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Resilience of soils, i.e., their ability to maintain functions or recover after disturbance, is closely linked to the root-soil interface, the soil's power house. However, the limited observability of key processes at the root-soil interface has so far limited our understanding of how such resilience emerges. Here, we hypothesize that resilience emerges from self-organized spatiotemporal patterns which are the result of complex and dynamic feedbacks between physical, chemical, and biological processes occurring in the rhizosphere. We propose that the combination of modern experimental and modeling techniques, with a focus on imaging approaches, allows for understanding the complex feedbacks between plant resource acquisition, microbiome-related plant health, soil carbon sequestration, and soil structure development. A prerequisite for the identification of patterns, underlying processes, and feedback loops is that joint experimental platforms are defined and investigated in their true 2D and 3D geometry along time. This applies across different scientific disciplines from soil physics/chemistry/microbiology to plant genomics/physiology and across different scales from the nano/microscopic scale of the root soil interface, over the radial profiles around single roots, up to the root architecture and plant scale. Thus, we can move beyond isolated reductionist approaches which have dominated in rhizosphere research so far.
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MOTIVATION

This review paper is motivated by the need to bring together the different aspects, processes, and scales of rhizosphere research under a common framework in order to improve our understanding of soil and rhizosphere functions, their stability under disturbances and change (resilience), and their role for robust functioning of agricultural systems. In the future, this will facilitate a more informed management of agricultural systems actively considering rhizosphere processes.

The main knowledge gaps in rhizosphere research are related to the difficulty in mechanistically linking the physical, chemical, and biological processes taking place at different spatial and temporal scales in the rhizosphere (nm to cm and minutes to months) and then upscaling them to the root system and the soil profile (Figure 1). The key for overcoming these knowledge gaps is to link the spatial arrangement of the different interconnected components of the rhizosphere and their temporal dynamics (Roose et al., 2016). We propose that this challenge can be successfully tackled by applying tools and principles of self-organization. In the following we: (1) give a short introduction to rhizosphere processes, (2) introduce the principles and tools of self-organization from an ecosystem perspective, and show how these can be applied to the rhizosphere. We (3) formulate a number of testable hypotheses based on these principles. Furthermore, we: (4) identify a number of focal topics for the application of this new approach, (5) highlight analytical developments with the potential to measure “below-ground” patterns, and (6) outline how such data can be merged and interpreted using a pipeline of image analyses, spatial correlation, interpolation, and modeling. Finally, we (7) call upon the soil science community for action, providing one example, and end with (8) the vision about what to achieve in the future.
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FIGURE 1. Hypothetical patterns reflecting rhizosphere self-organization based on numerous feedback loops resulting from local interaction of lower-level components. Illustrated are mucilage (rose) and water distribution (blue), compaction of soil particles (gray) and aggregate formation (gray-rose), colonies of microorganisms (green), depletion of phosphorous (red) and their potential change with root ontogeny. The latter is illustrated on the left for a 7-day old Zea mays root system growing in loam (scale bar 10 mm). Note that the patterns are not to scale. Local interactions/mechanisms are sorted according to their potential relevance at a certain developmental stage—not suggesting that they are absent at other stages. The integration of patterns for the whole root system is expected to determine emergent properties like water and nutrient acquisition, soil structure, and carbon storage as well as plant health.




BRIEF INTRODUCTION TO RHIZOSPHERE PROCESSES

Life on earth is sustained by the small volume of soil surrounding roots, the rhizosphere (Hinsinger et al., 2009). Indeed, all substances taken up from and released into the soil have to cross the rhizosphere and their flow, transport, and reactions depend on rhizosphere-specific and time-dependent properties. The rhizosphere is where myriad biophysical and biochemical processes occur in parallel sustaining all other trophic levels in the biosphere. As roots forage for resources, nutrients are solubilized and redistributed between organic and inorganic pools, mediated by the soil microbial community, and protozoa and invertebrates grazing across trophic levels. The functioning of the rhizosphere has major implications for food and fiber production and related acquisition of resources (York et al., 2016), as well as for climate change with regards to carbon sequestration (Keiluweit et al., 2015). In the rhizosphere, roots and microorganisms shape and organize the soil physical (pore volume, connectivity, and aggregation) and biogenic structure (surface coatings, mineral associated carbon), which at the soil profile scale control infiltration, water storage, and aeration. The rhizosphere microbiome, impacted by the plant species and soil type, is fundamental for plant health and matter turnover (Berg and Smalla, 2009; Philippot et al., 2013; Berg et al., 2017). Despite its central importance to all life, we still know little about rhizosphere functioning and about how we can encourage rhizosphere health to create robust and sustainable agricultural production (Hinsinger et al., 2009).

As roots grow (Figure 1), root tips displace soil particles and mechanical impedance is alleviated by the lubrication effect of shed root border cells and secreted mucilage, a viscous substance with high water holding capacity consisting of polysaccharides, proteins, and lipids. The apical meristem in root tips provides new cells for the growing root. As root tissues differentiate along the longitudinal root axis in the elongation and root hair zone, uptake of water and nutrients and release and reabsorption of a large range of organic substances (consisting of organic acid anions, sugars, amino acids, enzymes, complexing agents like phytosiderophores but also volatiles like ethylene which act as plant hormones, etc.) are initiated (Jones et al., 2009). Due to root and microbial respiration, O2 is consumed and CO2 is released. The cylindrical geometry of roots induces (additional) non-linearity to the radial concentration profiles of different rhizosphere components and thus affects the gradients that drive flow and transport in the rhizosphere, which will be discussed in detail below (sections Rhizosphere Self-Organization Patterns–Spatial and Rhizosphere Self-Organization Patterns–Temporal). Further determining factors are soil chemical properties (sorption sites on the surface of soil particles), pore size distribution (strongly related to texture), and soil moisture as well as the plants' uptake capacity. The width of the rhizosphere is not constant: the impact of root activities on highly mobile substances like water or nitrate can be detected several centimeters from the root surface while for elements with low mobility like phosphorus or more complex organic molecules a concentration gradient toward the root surface is only found over distances of a few mm or even only a few μm (Kuzyakov and Razavi, 2019). For all transport processes in the soil, water content is of prime importance as it determines the connectivity and transport properties (i.e., unsaturated hydraulic conductivity and diffusion coefficients) in both the liquid as well as the gas phase within a given pore system.

The release of organic compounds stimulates the growth of microorganisms and creates microbial habitats that differ from the bulk soil in the availability of carbon sources in general, but also in the availability of specific substrates that can only be metabolized by certain microbial functional groups. As a result, the rhizosphere microbiome differs from that of the bulk soil (i.e., soil not influenced by plant roots) and is specific for certain plant species or even genotypes (Berg and Smalla, 2009; Philippot et al., 2013; Reinhold-Hurek et al., 2015). Changes of the microbial abundance and composition are primarily reported for the root surface and the soil particles adhering to roots (Schmidt et al., 2018). Their spatial and temporal gradients have hardly been investigated because of methodological constraints. Modeling microbial establishment on the surfaces of growing roots indicated the importance of root growth kinematics (Dupuy and Silk, 2016). These root-induced biogeochemical changes in soil and their numerous feedback loops are not constant over time. Roots adapt their metabolic activity to the actual availability of resources. As individual root segments age, the formation of new laterals from these root segments occurs (Vetterlein and Doussan, 2016). Therefore, during root growth an adjacent soil particle experiences biogeochemical change as the root tip develops into an older root segment (Figure 1).

Previously, rhizosphere size was defined operationally, i.e., by the sampling method (soil adhering to root; slicing of soil with increasing distance from the root mat, positioning of micro-samplers at the root surface, and at distance). However, following the definition of Darrah (1991), the rhizosphere reaches as far as any change caused by the root in bulk soil can be detected.



SELF-ORGANIZATION TO OVERCOME DISCIPLINARY FRAGMENTATION OF THE RESEARCH FIELD AND GAIN NEW, COMPREHENSIVE INSIGHTS

In the past, reductionist approaches have dominated in rhizosphere research-i.e., the individual components (soil, roots, microorganisms, chemicals) have been investigated in isolation or in simplified model approaches. For the study of a complex system like the rhizosphere this was the best the science community could do at the time; however, disciplinary fragmentation tends to coincide with limited scientific progress (Balietti et al., 2015), and the complex process interactions and their effects on rhizosphere and the soil profile cannot be elaborated by a reductionist approach. But, it is a major challenge to initiate and successfully maintain interdisciplinary research (Ferlian et al., 2018). There are major differences in e.g., concepts and terminologies of the different disciplines, allowed experimental designs and the levels of replication. We propose that future research should be structured in the framework of self-organization. The principles and tools of the self-organization allow investigating process interactions and their relation to rhizosphere functions. Relevant processes and interactions are illustrated in Figure 2.
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FIGURE 2. Examples for applying the concept of self-organization to facilitate interdisciplinary research. Including qualitative and quantitative information for the parameter in question [abundance, amount, age, chemical composition, microorganisms (MO), root system architecture (RSA), size, surface properties, expression, activity].


“Self-organization is a process in which a pattern at the global level of a system emerges solely from numerous interactions among the lower-level components of the system. Moreover, the rules specifying interactions among the system's components are executed using only local information, without reference to the global pattern. In short, the pattern is an emergent property of the system rather than a property imposed on the system by an external ordering influence. [….] Emergent properties are features of a system that arise unexpectedly from interactions among the system's components. An emergent property cannot be understood simply by examining in isolation the properties of the system's components, but requires a consideration of the interactions among the system's components. It is important to point out that system components do not necessarily have to interact directly. [….] Individuals may interact indirectly if the behavior of one individual modifies the environment and thus affects the behavior of other individuals” [quoted from Camazine et al. (2003), page 8]. The terms used in this definition with respect to rhizosphere research are explained in Table 1. The concept self-organization thus refers to a broad range of pattern-formation processes in physical, chemical, and biological multi-component systems. It is distinguished from the concept self-assembly by the energy required to maintain order in a self-organized system.


Table 1. Key terms related to principles and tools of self-organization, referring to the definition by Camazine et al. (2003).
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To our knowledge, the self-organization concept has not been applied to the rhizosphere although it has been discussed for soils (Phillips, 1998; Young and Crawford, 2004; Lavelle et al., 2016), soil-microbe complexes (Young and Crawford, 2004), mycorrhizal networks (Simard, 2009), microbial biofilms (Hansen et al., 2007), assembly of biomolecules and cells (Hafner et al., 2019), root development (Leyser, 2011), plant community and landscape formation (Schwarz et al., 2018). We extend the concept to the rhizosphere (Figures 1, 2), for the following reasons: (1) It applies to individual subgroups of rhizosphere components (e.g., organic polymers, root cells, microorganisms). (2) The temporal development of radial biogeochemical gradients extending from the root surface into the soil cannot be predicted from studying the system components in isolation. (3) Recent advances in analytical methods enable the measurements of patterns at the relevant scales (Table 2). (4) The concept of self-organization, which builds on cascades of local interactions (Figures 1, 2), provides a framework for addressing the interdisciplinary and multiscale nature of the rhizosphere and unraveling how local component interactions result in macroscopic properties to be used in continuous models. (5) Self-organized systems show a strong resilience toward disturbance as the emerging properties result from a multitude of local interactions (Camazine et al., 2003; Biggs et al., 2012).


Table 2. Methods suitable or with potential for analyses of rhizosphere spatial patterns and their dynamic in time.
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The last two decades have seen a segregation of research into “soil-related” investigations conducted in soil, “soil-free” approaches focusing on gene expression and membrane transport processes in roots cultivated in hydroponics, “fertilized” solidified gel plates, and pedological descriptions of rhizosphere impact on soils (Fimmen et al., 2008; Schulz et al., 2016). In addition, microbiome-related research of the rhizosphere has flourished, generally neglecting spatial structure and heterogeneity, whereas abiotic-oriented research focuses on spatial aspects but neglects or simplifies the contribution of the microbiome for turnover of substances—many of them relevant for structure formation and surface properties of the mineral matrix (Rillig et al., 2017). We propose that all those different disciplines must be brought together for a system approach following the principles of self-organization. In fact, water and nutrient availability, plant health and soil structure are prominent examples of emerging properties due to the self-organization of biotic and abiotic agents in the rhizosphere (Figure 2). These processes are meticulously studied in their respective scientific disciplines. However, rhizosphere research needs collaborative experiments in which several of these emerging properties are investigated jointly.


Rhizosphere Self-Organization Patterns – Spatial

Pattern formation in the rhizosphere (Figures 1, 3A, 4, 5) is driven by: (1) radial transport to and from the root surface, (2) temporal changes due to root growth, (3) diurnal variation of rhizosphere variables (water potential gradients, carbohydrate availability, activity of metabolic processes in roots), and (4) functional changes with root ontogeny (cell and tissue functionality, morphological and anatomical changes). In addition, some of the components in the rhizosphere are organized based on communication (calling distance) or they strictly follow chemical principles (amphiphilic substances).


[image: Figure 3]
FIGURE 3. Hypothetical rhizosphere patterns. (A) State variables increase or decrease with increasing distance from the root surface. In specific cases the minimum or maximum is found at some distance from the root surface. Shaded area represents the width of the rhizosphere defined as the distance at which the state variable is Cbulk+5% of Cmax, Cbulk-5% of Cmin, respectively, in accordance with de Parseval et al. (2017). Please note that the width of the rhizosphere is dependent on the process in question, ranging from several μm to mm. (B) State variables fluctuate in time. For a number of processes oscillations are expected to be larger in the rhizosphere, i.e., due to day-night cycle, changes of root activity with age and time during growth period. For state variables strongly affected by erratic external drivers like the soil water content the opposite can be found, i.e., oscillations are buffered by specific rhizosphere properties like mucilage concentration. For periodic drivers three scenarios are hypothesized: (i) state variable returns to bulk soil value having no temporal trend. (ii) State variable in the rhizosphere does not return to initial bulk soil value, while bulk soil value shows no temporal trend. (iii) State variable in rhizosphere and bulk soil both change over time approaching new equilibrium. For simplicity all hypothetical examples for periodic drivers show state variable in the rhizosphere being higher than in the bulk soil, for all cases mirror images could have been drawn as well.



[image: Figure 4]
FIGURE 4. Differences in the shape of spatial concentration profiles for P and citrate for radial vs. planar geometry. In order to simulate either root P uptake or root citrate exudation, the 1D diffusion-reaction equation was solved in either planar or radial coordinates while all other parameters stayed the same. The root radius in the radial case was taken to be 0.01 cm. The domain was 5 cm wide, i.e., not taking into account neighboring root effects, with zero-flux outer boundary condition. Sorption was described by a Langmuir isotherm (maximal sorption capacity; affinity constant: 500 and 15 cm3 μmol−1; 2 and 1.5 cm3 μmol−1 for P and citrate, respectively), P uptake was described by Michaelis Menten kinetics (maximal influx; Michaelis Menten constant: 2.72 × 10−6 μmol cm−2 s−1; 7.17 × 10−3 μmol cm−3), citrate exudation was described by a constant rate of 3.00 × 10−6 μmol cm−2 s−1, the effective diffusion coefficient De in porous medium was taken to be De = Dlfθ (Dl: 6.9 × 10−6 and 1.00 × 10−5 cm2 s−1 for P and citrate, respectively; θ: 0.3 cm3 cm−3; f: 0.3 cm cm−1). The initial concentration of P in soil solution was assumed to be 1.00 × 10−2 μmol cm−3.



[image: Figure 5]
FIGURE 5. (A) Root distribution within a 2D cross section at 10 cm depth through a soil column planted with Zea mays. Roots of different age are distinguished by color. Root age was derived by registration of X-ray CT scans from different time points to each other. (B) Euclidean distance maps based on 3D X-ray CT scans for the cross section in (A); distance maps are provided for three time points, i.e., 7, 14, and 21 days after planting. (C) Frequency distributions of root distances in soil at three time points. Continuous lines refer to all roots present at the respective time point, dotted lines refer to young roots only for the hypothetical case, that only those are active. (D) Based on distance maps the rhizosphere volume was calculated for rhizosphere width defined in de Parseval et al. (2017) for P depletion, citrate enrichment and the P supply zone. Depending on the state variable and time point rhizosphere soil fraction accounted for 1–50% of total volume.


Hypothetical spatial patterns are summarized in Figure 3A. State variables increase or decrease with increasing distance from the root surface. In specific cases, like porosity (Koebernick et al., 2019; Lucas et al., 2019a) and P depletion (Kirk et al., 1999; de Parseval et al., 2017), the minimum or maximum is found at some distance from the root surface. The width of the rhizosphere depends on the process in question, ranging from several μm up to mm. It can be defined as a relative difference in respect to bulk soil values. Spatial patterns may also occur along the root axis, as it has been shown for proton release, enzyme activity, and nutrient uptake (Hinsinger et al., 2009; Spohn and Kuzyakov, 2014).

Information on parameter patterns currently suffers from being derived from systems not properly reflecting radial geometry in 2D or 3D (Figure 4). Compartment systems are linearized systems based on a root mat along a surface and are not suitable to reflect the radial geometry of rhizosphere processes and related gradients (Roose et al., 2016). In rhizoboxes, roots grow against and along a transparent plane, which may cause artifacts in gas and water transport and altered root growth (branching, root hair formation). While the effect of the radial geometry can be accounted for in models (Figure 4), it has rarely been considered experimentally, mainly due to the lack of suitable techniques. As illustrated in Figure 4, not accounting for the radial geometry of the rhizosphere in planar experimental setups leads to an overestimation of nutrient depletion zone and the concentration of released organic compounds as a function of distance from the root surface.

The most common sampling technique, in particular in soil microbiology, is the operational definition of rhizosphere soil as the fraction of soil adhering to the complete root system after shaking the uprooted plant, ignoring spatiotemporal differences (Berg and Smalla, 2009). The amount of soil adhering depends on soil texture, moisture, root age, plant species, and plants' physiological condition. Spatial dimensions of the extent of the rhizosphere can only be estimated. Few unbiased images of the rhizosphere, i.e., of roots in their original spatial context in the soil matrix, have been obtained; for resin embedded soil samples in the 1960's and 1970's by electron microscopy (Roose et al., 2016) and for frozen samples by Watt et al. (2006). Only with the methodological advances in the last decade, we have now access to parameter patterns. X-ray computed tomography (X-ray CT) can be used in situ in the soil for visualization of roots at varying scales, from root system scale (Koebernick et al., 2014) to the scale of root hairs (Keyes et al., 2013). From such data, 3D information of soil structure, root age and distribution, root distances, bulk density, and root-soil contact (Carminati et al., 2013; Koebernick et al., 2018) can be derived (Figure 5). While non-invasive methods overcome the problems associated with the opaque nature of soil, they all show a trade-off between field of view and spatial resolution (Table 2). However, for rhizosphere research both the cm- as well as the submicron scales are relevant.



Rhizosphere Self - Organization Patterns – Temporal

From past studies, we have fragmented knowledge on how system components and some of the emerging properties change with the age of the system (Vetterlein and Doussan, 2016). However, we lack a clear understanding of temporal patterns and their function. State variables fluctuate in time; for instance, the soil water content depends, among other factors, on erratic variables such as precipitation (Figure 3B). For a number of processes oscillations are expected to be larger in the rhizosphere, i.e., due to the day-night cycle, root growth, and root development. For state variables strongly affected by erratic external drivers like water content the opposite can be found, i.e., oscillations are buffered by specific rhizosphere properties like mucilage concentration (Carminati and Vetterlein, 2012). For periodic drivers, three scenarios are hypothesized; (i) state variable returns to bulk soil value having no temporal trend—such behavior has been observed for diurnal oscillation of rhizosphere pH value (Blossfeld et al., 2010). (ii) state variable in the rhizosphere does not return to initial bulk soil value, while bulk soil value shows no temporal trend—such behavior can be hypothesized for accumulation of elements in the rhizosphere like Ca which has been found to precipitate as CaSO4 or CaCO3 (Jaillard et al., 1991). (iii) state variable in rhizosphere and bulk soil both change over time approaching equilibrium—this is hypothesized for soil C content (Poirier et al., 2018) and soil structure (Lucas et al., 2019b).

Like spatial patterns, temporal patterns are observed at different scales. Within a period of several weeks, individual root segments undergo ontogenesis (Figure 1), changing from the state of meristematic cells within the root tip, to root elongation zone, to root hair formation, to mature roots with well-differentiated exo- and endodermis, to roots with intact vascular tissue but already senescing root cortex. Along with ontogenesis, there are functional changes related to the amount and quality of substances released, pathways, and capacity for uptake as well as their capacity for direct interaction with the microbiome. A prominent example for this are root hairs, short-lived protuberances of specialized root epidermal cells which increase root surface area and apparent root diameter, which is important for absorption of nutrients (Leitner et al., 2010; Keyes et al., 2013; Miguel et al., 2015) and water (Segal et al., 2008; Carminati et al., 2017b). Root hairs are involved in rhizosheath formation and hence very likely in microaggregate formation (Bengough, 2012). In addition, the root hair zone is generally regarded as the zone showing the highest uptake activity for many nutrients (Gilroy and Jones, 2000). Likewise, exudation patterns (quality and quantity) have been shown to be specific for the root hair zone (Badri and Vivanco, 2009).

Many metabolic activities in roots show a diurnal rhythm and functional responses to stress, such as the expression of certain transporters can be induced within minutes (Bienert and Chaumont, 2011). The temporal resolution at which rhizosphere properties are measured in many instances is low (time scale of weeks), in particular for destructive sampling approaches.

The temporal cycle which is observed around an individual root segment at a certain point in the soil is restarted when a lateral root emerges from the primordia of the higher order segment. With X-ray CT, neutron imaging, and magnetic resonance imaging (MRI) there are now methods available which can measure root growth patterns dynamically and non-destructively for the same system. This is of particular relevance for root age, which cannot be derived with other methods (Vetterlein and Doussan, 2016).




HYPOTHESES RELATED TO RHIZOSPHERE AS A SELF-ORGANIZED SYSTEM

The overarching hypothesis is that part of the resilience in agricultural systems emerges from self-organized spatiotemporal pattern formation in the rhizosphere. In detail, we hypothesize that:

(1) Self-organization in the rhizosphere leads to specific spatiotemporal patterns of water, nutrients, root-derived organic compounds, soil particles, and the microbiome. The interplay between these patterns is the key for efficient resource acquisition by the plant.

(2) Self-organization in the rhizosphere leads to soil structure (emergent property) formation and thus increases microbial habitat diversity. Structures in part are long-lasting, i.e., they will still be present, when the processes initiating them are no longer present as particles stay in place through cohesive and adhesive forces until they are displaced by another disturbance.

(3) The size of the rhizosphere, as determined by the radial extent of pattern formation controlled by root activity and morphology, is specific for different rhizosphere components and modulated by soil texture, plant species, microbial activity, and driving forces for transport.

(4) The complex process of self-organization in the rhizosphere follows a prevailing general pattern of interactions between roots, the associated microbiome, and the soil. External drivers, like climate, agriculture management, soil, plant species, or introduction of new players in the microbiome, result in quantitative but not qualitative changes in the self-organized rhizosphere system.

Experimental systems to test the above hypotheses have to enable merging and correlation of patterns obtained with different techniques (Table 2, Figure 6). Ideally, for the same experimental systems the measurement of emerging properties like water and nutrient availability, soil structure, plant health needs to be conducted (Figure 2). The analysis of these four main hypotheses is enabled by implementing joint experiments and applying as many as possible of the techniques described in the Table 2. For instance, using μXRCT facilitates, in its part, the assessments of hypothesis 1, spatiotemporal patterns, hypothesis 3, specific volumes for different rhizosphere components controlled by root activity and morphology, and hypothesis 4, a template for general pattern of interactions between the components of the rhizosphere. And, by investigating the abundance and diversity of fungal communities using fungal markers, the four hypotheses can be assessed at the level of fungal populations, including the hypothesis 3 which suggests that rhizosphere formation leads to soil structure formation and thus increases microbial habitat diversity, but its role in assessing hypothesis 4 is to represent a component of the general pattern of interactions.
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FIGURE 6. Examples of 3D or 2D spatial patterns of components or relevance for rhizosphere research covering different scales. (a) Root distance map derived from X-ray CT scanning (Koebernick et al., 2014). (b) Light microscopy image of mucilage strands in quartz sand (Carminati, unpublished data). (c) FISH-stained bacteria colonizing quartz mineral and clay humus complex (Eickhorst and Tippkötter, 2008). (d) Composite image (NanoSIMS) of an embedded and polished root-soil interface. Minerals indicated by 16O-(red); root cells by 12C14N (green); fungal hyphae by 32S-(blue), (Mueller, unpublished data).




FOCAL TOPICS OF INTEREST TO BE ADDRESSED BY THE NEW APPROACH


Plant Microbe Interplay in the Rhizosphere

Due to the traditional strategies used for rhizosphere, root and exudation sampling, very little is known about the temporal and spatial patterns of rhizosphere microbiome proliferation, root defense responses and rhizodeposition, and the microbial and plant signaling molecules mediating the interactions among the microbiota and with the host plant. This is of course also true for the spatial distribution of functions related to microbiome-plant interactions, like the spatial and temporal changes in the representation of plant receptors for microbe-associated patterns or degradation and transformation of organic molecules.

The seed bank of the rhizosphere microbiome is the soil. The composition and quantity of minerals and pH have been shown to be major drivers of soil microbial diversity (Ding et al., 2013; Babin et al., 2014; Fierer, 2017; Lucas et al., 2018). Community structure analysis of DNA extracted directly from soils showed that the diversity is higher in bulk soil than in the rhizosphere (Schreiter et al., 2014), and it is established that the interactions among the microbiota have a central role in rhizosphere microbiome assembly (Xu et al., 2018; El Sayed et al., 2019; Li et al., 2019). Bacteria forming biofilms and fungal mycelia do not uniformly colonize the root surface, and since certain root zones physically move during root development, the microbial community adapts and constantly reforms (Dupuy and Silk, 2016). Introduction of isolates or synthetic microbial consortia can enhance the ability of plants to cope with pests or pathogens, and during colonization, the resident rhizosphere community is modulated (Berg et al., 2014; Vorholt et al., 2017; Eltlbany et al., 2019). During colonization by both pathogenic and commensal members of the rhizosphere microbiota, the plant perceives and reacts to common molecular patterns of them, such as bacterial flagellin or fungal chitin, or more taxa-specific microbial compounds (Hacquard et al., 2017). Many of these molecules activate immune responses, but some attenuate plant defenses (Berendsen et al., 2012; Pieterse et al., 2014). In response, the plant immune system exerts a key role in shaping microbiome assembly (Teixeira et al., 2019). Apart from the microorganisms, plant immunity is further adjusted by abiotic factors such as changes in nutrient levels, and by plant development, with e.g., more pronounced plant defense responses in the differentiation zone than in the younger sections of the root (Stelpflug et al., 2016). Plant-derived rhizodeposits are acknowledged as the major drivers that shape microbial community composition in the rhizosphere (Badri and Vivanco, 2009) as they initiate and modulate the dialogue between roots and soil microorganisms (el Zahar Haichar et al., 2014). The major substance classes are organic acids, amino acids, sugars and vitamins, purines and secondary metabolites, and these substance classes may act on the microorganisms as nutrient sources, chemoattractants, growth promoters, or inhibitors (el Zahar Haichar et al., 2014; Watson et al., 2015). Differences in root exudate composition of plant species/genotypes have been shown to differently shape the rhizosphere microbiome community (Zhalnina et al., 2018). However, root exudation patterns also vary among different soils and change during plant growth (Chaparro et al., 2014; Neumann et al., 2014; Canarini et al., 2019). Apart from the rhizodeposits, other root physiological functions may also shape the microbiota. For instance, the competition for nutrients and water in the rhizosphere can be intense and effective plant uptake systems may indirectly influence the microbiome (Marschner et al., 2011; Verbon et al., 2017). In turn, a wide variety of microbes can improve plant nutrition, by promoting the development of the root system or by mobilizing nutrients (Lugtenberg and Kamilova, 2009). By stimulating microbial activity, root exudates also drive microbial N mining and mineralization of N, from the OM associated with minerals in the rhizosphere (Jilling et al., 2018).



Water Flux/Drought/Mucilage/Hydrophobicity

There is increasing evidence that mucilage exuded by the root tip impacts the soil physical and hydraulic properties. Mucilage of some plant species such as maize increases the water retention of the rhizosphere, but turns hydrophobic upon drying, causing water repellency in the rhizosphere (Carminati and Vetterlein, 2012). Mucilage has a higher viscosity than water, reducing the saturated hydraulic conductivity. However, the low surface tension and high viscosity prevent the break-up of the liquid phase during drying, thereby maintaining the physical connection between the root surface and the soil matrix (Carminati et al., 2017a). Despite this general behavior, significant variabilities in water holding capacity, water repellency and viscosity exist among plant species and mucilage age (Zickenrott et al., 2016; Naveed et al., 2019). Mucilage is, besides root hairs, one of the main factors responsible for the formation of stable rhizosheath (layer of soil adhering to the root surface) which is expected to maintain the physical contact between the root surface and the soil during severe drying events (Bengough, 2012). It is suggested that the interplay between low surface tension and high viscosity of mucilage increases the connectivity of the liquid phase in dry conditions, which is particularly important when air-filled gaps are expected to disconnect the roots from the soil. Little is known about the extent and conditions under which mucilage affects the ability of plant roots to extract water and nutrients from the soil, eventually playing a role in drought tolerance. Many open questions regard the differences in mucilage composition among plant species and environmental conditions, the spatial distribution of mucilage, its alteration due to microbial degradation and drying/wetting cycles, the detailed physics of how mucilage interacts with the soil particles and the soil water forming stable strands (Figure 6b), and how this impacts the configuration and connectivity of the liquid phase in the rhizosphere.

An additional open question concerning water fluxes across the rhizosphere is the role of root hairs in water uptake. Despite increasing evidence that root hairs increase nutrient uptake, their role in water relations remains controversial (Carminati et al., 2017b).



Cycling/Acquisition of Nutrients

The spatial and temporal root patterning (root system architecture) adapts permanently to changing nutrient availabilities; the response depends on the type and quantity of the nutrient and the plant species (Gruber et al., 2013; Meyer et al., 2019). Though information is scarce, root responses are suggested to be species- and ecotype-specific and evolved as adaptation to ecophysiological niches (Osmont et al., 2007). Under a given soil type and a given plant species, nutrient availability has a major impact on rhizosphere organization and regulative processes. A change in overall or local root patterning and cellular tissue functioning in response to one nutrient has severe consequences for: (1) uptake of other nutrients, (2) water fluxes in the soil and into the plant, (3) mucilage-efficiency, (4) carbon-status (photosynthesis and biomass built-up) and partitioning (root exudation), and (5) the microbiome (Hart et al., 2001; Hodge, 2006; Marschner, 2012; Gruber et al., 2013; Bouain et al., 2019). These effects on other rhizosphere-modifying drivers will entail various feedback loops independent of the causative nutrient itself, which in turn will demand a re-adaptation to the initial nutrient status. Certain nutrient deficiencies cause plant tissue deformations, plant tissue differentiations, and metabolic alterations, which unavoidably impair water and carbon fluxes, and root signal pathways, causing further re-organizations of the rhizosphere (Marschner, 2012).

Even the root system of a single plant ecotype can show a high variation in its morphological response to different nutrient deficiencies (Gruber et al., 2013). Considering the plenitude of existing ecotypes of various plant taxa illustrates the enormous plasticity of root responses at different scales. How these responses are regulated is mostly unknown. To date, comprehensive and comparative analyses of nutrient availability on holistic rhizosphere responses are in their infancy or lacking completely, even though these intrinsic root features determine the yield or stress tolerance of plants (Eshel and Beeckman, 2013; Li et al., 2016; Lynch, 2019).



Soil Structure/Microaggregate Formation/Carbon Sequestration

Roots affect soil structure, aggregate formation, and stability in multiple ways (Rasse et al., 2005; Hinsinger et al., 2009; Gregory et al., 2013), mediated and strongly coupled to the input of organic matter via root exudates and mucilage, but also as sloughed cells, root, and cell wall debris. The soil volume affected by roots and associated mycorrhizal fungi thus has a strong effect on the accrual of organic matter (Kravchenko et al., 2019b). The hyphae of mycorrhizal fungi provide an efficient mechanism for distributing plant carbon throughout the soil, facilitating its deposition into soil pores and onto mineral surfaces, where it can be protected from microbial attack. At the same time they contribute to the microbial necromass pool now considered to play a dominant role in SOM formation and stabilization (Frey, 2019). According to theory (Dexter, 1987) and experimental observations (Vollsnes et al., 2010; Aravena et al., 2011), the displacement of soil by growing roots causes a local increase in bulk density in the rhizosphere, although the magnitude and radial extent depends on soil texture, root type, and initial bulk density (Helliwell et al., 2019). Higher porosity in the direct vicinity of the root surface has also been reported and explained by gap formation (Carminati et al., 2013) and larger pore diameters caused by loose packing between convex soil particles and the convex root surface (Koebernick et al., 2019). The pressure exerted by roots when growing in the soil leads to a reorientation of clay minerals, promoting aggregation in clay microstructures (Dorioz et al., 1993; Tisdall, 1996). As the root tip moves through the soil, mucilage is distributed over mineral surfaces, sorbed to clay-sized minerals and contributes directly to the formation of microaggregates. Evidence for such a direct effect of root-released compounds is not well-documented, and it is generally believed that these compounds are easily assimilated. Small uncharged molecules such as glucose do not bind strongly to soil minerals (Pojasok and Kay, 1990) and thus do not show a direct impact. A major effect of roots on structure formation is an indirect one. Root exudates and debris are processed into the microbial biomass forming biofilms, which, together with the extracellularly produced polymers, act as binding agents in microaggregates (Chenu and Cosentino, 2011). In turn, this alters the microbial habitat toward a more porous, ordered, and aggregated structure (Feeney et al., 2006). After cell death and lysis, the microaggregate stabilized by microbial materials, especially polysaccharides, remains stable (Totsche et al., 2018). These processes are amplified by fine roots that cause intense and periodic drying in their surroundings and promote aggregation processes (Tisdall, 1996; Rasse et al., 2005). On the long term this affects the development of heterogeneity in soil structure within the soil profile (Young, 1998). Roots and associated mycorrhizal fungi also enhance macroaggregation by enmeshing soil particles (Tisdall and Oades, 1982; Rillig and Mummey, 2006; Wang et al., 2020). In an artificial root exudate experiment, the action of fungi on the formation of soil macroaggregation could be induced via the addition of model exudates, affecting the microbial community composition in favor of fungi (Baumert et al., 2018).

This is despite the fact that it has been reported that the so-called rhizosphere priming effect, if positive, can induce increased release of C. It has been observed mainly in short-term experiments (several weeks) and mechanisms underlying the rhizosphere priming effect remain elusive while several explaining hypotheses have been put forward, as discussed in detail by Lu et al. (2019). The microbial activation hypothesis states that microbial activity is stimulated by root exudates and this leads to an increased co-metabolic decomposition of SOM, responsible for a positive rhizosphere priming effect. Plant roots are considered to release exudates, which promote microbial growth and extracellular enzyme production in the rhizosphere to mine for N from SOM when soil N availability is limited, thereby increasing SOM decomposition (microbial N-mining hypothesis). The aggregate destruction hypothesis states that plant roots promote the destruction of soil aggregates more than their formation, thereby exposing the physically protected labile SOM to microbial attack that can result in increased SOM decomposition. He et al. (2020) observed in a 5 week experiment the disruption of coarse macro-aggregates, and the increased release of dissolved organic carbon (DOC) induced by roots. Their findings indicate that living roots together with rhizodeposits not only can directly stimulate rhizospheric microbial activities, but also can make soil matrix-protected organic carbon available to microbial attack, release DOC and induce a rhizosphere priming effect. Most of these investigations do not report the accumulation associated with their experiments in the rhizosphere from the addition of new C, so that taken altogether the processes described most often result in higher organic matter concentration in rhizosphere than in bulk soil.

Taken altogether, these processes result in higher organic matter concentration in rhizosphere than in bulk soil. It is to be expected that rhizodeposition has a strong effect, not only on microbial C processing, but also on the stabilization of organic C in soils and hence carbon storage (Frey, 2019; Sokol et al., 2019). Fahey et al. (2013) concluded that a small but substantial proportion of organic C released from plant roots enters non-labile organic matter pools. A recent study showed that soil in the rhizosphere of European beech is more aggregated and the aggregates have a different organic composition compared to bulk soil (Angst et al., 2016). Most information is derived from macroscopic and destructive observations of the soil structure, but detailed and in situ understanding of processes is lacking, also limiting our possibilities for modeling (Campbell and Paustian, 2015).




ANALYTICAL DEVELOPMENTS WITH THE POTENTIAL FOR MEASUREMENT OF “BELOW-GROUND” PARAMETER PATTERNS

There is a suite of imaging techniques with potential for analyses of rhizosphere spatial patterns and their dynamics in time (Table 2). Citations providing detailed information for the respective techniques are compiled in Table 2. Only few (Table 2, 1–6) enable non-invasive visualization of roots in 3D in situ over time. The information they provide is limited to structure, root architecture, water, or 11C distribution.

High-resolution chemical gradients can be analyzed using a number of 2D techniques (Table 2, 7–18), which mostly allow several elements, isotopes, or organic compounds to be studied simultaneously down to very fine resolution. The main challenge here is sample preparation, since many of these techniques require a flat surface, fixation, and vacuum stability. While these problems have been solved for samples containing only soil or only roots, the tricky part is to work with soft, elastic roots, and the hard soil minerals simultaneously. A further challenge with these techniques is the relatively small field of view, sample size, and sample number which can be analyzed. Intelligent concepts are required to select the sample locations and to embed the obtained results in a larger context through correlative imaging approaches (Schlüter et al., 2019).

Explicit localization of microorganisms is possible based on the phylogeny of the dominant players and their potential functions (Table 2, 19–22). These offer the chance to develop probes that can be used at the mm–μm scale using advanced microscopy tools to unravel the spatial and temporal patterns of microbial abundance (Schmidt et al., 2018).

Another group of techniques, which are not new but have been refined in recent years, are imaging approaches at the dm-scale (Table 2, 23–26). The critical point for some of them is the establishment of an optimal contact between measuring system and rhizosphere. Imaging approaches can be complemented by any technique requiring only small sample volumes, i.e., the image can be used to guide the point sampling.

Rhizosphere microbiome community composition can be analyzed from low sample sizes by amplicon sequencing of marker genes, that are established for bacteria, archaea (16S rRNA) and fungi (internal transcribed spacers), and developing for the analysis of protist diversity (Table 2, 28–30). Network analyses integrating the abundance patterns of microbial groups can then be used to identify taxa that are potentially linking the microbial populations, and to provide new hypotheses about interacting partners (Table 2, 31). Species-specific primers can be developed to follow quantitatively (qPCR) the abundance of enriched populations over spatio-temporal scales (Table 2, 32). Isotope labeling of substrates and subsequent amplicon sequencing of isotope-enriched DNA or RNA (Table 2, 33), or metagenomics and metatranscriptomics can be used (Table 2, 34) to combine the information on microbial community structure (who is there) with function (what are they doing). High sample volumes (labeling) and high demands of RNA quality restrict the use of these methods in rhizosphere research, but extensive metagenome and -transcriptome sequencing can identify enriched microbial traits that relate to plant host interactions, such as nutrient solubilization and uptake, consumption of rhizodeposits, and production of phytohormones or metabolites that trigger plant immunity. The steadily increasing amount of genome sequences of cultivated isolates and single cells in bacteria facilitates the use of prediction tools that assess traits (potential enzyme activities, potential metabolite patterns) of microorganisms based on taxonomic marker gene distribution, but ideally these should be confirmed at least in part by activity or metabolite analyses (Table 2, 35). The relative abundance and taxonomic distribution of established traits of microorganisms, such as root growth promotion, can be estimated by functional gene analysis at the levels of potential community activity and distribution among taxa (Table 2, 36).

For plant (root) analysis several “omics” techniques (ionomics, metabolomics, transcriptomics, proteomics, functional genomics, optical phenomics) have advanced the research field (Table 2, 37). For instance, RNA sequencing gives a snapshot of all expressed genes of the roots at different spatial levels. When the analysis is combined with correlation network analysis, the gene expression levels can be related to other measured variables (Table 2, 38). RNA sequencing generates key information on how developmental, biochemical, functional, morphologic, or genomic patterns evolve throughout the life span of a plant or in response to diverse external drivers. Further insight into the temporal and spatial regulation of gene expression provides the high-resolution quantification of targeted genes of interest by qPCR (Table 2, 39). RNA-based methods require high quality RNA which can become a major challenge. Forward genetics, analyzing the genetic basis responsible for a phenotype, has undergone recently a revolution through the development of novel statistical tools, computer algorithms, next-generation sequencing technologies, the availability of numerous plant genome sequences and high density marker maps, the development of doubled haploid technologies and the progress in quantitative trait locus (QTL), bulk segregant analysis and genome-wide association study (GWAS) methods. Mutant plants have been fundamental in the analysis of e.g., how plant nutrition or exudate spectrum play out in the establishment of rhizosphere microbiome (Table 2, 40).

In the past, analytical procedures for root exudates had to be developed specifically for individual components. Today, there are methods (Table 2, 41–42) available which enable the simultaneous determination of the whole metabolome present in exudates. Some of these methods provide even spatial resolution for intact organic molecules (Table 2, 18). While the analytical procedures have improved fundamentally, the way of sampling is still a matter of debate (Oburger and Schmidt, 2016). In addition, many studies have been performed in axenic hydroponic cultures providing information on the plant specific potential but neglecting the vast number of feedback loops between roots and soil which alter quality and quantity of exudates (Oburger et al., 2014). Alternative methods have been developed ranging from root exudate collecting tools to small-scale soil solution sampling, microdialysis, or the filter paper method (Oburger and Jones, 2018; Buckley et al., 2020). Results obtained are biased by the method of collection and a thorough methodological comparison is missing.

These novel, advanced and accessible methods and technologies in combination with advances in analytical chemistry and image analysis techniques allow today identifying genetic loci and plant mechanisms responsible for rhizosphere processes. Existing RNA, protein, metabolite, and element extraction methods of high purity down to the cellular scale, in combination with high-resolution analytics, feasible with very small-scale sample volumes, will enable analyzing age-dependent temporal and spatial processes in defined parts of the root system, and the rhizosphere. Moreover, modern technologies permit to quantitatively determine water, nutrient, and metabolite (exudates, signaling compounds, etc.) transport mechanisms over very small distances.



IMAGE ANALYSES/SPATIAL CORRELATION/INTERPOLATION/MODELING

The chance of obtaining spatially resolved data for many parameters brings along new challenges. First, for many methods, image processing has to be performed including removal of artifacts and noise, followed by edge enhancement and segmentation (Schlüter et al., 2014). Dedicated image processing protocols specialized on root segmentation continue to improve root recovery despite a heterogeneous soil background (Mairhofer et al., 2012; Flavel et al., 2017; Gao et al., 2019). Second, visual inspection has to be underpinned by quantitative image analysis in order to compare different treatments by meaningful image-based metrics.

For 3D data, there are a number of methods to quantify morphological properties of the pore space like pore size distribution, pore surface area, pore distances and pore connectivity (Vogel et al., 2010; Wildenschild and Sheppard, 2013). Likewise, for systems including roots, characteristic measures include total root surface, total root length or root length density profiles, but also equivalent hydraulic conductance or mean depth of root water uptake have been determined (Koebernick et al., 2014; Flavel et al., 2017; Schnepf et al., 2018a). There is a number of established metrics that quantify root system architecture in terms of root morphology and root topology which are summarized in Table 3. As an alternative to this root perspective, root system architecture can also be assessed from the soil perspective by investigating root distances. Such distance transforms of the binary images obtained from X-ray CT results in the Euclidean distance of each non-root voxel to the nearest root surface (Koebernick et al., 2014; Schlüter et al., 2018). Root distance histograms for the same total root length are different for different root architectures and express how efficiently the root system explores the soil (Schlüter et al., 2018). By superimposing data from different time points root age information can be derived (Blaser et al., 2018). Such data can be used in 3D mechanistic modeling (Koebernick et al., 2015; Koch et al., 2019) but can also be simplified to the 2D or 1D scale deriving frequency distributions for certain layers or the whole soil profile (de Moraes et al., 2018).


Table 3. Summary of methods for 3D pattern analysis of root system architecture.
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An illustrative example for such an image-based, spatial characterization of root system architecture and its implications for nutrient uptake is given in Figure 5. Root age is determined by time-lapse X-ray CT scanning to track the first emergence of any part of the root network (Figure 5A). Their distribution in space can be quantified by root distance maps in soil either for the entire root network or for young roots only as they are especially relevant in rhizodeposition and nutrient uptake (Figure 5B). These patterns need to be quantified in a meaningful way to assess rooting strategies. This can be done with root distance histograms (Figure 5C) in which the increased root length density is reflected by a shift toward shorter root distances. Alternatively, this improved soil exploration over time can be expressed with rhizosphere volume fractions for which the process-dependent extent of the rhizosphere into the soil needs to be set a priori (Figure 5D).

Biochemical mapping of the rhizosphere is typically limited to two-dimensional microscopy methods. Tools for image registration from different sources or images measured at different time points are readily available for the 2D case (Zitova and Flusser, 2003). For 3D this is more challenging especially when internal deformations and growth are involved (Peth et al., 2010; Keyes et al., 2016; Koestel and Schlüter, 2019). The superposition of 2D and 3D data, which is frequently applied in medicine, is still in its infancy for soil-based systems but protocols to do so are now emerging (Hapca et al., 2015; Juyal et al., 2019; Kravchenko et al., 2019a; Schlüter et al., 2019). Hapca et al. (2015) have shown that the information gained from successful image registration of 2D chemical maps and 3D structure data can even be used to obtain a 3D chemical characterization of the soil by geostatistical extrapolation techniques.

Once images of superimposed data are available, the next step is pattern recognition analysis as it is often applied in ecology to distinguish between random distributions or those resulting from a cascade of interactions and feedback loops (Wiegand and Moloney, 2013; Raynaud and Nunan, 2014). First attempts for application of these tools in rhizosphere research have been made (Nunan et al., 2002; Juyal et al., 2019; Schlüter et al., 2019) addressing the distribution of microorganisms in relation to soil structure and plant residues.

Data integration and mechanistic understanding can be improved by describing measured gradients or spatial patterns with single root models or root system models. There is a long tradition of single root scale models for water uptake, solute uptake, and microbial abundance. Those models are still further developed today, some of them taking more complex interactions into account (Schnepf et al., 2008) or even the explicit geometry of root and root hairs obtained by imaging (Daly et al., 2016). Patterns along the root axes and patterns in the whole rooting zone become apparent when combining single root models with functional-structural root system models (Dunbabin et al., 2013). Those models consider roots as line sources or sinks in soil and use an averaging approach to compute a sink/source term for the exchange of water or solutes between roots and soil. For the case of root water uptake, Daly et al. (2018) showed that spatially averaged models perform well in comparison to full 3D image-based models, with <2% difference in uptake. For less mobile components, it is of prime importance to represent in the model the steep gradients that may develop in the rhizosphere. The challenge is to estimate those gradients in a numerical approach in which the resolution of the soil is often larger than the extent of the radial gradient and in which roots are considered line sources or sinks (Roose et al., 2001; Dunbabin et al., 2002; Mai et al., 2018).

In order to predict emergent properties of the rhizosphere, we need to develop multiscale and multicomponent models that include feedback loops corresponding to specific questions such as the role of membrane transporters for resource uptake, microbial activity in the rhizosphere, and resulting quality of organic matter. Mechanistic models are a prerequisite for upscaling of small-scale properties and for predicting the emerging properties at the root system scale. As the spatial scale of interest is in the range of nm to cm, models can help to bridge between pore scale and continuum scale description of the system. To study emerging properties, we see high potential for individual-based models (Railsback and Grimm, 2019) of the rhizosphere system, where the individuals can represent microorganisms (Kreft et al., 2013; Hellweger et al., 2016; Portell et al., 2018) but also individual root elements. Individuals are characterized by their biomass and physiological state, their activities in their local environment such as compound uptake or release, and their synergistic or competitive local interactions. The processes involved may be described via continuous equations or discrete rules. The most important feature of such bottom-up models is that the collective actions of all individuals determine the emergent properties and patterns at the system level and the system's responses to environmental scenarios. Hence, individual-based models can describe highly complex system dynamics based on simpler local processes and be used to decipher the underlying mechanisms. Notwithstanding these advantages, very few examples of individual-based models applied to the rhizosphere can be found (Muci et al., 2012; König et al., 2020).



CALL FOR ACTION

In order to implement a system approach based on self-organization and to test the hypotheses formulated above experimental platforms are required, with meaningful drivers for the different focal topics across the different disciplines (Figure 2). Such platforms should enable (i) to relate small-scale observations to system behavior, (ii) to integrate physical, chemical, and biological sampling approaches within the same experiment, and (iii) to sample at different time points during the life cycle of the system in question. In order to motivate scientists from different disciplines to find a common specific experimental platform, drivers expected to fundamentally alter physical, chemical, and biological spatial and temporal patterns in the rhizosphere have to be identified. Such drivers could then be taken into account when targeting the sustainable development goals defined by the United Nations related to sustainable agriculture management, saving water, and coping with climate change. A first example of such an experimental platform oriented toward management strategies (soil texture, plant genotype) has recently been described, including potential pitfalls in particular related to the extrapolation from the laboratory to the field scale in order to address the whole plant life cycle (Vetterlein et al., in press).



THE VISION

Our vision is an improved understanding of the relevance of individual processes for the system scale, based on the analyses of root system specific spatiotemporal rhizosphere patterns (Figure 1). This approach will enable researchers to distinguish between system-immanent dynamics and changes indicating that systems will not recover completely from disturbance. The latter is often used as a measure for system resilience (Holling, 1973).

Taking the example of mucilage (Figures 1, 2), its distribution along the root system and with increasing distance from the root surface, will be the result of the plants' nutrient status and root age-dependent mucilage release rates, microbial degradation, which depends on initial microbiome composition varying in rhizosphere competence and hence ability to colonize the root surface. Soil water flux in turn will be a function of these patterns, but will also shape them as mucilage properties like water adsorption, viscosity, or wettability affect and are affected by drying cycles. These will not only feedback on nutrient transport processes but also on the diffusion of organic compounds (organic acids, exoenzymes) into the soil, which in turn are supposed to increase availability of nutrients. Further feedback loops, based on the sensing of the internal nutrient and water status, involve increased or decreased expression of membrane nutrient and water transporters and alteration of biochemical pathways changing root growth patterns, which change root system development and so forth. In the context of the stated hypotheses, the mucilage example thus relates to hypothesis 1 that suggests specific spatiotemporal patterns, hypothesis 3 that suggests the specific volumes for different rhizosphere components controlled by root activity and morphology, and hypothesis 4 that suggests prevailing general patterns of interactions between the components of the rhizosphere.

For many patterns, we may only be able to obtain snapshots/regions of interest but for others we can get continuous information or cover the whole root system in 3D. These latter measurements help to extrapolate the local or snapshot data with the help of models. Besides disentangling and understanding complex rhizosphere dynamics, the functions of models are hence on the one hand to predict the patterns for the whole root system and on the other hand to integrate over the whole root system and predict the emergent properties. Ideally, model results can then be compared to measured emergent system properties like water and nutrient availability, biomass production, plant health, water infiltration rate, soil organic carbon storage, and alike. Comparing differences induced by different drivers will considerably help to derive mechanistic understanding of the rhizosphere as self-organized system.
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Technique Sample  Resolution 3D, 2D, Sample Information Remarks References

size bulk preparation
1 “uX-ray CT mm 05-5pm 3D None Soll structure, root X-ray dose may affect  Koebernick et al., 2019
(Sync) distribution, root hairs  organism
2 pXrayCT om 10-90pm; 3D None Soll structure, oot X-ray dose may affect  Gao etal,, 2019;
distribution, root age organism Helliwell et al., 2019
3 “NR dm 200pm 2D None Proton distribution Imaging of water; la Carminati et al., 2010
4 NT mm 80-160pum 3D None Proton distribution Imaging of water; la Moradiet al., 2011;
Totzke et al., 2017,
5 MRl om 200um 3D None Water, solutes, and root  Sail iron content is Haber-Pohimeier et al.,
distribution; problematic; la 2019
6 *PET cm 1mm 3D Radio-nuclide  ''C distribution Short experiments due ~ Garbout et al., 2012
application to fast decay; la
7 NanoSIMS om 50nm 2D s, re, vo Elements, isotopes. High spatial resolution  Mueler et al., 2013
8 ToFSIMS om 120nm 20 s, re, vo Elements, molecular  Entire atomic mass
information range
9 NEXAFs 250 um 2D Prep. rec. Carbon compounds la Solomon et al., 2012
speciation of elements
10 XANES mm 5um 2D fs, re Speciation of elements  la Castilo-Michel et al.,
2012
11 SEM,SEM-EDX, cm 1nm(SEM) 2D (3D s, re, vo Physical fine structure Vidal et al., 2018
TEM, TEM-EELS subnm (TEM) ~ FIB-SEM) imaging, elemental
distribution
12 uXRF (Sync) mm S5pm 2D fs, re Elements. Total concentrations Castilo-Michel et al.,
2012
13 RXRF cm 25pum 20 fs, re Elements z > 11 Total concentrations
14 LAICPMS om 20pm 20 fs, re; via DGT  Elements Total concentrations  Santner et al,, 2012;
Saatzet al., 2016
15 LAIRMS om 10-15pum fs, re 12G/15G ratio Rodionov et al,, 2019
16 DRIFT om 100pm 20 Dry Carbon compounds, Leue et al., 2010; Holz
functional groups otal, 2018
17 XPS cm 300 x Bulk Conductive Elemental composition,  Potential for imaging Barlow et al., 2015;
700pm tape chemical, electronic Schampera et al., 2015
binding state
18 MALDI om 50um 20 Fixationreq.  Molecular information  So far only roots Peukert et al., 2012;
without soil Kusari et al.,, 2015
19 FISH, Gold-FISH 2D fs, re, specific  Phylogenetic Combination of Eickhorst and
probe identification and epiflucrescence and  Tippkdtter, 2008;
localization of bacteria  SEM Schmidt etal., 2012
in soil
20 CLsM om um 20 gfptagreq.  Localization of hyphae o far only roots Bolwerk et al., 2003
21 *Bio-reporter dm mm 20 Contact Root exudation Bloreporter needs tobe  Darwent et al., 2003;
medium designed Kuppardt et al., 2010
22 MALDI om 50um 20 Fixationreq.  Molecular information  So far only roots Peukert et al., 2012;
without soil Kusari et al,, 2015
23 *14C imaging dm 100pum 2D Imaging plate  Distribution of root Rhizosphere gradients Holz et al., 2019
exudates affected by artifacts
24 “Zymogaphy  dm 100pm 20 Membrane ~ Enzyme activity Specific substrates Spohn etal, 2013
reqired reqired
25 *Optode foils dm 100pm 20 Foil pH, CO, Good contact required  Blossfeld and Gansert,
2007
26 VISNR omto 50pm 20 fs SOM, mineral phases Lucas et al., 2020
dm
27 LoM mm Cellsize Tissue Fixation Cell specific RNA-Seq  Roots have to be Kortz etal., 2019

extracted from soil
Techniques requiring small sample sizes, thus potentially providing spatial resolution in combination with guided sampling

28 IS om om Bulk Extraction Fungal community Rhizosphere isolation  Rossmann et al,, 2020
29 16SrRNA om cm Buk Extraction Bacterial and archaeal  Rhizosphere isolation  Schreter et al., 2014
community
30 Profistmarkers  om om Bulk Extraction Protist community Rhizosphereisolation  Sapp et al., 2018
31 Co-Occ-Net om om Buk Extraction Community interactions  Rhizosphere isolation  Xiong et al., 2018
32 gPCRquant. om cm Bulk Extraction Abundance of specific  Rhizosphere isolation  Jiménez-Fernandez
microorganismms. etal., 2010; Von Feften
etal, 2010
38 sp cmto  emtodm Bulk Extraction Resource acquisition  Rhizosphere isolation ¢l Zahar Haichar et al.,
dm related to taxonomy 2012; Aoyagiet al.,
2015
34 Metagenomics  cmto  cmtodm Buk Extraction Genormic landscape of  Rhizosphere solation  Xu et al., 2018; Lietal.,
dm acommunity 2019
35 Predictions om cm Bulk Extraction Trait distribution based  Rhizosphere isolation  ABhauer et al., 2015;
on taxonomic Noecker et al., 2016
information
36 Marker Genes  om om Bulk Extraction Potential trait Rhizosphere isolation  Fang and Leger, 2010;
distribution Bouffaud et al., 2018
37 Omics omto  omtodm Buk Extraction Characterizationand  Root isolation Ziy etal, 2015; Li
dm quantification of pools etal, 2018
of biological molecules
38 RNAseq pmto  pmtodm Bulk Extraction Transcript abundance  Root isolation Hillet al., 2016; Yu
dm of all genes expressed etal, 2018
39 GRTPCR pmto  pmtodm Bulk Extraction Transcript abundance  Root isolation Bérzana et al, 2014
dm of aspecifically
targeted gene
40 Forward Alscales Al scales Alscales  Methodsof  Determining the genetic Onda and Mochida,
genetics interest basis responsible for a 2016; Voges et al.,
phenotype 2019
41 FTICR-MS wltoml Bulk Solidphase  Composition and Spatially resolved De Feuds et al., 2017
extraction chemical sampling possible,
characteristics of qualitative not
dissolved organic C quantitative
42 UPLCESIMS  pltol  Individual Bulk Solid phase  Metabolite composition  Bias introduced by Ziegler et al., 2016;
foots to root extraction or i root exudates growthand sampling ~ Zhalnina et al., 2018
system freeze drying conditions, qualitative

not quantitative

References provide examples of applying the technique to an intact rhizosphere if available. fs, flat surface; e, resin embedded; v, vacuum compatible; la, limited access; “applicable
in situ for growing plants.

uX-ray CT, micro-X-ray computed tomography, lab based; uX-ray CT (Synchrotron), micro-X-ray computed tomography, synchrotron based; uXRF, micro X-ray fluorescence; C
imaging, autoradiography of '4C; 16S rRNA, 16S rRNA gene; Bioreporter, specific activity of microbes linked to gfp-tag; CLSM, confocal laser scanning microscopy; Co-Occ-Net, co-
occurrence networks; DRIFT, diffuse reflectance and transmission Fourier transformed infrared mapping; FIB-SEM, focused ion beam-scanning electron microscopy; FISH, fluorescence
in situ hybridization; FTICR-MS, Fourier transform ion cyclotron resonance mass spectroscopy spectrometer; Gold-FISH, gold-fluorescence in situ hybridization; ITS, intemal transcribed
spacer; LA-ICP-MS, laser ablation-inductively coupled plasma-mass spectrometry; LA-IRMS, laser ablation-ion ratio mass spectrometry; LCM, laser capture microdissection; MALD),
matrix-assisted laser desorption/ionization high resolution mass spectroscopy; Marker Genes, genes related to a certain trait; Metagenomics, analysis of environmental DNA by
sequencing; MRI, magnetic resonance imaging; NanoSIMS, nano-scale secondary ion mass spectroscopy; NEXAFs, near edge X-ray absorption fine structure spectroscopy; NR,
neutron radiography; NT, neutron tomography; Omics, metagenomics, metatranscriptomics, metaproteomics, metabolomics, ionomics; Optodes, optical sensor based on fluorescence;
PET, positron emission tomography; Predictions, Prediction tools; Protist markers, several marker primer pairs covering the high taxonomic breadth of protists; GPCR ab., quantitative
PCR; GRT-PCR, quantitative reverse transcriptase PCR; RNA-seq, RNA sequencing; SEM, scanning electron microscopy; SEM-EDX, scanning electron microscopy—energy dispersive
X-ray spectroscopy; SIF, stable isotope probing; TEM, transmission electron microscopy; TEM-EELS, transmission electron microscopy —electron energy-loss spectroscopy; ToFSIMS,
time of flight secondary ion mass spectroscopy; UPLC-ESI-MS, ultra-performance liquid chromatography-electron spray ionization mass spectrometer; VIS-NIR, visible/near-infrared
spectroscopy; XANES, X-ray absorption near-edge spectroscopy; XPS, X-ray photoelectron spectroscopy; Zymography, technique used to identify activity of enzymes.
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