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Opinion
Sustainable Cropping Requires Adaptation to a
Heterogeneous Rhizosphere
Highlights
Root–soil interactions, involving rhizo-
sphere sensing, root architecture and
function, as well as root-induced rhizo-
sphere processes, are crucial for soil
health, sustainable food security, and re-
source use efficiency.

Heterogeneity is an important feature of
the rhizosphere and this poses a chal-
lenge to a thorough understanding of
root–soil processes.
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Root–soil interactions in the rhizosphere are central to resource acquisition and
crop production in agricultural systems. However, apart from studies in idealized
experimental systems, rhizosphere processes in real agricultural soils in situ are
largely uncharacterized. This limits the contribution of rhizosphere science to ag-
riculture and the ongoing Green Revolution. Here, we argue that understanding
plant responses to soil heterogeneity is key to understanding rhizosphere pro-
cesses. We highlight rhizosphere sensing and root-induced soil modification in
the context of heterogeneous soil structure, resource distribution, and root–soil
interactions. A deeper understanding of the integrated and dynamic root–soil in-
teractions in the heterogeneously structured rhizosphere could increase crop
production and resource use efficiency towards sustainable agriculture.
Uneven distribution of soil particles and
resources shapes root activities and the
consequent root-induced modification
of the rhizosphere.

Understanding and integrating root biol-
ogy with soil processes in the context of
the heterogeneous physical structure
and resource distribution in soil will help
close the application gap between rhizo-
sphere research and agricultural prac-
tice, thereby contributing to sustainable
crop production.
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Challenges in Rhizosphere Research
The rhizosphere is the critical zonewhere roots accesswater and nutrients, and interact intimately
with the physical, chemical, and biotic components of the soil. Rhizosphere processes, such as
nutrient mobilization and movement, in addition to root proliferation and symbioses, have an im-
portant role in controlling efficient nutrient acquisition by crops [1,2]. Our understanding of the rhi-
zosphere has advanced greatly over the century of research since Lorenz Hiltner first put forward
the concept in 1904 [2,3]. Even though rhizosphere science has delivered several practices to ag-
ricultural production, such as rhizobial inoculants and fertilizer management strategies, it is still
largely uncoupled with the ‘Green Revolution’ and agricultural sustainability [4]. As one of the
most important characteristics of the rhizosphere, heterogeneity poses great challenges to rhizo-
sphere research. By ignoring soil heterogeneity, wemight have failed to describe realistic root–soil
interactions and, thereby, limited the practical application of our knowledge of the rhizosphere to
support agriculture [5]. Much theoretical work on resource acquisition by roots and root interac-
tions with soil has been predicated on data obtained from simplified, uniform and often labora-
tory-based experimental systems (e.g., hydroponics, agar-media, or nonstructured sand),
which do not accurately reflect the soil or its heterogeneity [6]. However, the heterogeneous dis-
tribution of soil particles and resources in the rhizosphere directs local responses of roots and rhi-
zosphere processes. Although the root processes that underpin nutrient acquisition have been
frequently reviewed, a better understanding of root-soil interactions with a focus on the heteroge-
neity of rhizosphere is now urgently needed.

In this opinion, we highlight the heterogeneity in structure and resource availability in the rhi-
zosphere, the mechanisms by which plants sense these, and the consequent root-induced
soil modifications, to explore more realistic root–soil interactions. Recent advances in both
plant biology and soil physics and chemistry are summarized for a holistic understanding
of rhizosphere processes. We argue that an appreciation of the contribution of soil heteroge-
neity in the structured rhizosphere can help to close the gap between rhizosphere
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knowledge and its agricultural application and contribute to crop production in a more effi-
cient and sustainable way.

The Heterogeneously Structured Rhizosphere and Plant Root Elongation
The arrangement of soil components into soil structure varies greatly due to their tortuous nature.
The heterogeneity of soil particles and pores makes it difficult to study root–soil interactions. Ad-
vances in imaging and modeling approaches take us one step forward in describing and under-
standing the heterogeneity of soil structure [7,8]. Tillage in agriculture can disturb the soil pore
network in the cultivated surface layer [9]. Diffusion, the main pathway of nutrient movement to-
wards the root, occurs in the liquid phase of networks of soil pores, and is governed by the
water phase connectivity and arrangement of soil aggregates and pores. In the field, soil struc-
ture, an indicator of soil functions related to resource supply, such as storage and movement
of water and nutrients [10], profoundly affects root growth and nutrient uptake.

Structured soil offers physical anchorage as well as mechanical resistance for root penetration. In
agricultural systems, the mechanical resistance of soil to root growth can be modified greatly by
compaction and irrigation. Generally, the soil tends to be mechanically weaker when irrigation is
used to increase soil moisture [11], even though the size and velocity of waterdrops may induce
localized surface soil compaction [12]. Agricultural soil management may lead to a soil profile with
a loosened shallow layer and a denser compacted subsoil layer [13]. In this respect, the vertical
variation of mechanical resistance to root elongation is often ignored: it increases with depth
due to the hydrostatic effects that arise from the weight of soil. Deep roots may encounter stron-
ger mechanical resistance caused by increased hydrostatic pressure (or overburden pressure),
which increases with depth [13]. This implies that both the inherent and management-caused
variation in rhizosphere structure and mechanical impedance in farmlands can influence both
the distribution of roots and the pore networks in soil. Pore networks could be legacies from
earthworm activity, and annual or perennial crops that establish deeper roots over time. The
role of crop rotation in soil structure deserves more attention. Diverse crop rotations result in
greater soil porosity, more aggregates [14], and lower penetration resistance compared with
monocultures [15].

Roots can sense the surrounding heterogeneous structure and avoid obstacles, both at the mi-
crostructural (volumes less thanmm3) and themacrostructural scales [10] (Figure 1). Roots prefer
to locate and grow in existing pore networks to penetrate deeper into strong soil [16–18], be-
cause the axial pressure is smaller. When roots develop in pores, root extension growth is pro-
moted [19]. The ability of roots to locate and utilize soil pores is determined by plant genotype
[20]. The tendency of roots to spread at angles from the vertical, a trait that is also determined
by plant genotype, may lead to differences in pore location by roots, although the evidence for
this remains weak [16]. The ability of roots to detect soil physical structure is based on touch
sensing [21]. When the root cap contacts hard objects, a bZIP transcription factor is induced
by cytosolic calcium signaling cascades that interplay with root gravitropic signals [22] and
polar auxin transport to facilitate root bending and obstacle avoidance [23]. Such studies shed
light on the perception of obstacles by roots and root–soil physical interactions, revealing the
plasticity of roots and how they deal with the challenging microenvironment of the rhizosphere
with its constantly changing structure.

High mechanical impedance leads to root morphological and physiological modifications, such
as a reduction in root system size, slower root elongation rate, deformed root tips, and mucilage
exudation into the rhizosphere [24,25]. The root cap mediates the sensing of mechanical imped-
ance [26], and gibberellin [27] and ethylene [28] signaling pathways are involved in plant
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Figure 1. The Central Role of Rhizosphere Sensing in Root–Soil Interactions Matching Inducible Root Traits
with the Heterogeneous Soil Structure and Resource Distribution. (A) Structured soil complex. Soil particles are in
dark brown and the soil pore spaces in white. Scale bar in left panel: 200 μm; in right panel: 5 mm. (B) Heterogeneous
resource. Soil particles are in dark brown, soil water in light blue, and nutrients are blue and gray dots. Scale bars: 1 mm.
(C) 3D root architecture of a maize seedling [80]. Scale bar: 3 cm. (D) Maize root exudates in the field [81]. Scale bar: 2
cm. (E) Hyphae of root-associated fungi in the maize rhizosphere. Scale bar: 1 mm.
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responses to mechanical impedance. Recent studies showed that root hairs and the physical
shape of root tip govern root penetration [29,30]. The anchoring force of the root hair to the rhi-
zosphere soil aids root penetration [29], whereas sharper root tips with a small root tip radius:
length ratio can result in lower axial forces, enabling plant roots to elongate in strong soil [31].
However, the synergistic effects between root tip geometry and root hairs in penetrating strong
Trends in Plant Science, Month 2020, Vol. xx, No. xx 3
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soil remain largely unknown. Further studies are needed to investigate how root architecture con-
tributes to penetration in strong soil to identify traits that can be used in crop breeding. Moreover,
exploring how the root cap perceives the mechanical impedance and generates hormone signals
after the physical interactions is critical for further understanding of root–soil physical interactions.

Heterogeneous Resources and Root Foraging
Due to the complexity of soil structure and multiple soil processes, spatial and temporal variation
in soil resources occurs ubiquitously [32]. In agricultural systems, heterogeneous nutrient distri-
butions are caused by various management practices, including fertilizer applications, irrigation,
crop rotations, straw incorporation, and tillage. Banding of fertilizers is widely used as the starter
fertilizer in intensive crop production [33,34]. Unevenly distributed soil habitats with contrasting
properties generate a range of different soil microbial communities [35]. Species richness,
which is determined by spatiotemporal heterogeneity and structural complexity of natural habi-
tats, is closely related to ecological resilience [36,37], implying the important role of resource het-
erogeneity in maintaining natural and agroecosystem biodiversity and function.

The expression of root morphological and physiological traits depends on both plant nutrient sta-
tus and the sensing of local nutrients (Figure 1) to enable better access to the heterogeneously
distributed resources in the soil [38]. One important consequence of soil structure is its effect
on water movement, which affects the availability, diffusion, and mass flow of nutrients directly.
In addition, the arrangement of soil aggregates and pores determines water drainage and,
thereby, soil aeration, which impacts oxygen availability for biotic processes, microorganism
movement, as well as nutrient availability through soil redox potential [10]. Plant roots generally
show hydrotropism, aiding water foraging [39]. High water content locally upregulates the synthe-
sis and transport of auxin and promotes lateral root development in humid soil [40]. Plant roots
are preferentially allocated to nutrient-rich areas. When locally available to plant roots, ammonium
triggers lateral root branching [41], nitrate and iron stimulate lateral root elongation [42,43], and
phosphate improves lateral root formation and elongation [44]. These results suggest that root
system architectural responses to local nutrient supply are regulated by nutrient-specific rhizo-
sphere-sensing processes. When nitrate is heterogeneously located in the soil, a nitrate trans-
porter and sensor in the plasma membrane, which transports both nitrate and auxin, directs
lateral root proliferation in patcheswith a high nitrate supply [45]. For phosphate, there is evidence
that sensing occurs at the root apex [46]. The sensing of local rhizosphere nutrient availability can
mediate systemic alterations in the physiology of the whole plant by long-distance signaling [47].
When nitrate is heterogeneously located in the soil, peptides generated from the parts of the root
system that lack nitrogen are translocated to the shoot and act as a root-derived nitrogen starva-
tion signal [48]. Cytokinins produced in roots with a high nitrate supply serve as a root-derived sig-
nal of local nitrate availability and, thus, coordinate with the peptide signal [49]. Similarly, signaling
peptides are translocated from the shoot to the root in the phloem, upregulating the nitrate trans-
port capacity of roots with a locally high nitrate supply specifically [50]. These observations indi-
cate that roots can sense local variation in nutrient availability and integrate these local signals
into the systemic signaling system [51]. Thus, it is now important to integrate the local sensing
of nutrient supply, and the local responses of the root system, into models describing the
acclimatory responses of plants to nutrient availability.

Coupling of Multiple Factors in Rhizosphere Sensing
We have emphasized the local effects of heterogeneous structure and resource availability in the
rhizosphere on root system architecture, activities, and resource capture. In the field, multiple het-
erogeneities may coexist and vary temporally [52] (Figure 2). Neighboring plants can also create
soil heterogeneity and shape root development and resource acquisition by root–root
4 Trends in Plant Science, Month 2020, Vol. xx, No. xx
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Figure 2. Conceptual Model of Root–Soil Physical (A), Chemical (B), and Biological (C) Interactions in the Rhizosphere in the Soil Profile and
Rhizosphere Engineering for Sustainable Crop Production. (A) Roots penetrate the structured soil and put pressure (red arrows) on the surrounding soil. Soil
particles, which provide mechanical impedance (blue arrows) to roots, are in brown. Scale bar: 1 mm. (B) Roots take up nutrient ions from the soil through transporters
(green, blue, and yellow circles) in the plasma membrane of root hairs, and secrete root exudates into the rhizosphere (yellow, orange, and blue rectangles). Soil
particles are in gray, the liquid phase around soil particles is in blue, and nutrient ions are red and blue dots. The green arrow indicates that root exudates help to
mobilize nutrient ions from the soil. Scale bar: 50 μm. (C) Roots interact with neighboring roots and rhizosphere microbes (yellow circles, orange triangles, and green
polygons). Arbuscular mycorrhizal fungi associated with roots are indicated as blue lines and other microbes in the mycorrhizosphere are represented as blue dots.
Scale bar: 1 mm.
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interactions in shared rhizospheres [53–55]. The next challenge is to understand the integration of
the multiple sensing processes occurring in the rhizosphere. A possible opportunity is to explore
the multiprocess interactions in the plant signaling system. From a biological viewpoint, the ability
of plants to cope with various environmental factors depends on the crosstalk of local and sys-
temic signaling pathways [47]. Recent advances in our understanding of the integrated nitrogen
and phosphorus signaling networks [56] have introduced us to the potential coupling of multiple
signaling processes in plants. Nitrate perception enhances the interaction between nitrate and
phosphate sensing and activates both phosphate- and nitrate-responsive genes [56]. Phytohor-
mones are crucial in regulating root growth and functioning, and might provide the connections
whereby multiple processes interact with each other. For example, auxin is intimately involved
in modifying root branching in response tomultiple rhizosphere environmental factors [57], includ-
ing responses to the heterogeneous distribution of iron [43] and nitrate [58]. Auxin may serve to
integrate local and systemic signals to determine lateral root formation [59]. Since auxin is in-
volved in modulating numerous physiological processes and can crosstalk with other hormone
pathways, this offers an opportunity for plants to respond uniquely and appropriately to com-
bined stresses by integrating multiple signaling systems [59]. In the future, exploring the integra-
tion of multiple rhizosphere sensing processes could be an important research area.

Root-Induced Feedback on Rhizosphere Structure and Resource Heterogeneity
Root activities, including root growth, exudation, and symbioses [60], also modify rhizosphere prop-
erties by root-induced feedback processes [16,61,62]. Therefore, root–soil interactions are bi-direc-
tional and dynamic processes [63]. Roots can increase the porosity of the rhizosphere soil [64],
possibly due to soil drying and the associated shrinkage of soil. Mucilage exuded from roots and rhi-
zosphere bacteria is considered to be critical in the formation of liquid bridges at the root–soil inter-
face [65,66], influencing mechanical stability and hydraulic properties in the rhizosphere [65] and the
formation of the rhizosheath [67]. Indeed, the 3D architecture of rhizosheaths, and the influence of
root hairs and root exudates on this, illustrate the profound effect that roots have on engineering
the rhizosphere and its properties [61]. The porosity and connectivity of soil pores in the rhizosphere
have been shown to be shaped by root hair development [68]. Thus, the rhizosphere structure is re-
lated to inherent soil properties, but is highly modified by root activities.

Root-induced processes modify resource availability in the rhizosphere. Uptake of nutrients by
plant roots induces depletion gradients in the rhizosphere [69]. Plant roots exude a range of com-
pounds, such as mucilage, enzymes, organic anions, and protons, which greatly modify soil
chemical properties. These organic substances feed the microbiome and increase the microbial
community in the rhizosphere [70]. It is clear that rhizosphere microorganisms are highly enriched
and incorporate root-derived photosynthetically fixed carbon [71]. In addition, many root exu-
dates are involved in rhizosphere signaling and shaping root-associated microbial communities
[72–74]. Agricultural activities, such as fertilizer application and irrigation, drive changes in root-
associated microbiomes by affecting the release of organic exudates from roots [75,76]. Regu-
lated by rhizosphere sensing and signaling, root activities modify the physical, chemical, and bi-
ological properties of the surrounding soil. This offers opportunities to ameliorate rhizosphere
properties by selecting plant genotypes with beneficial root traits [62]. For example, deep roots
can penetrate the subsoil layer and access deep soil water and nutrients, which helps to improve
the physical structure and resource supply in subsoil [13,17,77]. By manipulating root traits, we
could achieve positive root–soil feedback to improve soil health and crop production.

Engineering the Rhizosphere to Achieve Sustainable Crop Production
How to manage soil heterogeneity in agricultural systems remains an open question: the tradi-
tional aim of agricultural management is to maximize homogeneity to provide an optimized
6 Trends in Plant Science, Month 2020, Vol. xx, No. xx



Outstanding Questions
Given that it is important to investigate
root–soil interactions when
considering resource acquisition, how
can we characterize and quantify
root–soil interactions in a
heterogeneously structured
rhizosphere?

There is an urgent need to apply non-
invasive technologies to monitor root–
soil interactions in the field. New
technologies, such as magnetic
resonance imaging and computed
tomography, have been applied in
controlled environments, but how can
these be applied under the field
conditions?

How does the relationship between
soil structure and resource
distribution in the rhizosphere affect
plant performance?

How do plants sense, integrate, and
respond to the heterogeneity of
multiple resources in the rhizosphere?

Can we monitor in situ local
rhizosphere processes to understand
the feedback between plant and soil
processes?

How can we manage rhizosphere
heterogeneity in agriculture to
maximize the potential of plant
plasticity and increase crop
production?
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environment for crop establishment and growth. However, we know that roots forage effectively for
resources distributed heterogeneously in the soil and this trait might be advantageous for crop pro-
duction in nutrient-limited environments [78,79]. Plants have evolved efficient foraging responses to
facilitate resource acquisition and these foraging strategies are still evident in modern crop varieties
(even though some symbioses, such as nitrogen-fixing and mycorrhizal systems, could be inhibited
with increasing nutrient input), offering possibilities to maximize the potential of the root system plas-
ticity to acquire nutrients rather than relying solely on high fertilizer input. Indeed, traditional intensive
farming practices with high-intensity tillage and high fertilizer input may be reducing soil heterogeneity
and the biological potential of crops. Recent more sustainable practices of minimal or no tillage might
result in greater soil heterogeneity. Current crop varieties that were bred for intense production in
more homogeneous soils may not be optimized for nutrient capture in a more sustainable heteroge-
neous soil. The challenge is to understand how to induce suitable spatial variability to maximize root-
foraging capacity to enable sustainable crop production. Local heterogeneities in the rhizosphere can
alter root activities significantly and the consequent soil modification produces a feedback on root re-
sponses. To construct a better rhizosphere that maximizes the potential of root–soil interactions for
resource acquisition, the rhizosphere can be manipulated from two directions: (i) from the soil, to cre-
ate an ideally heterogeneous environment and resource distribution to stimulate the biological poten-
tial of roots; and (ii) from the plant, to manipulate the sensing and response to heterogeneous nutrient
supply to effect root traits that benefit soil function. Thus, an integrated understanding of root–soil in-
teractions with a consideration of soil physical heterogeneity and resource distribution can help us to
develop new approaches for rhizosphere manipulation to realize more sustainable crop production.

Concluding Remarks and Future Perspectives
The application of current rhizosphere research to agricultural production has encountered bot-
tlenecks, but there are opportunities to break through. Future rhizosphere research should
seek to understand root–soil interactions in an integrated manner with consideration of soil het-
erogeneity and root responses to this. Studies of the rhizosphere focusing on a single process,
and without considering the complexity of soil heterogeneity, can limit our ability to understand
root–soil interactions. For the plant scientist, one challenge is to understand how the sensing
and responses to the heterogeneous availability of multiple resources in the rhizosphere is inte-
grated. Identifying the key molecular components involved in integrating these processes
would be an important future research objective. Moreover, the root–soil interactions are bi-direc-
tional and dynamic processes. Thus, more non-invasive, real-time, and in situ investigations of
local rhizosphere processes are urgently required. Interdisciplinary approaches are also needed
to integrate plant biology and soil science to describe local root–soil interactions in the rhizo-
sphere. Exploring root–soil interactions in the structured rhizosphere with an appreciation of het-
erogeneity could inform future strategies to engineer rhizosphere physical, chemical, and biotic
properties to improve nutrient use efficiency, preserve soil functions, and enhance crop produc-
tivity in a sustainable manner (see Outstanding Questions).
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