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Abstract 

Casings of soil surrounding plant roots, ubiquitous in cereals, are known as 

rhizosheaths. They have been proposed as facilitators in root-soil relationships and 

water dynamics in periods of drought. Rhizosheaths are formed by the 

entanglement of soil particles in root hairs and the action of adhesive molecules 

exuded by roots, within which high molecular weight (HMW) polysaccharides have 

been indicated as key factors. But the glycobiology of cereal exudates is only 

beginning to be understood. This investigation utilised three techniques to obtain 

root exudates: hydroponics, short seedling incubations in water and soil-suction-

lysimeters. Surveying with a panel of monoclonal antibodies directed to cell wall 

polysaccharides, identified arabinogalactan-protein (AGP), xyloglucan, and 

heteroxylan epitopes across the different exudate collection methods and a range 

of barley genotypes. This glycan profiling was used in conjunction with spatial 

analysis of polysaccharide exudates; seedling prints on nitrocellulose sheets 

characterised the patterns of polysaccharide release from along the root axes 

including a xylogalacturonan epitope (LM8) previously only associated with root 

apices. Immunofluorescence microscopy established that certain AGP epitopes and 

a novel beta-glucan epitope are abundant at root hair surfaces of barley plants. 

From these results it is proposed that groups of glycan epitopes have distinct 

functions; those presented on root hairs are associated with soil binding and other 

epitopes provide services for a developing root system. Further analysis into root 

exudate-soil interactions suggests the adhesive capacity of the HMW components 

of exudate, in a soil-binding assay, is linked to the rhizosheath weight of barley 

roots. But also that is likely there is a trade-off in carbon allocation by the plant 

between root growth and HMW exudation. Such work can hopefully build into the 

body of knowledge of root systems that can one day influence targeted crop 

breeding strategies to mitigate against drought.  
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Chapter 1 
Introduction 

 
1.1 Introduction 

Over 35% of the world’s terrestrial area is under agriculture, a third of which is 

devoted to arable crops, which provide 55% of the world’s calorie intake (Cassidy et 

al. 2013; FAO UN, 2018). The farming of arable crops relies heavily on access to 

water and nutrients within the soil and without adequate supplies of either, yield 

reductions and total crop failure can result (Samarah, 2005; Masood et al., 2011). 

Water and nutrient shortages often result in the greater irrigation and tillage of 

cropland (Tilman et al., 2002), but this too can be detrimental as these processes 

increase the susceptibility of agricultural soils to degradation through erosion 

(Montgomery, 2007). Soil degradation has a significant negative impact, altering 

many critical ecological services and causing the transformation of land from 

productive to marginal (Schulte et al., 2014; Van Oost et al., 2007; Pimentel and 

Burgess, 2013). These issues become ever more pressing as instances of drought 

are exacerbated by global warming, leaving crops increasingly vulnerable to water 

shortages (Praba et al., 2009; Cook et al.,  2018). A plant’s root system is the main 

site of uptake for water and nutrients and, through phenotypic plasticity, allows a 

plant to cope with changes in the availability of these resources in the soil (Hodge, 

2004; Ehdaie et al., 2012). Manipulation of specific root traits that can maximise the 

performance and yield of crops under resource-deficient conditions, therefore, 

provides a useful tool in maximising the food production output of cropland (Brown 

et al., 2017; Lynch, 2019). 

  

1.2 The rhizosphere and the rhizosheath 

The rhizosphere is the total volume of soil that is influenced by the root, this 

includes soil affected by various root-microorganism associations, such as the 

extension of fungal hyphae (Mathesius et al., 2015), as well as how the root system 

alters the soil’s abiotic factors through nutrient and water depletion (York et al., 

2016). The rhizosheath is a clearly distinguishable subsection of the rhizosphere, it 

is formed from the soil directly surrounding the root, and is defined as the mass of 

soil adhering to the root upon uprooting (George et al., 2014). Confusion between 

various different root-soil terminology requires codification of each to enable 
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comparison and reproducibility between experiments. The definitions, as they will 

be used here, are listed in Table. 1 and visualised in Figure. 1. One of the most 

common confusions and a problem identified by both York et al., (2016) and Pang 

et al., (2017) is the interchangeable, but incorrect, use of the terms rhizosheath and 

rhizosphere, specifically the mislabelling of rhizosheath soil as rhizosphere soil. 

This is presumably due to the more conceptual nature of the rhizosphere compared 

to the rhizosheath, thus making it more difficult to quantify. In contrast the 

rhizosheath is a more obviously identifiable trait in a plant and differences can be 

observed with the naked eye (Smith et al., 2011; Delhaize et al, 2012; Brown et al., 

2017). Adoption of a generalised method for rhizosheath collection and 

measurement is needed to reduce this instance of misidentification, this  would also 

enhance the literature, allowing for better comparisons between studies (Pang et 

al., 2017). Here it is suggested that the methodology designed by Brown et al., 

(2017) is used because of its ease of operation and its applicability across different 

clades of plants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Root hair cylinder 

Rhizosphere

Root tip

Root hair

Rhizosheath

Shoot

Figure.1 The key features of root system involved in rhizosheath formation and 
exudate release (Modified from Pang et al., 2017) including the different natures of 
the rhizosheath and rhizosphere, the root tip from which root cap cells are shed 
along with polysaccharides and lipids, forming mucilage (Koroney et al., 2016)  
and how the root hair cylinder is measured, as a consequence of root hair length 
(Yang et al., 2017). 
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1.2.1 Rhizosheaths and abiotic stress tolerance  

Rhizosheaths were first observed in arid climate plants (Volkens, 1887), and are 

ubiquitous in plants grown in dry, sandy environments (Hartnett et al., 2013). This, 

along with rhizosheaths being larger and adhering to the root more strongly in dry 

soils compared to moist ones (Watt et al., 1994), has meant the rhizosheath has 

been linked with adaptation to cope with drought. However, the mechanisms behind 

how rhizosheaths function in drought tolerance are still not fully understood. One-

way rhizosheaths provide protection against drought is by enabling water to be 

continually drawn towards the root from surrounding soil even in low moisture 

conditions. As roots dry out they shrink, this causes air gaps to form between the 

root and surrounding soil (North and Nobel, 1997). These air gaps reduce the 

hydraulic conductivity (the ability of water to move through pores) of the soil, 

rhizosheaths help to minimise these air gaps by keeping roots moist and in constant 

contact with adjacent soil (North and Nobel, 1997; Carminati et al., 2017). The 

movement of water to roots in dry soils is also influenced by the polysaccharide-rich 

secretions of roots, which form a gel like matrix called mucilage (Table.1). Whilst 

mucilage is most often associated at the root tip, some does move into the soil 

surrounding the root (Vermeer & McCully, 1982). Mucilage absorbs and retains 

moisture well, this keeps hydraulic conductivity of the soil close to the root high, 

enabling water to flow to the root even in dry conditions (Read & Gregory, 1997; 

Ahmed et al., 2014). It has also been proposed that rhizosheaths aid in the 

retention of water close to the root, stopping it completely drying out, as dried 

secreted mucilage prevents waterflow out from the rhizosheath, allowing the 

rhizosheath soil to retain a greater water content than the surrounding soil (Young, 

1995; Ahmed et al., 2016). These two, seemingly contradictory, functions of 

exudate released into rhizosheath soil; that it can both facilitate the movement of 

water to the root but also retain it around the root, could arise from day-night cycles 

of fresh exudate release and drying out from transpiration (McCully 1995). So, 

when it is newly formed polysaccharide-rich exudate enables water acquisition, but 

after successive wetting and drying it acts to prevent older roots sections from 

desiccation (Ahmed et al., 2016). 

 

It has been reasoned that the rhizosheath formation by the plant evolved to improve 

a root system’s drought tolerance, but that because of its multi-trait nature, it also 

provides a variety of other complementary functions for the plant, such as nutrient 

acquisition (Smith et al., 2011; Brown et al., 2012; Haling et al., 2013). An increased 
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ability for water uptake in dry soils by the rhizosheath would also facilitate access to 

water soluble nutrients such as nitrates, as these move by mass flow to the plant 

(Barber et al., 1963; North and Nobel, 1997). Rhizosheaths also help plants obtain 

nitrogen, by mediating interactions with beneficial microorganisms. Root exudates 

provide a carbon source which enables the colonisation of rhizosheath soil by 

diazotrophs which in turn provide plants with a source of fixed nitrogen (Othman et 

al., 2004; Bergmann et al., 2009). For water-insoluble nutrients such as 

phosphorus, which move to the plant by diffusion (Barber et al., 1963), maximising 

the volume of soil explored is key to suitable uptake. Root hairs are advantageous 

for phosphorus acquisition as they increase a root’s surface area (Bates & Lynch, 

2001; Gahoonia & Nielsen, 2004), they are also a key determinant in rhizosheath 

size (Delhaize et al., 2012; Haling et al., 2014). Barley (Hordeum vulgare L.) plants 

with longer root hairs and larger rhizosheaths had greater shoot phosphorus 

accumulation and crop yield compared to lines with short root hairs and smaller 

rhizosheaths (Brown et al., 2012). Being the intermediary zone between the plant 

root and surrounding soil, and strongly linked to root hair length, rhizosheaths could 

play a significant role in non-water soluble nutrient uptake (Brown et al., 2012) 

although its effect in this area is still not wholly understood.  

 

1.3 Rhizosheath formation  

The rhizosheath is formed by two main processes; (1) the action of root hairs 

entrapping soil particles around the root (Moreno-Espindola et al., 2007; Brown et 

al., 2017) and (2) the bio-adhesive properties of exudates (Vermeer and McCully, 

1982; Watt et al., 1994; Galloway et al., 2020). Root hairs are the protruding 

extensions from specific root-hair-cells, they vastly increase a plant’s root surface 

area allowing for greater nutrient and water uptake (Libault et al., 2010; Haling et 

al., 2013; Grierson et al., 2014). They extend out from the root in all planes forming 

a quantifiable cylinder encircling the root termed the root-hair cylinder (Fig. 1) (Yang 

et al., 2017).  Root hairs are a key component in the trapping of soil particles 

around the root, and their presence is required for rhizosheath formation - root 

hairless mutants are not able to form a substantial rhizosheath (Brown et al., 2012; 

Haling et al., 2014; George et al., 2014). However, the effect of root hair length on 

rhizosheath size varies between species. In wheat (Triticum aestivum L.), root hair 

length strongly influenced rhizosheath size (Delhaize et al., 2012), and a greater 

root hair cylinder volume, a direct consequence of root hair length, also produced 

larger rhizosheaths in several species within the grass family Poaceae (Haling et 
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al., 2010a). On the contrary, this doesn’t appear to be the case in barley, where 

there was no discernible difference in rhizosheath size between lines with short or 

long root hairs (George et al., 2014). Similarly, in chickpea (Cicer arietinum L.) the 

comparatively larger rhizosheath weight of one cultivar to another was attributed to 

its greater mucilage production, as there was no significant difference in root hair 

lengths between the two lines (Rabbi et al., 2018). Recent work suggests that not 

only do root hairs aid in mechanical trapping of soil but that they also are a major 

secretion site of polysaccharides that increase soil’s adhesion to the root. The 

barley root hairless mutant brb (Gahoonia et al., 2001) exhibited much lower glycan 

epitope signals for a variety of polysaccharides with known adhesive properties 

compared to its wild type counterpart (cv. Pallas); with the rhizosheath of brb almost 

four times times smaller in mass than that of Pallas (Burak et al., 2021). Root hairs 

evidently perform an important function in forming the rhizosheath across species, 

however the contrasting results regarding the effectiveness of root hair length on 

rhizosheath weight, highlights the interaction of numerous factors in rhizosheath 

maintenance (Brown et al., 2017).   

 

 

 

 

 

 

 

 

 

A range of high-molecular weight (HMW) and low-molecular weight (LMW) 

compounds have been identified as being released by organisms into surrounding 

soil, including those from plant roots but also fungal and bacterial secretions 

(Walker et al., 2003; Oburger & Jones, 2018). These molecules, termed exudate, 

have long been theorised as key components in a root system’s drought tolerance, 

nutrient acquisition, and defence and communication (Driouich et al. 2013; McCully, 

1999; Read et al. 2003). Those compounds found to be released by barley roots 

are listed in Table. 2. Root mucilage is a specific form of plant root exudate, 

deposited from the root tip (Fig.1), it consists of a matrix of shed root cap cells and 

Term Definiton Reference
Rhizosheath The mass of soil adhering to the root upon uprooting George et al ., 2014
Rhizosphere The total volume of soil influenced by a root system 

and bacterial and fungal associations, inc. through 
nutrient depletion

Mathiues et al. , 2015

Root hair cylinder volume Volume contents of the cylinder encircling the root 
created by root hairs (Fig. 1) Yang et al ., 2017

Exudate The range of organic and inorganic compounds 
released by a plant root, bacteria or fungi  Walker et al., 2003

Mucilage Exudate assocaited with the root tip (Fig. 1) consisting 
of matrix of shed root cap cells and polysaccharide 
and lipid factors

Koroney et al ., 2016; 
Durand et al ., 2009; 
Read et al ., 2003;

Table.1 The definitions of root- related terminology (modified from Pang et al ., 2017) 
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Compound Reference
Low-Molecular-Weight
Amino acid Asparagine, Aspartic acid, Serine, Glycine, Glutamie acid, 

Threonine, !-Alanine, Proline, Tyrosine, Valnine, 
Phenylalanine, Isoleueine, Leueine

Naveed et al ., 2017; 
Vančura, 1964

Organic acid Oxalic acid, Malic acid, Glycolic acid, Succinic acid, 
Fumaric acid, Butanoic acid, Aetoacetic acid 

Naveed et al ., 2017; 
Vančura, 1964

Sugar Maltose, Galactose, Glucose, Arabinose, Xylose, Ribose, 
Rhamanose, Deoxyribose, Glulose

Naveed et al ., 2017; 
Vančura, 1964

Sugar acid Ribonioc acid, Gluconic acid, Threonic acid Naveed et al ., 2017

High-Molecular-Weight
Glycan residues !-1-5-L-arabinan, extensin, arabinogalactan-protein (AGP), 

heteroxylan, xylogulcan
Galloway et al ., 2021

Table. 2 Compounds identifed in Barley root exduates

associated polysaccharide and lipid factors (Read et al., 2003; Durand et al., 2009; 

Koroney et al., 2016). Polysaccharides exudates however, are not just released at 

root apices, they have been detected from along the length of the root axes 

(Galloway et al., 2020). The release of root exudates into the soil is clearly an 

important process for plants, as between 2% and 20% of all carbon assimilated by 

a plant is estimated to be released into the soil; exact figures however, are hard to 

quantify due to the methodological challenges of in situ soil experiments (Kuzyakov 

& Domanski, 2000; Walker et al., 2003). What is known is that the amount of 

carbon released is influenced by numerous factors including; plant species, the 

microbial composition in the soil and the plant growth stage - younger plants 

releasing more carbon from roots than older ones (Kuzyakov & Domanski, 2000; 

Cheng & Gershenson, 2007). The mechanisms of exudate release are not wholly 

understood, but it is clear that they vary based on the molecular weight of the 

compound. Low-molecular- weight cell metabolites can diffuse across root cells into 

the soil, down concentration gradients, with some also moving through channels 

within plasma membranes (Oburger & Jones, 2018). Other LMW components such 

as iron-acquiring phytosiderophores, are actively released by roots (Oburger et al., 

2014). In contrast relatively little is known about the mechanisms of release of 

HMW compounds, but is thought to be derived, at least in part, from lysed-cell 

contents and through exocytosis of vesicles formed in the Golgi apparatus (Bacic et 

al., 1986; Jones and Morre 1973).   

 

 

 

 

 

 

 

 

 

 

 

 



- 7 - 

 

1.3.1 Overcoming the challenges to the study of polysaccharides released by 
plant roots. 

Plant polysaccharides are diverse and structurally complex polymers which 

encompass a vast assortment of different oligosaccharide residues (Lee et al., 

2011). They are the building blocks of plant cell walls and also form a key HMW 

fraction of exudates (Galloway et al., 2020). Polysaccharide factors have a history 

of recognition as bio-adhesives, with work focusing on their capacity to aggregate 

soil particles (Tisdall and Oades, 1982; Cheshire and Hayes, 1990). This implicates 

them in soil binding processes, such as rhizosheath formation (Galloway et al., 

2020). But due to the technical difficulties of collection, analysis has often been 

restricted to mucilage secreted at root tips (Oburger & Jones, 2018). Rhizosheaths, 

however are maintained along the length of the root (Brown et al., 2017) and so this 

restriction has limited the understanding of polysaccharide exudates in rhizosheath 

formation. Previous analysis of the polysaccharide components of exudates has 

relied on chemical analysis of monosaccharide- linkages (Bacic et al., 1986; Moody 

et al. , 1988). Whilst this is useful, it does not provide the order or structure of sugar 

molecules within polysaccharides, and so only gives indications as to the molecules 

present (Carpita & Gibeaut, 1993). Identification of specific exudate molecules or 

associated complexes which function in soil binding and rhizosheath formation is 

lacking, both in characterising their structure and the physiological processes 

behind their release. 

 

Monoclonal antibodies (MAbs) are specific and sensitive molecular tools which 

allow for the tracking of polysaccharide across various circumstances (Lee et al., 

2011). They are exceptional molecular discriminators, that recognise specific 

regions (epitopes); sequences of sugar residues contained on larger polymers 

(antigens) (Pattathil et al., 2012). Monoclonal antibodies allow for the identification 

of polysaccharides in situ, as well as providing quantitative measures of the 

amounts in mixtures (Hervé et al., 2010). Monoclonal antibodies enable the 

carbohydrate contents of root exudates to be analysed against worldwide collection 

of almost 200 probes (Pattathil et al., 2012). As well as tracking their release from 

tissues (Hervé et al., 2010). It was this use of MAbs that first identified 

polysaccharide secretion from along the root axes and not just from the root tip 

(Galloway et al., 2020). The versatility of MAbs also allows for the visualisation 

(under immunofluorescence microscopy) of where polysaccharides are at root 
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surfaces which may provide insights into their function. The detection of the xylan 

LM11 epitope coating root hairs and soil surrounding the root, confirmed its 

significance in rhizosheath construction (Galloway et al., 2020).  

 

In maize, root tip mucilage is rich in cell wall related pectic polysaccharides, 

particularly homogalacturonan and xylogalacturonan (Willats et al., 2004; Cannesan 

et al., 2012; Koroney et al., 2016). Xylogalacturonan has been associated with plant 

cell defence against microbes, due to its relative inability to be digested by enzymes 

often secreted by pathogens (Jensen et al., 2008; Driouich et al., 2013). 

Comparatively, exudate collected from maize hydroponics contained only low levels 

of homogalacturonan and no signals for other pectic polysaccharides (Bacic et al., 

1986; Galloway et al., 2020). This low presence of pectic polysaccharides epitopes 

in the surveyed HMW fraction of exudate could reflect their relative water insolubility 

(Guo et al., 2017; Naveed et al., 2017; Galloway et al., 2020). It could also suggest 

that carbohydrate exudates released at different areas of the root have different 

functions. Those secreted at root caps aid in lubrication as the root tip descends in 

soil and in plant-pathogen defence (Iijima et al., 2004; Driouich et al., 2013) and 

those from along the root function in soil binding and rhizosheath formation (Akhtar 

et al., 2018; Galloway et al., 2020). Numerous polysaccharides were found to be 

released from along cereals root axes by the use of MAbs, these included 

xyloglucan, multiple xylan epitopes and signals for arabinogalactan-proteins 

(Galloway et al., 2018, 2020). Xyloglucan is released from an assortment of 

species, including basal land plants, it has also been displayed as an effective 

binder of both small and large soil particles (Akhtar et al., 2018; Galloway et al., 

2020). An interesting feature is that xyloglucan has comparatively low prevalence in 

grass cell walls (O’Neill & York, 2018), indicating that some polysaccharides could 

be specifically released because of their soil aggregating capacities as opposed to 

being a beneficial consequence of dead and broken down-cell shedding. This, in 

conjunction with evidence for the presence of carbohydrate-macromolecules, 

containing a variety of different glycan epitopes within root exudate (Galloway et al., 

2020), demonstrates the structural complexity of polysaccharides secreted by roots 

and also their highly derived functions. Even though the full structures of these 

exudates are not fully understood, the value of identifying their constituent role in 

rhizosheath formation is clear. 
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1.3.2 Genetic factors that underlie rhizosheath production  

The multitude of factors that influence the rhizosheath suggest that it is controlled 

by multiple genes at different loci. Work has begun to identify and assess the 

genetic mechanisms that constitute the basis of rhizosheath formation and 

maintenance. In wheat, rhizosheath weight is highly heritable (Delhaize et al., 2015; 

James et al., 2016) and initial screens of cereal populations have realised several 

quantitative trait loci (QTL) of interest. Two of the QTL identified by Delhaize et al., 

(2015) were proposed to underpin a wheat homologue of the rice gene OsRHL1-  a 

basic helix-loop-helix transcription factor which is known to influence root hair 

development (Ding et al., 2009). Screening of a spring barley population revealed 

several QTL all on the same chromosome, all affecting overall weight of the 

rhizosheath, and from this several candidate genes were identified (George et al., 

2014). The equivalent genes in other plants are involved in calcium signalling. One 

of the candidate genes identified by George et al. (2014) is barley homologue of the 

rice gene OsCDPK7, which expresses a calcium-dependent protein kinase, 

important in drought and salt stress tolerance (Saijo et al., 2000). The second is 

again a barley homologue of a rice gene; GLR3.1 a glutamate-like receptor involved 

in cell proliferation and the development of plant roots (Li et al., 2006). Arabidopsis 

GLR3.1 encodes proteins needed for calcium ion channel maintenance (Kong et 

al., 2016). Calcium’s role as an intracellular second messenger in plant root and 

root hair growth has been widely acknowledged (Hepler et al., 2001; Foreman et 

al., 2003; Hetherington and Brownlee, 2004). Interference with GLR3.1, in rice 

seedlings, showed an increase root cap cell shedding at the root tip (Li et al., 2006) 

which is a key secretion site of polysaccharide containing mucilage (Koroney et al. 

2016; McCully, 1999). The QTLs identified in barley linked to glutamate-like 

receptors may also underlie the production of root-cap associated mucilage. Further 

work to elucidate the genes and downstream processes involved is essential. 

 

1.4 Rhizosheaths as a target for crop breeding in barley  

With over 50 million hectares farmed, and 178 million tonnes of grain produced, 

barley (Hordeum vulgare L.) is one of the world’s most cultivated cereal crops (FAO 

UN, 2018). Whilst much of barley production is used as livestock feed and in 

beverage production, it still provides an invaluable food source for many peoples 

(Newman & Newman, 2006). The ecological range of barley is far larger than most 

other cereal crops (Newton et al., 2011). Together with its ability to grow at high 
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altitudes, and its comparative hardiness against salt and drought stresses, mean it 

has been identified as a candidate for the agricultural exploitation of marginal lands 

(Colmer et al., 2006; Kosová et al. 2014; Moza and Gujral, 2016; Lister et al., 

2018). Barley is also an important model system for cereals and ecological 

adaptation, because of the successful mapping of it genome, and the range of 

genetic and biotechnological tools available for use with it (Mayer et al., 2012; 

Harwood, 2019). Improving upon barley’s already favourable attributes through root 

traits, like rhizosheath size, could provide relief from a collection of agronomic 

problems. Globally, water is a major limiting resource to plant growth (Cook, et al., 

2018) and the rhizosheath provides a root system with ability to tolerate drought 

stress. This along with rhizosheaths being found in plants across the angiosperm 

phylogeny (Duell and Peacock, 1985; Smith et al., 2011; Brown et al., 2017), make 

it a potential avenue for manipulation, through targeted breeding, across a range of 

staple crops (Brown et al., 2017). Research into how rhizosheaths form and their 

functions is an important area in regard to improving global food cropping systems.  

 

1.5 Aims and Objectives  

Whilst the evidence for rhizosheath formation is strong, the knowledge of how the  

mechanisms behind rhizosheath formation operate, is patchy especially in regard to 

the role of exudates. In order to address this knowledge gap, this investigation is 

designed to test the primary question of whether larger rhizosheath genotypes will 

exhibit a greater release of soil binding polysaccharides than the small rhizosheath 

genotypes. I aim to focus on the following key objectives.   

 

(1)  To analyse the polysaccharide profiles secreted by different barley 

genotypes across a range of collection systems.  

(2)  To track and characterise the regions of release of polysaccharide epitopes 

from barley plants  

and how this may relate to their function 

(3) To assess how the polysaccharide profiles may pertain to differences in the 

rhizosheath between barley genotypes   
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Chapter 2 
Materials and methods 

2.1 Plant materials and growth conditions  

Barley (Hordeum vulgare L. cultivars Aluminium, Beatrix, Eunova and Starlight; 

provided by the James Hutton Institute, Dundee UK) representing a panel of elite 

spring barley genotypes planted in the UK from the past 20 years (George et al., 

2014) were selected for use. The lines selected represent two genotypes deemed 

to have a large rhizosheath (Eunova and Starlight) and two a small rhizosheath 

(Aluminium and Beatrix) from a screen at the James Hutton Institute.  The barley 

seeds were germinated in 100 mm x 100 mm Petri-plates (Sarstedt, Australia) on 

1% agar (A792; Sigma-Aldrich USA) media in a standing growth cabinet (MLR-325-

PE; Sanyo, Japan) at 22°C and a 16-h photoperiod with an average light level of 

634 µmol m-1  s-1. All seeds were germinated under these conditions prior to use. 

 

2.2 Hydroponics system 

Barley seedlings were grown on agar plates (outlined in Section 2.1). The seedlings 

were then moved into a hydroponics system at seven days old. Six seedlings were 

removed from the agar, making sure none remained attached to the roots. The 

seedlings were then placed in sponge supports in holes within a polystyrene foam 

board, with the roots descending below the board and the plant stems sticking out 

above (Fig. 2). This was then placed over a nine-litre bucket containing nine litres of 

half-strength Hoagland’s nutrient solution (7.2 g/ 9 L; H2395,  Sigma-Aldrich USA). 

The solution was continuously aerated (11.2 L /min)  with an aquatic pump (All 

Pond Solutions, UK) and the seedlings left to grow for 14 days in glasshouses at 

22°C with a 16-h photoperiod and an average light level of 1382 µmol m-1  s-1. 

During the growth period buckets were topped up with de-ionised water to maintain 

a volume of nine litres of growth media. After two weeks the plants were removed 

from the system and weighed and measured, recording both their total root wet 

biomass, as well as the length of the longest root of each plant. The roots were 

dried in an oven (Genlab incubator, Genlab, UK) at 65 °C until they reached  a 

constant mass to obtain the dry biomass. 
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2.3 Collection of high-molecular weight root exudate from hydroponics  

Once the plants were removed the hydroponics growth media (hydroponate), it  

was then filtered to obtain the high-molecular weight (HMW) fraction, initially 

through filter paper (Whatman Grade 2 V, 240 mm; GE Healthcare, Germany) to 

remove root debris and root hairs. The hydroponate was then put through a 

Centramate ultrafiltration system (FScentr005K10; PALL Life Sciences, USA) with a 

30 KDa cassette at 500 mL/min leaving the HMW fraction of the hydroponate (> 30 

KDa), this reduced the nine litres to around 120 mL and was then split over four 50 

mL centrifuge tubes (Corning, USA). The HMW fraction of root exudate  was then 

frozen overnight at -80°C and lyophilised (Heto LyoPro 6000, USA) for four days. 

The dry material was then rehydrated to around 15 mL and dialysed using a 3.5 

KDa cut-off membrane (Spectra/pro, Spectrumlabs, USA), in order to remove salts 

from the liquid, against five litres of de-ionised water at room temperature for four 

days changing the water twice a day. The HMW exudate was then frozen again  

overnight at -80°C and lyophilised again for four days and the dry HMW material 

weighed and recorded.  

 

2.4 Collection of root exudate from seedlings  

After 10 days growing on agar plates (method outlined in Section 2.1) the barley 

plants were removed from the plate and their root systems placed in 7 mL bottles 

(Sarstedt, Australia) containing 5.5 mL of de-ionised water, and left to exude for 4 h, 

making sure to keep only their roots submerged and not their seed or shoot (Fig. 2). 

The seedlings were then removed, weighed, and their longest root measured. 

 

2.5 Collection of root exudate from plants grown in soil  

Barley seedlings were grown on agar plates (as in Section 2.1) for 10 days. Six 

seedlings were then placed in a 160 mm diameter x 140 mm height pot containing a 

50:50 (volume per volume) mix of sand (horticultural silver sand, RHS, UK) and 2 

mm sieved topsoil (Norfolk topsoil, Baileys of Norfolk, UK) by making a hole in the 

pot about 40 mm deep and placing the root system in and covering with the soil 

mixture. The seedlings were arranged in a circular pattern around the pot with 

space in the middle. The plants were then left to grow in glasshouses at 22°C and a 

16-h photoperiod with an average light level of 1382 µmol m-1  s-1 and watered every 

two days allowing the plant to settle into their new environment. After five days a 

soil-suction lysimeter (HI-83900-30; Hanna instruments, USA) was pushed down 



- 13 - 

into the sand-soil in the centre of the pot to about a depth of 50 mm, until the 

ceramic base of the lysimeter was covered. The plants were left to grow for a 

further five days. The pot was then watered with 200 mL of wa ter and a 30-

kilopascal vacuum pulled on the lysimeter by the syringe, the clip was then attached 

to stop any air flowing back in and the lysimeter was left to draw in water-containing 

exudate for one hour. After this the clip was released and the water was pulled 

through the lysimeter into the syringe where between 10 mL and 15 mL of exudate 

was collected and transferred to a 15 mL centrifuge tube (Corning, USA). 

 

  

Figure. 2 Collection methods of root exudate from barley plants.  

Barley cultivars (Hordeum vulgare L., cvs Aluminium, Beatrix, Eunova and Starlight) 
were germinated on agar plates. (A) Collection of high-molecular-weight (HMW) 
fraction of root exudate by hydroponics, six seedlings seven-day old seedlings were 
placed in sponge supports in holes within a polystyrene foam board which was placed 
over a 9 L bucket half-strength Hoagland’s nutrient solution. The solution as 
continuously aerated by a pump and the seedlings left to grow for 14 days at in 
glasshouses. The media was then filtered to remove low-molecular-weight components 
of the exudate (< 30 KDa), lyophilised, dialysed against de-ionised water, and 
lyophilised again to attain a dry mass of HMW root exudate. (B) Ten-day old barley 
seedlings were removed from agar plates and their root systems placed in 7 mL bottles 
containing 5.5 mL of de-ionised water and left to exude for 4 h. (C) Six seedlings were 
grown in a pot containing a 50/50 mix of sand and sieved topsoil in glasshouses. A soil-
suction lysimeter was pushed down into in the centre of the pot until the ceramic base 
of the lysimeter was covered. The pot was then watered, and a vacuum pulled on the 
lysimeter by the syringe the clip was then locked. After an hour the clip was released 
and the water was pulled through the lysimeter into the syringe. The different collection 
methods offer different comparisons of root exudate (A) a per unit weight comparison 
(B) per unit volume and (C) to explore exudate release in soil as a comparison to that 
in water.  
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2.6 Enzyme-Linked-Immunosorbent-Assay (ELISA) 

Samples of the collected exudate from either, hydroponics, seedlings or the soil 

lysimeter were diluted into phosphate-buffered saline (PBS) (Severn Biotech, UK). 

The samples were then titrated down a 96 well microtitre plate (Thermo Fisher 

Scientific, Denmark) with the last row left as a negative control containing no-

antigen. The plates were then placed in the fridge at 4°C overnight. The plates were 

then rinsed by submerging three times in tap water and then patted dry. The 

addition of 200 µL of 5% weight per volume of milk powder (Marvel, UK) dissolved 

in PBS (milk-PBS) to each well was followed by incubation at room temperature for 

an hour. The plates were then rinsed as, before in tap water 15 times and dried. 

The plates were then incubated with rat primary antibody, a 1 in 10 dilution of 

hybridoma supernatant (Table. 3) in milk-PBS, 100 µL per well, for a further hour. 

Again, the plates were then rinsed as before, 15 times and dried and then 

incubated with 1 in 1000 dilution of the secondary antibody anti-rat HRP 

(Immunoglobulin G coupled with horseradish peroxidase; A9552 Sigma-Aldrich 

USA) in milk-PBS, 100 µL per well, for an hour. After washing again another 15 

times and drying the plates, 100 µL per well of the substrate (9 mL de-ionised 

water, 1 mL 1 M sodium acetate buffer, 100 µL of 3,3’,5,5’-tetramethylbenzidine 10 

mg/mL in dimethyl sulphoixde (T-2885; Sigma-Aldrich, USA) and 10 µL of hydrogen 

peroxide) was added and left to react for 5 min. After the time had elapsed 50 µL of 

2.5 M sulphuric acid was added to each well, halting the reaction. The absorbance 

values for each well were then read using a Multiskan plate reader the SkanIt 

software (both Thermo Scientific, USA) at 450 nm.  
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Antigen Antibody Reference
Heteroxylan LM11 McCartney et al ., 2005

LM27 Cornuault et al ., 2015
Xylogucan LM25 Pedersen et al ., 2012
Heteromannan LM22 Marcus et al ., 2010
Galactan LM5 Jones et al ., 1997
Arabinan LM6-M Cornuault et al ., 2018
Homogalactoronan LM19 Verhertbruggen et al ., 2009

LM20 Verhertbruggen et al ., 2009
Xylogalactoronan LM8 Williats et al ., 1998
Arabinoglactan-protien LM2 Yates et al ., 1996

LM30 Wilkinson et al ., 2017
JIM13 Knox et al ., 1991; Yates et al., 1996

Extensin LM1 Smallwood et al ., 1995
Beta-glucan JIM6 Pedersen et al ., 2012

10H2 Unpublished
7E1:B11 Unpublished

Table. 3  Polysaccharide structures contained within barley root exudate and 
associated anti-glycan monoclonal antibody

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.7 Nitrocellulose seedling printing   

The nitrocellulose printing followed the protocol of Willats et al., (1998) and 

Galloway et al., (2018). Barley seedlings were grown on agar plates (outlined in 

Section 2.1) for seven days. Seedlings were then removed from the agar and 

placed on 9 cm2 of nitrocellulose (Amersham Protran 0.45 μm, GE Healthcare, 

Germany) dampened with de-ionised water in a 100 mm x 100 mm weighing boat, 

for 1 h. The seedling was then removed, and the nitrocellulose left to dry at room 

temperature, covered with aluminium foil, overnight. The nitrocellulose sheet was 

then blocked with 22.5 mL of 5% weight per volume of milk powder (Marvel, UK) 

dissolved in phosphate-buffered saline (Severn Biotech, UK) (milk-PBS) with 

0.0025% volume/volume of sodium azide solution (to remove endogenous 

peroxidases) and incubated on a see-saw rocker (Stuart, UK) with light rocking at 

room temperature for an hour. Rat primary antibody, a 1 in 10 dilution of hybridoma 

supernatant (Table. 3) was then added to each weighing boat and left rocking for 

another hour. After rinsing lightly in tap water, the sheet was then washed with 25 

mL of PBS for 5 min, and this was then repeated a further two times. After washing 

the sheet was incubated with 25 mL of secondary antibody, 1 in 1000 dilution of 

antibody anti-rat HRP (Immunoglobin G coupled with horseradish peroxidase; 

A9552 Sigma-Aldrich, USA) in milk-PBS for another hour. After incubation the 

rinsing and washing stage was repeated again. The following substrate was then 
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added; 25 mL of de-ionised water, 5 mL chloronapthol (5 mg/mL in ethanol)  and  

30 µL of hydrogen peroxide and the print left to develop for 15 min, after which the 

sheets were rinsed with tap water and left to dry overnight between Whatman paper 

(Whatman 3 mm CHR paper, 580 mm x 680 mm, GE Healthcare, Germany). The 

nitrocellulose sheets were then imaged on a scanner (Epson v750 Pro, Epson, 

Japan). 

 

2.8 Immunofluorescence labelling of  plant root surfaces 

The immunofluorescence labelling of excised root segments followed the protocol 

outlined by Willats et al. (2001) and Galloway et al. (2020)  Barley plants were 

grown according to method in section 2.2 and 2.5. The plants were then removed 

from the soil and 10 mm sections of the roots taken. The root segments were then 

left in 4% volume/volume paraformaldehyde in PEM buffer fixative solution 

overnight. They were removed the following day and rinsed twice in phosphate-

buffered saline (PBS; Severn Biotech, UK). The root segments were then placed in 

12 well cell culture plates (Nunc, Thermo Scientific, USA) and blocked with 2 mL 

per well of 5% weight per volume of milk powder (Marvel, UK) dissolved in PBS 

(milk-PBS) and incubated on a see-saw rocker (Stuart, UK) with light rocking at 

room temperature for 30 min. After an hour had elapsed the milk-PBS solution was 

pipetted off and 2 mL of PBS solution was added to each well and rocked for 5 min 

and then pipetted off. This washing step was repeated a further two times. A 

subsequent 1 mL of rat primary antibody; a 1 in 5 dilution of hybridoma supernatant  

(Table. 3) in milk-PBS was added to each well and incubated again with gentle 

rocking for 90 min. The primary antibody was then removed followed by three more 

5 min washes with PBS solution. The secondary antibody was then added, 1 mL 

per well of anti-rat FITC (Immunoglobulin G coupled with fluorescein isothiocyanate; 

F1763; Sigma-Aldrich, USA), a 1 in 100 dilution in milk-PBS. The wells were 

washed a third time with 2 mL of PBS 5 min a time, three times and 1 mL per well 

of a 1 in 10 dilution in PBS of Calcofluor (18909; Sigma-Aldrich, USA) at 0.25 mg/ml 

was added. Again the wells were washed three times with PBS as before and then 

100 µL of 0.1% Toluidine Blue solution (Sigma-Aldrich, USA) was added, making 

sure all the root segments were well covered, to counteract any autofluorescence 

from the root segments which is prevalent in grasses (Xue et al., 2013). It was then 

immediately removed, and root segments were rinsed extensively by repeated 

pipetting and removal of PBS. The root segments were then stored at 4°C in their 

wells in c. 2 mL of PBS with a drop of Citifluor in PBS (AGR1322, Agar Scientific, 
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UK) to stop florescence fading. The root segments were then mounted on 

microscope cavity slides (Agar Scientific, UK) in a drop of Citifluor in PBS before 

viewing under a microscope (Olympus Optical GX; BX61: Olympus, USA). Images 

were taken with a Hamamatsu ORCA publisher camera (Hamamatsu, Japan). 

 

2.9 Soil-adhesion assay of high-molecular weight exudates  

The soil-binding assay followed the protocol outlined by Akhtar et al., (2018). The 

high molecular weight fraction of the exudate collected from hydroponics was 

dissolved in de-ionised water. Nitrocellulose sheets (Amersham Protran 0.45 μm, 

GE Healthcare, Germany) were cut into 80 mm x 60 mm rectangles, marked with 1 

cm2 squares, and placed in 100 mm x 100 mm weighing boats. Exudates were 

spotted onto the sheet in 5 µL drops in the marked 10 mm2  squares starting at  

decreasing in concentration going down the sheet, the final spot for each exudate 

being 5 µL of de-ionised water. The weighing boat was then covered with 

aluminium foil and left to dry for 2-3 h. The sheet was then briefly dipped in de-

ionised water for around two seconds, laid in a new weighing boat and covered with 

sterile sieved < 500 μm topsoil (Norfolk topsoil, Baileys of Norfolk, UK). The 

weighing was again covered with aluminium foil and left to dry overnight. The next 

day the now dry sheet was lifted by the corner and lightly shaken with forceps to 

remove excess soil. The sheet was then dipped into a de-ionised water for 1 sec 

and then again, using fresh water between dips and sheets. The sheet was then left 

to dry overnight. The sheets were imaged using an Epson Perfection V750 Pro 

scanner (Epson, Japan) and Image J and calibration curve equation from Akhtar et 

al., (2018) used to calculate the amount of soil adhered to each spot.  

 

2.10 Rhizosheath measurements   

Barley seedlings were grown on agar plates (outlined in section 2.1) and then the 

barley plants were grown according to the method in section 2.5. At 10 days in soil 

the plants were no longer watered to aid in the formation of a detectable 

rhizosheath. After two weeks the plants were removed by squeezing the pot’s sides 

to loosen the soil and then upending the pot into the hand. The plant root was 

teased away from the soil with the fingers and shaken very lightly to remove any 

remaining bulk soil. The whole plant with the rhizosheath attached was then 

weighed, the rhizosheath was then removed by washing gently under running tap 

water. The plant was then patted dry and reweighed, the mass of then rhizosheath 
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was determined. The length of the longest root was measured and recorded. The 

roots and shoot wet biomass were recorded individually and then the roots dried in 

an oven (Genlab incubator, Genlab, UK) at 65°C until they were a constant mass to 

obtain the dry biomass. 

 

2.11 Statistical analysis  

All statistical analysis took place within R studio (R Core Team, 2018).  A one-way 

ANOVA was employed to look for the effect of cultivar on differences in root growth 

and between rhizosheath measurements between at least two groups. To 

discriminate the differences between individual cultivars Tukey’s honestly significant 

difference test (HSD) was used. 
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Chapter 3 
Results 

 
3.1 A variety of polysaccharides are released from barley roots grown 
hydroponically 

For the initial assessment of the polysaccharide epitopes released from the roots of 

barley cultivars a hydroponics system was used to grow the plants and collect their 

root exudate. This system provides easy and efficient method of root exudate 

collection and aims to simplify the complex interactions of exudate in soil (Oburger 

& Jones, 2018). Combined with an Enzyme-linked immunosorbent assay (ELISA), 

which requires a smaller quantity of material and can detect substructures with far 

greater accuracy in complex mixtures than for other forms of chemical analysis (Lee 

et al., 2011; Galloway et al., 2020), makes it a good method for surveying the 

polysaccharides present. This investigation focused on identifying the possible 

polysaccharide epitopes present in each of the barley cultivars root exudate and 

comparing their relative abundance for the weight of dry exudate used. The 

investigation then pivoted to evaluate how the root exudate from the barley cultivars 

differed in their ability to bind soil using a nitrocellulose based assay (Akhtar et al., 

2018). 

 

3.1.2 The high-molecular weight root exudate of barley contains xylan, AGP 
and beta-glucan epitopes 

The high molecular weight (HMW) fraction (containing molecules greater than 30 

KDa) of the barley root exudate was processed according to section 2.3. This 

resulted in dry exudate that could be dissolved and probed with an extensive set of 

Monoclonal antibodies (MAbs) by ELISA. A panel of 12 antibodies was used to 

probe the exudate. This group of antibodies covered a broad range of pectic 

polysaccharide, non-pectic non-cellulosic polysaccharide, arabinogalactan-protein, 

and glucan epitopes.  Probing of the barley cultivars root exudate on a per weight 

basis then took place (displayed in Fig.3). In the HMW exudate isolated from 

hydroponics the largest signals across all the cultivars came from the xyloglucan 

(LM25) epitope. There were also strong signals also for arabinan (LM6-M), as well 

as AGP and heteroxylan epitopes, a similar range to those found to be strongest in 

wheat root exudate (Galloway et al., 2020). 
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Scale

Mean SD Mean SD Mean SD Mean SD
2

Heteroxylan LM11 0.315 0.179 0.446 0.325 0.271 0.167 0.801 0.036
1.5

LM27 0.487 0.188 0.485 0.447 0.160 0.142 0.031 0.018
1

Xylogucan LM25 1.348 0.783 2.034 0.111 1.927 0.163 1.428 0.035
0.5

Heteromannan LM22 0.434 0.606 0.014 0.045 0.015 0.011 0.017 0.009
0.1

Arabinan LM6M 0.322 0.486 0.627 0.531 0.525 0.909 0.540 0.763

Xylogalactoronan LM8 0.007 0.003 0.039 0.023 0.000 0.000 0.107 0.137

AGP LM2 0.126 0.107 0.180 0.156 0.344 0.298 0.314 0.320

LM30 0.176 0.299 0.904 0.793 0.377 0.358 0.768 1.074

Extensin LM1 0.290 0.303 0.783 0.683 0.329 0.500 0.247 0.335

Beta-glucan JIM6 0.000 0.015 0.000 0.002 0.001 0.002 0.008 0.001

10H2 0.148 0.157 0.043 0.040 0.013 0.016 0.043 0.024

7E1/B11 0.589 0.518 0.153 0.039 0.170 0.082 0.190 0.024

Aluminum Beatrix Eunova Starlight

Antigen Antibody

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 3 Heatmap comparison of the polysaccharide epitopes detected per unit 

weight of the isolated high-molecular weight (HMW) root exudate of barley 

cultivars.  
Barley cultivars (Hordeum vulgare L., cvs. Aluminium, Beatrix, Eunova and 

Starlight) were grown hydroponically in 9 L buckets, and the HMW fractions of root 

exudate isolated. For each cultivar three (two for Starlight) exudate samples were 

collected and analysed by indirect ELISA. Values shown are from wells coated 

with 10 μg mL
-1

 of HMW exudate. Values are the absorbance at 450 nm. Five to 

six plants were grown in each bucket and this formed one biological replicate, 

values are the means of 3 biological replicates (Starlight n= 2). Heatmap scale 

gradient shown on the right. SD; standard deviation, AGP; Arabinogalactan-

protein. 
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3.1.3 Root growth varied between barley cultivars grown under hydroponics 

After two weeks of growth in the hydroponics system (section 2.2) the root systems 

of each cultivar root system were well developed and characterised by many 

seminal roots and a dense mass of lateral roots. To assess any differences in the 

root growth of the barley cultivars under the hydroponics system, the lengths of the 

longest roots (a proxy for overall root length) of every plant in a nine-litre bucket and 

the total fresh root biomass per bucket were recorded (Fig.4). Each bucket formed 

a biological replicate and three biological replicates for each cultivar were produced 

(two for the cultivar Starlight). In order to compare differences in the effect of 

cultivar on average length of the longest root a one-way ANOVA was used and 

found to be significant between at least two cultivars (F = 5.79, P = < 0.01). With 

regard to differences between the individual cultivars Tukey’s honestly significant 

difference test (HSD) was employed. The mean length of the longest root of 

Starlight was 71% longer than that of Eunova (P adj. = 0.001, 95% CI = -30.21, -

6.15). The differences between all other cultivars were not significant (P = > 0.05). 

Differences in the average total fresh root biomass per bucket were tested for 

significance and revealed cultivar did have an effect on total fresh root biomass 

(One-way ANOVA; F = 5.73, P = < 0.05). The only significant difference between 

cultivars was the mean total fresh root biomass of Starlight which was 301% greater 

than that of Eunova (Tukey’s HSD, P adj.  = < 0.05, 95% CI = -20.59, -1.57). Again, 

the differences between the other cultivars were not significant (P = > 0.05). 

Overall, this revealed that only the root growth of between, the two large 

rhizosheath cultivars, Starlight and Eunova was statistically different 
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Figure. 4  Mean longest root lengths and fresh weight of seedlings of barley cultivars 

Barley cultivars (Hordeum vulgare L., cvs. Aluminium, Beatrix, Eunova and Starlight) 

were grown hydroponically in 9 L buckets. (A) The roots of each plant where then 

extended the longest root identified and then measured. (B) The total root biomass of 

all the plants in a bucket was recorded. Five to six plants were grown in each bucket 

forming one biological replicate. Data points represent the means of three biological 

replicates (Starlight n= 2). Significance codes; *= P < 0.05; **= P < 0.01 after means 

were compared using a one-way-ANOVA and Tukey’s Honestly significant different 

posthoc testing was applied. Error bars show standard deviation.  
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3.1.4 There was no significant difference in the amount of high-molecular 
weight root exudate produced by barley cultivars 

To try and assess whether a cultivar produced more exudate than another, a gram 

for gram comparison was conducted (Fig. 5) The mass of collected dry HMW root 

exudate for each 9 L bucket (one biological replicate) was determined per gram of 

fresh root biomass from the same bucket. An average value of the biological 

replicates for each cultivar was then calculated (Beatrix and Eunova n = 3, 

Aluminium and Starlight n = 2). The effect of cultivar on differences in the average 

dry mass of HMW root exudate per gram of fresh root biomass were tested and 

determined not to be significant (One-way ANOVA; F = 1.22 , P = > 0.05).  

 

 3.1.5 The high-molecular weight root exudate of barley cultivars had different  
soil-binding capacities 

Whilst the use of MAbs and ELISA sought to identify the polysaccharide contents of 

root exudate the use of the nitrocellulose-based assay was used to test the 

exudate’s adhesive capacities, in terms of ability to bind soil (Fig.6). The calibration 

curve equation, from Akhtar et al., (2018), (0.0138*mean-grey-value – 0.0248) was 

used to convert mean grey values calculated from image J to milligrams of soil 

bound for each dot of root exudate. The dry HMW root exudate for each replicate of 

each cultivar was diluted down the nitrocellulose sheet to look at the effect of 

concentration on the soil-binding capacity. For all the cultivars 50 μg of root 

exudate bound the most soil. The mean amount of soil bound was significantly 

affected by cultivar from which the root exudate came between at least two groups 

(One-way ANOVA; F = 6.67, P = < 0.05). Tukey’s HSD post hoc testing showed 

that between the cultivars Eunova and Starlight (both predefined as large 

rhizosheath genotypes, see Section 2.1) the difference in mean soil bound was 

significant (P adj. = 0.01, 95% CI = 0.29, 2.15). The differences between the other 

cultivars were not significant (P = > 0.05).   
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Figure. 5 Dry weight of high-molecular weight (HMW) root exudate per gram of 

fresh root biomass of Barley cultivars.  
Barley cultivars (Hordeum vulgare L., cvs. Aluminium, Beatrix, Eunova and 

Starlight) were grown hydroponically in 9 L buckets, and the HMW fractions of root 

exudate isolated. The exudate (> 30 KDa) was lyophilised, dialysed against de-

ionised water, and lyophilised again; this provided the dry weight of HMW root 

exudate. The total root biomass of all the plants in a bucket was recorded and 

gram of dry weight of HMW root exudate per gram of fresh root biomass was 

calculated. There was no significant difference between the gram of root exudate 

per gram of fresh root biomass (One-way ANOVA; F = 1.22 , P = > 0.05). 

  

  



- 25 - 

 

    
1 

2 

3 

50 10 2 0.4 0
HMW root exudate applied (μg)

A

1 

2 

3 

1 

2 

3 

1 

2 

Al
um

in
um

  
Be

at
rix

 
Eu

no
va

 
St

ar
lig

ht
 

B

**

Figure. 6 Analysis of the soil-binding capacities of the high-molecular weight (HMW) 

root exudates of barley.  
Barley cultivars (Hordeum vulgare L., cvs. Aluminium, Beatrix, Eunova and Starlight) 

were grown hydroponically in 9 L buckets, and their HMW fractions of root exudate 

isolated. For each cultivar three (two for Starlight) exudate samples were collected. 

(A) Representative image of nitrocellulose-based assay with 5 μL spots of exudate 

applied at 50 μg, 10 μg, 2 μg, and 0.4 μg. (B) Quantification of the mean amount of 

soil bound by the HMW exudate of each cultivar applied at 50 μg. Calculation used the 

calibration curve equation (Akhtar et al., 2018). Five to six plants were grown in each 

bucket and this formed one biological replicate. Data points are the means of three 

biological (Starlight n= 2) and three technical replicates. Error bars show standard 

error. ** = P < 0.01 when means were compared using a one-way-ANOVA and 

Tukey’s Honestly significant different posthoc testing was applied.  
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3.2 A different set of polysaccharides are released from barley seedlings 
compared to plants grown hydroponically  

To investigate the polysaccharide contents of exudates released by the barley 

genotypes at a younger stage of development than the plants growing in 

hydroponics, ten-day old seedlings root exudate were screened with MAbs by 

ELISA. It also allowed for a quantitative assessment of the polysaccharide epitopes 

present in plants at a similar age and developmental stage as those used in the 

nitrocellulose seedling printing (section 3.3). Seedling exudate collection provided a 

higher throughput method than hydroponics with plants only growing for 10 days as 

opposed to two weeks. This meant more plants could be screened in a shorter 

space of time. This investigation also allowed for some determination of the effect 

of the hydroponics and processing method on the root exudate and whether this 

caused changes in the epitope profiles detected. 

 

3.2.1 The root exudate of barley seedlings contains xylan, xylogalacturonan, 
AGP and beta-glucan epitopes 

Barley (cvs., Aluminium, Beatrix, Eunova and Starlight) seedling roots were left to 

exude in deionised water for four hours. The collected liquid was then analysed by 

ELISA with the same panel of 12 antibodies as in section 3.1.2 resulting in the 

heatmap in Figure 7. Whilst the epitopes that were present in the seedling exudate 

were mostly the same as the HMW exudate from hydroponics, the patterns of 

strength of the signals were different. Unlike the exudate from hydroponics the 

strongest epitope in the seedling exudate was that of  LM6-M arabinan, and AGP 

signals (LM2, LM30) were also comparatively higher. Signals for the LM1 extensin 

epitope were reduced, and those of beta glucan 7E1:B11 epitope were 

considerably stronger compared to that collected from hydroponics. A notable 

difference was the signal strength of the LM8 xylogalacturonan epitope which was 

high in the seedling exudate for all cultivars but was not present in the processed 

HMW exudate from hydroponics. Likewise, it was not found in the wheat root 

exudate from hydroponics (Galloway et al., 2020). 

 

 

 

 

 



- 27 - 

3.2.2 Root length but not seedling weight varied between of barley cultivars 

The barley seedlings were germinated on agar plates for 10 days and were typified 

by an extended coleoptile, a long radicle and several seminal roots. Analysis of the 

seedling growth was measured by whole fresh seedling biomass and length of the 

longest root of each seedling. The results are presented in Figure 8. The decision to 

measure whole seedling mass in contrast to removing and weighing the roots was 

made so the seedling could be reused in nitrocellulose printing experiments. No 

Starlight seedlings were measured for these traits due to insufficient seed stock. 

Differences in the effect of cultivar on mean seedling weight were tested for 

statistical significance and it was found that none existed (One-way ANOVA; F = 

1.26, P = > 0.05). However, cultivar did influence length of the longest root length 

for a least two groups (One-way ANOVA; F = 15.23, P = < 0.001). Tukey’s HSD test 

found that the average longest root length was significantly longer in Beatrix than 

Aluminium (P adj. = <0.001, 95% C.I. = 2.01, 5.22) and in Beatrix compared to 

Eunova (P adj. = 0.01, 95% C.I. = -2.17, -3.67).  
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Scale

Mean SD Mean SD Mean SD Mean SD
2

Heteroxylan
LM11 0.273 0.254 0.309 0.289 0.366 0.300 0.004 0.008

1.5

LM27 0.381 0.347 0.420 0.257 0.410 0.263 0.042 0.039
1

Xylogucan LM25 1.190 0.246 1.177 0.307 1.359 0.326 1.148 0.223
0.5

Heteromannan LM22 0.290 0.321 0.114 0.192 0.069 0.102 0.000 0.001
0.1

Arabinan LM6M 1.625 0.248 1.659 0.308 1.601 0.366 1.324 0.243

Xylogalactoronan LM8 0.953 0.369 0.523 0.364 0.821 0.454 0.432 0.272

AGP LM2 0.541 0.371 0.849 0.449 0.755 0.494 0.384 0.601

LM30 0.882 0.398 1.008 0.383 0.796 0.625 0.251 0.140

Extensin LM1 0.103 0.066 0.101 0.062 0.088 0.064 0.051 0.071

Beta-glucan JIM6 0.068 0.049 0.134 0.111 0.285 0.507 0.005 0.010

10H2 0.153 0.159 0.064 0.141 0.059 0.119 0.007 0.015

7E1/B11 1.288 0.320 0.843 0.328 0.767 0.539 0.432 0.583

Starlight

Antigen Antibody

Aluminum Beatrix Eunova 

Figure. 7 Heatmap comparison of the polysaccharide epitopes detected per unit 
volume of the collected seedling root exudate of barley cultivars. 
Barley (Hordeum vulgare L., cvs. Aluminium, Beatrix, Eunova and Starlight) 
seedlings were germinated for 10 days and their root systems left to exude in 5.5 ml 
of de-ionised water for 4 hours. For each cultivar exudate samples were collected 
from multiple seedlings and then individually analysed by indirect ELISA. Values 
shown are from wells coated with a 1 in 5 dilution of the collected exudate. Values 
are absorbance at 450 nm representing the means of multiple biological replicates 
(Aluminium n= 15, Beatrix n= 26, Eunova n= 20, Starlight n = 6). Heatmap scale 
gradient shown on the right. SD; standard deviation, AGP; Arabinogalactan protein  
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Figure. 8 Mean longest root lengths and fresh weight of seedlings of 

barley cultivars 
Barley cultivars (Hordeum vulgare L., cvs. Aluminium, Beatrix, and 

Eunova) were grown on agar plates for 10-days, then left to exude in 5.5 

mL of de-ionised water for four hours. (A) The roots of each seedling 

where then extended the longest root identified and then measured. 

Significance codes; *= P < 0.05; ***= P< 0.001 after means were 

compared using a one-way-ANOVA and Tukey’s Honestly significant 

different post hoc testing was applied. (B) The total root and shoot 

biomass (fresh weight of each seedling) was measured and recorded. 

There was no significant difference between the fresh weight of each 

seedling. Data points represent the means of multiple biological replicates 

(Aluminium n= 18, Beatrix n= 23, Eunova n= 23). Error bars show 

standard deviation.  

* 0

2

4

6

8

10

12

14

M
ea

n 
le

ng
th

 o
f l

on
ge

st
 ro

ot
 (c

m
)

0

50

100

150

200

250

300

350

M
ea

n 
se

ed
lin

g 
w

ei
gh

t (
m

g)

Aluminium Beatrix Eunova 
 

Aluminium Beatrix Eunova 
 

0

2

4

6

8

10

12

14

M
ea

n 
le

ng
th

 o
f l

on
ge

st
 ro

ot
 (c

m
)

0

50

100

150

200

250

300

350

M
ea

n 
se

ed
lin

g 
w

ei
gh

t (
m

g)

Aluminium Beatrix Eunova 
 

Aluminium Beatrix Eunova 
 

A B***



- 30 - 

3.3 Barley seedlings release polysaccharide epitopes from along their root 
axis in a similar manner between cultivars  

In view of the accumulated literature on root tip mucilage but the limited 

understanding of polysaccharides released from other areas of the root, a 

nitrocellulose-based seedling printing technique was initiated to determine which 

region of the root the majority of polysaccharides were released from in the barley 

seedlings. The subsequent sets of prints (Figs. 9-12) show that although the 

release of different epitopes is contrasting, they are all released from along the 

length of the root axis. The LM8 xylogalacturonan epitope shows the weakest 

release, and has previously has been associated with shed root cap cells and 

mucilage at root tips (Willats et al., 2004; Durand et al., 2009; Cannesan et al., 

2012). Here the epitope is seen to be released from along the root’s length. The 

release of the 7E1:B11 and AGP (LM30 and LM2) epitopes were smudgy and 

smeared across the sheet. Whereas the xylan LM27 epitope is comparatively 

cleaner and better defined. Prints developed with the LM5 galactan antibody acted 

as a negative control, as it had not previously been detected in the wider screen of 

seedling exudate (section 3.2.3). The lack of discernible print with LM5 staining, 

which is potentially indicative of galactose residues on the rhamnogalacturonan-I 

(Willats et al., 1998; Cornuault et al., 2018) increases the likelihood the LM6-M 

epitope is associated with arabinose residues on AGPs and not from pectic 

polysaccharides. Differences in the release of polysaccharides between cultivars is 

less clear, the release LM27 and 7E1:B11 epitopes are broadly similar between 

Aluminium, Eunova, and Beatrix seedlings but comparatively weaker from Starlight 

seedlings. On Beatrix seedling prints the release of the LM30 epitope smears away 

from the root, which is not seen with this epitope for the other cultivars. Between 

cultivars Beatrix also gives the faintest prints for the LM8 epitope, it appears its 

release is weaker from this cultivar. The printing process is sensitive to moisture 

present on the nitrocellulose sheet, after this was discovered care was taken to 

apply the same amount of de-ionised water to each sheet and make sure no 

surface water remained. Large gaps in the prints indicate where the seedling has 

lifted up off the nitrocellulose and does not  indicate lack of exudation.   
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Figure. 9 Barley seedling root nitrocellulose prints tracking the release of 

polysaccharide epitopes.  
Paired images of prints of 10-day old barley (Hordeum vulgare L. cv. Aluminium) 

seedlings placed on nitrocellulose sheets for one hour and photographs of the 

seedling on the nitrocellulose in situ. Seedlings were then removed and the sheets 

left to dry overnight. Sheets were then probed with monoclonal antibodies. LM27, 

heteroxylan; LM25, xyloglucan; LM8, xylogalacturonan; LM6-M, arabinan; LM2 and 

LM30, arabinogalactan protein (AGP); 7E1:B11, beta-glucan; LM5, galactan 

(negative control). Each image representative of at least two prints. Scale bars 10 

mm.  
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Figure. 10 Barley seedling root nitrocellulose prints tracking the release of 

polysaccharide epitopes.  
Paired images of prints of 10-day old barley (Hordeum vulgare L. cv. Beatrix) seedlings 

placed on nitrocellulose sheets for one hour and photographs of the seedling on the 

nitrocellulose in situ. Seedlings were then removed and the sheets left to dry overnight. 

Sheets were then probed with monoclonal antibodies. LM27, heteroxylan; LM25, 

xyloglucan; LM8, xylogalacturonan; LM6-M, arabinan; LM2 and LM30, arabinogalactan 

protein (AGP); 7E1:B11, beta-glucan; LM5, galactan (negative control). Each image 

representative of at least two prints. Scale bars 10 mm.  
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Figure. 11 Barley seedling root nitrocellulose prints tracking the release of 

polysaccharide epitopes.  
Paired images of prints of 10-day old barley (Hordeum vulgare L. cv. Eunova) seedlings 

placed on nitrocellulose sheets for one hour and photographs of the seedling on the 

nitrocellulose in situ. Seedlings were then removed and the sheets left to dry overnight. 

Sheets were then probed monoclonal antibodies. LM27, heteroxylan; LM25, xyloglucan; 

LM8, xylogalacturonan; LM6-M, arabinan; LM2 and LM30, arabinogalactan protein 

(AGP); 7E1:B11, beta-glucan; LM5, galactan (negative control). Each image 

representative of at least two prints. Scale bars 10 mm.  
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Figure. 12 Barley seedling root nitrocellulose prints tracking the release of 

polysaccharide epitopes.  
Paired images of prints of 10-day old barley (Hordeum vulgare L. cv. Starlight) 

seedlings placed on nitrocellulose sheets for one hour and photographs of the seedling 

on the nitrocellulose in situ. Seedlings were then removed and the sheets left to dry 

overnight. Sheets were then probed with monoclonal antibodies. LM27, heteroxylan; 

LM25, xyloglucan; LM8, xylogalacturonan; LM6-M, arabinan; 7E1:B11, beta-glucan; 

LM5, galactan (negative control). Each image representative of at least two prints. 

Scale bars 10 mm.  
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3.4. The root exudate of barley plants in soil shares similarities with plants 
grown under different systems   

Thus far investigations focused on root exudate collection methods from plants 

suspended in liquid, these however are not representative of growth in the soil 

matrix. To examine the contrasting polysaccharides profiles between soil and liquid 

medium grown plants, a suction lysimeter was used to try and extract root exudate 

directly from soil. The technique was analogous to soil washing, barley plants grew 

in sand-soil mixture and after a period of watering, the water from around the root 

containing any soluble exudate was collected to be analysed. The collected 

exudate was analysed by ELISA and probed with sixteen MAbs (Fig.13). Epitope 

signals were much weaker than those of either the processed HMW exudate or the 

seedling incubations. However, the strongest signals came from the LM6-M epitope 

which also gave the highest signals in the seedling exudate (Fig.7)  This suggests 

that rather than containing fewer epitopes instead the lysimeter collected exudate 

solution is far more dilute than that of the other collection methods. A non-plant 

negative control to test for any cell wall related polysaccharide epitopes present in 

the soil or from associated microbes showed only the 10H2 beta-glucan epitope.   
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Scale

Mean SD Mean SD Mean SD Mean SD
2

Heteroxylan LM11 0.032 0.056 0.004 0.005 0.016 0.021 0.009 0.010
1.5

LM27 0.046 0.080 0.000 0.000 0.000 0.000 0.000 0.010
1

Xylogucan LM25 0.052 0.069 0.011 0.018 0.072 0.133 0.002 0.005
0.5

Heteromannan LM22 0.040 0.053 0.001 0.001 0.015 0.013 0.046 0.008
0.1

Galactan LM5 0.032 0.055 0.001 0.002 0.000 0.000 0.000 0.003

Arabinan LM6M 0.103 0.160 0.114 0.159 0.340 0.315 0.000 0.005

Homogalactoronan LM19 0.055 0.078 0.006 0.005 0.012 0.022 0.000 0.011

LM20 0.024 0.031 0.008 0.005 0.017 0.026 0.006 0.005

Xylogalactoronan LM8 0.036 0.045 0.011 0.019 0.032 0.012 0.014 0.001

AGP LM2 0.025 0.043 0.001 0.001 0.005 0.009 0.000 0.010

LM30 0.032 0.044 0.004 0.003 0.006 0.012 0.008 0.004

JIM13 0.163 0.183 0.010 0.008 0.009 0.008 0.000 0.008

Extensin LM1 0.029 0.043 0.001 0.001 0.010 0.009 0.010 0.006

Beta-glucan JIM6 0.058 0.050 0.009 0.008 0.010 0.007 0.010 0.005

10H2 0.218 0.166 0.017 0.022 0.015 0.011 0.553 0.056

7E1:B11 0.116 0.023 0.024 0.014 0.036 0.027 0.063 0.010

No plant control

Antigen Antibody

Aluminum Beatrix Eunova 

Figure. 13 Heatmap of the polysaccharide epitopes detected in the suction-

lysimeter collected root exudate of barley plants grown in soil.  
Barley (Hordeum vulgare L., cvs Aluminium, Beatrix, and Eunova) seedlings were 

grown in pots in a sand/sieved soil mixture for two weeks. A soil suction lysimeter 

was added to collect soluble exudates. For each cultivar exudate samples were 

collected from multiple plant pots and then individually analysed by indirect ELISA. 

Values shown are from wells coated with a 1 in 5 dilution of the collected exudate. 

Values are absorbance at 450 nm representing the means of multiple biological 

replicates (Aluminium n= 3, Beatrix n= 4, Eunova n= 4). Heatmap scale gradient 

shown on the right. SD; standard deviation, AGP; Arabinogalactan-protein  
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3.5 Barley cultivars varied in rhizosheath size but not root hair length  

To compare the rhizosheath size of the barley genotypes they were grown in a 

50:50 sand-soil mixture for two weeks and screened for rhizosheath weight using 

the method in Section 2.10. In order to resolve differences in the effect of cultivar on 

rhizosheath weight, root dry biomass and rhizosheath per root weight a one-way 

ANOVA was used and found no significance (P > 0.05) in any factor between the 

groups.  

This was complemented by data provided by the James Hutton Institute who 

performed a rhizosheath screen of ten-day old plants grown individually. The 

lengths of root hairs were also provided; for each genotype ten plants had ten root 

hairs measured. A one-way ANOVA was performed to compare the effect of cultivar 

on rhizosheath weight and revealed that a statistically significant difference existed 

in rhizosheath weight between at least two groups (F = 8.74 , P = < 0.001). Tukey’s 

HSD Test found that the mean rhizosheath weight was significantly different 

between Aluminium and Starlight (P adj. = < 0.01, 95% CI = 0.77, 2.89), Beatrix 

and Starlight (P adj. = < 0.001, 95% CI =0.76, 2.89 ) and Eunova and Starlight (P 

adj. = < 0.05, 95% CI = -0.02, 4.24). Similarly, the statistically significant difference 

existed in dry root biomass between at least two cultivars (One-way ANOVA; F = 

7.46, P  = < 0.01), and Tukey’s HSD of multiple comparisons revealed these groups 

to be Beatrix and Starlight (P adj. = < 0.01, 95% CI = -0.04, -0.01), Beatrix and 

Eunova (P adj. = < 0.05, 95% CI = -0.69, -0.004). A gram for gram comparison of 

rhizosheath weight per dry root biomass provides a comparison considering for 

differences in the root growth between cultivars. Although its effectiveness here 

was hindered by only one replicate for the barley cultivar Eunova being provided. 

However, rhizosheath per root weight  was significantly affected by barley cultivar 

(One-way ANOVA; F = 23.04, P = < 0.001). Multiple comparison testing with 

Tukey’s HSD showed that mean rhizosheath per root weight was significantly 

different between Starlight and Aluminium (P adj. = < 0.001, 95% CI = 76.77, 

214.41), Starlight and Beatrix (P adj. = < 0.001, 95% CI = 93.63, 212.84). Whilst 

Eunova’s rhizosheath per root weight was significantly larger than both Aluminium 

and  Beatrix (P adj. = < 0.05) the lack of replicates undermines reliability of these 

assertions. There was no significant difference in mean root hair length between the 

cultivars (One-way ANOVA; F = 0.263, P = > 0.05).  
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Table. 4 Comparison of data from rhizosheath screens, rhizosheath per 
root weight and mean root hair length of barley cultivars.  
(A) Barley cultivars (Hordeum vulgare L., cvs Aluminium, Beatrix, Eunova 
and Starlight) were grown five to six seedlings per pot in a sand/sieved soil 
mixture for two weeks, they were then excavated and the rhizosheath 
weight measured. Data points are the means of multiple replicates 
(Aluminium n = 10 Beatrix n = 12 Eunova n = 11) There was no significant 
difference between cultivars for rhizosheath weight, root dry biomass and 
rhizosheath per root weight. (B) Data provided by the James Hutton 
Institute, barley cultivars germinated on agar plates and then left to grow in 
soil for a further seven days. Data points are the means of five replicates 
(Eunova n= 1). Root hairs values average of 100 root hairs from ten 
different plants. No data was provided for Aluminium. There was no 
significant difference between the effect of cultivar on mean root hair length. 
Multiple one-way-ANOVAs were used compared the effect of cultivar on 
rhizosheath weight, dry root biomass, and rhizosheath per root weight. For 
the data collected at the University of Leeds there was no significant 
difference in the effect of cultivar on either rhizosheath weight (F= 1.03, P > 
0.05), dry root biomass (F= 0.56, P > 0.05), or rhizosheath per root weight 
(F= 2.35, P > 0.05). For data provided by James Hutton Institute there was 
significant difference between at least two groups effect of cultivar on either 
rhizosheath weight (F= 8.74, P > 0.05), dry root biomass (F= 7.46, P > 
0.05), or rhizosheath per root weight (F= 2.32, P > 0.05). After means were 
compared using Tukey’s Honestly significant different test 

a 
= P adj < 0.05 

compared to Starlight; 
b
 = P adj.< 0.01 compared to Starlight ; 

c
 = P adj < 

0.001 compared to Starlight; 
d
 = P <  0.5 compared to Eunova ; 

e
 = P adj < 

0.01 compared to Eunova.  

Line Rhizosheath weight (g) SD Dry root biomass (g) SD
Rhizosheath per root

 (g g
−1

 root dry weight)
SD

Aluminium 2.57 1.48 0.03 0.02 89.45 32.54

Beatrix 2.00 1.90 0.03 0.01 56.57 45.72

Eunova 3.03 1.69 0.04 0.01 90.32 47.16

Root hair length (mm) SD

Aluminium 2.51 
b

0.62 0.04 0.01 56.996 
c,e

13.49 - -

Beatrix 2.251
 c

0.78 0.0455 
b,d

0.01 49.35 
c,e

16.65 1.41 0.39

Eunova 1.97 
a

- 0.01 - 218.89 - 1.55 0.53

Starlight 4.08 0.47 0.02 0.01 202.59 73.63 1.46 0.43

Table.4 Comparison of data from rhizosheath screens, rhizosheath per root weight and mean root hair length of barley cultivars 

(A) Data collected at University of Leeds

(B) Data provided by the James Hutton Institute 
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3.6 Root surfaces of barley cultivars show an abundance of beta-glucan and 
AGP epitopes  

Whilst analysis by ELISA gives us a detailed profile of the polysaccharide epitopes 

present in the exudate, all spatial localization is lost – it is not known from where the 

on root the epitopes originate. Nitrocellulose tissue printing helped to identify the 

spatial release of mobile exudates. But there is a possibility that some exudates did 

not move away into the surrounding environment but were retained at the root 

surface. The labelling of whole root segments provides an in situ visualisation of 

these polysaccharides epitopes (Fig.14). Four MAbs were chosen, LM6-M, because 

of its high levels in the barley exudate which are unseen in other cereals (Galloway 

et al., 2020). LM8, to provide further analysis of this epitopes spatial release. LM2, 

which has known associations with root hairs (Marzec et al., 2015). The novel 

antibody 7E1:B11, in order to observe its potential presence at barley root surfaces 

for the first time. Labelling with LM8 antibody was negative, equivalent to no 

antibody being present, it was therefore used as a control. The non-binding of this 

primary antibody (LM8) presents a good alternative to a no antibody control as even 

with a primary antibody is present but there is no antigen binding. 

The LM8 epitope was not detected at any level in most of the cultivars in ELISA 

analysis of the HMW exudate (Fig.3), it was however detected abundantly in the 

analysis of seedling exudate (Fig.7) and on nitrocellulose seedling prints it was 

released from along the root axes (Figs.9-12). Previously the epitope has been 

seen associated with root tips. To observe if the LM8 epitope was at root apices on 

hydroponically grown plants, but somehow being lost in processing and ELISA 

analysis, surfaces ~1 cm segments of the root apices were probed with the LM8 

antibody, apart from on one replicate where it was detected at low levels (Fig.15ii)  

the LM8 epitope was not found at the root tips of either of the analysed cultivars. 
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Figure. 14 Comparative micrographs of whole mount immunofluorescence labelling of 

barley root surfaces. 
Barley (Hordeum vulgare L., cvs. Aluminium, Beatrix, and Eunova) seedlings were 

grown in pots in a sand/sieved soil mixture for two weeks. Root segments (~ 1 cm) 

were then probed with monoclonal antibodies: LM6-M arabinan, LM8 xylogalacturonan, 

LM2 AGP, 7E1:B11 ß-glucan. Images paired with a representative bright field (BF) 

micrograph. Labelling indicated both β-glucan and AGP epitopes abundant at root hair 

surfaces and non-binding of a xylogalacturonan epitope. Each image is representative 

of micrographs of three different root segments. Root segments of ~ 1 cm in length 

were taken 3 cm up from the root apex. Contrast on some images has been enhanced 

to improve clarity. Scale bar = 500 µm  
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(Knox et al., 1991; Yates et al., 1996; Smallwood et al., 
1996; Jones et al., 1997; Willats et al., 1998; McCartney 
et al., 2005; Verhertbruggen et al., 2009; Marcus et al., 
2010; Pedersen et al., 2012; Cornuault et al., 2015, 
2018; Wilkinson et al., 2017) 

 

Figure. 15 Comparative micrographs of whole mount immunofluorescence 

labelling of barley root apices. 

Barley (Hordeum vulgare L., cvs. Aluminium and Eunova) plants were were 

grown hydroponically for two weeks. Root segments ~ 1cm up from the root 

apex were then probed with the monoclonal antibody LM8 (xylogalacturonan). 

Images indicate non-binding of the LM8 epitope which has previously been 

associated with the root apices (Willats et al., 2004). Each image is 

representative of micrographs of two different root apices. (ii) A lone instance 

of low level detection of the LM8 epitope of the tip of a Eunova root. Arrows 

indicate root apices. Scale bar = 500 µm   
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Chapter 4 
Discussion 

The purpose of this investigation was to identify the polysaccharide factors released 

from roots and explore whether they could explain differences in rhizosheath size 

across a range of barley cultivars. The key results are summarised in Fig.16. The 

work described here has determined the polysaccharide epitope profiles of the root 

exudate of barley genotypes and characterised the spatial release of these glycan 

epitopes from along the root axis.  It also established that certain AGP associated 

epitopes and a new beta-glucan epitope are presented on the root hairs of soil 

grown barley plants. This study also discovered that there is a possible carbon 

allocation trade-off between root growth and release of soil binding HMW exudate 

between barley genotypes. These could represent different strategies to form a 

robust root system between the cultivars. As well as that soil binding capacity of the 

high molecular weight (HMW) components of exudate is linked to the rhizosheath 

weight of barley roots.  

 

One of the most striking results was the large variation in epitope signals between 

the root exudates of seedlings within the same cultivar, emphasised by the high 

standard deviations of absorbance values (Fig.7). A possible factor in this that the 

exudate is collected from seedlings at an early stage of growth. For those epitopes 

known to be associated with root hairs, for example LM2 (Fig.14) it could be 

variation in the root hair growth, as a consequence of the difference in the 

developmental stage of the seedlings resulting in less surface area for an epitope to 

be presented from. However, whilst this may explain the variation for those 

epitopes, it also persists for epitopes not linked with root hairs e.g. LM8 (Fig.14). 

This intra-cultivar variation could be as a result of the phenotypic plasticity of 

exudate release, and the ability for a seedling to negotiate different circumstances. 

This suggestion poses two possibilities; (1) growth differences on the agar plate 

mean the germinating seedling is already exuding different amounts of 

polysaccharides when it is incubated in water or (2) the exudation differences begin 

after it is placed in the water. In either case, the conditions of germination and 

growth were highly controlled to mitigate against potential differences. On the other 

hand, another explanation could be a change in solubility of the polysaccharides 

leading to them precipitating out of solution (Guo et al., 2017). They would then be 

lost when the solution is used to coat ELISA plates. Although there were no visible 
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signs of this. Regardless, a way to test if this was the case would be to rinse the 

bottle with potassium hydroxide or another basic extractant (Seymour et al., 1990; 

Pattathil et al., 2012) and then use this solution to coat the ELISA wells. Despite 

this, the mechanism influencing either of these explanations are unknown.  
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Figure. 16 A schematic overview of the of key results of the investigation into barley 

(Hordeum vulgare L.) rhizosheaths and polysaccharide root exudates.  

(A) Comparison of Eunova and Starlight barley genotypes. These two cultivars showed 

large differences in root system growth and in the release of HMW exudate. The contrast 

in these two traits between the two genotypes suggests that there is a trade-off in carbon 

allocation by the plant between root growth and HMW exudation. * = Genotypes showed 

significant difference between these traits (P < 0.05 when means were compared using a 

one-way-ANOVA and Tukey’s Honestly significant different post hoc testing was applied). 

Scale bar = 5 cm. (Bi) The pattern of the LM8 (xylogalacturonan) epitope’s release from 

along the root axes as detected by the seedling prints on nitrocellulose sheets. The LM8 

epitope’s presence here, but not a root surfaces, suggests it is on a molecule that moves 

away from the root. (Bii) Immunofluorescence microscopy established the abundance of 

AGP epitopes and a beta-glucan epitope at root hair surfaces. With these results, it is 

proposed that groups of glycan epitopes have distinct functions; presentation on root hairs 

is associated with soil binding, but the release of the LM8 epitope provides another 

unknown function for the root system.   
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4. 1 Exudation, soil binding and rhizosheath size 

Rhizosheath formation relies on the joint action of root hairs and adhesive root 

exudates (Moreno-Espindola et al., 2007; Brown et al., 2017; Galloway et al., 

2020). However, previous studies have shown, that unlike wheat, barley 

rhizosheaths were not affected by root hair length (Delhaize et al., 2012; George et 

al., 2014). This highlights other traits as important in barley rhizosheath formation, 

notably root exudation. Of the barley cultivars screened Starlight was found to have 

the largest rhizosheath and the greatest rhizosheath per root weight (Table.4b). 

Between the cultivars there was no significant variation in root hair length 

(Table.4b). Although, there was a substantial difference in the amount of soil the 

HMW exudates could bind (Section 3.1.5) the HMW exudate of Starlight bound the 

most soil compared to the other genotypes, and significantly more so than the 

HMW exudate of Eunova (Fig.6). Therefore, in this report a major determinant of 

rhizosheath weight in between these two barley genotypes was the soil binding 

capacity of the HMW compounds in root exudates. This partially supports the 

primary question of this investigation, as Starlight is a large rhizosheath genotype 

and in a per weight comparison the HMW exudate released by its root system 

adhered the most soil. However there was only one other genotype with which this 

comparison was statistically significant, the other large rhizosheath cultivars 

(Eunova). Further rhizosheath screens help and would elucidate whether these are 

both truly cultivars which form large rhizosheaths. After this was resolved and if 

Eunova was correctly identified as a large rhizosheath line,  then it could be that 

there are a number of way to form a robust rhizosheath, possibly linked to the 

comparative extensive root growth of Eunova (Fig. 4).   

The significance of HMW exudate in in rhizosheath formation runs contrary to other 

work in barley which found the relative contribution of root hairs greater than 

exudation (Burak et al., 2021). It could still be possible that root hair growth was 

responsible for differences in rhizosheath weight between these barley genotypes. 

In the study in Table.4b root hair length was the only trait that was measured, 

another trait such as root hair density may have differed between the barley lines 

and further examination would be useful to explore. It was also the case that the 

experimental designs of the two investigations were organised with different 

questions in mind. Burak et al., (2021) compared a root hairless mutant (brb) with 

its wild type counterpart, whereas the genotypes used in this study did not differ in 

root hair length. It is therefore no wholly unsurprising that the contributions of the 
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root hairs in rhizosheath formation were found to be far less in this report than in the 

published work. A consequence of root hair surfaces importance for the 

presentation of certain epitopes in exudate (Fig.14) would be that factors decrease 

root hair length and density such as soil acidity (Haling et al., 2010a; Haling et al., 

2010b) would then not only affect the rhizosheath by reducing the ability for 

mechanical entrapment of soil particles but would also affect to the action of 

exudates at the root-soil interface.  

 

The process of rhizodeposition translocates a significant amount of carbon from the 

plant into surrounding soil, the amount and composition of rhizodeposits varies 

depending on the plant species, microorganisms present, plant age and nutrient 

availability (Hütsch et al., 2002; Nguyen, 2003; Jones et al., 2004). How a plant 

allocates carbon can be thought of in economic terms, with one form of carbon 

usage incurring an opportunity cost on the others (Lynch & Ho, 2005). Starlight had 

the smallest root system growth of all the genotypes, its root biomass was 301% 

less and the length of its longest roots 71% shorter than that of Eunova (Fig.4). 

Despite this, Starlight released the most HMW exudate per gram of root biomass 

(Fig.5), HMW exudate that had the greatest soil binding potential of the all the 

barley genotypes (Fig.6). The comparative negative correlation between these traits 

for the two genotypes suggests that there is a trade-off in carbon allocation by the 

plant between root growth and HMW exudation, and specifically those exudates 

with a high soil binding capability. Starlight and Eunova demonstrate the extremes 

in this carbon trade-off, whilst Aluminium and Beatrix represent intermediates. The 

implication is that these differences in root growth and exudation are genotypic as 

the plants were grown under the same conditions, with no limiting resources. There 

are multiple strategies for a plant to cope with drought stress (Henry et al., 2012). In 

a variety of plant species, extensive root growth and increased rooting depth, in 

response to drought, help the plant to explore greater volumes of soil to try increase 

water uptake (Buwalda, 1993; Asch et al., 2005; Ji et al., 2012). Greater exudation 

of carbon by the root system has also been observed in drought stressed crops 

(Henry et al., 2007). The differences in root growth and exudation phenotypes 

between these lines could relate to the plants how they differentially allocate fixed 

carbon to form an efficient root system for resource capture. To see if these the 

traits of root system size and soil-binding HMW exudation are linked a hybrid cross 

of Eunova and Starlight and analysis of the progeny’s root length, root biomass and 

exudation could be performed. A greater number of replicates would also enhance 

the ability to assess if the greater root system growth was significant.  
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All the genotypes displayed strong signals for the xyloglucan LM25 epitope, and it 

was released consistently from along the root axes in the seedlings. Xyloglucan 

effectiveness in aggregating soil particles has been established (Galloway et al., 

2018). The LM25 epitope’s detection in the seedling and HMW exudate was at 

similar levels across the range of cultivars. Whilst this xyloglucan epitope is likely 

involved in soil particle aggregation in the soil binding assay (and the thus 

rhizosheaths) of the genotypes, differences in the levels of its release didn’t appear 

to underpin differences in rhizosheath weight between the cultivars. Nevertheless, 

different forms of the xyloglucan epitope in root exudate have been discovered. 

Anion-exchange chromatography resolved two forms of the xyloglucan antigen, an 

acidic and a neutral fraction and application of the soil binding assay ascertained 

that it was the acidic form of xyloglucan, that was the better soil adhesive (Galloway 

et al., 2021). Therefore, whilst the epitope signals may appear to be similar in the 

ELISAs presented in this report, carrying out epitope detection chromatography of 

the cultivars could reveal different subpopulations of this epitope within the HMW 

exudate that underlie the soil binding differences.  

 

In wheat, xylan polysaccharide epitopes constitute a core element of the putative 

multi-epitope soil binding complex (Galloway et al., 2020). Two antibodies in 

particular gave strong signals, LM11 and LM27, and these were chosen to explore 

heteroxylans in the barley root exudate. One of which, LM11, binds to a 1,4-ß-xylan 

epitope (McCartney et al., 2005) which was observed presented on root hairs and 

coating soil particles close to wheat roots (Galloway et al., 2020). To date no 

clearer evidence has been given of an individual polysaccharide epitope’s 

significance in rhizosheath formation. The LM11 epitope signals in the HMW 

exudate of Starlight were notably higher than for the other genotypes (Fig.3). This 

could be linked the greater release of a multi-polysaccharide complex by Starlight, 

similar to that in wheat. Xylan preparations certainly seem to be important factors of 

soil binding exudate, a birchwood derived heteroxylan was, at high concentrations, 

an effective soil binder (Akhtar et al., 2018). But whether the higher signals for the 

LM11 epitope are directly related to Starlight’s soil binding properties is yet to be 

fully determined and further investigation would be of benefit. The comparative 

strength of the LM11 epitope in Starlight wasn’t maintained in the seedling exudate 

(Fig.7). Although, Starlight was subject to a considerably smaller sample size and 

this coupled with the variation of signals observed for a given epitope between 
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seedlings makes it tricky to determine if this is significant. Conversely the grass 

xylan epitope LM27 was not seen in the glycan profiling of either forms of Starlight 

exudate but was detection of the epitope broadly homogenous between the other 

cultivars. Indeed, Starlight stood out again when comparing the seedling prints with 

LM27, the overall prints was noticeably weaker than those from the other cultivars. 

Beatrix and Eunova seedling prints using the LM27 antibody were characterised by 

sharp serrated outlines to the root prints. This shape and its location suggest root 

hairs are a factor in these patterns. These differences in heteroxylan epitope 

profiles between the genotypes indicate the possibility of a genetic basis behind 

these epitopes within root exudates. Whilst more work investigating this idea is 

necessary, not least the identification of potential genetic factors governing the 

synthesis and release of these epitopes, it nevertheless provides the exciting 

possibility of gene editing or selective breeding programmes to manipulate 

polysaccharide exudates in root systems . In future studies, immunolabelling of root 

segments and microscopy of both the detected xylan epitopes is essential. It would 

provide clarity on the nature of LM27 epitope-root hair associations and also shed 

light on potential LM11 epitope differences between the cultivars. Whilst the 

polysaccharide composition of exudates may relate to soil adhesion, the relative 

amounts of other factors (such as lipids and peptides) compared to the 

polysaccharide content may also be important (Bacic et al., 1986; Moody et al., 

1988; Read et al., 2003). One way to test for this would be to measure the total 

carbohydrate content of the root exudate by  a phenol sulphuric acid-based assay 

(Masuko et al., 2005). This would provide information on the carbohydrate 

percentage of the exudate that may help explain differences the soil binding abilities 

of between the cultivars.  

 

4.2 Polysaccharide exudates as a feature of developmental growth  

Both the nitrocellulose seedling printing and the exudate collected from seedlings in 

water for four hours identified the substantial release of numerous polysaccharide 

epitopes from young, developing plants. Epitope signals of a single barley seedling 

left to exude in water for four hours were of comparatively higher strength to 

processed root exudate of six plants grown in solution for two weeks (Fig. 3 and 

Fig. 7). The large release of polysaccharides from along the length seedlings could 

reflect the need for a young plant to rapidly install itself in soil and to curate its 

microenvironment. The potential developmental significance of root exudate release 

has been identified previously in other studies, the amount of mucilage released 
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from seedlings is large (Chaboud, 1983; Read & Gregory, 1997) and younger 

plants released a greater amount of carbon than mature ones (Gransee & 

Wittenmayer, 2000; Kuzyakov & Domanski, 2000). A xylogalacturonan epitope 

(LM8) was ubiquitous in the exudates of seedlings and its release was detected 

from along the length of the root of in all the cultivars (Fig.7 and Figs.9-12). But it 

was not found on the root surfaces (Fig.14), or in the HMW exudate of mature 

plants- consistent with research in wheat (Galloway et al., 2020). The same HMW 

component of root exudate was used in the soil binding assay, therefore the ability 

to bind soil in these plants is not associated with this xylogalacturonan epitope. The 

epitope’s prevalent release from the seedlings axes is then likely due to its plant 

defence and lubricative abilities, but not solely at the root tip as is often reported 

(Read & Gregory, 1997; Iijima et al., 2004; Durand et al., 2009; Driouich et al., 

2013; 2021). An interesting feature was that the LM8 epitope was not found on the 

tips of the hydroponically grown plant roots a site at where it has traditionally been 

associated with detaching root cap cells (Fig.15) (Willats et al., 2004). The lack of 

detection in HMW exudate has been suggested as a consequence of the 

hydroponics system, with no substrate to provide resistance against the root cap 

cells at the apex they do not detach (Galloway, 2017). Bringing these ideas 

together suggests that the LM8 epitope is on a diffuse molecule, that it is shed by 

the plants through interaction with solid substrate; and that function of this 

polysaccharide root exudate is vital to a new plant seeking to establish its root 

system trying to capture resources during an important developmental growth 

stage.  

 

The different exudate collection processes in this study between seedlings and 

older plants mean that differences in the epitopes detected may be caused by other 

factors. As in the case for the LM8 epitope but also for the reduction in strength of 

the 7E1:B11 epitope in the HMW exudate compared to that collected from 

seedlings. The hydroponics growth solution is a complex environment with  

numerous interaction between the roots and the liquid growth medium and it is 

almost certain the system does not stay completely sterile throughout this time. Any 

HMW exudate released at the beginning of the two-week growth period is also still 

in solution at the end. Polysaccharide epitopes in the exudate therefore have a long 

period of time to be degraded by glycosidases from within the plant cell-wall matrix 

itself (Franková & Fry, 2013) and fungal or bacterial cell-wall related polysaccharide 

degrading enzymes (Jones et al., 1972; Cooper & Wood, 1973; Jensen et al., 2008) 

from possible contamination of the system. Whilst it is likely that glycosidases from 
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plant cell walls would also affect the exudate of seedlings the comparatively short 

incubation reduces the time they have to be released. The effect of such enzymes 

on the hydroponically collected exudate would mean there were fewer epitopes 

present when surveying by ELISA.  

 

4.3 Function of a novel polysaccharide and glycoprotein elements  

Monoclonal antibodies provide coverage of a range of epitopes spanning all 

manner of polysaccharides and glycoproteins groups. But the detection, with the 

exception of 7E1:B11, is directed to cell wall polysaccharide epitopes. Whilst 

exudate undoubtedly contains cell wall polysaccharides from lysed cell contents 

and detached cells (Read & Gregory, 1997; Cannesan et al., 2012) the likelihood is 

that root exudate also contains unique plant polysaccharides. Glycosyl-linkage 

analysis of cereal root exudates (inc. barley) revealed a vast array of 

monosaccharide linkages (Galloway et al., 2020; 2021) but also, linkages not 

previously detected in plants before (Bacic et al., 1986). The potential for exudate 

specific polysaccharides is just beginning to be uncovered with the advent of the 

7E1:B11 antibody, which was raised against wheat root exudate and binds to an 

unknown 1,3-ß-glucan epitope (data unpublished). Whilst other glucan epitopes 

(JIM6 and 10H2) were detected, the signals were not as strong nor were they seen 

across all the cultivars as was 7E1:B11. In the investigation, for the first time, this 

epitope was shown to be abundantly presented on root hairs (Fig.14). Another 1,3-

glucan, the fungal derived polysaccharide Pachyman is a highly successful soil 

binder (Akhtar et al., 2018). These properties make plant 1,3-glucans an important 

set of molecules for further examination, with regard to rhizosheaths. 

 

The most widely detected class of polysaccharides in the ELISAs of root exudate 

were glycoproteins, with four related epitopes (AGP; LM2, LM30, LM6-M and 

extensin; LM1). Arabinogalactan-proteins represent a large class of glycoproteins 

with a multitude of functions including  cell elongation, root hair growth, and root-

microbe interactions (Van Hengel & Roberts, 2002; Gaspar et al., 2004; Kirchner et 

al., 2018). Immunofluorescence microscopy identified the important association of 

root hairs with the AGP linked LM2 and LM6-M epitopes (Fig.14). In the same way 

that root hairs increase the surface area for nutrient uptake (Grierson et al., 2014), 

they also create greater exposure for exudate molecules to the soil interface. It 

could be that the epitopes detected in conjunction with root hairs are secreted from 

root hairs or released from elsewhere and then presented on their surface. The 



- 51 - 

strength of LM6-M signals and its widespread observance; it was the only epitope 

detected in all the cultivars across all the exudate collection methods, make further 

exploration into its role essential. Its occurrence in barley root exudate is interesting 

considering it was not detected in other cereals, in contrast to the LM2 epitope 

which was found in both wheat and maize exudates (Galloway et al., 2020). A 

possible explanation to the LM6-M epitope’s abundance could be that it is 

recognising arabinan residues on various AGP populations. Similarly, the AGP 

epitopes may be shared by a common molecule. A key experiment to discriminate if 

this was the case, or whether the epitopes represent distinct AGPs, would be 

separation by sodium dodecyl sulphate (SDS) PAGE  (Smallwood et al., 1996). The 

AGP epitopes were found to have an extensive relationship with root hairs (Fig.14). 

Indeed, the LM2 epitope appears to be involved in trichoblasts development and 

root hair formation (Marzec et al., 2015). Root hairs are also a key determinant of 

rhizosheaths however, the AGP rich gum Arabic, when tested, was a poor soil 

adhesive (Akhtar et al., 2018). Instead, a capacity of AGPs may be to arrange other 

adhesive polysaccharides in exudate macromolecules by behaving as cross-linkers 

between different domains (Cannesan et al., 2012; Tan et al., 2013; Cornuault et 

al., 2015; Galloway et al., 2020). Due to the diversity of their potential structures, 

and their functions elsewhere in plant cells (Seifert & Roberts, 2007) it is likely 

glycoproteins provide other functions in root exudate. Both the LM2 and LM1 

extensin epitopes have been identified in defence agents against soil borne root 

pathogens (Koroney et al., 2016). Sandwich ELISA analysis would provide a good 

approach to try and identify any links AGPs may form with other polysaccharide 

molecules and thus the roles they are performing in the barley exudate. Sandwich 

use provided strong evidence for a soil-binding macromolecule in cereal exudate, 

which contains multiple different polysaccharide epitopes including AGPs (Galloway 

et al., 2020). A key aspect of the complex’s adhesive action is its corresponding 

presentation with root hairs, amounts were reduced in the root hairless mutant brb 

compared to its wild type (cv. Pallas) counterpart (Galloway et al., 2021). The 

identification in this study of AGP epitopes at root hair surfaces implicates them as 

members of this putative complex. An avenue for subsequent investigations should 

be using this sandwich ELISAs to probe the Starlight exudate to look for 

associations between these AGP epitopes presented on root hairs and xylan and 

xyloglucan substructures to try and gauge an understanding of the composition of 

any potential soil binding molecules. As well as using the range of cultivar’s exudate 

to discover any anticipated affiliations between 7E1:B11 and other polysaccharide 

elements. 
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4.4 Limitations 

Despite their versatility, screening with monoclonal antibodies (MAbs) does comes 

with certain caveats. Monoclonal antibodies, by their nature, can only bind to pre-

determined antigens and thus the presence of an unknown molecule in the root’s 

exudates would remain undetected. Although, as long as monoclonal antibodies’ 

use in the investigation of the composition and structure of root exudates, is placed 

in context alongside other forms of analysis they remain a powerful tool. Some 

epitopes have been known to mask the epitope of another polysaccharide, 

preventing the access of MAbs and hence the epitope’s detection. Both xyloglucan 

and mannan epitopes are known to be masked by the presence of pectic 

homogalacturonan (Marcus et al., 2008; 2010). Pre-treatment of the root used in 

microscopy with pectic lyase would reveal if this masking was taking place on the 

root surfaces. But there is also the possibility that there are other instances of 

epitope masking that are currently unknown, and these could not be tested in this 

way. Each antibody has its own affinity to its antigen, this requires the cautious 

interpretation of ELISA signals. High signals indicate abundance of the epitope, but 

this does not necessarily translate into large amounts of the polysaccharide in the 

solution. But with these trade-offs in consideration monoclonal antibodies 

effectiveness is still evident. Their ability for in situ analysis of polysaccharides is 

unmatched. The nature of immunochemical techniques also means they are time 

efficient compared to other chemical analysis (such as glycosyl linkage analysis or 

gas chromatography). Owing to the ability of MAbs to be used across different 

techniques (in this report, glycan profiling by ELISA, immunofluorescence 

microscopy and nitrocellulose seedling printing) meant multiple facets of 

polysaccharide root exudates could be explored in a relatively short space of time. 

 

Whilst growing plants in hydroponics maximises the ease in collection of root 

exudates it is not analogous to growth in soil. Hydroponics differentially alters the 

root architecture compared with other growth substrates (Liu et al., 2017) and 

deprives them of root interactions with soil microbes including mycorrhizal 

associations. It does however remove some of the problems of exudate collection 

from soils. Hydroponics allows the controlled growth of the plants in terms of 

resource (light, nutrient, oxygen, and water) access. The breakdown of soil organic 

matter causes the continual release of molecules (Lehmann & Kleber, 2015)  which 

would contaminate the exudate, and hydroponics allows for the isolation of the root 
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system ensuring that all the polysaccharides present originate from nowhere else. 

Collection of root exudate in situ from plants grown in soil presented a different set 

of challenges. The method employed relied on of a build-up of exudate from the six 

plants in the soil, in similar way to the hydroponics system, and then washing the 

soil to draw the polysaccharides into the lysimeter. This method is dependent 

however on how far exudates can travel from the plant. Organic compounds are 

liable to attaching to soil immobilising them (Dontsova & Bigham, 2005; 

Jagadamma et al., 2014) and thus, potentially preventing some polysaccharides 

from being drawn into the lysimeter. A single plant system with the lysimeter in 

closer proximity could be more effective at collecting exudate at a greater 

concentration. Collection of exudates from plants in soil also opens the possibility to 

polysaccharides not of root origin being detected, as was seen with a glucan 

epitope signals in a no plant control (Fig.13). In future work effective use of a 

control measure would allow epitopes already contained within the soil and not from 

the plant to be distinguished.   

 

4.5 Future work  

A logical and necessary starting point for future work would be conducting a more 

extensive rhizosheath screen of barley cultivars. Incorporating more genotypes 

from the panel screened by George et al. (2014) with a focus on those with greatest 

disparity in rhizosheath weight. As well as with a larger sample size of the current 

cultivars which would further discriminate the differences in rhizosheath weight. 

Along with an in-depth phenotyping root hair trait of plants of the same age, this 

would extend the knowledge of any root hair differences between the lines. Which 

in turn, would provide clarity to the effect of exudation differences. 

 

Experiments in this investigation have focused on the relationship between 

polysaccharide factors and soil binding. However, it could be that the 

polysaccharide factors perform other roles within the rhizosheath. Water retention 

has been suggested as an important function of exudates and polysaccharide rich 

mucilage (Young, 1995; Ahmed et al., 2014; Kroener et al., 2014). Grasses have 

been known to thicken their rhizosheaths in a period of drought (Hartnett et al., 

2013). It could be then be case that exudate’s role in rhizosheath maintenance is 

marginal until periods of desiccation. Many of the polysaccharide epitopes 

recognised here may also behave as complex facilitators influencing water 

dynamics or indeed as soil dispersal agents. Establishing methods to assay 
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polysaccharides performance in other rhizosheath related functions should also 

guide future research.  

 

An aspect of this project was to build on the work of polysaccharide exudates in 

hydroponics and explore in situ soil exudate release. Preliminary exploration with 

the soil suction lysimeter showed that, some of those polysaccharides released by 

plants in hydroponics could be detected in the soil, and that refinement of the 

system could potentially identify more. Development of a more robust collection 

method of exudates from the soil would be beneficial to provide in depth analysis 

the exudate profiles of barley genotypes. Particularly if, as has been suggested, a 

solid substrate provides cell deposition that hydroponics does not detect (Galloway, 

2017). Soils are complicated environments in which many organisms engage with 

each other. Exploration of how different soil microbial communities engage with root 

exudates needs to be understood. The effects of microorganisms own exudates are 

also likely to impact on those secreted by the root, determining how they both 

interact to promote particle aggregation and soil stabilization should also be taken 

into account in future studies. 

 

The genetic factors which provide the basis for the synthesis of polysaccharides 

destined for release would be a good, if broad, area to explore. The results in this 

report highlight the anticipated significance of AGPs in exudate. One avenue of 

exploration could be identifying the protein moiety of the AGP epitope(s) presented 

on root hairs. An AGP in wheat endosperm, detected by the LM30 epitope shared 

homology of peptide sequence with of a seed protein (GSP-1) (Wilkinson et al., 

2017). This provided information on the post translational journey and genetic 

region of origin of the protein component of the AGP. A high throughput way to 

screen the potential genes significant to exudate composition could be use of the 

centrifuge assay developed by Eldridge et al. (2021). This has already been used to 

screen root hair and vesicle trafficking mutant lines. Whilst the method relies on the 

use of Arabidopsis as a model, the large available panel of DNA insertion mutants 

in Arabidopsis make it an appetising way to assess a broad range of potential 

exudate factors. Mutants used in the screen could include AGP mutants (Schultz et 

al., 2002) or cell wall polysaccharide mutants deficient in xylan (Brown et al., 2011) 

and xyloglucan (Cavalier et al., 2008; Park & Cosgrove, 2012) 
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 4.6 Conclusion   

The diversity of polysaccharide epitopes detected, as well as differences in those 

epitopes found at the surface and in the collected exudate, make it unlikely they all 

share the same function to the plant. The different functions of exudate and the 

polysaccharides factors that underlie them are only beginning to be understood. 

The results provided in this report have begun to identify the distinct epitopes 

associated with soil binding and those epitopes which may provide other services to 

the root system. A xylogalacturonan (LM8) epitope is on a soluble molecule that 

can readily move away from the roots surface to modify its surroundings and that 

this process is especially important for young plants. But the LM6-M, LM2 and 

7E1:B11 epitopes represent glycan substructures on a larger complex that is 

associated with root hair surfaces. The interaction between these root hair surface 

epitopes and heteroxylan and xyloglucan epitopes could facilitate the adhesion of 

soil to for rhizosheath formation or represent different functions to the plant entirely. 

Regardless, glycan rich exudates represent a dynamic mechanism by which roots 

hold and mould surrounding soil and present an exciting development for future 

studies. 
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