the plant journal

The Plant Journal (2020) 103, 951-964

FOCUSED REVIEW

doi: 10.1111/tp}.14781

An extended root phenotype: the rhizosphere, its formation

and impacts on plant fitness

Carla de la Fuente Cant6™", Marie Simonin™?*", Eoghan King?, Lionel Moulin?, Malcolm J. Bennett*, Gabriel Castrillo** and

Laurent Laplaze™®*

"UMR DIADE, Université de Montpellier, Institut de Recherche pour le Développement (IRD), Montpellier, France,
2UMR IPME, IRD, Cirad, Université de Montpellier, Montpellier, France,

3IRHS-UMR1345, Université d’Angers, INRAE, Institut Agro, SFR 4207 QuaSaV, 49071 Beaucouzé, France,

“Future Food Beacon of Excellence, School of Biosciences, University of Nottingham, Sutton Bonington, UK, and
SLaboratoire Mixte International Adaptation des Plantes et Microorganismes Associés aux Stress Environnementaux

(LAPSE), Dakar, Senegal

Received 31 October 2019; revised 3 April 2020; accepted 9 April 2020; published online 23 April 2020.
*For correspondence (e-mails gabriel.castrillo@nottingham.ac.uk; laurent.laplaze@ird.fr).

"Joint first authors.

SUMMARY

Plants forage soil for water and nutrients, whose distribution is patchy and often dynamic. To improve their
foraging activities, plants have evolved mechanisms to modify the physicochemical properties and microbial
communities of the rhizosphere, i.e. the soil compartment under the influence of the roots. This dynamic
interplay in root—soil—-microbiome interactions creates emerging properties that impact plant nutrition and
health. As a consequence, the rhizosphere can be considered an extended root phenotype, a manifestation
of the effects of plant genes on their environment inside and/or outside of the organism. Here, we review
current understanding of how plants shape the rhizosphere and the benefits it confers to plant fitness. We
discuss future research challenges and how applying their solutions in crops will enable us to harvest the

benefits of the extended root phenotype.
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INTRODUCTION

Plants, as sessile organisms, have evolved strategies to
successfully address the challenges they face from a
changing and unpredictable environment. In particular,
plants need to mine the soil for resources such as water
and nutrients, whose distribution is patchy and changes
dynamically. Plants do so by modulating their root system
architecture and root anatomy in response to environmen-
tal clues to explore different soil horizons, and detect and
exploit water and nutrient-rich patches (for review, see
Morris et al., 2017 and Lynch, 2019). Besides these, plants
have evolved mechanisms to modify soil physicochemical
properties and microbial communities under the influence
of roots (the rhizosphere) to improve their foraging activi-
ties (York et al., 2016). Reciprocally, soil microbes that live
on and/or in the plant root together with the changes in
soil properties caused by the root, trigger important func-
tional adjustments in the plant such as modification of root

development and physiology. This dynamic interplay in
the root—soil-microbiome interactions creates emerging
properties that impact plant nutrition and health.

In this review, we will consider three habitats as integral
parts of the rhizosphere continuum: the rhizospheric soil;
the rhizoplane; and the root endosphere (see York et al.,
2016 for definition of terms); as the apoplastic spaces in
the root cortex (root endosphere) form a continuum of
microbial colonization with the surrounding soil and the
root surface (rhizoplane). Due to the properties of the rhi-
zosphere that are largely influenced by the plant genotype,
this could be regarded as an ‘extended root phenotype’ as
defined by Dawkins (1982), i.e. a manifestation of the
effects of plant genes on their environment inside and/or
outside the organism. This extended root phenotype has a
profound impact on plant fitness and is likely to be under
strong selection (Pérez-Jaramillo et al., 2016; Schmidt
et al., 2016). Hence, a better understanding of the
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principles that govern the formation of the rhizosphere,
critical in the interaction with the soil and the microbiota,
could contribute to the development of more resilient crop
varieties and the optimization of agricultural practices.
However, while root architecture and anatomy traits are
starting to become an integral target of crop breeding pro-
grammes (Wissuwa et al, 2016; Lynch, 2019),
root—soil-microbiome interactions that configure rhizo-
sphere traits are not yet considered. The delay in the use
of these new root—soil-microbiome traits is due to two
major factors: (a) the majority of the root microbiome
research has focused on characterizing only one side of
the interaction, the microbiota structure or the impact of
edaphic factors on plant—microbe interaction, without pay-
ing attention to how plants shape these complex microbial
communities, soil properties, their feedbacks on plant fit-
ness and, ultimately, on agronomy; (b) the methods that
fully capture and measure the impact of roots on
plant—soil—microbiome interactions are not well devel-
oped yet as they mobilize knowledge from multiple disci-
plines (soil biogeochemistry, plant biology, microbial
ecology). This bottleneck limits our ability to define corre-
sponding plant root ideotypes.

Here, we review our current knowledge on how plants
(focusing on annual plants) create an extended phenotype
by changing rhizosphere traits through root—soil-micro-
biome interactions and the benefits it confers to plant fit-
ness. While the rhizosphere is shaped by many other
factors, including the physicochemical properties of the soil
and the environmental changes, in this review we only

Box 1. Summary

o The rhizosphere is a unique biophysical and biogeo-
chemical environment shaped by plant roots in their
interdependent and dynamic interaction with soil
microbial communities.

o Plant genotypes influence root biomechanical inter-
actions with the soil and rhizodeposition and, thus,
the rhizosphere physicochemical properties mediat-
ing root growth and access to soil resources.

o Beneficial root—microbial interactions range from
symbiotic to commensalistic, and are critical not
only for plant nutrition and water acquisition but
also confer plants with an extended immunity.

¢ Rhizosphere microbiota play a role in the pheno-
typic plasticity of their host, and contribute to their
adaptation to new environments or locally disturbed
conditions.

e The genetics controlling extended root phenotype
remain as a huge untapped genetic resource that
needs to be explored in the transition to more sus-
tainable production systems.

Box 2. Open questions

o What is the best strategy to quantify and rank the
relative contribution of each rhizosphere trait to a
specific plant phenotype?

o What are the key evolutionary trade-offs faced by
plants during rhizosphere niche construction that
ultimately drives the variability observed between
genotypes?

e How do rhizosphere viruses and protists influence
the structure and function of the rhizosphere micro-
biome and plant fitness?

o Can plant breeding based on rhizosphere traits (soil
aggregation, acidification, exudation profiles, micro-
biome structure) improve crop productivity and
resistance to biotic and abiotic stressors?

o What are the most efficient solutions to manipulate
the rhizosphere microbiome to improve plant pro-
ductivity and health?

consider the influence of the plant on the rhizosphere for-
mation and dynamic. We also highlight open questions
and future challenges to be addressed (Boxes 1 and 2) in
order to reap the benefits of these extended root pheno-
types.

CREATING AN EXTENDED ROOT PHENOTYPE: HOW
PLANTS SHAPE A BELOW-GROUND NICHE

Root development changes the physical properties of the
surrounding soil

Root growth in a new region of the soil contributes
mechanically to the formation of a rhizosphere (Bengough
et al., 2011; Jin et al., 2013; Kolb et al., 2017). Growing
roots displace soil particles in the vicinity of the root sur-
face as the axial and radial growth pressures exerted at the
root tip overcome the impedance of the surrounding soil.
The recent advances in non-invasive techniques for soil
and plant imaging opened new avenues for the study of
soil—root interactions in natural soils at very fine (micron
scale) resolution. For instance, X-ray computed tomogra-
phy (XRCT) allowed in vivo dynamic visualization and
quantification of soil deformation around a growing root
tip (Keyes et al., 2016). It showed that displacement of soil
particles at the root tip occurs approximately perpendicular
to the root surface. XRCT was also used recently to explore
the interaction among root growth, soil structure and soil
porosity in different plant species (Helliwell et al., 2017,
2019). These studies revealed the formation of a gradient
of soil porosity from the proximity of the root surface, with
high presence of pores, to a dense soil area a few millime-
tres away from the root (Helliwell et al., 2017, 2019). The
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size of the soil densification zone varies according to plant
species and soil structure, but is independent of root thick-
ness.

Likewise, root hairs influence rhizosphere porosity
depending on soil texture. In coarse textured soils with
heterogeneous pore size distribution, root hairs favour for-
mation of large pores in the vicinity of the root surface.
This is particularly evident in dry soils (Koebernick et al.,
2017). Surprisingly, root hair formation has no effect on
finer textured soils with a more homogeneous pore struc-
ture (Koebernick et al., 2019). Therefore, root hairs tend to
influence soil inter-aggregates rather than intra-aggregates
arrangement in the formation of soil pores in the vicinity
of the roots.

These changes in soil density and porosity have a strong
impact on plant water and nutrient accessibility, and on
soil microbial community composition. Indeed, Krav-
chenko et al. (2019) using X-ray micro-tomography com-
bined with micro-scale enzyme mapping have
demonstrated that the soil pore formation driven by the
plant is the main factor modulating carbon storage in soil.
These pores define regions with high microbial activity
related to carbon turnover and sequestration. Hence, root
development modifies soil structure around the root and
thus contributes to the formation of the rhizosphere (Fig-
ure 1).

Rhizodeposition: plants invest carbon to shape the
rhizosphere physicochemical properties

Living roots release a wide range of organic compounds to
the soil (i.e. rhizodeposits) that transform the physico-
chemical properties of the rhizosphere (Hinsinger et al.,

Root cap and
border cells D
PHYSICAL OAs, g, sugarihe -
« Growth affects soil porosity and soil density gradients.
+ Root exudates modify soil water retention and hydraulic conductivity.
CHEMICAL

+ Root mucilage and exudates affect nutrient dynamics

* Rhizodeposition and root uptake changes soil pH, mineral composition, and soil carbon.

+ of soil mi isms i linked activi
+ Rhizospheric microorganisms can benefit plant fitness and adaptation to biotic and abiotic constraints.

Figure 1. Rhizosphere establishment and increased complexity throughout
the plant life cycle.

Key physical, chemical and biological processes and traits confirming the
extended phenotype.
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2009; Sasse et al., 2018; Figure 1). Rhizodeposits include
primary and secondary metabolism products, volatile
organic carbon compounds, cells debris derived from the
root cap (i.e. border cells), and metabolites originating
from senescence of root epidermal cells as well as root
turnover (Nguyen, 2003; Jones et al., 2009; Oburger and
Jones, 2018). Therefore, rhizodeposition leads to a net car-
bon flux from the plant root into the soil estimated at 15%
of the total plant below-ground carbon allocation, which
may range between 17% and 40% of the total photosyn-
thetically fixed carbon (Nguyen, 2003; Badri and Vivanco,
2009; Sasse et al., 2018; Pausch and Kuzyakov, 2018). The
quantity and composition of rhizodeposits vary consider-
ably depending on the diversity of plant communities,
plant species, genotypes, plant age and growing condi-
tions (Hutch et al., 2002; Nguyen, 2003; Chaparro et al.,
2013; Oburger and Jones, 2018). Root tips are the first
plant tissue sensing new soil environments and are major
hotspots for exudation in diverse ways. Primary and sec-
ondary plant-derived metabolites either diffuse or are
actively transported from root cells to soil. Low-molecular-
weight compounds such as sugar, amino and organic
acids flow out from root cells to the rhizosphere driven by
concentration gradients. The absence of an apoplastic bar-
rier (i.e. Casparian strip, suberin or schlerenchyma) in
undifferentiated root tip tissues favours passive diffusion
of hydrophilic compounds through the plasma membrane,
as well as being mediated by specific transporters. Exuda-
tion of high-molecular-weight compounds such as polysac-
charides, proteins, alkaloids and phenolics requires
transmembrane primary active transporters (ATP-depen-
dent transporters) such as ABC transporters or secondary
active transporters (coupled with H+ pumps). Other com-
plex molecules such as mucilage (polymerized sugars) are
actively excreted from root cap cells, forming a gelatinous
layer around the root tip which, together with root cap
morphology, are major drivers defining root—soil mechani-
cal interaction and consequently root tip penetration ability
(Keyes et al., 2017; Oleghe et al., 2017). Root exudation
mechanisms and the key transporters involved have
recently been exhaustively reviewed (Sasse et al., 2018;
Canarini et al., 2019).

Exudates and mucilaginous polymers released by plant
roots (mucilage) and root-associated microorganisms (mu-
cigel) impact the mechanical stability and hydraulic pro-
cesses in the rhizosphere. The intricate interplay between
the physical properties of the secreted mucilage (high vis-
cosity, low surface tension and capacity to adsorb water)
and the porosity and texture of the granular media defines
the spatial configuration and connectivity of the liquid
phase in the rhizosphere (Carminati et al., 2017; Kroener
et al., 2018; Benard et al., 2019a). Water retention capacity
and nutrient diffusion in the soil-root interface is defined
by this complex interaction, and it becomes particularly
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important in dry soils where the mucilage network rein-
force the soil matric potential around the root, helping to
keep the rhizosphere wet and preventing sudden drops in
water flow particularly around the root tip (Carminati,
2013; Carminati et al., 2016). Techniques such as neutron
radiography have been used to monitor the changes in rhi-
zosphere water content at the whole root system level
(Carminati et al., 2010). Furthermore, this technique in
combination with experimental systems using chia seed
mucilage combined with diverse soil mixtures aid to repro-
duce rhizosphere analogues where the dynamics of bio-
physical processes in response to changes in water
content can be assessed at a smaller scale. In this regard,
recent work suggests that the increased water retention
associated with mucilage secretion sustains higher soil
enzymatic activity and the diffusion of the rhizospheric
solutes in dry soils (Zarebanadkouki et al., 2019). Impor-
tantly, the mucilage life-span extends significantly in
response to low water availability, ensuring a source of
carbon that preserves the necessary microbial activity in
the rhizosphere (Ahmed et al., 2018; Benard et al., 2019b).

The exudation of organic acid anions, such as malate,
citrate and oxalate, change the redox state and pH of the
soil. This has strong repercussions, for instance, on the
mobilization of inorganic phosphorus (P) from P-deprived
soils. These organic acids may also act as chelates to
improve aluminium toxicity tolerance in acid soils (Chen
and Liao, 2016). Fluctuation in the amount of rhizodeposi-
tion to the rhizosphere responds to changes in soil proper-
ties. For instance, amino acids exudation is influenced by
the nitrogen concentration in the plant—soil interface and it
is the signal for root N uptake (Kiba and Krapp, 2016;
Canarini et al., 2019). Similarly, rhizosphere acidification is
tightly controlled by Arabidopsis thaliana in response to
phosphate limitation (increased acidification associated to
miR 156 gene; Lei et al., 2016) or lead toxicity (reduced acid-
ification linked to nitrate transporter NTR1.1; Zhu et al.,
2019).

Altogether, rhizodeposition has a profound effect on the
physicochemical properties of the rhizosphere.

The rhizobiome: plant roots influence microbial
communities

Roots influence soil microbial communities leading to a
very specific rhizosphere microbiome characterized in gen-
eral by a larger active microbial community, but exhibiting
reduced diversity compared with bulk soil (Alegria Terrazas
et al., 2016; Lopes et al., 2019). This microbial rhizosphere
assembly is extremely dynamic and is mostly influenced
by rhizodeposits that can act as major carbon sources for
microbes, signalling molecules or antimicrobial agents
(Figure 1). Indeed, different studies have shown the impor-
tant role of some root exudates such as organic acids (Kan-
daswamy et al., 2017), amino acids (Feng et al., 2018) and

sugars (Zhang et al., 2015) as chemo-attractant for benefi-
cial bacteria in different plant models favouring root colo-
nization (Chaparro et al, 2013). In addition, some
secondary metabolites such as coumarins, well-known
iron-mobilizing exudates, shape the rhizosphere micro-
biome in Arabidopsis (Stringlis et al., 2019) through their
antimicrobial effect on fungal pathogens (Stringlis et al.,
2018; Voges et al., 2019). Similar functions have been
inferred for other secondary metabolites like benzoxazi-
noids and canavanine from root exudates of crops like
maize (Cotton et al., 2019) and legumes (Cai et al., 2009),
respectively. Root system architectural traits such as root
type (Kawasaki et al, 2016) and root hairs (Robertson-
Albertynm et al., 2017) have also been found to signifi-
cantly influence the composition of rhizosphere microbial
communities in Brachypodium and barley, respectively.

Microbial colonization along growing roots is shaped by
differential exudation patterns, which change the distribu-
tion of microbial biomass along the root, and the kinemat-
ics of root tip growth through soil profiles (Lugtenberg and
Kamilova, 2009; Compant et al., 2010; Dupuy and Silk,
2016). Chemotaxis towards root-secreted signalling mole-
cules attracts microbes to the proximity of root surfaces,
whilst root elongation rate influences the dynamics of root
surface adhesion and longitudinal transport along elongat-
ing roots. Generally, a larger and varied number of active
bacteria tends to accumulate around the root tip, whereas
fewer microbial taxa are associated with the root elonga-
tion zone (Watt et al., 2006; Massalha et al., 2017). Bacterial
density decreases progressively from the elongation zone
towards the mature root zone. This is likely to reflect the
rapid expansion in root epidermal cell size (up to 30 times
in 6 h as cells transit the elongation zone), which will, in
effect, ‘dilute’ microbial cells resident on the root surface
until they divide and create a continuous biofilm in the
maturation zone. Dispersion of rhizosphere bacteria and
chemotactic movements may also govern the shifts in rhi-
zosphere communities favouring the occurrence of bacte-
rial decomposers (DeAngelis et al., 2009; Dupuy and Silk,
2016; Massalha et al., 2017).

Additionally, plant life cycle imposes a temporal pattern
in exudates secretion that sculpts the dynamics of root-as-
sociated microbiota. For instance, recent studies have
investigated the distinctive root microbiota associated with
early and late stages of plant development in Arabidopsis
(Chaparro et al., 2013), rice (Edwards et al., 2018) and oats
(Zhalnina et al., 2018). In oats, the increased abundance of
sucrose at the seedling stage has been suggested to facili-
tate the establishment of symbiotic interactions with soil
microorganisms, whereas shifts to aromatic compounds
and amino acids during the vegetative phase may reflect
enhanced plant defence responses. Cumulative secretion
of amino acids in Arabidopsis has been suggested to be
crucial for bacterial root colonization (Chaparro et al.,
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2013). These studies suggest the important coordination
between plant developmental stage and changes in root-
associated microbiota to counterbalance plant immunity
and nutrition needs.

Microbial communities in the rhizosphere can in return
induce systemic adjustments in the root exudates (Koren-
blum et al., 2020). Microbes colonizing the root induce pro-
found changes in the shoot and systemic root
metabolomes, and transcriptomes (Korenblum et al.,
2020). Glycosylated azelaic acid was identified as a putative
microbiota-induced signalling compound that is later
exuded as azelaic acid. Local microbial effects on root
would therefore influence the exudation in other distant
parts of the root system conditioning the rhizosphere
(Korenblum et al., 2020).

While many studies indicate a strong interdependence
between plant genotype and rhizosphere microbiome com-
position (Jacoby et al., 2017), very little is known about the
plant genes underlying this process. In the study of Mwa-
fulirwa et al. (2016), closely related barley genotypes from
a biparental cross between an elite and a wild accession
were found to greatly differ in rhizosphere microbial activ-
ity as a consequence of genotypic variation in rhizodeposi-
tion. This study not only provided evidence of plant
genetic control and heritability of the barley root micro-
biome, but also revealed the large potential of untapped
exotic germplasm to contribute to enhanced plant—soil
interactions. In addition, an interesting recent study using
Avena barbata revealed that the fluctuations in chemical
composition of root exudates during plant growth respond
to the substrate metabolite preferences of rhizosphere-as-
sociated microorganisms (Zhalnina et al., 2018). The
authors highlight the significant role of organic acids (and
genes controlling their transport) in the establishment of
the rhizosphere microbiome. Studies comparing current
crops with landraces and its wild relatives highlight the
risks that domestication and breeding programmes have
had on rhizosphere functions and diversity (Mwafulirwa
et al., 2016; Pérez-Jaramillo et al., 2016). Domestication of
crops and intensive agricultural practices have altered the
plant carbon source and sink dynamics to favour above-
ground allocation of photo-assimilates in the form of yield.
This process has impacted the extended root phenotype
by altering plant—soil feedbacks, including plastic
responses to heterogeneous and changing environments
(Milla et al., 2017; Carrillo et al., 2019). For instance, recent
studies on wild and domesticated beans (Pérez-Jaramillo
et al., 2017) and tomato (Carrillo et al., 2019) reveal clear
shifts in rhizosphere bacterial community composition and
assembly between the two genepools. In barley, introduc-
ing genetic variation from wild accession into a modern
cultivar promoted beneficial plant-soil interactions associ-
ated with soil carbon dynamics (Mwafulirwa et al., 2016).
These studies not only demonstrate the genetic basis
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underpinning root microbiome assembly, but also the
potential genetic loss in modern cultivars for beneficial
associations in plant—root microbial communities for par-
ticular habitats.

BENEFITS OF THE EXTENDED ROOT PHENOTYPE

Plants invest carbon and energy in building a below-
ground niche, essentially because it comes with a large
number of benefits for its overall fitness, and it facilitates
the plant’s adaptation to a changing environment (Turner
et al., 2013). The description of the rhizosphere effect on
plant fitness is not new, and it is intuitive to assume that
the specific conditions that the rhizosphere provides (e.g.
higher soil moisture or organic matter content and micro-
bial activities or biomass) are beneficial for plant fitness.
However, the mechanisms operating at finer scales in close
proximity to the root and the strength of the relationships
among the rhizosphere traits and plant fitness remain in
large part unknown. This section describes the current rela-
tions that have been established between the extended root
phenotype and plant health and productivity (Figure 2).

Physicochemical changes linked to the extended root
phenotype impact plant fitness

As described in detail above, plants act as ecosystem engi-
neers that modify the physical and chemical properties of
the soil surrounding their roots. Major advances have been
made in characterizing the effects of plants on soil redox
potential, pH, aggregation, water or nutrient availability
(Hinsinger et al., 2009). However, explicit testing of the
feedback effects of plant-induced changes in soil abiotic
conditions on plant fitness are more limited.

Some studies report that rhizosheath (defined as a
sheath of soil particles that adhere strongly to the root on
excavation; George et al., 2014; York et al., 2016) is a key
trait for plant fitness under water and nutrient-stressed con-
ditions by improving phosphate and water uptake (George
et al., 2014; Liu et al., 2019). Recently, Rabbi et al. (2018)
found that a drought-tolerant chickpea variety had a greater
rhizosphere moisture storage linked to larger rhizosheaths
resulting from greater mucilage exudation. Also, rhi-
zosheath formation was related with increased water stress
levels in foxtail millet and enhanced exploration of deeper
soil horizons to access water (Liu et al., 2019). Similarly, lar-
ger rhizosheath formation was found to correlate with
greater shoot biomass in wheat and suggested to respond
to an improved water uptake regardless of the nutrient
stress imposed in the experiment (James et al., 2016). Soil
aggregation in the rhizosphere is highly variable between
plant genotypes (Ndour et al., 2017), and represents a rhi-
zosphere emerging property crucial for plant water and
nutrient uptake on which crop varieties could be selected.

Additionally, the modification of soil pH in the rhizo-
sphere induced by root exudation and (micro)-organisms’
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Benefits provided by the extended root phenotype

Phenotypic plasticity

Nutrient acquisition

Tolerance to abiotic stressors

Figure 2. The main benefits provided by the
extended root phenotype to the host plant.
Changes induced by the plant in the rhizosphere
cause major modifications of soil abiotic conditions
and microbial communities. The reshaping of the
soil environment surrounding the roots have posi-
tive feedbacks on nutrient and water acquisition by
the plant, on the plant resistance to abiotic and bio-
tic stressors, and also it modifies plant phenology.
*Nodulation is observed only in a limited number
of plant species (Fabaceae, Fagales, Rosales, Cur-
bitales).

Extended immunity against
biotic stressors

aggregation
Nodules %
N-fixers
Biotic drivers Abiotic drivers
Microbiome Rhizosphere

(bacteria, archaea,

fungi, protists) @ s

competition/ antagonism with

*‘K
phytopathogens or parasites Yo, Increased

respiration (1-2 pH units above or below the bulk soil)
influences soil nutrient availability (Neumann and
Rombheld, 2012). Rhizosphere acidification potential differs
between species and genotypes, and thus represents a cur-
rently neglected trait to consider in the context of crop
breeding or crop rotation and intercropping to improve
nutrient acquisition or pollution resistance.

Similarly, the role of genes controlling the expression of
transport channels involved in the efflux of root exudates
should be considered as significant targets for sustainable
breeding programmes. In recent field evaluations, alleles
conferring Al-tolerance were found concomitantly associ-
ated with a yield QTL displaying an additive effect on grain
yield in acid soils. The absence of yield penalties in non-
stress conditions highlights the breeding value of the locus
for improving sorghum grain yield on acid soils (Carvalho
etal., 2016). The rhizosphere is a unique biophysical and bio-
geochemical environment shaped by plant evolution to max-
imize plant fitness, and more attention should be given to
rhizosphere abiotic traits (e.g. acidification, aggregation, rhi-
zosheath mass) to improve crop selection and production.

Role of the rhizosphere microbiome for plant nutrition and
water uptake

Endosymbioses. Plants have evolved mechanisms to
interact and support the growth of large numbers of

* acidification

« ion mobilization

beneficial microbial taxa that live in the proximity of the
root or inside the root tissues. The nature of the beneficial
root—microbial interactions ranges from symbiotic to com-
mensalistic, and they are critical for plant nutrition. Two of
these interactions have been thoroughly mechanistically
explored: plant association with symbiotic mycorrhizal
fungi (e.g. arbuscular mycorrhiza, ectomycorrhiza) and
with nodule forming nitrogen-fixing bacteria (e.g. Rhizo-
bium, Frankia).

Mycorrhizal fungi form symbiotic associations with
almost all land plants, with current estimates of 50 000 fun-
gal species forming associations with 250 000 plant spe-
cies (van der Heijden et al., 2015), with the most common
association being established with arbuscular mycorrhizal
fungi (AMF; phylum Glomeromycota, 74% of all land
plants; Smith and Read, 2008). AMF symbiosis plays a key
role in plant P nutrition through a more efficient solubiliza-
tion and uptake of orthophosphate (i.e. only form available
to plants) by the extended fungal network that can con-
tribute up to 90% of plant P uptake (Ferrol et al., 2019). This
symbiotic interaction is especially relevant in ecosystems
with low soil nutrient availability. Although the abundance
of AMF is often reduced in heavily managed agroecosys-
tems due to fertilization and soil perturbation, most of the
crops can form symbiotic associations with AMF (e.g. cere-
als, legumes, potato, tomato) with a significant impact on
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crop productivity. Experiments using a set of maize
mutants able to establish a beneficial relationship with
AMF but deprived of the mycorrhiza-specific orthophos-
phate transporter presented large decreases in above-
ground biomass and reduced grains production when
grown in agroecosystems with low phosphorus availability
(Willmann et al., 2013). AMF influences plant nitrogen
nutrition at a lower extent than phosphorus, and it is
highly context dependent (van der Heijden et al., 2015).
Plants associated with AMF present a higher water uptake
and more effective scavenging for water in soil microp-
ores. The AMF network also promotes a higher moisture
retention and aggregation in soils (Augé, 2001, 2004), that
sometimes are combined to a higher plant water-use effi-
ciency (Birhane et al., 2012). Indeed, AMF influence maize
plant aquaporins activity resulting in higher water trans-
port under water deficit that led to an improved photosyn-
thetic capacity in the shoots (Quiroga et al., 2019). Overall,
these combined nutritional and non-nutritional effects of
AMF generate increases in plant yield and seed protein
mass in greenhouse and field conditions that has justified
the use of AMF inocula in agriculture for decades (Berruti
et al., 2016).

Legume plants (family Fabaceae) and the so-called acti-
norhizal plants (orders Fagales, Rosales, Curbitales) rely on
their associations with nitrogen-fixing microorganisms
(e.g. Rhizobium, Bradyrhizobium, Frankia) for nitrogen
nutrition. The associations between plants and nitrogen-
fixer microbes are characterized by the formation of spe-
cialized root organs called nodules colonized by the nitro-
gen-fixing microbes where the atmospheric nitrogen is
converted into a reduced nitrogen form and becomes avail-
able for the host plant (Masson-Boivin and Sachs, 2018). In
this symbiosis, the plant provides the nitrogen-fixer bac-
teroids with dicarboxylates (e.g. L-malate, succinate, fuma-
rate), used as energy and carbon sources by the
microorganism and, in return, bacteroids provide ammo-
nium to the plant (Poole et al., 2018). Across many plant
hosts and Rhizobium symbionts, a clear fitness alignment
exists between the two members of the symbiotic relation-
ship with robust positive correlations between plant
above-ground biomass and the number of nodules or nod-
ules biomass (Friesen, 2012).

Additionally, as these symbiotic species always evolve
in complex microbial communities with which they
strongly interact, sometimes the establishment of a func-
tional symbiosis may require the presence of other sym-
bionts or microbial helpers present in the rhizosphere
(Frey-Klett et al., 2007). For instance, it has been reported
in soybean that AMF inoculation improved both nodulation
and nitrogen fixation, especially because nodulation
requires high phosphorus demand that can be addressed
by an established symbiosis with AMF (Meena et al., 2018).
Also, nitrogen-fixing symbioses for legume trees from the
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Piptadenia genus in Brazil are efficient only in the presence
of an AMF (Bournaud et al., 2018). Hence, the plant can
form multiple symbiosis with diverse microorganisms that
can provide more than half of the plant nutrient demands
and synergistically stimulate its fitness (van der Heijden
et al., 2016). Still, the AMF and nitrogen-fixer symbiosis are
extreme examples of strong associations between the
plant and its rhizospheric microbes, and they represent
only a very small fraction of the rhizosphere microbiome
abundance and diversity.

Beneficial activities of rhizosphere functional groups. Out
of the myriad of microbes that live in the rhizosphere, only
a small proportion can establish symbiotic interactions
with the plant, mainly due to the tight control plants exert
on the colonization of the endosphere. Non-symbiotic
microorganisms can form less strict mutualistic or com-
mensalistic relationships with the plant that still provide
clear benefits for the plant nutrition. For instance, sapro-
phytic microorganisms facilitate plant nutrient uptake by
mineralizing soil organic matter and solubilizing non-
bioavailable soil nutrients. The most studied nutritional
functions performed by rhizosphere microbiomes are
phosphate solubilization, organic phosphorus mineraliza-
tion and siderophore production (Vacheron et al., 2013).
Many bacteria (e.g. Pseudomonas, Bacillus) and fungi (e.g.
Penicillium, Aspergillus) are able to solubilize soil mineral
phosphate through excretion of organic acids (e.g. oxalic
acids, citric acids) causing a local acidification or the chela-
tion of the cations to which phosphate is bound (Richard-
son et al, 2009). Additionally, a large diversity of
microorganisms (e.g. Proteobacteria, AMF, ectomycor-
rhizal fungi), through extracellular phosphatase activities,
can mineralize soil organic phosphorus and make it avail-
able for the plant (Spohn et al., 2015; Menezes-Blackburn
et al., 2018). Rhizospheric microorganisms also contribute
to plant iron uptake through the production of sidero-
phores, small organic molecules that chelate the ferric
form of iron, normally not bioavailable, and make it
absorbable by the plants (Saha et al., 2013). Other micro-
bial mechanisms modulate plant nutrition indirectly by the
microbial production of phytohormones and other signals
that stimulate lateral root branching and root hair growth,
maximizing the soil exploratory capacity of the plant
(Vacheron et al., 2013).

The microorganisms harbouring these beneficial func-
tions are known as plant growth-promoting (PGP)
microbes, and some culturable species are used as biofer-
tilizers (e.g. Pseudomonas fluorescens, Azospirillum brasi-
lense). Microorganisms harbouring the same PGP
functions (e.g. phosphate solubilization, siderophore pro-
duction) can be categorized as functional groups that can
be studied together, and not as single strains using
sequencing and quantitative polymerase chain reaction
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(gPCR) on functional genes or high-throughput cultivable
approaches (Vacheron et al., 2013). These PGP functional
groups can be seen as biotic traits of the extended root
phenotype that when better characterized (e.g. size, com-
position, structure, activity of the group) could help us
understand the importance of these functions under vari-
able environmental conditions (e.g. low nutrient availabil-
ity, soil or climatic disturbance, plant life stage). These
approaches have been well developed to characterize the
nitrogen-fixer functional group in the rhizosphere using
the nifH gene (Tan et al., 2003; Coelho et al., 2009; Bouf-
faud et al., 2016), but it needs to be developed for other
important microbial functions performed by rhizospheric
microorganisms.

Currently, this field of research is transitioning from
studying a single PGP strain inoculated alone on the plant,
in axenic conditions or on the field, to testing the effects of
an assemblage of PGP strains (Finkel et al., 2017; Vorholt
et al., 2017). The goal is to determine if complex inocula
with diverse or redundant functions provide more efficient
plant growth promotion and improve our understanding of
the collective effects of the hundreds of PGP microorgan-
isms that live and interact naturally in the rhizosphere.
Some studies that inoculated a consortium of PGP strains
reported higher increases in crop biomass and vyield as
compared with a single strain inoculum, suggesting addi-
tive or synergistic effects associated to microbial interac-
tions and niche complementarity (Nain et al., 2010; Lally
et al., 2017). However, in other studies strain consortia per-
formed similarly or worse than single strains (Lampis
et al., 2015), or even caused bacterial community collapse
and a loss of plant protection (Becker et al., 2012). These
findings highlight the necessity to develop a better under-
standing of microbe—microbe interactions in complex
communities to design efficient microbial-based solutions
for agriculture.

Microbiome level. Qverall at the rhizosphere microbiome
level, rhizodeposition stimulates the growth of hundreds
of heterotrophic microbial species. These microbes do not
necessarily harbour PGP traits, but contribute in making
the rhizosphere a nutrient hotspot for the plant through
the degradation of soil organic matter (e.g. litter degrada-
tion). The definition and interpretation of the overall
impact these microbes have on plant nutrient acquisition
and use is challenging. It requires the development of
synthetic plant microbiomes that through the assemblage
of multiple microbial strains simulate realistic rhizosphere
microbial communities. Reductionist approaches based
on synthetic plant microbiomes offer incredible opportuni-
ties to establish causality between microbiome character-
istics (e.g. structure, composition, functions) and plant
phenotypes under variable biotic and abiotic conditions
(Vorholt et al., 2017). Synthetic ecology approaches have

already been successfully used on the model plant
A. thaliana where the reproducibility and flexibility of
these systems have been demonstrated under in vitro
plant growth conditions (Bodenhausen et al., 2014; Finkel
et al., 2019).

Pioneering work on rice synthetic microbiomes reveals
bacterial consortia enriched in the indica genotypes con-
tribute to higher nitrogen use efficiency than in japonica
genotypes, and also result in higher growth rates (Zhang
et al., 2019). In A. thaliana, the colonization of a synthetic
bacterial community under in vitro conditions led to a 20-
to 40-fold increase in orthophosphate concentration in
shoots of phosphate-starved plants after 3 days of supple-
mentation with phosphate (Castrillo et al., 2017). Subse-
quent work showed that bacterial synthetic communities
modulate plant phenotypes, like orthophosphate content,
root elongation and shoot surface area in a predictable
way (Herrera-Paredes et al., 2018).

Beneficial effects of plant microbiota are highly context
dependent where abiotic conditions or plant genotypes
may cause them to become neutral or negative for plant
fitness. Using a 185-member bacterial synthetic commu-
nity representative of the A. thaliana rhizosphere, Finkel
et al. (2019) observed contrasted effects of the synthetic
community on rosette size and orthophosphate accumula-
tion in shoots, depending on orthophosphate concentra-
tion in the medium and the presence of specific taxonomic
groups (e.g. Burkholderia). When the plant was phosphate-
stressed, Burkholderia strains exacerbated plant phosphate
starvation (Finkel et al., 2019). These findings demonstrate
that many rhizospheric microorganisms can either have
beneficial or detrimental effects on plant fitness depending
on the dynamic of multiple biotic and abiotic parameters
that remain to be uncovered (Haney et al., 2015; Hacquard
et al., 2017).

Role of the rhizosphere microbiome for abiotic and biotic
stress tolerance

Plants face multiple abiotic and biotic stressors during
their lifetime, and they use a large repertoire of mecha-
nisms to mitigate the effects on their fitness. Emerging evi-
dence suggests that rhizospheric microbiota can enhance
plant tolerance to drought, salt stress, pollutants, pathogen
outbreak, herbivory or competition with other plants. In
this section, we will detail how root-associated microbes
and their functions provide a diverse arsenal to help the
plant survive under stressful conditions and act as an
extended immunity.

Tolerance to abiotic stressors (drought, salinity, pollution,
etc.). A large number of studies on stress tolerance medi-
ated by the rhizosphere microbiome focused on drought
stress that is one of the most destructive abiotic stressors
for plants in both natural and agricultural ecosystems. PGP
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microbes are known to play a role in drought stress allevia-
tion for various crops through the production of
exopolysaccharides, different phytohormones, 1-aminocy-
clopropane-1-carboxylate (ACC) deaminase or volatile
compounds (for review, see Naylor and Coleman-Derr,
2018). At the microbiome level, it was found that an
increase in endospheric Actinobacteria and especially of
the Streptomycetaceae family was associated to higher
drought tolerance across 30 phylogenetically diverse host
plant species in a common garden experiment (Fitzpatrick
et al., 2018).

Hence, the presence of specific PGP microbes or families
can lead to higher drought tolerance, but these beneficial
effects are dependent on different historical factors, like
previous exposure to drought or the host plant. Lau and
Lennon (2012) demonstrated that adaptive plant responses
to drought were mainly driven by the responses of soil
microbiomes, and highlighted that microbial communities
pre-adapted to drought maintained a higher fitness for
Brassica rapa in a mesocosm experiment. This is consis-
tent with the finding that soil microbiomes from more con-
stant environments are more sensitive to change and have
a poorer functional acclimatization compared with micro-
biomes from more fluctuating environments (Hawkes and
Keitt, 2015). Additionally, Zolla et al. (2013) demonstrated
that microbiomes historically exposed to the host plant
(i.e. sympatric communities) provided higher drought tol-
erance than microbiomes previously exposed to other
plant species. The presence of these sympatric micro-
biomes reduced the expression of drought response mar-
ker genes in the host plant and plant biomass was
significantly increased compared with non-sympatric
microbiome conditions. These results highlight that plants
benefit from their associated microbiomes to resist
drought stress, especially when the microbial communities
have been pre-exposed to this stressor and the host plant
in previous seasons. These findings encourage more
research to determine the adaptive potential of plants and
their microbiomes to rapid changing climates but also in
agriculture in the context of transition to new cropping sys-
tems or rotations.

Another abiotic stress that plants face frequently is soil
salinity, especially in arid or coastal areas, that leads to
large decreases in plant growth and yield. Some halotoler-
ant PGP microbes, like Halomonas strains, have been
shown to promote plant growth under salt stress (Mapelli
et al., 2013), and this higher salt tolerance was often linked
to the bacterial production of ACC deaminase or volatile
organic compounds that help the plant determine its
sodium homeostasis (Yang et al, 2009; Siddikee et al.,
2010). Additionally, anthropogenic activities are causing a
large release of organic and metallic pollutants in the
atmosphere and in soils that can cause oxidative stress in
plants and decrease their fitness. Many rhizospheric
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microorganisms are able to accumulate or detoxify heavy
metals, and are playing a crucial role for the management
of heavy metal stress in plants (Mishra et al., 2017). In par-
ticular, mycorrhizal fungi through their hyphal networks
and the secretion of organic acids (e.g. oxalic acid, citric
acid, gluconic acid, acetic acid) can solubilize, chelate and
absorb heavy metals in soil, and reduce their bioavailabil-
ity for plants (Gube, 2016).

In conclusion, rhizosphere microorganisms are able to
enhance plant tolerance to a wide array of abiotic stres-
sors, and to illustrate this phenomenon the umbrella con-
cept of induced systemic tolerance (IST) was proposed to
describe all physical and chemical changes induced in
plants by microorganisms that result in higher abiotic
stress tolerance (Yang et al., 2009).

Rhizosphere microbiomes provide an extended immunity
against biotic stressors. The commensal and mutualistic
microorganisms of the rhizosphere also provide an
extended immunity to the plant when exposed to biotic
stressors, like pathogens, parasites or herbivores. In partic-
ular, many studies are available on the role of plant micro-
biota in mediating disease resistance (Vannier et al., 2019).
For instance, it was demonstrated that the resistance of a
tomato variety to the soil-borne pathogen Ralstonia sola-
nacearum was driven by a native bacterial strain affiliated
to the genus Flavobacterium (Kwak et al., 2018). Interest-
ingly, for the same pathogen it was also demonstrated that
the pathogen success was influenced by the microbial net-
work structure, particularly when communities presented a
higher stability and niche overlap with the pathogen (Wei
et al., 2015). These two examples highlight that micro-
biota-mediated disease resistance operate at multiple
levels in the microbiome, from single strains to emerging
properties at the community level. This can be explained
by the fact that microbiomes provide an extended immu-
nity to their hosts through multiple mechanisms. Microor-
ganisms can stimulate the plant innate immunity through
a mechanism called induced systemic resistance (ISR) or
priming, which is dependent of jasmonic acid and ethylene
signalling (Pieterse et al., 2014). Recent studies show that
plants modify their exudation pattern when exposed to
pathogens as a ‘call for help’ that enables the recruitment
of beneficial ISR-inducing bacteria (Berendsen et al., 2018;
Yuan et al., 2018). Second, the plant microbiota can
decrease pathogen success through direct microbial com-
petition that complements plant innate immunity (Vannier
et al., 2019). Native microorganisms can decrease patho-
gen invasion and fitness through resource and space com-
petition, the production of antimicrobial compounds or
hyperparasitism. Several studies show that the entire
microbial community or the presence of a microbial
consortium can act collectively as a barrier to pathogen
invasion or emergence that are at the origin of disease-
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suppressive soils (Yin et al., 2013; Santhanam et al., 2015;
Hacquard et al., 2017). Hence, some studies encourage to
apply well-established ecological theory to plant micro-
biome research on the relationships between biodiversity
and ecosystem functioning that suggest that resistance to
pathogen invasion increases with species diversity (i.e.
diversity-resistance relationship; Mallon et al., 2015, 2018;
Hu et al., 2016). For instance, Hu et al. (2016) showed in
simplified conditions that pathogen density and disease
incidence decreased with increasing Pseudomonas diver-
sity due to an intensification of resource competition and
interference with the pathogen. Additionally, pioneer work
considering multi-kingdom microbial consortia shows that
A. thaliana survival in agar-based growth medium
depends on the presence of a community of bacteria with
redundant biocontrol traits to protect against fungi and
oomycetes that are not kept at bay by the plant immune
system alone (Duran et al., 2018). Thus, plant microbiota
plays a crucial role for plant fitness during pathogen inva-
sion and emergence through competitive exclusion that
constitutes the first barrier for pathogens to circumvent
and then through a modulation of plant immunity.

Similar findings on the role of plant-associated microor-
ganisms for the suppression of above-ground insect pests
through direct (e.g. pathogenicity against herbivores) and
indirect mechanisms (e.g. microbial ISR against insects,
modification of the leaf metabolome) are currently emerg-
ing (Pineda et al., 2017). For instance, the root-endophytic
fungus Trichoderma atroviride can induce resistance in
maize against the herbivore insect Spodoptera frugiperda
through an activation of plant defence responses and the
production of volatile terpenes that reduce foliar consump-
tion (Contreras-Cornejo et al., 2018). At the microbiome
level, a study that performed inoculations of contrasted
soil microbiomes on the roots of A. thaliana showed that
most microbiomes induced inhibition of Trichoplusia ni
larvae herbivory compared with non-inoculated plants,
which was likely associated with changes in the leaf meta-
bolome (Badri et al., 2013). Altogether, these findings show
that plants can survive to diverse biotic stressors with the
help of their associated microbiomes harbouring a large
repertoire of protective mechanisms that offers promising
research perspectives to improve plant protection.

Rhizosphere microbiomes influence plant phenology. The
association of plants with microorganisms starts as soon
as seed formation and germination. The composition of
the seed microbiome can impact seed viability, and this
has been particularly well studied in the context of nega-
tive impacts of seed pathogens on germination and emer-
gence. In contrast, limited work has been conducted to
investigate the beneficial role of seed microbiota on germi-
nation rates and seedling growth, despite potential impor-
tant implications for agricultural production (Truyens et al.,

2015; Shade et al., 2017; Lamichhane et al., 2018). For
instance, quinoa seeds harbour consistently Bacillus endo-
phytes that have high catalase activities and superoxide
contents that help the host during cell expansion and
induce a priming of the immune system. This association
with Bacillus strains helps to explain in part the incredible
capacities of quinoa seeds to germinate in minutes under
hostile conditions, to regenerate when broken or even
resuscitate (Pitzschke, 2016). Yet, despite these promising
findings, to date no experimental evidence using seed
microbiome manipulations (e.g. synthetic communities)
has been performed to assess the influence of seed micro-
biota on seed germination rates or seedling emergence
(Lamichhane et al., 2018). Hence, exciting research per-
spectives exist to determine the influence of seed micro-
biota on plant phenology during these critical stages of the
plant’s life cycle that can have profound impacts on plant
health and productivity.

The impact of rhizospheric microbes on plant flowering
has been more extensively studied on various plant spe-
cies and environmental conditions (e.g. soil types, drought,
plant competition). Using natural soil microbial communi-
ties or manipulated communities inoculated into different
sterile soils, several studies demonstrated that soil micro-
biota can alter flowering time of A. thaliana or Boechera
stricta by 1-5 days (Lau and Lennon, 2012; Wagner et al.,
2014; Lu et al., 2018; Fitzpatrick et al., 2019). In addition,
Panke-Buisse et al. (2015) provided an elegant demonstra-
tion using a multi-generation experiment with A. thaliana
that specific soil microbiomes can induce earlier or later
flowering times. The inoculation of these microbiomes to
the soil of different A. thaliana genotypes or B. rapa led to
similar changes in flowering time, indicating that micro-
biome effects on plant fitness can be reproducible across
plant hosts. These results demonstrate that microbiomes
at different stages of the plant life play a role in the pheno-
typic plasticity of their host, and thus contribute to their
rapid adaptation to new colonized environments or local
disturbed conditions.

CONCLUSION/PERSPECTIVES/FUTURE DIRECTIONS

Plant roots are constantly interacting with the soil they
grow in and the complex biodiversity it harbours. Plants
have therefore evolved mechanisms to shape this environ-
ment to increase their foraging capacity and control bioa-
gressors. This extended root phenotype provides the
plants with new functions or redundant functions (additive
effects), and can have priming effects.

Much more research is needed to characterize the
genetic control of the extended root phenotype such as
soil acidification or soil aggregation that represent emerg-
ing properties resulting from the complex abiotic and bio-
tic transformations operating in the rhizosphere impacting
plant fitness under different environmental conditions.
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This requires researchers to bridge soil sciences, plant
sciences and microbial ecology to fully understand the rhi-
zosphere, a complex and dynamic environment. For
instance, the majority of the rhizosphere microbiome, and
its contribution to the extended root phenotype of the host,
is not well defined. Important components of the rhizo-
sphere biodiversity (e.g. protists, viruses) are also currently
largely overlooked while they could have large contribu-
tions to microbiome structure and function (Henkes et al.,
2018; Kuppardt et al., 2018; Pratama and van Elsas, 2018;
Gao et al., 2019; Roossinck, 2019).

Importantly, the microbiome is strongly influenced by
the plant genome, and may be considered as an extension
to form a second genome or collectively to form a pan-gen-
ome (Turner et al., 2013). We need to better characterize the
extra functions provided by the rhizosphere and under
which conditions they are expressed to improve plant fit-
ness. Currently, very few studies have uncovered the links
between rhizosphere traits and plant fitness, yield, stress
tolerance or disease resistance, and this constitutes a major
knowledge gap in our understanding of plant biology and
ecology. Future research should address these gaps and
aim at quantifying the cumulative effects of this extended
root phenotype on plant fitness to determine the most cru-
cial functions to select for. Altogether, the consideration of
the rhizosphere as an extended root phenotype could lead
to a completely new paradigm in sustainable agriculture.

DATA STATEMENT

All relevant data can be found within the manuscript and
its supporting materials.

ACKNOWLEDGEMENTS

The authors acknowledge support from the Institut de Recherche
pour le Développement, the University of Nottingham and the
Future Food Beacon of Excellence (Research Fellowship to GC),
the Biological and Biotechnological Research Council (BBSRC
Grant Divining Roots BB/T001437/1 to MJB), the French Agence
Nationale de la Recherche (ANR Grant RootAdapt no. ANR17-
CE20-0022-01 to LL), the Sustainable Intensification Innovation
Lab Project (SlIL/Feed the Future) through the United States
Agency for International Development (USAID, grant 929773554),
the CGIAR Research Programme on Grain Legumes and Dryland
Cereals (GLDC) and Rice (RICE), and the NewPearl and MIC-CERES
grants in the frame of the CERES initiative by the Agropolis Fon-
dation (No AF 1301-015 to LL and No AF 1301-003 to LM, respec-
tively, as part of the ‘Investissement d'avenir’ ANR-10-LABX-0001-
0l) under the frame of I-SITE MUSE (ANR-16-IDEX-0006), and by
the Fondazione Cariplo (No FC 2013-0891 and FC 2013-1888).

AUTHORS’ CONTRIBUTIONS

CdFC, MS, LM, MJB, GC and LL designed the original
review outline. CdFC and MS made the figures. All authors
contributed to the text and corrected the different versions
of the manuscript.

Plant soil microbiome interactions 961

CONFLICT OF INTEREST
The authors declare no conflicts of interest.

REFERENCES

Ahmed, M.A., Sanaullah, M., Blagodatskaya, E., Mason-Jones, K., Jawad,
H., Kuzyakov, Y. and Dippold, M.A. (2018) Soil microorganisms exhibit
enzymatic and priming response to root mucilage under drought. Soil
Biol. Biochem. 116, 410-418.

Alegria Terrazas, R., Giles, C., Paterson, E., Robertson-Albertyn, S., Cesco,
S., Mimmo, T., Pii, Y. and Bulgarelli, D. (2016) Chapter one: plant-micro-
biota interactions as a driver of the mineral turnover in the rhizosphere.
In: Advances in applied microbiology (Sariaslani, S. and Gadd, G.M.,
eds). Cambridge, Massachusetts, USA: Academic Press, pp. 1-67.

Augé, R.M. (2001) Water relations, drought and vesicular-arbuscular mycor-
rhizal symbiosis. Mycorrhiza, 11, 3-42.

Augé, R.M. (2004) Arbuscular mycorrhizae and soil/plant water relations.
Can. J. Soil Sci. 84, 373-381.

Badri, D.V. and Vivanco, J.M. (2009) Regulation and function of root exu-
dates. Plant Cell Environ. 32, 666-681.

Badri, D.V., Zolla, G., Bakker, M.G., Manter, D.K. and Vivanco, J.M. (2013)
Potential impact of soil microbiomes on the leaf metabolome and on
herbivore feeding behavior. New Phytol. 198, 264-273.

Becker, J., Eisenhauer, N., Scheu, S. and Jousset, A. (2012) Increasing
antagonistic interactions cause bacterial communities to collapse at high
diversity. Ecol. Lett. 15, 468-474.

Benard, P., Zarebanadkouki, M. and Carminati, A. (2019a) Game changer in
soil science physics and hydraulics of the rhizosphere network. J Plant
Nutr Soil Sci. 182, 5-8.

Benard, P., Zarebanadkouki, M., Brax, M., Kaltenbach, R., Jerjen, I., Marone,
F., Couradeau, E., Felde, JM.N.L.V., Kaestner, A. and Carminati, A.
(2019b) Microhydrological niches in soils: How mucilage and EPS alter
the biophysical properties of the rhizosphere and other biological hot-
spots. Vadose Zone J. 18, 180 211.

Bengough, A.G., Mckenzie, B.M., Hallett, P.D. and Valentine, T.A. (2011)
Root elongation, water stress, and mechanical impedance : a review of
limiting stresses and beneficial root tip traits. J Exp Bot. 62, 59-68.

Berendsen, R.L., Vismans, G., Yu, K., Song, Y., De Jonge, R., Burgman,
W.P., Burmglle, M., Herschend, J., Bakker, P.A.H.M. and Pieterse, C.M.J.
(2018) Disease-induced assemblage of a plant-beneficial bacterial consor-
tium. ISME J. 12, 1496-1507.

Berruti, A., Lumini, E., Balestrini, R. and Bianciotto, V. (2016) Arbuscular
mycorrhizal fungi as natural biofertilizers: let's benefit from past suc-
cesses. Front. Microbiol. 6, 1559.

Birhane, E., Sterck, F.J., Fetene, M., Bongers, F. and Kuyper, T.W. (2012)
Arbuscular mycorrhizal fungi enhance photosynthesis, water use effi-
ciency, and growth of frankincense seedlings under pulsed water avail-
ability conditions. Oecologia, 169, 895-904.

Bodenhausen, N., Bortfeld-Miller, M., Ackermann, M. and Vorholt, J.A.
(2014) A synthetic community approach reveals plant genotypes affect-
ing the phyllosphere microbiota. PLoS Genet. 10, e1004283.

Bouffaud, M.L., Renoud, S., Moénne-Loccoz, Y. and Muller, D. (2016) Is
plant evolutionary history impacting recruitment of diazotrophs and nifH
expression in the rhizosphere? Sci. Rep. 6, 21 690.

Bournaud, C., James, E.K., de Faria, S.M., Lebrun, M., Melkonian, R., Dupon-
nois, R., Tisseyre, P., Moulin, L. and Prin, Y. (2018) Interdependency of effi-
cient nodulation and arbuscular mycorrhization in Piptadenia
gonoacantha, a Brazilian legume tree. Plant Cell Environ. 41, 2008-2020.

Cai, T., Cai, W., Zhang, J., Zheng, H., Tsou, A.M., Xiao, L., Zhong, Z. and
Zhu, J. (2009) Host legume-exuded antimetabolites optimize the symbi-
otic rhizosphere. Mol Microbiol. 73, 507-517.

Canarini, A., Kaiser, C., Merchant, A., Richter, A. and Wanek, W. (2019) Root
exudation of primary metabolites: mechanisms and their roles in plant
responses to environmental stimuli. Front Plant Sci. 10, 157.

Carminati, A., Moradi, A.B., Vetterlein, D., Vontobel, P., Lehmann, E.,
Weller, U., Vogel, H.J. and Oswald, S.E. (2010) Dynamics of soil water
content in the rhizosphere. Plant Soil, 332, 163-176.

Carminati, A. (2013) Rhizosphere wettability decreases with root age: a
problem or a strategy to increase water uptake of young roots? Front
Plant Sci. 4, 1-9.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2020), 103, 951-964



962 Carla de la Fuente Canto et al.

Carminati, A., Zarebanadkouki, M., Kroener, E., Ahmed, M.A. and Holz, M.
(2016) Biophysical rhizosphere processes affecting root water uptake.
Ann. Bot. 118, 561-571.

Carminati, A., Benard, P., Ahmed, M.A. and Zarebanadkouki, M. (2017) Lig-
uid bridges at the root-soil interface. Plant Soil, 417, 1-15.

Carrillo, J., Ingwell, L.L., Li, X. and Kaplan, I. (2019) Domesticated tomatoes
are more vulnerable to negative plant-soil feedbacks than their wild rela-
tives. J. Ecol. 107, 1753-1766.

Carvalho, G., Schaffert, R.E., Malosetti, M. et al. (2016) Back to acid soil
fields: the citrate transporter SbMATE is a major asset for sustainable
grain yield for sorghum cultivated on acid soils. G3: Genes - Genomes -
Genetics, 6, 475-484.

Castrillo, G., Teixeira, P.J.P.L., Herrera-Paredes, S. et al. (2017) Root micro-
biota drive direct integration of phosphate stress and immunity. Nature,
543, 513-518.

Chaparro, J.M., Badri, D.V., Bakker, M.G., Sugiyama, A., Manter, D.K. and
Vivanco, J.M. (2013) Root exudation of phytochemicals in Arabidopsis
follows specific patterns that are developmentally programmed and cor-
relate with soil microbial functions. PLoS ONE, 8, €55731.

Chen, Z.C. and Liao, H. (2016) Organic acid anions: an effective defensive
weapon for plants against aluminum toxicity and phosphorus deficiency
in acidic soils. J. Genet. Genom. 43, 631-638.

Coelho, M.R.R., Marriel, L.E., Jenkins, S.N., Lanyon, C.V., Seldin, L. and
O’Donnell, A.G. (2009) Molecular detection and quantification of nifH
gene sequences in the rhizosphere of sorghum (Sorghum bicolor) sown
with two levels of nitrogen fertilizer. Appl. Soil Ecol. 42, 48-53.

Compant, S., Clément, C. and Sessitsch, A. (2010) Plant growth-promoting
bacteria in the rhizo- and endosphere of plants: their role, colonization,
mechanisms involved and prospects for utilization. Soil Biol. Biochem.
42, 669-678.

Contreras-Cornejo, H.A., Macias-Rodriguez, L., del Val, E. and Larsen, J.
(2018) The root endophytic fungus Trichoderma atroviride induces foliar
herbivory resistance in maize plants. Appl. Soil Ecol. 124, 45-53.

Cotton, T.E.A., Pétriacq, P., Cameron, D.D., Meselmani, M.A., Schwarzen-
bacher, R., Rolfe, S.A. and Ton, J. (2019) Metabolic regulation of the
maize rhizobiome by benzoxazinoids. ISME J. 13, 1647-1658.

Dawkins, R. (1982) The extended phenotype: the gene as the unit of selec-
tion. Oxford, UK: Freeman.

DeAngelis, K.M., Brodie, E.L., DeSantis, T.Z., Andersen, G.L., Lindow, S.E.
and Firestone, M.K. (2009) Selective progressive response of soil micro-
bial community to wild oat roots. ISME J. 3, 168-178.

Dupuy, L.X. and Silk, W.K. (2016) Mechanisms of early microbial establish-
ment on growing root surfaces. Vadose Zone J. 15, 1-13.

Duran, P., Thiergart, T., Garrido-Oter, R., Agler, M., Kemen, E., Schulze-
Lefert, P. and Hacquard, S. (2018) Microbial interkingdom interactions in
roots promote Arabidopsis survival. Cell, 175, 973-983.e14.

Edwards, J.A., Santos-Medellin, C.M., Liechty, Z.S., Nguyen, B., Lurie, E.,
Eason, S., Phillips, G. and Sundaresan, V. (2018) Compositional shifts in
root-associated bacterial and archaeal microbiota track the plant life
cycle in field-grown rice. PLoS Biol. 16, 1-28.

Feng, H., Zhang, N., Du, W., Zhang, H., Liu, Y., Fu, R., Shao, J., Zhang, G.,
Shen, Q. and Zhang, R. (2018) Identification of chemotaxis compounds
in root exudates and their sensing chemoreceptors in plant-growth-pro-
moting rhizobacteria Bacillus amyloliquefaciens SQR9. Mol. Plant
Microbe Interact. 31, 995-1005.

Ferrol, N., Azcon-Aguilar, C. and Pérez-Tienda, J. (2019) Review: arbuscular
mycorrhizas as key players in sustainable plant phosphorus acquisition:
an overview on the mechanisms involved. Plant Sci. 280, 441-447.

Finkel, 0.M., Castrillo, G., Herrera Paredes, S., Salas Gonzalez, |. and Dangl,
J.L. (2017) Understanding and exploiting plant beneficial microbes. Curr.
Opin. Plant Biol. 38, 155-163.

Finkel, O.M., Salas-Gonzalez, I., Castrillo, G., Law, T.F., Conway, J.M.,
Jones, C.D. and Dangl, J.L. (2019) Root development is maintained by
specific bacteria-bacteria interactions within a complex microbiome.
bioRxiv 645 655. https://doi.org/10.1101/645655

Fitzpatrick, C.R., Copeland, J., Wang, P.W., Guttman, D.S., Kotanen, P.M.
and Johnson, M.T.J. (2018) Assembly and ecological function of the root
microbiome across angiosperm plant species. Proc. Natl Acad. Sci. USA,
115, E1157-E1165.

Fitzpatrick, C.R., Mustafa, Z. and Viliunas, J. (2019) Soil microbes alter plant
fitness under competition and drought. J. Evol. Biol. 32, 438-450.

Frey-Klett, P., Garbaye, J. and Tarkka, M. (2007) The mycorrhiza helper bac-
teria revisited. New Phytol. 176, 22-36.

Friesen, M.L. (2012) Widespread fitness alignment in the legume-rhizobium
symbiosis. New Phytol. 194, 1096-1111.

Gao, Z., Karlsson, 1., Geisen, S., Kowalchuk, G. and Jousset, A. (2019) Pro-
tists: puppet masters of the rhizosphere microbiome. Trends Plant Sci.
24, 165-176.

George, T.S., Brown, L.K., Ramsay, L., White, P.J., Newton, A.C., Bengough,
A.G., Russell, J. and Thomas, W.T.B. (2014) Understanding the genetic
control and physiological traits associated with rhizosheath production
by barley (Hordeum vulgare). New Phytol. 203, 195-205.

Gube, M. (2016) 4 fungal molecular response to heavy metal stress. In Bio-
chemistry and Molecular Biology. The Mycota(Hoffmeister, 1.D., ed.).
Cham: Springer International, pp. 47-68.

Hacquard, S., Spaepen, S., Garrido-Oter, R. and Schulze-Lefert, P. (2017)
Interplay between innate immunity and the plant microbiota. Annu. Rev.
Phytopathol. 55, 565-589.

Haney, C.H., Samuel, B.S., Bush, J. and Ausubel, F.M. (2015) Associations
with rhizosphere bacteria can confer an adaptive advantage to plants.
Nat. Plants, 1, 15 051.

Hawkes, C.V. and Keitt, T.H. (2015) Resilience vs. historical contingency in
microbial responses to environmental change. Ecol. Lett. 18, 612-625.
van der Heijden, M.G.A., de Bruin, S., Luckerhoff, L., van Logtestijn, R.S.P.
and Schlaeppi, K. (2016) A widespread plant-fungal-bacterial symbiosis
promotes plant biodiversity, plant nutrition and seedling recruitment.

ISME J. 10, 389-399.

van der Heijden, M.G.A., Martin, F.M., Selosse, M.A. and Sanders, I.R.
(2015) Mycorrhizal ecology and evolution: the past, the present, and the
future. New Phytol. 205, 1406-1423.

Helliwell, J.R., Sturrock, C.J., Mairhofer, S., Cr, J., Ashton, R.W. and Miller,
A.J. (2017) The emergent rhizosphere: imaging the development of the
porous architecture at the root-soil interface. Sci. Rep. 7, 14 875.

Helliwell, J.R., Sturrock, C.J., Miller, A.J., Whalley, W.R. and Mooney, S.J.
(2019) The role of plant species and soil condition in the structural devel-
opment of the rhizosphere. Plant Cell Environ. 42, 1974-1986.

Henkes, G.J., Kandeler, E., Marhan, S., Scheu, S. and Bonkowski, M. (2018)
Interactions of mycorrhiza and protists in the rhizosphere systemically
alter microbial community composition, plant shoot-to-root ratio and
within-root system nitrogen allocation. Front. Environ. Sci. 6, 117.

Herrera-Paredes, S.H., Gao, T., Law, T.F. et al. (2018) Design of synthetic
bacterial communities for predictable plant phenotypes. PLoS Biol. 16,
€2003962.

Hinsinger, P., Bengough, A.G., Vetterlein, D. and Young, I.M. (2009) Rhizo-
sphere: biophysics, biogeochemistry and ecological relevance. Plant Soil,
321, 117-152.

Hu, J., Wei, Z., Friman, V.P. et al. (2016) Probiotic diversity enhances rhizo-
sphere microbiome function and plant disease suppression MBio. 7,
e01790.

Hiitsch, B.W., Augustin, J. and Merbach, W. (2002) Plant rhizodeposition -
an important source for carbon turnover in soils. J. Plant Nutr. Soil Sci.
165, 397-407.

Jacoby, R., Peukert, M., Succurro, A., Koprivova, A. and Kopriva, S. (2017)
The role of soil microorganisms in plant mineral nutrition—current
knowledge and future directions. Front. Plant Sci. 8, 1-19.

James, R.A., Weligama, C., Verbyla, K., Ryan, P.R., Rebetzke, G.J., Rattey,
A., Richardson, A.E. and Delhaize, E. (2016) Rhizosheaths on wheat
grown in acid soils: phosphorus acquisition efficiency and genetic con-
trol. J. Exp. Bot. 67, 3709-3718.

Jin, K., Shen, J., Ashton, R.W., Dodd, I.C., Parry, M.A.J. and Whalley, W.R.
(2013) How do roots elongate in a structured soil? J. Exp. Bot. 64, 4761
A777.

Jones, D.L., Nguyen, C. and Finlay, R.D. (2009) Carbon flow in the rhizo-
sphere: carbon trading at the soil-root interface. Plant Soil, 321, 5-33.

Kandaswamy, R., Baburaj, B., Santhanam, S. and Balasundaram, U. (2017)
Plant growth promoting rhizobacteria Bacillus subtilis RR4 isolated from
rice rhizosphere induces malic acid biosynthesis in rice roots. Can. J.
Microbiol. 64, 20-27.

Kawasaki, A., Donn, S., Ryan, P.R., Mathesius, U., Devilla, R., Jones, A.
and Watt, M. (2016) Microbiome and exudates of the root and rhizo-
sphere of Brachypodium distachyon, a model for wheat. PLoS ONE,
11, e0164533.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2020), 103, 951-964


https://doi.org/10.1101/645655

Keyes, S.D., Gillard, F., Soper, N., Mavrogordato, M.N., Sinclair, I. and
Roose, T. (2016) Mapping soil deformation around plant roots using
in vivo 4D x-ray computed tomography and digital volume correlation. J.
Biomech. 49, 1802-1811.

Keyes, S.D., Cooper, L., Duncan, S., Koebernick, N., McKay Fletcher, D.M.,
Scotson, C.P., van Veelen, A., Sinclair, I. and Roose, T. (2017) Measure-
ment of micro-scale soil deformation around roots using four-dimen-
sional synchrotron tomography and image correlation. J. R. Soc.
Interface, 14, 20170560.

Kiba, T. and Krapp, A. (2016) Plant nitrogen acquisition under low availabil-
ity: regulation of uptake and root architecture. Plant Cell Physiol. 57, 707
714.

Koebernick, N., Daly, K.R., Keyes, S.D. et al. (2019) Imaging microstructure
of the barley rhizosphere: particle packing and root hair influences. New
Phytol. 221, 1878-1889.

Koebernick, N., Daly, K.R., Keyes, S.D. et al. (2017) High-resolution syn-
chrotron imaging shows that root hairs influence rhizosphere soil struc-
ture formation. New Phytol. 216, 124-135.

Kolb, E., Legué, V., Auvergne, U.C. and Ferrand, C. (2017) Physical root-soil
interactions. Phys. Biol. 14, 065004.

Korenblum, E., Dong, Y., Szymanski, J., Panda, S., Jozwiak, A., Massalha,
H., Meir, S., Rogachev, I. and Aharoni, A. (2020) Rhizosphere microbiome
mediates systemic root metabolite exudation by root-to-root signalling.
PNAS, 117, 3874-3883.

Kravchenko, A.N., Guber, A.K., Razavi, B.S., Koestel, J., Quigley, M.Y.,
Robertson, G.P. and Kuzyakov, Y. (2019) Microbial spatial footprint as a
driver of soil carbon stabilization. Nat. Commun. 10, 3121.

Kroener, E., Holz, M., Zarebanadkouki, M., Ahmed, M. and Carminati, A.
(2018) Effects of mucilage on rhizosphere hydraulic functions depend on
soil particle size. Vadose Zone J. 17, 170 056.

Kuppardt, A., Fester, T., Hartig, C. and Chatzinotas, A. (2018) Rhizosphere
protists change metabolite profiles in Zea mays. Front. Microbiol. 9, 857.

Kwak, M.J., Kong, H.G., Choi, K. et al. (2018) Rhizosphere microbiome struc-
ture alters to enable wilt resistance in tomato. Nat. Biotechnol. 36, 1100
1109.

Lally, R.D., Galbally, P., Moreira, A.S., Spink, J., Ryan, D., Germaine, K.J.
and Dowling, D.N. (2017) Application of endophytic Pseudomonas fluo-
rescens and a bacterial consortium to Brassica napus can increase plant
height and biomass under greenhouse and field conditions. Front. Plant
Sci. 8, 2193.

Lamichhane, J.R., Debaeke, P., Steinberg, C., You, M.P., Barbetti, M.J. and
Aubertot, J.N. (2018) Abiotic and biotic factors affecting crop seed germi-
nation and seedling emergence: a conceptual framework. Plant Soil, 432,
1-28.

Lampis, S., Santi, C., Ciurli, A., Andreolli, M. and Vallini, G. (2015) Promo-
tion of arsenic phytoextraction efficiency in the fern Pteris vittata by the
inoculation of As-resistant bacteria: a soil bioremediation perspective.
Front. Plant Sci. 6, 80.

Lau, J.A. and Lennon, J.T. (2012) Rapid responses of soil microorganisms
improve plant fitness in novel environments. Proc. Natl Acad. Sci. USA,
109, 14 058-14 062.

Lei, K.J., Lin, Y.M. and An, G.Y. (2016) miR156 modulates rhizosphere acidi-
fication in response to phosphate limitation in Arabidopsis. J. Plant Res.
129, 275-284.

Liu, T.Y., Ye, N., Song, T. et al. (2019) Rhizosheath formation and involve-
ment in foxtail millet (Setaria italica) root growth under drought stress.
J. Integr. Plant Biol. 61, 449-462.

Lopes, L.D., Weisberg, A.J., Davis, E.W., Varize, C.S., Pereira e Silva, M.C.,
Chang, J.H., Loper, J.E. and Andreote, F.D. (2019) Genomic and meta-
bolic differences between Pseudomonas putida populations inhabiting
sugarcane rhizosphere or bulk soil. PLoS ONE, 14, e0223269.

Lu, T., Ke, M., Lavoie, M. et al. (2018) Rhizosphere microorganisms can
influence the timing of plant flowering. Microbiome, 6, 231.

Lugtenberg, B. and Kamilova, F. (2009) Plant-growth-promoting rhizobacte-
ria. Annu. Rev. Microbiol. 63, 541-556.

Lynch, J.P. (2019) Root phenotypes for improved nutrient capture: an under-
exploited opportunity for global agriculture. New Phytol. 223, 548-564.
Mallon, C.A., van Elsas, J.D. and Salles, J.F. (2015) Microbial invasions: the

process, patterns, and mechanisms. Trends Microbiol. 23, 719-729.

Mallon, C.A., Roux, X.L., van Doorn, G.S., Dini-Andreote, F., Poly, F. and

Salles, J.F. (2018) The impact of failure: unsuccessful bacterial invasions

Plant soil microbiome interactions 963

steer the soil microbial community away from the invader’s niche. ISME
J.12,728-741.

Mapelli, F., Marasco, R., Rolli, E., Barbato, M., Cherif, H., Guesmi, A., Ouzari,
l., Daffonchio, D. and Borin, S. (2013) Potential for plant growth promo-
tion of rhizobacteria associated with salicornia growing in Tunisian
hypersaline soils. Biomed. Res. Int. 2013, 248 078.

Massalha, H., Korenblum, E., Malitsky, S., Shapiro, O.H. and Aharoni, A.
(2017) Live imaging of root-bacteria interactions in a microfluidics setup.
PNAS, 114, 4549-4554.

Masson-Boivin, C. and Sachs, J.L. (2018) Symbiotic nitrogen fixation by rhi-
zobia-the roots of a success story. Curr. Opin. Plant Biol. 44, 7-15.

Meena, R.S., Vijayakumar, V., Yadav, G.S. and Mitran, T. (2018) Response
and interaction of Bradyrhizobium japonicum and arbuscular mycorrhizal
fungi in the soybean rhizosphere. Plant Growth Regul. 84, 207-223.

Menezes-Blackburn, D., Giles, C., Darch, T. et al. (2018) Opportunities for
mobilizing recalcitrant phosphorus from agricultural soils: a review. Plant
Soil, 427, 5-16.

Milla, R., Garc, P. and Matesanz, S. (2017) Looking at past domestication to
secure ecosystem services of future croplands. J. Ecol. 105, 885-889.

Mishra, J., Singh, R. and Arora, N.K. (2017) Alleviation of heavy metal stress
in plants and remediation of soil by rhizosphere microorganisms. Front.
Microbiol. 8, 1706.

Morris, E.C., Griffiths, M., Golebiowska, A. et al. (2017) Shaping 3D root sys-
tem architecture. Curr. Biol. 27, R919-R930.

Mwafulirwa, L., Baggs, E.M., Russell, J.R., George, T.S., Morley, N., Sim, A.,
de la Fuente Cantd, C. and Paterson, E. (2016) Barley genotype influ-
ences stabilization of rhizodeposition-derived C and soil organic matter
mineralization. Soil Biol. Biochem. 95, 60-69.

Nain, L., Rana, A., Joshi, M., Jadhav, S.D., Kumar, D., Shivay, Y.S., Paul, S.
and Prasanna, R. (2010) Evaluation of synergistic effects of bacterial and
cyanobacterial strains as biofertilizers for wheat. Plant Soil, 331, 217-230.

Naylor, D. and Coleman-Derr, D. (2018) Drought stress and root-associated
bacterial communities. Front. Plant Sci. 8, 2223.

Ndour, P.M.S., Gueye, M., Barakat, M. et al. (2017) Pearl millet genetic traits
shape rhizobacterial diversity and modulate rhizosphere aggregation.
Front. Plant Sci. 8, 1288.

Neumann, G. and Romheld, V. (2012) Rhizosphere chemistry in relation to
plant nutrition. In Marschner’s Mineral Nutrition of Higher Plants
(Marschner, P., ed.). New York, USA: Academic Press Elsevier, pp. 347-
368.

Nguyen, C. (2003) Rhizodeposition of organic C by plants: mechanisms and
controls. Agronomie, 23, 375-396.

Oburger, E. and Jones, D.L. (2018) Sampling root exudates — mission
impossible? Rhizosphere, 6, 116-133.

Oleghe, E., Naveed, M., Baggs, E.M. and Hallett, P.D. (2017) Plant exudates
improve the mechanical conditions for root penetration through com-
pacted soils. Plant Soil, 421, 19-30.

Panke-Buisse, K., Poole, A.C., Goodrich, J.K., Ley, R.E. and Kao-Kniffin, J.
(2015) Selection on soil microbiomes reveals reproducible impacts on
plant function. ISME J. 9, 980-989.

Pausch, J. and Kuzyakov, Y. (2018) Carbon input by roots into the soil:
quantification of rhizodeposition from root to ecosystem scale. Glob.
Change Biol. 24, 1-12.

Pérez-Jaramillo, J.E., Carrion, V.J., Bosse, M., Ferrao, L.F.V., De Hollander,
M., Garcia, A.A.F., Ramirez, C.A.,, Mendes, R. and Raaijmakers, J.M.
(2017) Linking rhizosphere microbiome composition of wild and domes-
ticated Phaseolus vulgaris to genotypic and root phenotypic traits. ISME
J. 11, 2244-2257.

Pérez-Jaramillo, J.E., Mendes, R. and Raaijmakers, J.M. (2016) Impact of
plant domestication on rhizosphere microbiome assembly and functions.
Plant Mol. Biol. 90, 635-644.

Pieterse, C.M.J., Zamioudis, C., Berendsen, R.L., Weller, D.M., Van Wees,
S.C.M. and Bakker, P.A.H.M. (2014) Induced systemic resistance by bene-
ficial microbes. Annu. Rev. Phytopathol. 52, 347-375.

Pineda, A., Kaplan, |. and Bezemer, T.M. (2017) Steering soil microbiomes
to suppress aboveground insect pests. Trends Plant Sci. 22, 770-778.

Pitzschke, A. (2016) Developmental peculiarities and seed-borne endo-
phytes in quinoa: omnipresent, robust bacilli contribute to plant fitness.
Front. Microbiol. 7, 2.

Poole, P., Ramachandran, V. and Terpolilli, J. (2018) Rhizobia: from sapro-
phytes to endosymbionts. Nat. Rev. Microbiol. 16, 291-303.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2020), 103, 951-964



964 Carla de la Fuente Canto et al.

Pratama, A.A. and van Elsas, J.D. (2018) The ‘neglected’ soil virome -
potential role and impact. Trends Microbiol. 26, 649-662.

Quiroga, G., Erice, G., Ding, L., Chaumont, F., Aroca, R. and Ruiz-Lozano,
J.M. (2019) The arbuscular mycorrhizal symbiosis regulates aquaporins
activity and improves root cell water permeability in maize plants sub-
jected to water stress. Plant Cell Environ. 42, 2274-2290.

Rabbi, S.M.F., Tighe, M.K., Flavel, R.J., Kaiser, B.N., Guppy, C.N., Zhang, X.
and Young, I.M. (2018) Plant roots redesign the rhizosphere to alter the
three-dimensional physical architecture and water dynamics. New Phy-
tol. 219, 542-550.

Richardson, A.E., Barea, J.-M., McNeill, A.M. and Prigent-Combaret, C.
(2009) Acquisition of phosphorus and nitrogen in the rhizosphere and
plant growth promotion by microorganisms. Plant Soil, 321, 305-339.

Robertson-Albertynm, S., Alegria Terrazas, R., Balbirnie, K. et al. (2017)
Root hair mutations displace the barley rhizosphere microbiota. Front.
Plant Sci. 8, 1-15.

Roossinck, M.J. (2019) Viruses in the phytobiome. Curr. Opin. Virol. 37, 72—
76.

Saha, R., Saha, N., Donofrio, R.S. and Bestervelt, L.L. (2013) Microbial side-
rophores: a mini review. J. Basic Microbiol. 53, 303-317.

Santhanam, R., Luu, V.T., Weinhold, A., Goldberg, J., Oh, Y. and Baldwin,
I.T. (2015) Native root-associated bacteria rescue a plant from a sudden-
wilt disease that emerged during continuous cropping. Proc. Natl Acad.
Sci. USA, 112, E5013-E5020.

Sasse, J., Martinoia, E. and Northen, T. (2018) Feed your friends: do plant
exudates shape the root microbiome? Trends Plant Sci. 23, 25-41.

Schmidt, J.E., Bowles, T.M. and Gaudin, A.C.M. (2016) Using ancient traits
to convert soil health into crop yield: impact of selection on maize root
and rhizosphere function. Front. Plant Sci. 7, 373.

Shade, A., Jacques, M.A. and Barret, M. (2017) Ecological patterns of seed
microbiome diversity, transmission, and assembly. Curr. Opin. Microbiol.
37, 15-22.

Siddikee, M.A., Chauhan, P.S., Anandham, R., Han, G.H. and Sa, T. (2010)
Isolation, characterization, and use for plant growth promotion under
salt stress, of ACC deaminase-producing halotolerant bacteria derived
from coastal soil. J. Microbiol. Biotechnol. 20, 1577-1584.

Smith, S.E. and Read, D.J. (2008) Mycorrhizal Symbiosis, 3rd edn. Cam-
bridge: Academic Press.

Spohn, M., Treichel, N.S., Cormann, M., Schloter, M. and Fischer, D. (2015)
Distribution of phosphatase activity and various bacterial phyla in the
rhizosphere of Hordeum vulgare L. depending on P availability. Soil Biol.
Biochem. 89, 44-51.

Stringlis, l.A., de Jonge, R. and Pieterse, C.M.J. (2019) The age of coumarins
in plant-microbe interactions. Plant Cell Physiol. 60, 1405-1419.

Stringlis, I.A., Yu, K., Feussner, K. et al. (2018) MYB72-dependent coumarin
exudation shapes root microbiome assembly to promote plant health.
PNAS 115, E5213-E5222.

Tan, Z., Hurek, T. and Reinhold-Hurek, B. (2003) Effect of N-fertilization,
plant genotype and environmental conditions on nifH gene pools in
roots of rice. Environ. Microbiol. 5, 1009-1015.

Truyens, S., Weyens, N., Cuypers, A. and Vangronsveld, J. (2015) Bacterial
seed endophytes: genera, vertical transmission and interaction with
plants. Environ. Microbiol. Rep. 7, 40-50.

Turner, T., James, E.K. and Poole, P. (2013) The plant microbiome. Genome
Biol. 14, 209.

Vacheron, J., Desbrosses, G., Bouffaud, M.L., Touraine, B., Moénne-Loccoz,
Y., Muller, D., Legendre, L., Wisniewski-Dyé, F. and Prigent-Combaret, C.

(2013) Plant growth-promoting rhizobacteria and root system function-
ing. Front. Plant Sci. 4, 356.

Vannier, N., Agler, M. and Hacquard, S. (2019) Microbiota-mediated disease
resistance in plants. PLoS Pathog. 15, €1007740.

Voges, M.J.E.E.E., Bai, Y., Schulze-Lefert, P. and Sattely, E.S. (2019) Plant-
derived coumarins shape the composition of an Arabidopsis synthetic
root microbiome. PNAS, 116, 12558-12565.

Vorholt, J.A., Vogel, C., Carlstrom, C.l. and Miiller, D.B. (2017) Establishing
causality: opportunities of synthetic communities for plant microbiome
research. Cell Host Microbe, 22, 142-155.

Wagner, M.R., Lundberg, D.S., Coleman-Derr, D., Tringe, S.G., Dangl, J.L.
and Mitchell-Olds, T. (2014) Natural soil microbes alter flowering phenol-
ogy and the intensity of selection on flowering time in a wild Arabidopsis
relative. Ecol. Lett. 17, 717-726.

Watt, M., Hugenholtz, P., White, R. and Vinall, K. (2006) Numbers and loca-
tions of native bacteria on field-grown wheat roots quantified by fluores-
cence in situ hybridization (FISH). Environ. Microbiol. 8, 871-884.

Wei, Z., Yang, T., Friman, V.-P., Xu, Y., Shen, Q. and Jousset, A. (2015)
Trophic network architecture of root-associated bacterial communities
determines pathogen invasion and plant health. Nat. Commun. 6, 1-9.

Willmann, M., Gerlach, N., Buer, B., Polatajko, A., Nagy, R., Koebke, E.,
Jansa, J., Flisch, R. and Bucher, M. (2013) Mycorrhizal phosphate uptake
pathway in maize: vital for growth and cob development on nutrient
poor agricultural and greenhouse soils. Front. Plant Sci. 4, 533.

Wissuwa, M., Kretzschmar, T. and Rose, T.J. (2016) From promise to appli-
cation: root traits for enhanced nutrient capture in rice breeding. J. Exp.
Bot. 67, 3605-3615.

Yang, J., Kloepper, J.W. and Ryu, C.M. (2009) Rhizosphere bacteria help
plants tolerate abiotic stress. Trends Plant Sci. 14, 1-4.

Yin, C., Hulbert, S.H., Schroeder, K.L., Mavrodi, O., Mavrodi, D., Dhingra, A.,
Schillinger, W.F. and Paulitz, T.C. (2013) Role of bacterial communities in
the natural suppression of rhizoctonia solani bare patch disease of wheat
(Triticum aestivum L.). Appl. Environ. Microbiol. 79, 7428-7438.

York, L.M., Carminati, A., Mooney, S.J., Ritz, K. and Bennett, M.J. (2016)
The holistic rhizosphere: integrating zones, processes, and semantics in
the soil influenced by roots. J. Exp. Bot. 67, 3629-3643.

Yuan, J., Zhao, J., Wen, T. et al. (2018) Root exudates drive the soil-borne
legacy of aboveground pathogen infection. Microbiome, 6, 156.

Zarebanadkouki, M., Fink, T., Benard, P. and Banfield, C.C. (2019) Mucilage
facilitates nutrient diffusion in the drying rhizosphere. Vadose Zone J.
18, 1-13.

Zhalnina, K., Louie, K.B., Hao, Z. et al. (2018) Dynamic root exudate chem-
istry and microbial substrate preferences drive patterns in rhizosphere
microbial community assembly. Nat. Microbiol. 3, 470-480.

Zhang, J., Liu, Y.X., Zhang, N. et al. (2019) NRT1.1B is associated with root
microbiota composition and nitrogen use in field-grown rice. Nat.
Biotechnol. 37, 676-684.

Zhang, N., Yang, D., Wang, D. et al. (2015) Whole transcriptomic analysis of
the plant-beneficial rhizobacterium Bacillus amyloliquefaciens SQR9 dur-
ing enhanced biofilm formation regulated by maize root exudates. BMC
Genom. 16, 1-20.

Zhu, J., Fang, X.Z., Dai, Y.J., Zhu, Y.X., Chen, H.S., Lin, X.Y. and Jin, C.W.
(2019) Nitrate transporter 1.1 alleviates Pb toxicity to plants by prevent-
ing rhizosphere acidification. J. Exp. Bot. 70, 6363-6374.

Zolla, G., Badri, D.V., Bakker, M.G., Manter, D.K. and Vivanco, J.M. (2013)
Soil microbiomes vary in their ability to confer drought tolerance to Ara-
bidopsis. Appl. Soil Ecol. 68, 1-9.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2020), 103, 951-964



