml pots containing perlite for 1 week, the perlite was washed off and all plants were transferred into 1L hydroponic pots 1 plant per pot (1/pot) for 3 weeks. At 4 weeks old new treatments were introduced. Treatment A: These plants remained the same as the prior 3 weeks with free root systems. Treatment B: half the roots of each plant were placed within a 150ml mesh bag which was secured to the lid of the pot, the other half of the root system remained free. Treatment C: All roots were placed within a mesh bag secured to the lid.
B) Line graph showing tiller number overtime. Treatments which involve a mesh bag are shown as dotted lines (Treatments B and C). Treatment A (pink), treatment B (blue), error bars represent S.E.M, n=8. 
C) Boxplot showing dry shoot biomass (g) at 7 weeks post germination. Box indicates the interquartile range, circle indicates the mean, the midline indicates the median, the whiskers are the minimum and maximum values, the diamond represents an outlier. Boxes with the same letter represent no statistical difference (One way ANOVA with Tukey HSD, p<0.05), n=8. 

To assess how perceived root density influences root growth, I assessed the dry root biomass for the whole root system in treatments A and C, and the whole root system for treatment B but split into the bagged vs unbagged portions of the root system. Treatment A plants, which were subjected to the lowest root density produced the highest root biomass. Consistent with their much smaller physical volume, treatment C plants made a much smaller amount of root biomass. The case of treatment B plants is intriguing; although not statistically significant, the free roots had a higher root biomass than their bagged counterparts in the same treatment, but the sum of both root biomasses in treatment B only equals that of treatment C (Fig 4.14A). This suggests that the treatment B plants are able to make a proactive decision to prioritise growth of free roots and slow down root growth of the bagged roots, but that the perception of high root density anywhere in the root system reduces overall root growth.
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[bookmark: _Toc154331582]Figure 4.14 Root density affects root growth allocation
[bookmark: _Hlk146393401]Wheat (cv. Mulika) plants were pregerminated for 1 week in perlite before transferring into the hydroponic system and grown for 3 weeks. At 4 weeks post germination, plants were transferred into 3 treatments. 
A) Boxplot showing dry root biomass (g) at 7 weeks post germination. Box indicates the interquartile range, circle indicates the mean, the midline indicates the median, the whiskers are the minimum and maximum values, diamonds represent outliers. Boxes with the same letter represent no statistical difference (Kruskal Wallis test with Bonferroni correction, p<0.05), n=8.
B) Photos showing root and shoot system growth at 4 weeks post germination. Scale bar depicts 10cm.
C) Photos showing the root and shoots of example plants from treatments A-C. Scale bar depicts 10cm.

A study was carried out by Bar-Tal et al (1995) (also discussed in the introduction), where the root systems of hydroponically grown tomato plants were either free or enclosed in a cloth bag of 400ml or 1000ml within a pot. They found that the root systems were more severely affected than the shoot systems and that root system size was relative to the amount of physical space the roots had to explore. This supports the findings of section 4.3.6, as these data indicate that any degree of physical root restriction inhibits root and shoot growth, regardless of full chemical access to the hydroponate through the mesh. Bar-Tal et al (1995) however did not have the ability to explore why this might be with their experimental design. Treatment B of Figure 4.14A highlights that the root-based growth inhibition is local, although not statistically significant, not global as plants can redirect their root growth to areas of the root system which are not at high density. This supports the hypothesis that the second phase signal is largely immobile and can influence roots on a localised and not global scale, with corresponding effects on shoot system growth.

[bookmark: _Toc154331500]The root exuded signal in the first phase cannot fully explain early responses to volume

In section 4.3, I identified that wheat plants detect and respond to soil volume using an early and late phase mechanism which I hypothesised involves two distinct root exuded signals with different properties. However, in this section, I describe an experiment that challenges this model, and highlights that there is likely more complexity than initially proposed.
I hypothesised that the early root exuded signal would be highly mobile, given its ability to diffuse through the mesh pots described in 4.3.2. However, I aimed to assess if, even with access to a large chemical volume, more extreme limits on physical volume can still limit plant growth in the early phase. To test this idea I carried out a hydroponic experiment where wheat (cv. Mulika) plants were sown in 100ml pots containing 50:50 sand:perlite for 1 week and then transferred into 1L containers in the hydroponic system (hydroponic set up details explained in Chapter 2). Plants were grown in an ‘enclosed’ treatment where the root systems were enclosed in a modified 50ml falcon tube where the base had been removed and impermeable mesh had been secured to the now open end to seal it, but still allowing any root exuded chemicals and nutrients to be exchanged but restraining the roots within (Fig. 4.15A). This was the same impermeable mesh described in Sections 4.3.2 and 4.3.6. The other treatment ‘free’ involved a much shorter open ended modified falcon tube, allowing the roots free access to the hydroponate (Fig. 4.15A). The plants in the ‘enclosed’ treatment had the same chemical substrate volume as the ‘free’ plants but the ’enclosed’ plants were subjected to increased mechanical impedance and much less physical substrate volume (Wheeldon et al., 2021). 
Tiller number was assessed weekly from week 2-7. Statistically significant differences between the treatments were seen from 4 weeks post germination. ‘Free’ plants were able to tiller greatly, producing a maximum of ~ 27 tillers (Fig 4.15B). Intriguingly this was much greater than the tiller number of soil grown plants that had access to double the physical and chemical substrate volume (Fig. 4.7B), and therefore suggests the root exudate is highly mobile and can be diffused in the hydroponate. The ‘enclosed’ plants tillered slower, although they were able to sustain this throughout life (Fig. 4.15B). Crucially, in this experiment, differences were seen in the early phase of growth between the treatments, despite the identical chemical volume. This suggested that the ‘enclosed’ plants recognised the extreme physical limit on their available space early in life. As both treatments had access to the 1L of hydroponic medium, nutrient differences between the treatments can be reasonably ruled [image: ]out as the reason for the tillering differences seen. 
[bookmark: _Toc154331583]Figure 4.15 Substrate volume limitation can occur in hydroponic scenarios
A) Cartoon describing the experimental design. Wheat (cv. Mulika) plants grown hydroponically in 1L pots. Blue represents falcon tube lids with a hole to allow to the shoot (green) to grow out. Falcon tube lids are attached to modified falcon tubes, left shows a falcon tube sawn down to 2cm in length (free) allowing free movement of roots in the hydroponate, right shows a falcon tube with the bottom sawn off and nylon mesh (grey) glued to the base to stop any escape of roots (enclosed). 
B) Line graph showing mean tiller number of wheat plants (cv. Mulika) grown in the set up described above until 52 days post germination. Free plants are shown as a burgundy line, enclosed plants are shown with a blue line. Error bars represent the s.e.m, n=10. Asterisks show statistically significant difference between free and enclosed plants, all Mann-Whitney U test except for day 52 where Independent samples t-test was used, p<0.05).
Figure modified from Wheeldon et al, 2021

To investigate how shoot and root growth is affected by physical and chemical substrate volume, this was assessed at 2 timepoints. At 42- and 52-days post gemination there is a statistical difference in root and shoot biomass between ‘free’ and ‘enclosed’ plants (Fig. 4.16A). Between these timepoints the biomass of both shoot and root tissue increased ~2-fold in ‘enclosed’ plants. Looking at the ‘Free’ plants however, these increased their root biomass ~4-fold and they increased their shoot biomass ~6-fold. At 42 days post germination, root system size was visibly larger in the [image: ]‘free’ plants compared to the ‘enclosed’ plants (Fig. 4.16B) (Wheeldon et al., 2021).

[bookmark: _Toc154331584]Figure 4.16 Shoot and root biomass increase less in root enclosed conditions
A) Box plots showing shoot (left) and root (right) dry biomass (g) of wheat plants (cv. Mulika) in free (pink) and enclosed (blue) root system treatments as described in Fig 4.15A at 42 days (top) and 52 days (bottom) post germination. The box indicates the interquartile range, the midline indicates the median, the whiskers are the minimum and maximum values, the circle within the box is the mean. Asterisks show significant difference between the treatments (Independent samples t-test, p<0.05), n=8-10.
B) Images of wheat plants in treatments described in Fig. 4.15A at 42 days post germination when removed from the hydroponic pots. Left: ‘free’ treatment, right: ‘enclosed’ treatment with modified falcon tube removed. Scale bar represents 10cm.
Figure modified from Wheeldon et al, 2021

This experiment therefore suggests that even under hydroponic conditions where the first phase signal can theoretically be easily diluted, if a physical substrate volume is particularly small this can still inhibit plant growth. Thus, it may be the case that the second, root density-dependent phase of soil volume responses can begin early, if physical volume is particularly restricted.

[bookmark: _Toc154331501]Discussion

Plants initiate an immediate competitive response on the recognition of neighbours
The effects of plant-plant interactions on the root system are much less understood than those on the shoot, and in many respects, root-based mechanisms of neighbour detection and response remain rather mysterious (Wang et al., 2021). Prior to this PhD there has been no investigation of the transcriptional changes that occur in the root system after exposure to neighbours in the environment. Therefore, the RNAseq analysis in section 4.2 provides an exciting avenue for future exploration. From the current DEGs identified, this suggests that on the recognition of neighbours, barley plants appear to initiate the growth of any machinery that can uptake resources from the environment. This appears to involve the growth of root hairs, and the strong upregulation of nitrate transporters.
Data presented in section 3.2 clearly shows that crowded plants have an increased rate of shoot growth initially, but this initial rate is not maintained. This could therefore suggest that understanding more about their neighbour, perhaps their genetic identity, plants reduce their initial competitive response, so as to not run out of resources before the end of their lifecycle. There are many studies that have explored the effects of genetic relatedness on responses to neighbouring plants (reviewed in (Bilas et al., 2021)), but this was not investigated in these experiments.
The identification of root hair genes and nitrate transporters from the RNAseq data (Section 4.2) provides new potential areas to explore for responses to neighbour density, and there could yet be other exciting candidates that have not yet been identified due to the RNAseq being performed late in this PhD. Nevertheless, this dataset describes a strong, initial response on the recognition of neighbouring plants that provides transcriptional evidence of a competitive response.

Early responses to substrate volume are the result of a ‘substrate volume sensing signal’
It has previously been recognised in the literature that nutrient availability cannot be the sole cause of plant responses to substrate volume (Hess and De Kroon, 2007; Poorter et al., 2012). In section 4.3 I have described experiments which suggest wheat plants use root exuded chemicals to detect their substrate volume. I propose that in early life wheat plants use a ‘Substrate Volume Sensing Signal’ (SVS) to detect their total available substrate volume. The SVS signal appears to be highly mobile and is diffusible through soil and hydroponic media. SVS is presumably able to be easily diluted into space, even when roots are not physically occupying that space (Wheeldon et al., 2021). When plants grown in small soil volumes are transplanted into larger soil volumes, any shoot growth inhibition caused by the small soil volume is seen to quickly be overcome. The roots of the transplanted plants do not need to have any additional physical substrate volume in which to explore, because SVS can be diluted into the larger chemical substrate volume (Fig. 4.7) (Wheeldon et al., 2021). Thus, SVS appears to cause shoot growth inhibition, unless it can be diluted in a large substrate volume. Early in life, the plant exudes SVS which increases in concentration. This increase in concentration causes shoot growth inhibition, but does not seem to inhibit root growth (Wheeldon et al., 2021). However, there appears to be a threshold of physical volume in which plants can tolerate and if the physical volume is too small the benefits of additional chemical volume and the subsequent dilution of SVS is not reflected in shoot growth. This may be because extreme physical restriction activates the second phase of soil volume responses earlier than normal.
[image: ]Together, experiments in sections 3.2 and 4.3 have suggested that SVS is highly mobile therefore is likely to be a root exuded chemical of low molecular weight (Wheeldon et al., 2021). The likely identity of SVS will be discussed in chapter 5.

[bookmark: _Toc154331585]Figure 4.17 The substrate volume sensing signal (SVS) is used to detect available space early in plant growth
Cartoon showing the first few weeks of life in wheat plants. Blue dots represent the substrate volume sensing signal (SVS). In large soil volumes (middle) this is diluted in the available substrate volume more than in small soil volumes. This allows shoot growth to continue for longer in large pots. In crowded pots (right), the concentration of SVS increases faster than in singly sown pots due to the additional plants exuding SVS.
Modified from Wheeldon et al (2021)



Substrate volume responses later in life are the result of root density
While SVS appears to be important early in life, the growth of plants after 5 weeks post-germination shows different properties compared to the defined effects of SVS. The soil-based transfer experiment discussed in section 4.3.2 showed that treatment E plants (mesh pot in 1900ml of soil) showed reduced shoot growth relative to treatment C and D plants which were not subjected to a small physical substrate volume (Wheeldon et al., 2021). Additionally, the ‘enclosed’ roots of plants grown hydroponically showed a reduced shoot growth later in life, that was accompanied by a much lower root growth than ‘free’ root systems (Section 4.3.7) (Wheeldon et al., 2021). This latter idea is supported by the root density measurements carried out in Figure 4.10. This showed that early in life root growth continued in both substrate volumes, but later in life, root growth ceased in small pots and slowed down in large pots (Wheeldon et al., 2021). Work in section 3.4.1 suggested that although plants grown in 150ml rhizoboxes had a higher root density than those in 1100ml rhizoboxes for most of the experiment, later in life the root density in 1100ml rhizoboxes ultimately matched that of the 150ml rhizobox plants. Together, these data suggests that root growth is strongly affected in the second stage of growth, as well as shoot growth.  Moreover, data presented in this thesis suggests that when a critical threshold of root density is reached in this second phase, this results in the inhibition of both root and shoot growth. 
Nevertheless, the shoot and root growth of plants with a small physical substrate volume, but a larger chemical volume, is higher than would be predicted purely on the basis of physical substrate volume (Fig. 4.7-4.8). This suggests that the accumulation of a second diffusible, exuded chemical might regulate growth responses later in life. However, since growth does not match the chemical volume available, this suggests that this hypothesised ‘root density sensing’ (RDS) is relatively immobile in the substrate (Wheeldon et al., 2021). 
The experiment which tested the influence of container shape on shoot growth in section 4.2.5, when the substrate volume is equal but the shape in which the roots can explore is different, resulted in changes in shoot growth in the second phase of growth. When the roots were able to spread in a ‘natural’ way suited to their cone shaped root architecture, this allowed for increased shoot growth. However, when roots were tightly aggregated and unable to spread, this inhibited shoot growth. These data are consistent with a model in which the concentration of the root density signal (RDS) builds up faster than in the more ‘natural’ shaped pot (Fig. 4.11-4.12). 





[image: ]






[bookmark: _Toc154331586]Figure 4.18 The concentration of the root density signal (RDS) increases faster during root aggregation, inhibiting shoot growth
Cartoon representing the second phase of the soil volume sensing mechanism. Wheat plants experiencing different degrees of root aggregation, adapted from Figure 4.11A. Left: plants can spread their roots in a more natural way allowing RDS (peach dots) to be distributed throughout the substrate volume. Right: roots are highly aggregated in a smaller surface area of soil despite being grown in the same substrate volume as those on the left therefore RDS is concentrated in the area of high root density. Subsequently, the increased concentration of RDS in a small area in plants on the right resulted in the inhibition of both root and shoot growth. 

Additionally, I explored the mobility of RDS further. Section 4.3.6, highlighted that RDS acts locally on root systems by inhibiting root growth. In this scenario plants are able to redirect their growth to areas where roots are not highly dense. This suggests that RDS is not a very mobile signal, and its local effects on root growth have subsequent inhibitory properties on shoot growth. Any amount of root-based inhibition affects final shoot biomass. 

[image: ]
[bookmark: _Toc154331587]Figure 4.19 The root density signal (RDS) inhibits root growth locally with global shoot and root growth consequences
Cartoon describing the second phase of the soil volume sensing mechanism, modified from Figure 4.13A. Later in life as root density in the soil environment increases, the roots produce and exude a root density signal (RDS) (peach dots). This signal is immobile hence stays close to the roots. In scenarios of low root density, the RDS signal is widespread (left) whereas when the root system is highly dense in a small area, the concentration of RDS is higher in this area and does not diffuse away (right). This results in shoot and root growth inhibition. When part of the root system is highly dense with high concentrations of RDS (middle), if the plant is able to, it prioritises growth to part of the root system that is not densely aggregated. Nevertheless, the shoot system is still subjected to growth inhibition.

While RDS is currently hypothetical, its characteristics are similar to the proposed self-inhibitory signal discussed by Semchenko et al (2007). In their experiments they grew plants in treatments where activated carbon was added to the pots and then the authors assessed root growth with and without it. Activated carbon is known to absorb organic root exudates (Mahall and Callaway, 1992). They found that root and shoot biomass increased in the treatments with activated carbon, suggesting the existence of a root growth self-inhibitory signal, which is organic in nature (Semchenko et al., 2007). The immobile nature of RDS could suggest it remains in the rhizosheath of the roots therefore indicate that it is of a much higher molecular weight than the first phase signal SVS (Wheeldon et al., 2021).

Plants detect and respond to their available space and the presence of neighbouring plants using a two-phase root exudate based mechanism
Bringing these ideas together, I therefore propose that plants detect and respond to their available belowground space in a two-phase root exudate-based mechanism. Early in plant life, the concentration of SVS exuded by the plant is monitored and this determines the rate of shoot growth. Because SVS is highly mobile, this growth corresponds to the chemical substrate volume available to the plant, not the physical substrate volume (Wheeldon et al., 2021). Later on in life, plants exude a second signal, RDS, which accumulates primarily according to the physical substrate volume (Wheeldon et al., 2021), and reaches a genotype-defined critical concentration which inhibits root growth, with the secondary effect of shoot-based inhibition. RDS acts locally on areas of the root system experiencing high root density to inhibit their growth but areas of the root system which are able to escape the high root density are able to grow preferentially. Despite plants being able to prioritise growth into areas of low root density, the negative effects caused by the area of high root density cause knock on effects in the shoot system as shoot growth becomes inhibited.

Future directions
The proposition of the two-phase model elegantly provides a mechanism for how plants detect and respond to their available soil volume and neighbour density, which has failed to be achieved previously. This model allows the plants to detect the resources they currently have available to them, but the detection of physical substrate volume and any other plants in their environment, allows them to make a prediction about what resources they may have available later on in life and as such they plan their growth accordingly (Wheeldon et al., 2021). The wider applications of this model could be beneficial for improving crop growth in monocultures. Developing crops able to grow larger in a given space could have societal, environmental and economic benefits, such that growth and yield gains could potentially be made without the addition of excess fertilisers. If plants were unable to sense the limited space or presence of neighbours by turning off or turning down SVS and RDS this could allow them to grow larger in a given space. This would be an exciting application of the model, but this would require much more investigation and most importantly the identification of the two root exudate signals. However, the most pertinent next steps would involve elucidating the identities of the SVS and RDS signals.









[bookmark: _Toc154331502]Strigolactone as a root exuded signal for neighbour and volume detection

[bookmark: _Toc154331503]Introduction

Over the last 30 years, research into how plants detect neighbouring plants has increased greatly and has showed that plants can actively detect, and indeed respond, to other plants in their environment (Bilas et al., 2021). Root exudates have been shown to be one such mechanism of neighbour detection in the roots. However, there has been a difficulty in determining the importance of these due to issues surrounding confounding variables in studies (Hess and De Kroon, 2007; Semchenko et al., 2007). Enhanced understanding of plant responses to neighbours both above and belowground will aid in the development of more density resistant crops, which could potentially increase yield in a given area of land. 
Neighbour density experiments carried out in chapter 3.2 determined that the shoot growth responses to neighbour presence was due to neighbour detection via the roots. In chapter 4, I proposed that the detection and response to soil volume and neighbour density likely share the same two-stage mechanism based on the exudation and detection of two distinct root exudates. From the experiments presented in chapter 4, my work has shown that the early shoot growth responses to soil volume, due to the detection of the hypothetical SVS signal, were much more pronounced than root growth responses. I hypothesised that SVS is likely to be highly mobile in both soil and hydroponic conditions and therefore is likely to be of low molecular weight (Wheeldon et al., 2021). 
Strigolactones (SLs) are small signalling molecules of low molecular weight (Xie et al., 2010) that are exuded by flowering plants, resulting in arbuscular mycorrhizal fungi (AMF) recruitment to the roots (Akiyama et al., 2005). Their existence was first identified as exuded germination stimulants for parasitic plants (Cook et al., 1966; Bouwmeester et al., 2007), hence their presence as root exudates in the soil environment could also have other rhizospheric functions which have not yet been uncovered. Thus, SLs could be candidates for neighbour detection signals in plants. Indeed, this idea has previously been suggested by a study in moss (Physcomitrium patens) which showed that SLs exuded by wild-type (WT) colonies influenced the growth of other moss colonies (Proust et al., 2011). WT colonies show reduced growth in the presence of neighbouring colonies, whereas Ppccd8 mutant colonies lacking the CCD8 SL biosynthesis gene spread into other Ppccd8 colonies. When WT and Ppccd8 mutant colonies were grown in the same plate, the SL exuded from the WT colonies inhibited the Ppccd8 colonies from extending (Proust et al., 2011). This suggested that the SLs exuded from WT colonies causes growth inhibition in neighbouring colonies and hence highlights the potential of SLs acting as a plant-to-plant signal.
In the shoot, SLs strongly inhibit shoot branching, and mutations in any part of both the SL biosynthesis and signalling pathways cause extreme changes to shoot development (Gomez-Roldan et al., 2008; Umehara et al., 2008). However their effect on root development is minimal and does not follow consistent trends between species (Waters et al., 2017; Machin et al., 2019; Villaécija-Aguilar et al., 2019). Grafting studies have suggested that SLs are primarily synthesised in the roots and can move from the root to the shoots (Beveridge, 2006; Dun et al., 2009), in addition to their high concentration in root tissues compared to the shoots (Yoneyama et al., 2007; Umehara et al., 2010; Xie et al., 2015). 
Thus, SLs have characteristics that are similar to the hypothetical SVS signal. In addition, preliminary experiments from my MSc by Research project indicated that SLs may be important for plant-plant responses (Wheeldon, 2019), but the details were yet to be explored. I therefore hypothesised that rhizospheric strigolactones are the hypothesised SVS signal.
In this chapter, I aimed to explore if SLs could act as plant-to-plant signals and determine if SLs could also be the soil volume sensing signal (SVS).

[bookmark: _Toc154331504]Environmental strigolactone is required for early neighbour and soil volume detection

[bookmark: _Toc154331505]Strigolactone mutants lack early neighbour-induced shoot growth responses

If rhizospheric SLs acts as the SVS signal, then mutants that do not synthesise SLs should fail to respond to the presence of neighbours early in their life-cycle. Wild-type (WT) pea plants are able to synthesise and exude SLs however ramosus1 (rms1) mutants that lack the CCD8 enzyme (Sorefan et al., 2003) (Fig 5.1A) cannot synthesise SLs, and hence rms1 plants are highly branched and short in stature compared to WT plants. Together with Hannah Lund and Maxime Hamon-Josse, I grew WT (L77) and rms1-1 (rms1 from hereafter) pea plants in 1L hydroponic pots, in 1 plant per pot (1/pot) or 4 plants per pot (4/pot) treatments (Wheeldon et al., 2022). As discussed in chapter 4, using a hydroponic system allowed for careful control of nutrient availability and easy distribution of any soluble root exudate throughout the pot. 
Shoot branches were counted weekly to observe any shoot growth responses to neighbouring plants (Fig. 5.1B). WT plants produced more branches in 1/pot treatments than the 4/pot treatments (per plant) as found in previous experiments (Chapter 3.2.4). Between week 3 and 4 post-germination there was a divergence in WT branch numbers between the 1/pot and 4/pot treatments (Fig. 5.1B), consistent with the previously observed SVS effects in wheat (Fig. 3.2). As rms1 plants have increased branching due to a lack of SL synthesis, rms1 plants consistently had higher branch numbers than WT plants throughout the experiment (Fig. 5.1B). Intriguingly, the divergence seen between the WT treatments in weeks 3-4 was not present in rms1 plants. However, by 6 weeks post-germination, the rms1 1/pot plants produced a higher branch number than their rms1 4/pot counterparts (Fig 5.1B). WT 1/pot and 4/pot plants continued to diverge in branch number during this timeframe. This suggested that the rms1 plants lack the early shoot growth response to neighbours but respond normally later on. This suggests that responses to neighbour detection follow the same two-stage mechanism as for soil volume, which is consistent with the interchangeability of neighbour density and soil volume responses (Section 3.2). Together this suggests that in the first phase, SL is important for neighbour detection but in the second, later phase, SL is not required (Wheeldon et al., 2022). 
[bookmark: _Toc154331588][bookmark: _Toc146657578][image: ] Figure 5.1 Exuded strigolactones (SL) influence the shoot branching of neighbours
Graphs showing wildtype (WT) and rms1-1 (background L77) Pisum sativum (pea) plants grown hydroponically in 1 plant per pot (1/pot) and 4 plants per pot (4/pot).
A) Figure showing the strigolactone (SL) biosynthesis and signalling pathways in Pisum sativum (pea). Specific gene names in pea are shown in green (black gene names preceding these are used in several other species), large black font connected by arrows are the chemical intermediates, 3 of the products of the SL biosynthesis pathway in pea are shown at the bottom left branch of the diagram. Genes required for SL perception in pea are shown within the box on the right of the diagram.
B) Line graph of mean shoot branch number per plant of WT (green) and rms1 (purple) pea plants grown 1/pot (solid line) and 4/pot (dotted line) from weeks 3 to 6 post germination. Error bars are s.e.m, n=4-7. Asterisks show significant difference between the treatments (Independent samples t-test, p<0.05).
C) Line graph of mean shoot branch number per plant of WT (green) and rms1 (purple) pea plants grown 1/pot (solid line) and 1/pot with GR24 (dotted line) from weeks 3 to 6 post germination. Error bars are s.e.m, n=4-7. Asterisks show significant difference between the treatments (Independent samples t-test, p<0.05).
Figure modified from Wheeldon et al, 2022.

To test this idea more directly, also together with Hannah Lund and Maxime Hamon-Josse, the same experimental design was used as described above except instead of 4/pot plants, 1/pot plants were treated with the synthetic SL rac-GR24 (1 µM). Previous studies have shown that the application of exogenous SLs, such as rac-GR24, results in significant reduction in shoot branching (Umehara et al., 2008; Gomez-Roldan et al., 2008; Crawford et al., 2010; Bennett et al., 2016). By applying rac-GR24 to the hydroponic set up we could be certain it would be distributed through the hydroponate and hence determine if the plants could detect and take it up from the environment. Again, shoot branch number was tracked from week 3-6 and this showed that branch number was strongly reduced in the 1/pot rms1 plants which were supplemented with rac-GR24 (Fig 5.1C). Branch number in 1/pot + rms1 rac-GR24 plants was significantly different from that of untreated 1/pot rms1 plants. This therefore suggested that the rms1 plants were able to take up SLs from the environment, and that this compensates for their inability to synthesise SLs (Wheeldon et al., 2022).

[bookmark: _Toc154331506]Strigolactone exudates released early in life can be taken up by neighbouring plants

To test this finding, our collaborator Kaori Yoneyama further tested the ability of pea plants to take up SL from the environment by assessing SL levels in the roots (Wheeldon et al., 2022). Combinations of WT, rms5-BL298 (which lacks the CCD7 strigolactone biosynthesis gene (Fig 5.1A)) and rms1-2T (all in the Torsdag background) were grown in hydroponic conditions. Plants were grown 2 plants per pot (2/pot) with either another plant of the same genotype, or one of another genotype. Root samples were harvested 7 days post phosphate starvation (a commonly used method to increase SL levels as discussed in section 1.4) and liquid chromatography-mass spectrometry (LC-MS) was carried out to quantify the levels of SL (specifically Fabacyl acetate (FA)) in the root tissue of these plants. Measuring SL is difficult due to their low abundance and therefore only relative levels, defined as “peak areas’’ were measured, and not absolute concentrations (Wheeldon et al., 2022). 
Analysis of the rms1 + rms1 and rms5 + rms5 combinations showed that, no FA was detected in the roots of these plants (Fig 5.2A), which makes sense given that rms1 and rms5 plants are unable to synthesise SL (Fig 5.1A). However, when assessing the roots of rms1 plants grown in the rms1 + WT combination and rms5 plants in the rms5 + WT combination it was found that, SL was detected in both of these mutant roots. In addition to these observations there was a decrease in the levels of SL in the roots of WT plants in combination with rms1 and rms5 plants compared to the WT+WT combination (Fig 5.2A) (Wheeldon et al., 2022). 
[bookmark: _Toc146657579][bookmark: _Toc154331589]Figure 5.2 Strigolactones exuded from wildtype plants is present in roots of strigolactone synthesis mutants when crowded together[image: ]
Graphs showing wildtype (WT), rms1-2T and rms5-BL298 (background Torsdag) Pisum sativum (pea) plants grown hydroponically in 2 plants per pot (1/pot) combinations after 7 days of phosphate starvation.
A) Column scatter showing the fabacyl acetate (FA) peak area per gram of fresh root tissue weight, from LC-MS analysis of root tissues. Plotted data represents the focal plant (no brackets) in the presence of a neighbouring plant (brackets). Statistical analysis of the focal plant was carried out separately for the different genotypes and the same letter indicates no statistical difference (WT: One way ANOVA with Tukey HSD, rms1 and rms5: Independent samples t-test, p<0.05), n=3-5.
Figure modified from Wheeldon et al, 2022

These data suggest that SL exuded into the environment is able to be taken up by other plants sharing the same environment (Wheeldon et al., 2022). 

[bookmark: _Toc154331507]Detection of neighbouring plants early in the life cycle requires exudation of strigolactones

Given the data presented thus far, I hypothesised that if SLs are indeed SVS/neighbour detection signals, then the lack of SL synthesis in rms1 plants would make them essentially ‘invisible’ to other plants in the environment early in life. However, I also hypothesised that if this was the case, then rms1 plants would remain receptive to any SLs exuded by other plants in their environment. On the contrary, if SLs are only required for growth responses to other neighbour detection signals, then rms1 plants should still be ‘visible’ to neighbouring plants (because they would still make the neighbour detection signal), but would fail to respond to the presence of neighbours (due to a lack of SLs) (Wheeldon et al., 2022). As mentioned earlier, rms1 plants are highly branched and short in stature, and rms3 plants (which lack the SL receptor D14 (RMS3 in pea, Fig 5.1A)) also share the same shoot phenotypes as rms1 plants. However, rms3 plants are signalling mutants and hence I hypothesised that, if SLs are neighbour detection signals, then rms3 mutants would be unable to sense and respond to SLs in the environment, but would still be able to produce and exude it, and therefore inhibit the growth of neighbours. Therefore, rms3 plants should be unable to perceive the presence of neighbouring plants early in life, but would be able to inhibit the growth of rms1 neighbours via their exuded SL (Wheeldon et al., 2022). However, if SLs are primarily involved in the response to neighbouring plants and do not act as plant-to-plant signals, rms1 and rms3 should behave the same, in an unresponsive manner, to crowding with other plants (Wheeldon et al., 2022).
To explore the possibility that SLs are plant-to-plant signals further, I grew, together with Hannah Lund and Maxime Hamon-Josse, rms1-1 (L77 background) and rms3-1 (Torsdag background) plants in a series of soil-based combinatorial treatments in 500ml pots. Plants were either grown 4 plants per pot of the same genotype (4x), or 4 plants per pot of mixed genotypes where there were 3 plants of 1 genotype and 1 plant of the other genotype (3x rms1 and 1x rms3 respectively, and 1x  rms3 and 3x rms1 respectively) (Fig. 5.3A). 
Shoot branch number and shoot biomass were measured at 8 weeks post-germination. When each genotype was grown singly (1x), they produced a similar number of branches to each other (Fig. 5.3B). As would be expected from data presented in section 3.2 and Figure 5.1A, when crowded in the same soil volume (4x) there was a reduction in both the number of shoot branches and shoot biomass produced compared to 1x grown plants, in both genotypes (Fig. 5.3C+D). This reduction led to both genotypes producing a similar number of branches and shoot biomass in the 4x treatments (Wheeldon et al., 2022). 
When analysing the shoot branch number and biomass of plants grown in the 3x rms1 1x rms3 treatment, there was a small, but not significantly different, decrease seen in the rms1 plants compared with the growth of each plant in the 4x treatment of the same genotype. However, there was a dramatic, statistically significant, increase in branching and biomass of the single rms3 plant in this treatment (Fig. 5.3 C+D). Together, the 3x 1x combination treatment suggests that the single rms3 plant cannot ‘see’ that is has 3x rms1 neighbours in the pot, hence this results in the overproduction of branches and biomass in the rms3 plant. Conversely, the presence of the rms3 plant which is exuding SL, causes mild shoot growth inhibition in the rms1 plants in the pot (Wheeldon et al., 2022). 
In the other combination treatment, 1x rms1 3x rms3, the rms3 plants have a statistically significant increase in the number of shoot branches and amount of biomass produced when compared to the 4x treatment of the same genotype (Fig. 5.3 C+D). Conversely, the 1x rms1 plant, although not statistically different from the 3x rms1 plants in the 3x 1x combination, shows a dramatic decrease in the number of shoot branches and amount of biomass produced, more so than in the other combination treatment. Together, this combination treatment suggests that the 3x rms3 plants, whom all produce and exude SL, result in a powerful inhibition of shoot branching and biomass in the rms1 plant. By reducing the size of the rms1 plant, the rms3 plants take advantage of this subsequently resulting in a greater number of branches and biomass compared to when rms3 plants were grown at 4x (Wheeldon et al., 2022). 
[bookmark: _Toc146657580][bookmark: _Toc154331590][image: ]Figure 5.3 Strigolactones exuded by neighbouring plants inhibit other plants in the environment
Graphs showing rms1-1 (background L77) and rms3-1 (background Torsdag) Pisum sativum (pea) plants in soil-based combination treatments of 1 plant per pot (1x), 4 plants per pot (4x) and genotype combinations 3x 1x (rms1 and rms3 respectively) and 1x 3x (rms1 and rms3 respectively).
A) Cartoon representing the experimental set up. Peach dots represent rms1 and burgundy dots represent rms3 plants. 
B) Boxplot showing mean shoot branch number per plant for rms1 and rms3 at 8 weeks post germination grown singly (1x). The box indicates the interquartile range, the midline indicates the median, the whiskers are the minimum and maximum values, the circle within the box is the mean. Boxes that share the same letter are not statistically different (Mann-Whitney U test, p<0.05), n=10.
C) Boxplot showing mean shoot branch number per plant for rms1 and rms3 at 8 weeks post germination in combination treatments. The box indicates the interquartile range, the midline indicates the median, the whiskers are the minimum and maximum values, the circle within the box is the mean. Boxes that share the same letter are not statistically different, statistics were carried out separately for each genotype (rms1: Kruskal-Wallis with Bonferroni correction. rms3: One way ANOVA with Tukey HSD. p<0.05), n=7-10.
D) Boxplot showing mean dry shoot biomass (g) per plant for rms1 and rms3 at 8 weeks post germination in combination treatments. The box indicates the interquartile range, the midline indicates the median, the whiskers are the minimum and maximum values, the circle within the box is the mean. Boxes that share the same letter are not statistically different, statistics were carried out separately for each genotype (Kruskal-Wallis with Bonferroni correction. p<0.05), n=7-10.
Figure modified from Wheeldon et al, 2022.

A similar experiment was carried out using WT and rms1 plants where I grew these in the same set up as Figure 5.3A. WT plants behaved similarly in some respects to rms3 plants. For example, WT plants seemed unable to ‘see’ the rms1 plant in the pot (regardless of the number of rms1 plants present) and hence produced elevated numbers of branches and increased shoot biomass than in the 4x WT treatment (Fig. 5.4). However, as WT plants inherently produce much greater shoot biomasses and are much taller than rms1, this acts as a confounding variable. Nevertheless, the data supported what is shown in the rms1/rms3 combination experiment above (Wheeldon et al., 2022). 
[image: ]
[bookmark: _Toc146657581][bookmark: _Toc154331591]Figure 5.4 Strigolactones exuded by neighbouring plants causes shoot-based inhibition of other plants in the environment
Graphs showing wild-type WT (background L77) and rms1-1 (background Torsdag) Pisum sativum (pea) plants in soil-based combination treatments of 1 plant per pot (1x), 4 plants per pot (4x) and genotype combinations 3x 1x (WT and rms1 respectively) and 1x 3x (WT and rms1 respectively).
A) Cartoon representing the experimental set up. Purple dots represent WT and lilac dots represent rms1 plants. 
B) Boxplot showing mean shoot branch number per plant for WT and rms1 at 8 weeks post germination grown singly (1x). The box indicates the interquartile range, the midline is the median, the whiskers are the minimum and maximum values, the circle within the box is the mean. Boxes that share the same letter are not statistically different (Independent samples t-test, p<0.05), n=10.
C) Boxplot showing mean shoot branch number per plant for WT and rms1 at 8 weeks post germination in combination treatments. The box indicates the interquartile range, the midline is the median, the whiskers are the minimum and maximum values, the circle within the box is the mean, diamonds represent outliers. Boxes that share the same letter are not statistically different, statistics were carried out separately for each genotype (Kruskal-Wallis with Bonferroni correction: WT. One way ANOVA with Tukey HSD: rms1. p<0.05), n=9-10.
D) Boxplot showing mean dry shoot biomass (g) per plant for WT and rms1 at 8 weeks post germination in combination treatments. The box indicates the interquartile range, the midline is the median, the whiskers are the minimum and maximum values, the circle within the box is the mean, diamonds represent outliers. Boxes that share the same letter are not statistically different, statistics were carried out separately for each genotype (Kruskal-Wallis with Bonferroni correction: WT, One way ANOVA with Tukey HSD: rms1. p<0.05), n=9-10.
Figure modified from Wheeldon et al, 2022

Taken together, these experiments suggest that SLs exuded into the environment act as plant-to-plant signalling molecules, rather than acting solely in the response to other plant-to-plant signals (Wheeldon et al., 2022). 

[bookmark: _Toc154331508]Strigolactone biosynthesis and subsequent exudation is required for early soil volume responses

In chapter 4, I proposed a model for how plants detect and respond to soil volume and neighbour density (Wheeldon et al., 2021). The evidence that SLs can act as plant-to-plant signals presented in this chapter (Wheeldon et al., 2022) led to the hypothesis that SLs could be the signal involved in the first phase of this model, the ‘soil volume sensing signal’ (SVS). Both SL and SVS act mainly on the growth of the shoot system, and this occurs in a similar timeframe. Therefore, I hypothesised that plants unable to exude SLs would also be unable to respond to their available soil volume early in life. To test this hypothesis, I grew WT (L77) and rms1 (L77) pea plants singly in 500ml and 2000ml of compost, and harvested a subset of each genotype, in each soil volume, at 3 weeks post-germination and the remaining plants at 5 weeks post germination (Fig. 5.5A) (Wheeldon et al., 2022). 
At 3 weeks post germination, there is no significant difference in shoot biomass between the soil volumes in either genotypes (Fig. 5.5A). This is consistent with the previously observed divergence of growth in plants grown in different soil volumes after 3 weeks (Chapter 4). However, by 5 weeks post germination, WT plants have increased their shoot biomass by ~1.7 fold in 2000ml pots compared to 500ml pots. Conversely, rms1 plants showed no significant difference between the soil volumes at 5 weeks post germination (Fig. 5.5A) (Wheeldon et al., 2022). 
This therefore supports the hypothesis that SL acts as the SVS signal, since rms1 plants which cannot produce and exude SLs, are insensitive to soil volume for at least the first 5 weeks post-germination (Fig. 5.5A) (Wheeldon et al., 2022).
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[bookmark: _Toc146657582][bookmark: _Toc154331592]Figure 5.5 Detection of soil volume early in life requires strigolactone exudation
Graphs showing Wild-type (WT) and rms1-1 (background L77) Pisum sativum (pea) plants grown 1 plant per pot (1/pot) in 500ml (sky blue) and 2000ml (dark blue) of compost.
A) Boxplots showing mean dry shoot biomass per plant (g) for singly grown WT and rms1 plants at 3 and 5 weeks post germination, in 2 substrate volumes. The box indicates the interquartile range, the midline is the median, the whiskers are the minimum and maximum values, the circle within the box is the mean. Statistical analysis was only carried out within the same genotype, asterisk represents a statistically significant difference, n.s represents no significant difference (Independent samples t-test, p<0.05), n=6-10.
Figure modified from Wheeldon et al, 2022

[bookmark: _Toc154331509]Strigolactones exuded into the belowground environment influence neighbour detection and soil volume sensing

Collectively the data presented here shows a new function for exuded strigolactones, as plant-to-plant signals. This data shows that pea plants require the ability to produce strigolactone in order to inhibit the growth of their neighbours within the first few weeks of life, and this is also required to perceive their available soil volume. Plants unable to produce and exude SLs become outcompeted by neighbours that can produce and exude SLs. Detection of neighbours occurs by uptake of SLs from the environment by the roots, and results in shoot growth reduction. This ultimately allows plants to plan their future shoot growth strategies in line with the number of neighbours in their soil environment (Wheeldon et al., 2022).

[bookmark: _Toc154331510]A PDR transporter could act as a strigolactone importer

Data presented in section 5.2 demonstrates the ability of plants to uptake SLs from neighbouring plants. Therefore, it would be logical to hypothesise that there is a transporter which uptakes SLs from the soil environment, but to date there has been no suggestion of what the ‘strigolactone importer’ could be. A strigolactone exporter has been identified however, and this is an ABCG (ATP-binding cassette type G)  transporter, PLEOTROPIC DRUG RESISTANCE 1 (PDR1), first identified in Petunia hybrida (petunia) (Kretzschmar et al., 2012). PDR1 has also been suggested to mediate the transport of SLs through the plant in both the roots and shoots (Kretzschmar et al., 2012; Sasse et al., 2015). The ability to exude SLs has been largely lost in the Brassicaceae (Kretzschmar et al., 2012), and PDR1 is not present in Arabidopsis or other members of the Brassicaceae family. However, when exogenous SL (rac-GR24) is applied to the roots of Arabidopsis this is still able to influence growth (Ruyter-Spira et al., 2011). Therefore, Arabidopsis can still clearly import SLs, and could serve as a model to identify potential SL importers.


[bookmark: _Toc154331511]PDR10 could act as the strigolactone importer in Arabidopsis

Given the role of PDR1 in SL exudation and to some extent movement of SL within the plant, I hypothesised that another member of the PDR family may act as the SL importer in Arabidopsis. To explore this possibility, I used a reverse genetics approach. I assessed a previously published phylogeny of PDR genes in Arabidopsis (Kretzschmar et al., 2012) for closely related PDR genes to PDR1 and using ePlant (Waese et al., 2017) and Tair (Berardini et al., 2015) I identified several PDR genes which are expressed in the roots, namely PDR4, PDR6, PDR10, PDR11 and PDR12. T-DNA insertion lines were ordered for these genes and they were genotyped to ensure homozygosity. Two T-DNA insertion lines were sourced for PDR4 and will be referred to as pdr4-1 and pdr4-2.  All lines, with the exception of pdr6, were homozygous, therefore pdr6 was not assessed further.
Root system responses to exogenously applied SLs are varied and generally weak (Waters et al., 2017; Machin et al., 2019; Villaécija-Aguilar et al., 2019). In Arabidopsis for example rac-GR24 exogenously applied to root systems has been shown to decrease the number of lateral roots produced and to decrease the length of the primary root (Ruyter-Spira et al., 2011). Therefore, I hypothesised that plants lacking the SL importer would be insensitive to root applied SLs, and I could assess this by looking at lateral root number and primary root length. 
To test if any of the pdr mutants I selected are insensitive to GR24, I grew Arabidopsis seedlings on agar plates containing 2 concentrations of the synthetic SL, rac-GR24 (hereafter GR24). 5µM has previously been identified to be sufficient to see the root phenotypes described above (Ruyter-Spira et al., 2011), but due to the expense of GR24 I also chose to test if 1µM would be sufficient to see a response, however this also allowed me to see any dose dependent differences between the mutants. The pdr genotypes and Wild-type (Col-0) were sown on agar plates which contained no GR24, 1µM GR24 and 5µM GR24, plates were imaged 13 days post sowing and primary root length and lateral root number was measured at this timepoint. 
When primary root length was assessed, all genotypes generally showed a decrease in primary root length with an increase in GR24 concentration, with the exception of pdr10 (Fig. 5.6). Although statistically non-significant, pdr12 shows a decrease in primary root length with an increase in GR24 concentration. However, pdr10 mutant seedlings responded the same regardless of the treatment (Fig. 5.6). Thus, PDR10 stands out as a potential candidate SL importer to explore further.
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[bookmark: _Toc146657583][bookmark: _Toc154331593]Figure 5.6 Primary root length of pdr10 is unchanged with the addition of GR24
A) Bar chart showing the primary root length (mm) of Arabidopsis seedlings grown on ATS agar plates containing 1µM GR24, 5µM GR24 or control plates containing no GR24 but 1uM of acetone as a solvent control. Error bars represent s.e.m, n=4-8 plants. Statistical analysis was carried out for each genotype separately, bars with the same letter represent no statistical difference (Col-0, pdr4-1, pdr10, pdr12 : One-way ANOVA with Tukey HSD, pdr4-2, pdr11 : Kruskal-Wallis with Bonferroni correction).

To investigate if pdr10 insensitivity to GR24 is also reflected in lateral root number, this was also assessed at 13 days post-germination. Lateral root number was more noisy, but there was a general decrease in lateral root number in the genotypes with the exception of pdr10 (Fig. 5.7). Again, pdr10 showed no difference between the treatments, and inherently pdr10 mutants appear to produce a lower lateral root number than the other genotypes assessed (Fig. 5.7). 
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[bookmark: _Toc146657584][bookmark: _Toc154331594]Figure 5.7 Lateral root number of pdr10 is unchanged with the addition of GR24
A) Bar chart showing the lateral root number of 13-day old Arabidopsis seedlings grown on ATS agar plates containing 1µM GR24, 5µM GR24 or control plates containing no GR24 but 1uM of acetone as a solvent control. Error bars represent s.e.m, n=4-8 plants. Statistical analysis was carried out for each genotype separately, bars with the same letter represent no statistical difference (Col-0: Independent Samples t-test, pdr4-1, pdr11 and pdr12: Kruskal-Wallis with Bonferroni correction, pdr4-2 and pdr10: one-way ANOVA with Tukey HSD).

Given the highly preliminary nature of this experiment, much more would need to be investigated to confirm if PDR10 does act as the SL importer. A more detailed look into the RNAseq dataset presented in Section 4.2 could prove valuable for this as there may be differential expression of PDR genes in response to crowding, but up until now this has not been able to be achieved. Additionally, detection of SL in the roots of the pdr mutants with and without the application of GR24 could be carried out using LC MS (LC MS technique as described in Wheeldon et al, 2022). If the importer was mutated, it would be expected that less SL would be detected in the roots compared to the other mutants and WT plants tested. Nevertheless, this preliminary data does tentatively suggest an insensitivity to SLs in pdr10 mutants. 
[bookmark: _Toc154331512]Discussion

Experiments presented in this chapter have identified a new role for SLs exuded into the environment. Other root exudates have previously been identified to play a role in plant neighbour detection (Yang et al., 2018; Kong et al., 2018) and data presented in section 5.2 and Wheeldon et al (2022) clearly show that SLs are an additional plant-to-plant root exudate signal. 

SLs negatively affects shoot growth of neighbours
Data presented in this chapter and in Wheeldon et al (2022), shows that the exudation of SLs negatively effects the production of branches and biomass by other plants in the environment. This appears to be advantageous to the SL-exuding plant as the uptake of SL reduces the size of neighbours allowing the SL exuding plant to grow larger due to reduced competition. This observation opens up a new avenue for exploring density resistance in monocultures. If each plant in a densely sown field can exude SL and inhibit the growth of neighbours, it would be expected that this would have a negative effect on economic output. Therefore, if SL exudation is turned down, this could reduce neighbour-based inhibition and increase outputs. Natural variation in SL biosynthesis has been identified in maize (C. Li et al., 2023) and this is likely the case in other agronomic crops. Hence, the potential to explore the role of SL exudation for density resistance could be highly valuable. 

SL is likely the Soil Volume Sensing Signal (SVS)
Data presented in section 5.2.4 and (Wheeldon et al., 2022) highlights that SLs are also important for the detection of available soil volume as the SL biosynthesis mutant rms1 is unable to detect and respond to additional soil volume (Fig. 5.5). This could suggest that exuded SL could act as the early-acting ‘soil volume sensing signal’ (SVS), preventing overzealous shoot growth in small soil volumes or neighbour dense environments (Wheeldon et al., 2021). There are similarities between the activities of SLs in sections 5.2 and SVS in 4.3, as both appear to mainly affect the shoot system with this becoming apparent within the first month post germination in both wheat and pea. Early shoot growth changes as a result of SL/SVS allow the plant to match their growth to their available space, which is beneficial throughout life. Many studies have discussed the depletion of soil resources in neighbour-dense scenarios (e.g. (Bilas et al., 2021)), and hence perception of SL/SVS can be beneficial here too, ensuring there are enough soil resources for future plant growth. 

Strigolactone is not the only root exudate involved in neighbour detection
SL/SVS acts early in plant life, however it is clear that this cannot be the only neighbour detection mechanism utilised by plants. In addition, section 5.2 suggests that another root exuded chemical is involved in growth responses to neighbouring plants later in life. Although rms1 plants do not detect neighbours in their first few weeks of growth (Fig 5.1A), a shift is seen after 5 weeks where crowded and uncrowded plants diverge in their shoot production. In section 4.3, I proposed that later in plant life, a second root exudate based mechanism is deployed, where the density of roots present in the pot becomes important and affects both shoot and root growth (Wheeldon et al., 2021). Therefore, rms1 plants could begin to initiate this second phase after 5 weeks, which could explain the increase in shoot branching from this point in 1/pot grown plants (Fig 5.1A) (Wheeldon et al., 2022). The identity of this second signal remains unknown, as discussed in Chapter 4.
This idea of an SL independent RDS signal, is also supported by the behaviour of Arabidopsis, discussed in chapter 4 section 4.2.3.  Research has identified that the Brassicaceae have lost most of their ability to exude SL (Kretzschmar et al., 2012), however it is clear that they are still able to detect and respond to other plants in their environment (section 4.2.3). The Arabidopsis plants I grew were still clearly able to detect and respond to the presence of other Arabidopsis plants in their belowground space, even though SL exudation is not present in the Brassicaceae. Therefore, the second phase signal using root density later in life might explain the shoot growth differences between crowded and uncrowded Arabidopsis plants. 

Future directions
Section 5.2 identifies a new role of SLs in the soil environment, where they act as plant-to-plant signals, however many questions remain regarding the properties of these SL exudates, and how they regulate these interactions. SLs are water soluble, and rapidly-degraded at neutral pH, potentially making them short lived signalling molecules (Bertin et al., 2003; Koichi Yoneyama et al., 2018). However, the rhizosphere tends to be rather acidic, which might increase the lifetime of SL molecules compared to bulk soil (Bertin et al., 2003). This raises several questions; for instance, it is currently unknown how far SLs can travel in the soil before being degraded. In regard to SLs acting as germination stimulants for Striga asiatica, it has been suggested that the parasitic plant seeds must be within 4mm from the SL exuding host plant in order to germinate which suggests the distance of travel for this type of SL is limited (Scott, 2008). Are plant-to-plant SLs able to travel reasonable distances through bulk soil, or are they only stable in the rhizosphere? If plant-to-plant SLs are only stable in the rhizosphere, this would suggest with the context of our previous findings that SLs can only influence neighbours when the rhizospheres of plants overlap. 
It is clear that plants can uptake SLs from the environment, however the identity of the SL importer remains a mystery. Work in section 5.3.1 suggests this could be PDR10, nevertheless understanding the identity of the SL importer provides an exciting avenue for future exploration. Furthermore, the exact identity of the SLs involved in plant-plant interactions remains unknown. This could be tested by applying different types of SL to the root system and assessing the shoot based response of the plant. It would be expected that the plant-plant interaction SL type would inhibit shoot growth as described in Section 5.2.3. Answers to these questions would further aid in our understanding of this new function of SLs in the environment and could be instrumental in producing more density resistant crops.



[bookmark: _Toc154331513]General Discussion

The role of soil volume and neighbour density on plant growth

The data presented in this thesis has provided a model for the mechanistic basis for plant growth responses to soil volume and neighbour density. I have presented a two-phase mechanism, involving two separate root exuded signals. Plants likely exude a soil volume-sensing signal (SVS) early in plant life to detect available soil volume/neighbour density, and it is likely that this signal is composed of exuded strigolactones (Chapter 4 and 5). I further propose that plants exude a qualitatively different root density sensing signal (RDS) which acts after SVS to detect the root density in the environment (Chapter 4 and 5). This thesis provides shoot phenotyping of important agronomic crops, demonstrating similar but not identical shoot growth responses to soil volume and crowding, and provides novel information regarding root system architecture changes in cereals subjected to differing soil volumes (Chapter 3). The progress made to characterise soil volume responses in barley, shows a wide variation in sensitivities to soil volume which has not been apparent prior to this thesis (Chapter 3). And finally, the identified role for SL in the environment as plant-to-plant signals provides an exciting new functionality for SL in the rhizosphere (Chapter 5). However, the results presented here also pose new questions, which are both scientifically intriguing, and which would need to be addressed to allow for the translation of these findings into agricultural contexts. 

What is the identity of the second phase root exuded signal?

The second phase signal, RDS, is associated with high root density and causes root and shoot based inhibition when a threshold of root density is reached (Chapter 4). The likely identity of this exudate, however, remains elusive. Signals with similarities to RDS have been suggested previously, as self-inhibitory exudates which aid in obstacle avoidance and to some extent soil volume awareness (Falik et al., 2005; Semchenko et al., 2007). Data presented in Chapter 4, suggests that RDS shows distinctly different mobility properties to SVS, such that RDS appears largely immobile. This implies that it is likely to be of higher molecular weight than SVS, therefore a possible candidate could be peptide signals. There has been significant interest in understanding how peptides act as hormones such that multiple peptides have been identified to modulate growth in response to environmental changes (Motose et al., 2009; Mortier et al., 2010; Reid et al., 2011; Delay et al., 2013; Imin et al., 2013; Tabata et al., 2014; Cederholm and Benfey, 2015). 
C-TERMINALLY ENCODED PEPTIDEs (CEPs) are one such peptide, as briefly discussed in chapter 4, CEPs are long-distance signalling peptides which communicate nitrate limitation to the shoot system (Tabata et al., 2014) and have been shown to modulate root and shoot growth (Delay et al., 2013; Tabata et al., 2014; Roberts et al., 2016; Taleski et al., 2018; Chapman et al., 2020; Sin et al., 2022). In regard to root growth, CEP3 is known to inhibit lateral root development in Arabidopsis resulting in fewer lateral roots being produced than in cep3 mutants (Delay et al., 2013). Additionally, another CEP, CEP5, decreases primary root length and lateral root density in Arabidopsis compared to WT controls (Roberts et al., 2016). Analysis of the peptide composition of root exudates of Medicago truncatula identified several CEP species (CEP1/2/5/8), of varying sizes and modifications (Patel et al., 2018). Identified peptides were subsequently synthesised and when applied to the roots, most were seen to cause dramatic decreases to lateral root number (Patel et al., 2018). This root-based inhibition caused by CEPs has similarities to RDS, therefore a CEP could be a possible candidate for RDS. 
Additional to CEPs, other peptides have been identified to play a role in root growth such as XYLEM SAP ASSOCIATED PEPTIDE (XAP) and CLAVATA3 (CLE) peptides (Okamoto et al., 2015; Yamaguchi et al., 2016; Patel et al., 2018). 
Generation of multiple CEP receptor mutants in cereals would allow for testing of the potential role of CEPs as RDS. The CEP receptor mutants could be grown in similar experimental set ups as Sections 4.3.5 and 4.3.6 and if RDS was a CEP, it would be expected that when experiencing high root density this does not result in inhibition of the root and/ or shoot growth of the CEP receptor mutant. 
Understanding the identity of RDS could allow a ‘toning down’ of the strong root and shoot inhibition seen at high root densities and allow plants to grow at higher root densities for longer, potentially also contributing to increased yield with no additional nutrient inputs.



SVS and RDS are unlikely to be the only root exudates plants use to detect neighbours and available soil volume

The rhizosphere is a highly chemically complex environment with many root exudates and microbial signals (Berendsen et al., 2012; Bakker et al., 2013). Therefore, it is naïve to suggest that SVS and RDS are the only exudates which plants detect and respond to under soil volume limited or neighbour dense environments. After the identification of jasmonic acid and (-)-loliolide in wheat plants as neighbour density associated root exudates which result in the biosynthesis of allelopathic DIMBOA (Kong et al., 2018) (discussed in chapter 1), more recent work has suggested that (-)-loliolide functions as part of a general defence mechanism when multiple species such as rice, wheat and soybean are subjected to both biotic and abiotic stress (L. Li et al., 2023). The authors found this resulted in the biosynthesis of plant defence compounds such as flavonoids and phenolic acids and this defence based response has been shown to be facilitated through jasmonic acid (L. Li et al., 2023). Phenolic acids have been found in many plants hence have also been suggested to act as allelochemicals (Inderjit, 1996; Dalton, 1999). Over the last 100 years, selection pressures in European barley breeding programs have unintentionally resulted in variations in allelopathic capabilities, but these have been suggested to have generally decreased over time compared to landraces (Bertholdsson, 2004). Allelopathy is where the effects of chemicals or compounds released by a plant effects a neighbouring plant in either a positive or negative manner (Thiébaut et al., 2019).
The ability for a crop to be allelopathic has been utilised in paddy grown rice as some cultivars have been shown to inhibit weeds (Kong et al., 2008; Kato-Noguchi, 2011; Xu et al., 2021). Barnyard grass is a common weed found to compete with rice, and when rice and barnyard grass were grown together this caused a strong increase in concentration of a compound called momilactone B (Kato-Noguchi, 2011). Momilactone B has been shown to be exuded throughout life in rice (Kato-Noguchi, 2008), therefore it has been suggested that a particular constituent of barnyard grass exudates is able to trigger the release of an elevated concentration of rice produced momilactone B, which in turn inhibits root and shoot growth of barnyard grass in a concentration dependent manner (Kato-Noguchi, 2011). Intriguingly, earlier work suggested that momilactone B has a very minor inhibitory impact on rice roots themselves (Kato-Noguchi, 2008). Subsequent work has shown that in addition to momilactone B another allelochemical, tricin, is synthesised when crowded with barnyard grass and that production of both of these chemicals by rice plants is the result of recognition of barnyard grass exuded (-)-loliolide (Li et al., 2019).  Although in the example above of rice allelopathy where the allelochemical momilactone B does not cause much self-inhibition, that is not to say that other allelochemicals act in the same manner. Nevertheless, with the increased understanding of (-)-loliolide and its prevalence in many species (Kong et al., 2018; L. Li et al., 2023), (-)-loliolide could also play a role in general plant-plant interactions.

How is soil volume and neighbour density information communicated to the shoot system?

SVS/SL and RDS show a clear inhibition of shoot system growth when in small soil volumes and neighbour dense environments, but how is this information communicated to the shoot system? This was not an aim of this thesis but nevertheless is important to understand for future. Long distance signalling is key for many biological processes and several hormones (among other signals) are suggested to move from the root to the shoots (reviewed in (Wheeldon and Bennett, 2021). While hormonal long-distance signalling is relatively slow, other forms of long distance signalling such as changes in turgor pressure and calcium signalling have been shown to occur much faster in response to environmental stressors (Christmann et al., 2013; Choi et al., 2017; Kudla et al., 2018). As mentioned earlier, peptides have been shown to move long distances through plants. One such example of the role of peptides in long distance signalling of environmental stressors was highlighted by work in Arabidopsis, which identified the expression of a large number small open reading frames (sORFS) compared to control treatments (Hanada et al., 2007; Hanada et al., 2013). Additional support for this comes from a study which identified that over 100 sORFs are upregulated in Arabidopsis roots and shoots in response to drought (Rasheed et al., 2016). Other peptide signals have been shown to be important for communicating environmental stressors such as root derived CEPs which are transported to the shoot and interact with the CEP receptor (CEPR) which together results in the formation of CEP DOWNSTREAM1/2 (CEPD1/2) peptides which subsequently move rootward to trigger upregulation of NRTs in the root system in response to nitrate deprivation (Delay et al., 2013; Ohkubo et al., 2017; Taleski et al., 2018). CLEs are other peptides which have been shown to travel from the roots to the shoots in response to nitrate levels in the soil (Nishida and Suzaki, 2018). 
The possibility that soil volume and neighbour density information could be communicated to the shoot system via proteins or peptides could be investigated further. This could be investigated by grafting combinations of WT and candidate CEP mutant scions and rootstocks in different pot sizes. If the root to shoot signal was a CEP, it would be expected that the combination of WT root stock and CEP receptor mutant scion would produce shoot systems which do not reflect the soil volume they are grown in compared to WT scion with WT rootstock plants. Grafting experiments have been instrumental in demonstrating root to shoot activity of phytohormones such as strigolactone and cytokinin (Morris et al., 2001; Beveridge and Kyozuka, 2010; K. Zhang et al., 2014; Ko et al., 2014; Osugi et al., 2017) therefore using grafting to explore root to shoot communication of soil volume information could be valuable.

How is SL from the environment taken up by plant roots?
SL is clearly taken up by plant roots (Chapter 5) (Wheeldon et al., 2022; Yoneyama et al., 2022) however the means by which this occurs remains unknown. A member of the PDR family of transporters (ATP-binding cassette type G: ABCG transporter) are a likely candidates given one of which; PDR1 has been identified as an SL exporter in the root (Kretzschmar et al., 2012; Sasse et al., 2015). In order to identify the SL importer a key first step would be the generation of a more detailed phylogeny of PDR/ABCG genes across multiple species, to supersede the simple phylogeny presented in Kretzschmar et al., (2012). Many ABCG type genes have been identified in Arabidopsis, barley and rice (43, 49 and 56-63 respectively) (K. Zhang et al., 2014; Andolfo et al., 2015; C. Yan et al., 2017) and incorporating this into the phylogeny would allow the for a more focussed approach for testing of the possibility of the SL importer being a PDR type transporter. 

Potential applications

Data presented in this thesis highlight the negative effects on shoot system growth when plants are subjected to small soil volumes and neighbour density. By the year 2000, over half of the land on earth has been influenced by humans and as such is used for arable land, pasture land or human habitation (Ellis et al., 2010). Vertical farming poses an alternative to further land use and multiple projects have been implemented in urban areas, in several countries (Al-Chalabi, 2015; Al-Kodmany, 2018). Vertical farming often uses hydroponic systems and has been utilised for the production of many food crops with a particular focus on leafy greens (Al-Chalabi, 2015; Al-Kodmany, 2018). The use of hydroponic systems poses an ability to dilute SVS, or replace media frequently to ensure its concentration remains low therefore preventing its strong inhibition on the shoot systems of other plants in the environment. This could allow the plants to grow larger for longer, with potential increases in yields. However, further investigations would be required to identify if such yield gains, rather than just biomass gains, are possible. 
In arable farming, selection criteria for many agronomically important crop species have mainly aimed to produce high yield in a setting which requires high levels of fertiliser inputs, however this has led to multiple negative environmental consequences including pollution and greenhouse gas emissions (Vitousek et al., 1997; Tilman et al., 2002; Foley et al., 2011; Tilman et al., 2011; Garnett et al., 2013; Blum, 2018; Voss-Fels et al., 2019). There is no doubt that fertiliser application is highly beneficial to yield (Voss-Fels et al., 2019), however application of nitrogen and phosphorus are generally found to be in excess across many crop species (West et al., 2014). Yields of food crops must increase to meet the rising global demand (Foley et al., 2011), and to limit the global food insecurities related to the effects of climate change (Hadley et al., 2023), however such gains need to be made in an environment conscious manner (Tilman et al., 2011; Garnett et al., 2013). Data presented in this thesis has suggested the possibility of increasing plant size without additional nutrition. Plants grown densely in the field, where the soil volume they can explore is shared, could be inhibiting each other’s growth due to available space and the presence of neighbours (Li et al., 2015; Hecht et al., 2016; Postma et al., 2021). Subsequently, additional fertiliser inputs may be being ‘ignored’ by the plant due to detection of space limitations/neighbour density. From work presented in this thesis, by providing increased space between plants in field settings, this could ensure that SVS is diluted in a larger soil volume preventing inhibition of shoot growth early in life allowing crops to grow larger, furthermore additional space would ensure that the density of roots in the environment would not rise as quickly. However, if lines were bred in which SVS and RDS exudation were reduced this could allow for plants to perceive they have more space than they actually do in high density scenarios. This however would need to be carefully managed, as this would only be beneficial so long as the plants do not grow too large for the resources available to them. Thus, the major message from this thesis is that more detailed understanding of how SVS and RDS behave in agricultural settings could unlock the potential to increase yields in crop production without the need for additional fertiliser inputs. 
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