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Abstract

Legume plants establish an endosymbiosis with nitrogen-fixing
rhizobia bacteria, which are taken up from the environment
anew by each host generation. This requires a dedicated ge-
netic program on the host side to control microbe invasion,
involving coordinated reprogramming of host cells to create
infection structures that facilitate inward movement of the
symbiont. Infection initiates in the epidermis, with different le-
gumes utilizing distinct strategies for crossing this cell layer,
either between cells (intercellular infection) or transcellularly
(infection thread infection). Recent discoveries on the plant
side using fluorescent-based imaging approaches have illu-
minated the spatiotemporal dynamics of infection, under-
scoring the importance of investigating this process at the
dynamic single-cell level. Extending fluorescence-based live-
dynamic approaches to the bacterial partner opens the exciting
prospect of learning how individual rhizobia reprogram from
rhizospheric to a host-confined state during early root infection.
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Introduction

Certain plant lineages establish symbiotic relationships
with nitrogen-fixing bacteria, that are hosted in speci-
alised root organs known as nodules. Here, the products
of bacterial nitrogen fixation are exchanged for plant
photosynthates. Building on an ancient fungal symbiosis
and lateral root programmes through transcriptional
rewiring or gene refinement, root nodule symbioses have
evolved in species of closely-related angiosperms [1,2],
including legumes interacting with rhizobia proteobac-
teria [3,4], the focus of this review.

Rhizobial root entry is a critical stage in which the plant
selectively identifies and guides compatible bacteria
from the root surface to the developing nodule [5]. This
plant-directed process occurs via transcellular or inter-
cellular routes [6,7]. While molecular understanding of
intercellular infection is now emerging [8,9], knowledge
of rhizobia infection mainly comes from extensive studies
of transcellular infection in the models Medicago and Lotus
[5]. This involves e novo assembly of apoplastic tubular
compartments, infection threads (I'Ts), which separate
incoming rhizobia from the host cell cytoplasm by a
specific cell wall/membrane interface.

Genetic and transcriptomic studies, including recent
cell-type-specific research, have uncovered key plant
and bacterial genes, as well as regulatory networks that
support I'T development [10—15]. However, these
methods cannot easily capture the dynamic spatiotem-
poral cellular changes critical for I'T development.
Resolutive live and clearing-based microscopy methods
have made these dynamic processes accessible and
provided new insights into plant cellular responses,
including the transient changes that shape I'T'assembly
and polar growth. This review summarises the latest
advances in this field and discusses the great potential of
combining  vivo microscopy in different models to
integrate rhizobial infection mechanisms from plant and
bacterial perspectives.

Plant cellular needs for transcellular
infection thread development

IT formation involves sequential, well-defined steps
[5]. Rhizobia secrete Nodulation factors that trigger
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Abbreviations

TGN/EE trans-Golgi network/early endosome
Ir infection thread

IC infection chamber

PIT pre-infection thread

TEM  transmission electron microscopy
MT microtubules
ER endoplasmic reticulum

early signalling and morphological changes in host root
hairs, leading to entrapment of rhizobia in a curled root
hair. They are then enclosed in an infection chamber
(IC) that expands radially before polar I'T growth is
initiated [16] (Fig. 1a). Perception of rhizobial Nodu-
lation factors and exopolysaccharides by lysin motif
(LysM) receptor complexes is required for effective I'T
development [17,18]. Downstream of signal perception,
infection-related gene expression is orchestrated by key
plant transcription factors [19]. This leads to a plethora
of cellular changes. Fluorescence microscopy in live or
fixed/cleared tissues [16,20—24] has been instrumental
in elucidating stage-specific plant cellular responses
involved in IT development. These mark the commit-
ment of cells to transcellular infection and the dynamic
changes at the cell wall interface and cytoplasm to guide
IT polar growth, as detailed below and in Fig. 1.

Coordinated cell wall assembly and infection thread
polar growth

Targeted secretion of cell wall components creates a
suitable apoplastic environment for bacterial growth.
In wvivo localization of exocytic (Vesicle associated
membrane protein 21e or VAMP21e) and cell wall (Early
nodulin 11 or ENOD11, Nodule pectate lyase or NPL
and Symbiosis-specific pectin methylesterase or
SyPME1) fluorescent protein fusions in early infection
sites supports active exocytosis and cell wall remodelling
in radially-expanding chambers prior to I'T growth
[13,16,25]. Next, the localization of SyPMET1 along the
I'T and NPL close to the tip of growing I'Ts further es-
tablishes dynamic spatial regulation of pectin meta-
bolism for I'T growth [22,25]. Pectin de-esterification by
SyPME may favour wall stiffness by complexing calcium
ions, while degradation by NPL likely facilitates wall
plasticity for I'T' growth.

Actin rearrangements appear essential for I'T' formation
[33—36], as mutations in key regulators like Nck-
associated protein 1 (NAPI), PIRI (for 121F-specific
p53 inducible RNA), Symbiotic formin 1 (SYFOI) or
SCAR/WAVE complex members cause impaired infec-
tion phenotypes. Some of them also regulate endo-
membrane trafficking or cell wall function [34,36], such
as the plasma membrane-localized SYFO1 [36], which is
proposed to act as a bridge component via interactions
with actin and the cell wall. The microtubule (MT)-

interacting Developmentally-regulated plasma mem-
brane polypeptide (DREPP) and the polarity-associated
Rho GTPase 6 (IjROP6) and its activator Spike 1
(LjSPK1) may also control cytoskeletal rearrangements
necessary for I'T development [37,38]. However, their
localisation at the root hair membrane instead of the I'T
interface suggests a role in regulating root hair
morphogenesis rather than I'T growth.

The key regulatory switch from radial to polar I'T growth
is under the regulation of Vapyrin (VPY) [26]. VPY lo-
calizes 2 vivo to specific cytoplasmic puncta at the tip of
growing I'Ts or near the nucleus with its partners Lumpy
infection (LIN), Exocyst subunit (EXO70H4), and
Rhizobium-directed polar growth (RPG). This so-called
infectosome protein complex is key for regulating
vesicle trafficking for I'T polar growth (Fig. 1) [22,26].
RPG was recently identified as a critical component
regulating VPY puncta localization [22]. RPG co-
localization with a TGN/EE marker in Nicotiana sup-
ports its role in regulating endomembrane trafficking
[39]. Refined studies with NPL and a M'T-associated
GFP fusion in 7pg revealed the importance of RPG for
NPL-polarized cell wall secretion and tip-to-nucleus
microtubule connection [22]. In 7pg-1 infected root
hairs, microtubules appear less dense and do not prop-
erly connect the I'T tip and the nucleus. Since MTs are
tightly associated with the ER-enriched cytoplasmic
bridge, the question remains whether the cytoplasmic
bridge structure is itself also affected in the MT-
dispersed 7pg mutant configuration.

Acquiring competence and paving the road for
transcellular IT passage

In root hairs, I'T" progression is preceded by a broad
cytoplasmic column connecting the nucleus to the
elongating I'T tip (Fig. 1b). Cytoplasmic rearrangements
also occur in adjacent cortical cells, forming a trans-
vacuolar bridge called pre-infection thread (PIT) [40],
that anticipates the future passage of the I'T. These
cytoplasmic strands are lined by arrays of MTs and
decorated with endoplasmic reticulum (ER), as shown
by immunostaining (with anti-tubulin antibodies) and
live microscopy of fluorescent fusions (GFP-HDEL-ER
and TUA6 tubulin GFP) [20,28,29]. Transmission
electron microscopy (TEM) studies allowed visualizing
the ER network at ultrastructural resolution and
revealed the highly enriched fragmented vacuole
composition of PITs [27]. This process appears to be
genetically dependent on Nodule inception (NIN) and
linked to specific calcium responses [27]. While
epidermal calcium spiking is an important hallmark of
early recognition of endosymbiotic microbes, other cal-
cium spiking signatures accompany rhizobial root hair
infection and cortical reprogramming (Fig. 1). These
infection-related calcium spiking profiles were tightly
coupled to fluorescent Annexin 1 calcium binding pro-
tein (MtAnnl) fusion cellular dynamics [27]. MtAnnl
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Fig. 1
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Plant cellular responses underlying polar infection thread growth. Schematic representation of early stages of transcellular rhizobia infection in
Medicago. Successive formation of IC (a), ITs in root hairs (b), and IT progression through root cortex (c) are described. (a) Rhizobia are enclosed in a curled
root hair after initial molecular dialogue and signalling. Once curling is complete, rhizobia become enclosed in an apoplastic infection chamber that expands
radially by active cell wall remodelling, as evidenced by localized accumulation of exocytic (VAMP21e) and cell wall (ENOD11, NPL and SyPME1) proteins
[16,25] (green) prior to bacterial proliferation. (b) IT transcellular tubular structures are formed by polar growth from expanded ICs and progress inward
through a broad cytoplasmic column (in grey) connecting the nucleus to the elongating IT tip. The transition from a radial to a tip-growing IT structure is under
the regulatory control of the infectosome complex, which consists of the Vapyrin protein VPY, the putative E3 ligase LIN, the exocyst complex subunit
EXO70H4, and RPG [22,26]. Infectosome players localize to cytoplasmic puncta (in pink) positioned at the IT growing tip and in the nuclear periphery to direct
ITelongation. As evidenced by localized accumulation of pectin-modifying enzymes (such as NPL) at the tip of growing ITs [22,25], polarized IT growth likely
involves targeted secretion of apoplastic components at the tip. (b) The wide cytoplasmic column ahead of the extending IT tip is enriched in ER and
fragmented vacuoles [20,27]. A dense array of MTs (black lines) provides support for the cytoplasmic bridge [28,29] and mediates IT tip to nucleus con-
nectivity for efficient IT progression in an RPG-dependent manner [22,26]. Mitotic AUR1 kinase emerges as a novel regulator of MT function to support ITand
bridge assembly [30]. Cytoplasmic bridges precede IT growth in root hairs and pave the way for IT progression in one or two adjacent cortical cells, forming the
so-called PIT bridges (in the C1 cell layer in b). High-frequency nuclear calcium spiking is a central component of early microbial recognition signalling in the
host epidermis, while cells engaged in infection show stage-specific calcium spiking signatures [27]. The transition from radial (in a) to polar IT growth (in b) is
marked by a regulatory switch from high to low calcium spike amplitude profiles [27,31]. Cortical cells preparing for IT passage exhibit unique low frequency
calcium spiking profiles. (b) Plant cells engaged to rhizobial infection enter the cell cycle and arrest in a G2 post-replicative phase without mitosis (red nuclei)
for transcellular infection. This involves the recruitment of cell cycle specific players and auxin plays a consistent role in this process [10,23,32]. (¢) The
acquisition of a pre-mitotic cell cycle arrest state is consistently observed in the trajectory of infected cortical cells [21].

mutation results in deregulated calcium spiking and  root hairs, and evidence from root hair transcriptomics

altered cytoplasmic composition, possibly required for a
suitable cytoplasmic environment for efficient infection.

PITs are structurally related to premitotic phragmosome
transvacuolar bridges formed in cells preparing for mitosis
(Fig. 1b). A parallel has been drawn between these pro-
cesses, supported by  sizu hybridization of histone and
cell-cycle related markers in Pisum showing that PIT cells,
though non-dividing, enter the cell cycle [41]. Cyto-
plasmic bridges resembling PI'ls also form in infected

also supports a cell cycle-regulated status in these cells.
Furthermore, cell cycle gene activation coincides with
the expression of several auxin-responsive genes [10],
indicating a key role for auxin in rhizobia-infected root
hair cells that do not divide. Consistently, the auxin-
responsive DII biosensor and a DR5 signalling reporter
confirmed local auxin accumulation and signalling in
rhizobia-infected cells [23,32]. The role of auxin in I'T
development is further supported by the reduced infec-
tion phenotypes observed when auxin biosynthesis is
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disrupted, either through chemical inhibition of YUCCA
activity in Lozus or by mutation of auxin response factor
16 (ARF16) in Medicago [10,32]. As a major hormone
regulator of cell division, auxin promotes cortical nodule
organogenesis and is associated with mitotic cell reac-
tivation in this context [42,43]. Thus, auxin may help
root hairs to acquire an analogous pre-mitotic state. Other
possible roles for auxin in the epidermis include sup-
pression of cytokinin biosynthesis and signalling to allow
early infection [32], or acting as a mobile signal (in its IAA
or methylated form) that can travel through transporter-
dependent or independent pathways to coordinate
infection with nodule organogenesis [44—46].

Further evidence that infected root hair cells enter the
cell cycle and adopt a mitotic-like state was provided by
the discovery of the novel rhizobial-induced mitotic o-
Aurora kinase regulator AUR1 [30]. AURT1 is localised to
the ER and together with its interactors TPX (Targeting
protein for Xenopus kinesin-like protein) and MAP65
(Microtubule-associated protein 65) is presumably
involved in the regulation of M'T function to support I'T
and cytoplasmic bridge assembly. AUR/ is key to the
formation of infection structures, and when mutated
leads to branched IT phenotypes, possibly due to
misdirected cell wall deposition, but this has yet to
be shown.

Recently, elegant studies combining fluorescent re-
porters (e.g. histone and cyclin-based) with powerful
clearing methods provided crucial information on the
cell cycle status of Medicago I'T-containing deep cortical
cells [21]. These cells exhibited reduced proliferation
and post-replicative cell cycle exit. The Nuclear tran-
scription factor Y Al (NF-YA1) was involved in this
switch, as supported by mutant analysis and its ability to
interfere with Nicotiana mitotic cell entry [21]. In Lozus
and Phaseolus legumes, G2/M transition markers revealed
cell cycle reactivation and plate formation in cortical
cells near infected root hairs [23,47]. Whether strict
mitotic control and arrest occurs in these models during
IT passage remains unknown. Moreover, polyploidiza-
tion of nodule primordia cells, under the likely control of
VAG1 (Vagrant infection thread 1), a putative compo-
nent of the DNA topoisomerase VI complex, seems
required for infection in Lozus [48]. Together, these
findings establish a close link between infection and cell
cycle regulation (whether in cells preparing for infection
or I'T-traversed) in a wide diversity of legumes, both
indeterminate (Medicago, pea) or determinate (Lotus)
types (i.e. nodules with or without a persistent apical
meristem, respectively).

Interaction of rhizobia with the infection
chamber and infection thread environment
The rhizobial path to an endosymbiotic nitrogen-fixing
form (bacteroids) commences after the early signal ex-
change in the rhizosphere, usually with a single rhizobial

cell attached to the root hair tip, although also mixed
infections originating from a few founder cells can occur
[16,49]. Attachment usually involves rhicadhesin and cell
envelope polysaccharides, and can be supported by plant
lectins [50]. The attached rhizobial cell becomes
enclosed in the IC created by root hair curling including
cell wall remodelling [16]. This is initiated before and
later accompanied by rhizobial multiplication. Initiation
of the inward growing I'T involves local remodelling of the
plant cell wall. A possible contribution of a bacterial plant
cell wall degrading enzyme was suggested for the cell-
bound bacterial cellulase CelC2 from Rhizobium legumi-
nosarum bv. trifolii [51]. Rhizobial I'T colonization involves
bacterial cell growth and division as well as bacterial
movement in the I'T [20,49]. It has been speculated that
this involves bacterial gliding, and it is unknown if
flagellar motility [52,53] and biosurfactants [54—56]
have a role in the I'T. A model has been suggested that
bacteria near the I'T tip grow actively, while bacteria in
the distal area of the I'T appear to have stopped growth
[49]. A small space at the tip of the I'T is usually free of
bacteria [20,57]. I'T tip progression therefore does not
require direct contact to rhizobial cells.

Rhizobia are exposed to a variety of fluctuating stress
factors in the soil as well as in the rhizosphere and
planta, including low pH, oxidative and osmotic stress,
and antimicrobial compounds. Stress adaptation pro-
grams ensure rhizobial survival and growth in these
different habitats. Moreover, these programs are also
part of the dialogue with the host. This connection and
relevant rhizobial stress adaptation programs have
recently been reviewed in detail [58]. It is known that
IT progression requires rhizobial extracellular poly-
saccharides and continued production of Nodulation
factors. The perception of these molecules and associ-
ated plant responses have been summarized above. In
addition, rhizobial oxidative stress response reflecting
reactive oxygen species (ROS) accumulation [59—62]
and processes dependent on the intracellular stress
signal (p)ppGpp [63] were found to be important for
different steps of host colonization, including the IT
stage [15]. It has been suggested that rhizobial catalase
activity influences the I'T'wall and matrix texture [64].

Little is known about which nutrients are available to
and utilized by the rhizobia to support their growth and
survival in the I'T. A metabolome analysis of soybean root
hairs upon inoculation with rhizobia revealed that amino
acids, disaccharides, and lactic acid among other com-
pounds are significantly enriched in inoculated root hairs
compared to non-inoculated root hairs and stripped
roots [65]. However, whether these metabolites are
exuded to the rhizosphere or transported into the I'T is
not known. Moreover, on the bacterial side, current
knowledge is derived either from studies on individual
mutants, often struggling to determine the affected
symbiotic interaction stage(s), or from global monitoring
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or screening approaches which have limited spatial and
temporal resolution. Laser-capture microdissection
coupled to RNA-sequencing [66], transposon mutant
competition experiments coupled to insertion-
sequencing (INSeq) [15] and genome-scale metabolic
modelling [67] have improved throughput and resolu-
tion in defining bacterial genes expressed during or
required for different stages of symbiosis. The INSeq
approach identified about 140 genes putatively impor-
tant specifically for bacteria within or recently released
from ITs, or for regrowth after nodule senescence.
These include genes related to chemotaxis and motility
supporting a possible role for bacterial movement
through I'Ts, as well as several defense- and stress-
related genes and ABC uptake transporter genes. The
metabolic modelling approach predicted malate, fruc-
tose, xylose, myo-inositol, yY-aminobutyrate (GABA), 2-
isopropylmalate, serine, nucleobases, and nucleosides
to be taken up by undifferentiated nodule bacteria [67].

Intercellular infection in the legume-rhizobia
symbiosis

I'T formation is common in most studied legumes.
However, in less investigated tribes such as Dalbergiae
(Arachis, Aeschynomene) and Genisteae (Lupinus) nodules
can be infected without epidermal I'Ts, by a process called
intercellular infection [68,69]. For instance, in Arachis
hypogea and Aeschynomene afraspera, bacteria accumulate at
the base of lateral roots, entering through natural opening
or “cracks” in the root. In 4. afraspera entry occurs be-
tween an axillary hair and an epidermal cell of the primary
root [70], while in 4. fypogea it is often described to occur
through the middle lamella of two adjacent root hair cells
[71—73]. In both cases, bacteria spread through the
cortex’s apoplastic space, and are internalized by cortical
cells [70—73]. In contrast, in Lupinus, after intercellular
penetration of the epidermis bacteria enter host cells of
the first cortical layer and spread occurs through cell di-
vision of these cells [74]. These observations suggest
variance even within intercellular infection.

Intercellular infection has been proposed as a primitive
form of infection [75,76]. While Lozus is usually infected
through I'Ts, some mutants lacking epidermal I'Ts still
form nodules and internalize rhizobia, albeit at a low
frequency, indicating the presence of alternative path-
ways [75,77,78]. Infection without I'Ts has also been
observed in Lorus inoculated with subcompatible
rhizobia, such as Smorkizobium fredui HH103 [79],
Rhizobium leguminosarum Norway [80] and Rhizobium sp.
IRGB74 [8]. In contrast to Dalbergiae, Lorus nodules
form irrespective of lateral roots, with bacteria crossing
the epidermis, accumulating in infection pockets below
the epidermis, and spreading from there into the cortex
[80]. This, along with the observation that intercellular
infection occurs in some actinorhizal plants within the
Rosales order, further supports the widespread phylo-
genetic distribution of this infection mode [81—83]. For
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instance, Frankia infects Elzeagnus via the middle lamella
[81], while rhizobia induce in Parasponia epidermal and
outer cortical cell divisions giving rise to openings in the
epidermis through which bacteria infect [84].

Recent reviews have highlighted the similarities and
differences between intercellular and IT-mediated
infection [6,85]. Genes like NPL. and RPG, crucial for
I'T formation, are often either absent or not induced
during intercellular infection [8,85—87]. Moreover,
specific genes such as Nodule enhanced Glycosy! Hydrolase
(VGH) are induced near intercellular entry sites but not
during IT infection [88]. Lastly, key genes like NIN
show tissue-specific expression variations during I'T'and
intercellular infection. For instance, NIN is expressed in
both the cortex and epidermis during I'T infection but
only expressed in developing nodule primordia in
A. hypogea [88]. Other key determinants of I'T polar
growth such as VPY are also up-regulated in Aeschynomene
evenia, raising the question of their tissue/cell-specific
expression profiles in this I'T-independent interaction
[9]. Overall, this suggests that intercellular infection
requires a dedicated genetic program with specific or
adapted genetic functions.

Conclusions and perspectives

The plant host orchestrates sequential cellular processes
to pave the way and control the invasion of its root by the
microbial partner. Specific recognition of the symbiont
triggers entrapment of the bacteria, after which the for-
mation of I'Ts is initiated. The inward polar growth of
these structures involves spatiotemporal changes at the
cell wall interface with likely delivery of cell wall mate-
rials to the tip of the growing I'T. This spatially regulated
process appears to be facilitated by the infectosome
complex, which acts in concert with the tip-to-nucleus
MT network for regulated polar secretion. The growth
of the IT is preceded by a cytoplasmatic bridge that
connects the IT tip to the nucleus, during which
acquisition of a mitotic state without division and spe-
cific calcium spiking signatures matter. Dynamic changes
in the plant cell wall interface likely create a unique
environmental gradient in the apoplast, to which rhizobia
need to adapt in terms of motility and stress coping
mechanisms. We have not only just begun to understand
the spatiotemporal dynamics of this symbiosis at cellular
resolution, but we are just scratching the surface of the
vast untapped natural diversity of symbiotic associations
with different modes of infection.

Technological advancements, such as super resolution
microscopy [89], single particle tracking [90], multi-
imaging analysis [91] and a growing number of geneti-
cally encoded sensors (e.g., calcium, ROS, pH, etc.)
offer unprecedented opportunities to study the cellular
dynamics of key proteins (e.g., transcription factors and
receptor complexes) and processes (e.g., cell wall
remodelling) during I'T progression in model organisms
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Box 1. Outstanding open questions. An unexplored question is how individual rhizobia cells reprogram during the switch from a free-
living to a restricted host environment, whether within the IT (a,b) or in the apoplastic spaces (c) between cells. Understanding this
process will require a higher spatiotemporal resolution and real-time parallel observation of plant and bacterial functions at the single
cell level. By combining powerful live-cell imaging strategies developed for plants and free-living rhizobia, we can gain crucial insights
into the status of individual bacterial cells and its link to specific plant responses. Outstanding questions that can be addressed in this
context are described below. IT, infection thread; IC, infection chamber; EPS, exopolysaccharide; arrowhead indicates IT tip.

1. How is the production and perception of rhizobia signals, such as Nod
factors and EPS, regulated throughout the progression of infection? Do
bacteria in the IC and in the IT tip produce the same type of signal?

2. How is the expression of core biosynthetic and/or modifying genes that
control signal production regulated during IT-progression?

3. How does the spatiotemporal regulation of rhizobial signalling molecules
relate to the localisation (a) and turnover (b) of receptor complexes
during infection?

4% Nod factors
& EPS

e E Receptors
-\

b 1. Which nutrients are available to and utilised by rhizobia during early
N infection within ITs?

2. Is there evidence of bacterial feeding by the host?
3. Do rhizobia face nutritional limitations inside ITs?

4. How does the rhizobia nutritional status correlate with rhizobial cell
proliferation and movement within the confined plant compartments?

6o Nutrients
Nutritional
status

== Bacterial
=== reprogramming

1. What is the host cell-specific signalling and transcriptional response at
intercellular infection sites?

2. Is there reprogramming of bacterial cells at intercellular infection sites?
3. What are the changes in the cell wall integrity and composition?

4. Are the common cellular remodelling principles across different intercellular
infection systems?

*Entry site depends on the system: e.g. between root hairs, middle lamella,
at the junction of a lateral root site.
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and their diversification in non-model systems. While a
wealth of information is available on genes required for
the establishment of symbiotic infection, the dynamics
of proteins and protein complexes in a cellular context
are poorly investigated. Single particle tracking and
super-resolution microscopy of receptor proteins could
shed light how symbiotic complexes are formed at the
I'T interface. Live cell microscopy of transcription fac-
tors at different stages of infection, coupled with single-
cell RNA sequencing would be extremely informative
for inferring the timing of complex formation and tran-
scriptional output. Moreover, cell-based studies in
different intercellular models could help answer key
questions regarding the basic toolkit to allow symbiotic
root infection. Finally, the use of fluorescence-based
reporters and sensors in both the host and the bacte-
rial symbiont promises to uncover the reprograming of
bacteria in the plant environment during early root
infection and the crosstalk with their plant partners
(Box 1).
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