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Abstract

The soil region influenced by plant roots, i.e., the rhizosphere, is one of the most complex
biological habitats on Earth and significantly impacts global carbon flow and transformation.
Understanding the structure and function of the rhizosphere is critically important for maintaining
sustainable plant ecosystem services, designing engineered ecosystems for long-term soil carbon
storage, and mitigating the effects of climate change. However, studying the biological and
ecological processes and interactions in the rhizosphere requires advanced integrated technologies
capable of decoding such a complex system at different scales. Here, we review how emerging
approaches in sensing, imaging, and computational modeling can advance our understanding of
the complex rhizosphere system. Particularly, we provide our perspectives and discuss future
directions in developing /n situ rhizosphere sensing technologies that could potentially correlate
local-scale interactions to ecosystem scale impacts. We first review integrated multimodal imaging
techniques for tracking inorganic elements and organic carbon flow at nano- to microscale in

the rhizosphere, followed by a discussion on the use of synthetic soil and plant habitats that
bridge laboratory-to-field studies on the rhizosphere processes. We then describe applications of
genetically encoded biosensors in monitoring nutrient and chemical exchanges in the rhizosphere,
and the novel nanotechnology-mediated delivery approaches for introducing biosensors into the
root tissues. Next, we review the recent progress and express our vision on field-deployable
sensing technologies such as planar optodes for quantifying the distribution of chemical and
analyte gradients in the rhizosphere under field conditions. Moreover, we provide perspectives

on the challenges of linking complex rhizosphere interactions to ecosystem sensing for detecting
biological traits across scales, which arguably requires using the best-available model predictions
including the model-experiment and image-based modeling approaches. Experimental platforms
relevant to field conditions like SMART (Sensors at Mesoscales with Advanced Remote
Telemetry) soils testbed, coupled with ecosystem sensing and predictive models, can be effective
tools to explore coupled ecosystem behavior and responses to environmental perturbations.
Finally, we envision that with the advent of novel high-resolution imaging capabilities at nano- to
macroscale, and remote biosensing technologies, combined with advanced computational models,
future studies will lead to detection and upscaling of rhizosphere processes toward ecosystem and
global predictions.

Keywords
Rhizodeposition; carbon flow; nutrients gradients; biosensors; image-based modeling; ModEx

1. Introduction

The rhizosphere, defined as the soil region influenced by plant roots, is one of the most
dynamic soil domains on Earth that facilitates intra- and interkingdom interactions between
plants and microorganisms (Hinsinger et al., 2005, Vetterlein et al., 2021). Plant roots

play a significant role in shaping the rhizosphere microbial community by supplying
photosynthetically fixed carbon and other metabolites, while microorganisms growing in
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close association with plant roots further affect the plant productivity and ecosystem
resilience (Balasubramanian et al., 2021; Saeed et al., 2021; Ling et al., 2022).

Rhizosphere constitutes a dynamic environment where interplay and connectivity among
its components (i.e., plant root, microbial community, and soil) and flow of nutrients and
metabolomic exchanges dictate system behavior and functionality. A number of integrated
abiotic and biotic processes and stimuli continuously occur in the dynamic rhizosphere
region that drives many biogeochemical and physicochemical reactions, which regulate the
supply of inorganic and organic nutrients (Ahkami et al., 2017). A persistent past and
current challenge in rhizosphere science involves understanding the individual abiotic and
biotic reactions and their impact on the larger, integrative rhizosphere behavior, especially
given the dynamic responses to seasonality, climate perturbations, and land-use changes
(Philippot et al., 2009). Embedded within this challenge is the ability to quantify the
individual and cumulative contributions of different rhizosphere components to larger scale
nutrient cycling, soil organic matter formation, greenhouse gas priming, ecosystem response
to climate change, and carbon sequestration (Jones at al., 2009; Kell 2012; Jia et al., 2023).

Critical rhizosphere processes are often scale dependent with emergence of new processes
and behaviors across scales. Mechanistic understanding of behaviors and key processes

of such complex systems needs to consider the spatial gradients and interaction of plant
root—microbial-mineral interfaces and the driving factors that influence correlations between
these components. Addressing such great challenges in regard to rhizosphere function
necessitates the use of the most advanced technologies available (Védére et al., 2022) and
development of novel tools suitable for application within the rhizosphere region including
in situ techniques, high-resolution imaging, biochemical sensing, and computational
technologies. For example, addressing specific rhizosphere-related hypotheses can benefit
from application of less complex controlled and managed systems such as synthetic soil/
plant habitats (Gao et al., 2018) and rhizogrids (Maskova and Klimes, 2020, Handakumbura
et al., 2021), which are compatible with multimodal imaging technologies and able to
incorporate tight control of environmental variables. Other approaches include application
of isotope labeling integrated with chemical and mass spectrometry imaging techniques

that can be used to spatially track and quantify carbon fluxes and transformations in the
rhizosphere to improve understanding of controls on these reactions. In addition, genetically
encoded fluorescent biosensors coupled with nanotechnology-mediated deliveries can enable
tracking of chemical exchanges in natural systems, a promising direction particularly for

in situ monitoring of rhizosphere components. Such sensing technologies are critical for
real-time monitoring of hydrobiogeochemical processes and chemical gradients (Neelam
and Tabassum 2023), for in situ detection of key analytes (e.g., O, and NO3) (Capstaff et
al., 2021), and for expanding our knowledge from controlled and managed environments to
natural field conditions.

Understanding the rhizosphere processes in both managed and natural systems relies not
only on development of advanced sensing capabilities to capture critical spatiotemporal
dynamics in situ but also on developing a predictive understanding of rhizosphere
parameters that drive ecosystem behavior at larger scales. This requires holistic
characterization of high-throughput observational datasets that capture the system behavior

Soil Biol Biochem. Author manuscript; available in PMC 2024 September 05.
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and, even more importantly, ecosystem response under simulated scenarios. Singular,
isolated measurements often provide only a “sliced” or biased view of the system, and
correlations derived from such observations are often noncausal and difficult to scale beyond
observation locality. Furthermore, the volume of high-throughput, field-deployable data
attainable with various sensor platforms, combined with the richness of biogeochemical
transformations contributing to the observed activity, require advanced computational and
machine learning (ML) techniques to extract relationships leading to the larger scale
processes (Zhu et al., 2023). Many of these modeling techniques remain to be developed
and will need to evolve constantly as sensor capabilities are improved for deployment in
rhizophore studies. Lastly, the rhizosphere typically constitutes hotspots of biogeochemical
transformations across terrestrial landscapes with tremendous impacts on nutrient cycles
(Pathan et al., 2020). However, the small spatial confinement of the rhizosphere makes
accurate incorporation of this system into land-scale Earth system models tenuous at best.
Improved inclusion of rhizosphere components in these models will aid in the prediction
of rhizosphere processes under future climate perturbations and under different mitigation
scenarios.

Although recent review articles have greatly advanced our knowledge on rhizophore
interactions with other biogeochemical interfaces (Blagodatskaya et al., 2021), the roles

of rhizodeposition on promoting plant growth (Ravelo-Ortega et al., 2023) as well as on
reducing nitrogen emissions and promoting low-carbon agriculture (Lu et al., 2023), we still
lack an understanding of the global effects of the rhizosphere on soil microbial communities,
carbon cycling, and climate change in terrestrial ecosystems (Lv et al., 2023). This requires
gaining a deeper insight on the current and emerging technologies that bridge the nano-

to macro-scales rhizosphere studies. Therefore, here, we present a review and provide our
perspective views on several key sensing, imaging, and modeling technologies, spanning
from lab to field to ecosystem scales, for addressing the great challenges in understanding
rhizosphere functions and the role of the rhizosphere on larger ecosystem responses to
climate change and soil carbon sequestration.

2. Integrated imaging and biochemical methodologies to resolve

rhizosphere processes in space and time

In situ advanced methodologies that are based on seismic reflection, acoustic, optical, and
nuclear magnetic resonance have been successfully deployed to monitor geophysical and
geochemical properties and processes from belowground to deep subsurface (Holbrook et
al., 2019). Applications of these technologies have provided an in-depth understanding of
how physical and chemical factors influence abiotic processes, such as rock conversion and
transformation to weathered bedrock and to soil at the critical zone (Holbrook et al., 2019).
On the contrary, in situ technologies that continuously and comprehensively, in space and
time, monitor the biogeochemical processes, mechanisms, and fluxes of organic carbon,
(micro)nutrients, metabolites, and enzymes in the spatially confined rhizosphere region are
less developed. One of the main reasons that the in situ technology development is moving
at a very slow pace, despite the decades of laboratory and field-scale studies, is that many
components of the rhizosphere coexist in an overlapping space (Lee et al., 2022). The
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nearby environment is a function of many interconnected reactions and processes, making
it challenging to disentangle and to comprehensively interrogate. Processes that contribute
to this complexity, include root exudation and cell release, which increase organic matter
content and alter the soil’s chemical composition including pH (Toal et al., 2000, Kim et
al., 1999; Ma et al., 2022). This enhancement in organic matter furthermore stimulates soil
microbial activity, resulting in organic matter decomposition, mineralization, and nutrient
cycling (Paterson, 2003). The combined influence of root exudates and microbial activity
significantly impacts soil mineral transformation through weathering processes and in
addition promotes organic matter stabilization or priming, soil particle aggregation, and
consequently changes the soil structure (van Breemen et al, 2000; Landeweert et al., 2001,
Hoffland, 2004; Mikutta et al., 2006, Keiluweit et al., 2015, Uroz et al., 2015; Totsche,

et al, 2018; Rillig et al., 2017, Tisdall and Oades, 1982). Understanding the function

of each individual rhizosphere component is a challenging task, as interactions between
plant roots, soil microbes, and soil minerals are further impacted by mutual mycorrhizal
associations (Leake, 2008; Bonfante and Genre, 2010). Studying these complex processes
requires advanced imaging approaches to monitor key rhizosphere components including C
and inorganic nutrients at different scales.

2.1. Tracking inorganic nutrients in the rhizosphere

Currently, advances have been made using a number of novel laboratory technologies,

from nano- to microscale, that are able to interrogate interfaces of key components of
rhizosphere (root, minerals, microbes) and reveal evidence of biotically driven processes and
reactions (Weaver et al., 2021, Lybrand et al., 2019, Lybrand et al., 2022, Christophe et

al., 2013, Hoffland et al., 2004, Landeweert et al., 2001). These advanced high-resolution
methodologies are often combined or cross-correlated with each other to address limitations
that individual techniques frequently present when addressing complex and challenging
materials. For example, measurements based on scanning electron microscopy (SEM)

(van Scholl et al., 2008), transmission electron microscopy, and energy dispersive X-

ray spectroscopy (TEM/EDX) combined with nanoscale atom probe tomography, (APT)
(Lybrand et al., 2022) reveal in detail biogenic processes that occur in the rhizosphere at
nano- to micro-scale (Figure 1). The evidence provided by these methods demonstrates
how exudates from microbes cement soil particles and may contribute toward mineral
stabilization, which promotes soil micro- and macro-aggregates formation and long-term
soil carbon sequestration (Rillig et al., 2017, Ma et al., 2022).

Indirect evidence of redox and ligand-promoted biotic reactions, driven by microbial
pursuit for resource acquisition in the rhizosphere, can also be provided by interrogating
microbe—mineral interfaces (Leake et al., 2008, van Breemen et al., 2000). The evidence

of interfacial mineral bioweathering by fungi, for example, reveals mineral dissolution

and macro- to micronutrient (i.e., Ca, P, Fe) solubilization by acidification or chelation.
More evidence on bioweathering can be gathered from three-dimensional (3D) analysis

at atomic scale, which shows at unprecedented high resolution the elemental distribution
between mineral and microbe interfaces (Figure 1, adapted from (Lybrand et al., 2022).
The 3D characterization further demonstrates that biotically driven mineral alterations in
field settings occur at regions with exposed bioavailable nutrients such as Ca/P enrichments
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or with exposed energy sources, such as Fe mineral inclusions. The regions that contain
energy or nutrients are opportunistically sought after by soil microbes and fungi in their
search for vital mineral-bound nutrients. Other cross-correlation techniques (e.g., atomic
force microscopy coupled with high-resolution TEM) can also assess mineral dissolution
and provide additional evidence of alteration zones such as channel formation induced
from mineral interactions with microorganisms (Li et al., 2022). The combination of optical
microscopy with nanoscale topography by vertical scanning interferometry further provides
a framework for in situ quantification of biotic mineral dissolution rates in natural settings
(Wild et al., 2021). Other examples of multimodal approaches include coupling structural
information from X-ray computed tomography (XCT) with chemical information obtained
by synchrotron X-ray fluorescence spectroscopy (XRF) and X-ray absorption near-edge
structure (XANES) to show how root induced soil deformation influences the presence and
uptake of Fe, S, and P in the rhizosphere (Schliter et al., 2019; van Veelen et al., 2020;
Keyes et al., 2022; more refs). Moreover, when high-resolution methods such as electron
microscopy are coupled with gene expression analysis, it provides critical insights on biotic
mineral weathering processes and nutrient uptake. For instance, a combination of SEM
with gene expression analysis clarifies microorganism adaptation and metabolic responses
to nutrient stress and deficiencies (Pinzari et al., 2022). Understanding how specific genes
contribute to microbially-derived processes with soil minerals, such as oxidation/reduction
of Fe containing minerals (Shi et al., 2016a, Yadav et al., 2006; Yu et al., 2019), can lead to
unraveling underlying mechanisms that guide such processes in the rhizosphere.

Current and future works should further investigate the selective interactions between plant
roots and microbial communities with soil minerals to address open questions on nutrients
dissolution, transformation, and release into the rhizosphere. The outcomes of these studies
have the potential to contribute significantly towards the identification of target nutrients and
other compounds for development and deployment of in situ sensors in field settings (see
sections 5 and 6 below) for understanding rhizosphere processes across scales.

2.2. Monitoring carbon flux in the rhizosphere

In addition to tracking inorganic nutrients, a key component for elucidating microbial and
geochemical processes in the rhizosphere is accounting for and tracking organic carbon
flow (Figure 2, left panel). From a microbial perspective, soil is frequently limiting in
(bioavailable) carbon and a defining distinction between rhizosphere and bulk soil is

the deposition of plant-derived carbon into the rhizosphere, which can spatially relieve
this nutrient stress and stimulate microbial populations (Kuzyakov and Blagodatskaya,
2015). Carbon can be supplied to the rhizosphere in many forms (root necromass, root
exudates, mucilage, etc.), but is often collectively referred to as rhizodeposition, and
multiple approaches are available for collecting, quantifying, and identifying constituents
of this material (Jones et al., 2009). The amount, chemical composition, and spatial
localization of the emplacement of plant-derived organics into the rhizosphere can vary in
response to root and plant lifecycle, environmental conditions, or the rhizosphere microbial
community (Metlen et al., 2009, Zhalnina et al., 2018, Keller et al., 2021). An important
frontier, therefore, in developing a mechanistic understanding of rhizosphere processes is
gaining insights into how the plasticity of rhizodeposits is influenced by and exerts control
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over other rhizosphere processes; understanding the adaptive interplay between plants, the
local environment, and associated microbial populations. A fundamental requirement for
unraveling these interactions is the ability to measure and track rhizodeposition and there
are a variety of techniques dedicated to this goal (Oburger and Schmidt, 2016). A wide
array of analytical tools for resolving the chemical composition of root exudate with
various mass spectrometry and spectroscopy approaches provide detailed information on
these typically complex samples (see review in Casas and Matamoros, 2021). However,
complexity of the rhizosphere gives rise to a highly dynamic system that greatly complicates
isolation of pristine root exudate samples without incurring various forms of collection or
handling bias (Oburger and Jones, 2018). In short, sampling for root exudates encounters
a constant tradeoff between factors such as maintaining ecologically relevant conditions,
avoiding traumatic impacts on plant roots (with associated release of injury associated
compounds), securing root exudates before microbial or reuptake processes alter their
chemical composition, etc. Thus, typical approaches such as hydroponics, direct sampling
of rhizosphere washed off of plant roots, and rhizon-based sampling of soil moisture all
provide viable samples, but interpretation of the resulting data should reflect potential
modifications and bias to the sample during and after collection as well as any analytical
artifacts associated with the chosen analysis method(s).

While traditional root exudate analysis offers insightful information on the chemical
composition and related shifts in response to external factors, these methods also tend

to be spatially agnostic and reflect average composition blended over a sampling region.
This may be an analytical requisite in many cases, but rhizosphere is nearly synonymous
with spatial heterogeneity and new, emergent techniques are making progress toward better
linking organic composition with specific locations and conditions in the rhizosphere

to better reflect spatiotemporal organization (Vetterlein et al., 2020). For instance, mass
spectrometry imaging (Figure 2, left panel) has been used for identification of key organics
in rhizodeposition within various forms of constructed systems and can perform high spatial
specificity analysis of organic speciation in root tissues (Velickovic and Anderton, 2017);
yet it is challenging to directly apply this imaging to the natural soil matrix due to multiple
interferants and analytical requirements. To help overcome this limitation, recent progress
demonstrated spatial extraction of organics onto a membrane followed by matrix-assisted
laser desorption/ionization (MALDI) mass spectrometry for organic speciation mapping
(\Velickovic et al., 2020). While effective, there are biases in the method linked to the surface
chemistry of the membrane used, so the results are not comprehensive. Further, it is often
challenging to specifically identify the organic compounds made concurrently within an
experiment versus legacy materials present in the system before a test occurs.

Various isotope approaches have been used to help circumvent issues related to
distinguishing recent from more relict organic material, as when using isotope tracers,
only the new (i.e., more recent than the application of the tracer) materials contain

the added tracer. In some cases, application of these tracers is measured in specific
organic compounds. Commonly, an isotope tracer is used to perform a more integrated
quantification (e.g., of total rhizodeposition, respiration of root exudates, etc.). Choices of
isotope systems and associated detectors can be driven by specific scientific questions. For
instance, application of a radiocarbon (4C) tracer can be linked to spatial imaging of the
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distribution of rhizodeposition in plant systems (Pausch and Kuzyakov, 2011). Similarly,
11¢ radiocarbon tracers can provide more sensitivity due to their rapid decay rates and,
when imaged using a positron emission tomography system, provide high spatial resolution
mapping of root exudates (Kiser et al., 2008). The very short half-life of this isotope (only
~20.4 minutes) requires the source of 11C to be in close proximity to the experimental
system and necessitates calibration for loss of signal over time while also making the
imaging potentially infeasible in larger plants (where transport time for photosynthate from
leaves to roots to rhizosphere is in a timeframe similar to the radioactive decay half-life due
to loss of signal). However, this short half-life enables the use of multiple pulses of the tracer
at different timepoints during a plant’s growth since decay effectively removes a previous
pulse and is not destructive to the plant or rhizosphere (Oburger and Schmidt, 2016). In
other cases, the ease of applying stable isotope tracers makes this the isotope of choice for
tracing and quantifying various carbon processes. For instance, 13CO, can be added to a
plant system and used to quantify distribution of photosynthates between plant, rhizosphere,
and soil components. Depending on the amount of 13C applied, the signal can be tracked
into specific microbial groups to identify and help quantify the level of metabolic coupling
between rhizosphere microorganisms and plant roots (Starr et al., 2021). It is also feasible to
spatially map the localization of the 13C signal into the rhizosphere to estimate rates of root
exudation. Various mass spectrometry and spectroscopy (including infra-red spectroscopy)
approaches coupled to laser ablation sampling can provide spatial resolution in the tens of
pum range (Denis et al., 2019, Rodionov et al., 2019, Moran et al., 2022). In cases where
more spatial resolution is required, NanoSIMS analysis can reveal 13C incorporation at the
10s nm range through plant tissues and into associated fungal and microbial biomass (Kaiser
et al., 2015, Vidal et al., 2018). NanoSIMS can also be linked to the use of taxon-specific
tags to enable combined spatial, taxon-specific, and stable isotope measurements (Dekas et
al., 2019; Schmidt et al., 2023), although this approach is time consuming, best applied to
address targeted (versus screening) questions and is rarely applied to rhizosphere studies.

Spatially resolved assessments of carbon introduction into soil typically reveal focused
areas of organic deposition that align with hotspots of microbial activity. These hotspots
are associated with increased biogeochemical activity and encompass significantly higher
rates of nutrient mobilization and exchange than their spatial areas would suggest. Yet, the
small spatial scales of these hotspots combined with their ephemeral nature make them
challenging to interrogate and major questions remain regarding recruitment of microbial
activities and the role these processes play in directing the overall fate of organic carbon
and associated impacts on plant performance. While the requisite analytical techniques

for enabling spatially specific co-analysis of nutrients and associated biological processes
remain somewhat limited, emerging capabilities are enabling better observation of linkages
between these phenomena than ever before. For instance, zymography enables targeted
mapping of specific enzymatic processes within living rhizosphere systems (Spohn et al.,
2013, Ghaderi et al., 2022). This approach leverages a surrogate substrate for an enzyme that
has been modified to produce a fluorescent signal upon enzymatic reaction. Zymography
is adaptable to a wide range of different hydrolytic and oxidative enzymatic processes
(Spohn and Kuzyakov, 2013, Razavi et al., 2019; Kravchenko et al., 2019; Khosrozadeh

et al., 2022). Emerging micro-zymography approaches employed modified techniques to
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apply a labeled substrate are being shown to reduce some limitations and artifacts of
traditional zymography to enable enhanced the spatial resolution of the technique (Ghaderi
et al., 2022). Importantly, zymography can also be coupled to additional analysis. For
example, Kravchenko et al. (2019) linked uCT and zymography to elucidate correlation
between carbon abundance, pore spaces, and localization of enzymatic activity. Finally,
amino-mapping is an emerging technique reminiscent of zymography that uses abiotic
reactions to map amino-derived nitrogen in soil and rhizosphere (Khosrozadeh et al., 2023).
This opens up the possibility of spatially tracking microbial activity in rhizosphere and
correlating it to changes in carbon and nitrogen nutrient status.

To complement spatial quantification of enzymatic activity, proteomics targeting the
rhizosphere can provide additional information on biochemical pathways or taxonomy of
microorganisms linked to consumption of plant-derived carbon containing an isotopic tracer
(Pett-Ridge and Firestone, 2017). An initial study even suggests the ability to perform
spatially resolved proteomics targeting microbial hotspots (White et al., 2021).

Taken together, the introduction of organic carbon by plants into the subsurface is the crucial
step initiating rhizosphere development. The spatiotemporal variability of the rhizosphere
challenges traditional efforts to elucidate key determinants of biogeochemical processes
within these spatially constrained environments. Emerging novel technologies to elucidate
carbon introduction to the rhizosphere and the microbial activities associated with this
carbon provide new insights and better understanding of controls on associated processes.
However, it is important to note that there is not a single analytical technique capable of
capturing the full intricacy of rhizospheric carbon processing but that each of the techniques
mentioned specializes in elucidating a limited set of the overall complexity (e.g., enzymatic
transformation, quantification of total carbon flux, chemical speciation of carbon exudates,
spatial localization of carbon, etc.). In many, but not all, cases a multi-capability approach

is feasible, but the choice of the targeted techniques needs to be made carefully to avoid
limiting subsequent analysis. For instance, regulatory concerns can prevent sequential use of
positron emission tomography from being used in conjunction with other techniques due to
fears of radioactive contamination of mass spectrometers or other lab equipment. In other
cases, sample preparation may limit subsequent analyses where, for example, application

of a sputter coat to prevent sample charging during NanoSIMS analysis could negatively
impact the use of the sample for other techniques. In these cases, it may be feasible to adjust
the order of technique application to a sample to enable subsequent analyses (¢e.g., perform
zymography evaluation prior to NanoSIMS sample preparation). Ultimately, however, the
cumulative effects of the destructive nature of some sample analyses, artifacts associated
with various forms of sample preparation, and cost considerations typically limit the suite
of techniques that can be brought to bear on a particular sample. Still, where advantageous,
combinations of these emerging efforts may propel advances towards gaining a mechanistic
understanding on rhizosphere-driven activities central to organic matter preservation, plant
nutrition, and responses to environmental perturbations.
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3. Constructing environments for laboratory-to-field investigations of rhizosphere

processes

3.1. Synthetic soil micromodel habitats—Elucidating rhizosphere processes at the
microscale in field settings is an ongoing challenge. However, some of these processes

can be replicated and understood through developing a controlled and managed laboratory
environment by using model rhizosphere (soil) habitat micromodels. These synthetic soil
habitats are known by different names and types such as micromodels or TerraForms
(Pacific Northwest National Laboratory) or EcoFABs (Lawrence Berkeley National
Laboratory). Microfabrication (i.e., microfluidics, 3D printing) is a popular approach to
creating model rhizospheres and typically employs a transparent, bio-inert polymer to
replicate a customizable habitat design (Figure 2, right panel). Synthetic rhizosphere
habitats offer distinct advantages over a native rhizosphere, including higher control

over environmental conditions and soil physical parameters, as well as increased spatial
resolution to sample down to the scale of an individual microbial hotspot. Moreover, the
transparent material (Liu et al., 2021) used to fabricate these habitats makes them amenable
to optical imaging, affording the ability to track plant root architecture development and
interaction with microbes, which is a central challenge in soils due to its opacity.

Microfabricated habitats have enabled high-resolution imaging of microorganisms that are
typically found underground, including bacteria, fungi, and nematodes (Arellano-Caicedo et
al., 2021, Mafla-Endara et al., 2021). These model systems are also able to accommodate
several plant species during the early stages of seedling development, including small model
plants (Arabidopsis thaliana), fast-growing grass species (Brachypodium distachyon, Oryza
sativa), and even some tree species (Populus spp.) (Gao et al., 2018, Yanagisawa et al., 2021,
Sasse et al., 2019). Although the small size of these model systems limits most plant studies
to the early and seedling developmental stages, this can be a critical time for characterizing
the establishment of a rhizosphere microbiome. Increasingly, recent studies have focused

on imaging interkingdom interactions within microfabricated habitats. These studies have
described the colonization dynamics of microbes on plant roots and the spatial interaction
between microbial species in the presence of a plant (Massalha et al., 2017, Aufrecht et al.,
2018, Noirot-Gros et al., 2020). The optical images produced from these interaction studies
offer an exciting perspective of never-before-seen rhizosphere dynamics which can lead to
the development of specific ecological hypotheses.

Along with offering enhanced spatial resolution, microfabricated habitats also offer

defined environmental parameters and high experimental control. These reduced complexity
platforms can be used as a complement to field studies to test causal relationships

between specific soil parameters and associated ecological responses. Several research
groups have used microfabrication techniques to mimic the rhizosphere environment in
reduced complexity habitats and, depending on the target science question, these approaches
generally aim to recreate physical or chemical parameters within a rhizosphere ecosystem
(Stanley et al., 2016).

Synthetic micromodel habitats that mimic the structure of the soil environment can range
in design complexity from simple repeated structures (i.e., homogeneous) to complex,
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interconnected porous networks (i.e., heterogenous) (Aleklett et al., 2018, Aufrecht et al.,
2019). The structure of the soil is an important parameter to emulate since porous media can
influence nutrient transport, organism movement and development, and even the interactions
between species (Borer et al., 2018). These synthetic soil platforms have been successfully
used to characterize microbial processes in porous media such as chemotaxis, biofilm and
hyphal network development, and bacterial transport in flow (de Anna et al., 2021, Zhang

et al., 2010). Recently, these synthetic soil habitats have been extended to the culture of
whole plants and have been used to show that the physical structure of the habitat influences
the distribution of root exudates (Aufrecht et al., 2022, Walton et al., 2022). Although
microfabricated habitat structures are often created using a bio-inert polymer and rely on
dissolved components of a liquid media to create any chemical gradients or treatments, some
recent work has been focused on adding solid-phase compounds to recreate the chemical
complexity of the soil environment (Bhattacharjee et al., 2022).

Future development of microfabricated rhizosphere habitats should focus on increasing
chemical complexity and pairing with chemical imaging techniques in order to characterize
biogeochemical transformations and molecular interactions between organisms in the
rhizosphere. These types of studies are expected to help illuminate many ecological
interactions in the rhizosphere, including mechanisms for plant-growth promoting microbial
interactions and organic acid solubilization of mineral-bound micronutrients. Although
microfabricated rhizosphere habitats are extremely simplified compared to a complex
natural rhizosphere, these platforms can be used as a complement to field studies to

target specific rhizosphere processes. Future work should aim to quantify molecular
transformations within these habitats (i.e., carbon use efficiency, mineral weathering) so that
results from these platforms can more easily be scaled to larger studies such as greenhouse
or field studies.

3.2. Microscopic to ecosystem scale synthetic habitats

In addition to soil habitats, other platforms and approaches are currently used to bridge

the ecosystem to microscopic scale, and to study the root influenced rhizosphere. Ecotrons,
also known as macrocosms, are one of the largest controlled growth units available for
whole ecosystem scale investigations (Roy et al., 2021) (Fig. 2, Right panel). These

units harbor soil monoliths and allow a wide range of natural environment manipulations
while measuring complex traits such as flux and greenhouse gas emission and tracking
flow of matter with the aid of isotopic labels. Deep soil ecotron is a similar research
capability currently being constructed at the University of Idaho that will enable both abiotic
and biotic factor manipulations of subsurface soils to understand their impact on whole
ecosystems. More specifically, the deep soil ecotron can be used to study the dynamic
processes of soil microbes beyond the typically investigated depth of ten centimeters (Marx
2023). Microcosm and EcoPODs (Yee et al., 2021) have similar controls and manipulation
capacities to ecotrons but are much smaller in footprint. These are considered pilot-scale
ecosystems, furthering lab-scale experiments to mimic the environment and field-scale
experiments that cannot be carefully controlled. Ecotrons and EcoPODs present great
opportunities to refine ecosystem scale models and allow the study of intact soil systems.
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On a smaller scale, rhizoboxes, a flat-by-design growth container, allows root visualization
and can vary in shapes and sizes (Maskova and Klimes, 2020). One defining characteristic
of rhizoboxes is their root growth angle which are inclined, forcing the roots to grow along
one of the two flat planes of the rhizobox. Therefore, instead of the 3D growth space found
in pots and in the field, the root system is forced to grow in essentially two dimensions
within a rhizobox (MaSkova and Klimes, 2020). This reduction of dimensionality facilitates
full tracking of root system growth and allows for a more comprehensive visualization of the
root system. Moreover, the roots grown against the flat plane allow direct access for root and
rhizosphere sampling. Over the years, rhizoboxes have been customized to have removable
panels for ease of sampling and integration of planar optodes for measuring CO5, Oy,

and pH gradients (Lenzewski et al., 2018). Recently, the conventional pot-based controlled
growth chamber experiments are further augmented by RhizoGrids (Handakumbura et al.,
2021).

RhizoGrid root cartography an innovative, integrated imaging and spatial multi-omics
platform, maps metabolomics and metagenomics measurements to root structures.
RhizoGrids are 3D printed and assembled modular units that are customizable based on

the study root system size. They act as a scaffold for holding the growing root system and
the soil within the 3D printed pots with minimal interference to the growing root system
allowing the root to grow normally. This approach preserves the 3D architecture of a plant
root system mimicking a root system observed in a field setting. A variety of growth media,
including sand and different types of soils, can be accommaodated in these pots, and therefore
RhizoGrid - guided root cartography workflow enables investigating root rhizosphere
interactions in a near-native environment. One main challenge of whole plant system scale
and the existing molecular imaging technologies is the lack of spatiotemporal resolutions.
A root cartography workflow coupled with RhizoGrid indexing is built and optimized to
include non-invasive imaging of the root system in the 3D space using XCT coupled with
harvesting and processing of the roots and the associated rhizosphere for metabolite and
microbial profiling. Based on the position of the RhizoGrid location each excised root
segment is given a unique coordinate to mark its spatial location in the 3D space within the
pot. Using the RhizoGrid guided indexing spatially resolved omics data is projected onto
the reconstructed 3D root images derived from XCT data (Handakumbura et al., 2021). By
combining the molecular-level measurements linked to specific locations within a 3D root
system, we can begin to understand the specific microenvironment effects within the root
rhizosphere system. This RhizoGrid system has also been tested with isotopically labeled
CO», to monitor the partitioning of recent photosynthate within the 3D root system and how
this partitioning is affected by microbes and environmental perturbations. Other possibilities
include coupling fluorescence labeled microbes and cell sorting within RhizoGrid -grown
root systems for 3D visualization of microbial recruitment, colonization, and competition
within the rhizosphere.
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Image-based modeling of plant—soil interaction: rhizosphere multiscale

measurement and modeling

4.1.

In the previous sections we emphasized the extraordinarily challenging task of finding a
suitable experimental setup to investigate rhizosphere processes occurring at the dynamic
conjunction of biosphere, hydrosphere, and pedosphere in close vicinity of active plant roots
(Oburger and Schmidt, 2016). Nevertheless, during the past decades we have witnessed
tremendous advances in the imaging technology (discussed below) that have increasingly
made possible imaging of plant—soil interaction (Bandara et al. 2021). Yet the imaging
techniques come with tradeoffs between sample throughput, sample size, phase contrast,
image resolution, and information gained; therefore, application of modeling tools are quite
important to extract information and make predictions. However, like in imaging, there

are several computational challenges that need to be overcome when embarking on an
image-based modeling endeavor. Here, we show the general workstream of image-based
modeling with special emphasis on the computational aspects and discuss steps to give

the reader a basic understanding of the technical skills needed to overcome computational
challenges.

Image acquisition, reconstruction, and methods of image analysis

In the recent decades, 3D-imaging techniques have become widely available, including
laboratory X-ray microtomography and synchrotron X-ray micro- and nanotomography as
well as fluorescence microtomography. A more recent method, neutron imaging for the
rhizosphere, has enabled complementary experiments where X-rays and neutrons interact
with heavier and lighter chemical elements differently. Other 3D-imaging techniques include
electrical resistivity tomography, electrical impedance tomography, ground penetrating radar,
and magnetic resonance imaging (Anderson and Hopmans, 2013). In addition, correlation

of 3D imaging with 2D microscopy and spectroscopy techniques offer options for chemical
mapping, that is spatially resolved chemical information. Sampling, imaging steps, and
challenges must be considered for these techniques, which are described below as examples
for future applications.

4.1.1. Question of sampling—The size and nature of the sample (pot or core size
used for root/soil imaging, probing pots vs. aggregates/microaggregates, use of fabricated
devices to grow plants under controlled conditions, etc.) depends on the scale and purpose
of the investigation. Sample format and preparation may be different for a rhizosphere study
than for a field-scale investigation. The process to be studied, maybe a measurement of
nutrient uptake, soil organic matter analysis, tracking root growth or root exudates, as well
as the modeling goal (Vereecken et al., 2016), will determine the sampling approach. As an
example, XCT imaging in the laboratory has enabled the nondestructive exploration of root
growth processes by imaging whole roots in pot-size samples, while synchrotron-based X-
ray microtomography was used on millimeter-size samples to image plant—soil interactions
at fine root hairs to enhance models of nutrient uptake by roots (Downie et al., 2015, Keyes
et al., 2013). We note that sample preparation can range from none or close to none for
tomographic imaging, to quite extensive for multimodal measurements involving imaging
(e.g., spectroscopy of carefully prepared slices of a sample). Targeted sampling of the
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rhizosphere coupled with correlative imaging with chemical information, and performing
these to gather in situ information, is where the future of rhizosphere imaging lies.

4.1.2. Choice of imaging method—The choice of imaging technique depends on

the characterization goal. For structural/morphological characterization of root systems

and the rhizosphere, nondestructive imaging tools such as tomography (X-ray, neutron,
optical coherence, electrical resistivity, etc.), magnetic resonance imaging in 3D (Mooney
etal., 2012, Kumi et al., 2015), and other imaging methods such as photography using

a transparent soil medium in 2D are excellent. For in vivo, time-resolved studies of plant/
root growth or rhizosphere processes, researchers turn to techniques that allow for rapid
image acquisition such as synchrotron-based XCT (Keyes et al., 2016). However, these
imaging techniques do not provide chemical information. In order to complement the
morphology with chemical or phenological information, one needs to apply multimodal
methods, described in Section 2. To provide with a holistic view of soil microenvironments,
it is imperative to combine the correlative imaging studies that are based on image
registration of 3D microstructures obtained by XCT with biogeochemical microscopic data
from various modalities and scales such as light microscopy, fluorescence microscopy,
electron microscopy, and secondary ion mass spectrometry (Schliter et al., 2019, van Veelen
et al., 2020; Keyes et al., 2022; Lippold et al., 2023).

4.2. Image correlation/registration

Employing multimodal and multiscale approaches to combine 3D structural information
with 2D chemical information brings about the issue of image correlation, also known

as image registration or co-registration. Images obtained by different techniques, using
different imaging windows (fields of view) or scales, present a challenge when researchers
try to align chemical maps with, for instance, tomography-based 3D images of the same
sample. Solutions to this challenge are being developed. From the medical imaging field,
an automated approach to match 2D histological images to 3D computed tomography data
has been reported (Chicherova et al., 2014). This landmark-based approach in combination
with a density-driven RANSAC (RANdom Sampling and Consensus) plane fitting allows
the localization of 2D images within the 3D data with relative accuracy. A statistical
method-based approach to align 2D chemical maps with 3D XCT images of soils describes
an efficient way to locate a 2D surface in the 3D data, and offers an automated, statistical
technique to correct, a posteriori, the geometric distortions generally associated with 2D
chemical maps obtained on cross-sections through soil samples (Hapca et al., 2011). Their
method uses Pearson correlation coefficient (PCC) as a measure of image similarity to
compare two 2D images of the same dimensions. In a multi-image-based study of plant-—
fertilizer interaction, each microscopy thin-section was compared to the XCT of the sample
before resin perfusion and thin-sectioning. This was achieved by finding the XCT slice
that corresponds to the thin-section plane and measuring similarity using the statistical
measure of PCC (Fletcher et al., 2019). In some cases, elemental maps are overlaid via
visual inspection to the corresponding data of the same sample to correlate the chemical
and structural information (Keyes et al., 2022). This approach works well when the number
of chemical maps is relatively low. Image co-registration between XCT and fluorescence
microscopy to look at bacterial distributions has been demonstrated (Schliiter et al., 2019,
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Juyal et al., 2019). Light and near-infrared microscopy images were co-registered with

XCT images in studies of the spatial distribution of organic matter (Kravchenko et al.,

2019, Lucas et al., 2020). While spatial resolution of microscopy techniques is comparable
to that of XCT, with techniques such as NanoSIMS or laser ablation mass spectrometry,

a dimensional or scale difference poses additional challenges. In these cases, a two-step
registration approach may be necessary, where an imaging technique bridging the two scales
is used. For image registration to be successful, the structural integrity of the samples

is critical, as is the use of appropriate markers for sample orientation and co-registration
between images (Lippold et al., 2023). Some of the freely available image registration tools
include the medical image registration tool Elastix (Klein et al., 2010) and the ImageJ plugin
Correlia (Rohde et al., 2020).

4.3. Model equation

Once geometry has been determined from the images, the next question for modeling is:
what are the right equations to use? The answer needs to reflect the complexity of the
science issue considered. The equations should be as complex as necessary, but as simple
as possible. The systematic way of doing this step involves writing down the transport and
conservation equations based on all the physics and known biology. The problem then for
modeling is to determine if all the physical and biological processes that were deemed to
be important actually are important on the time and space scales under consideration as the
number of equations needing to be solved increases the computational resource, time, and
computer memory needed. Thus, it is often useful to simplify or reduce the equations to
the set that is minimally dominant. The process of simplification itself can often learn new
science even prior to solving the model equations numerically. Simplification of equations
involves two steps: model parameterization and model analytic analysis for simplification.
Parameterization is an obvious step and involves determining the model input parameters
based on previous published literature. The model simplification process involves finding
the dimensionless groupings of parameters by the process of nondimensionalization, which
is a formal mathematical process of comparing different physical phenomena present in the
model equations (Fowler, 1997). Historically the most popular dimensionless numbers, such
as Reynolds number and Peclet number, came about equation free by comparing inertial
forces to viscous forces and convective movement to diffusive movement, respectively.

In the case of very complex biological phenomena with multiple different processes like
the rhizosphere system, a formal nondimensionalization approach is shown to be more
productive and systematic. This process involves scaling all state and independent variables
with problem-based dimensional quantities so that all variables in the resulting equations
are dimensionless (Schnepf et al., 2022). The size of these dimensionless quantities then
enables the simplification using perturbation and matched asymptotic analysis techniques
that formalize the importance of including and discounting different terms in a quantitative
manner. As a result, a new minimal but necessary set of equations needing to be solved
numerically is derived.

4.4. Solving the models

Which solution method or computational package to use depends on a humber of
system properties. The balance between learning and implementing the method versus
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computational demand/time is often not an easy decision to make. For example, if the model
equations are well established and we need to run the simulations on a large number of
images, then a fast, efficient parallel solution algorithm is needed. However, while the actual
computational solution time for this is low and efficient, the setup time for the computational
campaign can be as long as the fast algorithms/packages are often not presented in a

very user-friendly manner and hence require more staff time to learn the package and

to set up the high-throughput computational campaign. For example, the computational
campaign could be OpenFOAM, which is a free, open-source computational fluid dynamics
(CFD) software that can be used to solve complex fluid flows involving chemical reactions,
turbulence and heat transfer, acoustics, solid mechanics, and electromagnetics (Jasak 2009).
For rhizosphere-related works, OpenFoam can be used to model how pore-scale geometry
of the surrounding soil affects nutrient dynamics, for instance. On the other hand, when

the set of model equations is speculative in terms of science and there is no need to

run the simulations on large set of images, a more user-friendly, but less computationally
efficient, approach is probably more time efficient as packages like Comsol Multiphysics
and Abacus are now becoming very user friendly, with excellent online knowledge bases,
without requiring much time investment to learn to use them. So, any time lost in terms of
computation time increasing is time saved for the implementation stage. At the end of any
computational campaign, the research is often in the stage of visualization and, again, some
of the best ways to present it is to use the image analysis software mentioned earlier, as
fundamentally the computational step outputs a new image that needs to be analyzed and
presented as part of the research project reporting.

Ultimately, any endeavor in modeling can be judged successful even if it fails, e.g., if

it comes to the point where new science questions have been generated to plan new
experimental and modeling campaigns to advance our learning. Thus, model failure can

be an essential ingredient of modeling campaign success as we learn new science. However,
having done the modeling, this next step of experiment planning can now be aided by the
model being run in the predictive mode to make informed decisions about, for instance
resolution needed for spatial and time-resolved sampling, to enable our learning of new
science.

Collectively, under sections 2—4 we highlighted the use of different imaging methods,
synthetic soil habitats, and image-based modeling as critical capabilities and approaches
for monitoring root-soil-microbe interface and specifically for tracking inorganic nutrients
and Carbon flux in the rhizosphere. However, we need advanced in situ and real-time
rhizosphere tracking systems for better understanding and upscaling small-scale rhizosphere
properties and further linking rhizosphere processes across scales. This is a significant
challenge that requires a robust response from the research community for development
and engineering of efficient, low-cost, in situ sensing systems, able to be deployed at the
rhizosphere for continuous monitoring and data transmission of key physiochemical and
biological variables. In the following sections, we provide our insights on current and
emerging sensing technologies and their potential integrations with advanced predictive
models for studying rhizosphere across scales. 5. Biosensors for monitoring nutrient and
chemical exchanges in the rhizosphere
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5.1. Genetically encoded biosensors

As stated earlier, rhizosphere is strongly influenced by plant metabolism through the release
of photoassimilates as root exudates, i.e., plant-derived primary and secondary metabolites
of both low molecular weight (MW) that is <1,000 Da (e.g., sugars, organic acids, phenolics,
vitamins) and high MW compounds that are >1000 Da (e.g., enzymes, mucilage) (Oburger
and Jones, 2018). As communicating molecules, root exudates provoke interactions between
the soil microbiome and plant roots through modifying the chemical and physical properties
of the soil and the soil microbial community (Ahkami et al., 2017).

Several methods have been reported for tracking root exudates, root-microbe interactions,
and chemical exchanges including reporter genes, immunological reactions, and nucleic
acids (Rilling et al., 2019). Released exudates in the rhizosphere could impact the nutrient
cycling and, in some cases, facilitate the uptake of certain nutrients from the environment.
Specific rhizobacteria benefit crops through nutrient solubilization or biological nitrogen
fixation. Several techniques have been used to measure or image nutrient levels in roots
and rhizosphere region like X-ray spectrometry or use of radioisotopes (Kanno et al., 2016).
However, none of these techniques allow in vivo monitoring of nutrient and chemical
profiles with cellular resolution in real time. In contrast, genetically encoded fluorescent
biosensors provide an opportunity to report the levels of the compound of interest as
measurable fluorescent signals.

Genetically encoded biosensors directly interact with a molecule of interest through the
action of fusion proteins that serve as fluorescent indicators. This technology has been
deployed to improve our real-time spatiotemporal understanding of different molecules like
calcium, sugars, and phytohormones, whose dynamics have significant influence on plant
physiology and development under environmental changes. Fluorescence resonance energy
transfer (FRET) technology, as a genetically encoded biosensor, measures the levels of the
target compound within individual cells in living organisms and in real time. Sensor proteins
are produced with two properties: they can bind to the target compound in a reversible
manner, and they contain two ‘tags’ that fluoresce at different wavelengths (Waadt et al.,
2014). Essentially, FRET magnifies microscopic conformational changes by emitting light,
which can be captured by a sensor, providing a unique tool to study biological processes
well below the resolution of standard optical microscopy (Zadran et al., 2012).

FRET-based biosensors have been widely used to measure sugars like glucose (Zhu et

al., 2017), phytohormones including ABA (Jones et al., 2014) and auxin (Herud-Sikimic
etal., 2021), and ions such as Ca?* and Zn2* (Zhang et al., 2022). These biosensors
provide novel insights on plant interaction with the environment, such as the discovery of
salt stress-induced Ca%* waves in Arabidopsis roots (Choi et al., 2014) or identification of
a new sensing mechanism of nitrate in soil (Ho et al., 2009). Focusing on root-microbe
interactions, a FRET-based biosensor reveals spatiotemporal variation in cellular phosphate
content in Brachypodium distachyon mycorrhizal roots (Zhang et al., 2022).

The ideal sensor for the visualization of root system dynamics and functions, and
specifically to track root exudates as an important component of the rhizosphere region,
should have two key attributes: first, physical interaction of the sensor with the compound
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of interest should elicit a fluorescent signal in a reversible manner, so that changes in
molecular concentration can be monitored; second, the sensitivity of the sensor should be
sufficiently high to image the dynamic distribution of the compound of interest over time
(Herud-Sikimic et al., 2021).

Major challenges in developing and applying genetically encoded root biosensors in

future rhizosphere research include: (1) large-scale identification of key compounds (root
exudates) with important functions in rhizosphere dynamics and root-microbe interactions
under different environmental conditions as candidates for biosensor development; (2)
relatively low throughput of the number of biosensors and the ability of screening a limited
number of compounds under a given time and condition; and (3) deploying genetically
engineered crops in the field so the true validation of detected target compounds can be
determined. Although obtaining permission from government agencies for such field trials
requires significant effort, scientific communities should collaborate more effectively to take
advantage of the existing expertise and available field locations worldwide.

5.2. Nanotechnology-mediated delivery of biosensors into plant tissues

In the effort to unravel rhizosphere biogeochemical complexity and dynamics, development
of sensor technology plays a critical role as sensors can be used for identifying and
quantifying different targets in the rhizosphere. Consequently, a variety of sensors have

been developed based on small organic molecules, nucleic acids, and proteins. Because
these sensors are designed to image different targets in the rhizosphere, they need to be
delivered into different parts for plant imaging, genetic engineering, and gene function study.
With the development of nanotechnology, a new frontier of nanomaterial-based delivery
methodologies emerged. Here, we focus the discussion on the recently developed method of
nanomaterial-based delivery in intact plants and how this technology can be applied in root
and rhizosphere research.

Compared to classic delivery methodologies, including biolistic and Agrobacterium
transformation, nanomaterial-based delivery does not have narrow host range limitation
and plant extensive damage issues. Moreover, based on their effective delivery systems,
nanomaterials exhibit great potential to be used for delivering sensors in the plant research
field. Therefore, a variety of nanomaterials, including mesoporous silica nanoparticle,
carbon nanotube, clay nanosheet, quantum dot, DNA nanostructure, and metal-oxide based
nanomaterials, are currently being used for delivering sensors in leaves or in roots.

For sensor delivery in leaves, mesoporous silica nanoparticles were first investigated for
both gene and chemical delivery in an intact plant with the gene gun system (Torney et

al., 2007). Subsequently, Cre recombinase protein delivery to maize cells was explored
using mesoporous silica nanoparticles for DNA-free genome editing (Martin-Ortigosa et
al., 2014) based on the same gene gun system, a force-dependent internalization process.
Magnetic nanoparticles also have been applied in producing transgenic seeds without tissue
culture regeneration, which were forced into pollen by a magnetic field with the packaged
plasmid DNA (Zhao et al., 2017). However, there was only one successful application of
magnetofection in plants and no evidence for transient transformation was found via pollen
magnetofection in several monocot species (Vejlupkova et al., 2020). Therefore, developing
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nanomaterial-based plant delivery systems with high efficiency and without the aid of
external force is still needed. In 2009, single-walled carbon nanotubes (SWCNTSs) were
demonstrated to penetrate the cell wall and cell membrane of intact plant cells (Liu et al.,
2009). SWCNTs could also enter chloroplasts of Arabidopsis thaliana leaves by infiltration
through the leaf lamina (Giraldo et al., 2014). Since then, SWCNTSs have been reported to
act as a powerful tool to deliver many sensors including small molecule, nanoceria (Giraldo
etal., 2014), single-stranded DNA (Liu et al., 2009, Wu et al., 2020), siRNA (Demirer et

al., 2020), and plasmid DNA (Demirer et al., 2019, Kwak et al., 2019), delivery in intact
plant cells. Besides, plasmid DNA has been delivered into pollen (Lew et al., 2020) by
SWCNTs. Similar to SWCNTSs, quantum dots have also been used for siRNA and plasmid
DNA delivery in intact plant cells (Schwartz et al., 2020, Wang et al., 2020) and targeted
delivery of chemicals by using a peptide recognition motif (Santana et al., 2020). With the
rapid development of DNA nanotechnology, DNA nanostructures were further investigated
for their internalization into plant cells and were applied to gene silencing in plants (Zhang
et al., 2019). Positively charged, delaminated-layered, double-hydroxide lactate nanosheets
were found to penetrate the plasma membrane via non-endocytic pathways once they formed
neutral conjugates, which could be a novel gene carrier to plants (Bao et al., 2016). Recently,
cell-penetrating peptide was used to deliver the actin binding peptide, Lifeact, fused to
GFP11, which offers a new tool for cytosolic delivery of proteins in plants (Wang, 2022).

Similar to the development of nanomaterial-based delivery systems in leaves, systems have
also been widely applied in roots. Due to the rhizodermis lateral root junctions, roots

may provide easy access to nanomaterial-based delivery systems. For example, different
from a force-dependent mesoporous silica delivery system in leaves, mesoporous silica
nanoparticles could deliver foreign DNA into intact Arabidopsis thaliana roots without the
aid of mechanical force. The delivery system was detected in the epidermal layer and

in the more inner cortical and endodermal root tissues (Chang et al., 2013). SWCNTSs
could also be used to deliver plasmid DNA into tobacco root cells by taking advantage

of the nanocylindrical shape (Golestanipour et al., 2018). Short arginine-rich, intracellular
delivery peptide was able to deliver plasmid DNA into roots in the form of peptide/plasmid
complexes (Chen et al., 2007). Positively charged, delaminated-layered, double-hydroxide
lactate nanosheets can not only deliver molecules in leaves, but also can work as effective
biomolecular transporters in the cytosol of epidermal cells from the root apical region (Bao
et al., 2016). Moreover, dendritic polymers with positive charges were used as carriers

for dsSRNA, which can trigger gene silencing in plants (Jiang et al., 2014). Many metal-
oxide-based nanomaterials can be uptaken by the roots, and this topic has already been
systematically reviewed (Nair et al., 2010).

Due to the rapid advances of the delivery systems in both leaves and roots, some targets
have been applied for chemical in situ detection and sensing in plants. For example,
DNA-modified SWCNTSs were delivered to leaves for NO (Giraldo et al., 2014) (Figure
3A) and H,05, (Giraldo et al., 2015, Wu et al., 2020), sensing due to the quenching

in fluorescence of SWCNTSs. Besides, the embedded DNA-modified SWCNTSs in plant
tissues have been applied to arsenic detection (Lew et al., 2020) and the SWCNTSs
conjugated to the peptide Bombolitin Il detected nitroaromatics via infrared fluorescent
emission, by using polyvinyl-alcohol functionalized SWCNTSs as an invariant reference
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signal (Wong et al., 2017). The microRNA expression within whole plant leaves was
detected using plasmonic-active, silver-coated, gold nanostars (AUNS@Ag) functionalized
with DNA strands by integrating three different and complementary techniques: surface-
enhanced Raman scattering (SERS), X-ray fluorescence (XRF), and plasmonic-enhanced
two-photon luminescence (TPL) (Crawford et al., 2019). This biosensor provided a dynamic
visualization through a SERS map of detected microRNA targets and quantified nanoprobe
concentrations using XRF and TPL (Figure 3B).

Although major progress has been made on nanomaterial-based delivery systems for plant
leaves and roots, less attention has been paid to developing nanomaterial-based biosensors
for environmental monitoring. Investigation on how to use and adapt state-of-the-art
nanomaterial-based biosensors (currently applied for plant leaves and roots such as those
shown in Figure 3A-C) for rhizosphere biosensing with appropriate reengineering is a
critical need. For example, optical nanosensors can be designed for monitoring aqueous-
based plant signaling molecules, and radio-frequency nanoelectronic-based wearable devices
can be used to detect plant volatile compounds (Figure 3D). Smart plant sensors that
communicate with electronic devices could provide detailed information on plant water,
nutrients, and pesticide-specific needs. Real-time monitoring of plant health, rhizosphere
activities, and root—soil-microbe interactions with nanosensors enables fine-tuning of
resource inputs and has significant potential to enhance agricultural sustainability. In
addition to the nanomaterial-based biosensors, some emerging technologies can be applied
to plant biosensing as well. For example, recently thiol-mediated uptake has been
successfully applied for nucleotides delivery in plants and a glucose aptamer FRET sensor
has been used for in situ glucose detection in Arabidopsis (Figure 3C) (Mou et al., 2022).
The advancements of biosensors and novel nanomaterial-based delivery systems in plants
opens a new frontier for rhizosphere-based activity sensing that can provide insights into
understanding the biogeochemical complexity and dynamics of the rhizosphere.

6. Measurement of the distribution and dynamics of rhizosphere chemical

gradients in the field

Quantifying the distribution and dynamics of chemical gradients around roots in the field is
a challenging and exciting frontier. Heterogeneity in space and time creates localized niches
where diverse biogeochemistries are enabled. Investigating both their local (um to cm)
scale patterns and potential aggregate effects at larger scales requires development of field
methods capable of capturing dynamic rhizosphere-scale heterogeneity. Several methods
have recently emerged that hold promise, including planar optodes and diffusive gradient
(DGT) and diffusive equilibrium thin films (DET) or gels. Optodes are chemical sensors
providing information about the presence or concentration of specific chemical targets (e.g.,
oxygen and CO5 concentrations, sulfide, or pH) via an optical signal (e.g., fluorescence).

In planar optodes, the sensor chemistry is immobilized on a transparent sheet, enabling
imaging of the 2D distribution of target chemical species. Ideally, optode signals are rapidly
reversible. In early work using planar optodes, (Glud et al., 1996) demonstrated that oxygen
concentrations [O2] could be quantified across the 2D face of a coastal sediment block at
resolutions of tens of um. Since then, planar optodes have provided fascinating insights into,
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for example, dynamic heterogeneity in [O,] around plant roots or in invertebrate burrows
in sediment (Li et al., 2019). Most often, planar optodes have been deployed in saturated
sediment in the lab (see discussion of field deployments below). Planar optode sensing
systems can be custom-built from readily available components (Larsen et al., 2011) or
purchased commercially (Koop-Jakobsen et al., 2021). Detailed reviews by Santner et al.,
(2015) and Li et al., (2019) provide the history of planar optode application, the mathematics
behind various quantification strategies, matrices used, and optical indicators for diverse
analytes. A number of approaches (Scholz et al., 2021) are available for detecting and
quantifying chemical gradients around seagrass roots, among them using reversible planar
optodes, as well as sensing analytes via irreversible reactions with immobilized binding
chemicals held within thin planar DET or DGT films or gels. Such gels are amenable

to simple deployment in the field, though they are not capable of providing dynamic
information when irreversible reactions are used to detect analytes (Davidson, 2016). DGT
and DET approaches have been used in biogeochemical studies, for example, to map the
locations of accumulation of H,S and/or iron (1) in sediment (Robertson et al., 2008).
Commercial DGT gels are available for field deployment and detection of a very wide
variety of metals, cations, anions, and organic molecules.

The reversibility of many planar optode reactions particularly recommends their use for

field monitoring of dynamic concentrations of analytes such as O,, CO,, and pH in the
rhizosphere. In a recent review, Koren and Zieger, (2021) proposed avenues for advancement
of the technique, and strategies for enabling optode use by a broader audience. They

argued for development of reversible indicators to probe a wider variety of analytes in the
environment; more sophisticated image analysis, from image noise reduction to calibration
to characterization of signal drift; combinations of the application of planar optodes with
other methods, including DGT/DET gels and microsensors; and deployment in the field.

From the perspective of using planar optodes to understand dynamic system-scale
environmental biogeochemistry influenced by rhizosphere processes, this latter leap to field
deployment is particularly important but has been challenging and rare. Glud et al. (2001)
pioneered field deployment of a large, ship-based O, planar optode system in sediment off
the Danish coast. Mirrors, a camera, and an illuminator were enclosed within an inverted
periscope tethered to a ship-board computer via fiber optic link. Similarly, Fan et al., (2011)
built a ship-deployed system expanded to include sensing of O,, CO», and pH in coastal
sediments in Long Island Sound. More recently, Turner et al. (2020) deployed an O, planar
optode system in a vegetated Alaskan thermokarst bog to examine controls over methane
oxidation and production. System components were housed within a large hollow box (~1

m tall x 56 cm square) inserted into a dug hole. No oxygen pools were detected around

plant roots in bog sediment in the field, though plants had aerenchyma tissue that should
support diffusive transport of oxygen belowground and methane aboveground. However, the
kinetics of the disappearance of oxygen from aerated bogwater injected by the investigators
against the optode revealed that biological oxygen demand was higher in vegetated sediment
than in unvegetated sediment, underlining an important point. Microbial communities are
well known to proliferate and become more active as roots mature behind the tip zone
(Cardon and Gage, 2006, Herron et al., 2013). In any planar optode study of the rhizosphere,
undetectable oxygen pools along roots could be caused by no or low root oxygen release, or
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by rhizosphere microbial oxygen demand outstripping root release of O,; these two causal
scenarios have very different biogeochemical implications for carbon, nitrogen, and sulfur
cycling in saturated systems.

To advance understanding of the influence of rhizosphere processes on local and larger scale
biogeochemistry in the field, we would echo and expand on Koren and Zieger’s (2021)
recommendations:

1.

Deployment of rhizosphere sensors in the field clearly needs to become more
routine. We are developing a small, low-cost, prototype O, planar optode system
(35 cm wide x 30 cm deep x 4 cm thick, (Zhang, 2021) that can be deployed

in situ in the field under saturated (flooded) or unsaturated conditions, and that
sends images wirelessly to a phone or laptop nearby. Figure 4 provides an
example image series showing root oxygenation of sediment and tidal flushing of
low oxygen water out of sediment into overlying water during tidal inundation of
the salt marsh near Woods Hole, MA. The ultimate goal is deployment of many
of these low-cost instruments in natural landscapes, enabling local quantification,
detection of landscape-scale variation, and cross-site comparison of dynamics
and heterogeneity in [O5] belowground.

With field images in hand, not only should image processing and analysis
become more sophisticated (as recommended by Koren and Zieger, 2021), but
the information provided by optodes should be incorporated into biogeochemical
process models (Figure 4, e.g., the reactive transport model PFLOTRAN,
(O’Meara et al., 2021)). Such models (see sections 7 and 8 and Figure 7

below) must be modified to represent spatial as well as temporal heterogeneity
in belowground conditions. Optode measurements are not perfect; even in the
lab, both signal drift and the physics of gas distribution when released against
the optode plane affect quantification. But even imperfect measurements provide
guidance for sensitivity analyses and explorations of scaling behavior for systems
of nonlinear biogeochemical reactions (Ruel and Ayres, 1999, Zhou et al., 2022).

The co-deployment of field planar optodes with diverse field-ready DGT/DET
gels and microsensors clearly is synergistic for rhizosphere mechanistic
investigations and biogeochemical modeling. Deployment of multiple small-
scale sensors within the footprints of eddy covariance towers (Figure 4) will
provide a powerful new opportunity to examine whether, when, and how the
aggregate effect of rhizosphere-scale chemical heterogeneity influences the
magnitude and/or dynamics of biogeochemical process measured and modeled at
larger scales.

7. Detection of Rhizosphere interactions across scales: challenges in

upscaling in complex systems

7.1. Integrated sensing tracking interactions among subsystems

Modern technological advances have significantly improved our capability to measure and
analyze, which brings a wide range of new possibilities for ecosystem sensing (Akyildiz et
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al., 2002; Short 2008; Anderson and Gaston, 2013; Taberlet et al, 2012). While progress to
improve sensing is moving forward on every front, coordinated efforts that take a holistic
approach to realize next-generation ecosystem sensing have been lacking. Such a holistic
approach requires a systematic view of the systems under study to decide where and

how to invest efforts. The critical nature of the questions to be addressed, the spatial and
temporal extent of the challenge, and the need to allocate resources efficiently require that
we approach this effort with a new paradigm. Future generation ecosystem sensing networks
must consist of diverse but compatible sensing modalities that can operate across a range

of spatial scales with new approaches for efficient onboard or localized data processing

and communication (Yick et al., 2008; Shi et al., 2016; Dizdarevic et al., 2016; Jetz

et al., 2019). These sensor packages should be customized and deployed based on the

type, location, and timing of data requirements, using best-available model predictions

to inform these decisions, e.g., the model-experiment (ModEX) approach. Recognizing

that our best-in-class models will not always represent important processes, sensing for
discovery is a critical need where new sensors and new sensor combinations, in new
locations, with new approaches to data interpretation and translation to knowledge are

the focus (Kumar et al., 2015; Bonnet et al., 2001; Turner et al., 2003). This discovery
aspect will initially require controllable systems with well-defined boundary conditions and
realistic yet manageable heterogeneity, allowing multiple research groups to work together
to evaluate new sensing approaches while leveraging information from well-developed
sensor platforms. Manipulative laboratory platforms, such as ecotron types (Roy et al., 2021)
described in Section 3, provide such an opportunity for integrated sensing system testing
and optimization toward a field-deployable sensing package for both physics- and ML-based
causal correlation discovery with improved scalability and predictability.

7.2. Examples of integrated above and belowground sensing systems

An example is given here in terms of an experimental platform to facilitate testing,
prioritization, and development of the integrated ecosystem sensing system to allow sensing
optimization, model benchmarking, and new scientific discovery.

Equipped with >70 streaming parameters and >20,000 distributed sensing points, the
SMART (Sensors at Mesoscales with Advanced Remote Telemetry) Soils testbed is a
mesoscale experimental platform with adjustable hydrological gradients and controllable
biogeochemical conditions for testing key hypotheses on ecosystem behaviors and responses
to perturbations (Figure 5A). In addition, the SMART Soils testbed provides a “playground”
for testing sensor selection, performance, calibration, interference, and integration across
scales. The sensing system is purposefully designed to mimic what is deployed in the field
to test the transferability of the sensing methods, and the diverse streams of data produced
from the testbed are used to benchmark mechanistic models and develop ML-based data
analytical tools to improve predictability of the system behavior at field scales.

The SMART Soils testbed sits at a unique scale between tightly controlled laboratory
manipulations (e.g., benchtop experimental apparatus) and field observations in that it allows
selective control of some processes (e.g., hydrology), while allowing other processes to

vary according to nature. It is large enough (4 m x 1 m x 1 m) to allow the inclusion of
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complexity and heterogeneity at multimeter scales that are very relevant to the field, yet
small enough to manage. Its proximity to the laboratory and its collected expertise facilitates
rapid testing of new sensors and improved interaction and collaboration of researchers from
multiple disciplines.

Experimental results during two growth seasons have proven the value of such systems in
terms of testing the performance of the integrated sensing program design as well as its use
for model benchmarking and new scientific discovery. Figure 5B—D shows a small fraction
of the large and diverse amount of data collected from the testbed, highlighting the power of
a holistic sensing system. Specifically, the 3D geophysical imaging (Binley et al., 2015) and
concurrent plant phenology monitoring (Figure 5B) provide a dynamic view of soil moisture
and water stress evolution and their co-variability with plant species distribution during
growth cycling (Figure 5C). Together with continuous soil surface CO, flux monitoring,
soil sensors, and root minirhizotron imaging (Johnson et al., 2001), the mechanistic control
of soil CO, flux from hydrology and biogeochemistry is revealed (Figure 5D). While not
discussed in detail, the diverse, high spatiotemporal datasets collected over multiple growth
seasons under both controlled and natural conditions allows the development of datacentric
ML capabilities (Kantardzic et al., 2011) to identify the main drivers and predict key soil
dynamics, such as soil CO» fluxes, in such complex systems. These ML capabilities are
used for data gap filling and predictions into the future. Further comparisons between the
predicted behaviors and actual measurements as time progresses provide opportunities to
improve the ML algorithm and guide new experimental design and data gathering to better
train the ML models. Such an interactive ModEx workflow developed and demonstrated on
the testbed is being evaluated for its transferability to field-scale research at multiple sites,
such as the East River Watershed in Colorado.

8. Fate of the terrestrial biosphere: Scaling plant—soil-microbe

interactions to the landscape and the world

Our paper thus far has described the importance, challenges, and technological solutions

in capturing plant-soil-microbe interactions starting from the scale of nutrients and
metabolomics moving upward and outward. Here, we present the next and final challenge in
scaling: moving to the landscape and beyond, ultimately culminating in a global picture.

At the global scale, plant-soil-microbe interactions are critical to determine terrestrial
biosphere impacts to climate change (Classen et al., 2015, Shi et al., 2019). The amount
of atmospheric CO, ecosystems can sequester is a function of many environmental factors,
not the least of which is nutrient limitations (Hungate et al., 2003, Fisher et al., 2012,
Huntzinger et al., 2017). Progressive nutrient limitation has been hypothesized with rising
COy; plants will take up increasing amounts of CO», but as soil nutrients gradually deplete
an inflection occurs and the terrestrial carbon sink strength greatly weakens (Luo et al.,
2004, Johnson, 2006). Indeed, some free air CO, enrichment (FACE) studies have shown
just that (Norby et al., 2010, Norby and Zak, 2011). However, other FACE studies have
curiously shown that even when soil nutrients are depleted, some trees continue to take up
increasing CO5 (McCarthy et al., 2010). The answer to this mystery lies in mycorrhizal
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fungi: forests with ectomycorrhizal (ECM) symbioses can continue taking up rising CO5 in
the absence of soil nutrients, whereas forests with arbuscular mycorrhizal (AM) symbioses
do not (Terrer et al., 2016).

For global-scale models to determine terrestrial carbon sink/source dynamics, we need to
know where AM and ECM fungi exist throughout the landscape and globally (Braghiere et
al., 2021). Because we cannot see from above the fungi below the ground, we have been
unable to provide that information. We do know that most plant species associate with only
one or the other mycorrhizal type (Allen et al., 1995); so if we could identify every plant
species individually, then we could know which mycorrhizal type is hidden beneath. But we
cannot identify the species of every tree in existence globally, so again we remain stuck.

To break through this scaling barrier, we ask a slightly different twist on the question of
identifying individual plant species. Specifically, are there characteristics in common among
plants of different species that associate with the same mycorrhizal type (Fisher et al.,
2016)? And, if so, are those characteristics distinctly different from those of all the rest of
the plant species associating with the other mycorrhizal type? If this were the case, then

we could potentially see these characteristics—such as canopy spectral features—among
groups of trees instead of individuals using existing remote sensing technology, allowing us
to identify the underlying mycorrhizal association.

First, we test this question using airborne measurements so that we can link remote sensing
measurements directly to individual trees. We used imaging spectroscopy (hyperspectral)
measurements from the AVIRIS (Airborne Visible/Infrared Imaging Spectrometer) platform
over 112,975 trees across six sites from Hawaii to Massachusetts (Sousa et al., 2021).
Imaging spectroscopy partitions the electromagnetic spectrum into many discrete units,
which enables detection of subtle reflectance differences in the spectrum due to canopy
chemistry and structural differences (Green et al., 1998). These include, for example,
carotenoids, xanthophyll, nitrogen, phosphorus, water, cellulose, and lignin (Sousa et al.
2021). Sure enough, these measurements revealed clearly discrete differences between the
over one hundred tree species images associated with AM or ECM fungi—capturing the
variability remarkably well (r2 = 0.92). Imaging spectroscopy was key to this differentiation,
enabling a 30% improvement over simpler multispectral resolution. The next question

in scaling is how does the accuracy degrade with coarsening resolution? Paradoxically,
coarsening the spatial resolution to 30 m improved results likely due to a shift in signal-to-
noise sensitivity and blurring of geolocation measurement uncertainty. This bodes well for
scaling up further to the larger landscape.

The next step up from airborne scaling is using satellite remote sensing. Unlike the airborne
remote sensing analysis, unfortunately there has been no reliable spaceborne imaging
spectroscopy, although that situation is changing rapidly (Alonso et al., 2019, Green, 2020,
Cawse-Nicholson et al., 2021). Still, there has been a great heritage of multispectral, high
spatial resolution, remote sensing that not only facilitates global scaling, but also allows

an increase in temporal resolution signals from the typically one-off flights from airborne
remote sensing (Wulder et al., 2019). So, we tested this approach using 30 m Landsat

data over 130,000 trees at four sites in the United States (Fisher et al., 2016). Like the
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airborne results, we were able to capture variability in mycorrhizal association across these
landscapes well (r2 = 0.77). While not better than the imaging spectroscopy results, the
multispectral results benefited from seasonal differences between AM and ECM trees. The
next step will be to combine the strengths of these two approaches in the coming years when
we have reliable and accurate spaceborne imaging spectroscopy for multiple seasons.

In parallel and motivated by similar global-scale questions, multiple groups have constructed
global maps of mycorrhizal distribution (three of which were published independently in
the same year). These maps are based on site-level statistical correlations with climate and
land cover, then extended globally using gridded climate and land cover datasets. Shi et

al., (2016b) classified a global plant functional type map by mycorrhizal association based
on literature descriptions; Sulman et al., (2019) drove a niche model with mycorrhizal data
from multiple databases; Steidinger et al., (2019) synthesized forest inventory plot data with
ML to generate a global map; and finally, Soudzilovskaia et al., (2019) focused on land
cover and ecoregions to extrapolate site-level records. These global maps differ dramatically
among each other—up to 50% disagreement for over 40% of global land area (Braghiere et
al., 2021). The question that follows is: does it matter?

To understand the impact of microbial symbioses at the global scale, these dynamics need
to be incorporated into global models. The first step toward this goal was the development
of the Fixation and Uptake of Nutrients (FUN) model, which mathematically formalized the
carbon cost to plants for nitrogen and phosphorus uptake from various sources (i.e., leaf
resorption, biological nitrogen fixation, direct root uptake, mycorrhizal uptake, and passive
uptake) (Fisher et al., 2010, Brzostek et al., 2014, Allen et al., 2020). FUN was originally
developed for the UK land surface model, JULES (the Joint UK Land Environment
Simulator), but later expanded development into Noah-MP, CLM, and eventually ELM
(Cai et al., 2016, Shi et al., 2016b, Fisher et al., 2019, Lawrence et al., 2019, Braghiere

et al., 2022). Finally, we gained a picture of what the global impact might be from the
incorporation of these plant—soil-microbe interactions into global models (Figure 6).

In Shi et al., (2016a), mycorrhizal uptake was the dominant pathway by which nitrogen was
acquired, accounting for two-thirds of the nitrogen uptake by plants. Globally, plants spent
2.4 Pg C yr~1 to acquire 1.0 Pg N yr~1, and this loss of carbon led to a downregulation

of global net primary production by 13%. Next, Braghiere et al., (2021) tested CLM with
all four global maps of mycorrhizal association and found that although the differences

in carbon and nitrogen cycling were ultimately small among the model runs driven by

the different maps, the major impact was if they were included in the first place—again
highlighting the importance of plant—soil-microbe dynamics on global carbon and nutrient
cycling. Finally, Shi et al., (2019) evaluated the impact of plant-microbe symbioses on
global climate. They found strong regional impacts wherein these dynamics led to an
increase in temperature by up to 1.0°C and precipitation by up to 9 mm yr~1 in boreal and
alpine ecosystems, for example.

Nutrient cycle dynamics have been a top priority for development among almost all global
climate modeling groups in the world in recent years (Fisher et al., 2014). While model
formulations and evaluations continue to evolve, it is critical that they represent plant—soil—
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microbe dynamics robustly while balancing accuracy in detailed process representation
versus computational load for global and centennial-scale projections. With the advent of
new high spectral and high spatial resolution capabilities, in conjunction with computational
power and sensing technologies at our fingertips, there is an exciting future ahead for scaling
the rhizosphere to the globe (Figure 7).

9. Forward looking: integrated imaging, sensing, and modeling

approaches for studying rhizosphere across scales

To detect rhizosphere processes for global predictions, we propose that future works employ
integrated imaging and remote sensing technologies, combined with computational models.
For that, sensor technology is the key to provide in situ and real-time information on
rhizosphere processes. Future generation ecosystem sensing needs to promote connectivity
and interaction between managed and natural systems. It also needs to improve integrated
sensing across compartments and components (soil, microbes, plant, atmosphere) and across
scales (molecules to ecosystems) by using a variety of technologies across discipline
boundaries such as biology, chemistry, physics, and hydrology (Figure 7). The development
of future sensing capabilities needs to take a tiered approach: (1) building sensor packages
to measure “critical to know everywhere” parameters for robust deployment across vast
spatial scales; (2) parallel development of data processing and communications schema
essential for development of the next generation of sensors for “important to know but hard
to measure” parameters; and (3) testing and incorporation of future generation sensors into
robust and customized packages. These could include in situ sensors to measure chemical
and biological species with improved spatial resolutions as well as sensors to measure more
structural and flux parameters.

Development of advanced data retrieval, transmission, and edge computing efforts for
ecosystem and global sensing is also critical. This should leverage what is already occurring
in the field of wireless telecommunications and the Internet of Things smart networking
technologies in other fields. Developments of advanced data analytical tools need to
consider the characteristics of ecosystem data and need to improve the accessibility of such
tools to the broader community. Further, data analytics experts need to work closely with
disciplinary scientists and modelers to ensure reliable data interpretation and build trust in
each other.

The ModEX approach needs to be incorporated into sensing system design and
implementation, where model inputs are key to experimental design and data collection,

so that data collection is more efficient and most impactful in terms of contributing to model
improvements. Such interactions from the beginning also facilitate better integration of
models and measurements across different scales, critical to improving the representation

of the rhizosphere small-scale mechanistic processes in large-scale models with better
transferability and predictability.
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Acronyms:
SMART Sensors at Mesoscales with Advanced Remote Telemetry
ML Machine Learning
SEM Scanning Electron Microscopy
TEM Transmission Electron Microscopy
EDX Energy Dispersive X-ray Spectroscopy
APT Atom Probe Tomography
3D Three — Dimensional
2D Two-Dimensional
XCT X-ray Computed Tomography
XRF X-ray Fluorescence
XANES X-ray Absorption Near Edge Structure
MALDI Matrix Assisted Laser/Desorption lonization
NanoSIM S Nanoscale Secondary lon Mass Spectrometry
PCC Pearson Correlation Coefficient
MW Molecular Weight
FRET Fluorescence Resonance Energy Transfer
SWCNT Single-Walled Carbon Nanotubes
SERS surface-enhanced Raman scattering
TPL two-photon luminescence
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DGT diffusive gradient
DET diffusive equilibrium thin films
M odEx Model Experiment
FACE free air CO, enrichment
ECM ectomycorrhizal
AM arbuscular mycorrhizal
AVIRIS Airborne Visible/Infrared Imaging Spectrometer
FUN Fixation and Uptake of Nutrients
JULES Joint UK Land Environment Simulator
CLM Community Land Model
ELM E3SM Land Model

References

Ahkami AH, White RA, Handakumbura PP, Jansson C, 2017. Rhizosphere engineering: Enhancing
sustainable plant ecosystem productivity. Rhizosphere 3, 233-243.

Akyildiz IF, Su W, Sankarasubramaniam Y, Cayirci E, 2002. Wireless sensor networks: a survey.
Computer Networks 38, 393-422.

Aleklett K, Kiers ET, Ohlsson P, Shimizu TS, Caldas VEA, Hammer EC, 2018. Build your own soil:
exploring microfluidics to create microbial habitat structures. Isme Journal 12, 312-319. [PubMed:
29135971]

Allen EB, Allen MF, Helm DJ, Trappe JM, Molina R, Rincon E, 1995. Patterns and Regulation of
Mycorrhizal Plant and Fungal Diversity. Plant and Soil 170, 47-62.

Allen K, Fisher JB, Phillips RP, Powers JS, Brzostek ER, 2020. Modeling the Carbon Cost of Plant
Nitrogen and Phosphorus Uptake Across Temperate and Tropical Forests. Frontiers in Forests and
Global Change 3.

Alonso K, Bachmann M, Burch K, Carmona E, Cerra D, de los Reyes R, Dietrich D, Heiden U,
Holderlin A, Ickes J, Knodt U, Krutz D, Lester H, Muller R, Pagnutti M, Reinartz P, Richter R,
Ryan R, Sebastian I, Tegler M, 2019. Data Products, Quality and Validation of the DLR Earth
Sensing Imaging Spectrometer (DESIS). Sensors 19.

Anderson K, Gaston KJ 2013. Lightweight unmanned aerial vehicles will revolutionize spatial
ecology. Frontiers in Ecology and the Environment 11, 138-146.

Anderson SH, Hopmans JW 2013. Soil- Water- Root Processes: Advances in Tomography and
Imaging, Acsess.

Avrellano-Caicedo C, Ohlsson P, Bengtsson M, Beech JP, Hammer EC, 2021. Habitat geometry in
artificial microstructure affects bacterial and fungal growth, interactions, and substrate degradation.
Communications Biology 4.

Aufrecht JA, Fowlkes JD, Bible AN, Morrell-Falvey J, Doktycz MJ, Retterer ST, 2019. Pore-scale
hydrodynamics influence the spatial evolution of bacterial biofilms in a microfluidic porous
network. Plos One 14.

Aufrecht JA, Timm CM, Bible A, Morrell-Falvey JL, Pelletier DA, Doktycz MJ, Retterer ST, 2018.
Quantifying the Spatiotemporal Dynamics of Plant Root Colonization by Beneficial Bacteria in a
Microfluidic Habitat. Advanced Biosystems 2.

Soil Biol Biochem. Author manuscript; available in PMC 2024 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahkami et al.

Page 30

Aufrecht J, Khalid M, Walton CL, Tate K, Cahill JF, Retterer ST 2022. Hotspots of root-exuded
amino acids are created within a rhizosphere-on-a-chip. Lab on a Chip 22, 954-963. [PubMed:
35089295]

Balasubramanian VK, Jansson C, Baker SE, Ahkami AH, 2021. Molecular Mechanisms of Plant—
Microbe Interactions in the Rhizosphere as Targets for Improving Plant Productivity. In: Gupta
VVSR., Sharma AK. (eds.) Rhizosphere Biology: Interactions Between Microbes and Plants.
Singapore: Springer Singapore.

Bandara CD, Schmidt M, Davoudpour Y, Stryhanyuk H, Richnow HH, Musat N, 2021. Microbial
Identification, High-Resolution Microscopy and Spectrometry of the Rhizosphere in Its Native
Spatial Context. Front Plant Sci 12, 668929.

Bao WL, Wang JY, Wang Q, O’Hare D, Wan YL, 2016. Layered Double Hydroxide Nanotransporter
for Molecule Delivery to Intact Plant Cells. Scientific Reports 6.

Bhattacharjee A, Qafoku O, Richardson JA, Anderson LN, Schwarz K, Bramer LM, Lomas GX, Orton
DJ, Zhu ZH, Engelhard MH, Bowden ME, Nelson WC, Jumpponen A, Jansson JK, Hofmockel
KS, Anderton CR, 2022. A Mineral-Doped Micromodel Platform Demonstrates Fungal Bridging
of Carbon Hot Spots and Hyphal Transport of Mineral-Derived Nutrients. Msystems.

Binley A, Hubbard SS, Huisman JA, Revil A, Robinson DA, Singha K, Slater LD, 2015. The
emergence of hydrogeophysics for improved understanding of subsurface processes over multiple
scales. Water Resources Research 51, 3837-3866. [PubMed: 26900183]

Blagodatskaya E, Tarkka M, Knief C, Koller R, Peth S, Schmidt V, Spielvogel S, Uteau D, Weber
M, Razavi BS, 2021. Bridging Microbial Functional Traits With Localized Process Rates at Soil
Interfaces. Frontiers in Microbiology, 12.

Bonfante P, Genre A, 2010. Mechanisms underlying beneficial plant—fungus interactions in
mycorrhizal symbiosis. Nature Communications 1, 48.

Bonnet P, Gehrke J, Seshadri P, 2001. Towards Sensor Database Systems. Proceedings of the Second
International Conference on Mobile Data Management. Springer-Verlag.

Borer B, Tecon R, Or D, 2018. Spatial organization of bacterial populations in response to oxygen and
carbon counter-gradients in pore networks. Nature Communications 9.

Braghiere RK, Fisher JB, Allen K, Brzostek E, Shi M, Yang X, Ricciuto DM, Fisher RA, Zhu Q,
Phillips RP, 2022. Modeling Global Carbon Costs of Plant Nitrogen and Phosphorus Acquisition.
Journal of Advances in Modeling Earth Systems 14.

Braghiere RK, Fisher JB, Fisher RA, Shi M, Steidinger BS, Sulman BN, Soudzilovskaia NA, Yang
X, Liang J, Peay KG, Crowther TW, Phillips RP, 2021. Mycorrhizal Distributions Impact Global
Patterns of Carbon and Nutrient Cycling. Geophysical Research Letters 48.

Brzostek ER, Fisher JB, Phillips RP, 2014. Modeling the carbon cost of plant nitrogen acquisition:
Mycorrhizal trade-offs and multipath resistance uptake improve predictions of retranslocation.
Journal of Geophysical Research-Biogeosciences 119, 1684-1697.

Cai X, Yang ZL, Fisher JB, Zhang X, Barlage M, Chen F, 2016. Integration of nitrogen dynamics into
the Noah-MP land surface model v1.1 for climate and environmental predictions. Geoscientific
Model Development 9, 1-15.

Capstaff NM, Domoney C, Miller AJ, 2021. Real-time monitoring of rhizosphere nitrate fluctuations
under crops following defoliation. Plant Methods 17.

Cardon ZG, Gage DJ, 2006. Resource exchange in the rhizosphere: Molecular tools and the microbial
perspective. Annual Review of Ecology Evolution and Systematics 37, 459-488.

Casas ME, Matamoros V, 2021. Analytical challenges and solutions for performing metabolomic
analysis of root exudates. Trends in Environmental Analytical Chemistry 31.

Cawse-Nicholson K, Townsend PA, Schimel D, Assiri AM, Blake PL, Buongiorno MF, Campbell
P, Carmon N, Casey KA, Correa-Pabon RE, Dahlin KM, Dashti H, Dennison PE, Dierssen H,
Erickson A, Fisher JB, Frouin R, Gatebe CK, Gholizadeh H, Gierach M, Glenn NF, Goodman
JA, Griffith DM, Guild L, Hakkenberg CR, Hochberg EJ, Holmes TRH, Hu CM, Hulley G,
Huemmrich KF, Kudela RM, Kokaly RF, Lee CM, Martin R, Miller CE, Moses WJ, Muller-Karger
FE, Ortiz JD, Otis DB, Pahlevan N, Painter TH, Pavlick R, Poulter B, Qi Y, Realmuto VJ, Roberts
D, Schaepman ME, Schneider FD, Schwandner FM, Serbin SP, Shiklomanov AN, Stavros EN,
Thompson DR, Torres-Perez JL, Turpie KR, Tzortziou M, Ustin S, Yu Q, Yusup Y, Zhang QY, Grp

Soil Biol Biochem. Author manuscript; available in PMC 2024 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahkami et al.

Page 31

SAW, 2021. NASA'’s surface biology and geology designated observable: A perspective on surface
imaging algorithms. Remote Sensing of Environment 257.

Chang FP, Kuang LY, Huang CA, Jane WN, Hung Y, Hsing YIC, Mou CY, 2013. A simple plant gene
delivery system using mesoporous silica nanoparticles as carriers. Journal of Materials Chemistry
B 1, 5279-5287. [PubMed: 32263331]

Chen CP, Chou JC, Liu BR, Chang M, Lee HJ, 2007. Transfection and expression of plasmid DNA
in plant cells by an arginine-rich intracellular delivery peptide without protoplast preparation. Febs
Letters 581, 1891-1897. [PubMed: 17433309]

Chicherova N, Fundana K, Muller B, Cattin PC, 2014. Histology to mu CT Data Matching Using
Landmarks and a Density Biased RANSAC. Medical Image Computing and Computer-Assisted
Intervention - Miccai 2014, Pt | 8673, 243-+.

Choi WG, Toyota M, Kim SH, Hilleary R, Gilroy S, 2014. Salt stress-induced Ca2+ waves are
associated with rapid, long-distance root-to-shoot signaling in plants. Proceedings of the National
Academy of Sciences of the United States of America 111, 6497-6502. [PubMed: 24706854]

Christophe C, Marie-Pierre T, Pascale FK, Stephane U, Marie-Claire P, Zornitza T, Antoine K, 2013.
Increase of apatite dissolution rate by Scots pine roots associated or not with Burkholderia glathei
PML1(12)Rp in open-system flow microcosms. Geochimica Et Cosmochimica Acta 106, 287—
306.

Classen AT, Sundqvist MK, Henning JA, Newman GS, Moore JAM, Cregger MA, Moorhead LC,
Patterson CM, 2015. Direct and indirect effects of climate change on soil microbial and soil
microbial-plant interactions: What lies ahead? Ecosphere 6.

Crawford BM, Strobbia P, Wang HN, Zentella R, Boyanov MI, Pei ZM, Sun TP, Kemner KM, Vo-Dinh
T, 2019. Plasmonic Nanoprobes for in Vivo Multimodal Sensing and Bioimaging of MicroRNA
within Plants. Acs Applied Materials & Interfaces 11, 7743-7754. [PubMed: 30694650]

Davidson W, 2016. Diffusive Gradients in Thin-Films for Environmental Measurements, 1st ed.
Cambridge University Press.

de Anna P, Pahlavan AA, Yawata Y, Stocker R, Juanes R, 2021. Chemotaxis under flow disorder
shapes microbial dispersion in porous media. Nature Physics 17.

Dekas AE, Parada AE, Mayali X, Fuhrman JA, Wollard J, Weber PK, Pett-Ridge J, 2019.
Characterizing Chemoautotrophy and Heterotrophy in Marine Archaea and Bacteria With Single-
Cell Multi-isotope NanoSIP. Frontiers in Microbiology, 10, 2682. [PubMed: 31920997]

Demirer GS, Zhang H, Goh NS, Pinals RL, Chang R, Landry MP, 2020. Carbon nanocarriers deliver
siRNA to intact plant cells for efficient gene knockdown. Science Advances 6.

Demirer GS, Zhang H, Matos JL, Goh NS, Cunningham FJ, Sung Y, Chang R, Aditham AJ, Chio
L, Cho MJ, Staskawicz B, Landry MP, 2019. High aspect ratio nanomaterials enable delivery of
functional genetic material without DNA integration in mature plants. Nature Nanotechnology 14,
456-+,

Denis EH, Ilhardt PD, Tucker AE, Huggett NL, Rosnow JJ, Moran JJ, 2019. Spatially tracking carbon
through the root-rhizosphere-soil system using laser ablation-IRMS. Journal of Plant Nutrition and
Soil Science 182, 401-410.

Dizdarevic J, Carpio F, Jukan A, Masip-Bruin X, 2019. A Survey of Communication Protocols
for Internet of Things and Related Challenges of Fog and Cloud Computing Integration. Acm
Computing Surveys 51.

Downie HF, Adu MO, Schmidt S, Otten W, Dupuy LX, White PJ, Valentine TA, 2015. Challenges
and opportunities for quantifying roots and rhizosphere interactions through imaging and image
analysis. Plant Cell and Environment 38, 1213-1232.

Fan YZ, Zhu QZ, Aller RC, Rhoads DC, 2011. An In Situ Multispectral Imaging System for
Planar Optodes in Sediments: Examples of High-Resolution Seasonal Patterns of pH. Aquatic
Geochemistry 17, 457-471.

Fisher JB, Badgley G, Blyth E, 2012. Global nutrient limitation in terrestrial vegetation. Global
Biogeochemical Cycles 26.

Fisher JB, Huntzinger DN, Schwalm CR, Sitch S, 2014. Modeling the Terrestrial Biosphere. Annual
Review of Environment and Resources, Vol 39 39, 91-+.

Soil Biol Biochem. Author manuscript; available in PMC 2024 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahkami et al.

Page 32

Fisher JB, Sitch S, Malhi Y, Fisher RA, Huntingford C, Tan SY, 2010. Carbon cost of plant nitrogen
acquisition: A mechanistic, globally applicable model of plant nitrogen uptake, retranslocation,
and fixation. Global Biogeochemical Cycles 24.

Fisher JB, Sweeney S, Brzostek ER, Evans TP, Johnson DJ, Myers JA, Bourg NA, Wolf AT, Howe
RW, Phillips RP, 2016. Tree-mycorrhizal associations detected remotely from canopy spectral
properties. Global Change Biology 22, 2596-2607. [PubMed: 27282323]

Fisher RA, Wieder WR, Sanderson BM, Koven CD, Oleson KW, Xu CG, Fisher JB, Shi MJ,

Walker AP, Lawrence DM, 2019. Parametric Controls on Vegetation Responses to Biogeochemical
Forcing in the CLM5. Journal of Advances in Modeling Earth Systems 11, 2879-2895.

Fletcher DMM, Keyes SD, Daly KR, van Veelen A, Roose T, 2019. A multi image-based approach for
modelling plant-fertiliser interaction. Rhizosphere 10.

Fowler AC, 1997. Mathematical Models in the Applied Sciences, 1 ed. Cambridge University Press.

Gao J, Sasse J, Lewald KM, Zhalnina K, Cornmesser LT, Duncombe TA, Yoshikuni Y, Vogel
JP, Firestone MK, Northen TR, 2018. Ecosystem Fabrication (EcoFAB) Protocols for The
Construction of Laboratory Ecosystems Designed to Study Plant-microbe Interactions. Jove-
Journal of Visualized Experiments

Ghaderi N, Schmidt H, Schluter S, Banfield C, Blagodatskaya E, 2022. Development of micro-
zymography: Visualization of enzymatic activity at the microscopic scale for aggregates collected
from the rhizosphere. Plant and Soil 478, 253-271.

Giraldo JP, Landry MP, Faltermeier SM, McNicholas TP, Iverson NM, Boghossian AA, Reuel
NF, Hilmer AJ, Sen F, Brew JA, Strano MS, 2014. Plant nanobionics approach to augment
photosynthesis and biochemical sensing. Nature Materials 13, 400-408. [PubMed: 24633343]

Giraldo JP, Landry MP, Kwak SY, Jain RM, Wong MH, lverson NM, Ben-Naim M, Strano MS,

2015. A Ratiometric Sensor Using Single Chirality Near-Infrared Fluorescent Carbon Nanotubes:
Application to In Vivo Monitoring. Small 11, 3973-3984. [PubMed: 25981520]

Glud RN, Ramsing NB, Gundersen JK, Klimant I, 1996. Planar optrodes: A new tool for fine
scale measurements of two-dimensional O-2 distribution in benthic communities. Marine Ecology
Progress Series 140, 217-226.

Glud RN, Tengberg A, Kuhl M, Hall POJ, Klimant I, Host G, 2001. An in situ instrument for planar
0O-2 optode measurements at benthic interfaces. Limnology and Oceanography 46, 2073-2080.

Golestanipour A, Nikkhah M, Aalami A, Hosseinkhani S, 2018. Gene Delivery to Tobacco Root
Cells with Single-Walled Carbon Nanotubes and Cell-Penetrating Fusogenic Peptides. Molecular
Biotechnology 60, 863-878. [PubMed: 30203379]

Green RO, 2020. The Earth Surface Mineral Dust Source Investigation: An Earth Science Imaging
Spectroscopy Mission, IEEE Aerospace Conference. IEEE, Big Sky, MT, USA, pp. 1-15.

Green RO, Eastwood ML, Sarture CM, Chrien TG, Aronsson M, Chippendale BJ, Faust JA, Pavri BE,
Chovit CJ, Solis MS, Olah MR, Williams O, 1998. Imaging spectroscopy and the Airborne Visible
Infrared Imaging Spectrometer (AVIRIS). Remote Sensing of Environment 65, 227-248.

Handakumbura PP, Ubach AR, Battu AK, 2021. Visualizing the Hidden Half: Plant-Microbe
Interactions in the Rhizosphere. Msystems 6.

Hapca SM, Wang ZX, Otten W, Wilson C, Baveye PC, 2011. Automated statistical method to align
2D chemical maps with 3D X-ray computed micro-tomographic images of soils. Geoderma 164,
146-154.

Herron PM, Gage DJ, Pinedo CA, Haider ZK, Cardon ZG, 2013. Better to light a candle than curse the
darkness: illuminating spatial localization and temporal dynamics of rapid microbial growth in the
rhizosphere. Frontiers in Plant Science 4.

Herud-Sikimic O, Stiel AC, Kolb M, Shanmugaratnam S, Berendzen KW, Feldhaus C, Hocker B,
Jurgens G, 2021. A biosensor for the direct visualization of auxin. Nature 592, 768-+. [PubMed:
33828298]

Hinsinger P, Gobran GR, Gregory PJ, Wenzel WW, 2005. Rhizosphere geometry and heterogeneity
arising from root-mediated physical and chemical processes. New Phytologist 168, 293-303.
[PubMed: 16219069]

Ho CH, Lin SH, Hu HC, Tsay YF, 2009. CHL1 Functions as a Nitrate Sensor in Plants. Cell 138,
1184-1194. [PubMed: 19766570]

Soil Biol Biochem. Author manuscript; available in PMC 2024 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahkami et al.

Page 33

Hoffland E, Kuyper TW, Wallander H, Plassard C, Gorbushina AA, Haselwandter K, Holmstrom S,
Landeweert R, Lundstrom US, Rosling A, Sen R, Smits MM, van Hees PA, van Breemen N, 2004.
The role of fungi in weathering. Frontiers in Ecology and the Environment 2, 258-264.

Holbrook WS, Marcon V, Bacon AR, Brantley SL, Carr BJ, Flinchum BA, Richter DD, Riebe CS,
2019. (Links between physical and chemical weathering inferred from a 65-m-deep borehole
through Earth’s critical zone). Scientific Reports 9.

Hungate BA, Dukes JS, Shaw MR, Luo YQ, Field CB, 2003. Nitrogen and climate change. Science
302, 1512-1513. [PubMed: 14645831]

Huntzinger DN, Michalak AM, Schwalm C, Ciais P, King AW, Fang Y, Schaefer K, Wei Y, Cook
RB, Fisher JB, Hayes D, Huang M, Ito A, Jain AK, Lei H, Lu C, Maignan F, Mao J, Parazoo N,
Peng S, Poulter B, Ricciuto D, Shi X, Tian H, Wang W, Zeng N, Zhao F, 2017. Uncertainty in the
response of terrestrial carbon sink to environmental drivers undermines carbon-climate feedback
predictions. Scientific Reports 7.

Jasak H 2009. OpenFOAM: Open source CFD in research and industry. International Journal of Naval
Architecture and Ocean Engineering 1, 89-94.

Jetz W, Mcgeoch MA, Guralnick R, Ferrier S, Beck J, Costello M, Fernandez M, Geller GN, Keil P,
Merow C, Meyer C, Muller-Karger FE, Pereira HM, Regan EC, Schmeller DS, Turak E, 2019.
Essential biodiversity variables for mapping and monitoring species populations. Nature Ecology
& Evolution 3, 539-551.

Jia YF, Liu ZG, Zhou L, Liu XJ, Ma KP, Feng XJ, 2023. Soil organic carbon sourcing variance in
the rhizosphere vs. non-rhizosphere of two mycorrhizal tree species. Soil Biology & Biochemistry
176.

Jiang L, Ding L, He BC, Shen J, Xu ZJ, Yin MZ, Zhang XL, 2014. Systemic gene silencing in plants
triggered by fluorescent nanoparticle-delivered double-stranded RNA. Nanoscale 6, 9965-9969.
[PubMed: 25068243]

Johnson DW, 2006. Progressive N limitation in forests: Review and implications for long-term
responses to elevated CO,. Ecology 87, 64—75. [PubMed: 16634297]

Johnson MG, Tingey DT, Phillips DL, Storm MJ, 2001. Advancing fine root research with
minirhizotrons. Environmental and Experimental Botany 45, 263-289. [PubMed: 11323033]

Jones AM, Danielson JAH, ManojKumar SN, Lanquar V, Grossmann G, Frommer WB, 2014. Abscisic
acid dynamics in roots detected with genetically encoded FRET sensors. Elife 3.

Jones DL, Nguyen C, Finlay RD, 2009. Carbon flow in the rhizosphere: carbon trading at the soil-root
interface. Plant and Soil 321, 5-33.

Juyal A, Otten W, Falconer R, Hapca S, Schmidt H, Baveye PC, Eickhorst T, 2019. Combination of
techniques to quantify the distribution of bacteria in their soil microhabitats at different spatial
scales. Geoderma 334, 165-174.

Kaiser C, Kilburn MR, Clode PL, Fuchslueger L, Koranda M, Cliff JB, Solaiman ZM, Murphy DV,
2015. Exploring the transfer of recent plant photosynthates to soil microbes: mycorrhizal pathway
vs direct root exudation. New Phytologist 205, 1537-1551. [PubMed: 25382456]

Kanno S, Cuyas L, Javot H, Bligny R, Gout E, Dartevelle T, Hanchi M, Nakanishi TM, Thibaud
MC, Nussaume L, 2016. Performance and Limitations of Phosphate Quantification: Guidelines for
Plant Biologists. Plant and Cell Physiology 57, 690-706. [PubMed: 26865660]

Kantardzic M, 2011. Data mining: concepts, models, methods, and algorithms, John Wiley & Sons.

Keiluweit M, Bougoure JJ, Nico PS, Pett-Ridge J, Weber PK, Kleber M, 2015. Mineral protection of
soil carbon counteracted by root exudates. Nature Climate Change 5, 588-595.

Kell DB, 2012. Large-scale sequestration of atmospheric carbon via plant roots in natural and
agricultural ecosystems: why and how. Philos Trans R Soc Lond B Biol Sci 367, 1589-97.
[PubMed: 22527402]

Keller AB, Brzostek ER, Craig ME, Fisher JB, Phillips RP, 2021. Root-derived inputs are major
contributors to soil carbon in temperate forests, but vary by mycorrhizal type. Ecology Letters 24,
626-635. [PubMed: 33492775]

Keyes SD, Daly KR, Gostling NJ, Jones DL, Talboys P, Pinzer BR, Boardman R, Sinclair I, Marchant
A, Roose T, 2013. High resolution synchrotron imaging of wheat root hairs growing in soil

Soil Biol Biochem. Author manuscript; available in PMC 2024 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahkami et al.

Page 34

and image based modelling of phosphate uptake. New Phytologist 198, 1023-1029. [PubMed:
23600607]

Keyes SD, Gillard F, Soper N, Mavrogordato MN, Sinclair I, Roose T, 2016. Mapping soil
deformation around plant roots using in vivo 4D X-ray Computed Tomography and Digital
Volume Correlation. Journal of Biomechanics 49, 1802-1811. [PubMed: 27155747]

Keyes S, van Veelen A, Fletcher DM, Scotson C, Koebernick N, Petroselli C, Williams K, Ruiz
S, Cooper L, Mayon R, Duncan S, Dumont M, Jakobsen I, Oldroyd G, Tkacz A, Poole P,
Mosselmans F, Borca C, Huthwelker T, Jones DL, Roose T, 2022. Multimodal correlative imaging
and modelling of phosphorus uptake from soil by hyphae of mycorrhizal fungi. New Phytologist
234, 688-703. [PubMed: 35043984]

Khosrozadeh S, Guber A, Kravchenko A, Ghaderi N, Blagodatskaya E, 2022. Soil oxidoreductase
zymography: Visualizing spatial distributions of peroxidase and phenol oxidase activities at the
root-soil interface. Soil Biology & Biochemistry, 167.

Khosrozadeh S, Guber A, Nourbakhsh F, Khalili B, Blagodatskaya E, 2023. Amino mapping:
possibility to visualize amino-N compounds in the rhizosphere of Zea Mays L. Biology and
Fertility of Soils.

Kim TK, Silk WK, Cheer AY, 1999. A mathematical model for pH patterns in the rhizospheres of
growth zones. Plant, Cell and Environment 22, 1527-1538.

Kiser MR, Reid CD, Crowell AS, Phillips RP, Howell CR, 2008. Exploring the transport of plant
metabolites using positron emitting radiotracers. Hfsp Journal 2, 189-204. [PubMed: 19404430]

Klein S, Staring M, Murphy K, Viergever MA, Pluim JPW, 2010. elastix: A Toolbox for Intensity-
Based Medical Image Registration. leee Transactions on Medical Imaging 29, 196-205. [PubMed:
19923044]

Koop-Jakobsen K, Meier RJ, Mueller P, 2021. Plant-Mediated Rhizosphere Oxygenation in the Native
Invasive Salt Marsh Grass Elymus athericus. Frontiers in Plant Science 12.

Koren K, Zieger SE, 2021. Optode Based Chemical Imaging-Possibilities, Challenges, and New
Avenues in Multidimensional Optical Sensing. Acs Sensors 6, 1671-1680. [PubMed: 33905234]

Kravchenko AN, Guber AK, Razavi BS, Koestel J, Blagodatskaya EV, Kuzyakov Y, 2019. Spatial
patterns of extracellular enzymes: Combining X-ray computed micro-tomography and 2D
zymography. Soil Biology & Biochemistry 135, 411-419.

Kumar P, Morawska L, Martani C, Biskos G, Neophytou M, Di Sabatino S, Bell M, Norford L,
Britter R, 2015. The rise of low-cost sensing for managing air pollution in cities. Environment
International 75, 199-205. [PubMed: 25483836]

Kumi F, Mao HP, Hu JP, Ullah I, 2015. Review of applying X-ray computed tomography for imaging
soil-root physical and biological processes. International Journal of Agricultural and Biological
Engineering 8, 1-14.

Kuzyakov Y, Blagodatskaya E, 2015. Microbial hotspots and hot moments in soil: Concept & review.
Soil Biology & Biochemistry 83, 184-199.

Kwak SY, Lew TTS, Sweeney CJ, Koman VB, Wong MH, Bohmert-Tatarev K, Snell KD, Seo JS,
Chua NH, Strano MS, 2019. Chloroplast-selective gene delivery and expression in planta using
chitosan-complexed single-walled carbon nanotube carriers. Nature Nanotechnology 14, 447.

Landeweert R, Hoffland E, Finlay RD, Kuyper TW, van Breemen N, 2001. Linking plants to rocks:
ectomycorrhizal fungi mobilize nutrients from minerals. Trends in Ecology & Evolution 16,
248-254. [PubMed: 11301154]

Larsen M, Borisov SM, Grunwald B, Klimant I, Glud RN, 2011. A simple and inexpensive high
resolution color ratiometric planar optode imaging approach: application to oxygen and pH
sensing. Limnology and Oceanography-Methods 9, 348-360.

Lawrence DM, Fisher RA, Koven CD, Oleson KW, Swenson SC, Bonan G, Collier N, Ghimire B, van
Kampenhout L, Kennedy D, Kluzek E, Lawrence PJ, Li F, Li HY, Lombardozzi D, Riley WJ,
Sacks WJ, Shi MJ, Vertenstein M, Wieder WR, Xu CG, Ali AA, Badger AM, Bisht G, van den
Broeke M, Brunke MA, Burns SP, Buzan J, Clark M, Craig A, Dahlin K, Drewniak B, Fisher
JB, Flanner M, Fox AM, Gentine P, Hoffman F, Keppel-Aleks G, Knox R, Kumar S, Lenaerts J,
Leung LR, Lipscomb WH, Lu YQ, Pandey A, Pelletier JD, Perket J, Randerson JT, Ricciuto DM,
Sanderson BM, Slater A, Subin ZM, Tang JY, Thomas RQ, Martin MV, Zeng XB, 2019. The

Soil Biol Biochem. Author manuscript; available in PMC 2024 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahkami et al.

Page 35

Community Land Model Version 5: Description of New Features, Benchmarking, and Impact of
Forcing Uncertainty. Journal of Advances in Modeling Earth Systems 11, 4245-4287.

Leake JR, Duran AL, Hardy KE, Johnson I, Beerling DJ, Banwart SA, Smits MM, 2008. Biological
weathering in soil: the role of symbiotic root-associated fungi biosensing minerals and directing
photosynthate-energy into grain-scale mineral weathering. Mineralogical Magazine 72, 85-89.

Lee J, Hestrin R, Nuccio EE, Morrison KD, Ramon CE, Samo TJ, Pett-Ridge J, Ly SS, Laurence
TA, Weber PK, 2022. Label-Free Multiphoton Imaging of Microbes in Root, Mineral, and Soil
Matrices with Time-Gated Coherent Raman and Fluorescence Lifetime Imaging. Environmental
Science & Technology 56, 1994-2008. [PubMed: 35029104]

Lenzewski N, Mueller P, Meier RJ, Liebsch G, Jensen K, Koop-Jakobsen K, 2018. Dynamics of
oxygen and carbon dioxide in rhizospheres of Lobelia dortmanna - a planar optode study
of belowground gas exchange between plants and sediment. New Phytologist 218, 131-141.
[PubMed: 29314005]

Lew TTS, Park M, Wang YZ, Gordiichuk P, Yeap WC, Rais SKM, Kulaveerasingam H, Strano MS,
2020. Nanocarriers for Transgene Expression in Pollen as a Plant Biotechnology Tool. Acs
Materials Letters 2, 1057-1066.

Li C, Ding SM, Yang LY, Zhu QZ, Chen MS, Tsang DCW, Cai G, Feng C, Wang Y, Zhang CS, 2019.
Planar optode: A two-dimensional imaging technique for studying spatial-temporal dynamics of
solutes in sediment and soil. Earth-Science Reviews 197.

Li ZB, Liu LW, Lu XC, Cao Y, Ji JF, Chen J, 2022. Hyphal tips actively develop strong adhesion with
nutrient-bearing silicate to promote mineral weathering and nutrient acquisition. Geochimica Et
Cosmochimica Acta 318, 55-69.

Ling N, Wang TT, Kuzyakov Y, 2022. Rhizosphere bacteriome structure and functions. Nature
Communications 13.

Lippold E, Schluter S, Mueller CW, Hoschen C, Harrington G, Kilian R, Gocke MI, Lehndorff
E, Mikutta R, Vetterlein D, 2023. Correlative Imaging of the Rhizosphere—A Multimethod
Workflow for Targeted Mapping of Chemical Gradients. Environmental Science & Technology.

Liu QL, Chen B, Wang QL, Shi XL, Xiao ZY, Lin JX, Fang XH, 2009. Carbon Nanotubes as
Molecular Transporters for Walled Plant Cells. Nano Letters 9, 1007-1010. [PubMed: 19191500]

Liu Y, Patko D, Engelhardt I, George TS, Stanley-Wall NR, Ladmiral V, Ameduri B, Daniell TJ,
Holden N, MacDonald MP, Dupuy LX, 2021. Plant-environment microscopy tracks interactions
of Bacillus subtilis with plant roots across the entire rhizosphere. Proc Natl Acad Sci U S A,
118(48).

Lucas M, Pihlap E, Steffens M, Vetterlein D, Kogel-Knabner I, 2020. Combination of Imaging
Infrared Spectroscopy and X-ray Computed Microtomography for the Investigation of Bio- and
Physicochemical Processes in Structured Soils. Frontiers in Environmental Science 8.

Luo Y, Su B, Currie WS, Dukes JS, Finzi AC, Hartwig U, Hungate B, McMurtrie RE, Oren R, Parton
WJ, Pataki DE, Shaw MR, Zak DR, Field CB, 2004. Progressive nitrogen limitation of ecosystem
responses to rising atmospheric carbon dioxide. Bioscience 54, 731-739.

Lv C, Wang C, Cai A, Zhou Z 2023., Global magnitude of rhizosphere effects on soil microbial
communities and carbon cycling in natural terrestrial ecosystems. Sci Total Environ, 856(Pt 1),
158961. [PubMed: 36155049]

Lybrand RA, Austin JC, Fedenko J, Gallery RE, Rooney E, Schroeder PA, Zaharescu DG, Qafoku
0, 2019. A coupled microscopy approach to assess the nano-landscape of weathering. Scientific
Reports 9.

Lybrand RA, Qafoku O, Bowden ME, Hochella MF, Kovarik L, Perea DE, Qafoku NP, Schroeder PA,
Wirth MG, Zaharescu DG, 2022. Fungal hyphae develop where titanomagnetite inclusions reach
the surface of basalt grains. Scientific Reports 12.

Ma WM, Tang SH, Dengzeng Z, Zhang D, Zhang T, Ma XL, 2022. Root exudates contribute to
belowground ecosystem hotspots: A review. Frontiers in Microbiology 13.

Mafla-Endara PM, Arellano-Caicedo C, Aleklett K, Pucetaite M, Ohlsson P, Hammer EC, 2021.
Microfluidic chips provide visual access to in situ soil ecology. Communications Biology 4.

Soil Biol Biochem. Author manuscript; available in PMC 2024 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahkami et al.

Page 36

Martin-Ortigosa S, Peterson DJ, Valenstein JS, Lin VSY, Trewyn BG, Lyznik LA, Wang K, 2014.
Mesoporous Silica Nanoparticle-Mediated Intracellular Cre Protein Delivery for Maize Genome
Editing via loxP Site Excision. Plant Physiology 164, 537-547. [PubMed: 24376280]

Marx V, 2023. Soil researchers dig deeper into dirt’s complexity. Nature Methods 20, 1131-1134.
[PubMed: 37525020]

Maskova T, Klimes A, 2020. The Effect of Rhizoboxes on Plant Growth and Root: Shoot Biomass
Partitioning. Frontiers in Plant Science 10.

Massalha H, Korenblum E, Malitsky S, Shapiro OH, Aharoni A, 2017. Live imaging of root-bacteria
interactions in a microfluidics setup. Proceedings of the National Academy of Sciences of the
United States of America 114, 4549-4554. [PubMed: 28348235]

McCarthy HR, Oren R, Johnsen KH, Gallet-Budynek A, Pritchard SG, Cook CW, LaDeau SL,
Jackson RB, Finzi AC, 2010. Re-assessment of plant carbon dynamics at the Duke free-air CO2
enrichment site: interactions of atmospheric [CO2] with nitrogen and water availability over
stand development. New Phytologist 185, 514-528. [PubMed: 19895671]

Metlen KL, Aschehoug ET, Callaway RM, 2009. Plant behavioural ecology: dynamic plasticity in
secondary metabolites. Plant Cell and Environment 32, 641-653.

Mikutta R, Kleber M, Torn MS, Jahn R, 2006. Stabilization of soil organic matter: Association with
minerals or chemical recalcitrance? Biogeochemistry 77, 25-56.

Mooney SJ, Pridmore TP, Helliwell J, Bennett MJ, 2012. Developing X-ray Computed Tomography to
non-invasively image 3-D root systems architecture in soil. Plant and Soil 352, 1-22.

Moran JJ, Linley TJ, Makarem CN, Kelly JF, Freeburg EDW, Cleary DM, Alexander ML, Kriesel
JM, 2022. Spectroscopy-based isotopic (AC-13) analysis for high spatial resolution of carbon
exchange in the rhizosphere. Rhizosphere 23.

Mou QB, Xue XY, Ma 'Y, Banik M, Garcia V, Guo WJ, Wang J, Song TJ, Chen LQ, Lu Y, 2022.
Efficient delivery of a DNA aptamer-based biosensor into plant cells for glucose sensing through
thiol-mediated uptake. Science Advances 8.

Nair R, Varghese SH, Nair BG, Maekawa T, Yoshida Y, Kumar DS, 2010. Nanoparticulate material
delivery to plants. Plant Science 179, 154-163.

Neelam A, Tabassum S, 2023. Optical Sensing Technologies to Elucidate the Interplay between Plant
and Microbes. Micromachines 14.

Noirot-Gros MF, Shinde SV, Akins C, Johnson JL, Zerbs S, Wilton R, Kemner KM, Noirot P, Babnigg
G, 2020. Functional Imaging of Microbial Interactions With Tree Roots Using a Microfluidics
Setup. Frontiers in Plant Science 11.

Norby RJ, Warren JM, Iversen CM, Medlyn BE, McMurtrie RE, 2010. CO2 enhancement of forest
productivity constrained by limited nitrogen availability. Proceedings of the National Academy of
Sciences of the United States of America 107, 19368-19373. [PubMed: 20974944]

Norby RJ, Zak DR, 2011. Ecological Lessons from Free-Air CO2 Enrichment (FACE) Experiments.
Annual Review of Ecology, Evolution, and Systematics, Vol 42 42, 181-203.

Oburger E, Jones DL, 2018. Sampling root exudates - Mission impossible? Rhizosphere 6, 116-133.

Oburger E, Schmidt H, 2016. New Methods To Unravel Rhizosphere Processes. Trends in Plant
Science 21, 243-255. [PubMed: 26776474]

O’Meara TA, Thornton PE, Ricciuto DM, Noyce GL, Rich RL, Megonigal JP, 2021. Considering
coasts: Adapting terrestrial models to characterize coastal wetland ecosystems. Ecological
Modelling 450.

Paterson E, 2003. Importance of rhizodeposition in the coupling of plant and microbial productivity.
European Journal of Soil Science 54, 741-750.

Pathan SI, Ceccherini MT, Sunseri F, Lupini A, 2020. Rhizosphere As Hotspot For Plant-Soil-Microbe
Interaction. In: Datta R., Meena RS., Pathan SI. & Ceccherini MT. (eds.) Carbon and Nitrogen
Cycling in Soil. Singapore: Springer Singapore.

Pausch J, Kuzyakov Y, 2011. Photoassimilate allocation and dynamics of hotspots in roots visualized
by C-14 phosphor imaging. Journal of Plant Nutrition and Soil Science 174, 12-19.

Pett-Ridge J, Firestone MK, 2017. Using stable isotopes to explore root-microbe-mineral interactions
in soil. Rhizosphere 3, 244-253.

Soil Biol Biochem. Author manuscript; available in PMC 2024 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahkami et al.

Page 37

Philippot L, Hallin S, Borjesson G, Baggs EM, 2009. Biochemical cycling in the rhizosphere having
an impact on global change. Plant and Soil 321, 61-81.

Pinzari F, Cuadros J, Jungblut AD, Najorka J, Humphreys-Williams E, 2022. Fungal strategies of
potassium extraction from silicates of different resistance as manifested in differential weathering
and gene expression. Geochimica Et Cosmochimica Acta 316, 168-200.

Ravelo-Ortega G, Raya-Gonzalez J, Lopez-Bucio J, 2023. Compounds from rhizosphere microbes that
promote plant growth. Current Opinion in Plant Biology, 73.

Razavi BS, Zhang XC, Bilyera N, Guber A, Zarebanadkouki M, 2019. Soil zymography: Simple and
reliable? Review of current knowledge and optimization of the method. Rhizosphere 11.

Rillig MC, Muller LAH, Lehmann A, 2017. Soil aggregates as massively concurrent evolutionary
incubators. Isme Journal 11, 1943-1948. [PubMed: 28409772]

Rilling JI, Acuna JJ, Nannipieri P, Cassan F, Maruyama F, Jorquera MA, 2019. Current opinion and
perspectives on the methods for tracking and monitoring plant growth-promoting bacteria. Soil
Biology & Biochemistry 130, 205-219.

Robertson D, Teasdale PR, Welsh DT, 2008. A novel gel-based technique for the high resolution, two-
dimensional determination of iron (I) and sulfide in sediment. Limnology and Oceanography-
Methods 6, 502-512.

Rodionov A, Lehndorff E, Stremtan CC, Brand WA, Konigshoven HP, Amelung W, 2019. Spatial
Microanalysis of Natural C-13/C-12 Abundance in Environmental Samples Using Laser
Ablation-1sotope Ratio Mass Spectrometry. Analytical Chemistry 91, 6225-6232. [PubMed:
30932472]

Rohde F, Braumann UD, Schmidt M, 2020. Correlia: animageJplug-in to co-register and visualise
multimodal correlative micrographs. Journal of Microscopy 280, 3-11.

Roy J, Rineau F, De Boeck HJ, Nijs I, Putz T, Abiven S, Arnone JA, Barton CVM, Beenaerts N,
Bruggemann N, Dainese M, Domisch T, Eisenhauer N, Garre S, Gebler A, Ghirardo A, Jasoni
RL, Kowalchuk G, Landais D, Larsen SH, Leemans V, Le Galliard JF, Longdoz B, Massol
F, Mikkelsen TN, Niedrist G, Piel C, Ravel O, Sauze J, Schmidt A, Schnitzler JP, Teixeira
LH, Tjoelker MG, Weisser WW, Winkler B, Milcu A, 2021. Ecotrons: Powerful and versatile
ecosystem analysers for ecology, agronomy and environmental science. Global Change Biology
27, 1387-1407. [PubMed: 33274502]

Ruel JJ, Ayres MP, 1999. Jensen’s inequality predicts effects of environmental variation. Trends in
Ecology & Evolution 14, 361-366. [PubMed: 10441312]

Saeed Q, Xiukang W, Haider FU, Kucerik J, Mumtaz MZ, Holatko J, Naseem M, Kintl A, Ejaz M,
Naveed M, Brtnicky M, Mustafa A, 2021. Rhizosphere Bacteria in Plant Growth Promotion,
Biocontrol, and Bioremediation of Contaminated Sites: A Comprehensive Review of Effects and
Mechanisms. International Journal of Molecular Sciences 22.

Santana |, Wu HH, Hu PG, Giraldo JP, 2020. Targeted delivery of nanomaterials with chemical cargoes
in plants enabled by a biorecognition motif. Nature Communications 11.

Santner J, Larsen M, Kreuzeder A, Glud RN, 2015. Two decades of chemical imaging of solutes in
sediments and soils - a review. Analytica Chimica Acta 878, 9-42. [PubMed: 26002324]

Sasse J, Kant J, Cole BJ, Klein AP, Arsova B, Schlaepfer P, Gao J, Lewald K, Zhalnina K, Kosina S,
Bowen BP, Treen D, Vogel J, Visel A, Watt M, Dangl JL, Northen TR, 2019. Multilab EcoFAB
study shows highly reproducible physiology and depletion of soil metabolites by a model grass.
New Phytologist 222, 1149-1160. [PubMed: 30585637]

Schluter S, Eickhorst T, Mueller CW, 2019. Correlative Imaging Reveals Holistic View of Soil
Microenvironments. Environmental Science & Technology 53, 829-837. [PubMed: 30525511]

Schmidt H, Gorka S, Seki D, Schintimeister A, Woebken D, 2023. Gold-FISH enables targeted
NanoSIMS analysis of plant-associated bacteria. New Phytol, 240(1), 439-451. [PubMed:
37381111]

Schnepf A, Carminati A, Ahmed MA, Ani M, Benard P, Bentz J, Bonkowski M, Knott M, Diehl D,
Duddek P, Kréner E, Javaux M, Landl M, Lehndorff E, Lippold E, Lieu A, Mueller CW, Oburger
E, Otten W, Portell X, Phalempin M, Prechtel A, Schulz R, Vanderborght J, Vetterlein D, 2022.
Linking rhizosphere processes across scales: Opinion. Plant and Soil, 478(1-2), 5-42.

Soil Biol Biochem. Author manuscript; available in PMC 2024 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahkami et al.

Page 38

Scholz VVV, Brodersen KE, Kuhl M, Koren K, 2021. Resolving Chemical Gradients Around Seagrass
Roots-A Review of Available Methods. Frontiers in Marine Science 8.

Schwartz SH, Hendrix B, Hoffer P, Sanders RA, Zheng W, 2020. Carbon Dots for Efficient Small
Interfering RNA Delivery and Gene Silencing in Plants. Plant Physiology 184, 647-657.
[PubMed: 32764133]

Shi L, Dong HL, Reguera G, Beyenal H, Lu AH, Liu J, Yu HQ, Fredrickson JK, 2016a.
Extracellular electron transfer mechanisms between microorganisms and minerals. Nature
Reviews Microbiology 14, 651-662. [PubMed: 27573579]

Shi MJ, Fisher JB, Phillips RP, Brzostek ER, 2019. Neglecting plant-microbe symbioses leads to
underestimation of modeled climate impacts. Biogeosciences 16, 457-465.

Shi M, Fisher JB, Brzostek ER, Phillips RP, 2016b. Carbon cost of plant nitrogen acquisition: global
carbon cycle impact from an improved plant nitrogen cycle in theCommunity Land Model.
Global Change Biology 22, 1299-1314. [PubMed: 26473512]

Shi WS, Cao J, Zhang Q, Li YHZ, Xu LY, 2016. Edge Computing: Vision and Challenges. leee
Internet of Things Journal 3, 637-646.

Short A, 2008. The role of Remote Sensing in Monitoring and Assessing Biological Diversity.
International Journal of Remote Sensing.

Soudzilovskaia NA, van Bodegom PM, Terrer C, van’t Zelfde M, McCallum I, McCormack ML,
Fisher JB, Brundrett MC, de Sa NC, Tedersoo L, 2019. Global mycorrhizal plant distribution
linked to terrestrial carbon stocks. Nature Communications 10.

Sousa D, Fisher JB, Galvan FR, Pavlick RP, Cordell S, Giambelluca TW, Giardina CP, Gilbert GS,
Imran-Narahari F, Litton CM, Lutz JA, North MP, Orwig DA, Ostertag R, Sack L, Phillips RP,
2021. Tree Canopies Reflect Mycorrhizal Composition. Geophysical Research Letters 48.

Spohn M, Carminati A, Kuzyakov Y, 2013. Soil zymography - A novel in situ method for mapping
distribution of enzyme activity in soil. Soil Biology & Biochemistry 58, 275-280.

Spohn M, Kuzyakov Y, 2013. Distribution of microbial- and root-derived phosphatase activities in the
rhizosphere depending on P availability and C allocation - Coupling soil zymography with C-14
imaging. Soil Biology & Biochemistry 67, 106-113.

Stanley CE, Grossmann G, Solvas XClI, deMello AJ, 2016. Soil-on-a-Chip: microfluidic platforms for
environmental organismal studies. Lab on a Chip 16, 228-241. [PubMed: 26645910]

Starr EP, Shi SJ, Blazewicz SJ, Koch BJ, Probst AJ, Hungate BA, Pett-Ridge J, Firestone
MK, Banfield JF, 2021. Stable-Isotope-Informed, Genome-Resolved Metagenomics Uncovers
Potential Cross-Kingdom Interactions in Rhizosphere Soil. Msphere 6.

Steidinger BS, Crowther TW, Liang J, Van Nuland ME, Werner GDA, Reich PB, Nabuurs G, De-
Miguel S, Zhou M, Picard N, Herault B, Zhao X, Zhang C, Routh D, Peay KG, Abegg M,
Yao CYA, Alberti G, Zambrano AA, Alvarez-Davila E, Alvarez-Loayza P, Alves LF, Ammer C,
Anton-Fernandez C, Araujo-Murakami A, Arroyo L, Avitabile V, Aymard G, Baker T, Balazy
R, Banki O, Barroso J, Bastian M, Bastin JF, Birigazzi L, Birnbaum P, Bitariho R, Boeckx
P, Bongers F, Bouriaud O, Brancalion PHS, Brandl S, Brearley FQ, Brienen R, Broadbent E,
Bruelheide H, Bussotti F, Gatti RC, Cesar R, Cesljar G, Chazdon R, Chen HYH, Chisholm C,
Cienciala E, Clark CJ, Clark D, Colletta G, Condit R, Coomes D, Valverde FC, Corral-Rivas
JJ, Crim P, Cumming J, Dayanandan S, de Gasper AL, Decuyper M, Derroire G, DeVries
B, Djordjevic I, leda A, Dourdain A, Obiang NLE, Enquist B, Eyre T, Fandohan AB, Fayle
TM, Feldpausch TR, Finer L, Fischer M, Fletcher C, Fridman J, Frizzera L, Gamarra JGP,
Gianelle D, Glick HB, Harris D, Hector A, Hemp A, Hengeveld G, Herbohn J, Herold M,
Hillers A, Coronado ENH, Huber M, Hui C, Cho H, Ibanez T, Jung I, Imai N, Jagodzinski
AM, Jaroszewicz B, Johannsen V, Joly CA, Jucker T, Karminov V, Kartawinata K, Kearsley E,
Kenfack D, Kennard D, Kepfer-Rojas S, Keppel G, Khan ML, Killeen T, Kim HS, Kitayama K,
Kohl M, Korjus H, Kraxner F, Laarmann D, Lang M, Lewis S, Lu HC, Lukina N, Maitner B,
Malhi Y, Marcon E, Marimon BS, Marimon BH, Marshall AR, Martin E, Martynenko O, Meave
JA, Melo-Cruz O, Mendoza C, Merow C, Mendoza AM, Moreno V, Mukul SA, Mundhenk P,
Nava-Miranda MG, Neill D, Neldner V, Nevenic R, Ngugi M, Niklaus P, Oleksyn J, Ontikov
P, Ortiz-Malavasi E, Pan YD, Paquette A, Parada-Gutierrez A, Parfenova E, Park M, Parren M,
Parthasarathy N, Peri PL, Pfautsch S, Phillips O, Piedade MT, Piotto D, Pitman NCA, Polo I,
Poorter L, Poulsen AD, Poulsen JR, Pretzsch H, Arevalo FR, Restrepo-Correa Z, Rodeghiero

Soil Biol Biochem. Author manuscript; available in PMC 2024 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahkami et al.

Page 39

M, Rolim S, Roopsind A, Rovero F, Rutishauser E, Saikia P, Saner P, Schall P, Schelhaas MJ,
Schepaschenko D, Scherer-Lorenzen M, Schmid B, Schongart J, Searle E, Seben V, Serra-Diaz
JM, Salas-Eljatib C, Sheil D, Shvidenko A, Silva-Espejo J, Silveira M, Singh J, Sist P, Slik

F, Sonke B, Souza AF, Sterenczak K, Svenning JC, Svoboda M, Targhetta N, Tchebakova N,
ter Steege H, Thomas R, Tikhonova E, Umunay P, Usoltsev V, Valladares F, van der Plas F,

Do TV, Martinez RV, Verbeeck H, Viana H, Vieira S, von Gadow K, Wang HF, Watson J,
Westerlund B, Wiser S, Wittmann F, Wortel V, Zagt R, Zawila-Niedzwiecki T, Zhu ZX, Zo-Bi
IC, Consortium G, 2019. Climatic controls of decomposition drive the global biogeography of
forest-tree symbioses. Nature 569, 404-408. [PubMed: 31092941]

Sulman BN, Shevliakova E, Brzostek ER, Kivlin SN, Malyshev S, Menge DNL, Zhang X, 2019.
Diverse Mycorrhizal Associations Enhance Terrestrial C Storage in a Global Model. Global
Biogeochemical Cycles 33, 501-523.

Taberlet P, Coissac E, Hajibabaei M, Rieseberg LH, 2012. Environmental DNA. Molecular Ecology
21, 1789-1793. [PubMed: 22486819]

Terrer C, Vicca S, Hungate BA, Phillips RP, Prentice IC, 2016. Mycorrhizal association as a primary
control of the CO2 fertilization effect. Science 353, 72-74. [PubMed: 27365447]

Tisdall JM, Oades JM, 1982. Organic matter and water-stable aggregates in soils. The Journal of soil
science 33, 141-163.

Toal ME, Yeomans C, Killham K, Meharg AA, 2000. A review of rhizosphere carbon flow modeling.
Plant and Soil 222, 263-281.

Torney F, Trewyn BG, Lin VSY, Wang K, 2007. Mesoporous silica nanoparticles deliver DNA and
chemicals into plants. Nature Nanotechnology 2, 295-300.

Totsche KU, Amelung W, Gerzabek MH, Guggenberger G, Klumpp E, Knief C, Lehndorff E, Mikutta
R, Peth S, Prechtel A, Ray N, Kdgel-Knabner I, 2018. Microaggregates in soils. Journal of plant
nutrition and soil science 181, 104-136.

Turner JC, Moorberg CJ, Wong AD, Shea K, Waldrop MP, Turetsky MR, Neumann RB, 2020. Getting
to the Root of Plant-Mediated Methane Emissions and Oxidation in a Thermokarst Bog. Journal
of Geophysical Research-Biogeosciences 125.

Turner W, Spector S, Gardiner N, Fladeland M, Sterling E, Steininger M, 2003. Remote sensing for
biodiversity science and conservation. Trends in Ecology & Evolution 18, 306-314.

Uroz S, Kelly LC, Turpault MP, Lepleux C, Frey-Klett P, 2015. The Mineralosphere Concept:
Mineralogical Control of the Distribution and Function of Mineral-associated Bacterial
Communities. Trends in Microbiology 23, 751-762. [PubMed: 26549581]

van Breemen N, Finlay R, Lundstrom U, Jongmans AG, Giesler R, Olsson M, 2000. Mycorrhizal
weathering: A true case of mineral plant nutrition ? Biogeochemistry 49, 53-67.

van Scholl L, Kuyper TW, Smits MM, Landeweert R, Hoffland E, van Breemen N, 2008. Rock-eating
mycorrhizas: their role in plant nutrition and biogeochemical cycles. Plant and Soil 303, 35-47.

Veédére C, Gonod LV, Nunan N, & Chenu C 2022. Opportunities and limits in imaging microorganisms
and their activities in soil microhabitats. Soil Biology & Biochemistry, 174.

Vejlupkova Z, Warman C, Sharma R, Scheller HV, Mortimer JC, Fowler JE, 2020. No evidence for
transient transformation via pollen magnetofection in several monocot species. Nature Plants 6,
1323-1324. [PubMed: 33139861]

Velickovic D, Anderton CR, 2017. Mass spectrometry imaging: Towards mapping the elemental and
molecular composition of the rhizosphere. Rhizosphere 3, 254-258.

Velickovic D, Lin VS, Rivas A, Anderton CR, Moran JJ, 2020. An approach for broad molecular
imaging of the root-soil interface via indirect matrix-assisted laser desorption/ionization mass
spectrometry. Soil Biology & Biochemistry 146.

Vereecken H, Schnepf A, Hopmans JW, Javaux M, Or D, Roose DOT, Vanderborght J, Young MH,
Amelung W, Aitkenhead M, Allison SD, Assouline S, Baveye P, Berli M, Bruggemann N, Finke
P, Flury M, Gaiser T, Govers G, Ghezzehei T, Hallett P, Franssen HJH, Heppell J, Horn R,
Huisman JA, Jacques D, Jonard F, Kollet S, Lafolie F, Lamorski K, Leitner D, McBratney A,
Minasny B, Montzka C, Nowak W, Pachepsky Y, Padarian J, Romano N, Roth K, Rothfuss Y,
Rowe EC, Schwen A, Simunek J, Tiktak A, VVan Dam J, van der Zee SEATM, Vogel HJ, Vrugt

Soil Biol Biochem. Author manuscript; available in PMC 2024 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahkami et al.

Page 40

JA, Wohling T, Young IM, 2016. Modeling Soil Processes: Review, Key Challenges, and New
Perspectives. Vadose Zone Journal, 15(5).

Vetterlein D, Carminati A, Kogel-Knabner I, Bienert G, Smalla K, Oburger E, Schnepf A, Banitz T,
Tarkka M, Schluter S, 2020. Rhizosphere Spatiotemporal Organization—A Key to Rhizosphere
Functions. Frontiers in Agronomy 2.

Vetterlein D, Lippold E, Schreiter S, Phalempin M, Fahrenkampf T, Hochholdinger F, Marcon C,
Tarkka M, Oburger E, Ahmed M, Javaux M, Schluter S, 2021. Experimental platforms for the
investigation of spatiotemporal patterns in the rhizosphere-laboratory and field scale. Journal of
Plant Nutrition and Soil Science 184, 35-50.

Vidal A, Hirte J, Bender SF, Mayer J, Gattinger A, Hoschen C, Schadler S, Igbal TM, Mueller CW,
2018. Linking 3D Soil Structure and Plant-Microbe-Soil Carbon Transfer in the Rhizosphere.
Frontiers in Environmental Science 6.

Waadt R, Hitomi K, Nishimura N, Hitomi C, Adams SR, Getzoff ED, Schroeder JI, 2014. FRET-based
reporters for the direct visualization of abscisic acid concentration changes and distribution in
Arabidopsis. Elife 3.

Walton CL, Khalid M, Bible AN, Kertesz V, Retterer ST, Morrell-Falvey J, Cahill JF, 2022. In
Situ Detection of Amino Acids from Bacterial Biofilms and Plant Root Exudates by Liquid
Microjunction Surface-Sampling Probe Mass Spectrometry. Journal of the American Society for
Mass Spectrometry 33, 1615-1625. [PubMed: 35904879]

Wang B, Huang J, Zhang M, Wang Y, Wang H, Ma Y, Zhao X, Wang X, Liu C, Huang H, Liu Y, Lu
F, Yu H, Shao M, Kang Z, 2020. Carbon Dots Enable Efficient Delivery of Functional DNA in
Plants. ACS Appl Bio Mater 3, 8857-8864.

Wang JW, 2022. Quantification of cell penetrating peptide mediated delivery of proteins in plant
leaves. bioRxiv, 33.

Weaver JL, DePriest PT, Plymale AE, Pearce Cl, Arey B, Koestler RJ, 2021. Microbial interactions
with silicate glasses. Npj Materials Degradation 5.

White RA, Rosnow J, Piehowski PD, Brislawn CJ, Moran JJ, 2021. In Situ Non-Destructive Temporal
Measurements of the Rhizosphere Microbiome ‘Hot-Spots’ Using Metaproteomics. Agronomy-
Basel 11.

Wild B, Imfeld G, Daval D, 2021. Direct measurement of fungal contribution to silicate weathering
rates in soil. Geology 49, 1055-1058.

Wong MH, Giraldo JP, Kwak SY, Koman VB, Sinclair R, Lew TTS, Bisker G, Liu PW, Strano MS,
2017. Nitroaromatic detection and infrared communication from wild-type plants using plant
nanobionics. Nature Materials 16, 264-272. [PubMed: 27798623]

Wu HH, Nissler R, Morris V, Herrmann N, Hu PG, Jeon SJ, Kruss S, Giraldo JP, 2020. Monitoring
Plant Health with Near-Infrared Fluorescent H202 Nanosensors. Nano Letters 20, 2432-2442.
[PubMed: 32097014]

Wulder MA, Loveland TR, Roy DP, Crawford CJ, Masek JG, Woodcock CE, Allen RG, Anderson
MC, Belward AS, Cohen WB, Dwyer J, Erb A, Gao F, Griffiths P, Helder D, Hermosillo T,
Hipple JD, Hostert P, Hughes MJ, Huntington J, Johnson DM, Kennedy R, Kilic A, Li Z,
Lymburner L, McCorkel J, Pahlevan N, Scambos TA, Schaaf C, Schott JR, Sheng YW, Storey J,
Vermote E, Vogelmann J, White JC, Wynne RH, Zhu Z, 2019. Current status of Landsat program,
science, and applications. Remote Sensing of Environment 225, 127-147.

Yadav JS, Doddapaneni H, Subramanian V, 2006. P450ome of the white rot fungus Phanerochaete
chrysosporium: structure, evolution and regulation of expression of genomic P450 clusters.
Biochemical Society Transactions 34, 1165-1169. [PubMed: 17073777]

Yanagisawa N, Kozgunova E, Grossmann G, Geitmann A, Higashiyama T, 2021. Microfluidics-Based
Bioassays and Imaging of Plant Cells. Plant and Cell Physiology 62, 1239-1250. [PubMed:
34027549]

Yee MO, Kim P, Li YF, Singh AK, Northen TR, Chakraborty R, 2021. Specialized Plant Growth
Chamber Designs to Study Complex Rhizosphere Interactions. Frontiers in Microbiology 12.

Yick J, Mukherjee B, Ghosal D, 2008. Wireless sensor network survey. Computer Networks 52, 2292—
2330.

Soil Biol Biochem. Author manuscript; available in PMC 2024 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahkami et al.

Page 41

Yu GH, Chi ZL, Teng HH, Dong HL, Kappler A, Gillings MR, Polizzotto ML, Liu CQ, Zhu YG,
2019. Fungus-initiated catalytic reactions at hyphal-mineral interfaces drive iron redox cycling
and biomineralization. Geochimica Et Cosmochimica Acta 260, 192-203.

Zadran S, Standley S, Wong K, Otiniano E, Amighi A, Baudry M, 2012. Fluorescence resonance
energy transfer (FRET)-based biosensors: visualizing cellular dynamics and bioenergetics.
Applied Microbiology and Biotechnology 96, 895-902. [PubMed: 23053099]

Zhalnina K, Louie KB, Hao Z, Mansoori N, da Rocha UN, Shi SJ, Cho HJ, Karaoz U, Loque D,
Bowen BP, Firestone MK, Northen TR, Brodie EL, 2018. Dynamic root exudate chemistry and
microbial substrate preferences drive patterns in rhizosphere microbial community assembly.
Nature Microbiology 3, 470-480.

Zhang CY, Kang QJ, Wang X, Zilles JL, Muller RH, Werth CJ, 2010. Effects of Pore-Scale
Heterogeneity and Transverse Mixing on Bacterial Growth in Porous Media. Environmental
Science & Technology 44, 3085-3092. [PubMed: 20192171]

Zhang H, Demirer GS, Zhang HL, Ye TZ, Goh NS, Aditham AJ, Cunningham FJ, Fan CH, Landry
MP, 2019. DNA nanostructures coordinate gene silencing in mature plants. Proceedings of the
National Academy of Sciences of the United States of America 116, 7543-7548. [PubMed:
30910954]

Zhang SQ, Daniels DA, lvanov S, Jurgensen L, Muller LM, Versaw WK, Harrison MJ, 2022. A
genetically encoded biosensor reveals spatiotemporal variation in cellular phosphate content
in Brachypodium distachyon mycorrhizal roots. New Phytologist 234, 1817-1831. [PubMed:
35274313]

Zhang X, Guha S, Cardon ZG, 2021. Scalable, large-area optical sensing platform with compact light
delivery and imaging system. UChicago Argonne, LLC (Chicago, IL); The University of Chicago
(Chicago, IL); The Marine Biological Laboratory (Woods Hole, MA), United States of America.
Patent number: 11035794. Patent Date: June 15, 2021.

Zhao X, Meng ZG, Wang Y, Chen WJ, Sun CJ, Cui B, Cui JH, Yu ML, Zeng ZH, Guo SD, Luo
D, Cheng JQ, Zhang R, Cui HX, 2017. Pollen magnetofection for genetic modification with
magnetic nanoparticles as gene carriers. Nature Plants 3, 956-964. [PubMed: 29180813]

Zhou Y, Forbrich |, Cardon ZG, Giblin AE, Martiros M, O’Meara TA, Sulman BN, Tucker J, Thomas
SM, 2022. Simulating methane production in inter-tidal wetlands using PFLOTRAN, American
Geophysical Union Fall Meeting.

Zhu JJ, Yang MQ, Ren ZJ, 2023. Machine Learning in Environmental Research: Common Pitfalls and
Best Practices. Environmental Science & Technology.

Zhu QD, Wang L, Dong QL, Chang S, Wen KX, Jia SH, Chu ZL, Wang HM, Gao P, Zhao HP,

Han SC, Wang YD, 2017. FRET-based glucose imaging identifies glucose signalling in response
to biotic and abiotic stresses in rice roots. Journal of Plant Physiology 215, 65-72. [PubMed:
28582731]

Soil Biol Biochem. Author manuscript; available in PMC 2024 September 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ahkami et al. Page 42

Root Hyphae
Fungal-grain interface

) =

system

Fe-inclusions
Soil mineral

RHIZOSPHERE BIOTIC-DRIVEN REACTIONS AT MICROSCALE WITH MULTIMODAL TECHNOLOGIES

1mm 25 pym 25nm 5nm

Nutrient

Nutrient
e / enrichment
\ / Mineral
Mineral
aggregation Bioweathering
Micro-CT Helium lon Microscopy  Electron Microscopy/  Electron Microscopy/ Atomic Probe
Fine root structure Biofilm formation, soil Energy Dispersive Focused lon Beam Tomography
in the rhizosphere aggregation, mineral Spectroscopy Mineral bio-weathering, ~ Nutrient enrichment at
stability Biotically driven acidification, chelation, interface, 3-dimensional
reactions, energy and solubilization evidence

nutrient mining

Figure 1.
Representation of a multimodal imaging technologies for investigating and disentangling

the heterogeneity and complexity of rhizosphere-integrated processes and reactions with
increasing resolution, from millimeter to nanometer scale.
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Current cutting-edge and emerging mass spectrometry, imaging, tomography, and omics
technologies (left panel) can be coupled with specific platforms like synthetic soil

habit micromodels, rhizogrids, and ecotrons (right panel) to study rhizosphere processes

at different scales. In many cases, multiple techniques can be applied to a single

sample to enrich the resulting dataset and enable evaluation of complex questions (e.g.,
related to nutrient exchange, organic-inorganic interactions, or spatial organization of
processes). Thus, these analytical techniques and platforms can provide critical mechanistic
understanding of the rhizosphere processes and reactions associated with carbon fluxes,
including rhizodeposition and root exudation.
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Figure 3.
Biosensors for plant leaf and root imaging. A. Single-strand, DNA-coated, single-walled,

carbon nanotube SWCNTSs have been applied for NO detection in Arabidopsis leaves.

B. Silver-coated gold nanostars (AUNS@AQ) have been used for microRNA detection

in Arabidopsis leaves. C. Disulfide-modified aptamers have been developed for glucose
detection in Arabidopsis leaves. D. Optical nanosensors and radio-frequency nanoelectronic
could potentially be engineered for plant signaling molecule and volatile compound
detection in roots, respectively.
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Figure 4.
(Left) Grey-scale laboratory and false-color field images of [O5] in sediment vegetated with

Sporobolus alterniflorus, a dominant salt marsh intertidal grass on Atlantic and Gulf U.S.
coasts. Quantification via color ratiometric imaging following (Larsen et al., 2011), except
the oxygen-sensitive fluorophore was platinum (11) meso-tetra (pentafluorophenyl) porphine
(PtTFPP). Horizontal grey arrow on false-colored field images denotes the water level,
(Cardon pers. comm). (Right) Coupling of replicated field planar optode measurements
with small- and large-scale process modeling, in the footprint of landscape-scale eddy
covariance measurements, holds great promise for determining whether and how small-scale
spatial heterogeneity in sediment environmental conditions affect aggregate larger scale
biogeochemical process.
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A. Schematic setup of the SMART Soils testbed showing an arrangement of sensors
deployed, including load cells, geophysical sensors, soil probes, energy, and mass flow
sensors as well as micrometeorological sensors. B. A snapshot of 3D soil water content
distribution and plant distribution on the SMART Soils testbed from geophysical and
phenocam imaging. C. Evolution of soil water potential and the corresponding stress
conditions for multiple plant species, e.g., grass, thistle, dock, or bare ground. D.
Correlations between soil water content and soil CO, fluxes under different temperature
conditions.

Soil Biol Biochem. Author manuscript; available in PMC 2024 September 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ahkami et al. Page 47

Average Mycorrhizal N Uptake (1994-2005)

0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Total mycorrhizal N uptake map (gN m-2 yr-1)

Figure 6.
Plant nitrogen uptake from mycorrhizae at the global scale. This is an example of multiple

plant—soil-microbe processes now integrated into global models such as the E3SM Land
Model (ELM), including nitrogen and phosphorus uptake partitioned between AM and ECM
fungi, direct root uptake of nutrients, and biological nitrogen fixation (Braghiere et al.,
2022).
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Envisioning the future of rhizosphere research by means of building a tiered sensing
platform approach. This approach must ensure measurements of rhizosphere complex
parameters and promote biosensing connectivity across components (soil, microbes, plant,
atmosphere) and scales (omics to ecosystems). Development of advanced data retrieval,
image-based modeling, analytical and computing tools, and integration with the ModEx
approach should leverage our understanding of small-scale mechanistic processes to the
large-scale field, ecosystem, and global sensing. This strategy will provide novel and
important mechanistic understanding of key rhizosphere processes including nutrient cycle,
root—microbe interactions, root exudation, signaling cascades, plant—plant interactions, and
the global-scale impacts of climate change.
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