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ABSTRACT 

Water uptake, respiration and exudation are some of the biological functions fulfilled by plant 

roots. They drive plant growth and alter the biogeochemical parameters of soil in the vicinity of 

roots, the rhizosphere. As a result, soil processes such as water fluxes, carbon and nitrogen 

exchanges or microbial activity are enhanced in the rhizosphere in comparison to the bulk soil. 

In particularly, the exudation of mucilage as a gel-like substance by plant roots seems to be a 

strategy for plants to overcome drought stress by increasing soil water content and soil 

unsaturated hydraulic conductivity at negative water potentials. Although the variations of soil 

properties due to mucilage are increasingly understood, a comprehensive understanding of 

the mechanisms in the pore space leading to such variations is lacking.  

The aim of this work was to elucidate the gel properties of mucilage in the pore space, i.e. 

interparticulate mucilage, in order to link changes of the physico-chemical properties in the 

rhizosphere to mucilage. The fulfilment of this goal was confronted to the three following 

challenges: The lack of methods for in situ detection of mucilage in soil; The lack of knowledge 

concerning the properties of interparticulate mucilage; The unknown relationship between the 

composition and the properties of model substances and root mucilage produced by various 

species. These challenges are addressed in several chapters.  

In a first instance, a literature review picked information from various scientific fields about 

methods enabling the characterization of gels and gel phases in soil. The variation of soil 

properties resulting from biohydrogel swelling in soil was named the gel effect. The combined 

study of water entrapment of gels and gel phases in soil and soil structural properties in terms 

of mechanical stability or visual structures proved promising to disentangle the gel effect in 

soil.  

The acquired methodical knowledge was used in the next experiments to detect and 

characterize the properties of interparticulate gel. 1H NMR relaxometry allows the non-invasive 

measure of water mobility in porous media. A conceptual model based on the equations 

describing the relaxation of water protons in porous media was developed to integrate the 

several gel effects into the NMR parameters and quantify the influence of mucilage on proton 

relaxation. Rheometry was additionally used to assess mucilage viscosity and soil 

microstructural stability and ESEM images to visualize the network of interparticulate gel. 

Combination of the results enabled to identify three main interparticulate gel properties: The 

spider-web effect restricts the elongation of the polymer chains due to the grip of the polymer 

network to the surface of soil particles. The polymer network effect illustrates the organization 

of the polymer network in the pore space according to the environment. The microviscosity 

effect describes the increased viscosity of interparticulate gel in contrast to free gel. The impact 

of these properties on soil water mobility and microstructural stability were investigated. 

Consequences on soil hydraulic and soil mechanical properties found in the literature are 

further discussed.  

The influence of the chemical properties of polymers on gel formation mechanism and gel 

properties was also investigated. For this, model substances with various uronic acid content, 

degree of esterification and amount of calcium were tested and their amount of high molecular 

weight substances was measured. The substances investigated included pectic 

polysaccharides and chia seed mucilage as model polymers and wheat and maize root 

mucilage. Polygalacturonic acid and low-methoxy pectin proved as non-suitable model 
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polymers for seed and root mucilage as ionic interactions with calcium control their properties. 

Mucilage properties rather seem to be governed by weak electrostatic interactions between 

the entangled polymer chains. The amount of high molecular weight material varies 

considerably depending on mucilage´s origin and seems to be a straight factor for mucilage’s 

gel effect in soil. Additionally to the chemical characterization of the high molecular weight 

compounds, determination of their molecular weight and of their conformation in several 

mucilages types is needed to draw composition-property profiles. The variations measured 

between the various mucilages also highlight the necessity to study how the specific properties 

of the various mucilages fulfill the needs of the plant from which they are exuded. 

Finally, the integration of molecular interactions in gel and interparticulate gel properties to 

explain the physical properties of the rhizosphere was discussed. This approach offers 

numerous perspectives to clarify for example how water content or hydraulic conductivity in 

the rhizosphere vary according to the properties of the exuded mucilage. The hypothesis that 

the gel effect is general for all soil-born exudates showing gel properties was considered. As 

a result, a classification of soil-born gel phases including roots, seeds, bacteria, hyphae and 

earthworm’s exuded gel-like material according to their common gel physico-chemical 

properties is recommended for future research. An outcome could be that the physico-

chemical properties of such gels are linked with the extent of the gel effect, with their impact 

on soil properties and with the functions of the gels in soil.  
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ZUSAMMENFASSUNG 

Wasseraufnahme, Atmung und Exsudation  sind biologische Schlüsselfunktionen der Wurzeln 

höherer Pflanzen. Sie steuern das Pflanzenwachstum, indem sie die biogeochemischen 

Parameter des Bodens in unmittelbarer Nähe der Wurzeln, der Rhizosphäre, verändern. 

Folglich sind Bodenprozesse wie beispielsweise Wasserflüsse,  Kohlen- und 

Stickstoffaustausch oder mikrobielle Aktivitäten in der Rhizosphäre im Vergleich zu freiem 

Boden begünstigt. Insbesondere die Exsudation von Mucilage durch die Pflanzenwurzeln 

scheint ein wichtiger Mechanismus zu sein, um Trockenstress vorzubeugen. Durch diese 

gelartige Substanz wird bei negativen Wasserpotentialen sowohl der Bodenwassergehalt als 

auch die ungesättigte hydraulische Leitfähigkeit erhöht. Die Veränderung der 

Bodeneigenschaften durch Mucilage ist Gegenstand aktueller Forschung. Ein umfassendes 

Verständnis der Mechanismen im Porenraum der Rhizosphäre ist bisher allerdings noch 

unzureichend. 

Ziel dieser Arbeit war die Aufklärung der Gel-Eigenschaften von Mucilage im Porenraum der 

Rhizosphäre, um Veränderungen der physiko-chemischen Eigenschaften der Rhizosphäre auf 

dieses interpartikuläre Mucilage zurückzuführen. Dabei stellten sich drei Herausforderungen: 

Zunächst einmal mangelte es an Methoden zur in situ Detektion von Mucilage im Boden. 

Außerdem fehlten detaillierte Kenntnisse bezüglich der Eigenschaften von interpartikulärem 

Mucilage. Desweiteren war die Beziehung zwischen der Zusammensetzung und den 

Eigenschaften von Modelsubstanzen und wurzelstämmigem Mucilage verschiedener Spezies 

unbekannt. Diese Fragen werden in den verschiedenen Kapiteln der Arbeit thematisiert. 

Zunächst erfolgte eine Literaturrecherche, um Informationen aus verschiedenen 

Wissenschaftsbereichen über Methoden zur Charakterisierung von Gelen und Gel-Phasen im 

Boden zusammenzustellen. Die Änderung von Bodeneigenschaften aufgrund vorhandener 

Biohydrogelphasen im Boden kann als „Gel-Effekt“ bezeichnet werden. Die kombinierte Studie 

von Wassereinschlüssen in Gelen und Boden-Gel-Phasen mit der Untersuchung struktureller 

Eigenschaften von Boden hinsichtlich der mechanischen Stabilität und visueller Strukturen, 

zeigte sich als vielversprechend, um den Gel-Effekt im Boden zu charakterisieren. 

Das erworbene methodische Wissen wurde in den nächsten Untersuchungen angewendet, 

um die Eigenschaften von interpartikulären Gelen zu detektieren und zu charakterisieren. 1H 

NMR Relaxometrie erlaubt die nicht-invasive Bestimmung der Wassermobilität in porösen 

Medien. Ein konzeptuelles Modell wurde aus Gleichungen entwickelt, welche die Proton-

Relaxation in gelhaltigen porösen Medien beschreiben. Dieses Modell berücksichtigt den 

beschriebenen Gel-Effekt bei der Wahl der NMR Parameter und quantifiziert den Einfluss von 

Mucilage auf die Proton-Relaxation. Darüber hinaus wurde mithilfe von Rheometrie die 

Viskosität von Mucilage sowie die mikrostrukturelle Bodenstabilität bestimmt. Mittels 

Rasterelektronenmikroskopie wurde die Netzwerkstruktur von interpartikulärem Gel 

visualisiert. Die kombinierte Auswertung dieser Ergebnisse identifizierte drei wichtige 

Eigenschaften von interpartikulärem Gel: Der „Spinnennetz-Effekt“ schränkt die Dehnung der 

Polymerketten aufgrund der Verbindung zwischen dem Polymer Netzwerk und der Oberfläche 

von Bodenpartikeln ein. Der „Polymer-Netzwerk-Effekt“ veranschaulicht die Anordnung des 

Polymernetzwerks im Porenraum gemäß der räumliche Umgebung. Der „Mikroviskositäts-

Effekt“ beschreibt die erhöhte Viskosität von interpartikulärem Gel im Vergleich zu freiem Gel. 

Die Auswirkungen dieser Eigenschaften auf die Wassermobilität und auf die mikrostrukturelle 
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Stabilität des Bodens wurden untersucht und daraus resultierende Konsequenzen für 

hydraulische und mechanische Eigenschaften des Bodens diskutiert.  

Der Einfluss von den chemischen Eigenschaften von Polymeren auf Gel-

Bildungsmechanismen und Gel-Eigenschaften wurde untersucht. Dafür wurden 

Modelsubstanzen mit verschiedenen  Uronsäure-Gehalt, Veresterungsgrade und Calcium-

Gehalt getestet und die Menge an Materialanteil mit hohem Molekulargewicht quantifiziert. Die 

untersuchten Modelsubstanzen waren verschiedenen Pektin Polymeren und Chia Samen 

Mucilage. Darüber hinaus wurde Mucilage aus Winterweizen und Mais Wurzeln isoliert und 

untersucht. Polygalakturonsäure und Niedermethyliertes Pektin erwiesen sich als nicht 

geeignete Modelpolymere für Samen und Wurzelmucilage, da ionische Wechselwirkungen mit 

Calcium ihre Eigenschaften dominieren. Die dem Mucilage zuzurechnenden Eigenschaften 

scheinen eher durch schwache elektrostatische Wechselwirkungen zwischen verstrickten 

Polymerketten beherrscht zu sein. Die Menge an Material mit hohem Molekulargewicht variiert 

deutlich, abhängig von dem Ursprung des Mucilages. Dies scheint ein bedeutender Faktor für 

den Gel-Effekt von Mucilage im Boden zu sein. Zusätzlich zu der chemischen 

Charakterisierung der hochmolekulargewichtigen Polymere ist die exakte Bestimmung der 

Molekularmassen und der Konformation in verschiedenen Mucilagesorten notwendig, um 

Zusammensetzungs-Eigenschafts-Profile aufzeichnen zu können. Die Abweichungen 

zwischen den verschiedenen Mucilagestypen, welche sich durch die Messungen ergeben, 

haben die Notwendigkeit weiterer Untersuchungen unterstrichen. Nur so lässt sich die Frage 

klären, wie die spezifischen Eigenschaften von verschiedenen Mucilagestypen auf die 

Bedürfnisse der Pflanze abgestimmt sind, der sie entstammen. 

Schließlich wurde diskutiert, wie die Betrachtung von molekularen Wechselwirkungen im Gel 

und interpartikulären Gel-Eigenschaften das Verständnis über die physikalischen 

Eigenschaften der Rhizosphäre erweitert. Dieser Ansatz ist vielversprechend, um zum Beispiel 

der Wassergehalt oder die hydraulische Leitfähigkeit entsprechend die Eigenschaften vom 

exudierten Mucilage zu klären. Darüber hinaus liegt die Vermutung nahe, dass der Gel-Effekt 

allgemein für alle Bodenexsudate mit Gel-Charakter Gültigkeit besitzt. Eine Klassifizierung 

natürlicher Boden-Gel-Phasen einschließlich der von Wurzeln, Samen, Bakterien, Hyphen 

oder Regenwürmern exsudierten, gelartigen Materialien nach ihren gemeinsamen physiko-

chemischen Gel-Eigenschaften wird für die zukünftige Forschung empfohlen. Als Ergebnis 

könnten die physiko-chemische Eigenschaften von solchen Gelen  zum Gel-Effekt den 

Auswirkungen auf die Bodeneigenschaften und den Funktionen von den Gelen im Boden 

zugeschrieben worden. 
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1. INTRODUCTION  

1.1. Root exudation in the rhizosphere 

A range of key biological functions of plant roots such as water uptake, respiration and exudation 

considerably alter the biogeochemical parameters of soil in the vicinity of the roots, i.e. the 

rhizosphere (Hinsinger et al., 2006). Soil processes involving water fluxes, carbon and nitrogen 

exchanges or microbial activity are accordingly enhanced in the rhizosphere in comparison to 

the bulk soil. Rhizosphere processes are also important drivers for plant growth, soil organic 

matter decomposition and nutrient release at the ecosystem scale (Finzi et al., 2015). Still, a 

comprehensive understanding of these processes remains restricted as long as all significant 

mechanisms taking place in the pore space are not all resolved. 

Hiltner was in 1904 pioneer in the rhizosphere research, as he identified it as the volume of soil 

around living roots influenced by root activity and shared with bacteria (Hiltner, 1904). Root 

activity comprehends root growth, water and nutrient uptake, respiration and rhizodeposition 

(Gregory, 2006). Root activity turns the soil-root interface in a pole of dynamic reactions, whose 

consequences are felt on a range of temporal and spatial scales (Hinsinger et al., 2009). The 

size and shape of the rhizosphere are not definable due to the inherent complexity and diversity 

of plant root systems and rather consist of a gradient of chemical, physical and biological 

properties, which change both radially and longitudinally along the root (McNear Jr., 2013). For 

example, volatile compounds released from roots affect soil up to tens of millimetres, whereas 

microbial populations and immobile compounds are found at a fraction of millimetre distant from 

the root (Hinsinger et al., 2009).   

Root exudation is part of the rhizodeposition process, which is a major source of soil organic 

carbon (Haichar et al., 2014). Plants invest 5 to 21% of their photosynthetically-fixed carbon in 

root exudation (Haichar et al., 2014). Root exudates can be categorized into secretions, which 

are actively released by the root, and diffusates, which are passively relased due to osmotic 

differences between soil solution and cell (Bais et al., 2006). The secretions include low 

molecular weight (LMW) and high molecular weight (HMW) material. LMW compounds 

comprehend organic acids, amino acids, sugar, proteins, phenolics and other secondary 

metabolites generally easily used by microorganisms (Nguyen, 2003). Several excellent reviews 

have been published recently and give an overview about the chemical diversity, the functions of 

LMW exudates and their interactions with the root microbiome (Haichar et al., 2014; Pieterse et 

al., 2016; Sasse et al., 2018). HMW compounds consist of heterogeneous polysaccharides, 

distinct proteins and extracellular DNA released by root cap cells at the root tip and identified as 

root mucilage (Oades, 1978; Sasse et al., 2018). The mucilaginous layer around the roots can 

expand in volume up to 1000-fold after exudation through water uptake (Shannon and Steer, 

1984) and varies from 1 to 10 μm in thickness (Oades, 1978).  

Root mucilage is suspected to fulfill several functions supporting the life cycle of plants. These 

include the lubrication of growing root tips (McCully, 1999; Traoré et al., 2000), the exchange of 

ions between carboxyl groups and soil minerals (Ghanem et al., 2010) or the immobilization of 

toxic metal cations (Watanabe et al., 2008). Further, root mucilage is suggested to insure the 

perennity of root-soil contact (McCully, 1999), increase the stability of soil microaggregates 

(Traoré et al., 2000), or protect roots from desiccation (Carminati et al., 2010).  
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1.2. Modulation of soil physical properties induced by mucilage gel properties  

Gel definition and gel properties of root mucilage 

A gel is composed over 90% of water entrapped in a three-dimensional polymer network. Root 

mucilage attests typical gel properties, which include high water content, water holding capacity, 

shrinking and swelling and viscoelasticity (Almdal et al., 1993). For example, both root mucilage 

of maize and lupin seedlings show a higher viscosity than water and a viscoelastic behavior at 

concentrations inferior to 1 wt% (Read and Gregory, 1997). Further, maize root mucilage is able 

to retain water up to a certain field capacity and to absorb water once dried (McCully and Boyer, 

1997; Read et al., 1999). 

Modulation of soil physical properties attributed to mucilage gel properties… 

The gel properties of root mucilage affect soil hydraulic properties in the rhizosphere: The 

increase of soil water content toward the roots in the rhizosphere of chickpea, white lupin and 

maize, even when the roots take up water, is attributed to the swelling properties and water 

holding capacity of root mucilage (Carminati et al., 2010; Moradi et al., 2011). After drying, the 

rewetting of the rhizosphere of lupin is delayed and then followed by an increase of the water 

content larger than in the bulk soil (Carminati et al., 2010). This delay was explained by the 

presence of phospholipids, measured by Read et al. (2003) in root mucilage, which would 

decrease soil wettability after a period of drying. The increase of the water content was explained 

by the ability of mucilage to reswell once dried (Carminati et al., 2010; Hallett et al., 2003). Root 

mucilage may also affect soil water retention and local water fluxes in the rhizosphere. Chia seed 

mucilage amendment of a sandy soil increases its water holding capacity at any matric potentials 

(Ahmed et al., 2014), which lets suppose a similar effect of root mucilage at the soil-root interface. 

Increasing concentrations of chia seed mucilage also decrease the saturated hydraulic 

conductiviry of a sandy soil (Kroener et al., 2014). This effect is primarly attributed to the higher 

viscosity of mucilage in comparison to water. 

Root mucilage of maize also positively influences soil stability (Traoré et al., 2000), as the 

viscosity and elasticity of mucilage increase the resistance to movement of any soil particles in 

contact with mucilage. Enhancement of soil stability promotes in the long term soil aeration, root 

growth, prevents soil erosion and thus improves soil structure (Jones et al., 2009).  

Viscosity, water retention capacity, shrinking and swelling ability are the gel properties of 

mucilage at the origin of complex and time-dependent processes in the rhizosphere as they affect 

root water uptake and relevant properties including water content, water fluxes and soil structural 

stability (Carminati and Vetterlein, 2013; Kroener et al., 2014; Kroener et al., 2015). Still, the 

modification of soil physical properties by mucilage results from several gel-induced mechanisms 

happening in the pore space.  

… and explained by gel-induced mechanisms in the pore space  

According to its porosity, the polymer network is suspected to create an additional matrix in the 

rhizosphere, which can therefore hold more water than the bulk soil upon negative matric 

potentials. The elasticity of the polymer network enables its swelling, and hydrogel swelling can 

increase maximal water content in soil and modify soil particle size. Indeed, swelling of released 

EPS and of soil organic matter (SOM) is suggested to induce changes in soil pore size 
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distributions (Jaeger et al., 2006; Meyer et al., 2018), although the mechanism is not clear. Being 

also able to swell, root mucilage may also affect soil pore sizes in the rhizosphere. 

In general, the gluing of soil particles by hydrogel-forming polymers and the cementation of soil 

particles upon drying/remoistening events explain the additional soil stabilizing effects of 

hydrogels (Albalasmeh and Ghezzehei, 2014; Buchmann et al., 2015; Liu et al., 2009). The 

polymer network increases soil particle interconnectivity and interparticle forces as a function of 

the polymer properties (for example type and amount of functional groups).  

Still, information is lacking concerning the supramolecular mechanisms leading to mucilage 

network formation. The organization of the mucilage network in the pore space, the variations of 

this network properties with various environmental conditions (plant specie or soil solution) and 

the variations of the pore size according to this network (extension, shrinking) are also unknown. 

Investigations on mucilage polymer network in the pore space are therefore necessary to link the 

macroscopic properties measured for the rhizosphere with mechanisms in the pore space 

attributed to mucilage.  

1.3. Necessity to clarify interparticulate gel properties  

Lack of methods to detect and characterize mucilage in situ 

The lack of comprehensive knowledge on the spatial and temporal patterns of mucilage and on 

its physico-chemical properties in the rhizosphere represents a major bottleneck in our 

understanding of plant-water-soil interactions (Figure 1.1). One reason is the lack of available 

methods capable to detect and characterize the properties of interparticulate gel. In contrast to a 

free or bulk gel, which has no physical constraint, interparticulate gel is situated in the pore space 

and is limited by the pore walls. 

Figure 1.1. Schematic exudation of mucilage, its effects and their reasons.  

A solution to detect root mucilage in the rhizosphere is the imaging of mucilage in situ with non-

destructive three-dimensional techniques such as neutron imaging, magnetic resonance imaging 

and X-ray computer tomography. Recent progress in imaging techniques provide detailed images 

of water content, water fluxes and soil structure in the rhizosphere (Metzner et al., 2015; Oswald 

et al., 2015). Still, the detection of mucilage with these techniques faces a methodical problem: 

high water content and low carbon content result in low attenuation contrasts of mucilage in 

comparison to water. Infrared spectroscopy (Holz et al., 2018) and combination of imaging 

techniques (van Veelen et al., 2018) obtained encouraging results to measure the spatial 
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distribution of mucilage in the rhizosphere, but still require further development. To date, no 

experimental method allows to non-invasively and quantatively characterize the spatio-temporal 

distribution of mucilage in the pore space of the rhizosphere, or to measure the properties of 

interparticulate gels.  

Lack of knowledge about the properties of interparticulate gels 

Usually, the properties of free gels such as water absorption, water retention or viscosity are 

measured to assess the properties of soil amended with gels, i.e. their swelling ratio, water 

retention or structural stability (Andry et al., 2009; Chenu and Roberson, 1996; Naveed et al., 

2017). For example, the effect of xanthan, used as exopolysaccharide (EPS) analog, could be 

quantified by linear superposition of the non-treated soil and of the xanthan retention curves 

(Rosenzweig et al., 2012). However, the properties of interparticulate gels differ from them of 

free gels: in most cases, dependencies are distinctly nonlinear, for example in the case of the 

dependency between hydrogel swelling and increase of water-holding capacity of sandy soils 

(Kazanskii and Dubrovskii, 1992).  

Little literature has been published about the properties of interparticulate gels and how they vary 

in contrast to those of free gels. A previous study developed a theory of constrained swelling for 

gels subjected to the constraint of hard boundaries (Marcombe et al., 2010). According to this 

theory, the constraint causes a field of stress in a gel, often leading to an inhomogeneous 

swelling. It is not clear how the hard boundary constraint may affect the properties of 

interparticulate mucilage. 

Composition-property relationship of various root mucilage unknown 

The relationships linking the chemical composition of exuded mucilage and its gel properties are 

of high interest to get a comprehensive understanding of mucilage exudation depending on the 

plant specie and the environment. Indeed, the amounts and types of rhizodeposits remain highly 

context specific (Jones et al., 2009) and studies show that the gel properties of root mucilage 

vary in function of the plant specie (Naveed et al., 2017; Read and Gregory, 1997). At the present 

time, the dependence on environmental conditions (type and age of the plant, time of the day, 

drying period ect...) on the amount of mucilage produced in soil remains unknown.  

The chemical composition has already been characterized for several root mucilage: wheat and 

cowpea root mucilage (Moody et al., 1988), maize root mucilage (Bacic et al., 1986; Osborn et 

al., 1999; Read et al., 2003), rice root mucilage (Chaboud and Rougier, 1984). However, beyond 

their uncontemporary realization, these studies mostly focus on the sugar composition of root 

mucilage and do not consider the supramolecular mechanisms leading to gel formation. They 

also mostly discard the other possible components present in root mucilage, which potentially 

affect its gel properties such as the presence of phospholipids or proteins. Until now, the 

relationships between the chemical composition of mucilage and its physical gel properties have 

therefore remained poorly researched.  

1.4. Water mobility measured with 1H NMR relaxometry as a tool to detect 

and characterize interparticulate gel 

Measurement of the water mobility 
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One solution to detect and characterize interparticulate mucilage in situ could be the 

measurement of the water mobility, which is different in interparticulate gel phases and pore 

water. Water mobility can be defined by the translational motion and by the rotational motion of 

water molecules (Buchmann and Schaumann, 2017), which can be restricted by molecular 

interactions (binding) or by physical barriers (within a pore) (Götz and Hinrichs, 2008). NMR 

relaxation has been developed over many years as a tool for the characterization of water mobility 

in porous media (Bayer et al., 2010; Dunn et al., 2002). In gels, interactions between the 

entrapped water molecules and the surrounding polymer chains alter the mobility of water 

(Belton, 1997). As an interparticulate gel (gel situated in a soil pore), the properties of water in 

interparticulate mucilage are different from those of water in soil pore. The method has two clear 

advantages in our field of study: first it is non-destructive and non-invasive, and second, water, 

being itself a primary constituent of mucilage, is also the primary probe. 

The principle and applications of NMR relaxometry are exhaustily detailed in several excellent 

texts (Callaghan, 1993; Callaghan et al., 1992; Kimmich, 2012) and in later chapters, so that we 

give here only a short introduction to the method to understand the principles and foresee its 

potential concerning detection of mucilage in soil. Hydrogen nuclei align parallel and anti-parallel 

to an applied magnetic field B0 according to a Boltzmann distribution, thus creating a bulk nuclear 

magnetisation. Short radiofrequency (RF) pulses transmitted to the samples at the Larmor 

frequency disturb the equilibrium Boltzmann population and cause the spins to flip into an angle 

to B0. The spins then relax back to their equilibrium orientation along B0 within a coherent 

precession. This means that all nuclei turn together in phase, what results in a rotating 

macroscopic magnetisation that can be detected by a radio receiver. The magnetic field 

experienced by the nuclei does not confined to the applied laboratory field. It is enhanced by 

small local fields within the sample itself, for example due to neighbouring nuclei and unpaired 

electrons in chemical bonds. According to their chemical environment, different nuclei experience 

different local fields.  

There are two principles of relaxation, each characterized by a relaxation time: T1 and T2. T2 is 

the spin-spin relaxation time and can be viewed as the time required for the nuclei initially 

precessing together in phase to lose coherence due to local magnetic fields in their environment. 

There is no net energy exchange between the nuclei and the lattice, thus no change in the 

distribution of the Boltzmann population. In contrast, T1 is the spin-lattice relaxation time and 

characterizes the return of the nuclei alignment within the magnetic field and the recover of the 

thermal equilibrium with the lattice through exchange of energy. Measurement of both relaxation 

times provides information on molecular dynamics and water movement in gels over a wide range 

of length and time scales (de Celis Alonso et al., 2010; Hills et al., 2000; Prŭšová et al., 2013).  

Recent investigations using the water mobility to detect and characterize interparticulate 

gels and their limits 

Soil-water interactions are defined by the water distribution in the porous soil matrix and by the 

various bindings of water in the porous soil matrix, which for example differentiate clay-

associated water from mineral soil pore water and from gel-associated water (Buchmann and 

Schaumann, 2018; Schaumann and Bertmer, 2014). 1H-NMR relaxometry is widely used to 

measure water distribution and water binding in porous media (Dunn et al., 2002; Kleinberg, 

1999). It allows to assess soil wetting kinetics (Schaumann et al., 2005), pore-size distribution in 

various soils (Meyer et al., 2018), influence of microbial activity (Codd et al., 2011; Jaeger et al., 

2006) and soil organic matter swelling (Bayer et al., 2010; Jaeger et al., 2010). In recent studies, 
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soil samples were mixed with polyacrylic acid as a hydrogel-forming polymer and the water 

mobility was measured with 1H NMR relaxometry. The NMR signal corresponding to polymer-

associated water was successfully distinguished from the NMR signal of pure pore water 

(Buchmann et al., 2015b, 2015a; Buchmann and Schaumann, 2017). The results allowed an 

estimation of the quantity of water trapped in the hydrogel and the expression of hydrogel swelling 

as function of clay content in soils with various clay contents. What is more, the structural stability 

of the soil samples could be linked with the content of polymer-associated water. Thus, 1H-NMR 

relaxometry represents a promising method to detect and characterize mucilage in soil via the 

difference of mobility between pure water and mucilage water in soil pores.  

Polyacrylic acid is a grateful polymer to lead NMR studies on polymer-amended soil due to a 

strong shift of the relaxation time to larger values corresponding to polymer-associated water 

(Buchmann and Schaumann, 2017). Until now, no study reports about the measurement of the 

water mobility in mucilage or mucilage amended soil, but 1H NMR relaxometry has been used to 

detect biofilm in porous media. Biofilm consists in proteins, polymers and DNA material excreted 

by bacteria and forms a biohydrogel composed of more than 90% water (Sutherland, 2001). Yet, 

the NMR signal of water trapped in biofilm in porous media is not trivial to distinguish from the 

one of “pure” water trapped in porous media (Codd et al., 2011; Sanderlin et al., 2013). Several 

studies showed a decrease of the relaxation time due to the presence of biomacromolecules in 

biofilm (Codd et al., 2011; Vogt et al., 2013). Those enhance spin relaxation as protons bound to 

the polymers and dissolved organics rapidly exchange with free protons on the liquid molecules 

(Hills et al., 1991). However, the shift of the relaxation time in biofilm in porous media is relatively 

low (Kirkland et al., 2015), so that a quantitative evaluation of the amount of biofilm and of the 

concentration of the polymers has not been possible yet with 1H NMR relaxometry. What is more, 

the mechanisms leading to shifts in relaxation times and the criteria allowing the distinction 

between biohydrogel water and non-biohydrogel water in soil pores have neither been fully 

identified until now. Although equations allow to measure the pore size distribution in soil by 

means of the relaxation time (Brownstein and Tarr, 1979; Godefroy et al., 2001), the presence of 

biofilm or swellable organic matter in the pores unvalidate these equations (Meyer et al., 2018).  

1.5. Use of model substances to investigate the properties of interparticulate 

mucilage   

Challenge to collect root mucilage 

The little body of research providing data about the physico-chemical characterization of root 

mucilage is largely due to the difficulty to collect it in sufficient amounts. One collection method 

is the extraction of axenic root mucilage from seedlings by centrifugation (Zickenrott et al., 2016) 

or by vacuum succion (Holz et al., 2018) after aeroponic or hydroponic (Watanabe et al., 2008) 

growth of the seedlings. Another method collects brace root mucilage (Ahmed et al., 2015) or 

nodal root mucilage (Ahmed et al., 2018) from several weeks-old maize plants. The aeroponic 

method yielded for maize 16 µg dry mucilage per root tip after 3 days germination (Zickenrott et 

al., 2016), and the collection of root mucilage from grown-up maize plants provided around 0.5 

mg of dry mucilage per root per day (Ahmed et al., 2015). Both methods have different strengths 

and weaknesses, but both are time-intensive and provide small yields. 

The use of model substances is therefore necessary to conduct experiments aiming at 

understanding fundamental physical mechanisms in soil, which require substantial amounts of 

mucilage. Still, to transfer the knowledge gained about the mechanisms, properties or processes 
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of soil amended with model substances to the rhizosphere, the model substances used must 

share chemical composition and/or physical properties with real root mucilage. Disparities 

between the properties of root mucilage and model substances should also be clear to assess 

how far the mechanisms, properties or processes found with the model substances are 

comparable to root mucilage. Polygalacturonic acid and chia seed mucilage have both been used 

to conduct studies on physical soil parameters requiring higher amount of mucilage material 

(Barré and Hallett, 2009; Kroener et al., 2014). 

Polygalacturonic acid as a model substance for root mucilage 

The choice of polygalacturonic acid (PGA) as a model substance relies on one side on the high 

content of uronic acid measured in maize root mucilage (Morel et al., 1986) and on the other side 

on the similarities of the patterns built by dried root mucilage and dried calcium-polygalacturonate 

on garlic roots (Gessa and Deiana, 1992, 1990). Out of these measurements, the authors 

concluded that the gel formation mechanism of root mucilage is similar to the one of PGA: the 

polymer chains are bound together by ionic bonds between calcium and deprotonated carboxylic 

groups (Figure 1.2). A range of studies use PGA as a model substance of root mucilage to 

investigate the effect of mucilage on soil microstructural stability, water transport and rewetting 

(Albalasmeh and Ghezzehei, 2014; Barré and Hallett, 2009; Czarnes et al., 2000; Peng et al., 

2011; Zhang et al., 2008).  

 

Figure 1.2. Idealized representation of calcium cross-linking of galacturonate residues in the egg-box 

model, modified from Kirtil et al. (2014). 

Only, the viability of PGA as a model of root mucilage can be set into question, as well as the 

existence of one model of root mucilage for all species. For example, root exudates from rice 

contain 5 wt% (based on the total carbohydrate content) uronic acid (Bacilio-Jiménez et al., 

2003), root mucilage from pea and from wheat consist of 13 wt% (Knee et al., 2001) and 11.5 

wt% (Moody et al., 1988) uronic acid respectively, and 48 wt% uronic acid were measured for 

three days-old cress root mucilage (Ray et al., 1988). Thus, the content of uronic acid in root 

mucilage of different species is far below the 100 wt% of PGA and varies greatly depending on 

the species. The uronic acid content between various studies is also difficult to compare 

quantitatively as it depends on the method of collection, plant specie and age and biotic and 

abiotic external factors such as the presence of microorganisms or the nutrient status. For 

example, the uronic acid content measured in maize root mucilage varies from 3 wt% to 34 wt% 

(Bacic et al., 1986; Morel et al., 1986). Thus, the influence of various uronic acid content on the 

gel formation mechanism and gel properties of root mucilage needs to be clarified.  

 

Chia seed mucilage as another model substance for root mucilage 
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Besides the use of a chemically defined polymer such as PGA, another approach is the use of 

chia seed mucilage as a model substance for root mucilage. Although the exudation mechanism 

of chia seed mucilage and its function for the plant are different from root mucilage (Capitani et 

al., 2013; Muñoz et al., 2012), it has comparable chemico-physical properties to root mucilage: 

Chia seed mucilage is mostly composed of polysaccharides, which are to around 20 wt% 

composed of uronic acids (Lin et al., 1994; Timilsena et al., 2015). Chia seed mucilage also has 

a high water content, viscous properties and reswells once dried (Capitani et al., 2015; Goh et 

al., 2016; Muñoz et al., 2012). Thus, being easily producible and in great quantities, chia seed 

mucilage is an appropriate model to study the influence of the gel properties of root mucilage on 

soil properties (Ahmed et al., 2014; Kroener et al., 2018).  

Still, it is not clear how far both types of mucilage are comparable as the viscosity of chia seed 

mucilage is clearly higher than the one of maize and wheat root mucilage for the same 

concentration (Naveed et al., 2017). It is also not known how the gel properties of chia seed 

mucilage and root mucilage vary according to different chemical conditions. Also, the role of root 

mucilage chemistry on gel formation mechanism and gel properties is still to elucidate. It is further 

unclear how root mucilage with various gel properties differently affects soil properties.  

1.6. Objectives and structure of the dissertation 

Goals of the multidisciplinary project MUCILAGE  

This PhD thesis is part of the multidisciplinary project MUCILAGE, financed by the German 

research foundation (DFG). MUCILAGE aims at understanding the mechanistic role of root 

mucilage for the regulation of water supply to plants. The main working hypothesis of MUCILAGE 

illustrated in Figure 1.3 is that root mucilage alters the physical properties of the rhizosphere and 

that these alterations affect the water flow across the rhizosphere.  

 

Figure 1.3. Illustration of the water distribution in the rhizosphere during a drying (a-b) and wetting (c) 

cycle, expected retention curve (d) and hydraulic conductivity (e) of the rhizosphere (blue) and the adjacent 

bulk soil (red) during a drying-wetting cycle. The figure is modified from the MUCILAGE DFG research 

proposal.  

The expected effects of root mucilage in the rhizosphere are to increase water content θ at given 

soil water potential h (Figure 1.3 d) thanks to mucilage water holding capacity, and to decrease 

the saturated hydraulic conductivity k (Figure 1.3 e) thanks to mucilage’s higher viscosity than 

water. During drying, the rhizosphere is expected to stay wetter than the adjacent bulk soil (Figure 
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1.3 a-b, d). Thus, the unsaturated hydraulic conductivity of the rhizosphere may become higher 

than that of the bulk soil at negative water potentials (Figure 1.3 e). As a result, mucilage would 

extend the range of water potentials in which roots and soil are hydraulically connected and would 

act as a “hydraulic bridge” in the rhizosphere. This way, mucilage exudation may be a plant 

strategy to attenuate the effects of drought. The hypothesized effects of mucilage on root water 

uptake are illustrated with blue arrows on Figure 1.3 (a-c).  

Dried mucilage is also supposed to become hydrophobic and to make the rhizosphere temporary 

water repellent, what hinders the rewetting of the rhizosphere upon rehydration. After a 

drying/wetting cycle, root water uptake is supposed to be reduced at the root segments covered 

with dry old mucilage and to shift to young root segments covered with freshly exuded mucilage. 

Three subprojects were designed to test these hypotheses and link stepwise the effect of 

mucilage properties on rhizophere soil properties (main responsibility G.E. Schaumann, 

University Kobleny-Landau) (Figure 1.4 a-c), the hydraulic properties of soil-gel mixtures and of 

the rhizosphere (main responsibility A. Carminati, BayCEER) (Figure 1.4 c-d), and the 

interrelation between root water uptake and soil moisture dynamics in the rhizosphere (main 

responsibility D. Vetterlein, UFZ Halle) (Figure 1.4 d). 

 

Figure 1.4. Research strategy of the MUCILAGE project: The characterization of mucilage gel properties 

(a) helps to elucidate the gel properties of mucilage in the pore space and to clear the underlying 

mechanisms (b), which lead to modulations of soil physical properties (c). With this information, 

relationships between root water uptake and moisture dynamics can be established (d). The stripes chosen 

for the representation of mucilage highlight the polymer network constituting mucilage.  

The main objective of this PhD thesis was therefore to identify the gel properties of mucilage and 

how they induce changes in soil physical properties (Figure 1.4 a-c). This included the elucidation 

of mucilage gel formation, its supramolecular arrangement and the measurement of mucilage gel 

properties (Figure 1.4 a). The constraint of pore walls also needs clarification, as it may affect 

the properties of interparticulate gel in contrast to free gel, which has no physical constraint. As 

the gel leading to changes in soil physical properties is interparticulate and not free, the 

mechanisms in the pore space induced by interparticulate mucilage also needed to be clarified 

(Figure 1.4 b-c). With this PhD study, we intend to relate the findings of our partners about 

hydraulic processes with gel-induced mechanisms in the pore space. 

 

Structure of the dissertation 
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The fulfilment of the goals set by MUCILAGE to this PhD thesis was confronted to three main 

challenges already introduced in subchapters 1.3, 1.4 and 1.5. They are the lack of methods to 

detect and characterize mucilage in situ, the lack of knowledge about the properties of 

interparticulate gels and the unknown relationship between the composition and the properties 

of model substances and root mucilage produced by various species. The next five chapters (2-

6) of this dissertation aim at creating the knowledge needed to address these challenges. 

Chapter 7 brings the knowledge gained in the previous chapters together and proposes 

explanations, which clarify the properties of interparticulate gel in the pore space and their effect 

on soil physical properties.  

In a first instance, the objective of this work was confronted to a lack of systematic methods to 

characterize gels and their mechanistic effect on soil properties, which we defined as the “gel 

effect”. This was surely due to the little awareness concerning the presence of gel phases in soil, 

and their ability to change soil properties by affecting processes at the pore-scale. In order to fill 

this gap, chapter 2 evaluated the potential of methods analysing gel properties developed by 

food research and polymer science for their application in soil science. Chapter 2 further critically 

reviews the currently available methods for their potential to characterize the spatio-temporal 

distribution of biohydrogel phases in soil. The gained knowledge served to orientate the approach 

and the choice of the methods to address the remaining challenges.  

Water properties in soil pores are key factors affecting soil physical properties. Chapters 3 and 4 

therefore focus on the development of 1H NMR relaxometry to detect and to characterize 

mucilage gel phases in soil by measurement of the water mobility. The properties of 

interparticulate gel as a contrast to free gel are also considered. Chapter 3 aims at identifying the 

mechanisms leading to a shift of the relaxation rate for biohydrogel-associated water, considering 

the NMR parameters governing the relaxation rate in porous media defined by Brownsein and 

Tarr. Two-dimensional T1-T2 measurements were conducted on pure mucilage and on artificial 

soils of several particle sizes mixed with one concentration of mucilage.  

The quantitative distinction between biohydrogel-associated pore water and “pure” pore water is 

further developped in chapter 4. The effect of particle pore size and of mucilage concentration 

are particularly considered. A conceptual model integrating the “gel effect” on the NMR 

parameters identified in chapter 3 is proposed based on the equations of Brownsein and Tarr 

(1979). The results obtained with the two-dimensional T1-T2 NMR experiments are combined with 

visual characterization of the samples with the electron microscope and image analysis from µCT 

images. The difficulty to create homogeneous and defined mucilage-amended samples to 

quantify the NMR parameters complicates the exact quantification of the several “gel effects” 

affecting the NMR parameters and is discussed in this chapter.  

To fully assess the influence of mucilage on the properties of the rhizosphere, the physico-

chemical properties of mucilage need to be characterized. Chapter 5 focuses on the control of 

the chemical properties of the polymer on the gel formation mechanism and on the resulting gel 

properties relevant for soil hydraulic properties, such as water content, water mobility or water 

holding capacity. Until now, the hypothesis has been accepted that the gel formation of mucilage 

is driven by cross-links between uronic acids and calcium and thus is comparable to the one of 

polygalacturonic acid (PGA). We put this hypothesis into question and investigate the role of the 

uronic acid and Ca2+ content on the gel formation mechanism and gel properties of chia seed 

mucilage and other model substances.  
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The relationship between the chemical and physical properties of several root mucilage and 

model substances are investigated in chapter 6, as well as how they variously affect soil structural 

stablity. For this, several chemical conditions including free uronic acids, calcium adsorption and 

content of high molecular weight (HMW) material are measured for maize and wheat RM, chia 

seed mucilage and low-methoxy pectin. The control of these chemical conditions on the viscosity 

of the substances is investigated. Then, the influence of these substances on the microstructural 

stability of artificial soils is examined. Sand and glass beads were used as artificial soils with 

defined water content to measure the microstructural stability of the samples and to picture the 

structure of the interparticulate gel networks. Unfortunately, measurement of the water mobility 

at the time of the experiment was not possible due to a long-term technical failure of the NMR 

relaxometer. 

The systematic study of fundamental mechanisms conducted in this thesis requires the use of 

artificial and homogeneous soil samples to limit the unavoidable heterogeneity present in 

disturbed soils. Glass beads and sand are therefore used as artificial soils to discard the influence 

of chemical interactions between the polymers and the particles, the swelling of soil particles or 

the non-controlled effect of soil solution. Although the artificial soil-gel systems studied in this 

thesis are simple in comparison to “real” soils and far from the reality, they permit the elucidation 

of several properties of interparticulate gel in the pore space. Those provide explanation for gel-

induced changes of soil physical properties and help to understand further processes in the highly 

complex system which is the rhizosphere.  

 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

21 
 

2. BIOHYDROGEL INDUCED SOIL-WATER INTERACTIONS: HOW TO 

UNTANGLE THE GEL EFFECT? 

 

 

 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

22 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

23 
 

 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

24 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

25 
 

 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

26 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

27 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

28 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

29 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

30 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

31 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

32 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

33 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

34 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

35 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

36 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

37 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

38 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

39 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

40 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

41 
 

 



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect? 
 

 

42 
 

  



3 Effect of mucilage on water properties in the rhizosphere monitored by 1H-NMR relaxometry 
 

 

43 
 

3. EFFECT OF MUCILAGE ON WATER PROPERTIES IN THE 

RHIZOSPHERE MONITORED BY 1H-NMR RELAXOMETRY 

 

 

 

 

 

 



3 Effect of mucilage on water properties in the rhizosphere monitored by 1H-NMR relaxometry 
 

 

44 
 

 



3 Effect of mucilage on water properties in the rhizosphere monitored by 1H-NMR relaxometry 
 

 

45 
 

 



3 Effect of mucilage on water properties in the rhizosphere monitored by 1H-NMR relaxometry 
 

 

46 
 

 



3 Effect of mucilage on water properties in the rhizosphere monitored by 1H-NMR relaxometry 
 

 

47 
 

  



4 Potential of NMR relaxometry to unravel the properties of mucilage in several pore sizes 
 

 

48 
 

4. POTENTIAL OF NMR RELAXOMETRY TO UNRAVEL THE 

PROPERTIES OF MUCILAGE IN SEVERAL PORE SIZES  

  



4 Potential of NMR relaxometry to unravel the properties of mucilage in several pore sizes 
 

 

49 
 

 



4 Potential of NMR relaxometry to unravel the properties of mucilage in several pore sizes 
 

 

50 
 

 



4 Potential of NMR relaxometry to unravel the properties of mucilage in several pore sizes 
 

 

51 
 

 



4 Potential of NMR relaxometry to unravel the properties of mucilage in several pore sizes 
 

 

52 
 

 



4 Potential of NMR relaxometry to unravel the properties of mucilage in several pore sizes 
 

 

53 
 

 



4 Potential of NMR relaxometry to unravel the properties of mucilage in several pore sizes 
 

 

54 
 

 



4 Potential of NMR relaxometry to unravel the properties of mucilage in several pore sizes 
 

 

55 
 

 



4 Potential of NMR relaxometry to unravel the properties of mucilage in several pore sizes 
 

 

56 
 

 



4 Potential of NMR relaxometry to unravel the properties of mucilage in several pore sizes 
 

 

57 
 

 

 



4 Potential of NMR relaxometry to unravel the properties of mucilage in several pore sizes 
 

 

58 
 

 

  



5 Gel formation mechanism and gel properties controlled by Ca2+ in chia seed mucilage and 
model substances 

 

 

59 
 

5. GEL FORMATION MECHANISM AND GEL PROPERTIES 

CONTROLLED BY CA2+ IN CHIA SEED MUCILAGE AND MODEL 

SUBSTANCES 



5 Gel formation mechanism and gel properties controlled by Ca2+ in chia seed mucilage and 
model substances 

 

 

60 
 



5 Gel formation mechanism and gel properties controlled by Ca2+ in chia seed mucilage and 
model substances 

 

 

61 
 



5 Gel formation mechanism and gel properties controlled by Ca2+ in chia seed mucilage and 
model substances 

 

 

62 
 



5 Gel formation mechanism and gel properties controlled by Ca2+ in chia seed mucilage and 
model substances 

 

 

63 
 



5 Gel formation mechanism and gel properties controlled by Ca2+ in chia seed mucilage and 
model substances 

 

 

64 
 



5 Gel formation mechanism and gel properties controlled by Ca2+ in chia seed mucilage and 
model substances 

 

 

65 
 



5 Gel formation mechanism and gel properties controlled by Ca2+ in chia seed mucilage and 
model substances 

 

 

66 
 



5 Gel formation mechanism and gel properties controlled by Ca2+ in chia seed mucilage and 
model substances 

 

 

67 
 



5 Gel formation mechanism and gel properties controlled by Ca2+ in chia seed mucilage and 
model substances 

 

 

68 
 



5 Gel formation mechanism and gel properties controlled by Ca2+ in chia seed mucilage and 
model substances 

 

 

69 
 



5 Gel formation mechanism and gel properties controlled by Ca2+ in chia seed mucilage and 
model substances 

 

 

70 
 



5 Gel formation mechanism and gel properties controlled by Ca2+ in chia seed mucilage and 
model substances 

 

 

71 
 

 



6 Influence of the physico-chemical properties of root mucilage and model substances on the 
microstructural stability of sand 

 

 

72 
 

6. INFLUENCE OF THE PHYSICO-CHEMICAL PROPERTIES OF ROOT 

MUCILAGE AND MODEL SUBSTANCES ON THE 

MICROSTRUCTURAL STABILITY OF SAND 

This chapter contains the abstract and the manuscript version submitted to Biogeochemistry after the minor 

revisions required for acceptance. The numeration of the subchapters corresponds to the numeration 

figuring in the manuscript and the formatting to the one required by the journal. 

Abstract 

Root mucilage (RM), a soil-born biohydrogel, affects the physical stability of the rhizosphere. One 

reason for this is attributed to the present polysaccharides which contribute to the formation of 

aggregates by acting as interparticulate glue.  

The aim of this study was to explore how physico-chemical properties of polymers of 

interparticulate gels influence this gluing and thus soil microstructural stability. We hypothesized 

that the microstructural stability of sand increases with the viscosity of the amended biohydrogel, 

which depends on the content of carbohydrate polymers and non-esterified uronic acids  which 

themselves determine the amount of absorbed calcium.  

Therefore, natural RM of maize and wheat were compared with higher viscous chia seed 

mucilage (SM) as a widely used model for RM, and with industrial pectin rich in uronic acids 

partially methylated.  

Results showed that additionally to Ca binding by uronic acids, binding by proteins is a further 

possible mechanism of Ca adsorption in RM. Upon Ca addition, the viscosity increased upon 

intermolecular associations (pectin) and decreased upon suppression of intermolecular charge-

charge repulsion (chia SM, maize RM). Amount of high-molecular weight material in the 

amendment affected strongly soil microstructural stability. Results further suggested the creation 

of gel micro-zones upon Ca addition, which increased the viscosity of interparticulate gel and 

sand microstructural stability.  

Finally, the study outlines several physico-chemical mechanisms through which interactions 

between biotic (roots and seed) and abiotic components (mineral particles) influence soil 

structure, which control the water, air and nutrient flow through the rhizosphere and is, thus, an 

important soil quality parameter.  

 

1. Introduction 

Plant roots, bacteria, and fungi can modify the properties of their surrounding soil by exuding 

polysaccharidic substances (e.g., Barré and Hallett 2009; Naveed et al. 2017). These substances 

have a high water holding capacity and can absorb water in amounts above 90% of their own 

mass. The resulting gels have increased viscosity and the ability to swell and shrink. The term 

“gel effect” defines the biohydrogel-induced variations of soil properties (Brax et al. 2017), among 

which the stabilization of the soil structure is a significant one. Several pore-scale effects have 

been identified to explain the stabilization of the soil structure by biohydrogels: In the wet state, 
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stronger binding between soil particles due to a gluing effect leads to an increased cohesion of 

soil aggregates (e.g., Watt et al. 1993; Zhang et al. 2008). After drying and rewetting, reduction 

of the wetting rate, cementation, and increased polymer-particle surface contact enhance 

aggregate stability and reduce slaking (e.g., Orts William J. et al. 2007; Buchmann et al. 2015). 

Chemical interactions between biohydrogel and soil particles further affect soil structural stability 

(e.g., Barré and Hallett 2009; Buchmann et al. 2015). In general, it is expected that the exudation 

of mucilage by soil biota has similar effects on the soil structure as the already investigated 

biohydrogels. Variations of the soil structure induced by interactions between abiotic components 

(soil particles) and biotic components ultimately affects soil hydraulic properties such as water 

content, water retention and hydraulic conductivity (Kroener et al. 2018). Still, the exact relations 

between chemical properties of mucilage and the gel effects are unknown.  

Well-defined model polymers such as polyacrylic acid for extracellular polymeric substances 

(EPS) are used for simplification of biohydrogel-soil systems and enable the focus on already 

complex pore-scale processes (Mayer et al. 1999; Barré and Hallett 2009). Polygalacturonic acid 

(PGA) has been widely used as model substance for root mucilage (RM) (e.g., Zhang et al. 2008; 

Albalasmeh et al. 2013). It has an uronic acid content of 100 wt% (based on the total 

polysaccharide content). Accordingly, PGA forms a gel by specific ionic bonding between 

deprotonated uronic acid and calcium (Grant et al. 1973). Such gels are governed by strong and 

specific interactions and form hard and brittle gels (de Kerchove and Elimelech 2007).  

RM polysaccharides are composed of neutral sugars and uronic acids and are made responsible 

for the gelling properties of RM. The presence of uronic acids in RM should additionally lead to 

the formation of ionic bonds with calcium from the soil solution or ions at the surface of soil 

particles (e.g., Zhang et al. 2008; Chen and Arye 2016). Only few studies reported the uronic 

acid content in RM, but it varies from 3 to 28 wt% (based on the total polysaccharide content) in 

maize RM (e.g., Morel et al. 1986; Watanabe et al. 2008) to values less than 5 wt% in barley and 

maize exudates (Naveed et al. 2017). Such low contents of uronic acid in RM question the ability 

of RM to stabilize the gel via ionic bounds with calcium. For example, chia seed mucilage (SM) 

has an uronic acid content of 23 wt% (Timilsena et al. 2015) and it forms gels characterized by 

the entanglement of different chains by physical cross-links (Capitani et al. 2015; Brax et al. 

2019b). Physical cross-links result from non-specific interactions between uncharged functional 

groups and from electrostatic interactions between uncharged functional groups and ions.  

In contrast to its well-defined polymer analogues, root mucilage has a more complex chemical 

composition regarding the types and composition of carbohydrates (e.g., Fedeniuk and Biliaderis 

1994; Read et al. 2003). Therefore, the understanding is still scarce about how the viscosity of 

biohydrogels affects pore-scale stabilization mechanisms, which lead to an increase of soil 

structural stability and ultimately to variations in the water flow in the soil profile. 

Although chia SM has been widely used as RM analogue (e.g., Kroener et al. 2014; Benard et 

al. 2018), little is known about the extent to which chia SM forms gels of similar structure and 

properties as RM, and which effects of chia SM on soil are comparable to those of RM. Recent 

results showed that the viscosity of chia SM and maize and barley root exudates differed and 

that chia SM had the highest viscosity (Naveed et al., 2017). This highlights the need to 

understand the relationships between chemical composition and physico-chemical properties of 

RM from several plants and to compare them to model substances like chia SM.  
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The properties of a biohydrogel are controlled by its chemical composition and by the structural 

arrangement of the polymers, which depends on the physico-chemical forces at play between 

the chains (Brax et al. 2017, 2019b). Therefore, one aim of this study was to explore how 

chemical properties, particularely uronic acid content and Ca absorption capacity, of several RMs 

affect their physical gel properties, like viscosity, in comparison to other gels suggested to be 

models of RM. The second aim was to understand how these composition-property relationships 

found for RM and other substances affect gel-induced pore-scale properties, i.e., microstructural 

stability of artificial soils, differently. The following hypotheses were formulated in order to help 

achieving these aims: 

1. Calcium absorption by RM increases with the content of non-esterified uronic acid constituting 

the backbone of RM.  

2. The viscosity of RM increases with the content of carbohydrate polymers. 

3. Absorption of calcium by RM increases the viscosity of RM.  

4. The microstructural stability of sand amended with RM increases with the viscosity of RM, 

whether or not treated with calcium. 

Beside chia SM, low-methoxy pectin (LMP) was chosen as a possible model substance for RM 

because it has a lower uronic acid content than PGA, and its partial methyl esterification may 

better model the processes occurring in RM (Mimmo et al. 2008). RM was collected from wheat 

and maize young roots as they differ in their rheological properties. For chemical characterization, 

calcium absorption, carbohydrate and uronic acid contents were measured. The viscosity was 

measured in samples with and without Ca addition and the same preparations were mixed with 

glass beads and coarse sand to measure their effect on the microstructural stability of artificial 

soils. 

 

2. Materials and methods 

2.1 Collection of mucilage  

Collection of maize and wheat root mucilage (RM). Maize and wheat RM were extracted as 

described by Holz et al. (2018) using an aeroponic method. For this, wheat (Triticum aestivum 

cv. Julius) and maize (Zea mays) seeds were surface-sterilized in hydrogen peroxide (10%) for 

10 min, rinsed thoroughly with distilled water and spread on a stainless steel mesh (mesh size 

2 mm). The meshes (36 × 52 cm) were mounted in PE boxes (37 × 53 × 27 cm top). Both were 

rinsed with 10% H2O2 beforehand to inhibit microbial activity. The PE boxes were filled up to 12 

cm with distilled water. The meshes were fixed at 22 cm from the bottom of the boxes. Each box 

contained one aquarium heater set at 23°C (25 Watt, EHEIM) and two air diffusers (Long-Long 

25 cm) connected to an air pump to ensure ~100% air humidity. The seeds were grown 3 days 

in the dark, before mucilage was collected from the young roots under vacuum suction once a 

day for the next 2-3 days. RM was sieved through a 100 μm mesh and freeze-dried. Freeze-

drying was essential in order to re-dissolve all substances at the same defined concentration.  

Extraction of chia seed mucilage (SM). Chia seeds (Salvia hispanica L.) were added to distilled 

water (1:20 w/w ratio), mixed thoroughly for 2 min and kept for 30 min at room temperature until 
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mucilage excretion reached a steady state (Salgado-Cruz et al. 2013). Chia SM was extracted 

under vacuum filtration through a 500 μm sieve, sieved through 100 μm mesh to remove seed 

rests. The filtered and freshly extracted chia seed mucilage had a concentration of 0.12 ± 0.00 

wt% and was finally freeze-dried. 

2.2 Dialysis and chemical characterization of RM and its model substances  

Dialysis was conducted as described in Brax et al. (2019b) with some modifications: Freeze-

dried maize, wheat, and chia mucilage as well as low-methoxy pectin (LMP, citrus pectin, 

esterification degree 32-38%, galacturonic acid content 85%, Herbstreith & Fox KG, Germany) 

were separately mixed with water at a concentration of 0.05 wt% (500 mg/L) and let rest for 24 

hours until complete dissolution. The concentration was set at 0.05 wt%. The prepared samples 

(20 mL) were transferred into a plastic cylinder (4 × 2.8 cm) previously closed on one side with 

dialysis tubing (molecular weight cut-off: 12,000-14,000). Dialysis tubing was then fixed on the 

open end of the cylinder and immersed for 24 h in distilled water to remove the dissolved cations. 

The first subset of the samples was analysed for TOC, CHNS, and dry mass (Figure 1). The 

second subset was dialyzed against a 5 mM CaCl2-solution adjusted to pH 5 using KOH and 

HCl. After 48 h, the samples were washed three times by dialysis against distilled water, which 

was renewed every 24 h. The calcium contained in the gels, therefore, was considered bound 

(Morel et al. 1986). The second subset was analyzed for the cations (Figure 1). All samples were 

prepared in triplicate. 

The molecular weight cut-off of the dialysis tubing corresponds to 67± 5 linked uronic acid 

molecules: The molecules which could diffuse out of the dialysis tubes were not the long polymer 

chains suspected to be involved in the gelling of the RM and its model substances. Thus, the 

total carbon (TC) ratio corresponding to the ratio of total carbon measured for the samples after 

the dialysis (TCdial) and before the dialysis (TCinitial) gives an indication about the amount of high 

molecular weight (HMW) material (Table 1). 

Total organic carbon (TOC) was measured via multiNC 2100S (Analytic Jena, Germany) (Figure 

1) with the non-purgeable organic carbon (NPOC) method. Calibration was done using potassium 

hydrogen phthalate (Merck, Darmstadt, Germany). 

Elemental nitrogen and carbon content was determined as weight percentage of the freeze-dried 

material (Vario micro cube, Elementar Analysensysteme GmbH, Germany) and used to obtain 

the C:N ratios. 
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Fig. 1 Overview over the treatment procedures of root mucilage (RM), seed mucilage (SM) and low-

methoxy pectin (LMP) and their corresponding physico-chemical analyses. 

Cation analysis was obtained from 1 mL sample digested with 0.5 mL 33% HCl and 1.5 mL 65% 

HNO3 in a microwave by a 15 min heating ramp followed by constant heating at 200°C for 40 min. 

The digests were subsequently analysed by inductively coupled plasma optical emission 

spectrometry (ICP-OES, Agilent 720 Series, Germany) for the metals Ca, Mg, Na and K. 

Total uronic acid content in wt% of the dry mass was determined according to the modified 

phenylphenol method of Blumenkrantz (1973) improved by Filisetti-Cozzi and Carpita (1991) for 

a reduced browning of neutral sugars. The principle of the phenylphenol method is the formation 

of chromogens by the reaction of hydrolysed uronic acid with meta-hydroxydiphenyl. For this, 40 

μL of 4 M sulfamic acid-potassium sulfamate (pH 1.6) was added to 400 μL of sample solution. 

After mixing, 2.4 mL of concentrated H2SO4 containing 12.5 mM sodium tetraborate was added. 

After boiling for 20 min and cooling with an ice bath, 80 μL of a solution of 0.15 wt% m-

hydroxybiphenyl in 0.5 wt% NaOH was added. The tubes were incubated for 15 min at room 

temperature before absorption at 525 nm was measured (UV-Vis Spectrometer specord 50, 

Analytik Jena, Germany). Calibration curve was measured with standard solutions of 

polygalacturonic acid (PGA, 95%, enzymatic, Sigma, Germany) between 5-125 mg L-1, so that 

the measured quantity of uronic acid was given in PGA weight equivalent. 

Galacturonic acid was not the only uronic acid found in root exudates (Naveed et al. 2017). As 

not all uronic acids have the same absorption coefficient, a correction factor was calculated for 

several uronic acids and expressed in the errors given in Figure 3a: The absorption coefficient of 

PGA was divided by the absorption coefficients of mannuronic (aPGA/aUA=0.88), irudonic 

(aPGA/aUA=0.92) and glucuronic (aPGA/aUA=1.50) acid obtained from Blumenkrantz and Asboe-

Hansen (1973). The product of the measured PGA weight equivalents and of the lowest 
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correction factor of mannuronic acid corresponded to the lower possible uronic acid concentration 

in the sample, and vice-versa of glucuronic acid to the higher possible concentration. 

Degree of esterification (DE) was calculated out of the ratio between the methanol content 

released by base hydrolysis of the esterified uronic acids and the total uronic acid content 

measured by colorimetry (McFeeters and Armstrong 1984). Methanol released from base 

hydrolysis of uronic acid methyl esters was measured by gas chromatography. For this, the 

samples were dissolved in water to give a 10 mg/mL solution and 1.5 mL citric acid, 0.1 M NaCl 

buffer (pH 5) was added to 1 mL of sample solution. The total volume was 2.5 mL and the final 

concentration of citric acid 5 mM. Further, 200 μL of 1.0 M NaOH was added, the samples were 

sonicated for 5 min and let rest overnight. The next day, 300 μL of 82.5 mM citric acid solution 

was added to lower the pH to 7 for GC analysis. The samples were measured with a GC-FID 

(Varian CP-3800, Varian Inc, Palo Alto, USA) equipped with a 60 m TR-FAME column (Thermo 

Fisher Scientific, Waltham, USA). A sample volume of 1 μL was injected at 150°C with a 1/10 

split ratio. Carrier gas was nitrogen at a constant flow of 0.7 mL min-1. The oven was programmed 

for 0.2 min at 50°C, a ramp with 20°C min-1 to 130°C and holding for 3 min at 130°C. The DE is 

given for the lowest and for the highest possible uronic acid content (Figure 3b).  

Total carbohydrate content was measured with the phenol-sulphuric acid method established by 

Dubois (1956). This method is based on the dehydration of hydrolyzed saccharides to furfural 

derivatives during their reaction with concentrated sulfuric acid. The reaction of furfural 

derivatives with phenol forms coloured complexes, which absorb in the UV-Vis spectrum (Dubois 

et al. 1956). A volume of 1 mL sample solution was mixed with 40 μL phenol-water reagent (57 

wt%), 2.5 mL concentrated H2SO4 were quickly added and the mixture was vortexed. After at 

least 15 min at room temperature, absorption was measured at 490 nm with the same UV-Vis 

Spectrometer as previously. Calibration curve was measured with standard solutions of glucose 

(5-70 mg L-1). Amount of glucose weight equivalent was also measured for another set of 50 mg 

L-1 standard solutions consisting of glucose-PGA mixtures (5-45; 25-25; 45-5 mg L-1) for 

comparison.  

As not all sugars have the same absorption coefficient, a correction factor was calculated 

similarly to the uronic acid for several sugars. For this, the total sugar content was measured as 

glucose equivalent for 50 mg L-1 standard solutions of fructose (99%, Alfa Aesar), galactose 

(98.5%, Dr. Ehrenfester), xylose (99.5%, Dr. Ehrenfester), PGA and the previously described 

pectin. The correction factor was the ratio between the real sugar content (50 mg L-1) and the 

sugar content measured as glucose equivalent. The product of the measured glucose equivalent 

and of the highest correction factor corresponded to the highest possible total sugar 

concentration in the samples).  

2.3  Physical characterization  

Root mucilage and model substance preparation for the physical characterization was performed 

in distilled water at a higher concentration of 0.5 wt% (5.00 g/L) than for the chemical analysis 

(Figure 1). For the calcium-treated samples, the same quantity of sample was dissolved in half 

the volume of distilled water, and the other half of the volume was added as a 10 mM CaCl2 

solution resulting in 0.5 wt% in 5 mM CaCl2 solution.  

Viscosity of RM and its model substances was measured using a MCR 102 rheometer (Anton 

Paar, Ostfildern, Germany) with a parallel-plate measuring system (25 mm diameter). Flow curve 
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measurements were conducted at 20°C with a measurement gap of 250 µm and a shear rate of 

0.01 - 600 s-1.  

Preparation of amended artificial soils was performed at 0.5 wt%, a middle value for the dry mass 

of RM collected with the aeroponic method (Zickenrott et al. 2016). Amendment of soil with this 

RM concentration aims to characterize processes taking place close to the root interface. Glass 

beads (338 ± 44 μm) and a coarse quartz sand (grain size: 0.2% 2000-630 μm, 94.9% 630-200 

μm, and 4.9% 200-63 μm, Quarzwerke GmbH, Weferlingen) were used as artificial soils. In order 

to limit bacterial degradation of RM, the artificial soils were successively washed with 2 M HCl 

solution and distilled water and were oven-dried at 105°C for 24 h prior to the experiments. The 

samples were prepared by homogeneously mixing the artificial soils with wheat and maize RM, 

chia SM, and LMP and by adjusting them to their maximal water content of 25 wt%. Final 

concentration of the different samples was 1.25 g dry RM or model substance per kg soil. The 

adjusted concentration was in the range of EPS in deciduous forest and permanent grassland as 

estimated by Chenu (1995), but significantly less than the 4.6 g dry root exudate (kg dry soil) -1 

applied by Naveed et al. (2017). 

Amplitude sweep measurement were conducted to determine the microstructural stability of the 

samples using the same rheometer and geometry as described for the viscosity measurements. 

Water-saturated conditions were used to minimize the effects of water menisci forces, hence the 

structural stability of the non-amended artificial soils directly depended on the solid-solid friction 

between mineral particles as a function of soil texture (Buchmann and Schaumann 2017). 

Microstructural stability was described by the yield stress for both non-treated artificial soils and 

treated with RM of wheat and maize, chia SM, pectin and glucose (Figure 6). The measurements 

were carried out at 20°C (regulated by a Peltier unit) under the following conditions: Plate gap 

was set to 2 mm throughout the measurements with deformation  increasing from 0.001-100% 

in logarithmic scale for a total of 33 measurement points. Frequency was kept constant at 0.681 

Hz. Results were presented as yield stress  (peak elastic stress), which typically represents the 

onset of soil microstructural collapse (Naveed et al. 2017).  

2.4 Environmental scanning electron microscopy (ESEM) 

Small amounts of each amended soil were immersed into liquid nitrogen and directly after 

transferred in the freeze-drier. Shock-freezing the samples aimed to reduce as much as possible 

changes in the structure of the polymer network (Brax et al. 2019a). ESEM images of these 

samples were taken with a FEI Quanta 250 ESEM (FEI Company Hillsboro, United States) under 

low vacuum with chamber pressures between 60 and 80 Pa. A large field detector was used with 

an acceleration voltage between 12.5 and 15 kV. 

2.4 Statistical analyses 

Mean values and standard deviations were calculated for all parameters. Differences between 

the mucilage types (type) in chemical and physical parameters (Table 1, Figure 2, 3a, 4, 5a and 

6), the effect of Ca addition (treatment) on viscosity of mucilage (H3, Figure 5a) and on the yield 

stress of glass beads and sand amended with these substances (H4, Figures 6), and the effect 

of substrate type (glass beads or sand) on the yield stress were tested with linear mixed effect 

models with random intercept from replicate measurements using the packages nlme and car (R 

core team, 2018) including interaction only when it was significant. The model was accepted to 

sufficiently describe the data if the Shapiro-Wilk normality test and Levene test of the residuals 
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resulted in a p > 0.05. The effect of a factor was considered significant when the anova test of 

one model with and one model without the respective factor (null model) resulted in a p-value < 

0.05 (Winter 2013). In order to meet model assumptions, data of uronic acid content, viscosity, 

and yield stress were transformed logarithmically. Significant differences between types and 

treatments were marked with different letters (Table1, Figures 2, 3a, 5a, and 6). Finally, to test 

the hypothesized relationships between Ca absorption and content of non-esterified uronic acid 

(H1), and ln (viscosity) and polymer content (H2), as well as the dependence of yield stress on 

ln (viscosity) and polymer content (H4), linear regression analyses were performed for Figure 3b, 

Figures 5b, and 7a-b weighed by the reciprocal standard deviation of the parameters using the 

package stats of the statistical software R (R core team, 2018). Correlation and strength of the 

relationship between the data are described by the coefficient of determination r² and the 

significance (p-value) of the slope.  

 

3. Results and discussion 

3.1  Chemical composition of mucilage and analogues  

The ratio of total carbon content after and before dialysis differs significantly between the 

substance types (p = 3.8·10-11) and shows that low methoxy pectin (LMP) as a high molecular 

weight (HMW) polymer did not lose significant amounts of carbon upon dialysis (Table 1). In 

contrast, chia seed mucilage (SM) lost about 25% of its initial total carbon upon dialysis, whereas 

maize and wheat root mucilage (RM) lost 49% and 59%, respectively. The C/N ratio after water 

dialysis (Table 1) reveals that LMP and chia SM had a significantly lower N content than wheat 

and maize RM (p < 1.6·10-6 for all).  

Table 1 Mean and standard deviation of the ratio of total carbon after water dialysis TCdial with respect to 

initial total carbon TCinitial and C/N ratio after water dialysis in maize and wheat root mucilage (maize RM, 

wheat RM), chia seed mucilage (chia SM) and low-methoxy pectin (LMP). Both were significantly affected 

by the mucilage type (p = 3.8·10-11 and 2.6·10-10 for TC ratio and C/N, respectively). Significant differences 

are marked by different letters in brackets. 

 Wheat RM Maize RM Chia SM LMP 

TCdial / TCraw 0.45 ± 0.04 (a) 0.62 ± 0.01 (b) 0.74 ± 0.05 (c) 0.96 ± 0.03 (d) 

C/N 6.6 ± 0.4 (a) 11.3 ± 1.1 (a) 70.8 ± 7.6 (b) 79.8 ± 4.5 (b) 

 

The concentrations of Na, K, Mg and Ca in the samples were measured before dialysis and after 

dialysis against 5 mM CaCl2 solution (Figure 2). Whereas the commercially purified citrus pectin 

(LMP) was nearly free of cations before dialysis, RM of maize and wheat and chia SM contained 

250 ± 40 µmol mL-1 K (Figure 2a). In contrast to the RM of maize and wheat that contained no 

relevant amounts of other cations, significantly higher Ca and Mg contents of 160±4 µmol mL-1 

were found in chia SM (p < 8.5·10-17 and 3.6·10-12 for Ca and Mg, respectively). After dialysis, 

Na, K, and Mg were either washed out or replaced by Ca for all samples (Figure 2b). This 

indicates the affinity of maize and wheat RM and of chia SM to Ca2+. The highest amount of 

bound Ca was found in LMP with 948±23 μmol mL-1 followed by chia SM with 666 ± 36 μmol mL-
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1 (p = 9.4·10-17), which exceeded the occupied charge before dialysis. In contrast, with a Ca 

content of 83 ± 8 μmol mL-1 for maize and wheat RM, Ca dialysis did not result in a complete 

saturation of all charges that had been occupied before dialysis (Figure 2b).  

 

Fig. 2 Initial cation content (a) and bound cation content after calcium treatment (b) in maize and wheat 

root mucilage, chia seed mucilage and in low-methoxy pectin (LMP) was significantly affected by the 

mucilage type for the initial Ca (p = 4·10-24) and Mg content (p = 1.8·10-17) and for the Ca (p = 3.7 ·10-14), 

K (p = 4.5·10-4), and Mg content (p = 2.8·10-10) after Ca treatment. Error bars show standard deviation. 

Different letters beside the legend symbols indicate significant mucilage type specific differences in the 

respective cation. Where letters are missing, model assumptions were not met. 

The uronic acid content in the different substances varied (Figure 3a) significantly (p = 2.1·10-31). 

With 81 ± 6 wt% galacturonic acid equivalent (GalA eq) LMP verified the information provided by 

the manufacturer (85%). The uronic acid content in chia SM was with 39 ± 4 wt% GalA eq (almost 

half of the one in LMP) significantly lower (p = 5.3·10-9) whereas only 4 ± 1 mg L-1 GalA eq was 

measured for maize RM and no uronic acid was detected in wheat RM (Figure 3a). As several 

types of uronic acid are present in mucilage (Naveed et al. 2017) and due to their various 

absorption coefficients, mannuronic acid (ManA eq) and glucuronic acid equivalents (GluA eq) 

were also represented in Figure 3a. The degree of esterification (DE) measured for LMP was 

between 21 ± 1%, which is below the one given by the producer (32-38%). The DE of maize RM 

was 43±0%, whereas the DE of chia SM was 8 ± 1 thus remarkably lower. The concentration of 

bound Ca in the different substances after Ca dialysis plotted against the content of non-esterified 

PGA equivalent (Figure 3b) resulted in a significant weighted linear regression with an intercept 

of 82.6 ± 4.8·10-5 µmol mL-1 (p = 3.3·10-13) and a slope of 16.8 ± 2.6 µmol mL-1 wt%-1 (p = 0.033, 

r² = 0.9557). Therefore, the concentration of bound Ca was significantly greater than zero at the 

y-intercept and significantly increased with the content of non-esterified uronic acid.  
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Fig. 3 Content of total and of non-esterified uronic acid as mannuronic acid (MaA), galacturonic acid 

(GalA), and glucuronic acid (GluA) equivalent in wt% of the dry mass in maize and wheat root mucilage, 

chia seed mucilage, and in low-methoxy pectin (LMP) (a) were both significantly affected by the mucilage 

type (p = 2.1·10-31). Error bars show standard deviation and different letters of the same grayscale 

indicate significant differences. Correlation between the non-esterified galacturonic acid content and the 

bound Ca concentration after calcium treatment was with an intercept of 82.6 ± 4.7·10-5 (p = 3.3·10-13) 

and a slope of 16.8 ± 2.6 (p = 0.0224) significant (r2 = 0.9557) (b). Horizontal error bars represent 

mannuronic (lower) and glucuronic (upper) acid equivalents. 

Chia SM had the highest carbohydrate content (p = 2.7·10-5) with 35 ± 2 wt% glucose equivalent 

(Gluc eq) and maize and wheat RM showed similar values (p = 0.897) around only 7.5 ± 1 wt% 

Gluc eq (Figure 4a). In addition to glucose, various neutral and acidic carbohydrates are present 

in mucilage (Naveed et al. 2017) and affect the absorption coefficient. A correction factor (i.e., 

ratio of sugars to glucose equivalent) was measured for several carbohydrates (Table 2). As LMP 

had the highest correction factor, the carbohydrate content equivalent to LMP was also 

represented in Figure 4. To prove the influence of uronic acids on the absorption coefficient, three 

standard solutions consisting of glucose-PGA mixtures (5-45, 25-25, and 45-5 mg.L-1) were 

prepared for comparison. The correction factors (i.e., the ratio of sugars to glucose equivalent) 

increased from 1.1 (5-45 mg L-1) to 1.6 (25-25 mg L-1) and 2.2 (45-5 mg L-1), accordingly to the 

increase of the fraction of PGA in the solution.  
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Fig. 4 Total carbohydrate content as glucose equivalent (Glu eq) and LMP equivalent (LMP eq) in maize 

and wheat root mucilage, chia seed mucilage and in low-methoxy pectin (LMP) in wt% of the dry mass 

was significantly affected by the mucilage type (p = 3.4·10-11). Error bars show standard deviation and 

significant differences are indicated by different letters. 

Table 2 Mean and standard deviation of the correction factor (i.e., ratio of sugars to glucose equivalent) 

of various carbohydrates measured for the glucose calibration curve. 

Substance Glucose Galactose Fructose Xylose PGA LMP 

Correction 

factor  
1.0 1.3±0.0 1.5±0.1 1.1±0.0 2.5±0.2 3.4±0.3 

 

3.2  Suitability of the Dubois total carbohydrate method for mucilage  

The analytical accuracy of the Dubois method for samples rich in uronic acid such as chia SM or 

LMP was low, as the correction factor measured for LMP involved correction bars over three 

times the experimental value measured for the total sugar content (Figure 4). The reason is that 

neutral sugars, uronic acids, and amino sugars show different chemical reactivity with the 

derivatization reagent. Therefore, the absorption coefficient of uronic acids typically ranges 

between 30% and 40% of the one of neutral sugars, whereas amino sugars do not react at all 

(Mecozzi 2005; Liebezeit and Behrends 2007). Although not indicated by the manufacturer, the 

potential presence of amino sugars in LMP was suggested by the high nitrogen content (Table 

1) and would explain why the correction factor for LMP is higher than that for PGA. The calibration 

with glucose despite the dependence of the absorption coefficient on the type of sugar leads to 

an underestimation of the total carbohydrate (Albalasmeh et al. 2013). This shows that the 

Dubois method is inappropriate to measure and compare the total carbohydrate content in RM 

and analogue substances, which potentially contain amino sugars and uronic acids. An 

alternative method involves the hydrolysis of the polysaccharides and the derivatisation of their 

constituent monosaccharides to volatile compounds allowing analysis using gas chromatography 

(Osborn et al. 1999; Bacilio-Jiménez et al. 2003).  

3.3  The chemical composition of root mucilage differs from its analogues 

Wheat and maize RM contained higher amounts of low molecular weight (LMW) substances than 

chia SM and the purified citrus pectin LMP. Osborn et al. (1999) also found that a majority of 

neutral sugars in crude maize RM is present as glucose monomer. One explanation is that roots 

profit from the exudation of microbially easily degradable monosaccharides improving symbiosis 

with soil bacteria and fungi (Angers and Caron 1998).  

The content of uronic acid in chia SM was slightly higher than the data reported by Timilsena et 

al. (2015) and Lin et al. (1994). The content of uronic acid measured) and the one in maize RM 

was in good agreement with the value measured by Bacic et al. (1986) in Zea Mays L. grown 

under axenic conditions. Low amounts of uronic acid below 4.5 wt% of the dry mass were also 

measured for barley and maize root exudates (Naveed et al. 2017). In contrast to our results, 

11.5 wt% uronic acids were measured in wheat root mucilage (Moody et al. 1988). One reason 

for this discrepancy could be that the seed variety used by Moody et al. (1988) was from another 

cultivar (cv Condor) than ours (Julius). Furthermore, the growth procedure and extraction 

procedures are not standardized, which complicates the comparison and interpretation of 
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published results. In contrast to chia SM and LMP, the low amounts of uronic acid measured for 

RM in this study and in the literature suggest that the interactions between the polymers in RM 

and the resulting gel properties of RM are not only governed by uronic acids.  

Whereas chia SM seems to mostly consist of uronic acids and neutral sugars, the low 

carbohydrate content and uronic acid content in maize and wheat RM suggest that there is only 

a small amount of polymeric substances in RM of this study, which is partly verified by the high 

carbon loss during dialysis of wheat and maize RM. Another reason could be the presence of 

other types of polymers such as proteins (Fedeniuk and Biliaderis 1994; Knee et al. 2001), and 

phospholipids (Read et al. 2003), which have already been found in RM. The small C/N ratio for 

RM suggests indeed the presence of amino sugars or of proteins in RM (Bacic et al. 1986; Knee 

et al. 2001).  

3.4  Calcium adsorption in mucilage relies on free uronic acids - but not only 

The lower amount of HMW material in wheat and maize RM than in chia SM and LMP resulted 

in a reduced solid concentration after dialysis, which alone can explain the reduced amount of 

absorbed Ca. However, the positive correlation between non-esterified uronic acid and bound 

Ca in Figure 3b indicates that Ca binding occurs mostly by interactions with free uronic acids 

according to hypothesis 1. In addition, further Ca binding mechanisms are suggested by the 

positive y-intercept as it indicates calcium absorption also in the absence of free uronic acid. This 

is particularly relevant for wheat and maize RM, which contained zero and near to zero free uronic 

acids and still adsorbed Ca. One possible mechanism supported by the low C/N ratio is the 

absorption of Ca by proteins probably also present in RM (Dudev and Lim 2004). An alternative 

mechanism was suggested by Morel et al. (1987) and Watt et al. (1993), who found that binding 

of RM to soil and clay materials occurs through hydroxyl and amino groups of RM rather than by 

ionic binding with free uronic acids. These considerations underline the necessity to take into 

account proteins and phospholipids as additional constituents of RM to evaluate the composition-

property relationship in RM, as these compounds affect ionic binding to calcium and probably the 

viscosity of mucilage.  

3.5  Rheology of root mucilage and analogues  

The flow curves (Brax 2019) of all RM and analogues showed a shear-thinning behaviour 

indicated by the decrease of the viscosity with increasing shear rate and caused by the alignment 

of the randomly positioned polymer chains in the flow direction resulting in less interaction among 

adjacent chains (Koocheki et al. 2013). We examined the viscosity of the samples at a medium 

shear rate of 107 s-1 to differentiate between the strength of the interactions between the 

polymers, and thus to compare potentially different gel formation mechanisms. The different 

samples (0.5 wt%) including one of glucose reveal a significantly different viscosity (p = 2·10-17). 

Without additional calcium, the viscosity increased in the following order (Figure 5a): glucose ≈ 

(p = 0.0628) wheat RM < (p = 6.7·10-12) maize RM < (p = 4.9·10-8) LMP << (p = 2.5·10-14) chia 

SM. The viscosity of glucose and wheat RM were between 1 and 2 mPa·s and thus only slightly 

higher than that of water, which is 1 mPa·s at 20°C. In contrast, the viscosity of chia SM was with 

128 ± 4.5 mPa∙s much higher than that of maize RM and LMP in the range of 10 mPa·s (p = 

2.3·10-16 and 2.5·10-14, respectively). Upon calcium addition, the viscosity of LMP increased to 

116 ± 12 mPa·s (p = 1.0·10-16), whereas the one of chia SM and maize RM decreased to 73 ± 

0.4 mPa·s (p = 3.0·10-6) and 2 ± 0.1 mPa·s (p = 6.2·10-13), respectively. The viscosity of wheat 

RM also increased slightly to 2 ± 0.4 mPa·s upon Ca addition (p = 2.7·10-3). The partly opposite 
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effects of Ca on the viscosity of the different samples are reflected in the statistical model by a 

significant interaction of treatment and mucilage type (p = 4.7·10-23). Probably, other mucilage 

type specific factors oppositely influence the viscosity of the gels at different Ca concentrations. 

 

Fig. 5 Viscosity at a shear rate of 107 s-1 measured for 0.5 wt% glucose (Gluc), wheat and maize root 

mucilage, chia seed mucilage and low-methoxy pectin (LMP) dissolved in pure water (raw) and enriched 

in calcium (Ca addition) was significantly affected by mucilage type (p = 5.8·10-35), by Ca treatment (p = 

2.89·10-22) and by the interaction of both (p = 4.7·10-23) (a). Different letters indicate significant 

differences. Correlation between the ln(viscosity) at a shear rate of 107 s-1 and the TC ratio (total carbon 

ratio after and before dialysis TCdial / TCinitial) for glucose, RM, and its analogues dissolved in water 

revealed a significant intercept of 0.24 ± 0.02 (p = 0.0011) and a significant slope of 3.58 ± 1.12 (p = 

0.0492, r2 = 0.7737) (b). 

Therefore, the viscosity at a shear rate of 107 s-1 of glucose, RM, and its analogues was also 

plotted against the TC ratio of the respective substances (Figure 5b). The TC ratio value for 

glucose was assumed to be 0, as the molar mass of glucose is much smaller than the molecular 

weight cut-off (MWCO) of the dialysis tubing. The logarithmic values of the viscosity significantly 

increase with the TC ratio (r² = 0.7737, p = 0.0492). 

3.6  Various factors determine the viscosity of root mucilage and analogues  

3.6.1 Molecular weight and charge affect polymer interactions  

As glucose is a monomeric carbohydrate, friction forces between the glucose molecules are not 

relevant and its viscosity is similar to the one of water. Internal frictions between polymer 

molecules increase the viscosity which explains the increase of viscosity with the TC ratio and 

thus with the amount of polymeric material (Mezger, T. G. 2014). The lower viscosity of LMP than 

of chia SM in water despite the higher amount of HMW material results from the negatively 

charged free uronic acids distributed on the polymer chains of LMP. Those repel each other and 

thereby reduce the internal friction giving LMP the viscosity of a viscous liquid. In contrast, the 

viscosity of chia SM was the one of a weak viscoelastic gel and comparable to literature results 

(Medina-Torres et al. 2000; Capitani et al. 2015). Its viscosity was attributed to molecular 

interactions between the polymer chains, which include electrostatic interactions and hydrogel 

bonding (Medina-Torres et al. 2000). Such interactions are characteristic for polyelectrolyte gels 

(Skouri et al. 1995; Rubinstein et al. 1996). Weak positive molecular interactions between the 

polymer chains could also induce the viscosity in maize RM, which was in good accordance to 
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earlier studies (Read and Gregory 1997; Read et al. 1999) and comparable to that of LMP, 

although maize RM had less HMW material than LMP. This suggests that strong attractive forces 

between the molecules in maize RM compensated for the smaller amount of interacting 

polymers. 

Although wheat and maize RM had similar carbohydrate and non-esterified uronic acid contents, 

wheat RM was less viscous than maize RM and its viscosity was similar to the one of barley root 

exudate (Naveed et al. 2017). One reason could be the smaller amount of polymeric material in 

wheat RM than in maize RM leading to fewer molecular interactions between the polymer chains. 

This result supports hypothesis 2, which supposed that the viscosity increases with the content 

of polysaccharide derived sugars, as long as the type of polymers do not differ.  

3.6.2 Calcium connects or contracts polymers with opposite effects on viscosity  

Calcium-treatment of LMP induced a strong increase of its viscosity due to intermolecular 

associations between calcium and deprotonated uronic acids (Axelos et al. 1991). Finally, 

hypothesis 3, which supposed that interactions with calcium increase the viscosity of RM and 

analogues, was only valid for LMP. In contrast, for polyelectrolyte gels, addition of positive ions 

results in a drop in the viscosity. It induces the suppression of intermolecular charge-charge 

repulsion and results in the contraction of the polysaccharide molecules through complexation 

with the added ions. This leads to a drop of the friction forces between the polymer chains and 

thus reduces the viscosity (Koocheki et al. 2013). This mechanism explains the decrease of the 

viscosity of chia SM upon calcium treatment (Capitani et al. 2015) and may also explain the one 

of maize RM as it behaved similarly. 

The suggested presence of proteins in RM could also increase the viscosity. For example, 

glycoproteins are recognized for their high-water binding and gel-formation properties (Fincher 

et al. 1983), and could additionally influence the gel properties of maize RM. The slightly 

increased viscosity of wheat RM with calcium addition could result from calcium-binding proteins 

such as arabinogalactan or other glycoproteins, also possibly present in RM (Knee et al. 2001; 

Timotiwu and Sakurai 2002). 

3.6  Mechanical and visual microstructure of mucilage - model soil systems 

The yield stress obtained from rheological measurements of the glass bead samples increased in the order 

of the following amendments: wheat RM ~ (p = 0.452) maize RM ~ (p = 0.105) chia SM < (p = 7.5·10-4) 

LMP (Figure 6). Generally, the yield stress was by ~ 58 ± 20 Pa higher for sand than for the glass beads 

(p = 0.0016). Calcium addition increased significantly the yield stress of the amended glass beads (p = 

9.9·10-9) by ~47 ± 15 Pa and of the amended sand samples (p = 9.2·10-13) by ~114 ± 44 Pa. For the glass 

beads, calcium addition had the strongest effect on the yield stress of LMP-amended samples (~68 ± 12 

Pa, p = 6.5·10-5). In sand, calcium addition to maize RM-, chia SM- and LMP-amended samples led to a 

similar increase of the yield stress by ~ 132 ± 31 Pa (p = 5.3·10-8).  
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Fig. 6 Yield stress of saturated glass beads and sand amended with distilled water, 0.5 wt% glucose 

(Gluc), wheat and maize root mucilage, chia seed mucilage and low-methoxy pectin (LMP) in water (raw) 

and enriched in calcium (Ca addition) were both significantly affected by the mucilage type (p = 1.1·10-5 

and 2.3·10-9 for glass beads and sand) and by the Ca treatment (p = 9.9·10-9 and 9.2·10-23, respectively). 

Different letters indicate significant differences. In addition, yield stress of amended sand was 

significantly higher than of glass beads (p = 0.0016). 

The yield stress of the sand samples amended with the different substances raw and enriched 

in calcium was plotted against the viscosity (Figure 7a). A general positive trend (r² = 0.582, p = 

0.0277) was observed between the yield stress of the amended samples and the logarithmic 

values of the viscosity of the amendments, but some spike values and the low coefficient of 

determination suggest that beside the viscosity of the amendment, other factors influence the 

yield stress. For example, the viscosity of wheat and maize RM treated with calcium does not 

differ significantly (p = 0.633), but the yield stress of sand amended with maize RM and calcium 

is nearly double as high as the one of sand amended with wheat RM and calcium (p = 9.3 10-5). 

The yield stress of the sand samples amended with the raw substances was plotted against their 

respective TC ratio (Figure 7b) which corresponds to the ratio of total carbon measured for the 

substances after (TCdial) and before dialysis (TCinitial). The yield stress significantly increased with 

increasing TC ratio of the amendments (r² = 0.9665, p = 0.0169) and thus with increasing amount 

of large molecules in the amending substances. 
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Fig. 7 Correlation between the yield stress and ln (viscosity) for sand amended with RM and its 

analogues prepared in water or enriched in calcium revealed an intercept of 103 ± 54 (p = 0.195) and a 

significant slope of 45.1 ± 15.6 (p = 0.0277, r2 = 0.582) (a). Correlation between the yield stress and the 

TC ratio (total carbon ratio after and before dialysis TCdial / TCinitial) for sand amended with water, RM and 

its analogues prepared in water revealed an intercept of -51.4 ± 24.9 (p = 0.1751) and a significant slope 

of 302 ± 40 (p = 0.0169, r2 = 0.9665) (b). Error bars represent standard deviations. 

The interparticulate network of freeze-dried natural mucilage in sand varies between chia SM 

(Figure 8a), maize RM (Figure 8b) and wheat RM (Figure 8c). Chia SM had relatively thick and 

long strands covering the surface of the sand particles and extending over several particles. 

Maize RM formed thinner strands than chia SM but the inset shows that it also extended into the 

pore space. Interparticulate wheat RM was difficult to spot with the ESEM. Still, strands linking 

two particles were found and pictured on Figure 8c. In general, the quantity of polymeric material 

observed with the ESEM in amended sand decreased from chia SM, to maize RM and wheat 

RM. One reason could be the decreasing quantity of HMW compounds for these substances 

revealed by their TC ratio, as small molecules are not visible here. 

 

Fig. 8 ESEM pictures of sand amended with 0.5 wt% chia seed mucilage (SM) (a), maize (b) and wheat 

root mucilage (RM) (c) prepared in water with a dry mass concentration of 1.25 g dry substance kg-1 

sand after shock-freezing with N2 (l) and freeze-drying. 

3.8  Various physico-chemical factors influence microstructural stability 

3.8.1  How mucilage properties may compensate for surface roughness effects 

The non-uniform shape and roughness of the sand particles severely affect particle-particle 

friction and increase soil microstructural stability. This explains the about two times higher yield 

stress for sand than for glass beads in water and glucose solution.  

The very similar yield stress of untreated and glucose-treated samples shows that neutral species 

with the viscosity of water do not particularly affect soil microstructural stability. As suggested by 

hypothesis 4, the microstructural stability generally increases with the viscosity of the different 

substances. Yet, raw LMP stabilized sand stronger than chia SM, although its viscosity was 

lower. It is rather unlikely that LMP or chia SM interacted chemically differently with the inert 

silicate surface of the glass beads and sand. One explanation is that the higher amount of HMW 

material in LMP increased the amount of interparticle bridges between sand and LMP in 

comparison to sand and chia SM, thus increasing interparticle adhesion forces and soil particle 

interconnectivity (e.g., Markgraf et al. 2012; Buchmann and Schaumann 2017). The high amount 

of HMW substances could also lead to the formation of thicker bridges as observed for sand 
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treated with chia SM in comparison to sand treated with maize RM, which would also positively 

influence the microstructural stability.  

Interparticulate strands were also observed in sand amended with wheat RM and may explain 

why wheat RM, despite its low viscosity, positively affected the microstructural stability of the 

glass beads as much as maize RM. The similar values for the microstructural stability of glass 

beads and sand amended with wheat RM indicate that the gluing effect of wheat RM 

compensated the missing stabilizing roughness effect in the glass beads but did not add to the 

stabilizing roughness effect in the sand. In contrast, the additional stabilizing effect measured for 

sand amended with maize RM could be due to the higher amount of polymeric material in maize 

RM than wheat RM. 

3.8.2  Calcium treatment increases microstructural stability of all samples 

The increase of the microstructural stability of LMP and wheat RM amended samples upon 

calcium addition results from the increase of the viscosity of LMP and wheat RM upon calcium 

addition. This is consistent with hypothesis 4, which predicted the increase of the yield stress 

with the increase of the viscosity of the amendment. In contrast to that, the microstructural 

stabilizing effect of maize RM and chia SM increased although their viscosity decreased upon 

calcium addition due to the contraction of the polymers. These polymeric clumps may be 

characterized by thicker polymer strands governed by strong molecular interactions. They would 

create micro-zones in the gel, which would locally possess a higher viscosity than the bulk gel. 

In the pore space, these micro-zones could increase the viscosity of the interparticulate gel and 

thus lead to an increased microstructural stability in the soil samples. An alternative explanation 

to this “micro-viscosity effect” of interparticulate gel could be that the Ca in maize RM and chia 

SM was distributed on the polymer surfaces and, thereby, available for bridges between mucilage 

and the surfaces of the glass beads and sand grains. These additional bridges may also have 

increased microstructural stabilization. 

3.8.3  “Spider-web effect” due to hard boundaries in the pore space  

The discrepancy between viscosity and stabilizing effect of the last examples indicates that 

interparticulate gels probably have different properties than bulk gels due to the constraint of hard 

boundaries. Only few studies have already dealt with the properties of gels under the constraint 

of hard boundaries, which is most probably due to the difficulty to characterize such gels. 

Marcombe et al. (2010) developed a theory showing that gels restricted by boundaries swell in 

an inhomogeneous way. Near the boundary between the gel and a solid surface, the gel is 

constrained, and the swelling ratio is lower than that of a free gel. This theory is consistent with 

the findings of an earlier study (Brax et al. 2019a), in which lower water mobility was measured 

in interparticulate chia SM than in freely swollen chia SM using 1H-NMR relaxometry. The authors 

suggested that the polymer network in an interparticulate gel behaves similarly to a spider-web: 

Polymer strands spanned into the pore space increase the rigidity of the polymer network as 

opposed to unattached polymer strands in the free gel. In the present study, calcium bridges 

between chia SM or maize RM and the surface of the particles, and additional cross-linkage 

between polymer strands upon calcium addition could increase the spider-web effect and thus 

the microstructural stability.   
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3.9  How similar is root mucilage to its analogues and other soil-born gels  

The amount of free uronic acid, amount of HMW material, calcium absorption and the change of 

the viscosity upon calcium absorption differed strongly between LMP and the two analyzed RM. 

LMP appears therefore as an inappropriate substance to model the chemical and physical 

properties of RM. Despite weaker gel properties and varying molecular composition of their HMW 

substances including the possible presence of proteins or amino acids and the almost absence 

of free uronic acid in maize RM, chia SM and maize RM seem to possess similar molecular 

interactions upon calcium enrichment. As chia SM has a higher viscosity than maize RM for the 

same dry mass concentration in gel, dilute chia SM may be an appropriate model substance to 

model the viscosity of maize RM. But the results presented here should not be generalized to all 

RM, as maize and wheat RM did not show the same behaviour upon calcium enrichment. Yet, 

further physico-chemical data characterizing the composition and type of polymer present in RM 

are needed to clear the mechanisms at play. For example, the protein content, the hydrodynamic 

volume, and the molecular weight of the polymer chains also affect viscosity and cation 

absorption (Axelos et al. 1991; MacDougall et al. 1996).  

 

4. Conclusions 

The present study highlights how plant roots and seeds may alter their closely surrounding 

environment by exudation of mucilage that in the presence of calcium significantly stabilizes the 

microstructure of mineral particles and by this improves storage, availability and transport of 

water, nutrients and air. The strong mucilage type specific differences especially in Ca absorption 

and changes in viscosity upon Ca treatment might be related to the respective plant specific 

environmental requirements. However, they complicate conclusions on the mechanisms of the 

observed microstructural stabilization. Thus, model substances cannot replace the analysis of a 

large variety of root mucilage types in order to better understand their structure-property 

relationship and classify their behaviour in soil. Moreover, amount and acidity of polysaccharides 

alone proved to be insufficient to describe structure-property relationships in different root and 

seed mucilage types. Indications suggest that also other substances e.g., proteins and lipids, are 

involved and a more specific HMW compounds characterization is needed to draw composition-

property profiles. Furthermore, soil microstructural stabilization by mucilage was not directly 

related to the viscosity of the bulk gels. Thus, other possible mechanisms like a “spider-web 

effect” due to hard boundary constraints and a “micro-viscosity effect” of interparticulate gel, 

which increases the rigidity of the polymer network inside the pore space, have to be considered. 
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7. SYNTHESIS AND CONCLUSIONS 

7.1. Possibilities, limits and outlook of mucilage detection in soil with 1H NMR 

relaxometry 

There is a range of methods that enable to characterize the effect of gel phases on soil properties. 

Those methods are listed in the review paper (chapter 2). Still, the detection of these gel phases 

remains complicated and no method is alone sufficient to detect and characterize these gel 

phases in soil. Reason for this is the low attenuation contrast between gel-associated water and 

water confined in soil pores (chapter 2). In this work, a methodical detection of gel phases in soil 

with 1H NMR relaxometry was investigated and a validation of the results obtained is proposed 

by the combination of 1H NMR relaxometry with imaging techniques (chapters 3-4).   

Presence of gel phases originating from microbial or from plant origin in soil pores is traduced by 

a shift of the relaxation time to shorter values (Jaeger et al., 2006; Sanderlin et al., 2013). As a 

result, NMR relaxometry methods enabling the distinction of gel phases in soil are the ratio of the 

longitudinal by the transverse relaxation time (Jaeger et al., 2010) and the subtraction of the 

transverse and longitudinal relaxation rate (chapter 3). For the same pore size, these methods 

give different values for pores filled with water and pores filled with gel. Yet, rearrangement of 

the mucilage network according to the pore sizes in soil and to mucilage concentration 

complicates the quantification of mucilage in porous soil. A solution is to characterize the various 

arrangements of the gel polymer network in the pore space with the ESEM after shock-freezing 

and freeze-drying of the samples (chapter 4). As a result, a first qualitative assessment can be 

made on the effect of the rearrangement of the polymer network on the NMR relaxation times 

and rates (chapter 4).  

Still, identification of gel phases in undefined soil samples remains uncertain as various 

parameters (pore size, paramagnetic species in the soil solution) can also induce shifts of the 

relaxation time, which themselves affect the ratio or the substraction of the aforementioned 

relaxation parameters. Notably, the exudation of mucilage as a gel may affect the size of soil 

pores: Swelling of soil organic matter results in an expansion of small pores (Schaumann et al., 

2005; Todoruk et al., 2003), what renders the evaluation of the pore size with 1H NMR 

relaxometry unreliable (Meyer et al., 2018). A solution to overcome this problem is the 

combination of 1H NMR relaxometry with in-situ imaging techniques measuring the pore size 

such as µCT (chapter 4). It still requires a thorough method development, but the relaxation time 

distribution obtained with 1H NMR relaxometry can be compared with the pore size distribution 

obtained with µCT (Figure 7.1). In the future, each relaxation time range could be associated to 

exact corresponding pore size range measured with µCT. The ratio or substraction of relaxation 

times or rates attributed to each pore size range would then give information about the presence 

of gel phases (Figure 7.1). 

In real soils, environmental factors such as swelling of soil particles, ions from the soil solution 

possibly affecting the properties of interparticulate gel or paramagnetic impurities further 

complicate the detection of gel phases as they additionally affect the relaxation of water protons. 

A solution to detect gel phases in such soils is to measure the self-diffusion coefficient of water 

D additionally to the relaxation time (Figure 7.1).  
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Figure 7.1. Combination of 1H NMR relaxometry, µCT and PFG NMR to detect gel phases in soil. 

D measured with pulsed field gradient (PFG) NMR characterizes the translational mobility of the 

water molecules, which is also affected by gel phases in soil (Jaeger et al., 2010). Our 

measurements of the self-diffusion coefficient of water in mucilage and in mucilage-glass beads 

mixtures (Annex chapter 8.3) were little promising, as they did not differ strongly from those of 

water and water-glass beads mixtures. The reason is experimental as too short values were 

taken for the diffusion time Δ: With our instrument, measurement of D with values of Δ greater 

than 50 ms did not provide acceptable results. Study of D in biohydrogels require a very long Δ 

from 10 to 1000 ms (Götz and Hinrichs, 2008). Already exciting results have been obtained with 

Δ values between 200 and 500 ms from D-T2 correlation measurements of biofilm growth in 

porous media (Herrling et al., 2017; Vogt et al., 2013). The combination of both parameters 

enhances the quality of the information, as pure water coud be distinguished from biofilm in 

undefined porous media. Still, the authors emphasize the need of further development of this 

correlation method for reliable detection of biofilm in soil. 

7.2. A stepwise approach to explain the gel effect: from the mucilage polymers 

to soil physical properties  

Figure 1.4 in the introduction presented the stepwise strategy of the MUCILAGE project to clarify 

the relevance of mucilage for root water uptake. The experimental studies performed in this thesis 

aimed at resolving the following steps: a properties of “free” mucilage, b gel properties of 

mucilage in the pore space and partly c consequences on soil physical properties. In Table 7.1, 

the results are summarized in an upscaling design. The factors identified in this thesis as affecting 

the gel effects of mucilage can be of physical nature (soil particle size, hard boundary constraint 

in chapters 3,4,6) and of chemical nature (gel concentration, amount of free uronic acids and of 

HMW material, presence of calcium in chapters 5,6). They can have consequences on the 

molecular (governed by chemical forces) and supramolecular scale (governed by chemical and 

physical forces) on the properties of mucilage. Molecular consequences relate to interactions 
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such as a high Ca absorption due to a high content of free uronic acids of the polymer (chapter 

5). Supramolecular structures describe several polymer molecules interacting via chemical or 

physical forces. Consequences on the supramolecular structure can be the rearrangement of the 

polymer chains due to a physical constraint such as soil pore size (chapter 4), or due to a 

chemical factor, for example the coiling of the polymer chains due to intermolecular charge-

charge repulsion coming from the presence of Ca as studied in chapters 5 and 6. Hence, 

molecular properties of the polymer chains, their supramolecular arrangement and the physical 

properties of the resulting gel are closely bound: A high uronic content leads to a plurality of 

calcium bridges between the polymer chains, which can increase viscosity and water retention 

(chapter 5). Further, although if it was not studied here, the ability of polymer chains to rearrange 

according to soil particle size or to the concentration of mucilage as found in chapter 4 probably 

depends on the elasticity of the network, which itself varies according to the chemical properties 

of the polymer. Indeed, a gel, whose formation mechanism relies on Ca bridges between 

polymers with high amounts of uronic acids, is stiff and brittle in comparison to a gel, whose 

polymers are linked through less strong intermolecular interactions (Van der Waals forces, 

hydrogen bonding). 

In Table 7.1, the various factors listed in the first column and their molecular and supramolecular 

consequences reported in the second column affect the properties of the free gel and of the 

interparticulate gel network figuring in the third column. Those include strength, microviscosity 

and organization of the polymer network in the interparticulate space. The properties of 

interparticulate gels are specifically addressed in the next subchapter 7.3. Variations of soil water 

mobility (characterized by longitudinal and transversal relaxation) and of soil microstructural 

stability  result from the various properties of the interparticulate gel network and are reported in 

column 4 (chapters 3-4-6). Further soil properties affected by the gel effect are investigated in 

several other studies and summarized in column 5, in particularly in the studies published by our 

project partners. For example, in addition to the decrease of the water mobility measured for all 

particle sizes, the increasing mucilage concentration decreases the saturated hydraulic 

conductivity of sandy soil (Kroener et al., 2014). The additional resistance to water flow inside 

the pores is attributed to the increased frictions between the water molecules and the mucilage 

network (Kroener et al., 2018). Thus, the upscaling presented in Table 7.1 from right to left 

illustrates the importance to clear processes at play in gel at the molecular scale to fully 

understand the resulting “macroscopic” soil properties. 
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Table 7.1. Summary of the factors affecting the various gel effects of mucilage in the pore space, and 

how they affect soil physical properties in the rhizosphere. 

Factors 
affecting the 
gel effects of 

mucilage 
(example) 

Molecular and 
supramolecular 
consequences 

Properties of free gel 
and of IGN*  

Gel effect on soil 
properties found 

in this work  

Further soil properties 
affected by the gel 

effect  

Soil particle 
size 

(type of soil) 

Rearrangement of 
polymer chains  

(Chap.4) 

↑ Strength of IGN for 
middle-sized particles,  
± Organization of IGN 

in the pore  
(Chap.4) 

↓ Water mobility for 
middle-sized 

particles (Chap.4) 

↓ Hydraulic conductivity 
for middle-sized 

particles,  
± Water retention 

(Kroener et al., 2018) 

Hard 
boundary 
constraint  
(soil pore 

walls) 

IGN grips at the 
surface of the 

particles 
(Chap.4-6) 

↑ Strength of IGN as a 
contrast to free gel,  
Unhomogeneous 

distribution of IGN in 
the pore space 

(Chap.4-6) 

↓ Water mobility 
(Chap.3-4), 

 ↑ Friction between 
soil particles and   
↑ Microstructural 
stability (Chap.6) 

 

± Mucilage distribution 
during drying (Benard et 

al., 2018) 

↑ Gel 
concentration  
(distance from 

roots, plant 
species…) 

↑ Polymer 
network, 

Rearrangement of 
polymer chains,  

↑ Frictions 
between polymer 
chains (Chap.3-4) 

↑ Strength of IGN 
(Chap.4) 

↓ Water mobility 
(Chap.4) 

 

↓ Hydraulic conductivity,  
↑ Water retention 

(Kroener et al., 2014),  
↓ Pore-scale wettability 
(Benard et al., 2018) 

↑ Free uronic 
acids 

(plant species, 
root or seed 
mucilage) 

Gel formation 
mechanism,   

 ↑ Ca adsorption,  
± Viscosity and 

 ± Water retention 
of free gel 
(Chap.5-6) 

± Viscosity and 
 ± Water retention of 

free gel   
± Strength of IGN,  

± Microviscosity of IGN  
(Chap.5-6) 

± Microstructural 
stability (Chap.6) 

↑ Affinity with clay 
materials, pH 

dependent (Morel et al., 
1987)  

↑ HMW 
material 

(plant species, 
root or seed 
mucilage) 

↑ Polymeric 
network,  

↑ Frictions 
between polymer 

chains, 
(Chap. 6) 

↑ Viscosity of free gel  
↑ Strength of IGN,   

↑ Microviscosity of IGN 
(Chap. 6)  

↑ Microstructural 
stability (Chap. 6) 

Indirectly linked with 
measured viscosity,  

 ↑ Microstructural 
stability (Naveed et al., 

2017) 

Presence of 
Ca 

(soil solution, 
soil particle 

surface) 

± Ca bridges 
between polymer 

chains,  
± Intermolecular 
charge-charge 

repulsion  
(Chap. 5-6) 

± Viscosity of free gel, 
↑ Microviscosity and 

↑ strength of IGN, 
Ca bridges between 
particle surface and 

polymer 
(Chap. 5-6) 

↑ Microstructural 
stability (Chap. 6) 

Not found 

* IGN: Interparticulate gel network; ↓ decreases; ↑ increases; ± affects but depends on further parameters 
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In particularly, the influence of the chemical properties of mucilage on its chemical interactions 

with soil particles belongs in Table 7.1 and should be given more scientific attention in the future. 

Indeed, studies concerning soil amendment with non-ionic soil-borne polymers such as xanthan, 

dextran or scleroglucan report various results in comparison to studies evaluating soil properties 

after amendment with PGA (Chenu and Guérif, 1991; Czarnes et al., 2000). The authors attribute 

these differences to various bond energies between polymers and soil particles. Still, the binding 

mechanisms between mucilage and soil particles are unclear. Several studies considered that 

the binding of mucilage to soil particles occurs similarly to PGA through ionic binding with the 

deprotonated uronic acids of mucilage, thus leading to edge-face bonding with clay particles 

(Mikutta et al., 2004; Peng et al., 2011; Zhang et al., 2008). The little content of uronic acid in 

mucilage associated to their partial esterification may unvalidate this mechanism. Binding of soil 

particles to the hydroxyl groups of terminally branched neutral sugars in mucilage suggested by 

Morel et al. (1987) and Watt et al. (1993) may be an acceptable mechanism. Consequences of 

the binding mechanism of mucilage on soil physical properties are also unclear. For polymers 

making non-ionic chemical bounds with soil particles, physical binding through enmeshing of soil 

particles within interparticulate polymer network may be more relevant than chemical binding for 

their contribution to soil properties. In this case, the effectiveness of mucilage to modify soil 

properties is likely to mostly reside in properties such as size, conformation of the polymers, 

hydration and viscosity of the gel (Akhtar et al., 2018).  

7.3. Bringing together the three main interparticulate gel properties  

As a contrast to bulk or free gel, this thesis showed that gel properties vary for interparticulate 

gel located in small soil pores. Interparticulate gel should be considered as micro-zones of gel 

distributed in the pores with specific properties. As a result, it is necessary to consider the 

properties of interparticulate gel in contrast to those of free gel to assess the gel effect on soil 

properties. Out of the findings in chapters 5 and 6 and the summary in Table 7.1, three main 

interparticulate gel properties are identified: the spider-web effect, the polymer network effect 

and the microviscosity effect (Table 7.2).  

 

Table 7.2. The three interparticulate gel properties in the pore space and their description. 

Interparticulate gel 
properties 

Description Acknowledged consequences 

Spider-web effect 

Restriction of elongation of the 
polymer chains due to grip of the 
polymer network to the surface of  

soil particles 

↑ Water retention 
↓ Water mobility,  

↓ Saturated hydraulic conductivity 
↑ Microstructural stability  

(Chap. 4-6) (Kroener et al., 2018) 

Polymer network effect 
Organization of the network in the 

pore space dependent on the 
environment 

± Water mobility 
± Saturated hydraulic conductivity  
(Chap. 4)  (Kroener et al., 2018) 

 Microviscosity effect 
Increased viscosity of  

gel micro-zones   
↑ Microstructural stability (Chap. 6) 
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Spider-web effect 

According to the spider-web effect found in chapter 4, the walls of soil particles restrict the 

elongation of the polymer strands and serve as a frame for the polymer network. This way, 

interparticulate polymer network can be compared to a spider-web attached to tree branches or 

grasses, whose mechanical properties combine high tensile strength with extensibility (Gosline 

et al., 1986). This enables the spider-web to absorb a large amount of energy before breaking. 

Without this frame, the spider-web would collapse and loose these properties. In soil, the spider-

web effect also increases the strength of the polymer network of interparticulate gel as a contrast 

to free gel (chapter 4).  

As mentioned in the last subchapter, the binding mechanism between polymer and soil particle 

is unclear for mucilage. Stronger connections could result from Ca bridges between a negative-

charged particle surface, divalent calcium and negative-charged or negatively polarized mucilage 

molecules. Weak connections could result from electrostatic forces between the surface and the 

mucilage molecule. The forces controlling the grip of the polymer network on the soil particle 

surface may affect the strength of the spider-web effect. For example, stronger bridges would 

strengthen the spider-web effect and probably enhance the already altered soil physical 

properties. 

The spider-web effect has several consequences on soil physical properties. The frictions 

between the network and the water molecules decrease the water mobility in the pores, decrease 

the saturated hydraulic conductivity and increase water retention. The tensile strength of the 

network increases the microstructural stability of soil particles.The diffusion of solutes being 

reduced in gels (Muhr and Blanshard, 1982), a further little explored consequence of the spider-

web effect may be to affect the transport of solutes from and to the roots by decreasing the 

coefficient of diffusion.  

Polymer network effect 

The effect of the available pore space on the organization of the polymer network was named 

the polymer network effect in chapter 4. The polymer network can organize itself to form thick or 

thin strands, small or big pores and to be continuous or not from one side of the pore to the other. 

The variability of such organization is enabled by the flexibility of the polymer network, which can 

rearrange according for example to the space it is allocated in the pore.  

As a consequence, the extent of gel-induced soil properties varies with the organization of the 

polymer network. The polymer network effect can explain the variation of the water mobility and 

of the hydraulic conductivity in function of soil particle size for the same concentration of 

mucilage: The water mobility is stronger hindered in middle pores (particle size between 150 and 

350 µm) than in large and small pores (particle size over 2000 µm and smaller than 55 µm 

respectively) (chapter 4). Similarly, the saturated hydraulic conductivity is lower for fine sand 

(particle size between 60 and 500 µm) than for coarse and silty soil (particle size >500 µm and 

<20 µm respectively) (Kroener et al., 2018). One explanation may come from the size of the 

meshes formed by the polymer network, which can be measured by imaging the polymer network 

with the ESEM after shock-freezing and freeze-drying of the samples. In free or bulk freeze-dried 

mucilage, the meshes are in the range of 5 to 10 µm (Annex chapter 8.3). In comparison, the 

pore size formed by glass beads with a particle diameter of 350 µm measured by µCT is between 

30 and 100 µm (chapter 4, annex chapter 8.4). Thus, in soil pores larger than 10 times the mesh 

size formed by the polymer network in the free gel, the organization of the interparticulate polymer 
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network may be little affected by the pore size and the constraint of hard boundaries. In soil pores 

smaller than 3 times the mesh size formed by the polymer network in the free gel, the low 

concentration of polymer per pores and possibly repulsion forces between the polymer strands 

may prevent the organization of the polymer into a network. In soil pores between 3 and 10 times 

the mesh size formed by the polymer network in the free gel, the polymer network may rearrange 

to form a network with smaller meshes. As a result, the water mobility and the saturated hydraulic 

conductivity are stronger affected in the middle-sized pores, as the increased strength and rigidity 

of the polymer network increase friction forces with water molecules. 

Microviscosity effect 

The microviscosity effect discussed in chapter 6 suggests that the viscosity of free gels is not 

equivocal to the viscosity of micro-zones in the gels as the polymer chains are differently 

organized in interparticulate gel in contrast to free gel. Measurement of this microviscosity is a 

challenge as it may differ on the scala at which the material is characterized. As an example, 

polymer chains in maize root mucilage and chia seed mucilage coil and contract upon calcium 

addition (chapter 6). The resulting viscosity of the free gel decreases due to a drop of frictions 

forces between all polymer chains. Yet, the viscosity of the micro-zones in the gel may rather be 

affected by the strong interactions between polymer chains and calcium and thus increases. To 

test the microviscosity effect, microscale viscosity measurements realized with the atomic force 

microscope (AFM) should be compared with standard macroscopic viscosity measurements of 

the free gel. 

Finally, the microviscosity effect could be related to the spider-web effect, as an increased tensile 

strength of the polymer network probably induces an increase of the microviscosity. As a result, 

increased microviscosity and tensile strength of interparticulate gel should result in a higher 

microstructural stability of the soil particles. Further consequences of the microviscosity effect on 

soil physical properties have not been investigated until now, but they may be similar to those of 

the spider-web effect.  

7.4.  Significance of the physico-chemical composition of mucilage on the 

rhizosphere microstructural and hydraulic properties  

Role of the physico-chemical composition of mucilage for soil moisture dynamics 

Figure 7.2 schematizes the possible relationships between the polymer networks of mucilage, 

the physico-chemical properties of the mucilage polymers, the properties of the corresponding 

gels and the gel effect on the physical properties of the rhizosphere. On the contrary to what has 

been hypothesized in the literature (Gessa and Deiana, 1992; Mimmo et al., 2008; Peng et al., 

2011), the gel formation mechanisms of chia seed and of root mucilage are not only governed 

by specific ionic interactions between calcium and deprotonated uronic acids as described by the 

egg-box model for PGA (chapter 5). It rather relies on nonspecific interactions between the 

polymer chains and the ions of the surrounding solution, as well as on non-ionic electrostatic 

interactions between the polymer chains leading to chain entanglement (chapter 5). As 

schematized in Figure 7.2, the gel effect of mucilage are therefore suspected to depend strongly 

on the amount of polymer in mucilage as well as on the length and configuration of the chains. 

The extent to which interparticulate gel properties affect soil physical properties, in particularly 

soil microstructural stability, varies strongly with the physico-chemistry of mucilage (chapter 6). 
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Indeed, the mechanical properties of the interparticulate polymer network of winter wheat and 

maize root mucilage, chia seed mucilage and low-methoxy pectin are greatly affected by an 

increase of the quantity of HMW material in these substances (chapter 6). The length of the 

polymer chains and the strength of interactions within the network characterized by the gel 

formation mechanism are further factors affecting gel properties (Martin, 1971), and are thus 

suggested to change interparticulate gel properties and affect the gel effect on soil physical 

properties (chapter 6). Still, these factors have been little studied until now.  

 

Figure 7.2. Potential influences of various physico-chemical properties of mucilage on soil physical 

properties. 

Chapter 4 demonstrated the relationships between the spider-web effect, the polymer network 

effect and soil water mobility and suggested that the variations measured for the water mobility 

explain the increased water retention and decreased saturated hydraulic conductivity measured 

in Kroener et al. (2018). Although if chapter 6 outlines the relationships between polymer network, 

physico-chemical properties of mucilage, microviscosity effect and microstructural stability of the 

rhizosphere, these connections remain to be done for rhizosphere water content, water retention 

and hydraulic conductivity.  

To link the results found in this work with previsions on root water uptake, interparticulate gel 

properties could be integrated into numerical simulations describing water moisture dynamics. 

For example, the Ohnesorge number (equation 7.1) describes the break-up of liquid jets and 

depends on the viscosity, density and surface tension of the liquid.  

𝑂ℎ =
𝜇

√𝜌𝜎𝑟
 

 

7.1 

As soil dries, mucilage becomes stiffer and its viscosity determines the spatial configuration of 

the liquid phase (Benard et al., 2018). Surface tension opposes to stretching and as drying 

progresses, it eventually causes the break up of the liquid bridge. Viscosity opposes to the 

stretching of the bridge an prevents break up. Therefore, according to the Ohnesorge number, 

mucilage increased viscosity and smaller surface tension in comparison to water contribute to 
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the perennity of the hydraulic bridge connecting roots and soil particles upon drying thus 

preventing or delaying root desiccation (Benard et al., 2018). For a better understanding of 

rhizosphere moisture dynamics of various plants, the Ohnesorge number should be calculated 

for various root mucilage by taking into account the interparticulate effects modifying the 

properties measured for the free gels. In the future, this could lead to a better engineering and 

management of the culture of crops under water scarcity. 

From the point of view of the plant 

The final interdisciplinary aim of “mucilage research” is to clear the relationships between the 

chemico-physical properties of mucilage, its effect on soil and the needs of the plants. If it is to 

act as an efficient water reservoir as suggested by Carminati et al. (2011), root mucilage needs 

to engender a strong spider-web effect, which resists environmental changes, as suggested by 

Table 7.2 and Figure 7.2. Additionally, root mucilage needs a high water retention capacity to act 

as a water reservoir. The high water retention measured for chia seed mucilage over several Ca 

concentrations (chapter 5) hence suggests that if it possesses similar properties, the gel capsule 

formed by mucilage at the root tip would survive under various soil solutions.  

A further function of mucilage for the plant could be to enhance the diffusion of nutrients to the 

roots due to the higher water content of the rhizosphere in comparison to the bulk soil over 

several matric potentials (Kroener et al, 2014; 2018). In this case, the chemistry of mucilage may 

also play a role. Whereas free uronic acids immobilize metal cations through specific ionic 

interactions (Mimmo et al., 2003), nonspecific ionic interactions between ions and the mucilage 

molecule may favorize the diffusion of nutrients across the interface through the cell membrane 

(Mimmo et al., 2008). 

An exciting research field, which requires close interdisciplinary work, is the attribution of the 

properties of v arious mucilage to the special needs of their respective plants. Indeed, mucilage 

reveals itself quite plural in its properties and its gel effects: Chapter 6 outlines the various 

properties of maize and winter wheat mucilage; Barley rhizodeposits were shown to behave as 

surfactants by drying the rhizosphere at smaller suctions, whereas maize root deposits behave 

as hydrogels that hold water in the rhizosphere (Naveed et al., 2019). Why would mucilage of 

various plant species have various properties, if it is not to answer to the special needs of their 

plant? As one possible hint, viscosity could be related to the plant physiological properties. For 

example, maize is a plant which growed originally in the desert. The high viscosity of maize root 

mucilage could have served the needs of a plant growing in a dry environment as it enhances 

soil-root contact over negative water potentials (Naveed et al., 2019).  

7.5. Soil-born gel phases, a strategy of nature? 

To be relevant for soil properties, the gel effect and thus mucilage should persist over several 

days. Yet, information about the becoming of mucilage in the rhizosphere is missing. As it is 

mostly composed of sugars, mucilage is an attractive source of energy for bacteria and may be 

quickly degraded. It is not clear how fast mucilage is mineralized by microorganisms: in vitro 

experiments showed that the HMW compounds in mucilage were used as sole C source for 

growth of rhizosphere bacteria (Knee et al., 2001). High soil moisture leads to nearly total 

degradation of mucilage after 15 days, whereas drought suppresses mucilage mineralization 

(Ahmed et al., 2018). Still, mucilage being relatively quickly degraded in real soil, the study of 

mucilage decomposition and its effect on pore-scale processes is relevant for soil properties and 
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root-water uptake. For example, the increase of microbial biomass in soil resulting from mucilage 

degradation (Ahmed et al., 2018) could lead to the replacement of the gel phase “mucilage” by a 

bacterial biofilm or EPS, which also forms a gel phase. The question is then how EPS-induced 

gel effects do vary in contrast to those induced by mucilage.  

A recent hypothesis is that the gel properties of mucilage and EPS are similar, so that both gels 

induce similar pore-sale processes (chapter 5; Benard et al., 2018). The gel formation 

mechanism of EPS also relies on electrostatic and nonspecific interactions (Sutherland, 2001). 

EPS have a large water holding capacity, they alter soil matrix structure and connectivity of pore 

space and modify the surface tension and viscosity (Zheng et al., 2018). The high viscosity of 

EPS and mucilage is responsible for the formation of thin filaments and interconnected thin 

lamellae that span through the soil matrix maintaining the continuity of the liquid phase across 

the spore space even during severe drying (Benard et al., 2019; Volk et al., 2016). Although not 

to the same extent, EPS and mucilage have comparable gel effects on soil properties as similarly 

to mucilage, EPS increases soil structural stability (Watt et al., 1993), soil water content and soil 

water retention (Chenu, 1993; Rosenzweig et al., 2012), and decreases saturated hydraulic 

conductivity (Baveye et al., 1998; Volk et al., 2016). EPS also induces water repellency once 

dried, depending on the bacterial strain (Schaumann et al., 2007). 

Additionally to roots and bacteria, earthworms and fungi also exude a viscous polysaccharidic 

material, but which has been little researched until now (Caesar-Tonthat, 2002; Zhang et al., 

2016). As the gel effect comes from the presence of HMW material in the form of polysaccharides 

in mucilage and EPS, the polysaccharidic exudates of earthworms and fungi may also have a 

gel effect similar to mucilage and EPS on soil properties. Therefore, the production of gel phases 

by various entities in soil may be a strategy of nature to modulate soil physical properties where 

and when needed. Although the extent of the gel effect may vary according to the soil types, 

exuding species and further environmental conditions, the gel effect may be general for soil-born 

exudates showing gel properties. As a result, the concept of gel effect induced by mucilage in 

the pore space and its effect on soil properties studied for chia seed mucilage, low-methoxy 

pectin, maize and winter wheat root mucilage on glass beads and sand (chapters 3-4-5-6) may 

be applied for all soil-born gel phases. This way, the concepts and tools developed in this thesis 

and reported in the literature bring us a step forward to answer further questions concerning the 

gel effect on soil properties.  
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9. ANNEXES 

9.1. List of abbreviations 

AFM  Atomic force microscope 

Ca-PGA Calcium polygalacturonate 

D  Self-diffusion coefficient of water 

EPS  Exopolysaccharides 

ESEM  Environmental scanning electron microscope 

HMP  High methoxy pectin 

HMW  High molecular weight 

LMP  Low methoxy pectin 

LMW  Low molecular weight 

µCT  Micro-computed tomography 

NMR  Nuclear magnetic mesonance 

PFG  Pulsed field gradient  

PGA  Polygalacturonic acid 

 

9.2. Picturing the network of “free” chia seed mucilage 

0.1 wt% chia seed mucilage was produced following the procedure described in chapter 4 after 

extraction and freeze-drying of fresh gel. Drying of the gel prior to its picturing with the ESEM 

was also similar to the steps pursued with the glass beads in chapter 4. 

 

Figure 9.1. ESEM picture of chia seed mucilage network from a 0.1 wt% gel shock-frozen with N2 (l) and 

then freeze-dried. 
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9.3. Supporting information of chapter 4 

The formatting of the references in this annex corresponds to the formatting imposed by Geoderma. 

Theoretical background about longitudinal and transverse relaxation 

A 1H-NMR relaxometry experiment involves exciting the nuclear magnetic moment of the protons 

by application of an RF pulse at the Larmor frequency and measuring the protons relaxation 

kinetics. Relaxation is a process by which the spins return to equilibrium, a state in which the 

populations of energy levels are predicted by the Boltzmann distribution, and in which no 

transverse magnetization or coherence is present in the system (Callaghan, 1993). Therefore, 

relaxation involves two processes: spin transitions between energy levels and transverse 

magnetization decaying to zero. The local transverse magnetic fields, which cause these 

energetic transitions, are often due to interactions of spins with one another or with the 

environment and oscillate close to the Larmor frequency. Thus, longitudinal or spin-lattice 

relaxation depends mainly on the interaction of the spins with their environment and describes 

how effective interactions between the spin system and the environment are in exchanging 

magnetic energy (Callaghan, 1993). Transverse relaxation destroys the coherence, or the 

transverse magnetization generated by the RF pulse, by destroying the alignment of the 

individual contributions. There are two mechanisms: 1) make the vectors jump to new positions 

at random, which requires transitions also causes longitudinal relaxation; 2) make the vectors 

get out of step with one another as a result of them precessing at different Larmor frequencies. 

This second mechanism is the dephasing of the spins due to local field inhomogeneity and 

variable molecular interactions (Callaghan 1993). 

Comparison 1D and 2D measurements  

 

Figure 9.2. Comparison of the longitudinal relaxation rate (R1) and transverse relaxation rate (R2) obtained 

with 1D-ILT from conventional IR and CPMG pulse sequences with R1 and R2 obtained with 2D-ILT from 

T1-T2 correlation measurement for GB350 and GB90 saturated with water. 

X-ray computed microtomography of GB55 

The inner spatial structure of GB55 mixed respectively with water, 0.1wt% and 1.0wt% mucilage 

was analyzed by µCT with the same conditions as for GB350 described in the article. Since the 

GB55 were too small to be segmented in a reliable way, their size distribution was not considered. 
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Figure 9.3.  µCT images of GB350 mixed with water (a), mucilage 0.25% (b), mucilage 1.0% (c) and of 

GB55 mixed with water (d). Volumetric pore size distribution of water- and mucilage-filled pores in GB350 

(e), and volumetric air bubbles size distribution in GB55 and GB350 (f) in 2000 mm3 samples. 

µCT images were scanned for GB350 and for GB55 mixed with water, mucilage 0.25 wt%, and 

mucilage 1.0 wt%. The µCT images (Figure 9.3a-d) show two-dimensional cuts from GB350 

mixed with water (Figure 9.3a), mucilage 0.25 wt% (Figure 9.3b) and mucilage 1.0 wt% 

(Figure 9.3c), and a two-dimensional cut from GB55 mixed with water (Figure 9.3d). The gray 

value distribution allowed the segmentation between the glass beads (light gray spheres) and 

the pore space (dark gray and black area). The white dots might represent mineral impurities, 

which are denser than glass. Both dark gray, water could not be distinguished from mucilage due 

to their very similar density (Metzner et al., 2015). From Figure 9.4a to c the number of air bubbles 

(dark spheres) multiplied and their diameter decreased. The µCT parameters did not permit to 

distinguish the particles from water in Figure 9.4d due to the limits of resolution, though the air 

bubbles were big enough and showed a sufficient contrast to be measured. 

Statistical values characterizing the linear relationships between R1/R2 and the reciprocal glass 

beads diameter for all mucilage concentrations 

Table 9.1. Statistical values characterizing the linear relationships between R1/R2 and the reprocical glass 

beads diameter for all mucilage concentrations. 

 Mucilage 
concentration 

0 0.1 0.25 0.50 0.75 1 

R1 

pearson R 1.00 1.00 0.99 0.99 0.99 0.98 

R2 0.99 0.99 0.99 0.98 0.99 0.96 

p-value 1.5E-11 3.4E-12 3.3E-10 2.2E-09 2.4E-11 2.0E-07 

R2 
pearson R 1.00 1.00 1.00 0.99 0.99 0.98 

R2 0.99 0.99 0.99 0.98 0.99 0.97 
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p-value 1.4E-11 1.5E-11 3.0E-11 2.2E-09 1.5E-10 4.1E-08 

 

Water self-diffusion coefficient measured with pulse field gradient (PFG)-NMR 

Material and methods 

PFG-NMR measurements were performed with a Bruker Minispec MQ (Bruker, Karlsruhe, 

Germany) at a magnetic field strength of 0.176 T using the standard application “Diffusio” 

provided by Bruker BioSpin (Bruker, Karlsruhe, Germany). A linear magnetic field gradient G (T 

m-1) was aligned during the 1H-NMR relaxometry measurement to determine the self-diffusion 

coefficients D (m2.s-1) (Stejskal and Tanner, 1965). The NMR spin-echo signal intensity I at a 

given magnetic field strength B is described as 

𝐼 = 𝐼0 ∙ 𝑒
−(𝑏∙𝐷) (1) 

Where  

𝑏 = (−𝛾 ∙ 𝐺 ∙ 𝛿)2 ∙ (∆ −
𝛿

3
) (2) 

Io is the initial signal intensity without magnetic field gradient, γ is the nucleus specific 

gyromagnetic ratio of a proton (2.675×108 rad/T.s), G is the strength of the gradient pulses, δ is 

the duration of the field gradient pulse and Δ is the observation time between two applied gradient 

pulses. The measured loss in intensity directly results from the self-diffusion of water in the 

sample during the interval Δ (Stejskal and Tanner, 1965).  

The pulse parameters were set at δ = 1 ms and Δ = 10 ms as in Buchmann and Schaumann 

(2017) and G varied between 0 and 1.6 T.m-1. The self-diffusion coefficient of water in the 

samples D was normalized to that of pure water D0. D/D0 was measured after the T1-T2 

measurement described in the manuscript for the same samples. 

Results and discussion 

Figure 9.4 shows the normalized self-diffusion coefficient of water D/D0 in chia mucilage at 

several concentrations.  
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Figure 9.4. Self-diffusion coefficient of water D/D0 in chia mucilage at several concentrations. 

Surprisingly, the self-diffusion coefficient of water in chia mucilage equaled the one of pure water 

despite the increasing mucilage concentration. The principal reason is probably that the diffusion 

time Δ = 10 ms was too short for the water molecules in chia mucilage to encounter the physical 

barriers of the polymer network (Hills et al., 2000). The D/D0 of hydrogels is typically determined 

as a function of the diffusion time, which allows calculation of several parameters such as the 

critical pore radius or the tortuosity (Sen et al., 1994). Unfortunately, measurements of D/D0 for 

Δ greater than 50 ms did not provide acceptable results using the available instrument.  

Figure 9.5 shows the normalized self-diffusion coefficient of water D/D0 in GB-Water and GB-

Mucilage for several glass beads sizes and mucilage concentrations. 

 

 

Figure 9.5. Self-diffusion coefficient of water D/D0 in GB-Water and GB-Mucilage for several glass beads 

sizes and mucilage concentrations. 

The D/D0 decreases strongly from GB2000 to GB350 due to the reduction of the pore size, but 

remains around 0.5 for GB350, GB150 and GB50. Contrary to the D/D0 of pure mucilage, the 

increasing concentration of mucilage affects the D/D0 of GB2000. This is in accordance with the 

idea ventured in the manuscript that the properties of the mucilage network change in the porous 

system. Yet, mucilage concentration had little effect on the D/D0 of the smallest glass beads. 

According to the manuscript, this could be related to the increase of the pore size of the smallest 

glass beads with the mucilage concentration.  

All in all, the interpretation of the D/D0 for GB-Mucilage remains difficult due to the complex 

processes happening at the pore-scale and to the up-to-now incomplete understanding and 

characterization of the D/D0 of pure mucilage. 
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